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ANALYSIS OF STRENGTH AND DEFORMATION OF PARABOLIC LEAF SPRINGS FOR

TRANSPORT EQUIPMENT

Dobrinka Atmadzhova

Todor Kableshkov University of Transport, 1574 Sofia; atmadzhova@abv.bg

ABSTRACT: Modelling and comparative strength analysis of different structures of parabolic leaf springs are carried out in this paper. They are used in the suspension structures
of transport equipment. For example, it includes wagons for transport of ore, coal and other bulk cargo as well as many trucks. Statistical results of many operational observations
of the suspension elements of railway wagons and trucks up to their failure status are reflected. The loads and strength characteristics of different types of parabolic leaf springs
are described. They were modelled by the Finite Element Method (FEM) and after that a comparative strength analysis using modem software packages is performed.

Keywords: transport equipment, spring suspension, leaf springs, failures in parabolic leaf springs, strength analysis, Finite Element Method

AKOCTHO-OE®OPMALIMOHEH AHAINU3 HA KOHCTPYKLIUK NAPABONUYHU NNCTOBU PECOPU 3A TPAHCINOPTHA

TEXHUKA
Jo6puHka Ammadxosa

Bucwe mpaxcnopmHo yyunuwe "Todop Kabnewkos”, 1574 Cogust

PE3IOME: B foknaza e M3BbpLUEHO MOAEnMpaHe W CPaBHUTENEH SIKOCTEH aHanu3 Ha pasfnyHi1 KOHCTPYKLMKM napabonnyHu nucToBu pecopu. Te ce manonaear B
KOHCTPYKLMSITA HA PECOPHOTO OKayBaHe Ha TPaHCMOpPTHa TexHWKa. Hanpumep, ToBa ca BaroH 3a NpeBo3 Ha pyaa W Apyru HacunHU TOBapW, KaKTo U MHOTO TOBapHU
aBToMobunn. OTpa3seHm ca CTaTUCTUYECKN PE3YNTaTh OT eKCMNoaTaLUMoHHN HabNIOAEHNS Ha ENEMEHTI OT PECOPHOTO OKauBaHe Ha XEeNne3ombTHU BaroHU U TOBapHU
aBTOMOGMIK, 10 CLCTOSIHMETO UM Ha OTKa3. OnMcaHu ca HAaTOBapBaHMSATA U SIKOCTHUTE XapaKTepPUCTWKM Ha pasnuyHM BULOBE NapabonMyHM NUCTOBU PECOpU.
ChblymTe ca MOAENMpaHM Mo METOAA Ha KpalHWTE enemMeHTW, Crief KOETO € M3BbpLUEH CPaBHUTENEH SKOCTEH aHanu3 C MOMOLLTA Ha CbBPEMEHHW MPOrpamHu

NPOAYKTH.

KntouoBu AYMU: TDAHCNOPTHa TEXHUKA, PECOPHO OKa4yBaHe, NIMCTOBU PECOPU, OTKa3un B napaﬁoanHM JINCTOBW pecopu, AKOCTEH aHanu3, MeTod Ha Kpal;IHMTe eIleMeHTU

Introduction

One of the most important parameters determining the
reliability and safety of land vehicles running is the functionality
of spring system (SS). The SS failure causes very serious
consequences and in many cases leads to derailment. For this
reason, the design and reliability of the vehicle SS are subjects
of many documents including those related to fault detection
and analysis of failures (Mateev, 1971; Fan et al., 2010;
Yusuke et al., 2008; Kumbhalkar et al., 2011). The purpose of
the above-mentioned studies is to identify potential problems
and define constructive and technological solutions for
improvement of existing or newly developed types of
suspension (Kocev et al., 2018).

Fig. 1. A derailed wagon of Fbhd type
with spring suspension (leaf springs)
owned by Nikola Tesla TPP in
Obrenovac, Serbia and used for coal
transportation

For example, such a system is the system used for rail coal
transportation from Kolubara mining basin to Nikola Tesla
Thermal Power Plant (TPP) in Obrenovac, Serbia. The
transportation based on Fbd wagons is performed along one of

the busiest industrial railway lines in Europe. Due to that and
some peculiarities of the SS design based on leaf springs, this
type of fractures often leads to derailment (Petrovic et al.,
2012; 2014) (Fig. 1).

The consequences of derailments are with huge material
damage and considerably reduce railway transport efficiency.
Such problems are often encountered along many busy freight
rail lines.

Each accident is followed by extensive measures and
detailed expert examinations carried out to determine the
causes of incident. Based on the results of these studies,
relevant regulations are set up to give guidelines for further
development of railways and establish relevant measures to
prevent incidents and accidents. SS failures, which may be of
different nature, are among the dominant causes of rail
derailments, especially in freight transportation. The modern
approach to avoid any possible risks is based on research to
obtain both theoretical and experimental identification of
reasons leading to rail vehicle suspension failures (Skrobanski,
2019), such as the quality of leaves used in leaf springs (LS),
operation conditions, uniformity of loading, etc. (Nikolov, 2019).
Such faults are also observed in the leaf springs of automotive
freight vehicles.

Examining the reasons of the Fbd wagon derailment, the
following data about fractures of SS components as reflected
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in Pareto diagram (Fig. 2) have been noticed: fracture of a leaf
of leaf spring (1), spring eye (2), spring shackle (3) and
centring bushing (4).
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Fig. 2. Pareto diagram of failures of Fbd wagon spring system
components

The analysis of the graph in Figure 2 shows that the
failures of: leafs of leaf spring are 68%; spring eye — 21%;
spring shackle — 6% and centring bushing - of 5%.

The most frequent fractures occur due to destruction of the
main leaf and leaves of the multiple packages. In
approximately 70% of cases, leaves have been broken in the
centre, which is closer to the spring shackle, but in
approximately 30% of cases the fracture has appeared in the
eye area.

Many conceptual ideas how to reduce failures of leaf
springs have been examined (Petrovic et al., 2012). The main
idea of solving this problem is to apply parabolic leaf springs
(PLS) in SSs (spring systems) of railway wagons and trucks.

Failures of leaf spring structures

Failures or damage of leaf springs include: a crack or
breaking of the eye, breaking of the main leaf; breaking of a
leaf of the multiple package; corrosion on leaves; a loose U-
bolt or loose shackle, a fallen wedge.

The study has been conducted based on statistical data
obtained from reports made on repairs or prevention of failures
of individual truck suspension elements and the suspension of
two-axle freight wagons in a year’s period of monitoring.

Concerning the leaf springs of trucks, there are 100 failures
registered, distributed in 6 types (groups) while the failures of
leaf springs in spring suspension of two-axle freight wagons
are distributed into 7 types (groups).
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Fig. 3. Pareto diagram of failures of leaf springs for truck spring
system
From the Pareto diagram (Fig. 3) it can be determined that
the truck leaf springs are characterised with the following six

faults (repairs): the main leaf eye (1); the main leaf (2); a leaf of
the multiple package (3); a spring suspension component (4); a
U-bolt (5); corrosion on leaves (6).

In conclusion, the analysis of failure types shows that the
above-mentioned components are the main systems defining
(limiting) the reliability of truck suspension. These systems
account for 100% of failures. The graph of analysis in Figure 3
shows that failures are due to: the main leaf eye — 37%; the
main leaf — 27%; a leaf of the multiple packages — 15%; a U-
bolt — 9%; a spring suspension component — 7% and corrosion
on leaves — 5%.

From the Pareto diagram (Fig. 4) it can be determined that
the leaf springs in spring suspension of two-axle freight
wagons include the following seven characteristic faults
(repairs): the main leaf eye (1); the main leaf (2); a leaf of the
multiple package; (3); a spring suspension component (4); a
spring shackle (5); a wedge (6); a spring bushing (7)
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Fig. 4. Pareto diagram of leaf spring failures in spring
suspension of two-axle freight wagons

In conclusion, the analysis of failure types shows that the
above-listed components are the main systems defining
(limiting) reliability of spring suspension of two-axle freight
wagons. These systems account for 100% of failures. The
graph of analysis in Figure 4 shows that failures are due to: the
main leaf eye — 28%; the main leaf — 21%; a leaf of the
multiple package — 18%; a spring suspension component —
14%; a spring shackle — 10%; a wedge — 7% and a spring
bushing — 2%.

Structures of parabolic leaf springs

PLS of suspension for automotive equipment

Leaf springs are used in suspension of trucks (Tsvetkov,
2011, BDS 2505:1985). Parabolic leaf springs of HST type
have been introduced since 1997: for the first time in
suspension of Land Rover, Land Cruiser, Suzuki, Daihatsu,
etc.

Parabolic springs have leaves of varying profile. Each
leaf of parabolic shape has a full multi-leaf spring function -
thick in the centre and thinner towards the outer edges.

Al springs of HST parabolic type are manufactured
according to 1SO 9000 standards. The ideal parabolic spring
requires only one leaf, but for safety reasons it is necessary to
use at least two leaves. The second leaf is of expanded style
and it serves as a precautionary measure in case of breaking.
Fig. 5-6 shows the computational diagram of a two-leaf
parabolic sheet spring.
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470 1 470, i}
Fig. 5. Diagram of a two-leaf PLS for automotive equipment.
1 - main leaf; 2 - additional leaf and 3 - silencer (limiter)

RIT kil

Fig. 6. Dimensions of the main leaf of a two-leaf PLS

Westalia parabolic springs are designed to be 100%
compatible with the standard suspension fittings.

The calculations of parabolic leaf springs can be made
using MITCalc and simulations can be performed through Solid
Works or another software.

Determination of the strength and deformation state of
two-leaf PLS using MITCalc software

The calculation of leaf springs using MITCalc software is
based on the principle of calculating long rectangular-section
beams subjected to bending. They are used as cantilevered
beams fixed at one end, or as simple beams fixed at both
ends. The leaves of leaf springs can be used independently or
in packages (laminated leaf springs).

Results of calculations of a two-leaf PLS - with static load
using MITCalc software
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Results of calculations of a two-leaf PLS - with fatigue
load using MITCalc software
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Determination of the strength and deformation state of a
two-leaf PLS using Solid Works software

Using SolidWorks software, a two-leaf PLS is modelled as
in Figure 5 where the load is in the leaf eye and fixing is in the
leaf spring centre. The model contacts are limited except for
the contacts between rubber silencers and the main leaf, which
are defined as non-friction joints. This type of connection
describes the behaviour of a leaf spring in perfect condition
where friction between leaves is not desired. The PLS leaf
material is according to the manufacturer, SUP 9 (JIS). The
standard comparison has shown that SUP 9 spring steel is
equal to 55Cr3 by the European standards. Steel fatigue
properties are defined in compliance with SAE using the
database of Glyph Works material properties. The values for
materials by SFS-EN 10089 standard for Glyp Work
(SAE5160/SUP  9/55Cr3) materials are as follows: Elastic
Modulus, E 207 GPa; Yield Strength, Re. 1250 MPa; Ultimate
tensile strength, Rm 1600 MPa; Work Hardening Coefficient, K
1940 MPa; Fatigue Strength Coefficient, Sf 2063 MPa; Cyclic
Strength Coefficient K' 2432 MPa; Work Hardening Exponent,
n 0.05; Fatigue Strength Exponent, b -0.08; Fatigue Ductility
Exponent, ¢ -1.05; Fatigue Ductility Coefficient Er 9.56; Cyclic
Strain-hardening Exponent, n' 0.13; Cut-off, Nc 2,00e+08
Reversals. Silicon material with the following parameters is
used for the stops: Elastic Modulus 1.124e+011 N/m2;
Poisson’s Ratio 0.28N/A; Shear Modulus 4.9e+010 N/m2;
Density 2330 kg/m3; Yield Strength 120e+06 N/m?; Thermal
Conductivity 124W/(m-K). Mesh Type: Solid Mesh; Mesher
Used: Standard mesh; Automatic Transition: Off, Smooth
Surface: On; Jacobian Check: 4 Points; Element Size: 10.88
mm; Tolerance: 0.54402 mm; Quality: High; Number of
elements: 11270; Number of nodes: 20763.
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At a load of 10000 N in the eyes and fixing in the PLS
centre, the maximum stresses equivalent to von-Mises are
439.06 MPa. The maximum stresses are in the area of
weakening section in the centre (R2 - Fig. 6) and in the eyes
of the main leaf as it can be seen in Figure 7.

With the increase of radius in the main leaf transition from
R2 to R5 and the leaf thickness from 6 mm to 7 mm at the eye,
it is obtained that the maximum stresses equivalent to von-
Mises are175.6 MPa.

P e St e s reset

i o0
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Fig. 7. Stresses in a two-leaf PLS

PLS for suspension of a rail wagon

The parabolic leaf spring (PLS) in compliance with UIC 517
(UIC 517: 2006) (Fig. 8), the main advantage of which is
variable stiffness, consists of a main beam of 4 leaves (1 main
leaf with eyes and 3 leaves of multiple package) and one
additional leaf underneath. Each spring leaf has a section
varying in height, which satisfies the condition of having one
and the same strength and a line of bending on a vertical plane
corresponding to a quadratic parabola. The leaves have equal
length, they are connected in a package with a spring shackle.
They lean on each other only in the central part and at both
ends. A leaf of bigger thickness and a section of variable
height is placed at the lower end of the package being
mounted with a certain clearance in comparison to the basic
package. The latter is calculated for the own mass of a wagon
(an empty wagon), and the lower leaf is included in operation
with wagon loading. As a result, the spring has a non-linear
variable feature as a whole, which makes possible to achieve
the necessary flexibility of both an empty and a loaded wagon.

\

— ‘«,//// £

N 4 T
Fig. 8. Diagram of PLS for a railway wagon in compliance with
uiC 517
1 - eye; 2 — multiple leaves; 3 —additional leaf; 4 —spring shackle; 5 —
a pin of shackle; 6 — metal plates; 7- wedges.
Dimensions: Lo = 1200mm; Ho = 227mm; f = 170mm; g = 100 mm.
(bxh = 120x21 mm for multiple leaves and bxh = 120x36 mm for the
additional leaf)

The spring leafs are made of steels — brands 55 C2 and 60
C2 (GOST 2052-53 and EN BDS 6742-73), 60si7 and 65si7
(DIN 17221) or others, equivalent to them in chemical
composition and mechanical properties. The spring shackle is
made of steel brand BC13 cn, and the spring wedge is made of
steel brand ACT3 according to BDS 2592-71.

Determination of railway wagon PLS strength and
deformation state using MITCALC software

Results of calculations of a railway wagon PLS - static
load using MITCALC software
: e
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Determination of strength and deformation state of railway
wagon PLS using Solid Works software

Using Solid Works software, the PLS is modelled according
to Figure 8, with loading in the spring eyes and fixing in the leaf
spring centre in spring bushing. Model contacts are limited,
except for the contacts of leaves in section B-B, which are
defined as non-friction joints of leaves only in longitudinal
direction. This type of connection describes the behaviour of a
leaf spring in the ideal condition where friction of leaves is not
desired. The leaf material of PLS is according to the
manufacturer, SUP 11A (JIS).

The standard comparison according to the European
standards has shown that UP 11A spring steel is equal to
65Si7 spring steel. The steel fatigue properties are determined
according to SAE from the database of Glyph Works material
properties. The values of Glyp Works materials (SAE5160 /
SUP 11A/ 65Si7) SFS-EN according to 10089 standard are as
follows: Elastic Modulus, E 200 GPa; Yield Strength, Ret 1196
MPa; Ultimate tensile strength, Rm 1495 MPa; Work Hardening
Coefficient, K 1940 MPa; Fatigue Strength Coefficient, Sf2063
MPa; Cyclic Strength Coefficient K' 2432 MPa; Work
Hardening Exponent, n 0.05; Fatigue Strength Exponent, b -
0.08; Fatigue Ductility Exponent, ¢ -1.05; Fatigue Ductility
Coefficient Er 9.56; Cyclic Strain-hardening Exponent, n' 0.13;
Cut-off, Nc 2.00E+08 Reversals.

Crosslinking is: Mesh Type: Solid Mesh; Mesher Used:
Standard mesh; Automatic Transition: Off; Smooth Surface:
On; Jacobian Check: 4 Points; Element Size: 7.0018 mm;
Tolerance: 0.45726 mm; Quality: High; Number of elements:
303397; Number of nodes: 477934.

At a load of 112.5 kN in eyes (of 56.25 kN per eye) and
fixing in the PLS centre, the maximum stresses are 634.7 MPa
equivalent to von Mises stress. The maximum stresses are in
the centre of the main leaf with eyes in the area of contact with
the internal wedge (Fig. 9).

Fig. 9. Stress on a PLS in compliance with UIC 517

Strength analysis of parabolic leaf spring (PLS)
structures for transport equipment

Strength analysis of PLS for automotive equipment

The results of modelling and determination of PLS strength
and deformation state for automotive equipment using MITCalc
and Solid Works software are given in Table 1.

From the results of PLS modelling for automotive
equipment, it is established that when applying Solid Works
software, stresses are significantly higher — 2.7 times. The
maximum stresses are in the area of cross-section weakening
in the main leaf centre and eyes. With the radius increase in
the main leaf transition from R2 to R5 and the leaf thickness at
the eye from 6 mm to 7 mm, the maximum stresses decrease
twice and are closer to those obtained by MITCalc software.

Table 1. Results of PLS modelling for automotive equipment

MITCALC

Material Stress, MPa
Modulus of elasticity, Static Cyclic load
E =200 GPa load (of fatigue)
Ultimate tensile strength, 10000N 5000N
Rm = 1550 MPa
Max. permissible bending stress 162,8 814
ca = 1085 MPa
Max. permissible torsion stress
12 =775 MPa

SolidWorks
Material 55Cr3 for leaves Stress, MPa
Elastic Modulus, E = 207 GPa Value Area
Yield Strength, Re=1250 MPa The maximum
Ultimate tensile strength, stresses are in the
Rm = 1600 MPa o 439.06 | area of  cross-
Material Silicon for limiters ‘ox | section weakening
Elastic Modulus 1.124e+011 Nimz, | 175,6° | (50 % po™
Shear Modulus 4.9e+010 N/m?; Figure 6) and in the
Yield Strength 120e+06 N/m? main leaf eyes.

* Maximum stresses equivalent to von-Mises stress with constructive
adjustments.

Strength analysis of PLS for rail wagons

The results of modelling and determination of railway
wagon PLS deformation state using MITCalc and SolidWorks
software are given in Table 2.

Table 2. Results of PLS modelling for a railway wagon

MITCalc
Materials of elasticity, Stress, MPa
E =200 GPa Static | Cyclic load
Ultimate tensile strength, load (of fatigue)
Rn=1550MPa 225kN | 56.25kN
Max. permissible bending stress 7975 | 501.9
oa= 1085 MPa ) )
Max. permissible torsion stress
1a =775 MPa
SolidWorks
Material 65Si7 Stress, MPa
Elastic Modulus, Value | Area
E =200 GPa Maximum stress in the
Yield Strength, 634.7 | main leaf centre in the
ReL = 1196 MPa area of contact with
Ultimate tensile strength, the internal wedge.
m = 1495 MPa

Based on the results of rail wagon PLS modelling, it is
established that stresses are 25% greater with the application
of MITCalc software in comparison to the values obtained by
using SolidWorks. The maximum stresses most often occur in
the main leaf centre in the area of contact with the internal
wedge (Fig. 8).

The results of modelling vehicle and railway equipment for
strength and deformation analysis have shown the necessity to
apply both MITCalc and SolidWorks software packages. The
determination of areas of maximum values gives a possibility
for PLS constructive adjustments.
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Conclusion

The occurrence of fractures in some spring suspension
components of transport vehicle, such as leaf springs of
wagons of Fbd type used for coal transportation from Kolubara
mining basin to Nikola Tesla TPP in Obrenovac, Serbia, has
imposed the necessity of strength and deformation analysis of
new construction solutions. The statistical results of operation
monitoring on the spring suspension components of railway
wagons and trucks up to the state of their failures are
considered. The obtained Pareto diagrams reflect the impact of
damage types on the components of leaf springs in automotive
and railway equipment. The calculations of selected structures
of parabolic leaf springs made by the application of MITCalc
and Solid Works software packages have confirmed the types
of failures in the areas of maximum stresses.
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METHODOLOGY FOR DETERMINATION OF THE PARAMETERS OF HYDRAULIC STOKE
MECHANISMS

Dimitar Dimitrov
University of Mining and Geology ”St. Ivan Rilski”, 1700 Sofia; dimitardim61@gmail.com

ABSTRACT. When processing the oscillograms of the operating processes the well-known methodology of B. V. Sudnishnikov is usually used. This requires a large
volume of computing work and due to this, only one cycle that is typical for the machine operation, is processed. Thus, the accuracy of the results obtained is
reduced. The proposed methodology, based on hydraulic mechanisms of strikes, is designed in order to rationalise this activity and to increase the accuracy.

Keywords: mechanism, hydraulic, oscollogram

METOJWKA 3A ONPEOENAHE HA OCHOBHWUTE NAPAMETPU HA XWAPABIUYHUTE YOAPHU MEXAHU3MKU
HJumumsbp Jumumpoe
Munto-2eonoxku yHusepcumem “"Cg. Uear Puncku”, 1700 Cocpusi

PE3IOME. Mpu 06paboTsaHe Ha ocuunorpamMute Ha paboTHUTE MpoLeck 0BUKHOBEHO Ce M3NoN3Ba W3BEeCTHA MeToauka Ha CyaHuwHukoe B. B. Tasu metoauka
W31CKBA M3BBPLUBAHETO HA TBBPAE ronsM obem uauncnuTenHa pabota, Nopaau koeto ce oBpaGoTea camo eauH, XapakTepeH 3a pabotata Ha MalunHaTa, LMKbII.
ToBa HamansiBa TOYHOCTTA Ha NONYYeHUTE Pe3ynTaTh. 3a paLmoHanuanpaHe Ha Tasy JEAHOCT 1 NOBHULLIABAHE TOYHOCTTA, HA MPUMEPa Ha XU PaBNMYHUTE YaapHH
MexaHu3mu, e paspaboTeHa npeanoxeHara MeTOANKA.

Kniouosu AYMU: MEXaHU3bM, XUOpaBU4eH, ocuunorpama

Introduction hydraulic drilling machines due to the much higher operating
fluid pressure (up to 25 MPa and even more), the power of the

Over the last decades, the hydraulic driling and the drilling machine has increased many times.

hammer machines had found an increasingly widespread use, The first hydraulic hammer was developed in 1968 and

as they have gradually replaced the pneumatic ones. This is was introduced in 1970 by the French company MONTAGER.

due to the exhaustion of the possibilities for further In the next years, other companies began to produce such

improvement of the performance of pneumatic drilling machines. By the end of the 90s, around 150 models were

machines. In the 150-year history of the use of pneumatic being produced by 20 companies, and their number has been

drilling machines, they have gone a long way towards their ~ continuously growing.

perfection. By the end of the 60s of the last century, it was no The principle of operation of these machines is similar to

longer possible to expect better results from the newly created that of the pneumatic drilling machines. They consist of the

machines. Some progress has been made only in the period same basic parts. Due to the practical non-shrinking mode of

1955-1965 in a relation with the development of methodologies ~ the oil, two hydro-accumulators are added — one to the

for recording the internal processes and hence for the pressure pipe and one to the merging one. The machine is

optimisation of their structural elements. supplied by high pressure oil into the high-pressure pipeline
The only possibility to increase the power and productivity from the oil station. The energy of the oil is transformed into

of pneumatic machines was to increase the diameter of the mechanical work in the stroke and the rotation mechanisms.

cylinder, the mass of the machine and the supplied pressure. After that the oil, with a reduced pressure in the merging

Al this, however, is related to higher operational costs and pipeline, returns to the oil station.

major reconstruction of the mining pneumatic chattels. The The advantages of the hydraulic drilling and the breaking

transition to higher pressure (up to 2 - 3MPa) is only machines are quite important in comparison to the pneumatic

appropriate for drilling machines that work together with a ones. The most important of these are:

mobile compressor. - Higher power transmitted to the instrument (4 to 5 times)
In both society and technology, when the capabilities of a - Greater drilling speed (2 to 2.5 times);

system, a technology, or a machine are exhausted, a - Higher efficiency (up to 0.4-0.5);

qualitatively new solution to the problem appears. The creation - Less noise, lack of aerodynamic noise;

of hydraulic drilling machines is a typical example of such a - Less air pollution, missing oil aerosols;

development of the technique. With the introduction of - Better shape of the stroke impulse and longer pistons;

- More durability of the drilling tool;

11
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- Better control of the working mode;
- Use of cheaper electricity.

Their disadvantages are of small importance. However,
there could be noted:

- Heating of the oil - it is overcome by a cooler of the oil
station;

- More complex construction and considerably higher
costs;

- Greater requirements for their production;

- Better qualification of the service staff.

The energy carrier for the hydraulic drilling machines is the
high pressure oil. The high oil pressure is created by an oil

station. It consists of an oil pump coupled with a driving engine.
The pump is placed in a tank filled with oil. The oil from the
tank is sucked through a filter by the pump, its pressure
increases and is fed to the machine through the high pressure
hose. Once the energy is delivered, the oil returns to the oil
station tank where the cycle is repeated.

Figure 1 shows the general appearance of the hydraulic
hammer drill of the company "TAMROCK" - HL-438. The
hammer consists of a bore holder 1, a spindle 2, a washing
pipe 3, a protective cuff 4, a seal 5, a piston 6, a cylinder 7, a
dispenser corpse 8, a shuttle cylindrical distributor 9, a corpse
of the stroke mechanism 10, a cylinder 11, a hydraulic motor
12, bearing 13 and gear 14.

1 2 3 45 6 7 8 10 115
L] [ ol
! . & ./ - o -
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N SR AR _-,-!
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14 13

Fig 1. A construction of a hydraulic hammer drill HL-438

Through the shuttle distributor 9, the oil is supplied in
series to the two cylindrical chambers. When the piston is
moved forward, a strike is applied to the drill. The rotation
movement of the tool is accomplished by a hydraulic motor 12
located on the rear cover of the machine. From the engine,
because of its high torque, the rotation is transmitted to the
instrument by a stage reductor 14. The washing water for the
borehole is supplied centrally through a pipe 3.

Exposition

In the laboratory tests of drilling and breaker machines, a
significant number of processes are recorded - the
displacement, the speed and the acceleration of the piston
[Minin I., 2017], the corps and the drilling tool and the
compressed air pressure in the machine chamber. These
processes are registered in the form of oscillograms or as
computer records. The use of the registered records is
possible after their preliminary processing. Very often the
processing is performed manually by direct measurement and
calculation by ordinary means. In such a mode of processing,
due to its slow performance, the number of processed cycles is
limited and therefore an insufficient accuracy can be achieved.

A methodology for computer registration and processing of
recorded oscillograms has been developed in order to
rationalisie this activity. We process a larger number of cycles
by determining the parameters we are interested in.

The introduction of the EIT requires changes in the
methodology used so far (Sudnishnikov B. V, 1965, Dimitrov
D., 1988), along with the introduction of the computer methods
(Nedyalkov P., 2010, Stoyanov A., 2016, Ivanov A., 2017). An
unlimited number of cycles are processed, the scales of time

12

12

and power are not set. They are determined by the input
parameters. The sequence of processing the oscillograms is
as follows:

A section is selected from the oscillogram, where the
processes are recorded in quality and the operational mode of
the machine is stable. The range of cycles selected for
treatment is noted (Fig. 2). The figure shows the operational
processes flowchart in a hydraulic stroke mechanism. The
methodology will not change significantly for pneumatic stroke
machines. The cycles are divided into equal parts along the
abscissa, i.e. by the time. The values of the pressure curves in
the working chambers are recorded onto the ordinates. The
curves P1, P2 and P3 are the recorded pressures acting on the
rear part of the cylinder, the operating chamber and the front
part of the cylinder, respectively.

The forces F1, F2 and F3 acting on the piston are
calculated.

F1=P1S1,N,
F2=P2S2,N,
F3=P3 S3,N,

where S1, S2 and S3 are the rear, middle and front work
surface areas of the piston, m2, respectively.
R=F1+F2+F3,N (4)

The resultant force R acting on the piston is calculated and
it is plotted on the display (Fig. 3).
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The resultant force diagram is approximately divided in an
operational tp and a reverse to motions.

The surface areas of the impulses 11, 12, 13, 14 and 15 and
the static moments of the impulses M1, M2, M3, M4 and M5
are determined. As it is shown in Figure 2 the oscillogram is
conditional.

The number of displayed impulses vary depending on the
type and design of the machine. In all cases we will have the
three impulses 12, 13 and 14, and the impulses 11 and 15 may be
missing.

I = ffil Rdt, Ns (5)

Mi ZZIiti,NSZ (6)
where I; is the elementary surface area on which the impulse
Ns is broken,

t; - the distance from the center of the elementary area to
the corresponding boundary of the cycle, s.

For the moments M1, M2 and M3, the distances ti are
reported toward the ordinate t = 0, i.e. at the start of the cycle,
and for M4 and M5 - at the end of the cycle.
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Fig. 2. An oscillogram of the operational cycle of the machine
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Fig. 3. A diagram for the R-force calculation

The movements made by the piston in the operational and
reverse motions are determined.

l() — M1+1\:1;6_|M2|l (7)

13

_ My—|Ms|
p mg 4

L (8)

where ms is the piston mass in kilograms.

In a machine, there is always an equality of the lengths of
the operational and the reverse motions. Therefore, if such
equality is not achieved, the calculation continues, without an
intervention of the operator, until it is balanced at a new
location of the distribution line and the size of the impulses I3
and la.

After the equalisation of Ir and lo, the basic parameters of
the investigated machine are determined.

The pre-stroke speed of the piston.

I4=|Is|
y = mg ’

m/s

The energy of the stroke.

_ m6.V}?
Ay - 2 J]

(10)

The same physical laws are valid for the hydraulic
hammers, as for the electric machines, i.e. the strokes
frequency and the stroke power are in a direct proportionality
(Hristova, T. et al., 2018)

60 . _
n=—,min"! (11
ty
_ Ayn
60.103"

kw

The rebound speed of the tool piston.

V, = —’1+ji;"2',m/s (13)
The rebound coefficient.
Yo
Ky =—. 14
07y (14)

When performing the computing programme, the piston
areas, the cycle time and the three registered pressures are
imported. This is done for all sections which the processed
cycles were split from.

The cycle is approximately divided into an operational and
a reverse motion. The value of the resultant force at the
beginning of the cycle is verified by a check-up. If it is higher
than 0, Iy and My are calculated, and if it is less than 0 - |2 and
M.. Permanent checks are made for the moment when the
resultant force will change its character and then the next
impulses and their moments are automatically computed. After
the static moments and the impulses, the lengths of the
operational and the reverse motions are calculated and
compared. If any difference is found, as mentioned above, the
dividing line is displaced. The programme provides an
automatic shifting of the dividing line in one direction or
another, depending on the ratio between the operational and
the reverse motions. If the values of to and t; are equalised with
the set accuracy, the calculations continue for all the other
parameters of the machine. As a final result, the values of all
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the parameters of the machine are displayed and the resultant
force curve is plotted.

The processing of the oscillograms of the operational
processes is usually brought to a processing of the indicative
pressure diagrams.

This is most common for the machines with a free piston.
In the case of drilling machines with a connected piston /with a
dependent rotation of the drilling tool/ this methodology does
not give enough accurate results. For these machines it is
necessary to register and to arrange the operational processes
that characterise the movement of the piston, the corps and
the drilling tool.

The considered methodology for the processing of the
operation oscillograms and the calculation programme made
by a model of it are used in the study of a number of pneumatic
and hydraulic drilling and breaking machines in the laboratories
of the University of Mining and Geology - Sofia. The
rationalisation of this activity has been achieved through the
elaborated calculation methodology. There is an opportunity for
a practical application of the well-known method for processing
the oscillograms of the operational processes.

14
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GENERAL AND SPECIFIC REQUIREMENTS FOR THE DEVELOPMENT OF NEW

HAMMER DRILLING MACHINES

Dimitar Dimitrov

University of Mining and Geology ”St. Ivan Rilski”, 1700 Sofia; dimitardim61@gmail.com

ABSTRACT. The paper examines the general and specific requirements for the development of hammer drilling machines. They operate under a strong dynamic
regime, so too many requirements must be met when designing them. The study aims to clarify these issues in order to help designers in choosing parameters and
constructive schemes. A particular attention is paid on the selection of the air distribution device, the rotation mechanism, the start-up device, the fines removing
device, the feed and maintenance device, the fittings and the smoothness classes of the various parts.

Keywords: machine, stroke, hammer

OCHOBHW U3UCKBAHUSA NPU PA3PAEOTBAHE HA HOBW MPOBUBHU MALLUHM C YOAPHO JEWCTBUE

HJumumsbp Jumumpoe

MurHo-eeonoxku yHusepcumem “Ca. Mear Puncku”, 1700 Cogpusi

PE3IOME. B paotata ca pa3srnefaHu obLmTe 1 cneumdmyHi U3ncksaHus npu paspaboteaHe Ha MPoGUBHY MaLLMHK C yaapHo aelictaue. Te paboTaT Npu CUIHO
W3pa3eH AMHAMUYEH PEXVM, NOpaay KOETO MPKU KOHCTPyMpaHeTo UM TpsiBa fa ce Cna3BsaT TBbpAe MHOMO uaucksaHus. C paGoTata ce Lenu a ce M3ACHAT Teau
BBPOCH, C KOETO fla Ce MOAMOMOTHAT KOHCTPYKTOPUTE MpW M3Gopa Ha mapameTpu U KOHCTPYKTUBHW cxemu. CneuuanHo BHUMaHWe e OTAENEHO Ha u3bopa Ha
Bb31yX0pa3npeaenMTeNHOTO YCTPOICTBO, MEXaHW3MbT 3a BbpTEHe, MyCKOBOTO YCTPOWCTBO, YCTPOWCTBOTO 3a OTCTpaHsBaHe Ha CUTHEXa, YCTPOMCTBOTO 3a
rnoaasaHe v noaabpKaHe, crioGK1Te W KNacoBeTe Ha rMagKkocT Ha pasiyHITe AeTainu.

KntoyoBu gymu: mMatumha, yaoap, Yyk

Introduction

The process of construction is one of the main activities in
the designing of each new product. At the beginning of the
design, some basic technical parameters are usually set under
operational conditions. The new machines must comply with
the normative documents.

Typically, the choice of a constructive solution does not
have an unambiguous solution, so these issues should be
clarified very well in respect to different types of machines.

In the present paper the basic requirements for the design
of new modern hammer drilling machines are examined.
These machines include drills and hammers mounted on a
manipulator (Mitrev, Minin 1., 2017, Nedyalkov P., 2003),
submersible pneumatic hammers, rock breaker and pneumatic
hammers. The drilling machines operate in a highly dynamic
mode. Some of them are used as hand-held machines (Minin
., 2017), others work on manipulators and carriages. Their
principle of operation and the way of work set too many
requirements on them. It is not enough to know only the
general construction requirements of these machines. If the
constructor is not well acquainted with the theory and practice
of driling, he cannot create a good driling machine. In
practice, there are many examples for irrelevant constructive
decisions due to the lack of knowledge on the problems.
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Requirements for machine design

Before the construction, it is necessary to do some
research in our and foreign literature sources. The
constructions of the driling machines, implemented and
operated in the industry, must be known, their technical level
and the possibilities for using the advantages of the new
machines should be assessed. It is important to strive for a
succession and a unification. New elements must be
developed when there is no possibility of using the existing
ones and when this leads to an essential improvement of the
machine. The hammer drilling machines have been used for
more than 150 years and it could be considered that the
rational constructive solutions for their individual mechanisms
are well known.

The assignment specifies the mass, frequency and energy
of the stroke [Minin 2], the relative metal capacity and the
energy consumption. These parameters comply with the
current standard. The parameters are selected with some
reserve in order to fulfil the standard and to provide better
qualities of the new machines. The progressiveness of the new
construction is mainly determined by the relative metal
capacity, the energy consumption and the characteristics of
vibration and noise. The rest of the parameters are selected
depending on the purpose of the machine and its operational
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mode. The technical parameters are determined after
calculation using the known methodology (1.2).

The choice of the constructive scheme is one of the most
important stages of the designing process. The tolerable errors
at this point can devalue the construction and make the model
morally outdated from the very beginning. We will focus on this
problem in more detail, as many errors are made regularly
when choosing a constructive scheme.

The air distributor and the rotation mechanism have the
greatest influence on the performance of the machine.

As it is known, independent and dependent rotations
through front and rear mechanisms are used for the drilling
hammers.

An independent rotation should be used on all the
machines that work on manipulators and carriages. Only the
independent rotation can provide great drilling speed rate. This
requirement is often outstepped. A typical example of this are
the Russian hammers KC-50 and these of Atlas Copco-BBD-
120. They are heavy drilling machines that work on
manipulators. The first ones have a rear rotating mechanism
and the other ones - a front one. The dependent rotation
cannot provide a sufficient torque, an impact power and a
drilling speed rate. There are several drilling machines with an
independent rotation of the following companies: Permon -
Czech Republic, VKS90VM, from Russia — MK-60, MK-75, BIr'A-
1, of Atlas Copco - BBE-51 and BBE-53, of USA - PRR-123,
PR-143, VS-40M, Ingersol Rand-URD-474, URD-550, Finland,
Tamrok-L-400, 500, 800, 1000, 2000, 4000, Germany,
Hausherr — IK7ECA and others.

The independent rotation is unsuitable only for manual
driling machines, as thus their mass increases. Some
constructions such as these of Atlas Copco, Russia and others
are known, but they have not found a widespread application.
The independent rotation could find some application in the
manual hydraulic drilling machines. Engines and rotation
reducers with small sizes and mass are used for the rotation
mechanism. The hand-held drilling machine must have a mass
up to 25-28 kg, which is not difficult to be achieved with the
hydraulic mode.

For the modern hand drilling machines (Djobov, 2017),
both types of dependent rotation are used - front and rear. With
a rear rotation are almost all of the Russian drilling machines -
NP —24, NP - 25, NP - 27, NP - 30, NT- 29, MT- 36, NN-54B
and others, some of the companies Holman - England, Permon
- Czech Republic, Ingersol Rand, Tamrok and others. Almost
all of the models of Atlas Copco, some models of Flotman,
Hausher, Demag, Bohler and others are with a front rotation.

The older drilling machines are predominantly with a rear
rotation.

The rear rotation mechanisms set less requirements on the
construction, mainly in terms of accuracy classes of surface
roughness. The mechanism is not difficult for exploitation and
its life-long service is better. This, however, deplete its
advantages. lts deficiencies are of great significance. First of
all, the excess increase of the drilling machine mass has to be
noted - a very important indicator for the hand-held drilling
machines. This is due to the filling of the cylinder with many
details compiling the rotating mechanism. It is not rational the
drilling bore located in the front to be rotated by a mechanism
located at the rear of the hammer. It is not necessary to fill the
whole distance along the machine length with parts that weigh
on, complicate and increase the cost of the construction.
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In the case of hammer drills with a front rotation
mechanism, the machine consists of fewer details. The details
of the rotation mechanism are located at the front of the
hammer and have a lightweight and simple construction.
Therefore, the mass of the machine is from 5 to 8 kg less.

Another disadvantage of the rear rotation mechanism is the
poor design of the stroke mechanism in respect to the power
supply. The shape of the piston could not be sustained in
energy terms. The piston is of a small length. On the other
hand, the requirement for consistence of the piston sectional
length could not be complied. To accommodate the rotating
chuck at the rear of the piston, its cross section and its mass
increase. All of this leads to the occurrence of peak loading
rates in the drilling tool when the stroke is transmitted and the
duration of the contact between the piston and the tool
decreases. For these reasons, at the drilling machines with a
rear rotation the drilling tools break more often, and the energy
conversion efficiency is smaller.

The front rotation mechanism provides good possibilities to
use pistons with a longer length and equal section along the
entire length. For the alignment of the cross section, the rear of
the piston is straightened up, thus achieving its weight
reduction. Additional volume is added with this straightening to
the rear chamber, which helps to reduce the rear air buffer and
also to reduce vibrations and increase the active motion of the
piston.

A ratchet mechanism is used in all constructions with a
dependent rotation. For both rotation mechanisms, the
constructions are well-worked and should not be changed. In
the lighter models, two ratchet tappers are used, and in the
medium and heavier ones - four. At an even number of
tappers, the number of teeth of the ratchet wheel gear should
be odd. Furthermore, the kinematics of the ratchet mechanism
need to be designed so that the individual tappers could
operate in sequence, not at the same time. This reduces the
amount of reverse rotation of the tool at the end of the reverse
motion. The novelty that is recommended is the simultaneous
coupling of the ratchet tappers, placed oppositely, two by two.
Thus, a more symmetrical load on the rotor nodes is achieved,
maintaining the coaxiality of the machine, and the piston is
moving with a smaller resistance.

The rotation angle of the instrument should be selected
depending on the scales in which it will be operated. The
optimisation of this parameter is of great importance as it leads
to an increase in the drilling speed rate without an additional
energy consumption. In a modern construction, this reserve
must be used and imposed still into the design. The machine
must be produced with several kits of pistons and rotating
sleeves. They are identical in design. They differ only on the
helical cannels inclines. The machine produced in this way will
operate at a different rotation angle of the tool when changing
the kits. Depending on the operational conditions, the
assembly kits will be ordered to provide the maximum drilling
speed rates without any change in the energy consumption.
With the optimisation of the rotation angle, an average
increase in the drilling speed rate of about 25% and a
significant reduction of the consumption of compressed air
could be reached. In addition, the presence of the same
machine with several sets of pistons and a rotating sleeve will
allow the most suitable combination to operate with to be
determined for the particular conditions. This idea has not been
realized for any construction, neither in Bulgaria nor abroad.
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Considering its easy realization, this reserve for improvement
of the indicators should be used for each new construction.

The rotation mechanism should provide very light and
smooth rotation of the tool for a whole turnover and along the
entire length of the cylinder. The rotation should be without
retention and with minimal friction loss. This can be achieved
by using a soft and heat-treated springs, sufficient smoothness
and coaxility of the friction surfaces, an observation of the
prescribed assemblies and good lubrication of the parts. The
construction of the tappers must be symmetrical and must
allow their reversal turning at a wear on the one side. It is best
the tapers to be made of rolled material.

Another very important issue to consider when choosing a
construction scheme is the type of air distribution device. There
are too many studies on this topic, and that is why we will not
discuss the problem in detail, as only the most general rules
and assessments will be given.

The machine's faultless and economical operation depends
on the air distribution device. At its selection, the following
issues should be considered: the movement of the distributing
element should be small, should not induce throttling of the
fluid, the channels should be of sufficient cross-section and
without unnecessary bends.

The simplest in construction, safety of operation and with a
high energy conversion efficiency is the self-distribution device.
This device is becoming more and more applicable. It should
be preferred for short-motion fast-impacting machines.

The valve distribution device is relatively simple and safe to
operate with. Some of its disadvantages are the presence of a
buffer in front of the piston at the end of the working motion
and the uneconomic air flow due to the opening of the outlet
due to the displacement of the valve. Various designs of valve
distribution devices are known. The best features are those in
which the valve is supported and does not move the whole.
The swinging valve requires the smallest force and moving
time, therefore the disadvantages of the valve distribution are
minimised. The valve distribution is mainly applicable for
different drilling machines.

The slide shutter air distribution is complicated in
construction and unsecure for operation. The distributor is in a
joint by two or three surfaces, which places a greater demand
on the joints and roughness of the surfaces. Closed volumes
are formed in the shutter slide box that are not well flowed by
the fluid, so the shutter gets dirty quickly. For the new
constructions, it is necessary to provide better drainage of all
chambers around the shutter, even if some loss of fluid occurs.
On the other hand, this distribution provides economical
discharge of the compressed air due to the pre-displacement
of the slide shutter because of the outlet opening. In addition,
at the end of the two motions, the buffer in front of the piston is
absent or minimised. The slide shutter air distribution increases
the cost of the product, so it is recommended for heavier long-
motion machines. The greater cost of the machine in this case
is compensated by the lower operating costs.

The design of the distribution device must ensure good
lubrication of the machine. It is best to lubricate the details that
are up-flown with compressed air. There are problems mainly
with the lubrication of the parts of the rotation mechanism and
the chuck. They are most easily resolved by diverting a flow-
part of the blown air to the front of the machine. This is most
easily done by opening the outlet shortly after opening the slit
channels. Thus, from the front chamber of the cylinder through
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the slit slots, a sufficient amount of compressed air will flow out
to spread on the front of the machine.

There are less requirements for the rest of the mechanisms
of the drilling machines. Let's take a look at them too.

The starting device must have sufficient permeable
capacity and density to ensure the normal feeding of the
chambers with minimal losses. This is not observed for various
constructions. The inlet is narrowed or it does not match well
with the opening of the starting faucet and rear cover lid.

The fines removal device is with a central water supply.
Various automatic devices are used to start and stop water.
During the operation, these devices very quickly get out of
order and they are replaced with a shut-off valve. In case of
such a problem with the new construction, it is better still at the
designing stage to abandon the spectacular but unsafe
mechanisms and to predict a simple shut-off valve. Thus, the
appearance of the new construction would not worsen. The
safety of the machine is of greater importance.

The maintenance and the feeding devices must be
selected or constructed together with the drilling machine. For
hand-held machines, it is best to use a double-acting stand.
Their management can be from the stand itself or from the
hammer. The hammer-management is easier. During the
operation only one of the worker's hands is occupied. This
reduces the harmful impact of vibrations. On the other hand,
however, the construction is complicated. Such management
may be envisaged if the level of the plant-producer is good
enough.

In addition to the specific requirements listed here, the
standard requirements must also be observed. Also,
standardised, purchased and formerly acquired in the
production process products have to be used, to limit the
nomenclature of threads, slits, attachment sizes, coatings,
assortment of used materials, interchangeability.

It is difficult to accurately calculate the drilling machines.
Therefore, the next stages of design are the most important -
the manufacturing of the test sample, its testing and the
specification of the construction. This is a very important stage
and it is worth most in terms of time and costs. No modern
design can be created without a precise implementation at this
stage.

It is desirable for the design to be as technological as
possible and to contain a minimum number of details. The
simplicity is an indication of the craftsmanship of the
construction. For the drilling machines, it is necessary to
exclude any excesses and the efforts need to be focused on
increasing the safety of the machine. In this sense, the
intention for simplification could not be considered as an
indication of an outdated constructive solution. The constructor
must also take into account the capabilities of the
manufacturer.

The roughness classes and joints are determined by the
operating conditions of the mechanisms. For the parts that
operate together, the following limits for the roughness classes
may be recommended: 0,63 - 0,16 / 0,63 - 0,16 - for couplings
cylinder - piston, cylinder - guiding sleeve, cylinder - air
distributor, cylinder - ratchet wheel gear: 1,25 - 0,32 / 1,25 -
0,32 - for front body - intermediate body, cylinder - rear cover
lid, air distributor - rear cover lid, 1,25 - 0,32 / 2,5 - 0,63, for
cylinder - valve box cover lid, cylinder - valve box sleeve.

Joints with guaranteed clearance and tightness are used
for the drilling machines. With a guaranteed clearance are the
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joints between the cylinder and the piston H7-H8 / g6-f7;
guiding sleeve- piston, chuck, front body - H7 / f7-e8; front
body - intermediate body - H7 - H8 / g6 - h6; cylinder -
distribution device corps - H7-H8 / h6-h7; cylinder - valve box
cover lid - H7-H8 / f9; cylinder - sleeve of the valve box;
cylinder - ratchet wheel gear, cylinder — rear cover lid - H7-H8 /
f6-f8; cylinder - intermediate body, cylinder - air distributor, air
distributor - rear cover lid - H7 / g6-h6. With a guaranteed
tightness are the joints between the body and the guiding
sleeve - H7 / 16 and between the chuck and the chuck sleeve -
H7 / x6.

As it could be seen from the presented material, the
construction designing of drilling machines is a complex task
that sets too many questions to the constructor. The design of
a modern drilling machine can be done only with a basic
knowledge of the drilling technique. This paper is an attempt to
clarify the main issues that arise in the design and acquisition
of new drilling machines.

Conclusions

1. The frequency and energy of the stroke, the relative
metal capacity and the specific energy consumption are set in
the design process of new drilling machines. They must
comply with the current standards.

18

2. The air distributor and the rotation mechanism have the
greatest influence on the performance of the machine.

3. A possibility for optimisation should be provided for the
modern machines through the selection of an appropriate
rotating angle of the tool for the various operational conditions.
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VIBRATIONS OF SHAFT CAUSED BY INERTIAL EXCITATIONS

Anastas I. lvanov

Todor Kableshkov Higher School of Transport, 1574 Sofia; aii2010@abv.bg

ABSTRACT. Small vibrations of a cylindrical shaft caused by inertial excitations are studied in this paper. The shaft is vertically situated. It consists of two sections
with different cross sections. It is supported by a spherical and a cylindrical joint. The two supporting devices have horizontal elasticity. Between the two supports, and
also at the upper end of the shaft, rotationally movable concentric masses, which are eccentrically situated towards the shaft axis, are mounted. They rotate with a
constant angular velocity relative to the rotary axis and they create unfavourable inertial excitations. Due to the elasticity of the shaft, as well as to the elastic
horizontal supports, small forced vibrations of the two concentric masses are created in planes perpendicular to the rotary axis. The shaft is modelled as a discrete
mechanical system with four degrees of freedom. Differential equations, describing the small vibrations of the system, are derived. A programme of MatLab and
Simulink has been compiled and used to integrate numerically derived equations. Calculations have been made for the different unfavourable positions of the
concentrated masses relative to a plane perpendicular to the shaft rotary axis. All results are illustrated with appropriate graphs. Some important for the practice
conclusions are presented, which can be used in the design of such shafts.

Keywords: shaft, vibrations, inertial excitations, kinematical characteristics

TPENTEHWA HA BAJN, NPEOU3BUKAHW OT MHEPLIUOHHU CMYLLEEHUA
AHacmac U. UsaHoe
Bucwe mpaxcnopmHo yyunuwe "Todop Kabnewkos”, 1574 Cogpus

PE3IOME. B cratusita ce uscnengat Mankute TPenTeHUs Ha LAMMHOPWYEH Ban, NPeAn3BUKaHM OT MHEPLMOHHM CMYyLLeHWs. BanbT e pasnonoxeH BepTukanHo.
CbCToM Ce OT fiBa y4acTbka C pasnuyHW Mo pa3mep HanpeyHn ceyeHns. MopanpsH e Cbe chepiyHa U LMNMHAPUYHA cTaBa. [iBeTe OnopHM YCTpoicTBa umat
XOPW30HTamHa enactuiHocT. Mexay TsX, 1 B Hall-TOpHUS Kpal Ha Bana, ca MOHTMPAHN POTALMOHHO ABMXELLM Ce CIPSMO OCTa MY eKCLEHTPUYHO PasnornoxeHu
KOHLEHTpUpaH! mMacu. Te Ce BBPTAT C MOCTOSHHA BITIOBA CKOPOCT CMPSMO POTALMOHHAaTa OC W Cb3faBaT HebrnaronpusTHU MHEPLMOHHM cMyLyeHns. Mopaam
€NnacTUYHOCTTa Ha Bana, kakTo 1 Nopaan enacTyH1TE B XOPU3OHTANHO HanpaBneHne Onopu, Ce NOpaxaaT Manki NpUHYAEHN TPEMTEeHNs Ha [BeTe KOHLEHTpUpaHm
MacK B paBHWHM, NEPNEHANKYNSAPHIA Ha poTaLMoHHaTa oc. BanbT e MogenupaH kaTo AuCKkpeTHa MexaHu4Ha ciucTemMa ¢ YeTUpu cTenenm Ha csobopa. M3seaern ca
AndepeHLMantnTe ypaBHEHUs, KOUTO OMUCBAT MankuTe TpenTeHus Ha cucTemarta. CbcraBeHa e mporpama Ha Matlab w Simulink, ¢ nomouwra Ha kosiTo ca
WHTErpUpaHn YNCMEHO W3BEAEHUTE YpaBHeHWs. VI3BbpLUEHN ca u34ncnerns 3a HebnaronpusTHUTE B3aUMHM PA3NONOXEHNS Ha KOHLEHTPUpaHUTE Macu CrpsiMo
paBHWHa NepneHaVKYNApHa Ha ocTa Ha Bana. Beuuku pesynTatit ca oHarnefenm ¢ noaxoasium rpadukv. CtatnsiTa 3aBbpLUBa C BaXHM 3a MpaKTiKaTa U3BOAM, KOUTO
MorarT ia Ce M3nonaeart npy NPOeKTMPaHETO Ha nofjo0eH BiA Banose.

KniouoBu AyMU: Ban, TPENTEeHUA, UHEPLIMOHHU CMYLLIEHUSA, KWNHEMATUYHN XapakTepUCTUKN

Introduction difficult to solve using only analytical solutions, especially for
the systems with many degrees of freedom, (lvanov, 2017).
The engineer needs to make many calculations numerically for
shafts. Most often they are examined for torsion and bending multiple variants, which are .d.epe.ndent on a number of
because their main purpose is to transmit axial moments parameters. Only then, the optimisation analysis can be made
(Sevastakiev et al., 1986). (Cheshankov et al., 2.004)' .-

In the presented article, the shaft is examined only on a The above-mentioned problems lead to the compilation of

generalised bending caused by inertial harmonic excitations. the main purpose O.f this .study: to de.ter-mme the maximum
Such disturbances are always presented in the rotary machines values of the basic kmematu;al charactgrls:tlcs of a vertical shaft
when unbalanced masses are available (Sergeev et al., 2018). from the most unfavourable inertial excitation.

Harmful vibrations, which are small oscillations with high
frequencies and relatively small amplitudes, accompany each ~ Mathematical model
machine aggregate as crushers, mills and others (Hristova, et

Many machines and aggregates use different types of

al., 2018). Reducing them to some minimal normative values is A vertically positioned cylindrical shaft, which has two

the most important engineering problem for solving by any sections, is studied.

constructor (Petrovic, 2017; Sergeev et al., 2018). , The first section has a length 1, and bending stiffness
For example, the three-dimensional vibrations of a machine . .

aggregate, solved numerically with a suitable program for this E.1,, and the second section has length 1, and bending

purpose, are studied in the paper (lvanov, 2017). stiffness E.. 1, (Fig. 1).

One of the most important and basic task, the
determination of eigen frequencies and eigen forms, is very
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The shaft is supported at its lower end by a spherical joint,
which is equivalent to three simple rod joints. The vertical rod
joint is assumed to be perfectly rigid. The two mutually
perpendicular and horizontal rod joints are assumed to be
ideally elastic with linear stiffness coefficients c, .

Fig. 1. Dynamical model of the shaft

At the end of the first section and at the beginning of the
second one, the shaft is supported by a cylindrical joint. It is
equivalent to two horizontal rod joints, which are assumed to be

ideally elastic with linear stiffness coefficients ¢, .
In the middle of the first section are centrally located a
concentrated mass m,;, and an unbalanced mass m,,, and

m, =m,, +m,, . The unbalanced mass m,, is located at a
distance e, from the shaft axis.

At the upper end of the shaft are centrally located a
concentrated mass m,, and an unbalanced mass m,, with

an eccentricity €,, andm, =m,, +m,, .

The two unbalanced masses rotate synchronously around
the rotary axis Oz with the same angular velocity w and

phase difference X .

Differential equations

The vector of the generalised coordinates, which are
determined by the small vibrations of the discrete mechanical
system, has the type (Fig. 1):

q:<u1 u, w, W2>T- (1)

The Lagrange differential equations of second gender are
used. They have the following matrix form:

0 (0E) (0E)_, OF,
at(aq] (aqj_Q oq @

The kinetic energy of the system is a quadratic form of the
vector generalised velocities and the mass matrix:

E,=050.9".M.q, (3)
M =diag (ml m, m, mz). 4

The potential energy of the deformations is the quadratic
form of the vector of generalised coordinates and the stiffness
matrix:

E,=050.q".K.q, (5)
1 k, 0 0
|k Kz 00 o

The determination of the stiffness matrix is done by the
mathematical dependence:

K=D", ()

where the flexibility matrix has the form:
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|3 C,+C
dn: 1 + 1 2 ’
48.E.1, 4.c,.c,
l,.12 |3
d,=— 2 +—2 4
3.E.l, 3.E.I,
12 ¢, +¢C I, +2.1
+—§. Cl - Z.L , (10)
I c,.c, I, c,
121, I, 1 1+, 1
d,=d, =— S )
16.E.1, 21, ¢, 2l c,

The vector of the generalised non-potential forces is formed
by the inertial forces that arise in the two unbalanced masses.
This vector has the type:

Q:<X1 Xz Y1 Y2>T’ (12)

X, =m,,.e . w.cos(wt), (13)

X, :mZd.ez.mz.cos(m.Hkn), (14)

Y, =m,, ., w2sin(w.t ), (15)

Y, =m,,.e,.wsin(wt+1, ). (16)

The system of differential equations, which describes the
small vibrations of the two concentrated masses recorded in a
matrix form, has the following type:
M.g+K.q=Q . (17)

The upper differential equation system (17) is linear, non-
homogeneous, from the second order and it is composed of
constant coefficients. It could be integrated analytically (lvanov,
2017). But when multiple engineering calculations are
performed with variations of many parameters, it is advisable to
solve it numerically with a suitable program. It can be compiled
on the basis of some powerful mathematical package.

Numerical solution

For the numerical solution of the differential equation
system (17) in the time area, the MatLab ver. 6.1 and Simulink
Toolbox are used.

Eigen frequencies

In order to avoid the dangerous resonance areas, the eigen
frequencies were primarily determined.

This task is related to defining the own numbers of the
matrix A, which has the following structure:

0 I
ALl "

21

Sub-matrices 0=[0],,, and I=diag[1],., are

correspondingly zero and unit matrices.
The eigen circular frequencies , , (k=1,2,3,4), are

derived from the own numbers p, that have the form:

i=/-1.

Initially, a program file "shaft.m" is created. Then this file is
started from the MatLab main command window.

p, =0ti.00,, (19)

Simulink model file
Initially, the differential equations (17) are presented in the
following matrix form:

g=[-M1K o].{‘,q

20
i (20)

}+M1.Q .

A model simulation file "shaft.mdl" is created. This file is
started from the Simullink command window.

Numerical results

In order to avoid dangerous resonance areas, the eigen
frequencies were originally determined.

The calculations are made using the following numerical
parameters:

E=210"Pa, m,, =598 kg, m,, =399 kg,

m,, =2kg, m,, =1kg, ¢,=5.10*N/m,
c,=810*N/m, I,=1,6.10"°m*, 1,=0,810"°m*,
l,=6m,1,=2m, e, =0,08m, e,=0,06 m,

The following values of the eigen circular frequencies are
obtained:

®,=597s", ©,=5997s", 0,=9,147 s,
0, =9147s".
The safe frequency areas of the forced circular frequency

w for avoidance of resonant phenomena are: w<4 s as
wellas w>12s".
Forced circular frequency w =40 s is accepted.

The system of differential equations (20) is integrated with a
variable step by the selected method ode 113 (Adams) and
maximum time duration t =5s.

The calculations are made for thirteen values of the phase
difference A, namely A, =n.n/12 rad,

(n=0,12,..,11,12) .
For each phase difference A, the magnitudes of the
displacement of the two masses m, and m, are determined
using the following formulas:

2 2 2 2
Ain:\’uln-i_wln ’ AZn:\ju2n+W2n .

For the first mass m,, the maximum deviation from the

shaft axis is obtained with a phase difference
Ao =0.n/12 rad , and it has a value A, =0,00164 m .

(21)
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For the second mass m, , the maximum deviation from the
axis is obtained with a phase difference A, =11.7/12 rad,
and it has a value A,,, =0,002027 m .

The Ay =AL()
A, =A,,(t) are shown in Figure 2 and Figure 3,
respectively.

graphs  of  functions and

=1 &3

) F1

H%IplﬁﬁlﬁEI%*‘

Fig. 2. Displacement of the first mass during the integration time
H=1 E3

“)F2

H@Ilﬁ@ﬁlﬁ%|r§lﬁ

Fig. 3. Displacement of the second mass during the integration
time

The prepared model file allows the trajectory traces of each
mass in a horizontal plane parallel to the plane Oxy to be

visualised.

These trajectory traces of the two masses for the same
unfavourable phase differences are shown in Figure 4 and
Figure 5, respectively.
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x 107 XY Plot
2 :
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Fig. 4. Trajectory trace of the first mass in the horizontal plane

22

<} u2-w2 [_ (O]
x 1[]"3 XY Plot

26 N

1L N
=

Z0 J
-

At 4

ol ]

-2 -1 0 1 2
X Axis and

Fig. 5. Trajectory trace of the second mass in the horizontal plane

A study has also been done for the maximum velocities and
the maximum accelerations of the two masses.

For each phase difference A, the velocity v, and
acceleration a,, of the two masses m; u m, are determined

by the formulas:

N = JUuZ +W2 (22)
a,, = U2 +W. = JUz +wW) . (23)

) Fvi
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Fig. 6. Velocity of the first mass during the integration time

=1 E3

) FV2

lemlop e HBE|ID I &

|I |

- H||‘
\"\ "l‘“
| ‘|1_ i

Fig. 7. Velocity of the second mass during the integration time
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For the first mass m,, the maximum velocity is obtained
with a phase difference A, =0.7/12 rad, and it has a value
v,, =0,0233 m/s.

I[=] 3

<} Vul-VYwl

0.03

0.02f

Y Axis
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_0-03 1 1 1
003 002 -0.01 0

X Axis

Fig. 8. A trace of velocity vector peak of the first mass in the
horizontal plane
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Fig. 9. A trace of velocity vector peak of the second mass in the
horizontal plane

For the second mass m,, the maximum velocity is
obtained with a phase difference A, =11.n/12 rad and it
has a value v,,, =0,0185 m/s.
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Fig. 10. Acceleration of the first mass during the integration time
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Fig. 11. Acceleration of the second mass during the integration
time
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Fig. 12. A trace of acceleration vector peak of the first mass in the
horizontal plane
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Fig. 13. A trace of acceleration vector peak of the second mass in
the horizontal plane

The graphs of functions v o =V,,(t) and v, =V, (t)

are shown in Figure 6 and Figure 7, respectively.

The trace of velocity vector peaks of the two masses for the
correspondingly unfavourable mutual positions are shown in
Figure 8 and Figure 9, respectively.
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For the first mass m,, the maximum acceleration is
obtained with a phase difference A, =0.7/12 rad, and it
has a value a,, =0,5606 m/s”.

For the second mass m,, the maximum acceleration is
obtained with a phase difference A, =11.n/12 rad and it
has a value a,,, =0,3236 m/s?.

The graphs of functions a,, =a,,(t) and a,,; =a,,(t)

are shown in Figure 10 and Figure 11, respectively.

The trace of acceleration vector peaks of the two masses
for the correspondingly unfavourable mutual positions are
shown in Figure 12 and Figure 13, respectively.

Conclusion

The main issue is solved.

1. An application program in the area of MatLab ver. 6.1
and in the area of Simulink Toolbox for numerical calculation of
free and forced vibrations of a mechanical system with four
degrees of freedom is compiled and adapted to this task.

2. The eigen frequencies of this mathematical model of
the shaft are determined, and based on these values, a forced
circular frequency is selected which is outside the resonant
danger zone.

3. The maximum values of the displacements, velocities
and accelerations of the two concentrated masses at the
correspondingly the most unfavourable mutual position of the
two unbalanced masses are determined.

4. Al calculated kinematical
illustrated in detail in Figures 2 to13.

5. This study shows the advantages of the numerical
solution compared to the respective analytical solution. These
advantages could be summarised as follows:

- Ability to change many input parameters and calculate
many variants for a relatively short machine time (Stoyanov,
2018; Stoyanov, 2017).

- Ability to optimise input parameters and the final results
using Toolbox Optimisation (Tonchev et al., 2013).

This task provides the basis for further research,
complicating the model with the following additions:

1. To take into account the damping in the system.

2. To take into account the effect of horizontal
kinematical disturbances that could occur in both supports.

3. To take into account the influence of the distributed
mass on the two shaft sections at the bending study.

4. To complicate the dynamical model, taking into
account the twist and total bending of the shaft in the two
mutually perpendicular planes.

The solved task could be used at the construction of
aggregates in the mining industry.

It is also useful for Bachelors, Masters and PhD students
who study the Theory of Mechanisms and Machines and
Vibrations in Techniques (Sergeev et al., 2018).

The article shows a modern numerical study with the
MatLab package (lvanov, 2011). Such studies can also be
performed with other MatLab toolboxes (Marinov et al., 2016),
as well as with other mathematical packages such as MathCAD
(Stoyanov, 2017, Stoyanov, 2017).

characteristics are
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WEAR OF THE CYLINDER LININGS OF DRUM SAG MILL

Ivan Minin, Simeon Savov

University of Mining and Geology "St. Ivan Rilski”, 1700 Sofia; minin_ivan@abv.bg; ss.ss@abv.bg

ABSTRACT. A basic technical parameter of drum mills is the volume of the drum. This parameter changes during operation due to the intensive wear of the mil
linings. On the one hand, with the increase of the volume, the productivity of the machine increases too, but on the other this also leads to a change in the speed
regime, which affects the grinding quality. The semi-autogenous mills mostly use a cascade and a mixed speed mode motions which depend mainly on the diameter
of the drum and the height of the lifters of the cylinder lining. In the present paper an attempt has been made to determine the wear of the lifters of a semi-autogenous
mill grinding gold-copper ores with high abrasion and solidity. For this purpose the wear of the mill was periodically measured for several years with a laser scanner,
the wear of several cylinder linings of the mill drum was also monitored, while recording the quantity of processed ore and the time of new linings mounting to reach
this wear. The necessary number of statistic data has been collected and processed, which, after using the respective computer programmes, presents the quantity of
the outworn material from the linings as a function of the grinding time and the quantity of processed ore. For this purpose adequate mathematical models have been
obtained, describing the relation between the worn-out steel quantity of the mill linings and the amount of processed ore and the time to achieve to this wear. The
results are presented in a graphic manner and the relevant conclusions are made.

Keywords: mill, semi-autogenous, lining, reliability, failure

W3HOCBAHE HA OBJIMLIOBKUTE HA ULMNWHABPA HA MONYABTOIEHHA BAPABAHHA MEJTHULIA
Uean MuHuH, CumeoH Casos
Murto-eeonoxku yHusepcumem “Cg. MeaH Puncku”, 1700 Cocpusi

PE3IOME. OcHoBeH TexHuU4eckv nokasaTen Ha 6apabaHHuTe MenHuum e obembT Ha GapabaHa. Toav napaMeTbp ce MPOMeHs Mo BpeMe Ha eKcnoaTauys nopaau
WHTEH3VBHOTO M3HOCBaHE Ha 0BMMLOBKMTE Ha MenHuuaTa. OT edHa CTpaHa npu yBenuyaBaHe Ha ofema Ce MoBWLIABa U NPOW3BOAMTENHOCTTA Ha MallMHaTa HO
TOBa BOAW U [0 MPOMSIHA Ha CKOPOCTHUSI PEXWUM KOWTO BIASiE Ha KA4ecTBOTO Ha CMUnaHe. MonyaBTOreHHUTE MEMHULM M3NON3BaT Hail YECTO KackaZieH U CMeceH
CKOPOCTEH PEXUM KOMTO 3aBUCAT OCHOBHO OT AMAaMeTbpbT Ha GapabaHa W OT BUCOUMHATa Ha NUATepuTe Ha OBNMLOBKAaTa Ha LUMMHABPA. B HacToswata
pa3spaboTka e HanpaBeH onuT Aa Gbae onpefeneHo U3HOCBAHETO Ha NudTepuTe Ha GapaGaHHa NonyaBTOreHHa MEMHULA CMUNaLLa MeaHo 3MaTHU Pyau ¢ BUCOKa
abpaavBHOCT 1 3[paBuHa. 3a LenTa U3HOCBAHETO Ha OGNULOBKUTE Ha MEMHULATA Ca U3MepBaHW NepuoauyHO MOCPEACTBOM Na3epeH CKEHep B MPOABLIKEHUE Ha
HSIKOMKO FOfMHM, KaTo e MpOCrefisiBaHo U3HOCBAHETO Ha HSIKOMKO OBMULOBKA Ha LMNMHABLPa Ha 6apaGaHa Ha MenHULaTa W eHOBPEMEHHO C TOBA € 3an1cBaHo
Konu4ecTBoTO NpepaboTeHa pyaa, U BPEMETO Ha NMOCTaBsHe Ha HOBa OBMULOBKa 40 AOCTUraHe Ha ToBa W3HocBaHe. CbBpaHu ca 1 ca oBpaboTeHn Heobxoaumus
Opoil CTATUCTYECKN [aHHU, KOUTO CMef M3Non3BaHe Ha CbOTBETHUTE KOMMIOTbPHW MporpamMu AaBaT MpecTaBa 3a KONMYECTBOTO M3HOCEH OT 0GNMLOBKMTE
MaTepuan BbB (yHKLMS OT BpeMeTo 3a paboTa Ha MESHULA M KOMM4YecTBOTO npepaboTeHa pyaa. 3a LenTa ca MonyyeHn afiekBaTHi MaTemMaTuyecku Mopenu
OMMCBALLYM Bpb3KaTa MEXIY U3HOCEHOTO KONMYECTBO CTOMaHa oT 0BNMLIOBKUTE HA MeNHMLAaTa 1 KONMYecTBOTO npepaboTeHa pyaa v BpemeTo 3a AOCTUraHe Ha ToBa
W3HocBaHe. PeaynTatuTe ca nokasau v rpachuyHo U ca HanpaBeH! CbOTBETHUTE M3BOAM.

KntoyoBu gymu: menHuua, nonyasToreHHa, 06rmLoBKa, HaeXaHOCT, 0Tkas

Introduction product. Thus, it may be concluded that the impact of the

linings on the quantitative side of the crushing process
Causes and consequences from the wearing of the lining because of the friction of grinded mass is negligible. At the
lifters of a drum mill type SAG 8.5x5.3. same time, the friction significantly increases the wear of the

The sliding intensity of the crushing media onto the surface drum linings. As the productivity of the mill for a finished
of the drum linings depends mainly on the lining profile and the product is proportional to the used useful power, the friction
coefficient of friction between the crushing media and the reduction will increase proportionally the mill productivity and
linings. the specific energy consumption and lining will be decreased.

It has been proven that the wear of the drum mills linings is If the grinding mass moves without a friction and the speed
greater in mills with high sliding intensity and specific normal of the grinding particles, that move on a circle trajectory, is
contact pressures between the crushing mass and the lining of equal to RPMs of the drum (a, =w ) the power of the
the drum. It is known that the amount of the grinded by friction . m 6
product is proportional to the contact area of the friction drum shaft will be:
surfaces. The calculations show that the surface of friction with
the balls is only about 2% of the total surface of the balls P = Mg -op kW (1)
inside. This allows to claim that the amount of material erased here:
as a result of friction between the grinding bodies and the drum where.
lining is, for example, 2% of the total amount of the grinded Mg N 1m - torque of the drum.
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In the case of movement of the grinding bodies with
slippage in order to preserve the initial filling mode, it is
necessary to increase the rotation speed of the drum with a
value determined by the slippage.

The power of the drum shaft in this case will change and
will be defined as:

Ps = Mg 5 kW 2)

The power, that is lost at the slippage of the ball mass, is:
P, =P —P5 =M6.( o5 — @y, ) kW (3)

The power loss at a slippage could be given as:

P3:Pmp+Pu,kW (4)

where:
PT - power loss by the rupture of the lining by friction,
p
kW
P, - useful power used to crush material through

abrasion in the lining, kW .

The ratio of the values in the above given equation will vary
depending on the contact area of the grinding load with the
linings of the mill and the resulting pressures at the contact
points.

The investigated drum semi-autogenous mill grinds
material of high abrasion, hardness and solidity and operates
in a mixed speed mode characterised by high slippage
intensity of the material on the drum mill linings. Despite the
fact that the machine goes out of its operational capacity, with
the wear of the drum linings the technological parameters of
the machine are gradually changing (Parashkevova, D.,
Lyubenov, K., 2011). Some of them, such as productivity, are
improved due to the increase in drum volume while others, as
the yield of the estimated class, are worsened by the change in
speed mode and the reduced coefficient of balls fill and large
fractions of ore. In addition, the energy consumption and the
cost of the final product are increased (Hristova, T., 2018).

The main question that may be posed in this study is
whether it is possible to find a relation between the run off of
the drum mill linings and the wear rate of the lifters, when
measuring and monitoring the wearing of the drum mill linings
and using mathematical statistics methods.

This can be used for the proper control of the machine
technological parameters with the continuous increase of the
drum volume due to the continuous wear of the drum lifters.

Summary

The aim of the present research is to study the patterns of
changing the lifters volume of a semi-autogenous drum mill
and to obtain an adequate mathematical model, describing the
relation of their wear to the mileage of the lining, which can be
obtained by means of different programme packages such as
MatLab, MuPAD, MathCAD and others (lvanov. A. 2019).
These programmes will serve to create methods and means
for predicting the rate of wear under operational conditions.

26

Investigation on the wear of SAG mill lifters

In order to carry out an investigation of the lifters wear in
the lining mileage, it is necessary to choose a method and
mode for its measurement.

Due to the complexity of the configuration of the mill linings
and the large diameter (Figure 1), it is estimated that the wear
of the linings will be monitored and measured using a laser
scanner of type “FARO Laser Scanner Focus3DX130” with the
following principle of operation and basic parameters:

1. The scanner uses a laser light that is reflected back in
the scanner by the object. The distance to 130 m is measured
with an accuracy of millimetres through the phase difference
between the transmitted and the received light.

2. Vertical scan angle. The mirror deflects the laser light in
a vertical direction toward the same object. The maximum
angle is up to 270" and relies directly to the distance
measurement.

3. Horizontal angle. The laser scanner rotates at 360°
horizontally. The horizontal angle is coded along with the
distance measurement.

4. The maximum error in the scanning at 130m is 5mm, as
it decreases proportionally for objects nearby.

5. Maximum scanning time for an object - up to 30 minutes.

The scanning takes place under very severe conditions -
high temperatures and humidity in the mill drum, because the
mill ceases its operation for a short period of time as this is not
sufficient for its cooling.

The laser scanner is placed inside the drum on a tripod
(Figure 2).

As a result of the scan a cloud of points is obtained (at
about 10,000,000 in number) with recorded coordinates, which
is a basis for creating a computer model (Figure 3), describing
the inside surface of the linings at the exact time of the
measurement.

Then, using the software of the scanner, a lining for which

the wear of the lifters to be monitored once or twice a month is
cropped out.
The results of each scan are overlaid on previous scans for
each lining. Finally, cuts in predetermined places are made, to
show the wear of the linings throughout their operational life
(Figure 4).

Fig. 1. A linings configuration in a drum SAG mill
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These areas are multiplied by the lining length of each one
of the lifters and thus the volume of the worn-out material from
the respective lining is obtained. However, in order to obtain
the exact volume of the worn material between two scans, it is
necessary to subtract the volume of the holes of the clinchers,
attaching the lining to the mill drum, from the resulting volume.

For the final calculation of the total volume of the worn out
material from the mill drum, the resulting values are multiplied
by the number of the lining rows. In order to obtain the quantity
of worn material from the mill linings in weight units, the
volume is multiplied by the density of the steel.

10
A ’IO‘= 75125.4158 mm2,

L_B3_scan_10
A10 = 63167.2824 mm?2,
L_B3_scan_11
All = 56866.4455 mm2,

Fig. 5. The linings wear in the middle part of the drum in the
period 31 of August, 2017 — 6t of Dec, 2017

The calculations are drafted by means of the following
formula;

M =[n(Avew — AL -V ].0.kg (5)

where: M kg is the calculated mass of the abraded material of
the lining due to the wear;

- N -the number of rows of drum linings;

- Ayew - the initial surface area of the section of the new

lining;
Fig. 3. A model of the scanned inner surface of the mill - A - the measured surface area of the section after the
processing of the scan results;
Results - L -the inner length of the mill drum;

- p -the density of the steel of the linings;

By means of the AutoCAD programme, the surface areas - V; - the volume of the holes of the clinchers, attaching

of each wear are calculated between two scans (Figure 5). The

graphical dependencies of Fig. 4 can also be automatically the lining to the mill drum. , ,

interpreted using MathCAD (Stoyanov, A., 2016). The obtained data, a result of the study, is presented in
03.08.2017 29.08.2017 21.09.2017 17.10.2017 Table 1 ' .

- 06122017 - Limit The last column shows the values of the quantity of the

250 . processed ore from the moment of new lining mounting to the

240 7 S \\ moment of the measurement of the linings wearing.

jgg 7 ool ™| The data processing (the data from Table 1) is performed

180 7 T ——— 1 \} through a statistical analysis. The whole matrix is processed in

160 ,5//{ — ;“‘«\\ order to obtain a mathematical model giving the dependence of

gg ) e—— the amount of worn material on the tons of processed ore in

100 /’////'/v s ‘\t'\ the m|”

80 L/ -

60 e . 5

40 B oo sttt it A s s oo sttt e —
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Fig. 4. The linings wear in the middle part of the drum in the
period 3rd of August, 2017 — 6t of Dec, 2017
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Table 1. Table 3

Anew — A Vv M Q Model P Significance R2 R(ad))
Ne 2 K Neo criterion of F % %

m m3 g t 1 <0.05 0 9028 | 89.7

1 0.0068 1.010 7928.11 335642 2 <0.05 0 96.5 96.5
2 0.0094 1.387 10893.56 465570 3 <0.05 0 93.1 92.8
3 0.0223 3.307 25960.72 586266 4 0 0 96.2 96.2
4 0.0268 3.982 31260.36 625224 5 >0.05 0 935 93.3
5 0.0364 5.404 42423.77 738401 6 0 0 98.1 98
6 0.0051 0.750 5892.27 105947
7 0.0089 1.324 10396.42 231538 Among all of the models obtained, the one with the best
8 0.0170 2.525 19822.78 396555 values of confidence probability is model 6. The multi-
9 0.0233 3.460 27162.88 572485 correlation coefficient and the corrected multi-correlation
10 0.0346 5129 40267.88 753279 coefficient is over 98%.
11 0.0425 6.300 49458.88 878000 The value of the confidence probability (P-Value) criterion
12 0.0075 1.108 8697.85 167361 for the model and the control parameters is below the critical
13 0.0146 2172 17056.56 305377 0.05, i.e., it can be assumed that the model is adequate with a
14 0.0197 2919 22018.92 428799 high confidence probability of over 98%.
15 0.0278 4122 32364.28 562412 The equation of the model without a constant in natural
16 | 00335 4968 | 3900544 | 705556 variables is:
17 0.0468 6.948 | 54542.27 903122 8.
18 0.0046 0.6796 | 5335.21 212577 M =0,027Q+3,61.10 "Q“, kg (6)
19 0.0103 1.5319 | 12025.26 381737
20 0.0169 25088 | 19693.71 530653 The relation of the model to the experimental data is shown

The results of the experiment were statistically processed
using the STATGRAPHICS programme. The programme is
suitable for finding target functions to determine the influence
factors in stochastic systems. Such are the objects in the
mining industry as mills and crushers (Hristova T., 2018,
Nedyalkov P., 2010). The results of the statistical analysis of
the linings wear are shown in Table 2.

Table 2.
Parameters| Value Standard error P-.vallue
criterion
Q 0.0269311 0.00631809 0.000
Q2 3.6136E-9 9.11302E-9 0.000
Sum of | Degrees F. Significanc
-value
squares of of criterion eof F
the model | freedom
Model |1.56724E10 2 473,58 0.000
Residual | 2.97841E8 18
Total 1.310446 20
Multiple correlation coefficient 98.135 %
Adjusted coefﬂmept of multiple 98.0314 %
correlation
Standard error 4076.76
Average Absolute Error 3162.78
Statistics of Durbin - Watson 0.5439

Thus, 6 models have been obtained, the parameters of
which are given in Table 3.

However, it should be taken into consideration that a
minimum error is also obtained, caused by the error of the
scanner (up to 1 mm) and by the wet mill scanning error. In this
case, there is a thin layer of pulp on the linings.

Nevertheless, it can be assumed that the error is within the
tolerance limits and is less than 3%.

in Figure 6.
The model is shown in a graphic manner cx Figure 7.
Taking into account the equation of the model and solving
it in relevance to m at M = 1kg, it is obtained:

3,61.10°8Q% +0,027Q-1=0 7)

0,027 ++/0,0272 +4.3,61.10°8

Qg = =37,5t (8)
g 2.3,61.10°8
(X10000) Plot of M
6
5
2 o
] o =]
S 2 =] =]
1H a o a
0
0 1 2 4 5 6
pred?cted (X10000)

Fig. 6. A compliance of the model with the experimental data
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Fig. 7. A graph showing the wear of the linings as a function of
the processed ore
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Conclusion

As a conclusion, the following statements can be made:

1. There is a functional dependence between the wear of
the mill drum linings and the amount of ground ore.

2. The function is parabolic (Figure 3) and this is probably
due to the fact that with the wear of the lining lifters the slipping
area of the ore onto the inner surface of the mill cylinder
increases on the one hand, and on the other, the volume of the
mill and the amount of ore in the drum increases, which also
leads to an increased wear.

3. The results of the study can be used in the planning of
the supply of spare linings of semi-autogenous mills.

References

Hristova, T. 2018. Methodology for determining the
replacement period for lifter bars. — 8th International

29

Multidisciplinary - Symposium SIMPRO 11-13  October,
Petrosani, 701-706.

Hristova, T., A. Yanev, N. Savov. 2018, Determination of the
influence of jaw movement frequency of jaw crusher on
energy consumption. — Annals of the University of
Petrosani, Electrical Engineering, 20, 29-36.

Ivanov, A. 2019. Teoretichno izsledvane na malki vibratsii na
dve tvurdi tela s amortizatsiya. — Sbornik dokladi ot
godishna universitetska nautchna konferencia NVU “Vasil
Levski”, 27-28.06.2019, 1555-1565.

Nedyalkov, P. 2010. Research of milling balls dimensions
influence over the characteristics of vibrating comminution
mill. = Annual of St. Ivan Rilski University of Mining and
Geology, 53, Ill, 49-51.

Parashkevova, D. D., K. Lyubenov. 2011. Avtomatizacia na
obogatitelni fabriki. A publishing house ,St. Ivan Rilski”,
Sofia, 190 p. (in Bulgarian)

Stoyanov, A. 2016. Matrichni operacii s MathCAD v
Teoretichnata mehanika Statika. Kineziologia, Sofia, 165 p.
(in Bulgarian)



Journal of Mining and Geological Sciences, Volume 62, Number 3, 2019

RELIABILITY AND POSSIBILITY OF FAIL-SAFE OPERATION OF A DRUM MILL TYPE
SAG 8,5x5,3

Ivan Minin, Petko Nedyalkov
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ABSTRACT. The distribution of failures of an element or machine from a specific technological line is an attempt to describe mathematically their life expectancy. The
distribution mode affects the analytical appearance of this distribution. The present paper tries to determine the distribution of failures of the basic elements of a drum
semi-autogenous mill used to grind copper and gold ores and to determine the probability of fail-safe operation of this machine. In the present case, the chosen mill
has three basic elements, and in case of damage of each one of them it stops working and has to start repair activities for its replacement. That is why, the mill is
seen as a system of three elements that are consequently connected. This means that if any one of its components is damaged, there is a failure. The required
number of statistics have been gathered and processed, which, after using some elements of the reliability theory, describe the performance regarding the reliability of
its separate elements and the mill as a whole. The probability of faultless operation of the whole mill for a given quantity of processed ore is determined by the
probability multiplication theorem, thus predicting machine failures and the amount of replacement lining plates necessary for one year ahead. The results obtained
after processing the statistics unambiguously prove the right choice of this machine for the exploitation conditions.

Keywords: mill, semi-autogenous, lining, reliability, failure

HALOEXOHOCT W BEPOATHOCT 3A BE3OTKA3HA PABOTA HA BAPABAHHA MEJTHULIA TUMN SAG 8,5x5,3
Uean MuHuH, lMemko Hedsinkoe
MurHo-2eonoxku yHusepcumem “Cs. UeaH Puncku”, 1700 Cogpusi

PE3IOME. PasnpeneneHueTo Ha OTKA3uTe Ha €OWH €NeMEHT WM edHa MalWHa OT [ajeHa TEXHOMOTMYHA NMHWS € ONMT Aa Ce OMWLle MaTemMaTUYecku
NPOLBITKUTENHOCTTA UM Ha XMBOT. HauMHbLT Ha pa3snpefeneHneTo ce OTpassiBa Ha aHanWTUYHWSA BMA Ha TOBa pasnpegeneHue. B HacTosiwata paspaboTka e
HanpaseH onuT aa Gb/e onpeaeneHo pasnpeseneHNeTo Ha 0TKasUTe Ha OCHOBHUTE eneMeHTH Ha GapabaHHa nonyaBToreHHa MemnHULA U3nomnaeaHa 3a CMUNaHe Ha
MeAHM 1 3naTHu pyav 1 aa 6bae onpefeneHa BeposiTHOCTTa 3a 6e3oTkasHa paboTa Ha Tasn MawwnHa. B HacToswms cnyyai n3bpaHaTa MenHuLa uma Tpu OCHOBHU
€reMeHTa, KaTo Npy NoBpeJa Ha BCEKM efnH OT TsX - Cvpa Aa paboTh 1 3anoyBaT PEMOHTHM JEMHOCTM Mo nogMsaHaTa My. ETo 3awo mennuuata ce pasrnexaa
KaTo cuCTeMa OT TPpU eNnemMeHTa, KOUTO ca MOCrnefoBaTeENHO CBbp3aHW. ToBa O3Ha4yaBa, Ye KOWUTO W OT eNeMEeHTUTE M [a Ce MOBPeau, UMa Hanuume Ha OTkas.
CbbpaHu ca u ca 06paboTeHn Heobxoaumust Bpoil CTAaTUCTMYECKW AaHHW, KOUTO Cried U3MOMn3BaHe Ha HKOM ENeMEHTW OT TEeopusTa Ha HafeXaHOCTTa, onucBaT
NOBELEHNETO MO OTHOLUEHME HA HAEXOHOCTTA Ha OTAENHWUTE i eNeMEHTM W Ha MenHULaTa B CbBKyMHOCT. BeposiTHocTTa 3a 6e3oTkasHa paboTa Ha usnata
MenHuua 3a JafeHo KomnuecTBo mpepaboTeHa pyda € onpefeneHa OT TeopemaTta 3a YMHOXEHWe Ha BepOsITHOCTUTE, KaTo Mo TO3M HaunH MoraT ga Obaat
NMPOTHO3MPaHN OTKa3WTe Ha MallMHaTa M KOMMYECTBOTO Ha PEe3epBHUTE OBMMLOBBYHM NAOYM Heobxoaumu 3a roguHa Hampep. [lomyyennte pesyntatv cneg
obpaboTkaTa Ha CTaTUCTMYECKUTE JaHHU HEJBYCMUCTIEHO AOKA3BAT NPaBUIHUAT M36OP Ha Ta3u MalLKHa 3a YCMOBMSITA W HA eKcnnoaTauus.

Kniouosu AYyMU: MenHuua, nonyaBTOreHHa, 061'IMLI|OBKa, HadexXaHoCT, 0TKa3

Introduction lifters of the cylinder linings, and 3 - the lifters of the discharge
cover of the mill. Figure 2 is a cross-sectional view of a 3D
The investigated semi-autogenous tumbling mill type SAG computer model of the overall linings of the mill drum.
8.5x5.3 grinds material with high abrasion, hardness and The main question that may be set in the present study is
strength. The period of gathering the statistical data was 5 how the performance of a machine for the deriving of mineral
years and shows that the machine went out of service mainly grains (semi-autogenous drum mill) can be described using the
due to wear on the drum linings. They cannot be recovered, probability and reliability theory and how the failures can be
but have to be replaced. The drum linings have different predicted in order to plan the necessary spare parts and
wearing in different areas, which depend mostly on the size of upcoming repairs.
the ore fractions in the respective area. The drum of the mill is The plants in which such machines are in exploitation often
essentially divided into three elements on which linings are are overloaded with spare parts due to the fact that these
mounted - a feed cover, a Cy”nder and a discharge cover, as machines are Single and they determine the prOdUCtiVity of the
the ore is largest in size in the area of the feed cover and whole company in order to reduce the layovers during the
decreases towards the cylinder and the discharge cover of the repairs.
mill. This also results in quicker wear of the linings of the feed The mode of forecasting is reduced to the arithmetic
cover than in the other two zones. Figure 1 gives the average determination of the required number of nods and
configuration of the drum linings of a semi-autogenous mill, elements on the basis of a previous year.

where 1 shows the lifters of the feed cover linings, 2 - the
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Fig. 1. Configuration of the linings of a mill type SAG

The best solution in this case is to determine the
parameters of the machine operational safety based on the
reliability theory. A major problem for such a study would
appear during the gathering of the statistics when spare parts
and nods from different manufacturers and of different quality
are delivered for the machine. In the present study this
problem is avoided.

Fig. 2. A cross-section of a 3D computer model of the overall
linings of a drum mill type SAG

The present study it is expected to prove the fact that the
reliability theory can also be used to solve similar engineering
tasks in the mining industry.

The aim of the present study is to investigate the
regularities of the alteration of the quality indicators in time by
examining the influence of external and internal impacts on the
operation of a machine for the deriving of mineral grains - a
drum semi-autogenous mill, to create methods and means for
prediction of technical conditions and to increase the reliability
of such machines under operational conditions.

Theory

The reliability theory widely uses the statistical Weibull
distribution function (Waloddi Weibull, 1887 - 1979, KTH Royal
Institute of Technology, Stockholm, Sweden) despite the fact
that it is based on and uses heavy mathematical and software
appliance.

The Weibull probability distribution (density) function /pdf/
is defined as a three parameter function:
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, Where:
- >0 - shape (slope) parameter;
- 11 >0 - scale parameter;
- y €(—o0,0) - location parameter, often y =0
, and integral (cumulative/CDF/) distribution function is:

F(t)= j f(r)drzl—exp{—(%f],

The two parameter Weibull function is derived at zeroing
location parameter » =0 , so the function looks like:

o4

f(z)dr :1—exp{—(l

(2)

n

=
I

Survival function S(t) or reliability function is defined as
admission life period to exceed some time interval P(T>t) , so
the function is:

S(t)=1-P(T sr):l_p(t):exp[_[lﬂ (5)

n

, and the hazard function is defined by:

(6)

_ P 5
h(t)=-"5-1 (7
n
So the reliability functions are defined, but the

computational problems appear at the parameter estimation
method about Weibull statistics (Weibull 1951, Murthy 2004).
One of the easiest method is achieved in median rank
regression estimator /MRE/ using the equation:

i(':]-zi" (1-z,)MY ®)

k=i
, approximated with Bernard algorithm to:

i—0.3175
Frt)=2= N +0.365

, Where:
N, number - total number of data;
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i - data point ascending rank;
After some transformations shown below:

o]

|n{|nLTL(t)}}=ﬁ-|n Gj —p[n(t)-(n)] (11

, one can achieve:

(10)

y=pB-x=p-In(n)=A -x+A (12)
or.
B=A
B=A
Bn(n)=—A n:exp(_%J (13)

According to these formulas one can easily create non-
iterative algorithm in Excel as it is shown in the next section.
Usually, the MRE algorithm is represented as a graph of the
type on Fig. 3 - 5. The advantage of this method is the ability to
work with small amount of data, it is fast and has a simple non-
iterative algorithm.

- the mean time to failure /MTTF/ or the expected time to
failure as an mathematical expectation:

MTTF:E:n-F(%+1] (14)

, Where T is Gamma function.
Data and results

The particular estimation about parameters of failure data
for SAG mill lining plates is described. The data is represented
as the point at lining plate changing according cumulative
productivity Q;,,, which is easy to recalculate in relative

productivity:

Qi =Qci Qi t (15)
, respectfully in average hour productivity Q,,,t/h the working
hours are:

t ,
Qn

(16)

The median rank is calculated by equation (9), and the
parameters regression according equation (13) is shown on
Fig.3 - 5 which represent regression:
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The survival function S(t) and the hazard function h(t)
shown on Fig. 6 and 7, are calculated in equidistant points in
the observed interval, respectively.
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Fig. 3. Feed side maintenance MRE regression
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Fig. 5. Output side maintenance MRE regression

Conclusions

So far many researchers (Murthy 2004) found that these
dependences follow Weibull models. In comparison with the
exponential model (Minin 2017) Weibull fit uses some
advantages focused on the reliability over the life cycle of a
product. In case of hazard thinking the formula describing
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hazard function about the maintenance cycle follows formula
(6) and it is time dependent in comparison to the time
independent hazard function derived from the exponential
(Minin 2017) distribution. The derived survival function S(t) is
shown on Fig 6, it is clearly seen that probability of survival for
all parts of mill liners is dramatically decreasing between 1800
and 4200 working hours. The derived hazard function h(t) from
data is shown on Fig. 7.

Table 1. Parameters results

Feed side | Cylinder | Output side
B 3.3872 2.019 3.3606
n 2476.8 2102.4 4654.2
MTTF 2224.66| 1862.87 4178.70
100 - Survival function
a0 ‘x ............................................... Feed side
— Cylinder
SOt NN TN Output side
70 62.3%
L R S B
50
e
K e e T Tt
20
L . .
0 . ; ;
0 1000 2000 3000 4000 5000 6000 7000 L0

Fig. 6. Survival functions based on fitted Weibull models
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2 Th(t), % Hazard function
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04
0.2
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Fig. 7. Hazard functions based on fitted Weibull models

Particular data from SAG maintenance cycles are
processed and from them the parameters of Weibull reliability
function are estimated. The median regression estimation
method with good regression significance is used. The
resulting parameters of fitted Weibull function are shown in
Table 1.

References

Minin, 1., D. Mitev. 2017. Determination of the function of
reliability and the possibility of failure-free operation of a
jaw crusher type CJ615:01. — Journal of Mining and
Geological Sciences, 60, Ill, 11-17.

Murthy, D. P., M. Xie, R. Jiang. 2004. Weibull Models. John
Wiley and Sons, Inc.

Weibull, W. 1951. A statistical distribution function of wide
applicability. — Journal of Applied Mechanics, 18, 293-296.



Journal of Mining and Geological Sciences, Volume 62, Number 3, 2019

SIMULATION MODELLING OF THE DISCHARGE PLATE OF A JAW CRUSHER

Dimitar Mitev
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ABSTRACT. At present, the application of jaw crushers in the first stage of crushing is most widespread, especially for the purposes of the enrichment industry.
During the process, crushing on the jaw crusher elements causes very large mechanical stresses. Determining the magnitude and distribution of deformations and
strains in structural elements of mechanical systems is a particularly important engineering task. The application of computer technology has an ever increasing
impact in a variety of areas of human knowledge development. This fact is particularly relevant for the heavy machinery industries, one of the main players of which is
the enrichment machinery. The main task of this article is to demonstrate the possibilities of modelling, research and analysis (finite element method) of jaw crushers
through specialised software products. The object of the study is a real high-performance machine, part of the crushing compartment of a mine situated underground.
A simulation computer study of 3D CAD model and CAE analysis was made to obtain the values and the distribution of the deformations and stresses on the model.
In this way, it is possible to predict the mechanical damages, the operating time and constructive and other changes in order to optimise the mechanical load and
increase safety at work. This article looks at a 3D CAD model of the cut plate. By examining the model of the cut plate the necessary constraints were imposed and it
was loaded with the analytically determined forces. From the results of the study, it is clear that the splintered plate is oversized, which is why some suggestions for
constructive changes are made.

Keywords: simulation study, movable jaw, jaw crusher

CUMYNALUMOHHO MOOENWUPAHE U U3CNEOBAHE HA PA3MOPHATA MNMOYA HA YENIOCTHA TPOLLAYKA
Aumumbp Mumes
Murro-eeonoxku yHusepcumem “Cg. MeaH Puncku”, 1700 Cogpusi

PE3IOME. B HacTosiLLMsi MOMEHT NpuUnaraHeTo Ha YeNoCTHUTE TPOLLAYKM B MbPBY CTAAMIA HA TPOLLEHE € Hail LUMPOKO pa3npoCTpaHeHo, 0COBeHo 3a LenuTe Ha
oboratutenHaTta npomuiuneHocT. Mo Bpeme Ha npoleca TPOLIeHe BbpXy ENEMEHTUTE Ha YEMoCTHUTE TPOLIAYku Bb3AENCTBAT MHOTO TOfeMu MeXaHn4Hu
HaToBapBaHus. OnpeaensHeTo Ha ronemuHaTa 1 pasnpeaeneHneTo Ha AedhopMaLnnTe U HanpeXeHUsTa B KOHCTPYKLIMOHHNUTE eNeMEHTU OT MeXaHUYHI CUCTEMM €
ocofeHo BaxHa WHxeHepHa 3ajaya. OcHoBHaTa 3afjaya Ha HacToslata CTaTusi e uypes cneuvanuavpaHn CogTyepHU NPOAYKTW fa ce AeMOHCTpupar
Bb3MOXHOCTUTE 33 MOAenMpaHe, u3creasaHe M aHamms (M0 MeTofa Ha KpalHuTe eneMeHTM) Ha udemocTHM Tpoladku. OBekT Ha w3cneaBaHeTo e peanHa
BMCOKOMPOM3BOAUTENHA MaLUMHA, YacT OT TPOLLAYHOTO OTAENEHWE Ha PYAHVK Pa3nomnoxXeH NoA 3emaTa. HanpaBeHo e cuMynauyoHHO KOMMKOTBPHO U3CneaBaHe Ha
3D-CAD mogen u CAE - aHanu3 3a fia ce nony4at CTOMHOCTUTE 1 pa3npeseneHneTo Ha fecdopMaLumTe U HanpexeHusTa Bbpxy Mogena. o To3v HauuH MoraT fa
Ce NpOrHo3npaT MexaHUYHUTE NOBPE/M, EKCTINOATaLMOHHUST CPOK 1 N3BBPLUBAT KOHCTPYKTUBHM M AP. NPOMEHN C LieN ONTUMM3NPaHE Ha MEXaHYHOTO HaToBapBaHe
11 MOBYMLLABAHE Ha curypHocTTa npy pabota. Tasu cratus pasrnexaa 3D CAD mopen Ha pasnopHata nnova. lMpu n3cneasaHeTo Ha MoAena Ha pasnopHata nnoya
CbM Hanoxun HeobXxoanMUTE OrPaHUYEHUS U CbM S HaTOBApUN CbC CUNUTE OMpeAenieHn no aHanuTieH nbT. OT pesynTaTuTe Ha W3CneaBaHeTo CTaBa CHO, Ye
pa3nopHaTa nrnoya e npeopasvepeHa, Nopaay KoeTo CbM HanpaBun NPEAoKEHNS 3a KOHCTPYKTUBHI MPOMEHM.

KniouoBu AYMU: CUMYNaLNOHHO n3cneaBaHe, pasnopHa nio4va, YentoCTHa TpoLlayka

Creation of a CAD model of jaw crusher

When creating the model, all dimensions are compiled
according to the working drawings of the jaw crusher. This
model will be needed in the simulation study of the machine.
For this purpose, a CAD model of the jaw crusher was created,
according to the original working documentation. For the
creation of the current model, a specialised software product
for CAD modelling, namely Solid Works, was used. A general
view of the 3D model is shown in Figure 1, and Figure 2
presents a sectional view of the model showing the main
machine nodes. The simulation analysis was performed on the
basis of the three-dimensional model of the crusher with the
specialised Solid Works software.

Fig. 1. Jaw crusher type CJ615:01
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Fig. 2. Jaw crusher type CJ615: 01

The simulation analysis was performed on the basis of the
three-dimensional model of the crusher with the specialised
Solid Works software. It was chosen to explore the main
details - eccentric shaft and moving jaw by neglecting the
details that are unrelated to the bearing ability of the structure.
The Finite Element method is used with the COSMOS Works
software.

Selection of a border condition criterion

The estimation of the stress-strain state of the studied
model is a task that has no universal solution for all the cases
encountered in practice and is mostly dependent on the
material used. On the other hand, the materials can behave as
fragile or plastic depending on the temperature, the degree of
loading or the way the article is made. All these peculiarities
predetermine the choice of one of the following strong theories
(Damyanov T., 2009):

- Theory of maximum normal voltages. Valid for fragile
materials. It is based on the condition that the boundary of
destruction of the material is the same under tension and
pressure. This assumption does not correspond to the truth in
all cases. For example, most stress concentrators reduce the
resistance of the material to tensile loads much more than with
a load of stress. According to this theory, the state of frontier
occurs when the maximum main voltage reaches the
permissible:
o12[o] (1)

- Theory of maximum tangential voltages. Valid for wavy
and malleable material. When applied to materials with
different mechanical characteristics of tensile and compressive
forces, as well as in tensile stress conditions, the obtained
results may substantially materially differ from reality.
According to the theory, the boundary state criterion is the
maximum tangential strain:
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Tmax = [O' ] (2)
where:

o1 —0O
Tmax = ! 2 2 3)

- Energy theory (Von Mises). The theory is based on the
appearance of plastic deformations in the masonry materials
when equalised with the maximum allowable stress. In most
cases the yield limit of the material is given. The results for
materials with different mechanical characteristics of tensile
and compressive stress are also unsatisfactory. From the point
of view of the main stresses, the boundary condition criterion
is:

(4)

OVonMises = [‘7]

where:

(0'1 —0'2)2+(O'2—O'3)2+(0'1—O'3)2

- ®)

OVonMises = \/

- Mor - Columbus Theory. Applicable to brittle materials
with different tensile and compressive properties. According to
this theory, a border condition occurs when one of the following
conditions is met:

o1 2[ oy, | for 01 >0, o3>0

03 2[~0yam | for o1 <0, o3 <0;

i-i-i<1 for o] 20, O3 <0
[O'on] [O'Ham]

According to the application areas of the studied theories
of strength, the theory of maximum tangential strains and
energy theory is obviously closest to the conditions typical of
the material and the load of the studied structure. It can be
summed up that the discharge plate of jaw crusher depends on
the type of crushing material and the installed power of the
drive motor (Hristova et al., 2012, Christov, Minin, Hristova,
2012).The crushed slag plate 3 is a basic element and serves
to close the cementitious crusher chain. At the same time, it
acts as a protective element in the extreme load caused by
falling into the crushing space of a neutral object. The forces
that arise at this point exceed the crushing power 10 times
(Minin, 2015), the broken plate is made with special holes
thanks to it, which breaks and protects the other crusher
elements. It is made of ductile cast iron, bearing its spherical
ends in the specially made wedges and frame.
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Fig. 3a. Ripped plate

The laser scanner is placed inside the drum on a tripod
(Fig. 3).

Fig. 3b. Forces and backlash responses
Setting up the sampling tools

The Finite Element Method (FEA) (Nedyalkov 2010) is a
numerical method for assessing engineering solutions. For this
purpose, the three-dimensional model is divided into small
parts of simple-to-form elements, interconnected with common
points (nodes). The method determines the behaviour of the
model by combining the information obtained from all the
forming elements.

Model splicing (discretisation) is one of the most important
steps in the study. The large number of elements implies a
higher accuracy of the results but also increases the length of
the computation process. Conversely, with a small number of
endpoints, the calculation time decreases, but this is a
prerequisite for network failures and inaccurate results.

Optimal settings for model discretisation are obtained after
several dithering attempts.

It is necessary to monitor the time to perform the
operations, the size and the number of the final elements
obtained, as well as the details in which errors have occurred
in their discretion. In some cases, when examining large
assembled units containing details of complex shape or
relatively small dimensions, the overall reduction in the size of
the end elements would lead to an unacceptable increase in
their number. In this case, only the problem details are reduced
to the size of the end elements, and the overall size is retained
at the optimal for the whole model.
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In Fig. 4 shows the pattern of the cut plate after sampling in
Fig. 5 and 6 show the tensions and security ratios in the jaw
crqsher plate.

Mesh type: Sol

tisation of the plate

P

Fig. 5. Distribution of equivalent stresses in the gap plate

L a03tee002

A

Fig. 6. Distribution of the security factor in the gap plate at
normal load

A study of the splintered slab have been done when a
neutral object comes in and the crushing power is increased 10
times.

In Fig. 7 and 8 show the stress diagrams and the safety
fapt_or fgr_‘ejxtreme loading of the split plate.

A

T

Fig. 7. Distribution of equivalent stresses at extreme load
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During the operation of the crusher, the hydraulic hammer
falls and falls into the crushing space, whereby the saw blade
does not break and the studs are cut off from the foundation.
Due to the resizing of the cut plate constructive changes in its
construction have been made.

Two new models on the plate have been made:

- larger openings (Fig. 9).

- with larger openings and two-sided channels (Fig. 10).

£05
asseson
2520002
2attes002
20002
L 27400002
B 2enenn
24790002
L Lmeson
- Lages002
187560002

L 7060001

l wsietnn
7a83es 0
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von Mises Ym*2)
373 166 043.000
Fig. 9. The laid out a plate with larger openings

34171764000

@ 1mmon
32173 016000
103648150

—P ild strength: 551 464392.000

Fig. 13. Distribution of equivalent stresses in the split plate with
larger openings and two-sided channels at extreme load

Fig. 10. A slave plate with larger openings and two-sided
channels

[
263860002
4309e002
38164002

L aszeeon

Fig. 11,12, 13 and 14 show the voltage and safety ratios in
the two jaws of the jaw crusher at extreme stress.
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Fig. 14. Distribution of the security factor in the gap with larger
openings and two-sided channels at extreme load
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Conclusion

1. From the figures and stress diagrams it is clear that the
maximum value of 3MPa is located at the end of the edge of
the cut plate Fig. 5, where the minimum security factor FOS =
18 Fig. 6 is at normal load, and at extreme load the minimum
security factor is FOS = 9.1 (Fig. 8), which is why two more
slab plates with a lower security factor have been constructed.

2. A slave plate with enlarged holes in the figures and
voltage diagrams makes it clear that the maximum value of
3.9MPa is located at the end of the edge of the cut plate (Fig.
11), where the minimum security factor FOS = 7.1 (Fig. 12) is
at normal load.

3. A plate with enlarged holes and two-sided transverse
grooves - it is clear from the figures and stress diagrams that
the maximum value of 18MPa is located at the end of the edge
of the slotted plate (Fig. 13), where the minimum security factor
FOS = 1.5 (Fig. 14) is at extreme load, which means that the
cavity plate will break at extreme load.

The analysis of the results of the linear static analysis
shows that the highest values of strains and deformations do
not exceed the permissible ones for the specific case.
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RELIABILITY FUNCTION FIT REGARDING ONE JAW CRUSHER LINERS

Petko Nedyalkov

University of Mining and Geology "St. Ivan Rilski", 1700 Sofia; petko.nedyalkov@mgu.bg

ABSTRACT: The paper deals with some formulations in resource assessment function for lining parts in one jaw crusher operating in a Bulgarian gold ore mine. This
crusher is operating as a sizing crusher for full ore productivity flow in preventing oversize material fragments to fall on the belt conveyor. In critical view the reliability
of that particular crusher influences on the overall mine productivity. Reliability calculations of that machine are based on mathematical assumptions and
interpolations using Weibull models. The presented case reviews the modelling with two major interpolation techniques and compares them with estimated data from
on-site exploitation. Fitting of the resource function is used in calculation of the reliability, survival and hazard functions for two main lining plates — the lining plate of a
moving jaw and the lining plate of a stationary jaw. The research envelopment is the median regression estimation (MRE) method and the maximum likelihood
estimation (MLE) method used for density function fitting procedures. The compared fitting procedures are implemented in OpenOffice Calc spreadsheet for MRE and
R Studio for MLE algorithm. The fitted functions are compared in a graphical way, and there are some tables presenting the calculated parameter values. Weibull
model functions are used to present some diagrams in which it is easy to investigate valuable survival and hazard over time.

Keywords: lining plates, wear, resource, jaw crusher, Weibull reliability function, Weibull model fit

M3BEXOAHE HA ®YHKLUWA HA HAOEXOHOCTTA 3A OBJIMLIOBKUTE HA YENKOCTHA TPOLLAYKA
Memko Hedsinkos
MurHo-eeonoxku yHusepcumem "Cs. Mear Puncku”, 1700 Coghust

PE3IOME: B pabotarta ce pasrnexpaT MOCTAHOBKM MpW OMpedensiHe pecypca M HagexpHoCTHaTa (PyHKUMS Ha OBMMLOBKMTE Ha YENoCTHa TpoLiayka npu
eKCrnoaTaLUMoHHN YCnoBMS Ha MWHA 3a A06WB Ha 3naTHa pyAa B bbarapus. PecypcHuTe w3uuMcrieHns 3acsrally HapexaHocTTa obudyaiitHo u3nonssat
maTemaTuyeckm [AOMycKaHWs OTHOCHO NpepnonaraeMuAT XapakTep Ha Matematudyeckata (yHKUMSITa Ha HafeXaHoCTTa, OT KOeTo ce onpedens W
WHTEPNOMNALMOHHUAT METOA 3a M3BMMYaHe Ha camata (yHkuus. B HacTosiwaTa paspaboTka ca w3non3saHu Ba MeTofa 3a MHTepronauus Ha (yHKUuMTe Ha
HafexXaHoCTTa ypes pasnpeaenenneTo Ha Beibyn. Monyyenu ca v ca u3cneaBanm ca (yHKUMMTE Ha OTKA3WTe, KyMynaTuBHaTa (yHKUMS HA OTKa3uTe, (yHKUMsATA
Ha HadexOHOCTTa 1 PyHKUMA Ha onacHocTTa. Ha 6asaTa Ha cbbpaHuTe JaHHN ca NPOBEAEHN HAKONKO MHTEPNOMaLMM CbrNacHo CTaTUCTUYECKOTO pasnpeaeneHine
Ha Beibyn. ManonasaHo e ABynapMeTpuyHO pasnpenenenne Ha Beibyn kaTo ca cpaBHEHM ABa MHTEPMONALMOHHM METOAA - C W3NON3BaHe Ha HeuTepaTuBHA
nHTepnonauus B OpenOffice Calc n utepatvsra nHTepnonauns B RStudio. MpepctaBenn ca pesynTath B rpadnyeH W dyHKLUMOHANEH BuL 3a (OPMEHUs u
MalabHus napameTbp Ha pasnpegeneHueTo Ha Beibyn. OueHkata Ha pasnpedeneHneTo e npoBefeHa B rpacuyeH BUA CMPSMO KyMynaTuBHUTE (YHKLMM Ha
pa3npefeneHneTo U NTbTHOCTTA Ha BEPOSTHOCTUTE Ha Pa3npefeneHmeTo.

KntoyoBu gymu: 06nmLoBBYHI N0YK, U3HOCBaHE, PECYpC, YenCTHa Tpoluayka, Beinbyn HagexaHocTHa hyHKUs, VHTepnionupaHe Ha dyHKumsTa Ha Benbyn

Introduction it has to be subjected to its (PLM) product lifecycle
management system and maintenance system.

Resource calculations, reliability models and their The reliability of the machine is based on some
calculations in complex mechanical ore processing machines mathematical idealisation and interpolations using some
are multifactor functions. The revealing of adequate exponential, Gaussian (normal), lognormal, Weibull models
mathematical models is a complex job which is usually done by and etc. Previous research (Minin, 2017) is focused on the
graphical representation. Current research deals with some exponential model with its own advantages and disadvantages,
formulations in resource assessment function for lining parts in and some other researchers (Savov, 2017; Murthy, 2004;
one jaw crusher operating in a Bulgarian gold ore mine. The Dimitrov, 1994) tend to be using an improved model containing
presented method uses mathematical interpolation procedures composite exponential function. Widely used are the Weibull
in comparison with graphical presentation in reveal process. models (Weibull 1951, Murthy 2004) in density function fitting,

The jaw crusher (Minin, 2017; Minin, 2012) is a basic so the presented paper is focused on their application with
machine in first stage ore and rock breakage placed in ore regard to the reliability of jaw crusher’s lining plates.
processing and construction material disintegration. That The presented particular case reviews the case with two
crusher is operating as a sizing crusher for full ore productivity major interpolation techniques (Delignette-Muller, 2014; Ricci,
flow in preventing oversize material fragments to fall on the belt 2005) and compares them in estimated data from on-site
conveyor. In critical view the reliability of that particular crusher exploitation. Fitting of the resource function is used in
is influenced by the full mine productivity flow. In case of calculation of the reliability, survival and hazard functions for
estimating the product performance regarding the jaw crusher, two main lining plates - the lining plate of a moving jaw and the
reliability and recourse calculations are part of its lifecycle and lining plate of a stationary jaw.

39



Journal of Mining and Geological Sciences, Volume 62, Number 3, 2019

THEORY

The reliability theory widely uses the statistical Weibull
distribution function (Weibull, 1951) despite the fact that it uses
heavy mathematical and software application.

The Weibull probability distribution (density) function /pdf/
is defined as a three parameter function:

o-b 5 ] o

, Where:
- B >0 -shape (slope) parameter;
- >0 -scale parameter;
- 7 €(—o0,00) - location parameter;
, and integral (cumulative/CDF/) distribution function is:

F(t)= j f(r)drzl—exp{—(%jﬂ}, o)

—o0

Often the two parameter Weibull function is derived from a
zeroing location parameter y = 0 so the function looks like:

IR

F(tly=0)= j f(r)drzl—eXp{—[ijﬁ], (4)

o n

The survival function S(t) or reliability function is defined as
an admission life period to exceed some time interval P(T>t) so
the function is:

S(t)=1-P(T <t)=1—F (t) =exp {—[t_—qﬁ} (5)

, and the hazard function is defined by:

- 0T

s(t) 1-F(t)’
h(t|7=0)=n%-t(ﬂ‘” (7
The cumulative hazard function is:
= fha- 2 (L]
H(t)=[h(t)dt=[L YD dt=|—| , 8)
£ ) lnﬁ Uj

or

H(t)=-In[S(t)]. 9)
The reliability functions are defined in upward way, but the
computational problems appear at the parameter estimation
method about the Weibull statistics (Delignette-Muller, 2014;
Ricci, 2005; Murphy, 2004).
One of the easiest method is achieved by median rank
regression estimator /MRE/ using the equation:

i(t‘j.zr (1-z,N ¥ ©)

k=i
, approximated with Bernard algorithm to:
i—-03

Frt)=z= N 104 (10)

, Where:

N, number - total number of data;

i - data point ascending rank;
After some transformations shown below:

1R (t):exp{—(%)ﬂ} (1)

] oo e

, the following equation can be obtained:
y=F-x=f-In(n)=A-x+ Ay
or:

B=A
ﬂ:
‘ AT A (13)
A= ool -2)

£-In (77)

According to these formulas a non-iterative algorithm in
spreadsheet can be easily created as shown in the next
section. Usually MRE algorithm is represented as values in
Table 1 and as a graphical representation of equation (16) in
Fig. 1. The advantage of that method is the ability of revealing
a small amount of data, despite the fact that it is fast and has a
simple algorithm.

Another algorithm is the maximum likelihood estimation
IMLE/ (Delignette-Muller, 2014) which uses a product of
iterative logarithmic and power functions for independent and
identical parametrical distributions fiid/ f(xi6), in which the
parameters 64, ..., 6; are extracted in function maximisation for:

L(9) =g f(%10) (14)

, Where:
0; - function parameters;

>

X; - value for variable X ;
n - total count of data x; and

f (xi |6’) - probability density function.

Parameter 6 j extraction uses:

max[L(&)]:dLTw):O (15)
max{ln[L(@)}}:Mzo (16)

, and about particular Weibull distribution:

(i) =TTt (s16n)=

n B
B Tres- b
(o) 1w {2 "

The upper function can be simplified by using a logarithm,
S0
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In{L(t|ﬂ,77)}:
n B
Cnl[B) AR
=In{| —| -| |t -exps —| =— =
n” g n

n n (1. B
=n-In(ﬁ)—n-In(nﬁ)+(ﬁ—1)~§ln(ti)—2(;') (18)

i=1

The theoretical way is given by those formulas (14 - 18)
and the computation way is quite complicated, with
implementation  of  computational iterative  algorithm
(Delignette-Muller, 2014).

Data and results

The particular estimation about parameters of failure data
for jaw crusher's lining plates is described. The data is
represented as the point on a lining plate changing according
to the cumulative productivity Qint, which is easy to recalculate
in relative productivity:

Qi =Qci — Qi (14)
, respectfully in average hour productivity Q,,t/h working
hours are:

t= & h (15)
Qp
The median rank is calculated by equation (12), and the
regression parameters according to equation (13); Fig.1 and 4
represent the regression:

In(t)

In<In (16)

1
S(t)

The survival function S(t) and the hazard function h(t) are
calculated in Table 1 at particular points.

Data extractions represent a real lining plate changing for
different plates (Minin, 2017), the first extract (D1) shown in
Table 1 is for the lining of a moving jaw, and the second extract
(D2) shown in Table 2 is for the lining of a stationary jaw in one
and same jaw crusher.

The calculations shown for D1 and D2 and conducted in
the same way with the upper formulations give different
statistical results. Clearly, the large data (Table 2) quotation
gave better MRE regression parameters shown on Fig.4 but
there are still issues about the distribution fit.

As shown on Fig. 3 and Fig. 6, the data histogram
compared to the fitted distribution shows a difference in the
peak height, however, some small shift differences can easily
be neglected.

Table 1. First data extract (D1) and MRE calculations

time R | time MR |1/(1-MR) [in(t) |In(In(1/S)) results
— —
156} 5.049] -3.996} A0 -19.389]
1235 7.119] 1.387] Al 2.9702
608 6.337] -0.557 R? 0.8595
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o MR) n()_In(r
C D E I3 G H G K L M
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607.1) 2 378.8) 0.0443 1.046] 5.937| -3.1) ui 683.92)
1110.7] 3 387.64 0.0703 1.076] 5.960] -2.64 d 0
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Fig. 1. MRE regression for the second data extract with linear
interpolation as shown on the diagram
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Fig. 2. MRE and MLE fit in comparison with empirical cumulative
distribution function
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The comparison between the empirical cumulative
distribution function /ECDF/ and the estimated cumulative
distribution function /CDF/ of fitted distributions is shown on
Fig. 2 and 5. The particular plots represented are with 95%
Kolmogorov - Smirnov (Ricci, 2005) distance placed in the plot.

Table 2. Second data extract (D2) and MRE calculations
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Conclusions

A product life cycle usually is described as "the time from
the initial concept of a product to its withdrawal from the
market". In the case of mechanical damage or wearing the
withdrawal point is subordinated to a particular law of
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quality/quantity decreasing. So far, many researchers (Murthy,
2004; Lazov, 2010) have found that these dependences follow
the Weibull models. In comparison with the exponential model
(Minin, 2017) the Weibull fit uses some advantages focused on
the reliability over the life cycle of a product. The formula
describing the hazard function follows the time dependent
formula (7) in distinction to the time independent exponential
hazard function (Minin, 2017).

Table 3. Parameters results

Datal Data 2
mle MRE mle MRE | unit
6 2.69695 | 2.9702 2.767 3.4108
n 684.571 | 683.92 | 301.169 | 300.93
7 0 0 0 0
t=7 685 684 301 301 h
F(t) 63.2 63.2 63.2 63.2 %
S(t) 36.8 36.8 36.8 36.8 %
h(t) 0.4 0.4 0.0 00 | %
t=27m 1369 1368 602 602 h
s(t) 0.2 0.0 0.1 00 | %
h(t) 13 17 31 60 | %

As a particular conclusion from the research the valuated
survival for the lining plates can be followed, as shown on Fig.
7. Hence, the repair period has to be multiple to that value. The
results in Table 3 give the comparison between the coefficients
achieved through the different fit technique and the different
data extracts.
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Fig. 7. Survival functions based on fitted Weibull models
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Fig. 8. Hazard functions based on fitted Weibull models

The fitting procedures and the software instruments about
distribution functions are in constant development. Many
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commercial software packages are widely used, and also,
many free or under CC and GNU license are applied by the
scientific research community. In this research, for the
programme calculation and the graph presenting plots the
iterative package for R Studio under GNU license is used in
comparison with non-iterative calculation made in spreadsheet
OpenOffice Calc.

The acceptance of these models is considerable with the
graphical instruments shown above. Further implementations
should be used with numerical goodness-of-fit test. In the
reliability research field the Kolmogorov-Smirnov test,
Anderson-Darling test and Chi squared test are preferred.

Some improvement in model fitting can be observed by
increasing the data sampling in Fig. 5 in comparison to Fig. 2.

Logically, these conclusions show that the presented
Weibull model fit gives an account of the wearing process of
jaw crusher's liners with shown values in parameters
interpolation. The results and methods should be placed in a
modern project design methodology (Lazov, 2010; 2015) with
periods’ account of the maintenance cycle. It is advisable to
expand the research in other interpolation procedures and with
different data sampling volume.
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SELECTION OF PARAMETERS OF TECHNOLOGICAL EQUIPMENT FOR THE
EXTRACTION COMPLEX OF RAW PEAT MATERIALS FROM UNDRAINED DEPOSITS

Irina Khudiakova, Sergey Ivanov

Saint Petersburg Mining University, 199106 Saint Petersburg; irikhudyakova@yandex.ru; lisa_lisa74@mail.ru

ABSTRACT. Expanding the use of peat is strategically aimed at diversifying the country's fuel balance, improving the reliability of energy supply and its energy
security. The greatest impact is seen in decentralised energy supply zones, remote and inaccessible areas of the country.

A technology of extraction and quarry processing of raw peat materials without preliminary preparation of the field within the framework of environmental technologies
and the selection of the scheme solution of the complex of mining equipment for its implementation are proposed.

The paper presents the operational energy consumption for the schemes of technological mining equipment floating complex for the extraction and processing of raw
peat materials. The general structural formula of the complex is given. An algorithm for selecting the main parameters of the complex equipment for the extraction and
processing of peat raw materials from an undrained deposit is proposed.

Keywords: raw peat materials, structural scheme, the structural formula, the complex of mining equipment, energy supply

NU3BOP HA NAPAMETPW HA TEXHONOIMM4YHO OBOPYABAHE 3A KOMMJEKC 3A OBMB HA TOP®EHA CYPOBUHA OT
HEOPEHUPAHU HAXOOMLLIA

WpuHa Xydsikoea, Cepzeli UeaHoe

CaHkmnemepbypacku MuHeH yHusepcumem, 199106 Cankm lNemepbype

PE3IOME. PaswupsiBaHeTo Ha M3non3saHeTo Ha Topda MMa CTPATErMyecko 3HauyeHue 3a auBepcuMKaLMs Ha M3TOYHULMTE Ha eHeprusi, nopobpsiBaHe Ha
Ha[eXaHOCTTa Ha eHEPrUHUTE JOCTABKM U EHEpruiiHaTa CUrypHOCT Ha CTpaHaTa. Hali-ronsim edekT OT To3v NpoLiec ce Habniofasa B OTAANEYEHUTe U HeAOCTbIHM
paiioHu C ieLieHTpanu3npaHo enexkTpo3axpaHeaHe.

MpennoxeHa e TexHonorns 3a Jobws u obpaboTka Ha TopdeHaTa CypoBuHa, Oe3 npeaBapuTenHa MOATOTOBKA HA Haxoguwa, cbobpaseHa C M3NCKBaHUATA 3a
ona3sBsaHe Ha okonHaTa cpesa. MpeanoXeHu ca CXeMHO PeLLEHe Ha KOMMIeKca 1 HeobX0aMMOTO 3a peanuaaLmsiTa My MHHO 06opyaBaHe.

B paboTaTa ca NpeAcTaBeHM onepaTMBHUTE Pa3XoANTe 3a EHEPrUsi MPW Pa3NYHU CXEMW HA TEXHOMOMMYHO MUHHO 0BOpYABaHe Ha MNaBall KOMMNeKe 3a Jo6MB u
npepaGoTka Ha TopdeHaTta cypouHU. [JageHa e obla cTpykTypHa chopMyna Ha komnnekca. MpeanoxeH e anroputbM 3a U3GOp Ha OCHOBHWTE MapaMeTpu Ha
LIANoCTHO 0bopyaBaHe 3a AobuB 1 NpepaboTka Ha TopdeHaTa CypoBUHA OT HEAPEHUPaHN HaxoanLLa.

KntouoBu gymu: TopdheHa CypoBUHa, CTPYKTYpHa CXeMa, CTPYKTYpHa (hopMyna, KOMMNEKC Ha MUHHO 0BOpyaBaHe, enekTpo3axpaHBaHe

Introduction fuel. For example, in Germany, the Republic of Finland, the
Kingdom of Sweden, the Republic of Ireland, the share of
At present, the need for extraction of raw peat materials fuel derived from peat raw materials accounts for up to 10 %
is due to the production of cheap local fuel, agricultural of energy production.
fertilizers to increase soil fertiity and to promote the In Russia, this energy source is underestimated, and its
implementation of import substitution programmes in solving share in the country's energy balance is only 0.2%.
the problems of increasing energy, as well as reducing the Meanwhile, there are large peat deposits in 29 regions of the
risks of fires in the waste areas of peat deposits, especially if Russian Federation, in fifteen regions the share of peat
they are accompanied by preliminary dewatering of exceeds 60% of the total potential of renewable energy
territories. sources. The total peat reserves are slightly less than 70+10°
The use of traditional fuels leads to the emission of a tons of conventional fuel and exceed the energy potential of
large number of toxic substances into the atmosphere and domestic hydrocarbon reserves. Each year, the peat in
intensifies the processes leading to climate change. Russia is growing by 200+10° tons conditional humidity. At
Extraction and use of these relatively non-renewable the same time, the expansion of peat use is strategically
minerals is quite expensive. Many countries, in order to save, aimed at expanding and reducing the cost of the resource
use renewable local energy sources, which pollute the base, diversifying the country's fuel balance in order to
environment less. In addition, they do not require large costs increase both the reliability of energy supply and competition
for their production, processing and delivery. These in the supply of energy resources, reducing CO2 emissions
resources include peat, and peat raw materials are used as a and improving the country's energy security.
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Analysis of the use of peat raw materials and
environmental technologies

Peat is widely used as a fuel in the form of crumbs in
thermal power plants, energy-dense fuel in the form of
pellets, briquettes and pieces for heating. The cost of heat
production from peat briquettes is lower in relation to coal by
17 %, and to fuel oil - by 45 %. In the pyrolysis of peat, a
generator gas is produced, which is used as a fuel in both
electric power generation and heat power engineering of
enterprises. In agriculture, peat raw materials are widely
used as fertilizers, for the production of seedlings,
composting and substrates. In the chemical industry it is a
valuable raw material in the production of ammonium salts,
ammonia, wax, fatty acids, oils, paraffins, polymers, alcohols,
dry ice, peat-alkaline reagents. Due to its high moisture
capacity, heat capacity and adsorption properties, peat raw
materials are widely used in medicine as anti-inflammatory
and tonic agents, as well as for the manufacture of gels,
balms, extracts, filter materials and sorbents for the
absorption and fixation of oil spills and oil products,
absorption of oils, fuel oils, gasoline, cleaning contaminated
surfaces of water and areas of industrial facilities, equipment.
Peat is widely used in reclamation of disturbed lands,
elimination of landfills and landfills. Peat raw materials are
widely used in construction in the form of peat insulation
boards, panels, building blocks, concrete additives,
components of various coatings, green construction.

When assessing the possibility of developing peat
deposits, it is necessary to take into account that they are
important elements in the chain of interrelated and interacting
components of the natural environment and any
anthropogenic impact causes its change.

Within the framework of environmental technologies and
environmental management, the authors proposed the
technology of extraction and quarry processing of peat raw
materials without preliminary preparation of adeposit,
excluding hydraulic engineering measures for drainage of
adeposit and preparation of production sites, surface layers
and production areas (patents RU Ne2599117, Ne 2655235,
Ne 2672366).

In the extraction of peat raw materials complexes of
mining equipment on the basis of floating platforms it is
expected to carry out the production process, both from the
surface and from the water. The use of traditional methods of
excavation is very effective at depths of up to 4-5 meters. In
this case, it is necessary to use modernised equipment that
does not allow the erosion of peat raw materials separated
from the massif from the working body of the excavating
mining machine, or the use of a continuous process of
creating a hydro pulp with its delivery to the floating platform
by hydro-transport and subsequent centrifugation or
extraction of excess moisture, which is more costly than
conventional excavation.
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The rationale for the choice of an effective
structure of complex

The complex of mining equipment is a self-propelled
floating platform with mining equipment placed on it and
means of autonomous power generation.

Depending on the final commodity product, different
circuit solutions of the complex are possible, and its
functional structure includes the following blocks: production;
separation and crushing of peat-wood raw materials;
moulding; drying; production of a commodity product.

The advantages of the proposed technology
implemented in the framework of environmental management

are presented in Table 1.

Table 1. Comparison of milling and proposed technologies
for the same production volumes

Milling technology

Proposed technology

Cut depth 0.25 m Excavation depth 2-5m
Density of peat raw material y= 500 Density of peat raw material y=
kg/m3 1040 kg/m3

The area of the production site and
its rent per year - 1.0/1.0

The area of the production site and
its rent per year — 0.05/0.05

The term of preparation of the field —
3 years

The term of preparation of the
Deposit — not required

Range of mining machines for
preparing the field: summary of the
forests; drainage of fields;
preparation of field;

Range of mining machinery for the
preparation of the deposit — not
required

The technological complex of
machinery for processing of peat
raw materials and energy is missing

The technological complex of
machinery for processing of peat
raw materials and energy is
provided

Complex machines for the
preparation and repair of areas is
provided

Complex machines for the
preparation and repair of areas —
not required

Environmental risks (dust, fires,
emissions from internal combustion
engines of vehicles, dewatering,
destruction of forests and
ecosystems)

"Wet technology" - no risk of fire, no
dusting, minimised wastage

Reclamation of mined-out areas

No remediation is required. Artificial
pond in the framework of
environmental technologies.

Seasonality of production and
dependence on weather conditions

Production is carried out year-
round. Reduced dependence on
weather conditions

As can be seen from the table, the use of a floating

complex in comparison with the milling method of production
will reduce production costs, the timing of a deposit, the
range of equipment, their transport component, reduce the
risks of man-made disasters, get away from the seasonality
of production.

At the same time, it is the primary choice of equipment
that determines the entire technological chain of the mining
machines of the complex. Figure 1 shows four variants of
circuit solutions for the implementation of the complex.

The main mining equipment in the block of extraction of
peat raw materials can be: a manipulator with a bucket
(reverse shovel); a multi-bucket chain excavator, a vertical
screw-cutter; mechanical and hydraulic production.
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Preparatory work
(delivery of the platform and equipment to the place of
production of the vehicle, installation)

v
> Complex for extraction and processing of raw peat materials [ 2
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with bucket — bucket — excavator to hydraulic - tillage destruction of the

excavation to the the full depth of the cutter and screw (the vertical
depth of deposits deposit hydraulic screw mechanism)
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Primary dehydration in
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SCrew pressing
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Fig.1. Scheme solutions for extraction and processing of peat raw materials

Depending on the adopted technology of extraction of
raw peat materials, further primary enrichment and
dehydration are carried out, followed by mechanical
treatment on board the complex and generation of thermal
and electrical energy.

For each scheme, energy costs were calculated both for
the preparation of the field and for the production of 50
thousand tons of peat per year of 45% humidity in the
development of a conventional peat deposit. The degree of
decomposition of peat was 32%, the stump-1.5, the life of the
field — 10 years. The results of calculations are summarised
in Table. 2. At the same time, the total energy consumption
per 1 ton of 45% moisture of the extracted raw peat materials
with the basic milling technology was 8.31 MJ/T45%.

As can be seen from Table 2, the specific energy
consumption in the implementation of any of the four circuit
solutions of the complex with the installation of existing
equipment sizes is lower in comparison with the milling
technology of peat extraction. At the same time, the fourth
chain of technological mining equipment is the most energy-
consuming, the specific energy intensity of which is only 10%
lower than the basic one. The least energy-consuming is a
chain with a single-bucket excavator, or rather a manipulator.
The specific energy consumption in this process chain is
21% lower than the basic one. At the same time, specially
designed mining machines for a specific set of equipment
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can give even greater energy savings to the entire chain of
technological mining machines. In any case, the specific
energy consumption for the production of a ton of peat
products will be lower than in the milling method of
production.

Table 2. Total energy consumption for the schemes of
technological mining equipment of the complex for the
extraction and processing of peat raw materials with a
capacity of 50,000 Tas%

Ne Specific energy
consumption, MJ/T4s%

Scheme | «Manipulator with a

6.52
bucket»
Scheme Il with «multi-Bucket 70
excavator» )
Scheme IIl «Mechanical hydraulic

7.29
method»
Scheme IV «Using the auger- 747
cutter»

Having established the fundamental benefits of
implementation of environmental technologies for the
extraction of raw peat from the flooded deposits with the use
of a floating complex, it is necessary to develop theoretical
approaches to the evaluation of the energy consumption of
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the complex, equipped with any set of mining equipment and
to provide an opportunity to analyse the structure of such a
complex with a unified voice. To do this, we will make a
general structural formula of the complex of peat extraction
and processing (CPEP) (1):
CPEPr=3{PB[>(2((((M+Fgi)+Fei)+li-E)))]

+ SB2(2(((Mi+Fe)+li-E)))]

+ MDBZ(2((((M*+F(e)g)itFe)+li-Ei)))]

+ CoB[2(2(((MFei)+li-E)))]

+ DrB[2(2((((Mi+Fgi)+Fei)+li-E))]

+ 5TrB[2(2(((Mi+Fei)+li-Ei)))] + EPBI2(2((((Gei
+M)+Fei)+li-E))J} + I'E (1)

In the general case, the complex of mining equipment
can be represented by the following blocks: production
(DB)=PB, separation (SB), mechanical dewatering (MDB),
drying (DrB), commercial products (CoB), power generation
(EPB), transportation (TrB), united into a single chain by
means of links providing for: only the harmonisation of the (- )
connection (+) or the combination (¢). In this case, by
changing the parameters of each individual machine,
module, unit, one can analyse the performance and optimise
the parameters of the whole complex and its components.

Taking into account that a single complex of equipment
on a floating platform for the extraction and processing of
peat raw materials requires significant areas, it is advisable
to leave only a complex of mining equipment for extraction,
separation and primary dehydration on the floating platform,
and to concentrate the bulk of the equipment for processing
and energy generation on the shore, delivering primary
dehydrated peat raw materials by floating shuttle containers
operating in the shuttle mode, which will contribute to
improving the efficiency of the entire complex.

Conclusions

The study found that the use of floating complex mining
equipment for the extraction and processing of raw peat
materials from the undrained deposits in modern conditions
is more effective than the extraction of milling peat, while
such complexes successfully fit into environmental
technologies and, contributing to the development of energy
potential of remote areas of the country, increase its energy
security.

Within the framework of the study, a number of circuit
solutions are proposed that determine the structure and
composition of floating complexes for the extraction and
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processing of raw peat materials, and a complex of mining
equipment in its composition is determined.

The algorithm of the choice of parameters of the mining
equipment of a complex is offered, its realization in electronic
model allows a simulating process of career processing of
peat raw materials, providing the maximum efficiency of joint
work of the equipment.
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DETERMINATION OF THE LOADS ACTING ON THE SLEWING SUPPORT OF A TRUCK
MOUNTED CRANE AND SELECTION OF A SLEWING SUPPORT
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ABSTRACT. The loads, acting on the slewing support of a truck mounted crane are determined - the resultant vertical force, the resultant horizontal force and the
unbalanced moment of the forces acting on the slewing part of the crane. The mass of the counterweight is determined in advance using the condition of equality of
the arms of the resulting forces to the rotation axis at the two endmost positions of the boom. Four cases are considered - at maximum and minimum length of the
boom and at maximum and minimum angle of inclination of the boom. From the calculations it can be seen that the heaviest loads are obtained at minimum boom
length and minimum boom inclination, because the unbalanced moment is the greatest. On the basis of the obtained forces and moments a slewing support is
selected from the diagrams of the serially produced supports for the heaviest case of loading. A concrete example for the crane KC-45717, mounted on the truck
chassis KamAZ, is solved.

Keywords: truck mounted crane, slewing support, unbalanced moment

ONPEAENAHE HA HATOBAPBAHUATA BbPXY BHPTALLATA CE ONOPA HA ABTOMOBWUIEH KPAH U U3BOP HA
BBPTALLA CE OMNOPA

Xpucmo letipemoe

Murto-eeonoxku yHusepcumem “Cg. Near Puncku”, 1700 Cogpusi

PE3IOME. OnpepeneHu ca HaToBapBaHWsTa BbpXy BbpTALLATA Ce Onopa Ha aBTOMOBMNEH KpaH - peaynTaHTHaTa BepTukanHa cina, pesynTaHTHaTa XOpU3oHTanHa
CMNa 1 HeypaBHOBECEHMS MOMEHT OT CunuTe, AeNCTBALLM BbPXY BbpTALIATA Ce YacT Ha kpaHa. [pefBapuTenHo e onpeAeneHa macata Ha MpOTUBOTEXECTTa OT
YCIOBMETO 32 PaBEHCTBO HA paMeHaTa Ha PaBHOAENCTBALLMTE CMMK CMIPSMO OCTa Ha BbPTEHe 3a [BeTe KpaiHu MornoxeHus Ha ctpenata. Pasrneaanu ca Yetmpm
cryyas - py MakcumanHa 1 MUHUManHa AbikvHa Ha cTpenaTa 1 npu MakcumarneH v npi MAHAManeH brbi Ha HaKMoH Ha cTpenata. OT HanpaBeHNUTE M34MCneHns
Ce BIXKAA, Ye Hall-TeXKUS Cryyall Ha HaToBapBaHe e NMpW MUHUManHa AbMKMHA Ha CTPenata v MUHUManeH HakMoH Ha CTpenata, Thii KaTo NPy Hero ce nony4asa
Hail-ronsM HeypaBHOBECEH MOMEHT, [eiiCTBaly BbpXy onopaTa. Bb3 OCHOBa Ha Mmonmy4eHuTe HaToOBapBaHWS e u3bpaHa BbPTALLA Ce Onopa OT Avarpamute Ha
CEPUIAHO MPON3BEXAAHM OMOpU, 33 Hall-TEXKWSA Cryyail Ha HaToapBaHe. PelueH e KoHKpeTeH npumep 3a kpaH KC-45717, MoHTVpaH Ha aBTomMobunHo wack KamA3.

Kniouosu AyMu: aBTOMOGMNEH KpaH, BbpTAlla ce onopa, HeypaBHOBECEH MOMEHT

Introduction - length of the boom L = 9+21 m;
- angle of inclination of the boom g = 5+75°;

The aim of the present study is to determine the loads - maximum capacity of the crane (at stretched side
acting on the slewing support of a truck mounted crane at supports, L=9mand =75°) Q=25t;
different lengths and angles of the inclination of the boom and - capacity of the crane at stretched side supports, L =9 m
to select a standard slewing support. A concrete example is and $=5°Q1=6.35;
solved for the crane KC-45717 (Kran strelovoy avtomobilnyiy - capacity of the crane at stretched side supports, L =21 m
KC45717K-1), mounted on the truck chassis KamAZ. and B=75° Q2=6.35¢;

The slewing support of the crane KC-45717 (fig. 1) consists - capacity of the crane at stretched side supports, L =21 m
of the crown 1, the ring 6 and the balls 7, situated between and =5° Q3=0.9t;
them. The outgoing gear of the slewing mechanism meshes - capacity of the crane at unstretched side supports, L =9
with the crown 1. The crown is fixed to the crane support frame mandB=5° Qu=1.15¢,
by the bolts 2. The ring 6 is fixed to the slewing platform by the - mass of the boom mc=1.99 t;
bolts 8. - mass of the slewing platform mo=5.1t;

- mass of the block with the hook mps= 306 kg.

Input data
The input data for the determination of the loads acting on

the slewing support are (Kran strelovoy avtomobilnyiy
KC45717K-1):
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M/D V
V - vertical force, acting
on the support
AL AL ERETT I R - radial (horizontal)

force, acting on the
support
M/D - couple of forces
from the unbalanced
moment M of the forces,
acting on the slewing
platform

- 4 1 - crown;

2 3 [ 5 2 - bolt for fixing to the unslewing part of the crane;
awwwe 3 - sealing;
I\N A 4 -nut;
L 5 - washer;
N \‘< 6 6 - inner ring;
L 7 7 - ball;
Ho , 8 - bolt for fixing to the slewing part of the crane;
8 9 - support frame of the crane;
| 10 - slewing platform
. \\{ 15
111 d - inner diameter
[T \ D - diameter of the circuit over which the balls are
! .
/ rolling
~ | — ¥ 4 D; - centre diameter of the crown
%D D - outer diameter of the crown
D,
Da

Fig. 1. Scheme for the determination of the dimensions of the slewing support and the forces acting on the support
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Pm
Gm+Gp6
Nm
|
Oc
he f L - length of the boom
i 8 - angle of inclination of the boom
|
!
H p
 Po i,
h ho- ~ R
v
TR
e .
N gi
O .
T

Fig. 2. Scheme for the determination of the mass of the counterweight and the forces and moments acting on the slewing support

Gm, Gps, Ge, Go, Gn - gravity forces of the load, the block with the hook, the boom and the slewing platform and force of the
counterweight

P, Pe, Po - wind forces over the load, the boom and the slewing platform

Im, Ie, lo, In - arms of the gravity forces toward the axis of rotation

hm, he, ho - arms of the wind forces toward the centre of the slewing support

e - distance between the suspension point of the boom and the axis of rotation; h - distance between the suspension point of
the boom and the centre of the slewing support; It - distance between the end of the boom and the axis of rotation; &c -
height of the side wall of the boom

H, R - vertical and horizontal resultant forces acting on the slewing support
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Mass of the counterweight

The mass of the counterweight mn [kg] is determined by
the condition for the equality of the arms of the resultant
vertical forces toward the axis of rotation for the two endmost
positions of the boom (at maximum angle of inclination of the
boom with load and at maximum angle of inclination of the
boom without load) at unstretched side supports. The mass mn
is assumed in such a way, that the arms |, and /', determined
by the formulae (1) and (8), are equal (I set different values for
my and calculate |, and [, until the received values coincide
Ip=1%=0.98 m).

After the accomplished calculations it is obtained that the
mass of the counterweight must be mn= 357 kg.

Arm of the resultant vertical force towards the axis of
rotation at L=9 m, f=5° and Q4=1,15t

- (G * Gpg) . * Gele - Goulo = Gy

, 516550 =098m,

(1)

where: Gm, Gps, Gc, Go, Gn [kN] - gravity forces of the load, the
block with the hook, the boom, the slewing platform and the
counterweight (fig.2) (they are determined by formulae (2+6));
Im, Ie, lo, In [m] - arms of the gravity forces toward the axis of
rotation (fig.2) (Im and I are determined by formulae (7) and
(8), o and I, are checked by the drawing of the slewing
platform, lb=1.3 m; [»=2.2 m);
Gp=Q.9=113kN

Gps = 0.001.my6.g = 3 kN

G, =m.g=19.5kN

G, =m,.g=50kN
G,=0.001.m,.g=3.5kN
In=LcosB-e+03=81m
l;=05.L.cosf-€=3.3m

e [m] - distance between the suspension point of the boom and
the axis of rotation (fig.2) (e=1,15m - it is checked by the

drawing of the slewing platform).

Arm of the resultant vertical force toward the axis of
rotation at L=9m, $=75° and Q=0t (without load)

. Goly*Gplp-Gel,

oo LY

where:

I,=05.LcosB-e=0.01m
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Determination of the loads acting on the slewing
support

The slewing supports are selected via graphs (Fig. 3)
according to the resultant vertical force, acting on the support
V [kN], the resultant horizontal force, acting on the support R
[kN], and the unbalanced moment of the forces, acting on the
slewing part of the crane toward the centre of the slewing
support M [kN.m] (Fig. 1, Fig. 2). Four cases are considered for
the fourth endmost positions of the load. The calculation
results are given in a table.

In the formulae up to the end of the calculations, the values
for the case for L =9 m, 8 =5° and Q1 =6.35 t are substituted,
and for the leaving three cases only the results will be given in
the table.

Resultant vertical force acting on the slewing support
V=Gp+Gps+ G+ Gy + G, =135kN,, (11)
where:
Gp=Q.9=623kN (12)
Resulting horizontal force acting on the slewing support
R=P,+P,+P,=12kN, (13)
where: P, Pe, Po [kN] - wind forces over the load, the upper

wall of the boom and the back surface of the slewing platform
(Fig. 2) (they are determined by formulae (14+16));

P, = An.qk,.C.ky = 09 KN (14)
P, = A,.q.k.C.ky = 0.03 kN (15)
P, = Ay.q.ky.Cky = 0.2 kN, (16)

where: Am [m?] - wind-beaten area of the load (it is assumed
from table 1 according to the crane capacity). At Q = 6,35t |
check An=8m?

q [kPa] - wind pressure at normal loading in working condition
(case of loading 1) (q = 0.09 kPa);

ks - filling coefficient of the construction (for loads and whole-
wall constructions ks = 0.2+0.6). For the calculated truck crane
k3=1;

¢ - aerodynamic coefficient (c=1.4 for the boom; c=1.2 for the
load);

ke - height coefficient (it is assumed from table 2 according to
the height of the position of the load). At h»=0.9m | check kn=1;
Ac [m?] - wind-beaten area of the upper wall of the boom (it is
determined by formula (17));

Ao [m?] - wind-beaten area of the back surface of the slewing
platform (it is checked by the drawing of the platform,
Ao=2.1m2);

Table 1. Wind-beaten area of the load Am according to the
crane capacity Q

Qi 5 1638
An[m? | 711 8 |9

25
18

10
10

12,5
12

16
14

20
16
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Table 2. Height coefficient

hm[m] | 0+10 | 10+20 | 20+40 | 40+60
ke 1 1.25 1.55 1.75
hm [m] (fig.1) - see the explanations in formula (18)

S; =L .b,.sinB=0.3 m?, (17)
where: b [m] - width of the boom (it is checked by the drawing
of the boom, bc=0.43m).

Unbalanced moment of the forces acting on the slewing
part of the crane toward the centre of the slewing support

M= (Goy*Gpg).l *+ G - Go.ly - Gy + Py + Pohi + Py,
= 498 KN.m, (18)

where: hm [m] - arm of the wind force over the load Pn in
relation to the centre of the slewing support (Fig. 2) (it is
determined by formula (19));

he [m] - arm of the wind force over the boom P in relation to
the centre of the slewing support (Fig. 2) (it is determined by
formula (20));

ho [m] - arm of the wind force over the platform P in relation to
the centre of the slewing support (Fig. 2) (it is checked from the
drawing of the platform, ho=0.8 m);

hy=h+Lsing-1=09m (19)

he=h+0.5.LsinB=15m, (20)
where: h [m] - distance between the suspension point of the
boom and the horizontal plane, passing through the middle of
the slewing support (figr.2) (it is checked from the drawing of
the platform, h=1,1 m).

Selection of a slewing support

In table 3 the calculation results for V, R and M for the
fourth positions of the load are given.

Table 3.Calculation results for the vertical force V, horizontal
force R and the unbalanced moment M of the forces acting on
the slewing platform for the fourth positions of the load

LB QA k]| V][R M

Mm 1 [ |[m] [kN] | [kN] | [kN.m]
119 [ 75| 25 | 18 | 1.25| 318 | 34 | 315
2] 9 |5 [635] 8 | 1 | 135 | 1.2 | 498
3|21 |75 |635| 8 | 125 | 135 | 24 | 270
4021 5 09| 25| 1 | 8 | 03| 286

The toughest case of loading is at position 2, because
the unbalanced moment M is determinative for the selection of
the slewing support. According to the graphs in Fig. 3 a
slewing support size 04 is chosen, which at V = 135 kN and
R =1.2 KN = 0 kN has a permissible unbalanced moment
M =620 kN.m > 498 kN.m.

A single row ball support type KC size 04 with externally
generated teeth (Fig. 1) is selected from Table 4 with the
following parameters:
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- number of the teeth z=123;

- module of the teeth m=12 mm;

- centre diameter of the crown D=m.z=12x123=1476 mm;

outer diameter (to the top of the teeth)

Da=mz+2xm=12x123+2x12=1500 mm,;

- inner diameter d=1175 mm;

- diameter of the circuit over which the balls are rolling
D=1320 mm=1.32 m;

- height Ho=100 mm;

- maximum permissible speed of rotation nmax=2,5 min'*;

- maximum permissible radial loading Rmax=59 kN;

- material of the rings - steel 50 Mn;

- mass — 460 kg.

Table 4. Characteristic of the single row ball slewing supports
with externally generated teeth (Kolarov, 1986)

Neo 1 2 3 4
Da [mm] 1000 | 1150 | 1300 | 1500
D [mm] 880 1012 | 1144 | 1320
m [mm] 6 8 8 12
z 164 142 160 123
Dz [mm] 984 1136 | 1280 | 1476
Ho [mm] 60 80 90 100
Mass [kg] 145 210 345 460
Ne 5 6 7 8
Da [mm] 1900 | 2250 | 2650 | 3150
D [mm] 1672 | 1980 | 2332 | 2772
m [mm] 12 12 16 16
z 156 184 163 194
Dz [mm] 1872 | 2208 | 2608 | 3104
Ho [mm] 130 145 170 195
Mass [kg] 900 1320 | 2200 | 3700

D - outer diameter; D - diameter of the circuit, over which the
balls are rolling; m - module of the teeth of the crown; z -
number of the teeth of the crown; D; =m.z - centre diameter of
the crown; Ho - height

Conclusions

1. From the calculations for the fourth endmost positions of
the load the greatest resultant vertical force V, acting on the
slewing support, is obtained at position 1 (minimum range of
the crane, i.e. minimum boom length L and minimum angle of
inclination of the boom pf). The smallest vertical force is
obtained at position 4 (minimum range of the crane, i.e.
maximum boom length and minimum angle of inclination of the
boom).

2. The greatest resultant horizontal force R, acting on the
platform, is obtained at position 1, and the smallest - at position
4,

3. The greatest unbalanced moment M toward the centre
of the slewing support is obtained at position 2 (minimum boom
length and minimum angle of inclination of the boom). The
smallest unbalanced moment is obtained at position 3
(maximum boom length and maximum angle of inclination of
the boom).
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M [KN.m]
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M - unbalanced moment of the forces acting on the platform toward the centre of the slewing support; V, R - resultant

vertical and horizontal forces acting on the slewing support

Fig. 3. Graphs for the selection of the slewing support

4. The toughest case of loading of the slewing support is at
position 2 (minimum boom length and minimum angle of
inclination of the boom), because the unbalanced moment is
determinative in the selection of the slewing support.

5. For the calculated truck mounted crane the slewing
support is correctly selected, because the dimensions of the
mounted support coincide with the dimensions of the selected
support.
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COMPARISON OF THE METHODOLOGIES FOR THE DETERMINATION OF THE BELT
TENSIONS AND THE REQUIRED DRIVE POWER OF THE BELT CONVEYORS

Hristo Sheiretov

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; sheiretov@abv.bg

ABSTRACT. Four methodologies are discussed: short and precise methodology of the Design, Science and Research Institute for Industrial Transport
(Protransniiproekt), Russia; short and precise methodology according to the German calculation standard for belt conveyors DIN 22101.

The calculations are accomplished using the four methodologies for a concretely solved example - a stationary all-purpose belt conveyor with assigned layout profile,
type and characteristic of the transported material, capacity, belt width and belt velocity, linear mass of the material, the belt and the idlers. In the calculations an
equal coefficient of motional resistance and an equal coefficient of friction between the belt and the drive pulley are assumed. The belt tensions at start-up and at
steady state working and the required drive power are determined.

The following conclusions are drawn: 1. Approximately equal values are obtained for the required drive power; 2. Smaller values are obtained for the belt tensions in
the precise methodology in comparison with the short methodology. 3. Higher values are obtained for the belt tensions in the DIN methodology in comparison with
the Protransniiproekt methodology. The reason is the difference in the methods for determination. 4. It should be noticed that the coefficient of motional resistance in
the Promtransniiproekt methodology is recommended to be taken greater in comparison with the DIN methodology, which will lead to the increase of the belt tensions.

Keywords: belt tensions, drive power, methodology

CPABHABAHE HA METOAMKWUTE 3A ONPEOENAHE HA CUNUTE HA OMbH B JIEHTATA U MOLLHOCTTA HA
3ANBWXBAHETO HA NEHTOBUTE TPAHCNOPTbLOPU

Xpucmo Lllelipemos

Murto-eeonoxku yHusepcumem "Cg. Uear Puncku”, 1700 Cogpusi

PE3IOME. PasrnefaHu ca YeTupy MeToauku: npubnnautenHa W yTOMHEHa MeTOAMKa Ha MPOEKTAHCTCKWS M HAy4HO-M3CIeA0BaTENCKM UHCTUTYT 3@ MPOMMLLIIEH
TpaHcnopT (MpoMTpaHCHUMNPOEKT), Pycusi; npubnuanTentHa n yTouHeHa u METOAMKA MO HEMCKUS CTaHAApT 3a u34ucnsiBaHe Ha neHTosu TpaHcnopTsopu DIN 22101.
HanpaBeHu ca u34ncneHus no YeTMpuTe METOAMKM 3a KOHKPETHO pellaBaH Mpumep - CTaLMOHapeH OBLLOMPOMULLIEH TPAHCMOPTLOP CbC 3adafeHu npodmn Ha
TPaceTo, BUA W XapaKTepucTUka Ha TPaHCMOPTUPaHUs MaTepuan, NPOU3BOLMUTENHOCT, WMPUHA W CKOPOCT Ha MEHTaTa, NIMHEHW Macu Ha Matepuana, neHTata u
ponkosuTe onopu. pn n34ncneHnsTa e NpueT eaHakbB KOeUUMEHT Ha CbNPOTUBMEHWE NPU ABWKEHMETO Ha NEHTaTa U eHaKbB KOeUUNEHT Ha TPUEHE MeXay
neHTaTa 1 3aaBuxealLms 6apabaH. OnpefeneHy ca CUnUTe Ha OMbH B NIEHTaTa Mpy MyCKOB 1 YCTAHOBEH PEXUM M HEeOBX0AMMATa MOLLHOCT Ha 3aABUKBAHETO.
HanpaBeru ca cnepgnute n3soau: 1. 3a HeobxoaumaTa MOLLHOCT Ha 3aJBUKBAHETO Ce NonyyaBaT 6rmM3ku No 3Ha4eHue CTOMHOCTY; 2. 3a CUNUTE Ha OMbH B NeHTaTa
Mpu YTOYHEHaTa METoaMka Ce NofyyaBaT Mo-Masiku CTOAHOCTW B CpaBHeHWe C npubnuautenHata Metoanka; 3. 3a cunute Ha OMbH B NEHTaTa Mo ABETE YTOYHEHU
meToauku npn meToamkata Ha DIN ce nomyyaBat no-ronemy CToiHoCTy. MpuynHa 3a ToBa € pasnukata B HauuHa UM Ha onpeaensiHe; 4. Tpsibea fa ce otbenexu, ye
no meToaukaTta Ha MpoMTpaHCHUMMPOEKT Ce NpenopbyBa KOEULUMEHTBT HA CbNPOTUBNEHUE NPU ABKEHWE Aa CE NpUeMa No-roNsiM B CPABHEHME C METOAMKATA Ha
DIN, koeTo Lle foBefe [0 YBENMYABAHETO Ha CUMIUTE Ha OMbH.

KniouoBu AYMU: CUNK Ha ONBH B NEHTaTa, MOLLHOCT Ha 3aBWKBAHETO, METOAMKA

Introduction Design, Science and Research Institute for Industrial Transport
Promtransniiproekt, Russia - short and precise methodology
There are different methodologies for the calculation and (Posobie po proektirovaniyu konveyernogo transporta,1988);
the design of the belt conveyors - the American standards 1SO the methodologies according to the German standard for belt
and CEMA, the German standard DIN, Russian conveyor design DIN 22101 - short and precise methodology
methodologies, etc. Because of the differences in the methods (Dunlop conveyor belt design and calculation, Phoenix
for the determination of some parameters it will be useful conveyor belt design fundamentals, 2004).
tohave a comparative evaluation of the calculation results The aim of the present research is to calculate the belt
using these methodologies. tensions at start-up and at steady state working and the
The present research is a continuation of a previous required drive power using the four methodologies and to
research, in which the calculation results of the material cross compare the results. A concrete example is solved for a
section area and the capacity of the belt conveyor using three conveyor with a given layout profile, type and characteristic of
methodologies are compared (Journal of Mining and the transported material, capacity, belt width and belt velocity,
Geological Sciences, 2018). linear masses of the belt, the material and the idlers. In the
The calculations in the present paper are accomplished calculations an equal coefficient of motional (primary)
using the following methodologies: the methodologies of the resistance and an equal friction coefficient between the belt

and the drive pulley are assigned.

54



Journal of Mining and Geological Sciences, Volume 62, Number 3, 2019

Determination of the belt tensions and the
required drive power using the different
methodologies

Input data for the design

The calculations in the present research are accomplished
for a stationary belt conveyor with the following parameters:
length of the horizontal projection of the conveyor Lr = 200m;
lifting height H = 24 m; transported material limestone with

har.
2 - 5734m

l142 = a5 = 9B
h344 = Ly - k1041 - h11.12 - 11243 = 58.67 m
lo7 = 1510~ 7.4 =49 m

l2_3 = l13_14 - l1_2 =57.67m

The length of the conveyor is:

density p = 1,5 t/m?3; belt width B = 800 mm; belt velocity v = 2.mB.Ry Iy  2.MB.R;
1.6 m/s. L=lorot —65—- (r:osB t—ogg Theu=2035m
10
Determination of the geometric parameters of the layout 10
profile of the conveyor (according to Fig.1)
g .
303 5174 Jog
Ty
o
% 14 14
2 T -
- 8 it 5
L]
A | 2| ’
. — 8° 3
[ =
4}
% 3867 f
200

Fig.1. Scheme of the layout profile of the conveyor

Initially it is assumed: angle of inclination of the conveyor
= 18° (the maximum permissible angle for the transportation of
limestone); radius of the concave curve R2 = 100 m (the
minimum permissible radius at belt width B = 800 mm); radius
of the convex curve R1= 10 m (the minimum permissible radius
at B =800 mm and an angle of inclination of the side rollers A =
30°); length of the horizontal section
le-10 = 50 m; length of the horizontal projections of the sections
k2= l7s=1m.

The lengths of the horizontal projections i; and the lifting
heights hij of the other sections are:

l|-10_11 = II'5—6 = Rz.Sinﬁ =309m
h10_11 = h5-6 = R2 - R2.COSB =4.89m

I|-12_13 = l|-3_4 = R1 .Sinﬁ =3.09m
h12_13 = h3_4 = R1' R1 .COSﬁ =0.48m

1142 = hys = H - hig.4q - hyp43 =18.63 m
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Short methodology of Promtransniiproekt

Required peripheral forces of the drive pulley at start-up and
Steady state working

P=kykylw. (qM +q +q" + 2.qﬂ) +q,H=24370N

(11)
Py = koK oL W, (qM g+ + 2.qn) +q,.H=26780N,
(12)

where: ks - coefficient of the additional resistances from belt
bending (it is chosen from Table 1 according to the conveyor
length L; at L =200 m ko= 1.45);

ko' - correction coefficient (at horizontal conveyors and at
inclined conveyors with length L < 100 m k&' = 1; at inclined
conveyors with length L = 100 m kq' is chosen from Table 2; at
L=200mand n=>5kb=1.15);

w, wn - coefficients of motional resistance during the belt
movement at start-up and at steady state movement (at normal
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conditions of exploitation to be
w =0.020 and wx = 0.026);

gu - linear gravity force of the material (gu = 681 N/m at
conveyor capacity Q =400 t/h and belt velocity v = 1,6 m/s);
v, qo" [dN/m] - linear gravity forces of the rotating parts of the
carry and return idlers (they are assumed to be go' = 179 N/m
and go" = 64 N/m at belt width B = 800 mm, density of the
material p = 1.5 /m? and idler pitches I,=1mu /", =2.2 m);

gn [dN/m] - linear gravity force of the belt (it is assumed to be
@n= 140 dN/m at B = 800 mm).

they are assumed

Table 1. Coefficient of additional resistances ko

Lim] |10 |20 30 |50 |60 |80 100
ko 45 |32 |26 |22 |21 |[191]|175
Lim] | 120 | 140 | 160 | 180 | 200 | 250 | 300
ks 171 16 | 155 | 15 | 145 | 1.38 | 1.32
L{m] | 350 | 400 | 500 | 700 | 800 | 1000
ko 128 | 1.24 | 119 | 1.12 | 1.095 | 1.087
Table.2. Correction coefficient ko'
L [m] 100 | 150 | 200 | 300 | 500 | =800
n=3-5 [ 104 | 113 | 115 | 13 | 142 1.53
n=6-10 | 121 | 131 | 142 | 154 | 1.66 1.81

L - length of the conveyor; n - number of belt bending over the
drive and non-drive pulleys and the convex sections of the
conveyor. For the solved example (Fig.1) n = 5.

Belt tensions in the points of entering and leaving of the
drive pulley at start-up and steady state working

1a

Sen = 814:m =33740N (13)
no_ o . 9P,

Sin =S4 = 1y ST0BON (14)

Sysn = S1 = Sap - P=9370N (15)

Stan =81 =Sg, - P, =10300N (16)
where: u - coefficient of friction between the belt and the drive
pulley (it is assumed p = 0.35 at rubber lagged pulley and dry
surfaces);

a - wrap angle of the belt (a = 210° = 3.66 rad).

Required power on the shaft of the drive pulley

Pyv

Ne = T000

=39 kW

Precise methodology of Promtransniiproekt

Belt tensions

The belt tensions are determined using the method of
going round of the contour. The resistances of the sections Wi,
are added consecutively to the belt tension in the point of
leaving from the drive pulley St1 = Susn and the remaining
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tensions are obtained. For the solved example for the start-up
period it is obtained (according to the scheme of Fig.1):

S1 = iy (18)

Sz =1+ Wiy =51+002.5] (19
S3=S3+ Wy =S+ (qﬂ * Q"p) Wyl (20)
Si=S+Why =S+ [Si+ (g, q) R Bws  (21)
SE=Si+ Wis =S+ (4, +0%) Wnes-Guhes  (22)
Sp=S7+ Was =S+ (q,+ ") Wndss -qhss  (29)
S7= S5+ War =S5+ (g, 0",) Wao (24)
S5=S7+Wig=57+002.5 (25)
S6= S5+ Who = S +0,04.5] (26)
Sio = S + Wa = Sg + (qM+ q* q'p) Wo-lo.10 (27)
Sy = S + Wig.1 = Sip + (qM+ q* qlp) Wiyo-41 +

+(g,+9 ) hroy (28)
Sig = Siy + Wipip = Sip + (qM+ q* q'p) Wyhirz - (29)

Sty = Sty + Whps = Sia + [ S7a+ (9,4 0.+ 4,) .Ri | Bw, (30)

8’174 = SZI‘I = S:3+ M3_14 = 8’173 + (qM+ qn+ q’p) .Wn.l13_14

=1,07. + 22231 (31)

On the other hand:

Sy = Sf.et =361.5] (32)
When the equations (31) and (32) are solved together, the
tension S1p is obtained:

1.097.87 +22331 = 3.61.5" (33)

S{=8870N (34)

Using the formulae (19)+(31) the remaining tensions are
obtained. The tensions at steady state of working are obtained
by analogy, but the coefficient of motional resistance is taken w
= 0.020 instead of wn= 0.026. The results from the calculations
of the belt tensions at start-up and at steady state working are
given in Table 3.
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Table 3. The results from the calculations of the belt tensions
at start-up and at steady state working

Formula for Belt tensions [N]
calculation Start-up Steady state
(wn=0.026) wx=0.026 w =0.020
Sin= 8870 Sin=8870 | S1=Sun=8250
Son=1.02. S S2n = 9050 Sz = 8420
S37=1.02. S1" + 306 S37=9350 S3 = 8660
Sqn=1.036. S17 +358 Sq4n=9370 S4 = 8650
Ssm =1.036. S17 - 2048 Ssn=7070 S5 = 6280
Se" = 1.036. S1” - 2567 Se" = 6550 Se = 5720
Sz =1.036. S17 - 2307 S =6810 S7=5920
Ss" = 1.056. S¢7 - 2354 Sg" = 6940 Ss = 6030
So" = 1.098. S¢7 - 2448 Son =7210 Se = 6270
S107=1.98. S + 1148 S10" = 8510 S10=7270
S11n=1.098. S17+ 3662 | S117=13320 S11=11890
S127=1.098. S17 + 20457 | S127=30110 S12 = 28340
S13"=1.11. S+ 20706 | S13" =30430 S13 = 28580
S1an =111, 517+ 22231 | S147=31960 | S1s =Sen= 29750

Required peripheral force on the drive pulley

Sen- S
p= % =23120N (35)
6

where: ne - coefficient of efficiency of the drive pulley (it is
determined by formula (36))

o= ———m— =0.93 (36)
1+ws. (2 1)

where: we - coefficient of resistance of the drive pulley taking
an account of the belt bending (it is assumed to be ws=0.04).

Required power on the shaft of the drive pulley

Pv

N5 =555 = 37 kW (37)

Short methodology according to the standard DIN 22101
Required drive power
PT=P1+P2+P3=35.8kW (38)

where: P1 [kW] - required power for the belt and the material
moving on the rollers (it is determined by formula (39));

P> [kW] - required power for the material lifting (it is determined
by formula (40));

Ps5 [kW] - sum of the required additional powers for the trippers,
side boards and unloading ploughs (when there are no trippers
boards and ploughs P;=0);

cgV+Q
= 2 M =97 kW (39)
Cp.Kr
H.Q
P,= — =26.1kW (40)
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where: cs - coefficient depending on the belt width and the
density of the transported material (it is determined by Table 4;
at B=800 mmand p = 1.5 t/m3 it is assumed cs= 126);

c. - coefficient depending on the conveyor length (it is
determined by Table 5; at L = 203,5 m after interpolation it is
assumed ¢ = 62);

ki - coefficient depending on the working conditions (it is
determined by Table 6; at medium (normal) working conditions
ke=1).

Table 4. Coefficient cs depending on the belt width
0 Belt width B [mm]
[tm3] | 650 | 800 | 1000 | 1200 1400 1600

<1 81 | 108 | 133 194 227 2N
1-2 92 | 126 | 187 277 320 468

>2 | 103 | 144 | 241 360 414 644
p - density of the material

Table 5. Coefficient c. depending on the conveyor length

L[m | 10 | 20 | 32 | 50 | 80 | 100 | 150 | 200

cL | 417 | 286 | 222 | 167 | 119 | 103 | 77 | 63

100 | 150 | 200 | 250 | 300 | 500 | 800 | 1000 | 2000

103 | 77 | 63 | B3 | 47 | 31 | 20 | 17 9

Table 6. Coefficient kr depending on the working conditions of
the conveyor
Working conditions ke
Light
Good belt centering, small belt velocity 117
Medium (normal, standard) 1
Heavy
Dusty atmosphere, low temperatures,
overloading, high belt velocity

0.87-0.74

Precise methodology according to the standard DIN 22101
Belt tensions at steady state working

According to the scheme of Fig.1 the correspondence of
the belt tensions is: T2to S1, Tsto Ss, Tato So n T1 to Sta.

Ty=Fy.c;=8910N (41)
Ty3=T,+F,-Fg,=6330N (42)
T4=T3; T1=T4+FN+FO+FSTO=32070N (43)

where: Fu - total peripheral force on the drive pulley (it is
determined by formula (44));

c2 - drive factor for the determination of the belt tension in point
of leaving from the drive pulley (it is determined by formula
(49));

Fo, Fu - primary resistances in the carry and the return run
(from the belt and material movement, rotation of the rollers,
bending of the belt, strike of the belt to the rollers, inner friction
of material etc. (they are determined by the formulae (46) and
(47));
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Fsw, Fsw - gradient resistances in the carry and the run side
(they are determined by the formulae (48) and (49));

Fn - total secondary resistance (from the bending of the belt
around the pulleys, friction in the pulley bearings, resistances
in the loading and cleaning devices, etc. (it is determined by
the formula (50)).

Fu=Fy+Fy+ Fg=23170N (44)
1
0= g = 03846 (45)
Fo=fL.g[mpo+ (mg+m)).cosd] =3910 N (46)
F,=fLg.(mpg,+mg).cosd=790N (47)
Fso = Hg.(ms+m') = 19710N (48)
Fo, = Hg.m's = 3370 N (49)
Fy=(C-1).Fy =2120N (50)

where: f - coefficient of motional (primary) resistance (it is
assumed f=w=0.02);

m're, M'ru - linear masses of the rotating parts of the idlers in
the carry and the return run (they are assumed according to
the previously chosen qp =179 N/m and q"p = 64 N/m - m'ro =
18.3 kg/m and m’ru= 6.5 kg/m);

m's, m'. - linear masses of the belt and the material (they are
assumed according to the previously chosen g, = 140 N/m and
gu= 681 N/m - m's= 14.3 kg/m and m'. = 69.4 kg/m);

0 - angle of inclination of the conveyor (6 = 8= 18°);

C - coefficient of secondary resistance (corresponds to the
coefficient ko; it is assumed C = ko= 1.45 from Table 1);

F+ - total primary resistance (it is determined by the formula
(51));

Fst - total gradient resistance (it is determined by the formula
(52)).

Fy=fLg.[mg, +mg, + (22m'g + m').cos8] =4710N (51)
FSt = H.g.m'L =16340 N (52)

Belt tensions at start-up

Tyo = F4.004 = 10590 N (53)
Tys=Tp+tF,-Fg, +F, =10020 N (54)
Taa = Ty3 =10020 N (95)
Ta1 =Tyt Fy+ Fyt Fgo + F3o =45750 N (56)

where: c2a - drive factor at start-up (it is determined by the
formula (57));

Fau, Fao - acceleration forces in the carry and return run (they
are determined by the formulae (58) and (59));

1
Cop = m =0.3009 (57)

Fao=L.an.(0.9.mg, + mg+m') =9990 N (58)
Fay=L.an.(0.9.mg, +ms)=2010N (59)
where: ua - coefficient of friction between the belt and the
pulley at start-up (it is determined by the formula (60));

aa - acceleration of the conveyor at start-up (it is determined by
the formula (61));

My=p+005=04 (60)

_ Fa-Fy
A L(09.mgy +0.9.mg, + 2mg + m))

= 0.49 m/s? (61)

where: Fa - peripheral force on the drive pulley at start-up (it is
determined by the formula (62)).

Fa=kyFy=(1.2+15).Fy=13.F,=35200 N (62)

Correction of the belt tensions at the steady state working
according to the kind of the tension device

A condition is used that the belt tensions in the point,
where the tension weight is put (in this case on the return
pulley), at start-up and steady state working are equal. This
means that Tas = Ta. Then for the belt tensions at steady state
working after the correction with the value of AT=Tas-Ts it is
finally obtained:

Taa=Ty, AT=Ty-T,=3690N (63)
T, =T, +AT=35760 N (64)
T,=T,+AT=12600N (65)
T3=T,=T,+AT=10020 N (66)
Required drive power

P;= fuv | 37 kW (67)

1000
Conclusions

The results of the calculations are generalised in Table 7.

Table 7. Comparative results of the calculations of the belt
tensions and the required drive power

Methodology 1 2 3 4
Tt (S14, Sen) [N] 33740 | 29750 - 35760
T2 (St, Susn) [N] 9370 | 8250 - 12600

T3 (Ss) [N] - 6030 - 10020

T4 (So) [N] - 6270 - 10020

Tar (S14n) [N] 37080 | 31960 - 45750

Taz (S1) [N] 10300 | 8870 - 10590

Tas (Ss") [N] - 6940 - 10020

Tas (Sg") [N] - 7210 - 10020

Pr (Ns) kW] 39 37 35,8 37

1 - Promtransniiproekt short; 2 - Promtransniiproekt precise;
3 - DIN 22101 short; 4 - DIN 22101 precise.
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The following conclusions can be drawn from the
calculations using the four discussed methodologies:

1. Approximately equal values are obtained for the required
drive power Pr (Ng). The highest is the value obtained by
methodology 1 and the smallest - by methodology 3.

2. a Smaller values are obtained for the belt tensions
according to the precise methodology (methodology 2) in
comparison with the short methodology (methodology 1).

3. Higher values are obtained for the belt tensions using
the precise methodologies (2 and 4) according to methodology
4 in comparison with methodology 2. The reason is the
difference in the methods for their determination. In
methodology 2 the belt tensions at start-up are determined in
the same way as at steady state working, but a higher
coefficient of motional resistance is assumed. In methodology
4 the acceleration forces at start-up are considered.

4. Higher values are obtained for the belt tensions at
steady state working using the precise methodologies in
methodology 4. The reason is the correction (increase) of the
tensions in accordance with the condition, that in the point

59

where the tension weight is put the tensions at start-up and
steady state working are equal.

5. The calculations are accomplished at equal coefficients
of motional (primary) resistance f (w). It should be noticed, that
in methodologies 1 and 2 it is recommended to take higher
coefficients of motional in comparison with methodologies 3
and 4. This will lead to the increase of the belt tensions,
determined by methodologies 1 and 2.
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DETERMINATION OF A 3D STRUCTURE’S EXTERNAL REACTIONS UNDER THE
ACTION OF APPLIED LOADS WITH COMPLEX CONFIGURATION

Asen Stoyanov

University of Mining and Geology "St. Ivan Rilski", 1700 Sofia; assendragomirov59@gmail.com

ABSTRACT. In this paper a numerical solution is suggested by using the package MathCAD 15. The solution determines the rods’ force reactions, which support the
homogeneous plate. A homogeneous body, which is loaded unilaterally with wind pressure, is lying on this plate. Sometimes routine and labour-intensive calculations
complicate the calculated process. The research shows that the difficulties are due to the complicated spatial configuration of the homogeneous body. They influence

both the determination of the body’s volume (impossible accurate dual integration of complicated functional dependence z = f (X, y) ) and the determination of the

surface (the "shadow" of the body over the plane Oxz) loaded with wind. The study demonstrates the application of the numerical methods in mechanics and the
spatial visualisation of complicated functional dependencies.

Keywords: centre of gravity, 3D structure, surface plot, MathCAD

OMPEOENSAHE HA BbHLUHUTE PEAKLIUW HA 3-D CTPYKTYPA, NOA AEMCTBUETO HA NPUNOXEHN TOBAPU CbC
CNOXXHA KOHOUTYPUPALINA

Acex CmosiHos

Murto-2eonoxku yHusepcumem "Ca. MeaH Puncku”, 1700 Cogpus

PE3IOME. Cratusta npegnara uncneHo pewenve ¢ MathCAD 15. Pelenneto onpefens NpbToBUTE YCUNNS B NPbTH, KOUTO MOAMMPAT XOMOreHHa nnova. Bbpxy
Hes NeX1 XOMOreHHO TANO, HaTOBAPEHO eAHOCTPAHHO C BATBLP. [MOHAKOra PYTUHHI W TPYAOEMKM NPECMSTaHUS YCMOXHABAT M3UNCIIEHNAT npovec. B nokasaHoTo
n3cnefBaxe, TPYAHOCTATE MOM3TAYAT OT CrOXKHATa MPOCTPAHCTBEHA KOH(UIypaLms Ha XOMOTeHHOTO TAno. Te BMWSAT KakTo 3a onpefensHe obema (HeBb3MOXHO

TOYEHO [BOVHO MHTErpUpaHe Ha crioxHa (yHKumoHanHa sasucumoct Z = T (X, Y) ) Ha TanoTo, Taka 1 3a onpedensHe NoBbPXHUHATA (,CSHKATA” Ha TANIOTO BbPXY

paBHMHATa OXZ) HatoBapeHa OT BATHP. V3cnepgBaHeTo OEMOHCTPUPA NPUNOXEHNETO Ha YUCNEHUTE METOAM B MexXaHukaTa, a CblOo W NpPoCTpaHCTBeHaTa
BU3yanuaauma Ha CINoXHU (byHKL[VIOHal'IHVI 3aBUCUMOCTH.

KntoyoBm gymu: LeHTHp Ha TexectTa, 3D cTpykTypa, noBbpXHOCTeH yyacTbk, MathCAD

Calculation of 3D structure through the package e a,b and z=f(x,y) - Dimensions of the body —
MathCAD see Figures 1 and 2.
The three dimensional structure is shown in Fig.1. It is ‘Z

supported by six rods anchored with ball-and-socket ‘
connections at points A, B and C. The rods are loaded with the
weights of homogeneous plate and body as well as the wind.

The load from a body is unevenly distributed over the
surface of the plate according to the law z = f (X, y) - see
Figures 1. 2 and 3. The wind direction is the same as the axis y
- see Figures 1 and 2.

The input data for the problem are as follows:

a=35m; b=3m;c=6m; w=3kN/m?; q=4kN/m?®;
g=68kN/m*; h=02m;
z=f(x,y)=y.sin[(0,8.x)?]+2+0,5.y.sin(2.y) .

Fig. 1. Calculation scheme

The following symbols are used:

e a,b and h - Dimensions of the plate; o W —lIntensity of a wind load - see Fig. ;
o { - Volumetric weight of the homogeneous body;
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e J - Volumetric weight of the homogeneous plate;

e €, —Unit vector in the “p” direction — see Fig.3.
The functional dependence z = f(X,y) is illustrated

graphically in Fig.2.
All reactions in the support rods are determined.

Fig. 2. 3G graphics of the function
z = y.sin[(0,8.x)*]+ 2+ 0,5.y.sin(2.y)

A similar problem is published in Doev and Doronin study
(2016), but this article complements and expands the solution.

Algorithm of the solution:

1) Data introduction. The weight Ep. and the centre of
gravity C, of the plate are determined — see Figures

2and 3.
2) Determination of the body’s volume V, - see Figures

1, 3and 6;

3)  Determination of the body’s weight Gy — see Figures 2
and 3;

4) Determination of the body’s centre of gravity
Cy (X3 Yoo ) — Se€ Figures 2. and 3;

5)  Graphic visualisation with MathCAD of the projection
(or “shadow”) of the body over the coordinate plane
Oxz - see Fig.3;

6) Determination of the equivalent concentrated load EV;

over the body, which is subjected to the distributed load
from the wind, as well as the centre of gravity of the
loaded area — see Figures 2 and 3;

7)  Determination of the external reactions of the supported
plate;

8)  Checking the solution.

Fig. 3. External reactions of the supported plate loaded with concentrated forces which are equivalent to the distributed loads

The projection of the body (or “shadow”) over the plane
Oxz is graphically visualised in Fig.4.

The input data, boundaries of amendment, as well as the
variable steps, are introduced in Fig.5.

On the same figure, the weights of the plate and body, as
well as the gravity body centres and projections over the
plane Oxz , are determined.

The determination of the external plate reactions, as well
as their verifications, are shown in Fig.6.
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a=35 b=3 ¢c=6 w=3 q=4 g=68 hi=02

5
f(x,y) == y-sin[(O.S-x)'] + 2+ 0.5-y-sin(2-y) Gpl:=gab-h N:=25

b
dx:= —  dy=— i=0.N j=0.N  x:=dxi
N N 1
YN
XN
Y = dy;j Mi,j = f(xi,yj) Vb= j f(x,y) dx | dy
X0
Yo
Gb := Vb.q Vb = 21.808 Gb = 87.23 Gpl =
N N
XN XN
J f(x,y)-xdx | dy J f(x,y)-ydx|dy
X0 X0
xcb == 2 ycb := L
Vb Vb
xcb = 1.632 ycb = 1.38 ils=1..N

axl:( T)<'>:| N
Proi =m M F“:= Proil-(x” - xi]—l) Pw = w Z Fil
il=:l

s

XCW = ZCW =

zew = 1.674 xew = 1.736

‘/7
\ja +b +c

J_ J—
sd: \/7 ‘/7

0 0 ca sBsy 0 O
0 ¢ 0 sBey 0 0

-1 —-sd -saa —cB -1 -1
A= |A| = -3.283
0 0 0 0 -b -b
a asd 0 0 a 0

0 cda O 0 0 0

Fig. 5. Determination of the body gravity centre and the wind loaded area centre as well as the analytical expressions of
trigonometric functions and matrix A

62



Journal of Mining and Geological Sciences, Volume 62, Number 3, 2019

0 -37.06
—Pw -35.9
Gb + Gpl ] 37.776
B:= S:=A B S=
Gpl-.5-b + Gb-ycb + Pw-zcw —41.149
—(.5-a-Gpl + Gb-xcb) -7.12
B —Pw-xcw | -86.282
0 0 37.776-c
Sl:= 0 S2:=|-359-cd S3 = 0
37.06 35.9-sd -37.776-sa
—41.149-sv-s3 0 0
S4 :=| —41.149-¢cy-s3 S5:=( 0 S6 = 0
41.149-cf3 7.12 86.282
0 0 0
Gpl := Gb:= 0 Pw:= | 32.37
-14.28 -148.291 0
s7-sf3 0.463
ep:=| cy-sp ep=| 0.396
-3 -0.793
ep-(S1 + S2 + S3 + S4 + S5 + S6 + Gpl + Gb + Pw) = —1.153 x 10 °
Fig. 6. Determining the external reactions and their verification
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GRAPHICAL DETERMINATION OF 2D FRAME REACTIONS UNDER THE ACTION OF
CONCENTRATED FIXED LOADS AND SLOWLY MOVING EVENLY DISTRIBUTED LOAD

Asen Stoyanov

University of Mining and Geology "St. Ivan Rilski", 1700 Sofia; assendragomirovd9@gmail.com

ABSTRACT. A study of the equilibrium of a 2D structure of the frame type was performed. One of the applied loads (evenly distributed load) moves very slowly along
the roadway of the frame. The intermediate joint at point C of the frame is replaced by an N-release. This non-standard constructive solution helps to analyse the
change in the bending moment at point C for arbitrary position of the moving load. The study ends with an analysis of the results obtained.

Key words: slowly-moving evenly distributed load with constant intensity, frame, MathCAD

FPA®UYHO ONPELENSAHE HA PEAKLIMUTE HA 2D PAMKA, MOJ AEWCTBUETO HA KOHLEEHTPUPAHW HEMOOBWKHU
TOBAPU U BABHO OBMWXELL CE PABHOMEPHO PA3MNPELENEH TOBAP

AceH CmosiHos

MurHo-eeonoxku yHusepcumem "Cs. Mear Puncku”, 1700 Cogpus

PE3IOME. MpoBeaeHo e uacrieaBaHe Ha paBHOBeCMeTo Ha 2D CTpykTypa OT Tuna pamka. EQMH OT MpunoxexuTe Tosapu (PaBHOMEPHO pasnpeseneH Tosap) ce
npeMecTBa MHOTO 6aBHO Mo MBTHOTO MNATHO Ha pamkaTta. MexauHHata cTaea B T.C Ha pamkaTa e 3ameHeHa ¢ N-anapat. ToBa HECTAHAAPTHO KOHCTPYKTMBHO
peLUeHIe nomara fja ce aHanuaupa npoMsiHaTa Ha OrbBaLLMst MOMEHT B T.C 3a NPOM3BOIHO MOMOXEHUE Ha ABIKELMS ce ToBap. M3cnensaHeTo 3aBbpLuBa C aHanm3
Ha MOoMy4eHNTe pesynTaTy.

KntoyoBu gymu: noasuxeH paBHOMEPHO pa3snpeeneH Toeap, pamka, MathCAD

Introduction
Solution of the problem by MathCAD package
The article presents an alternative method for calculating a

bridge structure of a frame type, which carries an evenly Fig.1 presents the solution for the frame if it supports the
distributed load moving very slowly along the roadway of the shown external load.
frame. The evenly distributed load is mobile. It moves very slowly
The classical method for solving these problems requires along the roadway (ED) of the frame. The geometric
knowledge related to the influence lines for the external and dimensions and load of the structure are as follows:
internal support reactions of the statically determinate
structure. a=2m;b=5m;c=4m;d=2m;e=6m;
When the calculations are not automated, the variation of x x
the reactions in the different positions of an evenly distributed f=4m1=28m a= 3 B= 7 R =20kN;
load requires too much routine and monotonous work, which in
turn is a prerequisite for making mistakes. P, =50kN; M = 25kN.m; q = 60 k_N_
The shown example is solved with matrix operations in m
graphical form through the mathematical package MathCAD.
The presented programme can be used to study the same Solution:
frame using Q-release in the intermediate joint. In addition, in
order to optimise the 2D structure, combinations of N-release Let a coordinate ,X" be accounted from the left end of the
and Q-release in the external supports are possible as well as distributed load (Fig.1).

changes in its dimensions.
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Y'e

-— a b

Fig. 1. Calculation scheme. The distributed load as it is moving in the section —| < x <0 - case A)

We dismember the frame and draw the free-body diagram
Fig.1.

The unknown reactions are determined by the six
equilibrium equations:

> Mg =0; for aleft side

Ae-Ab+R,b-M+
+q.(1 + x).[a+b-05.(x+ 1] =0;

> Mg =0; for all constructon
A(e—f)—A.(b+C)—M —Py.f +
+R,.(b+c)+q.(I+x).[a+b+c—05.(x+1)]+
+P,,.f =0;

D Mg; =0; for a right side
B,.f +B,C+Pyc+M'c=0;

> M, =0; for all constructon
—B,.(e—-f)+B,.(b+c)+P,,.(b+C)+
+P,,e—-P,e—M +
+0.(1+x).Ja-0,5.(1+ X)] =0;

> P, =0; for a left side
A +Ye —R, —aq(l+x)=0;

D> M, =0; for aleft side
Yob-Mc-P,e—M +
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+q.(I+x).[a=0,5.(1+x)] =0. (6)
These equations refer to the case shown on Fig.1 and are
in effect for x [-1,0).

For the cases in Fig.2 other equilibrium equations are
valid. They express the dependence between reactions and
the position of the distributed load on the members of the
structure.

Hence, it becomes clear that the solution of such a
problem "by hand" is a difficult and monotonous process.

Generally, each system from linear equations can be
presented in a matrix form —

AR =PR(x) )
Where:
e A- asquare matrix from the coefficients in front of
the unknowns;
e P(x) - a vector from the free members of the

system (the known values move to the right parts of
the equations);
e R - The vector with the unknowns.

In this case it is convenient to use any of the following
software applications: Matlab, MathCAD or Maple (Doev et al.
2016; Bertyaev 2005; Stoyanov 2016; Ivanov 2011, 2017).
Here the problem is solved with the MathCAD package.

The solution of the problem is demonstrated on Figures 3
and 4.
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Fig. 2. A movement of the distributed load on the roadway of a structure: case B) - xe[0,a+b-I];
xe(a+b-l,a+h); caseD)- xe[a+b,a+b+c+d—1]; caseE)- xe (a+b+c+d-l,a+b+c+d);

e -b
e—f —(b+c¢)
0 0
A=
0 0
0 1
. 0 0

5 ¢c=4 d=2 e=6 f=4 li= 2.8

0 0 —1] Plx:= Pl-cos()
0 0 00 Ply:= Pl-sin(a)
f C 0 1 P2x := P2-sin((3)

He=1D (b+ic) 0 0 P2y := P2-cos(B)
0 g€ 1¥ |A| = 2376 x 10°
0 0 b -1 |

RIi(x,):=q-(x+ 1) ki(x,]):=[a+b-S5(x+1] kK(x,]):=[a+b+c—-.5(x+1)]

k3(x,1) ;= [a— .5-(1 + X)]

R2(1) := q-1

kd(x,1):==(a+b—-x-.51) kS(x,):=(a+b+c—x-.51

k6(x,1) := (a—x—.5:1)

R3(x):=q(a+b—-x) k7(x):=(a+b—-x)-.5k9(x):=[a—x—.5(a+b-x)]

R4(x,1):=q(x+1-a-b) k8(x,]):=(x+1-a-b)-5

P11(x,l) ==

P12(x,]) :=

—Ply-b + M — RI(x,1)-k1(x,]1)

M + Plx-f — Ply-(b + ¢) — R1(x,1)-k2(x,1) — P2x-f

—P2y-c

—P2y-(b + ¢) — P2x-e + Plx-e + M — RI(x,1)-k3(x,1)

M + PIx-f — Ply-(b + ¢) — P2x-f — R2(1)-k5(x,1)

—P2y-(b + ¢) — P2x-e + Plx-e + M — R2(1)-k6(x,1)

Ply + RI(x,])
Plx-e + M — RI(x,1)-k3(x,1)

~Ply-b + M — R2(1)-kd(x, 1)

-P2y-c

Ply + R2(])
Plx-e + M — R2(1)-k6(x, 1)

Fig. 3. Solution of a frame with the MathCAD package
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Pl

P14(x,1) :=

R5(x):=q(a+b+c+d-x)

kll(x):===-5(a+b+c+d-x)+d+c

P15(x,1) :=

Ll ) = A7 LBl 126x1)2

LA, 1) == A “Pl4(x,1) L5(x.1):

L(x,]) =

—Ply-b + M — R3(x)-k7(x)

—P2y-c + R4(x,1)-k8(x,1)
3(x,1) =

Ply + R3(x)
Plxe + M — R3(x)-k9(x)
-P1-b+ M
M + PIx-f — Ply-(b + ¢) — P2x-f — R2(1)-k5(x,1)
—P2y-c + R2(1)-(—k4(x,1))
—P2y:(b + ¢) — P2x-e + Plx-e + M — R2(1)-k6(x,1)
Ply
Plx-e + M

k10(x) ;== 5(a+b+c+d-x)-d

-Ply-b+ M
PIx:-f+ M — Ply«(b + ¢) — P2x-f — R5(x)-k10(x)
—P2y-c + R5(x)-k11(x)
—P2y-(b + ¢) — P2x-e + Plx-e + M + R5(x)-k12(x)
Ply
Plx-e + M

]

LI(x,]) if -l <x<0
L2(x,1)
L3(x,1)
L4(x,1)

if0<x<a+b-1
ifb+a-l<x<b+a
ifa+b<x<a+b+c+d-1

ifa+b+c+d-l<x<a+b+c+d

M + Plx-f — Ply-(b + ¢) — P2x-f — R2(1)-k5(x,1)

—P2y-(b + ¢) — P2x-e + Plx-e + M — R2(1)-k6(x,1)

k12(x):==-5(a+b+c+d-x)+b+d+c

A" Lpi2x,1) L3, = A LP13(x,1)

A" LPI5(x,1) x:=-2.8,-2.799..13

L5(x,1)
Ax(x,]) := L(x,l)o Ay(x,l) = LJ(,\',l)1
YC(x,1) = L(x,l)4 MC(x,1) := L(x,l)5

Bx(x,1) := L(x,1), Byx,l):= L(.\',I),’

Fig. 4. Continuation of the solution of the frame with the MathCAD package

A similar example is discussed in (Doev et al., 2016).
Analysis of the results obtained

The position of the distributed load does not influence the
magnitude of the reactions A, and B, - see Fig.5.

The module of the support reaction A, increases
to X =0, and after that decreases to x =10,19m according
to a linear law. The same reaction A, changes its size
according to a quadratic law in the section 10,19 < x<13m
and it reaches a minimum module at x =11m Fig.5.

The support reaction B, changes by module and
direction. In a secton —2,8<x<0m the change of a
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module is according to a quadratic law, and after that
according to linear laws, respectively. In the coordinates
x=2,84m and x=12,42m the direction of the support

reaction B, changes and has a zero value (Fig.5).

The module of the internal support reaction C_y also
changes. For a coordinate x=4,15m it gets a maximum
value, and for x =6,95m - respectively minimum. Besides,

it changes its direction four times (Fig.5).

The change of the module of the reactive moment at a
point C is associated with three local extremums. They
appear nearx=-0,63m, x=528m and x=11,02m

respectively (Fig.5).
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Fig. 5. Amendments of the external and internal reactions depending on the position of the evenly distributed load along the

roadway of the frame

Conclusion

The study offers an opportunity to optimise the structure in
geometrical attitude, as well as to choose the support reaction
devices.

It demonstrates the easy use of MathCAD's graphical
interface to analyse the results of the solution.

The shown example can be used in the engineering
practice to automate the solution for a wide range of problems.
It can be applied in problems related to transport bridges and
more specific in the automation of their design (Minin 2013;
Hristova et al. 2018).
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DEVELOPMENT OF AN ALGORITHM FORECASTING THE GENERATION OF ELECTRIC
ENERGY BY A WIND DIESEL COMPLEX

Daria Batueva

Saint Petersburg Mining University, 199106 Saint Petersburg; dasha-batueva4@rambler.ru

ABSTRACT. There are a large number of autonomous sources of power supply, which provide electricity to industrial enterprises and regional power regions in the
Arctic zone operating in isolation from the united power system. Their power supply is carried out mainly from autonomous diesel power plants. Load schedule of
remote areas in which there are industrial enterprises will directly depend on the cycles of electrical equipment. However, when using a wild-diesel complex as one of
the sources of power supply, it is necessary to take into account the effect of climate change on the operation of a wind power plant and to predict it, together with the
forecast of energy consumption of an electrical object. The data shown on the wind maps do not allow to determine the location of wind power plants in the Arctic,
because, firstly, they do not take into account all the necessary parameters, secondly, the work should be based on the study of dynamic maps, the data in which are
processed and analysed in real time based on neural networks and machine leaming. The article develops an algorithm for optimising the software package; upon
receipt of data on meteorological conditions, the programme will calculate the electricity generated by the wind power plant. When planning the load schedule of an
enterprise for days or hours in advance, the ratio of electric power output of wind power stations, diesel power stations and accumulation or output of electric power
from batteries will be determined.

Keywords: Wind-diesel complexes, reliability of power supply, load schedule, energy consumption forecasting

PA3PABOTBAHE HA ANNFTOPUTBM 3A MNPOrHO3WPAHE HA TEHEPUPAHETO HA ENEKTPOEHEPTUA OT BATHPHO-
OU3ENOB KOMMNEKC

Hapusi Bamyesa

CaHkmnemepbypacku MuHeH yHusepcumem, 199106 CaHkm lNemepbype

PE3IOME. Vma ronsiv 6poit aBTOHOMHW U3TOYHWLM Ha erneKTpo3axpaHBaHe, KOUTO OCUTypsiBaT eMEKTPOEHEPrUst Ha MPOMULLNIEHW NPELNPUSTUS W PErvoHanHM
€HepruitH1 paioHM B apKTWyeckaTa 3oHa, paboTely B u3onauws OT obluaTa eHepruiiHa cuctema. 3axpaHBaHeTO MM Ce OCBLUECTBSBA [MAaBHO OT aBTOHOMHM
[M3eNoBN enekTpoLeHTpanu. padvkbT Ha HaTOBapBaHE Ha OTAANEYEHUTE PaiioHu, B KOWTO MMa MPOMMLUNIEHU MPEANPUATUS, LUe 3aBUCK MPSIKO OT LMKINTE Ha
enekTpuyeckoto obopyasaHe. Bbnpeku ToBa, Korato Ce WU3nornaea BATbPHO-OW3EMOB KOMMIEKC KAaTO eAUH OT U3TOYHULMTE Ha enekTpo3axpaHBaHe, e Heobxoaumo
Ja ce B3eMe npeAsuz eekTbT OT M3MEHEHWETO Ha KnumaTa Bbpxy paboTaTa Ha BSTbpHa enekTpoLeHTpana W Aa ce MporHo3mpa, 3aefHo C MporHosaTa 3a
noTpebneHneTo Ha eHeprust Ha enekTpuyecky 0bekT. [laHHUTe, NOKa3aHW Ha BATLPHUTE KAapTK, He NO3BOSIABAT A Ce Onpeaeny MeCTOMOMOXEHNETO Ha BATbPHUTE
LieHTpanu B ApKTUKa, 3aLL0TO, MbPBO, HE OTYMTAT BCUUKWA HeoDXoaumu mapameTpu, BTopo, paboTata TpsibBa [a Ce OCHOBaBa Ha MPOYYBAHETO Ha AWHAMUYHUTE
KapTu, faHHuTe, B KOMTO ce 06paboTeaT 1 aHanuaupaT B peanHo BpeMe Bb3 OCHOBA Ha HEBPOHHW MPEXM U MalLMHHO 0ByyeHue. CtaTusTa pa3paboTea anroputsm
3a ONTMMM3NpaHe Ha COTYEPHIUSI NaKeT; Cnef Nony4aBaHe Ha JaHHU 3a METeOpONorMYHUTE YCHOBMS Nporpamarta Lye U34MCv eNeKTPOeHeprusiTa, reHepupaHa ot
BATbPHATa enekTpoLeHTpana. Mpn nnaHupaHe Ha rpaduka 3a HaTOBapBaHE Ha MPEANPUATMETO 3a [HW UMK YacoBe Hanpen, Lie ce OMpeaen CbOTHOLEHNETO Ha
13X0JHATa MOLLHOCT Ha BSTbPHUTE ENEKTPOLEHTPanu, [W3ernoBUTe eneKkTPOLEHTPanM M HaTPYMBaHETO WNM MpoW3BeAeHaTa enekTpuyecka eHeprus oT
akymynartopwu.

Kniouosu AYMU. BATbPHO-AM3ENIOBM KOMMNNEKCH, HaOeXOHOCT Ha enekTpo3axpaHBaHeTo, I'padJMK Ha HaToBapBaHe, MPOrHo3vpaHe Ha KOHCymMauuATa Ha
efiekpuyecka eHeprus

Introduction Today, the energy supply of the Arctic regions is mostly
isolated, due to the fact that the energy areas are far from each

Today, the development of the Arctic territories of Russia other and the energy complex cannot be used efficiently;
requires reliable sources of electricity, and the region needs because of this the reliability of providing electricity to the
new solutions and technologies, one of which may be wind- consumers is reduced. Energy supply is carried out separately
diesel complexes operating in parallel to cover the peaks of the in each district at the expense of diesel power stations and the
electrical load. fuel for them comes once a year for northern delivery. As a
"Ensuring the country's energy security, including through rule, these are diesel power plants that have low efficiency and
reliable and high-quality power supply in a number of remote ~ high production costs of electricity, which reach to 80-120
regions and regions with low consumer density," is one of the rubles per kilowatt-hour, taking into account the fact that diesel
main targets of state policy reflected in the energy strategy of fuel for them has to be delivered once a year during winter
Russia until 2035. About 70% of the territories of the Russian delivery. At the same time, if we take the average price of
Federation are decentralised power supply zones and non- electricity in the zone of centralised power supply in the
electrified zones. country, it will be 3-4 rubles per kWh for the end user. Wind

turbine complexes will significantly reduce the cost of electricity
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(due to the fuel component), ensure a payback period of the
project of 3-5 years, and achieve a reduction in emissions of
pollutants and COx.

The development of the Arctic territories of Russia requires
reliable sources of electricity, and in connection with the
geographical features of the region, new solutions and
technologies are needed.

It is necessary to plan not only the modernisation and
expansion of the existing electric grid complex, but also to use
distributed generation, including renewable energy sources, to
increase the efficiency of the energy complex.

For settlements that do not have industrial enterprises, the
curve of electrical load is largely determined by the pumps of
the village heating system - boiler plants operating on wood,
fuel oil or coal. This determines the significant seasonal
uneven energy consumption of such settlements. The
deviation of real energy consumption from the curve of the
day's workload is from 11 to 56%, with the maximum deviation
occurring in the summer months. This is because there are
consistently low air temperatures in winter and the average
temperature changes significantly every month in the spring,
summer and autumn periods, which entails a shift in the load
curve. As a result, the deviation of real loads from the energy
balances used in calculations for the summer regime day can
be 40-50%.

As for remote areas in which there are industrial
enterprises, the load schedule will directly depend on the
electrical equipment operation cycles. However, when using a
wind-diesel complex as a power source, the question of the
impact of climate change on the operation of wind turbines
remains, which also needs to be predicted in the system
together with the energy consumption forecast of an electrical
object.

Baseline Territory Data

The parameters that must be considered during the
construction of a wind farm on the territory of the Arctic
practically do not differ from the parameters for the territories in

Power, kWt

Prnom

Diesel generator
operating area
with low efficiency

the middle lane. However, it is necessary to pay special
attention to some of them, due to extreme and unstable
weather conditions. Below is a complete list of parameters that
are important when choosing a place:

1. Average wind speed.

2. Wind direction

3. Minimum wind speed.

4, Maximum wind speed.

5. Power density.

6. Average temperature.

7. Average humidity.

8. Average pressure.

9. Altitude above sea level.

10. Distance to water.

11. Height difference.

12. Smooth height differences.

13. The maximum difference in the area of 5-10 km.
14. Percentage of trees or plants in the area (roughness).
15. Distance to the settlement.

16. The distance of the pre-industrial facility.

17. The average number of inhabitants in the area.
18. Distance to the road (sea, air).

19. Distance to the electricity network.

20. Protected areas: reserves, efc.

Operation mode of the wind turbine and diesel
generator

Characteristic of system

The wind-diesel complex should incorporate an automatic
system that will take into account external climatic changes
(this work takes into account only the change in wind speed)
and change the operating modes of the diesel generator and
wind turbines. The change in power of wind and diesel
generator sets depending on the change in wind speed is
shown in Figure 1.

Turn on energy storage systems

100% diesel fuel replacement

Uo

Fig. 1. Operation mode of the wind turbine and diesel generator

70

Unom Wind speed, m/s



Journal of Mining and Geological Sciences, Volume 62, Number 3, 2019

Algorithm for choosing the mode of operation

The procedure is described in the form of an algorithm, on
the basis of which the automatic system will make a decision
on the choice of the operating mode of a wind-diesel complex
under changing climatic conditions. The algorithm is based on
the presence of a wind turbine, a diesel generator set and a

battery in the system, wind speed readings. After selecting the
mode of operation of the power supply sources for the object of
research, the production and consumption of electricity as well
as how much energy is accumulated in the battery are
calculated. The algorithm is shown in Figure 2.

‘ Getwind data ‘

‘ Get consumption data ‘
for main load

‘ Initialize important variables ‘
and constants

‘ Entering the for-loop ‘

®

¥

load?

Can battery
[e charged?

YES in the

compared to

ANy energy

battery?

Any wind at
all?

Any energy
in the
battery?

- -, - -, - - -

. Supply main loadand | ( Battery [and diesel if A (
Supply main load and use dump load [ar needed) delivers the
charge battery with the .

reduce turbine) on the

remaining power to

. S~ W .
Diesel delivers allthe Battery [and diesel is
remaining power to needed) delivers allthe

power to main load

‘ Diesel delivers all the ‘

rest rost 10ad ) main load power to main load
Calculating total generation and total
consumption, and storing the values
VES Al"N NG
balance in J’
system?
¥ Adjustment of
’ End of loop? conditions
Error
A A
/ Plot the
variables

( sop )

Fig. 2. Algorithm for choosing the mode of operation of wind turbines and diesel generator
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Neural network prediction

The next step in the study will be to create a model based
on neural networks. The databases of statistical data from the
points indicated in the chapter earlier will be used to forecast
the generation by the wind-diesel complex. A simplified
structure of the model is presented in Figure 3.

QQQQRQ000QR00000000000

1.

2.

3. .

4 Model synthesis

5,

6.
o |7 \
8|8 % Adequacy
E 9 \, check
S - \ Power
g |10 O—O * generation
g M. / forecast
B |

14,

Fig. 3. Model of neural network prediction

It should be noted that the more factors will be taken into
account, the more accurately it will be possible to form a
forecast of electricity generation. Knowing the projected graphs
of loads of objects that are supplied from the wind-diesel
complex, it will be possible to determine with high precision the
operating modes of the wind-diesel complex and batteries for
energy storage.

Conclusion

The article describes the main problems of areas with
decentralised power supply, including dependence on the
supply of expensive fuel and high specific fuel consumption at
diesel power plants, as well as the deviation of real energy
consumption from the load schedules of the day.

A description of the algorithms that will allow to predict and
automatically select the operating modes of wind-diesel
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complexes to cover the peaks of the electrical load is
presented.

The necessary information is indicated, on the basis of
which it is possible to analyse and identify the dependence of
electricity consumption on climate change and predict the
operating modes of the wind-diesel complexes to cover the
peaks of the electrical load.
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EVALUATION OF TECHNOLOGICAL SOLUTIONS, GIVEN THE RISKS OF DEVIATION
OF INTEGRAL DESIGN INDICATORS

Inna Bondarenko, Igor Temkin

National University of Science and Technology MISiS, 119049 Moscow; innasbondarenko@gmail.com

ABSTRACT. The article deals with the choice of technological solutions for conducting underground works that most adequately meet the conditions of the
construction site. At the initial stages of project development the proposed methodology for comparative assessment of integral indicators of the project allows
evaluating and selecting a technological solution that enhances the efficiency and safety of the construction of an underground structure. The structure of the
methodology includes fuzzy models and algorithms that provide processing of large amounts of information, form the significance of environmental factors
(organisational, mining and geological, construction site factors), design and technological parameters of the project and allow the main relationships and
interdependencies between them to be identified.

Key words: technological solution, project, underground structure, risk, fuzzy model

OLIEHKA HA TEXHONOIMYHU PELLEHWUA, KATO CE B3EMAT NPEABWUA PUCKOBETE OT OTKNNOHEHUE HA
WHTErPANHUTE WHOUKATOPU HA MPOEKTA

WuHa BoHOapeHko, U2op TeMKuH

HayuoraneH yHugepcumem 3a Hayka u mexHonoeuu “‘MUCuC’, 119049 Mockea

PE3IOME. Cratusta pa3rmexga u3bopa Ha TEXHOMOTWYHM PeLueHus 3a NpoBexaaHe Ha Nof3eMHu paboTu, KOMTO Haii-aeKBaTHO OTFOBApST Ha YCroBUATa Ha
cTpouTenHara nowaaka. NpeanoxeHara METOAONOMS 3a CPABHUTENHA OLEHKA Ha MHTErparHUTe NnokasaTesm Ha MpoeKkTa Mo3soMsiBa Ha HadanHuTe eTany Ha
paspaBoTBaHe Ha MpoekTa Aa ce OLeHU W u3bepe Takoa TEXHOMOMMYHO PELIEHME, KOETO Aa MOBULLM etheKTUBHOCTTA M BE30NAacHOCTTa Ha M3rpaxaaHeTo Ha
noA3eMHa KOHCTpyKuusi. CTpykTypaTa Ha MeTodonorvsita BKIIOYBA PA3MUTW MOENM U anropuTMi, KOWTO ocurypsisat ofpaGoTka Ha ronemu KomuuecTsa
UHhopMaLWs, hopMUPaT 3HAYEHUETO Ha (haKTOPUTE Ha OKONHATa cpeaa (OpraHu13aLMoHHU, MUHHIA 1 TEONOXKW, PaKTOpU Ha CTPOUTENHATA NNOLAAKA), MPOEKTHU
1 TEXHOMOTVYHI NapaMeTpy Ha NPOEKTa U MO3BOMSIBAT A Ce UAEHTU(NULMPAT OCHOBHUTE OTHOLLEHMS 11 B3AMMO3aBUCAMOCTUTE MEXIY TSIX.

Kniouosu AYMU: TEXHONOMMYHO peLleHne, NPoeKT, NoA3eMHa CTPYKTYpa, PUCK, pa3MUT MOAEN

Introduction Methodology

The construction of Underground structures includes a At the initial Stages of design, Comparison of the project
number of geotechnical risks, for which the project options is impossible without its formalised presentation,
participants, funding and performing the construction, require including the development of each of the possible
qualitative and quantitative analysis. The adoption of a technological solutions in the form of engineering design
decision depends on many objective and subjective conditions schemes, engineering topological plans, etc. It is a lengthy
and factors. It is not always pOSSible to consider all conditions and not rational procedure for all project participants_
and factors, and then influence them actively, i.e. there is It's extremely important to choose a method for describing the
uncertainty of the forecasting situation. structure of a construction project, provided that, on the one

In most cases, the security is provided by the normative hand, the problem of choosing a design solution is effectively
models and coefficients that apply to groups of corresponding solved, and on the other hand, allowing to take into account
structures. The project security can be achieved by the characteristic qualitative features of its constituent
processing the standards documents for the use of the elements.
project. They take into account unusual and random loading: Based on the above conditions for the implementation of
earthquakes, floods, mudslides, strong winds, fires in tunnels, construction projects of communication tunnels and analysis
etc. But it is important to perform this analysis during the of project documentation, a parametric description of the
project preparation stage and choose the design option based project will be further provided.
on the assessment of uncertainties and their impact on the Earlier, in scientific papers on the laying of engineering
construction project. structures (Kulikova et al., 2005; Krivonozhko et al., 2016) the

most significant environmental factors were identified, which
included the parameters of mining and geological conditions,
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the parameters of the ground and underground characteristics
of the urban environment. They were considered in
accordance with the issues related to this problem. As a
result, 9 main parameters were identified, and the attributes
describing them were also determined (Temkin et al., 2012)

From the entire set of mining and geological conditions
(U1), the parameters were identified. The strength of the host
rocks (P+1) and the water saturation of soils (P2) are the most
important parameters in the development of the underground
space.

The underground conditions (Uz) of the construction site
are characterised by the density (Ps) of already existing
underground utilities and facilities at the construction site.
When evaluating the density of the underground structures,
three informal categories are usually distinguished: “high”,
“medium” and “low”, depending on the ratio Vps / Voo x 100%,
where Vps is the volume of the underground facilities already
in the construction area, Vo is the total volume of the
underground space construction of communication tunnels.

The ground conditions (Us) include the most significant
parameters for underground construction, the density of the
ground structures, road load, environmental condition, type of
territory, historical and cultural value. Further, it is necessary
to develop algorithms for evaluating the integral parameters
that allow comparing design solutions, detailed structuring and
model representations of the construction project.

To describe the project, 6 parameters characterising the
constructive solution of communication tunnels and route (S)
were identified: the diameter of the communication tunnel, the
laying depth, the total length of the route, the geometry of the
route, the slope of the route, the shape of the section of the
tunnel, category (Temkin et al., 2012).

The main tunnelling technologies (G) were also identified:
the mining method (manual labour + combined technology),
the semi-mechanised shield, the mining method (manual
labour + combined technology), mechanised shield, puncture,
punching, directional drilling, microtunnelling (Bondarenko,
2011).

In the construction projects of underground structures an
indicator of reliability and safety is the expert assessment of
the level of possibility of mutual influence of the developed
design solutions and the specific external environment for
their implementation.

When implementing a project in real conditions the
projected values of the terms and costs may often differ from
the actual ones, AT =| TrTpr|and AC = | C 1 -Cpr |.

It is impossible to directly relate the A value to such
characteristics as “project reliability”, “project environmental
safety”. However, for expert designers, the obvious paradigm
is that “the project is better, the smaller | A |, i.e. in a
formalised language: E — max at AT, AC — min; E — min
at AT, AC — max.

Now, based on the foregoing, each project option (Di) can
be represented as the following information structure:
Di {U1i, U2, Usi, Si, Gi, Ci, T, Ei} (1
where:

Usi, Uz, Usi - the set of parameter values characterising a
particular construction site;

Si - design parameters of the communication tunnel;
Gi - the technology or technologies that form the basis of the
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project;
Ci, Ti, Ei - integral indicators of the project: project cost, terms
of its implementation, reliability and safety of implementation.

In this task more detailed description of the technologies is
not required, because calculations of the parameters of the
methods of sinking are in the engineering field. In addition, the
most modern technologies have established assessment
criteria, regardless of the internal parameters.

When considering engineering and technological features
of the construction of communication tunnels, and especially
the environment of the project (major city, dense underground
and surface development, high population density, etc.) such
factors as the geological uncertainty factor (F1), the factor of
uncertainty of site conditions (Fz2) and the structural
uncertainty (Fs) should be identified.

Assessment of the impact of the uncertainty factors
F1,F2,F3 on the integrated project performance K; (C - the cost
of construction, T - construction period, E - reliability and
safety implementation) is solved as a comprehensive
evaluation of the fuzzy risk (R) ) in the context of the problem.

In this case the fuzzy risk is defined as the subjective
probability that is the result of the influence of uncertainty
factors. F1,F2,F3 will occur as a deviation of the design value
of the integral indicator K;" of the total actual I?j

Evaluation of the fuzzy risk is a combination of the
influence (V) of uncertainty factors for integral indices and the
degree of this effect (2).

The possibility of influence of uncertainties on the integral
parameters of the construction site’s project under the same
conditions is different for the different structural solutions, and
the degree of influence of uncertainties on integrated
indicators will be different for the different versions of the
project implemented under the same conditions, only when
these variants differ in construction technology. Thus, it can
be argued that there is some dependence of V on the design
parameters of the project, and dependence of Z on the
technology used and the conditions in which the construction
of the communication tunnel is performed:

VFin = f(S); ()
ZFin =f(U,G). (3)

In the conditions of the given problem it is not possible to
construct an accurate model of dependence because there
are no objective estimates and sufficient statistics, so it is only
applicable to expert evaluation methods.

According to all uncertainties for all integral indices a
comprehensive risk assessment of the design option will be
found on the basis of the values of the matrix elements’
components of the expert assessment of influence and
impact:

Vr k,Vrk VR Ky ZF K1 2R K1 ZF3K,
V = |V, VEKVEK, |, Z = | 2F K2R K0 2F5K, (4)
Vr k3 VR k3 VK ZFK3ZF, K3 ZF3K3

where: kK~ value of influence of the i-th element of
uncertainty to the j-th integral parameter; zy, Kj~ the value of

the degree of influence of the i-th element of uncertainty to the
j-th integral parameter.
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To assess the impact of these factors on the integral
characteristics of the construction project (such as, for
example, the depth of the tunnel lining, slope, alignment,
diameter, etc.) the expert rules and the methodology for
project evaluation were developed based on the calculation of
the influence Ve, of the uncertainty factor (Fi) and the

degree of influence Zp; of the uncertainty factor (Fi) on the

integral indicator (Kj) (Temkin et al., 2013) .

When the expert rules are used to describe the
parameters and their estimates, it is proposed to use fuzzy
formalisms. Each of the rule elements is described using
several Boolean variables (3+5): “high,” “upper average’,
“average”, “below average”, “low”. Figure 1 shows an example
of a membership function for linguistic variable “high,”
“medium” and “low” for the rock strength.

1
< 2\
W SN

03 06 1 2 4 6 10 20
P, ( f coefficient the strength of rocks)

e hjgh == average low

Fig. 1. The membership functions of linguistic variables “high”,
“average” and “low” for the rock strength

Thus, the model of fuzzy risk (R), integral index K; of the
construction project of a communication tunnel is determined
by calculating a fuzzy risk for each uncertainty factor, which, in
turn, is obtained by evaluating the influence and impact of
uncertainty on K;:

-
Vek; Nrk; = Rrk;

Vekj ARk = Rpyk;

-
Vesk; Nrk; = Regk;

Ry, ®)

Figure 2 shows the general scheme of the fuzzy risk
assessment model for the integral index of the project in the
form of a block diagram.

A1

As Ve 1K;
Ve,k;
ﬁi— min F2Kj
As Vr3K, N
As K
max ——R K;

P

z _ Zr,x,

min

P9 ZF3K,
G

Fig. 2. The general scheme of the model of fuzzy risk
assessment for the integral indicator of the construction project
of CT
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Identifying the impact of factors on the overall risk to the
integral index is based on the fuzzy associative matrix (Table

1).

Table 1. The possibility and degree of influence factor
high average | average | above high high
average
The above below average | average | above high
possib | average | average average
ility of
the average | below below average | average | above
influen average | average average
ce below low below below average | average
factor average average | average
low low low low below average
average
The degree of low below average | above high
influence factor average average

In the future, when the rule will be difficult to operate with
facts that are represented in linguistic form, it will be needed
to encode the original set of the rules and generate the source
of inductive table.

According to the chosen risk factors based on a
formalised description of the project, a training table was
developed for building a fuzzy rule base, where on the basis
of expert opinions the possibility of the influence of the
uncertainty factor (Fi) on the integral indicator (Kj) — Vpi,(j
(table 2) and the degree of influence of the uncertainty factor
(Fi) on the integral indicator (Kj) - Zpk; (Table 3) will be
determined.

Table 2.The estimation of the influence of the uncertainty
factor (Fi) on the integral indicator (K))

LS A1 AG VFin
1 ar as1 VLS 1
2 an as2 VLS 2
n ain aen VLSn

Table 3. Assessment of the degree of influence of the

uncertainty factor (Fi) on the integral indicator (K;
LU P4 Py heri Zrx;
1 pr1 Pa1 hs Ziy1
2 p12 P92 h2 212
z p1z Poz h; ZLUn
where:

LSx - line training table, by definition;

Prk; (= 11ule), x = T,n;

LUy - line training table, by definition, ZFiK}. (=1rule), y =
1,z

heri - resistant technology to the uncertainty factor Fi, defined
by the experts.

The number of training tables (ixj)x2.
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Results from the calculations

The example of expert reasoning can serve as the
following rules assessment of the geological influence factor
on the construction time:

LS | Ifthe diameter is<2 and depth[3-8] and track

1: | length>600 and geometry of the route (number of
turns)>3 and slope of the route (number of turns in the
cut)[1-3] and shape sections IlI,IV => V. r—average

LU | If the fortress[3-6] and water saturation<0.1 and the
1: | density of underground structures [high], and the
density of surface facilities [average] traffic load [high]
and the environment [normal] view site [residential]
and historical and cultural value [is] complex and the
significance of the [required] and hGFi [low] =>
Zp,7— below average

Conclusion

Thus, each rule is built on a set of formal parameters and
the project gives an expert estimation of the influence and
degree of influence of the uncertainty factor (Fi) on the integral
indicator (K;) for each possible combination of values for these
parameters.

As an example of the use of this mechanism, the
choice of two design options for the construction of a
communication tunnel (D1 and D2) was considered based on
risk assessment of the uncertainty geological factor (F1) for
the integral indicator of "construction time" (T) for the
conditions of the construction site of a sewer tunnel under the
Moscow railway, Savelovsky direction on the site
"Reconstruction of Lianozovsky passage from Dmitrovsky sh.
to Cherepovetskaya street".

From the calculations, the following results were
obtained:

VFlT(Dl) = 155 and ZFlT(Dl) = 659 g RT(D1)=363
Ve, 1(Dy) = 1.79 and Zg 1(D,) = 4.76 — RT(D2)=2.74

These results show that the risk for deviation of the actual
value of the integral indicator (timing of implementation) from
the design value under the given conditions of the
construction site for the second project is smaller, i.e., the risk
that they will violate the terms of project implementation is
smaller than in the case of chosen technological solution D2.
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The study was implemented under a grant by the Russian
Scientific Foundation (project No. 17-11-01353).

The resulting model provides a choice of the design
options for the construction of the tunnel communication in
conditions of uncertainty for many integrated indicators
(economic,  organisational, technological), which s
implemented with minimum risk.
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INFLUENCE OF THE BALL LOAD ON THE SPECIFIC POWER CONSUMPTION OF BALL
MILLS

Kiril Dzhustrov

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; justrov@mgu.bg

ABSTRACT. The mill's output, and hence the specific power consumption, depend on the correct selection of the ball load. Both the increased and the decreased ball
load lead to decreasing the mill's output which induces increase of the specific power consumption. At the optimum ball load of the mill, working in a closed loop, an
increase in the circulating load can be allowed with a simultaneous increase in the mill's output, lowering the specific power consumption and improving the
performance. To analyse the impact of the ball load on the specific power consumption, three-month data from 10 ball mills were processed. Experimental tests were
also carried out for one mill to determine the specific power consumption when filling the mill with grinding bodies.

Key words: ball mills, optimum ball load, specific power consumption

BNUAHWE HA TONKOBWA TOBAP BbPXY CMELIMPUYHUA PA3XOM HA ENEKTPOEHEPIUA HA TONKOBWU MENHULIU
Kupun Oxycmpos
Munto-eeonoxku yHusepcumem “Cs. UeaH Purnicku”, 1700 Cogpusi

PE3IOME. Ot npasuntus u36op Ha TOMKOBS TOBAp 3aBUCH NPOM3BOLAMTENHOCTTA HA MeNHILATA U CeAOBATENHO CrIeLMtMYHIS Pa3Xoa Ha enekTpoeHeprs. Kakto
3aBVLIEHNSA, TaKa M 3aHIKEHUS TOMKOB TOBAp BOAM [0 HAMansaBaHe Ha MPOM3BOAMTENHOCTTA Ha MeNHULaTa, KOeTo Npe/In3BIkBa NoBuULLIABaHE Ha CrieLMBUYHIS
pa3xof Ha enektpoeHepris. Mpy ONTUMAreH TOMKOB TOBAp Ha MenHuLaTa, paboTella B 3aTBOPEH LMKBI, MOXE [1a C& [0MyCHE MOBUILEHWE Ha LIMPKYMALMOHHIS
TOBap Mpy €QHOBPEMEHHO YBENUYEHWE Ha MPOM3BOAMTENHOCTTA HA MerHULATA, CHUXaBaiki CMeuMdUYHNA pasxXof Ha eNneKTpoeHeprust U nopoGpsisaiiki
TEXHOMOTVYHUTE NoKa3aTenu. 3a aHanua Ha BANSHWUETO Ha TOMKOBMA TOBAp Ha CMELMGUYHINA Pasxod Ha enekTpoeHepris ca 06paboTeHn AaHHM 3a TpW Mecela oT
pabotata Ha 10 TOMKOBM MEMHMLM. 33 €[HA MEMHMLA Ca HanpaBeHu 1 eKCIePUMEHTArNIHM W3CTIeaBaHNA 3a OnpedensHe Ha CNeuuUYHMAT pasxol Ha
€MEeKTPOEHEPIs OT 3aMbIBAHETO HA MEMNHULIATA CbC CMUMALLY Tera.

Kniouosu AYMU: TONKOBX MeNHUUK, oNTUManeH Tonkos ToBap, CI'IeLlM(bMHeH pa3xod Ha eneKkTpoeHeprua

Introduction It is well known that the waterfall mode of operation in the
ball mill, the useful power Po includes the power to increase

By increasing the ball load the power consumption the grinding environment and to transfer the needed kinetic

increases to maximum capacity (extremum) and after that power.

lowers gradually (Fig. 1). This explains the fact that after

increasing the ball load, the extremum, centre of load of Po =Mw, W, M

grinding bodies is moving closer to the axle of rotation of the

machine. Where: M is the momentum, created by the grinding

environment by the rotation of the drum, Nm;
w - actual angular velocity_rad/s

2 3 4

e d - 5 M=G,,.l, )

Where Gem — the weight of the milling environment, N;
I - the distance between the centre of the load and the
milling environment and the axis rotation of the drum, m.

Active power, kW

The modes of work in (1) and (2) at (Fig. 1) are with
unbalanced circulating load due to the lack of ball load.

It is typical of this section of the curve that with the
Ball, load of the mill, t increase of the ball load, the power gained by the electric
motor increases.

In (3) the mill is supposed to work with stable circulating
load and the ball load in this section of dependence is optimal.

Fig.1. Dependence of the extracted active power on the ball load
of the mill

7
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The operation of the mill in later stages of ball load in (4)
and (5) leads to a mode that is unstable circular load due to the
overage of ball load and lowers the kinetic power of the
grinding environment.

For this section of the curve it is specific that with the
increase of the ball load, the active power produced by the
electric motor decreases.

Experimental Tests

It is well known that the specific electricity consumption for
ball mill grinding is closely connected with the technical
process and depends on a number of factors: the weight of the
ball mill, the size of the mill, the speed of rotation, the density
of the pulp, the size of the end material, the lining of the mill,
physical and mechanical properties of the ore, the efficiency of
the mill, etc. Based on experimental tests, it was found that the
main power in the ball mill is being consumed for lifting the ball
load — approximately 80%. The increase of productivity of the
mill leads to insignificant increase of exhausted power. The
aim for increasing the productivity of the mills is apparent, and
hence, the increase of the specific power consumption.

The productivity of the mill depends on the correct choice
of ball load. Increasing and decreasing of the ball load leads to
lowering the productivity of the mill and from there to

increasing the specific power consumption. The size of the
grinding bodies (balls) has to be taken under consideration in
the productivity of the mill. The specific electrical consumption
in the process of grinding of the ore can be determined most
accurately by the electrical specifications.

Figure 2 shows the curves, determining the dependence
between the size of the ball load and the exhausted power
from the electric motor of a mill for a period of 12 days.

The data on the hourly distribution and the volume of the
ball load for building the curve were taken by the SCADA
system in the enterprise. After calculating the results from the
measurements of the ball load, the hourly consumption norm of
the balls was determined in relation to the alternation of the
ball load in the mill during that time. In the same period data
was extracted about the consumption of the electric motor of
the mill, active power, recorded in the network analyser
FLUKE. The curves in Fig.2 show that after every load with
balls there is an active power jump registered. The increase of
the active power is with approximately 9 kW per ton balls.
During the work, the balls wear out, the electric load lowers
and the used-up active power from the electric motor
decreases. It is certain that if the ball dosage machine works
and loads consistently the balls in the mill, the load schedule of
the active power will be levelled which leads to economic
power consumption.

kW t
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2000 150
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1850 135
time
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Fig. 2. Dependence of the active power consumed by the engine on the amount of ball load in the mill

Evidently, the perceived criteria for controlling ball dosage
machines, namely the stator currant of synchronised electric
motor averaged over a 30-minute interval, is not the most
appropriate solution. In this sense, the stator current is not a
unique criterion for loading the mill with balls or ore. The
unique criterion for loading is the active power, consumed by
the synchronised electric motor.

It is proposed that the control over the ball loading
machines is to be provided when active power is monitored. In
small intervals (the smaller the better) the active power is
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compared with the one that is set. The ball loading machine is
turned on and loads the mill with portion of balls only if the ball
load is in the left part of the extremum (3) of the curve, shown
in graph 1. In approximately even load of ore this mode of
control of the ball load, the work of the mill is ensured with
optimal ball load (around the extremum in the curve in Graph
1) and will also decrease the power consumption.

The curves of active power and the ball load when starting
the M4 mill after changing the lining are displayed in Fig. 3.
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Fig. 3. Dependence of the active power consumed by the engine on the amount of ball load in the mill after changing the lining

At first there are rapid reduction engine’s active power drop
awey as a result of the filling of the lining of the mill with balls.
The short intervals can also be seen during loading the ball
load in the beginning in order to increase the effective balls
involved in grinding. A period of set ball load is followed,
around 155 tonnes (accepted 4514 in m3 — Minin and other,
2014). After the last shown load of balls it is obvious that the
ball load has exceeded the optimal (point (3) in Graph 1) and
lower power can be seen. Because of the proximity of the
centre of gravity towards the axis of the drum, the mill does not
reduce the active power, and the balls go into mixed speed
mode with partial rewind and partial flight of the grinding
bodies.

Afterwards due to the wearing out of the balls the circuit
gradually increases. From this experiment the optimal ball load

kW

2200

and the relevant active power can be determined. For mill unit
M4, which is with new lining, the optimal ball load is 155 tonnes
and the corresponding active power is 1950 kW.

Such dependence with expressed extreme exist and
between the power from the electric motor and the quantity ore
with consistent ball load.

The hourly load of the ore mill and the average hourly
power with constant ball load are compared on Fig. 4. The fact
registered by previous measurements is also confirmed - that
with the increase of the load of the mill, the power drawn by the
electric motor decreases. This shows that for the duration of
measurements the working mode of the mill is after the
extremum of the function P= F(Gcm), which means that the ball
load is optimal or exceeds the optimum.
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Fig. 4. Dependence between the exhausted active power and ore load
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In order to analyse the influence of the ball load, the
specific expense of electricity data has been processed in a

Table 1.

period of 3 months across 5 mills. The end results are shown
in Table 1.

Mill type conzlllﬁgt)rt]ilgn of Measurements | Total Org from Ore PrpQuc- Time corl?:tlJlm- Energy A;\g;gf Hour
2013, bucket | balls | line tivity | worked . power
balls balls, t ption cost
vV |V | VI|NV|IV]|V t t t t/h h t/h kWh kKWh/t | kWh
3-steel | 150 | 143 (133 | 6 | 4 | 5 | 426 | 59000 | 220923 | 124.3 | 1777 | 0.2398 | 3357333 | 15.2 | 1889
4-steel | 141 (138 | 143 |11 | 4 | 9 | 422 | 69806 | 283141 | 148.6 | 1905 | 0.2215 | 3812398 | 13.5 | 2001
5-steel (138|153 | 140 | 5 | 12| 0 | 431 | 29817 | 219571 | 1146 | 1915 | 0.2250 | 3744141 | 17.1 | 1955
6-BU [114 123|136 | 0 | 6 | 4 | 373 | 46636 | 230906 | 127.7 | 1808 | 0.2063 | 3380748 | 14.6 | 1870
7-BU | 124 (152 (125| 0 | 5 | O | 401 | 78940 | 288367 | 158.7 | 1818 | 0.2206 | 3521223 | 12.2 | 1937

The calculated average values of the specific electricity
consumption based on the three month period confirm
completely the results calculated during determining the
energy performance. The lowest specific cost can be observed
in mill Ne7, followed by Ned4. Mill Ne5 has the worst energy
performance.

For the whole three-month period, a single ball
measurement was performed at mill Ne7, with 31.5 % filling
with balls, or 125 t balls (when 4650/m3). For the period
between 1st of April and 15" of May the consumption was
between 200t balls and approximately the same amount also
was added, which means that the mill for the period worked
with 31.5% filling with grinding bodies. 20 tonnes were added,
which means that the filing became 36.8%. The average
specific cost for electricity during the three-month period is
12.2 kWh/t. Mill Ne7 has the biggest productivity (158.7 t/h)
compared to the rest.

For the month of April four control measurements were
conducted for mill Ne4, during which the mill was with fulfilment
35,9; 35,6; 35,9 and 37,4 % (between 141 and 148 t). The
second place in terms of good energy consumption was mill
Ne4 which also worked with a fill factor of less than the optimal

38%. For the period the specific power consumption was 13.5
kWhit at an average output of 148.6 t/h.

Based on the above described dependence of the
extracted power on the size of the ball load, it can be assumed
that for the studied period, grinder Ne4 has the optimum ball
load, since it has the highest hourly output (2001 kWh) and
very good energy indicators.

Mill Ne5 is with the worst energy performance on 10t of
April, on 12t of May control measurements were conducted on
the ball load. The filling of the mill with grinding bodies was
35% (140 t) and 12t were added. In both cases a 38% fill is
maintained with the added balls. For the tested period specific
energy consumption of 17.1 kWh/t was recorded and the
production rate was 114.6 t/h.

The comparison of the energy consumption of mill 5 and
the maintained ball load allows the assumption that mill Ne5
worked with an excess of ball load during the testing.

Fig. 5 shows a comparison between the average power per
hour and the specific power consumption during the hourly ball
consumption.

Based on the analysis of the results the following
assumptions can be made:

B kWhit
Okw
19,37 2001 19,55
18,70 ; 18,89
17,1
14,6
13,56
12,2
Mé M7 M4 M5 M3
0,2063 0,2206 0,2215 0,2250 0,2398 t/h

Fig. 5. Dependence between the specific consumption and hourly power of the balls consumption
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1. Mill Ne7 worked very fast with optimal ball load and minimal
ball load shortage.

2. Mill Ne6 worked with significant ball shortage. On 15t of May
a control measurement was conducted on the balls in mill
NeB. The results showed the following: diameter 430 cm and
height of the balls — 290 cm. This corresponds to 28,3 %
filing or 114 t balls. This gives reason to assume that mill
Ne6 has worked with an insufficiently balanced circulating
load which, at roughly the same hourly working time, has led
to nearly 20% lower production than mill Ne7 and increased
the specific power consumption by 2,4 kWhit.

3. Mill Ne5 has worked with an excess of ball load, average
hourly power decreases due to the displacement of the
centre of gravity of the grinding medium relative to the axis
of rotation, the degree of equilibration of the circulation load
is disturbed due to a decrease in kinetic energy. This has led
to reduced productivity and increased specific electricity
consumption.

4. Mill Ne3 like mill Ne5 worked with an excess of ball load and
bad electric measurements. The measurements conducted in
mill Ne3 on 29t of April and on 15t of May led to additional
24 t of balls on the first day with which the percentage and
the fill rate was 37,1% and 16 t by the second day, which led
to an increase of 37,6%.

The conducted analysis on the influence of the ball load of
the energy parameters of the milling aggregates gives reason
to conclude that in order to achieve good energy indicators, a
research to optimise the ball load is needed. In this sense, we
believe that the aove-mentioned experiment proposed by us
will lead to significant positive results.
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From the table above it can also be seen that the
consumption of ball load of the type BU is lower than the
oneused in type “Steel” with average 0,0153 t/h.

Conclusion

The results from the conducted experiments give reason to

make the following conclusions.

- The drawn active power of the ball mill electric motor is not a
unique indicator of the mill load;

- In the continuous operation of the mill, the balls in it are
worn out and their quantity is reduced. As a result, the
electricity consumption and mill performance are altered;

- The wear of the balls is a reduction of the diameter and
shape under the abrasion of the ground ore. As a result of
this process, the balls in the mill are of different size and the
grain size of the ball filling greatly affects the work of the mill;

- The size the grinding bodies directly affects the power
consumption of the mill's motor. With the change in the
structure of the ball filling, the centre of gravity of the
grinding medium, and respectively, the resistance moment,
which must overcome the electric motor, also change.
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THE APPLICATION OF SEARCH METHODS FOR SOLVING OPTIMISATION PROBLEMS
IN GEODESY
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Saint Petersburg Mining University, 199106 Saint Petersburg; nadezhda.eliseeva.1994@mail.ru; zaw@spmi.ru

ABSTRACT. As a rule, excessive data is used to solve any problem in practice. When it happens, the problem has several solutions (or, in some cases, a possibly
infinite number thereof). As a result, a problem arises of how to optimise the solution process.

The purpose of the optimisation problem is to find a solution in accordance with any objective function (such as the criterion of efficiency or quality). Most practical
problems are nonlinear in nature, i.e. the objective function and /or the connections between the parameters are nonlinear. The following algorithms of search
optimisation have been developed for solving optimisation nonlinear problems: genetic algorithms, the method of simple search with a variable step size, the parabolic
optimisation method. The paper describes the results of running search algorithms in Visual Basic for Applications (VBA) for solving optimisation problems in
geodesy.

Search methods are very effective in solving optimisation nonlinear problems due to their advantages:

- a great variety of mathematical algorithms which have already been developed;

- the possibility of combining these algorithms with each other and with other methods of nonlinear programming;

- ease of programming;

- independence from the accuracy of the preliminary values of the parameters defined;

- there is no need to formulate error-correction equations or constraint equations or use a system of normal equations and solve them.

Search methods are convenient in programming and a large number of already existing methods along with the development of new search algorithms makes it
possible to adapt them to solving any problems. This article discusses the possibility of using search methods in solving optimization nonlinear geodetic problems
using the example of approximation of the results of measurements of a circle. To significantly speed up the search process, the algorithm for determining the
minimum parabola is considered.

Keywords: optimisation; convex programming; search methods; parabolic optimisation

PELLABAHE HA ONTUMU3ALIMOHHW 3AOAYN B FTEOAE3NATA YPE3 METOAMU HA TbPCEHETO
Hadexda H. Enuceesa, AHOpeli B. 3y6os
CaHkmnemepbypacku MuHeH yHusepcumem, 199106 Caqkm lNemepbype

PE3IOME. Ob1KHOBEHO peLLaBaHeTO Ha MpaKTMYeCKUTe 3afjayn Ce U3BBPLLBA B YCNOBUATA HA M3MWLLBLK OT AaHHW. KoraTo ToBa ce cnyuw, 3afjadqata uma HSKOMKko
peLUeHus, (a B Hskou cnyyauTe ca 6eskpaiiHo MHOTO Ha 6poit). B pesyntaT Ha ToBa Bb3HMKBA BBMPOCHT Kak fia Ce ONTUMM3MPa NPOLiEca Ha TbpCeHe Ha peLLeHue.
Llenta Ha onTUMM3aLMATa e Aa Ce HaMepu pelUeHne B CbOTBETCTBME C BCAKa LieneBa (DyHKUMS (kaTo KpuTepus 3a edpeKTUBHOCT Mnu ka4yecTBo). MMoBeyeTo
NpaKTU4eCK! ONTUMW3ALMOHHW 33Ja4M Ca HEMWHENHW MO CBOATAa CBLUHOCT, T.e. Lenesata (yHKUMS WWM BPb3KATE MeXOy napameTpuTe ca HemnuHenHu.
Pa3paboTeHu ca MHOXeCTBO anropuTMi 3@ TbPCEHETO Ha OMTUMANHO PELUEHNE NPU HENMMHEItHN ONTUMM3ALIMOHHY 33[3auM: FeHETUYHN anropuTM1, METOA Ha MPOCTO
TbPCEHe C NPOMEHNMB pa3Mep Ha CTbrkaTa, MeTof 3a napabonuyHa onTuMM3aLms. B cTatusaTa ca onucaHu pesynTtatute oT pabota ¢ anropuTMK 3a TbpCeHe,
peanuanpanu BbB Visual Basic for Applications (VBA) 3a pellaBaHe Ha ONTUMWU3ALMOHHYW 3adauu B reogeansta. Metogute 3a TbpCeHe ca MHOMO €CheKTUBHU Mpy
peLLaBaHe Ha HEMMHElHM 3afa4m 3a ONTUMW3aLMA NOPaay CrefHUTe NPeAUMCTBa:

- roNsIMo pasHooBpasvie 0T MaTemMaTU4YeCKU anropuTMK, KOUTO Beve ca paspaboTer;

- Bb3MOXHOCTTa 3@ KOMOMHMPaHE Ha Te3n anropuTMi NOMEXAY UM W C ApYr METOAM Ha HENWHENHO Nporpamupaxe;

- NECHY 3a NPOrpaMHa peanu3aLms;

- HE3aBMCHMOCT Ha TOYHOCTTa OT MpefBapUTENHUTE CTONHOCTM HA MapameTpuTe;

- He e HeobxoAnmo fa ce opMynMpaT ypaBHEHUS 33 KOPEKUMS Ha TPEeLUKN UMK YpaBHEHWS Ha OrPaHUYeHUsiTa UMM Aa Ce W3Monasa CUCTeMa OT HOpMarHM
ypaBHEHWS, KOWTO Aia ce peluaBar.

MeToauTe 3a TbpceHe ca yaobHM 3a U3nonaeaHxe, a ronemusaT 6poit Beye CbLUECTBYBALLM METOAM, 3aeAHO C pa3paboTBaHEeToO Ha HOBW anropuTMM 3a ThPpCeHe, fAaBaT
Bb3MOXHOCT 33 afanTvupaHeTo UM KbM pellaBaHe Ha Bcskaksu npobrnemu. B Tasu ctatvs ce pasrnexaa Bb3MOXHOCTTa 3a M3MOn3BaHe Ha METOAN 3@ TbPCeHe npu
peLLaBaHe Ha OMTUMW3ALMOHHM HEMMHENHN reofe3nyecky 3afayu, U3nonasanky NpumMepa Ha anpokcuMaLysiHa pesynTaTute OT N3MepBaHUATa Ha OKPBXHOCT. 3a
3HAYMTENHO yCKopsiBaHE Ha NpoLieca Ha TbPCEeHe Ce pasrnexaa anropuTsM 3a MUHUMU3aLms no napabona.

KniouoBu AYMU: ONTUMU3aLMA; U3NbKHANOo NporpaMmupaHe; MeToau Ha TbpceHe; onTummnsauusa no napaﬁona

Introduction understood as the process of choosing the best solution of the

problem from all possible (Turchak L., 1987). Currently,

Modern measuring tools allow to get a lot of information optimisation problems arise in various fields of scientific and

about an object, for example, when scanning millions of points. industrial activity. The purpose of optimisation is to find a

Due to the overabundance of data, the required parameters solution in accordance with any objective function (criterion of
can be obtained many times (many solutions). Optimisation is efficiency, quality, accuracy, reliability, etc.).
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Among non-linear optimisation of surveying and geodetic
applications, we can mention:

- strain prediction;
-finding  communication
coordinate systems;

- reconciliation of non-linear engineering structures;

- combining digital images;

- equalisation of planned and spatial networks, etc.

The methods of solving optimisation problems are quite
diverse and have a branched classification (Kuznetsov A.V.,
1994). At present, there is a possibility for widespread
implementation of search methods for solving such problems.
These methods are very effective because of their advantages,
including:

- wide variety of already developed mathematical algorithms;

- possibility of combining these algorithms with each other and
with other methods of nonlinear programming;

- easy software implementation;

- independence from the accuracy of the preliminary values of
the determined values (you can take values that are far from
true, and the decision process is not violated);

-need to create an equation of the amendments or the
equation of the relationship, to move to a system of normal
equations and solve them;

- there is no need even for the first analogue derivatives in the
linearisation of the calculation process.

parameters between different

Development of a method of optimisation of a
parabola

In the previous publication on this topic (Zubov A.V.,
Eliseeva N.N., 2017) the algorithm of the simplest search with
variable step is considered. It consists of a sequential multiple
calculation of the objective function and each time one or more
variables are changed in one direction or another until its
minimum is reached.

The algorithm was used to solve the problem of
approximation of measurements of a circle (Zubov AV,
Eliseeva N.N., 2017), and the following results are obtained:
x=100.036 m, y =10.488m, r=1674m,

feng =0.012436 , N=224 (X, Y - the coordinates of the

centre of the circle, I - circle radius, f,,, - the final value of

the objective function [VV]=min , n - the number of cycles
required to solve the problem).

The answers were tested in MathCAD, the difference of the
results did not exceed 0.5 mm (Zubov A.V., Eliseeva N.N,,
2017). Thus, the correctness of the algorithm of simple search
and the reliability of the results of calculations are confirmed.

The main disadvantage of this method is the large number
of iterations. This article describes an algorithm for significantly
accelerating the search engine optimisation method, especially
at the initial stage of approximation.

Figure 1 shows a graph of the change of the function
[VV] from the argument X in some area. It is seen that this

is a parabola, i.e. a graph of convex quadratic functions of the
form (1):

y=a-x>+b-x+c, (1)
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where X, Yy - are variables; a, b, c - are given numbers
(a=0).

[a%]
wn

[
=]

=
(2]
I

=
an]

w

Value of the objective function [VV]

1 6 11 16 21 26 31 36

Value of variable x

Fig. 1. Graph of the target function change from the variable x

The following theory is proposed: it is possible to get to the
minimum of the objective function in one «global step» by
constructing optimisation parabolas for each variable.

Let's check this theory with the example of an already
considered problem of approximation of results of
measurements of a circle. In determining the method of the
least squares coordinates of the circle’s centre (X and Y)

and its radius I on the coordinates of the points measured on
the circle ( X; and Y; ), the objective function has the form (2):

n 2

F(x,y,r)= Z[\/(X. —xf +(y, —yf - r] =min -(2)

i=1

Any function of linear or nonlinear form can be taken as a
target function, for example, the sum of the squares of the

corrections to the measurement results [\/2J= min or the
sum of the correction modules [[\/|]= min . It is important that

it is a reliable criterion of efficiency in solving the optimisation
problem.

Let's set the initial value of the parameter X, and a small
enough step to change this parameter K . Arguments Yy and
I' remain unchanged. Calculate three values of the objective
funcon F(x.1,y.r), F(xo.v.r), F(X,,y,r) for the
arguments X, =X, -k, X, and X, =X,+K. The
optimisation parabola for the parameter x is shown in Figure 2.
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Fi.y.n)

F(x.y.r)
F(xo.y.1)
F(x..,y.1)

-k |+k

X4 Xg Xyq X
Fig. 2. Fragment optimisation of the parabola for x

The conclusion of the «global step» will begin with the
compilation of a system of three equations:

a-x, +b-x,+c=F;
a-x,’+b-x,+c=F,;

2
a-x, +b-x,+c=F,.

Write down the determinants:

2
Xq Xy Fiooxy
A=|x" x 1, A =|F, x 1,

2
X+l X+l F+l X+l
2
X, Fy
2
A, =X Fo )
2
X+1 F+1
A A
a=-1, b=-%
A A

The minimum of the parabola is determined by the
derivative (3), equating it to zero;

, AF
F (X)zAI;TOE:Z'a'Xoptimal+b=0’

(3)

where xoptimal - value of the parameter X, which falls within
the region of the parabola minimum.
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From the last equation follows (4):

b A, A

optimal — 2 =

- (4)
‘a A-2-A

X

We introduce the value of h and write down the equation

(5):
()

Xo+h= Xoptimall

where h - the "big" (or "global") step for parameter X .

Thus, on the basis of equations (4) and (5) after the
transformations, the formula for calculating the «global» step is
derived (6):

k-(F717F+1) .
2.(Fi-2-Fy+Fy)

(6)

h=

Then "global" steps for other variables are calculated.
Figure 3 shows the parabola of the optimisation parameter X .

Fixyn) |\ F(x.y.1)

-

‘-\iF(Xo-Ys 1 '

N F(Xany.n) //’
\\\ //
. 4
- — Fon _—~ -
— — o — aalll

;k :Hf h = 3

X_1 Xg Xsq X -

optimal

Fig. 3. Optimisation parabola in the parameter x

The developed algorithm was implemented in the Visual
Basic for Applications programme and was called
«Optimisation parabola method».

Thus, acting on the principle «from simple to complex», the
transition from the method of simple search with a variable
step to the method of optimisation parabola was made. The
results obtained did not differ from those obtained by other
methods, while the developed algorithm is not final and
requires detailed study of other more complex practical
problems. However, even at the initial stage, the main
advantage of the optimisation parabola method is revealed,
namely, the approximation to the minimum of the objective
function for the first approximation.

Therefore, the developed method can be used at the initial
stage of solving optimisation problems, namely to determine
the minimum area of the objective function. Table 1 shows the
results of solving the problem of approximating the circle by
different methods. This algorithm can be used to create a
programme for determining the roll of chimneys and cylindrical
copra, when reconciling rotary kilns, etc.
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Table 1. Results of solving the problem of approximation by a circle

The solution method of the optimisation of the parabola The solution 'by the Solution in MathCAD
The parameter values method of simple X L
" . , , : using the Minimise
Initial parameter values of the first Final parameter values search with variable function
approximation step
X, =50m X =99.260m x=100.036m x=100.036m x=100.036m
Yo=5m y=10.562 m y=10.489m y=10.488m y =10.489m
L=1m r=1803m r=1.674m r=1.674m r=1674m
The final value of the objective function
f =0.01243 | f =0.01244 | f =0.01243
Conclusion
References

The optimisation parabola method can be applied to solve
a wide range of nonlinear surveying problems.

The use of search methods is not limited to the
implementation of existing algorithms. Round non-linear
surveying and geodetic tasks are quite broad. Production tasks
are not of the same type and sometimes they are even unique.
Therefore, it is not always possible to solve them «by
templates» by traditional methods. In turn, search methods are
more convenient for software implementation, and a large
number of existing and the development of new search
algorithms can adapt them to solve any problems.
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TECHNOLOGICAL ASPECTS AND APPLICATIONS OF LARGE POWER SWITCHED
RELUCTANCE MOTORS IN MINING

Yassen Gorbounov?, Hao Chen?
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ABSTRACT. The switched reluctance motors (SRM) are known from about the beginning of the 19th century. They are in fact amongst the first rotating electrical
machines ever, firstly called electromagnetic engines. Being synchronous salient poles motors they have very simple construction but are difficult to control due to the
highly nonlinear magnetic circuit. With the fast development of the power electronics and the computational abilities of the nowadays microcontrollers and field
programmable gate arrays SRMs has gained growing popularity especially in fields like the mining industry. This is possible due to their ability to work in heavily polluted
and harsh environments and their fault-tolerant operation and control. In the paper the technological aspects of the SRMs are introduced and some typical applications
of large power switched reluctance motors in mining are pointed out.

Keywords: switched reluctance motors, electrical drives, nonlinear magnetic circuit, mining, fault tolerant control

TEXHONOIr'NMYHU ACNEKTU U NPUNOXEHWUE HA MOLLHWUTE NPEBKMIOYBAEMU PEAKTUBHW ENEKTPOOBUIATENN B
MWHHATA NPOMULLNEHOCT

AceH lopbyHos!, Xao YeH?

T MurHo-2eonoxku yHugepcumem "Ce. MeaH Puncku", 1700 Cogpusi; y.gorbounov@mgu.bg

2 China University of Mining and Technology; hchen@cumt.edu.cn

PE3IOME. MpeskntoyBaemute peaktuaHy asurateny (MP) ca n3BecTHU oLe 0T HavanoTo Ha 19-Tu Bek. BCbLUHOCT Te ca cpefl MbpBUTE BLPTALLM CE ENEKTPUYECKM
MaLLMHM M306LLO, HAPUYaHW MbPBOHAYANHO ENEKTPOMAarHUTHY BUraTenk. Kato CUHXPOHHM BUraTeni C AIBHOMOMIOCHA CTPYKTYPa Te MMaT MHOTO NPOCTa KOHCTPYKLNS,
HO Ca TPYAHM 33 ynpaBneHue nopagy CUNHO HenvHeiHaTa cv MarHuTHa Bepura. C pa3BUTMETO Ha CUNoBaTa €neKTPOHMKA W U3YMCIMTENTHUTE B3MOXHOCTM Ha
AHELLHUTE MUKPOKOHTPONEPW M MporpamMupyemMin noruyecki cxemu, nonynspHoctta Ha MP[ cunHo HapacTea, 0cobeHo B 06macT kato MUHHaTa MHAyCcTpus. Tosa
CTaBa Bb3MOXHO brnarofapeHue Ha TAxHaTa CriocoBHOCT Aa paboTAT B CUMHO 3aMbPCEHM W TEXKW CPeAN M TAXHAaTa 0TKasoycToiumBa paboTa v ynpasneHue. B
cTaTisTa ca NpeacTaBeHn TexHonoryHuTe acnektu Ha MP[ 1 ca nokasaHu HAKOW TUMWYHI MPUMOXEHUS Ha MPEBKIOYBAEMIUTE PEaKTUBHW ABUTATENM ¢ ronama
MOLLHOCT B MUHHOTO AEno.

Kniouosu AYMU: NPEBKIOYBAEMU PEAKTUBHN ABUraTeNu, enekTpo3aaBmxeaHe, HemnuHelHa MarHuTHa Bepura, MMHHO Jeno, OTKaBOyCTOl?NVIBa pa60Ta

Introduction until 1999. According to official data of the United States Patent
and Trademark Office (USPTO 2013), patent applications filed

The Switched Reluctance Motors (SRM) are one of the for thet zeriold 1|980'hZO10 trv]verg a tOtal Of. 5936} The Sd;tl\j
earliest rotating electric machines ever. Their origins lie in the presented clearly show the Increasing mtere§ n
Sturgeon's electromagnet (Sturgeon, 1825) and they were technology gnd lltslaugmented applicability in practlce.
initially called electromagnetic engines (Miller 1993). They were . The major distincive propgrty of the.SRM s the strpng non-
originally used in locomotive drives but due to their poor Ilpgarlty OT the. magnet‘|c circuit, which predetermmes the
performance and the lack of proper electronic control at that time Fj|ff|cult|es in their “?Ode”'“g and control. This prgblem. leads to
they lost popularity for almost 100 years. With the fast increased torque ripples and to higher acoustic noise as a
development of the power electronics switches, the consequence. Although their manufacturing is greatly facilitated
computational abilities of the nowadays microcontrollers (MCU) due to the full absence of rotor windings and mechanical
and the field programmable gate arrays (FPGA) SRMs commutator, and also the lack of impregnating resins for the
popularity, especially in fields like the mining industry, is coils, the requirements for mechanical precision are significantly
continuou,sly growing ’ higher than for most other types of electric motors. A higher

The SRM techﬁology development worldwide, in both computational speed is required that often poses a demand for
practical and theoretical terms, can be seen from the r,1umber of .the implg mentation of parallel algorithms that can b.e pgrformed
patents received and the number of publications over the years. in real ime. On the other hand, the construction simplicity, the
In 1972 Burnice Bedford received 2 patents. According to  'ack of collector sparking, the large power and the extremely
Fleadh Electronics (Watkins, 2016) 67 patents were published increased fault tolerance in terms of both operation and control,
before 1976 and over 1775 patents were published until 1999. ?akﬁs SRMS morte andh more pgpular in heavily polluted and
The articles on this topic were 11 before 1976 and over 1847 arsh environments such as in mining.
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Principle of operation

The switched reluctance motor has a simple salient pole
construction with a passive rotor. Both the rotor and the stator
armature are made of laminated steel. The windings are located
at the poles of the yoke. For each phase, they are located at
opposite poles and are coupled in pairs to form the phase
sections of the inductor. Furthermore, the windings are
connected so that the total magnetic flux is increased. The motor
is called “switched” because it commutates the poles with a
common magnetic flux of the stator compared to those of the
rotor. It is called “reluctance” because of the tendency of the
rotor to move to a position with less reluctance, i.e. minimal
magnetic resistance. There is no current flowing into the rotor.

In order to produce a starting torque it is necessary the rotor
teeth to be displaced with regard to the stator teeth, i.e. to be in
an unaligned position. That is why, the rotor poles are generally
less in number than those of the stator (DiRenzo, 2000; Wach,
2011). The control signal is not a sine-wave voltage, it consists
of current pulses fed in a certain sequence, for which the current
direction is irrelevant. The aftereffect of this is the reduced
hysteresis loss.

The most common SRM types are shown in Fig. 1.

a) Zs=4, Z1=2, m=2

d) Zs=10, Zr=8, m=Zs/2=5

¢) Z5=8, Zr=6, m=Zs/2=4

e) Zs=12, Zr=8 m=Zs/4=3
Fig. 1. Basic stator-rotor configuration of the SRM

The main characteristic is the combination of stator poles -
Zs and rotor poles - Zr. The number of phases m is equal to the
number of stator teeth Zs divided by the pairs of poles 2p. When
the number of pairs of poles 2p = 1, the number of phases is 2
because the diametrically opposed teeth of the stator are
simultaneously excited by the same current when the windings
are connected in series. For the most common SRM 2p = Zs-Zr.
The angular distance between the closest stator and rotor poles
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(from the unaligned to the aligned position) is given by the
expression (1).

)

This is the angle by which one phase can be excited. For SRM6-
4 this angle is €=30°, for the SRM8-6 it is e=15° and it is the
same for the SRM12-8, etc.

Although SR motors with 72-48 poles configuration
(Elnomdy et al., 2018) exist, the most common large power
motor configuration is of type 12-8. The greater the number of
poles, the higher the switching frequency, and the more the
torque ripples are smoothed but the losses in the steel are
greater. At the same time, the mechanical design of the motor
and the control electronics become more complicated.
Increasing the number of teeth per pole results in an increase in
output power (Finch et al., 1984; Qishan et al., 1988) which
results in a reduction in the rotational period in which the
transformation of energy takes place. For the classical SRM,
each stator pole consists of only one tooth. The doubling of the
number of teeth can be achieved without substantially reducing
the maximum inductance at the aligned position of the rotor and
stator teeth. In this way the motoring torque can be almost
doubled by using two teeth per one stator pole. Increasing the
number of teeth requires a proportional increase in sensor
resolution. An increased count of pole teeth is used in the
Vernier Reluctance Motors (Harris et al., 1982) where the three-
phase coils are mounted on a salient pole stator. For this type
of motors the control voltage is sinusoidal and the energising of
all of the phases is done simultaneously. At least two phases
are required to ensure starting of rotation, whereas at least three
phases are required to ensure a desired starting direction. A
number of methods exist for reducing the torque ripples which
are divided into two groups, namely by control parameters
adjustment and by changing the geometry of the poles. The first
method is generally preferred as it is the most flexible — for
example, phase overlay or phase current profiling can be done.
In SRM drives the average torque and the torque ripples are
affected by the turn-on and turn-off angles. The SRM torque
characteristic can be optimised by applying appropriated pre-
calculated turn-on and turn-off angles in function of the motor
current and speed.

The mechanical characteristic of the SRM is shown in Fig.
2. It is hyperbolic in nature and is very similar to that of the
serially excited DC motor (DiRenzo, 2000; Wach, 2011).

T [N.m
BNom] torque limiting

/ T=const
i

constant power
/ T.o=const

T.o’=const

4

| I
®g ®p ® [rad/s]

Fig. 2. Mechanical characteristic of the SRM
The torque production in the SRM is dependent on the

change of the stored magnetic energy in the phase winding as
a function of the rotor position. The maximal torque is related to
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the maximal current flowing through the winding of the machine.
The speed w is limited by the supply voltage. The speed may be
increased over its nominal value but at the expense of the torque
reduction.

The instantaneous power equation of the SRM is (2).

Ul =R12

+l.—=
dt 2)
di
_RriZ Lo 3,2 9006
dt dt

The left side in the equation represents the instantaneous
electric power delivered to the motor. The first term on the right
side reflects the active losses. The second term on the right side
of the equation includes the sum of the mechanical power and
the power that is stored in the magnetic field.

Sometimes it is more appropriate for the torque to be
expressed by the magnetic flux, and sometimes by the current
through the windings. For this reason in the literature (Balazovic,
2002; Pavlitov, 2005) it is often considered the energy of the
magnetic field Wf (3) and the co-energy Wc (4).

W = cf) 1(6,®)do 3)
i
Wiy =W = | ®(6, 1)dl @

The graphical representation is given in Fig. 3.

@ energy stored in  1=1(6,®)

f the field
J D=0(8,1)

a— W, co-energy

I

Fig. 3. Graphical interpretation of the energy and co-energy of the
magnetic field

In the absence of magnetic saturation the curve will be a
straight line and then at any angle the co-energy and the stored
magnetic energy will be equal. It can be easily seen that the
inductance is highly nonlinear and depends on both the position
of the rotor and of the current through the stator. This is due to
the salient pole structure of the SRM and the saturation effects.
For the same reason the magnetic flux is also dependent on the
position of the rotor and the current through the winding.

Several inverter topologies are suitable for driving the SRM
(Miller, 1993; Miller, 2001; Ellabban et al., 2014; Murthy et al.,
2014). The most appropriate one that is convenient for large
power motors like the ones used in mining is shown in Fig. 4. A
single phase is shown for clarity but it is being expanded over
all phases depending on the exact SRM motor type.
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Fig. 4. Single phase part of the asymmetric bridge

As the torque is independent on the current polarity, the
inverter needs to contain at least one power switch per phase.
This is in contrast with the induction motor that requires at least
two power switches. Moreover, the coils of the asynchronous
motor are not serially connected to the switches, which can lead
to irreparable short circuit faults. In the SRM the winding is
always connected in series with the switch. That means that no
shoot-though is possible and no dead-time is needed thus
making it possible to increase the commutation frequency. In
addition, the phases are independent of each other, which is
why, even with reduced power, a continuous operation is
feasible in a case of one or more disconnected or faulty phases.
The mutual inductance between the phases is negligible, which
makes phase commutation completely independent but also
requires some measures to be taken to dissipate the stored
magnetic energy. This is done with the diodes D1 and D2 in the
figure. An exhaustive classification and a more detailed analysis
of the power inverters for SR motors is given in (Krishnan, 2001).

Modelling and control

Due to the highly nonlinear profile of the stator inductance
the mathematical modelling of SR motors is a tough task. A
typical inductance profile as a function of the stator current is
shown in Fig. 5 a) while the dependence of the normalised
inductance as a function of the rotor position is shown in Fig. 5
b). for the sake of simplicity the numerical values are omitted.

L [mH] Lnorm

T
e g
I[A] e

¢ L(,0)

Fig. 5. Stator inductance as a function of two variables
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Fig. 5 c) represents the inductance profile as a function of the
two variables. In fact the actual inductance depends also on the
temperature of the copper coil but in most of the cases this effect
is negligible.

The precise mathematical description plays a crucial role for
the effectiveness of the control because it permits to determine
the right turn-on and turn-off angles for the phase switching and
thus to achieve optimal control in terms of speed, torque ripples
reduction and efficiency. Many methods exist for solving this
task. The mathematical products such as Matlab (Chen, 2001,
Ramasamy, 2005, Chen, 2009), Mathcad (Staudt, 2015,
Stoyanov, 2016; 2017), Ansys Maxwell (Karim, 2016), Modelica
(Bals, 2011) and PC-SRD (Miller 1990) are often used. The
mathematical methods can be categorised into two major
categories namely numerical methods and analytical methods.
The mathematical modelling of non-linearity is most often based
on the Finite Element Method (FEM) (Ohyama, 2006; Srinivas,
2005), which is a numerical method for finding approximate
solutions for partial differential equations and requires great
computational power. This is a very accurate method for static
and dynamic modelling, but it is quite complex and time-
consuming. Numerical methods are related in general with some
difficulties in the implementation of the control algorithms. They
also demand knowledge of the physical dimensions and the
material of the motor. On the other hand, the analytical methods
can be subdivided into:

- linear methods — they usually do not consider the edge and
saturation effects and therefore the inductance curve cannot be
expressed as a function of the current;

- quasi-linear methods — they represent a piecewise linearization
of the magnetic curves in aligned position of the rotor and stator
poles;

- nonlinear methods - they include various mathematical
approaches for modelling the nonlinearities and are very
perspective. At first, there is the Fourier decomposition (Hur
2003) which is made possible because the shape of the
inductance is a periodic function and therefore it can be
expressed as an endless sum of sinusoids. A fully dynamic
model can be build using the Flux lookup table method (Torrey
et al., 1995) and the intelligent approach of the Artificial Neural
Networks (ANN) (Pavlitov et al., 2009). The last method is an
innovative one and is being applied where the formal analysis is
very difficult or even impossible.

Applications in mining

SR motors are widely accepted in mining and the trend of
their increased usage is sustainable (Arunava, 2012, Chen,
2009, Ptakh, 2015, Szklarski, 2013). This is due mainly to their
substantial advantages such as explosion safety because of the
lack of a commutating device, as well as a reduced amount of
heating; high reliability due to the possibility of working with one
or more broken phases; increased starting torque; high
overloading capability; inability to short-circuit the inverter; easy
maintenance since there are no impregnating resins, and the
change of a coil is a matter of removing and reinserting the new
winding on the stator tooth. In the mining industry SRMs are
mainly used in belt and armoured face conveyors, drilling
machines, traction systems and pumps.

A world leader in the research and development of SR
motors is the Japan-based Nidec Motor Corporation and its
subsidiaries — the U.S. Motors (USA), Emerson Motor (USA)
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and SR Drives Ltd (UK). In 2012 Nidec acquired Avtron
Industrial Automation Inc. (USA) and in 2014 - the China Tex
Mechanical and Electrical Engineering Co. Ltd company. Other
major players on the market include Ametek, VS Technology,
Shandong Kehui Power Automation, Maccon GmbH, Rongjia
Motor Co. Ltd, Shandong Desen, Huayang, Heliad, Rocky
Mountain Technologies and some others. The global SRM
market is assessed at over 440 million USD for 2018 and it is
expected to reach 670 million USD by the end of 2025 (Ptakh,
2015).

A 150 kW SR motor manufactured by SR Drives Ltd is
shown in Fig. 6. Itis installed by the company on a 2300 m belt
conveyor (Nidec 2015).

Fig. 6. The 150 kW Diamond drive system of SR Drives Ltd. (image
courtesy of SR Drives Ltd. UK)

A major Canadian potash mining company has upgraded its
existing load out conveyor with two 200 kW SRM449TN-180
motors on each end of the conveyor pulley after consulting the
SR drive made by Synergy Engineering Ltd in cooperation with
Nidec (IMJ 2015) — see Fig. 7. The needs of the drive system
are for starting the conveyor 35 times/h, 20 hours/day, 350 days
a year and 1000 m under the ground for a 30 years lifespan.

Fig. 7. The two-SRM Synergy Engineering drive system

A mining locomotive with a parallel drive system comprised
of two three-phase 7.5kW SRM6-4 motors used in a coal mine
in China (Chen, 2001) is shown in Fig. 8. The locomotive has a
thrust of 7.1kN, a maximum speed of 10km/h and a braking
distance of 14m.

Fig. 8. A mining locomotive with a parallel drive system of two 3-
phase SRM6-4
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The new Cat988KXE is a wheel loader offered by Caterpillar
which employs the SR technology. It has a payload of 14.5 t and
its efficiency is increased by 25% overall and by up to 49% in
face-loading applications. It is shown in Fig. 9.

Fig. 9. The Caterpillar's Cat 988K XE wheel loader

The world's largest wheel loader is the P&H L-2350
manufactured by Le Tourneau (now part of Komatsu Mining
Corp.). It is included in the Guinness Book of Records. This
wheel loader weighs 266 tons and has an operating capacity of
more than 72 tons. Its fuel consumption is about 45% less than
comparably sized mechanical drive wheel loaders which is
made possible by using an SR Hybrid drive system. Additional
advantage is that the SR motor allows for full utilisation of all
braking energy during the loading cycle and the service interval
is increased to 20000 hours. The P&H L-2350 is shown in Fig.
10 below.

Fig.
SRM

The UK registered Chinese company Kehui International
Ltd. is a manufacturer of SR motors of up to 400 kW. A coal
shearer by Kehui is shown in Fig. 11. It benefits from the low
starting current and a high torque (30% of rated current gives
starting torque of up to 150%) provided by the SR motor.

Fig. 11. The Le Torneau P&H L-2350 wheel loader uses a 400 kW
SRM
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Conclusions

The technology, modelling, control, and applications of large
power switched reluctance motors in mining are introduced in
the paper. SR motors have indisputable advantages such as
simple construction and robustness of the motor, fault tolerant
operation and control, high starting torque, high overload
capabilites and many more that make them an emerging
alternative to the other large power motors used in the mining
industry at present. Some keystone examples from the top
manufactures worldwide are briefly introduced that prove the
intense SRM penetration into the mining industry. It is obvious
that despite some peculiarities related to their control the
tendency of their increased usage is quite sustainable. The
usage of the SR technology on hybrid, geared and direct drive
systems is a premise for a more ecological industry.
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ANALYTICAL STUDY OF THE ENERGY CONSUMPTION OF DRUM MILLS ACCORDING
TO THEIR SIZE

Teodora Hristova

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; teodora@mgu.bg

ABSTRACT. In the design of processing factories, the main problem is the choice of the sizes of the drum mills. The factors influencing the choice of a mill are
several, each meeting different requirements. One of the main ones is the possibility to supply the technological scheme with @ minimum number of mills. This leads
to the choice of large-scale machines with the highest price and repair costs. The result of such a choice can be the unnecessary high cost of the milling process.
Therefore, the second factor in the choice is the energy consumption of each machine per tonne of processed ore. Various types of drum ball mills were investigated
in the paper and their energy consumption was calculated under the same conditions according to the known methodologies. An automatic calculation programme
was developed according to the shown methodology. Based on the results obtained, some conclusions are drawn.

Keywords: ball mill, energy consumption, size, power of engine, relative power consumption

AHATNUTUYHO U3CNEQBAHE HA EHEPTOPA3XOOA HA BAPABAHHU TONKOBW MENMHWULIM CNOPEQ TUMOPA3MEPA
UM

Teodopa Xpucmoea

MurHo-eeonoxku yHusepcumem "Cs. Mear Puncku”, 1700 Cogpus

PE3IOME. [pu npoektupaHe Ha oboratutentn cabpukn ocHoseH npobnem e u3bopbT Ha TUnopasmepu Ha bapabaHHute menHuun. PakTopuTe, BMSEWM Ha
n3bopa Ha MenHWLa Ca HAKOMKO, KaTo BCEKkW OT TAX YAOBMETBOPABA Pa3fU4HM U3NCKBaHMA. EANH OT OCHOBHMTE € BB3MOXHOCTTA 3a YAO0BMETBOPABAHE Ha
TeXHOMorMyHaTa cxema e ¢ MuHuManeH 6poii MenHuum. Toea BoaK 0 u3bopa Ha eaporabapuTHU MaLLMHK C Hali-BICOKa LieHa W pa3xoau 3a PeMOHT. PeaynTaTsT ot
TakbB 1300p MOXe Aa e U3NULLHO OCKbNABaHe Ha npoLeca cMunaxe. 3atosa BTOpY (hakTop Npu u3bopa e eHepropasxodbT Ha BCska MallHa 3a TOH npepaboTeHa
pyaa. B cratuata ca uscneasanu pasnnyHu Tunopasmepu GapabaHHW TOMKOBM MENHULM, W3YUCTIEH € TEXHUST eHepropasxof Mpu edHakeu YCroBus cropen
13BeCTHa MeToamka. PaspaboTeHa e nporpama 3a aBTOMATYHO M3UNCTIEHWE, CNOPeA NokasaHaTa MeToanka, 1 Bb3 0CHOBA Ha NoMyyeHnTe pesynTaTv ca HanpaBeHu
CbOTBETHUTE U3BOAM.

KnrouoBm gymu: TOMKOBA MEMHMLA, MOLLHOCT Ha [IBUraTerl, eHepropasxofl, pasmep, crieundndeH eHepropasxon

Introduction necessary to change technological lines or to build new
enterprises.

According to the Sustainable Development Paradigm,

social, economic and environmental issues are accepted to be . . .
considered in a complex way in every human and productive Relative power consumption for technological

activity. In recent years, manufacturers have become aware of processes

the relationship between production operations, the quality of

the environment and the welfare and health of employees The factor of relative power Consumption as part of the
(Rosen, Kishawy, 2012). Naturally, the sustainability criteria objectives for achieving sustainable development in the choice
apply to the different stages of existence of industrial sites - of mills for the mining sector is considered in the article. In the
designing, renovating, building, operations. The achievement life cycle of production, this is one of the most energy-intensive
of these complex objectives is also important in the mining and processes not only for the mining sector, but also for other
processing sector, which puts producers and engineers in front economic activities. From the reference of literature sources it
of four key environmental objectives: 1) Human extinction, 2) has been found that mills in the light industry and in particular
Sustainable development, 3) Conservation of biodiversity, 4) in the food industry have relatively high energy consumption in
Aesthetic wealth [A. Szekeres, 2016]. In this aspect, the impact the production cycle. Rice mill engines consume between 80
assessment of the mining and processing sector is best and 85% of total energy in the life cycle from flaking to packing
considered not only for the entire life cycle but also for the full rice (Pachanawan, 2017). Similar are the statistics data for
range of activities involving the product (ERP), process (ERP), other sectors of the food industry like sugar cane production,
facility (ERF), service (ERS) and infrastructure (ERI). Due to where mainly roll crusher or roller mills are used (Stefan,
the need to meet the sustainability criteria under changed Voicu, 2013).

requirements, standards, regulations and laws, it is often
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For the mining sector, 50% of the electricity consumed was
found to be the crushing and milling process in the full
production cycle of the four parts of the chain: exploration,
extraction, processing and recycling (Jeswiet, 2016). It is
estimated that approximately 60% of this energy is consumed
in the milling process. The data from foreign sources overlap
with those for Bulgarian mining enterprises, where 60% of the
consumption is of synchronous engines (SM) driving the mills,
and 40% is from asynchronous engines in the crushing
process (Kurtzelin et al., 2009). Under the sustainability
criteria, scientists are analysing these issues not only in order
to save both the electrical energy and resources. The reason is
that the quality of the product at the output of a particular
process has an effect on the quality and consumption of
energy and raw materials in the next one.

Energy saving approaches can be either theoretical or
experimental, performed by machine operators. The latter are
very expensive and usually do not lead to optimal results
(Jafarzadeh, Khodaygan, 2019). To achieve synergy, it is
necessary to reduce the energy consumption while preserving
the quality of the resulting product, for which optimisation of the
processing parameters is necessary. Research has recently
been done to achieve targeted features such as maximising
tool life, maximising material removal rate (MRR), maximising
surface quality of grain size while minimising energy
consumption or material consumption, compensating for
energy losses in propulsion synchronous motors through
change of supply voltage (Kurtzelin et al., 2009), determination
of vibrations at maximum MRR and others (Jafarzadeh et al.,
2019). Various methods, algorithms, mathematical apparatus
(Mryankov, 2007), machine algorithm for calculation, neural
networks, etc. are used to achieve the optimal parameters of
the surveyed objects. In order to achieve the target function, it
is good to compare several methods and select the one with
the smallest error (Singh Nain, 2019).

Al of these studies lead to an increase in energy
performance, but from a lifecycle aspect of production, it is first
necessary to theoretically choose the appropriate machines for
each technology.

With this purpose, a point system has been proposed that
can be used to evaluate types of mills against the indicators:
energy consumption; quantity of material and quantity of
gaseous, solid and liquid waste; public needs (Jeswiet, 2016).
However, it is not possible to compare different machine sizes
of the same type on the basis of energy consumption, quantity
of waste and produced products and others.

In the presented problem, it is most expedient to determine
the energy per unit of product produced or the so-called
relative power consumption at a selected mill type. Therefore,
the article examines the problem of choosing the size of drum
mills in the design of processing factories versus the lower
energy consumption factor. The necessity of the study arises
because many scientists study the energy consumption of
already installed and operating mills according to the
properties of the material to be milled - hardness, size, content
and etc. The literature emphasises only the reasons for
choosing a type of mill in the design and construction of a
technological line by a classical or point method. The choice of
type of mill according to size must be guided by the cost of
building and maintaining the machinery, the leading criterion
being the energy consumption of each machine per tonne of
processed ore. Such a condition is fully consistent with

93

sustainable development criteria because lowering energy
consumption will lead to improvements in some of the energy
efficiency criteria.

Structure of the object to be analysed

When designing a technological line in the mining and
processing industry according to the technological
requirements, a certain type of mill is chosen. Classification of
mills can be done according to different criteria:

- depending on the drum design, they are cylindrical or
cylindrical conical;

- according to the discharge, with central discharge or
pouring; discharging through a grate; outlet through a
peripheral grate;

- according to the type of grinding media they are ball,
bar, gravel, autogenous and semi-autogenous;

- according to the number of cameras they are single-
chamber or multi-chamber (Minin, 2012).

In processing factories one chamber drum mills are used
as milling equipment. For the study, MTP machines (ball mill
with grating) are chosen. This model has a low pulp level which
results in increased efficiency due to increased impact of the
grinding media. They are also known as grate discharging.
This is achieved by placing a grid in the semi-receptive
chamber between the grating and the bottom of the drum.
When the mill is rotated, the milled product passes through it,
rises out of the elevator and they outflow from the discharge
port. The particles that have reached the required particle size
pass through the holes of the grate and enter the semi-
receiving chamber from where they are unloaded.

4

Fig. 1. Drum ball mill with grate

1 - drum; 2 - bottom; 3 - discharge chamber; 4,5-discharge trunnions;
6.7 — bearing seats; 8 - tooth gearing; 9 - combined feeder device;
10,11 - supply and discharge bushings; 12 - drum linings; 13 - lining of
the bottoms; 14 - hatch; 15 - discharging grate; 16 - elevator; 17 -
unloaded cone; 18-pinion; 19 — shaft

The drum selected for analysis is visualised in Figure 1. It
consists of a drum (1) and side bottoms (2). The rotation of the
mill is accomplished by means of bearings (6, 7) which are
attached to the grippers on the lateral bottoms. On rotation, the
material fed in the drum is lifted by the lifter bars of the lining
(12), then dropped and milled by impact, grinding and crushing
under the action of the grinding media. The milled material is
continuously discharged from the discharge port (3), and ore
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grindings are fed through the feeder port (9) in accordance with
a certain technologically chosen filling factor. The performance
of the mill, of course, depends directly on the volume of the
drum.

The relative power consumption analysis against an
appropriate type size is based on the following metrics: engine
power, output, energy consumption and cost. For engineering
evaluation, the following type sizes were selected for
comparison: MTP 4.5x6, MTP 4.5x5, MTP 4x5, MTP3.6x5 and
MTP 3.6x4.

Method for determining the productivity of a
drum ball mill

For comparison of the defined criteria, the productivity of
the selected by size mills must be calculated. In some studies,
the energy consumption is determined according to the
electricity paid per unit of product (A. Pachanawan, 2017, GH
Voicu, 2013), but in this case it is more correct to use a
classical methodology for calculating engine power. This is the
method used by engineers to determine the basic
technological parameters and forces, which includes the steps
described below in the text (I. Minin, 2012, Minin et al., 2010).

The light drum diameter is determined using the formula:

D; = Dg — 25, mm W)

where:
- Ds —is the drum diameter;
- 6 - the thickness of the lining, being between 0.15 + 0.17
mm for the different sizes of mills.
The critical angular speed of the drum is calculated as
follows:

Wer = E, radls, 2

where D, is the light drum diameter.
The actual angular velocity of the drum is given according
to the expression:

_mnn rad

RETI G
where n is the rotation speed of the drum.

The relative angular speed of the rotation of the drum ¥ is
determined by the ratio of the drum speed to the actual angular
velocity and the critical angular velocity.

w

Y=

.100% . (4)

Wer

The working volume of the drum for each mill is determined
according to the expression:

V, = mR2.L,m3, (5)
where:
R, = D‘Z”,m -is the drum radius without the lining;

L - drum length.

The mass of the balls is determined according to:

My = prVi9, (6)

where:

- pr —is the density of the balls;

- @ - fill factor with grinding bodies, which is selected
in this case 0,4.

To determine the mass of the balls, their density should be
chosen. By known methods the density of the balls is selected
according to their diameter, but from a theoretical study it has
been found that the balls are of different wear and do not stand
symmetrically in the mill drum. It is estimated that the density
of the balls is about 4514kg/m? and this density does not
depend on their diameter (Minin et al., 2014).

The weight of grinding media in the mill is determined
according to the dependence:

Cr=g9.Myr (7)
where g is the Earth's acceleration.

Table 1. Specification table of the selected type mills

Parameters o o o o o

o o o o o

= 3 3 3 3

= 3 3 3 S

g1 8| §| 8| §

o o o o o

= = = = =

= = = = =

the thickness of | 415 | 149 | 110 | 120 | 120
the lining,mm

the light drum | 500 | 360 | 4000 | 4500 | 4500
diameter,mm

drum length,mm | 4000 |5000 5000 | 5000 6000
the working

volume of the 36 45 55 71 85
drum,m3

the rotation
speed of the 18,1 | 18,1 174 | 16,5 16,5

drum, min-!
hofthe critical | 20 7 707 | 799 | 04 | 804
angular speed
themassof | 2, | g3 | 415 | 148 | 177
balls,t
the weight of
grinding mediain | 216 | 238 333 | 395 -
mill t
the weight of the | 4a) | 465 | 255 | 300 | 320
drum,Mmill ¢
power of 1000 |1250 | 2000 | 2500 | 2500
engine, kW

The weight of the drum is:
C6 =9- M6! N (8)

where Mg — the mass of the drum, the value being taken
from the enclosed grinder specification table, Table 1.

The idle power is determined with the equation:
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Nigie = 0,5uCswd )
where:
- u — the coefficient of friction in the bearings;
- d - the diameter of the collar of the mill bearings.
The extra power depends on the weight of the milling
media and is calculated with the expression:
Nadd = 0,5# CT.(J).d,W, (10)
where u is the coefficient of friction in the bearings and its
value is 0.008.
The next step is determining the power to raise the balls in
the drum:

Ng = pr.g.L.wer. W3.RE [(1 = k) = 2wt — k)|, w

(11)

where: k, — is the relative radius for the innermost layer of the
balls, which is taken according to the values in the tables
referenced in the literature. The value is 0.606.
The power to transmit the kinetic energy of the balls is:
N, = 0,125p;L. w3 RE(1 — k), W (12)
Calculated power values are used to calculate the engine
power required to drive the mill. In these mills, synchronous
motors are used for propulsion and for each type of dimension
it is required that drive power is to be calculated according to
the formula:

N.. . _Nidle+Nadd+NG+NeW
engine 10007, ’

(13)
where 7, is the mechanical coefficient of efficiency of the
drive.

The total productivity of the drum mill versus the starting
product is determined according to the dependence:

Q=qVi,kg/h (14)
where q is the specific productivity of the mill.

The specific performance of the mill is determined by the
factors on which it depends: grinding mode, type of grinding
medium, size of the output and final product, physico-
mechanical properties of the grinding material, mill diameter,
grinding medium, relative angular velocity of the mill and
others. Their impact is accounted for by correction factors, the
values of which are established by the practice. They are:

Correction coefficient for the influence of the size of the
outcoming ore:

4 [an
K, = |—=
d 25

where dh is the maximum size of the outcoming ore, mm.
Correction factor for the influence of the diameter of the
drum:

0,83, (15)

3
Kp, = |—
D D6'

(16)
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where 3 - drum diameter of a reference mill, m.
Correction coefficient for the influence of the relative
velocity:

(17)

Correction coefficient for the effect of the amount of the
milling media:

K =

75
? 9

(18)

Correction coefficient for the influence of the size of the
milled product:
Kg = 3.4d,, (19)
where d,, - nominal diameter of the finished product.

Coefficient considering the type of mill chosen K,,;;; = 1 if
the mill has a grate (in this case) or K,,,;;; = 0.87 + 0.8, if
the mill is centrally unloaded.

Coefficient for calculating the influence of the digestibility of
the ore on the mill performance. This factor is counted from
graphic and accepted K; = 0.85.

After determining all the coefficients, the specific
productivity of each mill by source product can be calculated
according to the dependence:

_ 90KTKgKmi pn
KqKpKwKy 16000

Jkg/m? (20)

where:

- q, - reference specific productivity (assumed g, =
2200 kg/m3hi);

- py — a coefficient of bulk density of the ore;

- 1600 - reference bulk density.

Results

Based on the methodology, the productivity (Q/ t) of
different types of mills was calculated. The results obtained are
shown in Figure 2. It can be seen that reducing the size of the
drum also reduces the performance.

Ndvig and Q/t

3000

2500 B Ndvig

2000 it
= 1500
[a
1000
500
0
MTP

Fig. 2. Productivity and power of engine of the surveyed MTP
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Comparison of different types of mills based on
relative power consumption

The concept of relative power consumption is introduced
because the consumed electricity does not provide an
objective estimate of the costs of the processed ore. The
relative power consumption E,kWh/t is the ratio of the
calculated power of the mill engine to the productivity of the
mill per finished product per unit of time. Changing this value
depends on the load of the engine with different loads. Energy
efficiency can therefore be used to determine effective
operation regimes when changing qualitative characteristics of
the incoming ore. The relative power consumption is obtained
using the formula:

E =%,kWh/t 21)

E, kWh/t
10,5
- 104
~
I
S 103
5 O
10,2
1 2 3 4 5
MTP

Fig. 3. Relative power consumption of Types MTP

It can be seen that the relative power consumption
depends on the size of the mills. In a given order, the energy
consumption decreases when the volume decreases, but with
excessive volume decrease it increases. The reason is that the
mass of the parts of the smaller machines is close to that of the
larger machines, resulting in increased idling energy
consumption and hence increased energy consumption of
small mills. This is visualised in Figure 4, and to achieve the
symmetry of the graphs the data on the weight of the mill are
divided into 10000.

C6and E mm C 6.10-5
E, kWh/t

10,5

10,45

10,4

10,35

10,3

10,25

10,2

40
30

i

20 B
NS
0
1 2 3 4 5

Fig. 4. Drum weight and relative power consumption of types
MTP

When deciding on the choice of a type-sized mill aiming to
rationalise the electricity consumption, the result obtained
should be taken into account. The price factor is not
insignificant and can also be included. The price is determined
according to the dependence:
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P = prM,,;;;, euro (22)
where pr — the price per unit weight, given conditionally 6 euro
per kilogram

- M,,,;;; — the mass of the mill.

It can be seen that the reduction of the mill's mass
decreases the price, respectively the repair costs, as well as
the quantity of the produced product. However, Figure 5 shows
that energy consumption increases as the volume of the mill
drum decreases, while the productivity is almost unchanged,
and this is the key factor in deciding on the size of mills.

Ndvig/10000 and Q/t and P

300

P/10
250
Q/t
200
150 == Ndvig/100
0
100
50
0
1 2 3 4 5 6

Fig. 5 Engine power, productivity, cost of MTP

After choosing a type-sized mill and building a processing
line, it is necessary to define the operating modes. In
determining their economic efficiency, it is necessary to
analyse the technological mode of the processing plant,
according to the boundary conditions of the equipment and the
characteristics of the material to be milled, such as grain size,
changing the trajectory of the particles (Stoyanov, 2015), the
humidity, the hardness, etc. (Assawamartbunlue, 2018). This is
related to determining the impact of each of these factors on
the energy consumption by measuring and subsequently
processing and analysing the data.

Conclusion

It is important that the mills are selected according to their
relative power consumption, because in this way it is possible
to save not only energy, but also costs for parts, repair, and
maintenance. Worldwide, there is an emphasis on choosing a
larger machine rather than a few smaller ones, such as rice
flour mills. The theoretical study proves this trend.

However, the choice of the type of mill and its size should
not only be the relative power consumption of the grinding
process, but that of the whole technological line. To achieve a
synergic effect from all the phases of processing the ore, it is
necessary to analyse the change in energy consumption when
changing the production technology. For example, the use of
an additional reagent to the mill in order to increase the
efficiency of the next flotation process (Boteva, 2002). This
action will not lead to a reduction in the mill's relative power
consumption, but only to the flotation process. Finally, this will
generally improve the energy performance of the whole life
cycle due to the increased amount of the extracted metal. This
is a future topic of research.
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ALGORITHM FOR loT-SENSOR DESIGN AND MAINTENANCE SERVICE
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ABSTRACT. Internet of Things (loT) is the extension of Internet to physical devices and everyday objects. Embedded with electronics, Internet connectivity, and other
forms of hardware (such as sensors), these devices can communicate and interact with others over the Internet, and they can be remotely monitored and controlled.
The paper offers an algorithm for loT-sensor design and Maintenance Service with a high level of defail. It is intended for students and junior designers. The
hypothesis is the following: unambiguous steps are defined by the usage of appropriate methods. The methodology includes a theory for: semiconductor devices,
Wheatstone bridge, analogue-to-digital conversion with successive approximation, finite elements method, unified modelling language (UML) and programming
language Verilog. The algorithm is illustrated by an example for a pressure sensor. The result is an algorithm in two parts: simulation design and service design. The
simulation design includes hardware design and simulation elements calculation. The service design includes definitions of Managed Objects classes with names,
attributes, operations and methods. With the chosen detail level, the algorithm is a good base for designing a system with two sensors (e.g. a pressure sensor and a
temperature sensor) and for experiments in specific working environment (e.g. underground mine).

Keywords: loT-sensor, pressure sensor, temperature sensor, simulation, service

ANFOPUTHM 3A MPOEKTUPAHE HA loT -CEH30P W OBCNYXBAHE HA NOAOBLPXAHETO
Muna Unuesa-O6pemeHoea, EneHa bnazoesa, boiiko Kbpkos
Murro-2eonoxku yHusepcumem "Ca. MeaH Puncku”, 1700 Cogpus

PE3IOME. IoT (Internet of Things) e pa3wmpeHneTo Ha MHTEPHET KbM r3n4Yeckn ycTpoicTea u 0bekTi 3a exedHeBHa ynotpeba. CHabaeHn ¢ enekTpoHmka,
WHTEPHET CBBP3aHOCT M Apyri hopMK Ha Xxapayep (KaTo CeH3opw), Te3n YCTPONCTBA MoraT fja KOMYHUKMPAT U Aa B3aUMOLECTBAT C pyri Ypes UHTEpHeT v morat
pa 6bpaT ancTaHuMoHHO HabnoaasaHu W KoHTponupanu. Mpeanara ce anropuTbM 3a npoekTpaHe Ha loT-ceH3op v ofcnyxeaHe Ha NOAMBPKAHETO C BUCOKA
cTeneH Ha AeTainuaaums. MpesHasHayeH e 3a CTyAEeHTU 1 MNaALLN NPoeKTaHT. XunoTesaTa e cneaHata: EfHO3HauHOCT Ha CTBIKUTE Ce NOCTUra Ype3 13nonasaHe
Ha noaxofswy MeToau 1 cpefcTea. Metogonorusata 3a NPOEKTMPaHe BKIOYBA TEOPWM 3a: MOMYMPOBOAHUKOBU €NEMEHTH, YUTCTOHOB MOCT, aHanoroBo-Ludposo
npeobpa3yBaHe € nocregoBaTenHa anpokcuMaLys, METOA Ha kpaiHuTe enemeHTH, yHuduumpaH eavk 3a mogenupade (UML) n esuk 3a nporpamupare Verilog.
ANropuTBMBT Ce UMKCTPUPa C MPUMEp 33 CEH30p 3a HansraHe. Pe3ynTaThbT Ce CbCTOW OT anropuTbM B ABE YaCTW: NPOEKTUPaHe Ha CUMynaLms W NpoekTMpaHe Ha
obcnyxsaHe. [poeKTMpaHeTO Ha CUMynauusiTa BKMIOYBA: NMPOEKTUpaHe Ha Xapayep W M34MCisBaHe Ha enemeHTuTe Ha cumynauumsita. MpoekTMpaHeTo Ha
obcnyxBaHeTo CbAbpxa knacose ynpaensiBaHn obekT ¢ uMeHa, atpubyTw, onepaumu u metogu. C u3bpaHata cTeneH Ha [eTainn3aums anropuTbMbT
npeAcTaBnsBa Jobpa OCHOBA 3a NMPOEKTUpaHe Ha cucTema C [Ba CeH3opa (Hampumep CeH3Op 3a HansraHe W CeH3op 3a Temnepatypa) W 3a eKCriepUMeHTH B
cneuydmyHa paboTtHa cpefa (Hanpumep NoA3EMeH PYAHMK).

Knto4oBu aymu: loT-ceH30p, CEH30p 3a HanaraHe, CEH30p 3a TeMnepaTtypa, cumynaLus, 06cnyxeaqe

Introduction Methodology

loT (Internet of Things) is the extension of Internet to The design methodology includes the application of the
physical devices and everyday objects. Embedded with theory for: semiconductor devices (Lienig, 2017), Wheatstone
electronics, Internet connectivity, and other forms of hardware bridge (Ekelof, 2001), analogue-to-digital conversion with
(such as sensors), these devices can communicate and successive approximation (Baker, 2010), finite element method
interact with others over the Internet, and they can be remotely (Logan, 2011), Unified Modelling Language — UML (Fowler,
monitored and controlled. The recent developments are 2004) and programming language Verilog (Bergeron, 2012).
represented in articles with low level of detail (Miller, 2018) or The algorithm is illustrated with a pressure sensor.

represent concepts of very high level (Ruh, 2018; Perera et al.,
2018). This article offers an algorithm for loT-sensor design Results
and Maintenance Service with high level of detail. It is intended
for students and junior designers. Unambiguous steps are

imulati .
defined by the usage of appropriate methods. Simulation design

Hardware design. 1. Block-diagram design: Fig.1 shows a
block-diagram of a monitoring system for the liquid level. It
contains a sensor, an amplifier, an analogue-to-digital
converter (ADC), a microcontroller, a RF-transmitter, a
gateway, a power supply and a clock.
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GATEWAY

I

r
MICRO- RF-
CONTROLLE TRANSMITTER
\,

CLOCK

| POWER SUPPLY :
I

-

Fig. 1. Block-diagram of a monitoring system for the liquid level

2. Measure scheme for sensor resistance: Fig. 2 shows a
measure scheme for sensor resistance with a Wheatstone
bridge and an amplifier.

R3 R2/R1 = Rx/R3

T+

Gain=63
Vout

sensor

Fig. 2. Measure scheme for sensor resistance

3. Detailed block-diagram of ADC: Fig.3 shows a detailed
block-diagram of ADC with successive approximation, where
SAR is the Successive Approximation Register, Vref is the
Reference Voltage, DAC is the Digital-to-analogue converter,
Vin is the Input Voltage, S/H is the sample and hold circuit and
EOC is the End of Conversion.

The operation of ADC with successive approximation is the
following: SAR is initialised so that the most significant bit
(MSB) is equal to a digital 1 (Vref). This code is fed into the
DAC, it is converted to the analogue equivalent and is fed into
the comparator circuit for comparison with the sampled input
voltage Vin. If this analogue voltage exceeds Vin, the
comparator causes the SAR to reset this bit (turns it to 0).
Otherwise, the bit is left as 1. Then the next bit is set to 1 and
the same test is done. The binary search continues until every
bit in the SAR has been tested. The resulting code is the digital
approximation of the sampled input voltage and is finally the
output by the SAR at the end of the conversion. Fig.4 shows
the operation of ADC with successive approximation for the
binary digit 00000001.
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Vref = 10000000

EOC
CLOCK SAR =
D7 DO
\AAAAAALL
DAC
I COMPARATOR
Vin Mool .
| S/H] +
Fig. 3. Detailed block-diagram of ADC
140 128
120
100
80 64
60
40 32
20 16
l 8 4 2 1
0 - | — —
1 2 3 4 5 6 7 8

Fig. 4. Operation of ADC with successive approximation

4. System improvement: Fig.5 shows a system improvement
with a group of sensors, which could be connected to one
multiplexor (MUX), so they could monitor a group of
parameters, characterising a certain territory — a mining
territory, an environment territory, etc.

GATEWAY

> % T

MICRO- RF-
[CONTROLLE TRANSMITTER

CLOCK

Fig. 5. System improvement: System with a group of sensors

Simulation elements calculation. 1. Sensor choice: A
nonlinear resistor is chosen with resistance dependent on the
applied pressure; R=f(P). 2. Calculation of dependence
pressure-voltage: The voltage is measured as a function of
pressure with the Wheatstone bridge: U=f(P). The minimum
output voltage of the sensor is 0,1mV=1.104V. The maximum
output voltage of the sensor is 35mV=3,5.10-2V. The maximum
applied pressure is 350,25kPa. The pressure for 0,1mV in kPa
is:
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~350.25x0.1
35

P =1kPa

(1)

3. Amplification calculation for the voltage after sensor: ADC
works in the range from 0 to 2,2V. Therefore, the voltage after
the sensor needs amplification Au:

= 2.2 . _63
3.5x10™

2
4. Calculation of successive approximation step of ADC: For
the conversion of the voltage into a digital signal an 8-bit ADC
is used. The possible counts are:
C=28=256 3)
Table 1: Voltage Distribution in Excel

2"8 277 276 275

z

2"3

O O OO OO OO 0O 000000 oOoOou oo oo o
O O OO OO OO 0O 0O 00000 OoOOou oo oo o
O O OO OO OO 0O 0O 00000 oo oo oo o
P R PP PP O O0OO0OO0O0OO0O0OO0OO0OOOOoOOoOOo o
OO0 o000 O0OkFRF RFRPRFRPRRFPRPRPRPRPRRPOOOOOOODO
P PO OO0OOF FPF PP OOOORFPF PF P OOOO

5. ADC scale calculation: The ADC scale is calculated from the
possible counts and the ADC range:

Cy

256
s ©)

7 =116 counts/V

6. Calculation of Wheatstone bridge offset in V: We suppose
that the Wheatstone bridge is not ideally balanced and prior to
the pressure application the voltmeter reads 2mV=2.10-V. The
voltage after the amplifier is:

Vofiset = 2x10-3x63 = 126x10-3V = 0.126V (7)

7. Calculation of Wheatstone bridge offset in counts:

offset = 0.126x116 =14.6 =~15 counts

100

The active counts are:

C1=28 - 1 = 255 (From 0 to 255) 4)

The approximation step is calculated from the ADC range and
the possible counts are:

2&'_; =8.59375.10~2 V / count

Vv )

Table 1 shows visualization of voltage distribution in Excel.

212 271 Voltage,V Pressure, kPa Pressure, mm
0 0 0 0 0
0 1 0.008594 0 0
1 0 0.017188 0 0
1 1 0.025781 0 0
0 0 0.034375 0 0
0 1 0.042969 0 0
1 0 0.051563 0 0
1 1 0.060156 0 0
0 0 0.06875 0 0
0 1 0.077344 0 0
1 0 0.085938 0 0
1 1 0.094531 0 0
0 0 0.103125 0 0
0 1 0.111719 0 0
1 0 0.120313 0 0
1 1 0.128906 0 0
0 0 0.1375 1.45 148
0 1 0.146094 2.9 296
1 0 0.154688 4.35 444
1 1 0.163281 5.8 592
0 0 0.171875 7.25 740
0 1 0.180469 8.7 888

8. Calculation of active counts of the ADC reporting the
pressure:

Ca=255-15 =240 counts

9. Calculation of the sensor slope in counts/kPa:

S1 = ﬂ =
350.25

0.68522 counts/kPa

10. Calculating of the sensor slope in V/kPa:

S2=0.68522x8.59375x103 = 5.88865x103 V/kPa =

= 5.88865x106 VV/Pa (1)
11. Defining the voltage function: The voltage function is linear
from the type:
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y=ax+b, (12)

Where y is the output voltage Vout in V, as is the slope Sz in
V/kPa, x is the pressure P in kPa and b is offset Voftset in V.

Vout = S2XP + Voffset (13)

12. Calculation of the dimension on X axe in kPa/count:

_ 350.25

1.45 kPalcount (14)

13. Calculation of the dimension on X axis in mm/count: For
practical aims let's assume that the fluid height is directly
proportional to the pressure:

P=pgh, (19)
Where P is the pressure in kPa, p is the fluid density (for water
p = 1kg/l), g is the standard gravity 9,8m/s2 n h is the fluid

height over the sensor in meters. Then

P

Factor =— 145

——=0.147959 m/count = 148 mm/count
1x9.8

(16)
Fig.6 shows the dimensions: dimension on X axis in kPa/count
and dimension on X axis in mm/count.

The figure shows that 1kPa corresponds approximately to 100
mm.

Mainte nanceService

u vl

8,5.107-3

15

1,45
148

P [kPa]
P [mm]

Fig. 6. Dimensions on X axis

147.9

Checking: For 117 counts: (117-15)x1.45 = 147.9kPa, TS

=15.09 m, (117-15)x148 = 15096 mm;
for 219 counts: (219-15)x1.45=295.8kPa, % =30.184m,

(219-15)x148=30192mm. The check shows a difference in the
calculations of about 1cm.

14. Definition of the function for fluid height in mm:
h = (ncounts - offset) * factor, (17)

where ncounts is the number of counts of ADC, corresponding
to the analogue value of the sensor voltage.

Service Design

UML diagram synthesis. Fig.7 shows a UML diagram for
Managed Obijects classes for Maintenance Service.

{ {

PreventiveF uncion TestingFunction AlarmlLog

FluidHeight Timer

Y Y Y

Result Localization

AlarmRecord

Fig. 7: UML diagram of Managed Objects classes for Maintenance Service

Definitions of Managed Objects (MO) classes with names,
attributes, operations and methods.

1. MO MaintenanceService represents the information for
maintenance service, which helps to monitor the process in
normal working conditions and to avoid failures.

2. MO fluidHeight represents a function for calculation of
sensor constants. A) Attributes: Attribute gravity represents
gravitational field. Attribute density_of_water represents one
of the physical properties of water — density. Attribute
ADCrange shows the maximum voltage of ADC. Attribute
ADCbits represents the number of ADC bits. Attribute
pressureMaximum represents the maximum pressure applied
on the sensor. Attribute sensorOutput_min shows the
minimum  output  voltage  of  sensor.  Attribute

101

sensorOutput_max shows the maximum output voltage of
sensor. Attribute WBridgelntercept shows the initial voltage in
Wheatstone bridge. Attribute ncounts represents the number
of counts reached by certain pressure. B) Operations:
Operation MinPressure calculates the minimum pressure
measured by the sensor. Operation Amplification calculates
the necessary amplification so that the sensor range
corresponds to ADC range. Operation ADCcounts calculates
the number of ADC counts. Operation ADCfactor calculates
the ADC step in V/count. Operation ADCscale calculates the
ADC scale in counts/V. Operation
InterceptVoltageAfterAmplifier calculates the initial voltage
after amplifier. Operation offset calculates the initial voltage,
reported from ADC. Operation ActiveADCcounts calculates
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the ADC counts with pressure. Operation Slope1 calculates
the slope in counts/kPa. Operation Slope2 calculates the slope
in V/kPa. Operation PressureScale calculates the dimension
on X axis in kPalcount. Operation Factor calculates the
dimension on X axis in mm/count. Operation read_ncounts
reads the ADC counts by certain pressure. Operation
fluidHeight calculates the liquid height over the sensor.

3. MO Timer represents a timer, which awakes the processor
periodically for fluid height measurement. A) Attributes:
Attribute bHaveLastRead is a Boolean variable, which shows
the processor is awakened. Attribute BigPeriod shows the
working period of the timer, i.e. 50000000ns=50000us.
Attribute PeriodsNumber represents the number of periods
L,asleep-awakened” of the processor for the timer's period. B)
Operations: Operation UartStdOutnit initialises the timer's
turn off. Operation SysTick_Config calculates the duration of
one period of the timer.

4. MO PreventiveFunction represents the programmes for
testing the fluid height by normal working conditions.

A) Attributes: Attribute LastRead represents the value of the
last read. Attribute mmH20 shows the value of recent reading.
Attribute permissible_delta represents the allowed difference
in mm, i.e. 500mm=50cm. B) Operations: Operation delta
calculates the difference between the last and the recent
reading. Operation assign_lastRead assigns the recent
reading as the last reading.

5. MO Result represents the result after execution of a
preventive function. A) Attributes: Attribute ID represents the
notification number after the preventive function. B)
Operations: Operation printf writes a notification after the
preventive function.

6. MO AlarmLog represents log Alarms, containing the
collected maintenance events. A) Attributes: Attribute ID
represents the log number. Attribute N represents the log size,
i.e. 1000 records. B) Operations: At this stage operations for
the log are not defined.

7. MO AlarmRecord represents the Alarm reaction, if a failure
occurs. A) Attributes: Attribute ID represents the alarm number.
B) Operations: Operation printf writes an alarm in log by
exceeding the allowed difference.

8. MO TestingFunction represents the testing programmes
for detection of failure: 1.Calculation of the counts number by
increasing or decreasing the liquid level over the allowed
difference. 2. By reaching a crucial level [mm], ie.
10000mm=10m, visualisation of the decreasing level speed
starts. The crucial level in counts is 83. A) Attributes: Attribute
adc_dac_data shows the liquid level in counts. Attribute
liquid_level shows the liquid level in mm. Attribute gravity
shows the earth gravity. Attribute density_of water shows the
water density. Attribute steadyTime shows the steady time for
procedure  execution, i.e. 750 000ns=750us. Attribute
leakingTime shows the time for leaking simulation, i.e.
10000ns=10us. B) Operations: Operation Pressure calculates
the pressure by the liquid level in mm and earth gravity.
Operation Vout calculates the output voltage by slope, pressure
and initial voltage. Operation ncount calculates the counts
number by output voltage and ADC scale. Operation
liquid_level calculates leaking 1% every 1us.

9. MO Localisation contains information about the counts by
which a failure is reported. A) Aftributes: Attribute ID
represents the number of localisation. B) Operations:
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Operation
assign adc_compare assigns the next count smaller than the
calculated.
Synthesis of operations™ methods. 1. fluidHeight
Int fluidHeight (int ncounts) {
/* model for pressure sensor:

MinPressure =  PressureMaximum  *
sensorQOutput_min / sensorOutput_max

Amplification=ADCrange/sensorOutput_max

ADCcounts = 2*ADCbit - 1

ADCfactor = ADCrange/2*ADCbit

ADCscale = 22ADCbit/ADCrange

InterceptVoltageAfterAmplifier =
Whbridgelntercept * Amplification

offset = InterceptVoltageAfterAmplifier *
ADCscale

ActiveADCcounts = ADCcounts — offset

Slopel = ActiveADCcounts /
pressureMaximum

Slope2 = Slopel * ADCfactor

PressureScale = PressureMaximum /
ActiveADCcounts

Factor = PressureScale / Density_of_water *
gravity

*/

const int offset = 15;
const int Factor = 148;

return (ncounts — offset) * Factor;

}

2. Timer
Int main (void)

{ bHavelastRead = 0;

// UART init
UartStdOutlnit ();

// set SysTick interrupt timer
SysTick_Config (50000000/10000);

// go to sleep
while (1)

PreventiveFunction ();
return 0;

}

UART is a Universal Asynchronous Receiver-Transmitter. The
period of the timer is 5ps.

3. PreventiveFunction. The method for PreventiveFunction
combines attributes and operations for the following objects:
PreventiveFunction, Result, AlarmLog u AlarmRecord.

void PreventiveFunction (void) {
int n_c = ncounts;
int mmH20 = fluidHeight(n_c);
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printf (“ADC reports %d count, %d mmH20\n”,
n_c, mmH20);
if (lbHavelastRead) {
bHavelastRead=1;
lastRead=mmH20;
}
else {int delta = mmH20 — lastRead;
if ((delta < -500) Il (delta > 500)) {
printf (“***\n*** Sjgnificant
change in fluid level: %d mm, now %d
mmH20\n***\n”, delta, mmH20);
lastRead=mmH20;

}
}
}
4. TestingFunction. The method TestingFunction unifies the
attributes and operations of the following objects:

TestingFunction u Localisation.
module TestingFunction (adc_dac_data, adc_compare)

input [7:0] adc_dac_data;

output adc_compare;
real liquid_level, pressure, Vout, ncount;
initial begin

liquid_level = 10000; //mm

// hold steady for the first 750 us
#750000;

// start leaking 1% every lus
forever begin

liquid_level = liquid_level * 0,99;
#10000;
end

end // initial begin

always @(liquid_level)
begin
pressure=liquid_level*9,8;
Vout=pressure*5,88865.e%+0,126
ncount=Vout*256/2,2
end

assign adc_compare = adc_dac_data < ncount;
endmodule // TestingFunction

It could be seen that the fluid level falls with 1 m for 10 us.

103

Conclusion

The paper represents an algorithm for the design and service
of an loT-sensor. It contains two parts and meets the
requirements of designers and service management. The
contributions of paper are as follows:

1. The steps of an algorithm for design and simulation of loT-
sensor are defined with high level of detail.

2. The steps of an algorithm for Maintenance Service are
defined. An object-oriented method is used. The Managed
Objects (MO) classes, organised in hierarchy, are defined. The
attribute, operations and methods of classes are defined.

3. In order to be verified, the algorithm is illustrated with a
pressure sensor.

4. The integration of two areas is demonstrated— sensor design
and service management — by the interaction of steps from
both levels.

5. The steps for reusage are developed: within the frame of
one level — for design of different kinds of sensors (for
temperature, for humidity, for illumination, etc.) or for service in
different functional areas (configuration, security, performance
etc.); between the two levels — for sensor design and for
service design.

6. A scheme for future work with two or more sensors and a
multiplexor is proposed.

The future work could be considered in the following aspects:

1. Development of new functional elements — sensors for
different environments;

2. Service modelling for the new elements and development of
corresponding information models;

3. Modelling of sensor communications and considering
sensors as network elements;

4. Integration of loT with other platforms, i.e. Smart Grid.
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ABSTRACT. A method is proposed for determining the linings wear of semi-autogenous mills using data from the load schedule of the electric motor.

Keywords: semi-autogenous drum mill, specific electricity consumption, wear of linings and lifters
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PE3IOME. lNpeanoxeH e MeToA 3a onpefensHe N3HOCBAHETO Ha OBMMLIOBKATE Ha MOMYaBTOreHHU MEMHULW C M3MON3BaHe Ha [aHHUTe OT TOBapoBUS rpadmk Ha

€NeKTpu4eckua asuraten.

KntouoBu gymu: nonyaeToreHHa MenHuLa, cneLyduieH pasxon Ha enekTpoeHeprsi, U3HOCBaHe Ha 0BRNLIOBKM 1 ndpTepy

Introduction

The mills are the main consumers of electricity in the ore
processing plants. Considering their installed power capacity,
each cease in their operation should be minimised.

A major problem is the wear of linings and lifters. Their
control is usually performed by a direct measurement (a
mechanical one with template patterns and a roulette, and in
some cases more advanced methods are used - for example,
with 3D scanners). The periodical ceases of operation of these
mills for such measurements in practice result in the stopping
of the entire production line.

In this article a method of wear control is proposed through
its prediction by the indications of the energy control system,
namely by measuring average power for a certain period of
time. The wear of linings and lifters is not quick, it is a long-
time process within the range of several months. Of course,
the weight of the material and the weight of the balls, as well
as the RPMs, will influence the instrument readings.

Object of investigation

A semi-autogenous drum mill type METSO-SAG 8.5 X 5.3
is studied, shown in Fig. 1. The indications on the figure are as
follows:

-1 -drum;

- 2 - side bottoms;

- 3 - rear sliding bearing;

- 4 - front sliding bearing;

- 6 - engine;

- 9 - reducer;
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- 7 - shaft - tooth gear;

- 5 - tooth ring gear;

- 8 - assistant engine with brake (used for the technical
maintenance and the repair of the mill).

The driving engine is asynchronous with a dual power
supply of 5.4 MW, a stator voltage of 6 kV, and an additional
frequency feed to the rotor to allow the control of RPMs.

As Minin has stated in his paper (Minin, 2011), in
accordance with the suggested mathematical model, the wear
of the linings and the lifters, which increases the inner diameter
and the length of the drum, is almost linearly dependent on the
amount of the processed ores.

Results and discussion

The records for three years are taken from the data
collection. They include:

- data on energy consumption;

- amount of processed ore;

- periods between measurements of linings wear;

- rotation frequency.

The data on linings wear is presented by Minin (Minin,
2013). After the processing of the obtained results, the average
weekly power is calculated for the period before the
measurement of lifters wear (Table 1).

The number of the drum diameter measurements is
averaged to 1-4 times in one month (the measurements are
not in precise periods since all ceases for running repairs,
emergency stops, etc. are used).
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Fig. 1. Overall view of a mill type SAG 8,5 X 5,3

At first sight, the wear of the lifters (made of manganese
steel with a density of 7900 kg/m3), the engine load should be
reduced because the grinding media has a lower density
(water, steel balls and ore with a density of 3725 kg/m3) and
would fill the volume of worn elements. As Minin has
concluded on the basis of his calculations made in (2013), this
is exactly the opposite. These conclusions are also confirmed

by the results in Table 1 and Figure 2.

Table 1.
2>
5 | 3 5
Ne % 'g 2 =4
Of the <] s o >
S Py [1'4 ©
measure @ s 5
ment £ S z
Z
m t/h min~t kW
1. 8.268 | 245 1069.5 | 4877
2. 8.288 | 244 1047.7 | 4991
3. 8.308 | 243 1052.3 | 5160
4. 8.334 | 238 1069 5155
5. 8.354 | 238 1069 5190
6. 8.374 | 240 1090 5352
7. 8.385 | 240 1090.4 |5393
8. 8.405 238 | 1090.6 | 5383
9. 8.100 | 255 1069.5 | 4347
10. 8.120 | 255 1062.5 | 4455
11. 8.122 | 255 1038.3 | 4616
8.150 | 261 1004.3 | 4669
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13. |8.154 | 261 1004.3 | 4671
14.  |8.150 | 261 1004.4 | 4671
15. |8.166 |253 1014.4 | 4833
16. |8.179 |254 1014.5 | 4855
17. |8.186 |254 1014.7 | 4941
18.  |8.210 | 241 1012 | 5049
19. 8220 | 241 1012.9 | 5060
20. |8.240 | 241 1013.6 | 5060
21. 8250 |248 1015.1 | 5065
22. 8254 |249 1015.3 | 5065
23. 8256 |249 1015.6 | 5071
24. 8257 | 247 1010.2 | 5076
25. |8.260 |247 1069.5 | 5049
26. 8270 |247 1011|5092
27. 8280 |248 1011|5173
28. |8.300 |231 1017.8 | 5211
29. |8.330 |231 1043.7 | 5265
30. |8.343 | 231 1044 | 5281
31, |8.344 | 248 1044.2 | 5319
32. |8.353 | 248 1017.8 | 5496
33. 8390 |222 1017.8 | 5453
34, |8400 |222 1062.6 | 5493
35. |8.402 |222 1062.6 | 5345
36. |8.100 |262 1062.6 | 4556
37. |8.110 |262 1005.3 | 4613
38.  |8.111 |262 1005.3 | 4616
39. |8.120 | 267 1005.4 | 4669
40. 8120 |267 951.6 |4671
41. 8122 |267 9774 | 4671
42. 18160 |262 991.8 |4833
43. |8.168 |263 963.4 | 4855
44. 18169 |264 963.3 |4941
45. 18210 |253 933.7 |5049
46. 8220 |253 971.6 | 5076
47. 18222 |253 974 5049
48. 8225 |248 964.4 | 5092
49. 18230 |249 878.6 |5173
50. |8.228 |250 876 5211
51.  |8.260 |243 877 5265
52.  |8.300 |243 1034.5 | 5281
53. |8.100 |272 1033.1 | 4239
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54. 8.110 |272 880.6 |4347
55. 8.130 |272 880.6 | 4401
56. 8.150 | 266 879.8 |4423
57. |8.159 | 266 1004.3 | 4509
58. 8.165 | 266 1004.2 4715
59. 8.200 |258 1004.2 | 4671
60. 8.221 | 258 939.6 |4833
£ S
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Fig. 2. The dependence of the wear, the average power and the
time

The times when the lifters and the linings have been
changed could be seen clearly from Figure 2. The electrical
power is decreased with about 4% to 7%.

The relation between the electricity consumption and a
final product is called a specific power consumption (E). This
indicator for semi-autogenous mills has been studied by
Hristova (2015). It establishes the dependences between the
different factors affecting the specific energy consumption. The
methodology for the determination of the lifters replacement
period according to the power consumption and the price of
processed ore has been proposed by Hristova (2018). In most
cases the mining companies prefer to replace the lifters and
the linings at a full wear. In our case, the presentation of the
specific energy consumption depending on the wear of the
lifters in time is presented at Figure 3.

E, (kwh/t)
= ™ ) w
« S [l o

-
o

w
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Fig. 3. The dependence of the specific energy consumption on
the wear of the lifters in time
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Figure 4 shows the relation of the specific electricity
consumption to the linings wear.

30

Fig. 4. The dependence of the specific electricity consumption on
the linings wear

Conclusion

On the basis of the obtained measurements and results it
could be concluded that:
1. It is permissible to control the wear of the lifts of
semi-autogenous mills using the readings of the
dispatching system.

2. The ceases or stops of the mill can be reduced in
order to control the wear.

3. The power averaging time may be longer than the
seven days period.

4. The greater interval for averaging will minimise the
influence of the variable parameters - water quantity,
balls, type of the ore and RPMs of the drum.
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FEATURES OF THE DETERMINATION OF THE OPTIMAL COMPOSITION OF A WIND-
SOLAR POWER PLANT WITH DIESEL GENERATORS DURING MULTI-CRITERIAAL
SEARCH IN CONDITIONS OF THE RUSSIAN ARCTIC
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ABSTRACT. The established trend towards decentralisation and the use of renewable energy is reflected in the choice of the composition of the generating
complexes in many developed countries. It should be noted that hybrid power plants including two or more renewable sources, as a rule — photovoltaic and wind
power plants, become more and more common in the world. Despite the specifics of the development of renewable energy in Russia due to the large reserves of
hydrocarbons, such hybrid complexes are relevant also for our country. First of all, their use is advisable to consider in areas where the power supply is traditionally
carried out by diesel power plants, working on imported fuel. For Russia, it is primarily the Arctic, the Far East and Siberia. The energy costs of these areas are huge
and need to be optimised.

Thus, the issues of determining the optimal composition of autonomous hybrid complexes, consisting of wind generators, solar panels, diesel generators and batteries
are an important task, which arises at the design stage of the system.

The article presents the results of a single-purpose optimisation of the composition of a hybrid complex consisting of wind-solar and diesel power plants, according to
the criterion of the minimum cost of electricity (COE) for a small settlement in the Arctic. An estimation of the impact of an additional criterion for the total investment
cost (TIC) limitation on a result of solving an optimisation problem is given. It is shown that the ratio of the proportions of the solar and wind power is not constant
when the TIC changes and it changes when one of the renewable energy sources is excluded from the complex.

Keywords: renewable energy, photovoltaic, wind, power station, optimal composition

OMPEOENAHE HA ONTUMANHATA CTPYKTYPA HA EHEPITMEH KOMMNJEKC, CbCTOSLL CE OT BATLPHO-CNTbHYEBU U
QAWU3ENOBU FEHEPATOPU 3A YCNOBUATA HA APKTUMECKUTE PAWOHU B PYCUSA, YPE3 U3MON3BAHE HA
MHOIOKPUTEPUANHO TbPCEHE

Anekcandnbp Jlaepuk, FOpu Xykoecku, AnekcaHopa bynducko

CaHkmnemepbypacku MuHeH yHusepcumem, 199106 Caqkm lNemepbype

PE3IOME. YcTaHoBeHaTa TeHEHLMS KbM [eLeHTpanu3aLus v U3non3saHeTo Ha Bb30GHOBsIieMa eHeprusi ce oTpassiBa Mpu u3Bopa Ha ChCTaBa Ha eHepruitHuTe
KOMMNNeKcH B MHOTO pa3BuTy cTpaHu. TpsiGBa Aa ce OTGenexu, Ye XMBpUAHUTE LEHTpany, BKIKYBALLM ABa UMW NOBEYE Bb3OGHOBSIEMU U3TOYHUKA, KATO MPaBMUMO -
(hOTOBOMTANYHM U BATLPHN ENEKTPOLIEHTPAII, CE CPELLaT BCe NO-4eCTo B cBeTa. Bbnpeku crieumdukata Ha passutve Ha Bb306HOBsIeMa eHeprust B Pycus nopaau
rofiemuTe 3arnaci OT BbITIeBOJOPOAY, TakBa XUBPUEHYM KOMMIEKCH Ca OT 3HAYeHNe 1 3a CTpaHaTa HU. Ha Mbpeo MSICTO, TAXHOTO M3NOM3BaHe e NpenopbLYMTenHO Aa
ce 06MMCIV B paiioHH, B KOUTO eNeKTpoCcHaBASABAHETO TPaAMULMOHHO Ce 3BbPLUBA OT A3EIIOBM enekTpOLeHTpanm, paboTelly Ha BHOCHO ropueo. 3a Pycus ToBa ca
npeauMHo ApkTuka, [laneuHusT uatok u Cubup. EHepruitHuTe pa3xoiv B Teau paiioHn ca OrpoMHM W TpsiGBa Aa GbaaT onTUMU3MpaHH.

Mo T031 HaYMH, BLNPOCUTE 33 OMPELeNHE Ha ONTUMAITHUS CbCTaB Ha aBTOHOMHU XUGPUAHN KOMMTIEKCH, ChCTOSLUM CE OT BATLPHI FEHEPATOPH, CITbHYEBH NaHemy,
[AN3e50BY reHepaTopy 1 akymynaTopHin 6aTepum, ca akTyanHa 1 BaxHa 3afjada, kosiTo Bb3HMKBA OLLE Ha eTaria Ha MPOeKTUPaHe Ha cuctemara.

CratusaTa NpefcTaBs pesynTaTuTe OT edHoLenesa ONTMMA3aLMs Ha XMBPUAEH KOMMNEK, ChCTOSILL Ce OTBATLPHO-CITbHYEBM 1 AM3ENOBU ENEKTPOLIEHTPanM, cnopes
KpMTEpUS 33 MUHAMATTHU Pa3XO[IW 3@ eNeEKTPOEHEPTUS 3a MarKko HaceneHo MscTo B ApkTuka. [lafieHa e oLeHKa Ha Bb3AeiCTBUETO Ha JOMbIHUTENEH KpUTEPUit 3a
OrpaHuMYeHNeTo Ha OBLMTE MHBECTULMOHHU PA3XOAM BbPXY pesyrntata OT peluaBaHeTo Ha npobreM ¢ onTumusauusTa. MokasaHo e, Ye ChOTHOLIEHMETO Ha
MPONOPLMUTE Ha CITbHYEBATA U BATbPHATA EHEPIIAA HE € MOCTOSIHHO, KOraTo KPUTEPUTEPSIT 38 OrpaHNYeHe Ha OBLUMTE MHBECTULMOHHN Pa3XOan Ce MPOMEHS, a Toit
Ce NpoMeHs! MU W3KIYBAHE HA e4UH OT Bb30GHOBSIEMUTE EHEPIUIHI M3TOYHULIY OT KOMMNEKCA.

KniouoBu AyMU: Bb30OHOBsIEMA €Hepru4, BATbp, enekTpoueHTpana, ontumaneH CbCtaB

Introduction The relevance of the development of renewable energy in
the Russian Arctic is due both to the enough potential for solar
The sustainable development of the Arctic, rich in natural, and wind energy and to the significant material costs and
biological and recreational resources, is impossible without environmental losses when using traditional fuels. And, if it is
creating the appropriate infrastructure, including a reliable and inappropriate to equip drilling platforms with an installed
cost-effective power supply system for oil and gas extraction electrical power up to tens of MW with expensive wind (W) or
Comp|exeS, equipment of main oil and gas pipe”neS, p0|ar phOtOVOltaiC (PV) power plants, then in the Arctic zone there
stations, rotation camps, localities. For the Russian Arctic, a are quite a few low-power facilities that are currently powered
relatively new area is the use of renewable energy sources by diesel power plants (DP): particularly, these are small
(RES), such as solar and wind energy. localities, research stations, and rotation camps.
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Delivery of essential supplies to the Arctic territories
(primarily, food, medicines and petroleum products) is currently
carried out through the Northern Supply Haul. Cargo delivery is
implemented by rail, air, sea, river and road transport. This,
coupled with travel distances and the lack of developed
infrastructure, greatly multiplies the cost of goods, placing
pressure on the federal budget.

In some cases, such as in the rural locality Lamutskoye in
Anadyrsky District of the Chukotka Autonomous Region, the
economically feasible cost of 1 kWh is 200 RUB. In 2016, the
government allocated about 7 billion dollars at the rate in mid-
2016 for the Northern Supply Haul, which amounted to around
2.8% of the expenditure budget for that year.

One of the solutions to reduce economic costs is the use of
RES in the Arctic and other energy autonomous regions. At the
same time, hybrid wind-solar power plants are becoming
increasingly common. Many studies are devoted to study of the
optimal composition of autonomous hybrid complexes (Bernal-
Agustin at al., 2006; Abdel-Karim at al., 2011; Ayodele and
Ogunjuyigbe, 2015), some are carried out by Russian
scientists (Marchenko and Solomin, 2016; Popel, 2017;
Turovin et al., 2017; Suslov et al., 2018). In the paper (Popel,
2017) the author came to the conclusion that there is a large
potential for different kinds of RES in the Arctic.

However, in these and other works, the authors used
composition optimisation for plants located in the southern
regions of the Earth. At the same time, the use of renewable
energy in northern latitudes has its own characteristics that
were not noted in the works.

In addition, multi-criteria search seems to be the final
decision among the best options for people. It is important to
understand how the solution to the optimisation problem
changes when additional criteria are taken into account. Thus,
the article considers how the optimal composition of a hybrid
plant changes when in addition to the cost of generated
electricity, an additional limiting criterion is taken into account:
initial capital costs.

Characteristics of the Use of PV and W Power
Plants in the Arctic

Use of Photovoltaic Plants in the Arctic

Contrary to common belief, the level of solar radiation
allows to consider the region as an appropriate place for PV-
plants. The map of allocation of average daily values of the
direct solar radiation above the Russian Arctic Circle shows,
that on average, the regions of the Arctic zone are
characterised by a value of direct solar radiation within the
range of 2.5-4.5 kWh/m?/day. In this case, the common
criterion for the applicability of PV is the value of annual
insolation of 1000 kWh/m2 (Lukutin et al., 2015),
corresponding to 2.7 kWh/m2/day.

It is well known that the duration of light periods throughout
the year is identical and it equals the total duration of nights
(Popel et al., 2015). In the Arctic, the allocation of these
periods has certain peculiarities - if in the equatorial zone the
day and night intervals are approximately equal, in the Arctic
region most of the light periods occur in the summer when
there is full sunlight all day long above the Arctic Circle. It's
necessary to consider this natural phenomenon with the
geographical location and intended purpose of the complex: for
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example, the SPS can be very effective when using the
complex during the operational season (at meteorological and
exploration stations, etc.), even above the Arctic Circle, when
the sun does not set below the horizon.

The low temperature, that's typical for the Arctic region,
has a positive impact on the efficiency factor of the modules.
And the efficiency turns out higher than nominal. The results
from the experiment of Serbian researchers show that, in
general, the modules work with a higher efficiency in
December than in other months (Pantic, 2016).

Essential increase of manufacture of PV-modules is
promoted also by radiation reflected by the snow. But it is
important to take into account the reduction in production from
PV due to snow on the surface of the panels. If necessary,
organisational (mechanical snow removal) or technical (for
example, the use of special frameless modules' shown in Fig.
1,) measures may be applied.

Fig. 1. Experimental PV-panels of the Regional Test Centre in
Williston (Vermont, USA) with frameless (foreground) and
traditional (in the background) modules for studying the effect of
snow on electricity generation and the bearing structure of PV-
panels

From a technical point of view, the use of PV-plants in the
Arctic is the simplest solution. The key here is the opportunity
to construct a plant without moving parts, which greatly
simplifies the low-temperature service. The integration of a
solar tracking system significantly increases the efficiency of
the PV-plant, however, due to large capital costs, such
technical solution is not always used in a milder climate, not to
mention the Arctic - where this system requires the
development of special design solutions, making the
construction even more expensive.

In addition, the PV-plant can be located close enough to
consumers, because the magnitude of solar insolation does
not change abruptly on the ground, in contrast to the wind
speed in the case of W-plant.

Use of Wind Plants in the Arctic

In the conditions of the Arctic, the potential of W-plants is
noticeably bigger compared to the potential of PV-plants. In
most of the Russian Arctic, the average annual wind speed
exceeds 5 m/s2, which is considered to be favourable for the
use of wind generation (Lukutin et al., 2015).

The use of W-plants in the Arctic is characterised by the
following factors.

1 How solar panels can thrive in winter weather. [Electronic resource].
Available at: URL: http://poweroverenergy.org/renewables/solar-
panels-can-thrive-winter-weather/

2 Natsionalnyiy atlas Rossii: vetrovoy rejim. [Electronic resource].
URL: HaumoHanbHblaTnac.pd/cd2/172/172.html
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Firstly, maximum localisation of W-plant elements is
required. A serious problem that has led to the suspending of
several promising wind farm projects is the difficult delivery of
parts to Russia and their onward transport to the Arctic and the
Far East. To some extent, the problem of transport
infrastructure is related to this problem. Distance barriers,
underdeveloped infrastructure, the absence of specialised
equipment in far-flat regions create difficulties in delivery and
installation of WPS equipment.

Of course, there are special requirements for W-plants in
the Arctic. Lubricants and bearing structures of WPS should be
made of low-temperature materials. A reliable and effective
system of protection against the action of hurricane winds is
necessary in the Arctic and the coastal regions of the Far East.
Construction in earthquake-prone areas which have more than
8 points on the MSK-64 scale (the bulk of the coastal areas of
the Far East) requires strengthening of bearing structures of
WPS, their foundations and power lines. Construction of W-
plants of medium and high power (more than 300 kW) is
possible only on a pile foundation.

Another problem is the lack of qualified personnel to repair
W-plants in far-flat regions.

In addition, in some cases, a refined analysis of the wind
potential of a locality may indicate that the W-plants should be
located in a place removed from the autonomous consumer,
that makes construction irrational due to increasing capital
(transmission lines to the consumer, transport infrastructure to
the plant) and operational (voltage loss in power lines) costs.

Methods for Optimising the Composition of
Hybrid Wind-Solar Power Plants

Existing optimisation methods

Currently, there is a large number of methods for
determining the optimal composition of hybrid complexes (Al-
Falahi Monaaf at al., 2017): classic (iterative, analytical,
graphic, linear), modern (artificial, hybrid), computer (genetic
algorithms), etc. Some of them use averaged statistics on the
level of insolation, wind speed, daily load, etc.

Some methods, for example, computers, allow to increase
the detail of calculations. They involve the use of retrospective
data on insolation and wind speed at short intervals (up to
every hour of the year), and a set of averaged daily load
schedules (Sosnina et al., 2018). Technical and economic
parameters are calculated for each period of time throughout
the entire period of operation of the hybrid power plant [A1].
The disadvantages of this approach include the need for a
large, detailed database of meteorological data for previous
years, and the advantages include the possibility of modelling
the operation of the complex at any stage of operation, which
makes it possible to optimise its modes of operation. Refusal to
use a large number of averages can be assessed differently:
on one hand, there is a deviation from a statistically verified
typical description of weather conditions, on the other, climate
change can be taken into account and the probability of using
outdated and irrelevant statistical information is generally
reduced.

Most of the classical methods use single-purpose
optimisation, while more modern methods allow us to
determine the optimal composition of the complex based on
several criteria.
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Method of research

In (Ayodele and Ogunjuyigbe, 2015), the genetic algorithm
was used to determine the optimal structure of an autonomous
hybrid complex of a PV-W system with DP backup and
batteries, and optimisation was carried out according to the
criteria of COE, reliability and carbon emissions. On the basis
of the mathematical description presented in (Ayodele and
Ogunjuyigbe, 2015), the optimal composition of the hybrid
system was determined for the selected locality.

The initial data were taken from 12 typical graphs of the
electrical load, as well as the hourly values of insolation and
wind speed over the last year. In order to simplify the
calculations, the values of the array of meteorological data
were extended to the entire estimated life of the station
according to, the passport of the PV plant - 25 years. The
calculation programme was implemented in the MO Excel
program and its VBA application. The search for a solution was
initially carried out according to the criterion of the lowest COE,
which made it possible to use the selection method instead of
the more complicated genetic algorithm.

Determination of the Optimal Composition of
Wind-Solar Power Plant

Characteristics of the object of study

In the case-study we considered the settlement
Nizhneyans in the Yakutia region with a population of about
250 people. The optimal composition of the PV-W power plant
with DP was calculated for the urban-type locality of
Nizhneyansk.

During the calculation, data about the hourly, monthly
averaged, load values in Nizhneyansk in 2016 were used.
Thus, 12 typical electrical load curves were taken as a basis.
The diagrams of averaged daily loading are characterised by
the absence of salient peaks and valleys in electric energy
consumption and, in general, correspond to a small settlement
with a poorly developed industrial sector. The lowest average
value of load per hour is 176 kW (July), the highest is 376 kW
(December), the average value of the load per hour during the
year was 288 kW. Fig. 2 shows a typical daily load curve for
January and July.
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Fig. 2. Typical daily load curve for January and July
Mathematical description of system elements
Solar power plant

Data on hourly wind speeds and solar insolation are taken
from the database3. For a more detailed analysis, the

3 Data base Renewables.ninja. [Electronic resource]. Free access:
https://lwww.renewables.ninja, (Date of access 3 June 2019)
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meteorological data for all available years should be used,
however, in this study, the calculation was made for the life
cycle of the HC of PV-W system within 25 years based on data
for 2017. The PV modules Quantum KSM 200 were selected
as photovoltaic cells for the PV-W system.

The power from the PV module was calculated as

P —

pv_output — va_r X Ht 'npv’ (1)

where Ppy r - is the nominal rated power of the module, H; - is
the total solar radiation on a fixed inclined surface, nev — is the
efficiency of the module.

The economic calculation also considers the cost of DC/AC
converters required for operation in the PV-W system.

In the course of the calculation, some assumptions were
made — for example, the effect of temperature on the power
generation of the PV module wasn't taken into account.
However, the air temperature averaged over the hourly zone
exceeded 20°C only once, reaching 20.4°C. Thus, the
decrease in electrical generation by the module due to
temperature is negligibly small, since technical parameters of
the module are specified by manufacturers of PV modules for
air temperature of 20°C.

Fig. 3 shows a diagram of the output power of the PV
module for 10 days in the period from 1stto 10t August.

0.15 Hﬂ
* sl
RIVAVAFAVAVAVLAVATAY

Duration (hrs)

Fig. 3. The output power of the PV module for a 10-days period in
August, Kw

Wind power plant

Wind turbine Condor Air WES 380 / 50-50 was chosen as
a wind power plant. Fig. 4 shows a diagram of the output
power of a wind turbine for 10 days in the period from 1st to

10t August.
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Fig. 4. The output power of the wind turbine for a 10-days interval
in August
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The power of the wind turbine was calculated using the
equation

0 V <V,
VARRYA
P — Pr(vs_vanw Vci <V <Vr 2)
I:)r T Vr <V <Vco
0 VsV,

where V - is the actual wind speed at the height of the tower,
Vei — is the initial wind speed (wind turbine switching on), Veo —
is the limit wind speed (wind turbine switching off), V: — is the
nominal wind speed, Pr — is the nominal wind turbine power;
new — the electrical efficiency of the wind turbine.

Diesel power plant

In order to ensure reliable power supply to consumers, the
total power of a diesel power station was chosen equal to 450
kW, which is almost 20% more than the maximum averaged
over the hourly zone power during the year. This margin is
required for stable operation of the system.

Usage of several diesel generator sets instead of the big
one allows to provide the required level of reliability, and an
optimal choice of the nominal rated capacities of the
generators - to obtain effective operational factors, as
demonstrated in the work [Ogunjuyigbe et al., 2016].

The fuel consumption of DP for a given hour t was
calculated by the formula:

P

F(t) = (0.246 x E, (t)) + (0.08415 x 1hj 3)

where Pr - is the nominal power of diesel set, kW; 0.246 and
0.08415 - empirical values, taking from (Ayodele and
Ogunjuyigbe, 2015), IIkWh; Eq(t) — energy deficit calculated as
Eq(t) = Eres(t) — EL(t), where Eres(t) — electric power from RES
at a given hour, EL(t) — electric power required by consumers
and numerically equal load power at a given hour.

Results

The main factors that were used for optimisation during the
implementation of the algorithm were certain economic criteria:
the cost of electricity (COE) and the related parameter — the
life cycle cost (LCC). However, in the process of calculations,
other parameters of the complex were also determined - the
total investment cost (TIC), carbon dioxide emissions (ECO),
annual system cost (ASC), dump energy (D).

As a baseline, an optimal configuration without PV-W
system was found. Three diesel generator sets have a rated
power of 250 kW, 150 kW and 50 kW. Two more types of
optimal configurations were determined: DP+W plant and
DP+PV plant. Finally, another configuration corresponds to a
fully optimal composition and includes DP and PV-W plant.
Figure 5 shows the installed capacity in the four options.
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Fig. 5. The installed capacity of four considered configurations
Table 1 shows the cost of electricity (COE).

Table 1. COE of considered configurations

Configurations
DP D+PV D+W D+W+P
plant plant V plant
COE, 16.58 14.36 7.70 7.51
rub.

The main technical and economic parameters of the power
plant operation under various configurations are presented in
the radar diagram in Fig. 6
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Fig. 6. The main technical and economic parameters of the
system operation under considered configurations

The amount of generated electricity in the option #1 is
2533 kWh and it is equal to the demand for electricity. In
variants 2-4, energy of dump appears — waste unused energy.
In option #4, dump D is large and it is about 55%. However,
despite this, the LCC is the smallest in the presence of such a
dump value.

On the other hand, a large amount of dump energy can be
used for water supplies. According to approximate estimates,
the dump energy of about 3.1 million kWh/year is enough to
heat 39,400 tons of water from a temperature of 5°C to 70°C.
Based on empirical data on the average person’s consumption
of about 85 litres of hot water per day, this would be enough for
hot water supply of more than 1300 people. The population of
Nizhneyansk is about 250 people, therefore, dump energy can
be used to heat the locality.

1M

Fig. 7 shows the PV-W system behaviour with DPS for 24
hours in May.
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Fig. 7. Demonstration of the work of elements of the HC for 24
hours in May

Curves of generated/consumed power: blue - PV plant, green -
W plant, Yellow - load, red — diesel plant

The study also found that the construction of a SPS for a
given area is not justified up to a certain level of investment.
Fig. 8 shows the dependence of the rate of change of LCC on
the level of investment. As indicated in Figure 7, every 1 million
rubles invested in W-plant reduce the LCC by approximately
19 million rubles.

—— PV plant
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Fig. 8. The dependence of the rate of change of LCC on the level
of investment TIC

With the increase in investment, the effect decreases,
however, the construction of wind turbines is still preferable to
the PV-panels up to a level of investment of about 50 million
rubles, which corresponds to 25 wind turbines of the selected
capacity. If the investment in the project is 50 million rubles or
more, then in order to reduce LCC and COE, it is advisable to
include PV-generation in the system. However, beyond the
optimal investment point with the optimal configuration found
above, LCC and COE begin to grow.

Conclusion

The widespread distribution of wind and solar energy in the
Arctic, despite its great potential, is currently constrained by a
number of factors. The main problem of using W plants in
harsh climatic conditions is reliability — the equipment must be
protected from the action of hurricane winds, sudden changes
in temperature should be withstood and work should be carried
out in conditions of extremely low temperatures. The use of PV
plants is limited mainly to the geographical features of the
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region — with a sufficient level of insolation, on average, there
are significant periods of the polar night during the year (up to
half a year at the North Pole); However, it is worth noting that
the potential of solar energy is still noticeably inferior to the
wind one.

At the same time, most of the power supply facilities are
located in areas with a milder climate. However, the
development of technologies cannot be ignored and as a result
of this an increasing number of facilities based on RES appear
in the Arctic region.

The construction of the PV-W systems should be carried
out based on the latest global trends in the design of such
objects. The need for deep reconstruction of many power
supply systems of remote low-power consumers in the Russian
Arctic due to their low efficiency establishes excellent
conditions for creating “from scratch” high-tech and efficient
systems with intellectualisation elements.

In the work, the optimal structure and parameters of the D-
PV-W plant for the settlement Nizhneyansk of the Yakutia
region are determined. An estimation of the impact of an
additional criterion for the total investment cost (TIC) limitation
on a result of solving an optimisation problem is given. It is
shown that the ratio of the proportions of the solar and wind
power is not constant when the TIC changes and it changes
when one of the renewable energy sources is excluded from
the complex.
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A METHOD FOR DIMENSIONING THE LIGHTNING PROTECTION OF PHOTOVOLTAIC
MODULES, PLACED ON THE ROOFS OF BUILDINGS

Petar K. Petrov, Georgi Ts. Velev, Krasimir M. Ivanov

Technical University of Gabrovo, 5300 Gabrovo; g.velev@gmail.com

ABSTRACT. The installation of photovoltaic modules on the roofs of buildings is appropriate, but the issue of their protection against the effects of lightning is
becoming more and more relevant. The design of lightning protection implies different methodologies and constructive solutions. With static installation of photovoltaic
modules, the design approaches used ensure effective protection according to the selected lightning protection level. Some manufacturers offer photovoltaic modules
which allow adjustment of optimal vertical alignment to maximise solar radiation use depending on the geographical location and season. In this case, additional
design checks and updates are required to guarantee the lightning protection zone.

The paper proposes a methodology, basic analytical dependencies are derived and the sequence of activities to solve the problem are shown.

Keywords: lightning protection, dimensioning, protection zone

METO[ 3A OPASMEPABAHE MBbJIHUE3ALLUTATA HA ®OTOBONTAUYHU MOAYIU, PA3MONOXEHU HA NOKPUBA HA
CrPAOU

lMemwp K. llempos, Meopeu L. Benee, Kpacumup M. UeaHos

TexHudecku yHusepcumem, abpogo, 5300 abposo

PE3IOME. MoHTupaHeTo Ha (pOTOBONTaUYHM MOMYNN Ha MOKPUBMTE HA CTpagn € yAadyHo, HO 3ae[HO C TOBA CTaBa aKTyarneH BbMpoca 3a TAXHaTa 3aluta ot
AeNCcTBMETO Ha MbAHWW. MpK NPOEKTMPAHETO Ha MbIHMe3alluTaTa Ce M3non3saT pasniiyHi METOAMKM W KOHCTPYKTWBHM pelueHns. Mpu cTaTuieH MOHTaX Ha
(hoTOBONTANYHINTE MOLYNM U3NON3BaHUTE NOAXOAM 3a MPOEKTUPaHe rapaHTupaT edekTvBHa 3alyMTa, CbobpasHo U3BPaHOTO HMBO HA MbNHWE3awwTa. Hskon oT
chvpmuTe NPOM3BOAMTENN Mpeanarat OTOBOMTAMYHN MOAYNM MO3BONABALLM 3aBbPTaHE HA OMTUManeH brbfl C LN W3NOon3BaHe B MakcumarHa cTeneH Ha
CrbHYeBaTa pagnauns B 3aBMCMMOCT OT reorpadpcko pasnomnoXeHue M TrOfuLLeH Ce3oH. B Toan cnyyaii ce Hamara fja Ce HanpaBsT AOMbAHUTENHU MPOEKTHN
MPOBEPK W aKTyanu3aLuy, MaLyy OTHOLLEHWE KbM rapaHTMpaHe Ha 3alyuTHaTa 30Ha.

B Tasn cratns e npeanoxeHa MeToauka, U3BEEHN Ca OCHOBHWUTE aHaNMMTU4YHM 3aBUCKMOCTM U e NokasaHa MocnefoBaTenHoCTTa OT AeiCTBUA 3a peluaBaHe Ha
nocoyeHus npobnem.

Kno4yoBu gymu: MbriHMesalymTa, NpoekTpaHe, 3almTHa 30Ha

Introduction 22d December 2010 on the Lightning Protection of Buildings,
External Equipment and Open Spaces). All of these

During the last decades the use of renewable energy regulations do not reflect the fact that the PV modules are tilted

sources, such as sun, wind, tides, thermal springs, etc. has in order to efficiently absorb the solar radiation, and often their

become particularly relevant. Without any doubt, the tilt angle is adjustable.

photovoltaic (PV) systems are the most popular among them, Another problem is related to the efficiency of grounding

because they can be used not only in industrial companies, but systems and the dissipation of lightning current through earth

also in everyday life. A number of leading companies (relevant (Stefanov, Hristova and Atanasov, 2009).

to 2019), such as Trina Solar, Canadian Solar, Jinko Solar, JA The probability of direct lightning strikes is significant,

Solar etc. develop and offer photovoltaic modules and power because in most cases photovoltaic panels are placed on the

inverter equipment for obtaining of sinusoidal voltage, roofs of buildings. This problem is particularly relevant for

microprocessor control and interconnection with the power grid mountain areas with strong lightning activity.

(website: www.power-technology.com). The development proposed here is indicated to solve some
Along with the large-scale studies with regard to these existing problems in the following areas:

systems, the problem for the lightning protection of e Based on the constructional characteristics and

photovoltaic modules, and electronic power equipment requirements for the installation of photovoltaic systems, a

interconnected to them remains completely unresolved. method for protection against the effects of lightning has
There are a number of regulations and standards, dealing been offered,

with lightning protection design of buildings, structures and e Analytical expressions have been derived, which can be

open-areas, including international standards (IEC 62305-1, 2, used at the preliminary design stage ;

3, 4, 2010) and local Bulgarian regulations (Ordinance Ne 4 of

113
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e An overall methodical sequence of activities to solve
problems with lightning protection by the designer has
been proposed.

Special points with regard to the installation of
photovoltaic modules on the roofs of buildings

Photovoltaic modules have a rectangular shape with
dimensions (a x b, Fig. 1) and are covered by a non-
conductive or metal frame. They are mounted statically and are
able to rotate in order to optimally absorb solar radiation.
Figure 1 shows two variations of their attachment.

Z G ?
|

b)

Fig. 1. Alignment of PV modules and installation of the lightning
rods, where: a) upper suspension; b) suspension in the middle

The construction from Fig.1 consists of the steel frame 1
on which the PV modules 2 are fixed. In both cases in Fig.1
(upper suspension and suspension in the middle of PVs)
rotation and locking of PV modules have been realized at a
desired tilt angle. The vertical steel rods 3 are used in order to
protect the PV modules against lightning. These rods are
mounted on the metal frame by welding. The zinc-plated steel
buss-bar 4 connects the metal frame with the grounding
system. Using a lightning protection of this type is suitable
since the lightning rods create a small and limited shaded area
on the modules.

In our case of a lightning protection system, the following
input parameters are used for designing needs:

e h, -building height of the roof, on which the modules are
installed;

o Geometric dimensions of the modules (b - height; a -
width);
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e o - the maximum angle of tilt rotation relative to the
vertical axis.

The main question that a designer should answer is related
to defining the lightning rod’s active height h, in order to
ensure effective protection of the modules from a direct
lightning strike at the selected rotation tilt angle « .

Deriving of basic analytical dependencies
needed for the lightning protection design

The protection of PV modules is realized by vertical
lightning rods, located on the metal support frame (the
connection is made by welding).

The protection area of a vertical lightning rod comprises a
tent-shaped volume with a peak at the tip of the lightning rod.
The wrapping curve of this volume is described by the equation
(Petrov, Venkov, 2002):

[ o_L6
* 1+h/h

, Where:

h, - Height of the protected object;

_16p-h,
“1+h,/h

I'x — Radius of the protection zone with a height hy;
ha - Active height of the lightning rods;
h:ha+ hx

p=1 for h<30 m; p=5, 5/\/5 for h>30m

This protection area has been determined experimentally
with a reliability of protection up to 0.999. (Valchev, et al.,
1980)

Equation (1) can be transformed precisely in relation to the

active height ha for the following cases:

e p=1whenh<30m;
(r, —1,6h, ) +4/2,56h% +-9,6h,r, + 1
? 3.2
e p=5,5/<h whenh>30 m;
ho- (r, —1,6p-hx)+\,"2,56p2 h2+9,6p-hr +r’
° 32-p

, Where:
p - Length of the horizontal part of the structure on which the
modules are arranged;

In dependencies (2) and (3), the radius of the protection
area r, is selected to be one half of the width of the

photovoltaic module i.e. r, :g .

Since PV modules are not located tight-close to each other
and in order to provide overlapping of their protection areas it
is necessary the value of r, to be increased. For this purpose,
we must take into account the length of the horizontal part of

the structure on which the modules are arranged p and their
number n:
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()

In dependences (2) and (3) it is necessary to add the
height of the modules to the height of the building, i.e.:

i
2-n

h! =h, +b ()

Fig. 2 illustrates the maximum allowable rotation angle
., Of PV modules in order to guarantee efficient lightning
protection.

Fig. 2. Principle diagram of modules’ rotation for the various
cases of suspension, wherein:
a) upper suspension; b) suspension in the middle

For both cases the following analytical relationships are

valid:
o For the case of Fig. 2 a) - From triangle ABC it is defined:

m:2b-sin(%J, and from ftriangle  ABD:

r,=b-sin(a). Then the maximum allowable angle of
rotation «,,, is obtained as:

(',
A = arcsm(gj
,where I, <b

o For the case of Fig. 2 b) — Analogically, the maximum
allowable angle of rotation «,,, is:

2T,
b

Oy = arcsin(
,where I, < —
2

The obtained analytical expressions (6) and (7) allow the
determination of the magnitude of the maximum allowable
rotation of PVs «,, for a predefined radius of the protective

zone 1, (4).
In case «,,, is higher than required, r, is additionally
increased and calculations (6) and (7) are repeated. The final
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value for the active height of the lightning rod h, is calculated
by (3), where the chosen value for «,, has to satisfy
equations (6) and (7).

The protection area of a group of two lightning rods has
substantially larger dimensions compared to the single rods’
protection areas, taken together.

In our specific case, the lightning protection consists of
vertical lightning rods, having the same heights and arranged
in one and the same plane. Therefore, it can be concluded that
the proposed method for lightning protection design has a
significant coefficient of reserve, which guarantees a reliable
protection of PV modules.

Example: On a building roof PV modules are mounted with
dimensions respectively: b = 1,5 m; a = 1,2 m, the number of
modules n = 3 and the length of the support frame p = 4,2 m.
The height of the building ish, =20 m .

The lightning protection design will include the steps:
1) The corrected building height is:
h, =h, +b=20+1,5=215m
2) The radius of protection area is:
o p 42
*“2.n 2.3
3) Using (2), the lightning rods active length will be:
L ~1,6h, )+4/2,56h2 +9,6h,r, +r7
? 32

(0,7-1,6-21,5)++/2,56-21,5? +9,6-0,7-21,5+0,72
T 3.2
h, =0,86 m=86 cm
4) For the maximum allowable rotation the angle «,,, is

obtained:
- Incase of upper suspension via (6):

a,,, =arcsin 5l = arcsin 57 =27,8°
b 15

- Incase of suspension in the middle via (7):

a,, =arcsin 25 |~ arcsin| 227 |~ 43,030
b 15

4) In case when the optimal rotation angle of PV modules
exceeds «,, the calculation procedure has to be

repeated with a larger value for the protection radius r, .

=0,7m

Conclusions

The proposed methodology for a lightning protection
design of photovoltaic modules can be used in practice. The
following conclusions with regard to it can be made:

e The vertical lightning rods appear to be suitable for
lightning protection of PV modules located on the roofs of
buildings. They are of relatively small dimensions, allowing
their installation without extra reinforcement. Most often
this is realized by welding. The installed lightning rods do
not affect the overall lightning protection of the building;

o When the PV modules are installed with suspension in the
middle, the active length of lightning rods is smaller, which
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allows larger angles of PV modules’ rotation. Therefore, for
higher buildings, it is preferable PV modules to be
suspended in the middle.

o The proposed methodology is based on derived analytical
dependencies for the different variants of suspension of PV
modules, allowing the determination not only of the
geometric dimensions of the lightning rods, but also the
evaluation of the impact of different angles of PV modules
rotation.
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EVALUATION OF THE OPPORTUNITIES FOR ELECTRICITY AND HEAT GENERATION
FROM GENERATED BIOGAS

Nikolay Savov, Petya Gencheva
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ABSTRACT. The possibilities for the generation of energy from generated biogas are studied in this article, and the quantities of biowaste that have to be treated are
determined. An energy efficiency analysis has been carried out at different bio-waste ratios, whereby the calorific value of the biogas has been assessed. The amount
of methane contained therein is determined, as well as that of the other combustible components (including Hz), for the purpose of more efficient heat and electricity
generation. The lower calorific value or calorific value for methane is determined which is 36 MJ/m3N (8560 kkal/m3N) or 50 100 kJ/kg or 9.7 kWh/m3N. The average
calorific value of biogas is about 18 000 kJ/m3N (4 280 kkalm®N) or 5 kW/m3N. The efficiency coefficient of the cogeneration system is determined. An analysis is
made and the results for the annual electricity generation are presented, depending on the annual load of the fermenters.

Keywords: electricity, heat generation, biogas, cogeneration

OLIEHKA HA Bb3MOXHOCTWUTE 3A NPOU3BOACTBO HA ENEKTPOEHEPTUA U TOMNIOEHEPTUA OT FTEHEPUPAHUA
BUOrA3

Hukonati Caeos, [Tlems eH4esa

MurHo-2eonoxku yHusepcumem “Cs. UeaH Puncku”, 1700 Cogpusi

PE3IOME. B HacToswwms Hay4eH Tpyn ca MpocnefeHn Bb3MOXHOCTATE 3a MPOU3BOACTBO HA EHEPrus OT reHepupaH buoras, kato ca onpedenieHn KonuyecTeara
BrooTnaabLK KOUTO NoANeXsT Ha 0bpaboTka. HanpaBeH e aHanua Ha eHepriiiHaTa eeKTMBHOCT NPU PasniiH1 CbOTHOLLEHNS Ha B1OOTNaAbLMTE BCNEACTME Ha
KOeTo e HanpaBeHa OLieHKa Ha kanopuyHocTTa Ha 6rorasa. OnpeaeneHo e KOnMYeCTBEHOTO ChAbPXKAHNETO HAa METaH B HEro, ONpefeneHn ca u [pyrute ropumm
KOMMOHEHT (B TOBa uncrno W Ha), ¢ Len no — edekTMBHO reHepupaHe Ha TOMNMWHHA M ENEKTPOeHepri s € ornpedeneHa AonHaTa TOMnWHA Ha U3rapsiHe umm
kanopuyHocT 3a meTaHa, kosto e 36 MJ/m3N (8560 kkal/m3N) unm 50 100 kJ/kr umm ToBa ca 9.7 kWh/m3N. CpepgHata kanopuyHocT Ha buorasa e okorno 18 000
kd/m3N (4 280 kkal/m3N) unm 5 kW/m3N. OnpegeneH e koeduupeHTa Ha edEKTUBHOCT Ha KoreHepupallata cuctemMa. HanpaseH e aHanua u ca NpeAcTaBeHu
pe3ynTaTiA 3a roAuLLHO en. NPOVU3BOACTBO B 3aBUCKMOCT OT FOANLLIHOTO HATOBApPBaHE Ha thepMeHTaTopuTe.

KntouoBu gymu: enekTpoeHepryisi, TonnoeHeprusi, 6uoras, koreHepaTop

Introduction Germany. The energy balance was evaluated as Primary
Energy Input to Output (PEIO) ratio, to assess the process

Natural decomposition or degradation of organic material energy efficiency, hence, the potential sustainability. Results
results in the production of biogas by microorganisms under indicated that the PEIO corresponded to 10.5-64.0% and
anaerobic conditions. Anaerobic digestion converts organic 34.1-55.0% for single feedstock digestion and feedstock co-
material into biogas, a renewable fuel that could be used to digestion, respectively. The energy balance depended on the
produce electricity, heat, or as vehicle fuel. In recent years, biogas yield, the utilisation efficiency, and the energy value of
Anaerobic Digestion (AD) of waste and residues from the intended fossil fuel substitution. For example, the obtained
agriculture and industry, municipal organic waste, sewage results suggest that the upgrading of biogas to biomethane for
sludge, etc. has become one of the most attractive ways of injection into the natural gas network potentially increased the
generating renewable energy. The energy and climate policies primary energy input for biogas utilisation by up to 100%; also,
in the EU and the introduction of various support schemes for the energy efficiency of the biogas system improved by up to
promoting the utilisation of renewable resources have 65% when natural gas was substituted instead of using
encouraged the development of biogas plants for energy electricity. Energy balances have been analysed from a life-
production. The energy efficiency of different biogas systems, cycle perspective for biogas systems based on 8 different raw
including single and co-digestion of multiple feedstock, materials. The analysis was based on published data and
different ways of biogas utilisation, and waste-stream relates to Swedish conditions. The results show that the
management strategies have all been evaluated (Péschl et al., energy input into the biogas systems (i.e. large-scale biogas
2010). The input data were derived from the assessment of the plants) corresponds to 20-40% (on average, to approximately
existing biogas systems, present knowledge on the 30%) of the energy content in the biogas produced. Large
management of anaerobic digestion processes, and variations exist in energy efficiency among the biogas systems
technologies for biogas system operating conditions in studied. These variations depend both on the properties of the
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raw materials studied and on the system design and the
allocation methods chosen. The net energy output from biogas
systems based on raw materials that have high water content
and low biogas vyield (e.g. manure) is relatively low. When
energy-demanding handling of the raw materials is required,
the energy input increases significantly. For instance, in a ley
crop-based biogas system, the ley cropping alone corresponds
to approximately 40% of the energy input. Overall, the
operation of the biogas plant is the most energy-demanding
process, corresponding to 40-80% of the energy input into the
systems. Thus, the results are substantially affected by the
assumptions made about the allocation of a plant's entire
energy demand among raw materials, e.g. regarding the
biogas vyield or the need of additional water for dilution
(Berglund et al., 2006). From the point of view of the
application, what is unfavourable for the internal combustion
engines (ICE) operating on biogas instead of on natural gas, is
hydrogen sulphide and moisture. These ingredients are due to
the way biogas is formed and are inevitable. This also
determines the need for equipment and technologies to reduce
emissions. Concentration of hydrogen sulphide depends on the
type of waste and the time of biogas formation, i.e. these
factors cannot be influenced. In the bioreactor, the timing of
creating biogas conditions for the generation of biogas is about
21 days. Moisture removal will use a cycle equipped with
heating.

Energy capacity (calorific value) of biogas

The calorific value of biogas is determined by the content
of methane in it. Other combustible components (including Hz)
are in small quantities and do not affect its calorific value.
According to the literature and observations of such
installations, the biogas composition is given in Table 1.

Table 1. Average composition of biogas

NAME GAS vlv percent
Methane CH4 54
Carbon dioxide CO:2 42
Ammonium NH3 3
Others 1

Lower combustion heat, or calorific value, for methane is
36 MJ/m3N (8,560 kkal/m3N) or 50,100 kJ/kg or 9.7 kWh/m3N.

Therefore, the calorific value of biogas is about 18,000
kJ//m3N (4,280 kkal/m3N) or 5 kW/m3N.

The specific weight of the individual components of biogas
is:

+» methane 0.716 kg/meN

+ carbon dioxide 1.93 kg/m3N

When using anaerobic plants for biodegradable waste, the
biogas process is limited to a few-week cycle. This is due to
the fact that technologically favourable conditions are created
for the biogas generation from biodegradable waste. This
produces biogas quantities that are controlled and utilised. The
most common way of doing so is the combined generation of
electricity and heat. For the implementation of this technology,
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a system is necessary for the separate collection of
biodegradable waste, as well as an anaerobic installation
developed in which to generate biogas from the collected
biodegradable waste.

From an energy point of view, the biogas from anaerobic
plants is a renewable energy source (RES). This means that its
use as a primary energy source is a priority. Undoubtedly, the
generation and use of biogas from waste brings significant
benefits. Despite the obvious benefits to society, it is very
important to determine the exact capacity of the installation
and the choice of technology, respectively.

The most common way to exploit the biogas generated in
bioreactors and used to generate electricity is provided by the
following:

o Spark ignition ICE;

o Generator;

o Cooling and heat recovery system;

o Increasing transformer;

o Connection to the electricity distribution system.

The difference between the cogeneration scheme and that
for the generation only of electricity is that in the latter case,
the released heat is taken to the atmosphere.

This recovery scheme has the following advantages:

- It is implemented directly next to the biogas source, i.e.
there is no gas transport at a distance;

- Easy transmission and low-loss electricity;

- Small running costs.

The drawbacks of this method are limited to the more
difficult realization of the excess heat (especially in summer
periods).

Quantity of biodegradable waste

In the analysis, only the biodegradable waste is considered
that can be used as feedstock in an anaerobic treatment plant
for biodegradable municipal waste - from food, paper, and
green waste. Other biodegradable waste exists, such as that
classified as wood waste whose biogas potential for anaerobic
digestion is greater, yet the degradation process time is much
larger and also, it cannot be used in bioreactors (fomenters)
without pre-treatment.

Table 2. Amount of biodegradable waste by municipalities
used as feedstock for the anaerobic installation

Ruse [Vetovol|lvanovo ?)I(;Yg Tutrakan[TOTAL
Nutritional |ty | 4536| 114| 367 257| 434 5708
Gardening |ty | 6142 289 771| 714  392| 8308
Timber  [ty| 571] 19 43 114 40| 787
Paper and
cardboard | 1Y | 1147 27 82| 45 86| 1387
TOTAL |ty [12396] 449] 1262] 1130 952 16190

For the period 2023-2050, the average value of
biodegradable waste collected separately and fed to the
anaerobic installation will be 17,206 t/y; for the first 10 years of
operation it will be 17,045 t/y with a maximum of 17,845 tly.
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Fig. 1. Quantities of biodegradable CBT fed to the anaerobic
plantin tly

Regarding the seasonality of biodegradable waste, Fig. 2
illustrates the change of the individual components by
seasons.
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Fig. 2. Seasonality of biodegradable waste

There is an obvious seasonality of waste which is easy to
explain. For this reason, the design of the plant should allow it
to operate over a wide load range, with a minimum capacity of
30%.

Figure 3 shows the main flows in the adopted flow diagram
according to the requirements of the "National Technical
Requirements for Biodegradable Anaerobic Biodegradation
Facilities (Guidance on Good Practices)".

|

.......

pretreatment

1300ks | 30%D.M.

Anaerobic
fermentation

1.160 kg l 19% D.M.

separating the

fermentation product]

Aerobic process

non-standard fraction 95 kg

Fig. 3. Material balance of the technology for dry, continuous
fermentation of biodegradable waste

From the data presented, the following capacity of the
anaerobic installation for biodegradable waste collected
separately can be determined.

119

o Maximum installation capacity - 17,845 tly;

o Maximum capacity of biodegradable waste to fermenters
- 13,934 tly;

o Type of installation - modular with 3 fermenters, dry type;

o Capacity of 1 digester/fermenter - 6,040 tly;

o Operating range of the installation - from 30% to 100% of
the maximum load;

o Permissible waste: Biodegradable collected separately -
food, paper and cardboard, green, garden.

To accelerate the biodegradation processes, especially for
the slowly degradable components, primary treatment of the
incoming material will be carried out in order to eliminate the
retarding action of the cellulose on the biodegradation process.

Before the material enters the fermenter, it undergoes
ultrasonic treatment (US). The purpose of this operation is the
easier degradation of the cellulose and other constituents of
the waste and, accordingly, the increase of the biogas yield.

Using ultrasound is another bio-waste pre-treatment
technology that has not been used in anaerobic bioreactors so
far. With wave frequencies above 20 kHz, cavitation and
destruction of microbial cell walls is induced in the liquid. This
leads to an increase in the yield of biogas of up to 25%. The
substrate thus obtained is transported to the bioreactor where
mesophilic or anaerobic fermentation is carried out at a
temperature not exceeding 35-37° Celsius.

Figure 4 illustrates the principle of operation of ultrasound
waste treatment.

venting tube booster cavitation field outlet
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Fig. 4. Principle of operation of US waste treatment

In addition, the material that has undergone US treatment
has the following advantages:

* Reduced viscosity of the material; therefore, less
technical water needs to be added, which reduces the
transport costs and the volume it occupies in the fermenter;

* Increased methane yield by up to 10%;

* Increased concentration of methane by 1-2%.

The expected effect of the use of US is an increase in the
generated electricity and heat by about 12%, while reducing
electricity costs for transporting bio-waste and for separating
the liquid from the solid fraction of the fermentation product.

The energy consumption for the US treatment of a cubic
meter of waste is 4 kWh/m2.

The resulting biogas is a function of the amount of waste
that is fed to bioreactors.

Figures 5 and 6 illustrate the various technological
diagrams.
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relatively more compact overall facility. The deficiencies of
anaerobic facilities with one bioreactor are significant because
any maintenance action, fermenter repair or a compromised
mixture means stopping the anaerobic process, and the cycle
to restore the biogas production is about a month long;
therefore, the amount of unprocessed biogas is significant;
respectively, the non-generated electricity, plus the additional
costs of natural gas for heating and maintaining the
temperature in the bioreactor. In other words, from the
operational point of view, each stop of the anaerobic
installation from being able to generate biogas, respectively
electricity and revenues from its realization and at the same
time the additional costs of natural gas within one month.
Another feature of single bioreactor plants is that much of the
equipment needs to be reserved.

With regard to multiple bioreactor plants

The proposal is for the anaerobic installation to be with
three bioreactors, each with a capacity of 1/3 of the total load.
What are the benefits of this scheme? The use of the
anaerobic installation is significantly more flexible because,
due to different seasonal loads, the installation will be able to
work with one, two or three fermenters, depending on the
available raw material. This allows organising and performing
maintenance and repairs of the fermenters to be carried out
without disturbing the production of biogas. In the installation
with three fermenters, even if a problem arises in one of the
reactors, that is associated either with the equipment or with
the mixture, the production biogas will be, in the worst case,
about 2/3 of the nominal one and will not necessitate natural
gas supply. In other words, there will be no period when the
installation will not generate revenues. The following table
presents the comparison of the two variants of electricity sales
revenues for a period of one year with a single bioreactor
shutdown.

Table 4. Comparison of variants with one and three bioreactors
with one hypothetical reactor shutdown in a given year

Abiogas
burning plant

Co- generator 1

Fig. 6. Technological scheme of an anaerobic facility with three
fermenters and two co-generators

Selection of bioreactors

With regard to bioreactors

An analysis has been carried out of the similar installations
existing in Bulgaria and a literature reference has been made
for such installations in the EU countries.

Installations with one bioreactor have advantages at
constant amounts and composition of the feedstock due to the

1 3
s reament bioreactor | bioreactors
Condisonally chean waler l
Sewsrage Amount of biowaste to tly 12000 12000
bioreactors

WITHOUT bioreactor shutdowns
Generated biogas mdly 1365181 1365181
Electricity produced kWh/y 3559518 3559518
Revenue from | gaN 833248 833248
electricity
With ONE bioreactor shutdown
Generated biogas mély 1023886 1296922
Electricity produced kWhy 2669639 3381542
Revenue from BGN | 624936 791585
electricity
Decrease in revenue BGN 208312 41662
Decrease in revenue % 25% 5%
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Table 5. Comparative table of variants with one bioreactor and
with three bioreactors

Ne | Criterion 1 Bioreactor 3 Bioreactors

1 Amount of the 36244774.25 31517195.00
investment BGN BGN

9 Staff costs per shift 306800.00 BGN 306800.00
per year BGN

g |Capadtyofthe | 470,540 17845 tly
installation
Electricity

4 oroduced, kWhir 2669639 3381542
Minimum amount of

5 bio-waste required 5500ty 5500 tly
Installation time

6 | after emergency 1 month 0 month
repairs

7 T|me to.restart the 2 months 0 month
installation
Revenue from 791585.00

8 electricity 624936.00 BGN BGN
Service shutdown -

9 |, 1 0
times per year

From the table above, it is clear that the 3-bioreactor
option is the one that is appropriate, both in terms of
maintenance and service.

Selection of generating modules

The main consideration for choosing the number of
generators is that they should be able to provide a continuous
generation of electricity. The generators can operate at a mode
of 50 to 110% of the nominal load. In addition, this kind of
generators usually operates up to 7,000 hours/year. The other
option is used for maintenance and repairs. In other words,
with the right choice of power of the generator, the maximum
utilisation of the works can be achieved. It should be noted that
the seasonality of collected biodegradable waste is determined
by the different amount of biogas to be generated. The practice
of choosing such type of power equipment is to select one
generator that has a rated output of 35-40% of the total load,
and another one that has 60-65%.

From the examined alternative technologies, a conclusion
is drawn that the Rousse anaerobic installation will be
constructed with three bioreactors, each of which having a
capacity of 1/3 of the maximum, and with two generators, one
at about 40% and the other at about 60% of the nominal value
of the one offered by the manufacturers.

Efficiency / efficiency ratio

Spark-ignition ICE is used as an engine.

The efficiency in the generation of energy is the efficiency
obtained by the flywheel of an ICE multiplied by the efficiency
of the generator. Generally, an ICE has better electrical
efficiency than gas turbines, especially for small capacities. It
depends on the type of ICE used.

The presented study is based on the data provided by the
major manufacturers of such equipment: GE Jenbacher -

Austria, Tedom - Czech Republic, Accorroni - Italy and ENER
G - Great Britain.

The electrical efficiency of the generating installations
depends on the power of the engine and is shown in Figure 7.
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Fig. 7. Efficiency ratio of generators with Otto engines

The efficiency factor ranges from 27% for low-power
plants, normally reaching 34-36% for those with a power output
of 500 to 1000 kW.

If the system is co-generating, the thermal efficiency ratio
is usually about 1/3 greater than the electrical efficiency. The
total efficiency factor (thermal + electric) is about 80-85%. For
the purposes of the preliminary analysis, an average electrical
efficiency ratio of 28% and a thermal efficiency of 52% can be
adopted. The efficiency factor of the generator should be taken
into account, which can be assumed as 96% for the purposes
of this analysis.

From the calculations made on the basis of the forecast
data on the biowaste entering the installation, the extraction of
biogas and methane at different installation loads has been
obtained and is given in Table 6.

Table 6. Methane obtained at different installation loads

Waste to fermenters - tly
GAS | dime | 2,500 | 5,000 | 7,500 | 10,000 | 12,000
nsion
CHs | % |53.89% |53.89% | 53.89% | 53.89% |53.89%
CO2| % |41.75% |41.75% | 41.75% | 41.75% |41.75%
NHs | % | 429% | 429% | 429% | 429% | 4.29%
HsS| % | 0.07% | 007% | 0.07% | 0.07% | 0.07%
CHs | Nm3 | 28441 | 56882 | 853238 | 113765 | 136518

Based on the data in the table, the energy indicators of the
generated biogas and the installed generation capacities are
set and are presented in Table 7.

Table 7. Generated biogas and installed generating capacity

Parameters of the generated . .
. value dimension
biogas

Methane - at a nominal load of 3
the fermenters of 12000 t/yr. 1365181 mely
Energy capacity of the biogas 13242256 kWhly
Annual ysab|||ty of the 8760 h
installation

Heat output received 1512 kWh
Theoretical installed power 406 kW
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Selection of the type of equipment for electricity
generation

It is recommended to install two modules in order to exploit
the resulting biogas under a different load of anaerobic
installations with capacities of:

* 150 kW;

* 250 kW.
or a total installed power of 400 kW.

The considerations for this choice are as follows:

o The biogas flow is not constant and depends on the load
of the installation, efc.;

o Each co-generation unit can operate within the range of
50 to 110% of the nominal load. With the chosen configuration,
it can cover a working range of 75 to 440 kW.

The theoretical quantities of electricity generated,
depending on the annual load of the fermenters, are shown
below.

Table 8. Annual electricity production at different installation
loads

Biowaste | Electric energy
tlyr KWh
2500 741566
5000 1,483132
7500 2224699
10000 2966265
12000 3559518

The produced electricity is bought at
preferential prices, determined by the State
Agency of Energy Regulations, and is part of the
group of renewable energy sources (RES).

Electrotechnical part

The development of the project will meet the requirements
of Ordinance No. 3 on the Layout of Electrical Systems and
Power Lines of 2004. The electrical part covers the following
types of installations and facilities to ensure the normal
operation of the facility:

- External power supply;

- Area lighting;

- Power supply to all technological consumers;

- Internal electrical installations in the building - motor,
lighting and earthing;

- Lightning protection of buildings and facilities.

With respect to the security of the power supply, the object
falls into the third category.
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Power supply

It is planned to build new 20/0.4kV switchgear, which will
be located at a suitable place. The required electrical power for
the site lighting will be about 610 kW, which means that the
power of the switchgear should be 630 kVA. The 20/0.4kV
switchgear will consist of the following devices:

- 20kV Distribution system. This will be built with
switchgear cabinets and the number of 20 kV cable cabinets
will be determined by the power distribution company, cabinet
measurement and cabinet for protection of a 20/0.4kV power
transformer; 630kVA. The cabinets will be equipped with
electric switches, current and voltage transformers, high-power
fuses, and electronic protections;

- 20/0.4kVA Power transformer. The transformer will be
dry, located in a separate room with natural ventilation.
Grounding of the star centre of the power transformer will be
provided by means of a grounding system made of two rods of
60/60/6mm galvanised steel bridges and a 40/4mm galvanised
steel bus.

External 20kV power supply

The 20kV external power supply will be executed in
compliance with the requirements of the local power
distribution company. Three single-core cables type CXekt - 20
kV will be laid to the CTS (complete transformer station). The
cable cross section will be determined according to the current
load and to the resistance under short-circuit conditions.

Conclusion

A three bioreactors system is proposed for the production
of energy from generated biogas. An analysis of the
composition and quantities of bio-waste has been made, their
effectiveness at different bio-waste ratios, and a biogas
calorific value is subsequently assessed. The amount of
methane in the biogas is determined as well as other
combustible components (including Hz) in order to more
efficiently generate heat and electricity. The average calorific
value of the biogas is about 18 000 kJ / m3N (4 280 kkal / m3N)
or 5 kW / m3N. The coefficient of efficiency of the cogeneration
system is determined. An analysis is made and the results for
annual electricity production are presented, depending on the
annual load of the fermenters.
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LABORATORY TESTS OF AN INSULATION MONITORING DEVICE
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ABSTRACT. The IT system is safe only in the presence of an insulation monitoring device which monitors the level of insulation resistance and turns off the voltage, if
it is lowered below a pre-set value. The Insulation Monitoring Device ensures the safety of a person in contact with a live conductive part only, if it is triggered at the
moment and switches off the voltage. That is why, time response is an important parameter of the device.

This article examines the response time of an apparatus in laboratory conditions. The operation of the device in a three-phase network is presented. Statistically, the
most common electrical injury from is the when is a person is in contact with a live conductive part. The resulting single-phase leakage is described for the three
possible cases: with a small network length or negligible capacity, with a large network length or high capacity and operating the device together with a compensator,
that reduces the capacitive leakage current.

The experiments were carried out with an insulation monitoring device, which was made on universal board with electronic components

Keywords: IT system, Insulation Monitoring Device, Insulation resistance.

NABOPATOPHU U3CNEOBAHUA HA ANAPAT 3A KOHTPOI HA U3ONALUATA
Padu TeHes
Qunuan Kvpdxanu Ha MuHHo-2eonoxku yHusepcumem "Cs. Mear Puncku” — Copus, 6600 Kvpdxanu

PE3IOME. MpexaTta ¢ u3onupaH 3Be3fieH LieHTbp € Ge3onacHa camo NpU HanMMuMeTO Ha anapaT 3a KOHTPON Ha M3onauumsTa, KOWTO Crneayu HUBOTO Ha
W30MaLMOHHOTO CLMPOTUBNEHNE U W3KMIOYBA HAMPEXEHUETO, ako TO CE NOHKW NMOA NMPeABapUTENHO 3adafieHa CTOMHOCT. AnapaTbT 3a KOHTPON Ha u3onauusiTta
ocurypsiga 6e30MacHoCT Ha YOBEK AOMPAN Ce 40 TOKOBOZELLaA YaCT efIMHCTBEHO, ako Ce 3aJeiCTBa Ha MOMEHTa 1 W3KIIouM HanpexeHueTo. ETo 3awo BpemeTo 3a
KO€eTo cpaBoTH anapaTta € OCHOBEH NapaMeTbp.

CratusaTa pasmexza onpefensHeTo Ha GbpaogelicTBieTo Ha anapata B nabopaTopHu ycnosusi. MokasaHa e paBoTaTa Ha YCTPOWCTBOTO B TpuchasHa Mpexa.
CTaTUCTUYeCK! Hal-4ecTo CPeLiaHoTo MopaxeHWe OT EneKTpUYeckn TOK € AONMUp Ha YoBeK [0 TokoBoewa uact. [lonyyeHata edHodasHa yTedka e
eKCrIepUMEHTUPaHa NPy TPUTE BB3MOXHI Cryyast: Ny Maska Abik/AHA HA MPEXaTa N He3HAYMTENEH KanauwTeT, Npy rofsMa AbkMHa Ha Mpexara Uin Handmne
Ha ronsaM kanauuTeT u paGoTa Ha YCTPONCTBOTO ChbBMECTHO C KOMMEHCATOP, KOWTO HaMans KanaLMTUBHIS TOK Ha yTedka.

ExcnepuMeHTUTe ca NPOBEAEHM C anapat 3a KOHTPON Ha U30MaLusTa, KOO € CbGpaH Ha YHUBEPCANHU NNaTkY 1 € U3MbIHEH U3LSATNO C eNEKTPOHHI KOMMOHEHTH.

KniouoBu AYMU: Mpexa C U30nupaH 3Be3aeH LIeHTbP, anapaTt 3a KOHTPON Ha u3onauuaTta, M3onaynuoHHO CbnpoTuBeH1e

Introduction Exposition
The task of an insulation monitoring device is to shut down The device is connected to a 220 V network. To determine
the controlled network voltage when its insulation resistance the performance of the device the circuit shown in Fig. 1 is
drops below a pre-set value. The most common electrical used. The timer uses a pulse counter M3C-54. The device
injury is when a person is in contact with a live conductive part. system is vibrational with a polarised relay acting as a drive
This is single-phase leakage for the IT network, and the less unit. When the AC current flows through the polarised relay,
time the current passes through the person, the smaller the the anchor of the electromagnet starts to vibrate between the
risk of injury. It is assumed that the body resistance is about 1 poles of a permanent magnet at 50 Hz. The anchor of the
kQ and the response time of an insulation monitoring device is electromagnet is connected to an axis that actuates the
regulated according to BDS 10880-83 (Table 1). gearing drive mechanism. Before the measurement, the
counter is reset. When the instrument is turned off, the arrows
Table 1. Response time according to BDS are read. The big arrow shows the tenths and hundredths of a

second, the small arrow shows the seconds. If the
measurement is carried out at a frequency other than 50 Hz, a
correction should be made according to the formula:

Response time [s],

Nominal network voltage [V] not more than

To 1000 0.1

=522 (1)

where; t1 - the indication of the instrument;
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f - is the frequency of the network under which the
measurement is performed.
A drawback of the network diagram thus realized is a
certain increase in the measurement error at the expense of
the inertia of the transformer, which is an inductive element of

- coil resistance of the M3C-54 2200 plus minus 220 Q
counter;

- electric insulation strength 500 V;

- insulation resistance of not less than 20 MQ;

- pulse count M3C-54 starts counting the pulses at power

the circuit. +6 V.
Technical characteristics of the M3C-54 counter:
- reading error, not more than 0.1% of the reading;
220V R
—Y Y —
220V

Normally closed contact

of the shut-off relay

£ SWITCH

= GROUND

Fig. 1. Connection scheme of the M3C-54 counter to measure performance

The counter is powered by an AC voltage of 30 V, which is
produced by a transformer. The normally closed contact of the
relay and the double switch are connected to the counter. One
contact of the open switch is connected to the voltage source,
in this case the transformer and the counter, respectively. The
second contact is connected to the network that is being
controlled and ground. When the circuits is closed, a low
insulation resistance is simulated and the counter begins
counting from that moment, the isolation monitoring device is
triggered, the relay switches on, and the normally closed
contact interrupts the operation of the counter. Time is
reported. The following data were obtained from the
experiment (Table 2).

Table 2. Response time of the apparatus

Insulation resistance, Rr Response time [ms]
40 kQ 200
30 kQ 140
20 kQ 120
10 kQ 90

Operating the device in a three-phase network. Laboratory
tests

The device is plugged into a three-phase network to test its
functional capabilities. A dangerous event exemplifying the
touching of a person to a live conductive part is simulated with
a resistor with a value of 1000 Q. Statistically, this is the most
common case of injury and represents a one-phase leak to
ground.

The current flowing through the human body can be
considered as being composed of two components: la - active
current determined by the insulating resistance of the phases
of the network and the capacitive component lc. Capacitive
leakage current develops because any two conductors
separated in space have a certain amount of capacitance
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between them. The electrical capacity of the network depends
linearly on its length or on an average of 1 km of network, the
capacity of each phase on earth is approximately 1 pF.
According to the BDS, the insulation control devices operating
in a three-phase IT network must be equipped with a
compensating device. The principle of compensation is
illustrated in Fig. 2. A choke coil is used whose inductance is
sized relative to the network to which the apparatus is
connected.

It is assumedrl = r2 =r3 = . If a person touches
one of the phases of the network, the current that passes
through his body is determined by the total capacity of the
network C and the inductance L of the compensating choke
coil which is connected to the neutral point of the secondary
winding of the power transformer T. The total current passing
through the man is the geometric sum of the capacitance
current and the inductive current.

ih = iC + iL (2)

To fully compensate the capacitive current it is necessary:

iC+iL=O (3)

A condition for this is the current resonance:
(4)

In this case, the currents have a phase difference of 180
degrees and as a result the current through the human body is
In=0. The condition 1n=0 is purely theoretical. Due to losses in
the coils there is always some capacitive current that is not
compensated (Fig. 2c). In practice, the total current passing
through a person in contact with a live conductive part, is a
geometric sum of the active, capacitive and inductive currents.

I,=1,+1, +1, (5)
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Fig. 2. Capacity compensation principle: (a) network scheme: (b) substitution scheme (c) vector flow diagram
To limit the capacitive current when changing the network o A}
capacity, it is necessary to change the inductance of the choke [N
so that the residual current is minimal.
220V ~
Experiment Description
In the experiments three identical divided coils were used.
The following scheme (Fig. 3) is applied to measure their o

inductance.

The active resistance of the windings is measured by an
ohmmeter. The network voltage measured by a voltmeter
showed 225 V. The data are given in Table 3.

Fig. 3. Determination of coil inductance by ammeter and
voltmeter method

Table 3. Choke coil parameters and the corresponding capacity that compensates

RIQ] [ [mA] Z= % Q] X, =VZ2 —R? [Q] L [H] C[uF]
441 40 5625 5608 18 0.567
345 65 3460 3443 11 0.925
260 115 1956 1939 6 1.64
225 150 1500 1483 5 2.15

To measure the current passing through a person in
contact with a live conductive part, the circuit shown in Fig. 4 is
used. The insulation monitoring device is connected to a three
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phase network through a 200 kQ limiting resistor. The body
resistance is simulated with Rn. In series with Rn an ammeter is
connected to measure the current.
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380V

Un Rn

- "EStart

O-¢ popesr HL

—— 16pf

e

Fig. 4. A scheme that determines the current through the person

When the IT network is of a small length, the capacity of
the network may be disregarded. The current passing
through a person in contact with a live conductive part is
determined only by the active resistance of the network. The
value of Rn = 1000 Q, in this case simulates the body
resistance. In this measurement, the components C1, C2, C3
as well as L1, L2, L3 are not included in the network.

The second measurement was carried out with three
connected capacitors, one for each phase with a capacity of
0,5 pF. In this case capacitors carry capacitive conductivity
and the scheme simulates a network with a long length (a
network of significant capacity).

In the third measurement, three chokes with an
inductance of 18 H, one for each phase, whose purpose is to
compensate for the capacitive conductivity of the network,
are added to this scheme. The data are tabulated in Table 4.
An increase in current through the R resistance is seen
when the capacitors that introduce capacitive conductivity are
added to the circuit. In the presence of inductance coupled in
parallel to the capacitors, the current through Rn decreases
as the currents through the capacitor and the inductance are
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in antiphase. Full compensation of the capacitive component
of the current is virtually impossible due to losses in the core
and windings of the caoils.

Table 4. Current through a person

Insulation resistance [kQ] 40 30 20

Not count the capacitive 2% 35 49
current [mA]

Taking into account the

capacitive current [mA] 154

165 150

With compensation [mA] 62 64 78

Determining response time

Fig. 5 is a schematic diagram for determining the
performance of the apparatus when it is connected to a
three-phase network. The reported data is shown in Table 5.

- "‘{'_Sotart
button

Re

Relay contact

Etop

s

Fig. 5. Determining response time
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Table 5. Response time at different insulation resistance
values

Rd [kQ]

40 30 20

120

10 1
110

150 150 95

AT [ms]

For the determination of the response time, an interval meter is
used - L23. The change of R4 simulate a single-phase leakage
at different values of the insulation resistance. The double
button gives earth to one phase through the corresponding
resistor (single-phase leakage) and simultaneously includes
the interval meter.

The normally open contact of the relay closes the meter at
intervals. The data obtained are shown in Table 5.

When changing the insulation resistance, with its decrease,
the time for triggering the apparatus also decreases.

Conclusion

The experiments were carried out with an insulation
monitoring device that was assembled on universal boards and
made entirely of electronic components, which allows for a
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device with a small mass and gauge. With single-phase
leakage of 1 kQ (simulation of a person in contact with a live
conductive part), the device fits into BDS 10880-83 regarding
trigger time. When connected to a three-phase network, the
device works successfully with a compensator.
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IMPROVING THE RELIABILITY OF POWER SUPPLY OF INDUSTRIAL ENTERPRISES
THROUGH THE APPLICATION OF HYBRID ENERGY STORAGE DEVICES
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ABSTRACT. The article presents a comparative analysis of various types of energy storage devices, considers the possibility of using a hybrid energy storage device
as a compensator of short-term oscillations of active power. The features of the joint use of batteries and supercapacitors are presented. A simulation model of a

hybrid energy storage device was built to evaluate the efficiency of sharing and determining the applications of such storage devices.

Keywords: supercapacitor, battery, hybrid energy storage system

NOAOBPABAHE HA HAQEXOHOCTTA HA ENEKTPOCHABAABAHETO HA MPOMULUNEHO NPEANPUATUE YPE3
U3MON3BAHE HA XMBEPUIHW YCTPOUCTBA 3A CbXPAHEHWE HA ENEKTPOEHEPTUATA

Onee Bacunkos

CaHkmnemepbypacku MuHeH yHusepcumem, 199106 Caqkm lNemepbype

PE3IOME. Cratusita npefcTaBs CpaBHUTENEH aHann3 Ha pasnuyHn BUOOBE YCTPOICTBA 3@ CbXPaHEHMe Ha EHEprys, pasmexaa Bb3MOXHOCTTa 3a 13N0oMn3BaHe Ha
XMOPUAHO YCTPOICTBO 33 CbXPaHEHWe Ha eHeprist KaTo KOMMEHCAaTop Ha KpaTku TPenTeHus Ha akTuBHaTa MOLWHOCT. [pefcTaBeHn Ca XapaKTepucTukuTe Ha
CbBMeCTHaTa ynotpeba Ha akymynatopHu 6atepun u cynepkoHpeHsatopu. CbafadeH € CUMynauyoHeH Mofen Ha XvBpWAHO YCTPOWCTBO 3a CbXpaHeHWe Ha
€Heprus, 3a fia Ce OLeHN edeKTUBHOCTTA Ha CMIOAENSAHETO 1 ONPefeNnsHETO Ha MPUNOXEHNSTa Ha TakvBa YCTPONCTBA 3@ CbXpaHeHwe.

KntouoBu aymu: cynepkoHaeHsaTop, akymynatopHa Gatepusi, XuGpuHu YCTPOACTBa 3a CbXPaHEHIE Ha ENEeKTPOEHeprust

Introduction Table 1. Characteristics of various types of batteries
Capa | Energy Number Allowable Allowable

The most significant indicator of the quality of electricity, Cgf]é’f d\fvnfh't}" th:yr;f'f Ctr;;rge d'fg;a;_ge
which occurs when there is a sudden decrease in the voltage elem kg discharge range,°C range,°C
of the electric network below 0.9 Unom (Unom - rated voltage) ent,
— is a voltage failure. After the failure, the voltage is restored to A'h
the initial or close level after a certain period of time - from 10 lead | 26- | 30-60 200~ -20-50 -20-50
ms to several tens of seconds. Its reduction can vary from 10 Acid | 3000 1200
to 100% of the nominal. A voltage drops of 100% can be
considered as a short-term power interruption. Failures are the Li-ion 286 80-160 ;885 0-45 -20-60

most critical emergency violations. They lead to shutdowns

and overloading of electrical equipment and electricity
consumers. NiCd | 10- | 45-80 1500 0-45 -20-65

The easiest way to protect sensitive processes from 1100
failures is installation of energy-intensive storage between Ni " 140- 3000- 0.45 2065
energy sources and the consumer. Nacl | 200 190 7000
Comparative analysis of energy storages NIMH | 0,3-7 | 60-120 | 300-500 0-45 -20-65

So far, a wide range of drives has been created. They are
built on different principles, differing both in technical and
economic indicators as well as in functional purpose. Among
these devices, batteries should be distinguished. The analysis
of the data of energy storage devices is presented in Table 1.

The disadvantages of lithium-ion and nickel-cadmium
batteries are the high cost and service life, which directly
depend on the number and nature of the charge-discharge
cycles in operation. These are the most widely used storage
devices for industrial energy. Exactly these characteristics are
the main limiting factors in the widespread use of electric
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power storage devices. Devices based on fully controlled
semiconductor devices, such as dynamic voltage distortion
compensator or static reactive power compensator
(STATCOM), are widely used.

There is another limiting factor of battery application,
namely the response time of the drive. The response time of
the batteries is up to 60 ms according to the Electric Power
Research Institute, USA. This factor can have a significant
impact when choosing a power storage device, as for some
technological processes power outages even at 20 ms are
critical.

However, supercapacitors (SC) practically lack the above-
mentioned disadvantages. The distinctive features of
supercapacitors are their ability to quickly charge an unlimited
number of times and discharge over time from a few
milliseconds to tens of minutes, giving high power to the load.
The disadvantages and limiting factors of SC application are
the relatively low energy density and the high self-discharge. It
is also worth noting that the response time of the SC is from 1
ps. More detailed characteristics of the SC are presented in
Table 2.

Given these factors, it is currently promising to use the
battery in conjunction with the SC to compensate for the
shortcomings and combine the advantages and to create a
hybrid energy storage system (HESS).

Discrete
2.5e-05s.

[Bat |]

PWM Generator
Voutt

Table 2. Characteristics of supercapacitors

Capa | Energy | Numberof | Allowable Allowable
city of | density, cycles charge discharge
one W*h/ charge / temp. temp.
elem kg discharge range,°C range,°C
ent,
kF
SC 0.5~ 1-10 >500 000 -40-65 -40-65
12

Simulation model of hybrid energy storage

The present study developed a simplified model of
hybridisation of a battery and a supercapacitor, presented in
Figure 1.

This model involves a lithium-ion battery and a block of
capacitors with the appropriate characteristics. The simulation
did not take into account the temperature effect and the aging
effect of batteries. Battery self-discharge is not presented.

The Boost and Buck/Boost converter model is shown in
Figure 2.

PWM Generator
Vout+

P command

i

Boost Converter

D =COTETT
=voEge T

m@_,i

Battery

num(s)
den(s)

<

Power_required]

Power required

VY

PWM Generator

Fig. 1. Battery and supercapacitor hybridisation model

1
int *
S =l Vout- T Vout-
<50C (o) . * _,_mn‘ Vi
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n » <Curent 1y D
Alliage
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P command
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Fig. 2. a) the Boost converter model; b) The Buck/Boost converter model

Using the simulation, the following results were obtained

(Figure 3):
_ . After analysing the data dependencies, the differences in
. —  E———— —— the nature of the power output to the network were noted.
(\ | Since the feature of the SC is a fast discharge with a large

amount of power output to the network, it is logical to use this
drive to compensate for peak loads. Rechargeable batteries
are inherently slow to discharge, gradually giving power to the
0 —T—T network, which will allow compensation for long-term power
dips. It is also worth noting the increase in the life cycle of
batteries by reducing the impact of peak loads when used
together with supercapacitors.

Figure 4 below shows the graph of the power supplied to
the network by the hybrid energy storage.

- M e v

| | | | |
08 1 15 2 28 3 38 4 s i

Fig. 3. The graph of the power generated by the battery and the
block of supercapacitors
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Fig. 4. The graph of the power generated by the hybrid energy
storage system

Conclusions

Based on the obtained results, it is possible to conclude
that joint application of batteries and blocks of supercapacitors
can perform a number of important functions:

- alignment of load graphs in the network;

- damping of short-term oscillations of active and reactive
power and frequency;

- ensuring uninterrupted power supply of substations and
especially responsible consumers;

- ensuring stable and sustainable operation of
decentralised and non-traditional sources operating both
autonomously and as part of a unified power supply system.

However, a number of issues that are not addressed in the
article remain, namely, when creating hybrid energy storage
devices, the issue of balancing the SC remains relevant [8]. As
it is known, due to the low rated voltage of supercapacitors, the
use occurs when they are connected in series. In the
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production of supercapacitors there is some variation in the
parameters of the capacitance. In this regard, the problem
arises from the different charge rates of supercapacitors, since
there is a probability of overcharging the supercapacitor, which
can cause its breakdown. There is a need to limit the voltage of
the supercapacitor when charging. It is also necessary to take
into account that the electric power output to the load from the
storage device is carried out under the condition that the
electric power quality parameters are observed. This requires
solving the issue of electromagnetic compatibility of objects
with regard to their economic efficiency.
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LIGHTING SYSTEM FOR STUDYING PLANT GROWTH

Svetlana Velinova

University of Mining and Geology "St. Ivan Rilski", 1700 Sofia; svetliv@mail.bg

ABSTRACT. The cultivation of plants on artificial light has gained special popularity in recent years. On one hand, it is economically advantageous for places with low
sunshine - in the winter months or in places above the 50th parallel. Even in the conditions of our country, in the winter it is economically advantageous to grow some
plants on artificial light. On the other hand, it is also relevant to the growing of plants in space - for longer stays outside the Earth where, besides providing oxygen,
cosmonauts will need vegetation as a food and an environmental factor.

It is well known that plant photosynthesis has maximum effectiveness in irradiation with blue and red light. In order to investigate which part of the spectrum of visible
light has the greatest impact on the growth and development of plants, the Scientific and Research Laboratory (SRL) "Lighting Equipment" at the University of Mining
and Geology "St. Ivan Rilski" a specialised lighting system was created. It is an improved version and a functional extension of the lighting system from 2015. It
consists of 7 cabins with dimensions 600x600x1250mm, illuminated by LED modules, each radiating in a narrow range of the visible spectrum. The cabin sizes are
suitable for plant growing and full life cycle research, which includes biomass in addition to qualitative indicators such as colour, smell, taste, etc. With the help of the
newly created lighting system, the influence of light of different wavelengths on the effectiveness of photosynthesis can be investigated. Research will allow plants to
grow under artificial light with minimal energy consumption.

Keywords: LED, photosynthesis, photosynthetic active radiation (PAR), growth of plants, light spectrum

OCBETUTENHA YPEQIBA 3A U3CJNIEOBAHE PACTEXA U PA3SBUTUETO HA PACTEHUA
CeemnaHa BenuHosa
MunHo-2eonoxku yHugepcumem “Cs. MeaH Puncku®, 1700 Cogusi

PE3IOME. OtrnexpaHeTo Ha pacTeHUs Ha M3KYCTBEHa CBETNIMHA B MOCMEAHUTE roAnHn Aobu ocobera nonynspHocT. OT efHa cTpaHa ToBa € MKOHOMUYECKW
M3rofHO 33 MecTa CbC criabo CITbHYEBO rPeeHe — Npes 3UMHUTE MeceLy Unu Ha MecTa Hag 50-us napanen. [lopy B ycrioBusTa Ha Halata cTpaHa, npes aumata e
MKOHOMWYECKN WU3roAHO fia Ce OTIMEXAAT HAKOM PacTeHMst Ha M3KycTBeHo ocsetneHue. OT fpyra cTpaHa, WHTepec NpeAcTaBnsBa ChLo M OTINEXAAHETO Ha
pacteHns B Kocmoca - npu no-npogbmxuTenHo npebusaBaHe W3BbH 3emsTa, KbAETO OCBEH 3a CHAbasBaHETO C KWCMOPOA, HAa KOCMOHaBTUTE Le Obae HyxHa
pacTUTENHOCTTa KaTo XpaHa 1 cpegoobpasysaly dakTop.

V13BecTHO €, Ye (hoTOCKMHTE3aTa NMPU PaCTEHUATa MMa MakcumanHa eqbeKkTMBHOCT npu obITbyBaHe CbC CUHSA 1 YepBeHa CBETNMHA. 3a [ja Ce u3cneaBa Kos YacT oT
CnekTbpa Ha BMAMMATA CBETNMHA BNUSE HAW-CUMHO BbPXY pacTexa W pa3BuTMETO Ha pacteHusTa, B HWIT “OcsetutenHa TexHuka’ kbM MUHHO-TeOMOXKM
yHuBepcuteT “CB. MBaH Puncku” Oelwe cb3gapeHa cneupanuavpaHa oceetutenHa ypegba. Ts e nogobpeH BapuaHT W (DyHKUMOHANHO NPOABIKEHWE Ha
ocseTutenHata ypeaba ot 2015 r. CrbcraeHa e oT 7 kabunu ¢ pasmepu 600x600x1250mMm, ocBETABaHM OT CBETOAMOAHN MOAYNN, BCEKM M3ITbYBaLY B TACHA obnact
OT BUAMMMS cnekTbp. Pasmepute Ha kabuHUTe ca NOAXOAALM 33 OTIMeXAaHe Ha PacTeHUs U N3CNEeABaAHETO HA MbIHUS UM XU3HEH LWKBIT, KOETO BKIMIOYBA OCBEH
nonyyeHata 6romaca, Taka 1 ka4eCTBEHM NokasaTenu kaTo LBST, MUPUC, BKYCOBM kayecTBa 1 Ap. C nomoLLTa Ha HOBOCH3AaAeHaTa ocBeTUTeNHa ypeaba Moxe Aa
Ce 13cnezBa BNUSHETO Ha CBETNIMHA C pasniyHa AbMKMHA Ha BbrHAaTa BbPXY eeKTUBHOCTTa Ha (hOTOCMHTe3aTa. VacneaBaHusTa Le NO3BONST fa Ce oTrnexaar
pacTeHus Npu U3KYCTBEHA CBETMHA C MHUMAnNeH pa3xo Ha eHepris.

KntowyoBu gymu: LED, photosynthesis, photosynthetic active radiation (PAR), growth of plants, light spectrum

Introduction Blue and red rays affect photosynthesis directly and
indirectly. Blue beams (70 kcal / mole) have about 1.5 times
In recent years cultivation of artificial light plants has more energy than red (40 kcal / mole). According to quantum
gained special popularity. On one hand, it is economically ~theory, once a photon replaces only one electron of the
advantageous for places with low sunshine - in the winter pigment molecule, the blue loses more unproductive energy. It
months or in places above the 50th parallel. Even in the was observed that in normal illumination with the same energy
conditions of our country, in the winter months it is of blue and red light, photosynthesis is more effective with red
economically advantageous to grow some vegetables in rays. This can be explained by the fact that, with the same
artificial lighting. Plant growing in space is also of interest - for ~ energy, more red quanta will fall on the leaves and therefore
longer stays outside the Earth where, besides supplying more pigment molecules will be excited.
oxygen and carbon dioxide, cosmonauts will need vegetation At a high level of brightness, however, blue rays have the
as a food and a place to rest. advantage because they activate protein synthesis and this
To achieve photosynthesis, a critical level of illumination is has a stimulating effect on the carboxylating enzymes, while
required. Photosynthesis in plants has maximum efficacy in the red rays - enhance the formation of carbohydrates. The
irradiation with blue and red light. (For comparison, the human addition of blue light (about 20%) to the red, significantly
eye has a maximum sensitivity in the yellow-green range, enhances photosynthesis and can be used in greenhouse
about 555 nanometres.) (Fig. 1). production.
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The efficiency of conversion of light energy into chemical
energy in plants is estimated to be between 3 and 6%. The
actual effectiveness of photosynthesis varies greatly with
changes in the light spectrum, intensity of light, temperature
and carbon dioxide concentration. This part of the solar
radiation spectrum (400-700 nm) is called photosynthetic
active radiation (PAR) (Fig. 1). In the process of
photosynthesis, practically only 1-3% of PHARE is used.
Typically, PAR is expressed in umol photons m-2s-1.
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Fig. 1. Different methods of weighting the light spectrum

McCree measured three physiological parameters,
including the quantum yield of photosynthesis, action, and
absorptance. Physiologically, it describes the maximum
photosynthetic efficiency with which light can be converted into
chemical energy at low light (Fig. 1).

It is also possible to calculate the effective spectrum of
photosynthesis, as its values are taken from DIN 5031-10 (Fig.

1).

The superior plants (Embryophyta) photosynthesise
through leaves and stems that are rich in photosynthetic
structures — chloroplasts. (Although they do not participate
directly in photosynthesis, the roots are also involved.)

Photosynthesis (air feeding) is performed in the tilacloid
membranes of the chloroplasts. (Fig. 2).

The chloroplasts perform: absorption of light from
chlorophyll; transformation of light energy into chemical; fixing
and reducing CO2; photolysis of the water.

The main role in photosynthesis plays the plant pigments,
which act as primary acceptors of the light quanta and carry
out the further transformation of the chemical energy.

Granum

Inner bilayer
membrane

Outer bilayer
membrane

Copyright © 2006 Pearson Education, Inc.. publishing as Benjamin Cummings.

Fig. 2. Structure of the chloroplast
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Plant pigments are divided into 4 types: chlorophylls,
carotenoids, phycobiliens, and anthocyanins.

The main property of chlorophyll is to selectively absorb
the light rays - a maximum absorption in the red area at a
wavelength of 668 nm; fluorescein - dissolved in organic
solvents emit red light (Krumov, A.).

Chlorophyll a and b is mainly responsible for the
photosynthesis and for the definition of the area for PAR.
Carotenoid are further photosynthetic pigments also known as
antenna pigments like carotenoids-carotene, zeaxanthin,
lycopene and lutein etc. (Fig. 3).
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Fig. 3. Spectral sensitivity in photosynthesis (portions of the
light spectrum used by the main pigments)

For some time, leading light source manufacturers have
been working hard to create effective photosynthesis lamps by
producing high-pressure sodium, metal halide, luminescent
sodium lamps, and so on.

In recent years, due to the rapid development of LED
technology, specialised photoinitiator luminaires are already
available from many companies. Examples of emission spectra
of such light sources are shown in Figure 4.

Full Spectrum and tunable:
* Fine tuning of spectral
distribution for different plants
and different phases of growth

Deep Blue + Hyper Red:
* Optimized for Photosynthesis

+ Low-cost fixture

Fig. 4. Variations of radiation spectra of specialised
photosynthesis luminaires

The advantage of horticultural lighting of LEDs is that a
single-color LED emits light in a narrow spectral band, resulting
in a saturated colour. There is also the possibility to reproduce
several spectra with single-colour LEDs.
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Realization

In order to investigate which part of the spectrum has the
greatest influence on the photosynthesis at SRL "Lighting
Engineering” at the University of Mining and Geology "St. Ivan
Rilski" (UMG), a specialised lighting system was set up in
2015. It consists of 18 LEDs, each of which emits in a narrow
area of the spectrum and has an intensity of photosynthetic
radiation of 300-500 umol / m3 (Table 5 and Fig. 6) and Table
1 (Velinova, 2015).

Fig. 5. 18 luminaires, each of which radiates in a narrow area of
the visible spectrum

Fig. 6. One of the LED luminaries

The purpose of this system is to investigate the influence of
particular parts of the light spectrum on the quantitative and
qualitative characteristics of photosynthesis in different plant
species, while tracking their growth and development.

Table 1.
LED Length on wave
No: LED type g)\ /nm
1. INDIGO BLUE 402 +/-3
2 INDIGO BLUE 407 +/-3
3 DEEP BLUE 422 +/-2
4, DEEP BLUE 427 +/-2
5. ROYAL BLUE 452 +/-2
6 ROYAL BLUE 457 +/-2
7 BLUE 1 462 +/-2
8. BLUE 2 472 +/-2
9. CYAN 1 497 +/-2
10. CYAN 2 502 +/-2
11. GREEN 1 522 +/-2
12. GREEN 2 527 +/-2
13. AMBER 592 +/-2
14, RED 1 616 +/-3
15. RED 2 625 +/-5
16. TRUE RED 1 652 +/-2
17. TRUE RED 2 663 +/-2
18. DEEP RED 730 +/-10
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The following species were selected as test subjects: salad
(Lactuca sativa), cloves (Dianthus caryophyllus), French
marigold  (Tagetes patula), and tomato (Solanum

lycopersicum). The following morphological indicators were
examined: plant height; foliage development; number of
developed leaves; stem length; length and width of the leaves;
length and development of the root system.

The results of these studies are published in (Velinova,
2017a; 2017b; 2018).

Fig. 7. Test facility - mounted luminaires and plants

In the above-mentioned LED lighting system, the volume of
the chambers and the size of the plants examined is limited to
the dimensions of about 30x30x40 cm (Fig. 7). That is why, in
2019, another specialised lighting system was set up at the
SRL "Lighting equipment” at the UMG. It is an improved
version and a functional continuation of the lighting system
from 2015. It consists of 7 cabins with dimensions 60x60x125
cm, illuminated by LED modules, each emitting in a narrow
area of the visible spectrum. (Fig. 8 - 9 and Table 2).

Fig. 8. Specialised lighting system 2 in 2019 - cabins with
illuminators and studied plants
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The luminaires are made of aluminium, donated by

BSM. In the first five chambers 3 luminaires with a light
emitting module are housed (Figure 10, Table 2). In each
module 40 LEDs are mounted GA type CS8PM1.23, GB +
CS8PM1.13, GH CSSPM1.24, GT CS8PM1.13, GY
CS8PM1.23. The drivers are part of a donation by OSRAM.
The total power of the luminaires for each cab is about 160W.

A specialised LED light for photosynthesis is installed in
chamber Ne 6.

In chamber Ne 7 is installed a LED luminaire emitting a
neutral white light - 4337 K, which will be used as a cabin with
control measurement samples (Fig. 9, 11 and 12; Table 2).

Table 2.

Camera o Length on PAR/ Power/

Luminaire wave W

Ne mmol
Al nm

1. BLUE 467+-3 | 298 150
2. GREEN 523 +/-3 219 150
3. AMBER 601 +/-2 77 150
4. RED 626 +/-2 237 150
5. DEEP RED 658 +/-2 333 150
6. BLUE /RED 447 /650 333 160
7. WHITE 4337 K 188 180

Daylight

Fig. 9. Radiation spectra of each of the cameras and a spectrum
of daylight (as a control)

Cabin Ne7

135

Cabin sizes are suitable for plant growing and their full life
cycle research, which includes biomass in addition to
qualitative indicators like colour, smell, taste, etc.

With the help of the newly-created lighting system, the
effects of light of different wavelengths on the effectiveness of
photosynthesis as well as the growth and development of
plants can be studied. Research will allow plants to grow under
artificial light with minimal energy consumption.

'.“«,'. 7 " ﬁ"' -8
Fig. 10. Cabins Ne 1 to 5. Lights, each of them emitting in a
narrow range of the spectrum

Y2

Fig. 11. Cabin No 6 - Specialised luminaire designed for
photosynthesis

Fig. 12. Cabin No 7 - lllumination light emitting neutral white light
- 4337 K (control)

So far, some preliminary experiments have been made in
the newly created chambers to study the impact of the light
spectrum. As an experimental species the tomatoes (Solanum
lycopersicum) - interdimensional strain "Milliana" are chosen
and the strawberries (Fragaria sp.) - self-pollinating variety are
used. (Fig. 13).
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The nourishment of the plants is hydroponic using food
solutions according to recipes recommended by Prof. Hristo
Simidchiev (Simidchiev, Kanazirska, 2017). Other important
parameters influencing their growth and development are
temperature, humidity, CO2, etc., which are maintained at
constant rate.

Growth assessment is done by measuring certain
parameters (plant height, stem thickness, number of leaves,
leaf size, number of cobs or runners, number of flowers,
number of worms, number of fruits ripened, quality evaluation
of fruits, etc.); visually - by assessing the total plant habit and
assessing their health status.

Additionally, the chlorophyll content of plant leaf samples
(in relative units) was measured using the Chlorophyll Content
Meter CCM-200.

Initial results of the first samples in these chambers can be
seen in Fig. 13 and 14.

Fig. 14. Cabin No 7 - Test plants on 12.07.19 (control)

136

It is envisaged to carry out experiments with the following
types of plants: salads (Lactuca) and other leafy vegetables,
spices and essential oil plants, wheat and others. Poaceae,
Fabaceae, Orchidaceae, other members of the Solanaceae
family, some suitable representatives of tree-shrub species.
(Kalinkov, Pavlov, 1993).

The pursuit of plant selection is to use those that have a
strong light response as a factor; to be suitable both as
indicators and for growing in the conditions of existing cabins, if
possible self-pollinating (or at least one-domed) and last but
not least, suitable for consumption.

It is planned to carry out similar experiments with
representatives of unicellular algae together with the
Department of Engineering Geoecology, and for this purpose
special containers will be made which will be illuminated with
the same types of diodes mentioned above.
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