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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 modern software packages is performed. 
 
Keywords: transport equipment, spring suspension, leaf springs, failures in parabolic leaf springs, strength analysis, Finite Element Method 

 
ЯКОСТНО-ДЕФОРМАЦИОНЕН АНАЛИЗ НА КОНСТРУКЦИИ ПАРАБОЛИЧНИ ЛИСТОВИ РЕСОРИ ЗА ТРАНСПОРТНА 
ТЕХНИКА 
Добринка Атмаджова 
Висше транспортно училище ”Тодор Каблешков”, 1574 София 

 
РЕЗЮМЕ: В доклада е извършено моделиране и сравнителен якостен анализ на различни конструкции параболични листови ресори. Те се използват в 
конструкцията на ресорното окачване на транспортна техника. Например, това са вагони за превоз на руда и други насипни товари, както и много товарни 
автомобили. Отразени са статистически резултати от експлоатационни наблюдения на елементи от ресорното окачване на железопътни вагони и товарни 
автомобили, до състоянието им на отказ. Описани са натоварванията и якостните характеристики на различни видове параболични листови ресори. 
Същите са моделирани по метода на крайните елементи, след което е извършен сравнителен якостен анализ с помощта на съвременни програмни 
продукти. 
 
Ключови думи: транспортна техника, ресорно окачване, листови ресори, откази в параболични листови ресори, якостен анализ,  метод на крайните елементи 

 
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 Fbd 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. 

All springs of HST parabolic type are manufactured 
according to ISO 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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Fig. 5. Diagram of a two-leaf PLS for automotive equipment. 
1 – main leaf; 2 – additional leaf and 3 – silencer (limiter) 

 
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 

 

 

Results of calculations of a two-leaf PLS – with fatigue 
load using MITCalc software 

 

 
 
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 GРa; Yield Strength, ReL 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, c -1.05; Fatigue Ductility Coefficient Ef 9.56; Cyclic 
Strain-hardening Exponent, n' 0.13; Cut-off, Nc 2,00е+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/m2; 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. 

 

 
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.  

 

 

 
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: L0 = 1200mm; H0 = 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 С2 and 60 
С2 (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 ВСт3 сп, and the spring wedge is made of 
steel brand АСт3 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 

 

 

 
 

Results of calculations using MITCalc for a railway wagon 
PLS - at fatigue loading 
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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 11А 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 GРa; Yield Strength, ReL 1196 
MPa; Ultimate tensile strength, Rm 1495 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, c -1.05; Fatigue Ductility 
Coefficient Ef 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  
Modulus of elasticity,  
E = 200 GРa 
Ultimate tensile strength,  
Rm = 1550 MPa 
Max. permissible bending stress  

a = 1085 MPa 
Max. permissible torsion stress  
τa = 775 MPa 

Stress, МРа 

Static 
load 
10000N 

Cyclic load  
(of fatigue) 
5000N 

162,8 81,4 

SolidWorks 
Material 55Cr3 for leaves 
Elastic Modulus, E = 207 GРa 
Yield Strength, ReL=1250 MPa 
Ultimate tensile strength,  
Rm = 1600 MPa 
Material Silicon for limiters 
Elastic Modulus 1.124e+011 N/m2; 
Shear Modulus 4.9e+010 N/m2; 
Yield Strength 120e+06 N/m2 

Stress, МРа 

Value Area 

 
 
439,06 
175,6* 

The maximum 
stresses are in the 
area of cross-
section weakening 
in the centre (R2 - 
Figure 6) and in the 
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,  
E = 200 GРa 
Ultimate tensile strength,  
Rm = 1550 MPa 
Max. permissible bending stress 

a = 1085 MPa 
Max. permissible torsion stress 
τa = 775 MPa 

Stress, МРа 

Static 
load 
225kN 

Cyclic load 
(of fatigue) 
56.25kN 

797.5 501.9 

SolidWorks 
Material 65Si7 
Elastic Modulus,  
E = 200 GРa 
Yield Strength,  
ReL = 1196 MPa 
Ultimate tensile strength,  
Rm = 1495 MPa 

Stress, МРа 

Value Area  

 
634.7 

Maximum stress in the 
main leaf centre in the 
area of contact with 
the internal wedge.  

 
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 
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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. 
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МЕТОДИКА ЗА ОПРЕДЕЛЯНЕ НА ОСНОВНИТЕ ПАРАМЕТРИ НА ХИДРАВЛИЧНИТЕ УДАРНИ МЕХАНИЗМИ 
Димитър Димитров 

Минно-геоложки университет ”Св. Иван Рилски”, 1700 София 

 
РЕЗЮМЕ. При обработване на осцилограмите на работните процеси обикновено се използва известна методика на Суднишников Б. В. Тази методика 
изисква извършването на твърде голям обем изчислителна работа, поради което се обработва само един, характерен за работата на машината, цикъл. 
Това намалява точността на получените резултати. За рационализиране на тази дейност и повишаване точността, на примера на хидравличните ударни 
механизми, е разработена предложената методика. 
 
Ключови думи: механизъм, хидравличен, осцилограма 

  
Introduction 

 
Over the last decades, the hydraulic drilling and the 

hammer machines had found an increasingly widespread use, 
as they have gradually replaced the pneumatic ones. This is 
due to the exhaustion of the possibilities for further 
improvement of the performance of pneumatic drilling 
machines. In the 150-year history of the use of pneumatic 
drilling machines, they have gone a long way towards their 
perfection. By the end of the 60s of the last century, it was no 
longer possible to expect better results from the newly created 
machines. Some progress has been made only in the period 
1955-1965 in a relation with the development of methodologies 
for recording the internal processes and hence for the 
optimisation of their structural elements. 

The only possibility to increase the power and productivity 
of pneumatic machines was to increase the diameter of the 
cylinder, the mass of the machine and the supplied pressure. 
All this, however, is related to higher operational costs and 
major reconstruction of the mining pneumatic chattels. The 
transition to higher pressure (up to 2 - 3MPa) is only 
appropriate for drilling machines that work together with a 
mobile compressor. 

In both society and technology, when the capabilities of a 
system, a technology, or a machine are exhausted, a 
qualitatively new solution to the problem appears. The creation 
of hydraulic drilling machines is a typical example of such a 
development of the technique. With the introduction of 

hydraulic drilling machines due to the much higher operating 
fluid pressure (up to 25 MPa and even more), the power of the 
drilling machine has increased many times. 

The first hydraulic hammer was developed in 1968 and 
was introduced in 1970 by the French company MONTAGER. 
In the next years, other companies began to produce such 
machines. By the end of the 90s, around 150 models were 
being produced by 20 companies, and their number has been 
continuously growing. 

The principle of operation of these machines is similar to 
that of the pneumatic drilling machines. They consist of the 
same basic parts. Due to the practical non-shrinking mode of 
the oil, two hydro-accumulators are added – one to the 
pressure pipe and one to the merging one. The machine is 
supplied by high pressure oil into the high-pressure pipeline 
from the oil station. The energy of the oil is transformed into 
mechanical work in the stroke and the rotation mechanisms. 
After that the oil, with a reduced pressure in the merging 
pipeline, returns to the oil station. 

The advantages of the hydraulic drilling and the breaking 
machines are quite important in comparison to the pneumatic 
ones. The most important of these are: 

- Higher power transmitted to the instrument (4 to 5 times) 
- Greater drilling speed (2 to 2.5 times); 
- Higher efficiency (up to 0.4-0.5); 
- Less noise, lack of aerodynamic noise; 
- Less air pollution, missing oil aerosols; 
- Better shape of the stroke impulse and longer pistons; 
- More durability of the drilling tool; 
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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. 
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ОСНОВНИ ИЗИСКВАНИЯ ПРИ РАЗРАБОТВАНЕ НА НОВИ ПРОБИВНИ МАШИНИ С УДАРНО ДЕЙСТВИЕ  
Димитър Димитров 

Минно-геоложки университет “Св. Иван Рилски”, 1700 София 

 
РЕЗЮМЕ.  В работата са разгледани общите и специфични изисквания при разработване на пробивни машини с ударно действие. Те работят при силно 
изразен динамичен режим, поради което при конструирането им трябва да се спазват твърде много изисквания. С работата се цели да се изяснят тези 
въпроси, с което да се подпомогнат конструкторите при избора на параметри и конструктивни схеми. Специално внимание е отделено на избора на 
въздухоразпределителното устройство, механизмът за въртене, пусковото устройство, устройството за отстраняване на ситнежа, устройството за 
подаване и поддържане, сглобките и класовете на гладкост на различните детайли. 
 
Ключови думи: машина, удар, чук 

 
 

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 I., 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 
I., 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 drilling, he cannot create a good drilling machine. In 
practice, there are many examples for irrelevant constructive 
decisions due to the lack of knowledge on the problems. 

 

Requirements for machine design 
 
Before the construction, it is necessary to do some 

research in our and foreign literature sources. The 
constructions of the drilling 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 



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

 

16 

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 – ПК-60, ПК-75, БГА-
1, of Atlas Copco – BBE-51 and ВВЕ-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 – ДК7ЕСА and others. 

The independent rotation is unsuitable only for manual 
drilling 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 - 
ПР – 24, ПР – 25, ПР – 27, ПР – 30, ПТ- 29, ПТ- 36, ПП-54В 
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. Its 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. 

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 

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 / r6 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. 

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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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 

 
ТРЕПТЕНИЯ НА ВАЛ, ПРЕДИЗВИКАНИ ОТ ИНЕРЦИОННИ СМУЩЕНИЯ 
Анастас И. Иванов 
Висше транспортно училище ”Тодор Каблешков”, 1574 София  
 
РЕЗЮМЕ. В статията се изследват малките трептения на цилиндричен вал, предизвикани от инерционни смущения. Валът е разположен вертикално. 
Състои се от два участъка с различни по размер напречни сечения. Подпрян е със сферична и цилиндрична става. Двете опорни устройства имат 
хоризонтална еластичност. Между тях, и в най-горния край на вала, са монтирани ротационно движещи се спрямо оста му ексцентрично разположени 
концентрирани маси. Те се въртят с постоянна ъглова скорост спрямо ротационната ос и създават неблагоприятни инерционни смущения. Поради 
еластичността на вала, както и поради еластичните в хоризонтално направление опори, се пораждат малки принудени трептения на двете концентрирани 
маси в равнини, перпендикулярни на ротационната ос. Валът е моделиран като дискретна механична система с четири степени на свобода. Изведени са 
диференциалните уравнения, които описват малките трептения на системата. Съставена е програма на MatLab и Simulink, с помощта на която са 
интегрирани числено изведените уравнения. Извършени са изчисления за неблагоприятните взаимни разположения на концентрираните маси спрямо 
равнина перпендикулярна на оста на вала. Всички резултати са онагледени с подходящи графики. Статията завършва с важни за практиката изводи, които 
могат да се използват при проектирането на подобен вид валове. 
 
Ключови думи: Вал, трептения, инерционни смущения, кинематични характеристики 

 
Introduction 
 

Many machines and aggregates use different types of 
shafts. Most often they are examined for torsion and bending 
because their main purpose is to transmit axial moments 
(Sevastakiev et al., 1986). 

In the presented article, the shaft is examined only on a 
generalised bending caused by inertial harmonic excitations. 
Such disturbances are always presented in the rotary machines 
when unbalanced masses are available (Sergeev et al., 2018). 

Harmful vibrations, which are small oscillations with high 
frequencies and relatively small amplitudes, accompany each 
machine aggregate as crushers, mills and others (Hristova, et 
al., 2018). Reducing them to some minimal normative values is 
the most important engineering problem for solving by any 
constructor (Petrović, 2017; Sergeev et al., 2018). 

For example, the three-dimensional vibrations of a machine 
aggregate, solved numerically with a suitable program for this 
purpose, are studied in the paper (Ivanov, 2017). 

One of the most important and basic task, the 
determination of eigen frequencies and eigen forms, is very 

difficult to solve using only analytical solutions, especially for 
the systems with many degrees of freedom, (Ivanov, 2017). 
The engineer needs to make many calculations numerically for 
multiple variants, which are dependent on a number of 
parameters. Only then, the optimisation analysis can be made 
(Cheshankov et al., 2004). 

The above-mentioned problems lead to the compilation of 
the main purpose of this study: to determine the maximum 
values of the basic kinematical characteristics of a vertical shaft 
from the most unfavourable inertial excitation. 

 
Mathematical model 
 

A vertically positioned cylindrical shaft, which has two 
sections, is studied. 

The first section has a length 1l  and bending stiffness

1.IE , and the second section has length 2l  and bending 

stiffness 2.IE , (Fig. 1). 

mailto:aii2010@abv.bg
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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 1c . 

 
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 2c . 

In the middle of the first section are centrally located a 

concentrated mass 11m  and an unbalanced mass dm1 , and 

dmmm 1111  . The unbalanced mass dm1  is located at a 

distance 1e   from the shaft axis. 

At the upper end of the shaft are centrally located a 

concentrated mass 22m  and an unbalanced mass dm 2  with 

an eccentricity 2e , and dmmm 2222  . 

The two unbalanced masses rotate synchronously around 
the rotary axis zO  with the same angular velocity   and 

phase difference  . 

 
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): 

 
T

wwuu 2121q  .     (1) 

 
The Lagrange differential equations of second gender are 

used. They have the following matrix form: 
 

q
Q

qq 

















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















 pkk
EEE

t 
 .     (2) 

 
The kinetic energy of the system is a quadratic form of the 

vector generalised velocities and the mass matrix: 
 

qMq  ...50,0 T

kE   ,      (3) 

 

 2121 mmmmdiagM   .     (4) 

 
The potential energy of the deformations is the quadratic 

form of the vector of generalised coordinates and the stiffness 
matrix: 

 

qKq ...50,0 T

pE   ,      (5) 
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The determination of the stiffness matrix is done by the 

mathematical dependence: 
 

1DK  ,       (7) 
 

where the flexibility matrix has the form: 
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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: 

 
T

YYXX 2121Q  ,   (12) 

 

 temX d .cos... 2

111   ,   (13) 

 

 nd temX  .cos... 2

222  ,   (14) 

 

 temY d .sin... 2

111   ,   (15) 

 

 nd temY  .sin... 2

222  .   (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: 

 

QqKqM  ..   .    (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 (Ivanov, 
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: 
 

88

1.


 











0KM

I0
A  .    (18) 

 

Sub-matrices  
44

0


0  and  
44

1


 diagI  are 

correspondingly zero and unit matrices. 

The eigen circular frequencies k ,  4,3,2,1k , are 

derived from the own numbers kp  that have the form: 
 

kk ip  .0 ,       1i  .   (19) 
 

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

 
Simulink model file 

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

 

  QM
q

q
0KMq ... 11  











  .  (20) 

 
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: 

PaE 1110.2 , kgm 59811  , kgm 39922  , 

kgm d 21  , kgm d 12  , mNc /10.5 4

1  , 

mNc /10.8 4

2  , 
46

1 10.6,1 mI  , 
46

2 10.8,0 mI  , 

ml 61  , ml 22  , me 08,01  , me 06,02  , 

The following values of the eigen circular frequencies are 
obtained: 

1

1 997,5  s , 
1

2 997,5  s , 
1

3 147,9  s , 

1

4 147,9  s  . 

The safe frequency areas of the forced circular frequency 

  for avoidance of resonant phenomena are: 14  s  as 

well as 112  s . 

Forced circular frequency 140  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 st 5 . 

The calculations are made for thirteen values of the phase 

difference n , namely radnn 12/. , 

)12,11,...,2,1,0( n . 

For each phase difference n , the magnitudes of the 

displacement of the two masses 1m  and 2m  are determined 

using the following formulas: 
 

2

1

2

11 nnn wuA   ,       2

2

2

22 nnn wuA   .  (21) 

 

For the first mass 1m , the maximum deviation from the 

shaft axis is obtained with a phase difference 

rad12/.00  , and it has a value mA 00164,010  . 
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For the second mass 2m , the maximum deviation from the 

axis is obtained with a phase difference rad12/.1111  , 

and it has a value mA 002027,0112  . 

The graphs of functions )(0101 tAA   and 

)(112112 tAA   are shown in Figure 2 and Figure 3, 

respectively. 
 

 

Fig. 2. Displacement of the first mass during the integration time 
 

 

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 yxO  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. 

 

Fig. 4. Trajectory trace of the first mass in the horizontal plane 

 
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 n  the velocity nv  and 

acceleration na  of the two masses 1m  и 2m   are determined 

by the formulas: 
 

2

1

2

11 nnn wuv    ,       2

2

2

22 nnn wuv    ,  (22) 

 

2

1

2

11 nnn wua    ,       2

2

2

22 nnn wua    . (23) 

 

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

 

 
Fig. 7. Velocity of the second mass during the integration time 
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For the first mass 1m , the maximum velocity is obtained 

with a phase difference rad12/.00  , and it has a value 

./0233,001 smv   
 

 

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

 

 

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

 

For the second mass 2m , the maximum velocity is 

obtained with a phase difference rad12/.1111   and it 

has a value ./0185,0112 smv   

 

 
Fig. 10. Acceleration of the first mass during the integration time 

 
Fig. 11. Acceleration of the second mass during the integration 
time 

 

 
Fig. 12. A trace of acceleration vector peak of the first mass in the 
horizontal plane 

 

 
Fig. 13. A trace of acceleration vector peak of the second mass in 
the horizontal plane 

 

The graphs of functions )(0101 tvv   and )(112112 tvv   

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 1m , the maximum acceleration is 

obtained with a phase difference rad12/.00  , and it 

has a value 2

01 /5606,0 sma  . 

For the second mass 2m , the maximum acceleration is 

obtained with a phase difference rad12/.1111   and it 

has a value ./3236,0 2

112 sma   

The graphs of functions )(0101 taa   and )(112112 taa   

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. All calculated kinematical characteristics are 
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 (Ivanov, 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). 
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ALGORITHM FOR IoT-SENSOR DESIGN AND MAINTENANCE SERVICE  
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ABSTRACT. Internet of Things (IoT) 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 IoT-sensor design and Maintenance Service with a high level of detail. 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: IoT-sensor, pressure sensor, temperature sensor, simulation, service 

 
АЛГОРИТЪМ ЗА ПРОЕКТИРАНЕ НА IoT -СЕНЗОР И ОБСЛУЖВАНЕ НА ПОДДЪРЖАНЕТО  
Мила Илиева-Обретенова, Елена Благоева, Бойко Кърков 

Минно-геоложки университет "Св. Иван Рилски", 1700 София  

 
РЕЗЮМЕ. IoT (Internet of Things) е разширението на интернет към физически устройства и обекти за ежедневна употреба. Снабдени с електроника, 
интернет свързаност и други форми на хардуер (като сензори), тези устройства могат да комуникират и да взаимодействат с други чрез интернет и могат 
да бъдат дистанционно наблюдавани и контролирани. Предлага се алгоритъм за проектиране на IoT-сензор и обслужване на поддържането с висока 
степен на детайлизация. Предназначен е за студенти и младши проектанти. Хипотезата е следната: Еднозначност на стъпките се постига чрез използване 
на подходящи методи и средства. Методологията за проектиране включва теории за: полупроводникови елементи, Уитстонов мост, аналогово-цифрово 
преобразуване с последователна апроксимация, метод на крайните елементи, унифициран език за моделиране (UML) и език за програмиране Verilog. 
Алгоритъмът се илюстрира с пример за сензор за налягане. Резултатът се състои от алгоритъм в две части: проектиране на симулация и проектиране на 
обслужване. Проектирането на симулацията включва: проектиране на хардуер и изчисляване на елементите на симулацията. Проектирането на 
обслужването съдържа класове управлявани обекти с имена, атрибути, операции и методи. С избраната степен на детайлизация алгоритъмът 
представлява добра основа за проектиране на система с два сензора (например сензор за налягане и сензор за температура) и за експерименти в 
специфична работна среда (например подземен рудник). 
 
Kлючови думи: IoT-сензор, сензор за налягане, сензор за температура, симулация, обслужване 
 

 
Introduction  
 

IoT (Internet of Things) 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 recent developments are 
represented in articles with low level of detail (Miller, 2018) or 
represent concepts of very high level (Ruh, 2018; Perera et al., 
2018). This article offers an algorithm for IoT-sensor design 
and Maintenance Service with high level of detail. It is intended 
for students and junior designers. Unambiguous steps are 
defined by the usage of appropriate methods. 
 

Methodology  
 

The design methodology includes the application of the 
theory for: semiconductor devices (Lienig, 2017), Wheatstone 
bridge (Ekelof, 2001), analogue-to-digital conversion with 
successive approximation (Baker, 2010), finite element method 
(Logan, 2011), Unified Modelling Language – UML (Fowler, 
2004) and programming language Verilog (Bergeron, 2012). 
The algorithm is illustrated with a pressure sensor. 

 
Results 
 
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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у = ax + b,                   (12) 
 

Where у is the output voltage Vout in V, аs is the slope S2  in 
V/kPa, х is the pressure Р in kPa and b is offset Voffset in V.      
 

Vout = S2xР + Voffset                           (13) 

 

12. Calculation of the dimension on X axe in kPa/count:  

                                                           

m= 
350.25

1.45
240

 kPa/count                 (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=ρgh,                                                                                  (15) 
 

Where Р is the pressure in kPa, ρ is the fluid density (for water 
ρ = 1kg/l), g is the standard gravity 9,8m/s2 и h is the fluid 
height over the sensor in meters. Then  
 

Factor = 


P 1.45

xg 1x9.8
= 0.147959 m/count = 148 mm/count   

              (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. 

15

U [V]

P [kPa]

8,5.10^-3

1,45
148 P [mm]

 
Fig. 6. Dimensions on X axis  
 

Checking: For 117 counts: (117-15)x1.45 = 147.9kPa, 
147.9

9.8

=15.09 m, (117-15)x148 = 15096 mm;  

for 219 counts: (219-15)x1.45=295.8kPa, 
295.8

9.8  
= 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 Objects classes for Maintenance Service. 

 
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. MО fluidHeight represents a function for calculation of 
sensor constants. А) 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 

sensorOutput_max shows the maximum output voltage of 
sensor. Attribute WBridgeIntercept 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 kPa/count. 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. MО Timer represents a timer, which awakes the processor 
periodically for fluid height measurement. А) 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 
„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. MО PreventiveFunction represents the programmes for 
testing the fluid height by normal working conditions.  
А) Attributes: Attribute LastRead represents the value of the 
last read. Attribute mmH2O 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. MО Result represents the result after execution of a 
preventive function. А) Attributes: Attribute ID represents the 
notification number after the preventive function. B) 
Operations: Operation printf writes a notification after the 
preventive function.  
6. MО AlarmLog represents log Alarms, containing the 
collected maintenance events. А) 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. MО AlarmRecord represents the Alarm reaction, if a failure 
occurs. А) Attributes: Attribute ID represents the alarm number. 
B) Operations: Operation printf writes an alarm in log by 
exceeding the allowed difference. 
8. MО 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], i.e. 
10000mm=10m, visualisation of the decreasing level speed 

starts. The crucial level in counts is 83. А) 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. MО Localisation contains information about the counts by 
which a failure is reported. А) Attributes: Attribute ID 
represents the number of localisation. B) Operations:  

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 *      
sensorOutput_min / sensorOutput_max 
      Amplification=ADCrange/sensorOutput_max 
      ADCcounts = 2^ADCbit – 1 
      ADCfactor = ADCrange/2^ADCbit 
      ADCscale = 2^ADCbit/ADCrange 
      InterceptVoltageAfterAmplifier = 
WbridgeIntercept * Amplification 
      offset = InterceptVoltageAfterAmplifier * 
ADCscale 
      ActiveADCcounts = ADCcounts – offset 
                     Slope1 = ActiveADCcounts / 
pressureMaximum 
       Slope2 = Slope1 * 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 
 UartStdOutInit (); 
 
 // 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 5µs. 
 
3. PreventiveFunction. The method for PreventiveFunction 
combines attributes and operations for the following objects: 
PreventiveFunction, Result, AlarmLog и AlarmRecord. 
 

void PreventiveFunction (void) { 
 int n_c = ncounts; 
 int mmH2O = fluidHeight(n_c); 
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 printf (“ADC reports %d count, %d mmH2O\n”, 
n_c, mmH2O); 
 if (!bHaveLastRead) { 
  bHaveLastRead=1; 
     lastRead=mmH2O; 
 } 
 else { int delta = mmH2O – lastRead; 

if ((delta < -500) II (delta > 500)) { 
 printf (“***\n*** Significant 

change in fluid level: %d mm, now %d 
mmH2O\n***\n”, delta, mmH2O); 

 lastRead=mmH2O; 
} 

 } 
} 
 
4. TestingFunction. The method TestingFunction unifies the 
attributes and operations of the following objects: 
TestingFunction и 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 1us 
  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-6+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 µs. 
 

Conclusion 
 

The paper represents an algorithm for the design and service 
of an IoT-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 IoT-
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 IoT 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 

 
ЕНЕРГИЕН КОНТРОЛ ВЪРХУ ИЗНОСВАНЕТО НА ОБЛИЦОВКИТЕ НА ПОЛУАВТОГЕННИ МЕЛНИЦИ 
Румен Исталиянов, Николай Лаков 
Минно-геоложки университет ”Св. Иван Рилски“, 1700 София 

 
РЕЗЮМЕ. Предложен е метод за определяне износването на облицовките на полуавтогенни мелници с използване на данните от товаровия график на 
електрическия двигател. 
 
Ключови думи: полуавтогенна мелница, специфичен разход на електроенергия, износване на облицовки и лифтери 

 
 
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; 

- 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. 
 
Тable 1.  
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m t/h min 1  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 

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. 8.220 241 1012.9 5060 

20. 8.240 241 1013.6 5060 

21. 8.250 248 1015.1 5065 

22. 8.254 249 1015.3 5065 

23. 8.256 249 1015.6 5071 

24. 8.257 247 1010.2 5076 

25. 8.260 247 1069.5 5049 

26. 8.270 247 1011 5092 

27. 8.280 248 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. 8.390 222 1017.8 5453 

34. 8.400 222 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. 8.120 267 951.6 4671 

41. 8.122 267 977.4 4671 

42. 8.160 262 991.8 4833 

43. 8.168 263 963.4 4855 

44. 8.169 264 963.3 4941 

45. 8.210 253 933.7 5049 

46. 8.220 253 971.6 5076 

47. 8.222 253 974 5049 

48. 8.225 248 964.4 5092 

49. 8.230 249 878.6 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 

 

 
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. 
 

 
Fig. 3. The dependence of the specific energy consumption on 
the wear of the lifters in time 

Figure 4 shows the relation of the specific electricity 
consumption to the linings wear. 
 

 
 
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 
 
Alexander Lavrik, Yury Zhukovsky, Aleksandra Buldysko 
 
Saint Petersburg Mining University, 199106 Saint Petersburg; lavrik.alexander@gmail.com 
 
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 

 
ОПРЕДЕЛЯНЕ НА ОПТИМАЛНАТА СТРУКТУРА НА ЕНЕРГИЕН КОМПЛЕКС, СЪСТОЯЩ СЕ ОТ ВЯТЪРНО-СЛЪНЧЕВИ И 
ДИЗЕЛОВИ ГЕНЕРАТОРИ ЗА УСЛОВИЯТА НА АРКТИЧЕСКИТЕ РАЙОНИ В РУСИЯ, ЧРЕЗ ИЗПОЛЗВАНЕ НА 
МНОГОКРИТЕРИАЛНО ТЪРСЕНЕ 
Александър Лаврик, Юри Жуковски, Александра Булдиско  
Санктпетербургски минен университет, 199106 Санкт Петербург 
 
РЕЗЮМЕ. Установената тенденция към децентрализация и използването на възобновяема енергия се отразява при избора на състава на енергийните 
комплекси в много развити страни. Трябва да се отбележи, че хибридните централи, включващи два или повече възобновяеми източника, като правило - 
фотоволтаични и вятърни електроцентрали, се срещат все по-често в света. Въпреки спецификата на развитие на възобновяема енергия в Русия поради 
големите запаси от въглеводороди, такива хибридни комплекси са от значение и за страната ни. На първо място, тяхното използване е препоръчително да 
се обмисли в райони, в които електроснабдяването традиционно се извършва от дизелови електроцентрали, работещи на вносно гориво. За Русия това са 
предимно Арктика, Далечният изток и Сибир. Енергийните разходи в тези райони са огромни и трябва да бъдат оптимизирани. 
По този начин, въпросите за определяне на оптималния състав на автономни хибридни комплекси, състоящи се от вятърни генератори, слънчеви панели, 
дизелови генератори и акумулаторни батерии, са актуална и важна задача, която възниква още на етапа на проектиране на системата. 
Статията представя резултатите от едноцелева оптимизация на хибриден комплек, състоящ се отвятърно-слънчеви и дизелови електроцентрали, според 
критерия за минимални разходи за електроенергия за малко населено място в Арктика. Дадена е оценка на въздействието на допълнителен критерий за 
ограничението на общите инвестиционни разходи върху резултата от решаването на проблем с оптимизацията. Показано е, че съотношението на 
пропорциите на слънчевата и вятърната енергия не е постоянно, когато критеритерят за ограничение на общите инвестиционни разходи се променя, а той 
се променя при изключване на един от възобновяемите енергийни източници от комплекса. 
 
Ключови думи: възобновяема енергия, вятър, електроцентрала, оптимален състав 

 
 

Introduction  
 

The sustainable development of the Arctic, rich in natural, 
biological and recreational resources, is impossible without 
creating the appropriate infrastructure, including a reliable and 
cost-effective power supply system for oil and gas extraction 
complexes, equipment of main oil and gas pipelines, polar 
stations, rotation camps, localities. For the Russian Arctic, a 
relatively new area is the use of renewable energy sources 
(RES), such as solar and wind energy. 
 

The relevance of the development of renewable energy in 
the Russian Arctic is due both to the enough potential for solar 
and wind energy and to the significant material costs and 
environmental losses when using traditional fuels. And, if it is 
inappropriate to equip drilling platforms with an installed 
electrical power up to tens of MW with expensive wind (W) or 
photovoltaic (PV) power plants, then in the Arctic zone there 
are quite a few low-power facilities that are currently powered 
by diesel power plants (DP): particularly, these are small 
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/m2/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 

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 modules1 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: национальныйатлас.рф/cd2/172/172.html 

http://poweroverenergy.org/renewables/solar-panels-can-thrive-winter-weather/
http://poweroverenergy.org/renewables/solar-panels-can-thrive-winter-weather/


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

 

109 

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. 

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. 
 

 
 

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://www.renewables.ninja, (Date of access 3 June 2019) 

https://www.renewables.ninja/
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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 
 

,__ pvtrpvoutputpv HPP      (1) 

 
where PPV_r – is the nominal rated power of the module, Ht – is 
the total solar radiation on a fixed inclined surface, ηPV – 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 1st to 10th August. 
 

 
 

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 
10th August. 

 

 
 

Fig. 4. The output power of the wind turbine for a 10-days interval 
in August 

The power of the wind turbine was calculated using the 
equation 
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where V – is the actual wind speed at the height of the tower, 
Vci – is the initial wind speed (wind turbine switching on), Vco – 
is the limit wind speed (wind turbine switching off), Vr – is the 
nominal wind speed, Pr – is the nominal wind turbine power; 
ηpw – 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: 

 

  ,
1
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where Pr – is the nominal power of diesel set, kW; 0.246 and 
0.08415 – empirical values, taking from (Ayodele and 
Ogunjuyigbe, 2015), l/kWh; Ed(t) – energy deficit calculated as 
Ed(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 (ECO2), 
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 
plant 

D+W 
plant 

D+W+P
V plant 

COE, 
rub. 

16.58 14.36 7.70 7.51 

 

The main technical and economic parameters of the power 
plant operation under various configurations are presented in 
the radar diagram in Fig. 6 

 

 
 
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. 

Fig. 7 shows the PV-W system behaviour with DPS for 24 
hours in May. 
 

 
 

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. 
 

 
 

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 ТHE ROOFS OF BUILDINGS  
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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 

 
MЕТОД ЗА ОРАЗМЕРЯВАНЕ МЪЛНИЕЗАЩИТАТА НА ФОТОВОЛТАИЧНИ МОДУЛИ, РАЗПОЛОЖЕНИ НА ПОКРИВА НА 

СГРАДИ 
Петър К. Петров, Георги Ц. Велев, Красимир М. Иванов 
Технически университет, Габрово, 5300 Габрово 

 
РЕЗЮМЕ. Монтирането на фотоволтаични модули на покривите на сгради е удачно, но заедно с това става актуален въпроса за тяхната защита от 
действието на мълнии. При проектирането на мълниезащитата се използват различни методики и конструктивни решения. При статичен монтаж на 
фотоволтаичните модули използваните подходи за проектиране гарантират ефективна защита, съобразно избраното ниво на мълниезащита. Някои от 
фирмите производители предлагат фотоволтаични модули позволяващи завъртане на оптимален ъгъл с цел използване в максимална степен на 
слънчевата радиация в зависимост от географско разположение и годишен сезон. В този случай се налага да се направят допълнителни проектни 
проверки и актуализации, имащи отношение към гарантиране на защитната зона. 
В тази статия е предложена методика, изведени са основните аналитични зависимости и е показана последователността от действия за решаване на 
посочения проблем. 

 
Ключови думи: мълниезащита, проектиране, защитна зона 

 

Introduction 
 

During the last decades the use of renewable energy 
sources, such as sun, wind, tides, thermal springs, etc. has 
become particularly relevant. Without any doubt, the 
photovoltaic (PV) systems are the most popular among them, 
because they can be used not only in industrial companies, but 
also in everyday life. A number of leading companies (relevant 
to 2019), such as Trina Solar, Canadian Solar, Jinko Solar, JA 
Solar etc. develop and offer photovoltaic modules and power 
inverter equipment for obtaining of sinusoidal voltage, 
microprocessor control and interconnection with the power grid 
(website: www.power-technology.com). 

Along with the large-scale studies with regard to these 
systems, the problem for the lightning protection of 
photovoltaic modules, and electronic power equipment 
interconnected to them remains completely unresolved. 

There are a number of regulations and standards, dealing 
with lightning protection design of buildings, structures and 
open-areas, including international standards (IEC 62305-1, 2, 
3, 4, 2010) and local Bulgarian regulations (Ordinance № 4 of 

22nd December 2010 on the Lightning Protection of Buildings, 
External Equipment and Open Spaces). All of these 
regulations do not reflect the fact that the PV modules are tilted 
in order to efficiently absorb the solar radiation, and often their 
tilt angle is adjustable. 

Another problem is related to the efficiency of grounding 
systems and the dissipation of lightning current through earth 
(Stefanov, Hristova and Atanasov, 2009). 

The probability of direct lightning strikes is significant, 
because in most cases photovoltaic panels are placed on the 
roofs of buildings. This problem is particularly relevant for 
mountain areas with strong lightning activity. 

The development proposed here is indicated to solve some 
existing problems in the following areas: 

 Based on the constructional characteristics and 
requirements for the installation of photovoltaic systems, a 
method for protection against the effects of lightning has 
been offered; 

 Analytical expressions have been derived, which can be 
used at the preliminary design stage ; 
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 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. 
 

а)

 

a
b

ah



Покрив
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: 

 Xh  - building height of the roof, on which the modules are 

installed; 

 Geometric dimensions of the modules (b - height; a - 
width); 

   - 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 ah 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): 

 

 
1,61,6

1 1

a

x x

x x

p h
r h h p

h h h h


  

 
          (1) 

, where:  

xh – Height of the protected object;  

rx – Radius of the protection zone with a height  hx; 
ha – Active height of the lightning rods; 

h=ha+ hx 

p=1 for h  30 m;   p= 5,5 h  for h>30 m 

 
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: 

 

 p=1 when h  30 m; 

  2 21,6 2,56 9,6

3,2

x x x x x x

a

r h h h r r
h

   
    (2) 

 p= 5,5 h  when h>30 m; 

  2 2 21,6 2,56 9,6

3,2

x x x x x x

a

r p h p h p h r r
h

p

      



    (3) 

 
, 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 xr  is selected to be one half of the width of the 

photovoltaic module i.e. 
2

x

a
r   .  

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 xr  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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2
x

p
r

n



     (4) 

In dependences (2) and (3) it is necessary to add the 
height of the modules to the height of the building, i.e.: 

 

x bh h b          (5) 

 
Fig. 2 illustrates the maximum allowable rotation angle 

max  of PV modules in order to guarantee efficient lightning 

protection. 
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
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b

2

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C
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b

Xr

2

m2

b 

b)a)
 

            a)                                                   b) 
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: 

 For the case of Fig. 2 a) - From triangle ABC it is defined: 

2 sin
2

m b
 

   
 

, and from triangle ABD: 

 sinxr b   . Then the maximum allowable angle of 

rotation max  is obtained as: 

 

max arcsin xr

b


 
  

 
     (6) 

, where xr b  

  

 For the case of Fig. 2 b) – Analogically, the maximum 

allowable angle of rotation max  is: 

 

max

2
arcsin xr

b


 
  

 
     (7) 

, where 
2

x

b
r   

 
The obtained analytical expressions (6) and (7) allow the 

determination of the magnitude of the maximum allowable 

rotation of PVs max  for a predefined radius of the protective 

zone xr  (4).  

In case max  is higher than required, xr  is additionally 

increased and calculations (6) and (7) are repeated. The final 

value for the active height of the lightning rod ah  is calculated 

by (3), where the chosen value for max  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 is 20 mXh  . 

 The lightning protection design will include the steps: 
1) The corrected building height is: 

20 1,5 21,5 mX Xh h b        

2) The radius of protection area is: 

4, 2
0,7 m

2 2 3
x

p
r

n
  

 
 

3) Using  (2), the lightning rods active length will be: 

  2 21,6 2,56 9,6

3,2

x x x x x x

a

r h h h r r
h

   
  

  2 20,7 1,6 21,5 2,56 21,5 9,6 0,7 21,5 0,7

3,2

0,86 m 86 cm

a

a

h

h

       


 

4) For the maximum allowable rotation the angle max  is 

obtained: 
- In case of upper suspension via (6): 

max

0,7
arcsin arcsin 27,8

1,5

xr

b


  
     

   
 

- In case of suspension in the middle via (7): 

max

2 2 0,7
arcsin arcsin 43,03

1,5

xr

b


   
     

   
 

  
4) In case when the optimal rotation angle of PV modules 

exceeds max  the calculation procedure has to be 

repeated with a larger value for the protection radius xr .  

 
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: 

 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; 

 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. 

 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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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 H2), 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 kkalm3N) 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 

 
ОЦЕНКА НА ВЪЗМОЖНОСТИТЕ ЗА ПРОИЗВОДСТВО НА ЕЛЕКТРОЕНЕРГИЯ И ТОПЛОЕНЕРГИЯ ОТ ГЕНЕРИРАНИЯ 
БИОГАЗ 
Николай Савов, Петя Генчева 
Минно-геоложки университет ”Св. Иван Рилски”, 1700 София 

 
РЕЗЮМЕ. В настоящия научен труд са проследени възможностите за производство на енергия от генериран биогаз, като са определени количествата 
биоотпадъци които подлежът на обработка. Направен е анализ на енергийната ефективност при различни съотношения на биоотпадъците вследстие на 
което е направена оценка на калоричността на биогаза. Oпределено е количественото съдържанието на метан в него, определени са и другите горими 
компоненти (в това число и Н2), с цел по – ефективно генериране на топлинна и електроенергия е определена долната топлина на изгаряне или 
калоричност за метана, която  е 36 МJ/m3N (8560 kkal/m3N) или 50 100 kJ/кг или това са 9.7 kWh/m3N. Средната калоричност на биогаза е около 18 000 
kJ/m3N (4 280 kkal/m3N) или 5 kW/m3N. Определен е коефициента на ефективност на когенериращата система. Направен е анализ и са представени 
резултати за годишно ел. производство в зависимост от годишното натоварване на ферментаторите. 
 
Ключови думи: електроенергия, топлоенергия, биогаз, когенератор 
 

 
Introduction 

 

Natural decomposition or degradation of organic material 
results in the production of biogas by microorganisms under 
anaerobic conditions. Anaerobic digestion converts organic 
material into biogas, a renewable fuel that could be used to 
produce electricity, heat, or as vehicle fuel. In recent years, 
Anaerobic Digestion (AD) of waste and residues from 
agriculture and industry, municipal organic waste, sewage 
sludge, etc. has become one of the most attractive ways of 
generating renewable energy. The energy and climate policies 
in the EU and the introduction of various support schemes for 
promoting the utilisation of renewable resources have 
encouraged the development of biogas plants for energy 
production. The energy efficiency of different biogas systems, 
including single and co-digestion of multiple feedstock, 
different ways of biogas utilisation, and waste-stream 
management strategies have all been evaluated (Pöschl et al., 
2010). The input data were derived from the assessment of the 
existing biogas systems, present knowledge on the 
management of anaerobic digestion processes, and 
technologies for biogas system operating conditions in 

Germany. The energy balance was evaluated as Primary 
Energy Input to Output (PEIO) ratio, to assess the process 
energy efficiency, hence, the potential sustainability. Results 
indicated that the PEIO corresponded to 10.5–64.0% and 
34.1–55.0% for single feedstock digestion and feedstock co-
digestion, respectively. The energy balance depended on the 
biogas yield, the utilisation efficiency, and the energy value of 
the intended fossil fuel substitution. For example, the obtained 
results suggest that the upgrading of biogas to biomethane for 
injection into the natural gas network potentially increased the 
primary energy input for biogas utilisation by up to 100%; also, 
the energy efficiency of the biogas system improved by up to 
65% when natural gas was substituted instead of using 
electricity. Energy balances have been analysed from a life-
cycle perspective for biogas systems based on 8 different raw 
materials. The analysis was based on published data and 
relates to Swedish conditions. The results show that the 
energy input into the biogas systems (i.e. large-scale biogas 
plants) corresponds to 20–40% (on average, to approximately 
30%) of the energy content in the biogas produced. Large 
variations exist in energy efficiency among the biogas systems 
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 yield (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 yield 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 H2) 
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 v/v percent 

Methane СН4 54 

Carbon dioxide СО2 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/m3N 

• 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, 

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: 

    □ Spark ignition ICE; 
    □ Generator; 
    □ Cooling and heat recovery system; 
    □ Increasing transformer; 
    □ 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 Vetovo Ivanovo 
Slivo 
pole 

Tutrakan TOTAL 

Nutritional t/y 4536 114 367 257 434 5708 

Gardening t/y 6142 289 771 714 392 8308 

Timber t/y 571 19 43 114 40 787 

Paper and 
cardboard 

t/y 1147 27 82 45 86    1387 

TOTAL t/y 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 t/y. 
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Fig. 1. Quantities of biodegradable CBT fed to the anaerobic 
plant in t/y 

 
Regarding the seasonality of biodegradable waste, Fig. 2 
illustrates the change of the individual components by 
seasons. 

 

 
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)".  

 

 
 
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. 

□ Maximum installation capacity - 17,845 t/y; 
□ Maximum capacity of biodegradable waste to fermenters 

- 13,934 t/y; 
□ Type of installation - modular with 3 fermenters, dry type; 
□ Capacity of 1 digester/fermenter - 6,040 t/y; 
□ Operating range of the installation - from 30% to 100% of 

the maximum load; 
□ 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. 

 

 
 

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/m3. 

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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Fig. 5. Technological diagram of an anaerobic facility with one 
fermenter and one co- generator 

 
 

 
 
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 

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 

 
 

1 

bioreactor 

3 

bioreactors 

 

Amount of biowaste to 

bioreactors 

t/y 12000 12000 

WITHOUT bioreactor shutdowns  

 

Generated biogas m3/y 1365181 1365181 

Electricity produced kWh/y 3559518 3559518 

Revenue from 

electricity 
BGN 833248 833248 

With ONE bioreactor shutdown 

 

Generated biogas m3/y 1023886 1296922 

Electricity produced kWh/y 2669639 3381542 

Revenue from 

electricity 
BGN 624936 791585 

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 

№ Criterion 1 Bioreactor 3 Bioreactors 

1 
Amount of the 
investment 

36244774.25 
BGN 

31517195.00 
BGN 

2 
Staff costs per shift 
per year 

306800.00 BGN 
306800.00 
BGN 

3 
Capacity of the 
installation 

17845 t/y 17845 t/y 

4 
Electricity 
produced, kWh/г 

2669639 3381542 

5 
Minimum amount of 
bio-waste required 

5500 t/y 5500 t/y 

6 

Installation time 
after emergency 
repairs 

1 month 0 month 

7 
Time to restart the 
installation 

2 months 0 month 

8 
Revenue from 
electricity 

624936.00 BGN 
791585.00 
BGN 

9 
Service shutdown - 
times per year 

1 0 

 
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. 

 

 
 
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 - t/y 

GAS dime
nsion 

2,500  5,000  7,500 10,000 12,000 

CH4 % 53.89% 53.89% 53.89% 53.89% 53.89% 

CO2 % 41.75% 41.75% 41.75% 41.75% 41.75% 

NH3 % 4.29% 4.29% 4.29% 4.29% 4.29% 

H2S % 0.07% 0.07% 0.07% 0.07% 0.07% 

CH4 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 
biogas 

value dimension 

Methane - at a nominal load of 
the fermenters of 12000 t/yr. 

1365181 m3/y 

Energy capacity of the biogas 13242256 kWh/y 

Annual usability of the 
installation 

8760 h 

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: 
□ The biogas flow is not constant and depends on the load 

of the installation, etc.; 
□ 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 

 

 
 
 
 
 
 
 
 
     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. 
 

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 H2) 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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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. 

 
ЛАБОРАТОРНИ ИЗСЛЕДВАНИЯ НА АПАРАТ ЗА КОНТРОЛ НА ИЗОЛАЦИЯТА 
Ради Тенев 
Филиал Кърджали на Минно-геоложки университет ”Св. Иван Рилски” – София, 6600 Кърджали 

 
РЕЗЮМЕ. Мрежата с изолиран звезден център е безопасна само при наличието на апарат за контрол на изолацията, който следи нивото на 
изолационното съпротивление и изключва напрежението, ако то се понижи под предварително зададена стойност. Апаратът за контрол на изолацията 
осигурява безопасност на човек допрял се до тоководеща част единствено, ако се задейства на момента и изключи напрежението. Ето защо времето за 
което сработи апарата е основен параметър. 
Статията разглежда определянето на бързодействието на апарата в лабораторни условия. Показана е работата на устройството в трифазна мрежа. 
Статистически най-често срещаното поражение от електрически ток е допир на човек до тоководеща част. Получената еднофазна утечка е 
експериментирана при трите възможни случая: при малка дължина на мрежата или незначителен капацитет, при голяма дължина на мрежата или наличие 
на голям капацитет и работа на устройството съвместно с компенсатор, който намаля капацитивния ток на утечка. 
Експериментите са проведени с апарат за контрол на изолацията, който е събран на универсални платки и е изпълнен изцяло с електронни компоненти. 
 
Ключови думи: мрежа с изолиран звезден център, апарат за контрол на изолацията, изолационно съпротивление 
 

 
Introduction 

 
The task of an insulation monitoring device is to shut down 

the controlled network voltage when its insulation resistance 
drops below a pre-set value. The most common electrical 
injury is when a person is in contact with a live conductive part. 
This is single–phase leakage for the IT network, and the less 
time the current passes through the person, the smaller the 
risk of injury. It is assumed that the body resistance is about 1 
kΩ and the response time of an insulation monitoring device is 
regulated according to BDS 10880-83 (Table 1). 

 
Table 1. Response time according to BDS   

Nominal network voltage [V] 
Response time [s], 

not more than 

To 1000 0.1 

 
 

Exposition 
 

The device is connected to a 220 V network. To determine 
the performance of the device the circuit shown in Fig. 1 is 
used. The timer uses a pulse counter МЭС-54. The device 
system is vibrational with a polarised relay acting as a drive 
unit. When the AC current flows through the polarised relay, 
the anchor of the electromagnet starts to vibrate between the 
poles of a permanent magnet at 50 Hz. The anchor of the 
electromagnet is connected to an axis that actuates the 
gearing drive mechanism. Before the measurement, the 
counter is reset. When the instrument is turned off, the arrows 
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: 
 

𝑡 =
𝑡150

𝑓
                                      (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 
the circuit. 

Technical characteristics of the МЭС-54 counter: 
- reading error, not more than 0.1% of the reading; 

- coil resistance of the МЭС-54 2200 plus minus 220 Ω 
counter; 

- electric insulation strength 500 V; 
- insulation resistance of not less than 20 MΩ; 
- pulse count МЭС-54 starts counting the pulses at power 

+6 V. 

Ri

GROUND

SWITCH

220 V

~

30 V

~

TIMER

МЭС-54

Normally closed contact

of the shut-off relay

220V

 
 

Fig. 1. Connection scheme of the МЭС-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, RF Response time [ms] 

40 kΩ 200 

30 kΩ 140 

20 kΩ 120 

10 kΩ 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 Ω. 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: Ia - active 
current determined by the insulating resistance of the phases 
of the network and the capacitive component Ic. Capacitive 
leakage current develops because any two conductors 
separated in space have a certain amount of capacitance 

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 еach phase on earth is approximately 1 µF. 
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 assumed 𝑟1 = 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. 
 

İℎ = İ𝑐 + İ𝐿                     (2) 

 

To fully compensate the capacitive current it is necessary: 
 

İ𝐶 + İ𝐿 = 0                (3) 
 

A condition for this is the current resonance: 

 

𝜔𝐶 =
1

𝜔𝐿
                            (4) 

 

In this case, the currents have a phase difference of 180 
degrees and as a result the current through the human body is 
Ih=0. The condition Ih=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. 

 

İℎ = İ𝑎 + İ𝑐 + İ𝐿                  (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 

capacity, it is necessary to change the inductance of the choke 
so that the residual current is minimal. 
 
Experiment Description 

In the experiments three identical divided coils were used. 
The following scheme (Fig. 3) is applied to measure their 
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 

R [Ω] I [mA] 𝑍 =
𝑈

𝐼
 [Ω] 𝑋𝐿 = √𝑍2 − 𝑅2    [Ω] L [H] C [µF] 

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 

phase network through a 200 kΩ limiting resistor. The body 
resistance is simulated with Rh. In series with Rh an ammeter is 
connected to measure the current. 
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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 Rh = 1000 Ω, 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 µF. 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 Rh 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 Rh decreases 
as the currents through the capacitor and the inductance are 

in antiphase. Full compensation of the capacitive component 
of the current is virtually impossible due to losses in the core 
and windings of the coils. 
 
Table 4. Current through a person 

Insulation resistance [kΩ] 40 30 20 

Not count the capacitive 
current [mA] 

26 35 49 

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. 
 

1

2

3

A
200K

R2

380

T

Um Rd

Start

RF

Stop

Relay contact

button

 

Fig. 5. Determining response time 
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Table 5. Response time at different insulation resistance 
values 

Rd [kΩ] 40 30 20 10 1 

ΔT [ms] 150 150 120 110 95 

 
For the determination of the response time, an interval meter is 
used - L23. The change of Rd 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 

device with a small mass and gauge. With single-phase 
leakage of 1 kΩ (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. 

 
 
Acknowledgements. The paper was implemented with the support of 
Research Project FK-018 / 11.03.2019 of UMG "St. Ivan Rilski" - 
Sofia. 
 
 

References 
 
BDS 10800-83. 1983. Suoruzeniya electricheski rudnichni. 

Aparati za zashtita ot tokove na utechka za mrezhi na 
naprezeniya do 1200 V s izoliran zvezden tsentur. Sofia, 
(in Bulgarian).  

Kolosyuk, V. P. 1980. Zashcitnoe otklyucheniye rudnichnykh 
elektroustanovok. Nedra, Moscow (in Russian). 

 

 



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

 

128 

 
 
 
 
 
 
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. 
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ПОДОБРЯВАНЕ НА НАДЕЖДНОСТТА НА ЕЛЕКТРОСНАБДЯВАНЕТО НА ПРОМИШЛЕНО ПРЕДПРИЯТИЕ ЧРЕЗ 
ИЗПОЛЗВАНЕ НА ХИБРИДНИ УСТРОЙСТВА ЗА СЪХРАНЕНИЕ НА ЕЛЕКТРОЕНЕРГИЯТА 
Олег Василков  
Санктпетербургски минен университет, 199106 Санкт Петербург 
 
РЕЗЮМЕ. Статията представя сравнителен анализ на различни видове устройства за съхранение на енергия, разглежда възможността за използване на 
хибридно устройство за съхранение на енергия като компенсатор на кратки трептения на активната мощност. Представени са характеристиките на 
съвместната употреба на акумулаторни батерии и суперкондензатори. Създаден е симулационен модел на хибридно устройство за съхранение на 
енергия, за да се оцени ефективността на споделянето и определянето на приложенията на такива устройства за съхранение. 
 
Ключови думи: суперкондензатор, акумулаторна батерия, хибридни устройства за съхранение на електроенергия 

 
 

Introduction 
 

The most significant indicator of the quality of electricity, 
which occurs when there is a sudden decrease in the voltage 
of the electric network below 0.9 Unom (Unom – rated voltage) 
– is a voltage failure. After the failure, the voltage is restored to 
the initial or close level after a certain period of time - from 10 
ms to several tens of seconds. Its reduction can vary from 10 
to 100% of the nominal. A voltage drops of 100% can be 
considered as a short-term power interruption. Failures are the 
most critical emergency violations. They lead to shutdowns 
and overloading of electrical equipment and electricity 
consumers.  

The easiest way to protect sensitive processes from 
failures is installation of energy-intensive storage between 
energy sources and the consumer. 
 

Comparative analysis of energy storages 
 

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. 
 

Table 1. Characteristics of various types of batteries 
 Capa

city of 
one 
elem
ent, 
A*h 

Energy 
density, 
W*h / 

kg 

Number 
of cycles 
charge / 

discharge 

Allowable 
charge 
temp. 

range,℃ 

Allowable 
discharge 

temp. 

range,℃ 

Lead 
Acid 

26–
3000 

30–60 200–
1200 

-20–50  -20–50 

Li-ion 40–
800 

80–160 700–
3000 

0–45 -20–60 

NiCd 10–
1100 

45–80 1500 0–45 -20–65 

Ni-
NaCl 

40–
200 

140–
190 

3000–
7000 

0–45 -20–65 

NiMH 0,3–7 60–120 300–500 0–45 -20–65 

 
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 
µs. 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). 
 

Table 2. Characteristics of supercapacitors 
 Capa

city of 
one 
elem
ent, 
kF 

Energy 
density, 
W*h / 

kg 

Number of 
cycles 

charge / 
discharge 

Allowable 
charge 
temp. 

range,℃ 

Allowable 
discharge 

temp. 
range,℃ 

SC 0.5–
12 

1–10 >500 000 -40–65 -40–65 

 
 

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. 

 

 

 
 
 

Fig. 1. Battery and supercapacitor hybridisation model 
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a) 

 
b) 

Fig. 2. a) the Boost converter model; b) The Buck/Boost converter model 

 
Using the simulation, the following results were obtained 

(Figure 3): 
 

 
 

Fig. 3. The graph of the power generated by the battery and the 
block of supercapacitors 

 

 
 

After analysing the data dependencies, the differences in 
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 
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. 
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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 

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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