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Abstract

Zinc is a key beneficiary of economic development for the developing countries. While the global zinc mine production in

2019 was recorded as 13 million tons, the value of zinc mined in 2019, based on zinc contained in concentrate, was about $2.1 billion.

Sphalerite or zinc blende (ZnS), which is the main source of zinc, provides more than 90 % of zinc productions today. Beneficiation is

usually carried out by flotation to produce marketable concentrates (45–55 % Zn). The flotation, which is the most widely used sepa-

ration process at fine sizes for the concentration of low grade complex Pb-Cu-Zn ores plays an importantrole in the global economy.

In any concentration plant employing flotation technique huge quantity of ores are being processed. Thus, any increments in the

flotation recovery are important to get higher profits and to ensure that resources are utilized optimally. In this review, a comparative

evaluation was made between mechanical flotation (MF) [1] and column (CF) [2] cells with or without ultrasonic pre-treatment (UP)
for zinc recovery from lead-zinc-copper ore and the effect of UP on the MF and CF experiments were investigated at the optimized

conditions. When compared with the optimized parameters, UP increased zinc grade and recovery for both MF and CF techniques

as supported by XRD patterns. Besides, the best zinc grade and recovery was obtained by UP with CF technique. So that, sphalerite
mineral can be effectively beneficiated to produce saleable zinc concentrate product and UP with CF will lead to a higher metallur-

gical gains and improvements to Net Smelter Return (NSR). This positive effect of ultrasound, which is safe and eco-friendly, on

the zinc flotation by both mechanical cell and column cell regarding zinc grade and recovery is in good agreement with the previous

published works in the literature.

Keywords: Zinc, mechanical flotation, column flotation, flotation, grade, recovery, ultrasonic treatment, XRD, cavitation.

DOI: 10.21303/2461-4262.2021.001608

1. Introduction

The economic growing of countries mostly contingent on transforming their underground
wealth into advantageous commodities [3]. Zinc is one of those resources, which is a mild, shiny
silvery to steel-grey metal that often occurs in the presence of otherminerals of copper, lead, and

silver. It is essential to modern living, and, in tonnage produced, stands fourth among all me-

tals in world production – being exceeded only by iron, aluminum, and copper. Zinc has unique
chemical characteristics such as brittle until heated above 100 °C, then becomes malleable, stops
oxidation and corrosion of underlying metal when applied as a coating (galvanization) and be-

comes strong as steel but flexible when combined with aluminum. These make zinc an indis-

pensable element to life and industry and zinc uses range from metal products to rubber and

medicines especially automotive, machinery manufacturing, construction metals and communi-

cations. Therefore, it is a critical element in a broad sort of products including coatings, castings,

alloys, mill products and chemicals and other specialist applications [4]. About three-fourths of

zinc used is consumed as metal, mainly as a coating to protect iron and steel from corrosion (gal-
vanized metal), as alloying metal to make bronze and brass, as zinc-based die casting alloy, and

as rolled zinc [5]. As reported by USGS [6] Global zinc mine production in 2019 was estima-
ted to be 13 million tons, a 4 % increase from that of 2018. It is of great significant to exploit
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the low-grade zinc oxide ores and improve the utilization ratio of the zinc natural resources.

Zinc minerals are generally associated with other metal minerals, the most common associations

in ores being zinc-lead, lead-zinc, zinc-copper, copper-zinc, zinc-silver, or zinc only. Run-of-

mine zinc-containing ores must be enriched before smelting and refining because of their low

zinc content.

Sphalerite is one of the sulfide minerals (frequently found together along with galena
and chalcopyrite in complex Pb-Cu-Zn ores) separated from gangue minerals by conventional

flotation techniques to produce marketable zinc concentrates containing 45–55 % Zn. Since

huge quantity of ores are being processed by flotation, any increments in the flotation recovery

does matters and cause remarkable profits [7]. The pulp must be conditioned before flotation

to make valuable mineral hydrophobic. Since conditioning has a direct impact on the pulp resi-

dence time and plant throughput, various ways of facilitating conditioning process were inves-

tigated [8–11]. One of the ways of applying ultrasonic energy into pulp is using an ultrasonic

cleaning bath [12].
As it is well known, ultrasound is characterized with sound waves having frequencies greater

than20 kHz [13] and it plays superior role in the mineral surface. Frequencies which are measured

in thousands of cycles per second (kHz) are produced by ultrasound transducers attached to the

bottom, and in some cases also the sides, of the ultrasonic cleaning bath. The transducers are ex-

cited by the unit’s ultrasonic generator to produce millions of microscopic bubbles in the solution

that implode on contact with parts. This implosion is known as «cavitation» [14]. while hydro-

dynamic cavitation is defined as a process by which bubbles are produced when the local pressure

is diminished to a level that destroy a liquid-liquid or solid-liquid interface in a flowing film [15].
The ultrasonic treatment (20–40 kHz) is based on the cavitation causing hydrodynamic shear [16]
and givingrise to the dispersion of aggregates [17].

The size at which a particle becomes a «fine particle» is described as the size finer than the

minimum for optimal flotation recovery [18]. Two primary approaches such as increasing of the

particle size and decreasing of the bubble size were used to improve the fine particle recovery in

the flotation process [19]. Fine particles are best floated with small bubbles, and hydrodynamic
conditions inside a mechanical flotation (MF) cell are not appropriate for fine particle flotation.

Column flotation (CF) provides higher concentration, more productivity, less cost of production,
and better control of plant than the conventional MF mainly due to the long retention time of the

solid particles, counter current flow, contact pattern and the wash water added at the top of the

froth [20–22]. Moreover, CF has an advantage in recovering offine particles than MF due to more

favorable conditions and smaller bubbles. The small bubbles can be produced by hydrodynamic
cavitation [23].

In the mineral industry ultrasound has been recently utilized as a positive element in

successful manner. For example, iron elimination on the silica sand can be removed with effi-

ciency by ultrasound than by mechanical scrubbing. Moreover, the combination of ultrasound

and solutions of some chemicals like water glass, soda and sodium pyrophosphate, can remove

iron faster owing to the synergistic effect [24–26]. The effects of UP on the flotation studied by
many researchers using different coals, ores and minerals [27–50]. It has been concluded that UP

increased the flotation recovery, reduced reagents consumption, and decreased the ash content.

Most of the research work in flotation has been addressed to a better understanding of the vari-
ables affecting the separation. In the recent study related to zinc flotation [51] zinc recovery from

lead-zinc-copper ore was higher by CF cell than MF. Nevertheless, much remains to be done

regarding comparison of the effects ofUP on the MF and CF. According to the knowledge of the

authors no efforts were done to compare the effect of UP by using a laboratory ultrasound bath

on the zinc flotation recovery from the same ore using MF and CF except for our works [1,2].
Therefore, the aim ofthis work is to review and compare the effect ofUP on the MF [1] and CF [2]
performances in terms of Zn grade and recovery using the same ore. By this review study let’s

look for the answer to some questions like which one is more effective in terms of separation

recovery and zinc grade? Secondly, is ultrasound really affecting on these two different beneficia-

tion techniques positively? In other way of saying, does ultrasonic pretreatment aid to increase
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the separation recovery and zinc grade of the concentrates by mechanical flotation and column

flotation using the same material.

The flotation conditions optimized for both flotation experiments were as follows: For MF

tests [1], effects ofPotassium Amyl Xanthate (KAX) describe it fully dosage, CuSO4 dosage, 2-ethyl
hexanol dosage, residence time, stirring speed, and Na2SiO3 dosage on MF performance were

tested to hold the optimum conditions. For the effects of UP on MF tests, KAX dosage, CuSO4

dosage, Aerofloat 211 dosage, Na2SiO3 dosage, 2-ethyl hexanol dosage, optimum flotation time

and stirring speed on the MF performance were set as 90 g/t, 400 g/t, 100 g/t, 50 g/t, 15 g/t, 4 min.,
and 1000 rpm, respectively. The effects of each parameter on the MF tests were already described

in detail by the previous study [1].
As for CF optimization tests [2], effects ofKAX dosage, 2-ethyl hexanol dosage, residence

time, stirring speed, Na2SiO3 dosage, superficial air rate, superficial wash water rate, and super-

ficial feed rate on CF performance were tested and the fixed parameters for the effect of UP on

the CF for both single and multistage zinc beneficiation were set as 400 g/t of CuSO4, 100 g/t of

Aerofloat 211, 15 g/t of 2-ethyl hexanol, 50 g/t of Na2SiO3, 90 g/t of KAX, 160 rpm of stirring

speed, 0.170 cm/sec ofsuperficial wash water rate, 0.425 cm/sec ofsuperficial feed rate, 1.5 cm. sec

of superficial air rate and 4 min. of residence time. The comparison of the ultrasonic effect on the

two different flotation techniques was accomplished by using a 12-liter laboratory-scale ultrasonic

cleaning bath having 40 kHz (power of 600 watt).

2. Optimization of flotation for mechanical and column cells

For comparative evaluation between MF and CF the same zinc samples [1, 2, 51] was taken

from zinc feed of the selective zinc flotation circuit plant (İvrindi-Balıkesir in Turkey) and treating
lead-zinc-coppercomplex orecontaining Pb,Cu, andZnas3.23 %,0.52 %,and2.71 %, respectively.
The XRD of the ore was given previously [1]. Particle size distribution (psd) of the samples used

for this review is given in Fig. 1, which shows the whole particle size is below 74 µm. While MF

experiments is shown in Fig. 2 [1] CF tests are illustrated by Fig. 3 [2].
Concentrate grade and recovery values at different operating conditions should be tested

for inferring the optimal operating conditions for comparing flotation performance of the

same ore tested for the effect of ultrasonic pretreatment on the mechanical and column cell for

different conditions.

100
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60

50
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Fig. 1. Particle size distributions of the samples used in MF and CF tests (redrawn from [1, 2])
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3. Results and discussion

As shown in Fig. 4, the zinc grade and recovery with MF followed by UP augmented
10.21 % and 8.54 %, respectively. This result is in agreement with the previously published
works [29, 37, 49].

Results of X-ray diffraction patterns of the raw ore, MF concentrate without UP and MF

concentrate with UP (Fig. 5, a–d) were also support this improvement. It should be noted that UP

plays positive role on zinc content on MF since the highest sphalerite peaks were observed in MF

concentrate with UP (Fig. 5, c) whereas the lowest Quartz peaks were observed in in Fig. 5, c as

clearly evident by the Fig. 5, d, which represent all in one.

Since industrial flotation is a continuous and often multistage process, CF tests were also

implemented by using 3 stages of batch cleaning and 3 stages of batch scavenging flotation expe-

Fig. 2. Experimental setup used in MF tests with UP

Fig. 3. Experimental setup used in CF tests with UP [2]
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riments using the same laboratory column cell in this work. At the optimized CF conditions [2],

single stage and multiple stages of CF with UP tests were conducted. Comparing the zinc grade
and recovery values by single stage CF with and without UP (Fig. 4), the zinc grade was raised

with 7.58 units while the recovery was enhanced by 10.56 units. When 3 stages of cleaning
and 3 stages of scavenging CF experiments carried out, zinc grade of the final concentrate was

increased 19.91 units. On the other hand, zinc recovery was increased 4.96 units. Therefore, this re-
sult indicates that by using UP with CF sphalerite mineral can be effectively recovered for market-

able zinc concentrate product. These findings are in good agreement with the previously reported
studies [49, 37, 29, 52].

As shown in Fig. 6 increase in the superficial air rate augmented the zinc recovery in

CF, but diminished the zinc grade up to the values of 1.5 cm/sec. Bubbles were growth due to

the coalescence (at superficial air rate values higher than 2.0 cm/sec.) intensive slurry stirring
and collapsing as evidence by Fig. 7 showing air bubble images captured at different air rates.

The bubbly flow conditions, which were preferred in CF were damaged and transformed to the

churn-turbulent flow conditions as large bubbles indicates worsening of flotation process as

proposed by [53].
Comparison of the CF and MF results indicated that zinc grade and recovery for CF was

substantially higher than MF not surprisingly for the same ore tested in this work since the main

advantage of the CF cells over MF ones is higher separation performance. Besides, MF cell use

agitation mechanism while in CF air bubbles are produced by air spargers connected with a com-

pressor and CF use wash water system to wash out the hydrophilic particles entrained into the

froth zone, hence preventing their recovery to the concentrate in order to increase performance
and selectivity. From Fig. 4, the zinc grade and recovery for both CF and MF with UP were higher
than the zinc grade and recovery for both CF and MF without UP when UP was applied to both

CF and MF cell.
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Fig. 4. Effect ofUP on the performance of CF and MF in terms of zinc grade and recovery

(redrawn from [1, 2]. (Here; CF-MS; Multi Stage Colum Flotation, UP+CF-MS; Multi Stage
Colum Flotation with Ultrasonic Pre-treatment, CF-SS; Single Stage Colum Flotation,

UP+CF-SS; Single Stage Colum Flotation with Ultrasonic Pre-treatment, MF; Mechanical

Flotation, UP+MF; Mechanical Flotation with Ultrasonic Pre-treatment)
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Both improvements in the zinc grade and recovery may be attributed to the dispersing ef-

fects ofultrasound, increasing adsorption of collectors on the particle surfaces. It may also be due

to the hydrodynamic cavitation, which produced small bubbles [49, 37, 29, 54, 55, 28] attaching to

the hydrophobic particles and leading to the agglomeration of ultrafine particles by bubble bridg-

ing, making them as if they were larger particles of higher probability of attachment to the large
bubbles in a flotation cell thereby increasing contact angle, attachment forces, the bubble-par-
ticle collision efficiency and better flotation recovery [37, 15, 35]. It has found that, ultrasonic

treatment was good for the adsorption of collector molecules and increased the flotation yield by
making fine particles hard to stick to the bubbles surfaces to improve the selectivity of fine par-

ticles [56]. Besides, ultrasound can raise the adsorption of cavitation bubbles on the particles and

enhance the hydrophobicity of coal particle surface. In addition, micro bubbles were favored to

adsorb on hydrophobic particle surface, which also amended hydrophobicity and heightened the

efficiency of collision/adhesion between hydrophobic particles and air bubbles for higher flota-
tion recovery rate. It has been also reported that, transient cavitation bubbles generate more fresh

and hydrophobic surfaces on the particles surfaces to become profoundly cleaned and more easily
picked by flotation [57, 58].

Fig. 8 shows bubble-particle aggregates formed by attachment of the small bubbles on the

hydrophobic particles. The aggregation of sphalerite mineral particles by UP owing to cavitation

effect is an indication of improved flotation efficiency. It supports the improvements in flotation

performance [55, 29]. Since the economic efficiency of the plant is assessed either by the net smelter

return per ton of ore or the net revenue of the concentrator [59], flotation process with UP will
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Fig. 6. Impacts of superficial air rate on the grade and recovery of zinc flotation

in CF (redrawn from [2]): a – grade; b – recovery

Fig. 7. Captured images of flotation bubbles at different air rates in the CF tests

without UP (modified from [2]): a – 0.5 cm. sec–1; b – 1 cm. sec–1; c – 1.5 cm. sec–1;
d – 2 cm. sec–1; e – >2 cm. sec–1
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produce a high-grade concentrate that maximizes an economic performance index, which may

be as simple as the net revenue of the plant.

The intensity of ultrasound would affect the degree of zinc recovery. Since there are all

instruments at laboratory scale, cost estimation or techno-economic evaluation for this pro-

posed process has not been considered in this study due to the insufficient information. The use

of high power and continuous-type ultrasound need to be studied because they may enhance

both MF and CF process. An economic assessment of the ultrasonic pretreatment methods must

be made to determine their feasibility when designing an industrial mechanical and column

flotation processes.

4. Conclusions

Since CF has an advantage in recovering of fine particles than MF because ofmore favor-

able conditions and smaller bubbles. The small bubbles can be produced by using UP with CF.

So, zinc grade and recovery for CF at single stage and multistage was substantially higher than MF

of zinc flotation.

In fact, CF is known to provide higher concentration, more productivity, less cost of

production, and better control of plant than the conventional MF owing to the long retention time

of the solid particles, counter current flow, contact pattern and the wash water added at the top
of the froth.

Above all, UP increased zinc grade and recovery for both MF and CF techniques as sup-

ported by XRD patterns. Considering great tonnage of ores is being processed by flotation, any

increments in the flotation recovery will make noteworthy profits. Besides, UP with CF will lead

to a higher metallurgical gains and improvements to Net Smelter Return (NSR).
The contribution effect of ultrasound, which is safe and eco-friendly, on the flotation per-

formance may because of increasing dispersion, increasing adsorption of collectors and generation
ofmore fresh and hydrophobic surfaces. So that hydrodynamic cavitation, produces small bubbles

attaching to the hydrophobic particles to increase contact angle and attachment forces causing

bubble-particle collision efficiency and better flotation recovery.

This review introduces UP as one of the bright and sustainable method for amending flota-
tion of zinc ores.

Fig. 8. The bubble-particle aggregates formed by in UP at CF tests (modified from [2])
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Abstract

In modern conditions, itbecomes necessary to create security systems, surveillance systems, anti-terrorist systems that carry

out covert detection and surveillance of small-sized ground objects, includingbiological ones.

Traditionally used single-positionradars are ineffective in conditions of a large number ofreflections that interfere with and

low speed ofmovement of detected objects (people). The use of several such radars is impractical due to their rather high complexity
and cost. In addition, it is impossible to ensure the secrecy of such systems. The construction of radar surveillance systems in the

form of semi-active bistatic, including educational, radar systems is promising for the described conditions. One of the important
issues in the construction of semi-active bistatic systems is the substantiation of the parameters of external illumination signals and

the assessment ofthe attainable characteristics ofsuch systems when using them.

The analysis and definition of the requirements for the characteristics of the illumination signals is carried out. In addition,

consider the features ofusing signals from modern emitting systems in semi-active radars. The basic parameters of the signals are

given – the bandwidth, the pulse duration (spectrum width), the power at the transmitter output, the frequency range in which the

system operates. The advantages and disadvantages ofsemi-active radar stations (SA RS), which use such signals, are described.

Variants of semi-active bistatic systems with external illumination are determined. The widespread use of modern digital

language and telecommunication systems provides the SA RS with effective illumination signals with good correlation properties,
which makes it possible to obtain the necessary technical characteristics in a variety of application conditions.

Keywords: semi-active radars, illumination signal, uncertainty function, biological objects, covert surveillance.

DOI: 10.21303/2461 -4262.2021.001607

1. Introduction

The planet’s surface is surrounded by a multitude of radio signals for various purposes: ra-

dio broadcasting, cellular communications, television, satellite navigation signals, radio relay sig-
nals, and the like. The transmission of the listed signals is carried out via wireless communication
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channels, as a result ofwhich, when the signal propagates, they are reflected from many objects on

the route, including from ground or targets close to them. Therefore, signals from known sources

can be used to obtain radar information in semi-active radar stations (SA RS).
The common disadvantages of all classic radars include the detection of their operation by

the enemy at ranges significantly exceeding the range of these radars. In addition, there is a great

tendency for them to operate by means of electronic suppression of the enemy. Therefore, radars

built on the principle of semi-active bistatic radar are of considerable interest in modern conditions.

In addition, special attention is paid to radars designed to detect small-sized objects, in-

cluding biological ones, in open, heavily rugged or wooded areas. Such a task arises when creating

security systems, combat observation systems, and anti-terrorist systems.
To create such systems, various physical effects and methods are used [1]: video and radar

surveillance, perimeter security systems, security and fire alarm systems, access control systems.
Each system has its own advantages and disadvantages related to the environment, weather condi-
tions, and time of day.

Thus, the solution of problems associated with the research and development of SA RS for

detecting ground targets is of great scientific importance. The solutions obtained will make it pos-

sible to use the SA RS for solving problems of covert detection, determining the location and clas-

sifying ground objects in conditions of various types of interference. This determines the relevance

of the article, which examines the main factors affecting the range of the system, the advantages
and disadvantages of illumination signals that are used in the SA RS.

Analysis of scientific literature shows that the use of the principles of spaced apart (semi-
active, bistatic) radar for solving the problem of detecting targets, in most air targets, is devoted to

a large number of scientific developments. So in works [2–5], the issues of application of classical

spaced apart, including bistatic, systems for detecting air, aerospace objects, including ballistic

missiles in the active phase of flight, are considered. The principles of construction are given and

the capabilities of promising multi-position radar systems (MPRS) of air defense (AD), which will

allow solving qualitatively new tasks for covert observation and control of airspace, are assessed.

In works [6, 7], the issues of the features of construction of bistatic systems of semi-active

location in the radiation field of cellular communication systems, radio broadcasting and television

of ground and space-based systems are highlighted. In [6], this approach is used to detect low-alti-

tude radar objects, and in [7] – objects on the sea surface.

However, all of the above works did not touch upon the issues of identifying ground targets,
let alone biological ones. And only in the last 3...5 years, work began to appear on the application of

spaced-apart radar methods for observing small-sized objects near or on the Earth’s surface [8, 9].
In these works, more attention is paid to the influence of the underlying earth’s surface, as one of

the sources of signal reflection.

In works [10, 11], the principles of construction and the issues of practical implementation
of systems of semi-active radar airborne objects using illumination signals from external sources

are proposed. In addition, in these works, the prospects for the SA RS use for the protection of

important objects and monitoring of the territory are considered. Generally speaking, the issue

of illumination ofradar objects has always been in the field of vision of developers. For example,
transmitters of systems for various purposes [12–15], including space-based ones [16], were used

as illumination sources.

Radars for detecting biological objects appeared as a result of developments at the inter-

section of radiophysics and biology. Papers [17–24] describe in detail ground-based radars, built

according to the classical principle ofactiveradar, according to which the transmitter-receiver ope-

rates on a common antenna. In these works, the issue of secrecy of the functioning of the system is

not discussedat all, as well as there is no information about the SA RS, which can be used for covert

observation of the security zone of important state facilities.

The use of semi-active radar biological objects was touched upon in [25, 26]. In them, con-
sider possible ways to implement the observation of biological objects using semi-active bistatic

radar methods. However, it has been improved not to consider the features ofusing the signals of

modern radiating systems in semi-active radars.
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All this allows to assert that it is expedient to conduct a study devoted to the analysis of

the possibility of using the methods of semi-active spaced radar of biological objects for the orga-

nization of covert surveillance under any weather conditions in the security system of important
state facilities.

The aim of research is to analyze the peculiarities of using signals from modern emitting
systems in semi-active radars for monitoring biological objects.

To achieve the aim, the following objectives are set:

– analysis and definition of requirements for the characteristics of signals that can be used

as those that highlight;
– selection of the illumination source and assessment of the attainable characteristics and

parameters of semi-active bistatic radar stations.

2. Materials on the features of using signals from modern emitting systems in semi-active

radars for monitoring biological objects, and methods of their selection

2.1. Determination of the requirements for the characteristics of signals used in semi-

active radar systems

Traditionally used single-position (monostatic) radars for detecting moving objects in con-

ditions of a large number of reflections that interfere with and a low speed of movement of vivid

objects (people) are ineffective. The use of several such radars is impractical due to their rather

high complexity and cost. In addition, it is impossible to ensure the secrecy of the operation of such

detection systems, which is an important condition for radar surveillance.

The construction of radar surveillance systems in the form of bistatic [4, 5], including edu-

cational, radar systems, is promising for the described conditions.

Of particular interest is the use of transmitters external to the planned radar system as

a source of illumination. Such transmitters can be a ground-based and space-based radio and tele-

vision transmission center operating with analog and digital (which is better) signals, radio naviga-
tion systems transmitters, cellular communication systems and radio relay transmitters, etc. In this

case, the new system acquires undeniable advantages:
– expensive transmitting device of the locator is excluded, since «free» radiation of indus-

trial systems for other purposes is used;
– as a consequence of the first, the power consumption of the entire system is significantly

reduced, since the main consumer is the transmitter;

– almost complete secrecy of the functioning of the new system is ensured, since the radia-

tion of a specialized transmitter is excluded;

– a significant (almost all) part of the constituent elements of the new system can be built

on mastered and such widely produced industrial products, and also significantly reduces the cost

of developing the system.
It should be noted that the proposed means and methods for solving the problems ofdetect-

ing an intruder by means of radar by no means cancel the means and complexes that have been

created and are in service, but only increase their capabilities.
For use in semi-active radar systems, the signals from the above sources must have the fol-

lowing characteristics:

– signalmusthave characteristicsthat allow detecting targets and evaluating theirparameters;
for sufficient time resolution, signals must have an appropriate spectrum width;

– transmitters of systems which signals are used in a semi-active radio surveillance system
must have antennas with a wide radiation pattern;

– placement of transmitters and the mode of their radiation should provide illumination of

a given area with sufficient power;

– coordinates of the source ofradio emission must be known.

In most cases, there are no difficulties in meeting these requirements. Thus, in order

to ensure the characteristics of the signals that are illuminated, the problem arises of choosing
a illumination source for a particular system. Let’s consider the main characteristics ofthe emitted

signals in more detail.
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2. 2. Assessment of the achievable characteristics and parameters of various sources of

illumination signal used in bistatic radar of biological objects
The potential characteristics of on-board radar substantially depend on the type of illu-

mination signal used, namely, on the structure of its uncertainty function (UF). The width of the

main UF peak determines the signal resolution in terms ofrange and speed: the narrower the peak,
the higher the resolution. The UF side lobes (SL) mask a weak signal when it is detected against
a strong background. Side lances create parameter measurement ambiguity.

Therefore, one should strive to ensure that the main UF peak was as narrow as possible

along both axes, the SL level was as low, and the side spears were outside the working area in terms

ofrange and radial velocity.
Illumination transmitters must have a coverage area, covering the area of finding potential

targets, continuous (up to round-the-clock) radiation mode and a sufficiently high power. These

requirements are best met by signals from terrestrial radio and television broadcasting systems.
Less explored is the use of satellite (language, navigation, communication) and terrestrial

telecommunication systems (microwave communication lines, mobile telephony, Wireless Fide-

lity (Wi-Fi), Worldwide Interoperability for Microwave Access (WiMAX)). This is due to the fact

that such semi-active radar systems have less power at the receiving point, they can be more fo-

cused and provides less availability.

Analogbroadcastingisconducted in the meter wave range at frequencies of66...74 MHz (ultra-
short waves (USW)) and 88...108 MHz (Frequency Modulation (FM)). The signal spectrum is nom-

inally about 50 kHz. However, since the spectrum of the frequency-modulated signal is theoreti-

cally infinite, in reality the signal occupies a bandwidth of more than 50 kHz, being limited by

components that are sufficiently large in power, the spectrum is considered to be up to 190 kHz [11].
A signal bandwidth of 50 kHz corresponds to a potentially observable resolution in MPRS of 3 km.

For observation of ground targets, such a resolution is unacceptable, therefore, it is not possible to

consider such a signal (how it illuminates) further.

Analog television occupies frequencies of 48...100 MHz (1...5 TB channels), 174...230 MHz

(6...12 channels), 470...790 MHz (21...60th channels). Fig. 1 shows the spectrum of analog television,

consisting of a luminance signal, a color signal, and analog and digital audio. The bandwidth of the

broad of them, the luminance signal, is 5.5 MHz, which corresponds to a resolution of27 m [9].

It should be noted that the authors of [9] used a band of5.5 MHz, which is not true – the band

ofthe brightness signal at the halfpower level (Fig. 1) does not exceed 150. ..200 kHz.

The power of the transmitters can reach 1 MW of effective isotropically emitted power,

provides a power flux density of 51 dBW/m2 at a distance of 100 km (in line of sight and in the

Amplitude, dB
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Fig. 1. Spectrum of analog TV signal. Frequency 591.25 MHz – luminance signal 595.6 MHz

color-difference signals; 597.75 MHz – sound signal
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absence of losses along the propagation path). The presence of sync signals following 64 μs leads

to an uncertainty in the range measurement, which is 9.6 km.

Now Ukraine has switched to digital TV broadcasting in the T2 standard, the signal band-

width is 8 MHz.

Digital signals of terrestrial broadcasting standards Digital Video Broadcasting – Terres-

trial (DVB-T) (television) and Digital Audio Broadcasting (DAB) (radio) are close to noise-like.
Such digital signals have a close-to-rectangular spectrum, providing a lower level of the UF power

supply in comparison with analog signals. Fig. 2, a shows the spectrum, and Fig. 2, b – SL sig-
nal of Digital Video Broadcasting – Second Generation Terrestrial (DVB-T2). Other important

advantages of digital signals are wide bandwidth (that is, better range resolution) and independence
oftheir properties from the plot.

The combination of these advantages makes the use of digital signals predominant over

analog signals, despite the lower power and complex processing.
The DAB digital terrestrial broadcasting standard uses frequencies in the 200...250 MHz range,

the transmitter power is about 1 kW, which is significantly lower than in similar FM transmitters [7].
Table 1 shows the parameters ofone of the DVB-T2 signals in 8 k mode.

To transmit digital signals, television channels from 6 to 12 and from 21 to 69 can be used.

Usually, one or two channels are allocated for broadcasting the DVB-T2 standard, each of which

transmits the so-called multiplex, consisting of eight language TV channels and several radio

channels
... Typical transmitter power for this standard is 8 kW.

Now, digital terrestrial television signals are considered by specialists as the main ones for

use in bistatic radar systems. Its advantages:
– good UF properties (low SL power, high range resolution due to a wide spectrum, inde-

pendence of signal properties from message content, that is, stability of MPRS characteristics);
– high availability due to the development of terrestrial broadcasting systems.
As the main disadvantage, let’s note the relatively low power of the transmitters, as a result

of the shorter operating range compared to analog systems. Note also that information on the use

of these signals for bistatic location of ground targets is extremely limited.

The technical solutions used in the Digital Radio Mondiale (DRM) digital broadcasting

system ensure high stability of signal reception in the presence of adverse influencing factors

Amplitude, dB
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Frequency,
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Effective spectrum
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583 20 7.61 -26.3

Table 1

Parameters of DVB-T2 signal in 8k mode

Fig. 2. Signal of terrestrial broadcasting ofDVB-T standards:

a – spectrum of DVB-T2 signal; b – ambiguity function of DVB-T2 signal

18



Original Research Article:

full paper

(2021), «EUREKA: Physics and Engineering»
Number 1

Computer Sciences

in the transmission channels (interference, fading, multipath propagation, etc.). This allows for

high-quality signal reception in stationary and mobile conditions, as well as in cars or other mov-

ing objects [10]. In the DRM system, broadcasting is usually carried out in a 10 kHz band, which

clearly does not satisfy the range resolution.

Short-wavelength (SW) language transmitters emit more power than stations in other bands.

A typical value of the energy potential of a SW radio station (Pt·Gt) is 50 MW [12] (Pt·– the average

transmitter power, Gt) – the antenna gain).
Cellular telephone networks Global System for Mobile Communications (GSM) operate at

frequencies of 900, 1800 MHz and higher. The 25 MHz bandwidth for a single station is divided

into 125 channels of200 kHz, which is the illumination signal bandwidth [13]. Each of the carriers

is divided into 8 time slots with a duration of 577 µs. The transmitter power, depending on the

class (from 1 to 5), is from 50 to 0.8 W.

Thus, GSM cellular communication provides MPRS with better resolution than FM broad-

casting, but worse than digital TV. In addition, the frequency is allocated to the subscriber dynami-
cally, so this particular station at the moment and at a particular frequency may not emit a signal.
For this reason, mobile networks do not provide full availability of the illumination field.

In 3G networks, the signal frequency is about 2 GHz, the nominal frequency distance bet-

ween channels is 5 MHz. Modulation with an effective bandwidth of 3.84 MHz, which can already
find application in on-board radars.

Antennas of base station transmitters have a sector of 120° (there can be one, two or three

antennas), the radiation elevation angle is directed downward to exclude radiation into the upper

hemisphere. The points are separated by an average of 10 km, the radiated power is about 100 W,
in cities, towers are installed more often, and the power is made halfas low. The main development
trend is to install transmitters of lower power, but more often.

GSM disadvantages – relatively low power and availability, mediocre signal properties in

comparison with other digital standards; the advantage is a large coverage area. Cellular signals are

still rarely used in bistatic locations, the most famous is the Celldar system.
Wi-Fi wireless access network is a family of standards for transmission of digital data

streams over radio channels. Wi-Fi technology is widely used to create wireless networks that pro-
vide Internet access in a wide variety of environments.

The main advantages of using Wi-Fi transmitter signals in MPRS are high range reso-

lution, provided by a wide signal bandwidth, large coverage area and high availability. According
to experts, Wi-Fi is ideal for creating surveillance systems over short distances (tens to hundreds

of meters).
Real signal bandwidths for Direct Sequence Spread Spectrum (DSSS) are about 11 MHz for

Orthogonal Frequency-Division Multiplexing (ODFM) – about 17 MHz, which provides a resolu-
tion of 13 and 9 m, respectively.

When using Wi-Fi in the radar scheme, the following technical difficulties arise. First

of all, the UF has a rather unfavorable structure – a high SL and local peaks, which leads to mask-

ing of weak reflections and range limitations. To overcome this effect, special processing methods

should be used.

There are other problems in the construction ofMPRS Wi-Fi. Many devices operate in the

2.4 GHz band, for example, they support another standard for wireless data transmission, the Blue-
tooth standard, or microwave ovens.

Let’s note that such systems have a fairly short range (tens to hundreds of meters) and

are tied to certain zones where Wi-Fi is present. However, if necessary, the access point can be

additionally placed in the desired place to provide the required range. In the MPRS, a direct signal
is needed. Two options are possible here [25]:

– in the first, a separate direct signal channel is created, and in a system with Wi-Fi, taking
into account the locality of the observation area, it is possible to provide a sufficiently small dis-
tance between the transmitter and receiver;

– in the second, the direct signal is separated from the signals received in the reflected

channel, which is the only one.
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Further processing corresponds to the coherent MPRS – rejection of the direct signal from

the reflected channel, calculation ofa two-dimensional FN, target detection and construction of the

trajectory of the observed object.
WiMAX wireless access network provides significantly higher efficiency, wide signal band-

width and good availability [7]. The protection zone of one WiMAX network intermediary can

reach 50 km directly, but significantly depends on the channel mode. In general, the standard pro-
vides for operation in the frequencyrange 2... 11 GHz with bands from 1.25 to 20 MHz.

Satellite radio systems can be created in three categories: low-orbit (LO) – altitude

300...1000 km, medium-orbit (MO) – altitude 21000 km and geostationary (GEO) – altitude

35786 km. Table 2 shows the parameters of some satellite sources of the illumination signal [16].

Geostationary satellites, constantly being above the same point, provide availability close to

unity, but have a lower power density compared to LO.

The prospects for the use of signals in terrestrial on-board radars from relatively new space

systems of digital mobile television broadcasting look more optimistic. These systems are designed
to work with mobile users who can’t use large antenna systems. Signals of significantly higher
power are used in these systems than for stationary devices. In addition, such systems provide

adequate coverage and availability.
In the future, it is on these satellites that circuit solutions remain traditional.

Among these systems are EutelsatW2A and Inmarsat 1–4 EMEA, which are available

in Europe. Some parameters of the satellites Eutelsat and Inmarsat [25] are given in Table 3.

Computersimulations carriedoutin [ 15]showedthatin anMPRS using these illumination sig-

nal s, one can expectan aircrafttobe detectedatranges ofupto 50 km(Inmarsat)and 90 km (Eutelsat).

Type Name Orbit Frequency range, MHz Power flux density, dBW/m2

Radar Radarsat-2 LO 3400…7075 –53

Communication DVB-S (Astra)

DVB-SH
1930…2700

–111

GEO
–97

Inmarsat-4

1452…1710

–95

Thuraya –118...–106

Iridium
LO

–108

Globalstar 1930…2700 –97

Navigational Global Positioning System (GPS)

MO 1452…1710

–130

ГЛОНАСС –129...–131

Galileo –128

Parameter EutelsatW2A Inmarsat 1–4

Latitude/Longitude 0.01° N/10.05° Е 0°/25.12° Е

Height, km 35 840 35 800

Power flux density, dBW/m2 72 67

Carrier frequency, GHz 2.17 1.50

Signal bandwidth, MHz 2 0.2

Coverage area Europe Europe, Africa

Table 2

Parameters of satellite signal of illumination sources

Table 3

Parameters of Eutelsat and Inmarsat satellites
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Simulation parameters: effective target scattering area 13 dBm, antenna gain 21 dB, accumulation

time 1 s, receiver noise level 5 dB.

According to the currently generally accepted point ofview, given the noted shortcomings,
it is still difficult to use space-based illumination transmitters to solve traditional radar problems.
The issues ofusing space illumination for locating ground targets require further consideration.

The materials [11] provide a generalized material on diversity systems using signals from exist-

ing broadcasting and television stations as those that are probed. These data are given in Table 4.

The energy characteristics of the illumination signal sources are collected from various

sources and are given in Table 5.

In general, to determine the energy potential of a particular illumination option, one needs

estimation calculations with averaged initial data.

3. Results of research on the principles of using bistatic radar for solving the problem of

detecting biological objects and their discussion

Studies have shown that when observing ground targets, the resolution in a system with

an analog broadcasting signal is unacceptable, therefore such a signal (which illuminates) is

not considered.

The presence of sync signals in analog television transmitters following 64 μs leads to the

appearance ofan uncertainty in the range measurement, which is 9.6 km. In addition, the resolution

for observing biological objects is also insufficient – such signals are impractical to use.

Digital signals of terrestrial broadcasting are close to noise-like ones, therefore, a low level

of UF SL, better range resolution and independence of properties from the plot are provided. The

combination of these advantages makes the use ofdigital signals preferable, despite the lower power

and more complex processing.
Despite the large coverage area, cellular signals are still rarely used in bistatic locations due

to the relatively low power and availability, as well as mediocre signal properties compared to other

digital standards.

Signals of Wi-Fi and WiMAX wireless access networks provide high range resolution due

to wide signal bandwidth, large coverage area, high availability. But a high SL level and local

peaks lead to masking of weak reflections and range limitations when working on ground targets.

Signal Range solution, km Side lobe level in range, dB Side lobe level by velocity, dB

Language (FM) 16.5 –19.1 –46.5

Music (FM), classical/rock 5.8/6.55 –23.9/–12.0 –32.5/–26.0

Analog TV 9.61 –0.2 –9.1

Digital television 1.72 –18.5 –34.6

GSM 900/1800 1.8/2.62 –9.3/–6.9 –47/–44

Signal source Frequency, MHz Band, MHz Power, kWt

FM and USW 66…108 0.003…0.02 0.1…4

Analog TV 50…800 0.1…0.2 up to 50

Cellular GSM 900, 1800 up to 25 0.02

3G communication systems 1920, 2110 5 0.02

Digital TV 174…834 8 up to 10

Table 4

Parameters of signals ofbroadcasting and television stations

Table 5

Energy characteristics of illumination signals
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For well-known reasons, low- and mid-orbit satellites are not widely used in MPRS. According
to the currently generally accepted point of view, given the noted shortcomings, it is still difficult

to use space-based MPRS to solve traditional radar problems. The prospects for using signals from

relatively new space systems of digital mobile television broadcasting look optimistic. The issues

ofusing space half-light for locating ground targetsrequire further consideration. Among the orga-

nizations dealing with these issues, there are mainly universitiesand scientific units of the military

departments.
The peculiarities of the results obtained are in the proof of the presence of various radio

devices among the emissions that can be used to solve the problem of detecting biological ob-

jects (intruders) in the observation or protection zone, including especially important objects.
Among the limitations of the applicability of the results, it should be noted that only the upper

estimates are valid, that is, the potential capabilities ofa particular observation system using bistatic

radar methods. In the future, these restrictions can be removed by a detailed study of the systems’

performance under conditions of action of various kinds of obstacles ofnatural and artificial origin.
In further research, one will have to face certain difficulties of a mathematical (transition

to non-stationary processes) and experimental character. The latter is explained by the lack ofade-

quate funding for the purchase of the necessary equipment and equipment.

4. Conclusions

1. Research ofpassive coherent systems with illumination signals of USW range of digital
television is carried out in the USA, Great Britain, Russia, France, Germany, Poland, Norway,
South Africa, China, Iran and other countries. This can be explained both by the high expected
technical characteristics of coherent SA RS of this range (due to the properties of the signal), and

by the simplicity and low cost of the design (in comparison with other USW radars). And now the

most popular USW range, and in it – illumination signals from digital television.

Such plants have a number of advantages: lower cost of production, placement and opera-

tion; absence ofharmful effects on the environment and interference with other radio-technical de-
vices; almost complete secrecy; they do not need separate frequencies. The characteristic features

of the SA RS determine the high potential of their application for the protection of important ob-

jects, monitoring of perimeters and territories, including with the creation of a surface radar field.

2. As a result of the research carried out, it was found that SA RS using illumination sig-
nals from third-party sources are considered promising means of detecting and tracking ground,

including biological, objects. For further research, let’s leave three options for bistatic systems with

external illumination – a ground transmitter with a digital signal of the T2 format, a space trans-
mitter with a digital signal, and a transmitter for a cellular communication system. In other ranges

ofwork on semi-active coherent location is less.

It is the choice of one of the listed illumination signals that is the firststep for further scien-

tific research to justify the SA RS structure for the protection of important objects, monitoring the

perimeters, their construction and implementation into a prototype.
The widespread use of modern digital language and telecommunication systems provides

the SA RS with effective illumination signals with good correlation properties, which makes it pos-
sible to obtain the necessary technical characteristics in a wide variety of application conditions.
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Abstract

The article analyzes the parameters ofsocial networks. The analysis is performed to identifycritical threats. Threats may lead to

leakage or damage to personal data. The complexity ofthis issue lies in the ever-increasing volume of data. Analysts note that the main

causes of incidents in Internetresources are related to the action of the human factor, the mass hacking of IoT devices and cloud services.

This problem is especially exacerbated by the strengtheningofthe digital humanistic nature of education, the growing role ofsocial net-
works in human life in general. Therefore, the issue ofpersonal information protection is constantly growing. To address this issue, let’s

propose a method of assessing the dependence ofpersonal data protection on the amount of information in the system and trust in social

networks. The method is based on a mathematical model to determine the protection ofpersonal data from trust in social networks. Based

on the results of the proposed model, modeling was performed for different types ofchanges in confidence parameters and the amount

of information in the system.

As a result of mathematical modeling in the MatLab environment, graphical materials were obtained, which showed that the pro-

tection ofpersonal data increases with increasing factors oftrust in information. The dependence ofpersonal data protection on trust is

proportional to other data protection parameters. The protection ofpersonal data is growing from growing factors of trust in information.

Mathematical modeling of the proposed models of dependence ofpersonal data protection on trust confirmed the reliability

of the developed model and proved that the protection ofpersonal data is proportional to reliability and trust.
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1. Introduction

In today’s world, information needs reliable protection: from unauthorized access and dis-
tribution, accidental deletion or alteration. All developed European countries are concerned about
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the problem of information security, as well as the protection of personal data of citizens. This is

due to the fact that informatization and digitization of information have become widespread in all

areas of human activity, including the storage ofpersonal and work data.

Social networks are one of the main methods of communication, search for connections

and exchange of both publicly available and confidential information. Social networks make up an

ever-growing share of shared networks. The network itself acquires new properties, acting as an

independent factor.

Because information in the global network exists outside of space and time, the network

itselfbecomes an active agent of influence on the person, keeping, above all, large amounts of data

publicly available. In recent years, the vision of the problem of cybersecurity has begun to change
significantly, as people increasingly cease to be the subject of cybercrime, becoming an object in

itself, and not only its financial and economic interests and capabilities.
This problem is especially exacerbated by the strengthening of the digital humanistic nature

of education, the growing role of social networks in human life in general.
The protection of personal data in today’s information life is perhaps the most important as-

pect in meeting the safe use of all the capabilities of current technologies. Therefore, the problem of

studying the parameters of social networks for their further use in solving problems of information

and personal data protection is very relevant.

2. Literature review and problem statement

The exchange of structural and thematic data potentially allows the use of social networks

to address a wide range of information security issues.

In [1] discusses social networks that can track user actions and control data for future use.

A study of 45 social networks found that approximately 90 % of sites unreasonably require per-

sonal information to, for example, allow permission to join them; 85 % of sites do not use standard

encryption protocols to protect data from cybercrime attacks; 72 % of sites transfer information

about users to third parties.
In [2] the standards, attributes and characteristics of the profile are considered and a method

of detecting signs of public opinion manipulation in social networks based on the construction of

information security profiles of social Internet services, based on gradient boosting ofbinary trees,
which automates early detection procedures.

In [3–5] it is indicated that the dissemination of personal data through social networks is

much faster than in real life. It is most dangerous when personal information comes to people for

whom it is not intended. Social media users are often unaware that they can change personal priva-

cy settings to protect their data.

In [6, 7] the mechanism of application of correlation of potential crisis situations for an

estimation of average and total level of criticality of a current situation in information sphere is

considered. The mechanism is based on methods ofexpert evaluation and fuzzy logic. A correlation

mechanism is proposed to determine the correlation coefficient of each dependent identification

of potential crisis situations with the main one, which determines the interdependencies between

them. The obtained correlation coefficients can be used to calculate the average and total levels of

criticality of a situation that has arisen under the influence of several interrelated and simultaneous

potential crisis situations. Only information correlation problems are considered.

In [8, 9] developed a structural-parametric model of information security risk assessment sys-

tem which, due to the structural components of subsystems, the formation of primary and secondary
data, as well as their components modules of initialization of input data, formation and conversion of

reference values, weighing evaluation parameters and their adjustment, risk assessment and report

generation, which implement the proposed methods, assessment based on databases ofvulnerabilities,

incrementing and decrementing the order of linguistic variables, allows for high flexibility and conve-

nience in assessing information security risks without the participation of experts in the subject area.

But only the problems of information security, which are presented in local databases, are considered.

In [10] the qualitative-quantitative method of analysis and assessment of information secu-

rity risks by modifying the procedures for determining many parameters of risk assessment and
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assessment of current values of parameters with the possibility of integrating the values of indica-
tors presented in the relevant databases. To do this, it is proposed to use appropriate databases of

vulnerabilities, which present their quantitative estimates. In [14], only information security issues

are considered, which are presented in the databases of CVSS (Common Vulnerability Scoring

System is the framework for rating the severity of security) indicators.

In [11, 12] the methodology of construction of the system of information security of

banking information in automated banking systems (ABS) is considered, which is based on

the first proposed three-level model of strategic management of information technology se-

curity. In [13] only information security problems are considered, without taking into account

technical problems.
In addition, in the literature, the study of certain issues of this issue at different times paid

attention to such specialists. Consideration of this issue is carried out by prominent.
The aim of the article is to study the whole set of parameters of threats in social networks

from the loss of trust between users for their further use in solving problems of information and

data protection.

3. Formulation of the problem
The exchange ofpersonal data potentially allows the use of social networks to solve a wide

range of information problems, but there is a problem of data protection. Therefore, the question of

developing new mathematical models for assessing the dependence of personal data protection on

trust and the amount of information on social networks is very relevant.

The aim ofthis research is to develop a new mathematical model for estimating the depen-
dence ofpersonal data protection on trust and the amount of information on social networks.

4. The main section

In the classical approach to the problem of personal data protection, there are many threats

of loss oftrustbetween users, which can be represented as a function:

F DDDDijnmk=~~~~(, , , ), (1)T

where Ti – the set of threats of loss of trust between users; Dj – trust in the provision of ser-
vices (a person trusts the party in the provision of quality services or resources by the provider);
Dn – delegation trust describes the trust in the user (representative), who acts and makes decisions

on behalf of the party he trusts; Dm – access trust describes the trust on the part (provider) to the

user who is granted access to resources. This is access control. Used in authentication systems;

Dk – contextual trust determines the degree offaith of the participant in the necessary systems and

institutional mechanisms that support transactions and ensure network security [15–17].
Loss of such a quality as trust is a process that has a time interval. Denote the amount of

information in the system – I. The flow of information outside the information system through dI,
the rate of change of this flow – d dI t. It is logical that if the flow and the rate of change of flow

are zero, then there is no leakage of information:
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Leakage of information depends on the security of the system and the measures taken to

neutralize threats to the security of personal data [18–21].
Let Z be an indicator of information system security. Let’s make the equation:
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To solve the system of equations (3) let’s write system (4) in the form:
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Find the solution of the corresponding equation:
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The characteristic equation has the form:
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Let’s consider only the case for a positive discriminant of this equation:
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– general solution of the equation.
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To find the general solution of the inhomogeneous equation let’s use the method of variation

of arbitrary constants:

42 42
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In general, results are obtained in general: the dependence of personal data protection on

trust is proportional to the constant parameters of protection.
In order to confirm the obtained results, let’s perform modeling in the MatLab environment.

In Fig. 1, the dependence of personal data protection (in relative units) on the amount of

information in the system is the main parameter, and the parameter of trust in information.

In Fig. 2, the dependence of personal data protection (in relative units) on the parameter of

trust in information is the main parameter and the amount of information in the system.
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As it is possible to see from the simulation results, the protection ofpersonal data directly de-

pends on the amount of information and the parameters of trust in this information. The protection of

personal data increases with the amount ofreliable information and the amount of general information,
which fully confirms the accuracy of the proposed method of assessing the protection ofpersonal data.

5. Discussion of experimental results

The peculiarity of the method is that in addition to estimating the amount of information in

the system, we use the rate ofchange of information flow, or rather the rate of leakage of informa-

tion outside the information system of personal data exchange.
When there is no information leakage, the information leakage rate is also zero. The occur-

rence of information leakage directly depends on the information security indicator.

Graph of information security dependence
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Fig. 1. Dependence ofpersonal data protection on the growth of information in the system

Fig. 2. Dependence of personal data protection on trust between users
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The resulting system consists of two equations. One equation is the dependence of the in-
formation security indicator, the second is the dependence of the amount of information leakage on

the information securityparameters.
The solution of these differential equations shows the dependences of the parameters of

information protection from information leakage.
An additional feature of the proposed method is using the parameter of trust in personal

information and the quantitative parameterof information leakage.
But this feature is based on the accepted restrictions. It isn’t taking into account the more

detailed parameters ofpersonal data protection, which in some cases may lead to an error in deter-

mining data protection.
Mathematical modeling of the proposed model proved that the protection of personal data is

proportional to the reliability and trust with constant protection parameters.
The results of mathematical modeling have shown that with the increase of its quantity in

the system, the trust in the information decreases, not according to the linear, but practically ac-

cording to the exposition law. The simulation results showed that the confidence in the information

after reaching a relative confidence factor of 0.45, is significantly reduced, which requires taking
into account the greaterparameters of information security.

Additional confirmation of the simulation results is shown in Fig. 2. The graphical results

prove the statement that the confidence parameter in relative units from 0.85 to 0.99 has little effect

on the parameter of increasing the amount of reliable information received.

In general, the protection of personal data increases with increasing trust parameters. This

proves the adequacy of the model and is quite a favorable result.

Further development of the proposed method is a more detailed consideration of the parame-

ters of information security.

6. Conclusions

A method for assessing the dependence of personal data protection on the amount of infor-
mation in the system and trust in social networks is proposed.

Simulations for various types of changes in trustparameters and the amount of information

in the system are conducted. All variants of solving the equation near the steady state of the system

proved that, based on the conditions of the ratio of dissipation and natural frequency of confidence,
and the attenuation of the latter to a certain value is carried out periodically, with decaying ampli-
tude, or exponentially decaying law.

The obtained graphic materials fully showed that the protection of personal data increases

with increasing factors of trust in information. Dependence ofprotection ofpersonal data on trust

is proportional at constant other parameters ofprotection.
The simulation results showed that the trust in information after reaching a relative confi-

dence factor of 0.45, is significantly reduced, which requires taking into account the greater para-

meters of information security. When the parameters oftrust in relative units from 0.85 to 0.99, the

quantitative parameterof information has little effect on the parameter of increasing the amount of

reliable information.

With the growth of the amount of information in the system and trust in information, the

overall rate of information protection in modeling by the proposed method increases by 9 % than

modeling by old methods, which is a quite acceptable result.
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Abstract

The increase number of eavesdropping or cracker to attack the information and hack the privacy ofpeople. So, the essen-

tial issue is making system capable of ciphering information with rapid speed. Due to the advance in computer eavesdropping and

cracker that made them to analysis the way of ciphering in rapid speed way. The development in the computer especially in the rapid

processer in the last decade create the breaching of any system is a matter of time. Owing to most of breaching ways are based on

analysis of system that requireы to be breached and to try brute force on that system to crack it. However, the lacking of influential

processers that are capable ofbreaching system since earlier processors are limit to number of instructions. It can be done in second,
which was not sufficient trying to break the system using brute force. In addition, the time required is far away from getting valuable

messages in the time that needed. So, the research gives the focus on performingrapid system for ciphering the informationrapidly
and changing the ciphering every few milliseconds. The changing ofciphering in every millisecond helps system form preventing the

eavesdropping and cracker from imposing brute force on the system and hacking the messages and images. The system that created

is based on Advanced Encryption Standard (AES), which is it very best performing algorithm in ciphering and deciphering since it

doesn’t need complex mathematical formula. The research is about designing system that capable of performing AES by using high

processer designed on Field programmable gate Area (FPGA). The ciphering ofAES using FPGA helps minimize the time required

to cipher the information. Also, the research will focus on ciphering and deciphering of imagesby AES using FPGA.

Keywords: FPGA, Advanced Encryption Standard, VHDL, security by AES, 256-AES , encryptionby AES.
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1. Introduction

The evolution that happens in the computer and the rapid processer that occur during the

last decade make the breaching of any system is a matter of time [1]. Due most ofbreaching ways

are based on analysis of system that need to be breached and to try brute force on that system to

crack it [2, 3]. However, the lacking of powerful processers that are capable of breaching system
since pervious processors are limit to number of instructions. It can be done in second, which was

not sufficient trying to break the system using brute force [4]. In addition, the time required is

far away from getting valuable messages in the time that needed [5, 6]. Due to these reasons, the

research gives the focus on performing rapid system that capable of ciphering the information in

rapid way and changing the ciphering every few milliseconds [7, 8]. The changing of ciphering in

every millisecond helps system form preventing the eavesdropping and cracker from imposing
brute force on the system and hacking the messages and images [9].

National Institute of standards and technology (NIST) used the Advanced Encryption
Standard (AES) as a replacement for 3DES and IDES which was the most used for ciphering in
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their time. The difference in the way of the AES than the 3DES and IDES is that AES is not based

on Feistel Structure. The advantage of this structure is that AES can perform the whole block of

data in single matrix [9].
The system that created is based on AES, which is it very best performing algorithm in

ciphering and deciphering since it doesn’t need complex mathematical formula [3, 10]. And it has

flexibility in use because of it can used in ciphering message or images [10, 11]. Also, the AES is

chosen based on preforming of the algorithm. It was the top on security scoreboard during the two

previous decades. The evolution ofthis algorithm that develops pervious these years to became the

best ciphering ways in network and banking security [12].
The system that created in this research is AES using the FPGA. The FPGA is device that ca-

pable of designing processer that capable of performing special algorithm based on the program that

injected in the FPGA. The special processer that design in FPGA is capable of performing AES on

images and message depending on the way that needed in attach that insert to the FPGA as input [13].
The FPGA is rapid the time that required to ciphering any text message in microsecond and enhanced

the AES by ciphering and deciphering time required. Due to capability of parallel processing on

FPGA [14]. The FPGA gives the opportunity to changing the ciphering ever millisecond in rapid

ways since it only required a microsecond to cipher or decipher any messages [10]. This will help in

sending information through the network will never be breaching due to rapid changing ofciphering.
A Huge amount of application of AES algorithm used because its ability in cipher data and

invincible to break and the flexibility in usage [15, 16]. Also, it doesn’t require massive amount

of resources and that made it powerful in ciphering and deciphering. The AES consisting of four

element or steps as shown in Fig. 1 [17].
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As shown in the Fig. 1 each round consist from various steps which these steps are SubBytes,
which used to divide the bytes of messages into pieces in order to encrypt this message and ex-

change each pixel that want to be ciphering with value that located in S-Box. On the other hand, the

second steps are ShiftRows, which will shift each row in amount that may be different from others

row in the message or images. The last but not least step is MixColumns that will mix four bytes of

each column and it will explain later in ciphering section. The last step is ADDRoundKeys. This

step is used to add key in every round of the ciphering process. These steps are power ofAES since

it very complex and truck steps that made to create the mighty ofAES algorithm.

2. AES with FPGA

The AES composed from four steps as mentioned before and can be shown in Fig. 2. As the

initial step, the AES algorithm is subject to the data needed to be ciphering. It will deter the step
if the data is required to be cipher as plane text for first operation for changing the plain text to

state array [15]. Otherwise, if the data is consist from image it will not require to make array state

since the images will represent as array state. This research uses 256´256 images for ciphering and

deciphering. The first deterring ofprogram is not needed since the images are represented as array.

That means the image will go to the following process which will substitute all pixels with a value

located in S-Box that corresponding to its location. The S-Box is constructed from 16´16 array. The

number ofvalues that S-Box consisted is 256 values and each one of these values are different from

others in the same matrix that needed to be ciphered.

The second step is simply substitution ofevery pixel in array with value that corresponding to

the value in S-Box. Since the S-Box is an array and this size of this array is 16 by 16. The S-Box con-

tains 256 values in it and each value is different from other that located in the same matrix. The opera-
tion of substitution of pixels in array with its corresponding value in S-Box can be shown in Fig. 3.

ShiftRows will be the Second step after complete the substitution of all pixel in array with

its corresponding pixel in S-Box. The ShiftRows as its name mean that shifting all rows in the state

array to the left. The shifting will be differ from row to row in the same state array matrix and

the shifting will depends on their location. The shifting process based on Anti-Clock wise and the

shifting process can be shown in Fig. 4.

In last step but not least the MixColumn, from its name its transform columns. The Mix-
Column will divide every column into 4 bytes block and each block will be transformed into poly-
nomials equation by Galois function GF(28). These polynomial equation will be multiplied by its

modulo x8+x4+x3+x1+x0 as shown in Fig. 5 [18].
Then the last step will applied which is KeyGenerate and AddRoundKey. This step is first

generate key for XORed the 16 bytes of the key generated with its corresponding 16 bytes of

array of image. The key is generated based on the schedule of the algorithm. Fig. 6 shows the

AddRoundKey process. Finally, when all these steps applied on the state array. The steps will re-

peat again for 10 more round on state array to encrypt the system as shown in Fig. 7.
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The deciphering process will be as reverse to the steps of ciphering. It will start with

AddRoundKey and back to all previous round. Then, this step completes the results of first round

will be input to inverse ofMixColumn. MixColumn will return each 4 byte to its original results by
multiply each 4 bytes with module of GF(8) equation. Then the results of this will go to the third step.
The Shift Row will shift return the offset of each row to its position. Once all rows return to its

Fig. 3. Transformation of pixel [17]
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order and location before Shifting Row. The final step will be applied when Sub Byte will return

each value of the State to its real value based on the S-Box. The results of Sub Byte will be the

original images or the plain text.

3. Material and methods

Spartan 3AN is used for the implementation of the proposed algorithm as the device

to implement the algorithm and has been programmed using Very High-level Design Lan-

guage (VHDL). VHD L is used in this project for configuring and applying the AES algorithm
in the FPGA. This language is one of the most famous languages that used in programming and

configurable the FPGA. As known FPGA is very complicated devices specially in coding and

working while in contrast it gives great results compare to other devices in the same field. The

VHDL is used in Synthesis, simulation and generating the programmable file code for each

structure and sections of AES algorithm in the FPGA and it can be shown in Fig. 7. The flexibi-

lity of fully utilizing and programing FPGA to achieve great results in ciphering and deciphering
of AES in FPGA is noted.

4. Results

Rapid ciphering of information is most important in our days since the evolution ofmassive

information need ciphering to transmit to their recipient. However, the using of FPGA help to im-

prove ofrapid ciphering ofImage using AES. The combination ofAES algorithmrequires massive

resource and injected on FPGA help to rapid ciphering of images. The time required to cipher
256×256 image is only 20 nanoseconds as shown in Fig. 8. This time is very helpful since it can

cipher and decipher multiple images with no time.
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Also, the resources ofAES that toke from the FPGA resource are small as shown in Table 1.

The FPGA that used in this experiment is Spartan 3AN and a frequency. The FPGA faster the ope-

ration of ciphering of image since it used parallel processing that means perform multiple tasks

in same time if none of these tasks related to each other. The AES algorithm took the advantage
of FPGA since most of their procedure is not related to each other. The resource that allocated in

FPGA when injecting AES on it is explained as shown below.

In addition, the program is used to changing the ciphering with every millisecond. It will

allow to give more confidently to the system and this will not be happening if the FPGA not here.

The proposed is compared with different algorithm and different types ofFPGA devices and these

different algorithms are used different types of approach to encryptions data. However, the results

that have been taken from this proposed algorithm is more greats than other as shown in Table 2.

The table shows that all the proposed approach used 128 bits for ciphering compare to 256 bits

which is more security and more reliable than other methods. However, this cost the proposed ap-

proach more time than other for ciphering due to the large size of the algorithm. Also, the results

shows that the number of slices that is used is small compared to other since the algorithm used

256 bits types of algorithm compared to 128 bits for other methods. Also, it can be shown that the

throughput of the algorithm is less than Harshali Zodpe and Ashok Sapkal due to two facts the

first they used faster FPGA devices so the throughput is faster the other is that the algorithm used

256 bits in ciphering compared to 128 bits in the other methods.

5. Discussion of experimental results

Defending the data is the most important as for world international or personal to

saves data. Every year many algorithms are either formed or add new features to the previous

algorithms to enhance the security of algorithms. This research used the most effective algorithm
which is AES. FPGA is used in this research for speed-up the process of the algorithm and had

made major effect to the speed of the algorithm with only 20 ns for complete the ciphering of

nine round. The algorithm used the 256 bits for ciphering which is great enhancement in the se-

curity to cipher text due to the fact the eavesdropping needs more time to deciphering and more

Logic Utilization Used Available Utilization

Number of Slices 2000 5888 34 %

Number of Slice Flip Flops 812 11776 7 %

Number of 4 input LUTs 950 11776 8 %

Number ofbonded IOBs 12 372 3 %

Number of GCLKs 1 24 4 %

Design Device Bit width (bits) No. of Slices Throughput(Gbps)

Proposed Spartan 3 AN 256 2000 4.23

Wang and Ha XC6VLX240T 128 15,612 1.88

Qiang et al. XC4VLX60 128 1975 2.06

Harshali Zodpe and Ashok Sapka l XC7VX690T 128 4089 6.34

Table 1

Adopted FPGA Resources

Table 2

Comparative between different types AES approach [20]
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sophisticated computer to break the system compared to 64 or 128 AES algorithm. There is no

limitation in 256 AES algorithm in this research due to using the FPGA for ciphering and de-

ciphering since the FPGA used the parallel processing that allow to perform multiply process

in the same and this save time for performing the 256-AES. However, without the FPGA used

256-AES forciphering and deciphering is bit slower since itrequired more process for ciphering than

other 64 or 128 AES algorithm. The enhanced for this research is to use on high quality image and

tried to compress the image and also tried to used multiple single processors like using multiple
raspberry-pi or Arduino to provide the same results like FPGA.

6. Conclusion

The massive resource of information increases in every day the advance of the compu-

ters that used by eavesdropping to attack these data. It gives the essentiality to find way to rapid
ciphering and to changing ciphering from time to time to make it invincible to eavesdropping
to hack system. This done by union the FPGA and AES since the AES has the best scoring in

security scoreboard and FPGA is special device. It allows to create special processor to do the

AES operations. The FPGA help in festering the ciphering of AES in only 20 nanoseconds for

image sized 256´256 pixels. And this done due to the ability of FPGA in performing the parallel
processing and support of the AES algorithm to work in parallel. The next steps in this research

will applied the algorithm on larger image size and to perform the algorithm on other devices to

like Raspberry Pi and Arduino in parallel mode.
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Abstract

LoRa technology has received a lot ofattention in the last fewyears. Numerous success stories about using LoRa technology forthe

Internet ofThings in various implementations. Several studies have found that the use ofLoRa technology has the opportunity to be imple-
mented in indoor-based applications. LoRa technology is found more stable and is more resilient to environmental changes. Environmental

change ofthe indoor is a majorproblemto maintain accuracy inpositionprediction, especially in theuse ofReceived Signal Strength (RSS)

fingerprints as areference database. The variety ofapproaches to solving accuracyproblems continues to improve as the need for indoor lo-

calization applications increases. Deep learningapproaches as a solution for the use offingerprints in indoor localization have been carried

out in several studies with various novelties offered. Let’s introduce a combination of the use ofLoRa technology’s excellence with a deep

learning method that uses all variations ofmeasurement results of RSS values at each position as a natural feature ofthe indoor condition

as a fingerprint. All ofthese features are used for training in-deep learning methods. It is DeepFi-LoRaIn which illustrates a new technique
for using the fingerprint data ofthe LoRa device’s RSS device on indoor localization using deep learning methods. This method is used to

find out how accurate the model producedby the training process is to predict the position in a dynamic environment. The scenario used to

evaluate themodel is by giving interference to the RSS value received at each anchor node. The model producedthrough trainingwas found

to have good accuracy in predicting the position even in conditions of interference with several anchor nodes. Based on the test results,

DeepFi-LoRaIn Technique can be a solution to cope with changing environmental conditions in indoor localization.

Keywords: Internet ofThings, LoRa, Indoor Localization, RSSI Fingerprinting,Deep Learning.

DOI: 10.21303/2461-4262.2021.001620

1. Introduction

In recent years several studies have been carried out to solve the problem of Indoor locali-

zation with varying degrees of accuracy. The proposed indoorpositioning system uses a variety of

technologies such as Radio Frequency Identification (RFID), WiFi, Bluetooth Low Energy (BLE),

Zigbee, Ultra-Wideband (UWB), Visible Light Communication (VLC) as well as vision-based

technology. A few years ago the use of Low Power Wide Area (LPWA) LoRa technology was

widely used to localize applications. LoRa is generally projected for outdoor applications. LoRa

is generally projected for outdoor applications. Many publications have reported successful imple-
mentation of LoRa in a variety of outdoor applications including [1–4]. The LoRa property can also

be used for indoor scenarios as in [5, 6] including for localization applications [7–9].
In general, regional characteristics and obstacles greatly affect the propagation of telecom-

munications signal waves regardless of technology. The density, height ofbuildings, environmen-

tal conditions, and contours of the area greatly affect the use of Internet of Things Technology
such as LoRa for indoor localization applications. Sadowski et al [10] found that LoRa has a poor

performance for indoor localization however on the other side diverse the development of IoT

LoRa technology was found to have some advantages as an alternative wireless-based technology.
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In other research Islam et al. [7]. LoRa technology was found to be more stable than WiFi and BLE

and is more resilient to environmental changes. LoRa operates in the sub-GHz band, which makes

it obtain more penetration capability so it is more resistant to noise and multipath so that LoRa

becomes the best choice for indoor localization in large rooms and high rise buildings. In a recent

2020 study, Anjum et al. [11] chose LoRa as a device in the positioning system and it was found that

LoRa could be a viable solution for the Indoor localization system. Diverse results were obtained

from various studies in the use of LoRa in indoor locations. Here it is possible to see that there are

many opportunities to improve LoRa performance in indoor locations. With the right approach,
this property makes LoRa a promising choice for indoor localization systems.

One popular approach to indoor localization systems is the use ofradiofrequency fingerprinting
such as WiFi. Fingerprinting is a localization technique used for positioning based on the measurement

ofReceived Signal Strength Intensity (RSSI) on several wireless access points. Positioning is based on

a fingerprinting database as a reference containing RSS values that represent each position in the room.

Fingerprinting based localization generally consists of two basic phases [12]. First, is the off-line phase,
which is also called the training phase, and second, is the on-line phase, which is also called the test

phase. In the off-line training stage, machine learning methods can be used to train and store fingerprints
that contain all RSS data. Such machine learning methods not only to reduce computational complexity
but also to gain core features in RSS for better localization performance. K-nearest-neighbor (KNN)

algorithm, artificial neural network, and supporting vector machines, as a popular machine learning
method that has been applied for fingerprinting-based indoor localization fingerprinting [13, 14].

Indoor localization systems use RSS data as fingerprint information [15] because of the simpli-
city ofRSS operation and low hardware requirements. However, there are two disadvantages to the RSS

method. First, the RSS data collected will be different for the same position from time to time due to the

influenceofvarious transmissionconditions in the indoorenvironment. Changes in environmental con-

ditions in aroom such as changes in the location and addition offurniture, the addition ofother equipment
as well as changes inroom partitions are aproblem in the application of indoor localization. Changes in

these conditions will greatly affect variations in RSS data obtained so that it can cause significant errors

in positioning [16], especially in the use of fingerprint techniques for indoor localization. In general,
there are three main problem formulations captured in the description of the above mention problem:

1. How to reduce the influence of changes in environmental conditions that are dynamic
to minimize a very significant difference between the RRS value obtained at the off-line training
stage with the RSS value obtained at the testing stage.

2. What is the right solution to address variations in RSS values that will occur in the use of

fingerprinting techniques for indoor localization?

3. How to minimize positioning errors caused by variations in RSS value differences in each

position due to dynamic environmental conditions.

The following studies have been conducted to overcome the dynamic environmental condi-

tions in indoor localization.

Inpaper [ 17] Seong etal. proposedanew databasecreationmethodbasedon the Log-distance
Path loss Model to delete RSSI data from unnecessary Wi-Fi, and produce an Access Point (AP)
database that can be updated depending on changes in the indoor environment. The proposed algo-
rithm has a higher position resolution than the existing fingerprinting and can improve positioning
accuracy due to low dependence on the reference point. To develop the database, the AP signal is

not regularly filtered by using Hausdorff distance. There is an opinion that this is not necessary, by
using the method of deepening the data of abnormal measurement results can enrich the features of

a position that will be the main source of learning at the training stage.
Luo et al. [18] using autonomous robots that patrol the path that has been determined to detect

changes in the environment and continue to collect RSS measurement data and map it as a solution.

RSS and map measurements are used to build and update databases. Position detection accuracy is

maintained by always updating the fingerprinting database if environmental changes are detected. This

research was conducted in a simulation with controlled change scenarios and in a limited environment.

Let’s offer a different technique to cope with changes in dynamic environments without

continuously updating when conditions change. The idea is quite simple, namely by recording all
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variations of RSS measurement results in each position. Let’s make variations of the measurement

results as patterns of disturbance in the room that will be included in off-line training. Disturbances

can be caused by many factors such as interference, attenuation of multipath, reflection, deflection,

diffraction, and channel fading. Our study does not discuss in detail the types of disturbances that

cause variations in RSS measurement results in one position. Let’s consider these variations to be

natural features of important environmental conditions as a source of learning. This paper contri-
butes to overcoming the problems outlined above. In this paper, let’s use the term DeepFi-LoRaIn
to describe the use of LoRa device fingerprinting RSS data in indoor localization using the deep

learning method. Some of these contributions are as follows:

1. Using LoRa technology as an option for indoor localization systems with good penetra-
tion capability so that it is more resistant to noise and multipath, resulting in a more stable RSS

measurement value.

2. Using variations in the measurement results of RSS values in a position as a natural fea-
ture of the condition of the room without normalizing the data as a fingerprinting database. All of

these features are used for training on deep learning methods.

3. Using a deep learning approach to solve the problem of changing environmental condi-

tions to see the accuracy ofposition predictions.
4. Conduct testing ofmodels that have been trained to be able to predict position in natural

conditions using a variety Scenarios of RSS values and changes in the value ofRSS in some Anchor

Node (AN) that does not exist at the training stage.
The rest of the paper is outlined as follows. Related works are presented in Section 2. In Section 3

let’s present the proposed system Deep-Fi LoRaIn. The result and validation are presented in Section 4.

Discussion of experimental results is presented in Section 5. Finally, Section 6 shows the conclusion.

2. Related Work

Several studies have been conducted to improve the accuracy of positioning in the indoor

localization system. Changes in the dynamic indoor environment are a challenge for researchers to

maintain accuracy in positioning, especially in the use of fingerprinting RSS as a reference database.

Some of the following research has tried to overcome the problems that have been stated previously.

Long-time before other studies were carried out in 2005 the paper [19] initiated a basic the-

ory and developed an algorithm to build a localization and tracking system in a room with Zero-

configuration. The technique introduced can produce a reliable system to support service and loca-

tion-based network management. The localization algorithm takes input in the form of an on-line

measurement of the Received Signal Strength (RSS) between the client and the adjacent AP, to

estimate the client’s location. Online RSS measurements between AP 802.11 are used to capture in

real-time the effects of multi-path RF on temperature and humidity variations, opening and closing

doors, furniture relocation, and human mobility during RSS measurements. This technique is also

quite responsive to environmental dynamicsbecause the impact of changes in physical characteris-

tics has been explicitly found in the mapping between RSS value and actual geographical distance.

This rationale is used as a reference in our research. Characteristics of environmental changes that

affect variations in RSS values are the main features that represent natural conditions at a point.
Variation of features is needed as a source of training in the proposed deep learning method.

A deep learning approach as a solution to the use of fingerprinting on indoor localization

has been conducted in several studies with a variety of novelty offered. Some studies use Channel

State Information (CSI) as Wi-Fi signal fingerprinting data and other studies use RSSI as finger-
printing. Wang et al. [13], produced a novelty using the deep learning method in the Indoor locali-

zation system. Indoor fingerprinting uses CSI which is trained using a deep learning approach called

Deep learning fingerprinting (DeepFi). The DeepFi system architecture includes an off-line training

phase and an online localization phase. In the off-line training stage, deep learning is used to train

all deep network weights as fingerprints. Besides, the greedy learning algorithm is used to train

each layer to reduce complexity. In the on-line localization phase, the probabilistic method is used

based on the radial basis function to obtain an approximate location. The experimental results are

presented to confirm that DeepFi can effectively reduce location errors compared to the previous
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three methods namely FIFS [20], Horus [21], and Maximum Likehood [22]. The results obtained

that DeepFi is more accurate in predicting the location of a devicecompared to the FIFS, Horus, and

Maximum Likehood methods. Let’s also use the termDeepFi in the development of research-based

on RSSI fingerprinting data on LoRa devices– DeepFi-LoRaIn.
The use of CSI was also followed by researchers [23], but by using an integrated approach.

The approach consists of three stages. First, using the Local Outlier Factor (LOF), the anomaly detec-
tion algorithm is used to correct abnormal data. Second, in the training phase, 3 DNN models were

trained to classify fingerprint regions using CSI data that was processed from 3 antennas. Third, in

the testing phase, a model fusion method called the Group Method ofData Handling (GMDH) was

adopted to integrate 3 prediction results of several models and provide final position results. Test-bed

experiments are carried out in empty corridors, and the final position accuracy reaches at least 97 %.

The CellinDeep in research [24] used a deep learning approach to Android-based cellular

communication for indoor localization. The system produces this accuracy better than other cel-
lular-based indoor systems at least 350 %. CellinDeep produces savings of at least 93.45 % power

compared to WiFi-based techniques. Paper [25] used deep learning methods that focus even more

on design problems including the influence of different hyperparameters, avoiding overfitting, and

training algorithms. Some things done in the paper are used as references, such as the determina-

tion of several hyperparameters that are proven to be able to improve the optimization and accu-

racy of a model in the training and prediction process. Other guidelines [26] derived from several

experiments that were carried out widely are also used as a reference for solving problems. The use

ofPython in Tensorflow along with Keras modules as a deep learning framework makes it easy for

us to solve problems in deep learning in indoor localization as in previous studies [25, 27].

3. Proposed System Deep-Fi LoRaIn

The method used in this study is to combine the use of devices and simulations. The device

used is the LoRa device to obtain RSS values at each position and NS3 simulators to simulate the

LoRa network and Tensorflow Keras is used to simulate the process of deep learning and position

prediction test. Following Fig. 1 shows the overall research flow.
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Fig. 1. Research flow chart
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The research flow is divided based on the three stapes, The first step measuring RSS using
a testbed, the second stage measuring RSSI at 30 positions using network simulation and the third

stage is designing a neural network architecture. Detail of the flow of the research is described in

the following stages as shown in Fig. 1.

3.1.RSS measurement using testbed

Testbed was conducted to determine the RSSI characteristics ofLoRa devices in a room and

find variations in RSS values in several positions. This variation of RSS values will then be used

to form a dataset that will be used in training. To obtain the existing pattern of disturbances in the

room such as interference, attenuation of multipath, reflection, deflection, diffraction, and chan-

nel fading using data obtained based on directmeasurements in the room using a testbed. During

testing, let’s used the ESP32 LoRa SX1278 device as an anchor node and as a tracked node. LoRa

device specification is shown in Table 1.

The room size is 11 meters long and 7 meters wide. The building wall material is made of

70 % Concrete board and 30 % glass with a thickness of 0.75 cm. The ceiling is made of plaster-
board with a thickness of 0.5 cm. In the room, there are 28 cubical tables with particle board mate-

rial with a thickness of 2 cm and a thin steel storage cabinet with a thickness of 1.5 mm.

RSS measurement is conducted using 1 device as the anchor node and 1 device as tracked

nodes. The measurement scenario is done by shifting the tracked node away from the anchor node

at the intervals of 1 meter and 2 meters in the line-of-sight. Measurements are made in several

points and then recorded in the database using a computer as a data logger. Measurements are made

at each point every 2 seconds with a duration of 2 minutes for each position as shown in Fig. 2.

RSS characteristics obtained from the results of simulation and testbed measurements are

used to find variations in RSS values at one point caused by disturbances that occur in the room.

RSS measurement results are processed using spreadsheets to determine the amount of data varia-

tion as well as the range of data for the highest and lowest RSS values which are delta changes in

RSS values found at each position at the time of measurement.

3. 2. Measure RSSI at 30 positions using network simulation

Network simulations using NS3 are performed to measure RSS at 30 positions based on

values received at 4 anchor nodes. RSS values generated through simulation are fixed values that

Parameter LoRa Value

Radio SX1278

Frequency band 433 MHz

Anchor height 2 m

Tracked node height 1.5 m

Radiation pattern Omnidirectional

Sensitivity –148 dBm, +20 dBm

Receiver

Sender

1 m

2 m

RSS data logger

Table 1

LoRa device specification

Fig. 2. RSS measurement position testbed in the interval of 1 m and 2 m
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represent each position. The results of this measurement are further extended using a variation

pattern of values obtained in the measurement using the testbed so that each position has 10 varia-

tions of the measurement results. The total dataset generated is as much as 300 RSS fingerprinting
data. The dataset in the form ofRSS fingerprinting was obtained from simulations using NS-3 with

a scenario of 4 anchor nodes positions in each corner of the room measuring 11X7 m. The collec-

tion of RSS values uses a node that functions as a tracked node that is positioned at 30 different

points scattered in the room as shown in Fig. 3.

Furthermore, the amount of RSS value sent from the tracked node will be read at each an-

chor node as a fingerprinting database. For communication between LoRa nodes using 433 MHz

frequency with a 14 dBm sending signal strength with spreading factor 7. Tensorflow Keras sim-

ulations are used for several processes. First, to design a neuron network architecture along with

hyperparameter. Second, conduct training on the fingerprinting dataset to produce the most opti-
mal model. Third, it is used for testing in predicting position using the optimal model.

3. 3. System architecture

This section will explain system architecture in general As shown in Fig. 4. The system
uses LoRa devices as sender and receiver, 4 devices as an anchor node, and 1 device as a tracked

node. The system is divided into 2 stages: the off-line phase, which is called the training phase,
and second, the on-line phase, which is called the test phase. The training phase is carried out to

construct a database based on survey data related to RSS feeds in several positions. At this stage,
a comprehensive location survey is performed to record fingerprints of the RSS magnitude ofeach

anchor node at the target tracked node location. During the location survey, the collector muststand

in each training position and do RSS scans for several at different positions. RSS value is collected

at each position as a reference point in the database.
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The LoRa end-device sends an uplink packet to the server. The server receives the packet
and measures the RSSI value. These values are stored in a database and fingerprint maps are gene-

rated from RSSI data for the service area. In the online phase, the LoRa end-device sends an uplink
packet containing RSSI information to the Server. RSSI data is sent to the position server from the

position of the end device for identification.

А. Neuron Architecture

Hyperparameter is a variable that greatly affects the model output. Hyperparameter learning
consists of the number of layers, the number ofneurons in each layer, the choice ofnonlinearity parame-

ters, the learning rate, batch size, etc. The choice ofhyperparameter is an important problem in learning.
Until now, there is currently almost no integrated theory to choose the parameters correctly. However,

some research experiments can be used as a reference as in the paper that has been reviewed previously,

although not all hyperparameters are discussed in this paper. In this section, let’s discusshow to improve
the performance ofdeep learning networks and how to set deep learning hyperparameters. Let’s focus

on the parameters that affect the results of the training, to find the most accurate model.

a. Activation function
In the process of building a neural network, one of the choices is what activation function to

use in the hidden layer as well as at the output layer of the network. The activation function decides

whether a neuron should be activated or not by calculating the weighted sum and further adding
bias with it. The purpose of the activation function is to introduce non-linearity into the output of

a neuron. The neural network has neurons that work in correspondence of weight, bias, and their

respective activation function. In a neural network, it would update the weights and biases of the

neurons based on the error at the output. This process is known as back-propagation. Activation

functions make the back-propagation possible since the gradients are supplied along with the error

to update the weights and biases. As the name implies, the activation function functions to deter-

mine whether the neuron must be «active» or not based on the weighted sum of the input. In gene-

ral, there are 2 types of activation functions, Linear and Non-Linear Activation functions. Let’s use

non-linear functions namely sigmoid and Relu. There are many other activation functions however,
the functions mentioned above are functions that are used in this case.

The sigmoid activation or is also called a logistic function has been the default choice for

activation functions for a long time. The sigmoid function is the continuous activation function most

commonly used to classify 2 classes or groups of data. The Sigmoid function has a range from 0 to 1.

In hidden units, the nonlinear activation function h(.) Used is the logistic sigmoid function,
as follows [28]:

z h aa JJJ=( ) = () tanh , (1)

the quantities aJ known as activations, where

tanh( )
(e"+e(-"0

asum-of-squareserror,inwhichtheoutputunitshave linear activationfunctions,sothatAtoutput

units,forregressionproblems,theusualactivationfunction usedistheidentityfunction[28]:

a

a a
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=7- (5)

i +eae
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e
-
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a sum-of-squares error, in which the output units have linear activation functions, so that At output

units, for regression problems, the usual activation function used is the identity function [28]:

y ak k= . (3)

For classification problems, the usual activation function used is a logistical sigmoid func-

tion, i. e.:

y k=σ( ), (4)k a

where

-1σ( ) .a

e
a

=
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(5)
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The ReLU function is the most popular function currently used with several success stories

in terms of image recognition and voice recognition. Basically, ReLU does a «threshold» from 0

to infinity. ReLU can also cover up weaknesses held by Sigmoid and Tanh. It is known that the

Rectified Linear Unit (ReLU), is formulated as a function [29]

f xx( ) = () max ,.0 (6)

b. Learning rate

The use of learning rate parameters has an important influence on the time needed to achieve

the desired target. Will slowly optimize the value of weight changes and produce smaller errors.

The learning rate variable states a constant that is between 0.1–0.9. This value shows the speed of

learning from the network. Ifthe learning rate used is too small then too many epochs are needed

to achieve the desired target value, causing the training process to take a long time. The greater
the value of learning rate is used, the network training process will be faster, but if it is too large it

will cause the network to become unstable and cause repeated error values back and forth between

certain values, thus preventing errors from reaching the expected target. Therefore the selection

of the value of the variable learning rate must be as optimal as possible to obtain a fast training
process [30].

c. Adam optimization
Adam (Adaptive Moment Estimation) is a first-order stochastic-based optimization algo-

rithm of stochastic objective functions, based on adaptive estimates of low-order moments that can

be used instead of the classical stochastic gradient descent procedure to update the network weight

iteratively based on training data. Adam is currently a popular algorithm in the field ofdeep learn-

ing because it achieves good results quickly. Empirical results show that Adam works well in prac-

tice and is better than other stochastic optimization methods. Adam is relatively easy to configure
where the default configuration parameters work well in most problems. In several papers [31, 32],
Adam is recommended as an optimization algorithm used for deep learning applications. Adam

keeps an exponentially decaying average ofpast gradients mt. mt and vt are values of the firstmo-

ment which is the Mean and the second moment which is the uncentered variance of the gradients

respectively [33]. The formulas for the first Moment (mean) and the second moment (the variance)
of the Gradients. Where β1 and β2 is Exponential decay rates:

m,
m

m

t

t
=

1β ,-1 t
(7)
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Then the final formula for the parameter update is:
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where θt is updated parameters.
d. Number of layers
Bengio et al. [26], suggests the use of a higher number of hidden neuron layers to provide

significant expressive power. A large number ofhidden layers provide more capacity for more com-

plex function models with weaknesses that are difficult in the training process. For regression and

classification tasks, and not learning representations, it is also recommended to use the same layer
size rather than decreasing or increasing the number of layers. The fully-connected layer is the layer
in which all the activation neurons from the previous layer are all connected with neurons in the next

layer as well as ordinary artificial neural networks. Every activation from the previous layer needs

to be converted into one-dimensional data before it can be connected to all neurons in the Fully-con-
nected layer. The difference between the fully-connected layer and the ordinary convolution layer
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is that the neurons in the convolution layer are connected only to certain regions of the input, while

the fully-connected layer has a whole connected neuron. However, the two layers still operate the

dot product, so the function is not so different. The neural network configuration is shown in Fig. 5.

Recommendations from some of the above experimental results are used as a reference to

determine hyperparameter in this paper. Let’s propose to use three hidden layer neural networks

that are fully connected by changing the number of neurons in each hidden layer during training.
All hidden layers are equipped with the ReLU non-linearity activation function and for output

using the Sigmoid activation function. For the output layer, let’s use a dropout layer with a 50 per-

cent reduction rate. Its weight is initialized by using the random procedure suggested by [34].
Neural networks are trained using Adam’s algorithm with a learning rate of 0.001, batch size 8.

Training data uses 70 % of the 300 data available on the datasets while the test data uses 30 % of

the 300 data available on the datasets. Input is the RSSI value obtained from 4 different anchor

nodes. The output is an approximate location with 30 labels in a multi-categorical format that rep-

resents each position. The following Table 2 shows the parameters used.

The main objective of the training stage is to find the best model with the highest accuracy,

which will then be used as a reference to determine the position at the testing stage. In this scenario,

Hidden layer 1

Input

Hidden layer 2 Hidden layer 3

(RSS1, RSS2,
RSS3, RSS4) (50, 250, 500) Neurons (50, 250, 500) Neurons (50, 250, 500) Neurons

Output
(30 Position)

Fully connected layer

Parameter Parameter Value

Model type Sequential

Hidden layer (Activation) ReLu

Output layer (Activation) Sigmoid

Hidden layer number 3

Neuron number 50, 250, 500 fully connected layer

Optimizer Adam

Data set size 300

Data training 70 %

Data test 30 %

Learning rate 0.001

Batch size 8

Epochs 100, 125, 150, 200, 250

Table 2

Parameter Set Up

Fig. 5. Neural network configuration
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the training is repeated to find the best model. At each parameter switch, the number of neurons

and epochs is set with different values. For the parameter number ofneurons using 3 different va-

lues, namely 50,250, and 500 neurons with all layers connected. Epochs parameteruses 5 different

values namely, 100,125,150,200, and 250 number ofepochs. Theresults ofthe training model will

be discussed in result and validation in the next session.

В. Testing Scenarios

The dataset used is in the form of a fingerprint database which is the result ofRSS measure-

ments using the previous NS-3 simulation stage. The determination of variations in data features

is done randomly uses on RSS values of 30 positions that have been obtained on measurements

using NS-3. The range of variations in RSS value generated refers to the delta values obtained in

the measurement using the testbed. Each position produces 10 variations of RSS values, resulting
in 300 datasets of RSS values from 30 positions on the 4 anchors.

The test stage for predicting the position consists of 4 scenarios. The first scenario is called

variable position testing which aims to measure the accuracy of the prediction results of each fea-

ture variation that each position has. In this test, the RSS input values are taken randomly from

various features representing the 30 available positions from the RSS fingerprinting dataset.

The second scenario is called an adaptive test which aims to measure the accuracy of pre-

diction of positions if there is a change in the indoor environment. Adaptive testing consists of

3 scenarios namely the scenario of changes in the value of RSS on 1 anchor node, 2 anchor nodes,
and 3 anchor nodes at each position randomly. Changing the RSS value is done to simulate inter-
ference with the environment that can occur when predicting position. Disturbances can change the

measurement results ofRSS values at certain anchor nodes.

4. Result and Validation

4.1.Training model result

Based on the results of several pieces of training using a combination of different numbers

ofneurons and epochs, let’s obtain varying model accuracy values as shown in Table 3 below.

Training using 50 neurons; the number of epochs 100 produces an accuracy value of the mo-

del 84.44 %, the number of epochs 125 has an accuracy of the model 86.67 %, the number ofepochs
150 obtains an accuracy value of the model 84.44 %, the number ofepochs 200 gets an accuracy value

ofthe model 87.78 % and the accuracy ofthe model the highest is 90 % on the number ofepochs 250.

Furthermore, training uses 250 neurons; the number of epochs 100 obtained the accura-

cy value of the model 81.11 %, the number of epochs 125 resulted in the accuracy of the model

83.33 %, the number of epochs 150 obtained the accuracy value of the model 85.56 %, the number

of epochs 200 obtained the accuracy value of the model 87.78 % and the accuracy value of the

model the highest was obtained on epochs 250 with a model accuracy value of 88.89 %.

The training uses 500 neurons; the number ofepochs 100 produces an accuracy value of the

model 82.22 %, the number of epochs 125 obtained the accuracy of the model 85.56 %, the number

of epochs 150 the accuracy value of the model is 84.44 %, the number of epochs 200 gets the ac-

curacy value of the model 87.78 % and the accuracy value of the model the number of epochs 250

is 92.22 %. From the overall results of the training, the highest accuracy model obtained on the use

of the number of 500 neurons on epochs 250 was 92.22 %.

Epochs
Model Accuracy (%)

50 Neurons 250 Neurons 500 Neurons

100 84.44 81.11 82.22

125 86.67 83.33 85.56

150 84.44 85.56 85.56

200 87.78 87.78 90.00

250 90.00 88.89 92.22

Table 3

Training model accuracy
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InFig. 6 it is possible to see a graph of the highest model training results with an accuracy

of 92.22 % using 500 neurons and 250 epochs. In the graph, it is possible to see the results of the

training model that shows that there is no overfitting where the accuracy value obtained during
training does not exceed the accuracy value obtained during training.

Fig. 7 shows a graph of the loss model where the amount of the loss value obtained in test-

ing is below the loss value during training. This model is the best model obtained from the overall

results of the training model used as a reference to predict the position at a later stage.

4. 2. Varied positions testing results

In the varied position testing stages, the input RSS values at 4 AN that have been randomly
selected from each position. The test produces predictive results that correspond to 30 actual posi-
tions as shown in Table 4.

1.0

0.9

Accuracy 0.8

0.7

train

test

0 50 100 150 200 250

Epoch

0.6

train

test2.0

1.5

Loss
1.0

0.5

0 50 100 150 200 250

Epoch

0.0

Input
Real Position

Predict

(RSS1,RSS2,RSS3,RSS4) Position

1 2 3

[–39.0871,–54.1477,–62.7648,–65.0123] 1 1

[–42.8357,–54.3426,–62.9856,–64.6272] 2 2

[–46.9621,–53.7561,–64.4561,–62.8952] 3 3

[–51.8922,–46.9673,–61.3546,–63.5343] 4 4

[–54.5921,–42.5249,–63.6538,–63.2173] 5 5

Table 4

Prediction result of30 positions for Varied position test and

Fig. 6. Result ofvalidation of the training model

Fig. 7. Result ofvalidation of the loss model
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The 30 input RSS values that are used represent 30 positions at the test stage resulting in

the exact position prediction results corresponding to the actual position. As represented in Fig. 8.

1 2 3

[–56.2007,–37.1931,–64.6808,–62.7425] 6 6

[–48.1532,–58.1024,–58.1733,–63.1034] 7 7

[–48.7533,–54.9862,–60.3752,–61.7533] 8 8

[–51.8532,–53.2734,–60.8533,–61.4732] 9 9

[–52.8637,–52.8543,–62.8632,–61.8656] 10 10

[–56.3754,–50.6482,–62.7563,–62.1064] 11 11

[–56.5783,–48.3858,–63.2738,–58.2567] 12 12

[–54.6392,–58.8634,–55.5383,–59.6374] 13 13

[–54.1073,–58.8536,–57.5993,–56.1274] 14 14

[–55.6499,–56.8695,–57.4759,–58.4178] 15 15

[–55.1962,–54.3759,–59.9853,–58.1652] 16 16

[–58.7353,–54.9637,–58.8263,–57.1823] 17 17

[–60.1938,–52.5638,–61.2933,–57.2034] 18 18

[–59.0723,–60.9722,–52.1733,–57.5743] 19 19

[–58.8653,–60.1062,–52.9724,–56.0363] 20 20

[–59.9627,–58.9366,–53.6428,–55.7453] 21 21

[–59.8714,–59.1291,–55.2549,–53.6468] 22 22

[–60.9632,–58.2134,–56.1633,–52.9833] 23 23

[–62.3647,–59.4629,–59.3562,–52.4728] 24 24

[–61.3849,–63.7005,–43.1623,–56.7086] 25 25

[–61.9673,–63.9763,–47.1734,–53.8364] 26 26

[–61.1635,–62.9634,–49.9534,–52.9534] 27 27

[–61.9726,–62.4838,–51.5368,–48.8253] 28 28

[–64.1834,–62.1723,–55.4738,–46.8356] 29 29

[–63.2739,–61.8364,–56.1836,–43.9673] 30 30

11

m

Correct prediction

7 m

Continuation of Table 4

Fig. 8. Prediction result of30 positions for varied position testing
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Prediction results for positions 1 to 30 are very much in line with the actual position. These

results indicate that the model obtained from the training results functions optimally as a reference

at the prediction stage.

4.3. Adaptive 1 node test result

In the adaptive 1 node test, the changes in RSS values in several AN positions do not signifi-

cantly influence the predicted results. A prediction error occurred at 4 points out of 30 test points.
The test result data can be seen in the following Table 5.

Fig. 9 exhibits 4 position prediction errors, 2 of them just shifted to the closest position,
which was position 2 and position 17 prediction.

Incorrect prediction results occur when using input data in position 2, position 4, posi-
tion 13, and position 17. Prediction for position 2 produces output for position 1, position 4 produ-
ces prediction output position 11, position 13 produces predictive output position 12, and position
17 produces predictive output position 16.

Input
Real Position

Predict

(RSS1,RSS2,RSS3,RSS4) Position

[–39.0871, –54.1477, –60.5478, –65.0123 ] 1 1

[–40.8647, –54.3426, –62.9856, –64.6272] 2 1

[–46.9621, –50.7685, –64.4561, –62.8952] 3 3

[–51.8922, –46.9673, –61.3546, –55.8673] 4 11

[–54.5921, –42.5249, –63.6538, –63.2173] 5 5

[–56.2007, –37.1931, –62.7332, –62.7425] 6 6

[–48.1532, –55.8757, –58.1733, –63.1034] 7 7

[–48.7533, –54.9862, –60.3752, –59.1857] 8 8

[–52.3569, –53.2734, –60.8533, –61.4732] 9 9

[–52.8637, –52.8543, –62.8632, –62.7356] 10 10

[–57.9563, –50.6482, –62.7563, –62.1064] 11 11

[–56.5783, –48.3858, –60.8686, –58.2567] 12 12

[–54.6392, –55.875, –55.5383, –59.6374] 13 12

[–54.1073, –58.8536, –55.9636, –56.1274] 14 14

[–56.1356, –56.8695, –57.4759, –58.4178] 15 15

[–56.9866, –54.3759, –59.9853, –58.1652] 16 16

[–58.7353, –56.1345, –58.8263, –57.1823] 17 16

[–60.1938, –52.5638, –60.4736, –57.2034] 18 18

[–59.0723, –60.9722, –52.1733, –58.1355] 19 19

[–58.8653, –61.8653, –52.9724, –56.0363] 20 20

[–59.9627, –58.9366, –53.6428, –54.8674] 21 21

[–58.6537, –59.1291, –55.2549, –53.6468] 22 22

[–60.9632, –58.2134, –56.1387, –52.9833] 23 23

[–63.1698, –59.4629, –59.3562, –52.4728] 24 24

[–61.3849, –63.7005, –42.8756, –56.7086] 25 25

[–61.9673, –63.1899, –47.1734, –53.8364] 26 26

[–62.8754, –62.9634, –49.9534, –52.9534] 27 27

[–61.9726, –62.4838, –50.9532, –48.8253] 28 28

[–64.1834, –63.3861, –55.4738, –46.8356] 29 29

[–63.2739, –61.8364, –55.4637, –43.9673] 30 30

Table 5

Prediction result of30 positions for adaptive test
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4. 4. Adaptive 2 node test result

For adaptive 2 node testing results, prediction error increased from the previous test to 5 po-

sitions as shown in Table 6 and Fig. 10 below.

11

m

13 16 17

11 12

21 4

Correct prediction

Incorrect prediction: In Position 2, 4, 13 and 17

Prediction result

7 m

Input
Real Position

Predict

(RSS1,RSS2,RSS3,RSS4) Position

1 2 3

[–40.0426, –54.1477, –60.5478, –65.0123 ] 1 1

[–40.8647, –52.7537, –62.9856, –64.6272] 2 2

[–46.9621, –50.7685, –64.4561, –61.2937] 3 3

[–50.8663, –46.9673, –61.3546, –55.8673] 4 11

[–54.5921, –42.5249, –62.7384, –63.2173] 5 5

[–56.2007, –36.9371, –62.7332, –62.7425] 6 6

[–46.5362, –55.8757, –58.1733, –63.1034] 7 7

[–48.7533, –54.9862, –61.6365,-59.1857] 8 8

[–52.3569, –53.2734, –60.8533,-62.6382] 9 9

[–52.8637, –53.0635, –62.8632, –62.7356] 10 10

[–57.9563, –50.6482, –64.0737, –62.1064] 11 11

[–56.5783, –48.3858, –60.8686, –57.5352] 12 12

[–54.6392, –55.875, –54.2738, –59.6374] 13 14

[–56.8364, –58.8536, –55.9636, –56.1274] 14 14

[–56.1356, –58.0635, –57.4759, –58.4178] 15 15

[–56.9866, –54.3759, –59.9853, –60.1257] 16 16

[–58.7353, –56.1345, –61.8536, –57.1823] 17 16

[–60.1938, –52.5638, –60.4736, –58.0436] 18 18

Fig. 9. Prediction result of 30 positions for adaptive 1 node test

Table 6

Prediction result of30 positions for adaptive 2 node test
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Prediction errors occur at 5 positions namely, position 5, position 13, position 17, position 21,
and position 30. Position 4 is predicted to be position 11, position 13 is predicted at the closest po-

sition is 14. At position 17 the prediction becomes position 16, Position 21 becomes position 22,
and prediction result position 30 becomes position 29. From 5 prediction error results, 4 prediction
positions only shift to the closest position.

4. 5. Adaptive 3 node test result

Adaptive test results for changes in 3 nodes increased from adaptive testing on 2 nodes to

9 position prediction errors. These errors can be seen in Table 7 and Fig. 11 below.

Predictionerrors occur at9 positions,namely,atposition 4,position 8,position 13,position 17,
and position 20. Furthermore, the prediction error occurs at position 21, position 22, position 28,

1 2 3

[–59.0723, –60.9722, –52.1733, –58.1355] 19 19

[–58.8653, –61.8653, –52.9724, –58.0364] 20 20

[–58.8653, –61.8653, –52.9724, –58.0364] 21 22

[–58.6537, –61.1873, –55.2549, –53.6468] 22 22

[–62.1584, –58.2134, –56.1387, –52.9833] 23 23

[–63.1698, –60.0354, –59.3562, –52.4728] 24 24

[–61.3849, –65.6353, –42.8756, –56.7086] 25 25

[–61.9673, –63.1899, –47.1734, –56.0627] 26 26

[–62.8754, –62.9634, –49.9534, –54.0263] 27 27

[–61.9726, –63.0527, –50.9532, –48.8253] 28 28

[–64.1834, –63.3861, –55.4738, –47.9267] 29 29

[–65.0737, –61.8364, –55.4637, –43.9673] 30 29

11

m

21 22

29 30

13 16 1714

4

11

Correct prediction
Incorrect prediction: In Position 4, 13, 17, 21 and 30

Prediction result

7 m

Continuation of Table 6

Fig. 10. Prediction result of30 positions for adaptive 2 node test
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and position 30. For all prediction errors, 5 of them are error position predictions that also oc-
curred in previous tests. Fig. 11 is clearly seen from 9 prediction errors, 7 prediction errors are only
shifted at the closest position, position 8 prediction becomes position 9, position 13 prediction
shifts to position 14, and position 17 prediction becomes position 16. Furthermore, prediction of

position 20 becomes position 19, prediction position 21 shifts to position 22, prediction of posi-
tion 28 becomes position 27, and the result of the prediction of position 30 shifts to position 29.

For the results of predictions that have a shift in a position somewhat far away is at position 4 and

position 22. Prediction ofposition 4 becomes position 11 and prediction 24 shifts to position 14.

The results of varied position test and the adaptive test showed that the model used as

a predict reference to make predictions is quite adaptive to changes. Disturbance simulations do not

significantly affect the predicted results. Table 8 summarizes the final results for a varied position

testing and adaptive testing.

Input
Real Position

Predict

(RSS1,RSS2,RSS3,RSS4) Position

[–40.0426,–54.1477,–60.5478,–66.0527] 1 1

[–40.8647,–52.7537,–64.9657,–64.6272] 2 2

[–49.8546,–50.7685,–64.4561,–61.2937] 3 3

[–50.8663,–46.9673,–64.9665,–55.8673] 4 11

[–54.5921,–42.5249,–62.7384,–64.7854] 5 5

[–54.8754,–36.9371,–62.7332,–62.7425] 6 6

[–46.5362,–55.8757,–58.1733,–63.8094] 7 7

[–50.6342,–54.9862,–61.6365,–59.1857] 8 9

[–52.3569,–54.8375,–60.8533,–62.6382] 9 9

[–53.9446,–53.0635,–62.8632,–62.7356] 10 10

[–57.9563,–50.6482,–64.0737,–63.0463] 11 11

[–55.1856,–48.3858,–60.8686,–57.5352] 12 12

[–54.6392,–55.875,–54.2738,–58.9547] 13 14

[–56.8364,–58.8536,–55.9636,–56.6484] 14 14

[–56.1356,–58.0635,–57.4759,–58.8536] 15 15

[–56.9866,–54.3759,–60.1757,–60.1257] 16 16

[–56.0251,–56.1345,–61.8536,–57.1823] 17 16

[–60.5424,–52.5638,–60.4736,–58.0436] 18 18

[–59.0723,–60.4746,–52.1733,–58.1355] 19 19

[–59.0824,–59.8635,–53.1072,–55.8254] 20 19

[–60.8678,–58.9366,–55.0374,–54.8674] 21 22

[–58.6537,–61.1873,–55.2549,–55.1072] 22 14

[–62.1584,–58.2134,–56.1387,–53.9673] 23 23

[–63.1698,–60.0354,–59.3562,–53.0828] 24 24

[–63.2438,–65.6353,–42.8756,–56.7086] 25 25

[–62.0854,–63.1899,–47.1734,–56.0627] 26 26

[–62.8754,–64.8432,–49.9534,–54.0263] 27 27

[–61.9726,–63.0527,–50.9532,–51.1756] 28 27

[–65.0547,–63.3861,–55.4738,–47.9267] 29 29

[–65.0737,–61.8364,–55.4637,–45.0565] 30 29

Table 7

Prediction result of30 positions for adaptive 3 node test
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The results of the predictions in varied position testing reach 100 % accuracy and the adap-
tive 1 node testing results obtained the accuracy level of 86,66 %, The 2 node adaptive test results

produce an accuracy of83.33 % and for the 3 nodes adaptive test the prediction accuracy results are

obtained at 70 %. From the overall prediction results using 4 test scenarios, the average accuracy

obtained is far above 50 %, which is 85 %.

5. Discussion of Experimental Results

Three main problems to be solved in this research are reducing the environmental influence

on the results of RSS measurements, addressing the variability of RSS values, and positioning ac-

curacy. Therefore, this study aims to develop techniques that can improve the ability and accuracy

of object position detection for indoor localization applications in a dynamic environment. Deve-

lopment and optimization of the use of fingerprint techniques for indoor localization applications
using a deep learning approach. The following are the results obtained from the study.

Environmental influences that cause differences in the RSS value at the time of fingerprint-
ing data collection with the RSS value at the time of testing can be minimized by taking advantage
of the LoRa device. Here the researchers see that there are still opportunities to improve LoRa

performance in indoor locations. With the right approach, these properties make LoRa a promising
choice for indoor localization systems.

11

m

29 3027 28

21 222019

16 1713 14

8 9 11

4

Correct prediction

Incorrect prediction: In Position 4, 8, 13, 17, 20, 21, 22, 28 and 30

Prediction result

7 m

Predict Test Incorrect Correct Accuracy( %)

Varied positions 0 30 100

Adaptive 1 node 4 26 86.66

Adaptive 2 node 5 25 83.33

Adaptive 3 node 9 21 70

Table 8

Accuracy of predictions

Fig. 11. Prediction result of30 positions for adaptive 3 node test
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Variation in the change in the RSS measurement value at each position due to changing
environmental conditions which can serve as a feature that helps improve the training process. The

right hyperparameter setting based on best practice experience produces the best model with the

highest accuracy of 92.22 %, as shown in Fig. 2. The best model with the highest accuracy is used

as a reference to obtain position prediction results with high accuracy.

The results of the position variation test and adaptive test in Table 8 show that the deep

learning approach can be a solution to address changes in environmental conditions that occur in

cases of indoor localization. Referring to the results of the simulation of environmental changes
carried out in the adaptive test scenario, it shows that the use of a deep learning approach is proven

to be able to overcome changes in environmental conditions that occur in indoor environments with

accurate predictions.
With the concept and use of simple infrastructure, this method is possible to be implemen-

ted in an Indoor Localization system. Compared to the concept applied in previous studies, the

use of the DeepFi-LoRaIn concept does not require additional equipment that is always operating
indoors to monitor and record changes that occur in the environment. The resulting training mo-
del is able to maintain a good accuracy of position prediction despite changing conditions in the

environment.

This research was conducted with several limitations, including the use of limited space and

static object detection. The future challenge is the implementation in a wider indoor environment

using moving object prediction. The advantages of LoRa’s reach can be used to implement indoor

localization between buildings. Improved position prediction accuracy can still be improved by
increasing the number of RSS fingerprint features that represent each changing environment as

training data predicts the existence of immovable objects using.

6. Conclusions

The results ofvariation and adaptive tests showed the average accuracy obtained is 85 %,

even the result ofpredictions in varied position testing reaches 100 % accuracy. That result showed

the deep learning approach can be a solution to overcome changes in environmental conditions

that occur in the case of indoor localization. Variations in changes in the measurement value of

RSS in each position are caused by changes in environmental conditions that can represent the

real conditions in the environment. Variations in RSS values in each position serve as features

that help to improve the training process. The use of the deep learning approach is proven to be

able to cope with changes in environmental conditions that occur in the indoor environment with

accurate prediction accuracy. The characteristic of RSS LoRa fingerprint in indoor location is

promising to be implemented due to it is relatively more stable to environmental changes with

the result that is no significant shift in RSS values that are between in training stages and the

prediction stages.
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Abstract

The complexity ofusing instruments for measuring the technological parameters of induction melting in a continuous mode,

and sometimes the impossibility ofthis, requires the creation ofreliable indirect methods for assessing the numerical values ofthese

parameters. This is especially important for quality control of control systems that ensure a given melting temperature regime. The

paper proposes a classification rule based on parametric classification methods, which makes it possible to determine the tempera-

ture regime of induction melting based on the SiO2 content in the slag and the distribution coefficient Kd = +( )SiO FeO MnO2 .
Checking the classifying ability of the obtained rule showed that it is high, since for all the numerical data of the factor-signs,

both the high-temperatureand low-temperaturemodes were classified correctly. The restrictions on the application ofthe classification

rule are shown, among them: the restrictions imposed by the range ofvariation of the values of the attribute factors, and the restrictions

imposedby the small sample of the initial data, as well as the arbitrary area oftheir distribution in the space ofthe factor-attributes.
The rule is presented in a normalized form, and also converted to natural form for ease ofpractical use.

Application of the rule can be recommended to technologists of metallurgical production of foundries to check the com-

pliance of the technological process operations with the specified melting regulations. It can also be used to diagnose processes or

temperature control systems that determine the quality of the resulting cast iron. To do this, it is enough to substitute the actual values

of SiO2, and Kd into the classification rule. The value ofthe distribution coefficient Kd is calculated according to the actual data on

the content of FeO and MnO in the slag.

Keywords: induction melting, high-temperature regime, low-temperature regime, slag, temperature control, factor-signs,

classifying rule.

DOI: 10.21303/2461 -4262.2021.001604

1. Introduction

Advances in the production of castings from high-quality cast iron, including synthetic cast

iron, arouse increased interest in this structural material as promising for highly loaded parts of

diesel internal combustion engines (ICE). Cast iron melting technologies are considered as an im-

portant part of the design and technological preparation for the production of internal combustion

engine parts, primarily pistons, which of all engine parts operate in the most difficult conditions

and determine the reliability and service life of the engine as a whole [1]. The improvement of such
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technological processes is aimed at obtaining a high-quality alloy with improved mechanical cha-

racteristics, for which the cast iron melt is subjected to combined modification using the minimum

amount of alloying elements [2–4]. The alloying elements used, among which Cr, Ni prevail, as well

as the transition to the field of special, for example, aluminum cast irons, for the production of cast

parts for internal combustion engines, allow not only to solve the problem of improving the mecha-

nical characteristics, but also to reduce the weight and size characteristics of the parts. However, the

use of combined modification and alloying technologies requires the selection of rational technolo-

gical modes ofmelting and the maintenance of such modes throughout the entire campaign. In mo-
dern furnaces, these possibilities are often laid down at the design level. Thus, in [5] it was noted

that single-circuit circulation with a downward flow of metal is expedient when alloying the metal

and introducing microadditives, as well as when doping the melt with intermetallic compounds and

nanopowders. This is facilitated by the concentration of power in the upper part of the crucible,
which causes intense heating and turbulence of metal flows in the sub-slag layer. As a result of these

processes, it becomes possible to quickly introduce and distribute alloying materials and creates

favorable conditions for adjusting the chemical composition and homogenization of the bath [5].
From a structural point ofview, the possibility ofcontrolling induction furnaces is realized on

the basis ofmethods for controlling current inverters [6]. At the same time, the author gives a number

of arguments in favor of the need for a certain clarification of the term «current inverter» associated

with the development of the element base ofpower conversion equipment. In particular, in work [6]
it is noted that frequency converters for installations of induction heating and melting of metals are

performed mainly in the form ofsystems with a pronounced direct current link, containing a single-
or multiphase controlled (or uncontrolled) rectifier, a direct current link and an autonomous inverter

ofa given class. The DC link can include, separately or in various combinations, a filter, an active or

passive clamp, a DC controller and other units made according to the corresponding schemes. Tradi-

tionally, in induction installations ofmedium (from hundreds of kilowatts to units ofmegawatts) and

large (tens ofmegawatts) power, single-phase bridge current inverters are widely used.

The implementation on induction furnaces, within the framework ofdesign solutions, of tech-

nological capabilities for controlling the thermal regime of melting and the dynamics of the move-

ment of the melt stimulates the flow of oxidation-reduction processes in the bath, which provide the

specified chemical composition of the alloy at the output. Thus, in works [7, 8], studies are described

that are devoted to identifying the regularities of carbon transformations at high temperatures, which

are characteristic of smelting ferrous alloys in induction furnaces, as the main processes to be con-

trolled by smelting technologies. In particular, it is said that as a result of studying the process of

carbon oxidation for three different brands in an environment of carbon dioxide at different tem-

peratures, thermogravimetric analysis data were obtained, on the basis of which the equations of

the process rate were determined. The resulting kinetic equations, the parameters of which are the

pre-exponential factor and the activation energy of the heterogeneous reaction ofcarbon oxidation in

a carbon dioxide medium, can be used among mathematical models in problems ofmelting control.

A similar approach was used in [9], where the calculation of the aforementioned parameters of the

kinetic equations was performed for melts doped with vanadium. It should be noted that the regula-
tion of the thermal regime of induction melting should take into account the factor ofusing modifiers

and a complex ofalloying elements, ifthey are introduced in minimum quantities. This is due to the

need to ensure a given value of alloy overheating as one of the essential factors for regulating the for-
mation of microstructure [10–12], which determines the mechanical or special properties of cast iron.

The above arguments allow to speak about the importance of control and regulation of

induction melting processes, in particular, using computer-integrated solutions in terms of auto-

mating these processes. Deviations from the specified melting temperature conditions caused by
a malfunction of the automation system can lead to deviations in the chemical composition, micro-
structure and properties of cast iron. Therefore, criteria for evaluating the performance indicators

of the automation equipment included in the temperature control loops are needed, which make it

possible to determine the deviations from the specified melting temperature regime. A quantitative
measure of such an assessment may indicate a violation ofthe normal functioning ofthe tempera-
ture control loops as a subsystem of the induction melting automation system.
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2. Materials and methods of research

The study is based on the concept proposed in [13] that the composition of the slag can be

used to determine the deviation of the melting temperature from normal. The schematic diagram of

temperature control is shown in Fig. 1 [14].

The temperature correction mode is based on periodic monitoring of the metal temperature
and continuous monitoring of the lining temperature. The thermal mode controller 1 is connected

with the metal temperature sensors 5 and the lining temperature 6 and acts on the unit for setting
the setpoint of the electric mode controller 2. Before melting, in 2 and 1, directive graphs of the

electric (u1) and temperature (u2) melting modes, as well as the measurement program are intro-

duced metal temperatures (in time or in connection with technological operations) and the maxi-

mum permissible lining temperatures (u3).

According to the signal of the difference between the actual and the set metal temperature,
the computing unit 2 calculates the parameters of the electric mode, which are automatically set

and maintained by the controller of the electric mode 3. When the critical temperatures of the

furnace lining are reached, unit 2 reduces the power supplied to the furnace. The temperature is

measured by the device 4.

For the study, let’s use data on the content of SiO2 (%), FeO (%), MnO (%) in slags
from [13]. After processing the data to check the limits of applicability of the classifying rule,
the results of [15] were used, while the data were extrapolated to the low-temperature region and

equations (1)–(3) were used:

SiO2 = 25.302e0.0008T, (1)

FeO = –83.49lnT+613.87, (2)

MnO = –19.42lnT+143.96, (3)

where T – melt temperature.

Equations (1)–(3) were derived from Excel’s built-in trend tool.

As a research method, the parametric method of classification was used, which has proven

itselfin the problems of predicting the quality of castings and materials for them [16, 17], as well as

diagnostics of technological processes in metallurgical production [18, 19].
The discriminant function in this case has the form of a classifying rule:

y f x xxmmT=()= ( )-()-cov,1 1 2 (4)

u1 5

u2

1 2 34

u3

6

Fig. 1. Scheme for regulating the temperature regime of induction melting:
1 – thermal regime controller, 2 – setpoint setting unit for electric mode controller,

3 – electric mode controller, 4 – temperature measuring device, 5 – metal temperature sensor,

6 – lining temperature sensor, u1 – setting the directive schedule of the electric melting mode,

u2 – setting the directive schedule of the melting temperature regime, u3 – setting the maximum

permissible lining temperature
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where y fx= ( ) – value of the discriminant function, depending on the location of the classifying

point in the space of the factor-signs xT,cov- ( )1
x – inverse matrixof the covariance, m1, m2 – mathe-

matical expectations of the values of the factor-signs for classes 1 and 2, respectively, calculated by
formulas (5), (6) accordingly, T denotes the transposition operation.

m 1

1 n2У

m2=TTXx17-Xx27•(6)
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In formulas (5), (6), the values N1 and N2 denote the number of elements in classes 1 and 2,

respectively.
Class covariance matrices were calculated using the formula:

cov

1 N

() = -

i

x
T∑

N
TXX mmi j i i

i
j

.

= 1

(7)

The classifying rule, which allows to check whether the melting was carried out at high-tem-

perature mode or at low-temperature mode, in general form corresponds to equation (8):

x
T

1

--() -( ) = +( ) ( ) -( )1
1 2 1 2

1
1 2m m

T

m mx xcov covm m
.

2
(8)

The complete algorithm for calculating the parametersof the classifying rule is given in [13],
Table 1 shows the initial data for constructing a classifying rule.

SiO2 and distribution coefficient Kd = +( )SiO FeO MnO2 were chosen as the factors.

All calculations were carried out in a normalized form, in which the values of the factor-signs,
denoted by x1 and x2, were in the range [–1; +1]. The following actual values of the attribute fac-

tors corresponded to this normalized range: SiO2 (%) = [65.38; 76.18], Kd = [0.93; 2.26] – for the

high-temperature regime, SiO2 (%) = [39.32; 53.22], Ks = [2.58; 8.09] – for low-temperature mode.

That is, the general normalized range was as follows: SiO2 (%) = [39.32; 76.18], Ks = [0.93; 8.09].
The classificationrule based on equation (8) had a general form:

x eClass#2ifу<уо-(9)j Class

x
( )

#

j

1 if∈ ≥

Class# 2

yy

if (9)

0

∈ <

,

yy 0 .

Sample
number

Slag composition, %

High temperature mode Low temperaturemode

SiO2 FeO+Fe2O3 MnO Kd SiO2 FeO+Fe2O3 MnO Kd

1 56.62 20.78 1.19 0.93 39.32 40.77 1.31 2.58

2 65.38 16.82 0.93 1.11 44.55 35.92 2.27 3.68

3 76.18 7.14 2.48 1.45 47.16 31.18 1.2 8.09

4 70.85 10.12 1.22 1.67 50.17 29.4 0.75 6.25

5 69.95 9.86 0.41 2.26 53.22 23.55 1.15 6.79

Table 1

Experimental industrial data
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4. Results and discussion of research results

A classification rule is obtained, presented in a standardized form:

x
j class 1 21 8531 31 377 12 0605

x

∈ 1 2if

if 531 31 377 12 06051 2x x+ < -
..

j class
-# + ≥ -

∈

x- x

# 2

.

. ,
.

21 8
. . (10)

The left side of the inequality is from equation (4), and the distribution ofthis value for the

selected values of the attribute factors is shown in Fig. 2.

From Fig. 2, it can be seen that all experimental points are correctly distributed among

classes. Therefore, the obtained rule (10) can be used to establish the melting temperature. For

practical application, it is necessary to transform it to its natural form, using the ranges of variation

of the values of the factor-signs selected in the normalization process. The final rule is received:

x class I lo.43II3.5oj
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The results ofchecking the limits ofapplicability of the rule are given in Table 2. They were

obtained by substituting in (11) the numerical values of the attribute factors from work [15], having

previously used equations (1)–(3).

0.25

–100 –50 0 50

φ(f(x))

f(x)

0.2

0.15

0.1

0.05

0

Class#1

Class#2

y(0)

Т °C SiO2 FeO MnO Kd y =f(x)

High temperature mode

1500 84.01 3.31 1.94 16 70.39722

1475 82.34 4.71 2.26 11.81 35.4605

1450 80.71 6.14 2.6 9.23 14.88685

1425 79.11 7.59 2.93 7.52 1.63889

1400 77.55 9.07 3.28 6.28 –7.37752

Low temperature mode

1300 71.58 15.26 4.72 3.58 –24.1144

1275 70.17 16.88 5.09 3.19 –25.8974

1250 68.78 18.53 5.48 2.86 –27.1734

1225 67.42 20.22 5.87 2.58 –28.0568

1200 66.08 21.94 6.27 2.34 –28.6314

Table 2

Verification results ofthe classification rule

Fig. 2. Distribution of value y = f(x)
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From Table 2 it is possible to see that for both modes, rule (11) shows opposite results in

relation to the determination of the temperature regime. The reason for this is that the values of

the factor-signs obtained from the results of approximation and extrapolation of the results of

work [15] are far beyond the variation intervals adopted in this study: SiO2 (%) = [66.08; 84.01],
Kd = [2.34; 16] (Table 2) in comparison with SiO2 (%) = [39.32; 76.18], Kd = [0.93; 8.09] (Table 1).

Therefore, before applying rule (11), it is necessary to check whether the actual data on

SiO2 and Kd belong to the SiO2 range (%) = [39.32; 76.18], Kd = [0.93; 8.09]. This is a limitation

on the application of the resulting classificationrule. Another limitation of this study is that the rule

is derived from a small sample of experimental data. An increase in the sample size and optimi-
zation of the experimental data area, for example, based on artificial orthogonalization [20], would

allow obtaining a more accurate result.

Therefore, the direction of further research is the collection of primary data to increase

the sample size and the formation of such an area of the space of factor-signs that will allow the

most accurate calculation of the parameters of the classifying rule. Expanding the range of varia-

tion in this case will make it possible to obtain classification rules for wider areas of the space of

factor-signs.

5. Conclusions

The resulting classificationrule allows one to determine the temperatureregime of induction

melting based onthe SiO2 contentin the slagand the distributioncoefficientKd = +( )SiO FeO MnO2 .
Checking its classifying ability shows that it is high, since for all numerical data of factor-signs, all

modes are classified correctly.
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Abstract

In this study, the mutil-objective optimization was applied for the surface grinding process of SAE420 steel. The alumi-

num oxide grinding wheels that were grooved by 15 grooves, 18 grooves, and 20 grooves were used in the experimental process.

The Taguchi method was applied to design the experimental matrix. Four input parameters that were chosen for each experiment

were the number of grooves in cylinder surface of grinding wheel, workpiece velocity, feed rate, and cutting depth. Four output

parameters that were measured for each experimental were the machining surface roughness, the system vibrations in the three di-
rections (X, Y, Z). The DEAR technique was applied to determine the values of the input parameters to obtaine the minimum values

of machining surface roughness and vibrations in three directions. By using this technique, the optimum values ofgrinding wheel

groove number, workpiece velocity, feed-rate, cutting depth were 18 grooves, 15 m/min, 2 mm/stroke, and 0.005 mm, respectively.
The verified experimental was performedby using the optimum values of input parameters. The validation results of surface rough-

ness and vibrations in X, Y, Z directions were 0.826 (µm), 0.531 (µm), 0.549 (µm), and 0. 646 (µm), respectively. These results were

great improved in comparing to the normal experimental results. Taguchi method and DEAR technique can be applied to improve

the quality of grinding surface and reduce the vibrations ofthe technology system to restrain the increasing ofthe cutting forces in

the grinding process. Finally, the research direction was also proposed in this study.
Keywords: Surface Grinding, Segmented Grinding Wheel, Taguchi, Dear, Surface Roughness, Vibration.

DOI: 10.21303/2461-4262.2021.001612

1. Introduction

Using a discontinuous grinding wheel (slotted and segmented wheel) was apromising solution

in improving the efficiency of the grinding process [1, 2]. Using slotted grinding wheel could reduce

the cutting heat by 40 % to 80 % compared with conventional grinding wheels [3]. Using segmented

grinding wheel could reduce the cutting force by up to 30 % compared with conventional grinding
wheels [4]. Both surface roughness and cutting force when using segmented grinding wheels have

a smaller value than when using conventional grinding wheel [5, 6]. Some recommendations when

using a slotted aluminum oxide grinding wheel have also been proposed: surface roughness will

have a minimum value when the number of grooves on the grinding wheel was18 (grooves) [7], the

cutting force is minimized when the grooves in the grinding wheel were 20 (grooves) [8].
Surface roughness is often a common parameter that was chosen for evaluating the effi-

ciency of machining in general, and grinding in particular [9, 10]. Research to find the solutions to
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reduce surface roughness when grinding with conventional grinding wheel has been published in

many studies. However, studies on surface roughness when grinding with a segmented grinding
wheel were very limited. The studies that are performed to improve the surface quality when using
the segmented grinding wheel for each different material were necessary.

In the machining processes, vibration is often studied through two methods: theoretical mo-

deling method and experimental planning method. The theoretical modeling method has a wider appli-
cation ability, but the number of input parameters is quite large, it is quite difficult to implement [11].
The experimental planning method is quite easy to perform because the number of input parameters
is small [12–14]. However, this method is only applicable to each specific case. The above methods

are aimed to predict the vibrations, cutting force, and surface roughness in the machining process to

improve the quality of machining, and reduce the time and cost of the machining process.

The vibrations of the grinding machine spindle, even in very small amplitudes, also have

a significant effect on the depth of the cut of the grinding grain on the machining surface, thereby

affecting grinding productivity, surface quality and influence on the uneven wear phenomenon of

the grinding wheel [3, 13–15]. The spindle vibration of the grinder consists of forced and sponta-
neous (self-vibrating) vibrations [16]. The forced vibration is transmitted by external factors. The

factors causing forced vibration can be mentioned as grinding wheel imbalance, bearing error,

assembly error, etc. [17].

Self-vibrating is the vibration that occurs during grinding, which is highly dependent on

the uniformity of the work material, cutting conditions, and the grinding wheel properties [13, 14].

Compared with the forced vibrations, the reduction of spontaneous vibrations is much more advan-

tageous, this can be accomplished by changing some of the factors that affect on it, such as selection

of the suitable cutting conditions, improvement of the clamp system, etc. [13, 18]. However, so far,
it seems that the determination of the value of the cutting parameter to reduce the vibrations of the

grinder spindle when using a segmented grinding wheel has not been mentioned by any studies. The

aim of research that was presented in this paper was determination of the optimal value of several

machining parameters to ensure that both surface roughness and self-vibrations are of small value.

This study selected the combination of Taguchi method and Data Envelopment Analysis
based Ranking (DEAR) technique. The reason this combination method was chosen is because the

experimental design according to the Taguchi method has the advantage of allowing a small num-

ber of experiments to be performed with a large number of input parameters, especially it is very

suitable when having not much information of the research subjects [19–21]. The grinding process

using a segmented grinding wheel is a case where there are too less information about the study
subjects, so it is very suitable when using the Taguchi method to design experiments. DEAR tech-

nique showed an excellent efficiency in determining the optimal value of technology parameters
in the machining processes, which has been performed in a simple methodology [22]. This method

that was evaluated has been more effective than some other methods [23–25].

2. Multi-objective optimization using DEAR technique
The aim of this research was determination of the input parameters to obtain the minimum

values of machining surface roughness and vibration amplitudes in X, Z, Y directions. The DEAR

technique that was used to solve optimization problem consisted of the steps as the following [25–27].
– Determine the weights (w) for each response for all experiments. Weight of response is the

ratio between response at any trial to the summation of all responses.

– Transform the data ofresponse into weighted data by multiplying the observed data with

its own weight.
– Divide the data as smaller the better with smaller the better.

– Treat this value as multi response performance index (MRPI).

MRPI W R W A W A W A= R +⋅ ⋅+A +A
a a x

⋅

x y y A
z

⋅

z; (1)

W
R

R

a

=
a ∑ ; (2)

R
a
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For each input parameter, at any of the investigated levels that the MRPI is the smallest value

is considered to be the best level. Subtract the maximum value ofthe MPRI from the minimum value

of the MRPI, the input parameters that has the subtraction value ofMRPI is the largest among the se-

lected input parameters is considered to have the greatest influence on the output parameters [25–27].

3. Material and Method

3. 1. Experimental Machine and Grinding Wheel

The grinding machine (APSG-820/2A) that was made in Taiwan was used to perform the

experimental research. The machine is capable ofinfinitely level adjusting the workpiece velocity
and the feed-rate through the hydraulic pump system. Cutting depth is adjusted by vernier with

precision of 0.005 mm (each line ofvernier is 0.005 mm).
Three aluminum oxide grinding wheels that were used with the sign of WA46J7V1A. The

external diameter, thickness, and hole diameter of grinding wheels were 180 mm, 31.75 mm, and

13 mm, respectively. Three grinding wheels were grooved on the cylinder surface with number of

the grooves of 15, 18, and 20, respectively. Each groove was semicircle with the diameter of 12 mm

as shown in Fig. 1.

To eliminate the effect of the grinding wheel wear on the outputparameters, before conduct-

ing each experiment, the grinding wheel was dressed using a dressing tool with a diamond grain. The

parameters of the grinding wheel dressing conditions include the wheel dressing depth of 0.01 mm,

the wheel dressing feedrate of 100 mm/min, the number of wheel dressing times of 3 times.

3. 2. Experimental Workpiece
The SAE420 steel was used to conduct the experiments. This steel that was made in USA

has the chemical composition as listed in Table 1. According several Standard, the equivalent sign
of SAE420 steel are described in Table 2. The properties of SAE420 were described in Table 3.

The length, width, and height of workpieces were 60 mm, 40 mm, and 10 mm, respectively as

shown in Fig. 2.

C Si Mn Cr s

0.42 1.00 1.00 13.00 0.005

Fig. 1. Experimental segmented grinding wheels: a – 15 grooves, b – 18 grooves, c – 20 grooves

Table 1

Chemical composition of SAE420 steel
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SAE420 steel that is a common steel is used for the manufacturing of the products in the

shipbuilding, petroleum, chemical technology, food processing, and medical industries. etc. In the

above products, many products need to be machined the important surfaces by grinding method.

However, up to now, it seems that there has not been any published research on grinding this steel

with a segmented grinding wheel. Therefore, the results of this study will have certain contribu-

tions to grinding technology in general and to grinding technology ofthis steel in particular.

3. 3. Experimental Design
In this study, the Taguchi method was applied to design the experimental matrix. Four input

parameters that were chosen for each experiment were the number of grooves in cylinder surface

of grinding wheel, workpiece velocity, feed-rate, and cutting depth. The experimental matrix was

design by using the Minitab software, and this matrix was stored in Table 4.

The experimental matrix that is designed according to the Taguchi method is used in this

study because this method allows to perform with many input parameters, but the required number

of experiments to perform is not much. For example in this study, there are 4 input parameters,
each parameter has 3 value levels, but the number of experiments is only 9. Meanwhile, if com-

pared with the design of the experimental matrix in the form of full orthogonality with 4 input

parameters, the number ofexperiments are 17 experiments (including 16 experimental points at the

origin and at least 1 experimental point at the center). On the other hand, a prominent advantage of

the experimental method according to the Taguchi method is that it is possible to select the input

parameters in a qualitative form (not quantitative form). Furthermore, in the Taguchi method, the

values of the input parameters also need not be followed by the rule that the value of mid-level is

equal to the average of the two low and high levels. With the number of grooves in the grinding
wheel are 15, 18, and 20 showing that 18 is not the average of 15 and 20, it shows that the design of

the experimental matrix according to the Taguchi method is the most suitable choice in this study.

USA Russia Germany Japan France England Europe Italy Spain China

SAE GOST DIN JIS AFNOR BS EN UNI UNE GB

420 3X13 1.4028 SUS420J2 410F21 420S45 1.4028 GX30Cr13 F.3403 3Cr13

Density
(g/cm3)

Electrical Resis-

tivity (µΩcm)
Thermal Conduc-

tivity (W/m/K)

Coefficient of Thermal

Expansion (µm/m/K)

Modulus of

Elasticity (MPa)

Specific Heat

(KJ/kg/K)

Rockwell

Hardness

7.74 55 24.9 10.2 200×103 0.46 B88

Table 3

The properties of SAE420 steel

Table 2

Equivalent symbol of SAE420 steel ofaccording several Standard

Fig. 2. Experimental workpieces
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3. 4. Measurement System
MITUTOYO-Surface test SJ-210 surfaceroughness tester was used to measure the machin-

ing surface roughness of the workpiece. The evaluation length was fixed at 0.8 mm. The surface

roughness was measured perpendicular to the cutting velocity direction and repeated three times

following three repeated times ofeach cutting test. The average value ofsurface roughness that was

measured three consecutive times was used for analysis and evaluation.

The vibration measurement system that included the acceleration sensor Type 4525-B-001,
the data processing box, and the PULSE software was used to measure the system vibrations.

For each experiment, the vibrations of system were measured simultaneously in three direc-

tions (X, Y, Z). The detail is illustrated in Fig. 3.

The accelerometer is mounted on the grinding wheel guard. In each experiment, the vibra-

tion components will be measured in a 5-second interval. During this interval time, the software on

the computer will display a graph of the vibration components during the time when the grinding
wheel cutting and uncutting into the workpiece. However, during data processing, only the part of

the graph of vibration during the time when the grinding wheel cutting into the workpiece is used,

and in each experiment, the value of the vibrationcomponents is calculated as the its average value

in this stage (the stage when grinding wheel cutting into the surface of the workpiece).

3. 5. Machining Condition

The experiments were conducted in the grinding conditions as following:
– Grinding wheel velocity: 26 m/s.

– Cooling fluid: emulsion 10 %, overflow irrigation method, volume flow rate of 5 lit/min.

No.
Coded levels Actual values

Z V f t Z (grooves) V(m/min) f(mm/stroke) t (mm)

1 1 1 1 1 15 10 2 0.005

2 1 2 2 2 15 15 3 0.010

3 1 3 3 3 15 20 4 0.015

4 2 1 2 2 18 10 2 0.015

5 2 2 3 3 18 15 4 0.005

6 2 3 1 1 18 20 2 0.010

7 3 1 3 3 20 10 4 0.010

8 3 2 1 1 20 15 2 0.015

9 3 3 2 2 20 20 3 0.005

Table 4

Taguchi L9 based OA design

Fig. 3. Setup of vibration measurement: a – grinding machine; b – grinding wheel;
c – aceleration sensor; d – data processing box; e – PC and software
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4. Results and discussions

The experiments were conducted according to the Table 4. The experimental results were

achieved and stored in Table 5. The influence degrees of the input parameters (groove number

on the cylinder grinding surface, workpiece velocity, feed-rate, cutting depth) on the output pa-

rameters (machining surface roughness, vibration amplitudes inX, Y,Z directions) were presented
from Fig. 4–7.

No. Z (grooves) V (m/min) f(mm/str.) t (mm) Ra (µm) Ax (µm) Ay (µm) Az (µm)

1 15 10 2 0.005 0.537 0.3578 1.2138 0.3601

2 15 15 3 0.010 1.198 0.6676 2.4796 0.7057

3 15 20 4 0.015 1.542 0.7484 6.2027 1.6251

4 18 10 3 0.015 0.656 0.7042 2.0370 0.8476

5 18 15 4 0.005 1.133 0.7347 2.0523 0.9499

6 18 20 2 0.010 1.001 0.4356 1.5205 0.4845

7 20 10 4 0.010 1.983 1.8158 5.7678 1.9608

8 20 15 2 0.015 2.095 0.9331 2.8419 1.3573

9 20 20 3 0.005 2.543 0.5943 1.4069 0.7439

Main Effects Plot for Ra (pm)
Data Means

Z(grooves) V (m/min)

2.0-

1.5-

г
10

15 18 20 10 15 20ф

f (mm/str.) t (mm)

2.0-

1.5- t ■ —
-•

1.0

2 3 4 0.005 0.010 0.015

Main Effects Plot for Ax (pm)
Data Means

1.08

0.96

0.84

0.72

0.60

Z(grooves) V (m/min)

ш
ф 15 18 20 10 15 20

1.08

0.96

0.84

0.72

0.60

f (mm/str.) t (mm)

2 3 4 0.005 0.610 0.615

Table 5

Experimental matrix and Results

Fig. 4. Main Effect Plot for Ra

Fig. 5. Main Effect Plot for Ax
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The results from these figures showed that:

– the number ofgrooves on the cylinder surface of grinding wheel had the most influence on

the machining surface roughness. This issue can be explained that when the number of the grooves

changes, it makes the changes of the friction between grinding wheel and workpiece surface.

It changes the level of coolant introduction into the cutting zone and also changes the chip release

and heat release ability during machining. These factors change the degree of scratching of the

grinding grains on the workpiece surface and change the plastic deformation on the workpiece
surface, so changing the surface roughness;

– the second factor that influenced on the machining surface roughness was workpiece
velocity. This phenomenon can be explained as following: when the workpiece speed changes, it

will change the contact time between the workpiece surface and the grinding wheel, which chan-

ges the number of scratches of the grinding grains into the workpiece surface leading to change of

surface roughness. The feed-rate and the depth of cut had a little effect on the surface roughness;
– all four input parameters that had a significant influence on the amplitude of the techno-

logy system’s vibration in the X-direction. In which, it seems that the degrees of influence on the

vibration amplitude in Xdirection increased in the order of influence of cutting depth, workpiece
velocity, number ofgrooves, and feed-rate. This phenomenon can be explained as following: when

changing the number of grooves in the grinding wheel as well changing the cutting parameters, the

cutting conditions of grinding wheel into the workpiece will change, therefore influencing on the

cutting force and vibration degree of the system in Xdirection;

– the feed-rate had the most influence on the system vibration amplitude in Y direction.

The second factor that affected on the system vibration amplitude in Y direction was depth of cut.

The number of grooves on the cylinder surface of grinding wheel and the workpiece velocity had

Main Effects Plot for Ay (pm)
Data Means

Z (grooves) V (m/min)

4

3-

2

га
ф

15 18 20 10 15 20

5-

4

3-

f (mm/str.) t (mm)

2

2 3 4 0.005 0.010 0.615

Main Effects Plot for Az (pm)
Data Means

Z (grooves) V (m/min)

1.4-

1.2

1 n.
*

_
-

О

о

cn

со
—•

fU

о

Z
15 18 20 10 15 20

f (mm/str.) t (mm)

1.4

1.2-

0.8-

0.6 J
2 3 4 0.005 0.010 0.615

Fig. 6. Main Effect Plot for Ay

Fig. 7. Main Effect Plot for Az
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a little effect on the system vibration amplitude in Y direction. The feed-rate also had the most in-
fluence on the system vibration amplitude in Z direction. The second and third factors that affected

on the system vibration amplitude in Z direction were also depth of cut and number of grooves on

the cylinder surface of grinding wheel. The workpiece velocity also had a little effect on the sys-

tem vibration amplitude in Z direction. The reason is because when changing the feed rate, it will

change the «re-cut» phenomenon of the grinding wheel into the workpiece surface. While changing
the cutting depth will change the depth of the cut ofeach grinding grain left on the workpiece sur-

face, this will also change the «re-cut» phenomenon. These factors change the cutting forces and

vibrations in the Y-direction;

– when using grinding wheel with 18 grooves, the machining surface roughness, Ay, and Az

were smallest in comparing with the cases using grinding wheel with 15 and 20 grooves. Besides,
when using grind wheel with 18 grooves, Ax was larger than that one when using grinding wheel

with 15 grooves, but it was smaller than that one when using grinding wheel with 20 grooves. It

seems that the machining surface roughness and vibration amplitudes will be obtained with small

values when using the grinding wheel with 18 grooves. This problem can be understood because

changing the number of grooves on the grinding wheel surface will change the contact conditions

between the grinding wheel and the workpiece and change the coolant supply degree into the cut-

ting zone, change the chip escaping phenomenon and heat escaping phenomenon when grinding,
so these phenomena will influence on the plastic deformation of the machining surface, thereby
affecting surface roughness and vibrating components;

– when the workpiece velocity increased, the machining surface roughness increased, but

the Ax decreased. The workpiece velocity almost had not the influence on the Ay and Az. This point
can be explained that the reason for the value ofAx decreased in higher workpiece velocity would

be that the higher load in Xdirection increases the apparent rigidity. This factor had a littereffect

on the vibrations in the other directions (Y, Z directions);

– when increasing the feed-rate, the vibration amplitude (Ax) increased quickly. While Ay
and Az only increased when the feed-rate increased from 3 mm/stroke to 4 strokes. This is easy

to understand because when the feed rate increases, in the next longitudinal stroke, the grinding
wheel will have to perform the «re-cutting» process the protrusions on the workpiece surface more

than the previous stroke. This causes cutting forces and vibration components to increase;
– when depth of cut increased, the vibration amplitudes in Y and Z directions (Ay and Az)

increased. While Ax only increased when the depth of cut increased from 0.005 mm to 0.01 mm.

If the cutting depth increased from 0.01 mm to 0.015 mm, Ax decreased. The reasons for these in-

fluence is understood that when the depth of the cut changes, the depth of the cuts of the grinding

grains left on the workpiece surface change, it also changes the degree ofplastic deformation of the

machined materials, thereby alter cutting forces and vibrating components.
From above points of analyzed results, it seems that the degree and rule of input parameters

on the machining surface roughness, system vibration amplitudes were quite complex. To determine

the input parameters with minimum values ofsurface roughness and system vibrations, the multi-ob-

jective optimization problem should be solved. Four output parameters that were machining surface

roughness, vibration amplitude in X, Y, Z directions were chosen as the objective functions of the

multi-objective optimization problem. In this study, DEAR technique was used to solve this problem.
From the results in Table 5, the weight of each response and MRPI at each experiment were

calculated and stored in Table 6. From the date in Table 6, MRPI of all input parameters that were

calculated by sum ofMRPI ofeach parameter at the corresponding level and stored in Table 7.

The results from Table 7 showed that the number ofgrooves on the cylinder surface of grind-

ing wheel and workpiece velocity had the smallest values of MRPI corresponding to the level 2.

While the feed-rate and depth of cut had the smallest values ofMRPI corresponding to the level 1.

So, the optimum values of the input parameters that were groove numbers of 18 (Z= 18 grooves),
workpiece velocity of 15 m/min (V= 15 m/min), feed-rate of 2 mm/stroke (f= 2 stroke), and cut-

ting depth of 0.005 mm (t= 0.005 mm). The MRPIhad the largest value ofMax-Min was the feed-

rate (Max-Min=3.69445). So, if evaluating the grinding process through the grinding surface

roughness, system vibrations in X, Y, Z directions, feed-rate was factor that has the most influence
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on the output parameters, the second and third factor that have the effect on the output parame-
ter were number of grooves and depth of cut. The workpiece velocity has the smallest influence

on the outputparameters. These results were suitable with the analyzed results that were presented
in above sections 3.

To verify the results of the optimization process, several tests were carried out in the same

technology system. The optimum values of input parameters that were used in grinding tests were

groove numbers of 18 grooves, workpiece velocity of 15 m/min, feed-rate of 2 mm/stroke, and

cutting depth of 0.005 mm. The obtained values of averages of grinding surface roughness, vi-

bration amplitudes in X, Y, Z directions were 0.826 (µm), 0.531 (µm), 0.549 (µm), and 0.646 (µm),
respectively. These results were great improved in comparing to the experimental results in Table 5.

5. Conclusion

In this study, the combination ofTaguchi method and DEAR technique that was successful-

ly applied to determine the optimum values for multi-objective when grinding the SAE420 steel by

using the segmented grinding wheel. From the achieved results, the conclusions ofthis study were

withdrawn as following:
– the degree and rule of input parameters on the machining surface roughness, system vi-

bration amplitudes were very complex;
– the number of grooves on the cylinder surface of grinding wheel had the most influence

on the machining surface roughness. The second factor that influenced on the machining surface

roughness was workpiece velocity. The feed-rate and the depth of cut had a little effect on the sur-
face roughness;

No.
Weight

MRPI
Ra Ax Ay Az

1 0.04232 0.05118 0.04756 0.03986 0.11312

2 0.09442 0.09549 0.09715 0.07811 0.47289

3 0.12153 0.10704 0.24303 0.17987 2.06725

4 0.05170 0.10072 0.07981 0.09381 0.34694

5 0.08930 0.10508 0.08041 0.10514 0.44328

6 0.07889 0.06230 0.05957 0.05363 0.22268

7 0.15629 0.25972 0.22599 0.21703 2.51051

8 0.16512 0.13346 0.11135 0.15023 0.99080

9 0.20043 0.08500 0.05512 0.08234 0.69900

Parameters

Levels

Max-Min

1 2 3

Z 2.65326 1.01289 4.20032 3.18742

V 2.97057 1.90696 2.98893 1.08197

f 1.32659 1.51883 5.02105 3.69445

t 1.25540 3.20608 3.40499 2.14960

Table 6

The respones weight and MRPI at each experiment

Table 7

Total values ofMRPI ofthe input parameters at the levels
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– when using grinding wheel with 18 grooves, the machining surface roughness, Ay, and Az

were smallest in comparing with the cases using grinding wheel with 15 and 20 grooves. Besides,
when using grinding wheel with 18 grooves, Ax was larger than that one when using grinding wheel

with 15 grooves, but it was smaller than that one when using grinding wheel with 20 grooves;

– feed-rate was factor that has the most influence on the outputparameters, the second and

third factor that have the effect on the outputparameter were number of grooves and depth of cut.

The workpiece velocity has the smallest influence on the outputparameters;

– the optimum values of input parameters were groove number of 18 grooves, workpiece

velocity of 15 m/min, feed-rate of2 mm/stroke, and cutting depth of 0.005 mm;

– using the optimum values of input parameters, averages value of grinding surface rough-
ness, vibration amplitudes in X, Y, Z directions were 0.826 (µm), 0.531 (µm), 0.549 (µm), and

0.646 (µm), respectively. These results were great improved in comparing the cases using the nor-

mal values of input parameters;
– taguchi method and DEAR technique can be applied to improve the quality of grinding

surface and reduce the vibrations of the technology system. So that can be used to restrain the in-

creasing of the cutting forces and chatter in the grinding process;

– in this study, only the number of grooves in the grinding wheel is considered, have not

considered the size and shape of the grooves. Besides, other factors of the grinding process affect

the output parameters such as grinding wheel dressing, cooling lubrication conditions, etc. also

have not considered in this study. These are issues that need to be done in the next research to eva-
luate the segmented grinding wheel process in a more comprehensive way.
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Abstract

Due to the fact that clamping devices are widely used in various industries, the requirements forthe operation ofsuch devices are

constantly increasing. This is due to an increase in the general requirements for processing accuracy, as well as an increase in the forces

acting on the clamped part. The reliability ofthese devices when working with thin-walledcylindrical parts is ofgreat importance.
Thin-walled cylinders used in mechanical engineering are subject to significant loads. With prolonged exposure to loads from

clamping forces, as well as from axial tensile forces, plastic deformations of cylindrical parts occur. In the oil and gas industry, when

clamping drill and casing pipes in some areas in the capture zone, stresses exceed the yield strength. Multiple clamping of the pipe will

reduce the pipe wall in the gripping area, which causes premature pipe failure. Therefore, increasing the holding capacity of clamping

mechanisms is relevant.

Analysis ofbroken drill pipes, which have been operating in wedge grips for a long time, showed that in most cases the pipes

undergoplastic deformation caused by damage to the pipe surface by the teeth ofthe ram. To clarify the actual conditions of loading
the pipe and the possibilities of increasing the capacity of the clamping devices, studies of the contact pressures in the clamping zone

were carried out.

A new pipe clamping chuck is also presented, which provides a sufficiently high reliability of fastening of cylindrical parts.

Keywords: pipe, load, stress, deformation, holding capacity, cartridge, clamp, paper gauge.

DOI: 10.21303/2461 -4262.2021.001587

1. Introduction

A feature of the operation of thin-walled cylindrical parts, in particular, drill pipes, is the

susceptibility to significant deformations during the process of being gripped by clamping me-

chanisms. As a rule, the clamping forces are applied multiple times in the same area of the pipe.
In this case, the compressive stresses can exceed the yield strength of the pipe metal. This results in

local plastic deformations in the gripping zone of the pipe in the clamping mechanism. The shape
and dimensions of the elements of the clamping mechanisms also have a significant effect on the

nature ofthe pipe deformationsand stresses, as well as the holding capacity of the clamping devices.

This is due to the nature of the distribution of contact pressures on the surfaces of the parts of the

clamping device.

With long-term operation ofpipes under these conditions, such deformations lead to a thin-

ning of the pipe wall, which creates the danger of breaking the pipe string. Drill string breakage
accidents require high costs to retrieve the string or lead to abandonment of the well. The oil and

gas industry is constantly experiencing a need to improve the quality of drilling equipment, espe-

cially drill and casing pipes. This is due to the high labor intensity and energy consumption of oil

and gas production. Improving the quality of drilling equipment is aimed at extending the service

life ofpipes in order to eliminate the possibility of emergencies. This explains the relevance of the

presented work.

Investigation of the distribution of contact pressures on the surfaces ofparts of the clamping
device, which affect the state of the pipe and the holding capacity of the clamping devices, is an

important task for the oil and gas production, machine building and other industries.

Emin Musa Afandiyev

Mahammadali Nuraddin Nuriyev

ANALYSIS OF THE CONDITION OF A PIPE FIXED

IN A CLAMPING DEVICE
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Reliability and durability ofclamping devices when working withthin-walled cylindrical parts
is ofgreat importance, both in mechanical engineering and in the oil and gas industry. Therefore, the

study of issues of increasing the holding capacity of clamping mechanisms is an important task.

2. Literature review and problem statement

Requirements for the quality of drillpipes are due to the high labor and energy consumption
ofoil production. Improving the quality ofdrilling equipment, in particular, clamping mechanisms,
extends the service life of drill pipes in order to eliminate the possibility of emergencies. Work in

this direction is of great practical importance.
In work [1], some technological methods for improving the quality ofpipes are considered,

as well as design features of some clamping devices used in round-trip operations when drilling
wells. However, no attention has been paid to damage to the pipe surface by clamping jaws.

In work [2] it is shown that pipe damage during tripping operations occurs mainly from

the action of clamping jaws. The condition of the pipe in the clamping device is also influenced

by various factors, such as clamping force, radial and axial loads, column mass. It is noted that the

most uniform distribution of forces along the teeth of the clamping jaws is provided by an oblique
intersecting notch, which gives a high holding capacity of the clamping devices.

Drill-pipe clamping mechanisms have also been investigated by the American Petroleum

Institute (API). In the API standards, it is noted that deformations of drill pipes occur due to cuts

on their surface, which are left by teeth of wedge rams or drill tongs [3].
Work [4] is devoted to the study of thin-walled cylindrical parts. The paper considers exter-

nal factors affecting the stress state of a cylindrical part. The adhesion coefficients in the clamping
devices were analyzed. Methods for improving the design oftheir elements are proposed in order

to increase the adhesion coefficients. However, not all influencing factors are taken into account.

The paper [5] describes the properties of paper used as a sensor when measuring contact

pressures.

In works [6, 7] external factors influencing the stress state of the pipe are considered. The

coefficients of adhesion in the clamping devices are analyzed. Methods for improving the design of

their elements are proposed in order to increase the adhesion coefficients.

In work [8] it is shown to what deformations the pipe is subject during operation. The pro-

cesses of material creep are considered, which can be, as a consequence of stress relaxation under

sufficiently long exposure to high stresses. These processes, considered in the work, show that in

order to increase the holding capacity of the clamping mechanisms, it is necessary to comprehen-
sively study all the factors affecting the deformation of the drill pipe during tripping operations.

In the material [9], a new pipe clamping chuck is presented, which provides reliable pipe
clamping during processing.

In other works, the influence of structural elements of clamping devices on the stress state

and deformationofthe pipe has also been investigated, and recommendations are given for improv-
ing their design in order to increase the holding capacity [10, 11].

In the literature presented, insufficient attention is paid to recommendations forreducing stresses

and deformations when fastening thin-walled cylindrical and other similar parts in clamping devices.

There are practically no dependencies for engineering calculations and analysis of loading schemes.

3. The aim and objectives of research

The aim ofthis research is to identify the nature ofthe distribution of contact pressures on

the surfaces of the parts of the wedge-clamping mechanism and its effect on the loads acting on the

pipe. The equalization of the distribution of the load on the pipe helps to reduce deformations of the

drill pipes during tripping operations and to increase the holding capacity of the clamping devices.

For this aim, it is necessary to solve the following objectives:
– to determine the nature of the distribution of the contact load from the axial force along

the wedges and clamping jaws to reduce pipe deformation;

– to determine the possibility ofensuring high reliability ofclamping of the processed cylin-
drical parts using a new design of the clumping device.
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4. Study of factors affecting the state of the pipe in the clamping mechanism

4.1. The nature of the distribution ofcontact pressures on the surfaces of wedges and

clamping jaws
The working condition of drill pipes and their permissible weight during tripping operations

depends on the design of the clamping device. This is due to the nature of the distribution of the

loads that are created by this device.

In studies of the nature of the distribution of contact pressures, the method of prints was

applied, based on the change in the transparency of the paper as a result of its squeezing. In the

experiment, let’s use high quality writing paper withstanding pressures in the range of0–500 MPa,
the optical non-uniformity ofwhich does not exceed 1.5 μA [5].

When analyzing contact pressures in this way, special friction conditions are created bet-

ween surfaces. In this case, the frictional forces have a great influence on the horizontal and shear

stresses. At the same time, such influence on the distribution of contact pressures is small. There-
fore, when studying the distribution of contact pressures, the dynamics of friction can be neglected.
The experiments were carried out on a specially designed stand (Fig. 1), equipped with hydraulic

jacks, which simulates the operation of the clamping device during hoisting operations.

Fig. 1. Hydraulic stand
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The stand is installed in a concrete pit 1.8 m deep, 2.2 m and 1.2 m in size. On the ledge of

the foundation, a plate with a thickness of 180 mm is installed and fixed with four anchor bolts,
which serves as the base of the stand. There are 3 cylinders of the GDZ-300jack on the plate.
On the pistons of the jack, 3 feet with spherical heads are installed, forming a hinge joint. The plate

prevents the heels from moving relative to the head.

A plate is installed on the projections of the spherical heads, on which the rotor table is laid.

The main parts of the wedge gripper are installed in the rotor table. The working pressure is created

by the pumping unit of the hydraulic jackGDZ-300. The working fluid of the jack is Industrial oil 30.

After reaching the required effort, the pumping unit is turned off. To relieve the load, the

drain valve opens and the oil returns to the tank.

The stand is capable of creating a longitudinal axial load on the pipe up to 450 tons. As an

experimental sample, let’s use a branch pipe from a drillpipe with a diameter of 141 mm and a wall

thickness of 10 mm made of steel of strength group E.

The object ofresearch were wedges and liners, as well as clamping jaws with an inner cylind-
rical surface. Standard A4 size paper sheets were placed between the wedge and the liner under

the wedge support plane; between the wedge and dies; as well as between the ends of adjacent
dies (Fig. 2). In all cases, a sheet of paper, which is actually a contact pressure sensor, was placed
between two sheets ofpaper of the same brand to protect against impurities.

The surfaces of the clamping unit that come in contact with the paper sensors were thorough-

ly cleaned of grease. Considering that the lack of lubrication could lead to seizure on the wedge
bearing surfaces, paper sensors were placed under each wedge in turn, and the bearing planes of

the remaining wedges were coated with graphite grease.

The axial tensile force P in each experiment was adjusted to 10 kN. After reaching the speci-
fied load, the installation was unloaded, the paper gauges were released, and the contact pressures

were measured on all surfaces (Fig. 3). Measurements were taken immediately after unloading,
considering that paper probes can induce stress relaxation.

It has been experimentally established that the pressures on the supporting surfaces of the

wedges are unevenly distributed. In particular, contact pressures of up to 300 MPa are noted in the

lower layers of the support plane, as well as in the lower parts of the surfaces of the backs of the

lower jaw. The highest pressures are noted at the ends of the lower jaw, which takes up the entire

axial load. The ends of the middle and upper jaws are practically unloaded.

Due to the fact that the load on each wedge was the same, the dynamics was not taken into

account here. The results were recorded after reaching the specified load and clearly reflected on

the paper sensors due to the change in density. This made it possible to obtain a clear picture of the

distribution of contact pressures on the surfaces of the clamping device elements.

Uneven pressure distribution is a consequence of the influence of the design features of the

clamping mechanism, as well as some technological factors, such as manufacturing and assembly

accuracy, the macro geometry of contact surfaces, etc. As a result of the uneven pressure distri-

Fig. 2. Location of the pipe in the wedge grip
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bution, contact and volumetric deformations of the pipe significantly increase. This can lead to

its premature failure. It is possible to reduce the unevenness of the pressure distribution by using

self-aligning wedges and dies with an oblique intersecting notch [4].

4. 2. Improving the reliability of fastening cylindrical parts
The design of the clamping device plays an important role in increasing the reliability of the

fastening of cylindrical parts. In this regard, a new pipe clamping chuck was proposed, which can

be used on pipe-working and coupling-screwing machines.

The pipe clamping chuck presented here provides a sufficiently high reliability of fastening
of cylindrical parts. This is achieved due to the fact that the chuck is equipped with cams with

shoes, which provide the possibility of rotation. The wedges are fixed in the grooves of the cams

and interact with the support rollers of the liners (Fig. 4). The chuck drive mechanism includes

a power cylinder and a lever self-braking transmission 2, cams 3 installed in the housing 4. Curved

wedges 5 are fixed in the grooves of the cams and contact with support rollers 6, which are located

in the liners 7 located in the pads 8. In the liners 7 installed floating jaws 9. Pads 8 are located in

cams 3 and are under the action ofreturn springs 10. Pads 8 are installed in cams 3 on rollers 11.

The principle of operation of the cartridge is as follows. When pressure enters the rod cavity
of the power cylinder, the cams through curved wedges and support rollers press the liners with

jaws to the pipe. The pads move and the pipe is pre-clamped. The clamping jaws fit snugly against
the pipe surface as they align themselves (Fig. 5).

Further, when the pipe is screwed on under the action of a torque, it turns together with the

jaws and liners. In this case, the support rollers are rolled on curved wedges fixed in the cams,

while the liners begin to move towards the center, and perform an additional clamping of the pipe.
The clamping force is proportional to the effective torque.

After processing the pipe, pressure is applied to the piston cavity of the cylinder. The cams

move apart, and the springs return the pads with liners to their original position. In order to prevent
the pads from falling out of the cams, rollers are installed on them.

Fig. 3. Distribution of pressure among the elements of clamping devices
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The pre-clamping of the pipe provides the amount of adhesion of the jaws that is necessary

for a secure grip and prevention of rotation under the main load. The pre-clamping force can be

adjusted by the pressure in the cylinder of the drive mechanism. The effectiveness of this device is

ensured by the high reliability of fixing the processed cylindrical parts. The presented pipe clamp-

ing chuck is protected by copyright certificate No. 910370.

5. Discussion of the research results of pressure distribution over the elements of clamping
devices

In the oil and gas industry, when clamping drill and casing pipes in the capture zone, stres-
ses often exceed the yield strength. Multiple clamps in the same area of the pipe cause the pipe wall

to shrink, leading to premature pipe failure.

As a rule, the clamping forces act in the same area of the pipe. In some cases, compres-

sive stresses cause local plastic deformations in the gripping zone of the pipe in the clamping
mechanism. The shape and dimensions of the elements of the clamping mechanisms also have

a significant influence on the nature of the pipe deformations and stresses, as well as on the holding
capacity of the clamping devices. This is due to the nature of the distribution of contact pressures

on the surfaces of the parts of the clamping device.

In studies of the distribution of contact pressures, the method ofprints was applied, based

on the change in the translucency of paper as a result of its squeezing. The experiments were

Fig. 5. Clamping chuck in clamping state

Fig. 4. Pipe clumping chuck
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carried out on a stand that simulates the operation of the clamping device in the process of

round-trip operations (Fig. 1). In the wedge grip, 4 wedges, each equipped with three dies, si-

multaneously grip the pipe under the action of a clamping force. Subsequently, from the axial

load (from the weight of the column), the final clamping of the pipe occurs. In this case, the parts
of the clamping device are subjected to contact pressure at the joints. The results of squeezing
paper sensors at different gripping points are shown in (Fig. 3). The results obtained are ex-

plained by the fact that the pressures on the supporting surfaces of the wedges are unevenly
distributed. The highest pressures are noted at the ends of the lower jaw, which takes up the

entire axial load.

The uneven distribution ofpressures is a consequence of the influence of the design features

of the clamping mechanism, in particular, the presence of a large number ofjoints, as well as some

technological factors, such as the macro geometry of the contact surfaces, etc. At the moment, this

problem has not been fully solved.

The limitations of this study are that drill pipes are its object, since they are most suscep-

tible to deformations from axial and radial loads during tripping operations. However, despite the

fact that the research carried out refers to drill pipes, the main conclusions can be applied to other

cylindrical parts.
The design of the clamping device plays an important role in increasing the reliabili-

ty of the clamping of cylindrical parts during processing. In this regard, a new pipe-clamping
chuck was proposed, which can be used on pipe-working and coupling-screwing machi-
nes (Fig. 4). The effectiveness of this device is ensured by the high reliability of fixing the pro-

cessed cylindrical parts.
Further development of this study can be continued taking into account other types of loads

and different pipe materials.

6. Conclusions

As a research result, it was found that the pressure on the supporting surfaces of the wedges
is distributed unevenly. In particular, contact pressures of up to 300 MPa are noted in the lower

layers of the support plane, as well as in the lower parts of the surfaces of the backs of the lower jaw.
The highest pressures are noted at the ends of the lower jaw, which takes up the entire axial load.

The ends of the middle and upper jaws are practically unloaded.

In order to increase the reliability of the fastening of cylindrical parts during processing,
a new pipe clamping chuck has been proposed, which can be used on pipe processing and coupling-
screwing machines.
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Abstract

The leather industry includes many technological machines; a squeezing roller machine is used in many operations, for

example, in squeezing, degreasing, and after drum dyeing of a semi-finished leather product.
The paper presents the results of experimental studies obtained by determining the influence of multilayer wet leather

semi-finished products with monshons under squeezing on the amount ofthe moisture extracted. Mathematical dependences of the

amount of the moisture extracted, for each layer of a five-layer wet leather semi-finished product on the feed rate between the squeeze

rollers and the roller pressure were obtained.

Experimental research is of scientific and practical importance for the development of a technological process for extracting
moisture from wet leather semi-finished products used in the tannery, since the quality of the extraction affects the quality of subse-

quent technological operations, such as leather shaping and splitting.
An experimental study was performed using the method of mathematical statistics, namely, the method of mathematical

planning of the experiment.
Mathematical models were obtained for the amount of extracted moisture from five wet leather semi-finished products de-

pending on the rate of their simultaneous feed and the pressure ofthe squeezing rollers.

The results of the experiment showed that in squeezing a five-layer product, the productivity of the technological process of ex-

tracting moisture from wet leather semi-finished products increases by five times in comparison with existing squeezing roller machines.

The use of the results of the experimental study will contribute to a significant reduction in the energy consumption of the

squeezing roller machine by simultaneous multi-layer processing of wet leather semi-finished products.

Keywords: semi-finished leather product, monshon, moisture content, multilayer squeezing, residual moisture, technologi-
cal process, experimental stand, shafts, pressure, productivity.

DOI: 10.21303/2461-4262.2021.001606

1. Introduction

In modern industrial conditions, the manufacture ofnatural leather consists of a number of

technological processes: preparatoryprocesses (soaking, liming, pickling, softening, fermentation,

degreasing), finishing processes – chemical (tanning), liquid, physicochemical (filling, dyeing,
moisture extraction, drying, moisturizing), and mechanical processes (fleshing, shaping, setting,
printing, tumbling, breaking, staking, rolling, buffing), surface dyed and other processes.

The study in [1] considers conditions for the primary processing of semi-finished leather

products. The studies in [2–4] refer to the improvement of the technology of liquid processing of

semi-finished leather products.
The analysis and study of the structure and properties of collagens in semi-finished leather

after liquid processing with chemical additives are given in [5, 6].
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[7–12] investigate the influence of technological, chemical, and other factors on the physico-

mechanical, filtration, and qualitative properties of semi-finished leather.

The studies presented in [13–15] are devoted to the improvement of the roller equipment
design, including the roller module interaction with the material being processed.

The studies in [16–19] are devoted to the development of the theory of calculation of techno-

logical processes for extracting moisture from a semi-finished leather product.
In order to increase the efficiency and productivity of technological process of extract-

ing the excess moisture from wet semi-finished leather products, let’s experimentally investigate
the influence of such factors as the number of layers of semi-finished leather products and mois-

ture-extracting materials (monshons) on the technological process ofmoisture extraction from wet

semi-finished leather products under their vertical feed on the base plate.
In the leather industry, many technological machines are used, including a roller squeezing

machine, which is used in many operations, for example, during pressing, degreasing and after drum

dyeing ofsemi-finished leather products. The quality of the pressing operation determines the quality
ofsubsequent technologicaloperations, suchas shaping and splitting of leathersemi-finishedproducts.

2. Materials and methods

The experiment was performed on a roll stand, where the squeeze rollers were installed hori-

zontally and the base plate was made of a metal sheet 0.005 m thick, 0.1 m wide, 0.3 m long (Fig. 1).
One layer of the package consisted of one semi-finished leather product and one layer of mois-

ture-extracting material (monshons) made of LASCH cloth.

Leather material for the experiment was taken from a bovine of medium weight, after

chrome tanning, double tanning. According to the International Standard ISO 2588-85, the number

of leather samples was selected according to formula n x=0 2. , where xis the number of leather

samples for the experiment, taken from a batch of2500 pcs, so, n = 10 pcs. From these 10 skin sam-

ples, the strips were cut out with a cutter across the backbone line, 0.05×0.25 m in size; the strips
were numbered and assembled into groups of 5 pcs according to the scheme given in [7, 20].

The experiment was performed as follows: a 0.004 m thick strip of LASCH fiber cloth

was put on a metal base plate, and then a semi-finished leather product was laid on it, and so on,

a layer after layer. Then the stand was switched on, the spring compression was set by calibration

to the required pressing force of the squeeze rollers, a rheostat controlled the rate, and a clock-type
tachometer TCh 10P controlled the roller rotation frequency. Beforehand, the control skin sam-

ples were fed and the spring compression was measured, i. e., its deviation from the setting value.

If the deviation exceeded 3 %, then the springs were adjusted by tightening the nuts. Then the main

Fig. 1. Scheme of the squeezing five-layer wet leather semi-finished products:
1, 2 – squeeze rollers; 3, 4 – BM moisture-extracting materials; 5 – semi-finished leather

products; 6 – LASCH moisture-extracting materials; 7 – base plate; 8 – traction chain
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leather samples were fed. The samples were weighed on a VLTE-500 laboratory balance, with reso-
lution 0.01 g (ISO-9001) before and after the squeezing.

When processing the results of the experiment, the method of D-optimal planning of the

second order was used with Kano planning matrix, since its application provides great accuracy in

the regression coefficients estimates. It was taken into account that Kano planning matrix provides
a variation of factors at three levels: at the lower level (–), at zero level (0) and at the upper level (+),
which is appropriate for this study. On the basis of a priori information, the process ofmoisture ex-

tractionwas studied takingintoaccount three factors: х1 – roller pressure P, kN/m; х2– feed rate V, m/s;
the number of layers of leather with monshons was 10; the pressure range was chosen from 32 to

96 kN/m; the rate range of the squeeze rollers was from 0.17 to 0.34 m/s, and the number of feed

replications of a five-layer package of semi-finished leather products was 5.

In the study, the diameter of the squeeze rollers was 0.3 m, covered with a 0.01 m thick coat-

ing made ofBM cloth, one layer ofLASCH cloth (0.004 m thick) was bent over the metal base plate;
then came a layer of a semi-finished leather product (5 layers of semi-finished leather alternating
5 layers ofmoisture-extracting material), 10 layers in total.

Before conducting the experiment, the required number ofmeasurements (the number ofrepli-
cations) was selected by the methods ofmathematical statistics, which provided the required accuracy.

The working matrix was composed according to the Kano planning matrix for a two-factor

experiment. Factors were encoded according to the formula:

x

c c
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У=bo++ bijXiXj+
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0

0
,

where хi is the coding of the factors values; сi, сi0 are the natural values of the factor at the current

level and at zero level; t0 is the natural value of the factor variation interval.

Target functions are approximated by a polynomial:
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where у is the amount of extracted moisture in coded form; b0, bi, bij, bii are the regression
coefficients. The levels and ranges of experimental factor variation are given in Table 1.

After the implementation of the working matrix, the arithmetic mean values were obtai-

ned (Tables 2, 3).
The homogeneity of variances was assessed with the Cochran’s test at a confidence level of

α = 0.95. Knowing the total number of variance estimates N and the number of degrees of freedom

f= k–1, let’s calculate the homogeneity ofvariance G from Tables 2, 3. Next, let’s find GТ = 0.358,
at N= 9,f= k–1 = 5–1 = 4. k is the number of parallel experiments.
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Indicator Coded value of factors
Natural values of factors

х1, kN/m х2, m/s

Upper level + 96 0.340

Zero level 0 64 0.255

Lower level – 32 0.170

Variation interval 32 0.085

Table 1

Levels and intervals of variation ofthe experiment factor
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For thefirstlayerofsemi-finishedleather:
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where Smax2 is the maximal variance; and Si∑ is the sum of all variances.

Gcal1 = 0.2136 < GT= 0.358; Gcal2 = 0.2140 < GT = 0.38; Gcal3 = 0.30686 < GT= 0.358; Gcal4 =

= 0.2452 < GT = 0.358; Gcal5 = 0.2461 < GT= 0.358. Consequently, the study results are reproducible.
Determine the regression coefficients b0, bi, bij, bii.
For the first layer of a semi-finished leather product in coded form:

b0 = 17.9903; b11 = –1.008; b1 =4.0255; b22 = 0.8965; b2 = –2.8823; b12 = –0.15.

For the second layer of a semi-finished leather product in coded form:

b0 = 17.6748; b11 = –1.2433; b1 =3.7255; b22 = 0.9567; b2 = 2.8821; b12 = 0.05.

For the third layer ofa semi-finished leather product in coded form:

b0= 17.4008; b11 = –1.2036; b1 =3.4951; b22 = 0.9252; b2 = –2.8951; b12 = –0.025.

For the fourth layer of a semi-finished leather product in coded form:

b0 = 16.9529; b11 =–1.3270; b1 = 3.4166; b22 = 0.8121; b2 = –2.8666; b12 = –0.075.

For the fifth layer of a semi-finished leather product in coded form:

b0 = 16.8284; b11 = –1.2562; b1 = 3.6146; b22 =0.5938; b2 = –3.0608; b12 =0.15.

The following coded regression equations were obtained.

For the first layer of semi-finished leather:

y 217 99026 1 00804 0 89146 4 0255 288230=-⋅+⋅+⋅-⋅-..... .15 12⋅x x .2 2
x1 x x

2
x11

For the second layer of semi-finished leather:

y 217 6748 1 2433 0 9567 3 7255 28821005=-⋅+⋅+⋅- ⋅ + ⋅
.... . . xx12 .

2 2
x2 x x

2
x 11

For the third layer of semi-finished leather:

y 217 4008 1 2036 0 9252 3 4951 2 89510025=-⋅+⋅+⋅-⋅-..... . ⋅xx1 2.
2 2

x3 x x2 x11

For the fourth layer of semi-finished leather:

y 216 9529 1 3270 0 8121 3 4166 2 8666 0075=-⋅+⋅+⋅-⋅-..... . ⋅xx1 2.
2 2

x4 x x2 x11

For the fifth layer of semi-finished leather:

y 216 8284 1 2562 0 5938 3 6146 30608015=-⋅+⋅+⋅- ⋅+⋅..... . xx12.
2 2

x5 x x
2

x 11
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No. P, x1 V, x2 No. Leth. semi-fin.
Measurements results, %

у1 у2 у3 у4 у5

1 0 0 1 18.8 19.3 17.1 17.0 16.8 17.8

2 17.7 18.1 17.8 16.9 16.5 17.4

3 17.8 18.0 18.2 16.2 15.8 17.2

4 19.2 16.0 17.8 16.2 15.3 16.9

5 17.8 15.1 17.5 16.9 16.2 16.7

2 + + 1 19.3 20.4 21.0 18.3 16.0 19.0

2 19.1 20.2 20.2 14.4 17.1 18.2

3 18.8 17.9 17.2 14.4 17.1 18.2

4 16.2 19.2 16.1 16.5 17.5 17.1

5 18.3 16.5 18.0 15.4 15.8 16.8

3 –+ 1 11.2 10.5 11.6 12.2 9.5 11.0

2 11.0 10.7 11.3 9.3 11.7 10.8

3 10.8 11.3 10.5 11.3 9.6 10.7

4 9.8 11.7 13.2 8.5 9.8 10.6

5 10.5 10.4 7.4 9.1 9.6 9.4

4 1 17.1 17.4 16.2 16.9 16.4 16.8

2 17.2 16.8 17.7 15.1 16.2 16.6

3 16.8 17.1 14.8 17.0 15.8 16.3

4 17.1 17.5 13.7 16.2 15.5 16.0

5 17.2 16.8 13.5 15.1 16.4 15.8

5 + –1 25.7 25.5 26.2 21.8 23.8 24.6

2 25.4 25.2 24.3 19.6 24.5 23.8

3 24.5 26.2 24.5 20.3 20.5 23.2

4 23.9 25.4 20.1 23.3 21.3 22.8

5 23.5 24.2 19.7 22.4 23.2 22.6

6 + 0 1 22.5 21.8 22.4 20.2 20.1 21.4

2 21.8 21.2 20.7 19.8 19.5 20.6

3 21.4 20.1 20.9 18.3 18.8 19.9

4 21.0 21.5 21.3 15.3 18.9 19.6

5 21.4 21.1 20.5 16.0 18.5 19.5

7 0 + 1 17.4 16.8 14.5 15.5 15.8 16.0

2 16.9 14.5 17.0 14.7 15.9 15.8

3 16.7 16.5 12.6 15.1 15.6 15.3

4 16.1 16.4 13.2 12.3 15.0 14.6

5 15.8 16.2 10.5 15.3 14.2 14.4

8 –0 1 15.1 14.8 11.9 11.2 11.0 12.8

2 14.7 14.5 11.8 11.5 10.5 12.6

3 12.8 13.5 14.2 9.3 12.2 12.4

4 12.6 12.7 11.9 10.9 12.4 12.1

5 12.4 12.5 11.3 11.2 11.6 11.8

9 0 71 23.1 22.3 22.1 21.6 20.9 22.0

2 23.0 22.5 22.4 21.2 19.9 21.8

3 22.8 22.3 23.1 20.1 19.7 21.6

4 16.1 23.4 21.8 23.2 20.5 21.0

5 21.7 21.5 21.1 19.8 19.6 20.6

Table 2

Experimentplanning matrix
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n

-∑ )2
1

Уcal yy Ser2 ycal y
0.2

ycal )2y ycal0.3

4.38 1.095 18.0 0.2 0.04

1.80 0.45 17.7 0.3 0.09

4.96 1.24 17.4 0.2 0.04

9.96 2.49 16.95 0.05 0.025

3.50 0.875 16.8 0.1 0.01

13.94 3.485 18.88 0.12 0.0144

24.86 6.215 18.28 0.08 0.0064

24.86 6.215 18.28 0.08 0.0064

6.74 1.685 16.12 0.98 0.9604

6.74 1.685 16.86 0.06 0.0036

4.34 1.085 11.12 0.12 0.0144

3.11 0.7775 10.82 0.03 0.0009

1.98 0.495 10.41 0.29 0.0841

13.66 3.415 9.45 1.15 1.325

6.38 1.595 9.34 0.06 0.0036

0.98 0.245 16.58 0.22 0.0484

4.02 1.005 16.59 0.01 0.0001

3.88 0.776 16.50 0.2 0.04

9.04 2.26 15.02 0.98 0.9604

9.57 2.3925 15.76 0.04 0.0016

14.59 3.6475 24.94 0.34 0.1156

22.9 5.725 23.95 0.15 0.0225

23.95 5.9875 23.54 0.41 0.1681

13.36 3.34 21.99 0.81 0.6561

12.18 3.045 22.98 0.38 0.1444

5.5 1.375 21.0 0.38 0.1444

3.66 0.915 20.16 0.44 0.1936

7.06 1.765 19.52 0.38 0.1444

29.44 7.34 18.73 0.87 0.7569

21.22 5.305 19.18 0.32 0.1024

5.14 1.285 16.0 0 0

5.83 1.4575 15.75 0.05 0.0025

10.8 2.70 15.43 0.13 0.0169

12.02 3.005 14.41 0.19 0.0361

21.24 5.31 14.36 0.04 0.0016

13.70 3.425 12.96 0.16 0.0256

14.28 3.57 12.71 0.11 0.0121

14.3 3.575 12.70 0.30 0.09

1.70 0.425 11.91 0.19 0.0361

1.50 0.375 11.96 0.16 0.0256

2.68 0.67 21.76 0.24 0.0576

6.26 1.565 21.51 0.29 0.0841

8.04 2.01 20.56 1.06 1.1236

35.5 8.875 20.13 0.87 0.7569

3.91 0.9775 20.48 0.12 0.0144

Σ 65.25 Σ 16.31 Σ 0.4604

Σ 86.75 Σ 21.69 Σ 0.4202

Σ 78.07 Σ 19.52 Σ 3.0296

Σ 131.16 Σ 32.79 Σ 5.5129

Σ 86.24 Σ 21.56 Σ 0.3072

Table 3

Experimentplanning matrix
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Substituting instead of x P1 6432 = -( ) , wherePis the pressing force of the squeeze rollers and

0 255 0085=-(). . , where Vis the feed rate ofwet semi-finished leather, let’s obtain the equation
ofmoisture extracted from the wet leather semi-finished product in percent depending on the pressing
force and the rate ofwet leather semi-finished product fed between the rotating squeeze rollers.

The hypothesis of the adequacy of the equations obtained was tested with the Fisher criterion

at a confidence level of α = 0.95 [7, 20].

Vx2

F
S

cal =

2

S

ad
<

N 2

2 ,
FT

y

where Sad 2 is the residual variance, or the variance of the adequacy; Sy2{ }is the variance of repro-

ducibility.
The arithmetic mean values of the experiment are shown in Table 3.

From Tables 1–3 let’s define Sad 2 and Sy2{}.
For the first layer of semi-finished leather:

S

N

95-5.5189 r, 131.16∑
2

n y

ad
1

⋅

1

ycal
2

⋅

.

3
0 7673=

5 0 4604

k 2
N

( + k
=

1
=

)( )
-

+

2

12

nN

∑∑( )y y

95 1
1 805{ } = -- =

-

=

2

.; S y
11

65

N n 1()( ) .
;

Fcal1 = 0.425 < FT = 2.87,

where Nis the total number ofexperiments; k is the number of factors; n is the number ofreplications
of the experiment; уi is the result of a separate observation; y is the arithmetic mean of the result of

the experiment; ycal are the calculated values of the criterion according to the regression equation.
For the second layer of semi-finished leather:

Sad22
5 0 4202

0 7003=
⋅=.

3

86 75

9 5 1
241{ } = -=

.

( )
. ; Fcal2 =0.2906 <FT= 2.87.. ;Sy2 2

For the third layer of semi-finished leather:

Sad32
5 3 0296⋅

.

. ;Sy3 23
5 0493= =

78 07
.

( ) .95 1
2 1686{ } = -= ; Fcal3 =2.3284 <FT= 2.87.

For the fourth layer of semi-finished leather:

Sad4
2

5 5 5189⋅

.

. ; Sy4 2
3

9 1982= =

131 16
.

( ) .95 1
3 6433{ } =

-

= ; Fcal4 = 2.5247 <FT= 2.87.

For the fifth layer of semi-finished leather:

Sad5
2

5 0 3072⋅

.

. ; Sy5 2
3

0 512= =

86 24

95 1
2 3955{ } =

-

=

.

( ) .
; Fcal5 = 0.2137 <FT=2.87.

So, the values ofFcal and FT were calculated for five layers of semi-finished leather products
after moisture squeezing.

3. Results

So, the regression equations can be considered suitable with a 95 % confidence level that in

the named form after decoding is:

For the first layer of semi-finished leather:

ΔW1 = 21.6798–0.9843·10–3P2+123.3854V 2+0.2659P–93.3094V–0.0552PV.
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For the second layer of semi-finished leather:

ΔW2 = 22.8173–0.1214·10–2P2+132.4152V 2+0.2671P–02.6152V+0.184PV.

For the third layer of semi-finished leather:

ΔW3= 22.5086–0.1175·10–2P2+128.0595V 2+0.2620P–99.9582V–0.00919PV.

For the fourth layer of semi-finished leather:

ΔW4 = 16.2208–0.12959·10–2P2+112.4014V2+0.34295P–73.4046V–0.2757PV.

For the fifth layer of semi-finished leather:

ΔW5 = 19.9962–0.12267·10–2P2+82.1855V2+0.2559P–81.4531V+0.0552PV.

Based on the results of the experiment (Fig. 2, а–c) and mathematical processing,
mathematical models of moisture extraction from wet leather semi-finished products were ob-

tained for each layer and for the average of the five layers, depending on the roller pressure

and the feed rate.
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Fig. 2. Dependence of the amount of the moisture removed ΔW on the passage velocity V

of each of the five layers of semi-finished leather under the pressing force of the squeeze rollers:

a – for P = 32 kN/m; b – for P = 64 kN/m; c – for P = 96 kN/m;
1 – the first layer; 2 – the second layer; 3 – the third layer; 4 – the fourth layer;

5 – the fifth layer of semi-finished leather products
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So, mathematical models of the dependence of the amount of extracted moisture ΔW1, ΔW2,

ΔW3, ΔW4 and ΔW5 on the pressure of the squeezing rollers and the feed rate for each leather

semi-finished product during their five-layer squeezing were obtained.

4. Discussion of experimental results

The effectiveness of the results of experimental studies is explained by the fact that the

considered method of multilayer squeezing of fibrous materials is combined between a flat press

and a roller squeezing.
For the first time, an experimental study of the extraction ofmoisture from fibrous materials

in a multilayer bag is carried out. The research results in comparison with the existing technology
for processing fibrous materials show an increase in processing productivity and a decrease in

energy consumption for the technological process.

It should be noted that the proposed method can only be used if the dispersion is homoge-
neous, which is determined using the Cochran criterion.

The disadvantage of this method is that the experiment was carried outwith insufficient (pro-

duction) width of processing leather semi-finished products during their multilayer pressing.
Tables 2, 3 shows the results of the experiment for each of the five layers of leather

semi-finished product and their processing according to the method of experiment planning.
Data on the definition of the regression equation for the mathematical description of the expe-

rimental results are also given. According to Tables 2, 3 the conditions for the reproducibility
of the experimental results are determined, as well as the condition for the adequacy of the

mathematical model in the form of a regression equation for each layer of the leather semi-
finished product.

The experimental results show that the difference in the amount of removed moisture bet-

ween the layers of the leather semi-finished product under the pressing force of the squeezing
rollers P=32kN/m (Fig. 2, a), P = 64kN/m (Fig. 2, b) and P = 96kN/m (Fig. 2, c) is less than

1 %, which meets the requirement of an allowable deviation (up to 5 %), established in the techno-

logy of extracting excess moisture from wet leather semi-finished products. The amount of mois-

ture extracted during simultaneous squeezing of five layers of semi-finished leather from the outer

layer (the first layer) of the semi-finished leather product is more than the amount extracted from

the remaining subsequent layers ofthe semi-finished leather, respectively.
The regression equations obtained for the first layer ΔW1, for the second layer ΔW2, for

the third layer ΔW3, for the fourth layer ΔW4, and the fifth layer ΔW5 of the semi-finished leather

product fully describe the dependence of the amount ofmoisture removed from the semi-finished

leather product on the feeding speed and the pressing force between the squeezing rollers since

the conditions of the experiment were as close as possible to the production ones. The technolog-
ical parameters used in the experiment, for example, the feeding speed, the pressing force of the

squeezing rollers, and others, will be useful in choosing the rational operating modes of the roller

squeezing machine.

In the future, to ensure the best efficiency of the multilayer processing method used

in the experiment, it is necessary to work out the conditions for an automatic feed of the pro-

cessed layers of leather semi-finished product onto the transporting base plate and their auto-

matic removal.

For this, in the future, it is planned to manufacture a full-scale model of the machine and

the factors will be investigated taking into account the shortcomings that existed at the laboratory
stand for squeezing moisture from semi-finished leather products.

5. Conclusions

For the investigated sample of semi-finished leather of bovine of medium weight after

the tanning process for the shoe upper leather, the maximum moisture content in the belly sec-
tion reached 73 %, and in the butt section it reached 65 %. The residual moisture content in the

semi-finished leather product after pressing should be 55–60 %, depending on the leather section

and function.
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In the case of this experimental study, the residual moisture content should be about 60 %.

Therefore, it is necessary to extract another 13 % of moisture when squeezing the semi-finished

product in a roll stand.

The results of the experiments showed that it is possible to squeeze the moisture out of

five layers of a semi-finished leather product simultaneously: under the pressure of the squeeze

rollers of 32 kN/m at a feed rate ofup to 0.25 m/s, the productivity of the technological process of

the squeezing machine was five times higher; under the pressure of the squeeze rollers of 64 to

96 kN/m and at a feed rate of a five-layer leather semi-finished product of 0.34 m/s, the productiv-

ity of the technological process will be about ten times higher, when compared to the productivity
of similar squeeze roller machines.

Analysis ofexperimental results shows that in a five-layer squeezing, the maximum produc-

tivity of the roller squeezing machine increases by 500 %. With multilayer squeezing of moisture

from semi-finished leather products when they are fed bending over the base plate, the labor and

energy costs for the technological process of squeezing in a roller squeezing machine are substan-

tially reduced. Therefore, the technological process of moisture squeezing under consideration is

more efficient than the method of single-layer squeezing currently used in production on roller

pressing machines.

The method of implementing the technological process of moisture extraction can be used

by the developers of new designs of technological machines to remove moisture from various ma-

terials, for example, in the textile and pulp and paper industries.
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Abstract

This research aims to determine the pattern of Plug-In Hybrid Electric Vehicle (PHEV) usage and fuel consumption for the

Jakarta metropolitan area, which includes the cities of Depok, Bogor, Tangerang, Bekasi, and Jakarta itself. Tests were carried out

for approximately three months, with regular use. Other types of vehicles for comparison are the Internal Combustion Engine (ICE)
and Hybrid Electric Vehicle (HEV) units. Fuel consumption data and vehicle usage patterns are acquired from data loggers. Eco-

nomic studies are carried out in a simulation that involves the price of a vehicle, a battery, maintenance costs, and fuel prices. The

results show that the best PHEV fuel consumption is for the range of 55–80 km, which is 35–40 km/liter. When compared with HEV,

PHEV fuel consumption is 30 % more efficient. HEV’s best fuel consumption is 22 km/liter. The ICE is far behind with 11 km/liter.

However, looking at the economic side, it can be concluded that the price of PHEV is still challenging to reach for the middle class.

PHEV is still classified as a luxury car for Indonesia. Assuming the amount of fuel is IDR 9,850/liter, and the vehicle service life

is set at ten years, the energy cost for PHEV is around IDR 4,400–IDR 6,000/km. It is higher compare with the energy cost for

a conventional car that is around IDR 3,400–IDR 3,900/km. PHEV buyers must receive incentive support from the government,

not only at the time ofpurchase (zero tax) but also for maintenance costs and battery replacement. Indonesia has long experience in

manufacturing ICE vehicles. Opening an electric vehicle industry is a strategic solution to reduce the price of these vehicles. The

import tax for vehicles in Indonesia is quite high.

Keywords: Electric Vehicle, PHEV, Plug-In Hybrid Electric Vehicle, Power Consumption, Hybrid Electric Vehicle, HEV,

Internal Combustion Engine.
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1. Introduction

Research on the close relationship between economic growth and increased air pollution has

been carried out for China and South Korea, and in general, the results are directly proportional [1].
The results of this research must be noted for other cities in the world. It can’t be avoided except
with a policy ofreducing or prohibiting the use ofICE vehicles.

As the epicenter ofan economy, Jakartahas become overcrowded by vehicle traffic activities.

Congestion always occurs almost every hour of the workday, even on weekends. The number of

ICE of more than 4 million certainly causes significant air pollution.
The PHEV success is ifthe population of its use continues to increase and is proven to reduce

airpollution significantly [2]. In a specific range, ifthe SOC is 100 %, the BEV feature can be used in

the city when going to the office until returning home [3]. A review ofhow big the ideal battery size

for PHEV in Beijing had been carried out. In that study, the results showed that the PHEV battery suit-

able for use in the city of Beijing was 6–8 kWh [4], as well as in the United States and the European
Union [5]. Similarresearch that aims to improve the performance ofBEV on PHEV was to setthe pat-
tern on/offbattery charging. As a result, the use of fuel was more efficient, around 17.3 % compared to

the existing algorithm [6]. Other studies were strategies for optimizing energy management showed

a significant increase in fuel efficiency and a longer battery life [7, 8]. Other efforts from the resear-

chers to extend battery life are also carried out with the Intelligent Double-Layer Control Scheme [9].

Planning a trip route is also not spared into research related to improving PHEV perfor-
mance. The travel expense estimation model was designed for this [10]. Maintaining the tempera-
ture of the battery is also proven to be able to optimize the battery’s output power and extend its

service life as well. The dynamic program method is used to solve the problem. And the research

results showed significant benefits [11]. One crucial parameter that is considered by the buyers is

the efficient use of fuel. Of the nine settings, one of the economic considerations of PHEV is fuel

consumption to curb weight [12]. Research into the sensitivity of fuel used in conventional vehicles

and hybrid vehicles linked to driving behavior was also conducted in the United States [13]. Re-

search on the utility of using PHEV was also carried out in California. The results showed that UF

ofPHEV for short distances (less than 20 miles or 32 km) is very low [14].
The relevance of this research is to provide an overview and data on the development direc-

tion of electric vehicles in tropical countries, especially Indonesia. Until now, the manufacture of

electric vehicles is still quite expensive. This is not only because the population of electric vehicles

is still small, but also because of the addition of a battery which is still one of the most expensive

parts ofelectric vehicles.

The transition from hybrid vehicles to fully electric vehicles will be crucial. Thus, data on

the behavior of using electric vehicles is needed so that the determination of the capacity of the

components will not be over or under. The hope is that the vehicle will still have good quality but

at an affordable price for the middle class.

The more specific research objectives ofthis research are to determine the behavior and the

average distance traveled by the vehicle during use in the weekday. This data will be developed to

become a reference called the «drive cycle». Drive cycle is needed as the main data in the design
simulation of vehicle power and torque capacity, in this case electric vehicles. This data is also

needed to determine where the charging station should be built and what is its power capacity.

2. PHEV Technology
In designing a vehicle, considerations related to the maximum speed, acceleration, vehicle

weight, load weight, aerodynamic drag, rolling resistance, and incline angle. Vehicle Longitudinal

Dynamic Model can be solved by several equations; one of them is below eq. (1) [10, 15]:

ma C Av t m g f m g v t
req Drl ()= ⋅+ ⋅ ⋅ ⋅⋅( ) + ⋅ ⋅ + ⋅ ⋅wherePreq=powerrequirement; A =Frontal area; m = mass; v = velocity; a = acceleration; g= gravity;

p=densityoffluid(air); a=elevation angle; Co=Drag coefficient; /,-/=rolling resistant.

~
~~ ⋅ ( )

1

2

2

ρ αsin , (1)P t

where Preq = powerrequirement; A = Frontal area; m = mass; v=velocity; a = acceleration; g= gravity;

ρ = density of fluid (air); α = elevation angle; CD =Drag coefficient; frl=rolling resistant.
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For micro conditions that determine actual road conditions, more complex equations are

necessary [16].
PHEV consists of 3 types, namely serial, parallel, and serial-parallel. In the parallel PHEV

type, ICE and electric motors are mechanically connected to the gearbox. The torque can be cal-

culated by eq. (2) [10]:

T pathas themaindrive.Thetorquecanbecalculated by eq. (3):Ewheel (t) ~ Eele path (t), (3)
T t T twheel t path elefuel . (2)

The PHEV serial type has only one vehicle driving power source, namely an electric motor

as the main drive. The torque can be calculated by eq. (3):

T path() = ()
_

T twheel t ele , (3)

where Twheel= wheel torque; Tfuel_path = torque from ICE; Tele_path = torque from electric motor.

The concept of serial/parallel PHEV (Fig. 1) is like a combination of serial types and

parallel types. ICE and electric motors have a mechanical connection to the gearbox. ICE is also

connected in such a way to the generator as a battery charger. ICE and electric motors can distribute

mechanical power independently or in conjunction. The Prius PHEV is a vehicle that has success-

fully implemented a serial/parallel hybrid quite well.

The total power requirements can be calculated by eq. (4):

P
accesorPwipers= wipers power; = electric power steering power; P accessor ies= accessories power;P t P t P t P t P t Ptotal t EPS AC PW wipersPM

where Ptotal = total power requirement; PPW= power window power; PPM =prime motor power;

Pwipers= wipers power; PEPS = electric power steering power; Paccessories= accessories power;

PAC = air conditioner power.

E V Ihbattery battery battery= ⋅ , (5)

where Ebattery =power ofbattery; Vbattery = voltage ofbattery; Ihbatery =battery current capacity.

Battery energy capacity is the multiplication ofvoltage (V) with the current hour (Ih) (eq. (5)).

3. Methods

This study involved six vehicles and six drivers with different driving behavior. The

testing is carried out for three months. Similar research has been carried out in the North Ame-

rican area [17], but with a particular PHEV unit. On paper, in theory, PHEV will undoubtedly
excel in terms of fuel efficiency, but how much superior is something else that must be tested

quantitatively.
Each driver was asked to use the vehicle regularly daily, that is, from the place of residence

to the office and back home. It is coupled with other goals that become his/her behavior. The testing

WheelICEReservoir

Gear BoxGenerator
Charger

Electric MotorConverterBattery Wheel

Fig. 1. Serial/Parallel Plug-In Hybrid Electric Vehicle
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time is approximately three months. Especially for PHEV, there are additional regulations, namely

charging at the office up to 100 % SOC. The charging mode is not explicitly set. A Standard or fast

charging mode could be used. Other behaviors return to the driving style of each volunteer. The

fuel used is determined using RON92.

The data is processed to determine the pattern ofvehicle usage in Jakarta, fuel consumption,
and overall efficiency.

4. Results and Discussion

4.1.PHEV Fuel Economy and Driving Distance

Fig. 2 shows the efficiency ofusing PHEV fuel with regular use in the Jakarta area and its

satellite cities. It appears that the highest efficiency of fuel use was in the range of 50–60 km. The

efficiency continued to decline at a distance ofmore than 60 km. After that, the PHEV will operate
as HEV. The best efficiency can reach more than 70 km/liter. The level of SOC is very influential

in this result.

From Fig. 3, it can be seen that in the range of 30–40 km and 50–60 km, the use of electrical

energy was higher than the fuel consumption. If the mileage were more than 60 km, the HV feature

would tend to be dominant. Still in the graph [b], after a distance of more than 50 km, the battery
capacity for the BEV mode had run out.

70.0

Fuel

Economy
[km/L] 60.0

50.0

40.0

30.0

20.0

10.0

HV Fuel Economy [km/L] Overall Fuel Economy [km/L]

Distance Range [km]

80.0

1000.0

Driving
Distance
[km]

800.0

600.0

400.0

200.0

0.0

EV Driving Distance

HV Driving Distance

Driving Distance

Distance Range [km]

1200.0

Fig. 2. Fuel Efficiency of PHEV base on the distance range

Fig. 3. The tendency ofPHEV uses base on the distance range
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In PHEV, the efficiency of fuel use can be increased or dropped dramatically. It is in-
fluenced by the frequency of the plug-in charging and the SOC level. It is a sampling form 1 of

2 PHEV units used as test vehicles.

4. 2. PHEV Energy and Power Consumption for Air Conditioner

Fig. 4 is the result of testing AC power consumption over a set period.

Fig. 5 shows the AC capacity needed at certain hours. Thus, for areas such as Jakarta, for

sedan vehicles, cabin AC capacity is required around 1 kW.

4. 3. Resume Behavior Driving Data

HEV has better fuel efficiency compared to ICE. Its consumption is in the range of

20 km/liter (Fig. 6). There is no surge in fuel efficiency at HEV. It is because the battery capacity
is limited, and there is no other source of charge for the battery apart from the energy available in

the vehicle itself.

Air

conditioner
power

[kw] 1 .20

1 .00

0 .80

0 .60
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Time
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2.50

Consumption
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0.00
60.6
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.
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Energy
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Fig. 5. Air Conditioner Power Consumption of PHEV base on what time it uses

Fig. 4. Electric Vehicle vs. Air Conditioner Energy Consumption in PHEV

Fig. 6. Fuel Eff. comparison among PHEV, HEV, and ICE
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The surge in fuel economy in the PHEV group shows that efficiency can still be increased

continuously by improving driving behavior.

Fig. 7 provides an overview of driving behavior based on distance traveled. It appears

that the driver range is dominant at 50–80 km. A distance of more than 100 km is if the driver

travels out of town.

Quantitative data can be found in the table below. From here it can be observed and analyzed
in more detail for each vehicle. Both PHEVs consume far less fuel in all (Table 1).

ICE drains almost three times that of PHEV. Regulations in Indonesia consider the amount

of tax based on fuel consumption/km. Temporary conclusion, PHEV has an excellent opportunity
to get tax incentives because of its fuel consumption.

4. 5. Feasibility of PHEV

Charging time required for Prius PHEV up to 100 % SOC is 3 hours, with 2.3 kW ofpower.

So the energy should be 6.9 kWh (Table 2). In Indonesia, for that power, the home electricity

Total
Driving
Distance
[km]

2500.0

2000.0

1500.0

1000.0

500.0

0.0

Overall Driving Distance PHEV#1

Overall Driving DIstance PHEV#2

Overall Driving Distance HEV#1

Overall Driving Distance HEV#2

Overall Driving Distance ICE#1

Overall Driving Distance ICE#2

Distance Range [km]

3000.0

Car Code PHEV #1 PHEV #2 HEV #1 HEV #2 ICE #1 ICE #2

Number of days [day] 55 62 49 61 58 57

Driving time [minute] 10.904 9.373 8.153 11.965 11.226 11.807

Number of Charge [times] 51 32 N/A N/A N/A N/A

Average Number of Charge [day/charge] 1.08 1.94 N/A N/A N/A N/A

Averagemileage [km/day] 79.89 55.66 60.74 71.67 69.22 81.10

Driving Distance [km] 4.393 3.450 2.976 4.371 4.014 4.622

Fuel Consumption [liter] 125.79 87.25 137.25 197.30 355.64 375.05

Average Fuel Economy [km/liter] 34.93 39.55 21.69 22.16 11.29 12.32

Average HV Fuel Economy [km/liter] 23.59 24.02 N/A N/A N/A N/A

HV Driving Distance [km] 2.967 2.095 N/A N/A N/A N/A

EV Driving Distance [km] 1.425 1.354 N/A N/A N/A N/A

Table 1

Resume ofvehicle fuel consumption on regular using in Jakarta

Fig. 7. Total Driving Distance comparison among PHEV, HEV, and ICE
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should be at 3500–5500 kVA class. It is the upper middle segment. The energy cost for that segment
is IDR 1467.28/kWh.

Base on Table 2, the ideal house to be fitted with a 2.3 kW capacity charger is one that has

a minimum of 15 A or 3300 watts of electric power.

5. Discussion of Experimental Results

The results of this experiment show that there is still a lot of energy wasted from ICE which

can be reused. And the combination of ICE with EV is one solution. This research is sufficient to

provide a big picture that there will be fuel savings with the combination of these engines.
In addition, the data show that from the experimental results, the average distance traveled

per day is around 50–60 km (Table 1). AC is always on.

Thus the battery capacity is less than or more than that will make vehicle performance
not optimal. From the distance divided by time, it is known that the vehicle is in the speed range

of 15–50 km/h. This will be the material for determining the motor power which does not need

to be too large. The smaller the motor power, the smaller the battery consumption, and the far-

ther the distance that can be achieved. With this drive cycle, acceleration and high speed are not

the main things.
For the purposes of driving in the city, electric vehicles are designed to cover a distance of

only about 50 km. Longer distances can be accommodated by offering a larger battery capacity.
The main driving comfort facilities are air conditioners and entertainment devices. The main motor

power of 10 KW is sufficient. Thus the battery capacity does not need to be too large. Component

prices could be reduced iftheycould be manufactured in Indonesia. This is to reduce import taxes

and to increase local and domestic content. For the quality ofvehicle manufacturing, Indonesia has

proven to have quite a good experience, both in terms of cost, quality and delivery. This has become

Indonesia’s main strength to produce and develop its own electric vehicles. Reasonable prices for

HEV vehicles are affordable for the lower middle class, namely in the LCGC class (low cost green

car), under 250 million rupiah.
However, this study still has shortcomings related to the number and types of vehicles

sampled. This is because the pollution of electric vehicles in Indonesia is not as high as in deve-

loped countries. This study also has not been able to project how fuel efficiency will be if the

vehicle has passed its useful life. Then it is necessary to research the waste battery that has been

damaged. To find out the life of the battery, a discharge test is necessary.

6. Conclusions

Research and development of PHEV are still very strategic for the next decade or more.

When the BEV era emerged, PHEV will not just disappear.
The fuel efficiency of PHEV is quite good, but it is still very possible to be improved if

battery technology continues to develop until higher battery densities are found.

Charging Data Value Remark

Charging time (hour) 3 [18]

Charging power (kW) 2.3 [18]

Charging energy (kWh) 6.9 –

Energy Cost – –

Charging cost (IDR/kWh) 1467.28 [19]

Gasoline Price (IDR/liter) (RON 92) 9850 [20]

Table 2

Power requirement and unit cost for energy
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Marketing PHEV in a country is ideal when considering the driving behavior of its po-

pulation. Also, traffic and climate conditions are essential to be taken into account.

To encourage the purchase of PHEV, in addition to determining the right PHEV specifica-
tions for Indonesia, also with government policies in reducing PHEV and BEV taxes, as well as

providing other incentives.

The construction ofPHEV factories in Indonesia can reduce the selling price of vehicles.

To target the lower middle class, the price of vehicles less than 250 million rupiah is ex-

pected to make the development of electric vehicles grow rapidly. The electric vehicle fea-
ture in Indonesia doesn’t need to be too sophisticated. The only standard comfort needed is

air conditioner and entertainment equipment. The motor power of about 50 kw can be reduced

to just 10 kw.
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Abstract

Sintering ofmulticomponent systems is characterized by a number of features, consisting in the fact that sintering of dissimilar

materials is a complex eutectic process. Along with self-diffusion, which causes the transfer ofmass to the contact area ofthe particles,

there is mutual diffusion, which ensures the homogenization ofthe compositionby equalizing the concentrations ofunlike atoms within

the sample. Under conditions of limited solubility or complete insolubility of the components, sintering ofthe system is complicated by

the isolation ofhomogeneous particles from mutual contact, hindering self-diffusion and thereby worsening the sintering conditions.

The saturation ofparticles of vacuum glass brand S88-5 (GOST 11.027.010-75, Russia) and glass «Pyrex» (TS, Russia), which are

part of iron and «iron-cast iron glass» materials, depending on the sintering temperature, has been studied.

To improve the interfacial interaction, and, consequently, to increase the mechanical and tribotechnical properties ofpowdered
iron-glass materials, the effect ofthe glass melting temperature on the saturation of glass with metal was investigated. The dependences
of the content of base metal and silicon ions in glass on the sintering temperatureare plotted. The effect of the glass melting temperature
on increasing the saturation of glass with metal is predicted.

The saturation ofthe glass with the base metal depends on the viscosity ofthe glass at sintering temperatures and is accompanied

by an increase in microhardness and refractive indices up to 1.2 times compared to the initial state of the glass.

The microhardness of particles of vacuum glass of grade S88-5 after sintering of metal-glass samples increases noticeably than

in samples with Pyrex glass.

When sintering «iron-cast iron-glass» materials, the metal base is saturated with silicon, which leads to an increase in the hard-

ness of iron up to 1.8 times.

Keywords: interdiffusion, sintering, pressing, composite material, sitall, glass saturation,microhardness, viscosity.

DOI: 10.21303/2461-4262.2021.001619

1. Introduction

During sintering ofmetal-glass materials, glass is sitalized [1] and it is necessary to develop
such modes of glass that would ensure crystallization in the entire volume ofglass inclusions, which

contributes to an increase in the strength of the material [2]. In addition, when glass is in contact

with iron for a long time in the temperature range 1000–1200 °C, the glass becomes greenish,
which indicates its saturationwith iron [3].

To improve the mechanical properties and wear resistance of iron of glass materials ob-

tained by cold pressing with subsequent sintering in a protective environment, it is necessary to

add components that have better glass wettability to the composition of the charge [4]. The use of

cast iron powder as part of the charge leads to such an effect [5]. Since cast iron contains a rela-

tively large amount of silicon and manganese, which, during heating, form corresponding hardly
reducible oxides, which improve the wettability of the metal frame with glass during sintering [6].

Tahir Gaffar Jabbarov

Jamaladdin Nuraddin Aslanov

Rafiga Sakhavat Shahmarova
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DURING SINTERING OF A COMPOSITE MATERIAL OF
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Saturation of glass is accompanied by an increase in the refractive index [7], and under certain

conditions, a crystalline phase may appear in it, which includes ions of iron and other metals [8].
In sintered metal-glass materials, glass particles are surrounded by metal on all sides, which

creates favorable conditions for saturation with metal oxides [9]. With an increase in the sintering

temperature, the glass becomes more fluid, the contact area between the metal and the glass in-

creases, and, consequently, the possibility of saturating it with metal oxide increases [10].

2. Materials and methods of research

The saturation of particles of vacuum glass grade S88-5 (GOST 11.027.010-75, Russia) and

glass «Pyrex» (TS, Russia), which are part of iron and «iron-iron glass» materials, depending on

the sintering temperature, has been studied.

The metal basis of the samples used for the study consisted of: powders of iron, gray cast

iron obtained by grinding, as well as stearic acid zinc for the perfumery and cosmetic industry. Iron

powder grade PZhRV 2.200.28 (GOST 9849-86, Sulin) was used in a fineness of– 160+50 µm. Cast

iron powder ofgrade SCh – 20 obtained by mechanical grinding had a fineness of– 100+50 µm. The

sizes ofglass particles were in the range of– 100+50 µm, and the amount ofglass and cast iron was

6 and 30 % (byweight), respectively. To improve the compressibility ofcharge materials, stearic acid

zinc for the perfumery and cosmetic industry was used – grade «Ch» (TU 6-09-4473-77, Russia),
in an amount of 1.0 % (by weight) [7].

Samples with dimensions 55×10×10 mm were pressed on a hydraulic press model

HPM-100S (Russia) at a constant pressing pressure of 1000 MPa. Glass-metal specimens with

a porosity of 8–16 % were sintered in the temperature range 1000–1200 °C for 1 hour in an endo-
thermic gas environment in a continuous furnace.

The microhardness of glass particles was investigated using a PMT-3 microhardness meter.

The weight of 50 g was selected in such a way that glass cracking did not occur when measuring
microhardness. On each sample, sintered at a certain temperature, 30 measurements of microhard-

ness were carried out and the percentage composition of the obtained values was determined.

3. Results and discussion

In the process of sintering of powdered iron-glass materials, the bond between the metal

base and the glass phase is improved.
To study the saturation degree of the glass, X-ray microanalysis, the petrographic method,

and the method ofmeasuring the microhardness were used.

By the method of micro-X-ray spectral analysis when comparing the intensities of the ex-
cited rays in the samples and standards, the average content of saturated metal and silicon in glass
particles that were part of iron-glass, iron-cast iron-glass materials was determined (Fig. 1).

With increasing sintering temperature, the color of glass particles in the samples changed.
In the iron-glass with vacuum glass of the S88-5 grade – from colorless to green, and in the iron-

glass with Pyrex glass – to black. In the «iron-glass» ones with vacuum glass of the S88-5 brand –

up to light green, and in the «iron-glass» ones with «Pyrex» glass – up to violet. The change in the

color of the glass particles indicated its saturation with metal ions (Fig. 1).

Fig. 2, 3 show the change in the content ofbase metal ions and silicon in glass from the sin-

tering temperature.With its increase, the saturation with a metal increases, and a directrelationship
is seen between the saturation of glass with a metal and the affinity of this metal for oxygen. The

most saturated particles are particles with vacuum glass of grade S88-5 (Fig. 2), the least – with

glass «Pyrex», which were part of the «iron-cast iron-glass» samples.
The saturation ofglass with metal is significantly affected by the melting temperature of the

glass. Thus, in metal-glass samples with Pyrex glass, the saturation of glass particles with metal

and a decrease in the silicon content is less intense than in vacuum glass of S88-5 grade. This is

due to the fact that Pyrex glass at the same temperatures has a higher viscosity [11] than glass of

grade S88-5, due to which the contact between the metal and glass deteriorates, the mobility of the

glass decreases. In addition, with an increase in the sintering temperature, the content iron in the

matrix decreases and silicon increases.
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An increase in the Silicon content in the matrix indicates that with an increase in the sintering
temperature (especially at 1150–1200 °C), the matrix is saturated with glass components. In turn, the

glass is saturated with iron, that is, mutual diffusion occurs between the matrix and the glass phase.

Base
metal
content
in

glas,
%

2

p
Л1

///Г4

T
///

•w

1050 1150 1250

Temperature, °C

Silicon
content
in

glass,
%

\ 6

\ \T5

Л 3

•2

1050 1150 1250

Temperature, °C

Fig. 1. The average content of saturated metal and silicon in glass particles that were part of iron-,

«iron-cast iron-glass» materials: a, b – iron-glass; c, d – «iron-cast iron-glass»

Fig. 2. Changes in the iron content in glass, depending on the sintering temperature ofmetal-glass
samples: 1, 2, 3 – iron cast with vacuum glass ofgrade S88-5; 4, 5, 6 – iron-cast iron with Pyrex glass

Fig. 3. Changing the silicon content in glass, from the sintering temperature ofmetal-glass samples:
1, 2, 3 – iron-cast iron with Pyrex glass; 4, 5, 6 – iron-cast iron with vacuum glass, grade S88-5
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For the construction of graphic images (Fig. 2, 3), particles of approximately the same

size were selected. When the size of the glass particle changes, its saturation with the base metal

also changes. For example, in iron-glass samples with Pyrex glass sintered at a temperature of

1150 °C, an increase in the size of a glass particle by 1.5 times led to a drop in the iron content

from 9 to 5 %.

Usually towards the edge of the glass particle, the saturation metal content increases. In ad-
dition, even at temperatures of 1000–1050 °C, crystals ofprecipitating metals are noticeable in the

glass. Consequently, the glass is no longer homogeneous in chemical composition.

Fig. 4 shows the determination of the refractive indices of glass particles that were part of the

sintered samples. At a temperature of 1050 °C in iron-glass specimens with glass of grade S88-5,
the refractive index ranges from 1.514 to 1.523; at 1150 °C from 1.521 to 1.537; at 1200 °C from

1.529 to 1.580. Apparently, glass with a low refractive index corresponds to those areas of the

particle where minerals are released. In general, an increase in the sintering temperature of metal-

glass samples with S88–5 glass leads to an increase in refractive indices (Fig. 4).

In samples with Pyrex glass (Fig. 5), an increase in the refractive index is observed in iron

and iron-cast iron-glass samples up to a certain limit (1150 °C), then the refractive index of the

glass decreases. The drop in the refractive index in the samples sintered at temperatures above

1150 °C is obviously associated with the intense crystallization of the glass. In iron-glass samples
sintered at a temperature of 1250 °C, it was not possible to measure the refractive index, since

non-crystallized glass could not be separated from the sample.
Most of the minerals released in glass during sintering ofmetal-glass minerals have a higher

hardness than glass. For example, the microhardness of quartz is 10230–12360 MPa; magnetite –
5350–6950 MPa; fayalite Fe2SiO4 – 6890–7480 MPa, etc. [12]. Consequently, the release of mine-

rals should affect the microhardness ofthe particles that make up the sintered metal-glass materials.

Table 1 shows the limits of the microhardness of the glass phase of the samples sintered at tem-

peratures from 1000 to 1200 °C.

From the Table 1 it is possible to see that with an increase in the sintering temperature, the

spread of microhardness values increases and in all samples a tendency to an increase in micro-

hardness is observed. The microhardness of the glass phase of samples with S88-5 glass increa-
ses especially. In iron-glass specimens sintered at 1200 °C, 17 % of all measurements fall on areas
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Fig. 4. Change in the refractive index of vacuum glass of grade C88-5 from the sintering
temperature of metal-glass materials: material: 1 – iron-glass, 2 – «iron-cast iron-glass»
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with a microhardness of 10780 MPa and 29 % on areas of microhardness (7430 MPa) are almost

twice as high as that of the original glass.

In specimens with Pyrex glass, the spread of microhardness values is small, especially
for «iron-cast iron-glass» specimens, and it does not increase as noticeably as in specimens with

S88-5 glass. This is explained by the fact that metal-glass samples with Pyrex glass are less crystal-
lized, as established by metallographic analysis. The reason for this is that Pyrex glass at the same

temperatures has a higher viscosity [11] than with C88 glass-5. Due to this, the contact between

the metal and glass worsens, and the mobility of the glass decreases. As a result, the matrix is not

completely wetted with the Pyrex glass.
Intensive crystallization of glass at temperatures of 1150–1200 °C in samples with glass of

the S88–5 brand is accompanied by a sharp increase in the average microhardness (Fig. 6). In sam-

ples with Pyrex glass, its crystallization and saturationwith metal is less intense, which affects the

microhardness. As can be seen from Table 1, in the temperature range 1000–1050 °C, a decrease

in microhardness is observed, especially its lower limit. In samples with S88-5 grade glass, such

a drop is not observed. This is due to the fact that, at these temperatures, the Pyrex glass has a sig-

nificantly higher viscosity than the C88–5 glass and the gas released when the samples are heated,
and great obstacles are created for reaching the surface. Due to the fact that particles ofPyrex glass
at these temperatures contain many gas bubbles, this leads to a decrease in microhardness.
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Microhardness of the glass phase in materials, MPa

with glass of С88–5 brand with glass of«Pyrex» brand

iron-glass iron-cast iron-glass iron-glass iron-cast iron-glass

from to from to from to from to

1 1000 4280 6360 3890 5776 3420 7030 3480 5200

2 1050 4980 7430 4540 6360 4800 6380 3400 5000

3 1150 3800 8400 4900 8800 4240 7100 3450 4950

4 1200 4874 10780 4876 8910 3850 7200 3450 5330

Table 1

Limits of microhardness of the glass phase of the samples

Fig. 5. Change in the refractive index ofPyrex glass from the sintering temperature of metalglassmaterials:material: 1 – iron-glass,2 –«iron-cast iron-glass»
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By measuring the microhardness of «iron-cast iron-glass» materials, let’s found that in the

samples sintered at temperatures above 1000 °C, the glass becomes very fragile and porous, there-
fore, when the microhardness changes, the glass regions are destroyed. However, at 1250 °C, there

are quite strong glass areas, the microhardness of which is 10157 MPa (Fig. 7, d).

At a temperature of 1000 °C, the microhardness of glass particles is in the range from 4280

to 5200 MPa, then it drops sharply. At 1150 °С – 1200 °С, along with brittle areas, there is a small

number ofareas with high microhardness. At a temperature of 1000 °C, apparently, saturation of the

metal base with silicon occurs, since the hardness of iron at the boundary with glass increases to

4280–4980 MPa, although further fromthe boundarythe microhardness drops to 1200 MPa(Fig. 7, c).
At a temperature of 12000 C, the microhardness of the iron base metal was 5200–5330 MPa. In some

cases, when the sizes of crystalline inclusions allowed for detailed measurements, the microhardness

of some minerals was determined. As a rule, the microhardness of the crystalline phase was higher
than that of glass (Fig. 7, a, b). For example, the microhardness of crystals of the «iron-cast iron-

glass» base in the «iron-cast iron-glass» samples was equal to 9780–10487 MPa.

The results obtained and the recommendations given can be applied in the ranges of con-
ditions that apply to parts of household appliances operating under conditions of intense wear at
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Fig. 6. Change of microhardness of glass particles of metal-glass materials from sintering
temperature. With vacuum glass of grade С88-5: 1 – iron-cast iron; 2 – iron with Pyrex glass;

3 – iron-cast iron; 4 – iron

Fig. 7. Distribution of microhardness in glass particles. a, b – iron with S88-5 grade glass and

with Pyrex glass, sintering temperature 1150 °С, respectively; c, d – iron cast with glass of

grade S88-5, sintering temperature 1000 and 1200 °C, respectively
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a contact load of 2–8 MPa, friction rate V= 2.1 m/s. The highest mechanical and antifriction pro-

perties are exhibited by samples containing 30–50 wt % cast iron with particle sizes from 100 to

160 μm and 2–6 wt % glass powder (50–200 μm), the rest being iron.

The results obtained substantiate the use of the investigated powdered iron-cast iron-glass

composite material with a porosity of 8–16 % as an antifrictional purpose for parts of household

appliances.

4. Conclusions

The proposed approach to the problem of saturation of glass with a metal, taking into ac-

count mutual diffusion, makes it possible to establish: saturation of glass with a base metal depends
on the viscosity ofglass at sintering temperatures and is accompanied by an increase in microhard-

ness and refractive indices; the saturation of glass with the base metal depends on the degree of

affinity of this metal for oxygen.

It is shown that the microhardness of particles of vacuum glass of grade S88-5 after sinter-

ing metal-glass samples increases by 27 % than in samples with Pyrex glass.
When sintering «iron-cast iron-glass» materials, the metal base is saturated with silicon,

which leads to an increase in the hardness of iron by 1.8 times.

The results obtained substantiate the use of the investigated powdered iron-cast iron-glass

composite material as an antifriction material.
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Abstract

When solving a large number ofproblems in the study of complex systems, it becomes necessary to establish a relationship
between a variable that sets the level of efficiency of the system’s functioning and a set of other variables that determine the state

of the system or the conditions of its operation. To solve this problem, the methods of regression analysis are traditionally used, the

application ofwhich in many real situations turns out to be impossible due to the lack ofthe possibility ofdirect measurement ofthe

explained variable. However, if the totality ofthe results of the experiments performed can be ranked, for example, in descending

order, thus forming a system of inequalities, the problem can be presented in such a way as to determine the coefficients ofthe regres-
sion equation in accordance with the following requirement. It is necessary that the results ofcalculating the explained variable using

the resulting regression equation satisfy the formed system of inequalities. This task is called the comparator identification task.

The paper proposes a method for solving the problem ofcomparator identification in conditions of fuzzy initial data. A mathe-

matical model is introduced to describe the membership functions offuzzy parameters ofthe problem based on functions (L–R)-type.
The problem is reduced to a system of linear algebraic equations with fuzzy variables.

The analytical relationships required for the formation of a quality criterion for solving the problem of comparator identifica-

tion in conditions offuzzy initial data are obtained. As a result, a criterion for the effectiveness ofthe solution is proposed, based on

the calculation ofmembership functions of the results of experiments, and the transformation of the problem to a standard problem

of linear programming is shown. The desired result is achieved by solving a quadratic mathematical programming problem with

a linear constraint. The proposed method is generalized to the case when the fuzzy initial data are given bifuzzy.

Keywords: regression analysis, comparator identification problem, fuzzy and bifuzzy values of the initial data.

DOI: 10.21303/2461-4262.2021.001609

1. Introduction

In the process of studying complex systems of various natures, it becomes necessary to build

a mathematical model in the form of a regression equation. Such equations set the level ofefficiency
of the system operation depending on the variables that determine the state of the system or the con-
ditions of its operation. Traditionally, the method of least squares is used to calculate the coefficients

of the regression model, and the task may be to determine the coefficients of the regression equation
in such a way that the results of calculating the explained variable using the resulting regression equa-

tion satisfy the formed system of inequalities. This task is called the comparator identification task.

The problem of comparator identification is a special, non-template version of regression

analysis [1, 2], which arises in the following case. Let’s suppose that as a result of a series of ex-

periments in j-th of them, a set of values of factors (explanatory variables) Fj1, Fj2,…, Fjm is ob-

tained influencing the outcome of the experiment, and the value of the explained variable in this

experiment – yj, j= 1, 2,…, n. The resulting array of initial data is jointly processed in order to find

a set of unknown coefficients x0, x1,…, xm that define the regression equation:
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y x x F xFxFjjjmjm=++++0112 2 ... , j n=1 2 , ,..., , (1)

determining the dependence of the explained variable on the explanatory ones. The required set

X= (x0, x1,…, xm) is found by the least squares method using the formula:

X HHHYT T
=

-( ) ,

1

where

H

Letnow,forsomereason,thevalueoftheexplainedvariableineachexperimentcan’tbe
1 FF F11

=
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Here Fji – value of the i-th factor in the j-th experiment.
Let now, for some reason, the value of the explained variable in each experiment can’t be

determined, but they can be ranked, for example, in ascending order. Then (after renumbering) let’s

obtain a chain of inequalities:

y y yn1 < 2 < <
... . (3)

Now the task is to find the vector X, which, taking into account (1), ensures the fulfill-

ment of inequalities (3). The problem formulated in this way is called the comparator identification

problem [3]. The following method for solving this problem is known [4–8]. Using (3), taking into

account (1), let’s form the following system of inequalities:

y y x F F( F F) F F

y

1 2 = 11 21 +-

1 ,

(21 31 2 22 32 230-+-++-<FxFFxFFmmm)()...( ) ,

x ( )-

2 +-

2 y x

0

3 1

12 + x ( -

22 )
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m 1 2m... m
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( ) ( )y (y x F
n

F x F F- =

1 2 2 F F
n m nm-

- <1 0, ) .-

- +1
-

1 +n 11 1n 2n- n + x
,

-

,
n ... m

(4)

System of inequalities (4) by adding positive xm+1, xm+2,…, xm+n-1 is transformed to the sys-

tem ofequalities:

m

∑ 0

1

+ =

+x r xiji m j
i=

, j n= -1 21 ,,..., ,

xi ≥0, xm j+ >0, (5)

r F Fji
=

-+1, , i m=1 2 , ,..., , j n= -1 21 ,,..., .iji j

The problem is to find a set ofvariables x0, x1, …, xm, xm+1, xm+2,…, xm+n-1, satisfying equa-

tions (5). In order to eliminate the trivial zero solution to the problem (xi=0, i= 1, 2,…, m+n–1),
let’s add one more constraint:

m n

-=∑
1

x i

i

+ ∑ =x

j

m j
1 1

+

=

1. (6)

The resulting system of linear algebraic equations (5), (6) is redefined and, possibly, incon-
sistent. Therefore, a natural approach to solving it is to minimize the quadratic form:

n

() .= +
~
~~

~
~~+

==

-∑∑
1

2

1

1 m

L X x r xi ji m j
ij

(7)

Taking into account the constraint (6).
Let’s solve the formulated problem of mathematical programming by the method of indefi-

nite Lagrange multipliers. The Lagrange function has the form.
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Relations(9)and(10)formasystemoflinearalgebraic equations containingin+ii-lequa-
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Relations (9) and (10) form a system of linear algebraic equations containing m+n–1 equa-

tions and the same number ofunknowns. Let’s introduce the matrix M ofcoefficients in front of the

unknowns, the vector column ofunknowns XT= (x1, …, xm, xm+1,…, xm+n–1), as well as the column

offree terms ΛT =12( , ,...,), λλ λ dim.Λ = -( )×n 1 1 Then the control system (9), (10) in matrix form

has the form:

MX = Λ.

Hence,

X M= -1Λ. (11)

Using (9) and (10), let’s consider the structure of the matrix M.
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The block character of the matrix M allows to use the Frobenius formula [9]:
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Let’s rewrite this formula taking into account that:
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Thus let’s obtain:
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Since the dimensions of the matrices C and are less than the dimension of the matrix M, the

block inversion of the matrix M simplifies the procedure for obtaining a set of dependences of the

values of the variables xq on λ, q = 1, 2,…, Q, Q= m+n–1.
Then from (11):

X

~x

=

~ ~

~~~~~~
~
~
~

m0

x

m

~
~
~
~

~
...

1

11 12

~

1
=

m

x

...
m

m21 22 m

Q

2

Q

1

...

... ... ...

2

~

Q

~

mm m

~λ

λ

Q1

...

2Q

~

~~~~~~
~
~
~

⋅

... QQ ~

~
~
~
~

...

m

~
~~~~ =

m

~

λ

12

λ

2

11

m21 m22

m. .. 1

......

Q

~m

... m 2

mQ

......

1 m

Q

2Q

~
~
~
~
~

QQ...

⋅

~

1

~~
~
~

1

~

..

~
.

1

~~
~
~~

.

Hence,

x

Q

s

λ
= ∑

2
q

m
sq

= 1

, s Q=1 2 , ,..., .

Now, using (6), let’s find the value λ:
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Then

x

Q

s

∑
q

m

=

Q

= 1

∑

sq

Q

∑
1=

m

qs

sq
1=

1.Formulatethecorrectformulationofthecomparator identificationproblemundercondi-

The solution to the problem is obtained. However, it should be noted that the problem of

comparator identification becomes much more complicated if its initial data are not accurate. Let,
for example, the values of factors in a series of experiments are described unclearly [10]. In this

case, let’s assume that on the basis of all available information, membership functions of the corre-

sponding fuzzy numbers can be constructed. It is clear that the method described above for solving
the standard problem of comparator identification under these conditions can’t be used. The indis-
tinctness of the initial data gives rise to the indistinctness of the result. Based on this, it should be

recognized that the research is relevant, the results ofwhich allow to solve this problem.
The paper proposes a method for solving the problem of comparator identification in condi-

tions of fuzzy initial data. A mathematical model is introducedto describe the membership func-

tions of fuzzy parameters of the problem based on functions (L–R)-type. The problem is reduced

to a system of linear algebraic equations with fuzzyvariables.

The desired result is achieved by solving a quadratic mathematical programming problem
with a linear constraint. The proposed method is generalized to the case when the fuzzy initial data

are given bifuzzy.

2. The aim and objectives of research

The aim ofresearch is to develop a method for solving the problem of comparator identifi-

cation with indistinctly specified initial data.

To achieve the aim, the following objectives must be solved:

1. Formulate the correct formulation of the comparator identification problem under condi-

tions when the uncertainty of the initial data is described in terms of fuzzy mathematics.

2. Justify the quality criterion for solving the comparator identification problem with fuzzy
initial data.

3. Develop a procedure for solving the problem ofcomparator identification when choosing

fuzzy numbers (L–R)-type as input data.

3. Results of developing a method for solving the problem
3. 1. Problem statement

Let a series of experiments be carried out, in each ofwhich the values of influencing factors

are fuzzynumbers with known membership functions μ(Fji), j = 1, 2,…, n, i= 1, 2,…, m. Let, in ad-
dition, the unknown values of the explained variable can be ranged, as a result ofwhich a system of

inequalities (3) is obtained. It is required to find a vector X that provides the calculation of a set of

values of the explained variable, which satisfies (3) and optimizes the selected criterion.

Let’s consider the following scheme for solving the problem of comparator identification.

First, let’s choose the type of analytical description of the membership functions of fuzzy ini-
tial data. Then let’s construct a mathematical model of the problem, on the basis of which let’s

formulate a naturally interpreted and easily computable criterion for the quality of the solution

to the identification problem. At the end of the solution, let’s develop a method for optimizing the

selected criterion.

3. 2. Justification of the quality criterion for solving the problem of comparator identi-

fication with fuzzy initial data

In the practice of solving various problems of fuzzy mathematics, an extensive set of types
ofmembership functions of fuzzy numbers is used, for example, triangular, trapezoidal, Gaussian

and many others. At the same time, recently more and more often the method of constructing
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membership functions is used, based on the approximation ofknown types ofmembership functions

by so-called functions (L–R)-type. The attractiveness of using membership functions (L–R)-type
is explained by two important properties. First, these functions are easily and conveniently defined

by a fixed set ofvalues ofnumeric parameters. Secondly, in relation to numbers with a membership
function (L–R)-type, a strict system of rules for performing algebraic operations has been deve-

loped [11]. To implement these rules, it is necessary and sufficient to know the values of the sets of

numerical values of the parameters of the membership functions of fuzzy numbers – the operands.
At the same time, in most practical problems, it is acceptable to use three-parameter membership
functions (L–R) – of the type, having the form:

µ

(m-x'I0 < -

( ) =

Ix-m ]

mxHerem -modalvalueofthefuzzynumber x, a-left fuzzyfactorofthenumberx,P -right

x

α

L:R—>[0;1],7?: 1], Z(0) = 7?(0)=1.

~~
- ≤ <

numbers(Z-7?)-type,insteadofthecumbersome relation(12),let’suseamuchshortersymbolism:

y=<m, a,p>.

m
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L
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x
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~~~~β. R
x

0

Z=Ft+F2=<mz,az,$z>,

mz=ml+m2,az=a1+a2,Pz=Pi+p2:

α
Z=F]-F2 =<mz ,oc z ,p z >,
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β

x

mm
,

x

,
+

+
,

> m

(12)

Here m – modal value of the fuzzy number х, α – left fuzzy factor of the number х, β – right
fuzzy factor of the number x.

Functions L m x(())- α and R x m(())- β are arbitrary monotone functions for which:

L: R→[0; 1], R: R→[0; 1], L(0) = R(0) = 1.

In what follows, using the generally accepted notation, to describe three-parameter fuzzy
numbers (L–R)-type, instead of the cumbersome relation (12), let’s use a much shorter symbolism:

y = <m, α, β>.

3. 3. The procedure for solving the problem of comparator identification when choosing
fuzzy numbers (L–R)-type as input data

In accordance with the proposed general scheme for solving the problem of comparator

identification, let’s introduce a regression model (1) and a system of inequalities (4). However,
unlike the previous one, all components in (4) are fuzzy numbers. Therefore, all the differences

yj–yj+1, j= 1, 2,…, n–1, are also fuzzy. Let’s introduce a set ofvariables ξj =yj–yj+1, j= 1, 2,…, n–1,
and in accordance with the rules for performing arithmetic operations on fuzzy numbers of the

(L–R)-type [11], let’s calculate the membership functions of fuzzy numbers ξj, j= 1, 2,…, n–1. Let’s

write down the corresponding summary of the rules for performing binary operations. Let’s intro-
duce a pair of fuzzy numbers:

F m1 =<
,

α β and F m2 2 22=< > , ,.α β (13)11 >
, 1

Then, when adding, let’s obtain:

Z F F+ =< mZ= α β >1 2 , Z Z, ,

m mZ = +1 2, α ααZ = +1 2, β ββZ = +1 2;m

subtracting let’s obtain:

Z F F mZ= -=<1 2 βα Z, Z >
, ,

m mZ
= -1 2, α αβZ = +1 2, β βαZ = +1 2;m
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multiplying let’s obtain:

Z F F mZ⋅=< α= Z β1 2
then

Г.<///..(/..-P->- Z >
Fromrelation (14),whichdeterminestheresult beforemultiplying twofuzzynumbers,let’s (14)

m mZ
= ⋅1 2, α α αααZmm=⋅+⋅-⋅122 1 1 2, β β βββZmm=⋅+⋅+⋅122 1 1 2;m

dividing let’s obtain:
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From relation (14), which determines the result before multiplying two fuzzynumbers, let’s

obtain formulas for the result of multiplying a fuzzy number by a crisp number.

Let’s write a crisp number xi using the notation used for describing fuzzy numbers

(L–R)-type: xi = <xi, 0, 0>. Then the fuzzy result of multiplying the crisp number xi by the

fuzzynumber rji will be:
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All analytical relationships required for the formation of a quality criterion for solving the

problem ofcomparator identification in conditions of fuzzy initial data are obtained. The required
set (x1, x2,…, xm), satisfying the normalization condition (6), should be chosen so that all fuzzy
numbers ξj, j= 1, 2,…, n–1, are non-positive.

It is clear that the requirement of non-positiveness of the fuzzy numbers ξj, j= 1, 2,…, n–1,
can’t be met if the fuzzy numbers Fji specifying the values of ξj are defined on an infinite carrier.

However, ifthese fuzzy numbers are given on a compact medium, then the problem can be solved.

Let, for example, fuzzy numbers Fji have a triangular membership function:
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In this case, the maximum value of the fuzzy number Fji is equal to mji+βji, and the maxi-

mum value of the number Fji–Fj+1 is equal to mji–mj+1,i+βji+αj+1,i.
Then the maximum possible value ξj on the set (x1, x2, …, xm) is determined by the relation:
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In this case, the problem can be formulated as follows: find a set (x1, x2, …, xm) that satisfies

the system of equations:

m
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xi ≥0,xmj+ ≥ 0, j n= -1 21 , ,..., , i m=1 2 , ,..., . (21)

Simultaneous fulfillment of conditions (19), (21) ensures the non-positiveness of ξj,
j = 1, 2,…, n–1. In the system of equations (19)–(21), the number ofunknowns exceeds the number

of equations. Therefore, as before, it is advisable to go over to the problem of minimizing a qua-

dratic form.

In some cases, in accordance with the meaning of the identification problem, it is required
that the inequalities ξj < 0, j = 1, 2,…, n–1 are satisfied as convincingly as possible. Then the condi-

tion for maximizing the linear form can be added to (19)–(21):

1n

() =
+-∑

1

L x xm j

i=

. (22)

In this case, problem (19)–(22) is transformed to a standard linear programming problem.
Its solution is the desired solution to the comparator identification problem under conditions of

fuzzy input data.

Practice shows that uncertainty models formed using standard fuzzy mathematics tools make

it possible to obtain an acceptable solution to a larger number of emerging problems. However, in

many real-life situations, the nature of uncertainty is more complex than usual. In particular, this

situation arises when trying to describe the uncertainty of demand with a fuzzy number with a tri-

angular membership function. It turns out that the values of the lower and upper boundaries of the
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uncertainty interval, as well as the modal value of this fuzzynumber, based on the results of statistical

processing of the initial data, can’t be determined accurately. It seems natural to consider these va-

lues fuzzy. For a correct description of uncertainty in this case, it is advisable to use fuzzy numbers,
the parameters of the membership functions ofwhich are also fuzzy. The numbers obtained in this

case were introduced by L. Zadeh in [10] and were called fuzzy numbers of type 2 (or fuzzy numbers

of the second order, or bifuzzy numbers). Correct rules for performing arithmetic operations on se-
cond-order fuzzy numbers naturally generalize the rules proposed in [11]. Let’s present those of them

that will be used in the future for calculating the bi-fuzzy analogue of the objective function (19) in the

problem ofcomparator identification. Let’s introduce a pair of bifuzzy numbers F1 and F2 equal to:

F m1 =<
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The obtainedrelations set the parameters of the membership function of the bifuzzy number

ξ1 = F1–F2. The relations for the binomial numbers ξj= Fj–Fj+1, j= 1, 2,…, n–1. Let’s write the result

of multiplying the number ξ1 by the constant x1. Using (14), it is easy to show that when multiply-
ing a bifuzzy number by a constant, a bifuzzy number will be obtained, all the parameters of the

membership functions ofwhich will be equal to the corresponding parameters of the bifuzzy factor

multiplied by this constant. Then:
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Finally, let’s obtain a relation for calculating the parameters of the sum of bifuzzy num-
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Now, similarly to the previous one, let’s write down the maximum value ξj.
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Then the problem is formed as follows: find a set xi, i = 1, 2,…, m, satisfying the system of

equations:
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It is clear that the joint satisfaction of conditions (23), (24) ensures the non-positiveness of

ξj, j = 1, 2,…, n–1, as required. Just as before, iffor a specific identification problem it is necessary

that the non-positiveness of ξj be maximally convincing, then the requirement of maximizing the

linear form (22) is added to (23), (24), which reduces to a linear programming problem. It is clear

that the solution obtained in this case is better than the previous one, since it is more stable with

respect to possible errors in estimating the numerical values of the parameters of the membership
functions of fuzzy initial data.

4. Discussion of the results of solving the problem of comparator identification in conditions

of fuzzy initial data

Comparative identification is a method for solving the problem of regression analysis, the

purpose of which is to establish the dependence of the explained variable on the explanatory vari-

ables (factors) that affect the explained variable. The comparator identification problem and the

method for its solution have been developed and applied in cases when during the collection of

initial data it is not possible to measure the values of the variable being explained, but the results

of experiments can be ranked. The paper considers a variant of the comparator identification

problem, which is important for practice, when the measurement of the values of the factors in

each experiment is not clearly specified. Such problems arise in various practical applications: to

increase the efficiency of vocational guidance activities ofeducational institutions [12], to predict
the emergence and development of social processes, including negative trends in society [13], in

the management of industrial waste [14] and technological processes in industry [15], construc-

tion [16]. The expediency of applying the proposed solutions in these areas is justified by the com-

plexity, and sometimes the impossibility of measuring and evaluating the variables that describe

the processes. If, in addition to the resulting uncertainties caused by these objective facts, take

into account the uncertainties caused by the need to attract expert opinion and obtain appropriate
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expertassessments, there is reason to assert the effectiveness of comparator identification in con-
ditions of fuzzy description. The latter is especially important in areas with an increased level

of requirements for the safety of the operation and operation of facilities [17–19]. Taking into

account the fact that the solution of problems arising in these applications by traditional methods

of regression analysis is impossible, the method proposed in this work, which reduces the prob-
lem to solving the arising system of linear algebraic equations, the parameters of which are given

indistinctly, is an effective mathematical apparatus. For the case when all fuzzy parameters are

specified on a compact carrier, the method provides a solution to a fuzzy system of linear alge-
braic equations. The proposed computational procedure has been developed and can be applied
in a situation where the uncertainty in the value of factors is described in terms of second-order

fuzzy numbers. The paper also considered a possible enhancement of the method, which con-

sists in the following. From the set of feasible options for solving the problem, the most stable is

selected with respect to possible errors in setting the parameters of the membership functions of

fuzzy initial data.

A possible direction for further research is the development of a method for solving the

comparator identification problem for the case when the initial data are specified inaccurately [20].
To solve the problem, it is possible to use the technologies proposed in [21, 22].

5. Conclusions

1. The correct formulation of the comparator identification problem is formulated for the

case when the initial data are given in terms of fuzzy mathematics. In this case, to describe the

membership function of the corresponding fuzzynumbers, functions (L–R)-type are selected.

2. All analytical relationships required for the formation of a quality criterion for solving
the problem of comparator identification in conditions of fuzzy initial data have been obtained.

As a result, a criterion for the effectiveness of the solution is proposed, based on the calculation

of membership functions of the results of experiments, and the transformation of the problem to

a standard problem of linear programming is shown. The solution to the latter is what is sought for

comparator identification under conditions of fuzzy initial data.

3. A procedure for solving the problem of comparator identification is proposed, when the

initial data are fuzzy numbers (L–R)-type. The solution obtained by its implementation is more

stable with respect to possible errors in estimating the numerical values of the parameters of the

membership functions of fuzzy initial data.
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