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THE NEED FOR AN INTERUNIVERSITY MASTER'S PROGRAM IN INDUSTRY 4.0 IN THE
REPUBLIC OF MOLDOVA

This article discusses the imperative for the creation of a new collaborative interuniversity master’s program in
Industry 4.0 across three Moldovan higher education institutions. Development of such a new master’s program is the
main goal of the ERASMUS+ project titled “EnhaNcing MEchanical Engineering EDUcation in Moldova for Industry
4.0/ NeedEDU4.0”. The proposed master’s program will be created and executed through partnerships between
technical educational institutions and the industrial sector. Its primary focus is to equip future engineers in automotive
construction with current knowledge and skills by integrating best practices from European Union university partners.
The introduction of this modern joint interuniversity master’s program in mechanical engineering is anticipated to
facilitate collaboration between universities and enterprises, to enhance the employability of graduates from
mechanical engineering programs, thus enhancing regional development, cultivating lifelong learning skills,
encouraging social innovations, and promoting inclusivity.

Keywords: higher education, Industry 4.0, NeedEDU4.0 project, automotive industry, master’s program

INTRODUCTION

Industry 4.0 (14.0) represents one of the most challenging themes for engineering design and for
engineering education. Driven by 14.0, jobs are becoming more flexible and complex. Today's students will
work and will deal with an increasingly globalized, automatized, virtualized and flexible world. They will
compete for employment on a global market. As such, new competences and skills will become more
important. In fact, the adoption of Industry 4.0 technologies will allow manufacturers to create new jobs, to
meet the needs introduced by the growth of existing markets, and to introduce new products and services.

Therefore, students will increasingly have to master a combination of classic mechanical engineering
and information technologies (IT). At present, there is an obvious gap between employers’ expectations and
the abilities that students tend to acquire during higher education, so matching education supply and
occupation demand is a key issue of a high unemployment rate.

Currently, the employment situation in Moldova is very challenging. In particular, with the economic
downturn following the outbreak of COVID-19, the employment rate of university graduates has dropped
significantly. Thus, according to official information presented by the National Bureau of Statistics, the
unemployment rate climbed from 11.9% in 2019 to 15.5% in March 2024 among young people with higher
education (bachelor's and master's). This is a serious issue as the unemployment rate amongst such
individuals is four times higher than the country-wide unemployment rate (3.1%) [1].

The increase in the share of emigrants with higher education from 10.9% in 2013 to 17.5% in 2021 is
another worrying factor. Only 26.5% of the national labour force is employed in knowledge-intensive
activities, which remains at a modest level below the sub-regional average. This issue can be attributed to the
significant mismatch between labour-market requirements and the skill level of labour market entrants. This
can be seen in the most recent edition of the Global Competitiveness Report (2018) which assesses 140
economies. In 2018, the World Economic Forum introduced a new methodology emphasizing the role of
human capital, innovation, resilience and agility, as not only drivers, but also defining features of economic
success in the 4th Industrial Revolution. This has lead to Moldova being ranked 3/140 on skills and 71/140
on labour market, with low ranks on the indicators concerning the hiring and firing practices (94) and
cooperation in labour-employee relations (70) of talent [2].

Indisputably, to make optimal use of its human resources, counteract emigration trends and ensure
the efficient use of public resources, the economy needs to attract and retain the young workforce, which
represents an indispensable need, a source of new ideas and talents, in fact a strategic resource in achieving
the 2030 Agenda on Sustainable development in Republic of Moldova.

Improving Moldova’s Education System is central to the country’s efforts to boost its economic
growth and development. A better-educated workforce will help overcome one of the biggest constraints
faced by businesses in Moldova — skilled labour — and will help foster a thriving business environment,
attracting investments which, in turn, will raise people’s standard of living and reduce labour migration.

Investing in people is key to preparing for the future and fostering societal and economic resilience.
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Being part of Eastern Partnership (EaP), Moldova’s committees have to fulfil the following (EaP
policy beyond 2020 Reinforcing Resilience - an EaP that delivers for all) [3]:

(i) To reduce the gap between the labour market and the education sector;

(i) To increase the support for the employability of youth and for youth entrepreneurship;

(iii) To get going labour market measures, such as the Youth Guarantee, to be adapted to the
partner countries’ labour markets.

Another historical commitment in the perspective to become a member of the European Union (EU)
requires the implementation of the EU acquis. The subsequent Association Agendas agreed between the EU
and Moldova establish clear priorities in order to implement the Association Agreement and its Deep and
Comprehensive Free Trade Areas (DCFTA). Adoption of the Association Agenda (2021-27) is imminent [4].

The Commission Opinion on the Republic of Moldova’s application for membership of the

European Union clearly states that significant efforts are needed in order to tackle the employability of
youth ”The labour market features significant structural weaknesses, as reflected by the very low
employment rate of around 49% in 2020. There is a mismatch between skills and job requirements ... some
graduates continue to struggle with finding jobs matching their qualifications. Employment services and
labour market programmes are hampered by limited funding, while the creation of good quality jobs is held
back by insufficient private and foreign investment in higher value-added sectors” [5].
Thus, national priorities stipulated in EU strategies (Moldova: SD "Education 2030"; National
Development Strategy "European Moldova 2030"; Moldova’s Digital Transformation Strategy 2023-2030;
Employment Programme of Moldova for the period 2022-2026) demonstrates awareness of the need
for a drastic conceptual change in all areas, with a focus on a sustainable development.

Targets 4.4 and 4.7, which are part of SDGs 4: ,,Quality Education” ,aim to substantially increase the
number of young people and adults with relevant skills for the labour market and to ensure that all students
acquire the knowledge and skills needed to promote sustainable development and lifestyles. Target 4.4 aims
to, by 2030, substantially increases the number of youth and adults, who have relevant skills, including
technical and vocational skills, for employment, decent jobs and entrepreneurship. Target 4.7 aims to, by
2030, ensure that all learners acquire the knowledge and skills needed to promote sustainable development.

All these strategic documents highlight the emerging need to involve all key actors, i.e. higher
education institutions, students, industry and government in order to increase employability through actions
that would harmonize the content of study programs with the real needs of the labour market.

Thus, this article discusses the need for development of a new joint interuniversity master’s program
in Industry 4.0 within three Moldovan higher educational institutions, in order to increase the employment in
automotive companies of the university graduates of mechanical engineering programs.

AUTOMOTIVE INDUSTRY IN REPUBLIC OF MOLDOVA

Although the Republic of Moldova is not yet a car manufacturing country, but it plays an important
role in the world automotive industry. The industry is well integrated within global supply chains, as the
main investors are well known international companies: Lear Corporation, Dréaxlmaier Moldova, Gebauer &
Griller, Sammy Cablaggi / Kablem, Elektromanufacturing / SUMIDA, Confezioni Andrea Carcover, SEBN
Sumitomo Electric Bordnetze, Fujikura Automotive, Coroplast Fritz Mueller, APM Automotive, Blacksea
EMS, Arobs Software, Whetec / MG2C, Hub Multico / Quality and Equip-Test, that deliver various
components, including hi-tech for the latest types of cars, including hybrid cars, hybrid plug-ins and even
electric cars to the largest manufacturers of cars and trucks including the giants Ford, Renault, BMW,
Mercedes, Volvo etc.

Despite facing a series of socio-economic challenges over the past two decades, the Republic of
Moldova has made significant progress towards improving its business environment, integrating into the
international community and attracting foreign investment.

Until now, large direct investors prefer to locate themselves in Moldova’s Free Economic Zones
(FEZ), which represents an excellent location for industrial development and production relocation oriented
for exports. It is a key growing sector for the Moldovan economy. This is due to an increased focus on the
unused industrial potential of Moldova and the maintained industrial orientation in the education system
(Technical University, technical colleges and vocational schools). The higher education system in Moldova
plays a crucial role to train qualified students. The country has strong technical faculties and specific
colleges, which trains students in sector-specific areas.

In recent years, the automotive industry in the Republic of Moldova has one of the highest growth
rates. According to the National Statistics Office of Moldova from 2015 to 2020, the export from this sector
increased 1.75 times. Moreover, as of 2022, the automotive industry of Moldova has more than 300 million
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euros in investments and more than 20 thousand people with an average monthly salary of 10 thousand lei. It
provides 33% of export of industrial goods from Moldova and 15% of total export of the country.

According to the Chief Administrator of the Balti FEZ, one of the major problems, which only
intensified during the military crisis in the region, is the availability of qualified Moldovan workers for
this sector. In view of these changes, mechanical engineers need to be well trained and highly skilled.
Innovation is an extremely important issue for success in mechanical engineering. It often supports clear
market position and differentiation among competitors.

The adoption of Industry 4.0 technologies allows automotive companies to create new jobs, to meet
the needs introduced by the growth of the existing markets, and to introduce new products and services [6].

It is evident the interest of the industrial sector is to find professionals who are trained for the new
challenges that arise. Hence, the university is working towards this. After all, university is one of the main
environments in which future professionals of the sector are formed. The key lies in the close relationship
that must exist between the competences that the students acquire at university and the professional profile
necessary to exercise the different professions.

Consequently, Industry 4.0 should be implemented in an interdisciplinary manner and in close
cooperation with the other key areas and using different technological drivers. These are formerly known as
the nine pillars of technological advancement, and they comprise the following technologies: Big Data;
Autonomous Robots; Simulation; Universal System Integration; Industrial 10T; Cybersecurity; Cloud
Computing; Additive Manufacturing and Augmented Reality [7, 8].

The biggest constraint in the development of Industry 4.0 is the lack of skilled labour, familiar with
new developments in Al and loT technologies [9]. The existing workforce needs to be trained to manage the
latest equipment and software systems equipped with 10T and Al-related technologies. Although industries
are dynamic in adopting new technologies, they are facing an acute shortage of highly skilled engineers
and a workforce familiar with new technologies. The same needs and constraints are signalled by the
labour market in the Republic of Moldova.

In this regard, Industry 4.0 obliges the establishment of lasting partnerships between technical
educational institutions and the industrial sector. Both parties have come to realize the importance of
dialogue and mutual support for the preparation of future engineers in the field of machine building.

ERASMUS+ NEEDEDU4.0 PROJECT

The development, accreditation and implementation of a new joint interuniversity master program
(NIMP) in the field of mechanical engineering within three Moldovan higher educational institutions is the
major objective of the ERASMUS+ project “EnhaNcing MEchanical Engineering EDUcation in Moldova
for Industry 4.0/ NeedEDU4.0”".

The project objectives and activities overlap with CBHE specific conditions/objectives set out in the
Programme Guide, and will:

- Improve the quality of higher education of Higher Education in Moldova by enhancing its relevance
for the labour market and society and enhance its relevance for the labour market and society;

- Improve the level of competences, skills and employability of students in Moldova by new joint
interuniversity master’s program in accordance with the needs of business sector;

- Enhance the teaching, assessment mechanisms for HEI staff and students, quality assurance,
management, governance, inclusion, innovation, knowledge base, digital and entrepreneurial capacities.

This interuniversity master's program in Industry 4.0 will develop practical skills for designing and
constructive and technological optimization of products based on CAD / CAM / CAE integration using three
Virtual Learning Labs, one in each university, thus ensuring an authentic training environment with that of
the design offices within the engineering companies.

It will be jointly organized by Technical University of Moldova, “Alecu Russo” State University of
Balti and “Bogdan Petriceicu Hasdeu” State University of Cahul through intensive collaborations with two
EU universities (RWTH Aachen University and Transilvania University of Brasov) and one of the most
important companies in the targeted field (DréxImaier).

The associated partners in this project are Ministry of Education and Research of R. Moldova (MER),
National Agency for Quality Assurance in Education and Research (ANACEC) and Chamber of Commerce
and Industry of the Republic of Moldova (CCI of the RM). This level of cooperation aims to support the
development, accreditation and implementation of the new joint interuniversity master's program, adjusted to
the national quality management system.

JOINT INTERUNIVERSITY MASTER’S PROGRAM
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Indisputably, this joint interuniversity master program will contribute to strengthening the capacities
of higher education institutions in the Republic of Moldova in order to increase the employment of
graduates, to enhance their relevance for the labour market and overall society.

The implementation of the project NEEDEDUA4.0 can make a meaningful contribution by stimulating
innovation and bridging Moldavia's knowledge, skills and competences gap.

It will also create economic and social value in the EU area, whereas the students who will graduate
this master's program in mechanical engineering will obtain skills compatible with the requirements of the
European labour market, and thus shall become valuable human resources in the European space. Erasmus+
programme is essential to reach these desired outcomes in the Republic of Moldova.

NEDEDUA4.0 will address the aim of capacity building in the field of higher education through
designing and implementing of a new national master’s programme within three Moldovan universities, in
order to support the modernisation of HE system in Republic of Moldova with the best practices applied in
the EU universities partners.

The implementation will include modernization of educational programmes in accordance with
contemporary training and learning approaches, the introduction of learning outcomes as well as elements of
student-centred teaching and learning, and the creation of up-to-date internal and external quality assurance
mechanisms.

The improved capacity building of staff from Moldovan HEIs will make the HE system in Republic of
Moldova a solid force to fight youth unemployment and social inequality and to provide the young graduates
with opportunities for lifelong learning and active involvement as responsible citizens. By focusing on the
objective of the Erasmus+ programme K2 action on improvement of competences and skills level in HEIs
through development of new and innovative programs and teaching / learning methods, the NeedEDUA4.0
project aims to develop a Train-the-Trainer Program for academic staff adapted to the new teaching-learning
requirements, which will expand their competences to perform and deliver high quality and job-relevant skill
set to students. In addition, by implementing a new modern joint interuniversity master’s program (NIMP) in
mechanical engineering, the cooperation between universities enterprises will be strengthened by enhancing
regional development, lifelong learning skills, encouraging social innovations and promoting inclusivity.

Furthermore, the cooperation between Moldovan universities and EU partners will contribute to boost
the quality of higher education by the exchange of experiences and good practices.

As an example of interuniversity master’s programme in Industry 4.0 in European Union is the Italian
master’s programme “Advanced Automotive Engineering” jointly offered by the University of Modena and
Reggio Emilia, University of Bologna, University of Ferrara, and University of Parma in Emilia-Romagna
Region and supported by automotive companies known at international level: Maserati, Ferrari, Automobili
Lamborghini, Ducati, Marelli, Dallara, Pagani, HPE GROUP, Haas F1 Team, and Visa Cash App RB
Formula One Team. These companies together put their innovative and know-how technologies at the
service of students to prepare them in design and development of high performance road and racing vehicles
at the level of Industry 4.0 [10, 11].

Another interuniversity master’s program in [4.0 is the Belgian master’s programme “Smart
Operations and Maintenance in Industry” jointly organised by Katholieke Universiteit Leuven (KU Leuven)
and Ghent University. This program provides specialists in smart operations and maintenance, capable to
implement and to deploy innovative technologies in industry. Herein, students obtain knowledge and skills in
optimization of both operational and maintenance processes by using Industry 4.0 technologies [12].

The Spanish interuniversity master’s program “Industrial Mathematics” is developed and
implemented by the University of Santiago de Compostela, University of A Coruila, University of Vigo,
Charles 111 University of Madrid and Polytechnic University of Madrid by fusion of their master’s programs
in Mathematical Engineering and Industrial Mathematics. The courses are performed simultaneously face-
to-face in the classrooms of these five universities using a specific videoconferencing system. The main
objective of this program is to provide knowledge and skills in Modelling and Numerical Simulation and
devising solutions to specific industrial problems [13].

The University of Vigo together with the University of Leén jointly offer another Spanish
interuniversity master's degree in Industry 4.0, main subject being Engineering Management. The aim of this
master's degree is provide specialists interested to work in companies that are in the process of
transformation or adaptation to Industry 4.0. The students obtain knowledge and skills in development of
new business models and innovation processes in enterprises, implementation of Industry 4.0 technologies as
Additive Manufacturing, Big Data, Artificial Intelligence, 10T, Robotics, etc. and how to face digital
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transformation. Herein, they participate in activities that combine Information and Communication
Technology (ICT) with mechatronic system automation, programming, design, manufacturing etc. [14].

Thus, the aforementioned Moldovan universities, having two EU universities with recognition in
engineering training as partners in NeedEDUA4.0 project, will contribute to the professional development of
academic and technical staff in order to design a modern master’s program that will ultimately equip students
with the qualifications and skills needed for their meaningful participation in democratic society,
intercultural understanding and successful transition in the labour market. High-quality education for all will
help Europe to achieve its economic and social objectives and fuel Member States' competitiveness and
innovation.

CONCLUSION

The new joint interuniversity master program (NIMP) in the field of mechanical engineering within
three Moldovan higher education institutions represents a good opportunity to enhance employment in the
labour field of the Republic of Moldova of engineers within the automotive industry. This program will offer
interdisciplinary courses and research opportunities in three different universities that will help graduates to
form a complete set of skills necessary for employment and career advancement in this industry. Also, the
company DraxImaier, being as partner in NeedEDUA4.0 project, ensures that the master's program is aligned
with the current needs and trends of the automotive industry. This partnership will allow students to apply
their theoretical knowledges in practical works in the real industrial environment. The collaboration of the
Moldovan universities with European Union partners (RWTH University of Aachen and Transilvania
University of Brasov) will contribute to improve the quality of higher education by the exchange of
experiences and good practices.
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DATA JUSTIFICATION FOR FORECASTING FUEL CONSUMPTION BY VEHICLES DURING
THE GRAIN CROPS DELIVERY

The paper provides a justification of data for forecasting fuel consumption by vehicles during the
transportation of grain crops from agricultural enterprises to the elevator. In order to obtain knowledge about the
influence of the peculiarities of providing transport services and the conditions of using vehicles on the specific fuel
consumption, regularities have been established and correlations between individual sets of data have been identified.
To analyze data regarding the use of vehicles during the transportation of grain crops and to obtain additional
information, a database containing 14140 instances of data on orders for the delivery of grain crops from agricultural
enterprises to the elevator was used.

Factor analysis was performed and trends in the change of indicators characterizing these orders were
identified. The analysis showed that the specific fuel consumption during the transportation processes of delivering
grain crops from agricultural enterprises to the elevator is determined by a multitude of specific factors. Additionally,
each order for the delivery of grain crops from agricultural enterprises to the elevator has its own specifics.

The results revealed the following relationships between specific fuel consumption and identified factors: the
specific fuel consumption indicator is influenced by the location and method of vehicle loading, the vehicle model, the
type of cargo, distance, cargo turnover and cargo volume. The identified dependencies allow for the preparation of a
dataset and the correct interpretation of the results of machine learning models' work in order to increase the efficiency
of their forecasting.

Key words: specific fuel consumption, transportation process, transportation of grain crops, factor analysis,
machine learning

INTRODUCTION

Nowadays, transportation enterprises offer their services considering market conditions characterized
by fuel shortages and high costs. Fuel expenses in the provision of transportation services during the delivery
of grain crops from agricultural enterprises to the elevator are the primary resource determining the cost of
these services [1-3]. Therefore, forecasting fuel consumption by vehicles during such deliveries is highly
relevant today. Its resolution demands modern approaches that consider the factors and capabilities of
individual transportation enterprises.

Some transportation enterprises providing cargo transportation services, including the delivery of grain
crops from agricultural enterprises to the elevator, maintain their own databases regarding their activities in
previous years [4]. Intelligent analysis of this data serves as one of the primary sources of knowledge about
the peculiarities of providing transportation services and the conditions of vehicle usage.

ANALYSIS OF THE RECENT RESEARCH AND PROBLEM STATEMENT

There are numerous studies describing the influence of factors on the specific fuel consumption of
cargo vehicles [1-3; 5-6]. Furthermore, there are studies reflecting the peculiarities of the transportation
process of delivering grain crops [1; 6]. However, the use of modern approaches for forecasting specific fuel
consumption involves the use of large databases describing transportation processes at specific enterprises.
Among such approaches, machine learning methods are particularly relevant now [7-9]. Forecasting specific
fuel consumption using machine learning methods allows for establishing regularities and identifying
relationships between data. However, the application of these methods requires preprocessing and analysis of
data, which involves identifying patterns and key influencing factors on the target variable (specific fuel
consumption by vehicles in individual orders for the delivery of grain crops from agricultural enterprises to
the elevator). This, in turn, significantly speeds up the process and allows more accurate forecasting results
[10]. Therefore, there is a need to conduct an analysis of data characterizing the execution of individual
orders for the delivery of grain crops from agricultural enterprises to the elevator regarding the provision of
transportation services by the enterprise.

AIM AND THE TASKS OF THE RESEARCH

This study aims to establish patterns and identify relationships between individual data attributes to
gain insights into the impact of the characteristics of providing transportation services and the conditions of
vehicle use on specific fuel consumption.

The following tasks have been formulated to achieve the goal:
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1)to conduct a statistical analysis of data characterizing the execution of individual orders for the
delivery of grain crops from agricultural enterprises to the elevator regarding the provision of transportation
services by the enterprise.

2)to perform factorial analysis and identify trends in the change of specific fuel consumption
depending on the brand, cargo type, distance, and cargo turnover.

RESULTS OF RESEARCH

For the intelligent analysis of data regarding the use of vehicles during the delivery of grain crops
from agricultural enterprises to the elevator and extracting knowledge from them, we utilized a database of
an enterprise that owns its own fleet and provides services for delivering grain crops from agricultural
enterprises to elevators.

Factorial analysis was performed with a database of 14140 instances characterizing the execution of
individual orders for the delivery of grain crops from agricultural enterprises to the elevator, and trends were
identified. A histogram of the number of orders (Figure 1) for the delivery of grain crops from agricultural
enterprises to the elevator by types of cargo was constructed (Figure 2). The majority of all orders have been
established for transporting wheat — 7316 orders (51.74%). Additionally, rapeseed was transported in 4213
orders, which constitutes 29.79% of the total.

All other types of cargo, characterizing the sample for the delivery of grain crops from agricultural
enterprises to the elevator, accounted for less than 5%.
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Figure 1 — Histogram of the number of orders for the delivery of grain crops from agricultural
enterprises to the elevator by types of cargo

Based on the analysis of the obtained data, a histogram of specific fuel consumption by vehicles has
been constructed for the execution of individual orders for the delivery of grain crops from agricultural
enterprises to the elevator (Figure 3).

Cargo Type X
Ul'lique Values Ascending Value -
Search

Rye 631 (4.46%)

Grain 3(0.02%)

Grain product 2 (0.01%)

Grain mixture 1(0.01%)

Comn 240 (1.70%)

Oat 26(0.18%)

Wheat 7316 (51.74%)

Rapeseed 4213 (29.79%)

Rapeseed\Wheat 2(0.01%)

Soy 885 (6.26%)

Soy in Big-Bags 1(0.01%)

Barley 729 (5.16%)

Millet 11 (0.08%)

Wheat, corn 1(0.01%)

Filter/Sort Values Summary Stats

(14140 rows, 7 cols)

Figure 2 — Characteristics of orders for the delivery of grain crops from agricultural enterprises to the
elevator by types of cargo
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Figure 3 — Histogram of specific fuel consumption by vehicles for the execution of individual orders
for the delivery of grain crops from agricultural enterprises to the elevator

Based on the obtained histogram, it can be observed that the specific fuel consumption by vehicles for
the execution of individual orders for the delivery of grain crops from agricultural enterprises to the elevator
varies in a wide range — from 16.9 liters/100 km to 99.7 liters/100 km. Although according to the technical
specifications of the vehicles used, this range should be from 18.2 liters/100 km to 29.7 liters/100 km.

In the vast majority of cases, during the execution of individual orders for the delivery of grain crops,
this indicator is significantly higher. The indicators of normative and actual specific fuel consumption by
vehicles have been compared for the execution of individual orders for the delivery of grain crops from
agricultural enterprises to the elevator (Table 1).

Table 1 — Comparative indicators of normative and actual specific fuel consumption by vehicles
during the execution of individual orders for the delivery of grain crops from agricultural enterprises to the

elevator
Specific fuel consumption, liters/100 km
Ne Brand and model of vehicle (engine) . Actual
Normative — -
minimum maximum

1 DAF 85.300 (WS295M) 21,8 29,5 96,2
2 DAF 95.380 (279 kW) 21,4 27,8 89,8
3 DAF CF85 (316 kW) 20,0 27,1 93,75
4 DAF CF85.410 (301 KW) 21,0 27,4 71,7
5 DAF CF85.430 (316 kW) 20,0 18,4 73,14
6 DAF FT CF 85.410 (301 KW) 21,0 21,97 98,8
7 DAF FT XF 105 (340 kW) 22,4 16,8 97,7
8 DAF FT XF 105.410 FTXF (300 kW) 22,3 45,5 60,8
9 DAF ET XF _10_5.460 (340 kw, 12 20,6 20,3 98,2

automatic transmission)
10 DAF FT95.430 (W5315M) 24,7 34,97 82,4
11 DAF XF 105.460 FTXF (340 kW) 22,4 30,2 88,5
12 DAF XF95.480 (355 kW) 22,9 32,4 99,7
13 Freightliner FLC-120

(Detroit Diesel S60, 351 kW) 29,7 351 69,3
14 Mercedes-Benz Atego818 (175 kW) 18,2 17,1 23,3
15 KAMAZ 45143-012-15

(KamAZ 740.31 240, 176 kW) 26,0 2738 98,6
16 MAZ 543205-020 (6581.10) 24,4 23,7 67,8
Range of variation 18,2...29,7 16,8...45,5 23,3...99,7
Exceeds normative values, times — 0,75...2,04 1,28...4,76
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The obtained indicators provided in Table 1 indicate that the minimum actual specific fuel
consumption by vehicles ranges from 16.8 to 45.5 liters per 100 km, while the maximum actual specific fuel
consumption during the execution of individual orders for the delivery of grain crops from agricultural
enterprises to the elevator ranges from 23.3 to 99.7 liters per 100 km. In the majority of cases, the minimum
actual specific fuel consumption by vehicles exceeds the normative values, while the maximum values
exceed them by 1.28 to 4.76 times. However, there are individual orders where the actual minimum specific
fuel consumption by vehicles (DAF FT XF 105, Mercedes-Benz Atego818, and DAF FT XF 105.460) is
lower than the normative values.

Further analysis of the data describing orders with maximum specific fuel consumption by vehicles
revealed that the main reasons for the significant increase in specific fuel consumption by several times
include the prolonged operation of the vehicle during direct harvesting from the field and the minimal
distance for order execution (up to 17 km).

Regarding the specific fuel consumption by individual brands and models of vehicles during the
execution of individual orders for the delivery of grain crops from agricultural enterprises to the elevator, it
also varies (Figure 4).

The variation in specific fuel consumption has been observed among different brands and models of
vehicles involved in the transportation processes during the execution of orders for delivering grain crops
from agricultural enterprises to the elevator. Specifically, the smallest range of variation in specific fuel
consumption is observed for deliveries of grain crops by Mercedes-Benz Atego818 trucks, amounting to 6.2
liters per 100 km or 36.25%. Meanwhile, for deliveries of grain crops by DAF FT XF 105 trucks, the largest
range of variation in specific fuel consumption is observed, amounting to 80.9 liters per 100 km or 481.5%.

Car brand and model, Fuel consumption, I/100km (first 1000 rows) scatter plot
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Figure 4 — Range of variation in specific fuel consumption by different brands and models of vehicles
during the execution of individual orders for the delivery of grain crops from agricultural enterprises to the
elevator

The trends in specific fuel consumption by vehicles during the delivery of various grain crops from
agricultural enterprises to the elevator have been analyzed (Figure 5).
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Figure 5 — Range of variation in specific fuel consumption by vehicles during the delivery of different
grain crops from agricultural enterprises to the elevator
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The smallest range of variation in specific fuel consumption is noted for corn delivery, whereas the
largest range is observed for rapeseed and wheat delivery. This is mainly associated with the harvesting
technologies of these grain crops. Specifically, the delivery of these grain crops from grain flows at
agricultural enterprises to the elevator results in the lowest specific fuel consumption. However, when
vehicles transport grain crops directly from the fields after harvesting, these fuel consumption rates
significantly increase. This is due to multiple loading of vehicles in various parts of the fields and the
operation of vehicles in low gears. In some cases, vehicles operate full shifts in fields with periodic
relocations, leading to a significant increase in fuel consumption. Additionally, the condition of roads, which
are often in poor condition in field conditions, also significantly affects fuel consumption.

The trends in specific fuel consumption by vehicles over different distances for the delivery of grain

crops from agricultural enterprises to the elevator have been analyzed (Figure 6).
Distance, km, Fuel consumption, | /100km (first 1000 rows) scatter plot
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Figure 6 — Trends in the variation of specific fuel consumption by vehicles for different total delivery
distances of grain crops from agricultural enterprises to the elevator

The analysis of various total delivery distances revealed that the highest specific fuel consumption by
vehicles occurs for orders with short delivery distances of different grain crops from agricultural fields to the
elevator. In general, all transport orders are executed within a distance of up to 100 km. As the transportation
distance of grain crops increases, the range of variation in specific fuel consumption by vehicles decreases.
For total distances of 150 km and more, the range of variation in specific fuel consumption by vehicles
remains unchanged, indicating that the distance has no influence on fuel consumption.

Similar trends are observed regarding the variation in specific fuel consumption by vehicles for
different cargo turnover rates during the delivery of grain crops from agricultural enterprises to the elevator
(Figure 7).

Freight turnover, tkm, Fuel consumption, I1100km(first 1000 rows) scatter plot

Fuel consumption, 11100 km

Freight turnaver, tkm
Figure 7 — Trends in the variation of specific fuel consumption by vehicles for different cargo turnover
during the delivery of grain crops from agricultural enterprises to the elevator
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The trends in the variation of specific fuel consumption have been analyzed by vehicles for different
cargo volumes in individual orders for the delivery of grain crops from agricultural enterprises to the elevator
(Figure 8).

Cargo volume, t, Fuel consumption, 11100 km (first 1000 rows) scatter plot

consumption, 1100 km

Fuel

Cargo volume, t

Figure 8 — Trends in the variation of specific fuel consumption by vehicles for different cargo volumes
in individual orders for the delivery of grain crops from agricultural enterprises to the elevator

The specific fuel consumption by vehicles can be divided into three clusters, which are determined by
the volumes of grain crop delivery from agricultural enterprises to the elevator. The first cluster corresponds
to cargo volumes up to 30 tons and is characterized by requiring only one trip since the cargo volume does
not exceed the load capacity of the vehicles. It also has a range of specific fuel consumption between 20 and
70 liters per 100 km. Cargo volumes exceeding the load capacity of the vehicles characterize the second and
third clusters. The second cluster corresponds to cargo volumes from 30 to 60 tons and has the widest range
of specific fuel consumption, between 30 and 99 liters per 100 km. The third cluster corresponds to cargo
volumes exceeding 60 tons and has the narrowest range of specific fuel consumption, between 40 and 70
liters per 100 km.

DISCUSSION OF RESEARCH RESULTS

The analysis of the data indicates that the specific fuel consumption during the transportation
processes of delivering grain crops from agricultural enterprises to the elevator is influenced by a multitude
of specific factors. Fully considering them using analytical models is impossible because fuel consumption
has a stochastic nature and depends on a variety of variable production conditions during the transportation
process. Additionally, each order for the delivery of grain crops from agricultural enterprises to the elevator
has its own specificity.

The obtained results reflect the following relationships: the indicator of specific fuel consumption is
influenced by the location and method of loading the vehicle; the vehicle model (engine type); the type of
cargo, which determines the method of harvest collection; distance and cargo turnover (an increase in these
indicators leads to a tendency to decrease the target indicator); cargo volume. The identified dependencies
allow for the preparation of a dataset and the correct interpretation of the results of machine learning models
to enhance the efficiency of their forecasting.

CONCLUSIONS

1. The database concerning the execution of orders by the enterprise responsible for grain crop
delivery was used for the analysis of data regarding the use of vehicles during the transportation of grain
crops from agricultural enterprises to the elevator and obtaining additional information. Factorial analysis
was conducted to identify trends in the indicators characterizing these orders based on 14,140 instances of
data regarding executed orders for the delivery of grain crops from agricultural enterprises to the elevator.

2. The analysis of the number of orders for the delivery of grain crops from agricultural enterprises to
the elevator by cargo type was performed. Trends in specific fuel consumption by vehicles were analyzed:
for the execution of individual orders, by specific vehicle makes and models, by varying total delivery
distances, by varying cargo turnover, and by varying cargo volume in individual orders during the delivery
of grain crops from agricultural enterprises to the elevator. It was found that specific fuel consumption
during the execution of transportation processes for delivering grain crops from agricultural enterprises to the
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elevator is influenced by the location and method of loading the vehicle, the vehicle model, the type of cargo
determining the method of harvest collection, distance and cargo turnover, and cargo volume.
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B. Komenko. OOrpyHTyBaHHSl JaHUX [Jisl NPOrHO3YBAHHSI BHTPAT MNAJUBA TPAHCIIOPTHUMU
3ac00aMu M/l Yac J0CTABKH 3€PHOBUX KYJbTYP.

VY cTarTi mpoBeseHO OOIPYHTYBaHHS IAaHUX JUIS TPOTHO3YBAaHHS BHUTPAT MalMBa TPAHCIOPTHUMH
3aco0aMu MiJl 9ac TOCTAaBKU 3€PHOBUX KYJBTYP BiJl CUTBCHKOTOCHOAAPCHKHX MiANMPHUEMCTB IO €lieBaTopa. 3
METOI0 OTPHMAaHHS 3HaHb MO0 BIUIMBY OCOONMBOCTEH HAJaHHA TPAHCIIOPTHUX MOCIYr Ta YMOB
BUKOPHCTAaHHS TPAHCIIOPTHUX 3acO0iB Ha MWTOMY BHTpPaTy TNalliBa BCTAHOBJICHO 3aKOHOMIPHOCTI Ta
BUSIBJICHO B33a€MO3B’SI3KM MK OKpeMHUMH Habopamu AaHux. /s aHanizy HaHMX CTOCOBHO BHKOPHCTAaHHS
TPaHCHOPTHUX 3aco0iB MiJ Yac JOCTABKH 3€pHOBUX KYyJIBTYp Ta OTPUMAaHHS J0AaTKOBOI iH(opmarii
BUKOPHCTAaHO 0a3y naHuX, mo Hamiuye 14140 exk3eMmmuisipiB HaHWX BUKOHAHWX 3aMOBIIEHB 13 JOCTaBKH
3ePHOBUX KYJBTYP BiJl CIIIbCHKOTOCTIOJAPCHKUX i IIPUEMCTB JI0 €IeBaTOPA.

Bukonano ¢aktopHuii aHai3 Ta BCTAHOBIICHO TEHJACHII 3MiHM TOKA3HUKIB, IO XapaKTEPU3YIOTh i
3amoBieHHs. [IpoBeneHuii anani3 MoKkas3as, 1[0 ITUTOMI BUTPATH MaJMBA i Yac BUKOHAHHS TPAHCIOPTHUX
MPOIIECiB JOCTAaBKA  3€PHOBUX KYJIBTYp Bil CITCHKOTOCIIONAPCHKUX IMIMPHEMCTB A0 €JIeBaTropa
3YMOBIIOIOTECS. MHOKMHOIO crieluiyHux YWHHUKIB. OKpiM TOro, KOXKHE i3 3aMOBJICHb Ha JIOCTaBKY
3ePHOBUX KYJBTYP BiJ CIIbCHKOTOCIIOIAPCHKUX TiIMIPUEMCTB JI0 €J€BaTOpa Ma€ CBOIO crenuQiky.

OTprMaHO pe3yNbTaTH, IO BiAOOpPaKAFOTh HACTYITHI B3a€MO3B’S3KH MK MHATOMHMH BHUTpaTaMH
MaJIMBa Ta BUSABICHUMU YMHHUKAMU: TIOKa3HUK MTMUTOMOI BUTPATH MAajlMBa 3yMOBJICHUI MICIIEM i CIIOCOOOM
HABaHTaXEHHS TPAHCIOPTHOro 3aco0y; MOJEIII0 TPAHCIOPTHOTO 3aco0y (THUIIOM JBUTYHA); THIIOM
BaHTaXy, SKHA BU3HA4Yae croci®d 300py Bpokaw; BIJCTAHHIO Ta BaHTK000irom (i3 3pOCTaHHIM ITHX
MTOKA3HUKIB CIIOCTEPIraEMO TEHJCHINIO 10 3HWKEHHS IIJThOBOTO MOKAa3HUKA); 00CSITOM BaHTaxy. BuspieHi
3aJIeKHOCT1 JI03BOJISIIOTH MPOBECTH MiITOTOBKY HAOOpy JaHUX Ta MPaBUIBHO 1HTEPIPETYBATH PE3yJIbTaTH
poboTH MoJIeNel MaIMHHOTO HABYaHHS 3 METOIO i IBHIICHHS €()EKTUBHOCTI 1X IPOTHO3yBaHHS.

KuaiouoBi ciioBa: muroma BHUTparta mannBa, TPAHCIIOPTHUI MpOLEC, TIEPEBE3CHHS 3€PHOBUX KYJIBTYD,
(hakTOpHUH aHaJi3, MAlTUHHE HABYAHHS.
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THE REDUCTION OF OPERATING COSTS OF OIL AND GAS TECHNOLOGICAL
TRANSPORTATION CONVERTED INTO GAS FUELS

The development experience of foreign and domestic specialists of converting diesel engines into monogas
with spark ignition was studied. Disadvantages and advantages of use as motor gas fuel for diesel engines are
analyzed. Ways of converting diesel units of the oil and gas industry to liquefied and compressed gas fuels according
to various schemes are formulated.. Modelling of the energy efficiency of diesel units of the oil and gas industry
during the conversion of diesel drives to the use of alternative fuels was performed. It has been found that when
converting diesel engines of power drives of the oil and gas industry to gas motor fuel, it is possible to ensure torque,
fuel consumption, and power indicators that are practically identical to the similar indicators of diesel engines before
their conversion to gas. It has been established that when converting diesel units of the oil and gas industry to gas
motor fuel, when converting diesel engines to a propane-butane mixture, in comparison with natural gas, it will be
possible to provide better fuel, power, and environmental characteristics. It is proved that the simulation results are in
good agreement with the practical results already obtained on automobile and technological transport.

Key words: alternative fuel, diesel engine, drilling rig, gas refurbishment, energy efficiency.

INTRODUCTION

Oil reserves in the bowels of the Earth are constantly decreasing. According to the most optimistic
forecasts, with the existing volumes of explored reserves and volumes of production, humanity will have
enough oil for about 50 years. Gas engine fuels are the second energy resource as a fuel after oil. Currently,
gas is used as motor fuel in most countries of the world. Currently, gas fuels are most widely used in
Argentina and Brazil. The low price and good environmental indicators contribute to the expansion of the
use of gas as a motor fuel.

Studying the development experience of domestic and foreign specialists shows that diesel engines
converted to gas have high traction-dynamic and fuel-economy characteristics, and in terms of
environmental safety, they are even significantly superior to basic diesel engines. This gives reason to assert
that in order to solve the complex problem of reducing the rate of consumption of liquid petroleum fuels, the
share of power drives with gas engines should be significantly increased, and for this, among other measures,
technologies for converting existing diesel power drives into gas engines should be developed for the oil and
gas industry. At the same time, diesel power drives converted into gas engines will simultaneously ensure a
reduction in fuel and lubricant costs and reduce the negative impact of engines on the environment.

Gas as a motor fuel for diesel power drives has a number of advantages:

- lower costs for gas fuel compared to diesel fuel, since gas fuel is, on average, 30-40% cheaper than
diesel fuel;

- there is practically no soot formation, which increases the engine resource by 1.5-2.5 times;

- on average, the periodicity of replacing motor oils and oil filters is doubled;

- better mixture formation is ensured, a more homogeneous combustible mixture is prepared, which is
more evenly distributed among the engine cylinders, combustion pressures increase more smoothly, which
extends the life of the engines;

- the gas engine warms up to operating temperature faster, due to which the wear of the cylinder-piston
group and fuel consumption are reduced;

- condensation of fuel vapors on the walls of the cylinders, washing of the oil film and dilution of the
engine oil are practically excluded;

- more complete fuel combustion is achieved, therefore the toxicity of exhaust gases is significantly
reduced;

- engine noise is reduced,;

- it is much more difficult for staff to steal gas from filled cylinders than diesel fuel.

The widespread use of compressed and liquefied gas fuels in diesel engines in our country is restrained
due to:

- lack of serial production of diesel engines running on compressed and liquefied gas fuels;

- decrease in the duration of operation of equipment at one gas filling station in comparison with oil
fuel;
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- worse starting properties of gas engines in winter;

- increasing the weight and size parameters of equipment when installing gas equipment;

- the need for infrastructure costs for transportation and refueling of engines with compressed and
liquefied gas fuels;

- the negative experience of converting diesel engines to work in gas-diesel mode due to their low
efficiency and high prices for gas-diesel equipment.

Despite the mentioned shortcomings, in connection with the trend of constant growth in the cost of
diesel fuel and the introduction of increasingly strict standards for the toxicity of exhaust gases, the use of
compressed and liquefied gas fuels in diesel engines in the world and in our country will only increase in the
future.

ANALYSIS OF LITERATURE DATA AND STATEMENT OF THE PROBLEM

The creation of monogas engines by the world's leading companies, which already meet the most
stringent standards of toxic emissions in exhaust gases, shows the significant advantages of converting diesel
engines to gas engines with spark ignition.

Such well-known world concerns as Cammins, MAN, Scania, Iveco, Mercedes-Benz and others,
which have already developed gas engines for buses and trucks based on diesel engines, are working in this
direction [1].

Similar works are also carried out in the countries of the post-Soviet space. This is how a diesel engine
manufactured in Minsk was converted to run on natural gas [2]. In the MMZ-245.12 diesel engine, spark
plugs were installed instead of injectors and a non-contact transistor ignition system was installed. A SG-250
gas mixer and two high- and low-pressure Saga-7B gas reducers were installed on the intake manifold. To
avoid detonation in the engine, the compression ratio was reduced from 16.0 to 12.0 units due to the boring
of the combustion chamber in the piston.

The Sammins Corporation conducted research on a gas engine based on the Cammins QSL9 diesel
engine [3]. The engine was equipped with an ignition system and gas equipment with electronic control and
had a maximum specific gas consumption of 0.24 m%kWh. The gas engine was equipped with a regular
turbocharger and an exhaust gas neutralization system. The convertible engine in terms of emissions of
harmful substances with exhaust gases met the requirements of the UNECE Regulations up to the EURO-6
level and reduced CO; emissions by 30 % compared to the basic diesel engine. The power system with
electronic control automatically provided the composition of the gas-air mixture to ensure the achievement
of optimal indicators of fuel economy, power and toxicity of exhaust gases.

The KamAZ automobile corporation converted the KamAZ-740 eight-cylinder diesel engine into a gas
engine under Euro-5 environmental standards with spark ignition and quantitative regulation of the gas-air
mixture supply to the intake system [4]. For example, such engines are installed by the automaker on the
KamAZ-6520PG dump truck with a carrying capacity of 18 tons, which is designed for the transportation of
various construction loads. The car's fuel system consists of 13 compressed gas cylinders, the total volume of
cylinders is 1120 liters or 224 m® of compressed natural gas at a pressure of 20 MPa. The range of the car is
450 km (maximum load) or 700 km (empty). In the converted engine, spark plugs with individual coils are
installed in the nozzle holes, and the combustion chamber in the piston is bored so that the compression ratio
is reduced from 17.0 to 12.0 [5]. The engine intake system is equipped with an original air-gas mixer and
two air-gas mixture dispensers for each row of cylinders. Stand; and running tests of the created engine were
performed. The convertible gas engine has almost the same energy performance as the base engine.

It should be noted that the reduction of the compression ratio in the converted gas engines under
consideration was performed, as a rule, due to the boring of the combustion chamber in the piston of the
basic diesel engine [6]. However, experimental studies show that even small changes in the geometry of the
combustion chambers in the pistons lead to significant changes in the flow of heat, gas, and mass transfer
processes. Optimizing the shape of the combustion chamber of a convertible engine requires serious
calculation and experimental work to ensure energy, economic and environmental indicators and is a rather
complex scientific and technical task.

There is experience in converting diesel engines to gas engines in Ukraine as well. The analysis of the
developments of Ukrainian organizations shows that some experience has been gained in the conversion of
several types of diesel engines, which are installed on vehicles and agricultural machines, into gas engines.

So at the Institute of Mechanical Engineering Problems named after A. N. Podhorny of the National
Academy of Sciences developed the technology of converting diesel engines into gas engines and created a
working model of a gas engine based on the D-21 diesel engine [7], which had a nominal power of 18.4 kW.
The developed technology provided for a maximum focus on the use of serial gas equipment and elements of
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ignition systems and a minimum of changes in the engine design. Fuel economy at rated power is 11% worse
than the base diesel engine. Emissions of nitrogen oxides and carbon oxides have decreased in exhaust gases,
and soot is completely absent. The compression ratio was reduced to 9.5 by boring the combustion chambers
in the pistons.

Also, specialists from the Institute of Mechanical Engineering Problems, together with the employees
of the Kharkiv National Automobile and Road University, developed the conversion technology and created
a working model of a gas engine based on a six-cylinder YaMZ-236 diesel engine [8]. A feature of this
development is the creation of an original ignition system of increased energy, which was supposed to
provide the engine with good starting characteristics in conditions of negative temperatures. Engine
conversion made it possible to reduce emissions of harmful substances, on average, by 1.5-2 times.

At the Lutsk National Technical University, the Belarusian-made D-240 diesel engine was converted
into a gas engine [9]. The peculiarity of the technology of conversion of this diesel engine into a gas engine
was that the reduction of the compression ratio to 12.0 was achieved due to the installation of three gaskets
between the head and the cylinder block with a total thickness of 4.5 mm. It should be noted that such a
conversion technology is not possible for engines with a gear camshaft drive.

FORMULATION OF THE PURPOSE OF THE RESEARCH

It should be noted that so far only a little experience has been gained in the direction of conversion of
diesel engines to gas engines. The analysis of its results shows that for the conversion of diesel engines to
gas engines in the oil and gas industry, many problems of a scientific, technical and commercial nature have
yet to be solved. The scientific and technical problems are as follows:

- it is necessary to study the energy efficiency of diesel engines in the oil and gas industry when they
are converted to alternative fuels;

- it is necessary to study the ways of improving the working processes of convertible gas engines in
order to increase their economy, power and reliability;

- necessary development for the conversion of diesel engines into gas modern electronic ignition
systems with computer control to optimize the processes of ignition advance angles;

- it is necessary to improve technologies for reducing the compression ratio of convertible diesels in
order to reduce the cost of conversion and increase the degree of unification;

- the development of multi-fuel systems is desirable, which would allow to ensure the operation of
convertible engines both on gas and, in case of possible interruptions with the delivery of gas fuel, in backup
diesel mode, albeit with a slightly reduced power.

Conversion of diesel equipment to compressed and liquefied gas fuels can be carried out according to
the following options: diesel engines are converted to work in gas-diesel mode or diesel engines are
converted to monogas engines with spark ignition with a reduced, compared to diesel engines, compression
ratio. Conversion of diesel engines to work in gas-diesel mode is not very advisable, because for such
engines, diesel fuel consumption remains for ignition of the fuel-air mixture (according to real data - up to
50%), which significantly worsens the economy of converted power drives. Therefore, the purpose of this
article is theoretical research on the energy efficiency of diesel power drives in the oil and gas industry when
converting diesel engines to use monogas fuels.

RESEARCH RESULTS

The piston engine of the power drive of the mobile unit of the oil and gas technological transport is an
energy-converting system in which the chemical energy of the fuel is transformed into work. An oxidizer
(oxygen from the air) and an energy carrier are supplied to the input of this system, in our case it is diesel
fuel, compressed natural gas or a liquefied propane-butane mixture. The incoming material flow is
characterized by the heat supplied to the engine cylinders Q,,, which can be obtained by complete oxidation

of the fuel. The heat is transformed into the work of gases A, , which is perceived by the engine pistons.

The energy efficiency of engines is evaluated by the thermodynamic coefficient of effectiveness #;,
which is determined by the ratio of the useful work A, obtained on the crankshaft of the engine to the added
heat Q, obtained as a result of the combustion of the fuel-air mixture

g = Qu=Q 1)
Q, Q,

where Q, - amount of removed heat, kJ.
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The quantities of heat supplied to the engine cylinders during the combustion of the fuel-air mixture
and heat removed (through the cooling system, with combustion products, etc.) are determined by the
temperatures of the working process

Q, = mCV.p.c. (T, =T ), (2)
Qs =mC, .. (Tb -Ta), 3)

where C, ., Cy,, - isochoric heat capacities, respectively, of the working mixture, and

combustion products;
T,, T, Ty, T, - temperatures, respectively, of the working fluid at the end of the combustion,
compression, expansion and intake processes.
Temperatures of the working body at the end of the combustion, compression and expansion processes
for diesel engines can be calculated as follows:

Tc :Tagn.171 , 4
T
T, = s , (5)
7
T
T = —Z_ , (6)
b pn.2 1

where A - measure of pressure increase e,
p - measure of subsequent expansion,

u - coefficient of molecular change of the working mixture,
£ - measure of compression,

ny - the average value of the index of compression polytropy,
ny - the average value of the expansion polytropy index.

Due to the measure of compression and polytropes of compression and expansion, the ratio between
the pressures of the working body at the end of the compression, combustion, and expansion processes is
determined

Pc:Pagn.li (7)
P..T

P, = £ Z’ (8)
Tc
P

p =—Z2_. 9

The added heat Q,, can also be defined as the product of the cyclic fuel supply g, and the lower heat
of combustion of the fuel H,

Q, =Hyay - (10)

Lower heat of fuel combustion H, one kg of diesel varies between 41-42 MJ, one kg of compressed
natural gas — 35-36 MJ, and one kg of liquefied propane-butane mixture — 43-46 MJ [10].
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Cyclic fuel supply g, determined by the amount of air Gair , Which entered the engine per unit of
time

q, = air , (11)

where I, - theoretically required amount of air for burning one kg of fuel.

This value can be found from the stoichiometric equations for the oxidation of carbon and hydrogen
found in the fuel. The content of carbon, hydrogen and the theoretically necessary amount of air for the
combustion of one kg of fuel are shown in Table 1.

Table 1 - The content of carbon, hydrogen and the theoretically required amount
of air for burning one kg of fuel [11]

Fuel Carbon Hydrogen | Theoretically, the required amount of air for
content C, % | content H, % | the combustion of one kg of fuel I, kg
Petrol 85-86 14-15 14,7-14,9
Diesel fuel 86,5-87,5 12-13 14,3-14,5
Compressed natural gas 76,5-77,5 22,5-23,5 15,5-16,0
Propane-butane liquefied 81,5-82,5 17,5-18,5 15,5-15,7
gas

But in real combustion processes, the fuel-air mixture has a composition that differs from the
theoretically required amount. The actual quantity of air for burning one kg of fuel is taken into account by
the coefficient of excess air « . Therefore, taking into account the real "fuel-air” ratio the cyclic fuel supply
q, is determined by the formula

q, =2 (12)

When « =1 the mixture is called normal or stoichiometric, when « >1the mixture is called depleted,
when a <1 - enriched. Gasoline engines work on both lean and rich and stoichiometric mixtures. Diesel
engines work exclusively on lean mixtures. For example, the average values of the coefficient of excess air
a for four-stroke low-pressure diesel engines of power drives of drilling rigs vary between 1.5 and 1.7.

The working processes of gas engines are quite close to the corresponding processes of gasoline
engines. But unlike gasoline engines, the peculiarity of the combustion processes of gas engines is that they
work on lean mixtures, just like diesel engines. For example, the average values of the coefficient of excess
air a for four-stroke gas engines operating on methane vary between 1.05-1.8, and for a propane-butane
mixture - between 1.05-1.7 [12].

Substitute (12) into (10) and analyze such an indicator as the lower specific heat of combustion of the

. H
fuel-air mixture —%
0

. H
Qn = ar _u (13)
a |O

- . R H .
The lower specific heat of combustion of the fuel-air mixture I—“ will be:
0

- for diesel fuel —2,828-2,937 MJ_ X
kg air.
. MJ
- for a propane-butane mixture — 2,739-2,968 —;
kg air.
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MJ

kg air.
As can be seen from the above calculations, the lower specific heat of combustion of the fuel-air

- natural gas — 2,250-2,258

mixture I—” is approximately the same for diesel fuel and propane-butane mixture. And the lower specific

0
heat of combustion of the methane-air mixture is significantly lower than the lower specific heat of

. . H . .
combustion of the mixture I—“ of air and diesel fuel.
0
From (13), it is obvious that with the lower specific heat of combustion of the fuel-air mixture being

. . . H
approximately the same for diesel fuel and the propane-butane mlxturel—“, the amount of added heat Q,,
0
will depend on the amount of air G,;, that entered the engine per unit of time and the coefficient of excess

air a .
The amount of air G air entering the engine depends on several components. First, it is determined by

the working volume of the engine Vwork , that is, the volume released by the piston when it moves from top
dead center to bottom dead center. Secondly, the amount of air entering the engine G air depends on the
density of the fuel-air mixture P s Thirdly, the amount of air G air is determined by the fill factor. Then

the amount of air entering the engine 7,,,,,can be determined from the expression
Then the amount of air G air entering the engine can be determined from the expression

air _Vwork P mix " Muan -

(14)

Taking into account (1) and (10-14), the useful work A4, obtained on the crankshaft of the engine can
be written as

A =

K

Q|

(15)

Hy Vv

' | ’ Work'pmix'nHan'
0

To evaluate the energy efficiency of internal combustion engines, the useful work 4, is attributed to

the unit of the working volume of the engine Vwork . The resulting indicator is called the average indicator

pressure P;

i P mix "Tnan - (16)

p i Hu
a IO

Substituting (2-9) into (16) after a number of transformations for a cycle with mixed heat supply of
diesel engines, we obtain

P

P == 4 1- ! |t 1- L +A(p-1)|. (17)
Poe-1n, -1 st o -1 et

The most important indicators that affect the average indicator pressure P; in internal combustion
engines there is pressure at the end of the compression process P, and engine compression measure ¢ . A
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particular feature of diesel engines of power drives of drilling rigs is their relatively low values of the engine
compression measure & and pressure dependent on it at the end of the compression process P.,..

The values of compression ratios of the most common diesel engines of power drives of drilling rigs
are given in Table 2.

Table 2 - The value of compression ratios of the most common diesel engines
of mobile technological installations in the oil and gas industry

Engine model Power, kW Working Engine compression
volume, | measure,
B2-500TK-C4 TMX 330 38,88 14,0
71H12A PZL-Wola 404 26,64 14,5
Caterpillar 3508 507 34,53 13,0
6YH 21/21 - CA 30 482 43,60 14,0
64YH 21/21 - CA 10 460 43,06 13,5
Cummins KTTA19-C525 392 19,00 13,9
sIM3-8504.10-02 368 25,86 14,0

The compression ratios of modern gas engines, which for gas fuels are calculated for the average
octane value of 115, are in the range of 12-13. Therefore, the deformation that will need to be carried out
during the conversion to gas fuel of the most common diesel engines of power drives of oil and gas
technological transport will be relatively small. On average, the compression ratio of diesel engines of power
drives of oil and gas technological transport will need to be reduced by one or two units, and in some models
of low-pressure diesel engines, there will be no need to reduce the compression ratio at all. This is the
fundamental difference between the conversion of diesel engines of power drives of oil and gas technological
transport from, for example, high-pressure automobile diesel engines, where the compression measure ranges
from 16.5 to 22.

Calculations show that the average indicator pressures P; for four-stroke low-pressure diesel engines

of power drives of drilling rigs will vary within 0.72-1.11 MPa, and the average indicator pressures P; for

diesel engines converted to gas fuel, power drives of drilling rigs will be in the range of 0.68-1.05 MPa.
Moreover, it should be noted that the average indicator pressures P; for diesel engines converted to gas fuel
will be significantly higher than the average indicator pressures P; for gasoline engines converted to gas
fuel, in which, usually, the degree of compression is not increased during the conversion, being limited only
to the installation of gas cylinder equipment. Especially large reductions in indicator pressures and,
accordingly, power are observed for gasoline engines of trucks, where the compression ratio, on average, is
in the range of 6.5-7.0.
Substituting (15-17) into (1) after a series of transformations, we obtain

Piloa

n = (18)

H

u pmanHa}’l

Let's analyze the component dependencies (18).
Such quantities as the density of the fuel-air mixture P i and fill factor 7,,, during converting

diesel engines, the power drives of oil and gas technological transport practically do not change, since the
intake system of the engines will remain almost unchanged, and therefore the resistance of the intake system
will practically not change.

Theoretically the required amount of air 1y for the combustion of one kg of diesel fuel varies within
14.8-14.9 (we take it as 100 %), one kg of compressed natural gas - 15.5-16.0, that is, on average 6% more,
and one kg of liquefied natural gas propane-butane mixture - 15.5-15.7, i.e. 5.5% more on average.

The lower heat of combustion H , of fuel of one kg of diesel varies within 41-42 MJ (we take it as

100%), one kg of compressed natural gas — 35-36 MJ, that is, on average, 14.5% less, and one kg of liquefied
propane-butane mixture - 43-46 MJ, that is, on average, 7% more.
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Average indicator pressures P; for four-stroke low-pressure diesel engines of power drives of oil and

gas technological transport will vary within 0.72-1.11 MPa (taken as 100%), and the average indicator
pressures P; for diesel engines converted to gas fuel, power drives of oil and gas technological transport will

be in the range of 0.68-1.05 MPa, i.e., on average, 5% less.

Average values of the coefficient of excess air « for four-stroke low-pressure diesel engines of power
drives of drilling rigs vary in the range of 1.5-1.7, the average values of the coefficient of excess air « for
four-stroke gas engines running on methane, they vary within 1.0-1.8, propane-butane mixture - within 1.0-
1.7.

The calculations show that the thermodynamic efficiency coefficient of four-stroke diesel engines of
power drives of oil and gas technological transport is, on average, within the range of 0.38-0.42 at the
average values of the excess air coefficient « . When converting diesel engines of power drives of oil and
gas technological transport to a propane-butane mixture, their thermodynamic efficiency will be, on average,
0.35-0.41, and when converting diesel engines of power drives of oil and gas technological transport to
natural gas, their thermodynamic efficiency will be will be equal to, on average, 0.27-0.32 at the average
value for gas engines of the coefficient of excess air « =1,4.

DISCUSSION OF RESEARCH RESULTS

The following conclusions can be drawn from the above calculations:

- when converting diesel engines of power drives of oil and gas technological transport to gas motor
fuel, it is possible to ensure that the indicators of power, torque, and fuel consumption are practically similar
to the corresponding indicators of basic diesel engines before conversion;

- conversion to gas fuel of low-pressure diesel engines of power drives of oil and gas technological
transport is a much more energy-efficient and technically less complicated process compared to conversion
of high-pressure car engines;

- when converting diesel engines of power drives of oil and gas technological transport to gas motor
fuel, when converting diesel engines to a propane-butane mixture, it will be possible to provide better
indicators of power, torque and fuel consumption, compared to converting diesel engines of power drives of
oil and gas technological transport to natural gas;

— 0 for diesel and gas engines (especially when converting to propane-butane) are very
u
close to each other and the main factor that will affect the power, torque and fuel consumption of the engine
is the excess air ratio. In other words, extremely much during the conversion will depend on the
configuration of the gas engine power system Thus, if the fuel equipment and ignition system of a gas
, engine are not properly adjusted, its fuel economy
and power characteristics will be significantly worse
than the similar indicators of basic diesel engines
before conversion. And vice versa, with the optimal
configuration of the power system, it will be possible
to even achieve better fuel economy and power
characteristics compared to the corresponding
indicators of the basic diesel engines of power drives
of drilling rigs before conversion.

The given theoretical calculations and
calculations are in good agreement with the practical
gains that have already been made in road transport
during the conversion of diesel engines to gas engine

Figure 1 - Gas cvlinder svstem of the MAN fuel. For e>§ample, as alre_ady mentioned, the MAN
TGA 440PG car D2066LF diesel engine (Fig. 1) was converted into a
gas engine with spark ignition and quantitative

regulation of the gas-air mixture supply to the intake system at the MAN automobile corporation.

In particular, such engines are installed by the automaker on the MAN TGA 440PG chassis and dump
truck. Stand and running tests of the created engine were performed at the MAN corporation. It has been
established that the convertible gas engine has practically the same fuel economy and power characteristics
as the basic diesel engine. For example, methane consumption for a MAN TGA 440PG dump truck, on
average, ranges from 32 m*® (empty vehicle) to 45 m* (maximum load).
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Diesel fuel consumption under the same
conditions for a similar dump truck MAN TGA 440
with a diesel engine ranged from 30 to 42 liters of
diesel fuel. The capacities of both engine
modifications (diesel and gas) were the same and
amounted to 210 kW.

There is experience in the use of converted car
diesel engines into gas engines in Ukraine as well.
For example, at KrAZ, the KrAZ-5401K2 model
(Fig. 2) is produced with a 6-cylinder Mercedes-
Benz M906LAG engine running on methane, with a
capacity of 205 kW (279 hp). The car's fuel system
consists of cylinders for compressed gas in the
amount 9 pieces. The total volume of cylinders is
Figure 2 — KrAZ-5401K2 car with gas cylinder 1155 liters of compressed natu_ral gas at a pressure of

equipment 20 MPa. The power of the basic diesel engine is 207
KW.

For this car, the car manufacturer also carried out road tests of the car and found that the methane
consumption for the KrAZ-5401K2 4x2 car, on average, is 35 m3 of gas. Diesel fuel consumption under the
same conditions for a similar car KrAZ-N12.2 4x2 on diesel fuel was, on average, 32 liters.

CONCLUSIONS

The given examples show that automakers have already managed to develop models of diesel engines
that can be converted to gas fuel. Moreover, it was possible to keep the capacity of the convertible engines at
the same level as that of the basic diesel engines. And gas consumption for convertible car engines increased
by 7-10% despite the fact that the cost of one cubic meter of methane is, on average, 30-40% less than the
cost of one liter of diesel fuel.

Therefore, conversion of existing low-compression diesel engines of power drives of oil and gas
technological transport, which are currently operated in the oil and gas industry, is a technically possible and
economically profitable task.
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Solyarchuk. The reduction of operating costs of oil and gas technological transportation converted into
gas fuels.

HocnipkeHo TocBiJi po3poOOK 3aKOPIOHHUX 1 BITYM3HSHHX (DaxiBIiB B HANpSIMKY KOHBEpTaIlil
TU3ENbHUX JBUTYHIB Y MOHOTa30Bi 3 iCKpOBUM 3amantoBaHHsSM. [IpoaHanizoBaHi HENOJNIKM Ta IepeBaru
BUKOPHUCTAHHS B SIKOCTI MOTOPHOTO Ta30BOr0 MaJMBa AJsl OU3eNbHUX ABHUIYHIB. CPOpMynbOBaHI IIISIXH
nepeoOagHaHHs JU3ENbHUX arperaTiB HadTorazoBoi raidy3i Ha 3piJKEHI Ta CTUCHYTI Ta30Bl NaiuBa 3a
pI3HUMH cXeMaMH. BUKOHaHO MOJICNIOBaHHS €HEproeeKTHBHOCTI JU3ENbHUX arperariB HadrorazoBoi
raiysi npu KOHBepTauii AM3eIbHUX MPUBOAIB HA BUKOPUCTAHHS ANbTEPHATUBHUX NaUB. 3’ICOBAHO, IO NPU
KOHBEpTAalIlii IN3eNbHUX JIBUTYHIB CHJIOBHX MPHUBOIB HAPTOTA30BOI raimy3i Ha Ta30MOTOPHE IaJHMBO MOXKHA
3a0€3MEeYUTH TOKAa3HUKH KPYTHOTO MOMEHTY, BHTPATH TMalWBa, IOTY>KHOCTI IPAaKTUYHO TOTOXKHI
aHAJIOT1YHUM TOKa3HUKaM IHM3EJIbHUX JIBUTYHIB 0 iXHBbOI KOHBepTauii Ha razosi. BcTaHoBIEHO, M0 mpH
nepeoOnagHaHHl IW3eNbHUX arperaTiB HadTOrasoBoi rajiysi Ha ra3oMOTOpHE MajlMBO NPH KOHBEpTALil
JM3ENFHUX JIBUTYHIB Ha MPONAaH-0yTaHOBY CYMIlll, Y MIOPIBHSHHI 3 MPUPOJIHUAM Ta30M, BAACThCS 3a0€3IIEUUTH
Kpailli TaJMBHI, MOTYXXHICHI Ta €KOJIOTIYHI XapaKTepHCTHKH. Jl0BeleHO, M0 Pe3yNIbTaTh MO/JICIIOBAHHS
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no0pe Y3rOMKYIOThCS 3 TPAKTHUYHUMHU pe3yJbTaTaMH, sIKi BXKE OJepkaHi Ha aBTOMOOITRHOMY Ta
TEXHOJIOTIYHOMY TPAHCIIOPTI.

KarouoBi cjioBa: 1u3enbHUN JBUTYH, aJbTEPHATUBHI TalliBa, TEXHOJOTIYHUN TpPAHCIOPT,
eHeproeeKTUBHICTh, epeo0a HaHHs Ha Tas3.
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ANALYSIS OF MODERN METHODS FOR OPTIMIZING TECHNOLOGICAL PROCESSES
IN MACHINE-BUILDING PRODUCTION USING ARTIFICIAL INTELLIGENCE

This article explores the integration of artificial intelligence (Al) into machine-building production processes,
focusing on the optimization of gear production for KrAZ trucks. Through a detailed analysis of Al applications in
various industries and a review of relevant literature, the study identifies key opportunities and challenges in
implementing Al technologies in mechanical engineering. The research presents a comprehensive examination of the
benefits of Al-driven systems in improving production efficiency, quality control, and predictive maintenance. A case
study on automated gear grinding quality control demonstrates how Al, coupled with advanced sensors and machine
learning algorithms, enhances process precision and reduces defects. Results demonstrate the effectiveness of Al-
driven systems in improving precision, reliability, and cost-effectiveness in gear manufacturing, with an observed
accuracy rate of approximately 95% or higher. Also highlights a precision rate of £0.005 mm in gear tooth surface
finishing, leading to consistent gear performance and reliability. Additionally, Al-driven predictive maintenance
strategies are shown to predict equipment maintenance needs with up to 90% accuracy, maximizing productivity and
reducing maintenance costs by up to 30%. Moving forward, further research and implementation efforts should focus
on selecting and integrating appropriate Al systems into existing production processes, to maximize efficiency and
innovation within the machine-building industry.

Keywords: artificial intelligence, gear grinding, quality control, data analysis, automation

INTRODUCTION

In today's world, artificial intelligence (Al) has moved beyond being just an element of science fiction
and has become a reality that actively influences various aspects of our lives. Al is demonstrating
exponential growth and innovations that penetrate all sectors from healthcare to the automotive industry,
from financial services to retail. This technology opens new opportunities for increasing efficiency, reducing
costs, and improving the quality of products and services.

The application of Al in medicine, for example, has revolutionized the diagnosis and treatment of
diseases, allowing for the creation of personalized treatment methods based on the analysis of large patient
data sets. In the automotive industry, Al contributes to the development of autonomous vehicles, changing
perceptions of driving and road safety. In the financial sector, machine learning algorithms are used for
market analysis, risk management, and providing personalized financial recommendations to clients.

Despite numerous advantages, the widespread implementation of Al also poses certain challenges,
including ethical usage, data security, and the potential loss of jobs in some sectors. However, the growing
interest and investment in this technology indicate its significance and potential for further development and
integration into an even greater number of industries.

This article focuses on the use of Al in the technological processes of mechanical engineering,
revealing how artificial intelligence can transform production lines, improving accuracy, efficiency, and
innovation in this industry.

LITERATURE DATA AND FORMULATION OF THE PROBLEM

In the mechanical and aerospace industries, several leading companies are already actively using
artificial intelligence to optimize their production processes. General Electric (GE) uses artificial intelligence
for monitoring and analyzing large data from their engines and other equipment. This allows them to
increase efficiency and reduce unexpected failures. Siemens has developed a system based on artificial
intelligence that assists in production and quality monitoring [1-3]. They also use Al to automate and
optimize their processes in the production of energy turbines. Airbus has integrated artificial intelligence in
the aerospace industry to optimize design and manufacturing processes [2-4]. This includes the use of Al to
improve aircraft assembly processes and develop more efficient flight paths. Boeing is also actively using
artificial intelligence, particularly for predicting maintenance needs for aircraft and for increasing production
efficiency [5-6]. Rolls-Royce uses Al to analyze data received from engines during flights, helping the
company optimize maintenance and improve reliability and performance indicators [7-8].

These companies play a key role in the implementation of artificial intelligence in mechanical
engineering and the aerospace industry, demonstrating the impact of Al on increasing efficiency, reducing
costs, and enhancing production safety.

, 2024, Nel (22)



© V. Kulynych, R. Arhat, S. Shlyk, A. Symonova, V. Drahobetskyi 2024

The use of artificial intelligence directly in mechanical engineering can open up new opportunities for
process optimization, improving product quality, and reducing costs. Here are the main directions for Al
applications:

1. Data analysis and optimization: analyzing large volumes of data from production lines to identify
inefficiencies and optimize processes. This can include predicting defects, scheduling production, and
managing resources.

2. Automation and robotics: the integration of Al-controlled robots can significantly enhance
productivity and accuracy in manufacturing processes. Robots can perform repetitive, precise, or hazardous
tasks, reducing risks for humans.

3. Adaptive manufacturing: systems can quickly adapt to new manufacturing conditions or changes
in product specifications without significant downtime.

4. Quality and control: automating quality control processes using visual recognition to detect flaws
at early stages of production.

5. Predictive maintenance of equipment: monitoring equipment condition and predicting wear and
tear, allowing for maintenance planning before serious problems occur.

6. Integration with the Internet of Things (loT): analyzing data from loT sensors for better
management of manufacturing processes, and optimizing energy and material usage.

Various software platforms, sensors, and sensors are used to implement artificial intelligence in
automated production processes. The simplest to use in modern manufacturing may include the following
software complexes:

e PLM (Product Lifecycle Management) and CAD (Computer-Aided Design) platforms, such as
Siemens NX, SolidWorks, and Autodesk Inventor. These systems allow the development of complex 3D
models of parts, such as gears, and integrate this data with Al for optimization of design and production.

e ERP (Enterprise Resource Planning) systems, namely SAP, and Oracle. They can integrate
production data, inventory management, and logistics, allowing Al to analyze and optimize these processes.

e MATLAB and Simulink systems for modeling and optimization are used to create accurate
mathematical models of manufacturing processes and optimize them using Al algorithms.

e Specialized software for monitoring and maintenance, such as Predix (from GE), and IBM Maximo
which are designed to analyze data from equipment, predict failures, and plan maintenance.

At the same time, the use of sensors should also be considered, the types and areas of use of which are
listed in Table 1.

Table 1 — Sensors types and usage areas

Sensor types Use areas

Temperature sensors Measure temperature in critical areas of the machine to control thermal conditions
and prevent overheating

Vibration sensors Used to detect unusual vibrations that may indicate equipment problems

Position and motion sensors Provide precise information about the exact position of machine components,
which is important for precise part machining

Optical sensors and cameras Used for visual quality control, detecting surface defects in real-time

Pressure and force sensors Monitor pressure and force during cutting to optimize the machining process and
ensure uniform quality

The use of these technologies allows a significant increase in the accuracy and efficiency of
production processes while reducing costs and increasing the quality of final products.

PURPOSE AND OBJECTIVES OF THE STUDY

The Cabinet of Ministers of Ukraine recently approved the Concept of the State's targeted scientific
and technical program for the use of artificial intelligence technologies in priority sectors of the economy for
the period until 2026 [9]. The machine-building industry is included in the list of priorities, so studying the
possibilities of introducing Al technologies into the technological processes of machine-building is an urgent
task. Within the framework of solving the specified problem, the purpose of the article is to identify the
prospects of using Al systems in the manufacture of gears for KrAZ trucks, which have both civilian and
military purposes.

RESEARCH RESULT

The gear cylindrical differential of the rear axle of the KrAZ car, which is presented in Figure 1, was
chosen as the subject of the study. The part in the assembly unit operates at high rotational speeds, transmits
a significant torque, and also operates in a dynamic load cycle. The most precise surfaces of the part are the
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surfaces of the teeth and the central hole. Since the part is typical for various modifications of cars, it is
possible to consider the principle of building an algorithm of an automated line using Al for quality control.

-

Figure 1 — Drawing of a cylindrical gear

The quality of the gear tooth surface is a critical factor in the performance and reliability of gear
systems. One of the key challenges in gear grinding is the occurrence of grinding burns, which can
significantly impact the surface integrity and functionality of the gear teeth.

Grinding burns can lead to various forms of thermal damage to the gear tooth surface, including
oxidation burn, rehardening burn, thermal softening, and cracking [10]. These types of thermal damage can
compromise the gear's performance, reducing its load-carrying capacity, surface fatigue resistance, and
overall service life

Given the critical importance of the gear tooth surface quality, the monitoring and control of the
grinding process to mitigate grinding burns is a crucial aspect of gear wheel production. For experimental
purposes, we consider a detailed example of a gear grinding operation on an automated production line,
where various sensors and software are used to collect data, transfer, and analyze information, and further
process it using Al.

The process stages are shown in Fig. 2 as a flowchart.

CYUYACHI TEXHOAOM B MAWMHOGSYAYBAHHI TA TPAHCAOPTI, 2024, Nel (22)



© V. Kulynych, R. Arhat, S. Shlyk, A. Symonova, V. Drahobetskyi 2024

=2

v

Senszor Installation

1:\\.

Vibration Sensors Temperature Sensors Position Sensors

\J/

Data Collection

Data Transmission

¥

Data Analysis

Y

Process Control and Optimization

v
Gear Quality Monitoring

|

Yes

Is Gear Quality No
Acceptable?

Improved Product Quality Adjust Process Parameters

| l

Process Optimization JE—

END

Figure 2 — The flowchart of the grinding process monitoring and control

The process of automated quality control of tooth grinding using sensors and machine learning has the
following stages:
1. Installation of sensors and data collection. In an automated gear grinding production line, various
sensors are employed to closely monitor the grinding process and detect any potential issues:
1.1 Acoustic Emission (AE) Sensors [11]:
e One AE sensor (AE-S) is mounted at the tool spindle center and rotates with the grinding
wheel to capture signals from the grinding zone.
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e Another AE sensor (AE-T) is placed on the tailstock to capture waves originating from the
workpiece.
e The AE signals are preprocessed with amplification, filtering, and digitization to extract
relevant features.
1.2Spindle Current Sensors:
e Current clamps are installed on the electrical wires to measure the 3-phase spindle current
components (Iv, Iw).
e The RMS transformation is applied to convert the current components into an equivalent
direct current (Irms).
1.3Spindle Power Measurement:
e A true power meter is used to measure the electrical tool spindle power (Pel) with a high
sampling rate
2. Data Acquisition and Analysis. The sensor data is collected and organized using a data acquisition
system
2.1 Data Preprocessing:
e The AE signals are preprocessed with amplification, filtering, and digitization to extract
relevant features.
e The spindle current and power data are also preprocessed and synchronized with the AE
signals.
2.2Controlled Grinding Burn Generation [12]:
e A touch dressing procedure is applied to the grinding wheel to generate controlled grinding
burn on the workpiece.
e This allows the system to collect data under both normal and faulty grinding conditions.
2.3Machine Learning for Burn Detection:
e The preprocessed sensor data is used to train a machine learning model to detect the
presence of grinding burn [13].
e The model can learn the characteristic patterns in the AE, current, and power signals that
indicate the onset of grinding burn.
3. Automated Grinding Quality Inspection. The trained machine learning model is then integrated into
the automated grinding process to provide real-time monitoring and quality control:
3.1 In-Process Burn Detection:
e The AE, current, and power signals are continuously monitored during the grinding
operation.
e The machine learning model analyzes the sensor data and identifies any instances of
grinding burn [14].
3.2Process Adjustment and Part Sorting:
o If a grinding burn is detected, the system can automatically adjust the grinding parameters to
mitigate the issue.
o Alternatively, the affected parts can be identified and sorted out for further inspection or
rework, preventing the production of defective gears.
3.3Continuous Process Improvement:
e The system can continuously collect data and update the machine learning model to improve
the accuracy and reliability of the burn detection.
e This allows the production line to adapt to changes in the grinding process, wheel condition,
or workpiece material over time.

By integrating advanced sensors, data acquisition, and machine learning techniques, this automated
gear grinding quality control system can si