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CONCEPTUAL MILESTONES OF RESEARCH

Timeliness and importance of the topic addressed.

The topicality and importance of the topic addressed are determined by the need to develop and
implement integrated electromechanical systems (SEM) based on eco-design principles to increase
the quality of the finished product and the energy efficiency of coffee preparation installations and
technological processes, reducing their impact on the environment by limiting the use of toxic
materials and increased energy consumption.

Reducing energy consumption in technological processes and their influence on the
environment fully complies with the provisions of the Environmental Strategy for 2014-2023
approved by Government Decision nr. 301 of 24.04.2014 and Government Decision nr. 102 of
05.02.2013 on the Energy Strategy of the Republic of Moldova until 2030, both at the level of
industrial use and domestic needs.

Coffee as a raw material is an unstable product dependent on environmental factors, changing
its peculiarities and processing parameters in its technological processing processes. At the same
time, these peculiarities and parameters depend on the mixture of coffee varieties and, last but not
least, on its degree of roasting. The environmental impact on the technological processes of preparing
beverages from coffee beans is more pronounced in autumn and spring when the variation in weather
conditions is considerable. The difficulty of regulating the environmentally dependent parameters of
coffee machines is also amplified in the context of the lack of a qualified workforce.

Another important moment is energy efficiency. Modern equipment in the coffee bean beverage
industry is based on a set of processes for converting electricity into thermal energy in water heating
systems, necessary for different processes with varying temperature and flow regimes. For these
reasons, the share of electricity consumption in heat transfer processes in liquids and solids is more
than 95% the total energy consumption of coffee machines.

The preparation of the drink from coffee beans with the help of coffee makers provides for the
processes of grinding or grinding the beans, the dosage of the required amount of ground coffee, and
subsequently, the extraction of the desired type of drink. Grinding in modern coffee makers occurs
by grinding with a bur or roller. The principle of operation is based on the passage of grains between
two disks of different shapes, one of which is stationary and the other rotary, and the grinding fraction
depends on the distance between them. The dosing subsystem in modern coffee machines works by
dosing by volume or dosing by time. Dosing by volume implies the existence of a dosing chamber
with a movable wall connected with a micro-contact to signal the moment of stopping the grinder. In

the case of the second type of dosing, the control system of the coffee maker timers the variation of



5-7 seconds, set manually. After stopping, the ground coffee falls directly into the extraction chamber
of the brewing unit.

For the most widespread method of espresso coffee extraction, super-automatic coffee
machines, and vending machines are equipped with preparation blocks/units, which perform the
functions of receiving ground coffee from the dosing block into the extraction chamber, pressing
coffee into the extraction chamber, extracting with water itself at temperature, prescribed flow rate
and pressure, and disposing of coffee waste after completion of extraction.

The need to develop and implement integrated electromechanical systems with numerical
control in order to increase the quality of the finished product becomes a stringency, because constant
maintenance of the quality of the coffee product is difficult, and the users of the machines either
change the type of coffee beans or do not keep them in recommended conditions. For these reasons,
coffee in beans changes grinding peculiarities and most extraction parameters, thus affecting the
quality of the finished product. A similar influence on the extraction process is the instability of the
environment, especially when placing coffee machines in public street spaces, and the problem of
adjustment is amplified because it requires daily adjustment of parameters 3-4 times. This situation
outlines the scale of the problem and demonstrates the direct dependence of both the environment
and labor on the brewing process of coffee drinks.

In this context, the complex approach of technological processes and the design of a
technological installation for the production of coffee bean beverages based on integrated
electromechanical systems with numerical control and automatic parameter control would ensure the
high quality of the finished product, reducing the influence of external factors and significantly

increasing energy efficiency.

The purpose of the work
The general goal of the thesis is to develop and implement advanced integrated
electromechanical systems to increase the quality of the finished product and energy efficiency of

automated coffee machines.

Research objectives
In order to achieve the proposed goal, the following objectives were formulated in the paper:
Objective 1. Study of technological systems and equipment in the coffee bean beverage production
industry.
Specific objectives under Objective I
v" Research of technological processes and electromechanical installations for processing coffee

beans;



v
v

Study of the constructive principles of electromechanical systems of coffee machines;
Study of electromechanical systems of modern coffee machines and specifics of making

espresso coffee extraction method.

Objective 2. Elaboration of innovative constructive—functional concepts of the electromechanical

system for coffee machines.

Specific objectives under Objective 2:

v

v
v

Synthesizing the construction principles and operating aspects of SEM for automatic coffee
machines;

Studying the impact of the environment on SEM performance by performing a statistical
control of the production process with the collection and processing of statistical data;
Processing the collected statistical data and performing statistical analysis using statistical
software tools of the production process of coffee bean-based beverages;

Research on the impact of electrical and electronic waste (WEE) on the environment, through
comparative analysis of legislation in this field;

Study of SEM energy efficiency methods for automated coffee machines;

Delimitation of new concepts regarding technological equipment for coffee preparation.

Objective 3. Implementation of new technological methods and procedures in electromechanical

systems of coffee machines.

Specific objectives under Objective 3:

v

Description of the structure and innovative process of operation of the coffee maker with the
implementation of the inductive heater;

Development of inductive heater for water treatment;

Numerical analysis of flow regulation peculiarities in systems with electromagnetic pumps in
state space;

Elaboration of SEM with numerical control for automatic adjustment of parameters of coffee
extraction equipment;

Implementation of SEM with numerical control in the dose settlement process, to reduce the
transition time between adjustments;

SEM modeling and simulation in MatLab software with SimPowerSystems and Simscape
libraries;

3D modeling and inductive heater research in the specialized modeling and simulation
software COMSOL MULTIPHYSICS

Evaluation of the impact of the patented inductive heater and automatic control system of the

grinding system on the performance parameters of the upgraded equipment.



Research hypothesis

The implementation of integrated electromechanical systems based on the control algorithm

and advanced technical-scientific solutions for technological equipment in the coffee industry will

contri

>
>
>

bute to:
Diminishing the influence of external factors on product quality;
Reducing the transition period of the equipment from the previous adjustment to the new one;

Increasing the energy efficiency of technological installations for coffee makers.

Scientific novelty and originality of results

The novelty of the paper consists of delimiting problems and identifying possible ways to

increase energy efficiency and quality of the finished product by implementing advanced technical-

scient
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ific solutions of integrated electromechanical systems for coffee machines.

New scientific results include:
The environmental impact study on the performance of the electromechanical systems of the
coffee machine was carried out;
Control and statistical analysis of the production process of coffee drinks was carried out;
The impact of electrical and electronic waste on the environment was researched by
conducting a survey on the level of awareness of the population on these effects;
The study of energy efficiency methods of electromechanical systems of automatic coffee
machines was carried out;
The mathematical model of the electromagnetic pump in the space of states and Simscape
model of the hydraulic system of the coffee maker with the implementation of variable flow
with the use of these types of pumps were developed,
For the first time, the design methodology was developed and an inductive heating system
was developed for water treatment in coffee machines for which a patent was obtained,
Models were developed and simulations of the inductive heater were carried out in the
COMSOL MULTIPHYSICS programming environment;
Researched the evolution of the quality of the finished product after the implementation of
innovations with the use of statistical analysis of performance indicators of the developed
electromechanical systems, simultaneously with the evaluation of energy consumption

efficiency.

Synthesis of research methodology and justification of selected research methods



For the research of scientific problems proposed for solution and achievement of the objectives

outlined in the paper, a systemic approach based on the theory of machines, electric drives, electro

technologies, and electrothermal was applied, using the following research methods:

>

Y

Logical analysis, induction, deduction, and comparison for research of the current state in the
field of technological systems and installations applied in the coffee industry;

Synthesis using systemic methods and quantitative measurements, to highlight operating
peculiarities and other engineering problems in SEM specific to the coffee industry;
Statistical analysis with the implementation of quality control techniques in the production
processes of coffee bean beverages;

Processing statistical data obtained in the STATISTICA programming environment;
Modeling of hydraulic systems of coffee machines by State Space method;

Mathematical modeling and simulations in the MatLab Simulink programming environment
using SimPowerSystems and Simscape libraries to evaluate the performance of implemented
innovations;

Mathematical modeling and simulations of physical processes in COMSOL MULTIPHISICS
programming environment for the elaborated inductive heater research.

Comparative analysis to determine energy consumption between the conventional resistive
heater and innovative inductive heater and the performance of the latter;

Analysis of SEM performance indicators of the coffee machine carried out in the
STATISTICA software for assessing the impact of innovations on the system and its ability

to maintain indicators at optimal parameters.

Implementation of scientific results and applicative value of the work

Applicative value of the work:

The study of the performance of electromechanical systems of modern coffee machines was
carried out;

The correlation coefficient r = 0.96 was determined, demonstrating a strong and directly
proportional connection between the weight of ground coffee and air humidity;

The correlation coefficient r = - 0.95 was determined, the magnitude of which demonstrates a
very good and inversely proportional relationship between the extraction flow of coffee and
air humidity;

The thermal energy losses of heating systems in coffee machines in the environment that can
reach values of up to 35% have been calculated;

Automatic adjustment system with numerical control of the grinder with servo motor and

speed reducer can provide the required angular displacement of the grinder adjustment ring
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and move the ring by 6.75 degrees per second with a constant load and by 5.6 degrees per
second with a random load;

By implementing the adjustable compaction system of the numerical control with a linear
actuator, the transition effect of the grinding system from one adjustment to another was
diminished. The implemented system ensures a distance of 0.2 meters in less than 3 seconds,
the rotor current limits for automatic numerical control being between 1.7+4.2 and the servo
motor temperature during heavy cycles remaining below 70°C;

The implementation of the inductive heater with elaborate numerical control ensures an
efficiency of over 55% to the operating process of the coffee machine, with the inductive
heater pre-heating time of only 7.6 seconds, which completely eliminates the need to keep

resistive heaters pre-heating and maintaining at operating temperature.

Implementation of the obtained results:

The theoretical and practical results obtained in this work were used:

1.

Within the economic entity "Coffee Planet Group" SRL, owner of a network of itinerant street
trade points, the numerical control system for automatic regulation of the grinder was
implemented;

Within the economic entity "Coffee Hub" SRL, administrator of a network of coffee bean
beverage realization points, the numerical control of the tamping system was implemented;
Within the economic entity "M-Consulting" SRL, owner of a network of itinerant street
trading points, the inductive heater was implemented as a water treatment element in the

coffee machine.

Approval of results obtained

The basic results of the investigation were presented, discussed and approved during several

seminars, symposiums and conferences at national and international level:

7
A X4

7
A X4

National:

20-25.10.2014 — Conferinta tehnico-stiintificd ale colaboratorilor, Doctoranzilor si
Studentilor, Universitatea Tehnica a Moldovei, Chisindu, Moldova, 2014.

09.12.2016 — Conferinta tehnico-stiintifica ale colaboratorilor, Doctoranzilor si Studentilor,
Universitatea Tehnica a Moldovei, Chisindu, Moldova, 2016.

09.12.2019 — Conferinta tehnico-stiintifica ale colaboratorilor, Doctoranzilor si Studentilor,

Universitatea Tehnicd a Moldovei, Chisindu, Moldova, 2019

International:

27-28.06.2014 — Sesiunea de comunicare stiintifica a studentilor FIESC - ELSTUD 2014

Suceava, Romania. Premiat cu premiul al treilea
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e 09-10.10.2014 — Conferinta nationala de actionari electrice, Resita, Romania, , CNAE XXI
2014;

e 20-23.10.2015 — 5™ International Conference, Telecommunications, Electronics and
Informatics, Chisindu, Republica Moldova, ICTEI 2015.

e 06-08.10.2016 — International Conference on Applied and Theoretical Electricity, Craiova,
Romania, ICATE 2106

e 10-12.05.2017 — International Conference on Aplied Sciences, Hunedoara, Romania, ICAS
2017,

e 11-13.10.2017 — 11™ International Conference On Electromechanical And Power Systems,
lasi, Chisinau, SIELMEN 2017

e 01-03.07.2020 — 15th International Conference Mechatronic Systems and Materials,
Bialystok, Poland, MSM 2020

Scientific publications

On the topic of the thesis were published 9 scientific papers, including 3 as sole author and 1
patent. The main results were exhibited at various national and international conferences, a total of
10, including Romania, Poland, with the publication of 3 papers in IEEE Xplore, 5 papers in
SCOPUS, 4 WoS papers.

Summary of thesis chapters

The doctoral thesis was elaborated in accordance with the requirements submitted by the
National Agency for Quality Assurance in Education and Research. The thesis includes an
introduction, 3 chapters structured in paragraphs, annotation in Romanian, English, and Russian, a
list of tables, figures, and abbreviations used, general conclusions and recommendations, a
bibliographic list of 110 titles, and 16 annexes. The total number of pages of the paper is 151 (up to
the bibliography), containing 125 figures and 31 tables.

The Introduction presents the argumentation and actuality of the researched topic. It
formulates the purpose, main objectives, and specific objectives, the elements of the scientific novelty
of the obtained results, the theoretical significance and applicative value of the field of study, and the
results obtained.

Chapter I of the thesis The current state of play in the field of electromechanical systems of
coffee machines presents the typical technological processes in coffee bean processing as well as the
evolution of electromechanical systems of coffee industry installations, the construction principles of
SEM in coffee machines and the performance of these systems are analyzed, highlighting espresso

extraction methods in modern coffee machines. Also, a series of shortcomings of modern
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technological installations in the coffee industry were delineated, on which research in the following
compartments will be focused.

Chapter II of the thesis The elaboration of constructive-functional concepts of the
electromechanical system for coffee machines is the compartment where the constructive principles
and aspects of SEM of coffee machines are investigated, the problems generated by the influence of
the external environment on the parameters specific to the production process of coffee bean
beverages are determined, the processes with the use of statistical methods and software are studied
respectively to establish the impact of the environment on the performance of the electromechanical
systems of the automatic coffee machine, using the processes of collection, processing, analysis and
statistical control of coffee beverage production. Also, research was carried out on the impact of
coffee machine waste on the environment, with a survey on the level of awareness of the population.
This research is followed by an analysis of methods of energy efficiency of processes in the
electromechanical systems of the device, which allowed the identification of new concepts of
technological equipment for coffee preparation.

Chapter 111 of the thesis The implementation of new technological methods and procedures in
electromechanical systems of coffee machines represents the applicative part of the work. In this
compartment are numerically investigated the electromechanical systems of the coffee machine with
the use of inductive heater, for which a patent was obtained with no. 1617 and no. Deposit S2020
0005. The description of the structure and innovative operating processes of the coffee machine with
the implementation of the inductive heater was followed by other numerical research, including the
methodology of sizing the inductive heater for water treatment, numerical analysis, and modeling in
the state space of the peculiarities of flow regulation in systems with electromagnetic pumps,
modernization of the grinding system by implementing the numerical control of automatic regulation
of grinder, reducing the transition time from the previous adjustment to the present one by using the
numerical control of the settlement process. The chapter continues with creating models in the
MatLab Simulink programming environment, including the hydraulic system using the Simscape
library and the electromechanical grinder adjustment system using the SimPowerSystems library. In
the COMSOL MULTIPHIZICS programming environment, 2D Axial and 3D models of the inductive
heater were created to simulate electromechanical, thermodynamic, and hydraulic processes. Finally,
the impact of the patented inductive heater and the automatic control system of the grinding system
on the performance parameters of the coffee machine is analyzed; it is established where energy losses
occur in the operation of resistive boiler systems, the energy consumption between the resistive heater
and the inductive heater is compared, and the evolution of the performance indicators of the grinding

system is determined.
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Each chapter of the paper ends with presenting the basic conclusions and the specification of
the main results obtained.

In, Conclusions and recommendations are synthesized the obtained results and
recommendations regarding the implementation in practice of the technical-scientific results of the

thesis.
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CONTENT OF THE THESIS
The Introduction presents the argumentation and actuality of the researched topic. It

formulates the purpose, main objectives, and specific objectives, the elements of the scientific novelty
of the obtained results, the theoretical significance and applicative value of the field of study, and the
results obtained.

Chapter I of the thesis The current state of play in the field of electromechanical systems of
coffee machines presents the typical technological processes in coffee bean processing as well as the
evolution of electromechanical systems (SEM) of coffee industry installations, the constructive
principles of SEM in coffee machines and the performance of these systems are analyzed,
highlighting espresso extraction methods in modern coffee machines. In addition to the performance
of such equipment, there are also shortcomings. The impossibility of automatic adjustment of
grinding equipment parameters makes the influence of the variation of raw material state and
environment on the process significant, while energy consumption in thermodynamic processes is
considerable. The typical technological processes in coffee bean processing have many steps until
they are enjoyed as a hot drink in the cup during breakfast every morning. The quality of the finished
product is influenced by each of those steps [1]. Figure 1 shows the flow diagram of the coffee bean
processing steps.

BERRY PROCESSING

DRY METHOD WET METHOD

¥ ¥
GRINDING GRINDING BY "-:(;:‘EEG
‘WITH BLADE POUNDING

L 2
GRINDING
WITH BUR

[

RECORDER
I I

BOIL OR PRESSURE
DECOCTION LEACHING

Fig. 1. Flow diagram of coffee bean processing steps
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The stages, starting with the selection of the grinding method and ending with extraction, are

carried out at the place where the finished product is consumed or realized.

Taking into account the processing steps presented above, all coffee makers can be divided into

several groups as follows:

1.

Professional coffee machines are designed for a very large number of servings during the total

life of the machine. The recovery period, the return to stationary operation after the previous

extraction, is very small or almost zero from one espresso to another when the temperature of
water and steam must return to the prescribed value.

1.1. Lever espresso machines — these types of machines do not have a pump to create water
pressure through the extraction group, and instead a lever piston is used;

1.2. Pump-driven espresso machines — these are machines that force water through ground
coffee with a pump driven by a single-phase asynchronous motor;

Semi-professional coffee machines (machines for households and offices) are designed for

reduced productivity, with lower boiler capacity and availability of pressurized filter units for

semi-automatic, automated classes and super-automatic espresso machine preparation units.

These machines can be grouped as follows:

2.1. Semi-automated machines have automatic control of water temperature and steam pressure,
but water dosing in the espresso brew is not available and must be done manually by pressing
the start and stop buttons;

2.2. Automatic electronic. This type of machine has, in addition to the automatic system of semi-
automatic machines shown above, an electronic system with a series of programmable
buttons that can be set for different quantities of coffee, and the machine doses the exact
amount of water needed for a particular drink;

2.3. Super-automated machines are the most sophisticated, with a fully automated process that
starts with grinding the beans with the proper fineness, places the ground coffee in the
brewing capsule of the extraction unit, handles the coffee, and extracts the required amount
of beverage, which is dosed with the flow meter integrated into the system. The electronic
digital control system with a programmable CPU offers a wealth of possibilities and useful
functions:

»  Rinse function — this function rinses the waste water out of the circuit every time the
machine is adjusted, and the water temperature is below 50°C.
> Descaling function — the system can be programmed to measure the amount of water

passed through the boiling system and require the descaling process after every 500 liters

14



of water at hardness 1, 300 liters for hardness 2, 150 liters for hardness 4, and 80 liters
for hardness 4.
» Pre-grinding - this function is meant to reduce brewing time by grinding coffee beans in
advance.
» Pre-brew - when this function is activated, after compaction, the coffee is moistened
before the actual brew. This action makes coffee more aromatic.
»  Total coffee — the control system counts the indicator of the amount of coffee.

As a result of researching all aspects of the extraction process, a series of technical parameters

were systematized, which were subsequently standardized by the Italian National Espresso Institute

and are presented in Table 1.

Table. 1. Technical parameters outlined by the Italian National Espresso Institute for making

certified Italian espresso

ELEMENT PARAMETER
Portion of ground coffee 7.0+05¢g
Water outlet temperature 90 £ 3°C
Temperature in the cup 67 £ 3°C
Incoming water pressure 9+1 bar
Percolation time 25 + 5 sec.
Volume in cup (including crema) 30 +2.5ml

In addition to water temperature and flow, pressure inside the extraction chamber plays an

essential role for extraction. It is the pressure and flow of water that achieves sufficient and rapid

extraction to obtain the essential oils from ground coffee in the form of a cream.

Taking into account the above and the technical possibilities of modern electromechanical

installations, three extraction solutions and techniques can be highlighted which are explained below:

1.

Non-pressurized portafilter extraction — these types of filter holders have a simple
construction, consisting only of a metal filter with hole diameters small enough not to allow
ground coffee to pass through them, mounted in the filter holder and maintained in their
working position by a mechanical fixing spring;

Extraction with pressurized portafilter - these filter holders, contrary to those described
above, have a system inside them in the form of an exhaust valve, which controls the pressure
inside and keeps at the level of 9 bar regardless of the fineness of the ground coffee. The
construction of these valves differs from one manufacturer of compressors to another;

Unit extraction of preparations (extraction group). In 1985, SAECO introduced the
preparation/extraction unit for the first time. It offers the possibility to automate the extraction

process fully. With the introduction of the brewing unit, the company started the production of
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coffee machines, which automated the entire extraction process, from grinding coffee beans to
making perfect espresso with just a push of a button. The brewing unit performs four very
important actions while preparing the espresso:

» Receives ground coffee from the dispenser,

» Compress coffee in brewing capsule,

» It directs pumped water of 92°C through the coffee capsule with 9 bar pressure,

controlled by the exhaust valve, which is built into the unit.
» Dispose of used coffee in the used coffee drawer.
In (figure 2) is shown the SAECO extraction unit from the Royal Digital Plus espresso

machine.

Fig. 2. SAECO Royal Digital Plus coffee brewing unit [11]

The electromechanical system of each espresso machine can consist of several subsystems that
ensure the exact conditions for the correct preparation of coffee and steaming for the treatment of
milk used in beverages such as latte or cappuccino. The total number of subsystems in a machine
depends on its automation class, and these subsystems can be:

1. Boiling system — this system must ensure the proper characteristics of water and steam. These
two states of water to be produced by the system have different parameters and must be
produced concurrently. The hot water in the extraction group should be 90-93°C with the
pressure of 9-10 bar, and the steam in the cappuccino between 1-1.2 bar, which corresponds
to approximately 120° C. These conditions can be provided by several models:

1.1. Multisection boiler — the boiler has a multisection design with different temperatures and
pressures for all extraction processes, from espresso to milk processing, and only one heating
element is used as a source of thermal energy.

1.2. Multi-boiler design — this type of heating system is based on the idea of separating heating
processes. In the electromechanical system is provided one or more boilers for espresso

extraction, depending on the number of extraction heads, and a boiler for steam production.
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1.3. Design of single-section boilers — this type of boiler has only one section and can deliver
water or steam with a single thermal and pressure parameter, and productivity is lower. For
these reasons, such a type of boiling system is used more in semi-professional and super-

automated coffee machines. Figure 3 shows two types of instantaneous water heaters used in

SAECO super-automatic machines.

a) b)
Fig. 3. SAECO ROYAL series water heaters [11]
a — Continuous flow boiler for espresso and hot water
b — Pipe boiler for instant and fast steam systems

To overcome the disadvantages of these types of boilers, which are manifested in the inability
to simultaneously generate water in different states and temperatures, manufacturers of super-
automated type coffee makers implement different heating systems with one or more boilers.

Automatic pumping and water delivery system — is designed to monitor the water level in the

boiler or boilers depending on the type of heating system of the appliance and the supply of water

to the appliance, both to ensure the necessary level of water in the steam boiler and the water flow
in the extraction process with the ability to increase water pressure up to 9-10 bar.

2.1. Rotary vane pump - this is a positive displacement pump, designed for pumping moderately
aggressive water and liquids with low flow and high pressure.

2.2. Magnetically coupling pumps—MG series magnet gear pumps are compact, performance,
and precision pumps for advanced technological applications. The magnet drive principle
provides a fully sealed pumping chamber capable of safely handling a wide range of corrosive
liquids.

2.3. Rotary vane pump-motor units with magnetic coupling—This is an integrated BLDC
pump-motor unit in case the motor has no moving parts. It features a compact size coupling,
superior performance, low power consumption, and quiet operation to provide great versatility

in a refined design and advanced technology.
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2.4. TP30 Series Peristaltic Pump—Peristaltic pump technology provides precise, efficient fluid
transport flow and is implemented in various industries. The key to its design is the elimination
of traditional reducers and the possibility of fast pump servicing, which allows changing the
tube or unit entirely with minimal knowledge.

2.5. Solenoid pumps (electromagnetic) — are composed of an inductor inside which the core
moves, which has the shape of a cylinder. Due to the movement of this core, caused by the
electromagnetic field generated by the inductor, it has its water pumping.

3. Grinding system—The grinding system grinds coffee beans, doses the required amount, and
transfers it to the extraction unit.

In the results of the research, there were delimited a number of exact production parameters
necessary to maintain for the qualitative development of the technological process; at the same time,
the analysis of the performance of the equipment in the field demonstrated their inability to ensure
the necessary quality. Further, the research will focus on the analysis of engineering problems, which
have a major impact on the quality of the finished product and the implementation of solutions to

increase the quality and energy efficiency of automated coffee machines.

In Chapter II Elaboration of constructive-functional concepts of the electromechanical system
for coffee machines , the constructive principles and operating aspects of SEM of coffee machines
are investigated, the problems generated by the influence of the external environment on the
parameters specific to the production process of coffee bean beverages are determined, the processes
are studied with the use of statistical methods and the respective software to establish the impact of
the environment on the performance of the electromechanical systems of the automatic coffee
machine, using the processes of collection, processing, analysis and statistical control of coffee
beverage production. Also, research was carried out on the impact of coffee machine waste on the
environment, with a survey on the level of awareness of the population. These researches are followed
by an analysis of the methods of energy efficiency of the processes in the electromechanical systems
of the device, which allowed the delimitation of the new concepts of the technological equipment for
coffee preparation, approached in the subsequent study process.

Coffee makers of the super-automated class are the most sophisticated and technological. In the
process of extracting a portion of espresso, the electromechanical system of the machine must perform
a series of actions: grind the coffee beans to the required fraction; dose the amount of coffee needed

for a can of coffee; pump water through the heating system into the brewing unit, where the water

temperature is raised from 10°Cup to 93°C; dispense espresso and steam when needed. The

methodology was developed and the calculations of the parameters of the typical components used
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in coffee machines of the respective class were developed, and their structural diagram is represented

in fig. 4.
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Fig. 4. Diagram of the super-automatic electromechanical system of the SAECO
ROYAL series [elaborated by the author]

In order to fully understand the limits of the performance of the electromechanical system of
the researched automatic coffee machine and to conduct a critical analysis of all the disadvantages of
these systems, the standard operating processes of the automatic coffee machine researched above
were researched. As a result of this research, all the functions of the device were studied, and based
on the data obtained, the flow diagram of the operating process of the respective automatic device

was built, which is represented in Figure 5 below.
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From practice it has been found that the main problems that greatly affect the quality of a coffee
drink are the quality of the coffee beans and the condition/parameters of the extraction water. The
control system of a coffee machine can provide the required quality of water temperature, pressure,
flow rate, and duration of the leaching/extraction process, but the grinding process automatically
remains unadjustable. This process is directly influenced by the quality of coffee beans, namely the
composition of coffee, the moisture level of the environment, and excessive uncontrolled drying of
the beans.

For the analysis of the extraction process from a statistical point of view, experimental
extractions were carried out using a professional coffee machine with unpressurized filter holders, a
highly productive grinder equipped with equipment for measuring the temperature and humidity of
the external environment, and a high-precision electronic scale. Subsequently, statistical data were
collected based on which analyses were carried out. The data were collected in various weather
conditions, ensuring both variation in the temperature of the external environment and variation in its
humidity.

From the results of the X-bar and R Chart analysis in figure 6 , it can be seen that the grinding
flow rate is slightly influenced by the external environment, while the density of ground coffee in the

dose varies greatly.

X-bar and R Chart; variable: Densitatea cafelei in doza, kg/m"3 X-bar and R Chart; variable: Debit de rasnire, g./sec.
Histogram of Means X-bar: 305,71 (305,71); Sigma: 10,046 (10,046); n: 2, Histogram of Means X-bar: 4,3256 (4,3256); Sigma: ,08169 (,09169); n: 2,
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Fig. 6. X-bar and R Chart analysis for coffee density in the compacted dose
corresponding to grinding flow. [elaborated by the author]

The influence of the external environment on the process is also demonstrated by the analysis

of SixGhaph X-bar and R Chart for extraction flow in figure 7
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SixGraph X-bar and R Chart: Debit de extractie p/u cont. umpl.
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Fig. 7. Analysis of SixGraph X-bar and R Chart for calculated extraction flow rate
for a filled container [developed by the author]

Following the analyses carried out, it was found:

e The descriptive statistics tools showed the influence of air humidity on the researched
production process.

e With increasing air humidity, the fraction of ground coffee decreases, respectively, the
grinding rate of coffee beans decreases

e According to the Colton classification, the correlation coefficient of r = 0.96 between the
weight of the ground coffee of the filled container and the humidity shows a strong connection
between them, which is directly proportional.

e The correlation coefficient r = - 0,95 between the extraction flow rate with filled container
and moisture demonstrates an inversely proportional relationship.

e In the QC diagrams it can be emphasized that the variation of air humidity influences the
grinding process, which results in a variation in the density of the ground coffee in the filter
container and the effect of diminishing the grinding flow.

In the process of evaluating the energy consumption of the coffee machine, measurements were
made and data was collected, based on which the histogram of energy consumption distribution for

three extraction processes was built, including a 105-second break. (Figure 8.)
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Fig. 8. Histogram of the distribution of total energy consumption for three extraction
processes, including a break of 105 seconds [elaborated by the author, 39]

Subsequently, the collected data were systematized and included in Table 1.

Tabelul 1. Table of energy consumption of the coffee maker [elaborated by the author,39]

RATED OPERATIN POWER ENERGY
ELECTROMECHANICAL SYSTEM PO‘Y‘E,I;’ Pn G f:el\c’[f’ t ng SEU?’[‘;;? ngfglz{}:;l

1. Main heater 1034 105 33,51 49,04
2. Additional heater 330 105 10,69 15,65
3. Tubular heater 946 75 21,90 32,05
4. Coffee grinder 168 15 0,78 1,14
5. Drive motor of the preparation unit 6 60 0,11 0,16
6. Pompa 48 90 1,33 1,95
TOTAL ENERGY CONSUMPTION 68,32 100,00

The data obtained show that about 99% of the total energy consumption belongs to the hydraulic
system, of which 97% is used for heating water and 2% for pumping it. This will serve as a basis for
focusing research on streamlining the coffee extraction process by optimizing the operation of the
hydraulic system.

At the same time, the numerical research of the performance of the hydraulic system of the
coffee maker, in which the problems of electricity consumption and increasing the energy efficiency

of technological processes with the use of typical installations were analyzed, concluded the
following:

e The use of thermal insulation of components of systems transforming electricity into thermal

energy in order to reduce heat and electrical energy losses through convective heat transfer

losses can result in an energy saving of up to 35% in those processes;
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e The implementation of adjustable electric drives in various systems and mechanisms with the
use of electric motors allows the efficiency of installations by over 40%;

e Asaresult of the abovementioned changes, we can increase energy savings in coffee machines
by over 37%. At the level of a single installation, this figure does not seem high, but if we try
to make a calculation at the level of locality or country, this figure becomes much more
significant.

As a result of the research, three research directions have been outlined on which further work
will be carried out and which, subsequently, will have a maximum impact in order to increase the
quality of the finished product and the energy efficiency of these installations. Those directions will
be further outlined:

s Automatic grinder adjustment system — automating the grinder adjustment process will reduce

the impact of the environment and unqualified personnel on the quality of the finished product.

%

» Numerical control system of burring/compaction — burring/compaction system with numerical
control, which will allow reducing the impact of the transition from the previous adjustment of the
grinder to the new one by compensating the under-adjustment or over-adjustment in transient

moments with variable settlement pressure.

%

» Hydraulic system — implementation of the electromechanical system of the innovative coffee
machine with an inductive heater will increase the energy efficiency of the coffee machine.

Figure 9 shows the structural diagram of the constructive-functional concept of the

electromechanical system of the innovative coffee machine with inductive heater, which is to be

changed by implementing innovative technologies.

SISTEM DE RASNIRE CU CONTROL |
AUTOMAT A REGLAJULUI |

SISTEM DE PREPARARE/EXTRACTIE CU
I TASARE/BURARE CU CONTROL NUMERIC INCALZITOR INDUCTIV |

Fig. 9. Structural diagram of the electromechanical system of the innovative
coffee machine with inductive heater [developed by the author]
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Chapter I1I of the thesis The implementation of new technological methods and procedures in
electromechanical systems of coffee machines represents the applicative part of the work. In this
compartment are numerically investigated the electromechanical systems of the coffee machine with
the use of inductive heater, for which a patent was obtained with no. 1617 and no. Deposit S2020
0005. Next, the inductive heater caps, grinder control system, and mathematical model of the
electromagnetic pump in state space were methodologically developed and realized.

The chapter elaborates on models of the grinder adjustment system, the settlement system with
numerical control, and hydraulic systems using valve props and electromagnetic pumps made in the
MatLab Simulink programming environment, using SimPowerSystems and Simscape libraries. and
the COMSOL MULTIPHIZICS programming environment. Finally, the impact of innovations on the
performance parameters of coffee machines is analyzed; it is established where energy losses occur
in the operation of resistive boiler systems, the energy consumption between resistive heater and
inductive heater is compared, and the impact of innovations on the performance indicators of the
grinding system is determined.

Figure 3.10 shows the diagram of the operating flow of the coffee machine with the
implementation of additional innovation processes. Additional processes include the process of
collecting data from previous extractions, grinder control blocks and burring process control, which
will allow increasing the quality of the finished product, and the inductive boiler will allow

considerably increasing the energy efficiency of the heat transfer process.
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In order to increase the efficiency of thermodynamic processes, the construction of a new
inductive-type heater was proposed and patented (figure 11). It contains the inductor (8) which
consists of 7 turns, made of a copper tube, parameters of which are dimensioned to travel the current
of over 200 A with a frequency of about 100 kHz. The inductor is wound around the workpiece which
consists of two pieces in the form of hollow rings made of represented ferromagnetic material: the

outer cylinder (5) and the inner cylinder (7).

Fig. 11. Final representatfon of the inductive heater with all parts included [elaborated by
the author, 40]

On the outside of the inner tubular ring, cuts of such shape and length are made so that when
assembling these tubular rings, a channel is obtained for the passage of the fluid to be heated. The
shape of the channel obtained in the figure is represented by the figure (6). To ensure much higher
flows and temperatures of the heated fluid than those dimensioned, both in the hot water generation
regime of about 90°C and in the steam generation regime of 120° C, the inductor can be forcibly
cooled by pumping a caloportor agent inside the copper tube, thus ensuring the stability of the heater.
To avoid short circuits, the inductor is isolated from the workpiece using an insulator (4) with high
thermal resistance, and its turns are removed from each other. To reduce magnetic field losses on the

outside of the inductor, electrotechnical steel sheets (9) are added, which in turn are kept spaced away
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from the inductor by means of side shields (3). These shields position both the sheets of the magnetic
circuit and the workpiece. In order to decrease heat losses in the environment, the inductive heater is
also provided with thermal protection made by thermal insulation elements (1) and (2) of the heater,
made of a material with high thermal resistance and low thermal conductivity coefficien'. [40]

The 2D Axial and 3D model in COMSOL MULTIPHISICS environment was developed,
based on the 3D model of the inductive heater made in the SOLIDWORKS environment, the graph
of water temperature evolution in the water channel of the workpiece in preheating mode was
abstained. (Figure 12)

Graphics | Probe Plot 1 X =1

L Q@ v |l & Sy @@

140 —— Temperature (degC), Boundary Probe: legirea apei )

130 b
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110 .
100 - .
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30t / -
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1 1 1 1 1 1
0 2 4 6 8 10
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Fig. 12. Graphical representation of the evolution of water temperature in the channel of
the workpiece in preheating mode [elaborated by the author]

The graph of the variation of water temperature in the channel of the workpiece in the obtained
pre-heating process shows that the water temperature after the 1.5th second increases almost linearly.
The temperature of 90°C is reached at the 7th second and the required calculated temperature of
100°C at the workpiece surface at the 7.6th second of the pre-heating process. Continuing the pre-
heating process will allow the heater temperature value of 120°C to be reached at the 9th second of
the pre-heating process.

Figure 13 shows the current density obtained in the workpiece and inductor turns.
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Time=8s Surface: Surface current density norm (A/m?)

A/m?
A 2.89x10°
x10°

Fig. 13. Representation of current density in inductor and workpiece [elaborated by
author]

Figure 14 shows the image of the thermal spectrum of the heater at the 8th second of the

heating process of the workpiece.

: Temperature (degC)

Fig. 14. View in the thermal spectrum of the axial 2D model with the magnetic circuit at
the 8th second of the simulation of the preheating process [elaborated by the
author]
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The simulations demonstrated that feeding the inductor of the heater with a current of 200 A
with a frequency of 100 kHz allows the workpiece to be heated up to the calculated surface
temperature of the workpiece in 7.6 seconds.

The inclusion of the laminar fluid flow range in the developed model allowed a better
understanding of the behavior of water inside the workpiece. Figure 15 below shows the

representation of the variation in water viscosity as it flows through the water channel and inside the

workpiece.
Surface: Wall regolution in viscous units (1) (&)
x107?
3
0.06 —
B 2.5
0.04
m 12
0.02 1.5

m 0.02

Fig. 15. Representation of water viscosity variation in the channel of the workpiece
[elaborated by the author]

The water channel consists of annular channels joined together so that the flow of water is
uniform through all sections. The connections between the rings are 90° compared to the horizontal
rings of the channel, and on the one hand, they cause the appearance of hydrodynamic resistances in
the flow process; on the other hand, they have a positive effect on the heat transfer process, causing
turbulence in the flow process.

To automate the grinder adjustment process, it is necessary to adjust the positioning of the
abrasive discs and move the upper disc up for coarser grinding and down for finer grinding; it is
necessary to move the adjustment ring on the grinder (figure 16.) against clockwise for finer sanding

and clockwise for coarser grinding. As a reaction signal in the process of adjusting, the signal taken
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from the flow meter of the hydraulic system will serve. Figure 17 shows the grinder adjustment ring

to enable it to rotate the adjustment ring by means of an additional drive motor.

Fig. 16. SAECO grinder Fig. 17. The gear wheel of the automated
1 — adjustment ring adjustment system
2 — three fixing rods of the upper grinding [elaborated by the author]
disc

The actual adjustment performed by a technical operator has several steps, which are listed in
the following list:
1. Perform the first extraction to check the condition of the grinder.
2. Turn the adjustment ring for just a few degrees in the direction needed for adjustment
3. Make 2-3 draws to check the new adjustment.
4. 1If other adjustments are necessary, steps 2 and 3 are repeated again, and these actions can be
repeated as many times as necessary.
The automatic adjustment system must repeat the steps described above. For this, some changes

are made to the grinding system. Figure 18 shows a structural diagram with the necessary changes.

BOABE DE CAFEA

SISTEMUL DE RASNIRE |

SISTEMUL DE MOTORUL PARTEA MAGINATA

COMANDA | RASNITEI " M%ﬁ;ﬁéﬁL‘A‘——b DOZATOR -—1 >
s Ny S I
A2 (R I 1
VAR o o |
: f ¥ :
L__Jﬁﬁwﬂ@@ﬂ%ﬁ%ﬁ%§§WE__JL_¥?@T@T%Z_

Fig. 18. Diagram of the modernized electromechanical system of the grinder

[elaborated by the author, 30]

The reducer and drive motor model were developed in the MATLAB environment to simulate

the grinder adjustment process (Figure 19).
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Fig. 19. DC motor speed reducer simulation adjustment system [developed by the
author, 53]

After the simulation is performed, the modeling results are displayed according to the
magnitudes of the investigated parameters of this model. Representations of the resulting

characteristics are shown in Figure 20 for constant grinder load.

ANGULAR DEFLECTION WITH CONSTANT LOAD CURRENT WITH CONSTANT LOAD
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Fig. 20. Results of dc motor speed reducer simulation in SimPowerSystems with
constant load: [elaborated by the author, 53]
a — angular deformation of the grinder adjustment ring;
b — armature current of the dc actuator of the regulating system
Figure 21 shows the representation of results for variable load. The simulation showed that
even with variable load on the grinder, angular displacement in 1-2 seconds is sufficient for

adjustment procedures.
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ANGULAR DEFLECTION WITH RANDOM LOAD

CURRENT WITH RANDOM LOAD

Angular Deflection (deg.)
Current (A)

I
01 02 03 04 05 0.6 07 08 09 1 0.1 0.2
Time (Seconds)

a)
Fig. 21.

i i i
0.3 04 05 0.6 07 0.8 0.9 1
Time (Seconds)

b)

Results of DC motor speed reducer simulation in SimPowerSystems with

random load: [elaborated by the author, 53]
a — angular deformation of the grinder adjustment ring, b — armature current of the DC

actuator of the regulating system.

The possibility of implementing pumping systems with adjustable speeds was further

investigated. Figure 22 shows the simulation scheme developed in the MatLab Simscape

environment for testing the apparatus with a single-phase asynchronous motor and a valve

displacement pump with a pressure relief valve generated by the pump.
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Fig. 22. Simulation diagram of single-phase induction motor with hydraulic load,

using simscape physical signal library [elaborated by the author, 35]

The pump performance is shown in diagrams Figure 23, where the pump pressure relief valve

cuts through the output parameters to provide the preset values. The use of the valve allows to
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maintain the required working parameters well enough, but the engine absorbs about 40% more power

than necessary, which diminishes the efficiency of the system.

<107 Flow Rate = Pressure £l

Flow Rate, m*/s
(=]
Pressure, bar

(1] 02 04 0.6 08 1 1.2 1.4 16 18 2 i} 0.2 0.4 0.6 08 1 12 1.4 16 18 2
Time (secs) Time (secs)

a) b)
Fig. 23. Performance of the fixed displacement pump [elaborated by the author, 35]:
a - water flow; b - pressure inside the pipe before the coffee room.

The electromagnetic pump, the simulation scheme is shown in figure 24, creates the flow rate

and pressure using the functional principle of a two-cylinder hydraulic differential motor.

Solenoid Pump Pn=48W

I T
Magnetic Plunger-Core |—_| Mass PS-Simulink  Current,

1
—*[}I—MM.—@]_ Core  FixedAir Gap Comiter 1 A

Diede R —n F4 ) F4 s . AW
L= L= e
§‘ i Tlanslq.ﬁnna] - ™ 1

=
Reluctance = PS5-Simulink  Sclencid

Cument Sensor

v [ - Sensor
() AC vattage Source Force e % ] Comverter?  Fesition,
Actustor g P )
™| Load Force m
1
Eledromagnetic = | N T | nn
Converter f) ‘MMF Semsar =8 Il1

(2]

. > | | Simulink-P5 Fuls=
| | Converter1  Genzrato
T s

Solver
Ceonfiguration e L F5-Simuliric
Conmverterd

Hydroulic System with Differential Twin Cylinder
Fipe P Sudden Area Change

Woutie |4 :B—*QBTQB = B—al =B ﬁéﬁ -J'-Mﬂ

. L I P5-Simulind  Flow Rat
Elbouwt Elbou2 Local Restance yyyrqic Flow Rt Comverterd [z
Sensor

I Winlst Hydraulic Pressure

n
Sensof 5

e — {0

S-SimulinkPe-bar  Pressurs

ULKAES 48W ]' M= 1 Comverters {bar)
" |
Fluid Properties

Fig. 24. Simulation diagram of the electromagnetic pump with hydraulic load,
using the simscape physical signal library [elaborated by the author, 35]
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Figure 25 shows diagrams obtained for water flow and pressure within the account up to the

extraction chamber.

<107 Flow Rate 6 Pressure =
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Fig. 25. Performance of ULKA ESpump during extraction [elaborated by the author,

a - water flow; b - pressure inside tl:l"es ]I;ipe before the coffee room
Comparative analysis of the results of the above simulations has shown that using the
electromagnetic pump offers several advantages: low energy consumption, the possibility of use in
machines with a water tank, and slower pressure increase during extraction creates a beneficial pre-
infusion effect of the extracted coffee.
The modeling and simulation of hydraulic systems with electromagnetic pumps developed on
the basis of the State-Space model, for which the state-space matrices presented below were deduced,

allowed an analysis of the possibilities of implementing variable flow in hydraulic systems of this

type.
ox, 0 1 0 01| dx 0
ox, -3,6-10* -9,9-10° -4,3-10° 0| |Jx, N 0 s
— . -ou
OX, 0 0,419 -192,34 0] | ox, 0
OX, 0 1,96-107 0 0] |ox, 0
ox,
ox
y=[0 0 0 1]-| " |+[0] Su
X3
ox,
Figure 26 is the schematic representation of the hydraulic circuit created for the purpose of
simulation.
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HYDRAULIC SYSTEM WITH STATE-SPACE MODEL OF THE Pn=48W SOLENQID PUMP
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Fig. 26. Scheme of simulation of electromechanical performance of vibrating

armature pump [developed by author, 38].

As a result of the simulations performed, the required linear scalar dependence of flow rate and

the voltage variation diagram are shown in figure 27.

o Flow Rate B Plunger Displacement
T T T T T T

§css ,MWWWWWWMWWWM -

| | L | L L
08 08 1 iz 14 16 1.8 2
Time Time

3
T

@
T

-

)

Flow Rate, m*s
Displacement, mm

[N

a) b)

Fig. 27. Performance of variable voltage source pump [elaborated author,38]:
a — liquid flow rate; b — piston displacement.

This study concluded that the flow rate of the electromagnetic pump of the construction in
question can be regulated by varying the supply voltage rather than the frequency.

The research of the CNC compaction system concluded with a set of parameters of the linear
actuator, which are presented in the table below.

Tabelul 2. Linear actuator sizing results

ELEMENTUL PARAMETRUL

Lead screw speed 0,067 m/s

Angular velocity on lead screw 70,16 rad/s

Torque at lead screw 0,263 Nm
Minimum compaction torque 0,057 Nm

Average compaction torque 0,228 Nm
Maximum compaction torque 0,399 Nm

Current at minimum settlement torque 1,32 A

Medium settlement torque current 2,78 A

Current at maximum compaction torque 4,24 A
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Figure 28 shows the distance of movement of the load. Since the load torque is much lower than

the nominal torque of the actuator, the effect of the load on the lead screw and the compaction

process is not visible, so the travel speed is constant and linear.

S lead [rmm)

Fig. 28.  Representation of the distance of movement of the
load [elaborated by the author]

The final results of the simulation show that the dimensioned linear actuator will move the load

from the downward to a closed position in less than 3 seconds, and the referential range of adjustment

currents for controlling the compaction force will constitute 7 , =1,7+4,24.

At the end of the chapter, the analysis of the impact of innovations on the performance parameters

of the coffee machine was carried out, which was divided into three parts:

Determination of energy losses in the operation of resistive boilers — the resistive heater
consumes a power of about 29% more than is required for the components subjected to heating,
which proves that throughout the lifetime of the boiler of this type the energy consumption will
be even higher;

Comparative analysis of energy consumption between resistive and inductive heater — the
implementation of the inductive heater at itinerant coffee drink trading points will increase the
energy efficiency of appliances by over 55%;

Analysis of the impact of innovations on the quality indicators of the grinding system — the results
obtained in the X-bar diagrams demonstrate that adjusting the grinder with the help of the
automatic system maintains the optimal parameters of coffee density in the extraction chamber
with an average of 537 kg / m”3, while in the manual adjustment system this value is 598 kg /
m”3at the same time, R-charts show a qualitative improvement in samples in each subgroup

demonstrating a decrease in variation in each subgroup by almost half, from 58 to 32 units.
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GENERAL CONCLUSIONS AND RECOMMENDATIONS
1. The topicality of the thesis topic is conditioned by the need to develop and implement

integrated electromechanical systems to increase the quality of the finished product and the energy
efficiency of automated coffee machines in the context of current eco-design policies.

2. The flow diagram of the technological process, made as a result of research (chapter
1, paragraph 1.1), has demonstrated that the physicochemical properties and quality of coffee beans,
reached at the extraction stage of the beverage is influenced both by a multitude of factors and
parameters of numerous technological processing processes, as well as by the quality of their
realization, which conditions the need for adjustable electromechanical systems of technological
installations in extraction of coffee drinks.

3. Based on the study of the impact of the environment on the performance of
electromechanical systems of coffee machines (Chapter 1, paragraph 1.1) with the use of statistical
methods and software, very strong correlations of r = 0,96 between the weight of ground coffee of
the filled container and the humidity of the external environment were demonstrated and shows a
directly proportional relationship and r = - 0,95 between the flow rate for a filled container and the
humidity of the external environment vice versa proportional.

4.  The flow diagram of the coffee machine's operating process has been developed
(Chapter 3, paragraph 3.1) with the addition of inductive heater to water treatment functions,
extraction process data collection blocks, automatic grinder adjustment, automatic buring/compaction
adjustment and change of grinder setting to coffee bean processing functions.

5. In Chapter 3, paragraph 3.2 was developed the 3D and 2D Axial model of the
innovative inductive heater developed and dimensioned in COMSOL MULTIPHISICS software
demonstrated that the developed inductive heater ensures the operation process of the coffee maker,
powered with a current of 200A at a frequency of 100 kHz, with an efficiency of over 55%, inductive
heater pre-heating only 7.6 seconds versus 90 seconds with resistive heater.

6.  Numerical analysis in the state space and simulations in MatLab Simscape of the
peculiarities of flow regulation in systems with electromagnetic pumps (Chapter 3, paragraphs 3.1
and 3.2) demonstrated that the frequency variation is directly proportional to the frequency of
displacement of the pump piston and the variation of current is directly proportional and linear to the
piston travel distance, therefore, with the flow rate.

7. The numerically controlled electromechanical system for automatic grinder
adjustment (Chapter 3, paragraphs 3.1 and 3.2) provides the required angular displacement of the

grinder adjustment ring.

38



8.  The compaction system, with elaborate numerical control, covers the distance of 0.2
meters of the preparation unit in less than 3 seconds, with the limits of the rotor current of the linear
servo motor implemented for automatic numerical control between 1.7+4.2 A.

9. In Chapter 3, paragraph 3.3 it was studied the impact of innovations on the
performance parameters of the coffee machine where the comparative analysis of energy
consumption between conventional resistive heater and innovative inductive heater demonstrated an
increase in energy efficiency of over 55%, completely eliminating the time required for the pre-
heating process and maintaining the machine at working parameters;

10. The analysis of innovations' impact on the grinding system's performance indicators
carried out in the STATISTICA software (chapter 3, paragraph 3.3) demonstrated the complete
elimination of the external environment's impact on the grinding process, maintaining the
performance indicators at optimal parameters.

Recommendations:
» Proposals for use:

o The mathematical model of the electromagnetic pump made in the state space and its model
made in MatLab Simscape can be used in various research with the implementation of this
type of pump;

o The designed and patented inductive heater can be adapted and used in various systems;

» Suggestions on potential research directions:

o Research of stainless steel implementation methods for the manufacture of inductive heater
workpieces taking into account the properties of this type of steel;

o Redesign of the coffee machine's hydraulic system using the inductive heater to use the
internal cylinder space of the workpiece as an extraction chamber, thus improving the
efficiency and quality of extraction. Implementation of numerical control of the entire

espresso extraction process.
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ADNOTARI
Autor — TURCANU Adrian. Titlul — Sisteme electromecanice integrate cu control numeric pentru
aparate de cafea. Teza de doctor pentru conferirea titlului de doctor in stiinte tehnice la specialitatea
222.01 — Dispozitive si echipamente electrotehnice: Chisinau 2024
Structura tezei: Lucrarea contine introducerea, trei capitole, concluzii generale si recomandari,
bibliografie din 110 titluri, 16 anexe, 179 pagini, 125 de figuri si 31 de tabele. Rezultatele obtinute
sunt publicate in 8 lucrari stiintifice si 1 brevet de inventie.
Cuvinte cheie: aparat de cafea, sistem electromecanic, incalzitor inductiv, control numeric, modelare
matematica, control statistic, matlab simscape, comsol multiphisics.
Scopul lucrarii: Dezvoltarea si implementarea sistemelor electromecanice (SEM) integrate avansate
pentru majorarea calitatii produsului finit si a eficientei energetice in aparatele de cafea.
Obiectivele lucrarii: analiza si identificarea problemelor ingineresti in functionarea echipamentelor
tehnologice in industria cafelei, elaborarea conceptelor constructiv-functionale inovationale ai SEM
pentru automatele de cafea, implementarea noilor metode si procedee in SEM ale aparatelor de cafea.
Noutatea si originalitatea stiintifica a lucrarii consta In delimitarea problemelor si identificarea
cailor posibile de crestere a eficientei de functionare si a calitatii produsului finit prin implementarea
solutiilor tehnico-stiintifice avansate ai SEM integrate pentru aparatele de cafea, inclusiv solutii
brevetate.
Problema stiintificd importanta solutionata se demonstreaza prin reducerea impactului negativ al
factorilor exogeni si endogeni asupra calitatii produsului finit, prin dezvoltarea si implementarea
SEM integrate, bazate pe algoritmi de comanda numerici, prin sporirea eficientei energetice a
aparatelor de cafea.
Importanta teoretica a lucrarii releva din noile abordari teoretico-practice privind implementarea
metodelor si procedeelor tehnologice in SEM avansate cu control numeric pentru aparate de cafea.
Valoarea aplicativi a lucrarii. Au fost realizate solutii tehnice importante in procesul de
modernizare al instalatiei tehnologice, pentru aparate de cafea, ce includ sisteme electromecanice
integrate cu control numeric si realizeaza reglarea automata a parametrilor procesului de productie.
Astfel, se asigurd calitatea inaltd a produsului finit, prin diminuarea influentei factorilor externi si
sporirea semnificativa a eficientei energetice.
Implementarea rezultatelor stiintifice ale tezei: incélzitorul inductiv in cadrul M-Consulting SRL;

reglarea automata a rasnitei Coffee Hub SRL; controlul numeric al tasarii Coffee Planet Group SRL.
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ABSTRACT
Author — TURCANU Adrian. Title — Integrated electromechanical systems with numerical control
for coffee machines. Ph.D. thesis for conferring the scientific title of doctor of technical sciences in
specialty 222.01 — Electrotechnical devices and equipment.: Chisinau 2024
Thesis structure: The paper contains an introduction, three chapters, general conclusions and
recommendations, a bibliography of 110 titles, 14 annexes, 185 pages, 139 figures, and 31 tables.
The obtained results are published in 8 scientific papers and 1 patent.
Keywords: coffee machine, electromechanical systems, inductive heater, numerical control,
mathematical modeling, statistical control, Matlab simscape, comsol multiphysics.
The purpose of the work: Development and implementation of advanced integrated
electromechanical systems to increase the quality of the finished product and energy efficiency for
coffee machines.
Objectives of the work: analysis and identification of engineering problems in the operation of
technological equipment in the coffee industry, elaboration of innovative constructive-functional
concepts of SEM for coffee machines, implementation of new methods and processes in SEM of
coffee machines.
The scientific novelty and originality of the work consist of delimiting problems and identifying
solutions to increase the operating efficiency and quality of the finished product by implementing
advanced technical-scientific solutions of integrated SEM for coffee machines.
The important scientific problem solved is demonstrated by reducing the negative impact of
exogenous and endogenous factors on the quality of the finished product, developing and
implementing integrated SEM based on numerical control algorithms, and increasing coffee
machines' energy efficiency.
The theoretical importance of the paper is revealed by the new theoretical-practical approaches
regarding the implementation of technological methods and procedures in advanced SEM with
numerical control for coffee machines.
Applicative value of the work. Important technical solutions have been achieved in the process of
modernization of the technological installation for coffee machines, which include integrated
electromechanical systems with numerical control and perform automatic adjustment of the
parameters of the production process. Thus, the high quality of the finished product is ensured by
reducing the influence of external factors and significantly increasing efficiency.
Implementation of the scientific results of the thesis: inductive heater within M-Consulting SRL,
automatic adjustment of the grinder Coffee Hub SRL; numerical control of settlement Coffee Planet

Group SRL.
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PE3IOME

ABTop — HYPKAHY Anpuan. HazBaumne — Humeepuposarnnule snekmpomexanuyeckue Cucmembl ¢
YUCTIOBLIM NPOCPAMMHBIM YNpasienuem 01s koghemawun. Kannuaarckas auccepTanys Ha COUCKaHUe
YYEHOI'0 3BaHUs JIOKTOpa TEXHUYECKUX HAyK IO cnenuaibHocTh 222.01 — InexmpomexuuuecKkue
yempoticmea u 06opyoosanue.: Kummnes 2024

Crpykrypa aucceprammu: Pabota comepXuT BBeneHHE, TPU TJIaBbl, OOIIME BBIBOABI U
pekoMmeHnanuu, Omoimorpaduro u3 110 HammeHnoBanuii, 16 mpwioxenuid, 179 crpanun, 125
pucyHkoB, 31 Tabnui. Pe3ynbprarel omyO0IMKOBaHbI B 8 HAyYHBIX paboTax u 1 maTeHTe.

KiroueBble c1oBa: kopemainHa, 3JeKTPOMEXaHUUECKIE CHCTEMbl, MHIYKIIMOHHBIA HarpeBarelb,
YHCIIOBOE YIpaBJIEHUE, MAaTEMaTHUYECKOE MOJEIMPOBAaHKE, CTaTUCTUYECKOE yIpaBieHue, matlab
simscape, comsol multiphisics.

Hear  pabGorsi: PazpaboTtka ®  BHeJpeHHWE  MEPCHEKTUBHBIX  HMHTErPUPOBAHHBIX
anekTpomexanndyeckux cucreM (OMC) i NOBBILIEHUS KayecTBa TOTOBOM HPOAYKIMH H
9HEeprodpPpeKTUBHOCTH KO(EMAIIHH.

3agauud JauMccepTAlMM: aHAIW3 M BBIIBICHHE MHXXEHEPHBIX MPOOIEM MPH OSKCIUTyaTaluu
TEXHOJIOTHYECKOr0 000pyAOBaHUsA B KO(EWHOIN MPOMBIIIIEHHOCTH, pa3pad0TKa MHHOBAIMOHHBIX
KOHCTPYKTHUBHO-(QYHKIIMOHANbHBIX KOHUenuuid OMC nis kodeMalint, BHEIPEHUE HOBBIX METOI0B
u ipouieccoB B OMC kodemanivH.

Hayuynasi HOBM3HA W OPHUIHHAJBHOCTH Pa0OTHl 3aKIIOYAETCS B pa3rpaHUYCHUU NPOOIEeM U
OTIpeIeICHUU BO3MOXKHBIX IMyTed MOBbIIEeHUS 3(G(EKTUBHOCTH pabOThl U KayecTBa TOTOBOTO
MIPOJYKTa 3a CUET BHEAPEHUS MEePEOBbIX HayUHO-TeXHUUeCcKuX pemeHuil B OMC ansa kodemanivH.
Baxnas pemieHHasi HayyHasi po0JemMa 3a CYET CHI)KEHUS HETaTUBHOI'O BIUSHUS SK30T€HHBIX U
SHJIOTEHHBIX (AKTOPOB Ha KadyecTBO TOTOBOM MPOAYKLMH, pPa3pabOTKH U  BHEIPEHUs
nHTerpupoBaHbiX OMC Ha OCHOBE @JITOPUTMOB YHCIOBOIO MPOIPAMMHOIO YNPABJICHMS, 3a CUET
MOBBIIEHUS SHEPTOAP(PEKTUBHOCTH KOPEMAIIINH.

TeopeTnyeckass 3HAYMMOCTb pPA0OTHl PACKpPBHIBAETCS HOBBIMH TEOPETUKO-IPAKTHUECKUMU
MOAXOJaMHU K pealu3aluy TEXHOJOTMYECKMX METOJOB M IpoueAyp B nepcrnekTuBHbIX OMC ¢
YHCIIOBBIM ITPOTPaMMHBIM YIIpaBJICHUEM /ISl KO EeMaIIHH.

IIpakTnyeckass 3HaYUMOCTh PadoThl. BaxHble TexHHUeCKHE peuieHUs ObUIM JIOCTUTHYTHI B
MpoLecce MOJIEPHU3ALUU TEXHOJIOTMYECKONH YCTaHOBKHM KO()eMallMH, KOTOPhIE BKIIIOYAIOT B ce0s
WHTETPUPOBAHHBIE HIEKTPOMEXAHUYECKUE CUCTEMBbI C YHCIIOBBIM MPOTPAaMMHBIM YNPABICHUEM U
BBITIOJHAIOT aBTOMAaTUYECKYIO PETYJIHMPOBKY IapaMeTpOB INPOU3BOACTBEHHOIO Ipolecca. Takum
0o0pa3oM, BBICOKOE KaueCTBO T'OTOBOIO MPOAYKTa OOECHEYMBAETCS 3a CUET CHIDKEHUS BIUSHUS
BHEIIHUX (DaKTOPOB M 3HAYUTEIHHOTO TOBBIIEHUS YHEPTOIH(PEKTUBHOCTH.

BHeapenue Hay4HbIX pe3y/bTAaTOB AMCCEPTANMU: UHAYKIMOHHBIA HarpeBatens B M-Consulting
SRL; asromaruueckas perynupoBka kodemonku Coffee Hub SRL; uucrogoe npocpammmoe

ynpasnenue pacuemom Coffee Planet Group SRL.
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