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Abstract. One of the important verification steps before the launch of the nanosatellite 
developed at Technical University of Moldova (TUMnanoSAT) was vibration testing of the 
real model. These tests were carried out according to the requirements submitted by the 
Japan Aerospace Exploration Agency (JAXA) in collaboration with which the launch of our 
nanosatellite was possible. Thus, in order to validate the structural integrity of CubeSat 
nanosatellites under launch loads, a 1U TestPod was designed and manufactured. This work 
presents hands-on experience of the vibration testing of the TUMnanoSAT microsatellite and 
simulation of static and dynamic loads. The dynamic behavior was analyzed by checking the 
harmonic oscillations (modal analysis and random vibrations) in order to avoid critical 
frequency (140 Hz). The testing facilities were provided by the Space Science Institute from 
Bucharest. The microsatellite was vibration tested in X, Y and Z axis directions according to 
special requirements. The numerical calculation model was developed in ANSYS Workbench. 
Comparison of the experimental results and numerical modal tests showed a good correlation 
within 10%. 

 

Keywords: CubeSat, modal survey, random vibration, static loads, simulation.  
 

Rezumat. Una dintre etapele importante de verificare înainte de lansarea nanosatelitului 
dezvoltat la Universitatea Tehnică a Moldovei (UTM) (TUMnanoSAT) a fost testarea la vibrații 
a modelului real. Aceste teste au fost efectuate în conformitate cu cerințele prezentate de 
Agenția Japoneză de Explorare Aerospațială (JAXA) în colaborare cu care a fost posibilă 
lansarea nanosatelitului nostru. Astfel, pentru a valida integritatea structurală a 
nanosatelitului de tip CubeSat sub sarcini de lansare, a fost proiectat și fabricat un TestPod 
1U. Această lucrare prezintă experiența practică a testelor de vibrații a microsatelitului 
TUMnanoSAT și simularea sarcinilor statice și dinamice. Comportamentul dinamic a fost 
analizat prin verificarea oscilațiilor armonice (analiză modală și vibrații aleatorii) pentru a 
evita frecvența critică (140 Hz). Instalațiile de testare au fost puse la dispoziție de Institutul 
de Științe Spațiale din București. Microsatelitul a fost testat la vibrații în direcțiile axelor X, 
Y și Z în conformitate cu cerințele speciale. Modelul de calcul numeric a fost dezvoltat în 



 V. Bostan, M. Guțu, V. Melnic, A. Martîniuc 9 

Journal of Engineering Science  December, 2024, Vol. XXXI (4) 

ANSYS Workbench. Comparația dintre rezultatele experimentale și testele modale numerice 
a arătat o bună corelație în limita a 10%. 

 

Cuvinte cheie: CubeSat, studiu modal, vibrații aleatorii, sarcini statice, simulare. 
 

1. Introduction 
The CubeSat concept was first introduced in 1999 at Stanford University’s Space 

Systems Development Laboratory and since then has gained widespread adoption across the 
globe. It was originally intended as an educational tool to allow students and researchers to 
design, build, and deploy small satellites at a fraction of the cost of traditional missions. Over 
time, CubeSats have become an important tool for commercial, governmental, and academic 
space missions. The current microsatellite launch project was achieved within the 
Cooperation Program for CubeSat Implementation of the International Space Station (ISS) 
from Japan, using the "KiboCUBE" experiment module. Such project is intended to provide 
the PhD and master students from Technical University of Moldova (TUM) the capacity to join 
the research for space technology and engages engineering students in a multi-disciplinary 
design process that will leverage their academic expertise across all backgrounds [1-3]. 

The standard CubeSat design is the 1-Unit (1U) CubeSat, which is a cube-shaped 
satellite measuring 100x100x113.3 mm and weighing up to 1.33 kg. CubeSats are typically 
launched as secondary payloads aboard larger rockets, often using deployers like the Small 
Satellites Orbital Deployer (SSOD), allowing reducing launch costs significantly.  

Strict standards have been established for the structural integrity of CubeSats to 
withstand high static and dynamic loads during launch, while also ensuring the safety of 
nearby satellites. Like larger satellites, CubeSats must undergo rigorous testing to ensure 
they will function properly in the harsh space environment.  

This includes thermal testing, vibration testing (to simulate launch conditions), and 
vacuum testing (to simulate the vacuum of space). The stiffness of structure must be designed 
so that its fundamental longitudinal and lateral frequencies meet the minimum values 
specified by the selected launcher. In addition to the necessary tests, thanks to the progress 
of computer technologies and numerical discretization methods, in the last decade various 
studies and simulations of the static and dynamic behavior of microsatellites have been 
carried out. Extensive recent research indicating methods for testing and analyzing the 
vibrations of satellites using ANSYS software are presented in the works [4–6]. Another 
interesting vibration analysis in COMSOL software and testing of a 6U CubeSat propulsion 
system is reported in the master thesis [7]. Aspects regarding the reduction of vibrations 
between the launcher and the satellite are presented in the master thesis [8] through the use 
of insulating materials. 

 A comprehensive approach to the design, analysis and optimization of a 2U Cubesat 
microsatellite using MSC Nastran software was performed by a team from University of Patras 
[9]. This work presents hands on experience of the vibration testing of the 1U TUMnanoSAT 
microsatellite, the simulation of the modal analysis and the correlation of the obtained 
results.  

The testing facilities were provided by the Space Science Institute from Bucharest. The 
microsatellite was vibration-tested in the X, Y and Z axis directions. The numerical calculation 
model was elaborated in ANSYS Workbench 2021. Finally, the simulation results were 
validated with that of testing. 
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2. Numerical structural analysis of the microsatellite 
2.1. Elaboration of the numerical calculation model  
One of the stages of satellite design is the analysis of the behavior according to the 

operating conditions. This analysis consists of running virtual tests that may include the 
manufacturability test, an allowable stress analysis test, and the dynamic response analysis 
test. Carrying out such studies on the models leads to the optimization of the parts and 
increasing the ability to function in the desired environment. The virtual model of the satellite 
structure is tested several times, eliminating a good part of the real tests and achieving cost 
reduction. At the same time, the mass of the parts is also optimized, determining its minimum 
value to have an adequate structural strength. 

Before conducting virtual satellite tests, it is necessary to prepare the appropriate 
geometry and establish the boundary conditions. For most spacecraft, including satellites, the 
greatest stresses occur during launch. These include g-acceleration (longitudinal and lateral) 
and random and harmonic vibration stress over different frequency ranges. The g-
acceleration value is provided by the company that will provide the launch of the satellite. 
Once all the loads and launch characteristics are known, the structure can be modeled and 
tested using various modeling and simulation software (SolidWorks, Fusion 360, ANSYS, etc.). 
These applications provide various modules for manufacturability simulation and structural 
analysis of the created models. Manufacturability tests make it easy to determine the 
machining conditions of parts so that users can estimate the time, complexity and cost 
required to make them. Structural analysis tests facilitate the determination of the strength 
of the satellite assembly under specified launch and flight characteristics. 

The geometry of the TUMnanoSAT satellite was developed in the SolidWorks 2020 
software. The geometry was then imported into ANSYS Mechanical 2021 for finite element 
discretization and boundary condition imposition. All component elements were modeled 
with simplified geometries and equivalent masses were imposed to obtain the center of 
gravity approximately at the geometric center (Figure 1). 

 

  
Figure 1. TUMnanoSAT 3D model and numerical calculation meshed model. 
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In order to perform the finite element analysis of the satellite in good conditions, the 
following simplifications were imposed: 

- All internal components not on the main stress path have been replaced with a 
simulated point mass inside the structure. This mass is located at the center of the satellite 
or at the center of the simulated component and is connected to the main structure. 

- The mass of external components outside the main structure, such as solar cells, has 
been included as a point mass fixed with the respective screws; 

- Global bonded contact condition is used on fastener threads to eliminate errors 
created by bolts and complex geometry. The frictionless sliding contact condition is used at 
the component interface. 

- Unnecessary threads and holes were suppressed from the structure parts; 
- For the materials used, their real properties are applied; 
- All fastening elements (screws) are pre-tensioned with axial forces equivalent to the 

admissible torque (Table 1). 
In the result of the simulations, the following parameters of interest were analyzed: von 

Mises stresses, displacement, deformation and safety factor. After a series of simulations, the 
critical areas (where the safety factor is at the admissible limit) were detected and measures 
were taken to exclude them, such as changing the geometry or materials. 

Table 1 
Axial load of fastener 

Type Nominal diameter, m Initial torque, Nm Axial load, N 

M3 0.003 0.63 1050 
 

The imposed constraint conditions are presented in the Table 2 and the values of the 
static loads acting on the nanosatellite structure are presented in the Table 3.” 

 

Table 2 
Constraint condition 

Natural Frequency 
Analysis 

-Z face of rails Fixed Geometry (no translations) 

+Z face of rails Fixed Geometry (no translations) 

Surface of rails contacted with J-SSOD No constraint 

Thread face / contacted material Global bonded contact 

Boundary condition between other 
materials 

Frictionless sliding contact 

Static Load Analysis 
/ Bolt Analysis 

-Z face of rails Fixed Geometry (no translations) 

+Z face of rails No constraint 

Surface of rails contacted with J-SSOD No constraint 

Thread face / contacted material Global bonded contact 

Bolt head / contacted material Global bonded contact 

Boundary condition between other 
materials 

Frictionless sliding contact 

 
 



12 Structural analysis and vibration testing of the TUMnanoSAT microsatellite 

Journal of Engineering Science  December, 2024, Vol. XXXI (4) 

Table 3 
Loading condition 

 Loading 
condition 

Applied location Value 

Natural Frequency 
Analysis No load - - 

Static Load Analysis 
/ Bolt Analysis 

Force +Z face of rails 46.6N (each rail) 
Gravity / 

pretension 
- 9 G (direction is changed in 

each analysis cases) 
 

2.2. Static loads analysis 
The model of the TUMnanoSAT satellite was tested (virtually) on the stress conditions 

for the three directions of the coordinate system (denoted by the letters A, B and C). The 3D 
mesh model of the satellite with the imposed loads for one case is presented in Figure 2. 

 

  
Figure 2. TUMnanoSAT 3D mesh model. 

 

The analysis conditions are presented in Tables 4–6 and contain the following aspects: 
a) Using the launcher's quasi-static acceleration levels, the model was subjected to a 

static load of 9G (88.3 m∙s-2) in-plane with the launch axis (1G = 9.81 m∙s-2); 
b) An axial force of 46.6 N is applied to each rail; 
c) Each rail is rigidly fixed at the base (-Z axis). 

 

Table 4 
Load applied on FEM (analysis A) 

Load X axis  Y axis Z axis 

Compressive Load - - 46.6 N 
Static Load 9G - - 

Table 5 
Load applied on FEM (analysis B) 

Load X axis  Y axis Z axis 

Compressive Load - - 46.6 N 
Static Load - 9G - 
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Table 6 
Load applied on FEM (analysis C) 

Load X axis  Y axis Z axis 

Compressive Load - - 46.6 N 
Static Load - - 9G 

 

The results of the microsatellite model simulations are presented in Tables 7 – 9 for 
the three cases. After several trials and settings, the maximum von Mises stress values were 
obtained as 74 MPa, 67.6 MPa, and 10.3 MPa in analysis A, B, and C, respectively. 

The margin of safety for the various frame components was calculated with the 
relationship below using a safety factor of 1.5 for the yield strength (Fty) and 2.0 for the tensile 
strength (Ftu). 

 

MS = 𝐹𝐹𝑡𝑡𝑡𝑡
𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 × 𝐹𝐹𝐹𝐹

− 1 ≥ 0.     (1) 
 

The strength structure must also meet the following condition: 
 

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚
𝐹𝐹𝑡𝑡𝑡𝑡

 < 30%,      (2) 
 

where: Smax - maximum applied stress; Ftu - ultimate strength of the material. 
 

Table 7 
Satellite parts stresses and margin of safety (analysis A) 

Part 

M
at

er
ia

l Max. 
Stress 
(Smax) 
(MPa) 

Yield 
Strength 
Fty (MPa) 

Ultimate 
Strength, 
Ftu(MPa) 

MS*1 ≥0 
(yield) 

FS*2=1.5 

MS*1 ≥0 
(Ultim.) 
FS*2=2 

Smax/Ftu 
<30[%] 

Main 
structure 
frame 

Al 6061 74 275 310 1.48 1.09 23.9 

Stacking 
rod 

Al 6061 26.4 275 310 5.94 4.87 8.5 

*1: Margin of safety, *2: Factor of safety 

Table 8 
Satellite parts stresses and margin of safety (analysis B) 

Part 

M
at

er
ia

l Max. 
Stress 
(Smax) 
(MPa) 

Yield 
Strength Fty 

(MPa) 

Ultimate 
Strength, 
Ftu(MPa) 

MS*1 ≥0 
(yield) 

FS*2=1.5 

MS*1 ≥0 
(Ultim.) 
FS*2=2 

Smax/Ftu 
<30[%] 

Main structure 
frame 

Al 
6061 

67.6 275 310 1.71 1.29 21.8 

Stacking rod 
Al 

6061 
24.2 275 310 6.58 5.40 7.8 
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Table 9 
Satellite parts stresses and margin of safety (analysis C) 

Part 

M
at

er
ia

l Max. 
Stress 
(Smax) 
(MPa) 

Yield 
Strength Fty 

(MPa) 

Ultimate 
Strength, 
Ftu(MPa) 

MS*1 ≥0 
(yield) 

FS*2=1.5 

MS*1 ≥0 
(Ultim.) 
FS*2=2 

Smax/Ftu 
<30[%] 

Main 
structure 
frame 

Al 6061 10.3 275 310 16.80 14.05 3.3 

Stacking 
rod 

Al 6061 7.1 275 310 24.82 20.83 2.3 

 

For example, in Figure 3, selective views of the constraint conditions and the 
distribution of equivalent stresses on the elements of the satellite structure for the Z direction 
load case are presented. 

 

  
a) b) 

  
c) d) 

Figure 3. Result for analysis C (Z direction acceleration): a) load location; b) distribution of 
equivalent stress in main structure frame; c) – in stacking rod; d) – in internal components. 
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2.3. Dynamic loads analysis 
The dynamic behavior of the satellite is analyzed by checking the harmonic oscillations 

(eigenfrequencies). These checks are necessary to detect the occurrence of the resonance 
phenomenon. The checking of the harmonic oscillation shapes and eigenfrequencies was 
performed using the ANSYS Modal Analysis application in the Workbench platform. The 
simulations were performed separately for TestPod and microsatellite. The 3D model of the 
TestPod was developed in the SolidWoks 2020 application, Figure 4a. The numerical 
calculation model was elaborated in ANSYS Workbench after the geometry was imported. The 
model was discretized into more than 122800 finite elements, Figure 4b. 

 

  
a) b) 

Figure 4. TestPod modal analysis calculation model: a) geometry; b) discretized model. 

 

In order to cover the frequency range 20-2000 Hz in which the vibration tests take 
place, it was sufficient to set six natural frequency modes. The first principal mode of the 
TestPod deformation for the axis Y and Z is presented in Figure 5. 

 

  
a) b) 

Figure 5. TestPod first eigenform: a) Y axis; b) Z axis. 
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The microsatellite modal analysis simulation took place according to JAXA 
recommendations. Thus, to simplify the computational model of the microsatellite, the PV 
cells on the 6 faces were replaced by equivalent masses. In order to emulate the 
microsatellite mounting conditions in TestPod, the four rails of the satellite structure were 
fixed at both ends, similar to the boundary conditions presented in [10]. The numerical 
calculation model is the same as in the static analysis (Figure 1). The modal analysis is a 
general one and has not been done distinctly on the 3 axes due to software limitations. On 
the other hand, validating the results of the simulations is more difficult because during the 
vibration tests the measurements are made only on the TestPod body. The first eigenform of 
the microsatellite vibration and 6 natural frequency range are illustrated in Figure 6a. For 
comparison, a simulation was performed under the conditions of fixing only one end of the 
rails of the satellite structure. The results are presented in Figure 6b. 

a) b) 
Figure 6. Microsatellite first eigenform: a) 4 rails both fixed end; b) 4 rails one fixed end. 

3. Experimental vibration testing
2.1. Equipment and work steps
The microsatellite vibration test methodology foresees the following verification: the

presence of fractures in the main structure; the main structure must satisfy the specified 
natural frequency (>140 Hz); the natural frequency before and after testing must remain 
unchanged; fracture of glass elements such as photovoltaic cells; loosening of fasteners. 

Vibration tests were performed along the X, Y and Z axes and according CubeSat 
general testing flow diagram [11]. These include low level sinusoidal scanning (modal survey) 
and random vibration [12]. Low-level sinusoidal scanning is suitable for model checking of 
simple structures with relatively rigid components whose flexibility is limited to mounting 
brackets or frequency isolation devices.  

Before the nanosatellite test, according to the requirements, the empty TestPod was 
tested on the Y and Z axes (for the X axis the nanosatellite can be repositioned inside the 
Pod). The TestPod was designed and manufactured at TUM FabLab facilities according 1U 
CubeSat standard and available testing facilities requirements at Bucharest Space Science 
Institute.  
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According to JEM Small Satellites Orbital Deployer the following test sequences 
should be performed, Table 10. 

Table 10 
Test sequence 

Sequence Test Contents 
Before vibration test Visual inspection of satellite 

X, Y, Z – axis test* 

Random vibration test (without satellite) 
Satellite setup 
Modal survey 
Random vibration test 
Modal survey 

After vibration test 
Visual inspection of satellite 
Function test of satellite 

 

The TestPod mounted on the test Jig is presented in Figure 7a and with nanosatellite 
inside - Figure 7b. The attached accelerometer generates a voltage signal that corresponds 
to the amount of vibration and the frequency of vibration the machine is producing. 

 

  
a) b) 

Figure 7. CubeSat test configuration: a) empty TestPod; b) TestPod with satellite. 
 

The characterization of random vibration typically results in a frequency spectrum of 
Power Spectral Density (PSD) or acceleration response over frequency domain (ASD) which 
designates the mean square value of some magnitude passed by a filter, divided by the 
bandwidth of the filter. 

This parameter is measured in g2/Hz. The random vibrations are generated by the 
operation of the space launcher propulsion system and by the vibro-acoustic response of the 
adjacent structure, [13]. Vibration test level is presented in the Table 11.  

The random vibration test control sensor response for the axis X is presented in 
Figures 8a (empty TestPod) and 8b (with Satellite). For the other axes the diagrams do not 
show significant differences. 
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Table 11 
Random vibration test level 

Freq. [Hz] PSD [G2/Hz] 
20 0.02 
40 0.02 
80 0.04 

500 0.04 
2000 0.01 

Overall 6.79 Grms 
Duration 1 min/axis 
Direction 3 axes each 

 

  
a) b) 

Figure 8. Random vibration test control sensor response for the axis X; a) and b) random 
vibration test control sensor response. 

 

As can be seen on the diagram, different colored profiles are drawn to indicate the 
limits of permissible and critical vibration level, Table 12. 

Table 12 
Admissible and critical limits of the vibration level 

 

Reference profile: a baseline or target vibration level that the system 
is expected to achieve under normal operating conditions.  
Lower limit: the minimum acceptable level of vibration. Any reading 
below this line may indicate a problem, such as insufficient excitation 
or sensor failure. 
Upper limit: the maximum allowable level of vibration under normal 
operating conditions. Exceeding this limit may suggest potential 
component damage or wear. 
Lower and Upper abort level: This is a critical threshold. If the 
measured vibration level exceeds this limit, the system should be 
shut down immediately to prevent further damage. 
Acceleration sensor: This line represents the actual measured vibration 
levels obtained from the acceleration sensor (real-time data).  

 

The test level in the modal study is shown in Table 13. Acceleration data measured by 
modal survey are illustrated in Figure 9. The blue line graph shows the response of the 
acceleration sensor. 
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Table 13 
Modal survey vibration environment 

 Measurement 
axis 

Frequency, 
Hz 

Amplitude, 
G 

Sweep Rate, 
Oct/min 

Sweep 
Direction 

Each axis 20~2000 0.5 1 
Sweep 

up/Once 

Figure 9. Modal testing results. 

3. Results and discussions
No distortion or damage to the TUMnanoSAT microsatellite and solar battery was

observed during and after vibration tests. Also, by visual inspection, no loosening of the main 
structure fasteners and no damage to the glass elements (camera lens and PV cells) were 
found. The natural frequency at the lowest order of TUMnanoSAT was above 140 Hz, which 
satisfies the stiffness requirements specified by JAXA. 

Static load analysis shows the following results. The value of minimum margin of 
safety obtained for yield strength is 1.48 and for ultimate strength is 1.09 satisfying the 
condition (1). Another resistance condition (2) calculated with the ratio of maximum applied 
stress and ultimate strength of the material <30% is also satisfies (the maximum value 
obtained ≈24%). The maximum equivalent stress (74 MPa) occurred in main structure frame 
made from Al 6061. For the comparison, in the research carried on 3U CubeSat structure 
analysis [14] made from Aluminum alloy 6061 and 6082 with very close properties, the 
maximum stress was 76.2 MPa and occurred in the C-rib of the middle stack. 

Vibration tests also validate the computational model and simulations of the dynamic 
stresses of the microsatellite within acceptable limits. The natural frequencies of the first 
modes obtained in the simulations and experiments are included in Table 14. 

Table 14 
Experimental and numerical modal test results comparison 

Axis 1st mode test 
freq., Hz 

1st mode simulation freq., Hz Results 
sensitivity, 
% TestPod Microsatelite 

X 295 
328 

359 0.9 – 9.5 Y 325 
Z 255 246 



20 Structural analysis and vibration testing of the TUMnanoSAT microsatellite 

Journal of Engineering Science December, 2024, Vol. XXXI (4)

The maximum difference in the results is less than 10%. For the comparison, the 
difference in frequency of simulation and test results presented in the paper [15] is less than 
5%. Another research [16] demonstrates the first six natural frequencies of the test pod were 
generated with an average 7% error and an average 4% error for the first eight modes of the 
test pod with mass model assembly. 

The main source of errors can be attributed to the geometrical complexity of the 
microsatellite assembly whose geometry was simplified in the numerical model in order to 
save time and computing resources. On the other hand, strict requirements on the accuracy 
of the simulations were not imposed. In further research we propose to develop a 
computational model, simulation and testing of a 2U CubeSat prototype. 

5. Conclusions
The TUMnanoSAT design meets the structural requirements for space purposes. The

static and dynamic analyzes show that the assembly is robust and will withstand high static 
and dynamic loads during the launch. The value of minimum margin of safety obtained for 
yield strength is 1.48 and for ultimate strength is 1.09 satisfying the condition (1). Another 
resistance condition (2) calculated with the ratio of maximum applied stress and ultimate 
strength of the material <30% is also satisfies (the maximum value obtained ≈24%).  

Vibration tests also validate the computational model and simulations of the dynamic 
stresses of the microsatellite within acceptable limits. The maximum difference in frequency 
of simulation and test results is less than 10%.  

The computational model is experimentally validated with good accuracy and can be 
applied for the analysis of microsatellites with different configuration. 

Conflicts of interest: The authors declare no conflict of interest. 
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Abstract. This study presents a detailed analysis of gait trajectory and orientation using Time 
of Flight sensors and Inertial Measurement Units during controlled movement tests in a 
robotic walker. The tests were performed on three distinct path configurations: straight-line, 
rectangular, and lemniscate paths. The Time-of-Flight sensors measured changes in distance, 
while the Inertial Measurement Units captured yaw and orientation data. Notably, during 
sharp turns, the Time-of-Flight sensors detected significant distance fluctuations 
corresponding to the directional changes captured by the Inertial Measurement Units yaw 
data. The results highlight the effectiveness of combining Time of Flight and Inertial 
Measurement Units data to track stable movement, detect sudden turns, and monitor 
orientation adjustments in complex trajectories. This combined approach can offer critical 
insights for gait analysis, rehabilitation, and robotics navigation. 

Keywords: walker, rollator, sensors, Inertial Measurement Units; Time-of-Flight sensors. 

Rezumat. Acest studiu prezintă o analiză detaliată a traiectoriei și orientării mersului, 
utilizând senzori Timpul de Zbor și Unități de Măsurare Inerțială, în timpul testelor de mișcare 
controlată efectuate cu un cadru robotic de mers. Testele au fost realizate pe trei configurații 
distincte de traseu: linie dreaptă, traseu dreptunghiular și traiectorie în formă de lemniscată. 
Senzorii Timpul de Zbor au măsurat modificările distanței, în timp ce Unități de Măsurare 
Inerțială a înregistrat datele privind yaw-ul și orientarea. În mod remarcabil, în timpul  
virajelor bruște, senzorii Timpul de Zbor au detectat fluctuații semnificative ale distanței, 
corespunzătoare schimbărilor de direcție înregistrate de datele yaw ale Unități de Măsurare 
Inerțială. Rezultatele evidențiază eficiența combinării datelor Timpul de Zbor și Unități de 
Măsurare Inerțială pentru a urmări mișcarea stabilă, a detecta virajele bruște și a monitoriza 
ajustările de orientare în traiectorii complexe. Această abordare combinată poate oferi 
perspective esențiale pentru analiza mersului, reabilitare și navigația robotică. 

Cuvinte cheie: cadru de mers, rollator, senzori, unități de măsurare inerțială, senzori, Timpul de 
Zbor. 
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1. Introduction
By 2050, the world’s populace will encounter a significant demographic

transformation, characterized by a pronounced increment in the older demographic. The 
proportion of the demographic aged 65 years and above is projected to rise from 10% in the 
year 2022 to 16% by the year 2050 [1]. Even more remarkable is the anticipated triple of the 
cohort aged 80 and over during the same timeframe [2,3]. This swift proliferation of the senior 
population has generated increased interest in developing technologies designed to enhance 
senior citizens' quality of life, independence, and security. 

Regions such as Japan, the United States, and Europe are among those exhibiting the 
highest percentages of elderly populations. In these areas, the global market for medical 
walking aids is forecasted to expand by 5% between 2022 and 2029 [4,5] 

Furthermore, the World Health Organization (WHO) estimates that approximately 2.5 
billion people worldwide [6] will require one or more assistive devices, underscoring the 
growing need for such technologies. Maintaining personal autonomy in old age is not only 
essential for physical health but also critical for psychological well-being. Walking aids, 
therefore, are increasingly used not just in therapeutic settings, but also in the day-to-day 
lives of senior citizens. 

Among the essential technologies that support aging populations, walkers play a vital 
role. These devices have long been relied upon for providing mobility and independence to 
individuals with limited movement capabilities. Nonetheless, despite their prevalent 
application, conventional walkers frequently exhibit deficiencies concerning their 
functionality and flexibility in accommodating the evolving requirements of their users. As a 
result, there is a growing demand for innovations that enhance their functionality through 
intelligent monitoring systems and improved design. These improvements are not only 
crucial for facilitating movement but also for ensuring safety and monitoring the health of 
the elderly users who depend on them [7]. 

Considering these challenges, this paper presents the concept and evolution of a 
"smart walker," which is intended to support older adults in their everyday tasks. In contrast 
to conventional walkers, this innovative model integrates cutting-edge sensors capable of 
monitoring and evaluating the user's movements, thereby providing significant insights into 
their ambulation patterns. This information can subsequently be employed to identify 
potential problems such as balance issues or a heightened risk of falls. By incorporating user 
input throughout the design phase, the walker seeks to tackle real-life challenges while 
remaining cost-effective, ensuring that these cutting-edge technologies are available to a 
wider demographic of elderly individuals. 

2. Materials and Methods
2.1. Surveys
The initial phase in the creation of this smart walker involves conducting thorough

surveys with current walker users. In the survey 55 elderly people participated. The objective 
of these investigations was to collect data regarding the obstacles encountered by users and 
to ascertain prospective domains for enhancement in the design and operational efficacy of 
current walking aids. Among the most mentioned issues were challenges with 
maneuverability, insufficient feedback on walking performance, and safety concerns, 
especially regarding fall prevention. By administering these surveys, participants emphasized 
the need for a mobility aid that not only promotes walking but also provides real-time 
feedback on their gait dynamics and stability while moving.  
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The data gathered from the surveys, as shown in the Figure 1, provide valuable insights 
into the demographic distribution and the types of walkers currently used by individuals. It is 
imperative to acknowledge that a substantial proportion, exceeding fifty percent (51%), of 
the individuals surveyed were aged over 80 years, indicating that the necessity for advanced 
mobility assistance devices is particularly paramount for this age group. Furthermore, 27% of 
participants belong to the 71-80 age bracket, which further underscores the necessity of 
developing devices that specifically address the requirements of elderly individuals. 
Interestingly, only 11% of users were under the age of 60, underscoring that most walker 
users are from the senior population, where mobility challenges are more prevalent. 

 

 

Figure 1. Age distribution of walkers users. 
 

The Figure 2 reveals that a significant majority (73%) of users rely on walkers equipped 
with four wheels, suggesting that these devices are preferred for their stability and ease of 
use. However, 14% of users still utilize walkers without wheels, which may indicate a demand 
for greater support, but potentially at the expense of manoeuvrability. Utilization of walkers 
equipped with two wheels was reported by 9% of the participants, whereas a minor fraction 
(4%) of the respondents abstained from disclosing information pertaining to their specific 
type of walker. These results underscore the importance of incorporating real-time feedback 
mechanisms into walker designs, particularly for most users who are in the 80+ age bracket 
and primarily using four-wheeled walkers. For these users, safety and balance monitoring are 
critical due to the higher risk of falls. By focusing on these demographic and user preference 
insights, the development of the smart walker can address the most pressing concerns, 
ensuring that the device not only provides mobility support but also enhances safety and gait 
stability for older adults who are the primary users of such devices. 

 

 
Figure 2. Types of walkers used by current users. 
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2.2. Prototype Design 
The development of a smart walker began by sourcing cost-efficient components, 

including sensors and batteries, guided by user feedback to ensure practicality and 
affordability. The team modified a commercial walker by designing and installing prototypical 
supports for essential components such as batteries, screens, and regulators. These 
modifications allowed for the seamless integration of a custom-designed electronic board 
equipped with multiple sensors. 

The constituent elements of the prototype were conceptualized employing Autodesk 
Inventor© and subsequently manufactured via additive manufacturing techniques, 
specifically utilizing polylactic acid (PLA) and resin materials, as illustrated in Figure 3. The 
selection of these materials was predicated on their robust durability and minimal weight 
characteristics, which are paramount for optimizing user comfort and facilitating ease of 
utilization. 

As seen in Figure 3, the battery, controller, and other components were strategically 
placed to optimize the walker's functionality. 

 

 
Figure 3. Age Distribution of Walkers Users. 

 

Thanks to 3D printing, using materials such as polylactic acid (PLA) and resins, it is 
much easier and cheaper to create prototypes. In this way, it is possible to perfect at a lower 
cost the different prototypes of the parts that are necessary for our final prototype. 

 

2.3. Design the electronic board 
The inclusion of sensors in mobility aids such as walkers is crucial for monitoring and 

improving gait performance, especially for elderly users. These sensors assess gait in real 
time and provide precise data on speed, balance, and stability. This information helps detect 
gait issues that could indicate health problems or an increased risk of falls [8]. 

The electronic board, designed for scalability (Figure 4), uses a low-power ESP32 
microcontroller with multiple communication interfaces and a 32-bit processor for real-time 
data processing. This setup allows for future updates and improvements. 

 

 
Figure 4. ESP32 Development Board with Integrated I2C Multiplexer, IMU BNO055 

[9] and Sensor Connections VL53L1X [10]. 
 



26 Advancements in sensor technology for autonomous walker 

Journal of Engineering Science December, 2024, Vol. XXXI (4)

The sensors integrated into the walker record speed, direction, and balance during 
use. The primary goal is for users to feel supported by technology, not overwhelmed by it. 
This data can be analyzed in real time to alert the user or caregiver of any unusual movement 
patterns that might suggest a higher risk of falling. 

Various sensors have been incorporated on this board, including proximity sensors, 
heart rate sensors, and pressure modules. However, in this article we will focus specifically 
on the Time of Flight (ToF) and Inertial Measurement Unit (IMU) sensors [11,12]. These 
sensors are critical for motion analysis and accurate distance measurement, allowing for 
better stability assessment and early detection of imbalances during device use. When 
deciding where to locate the IMU, we analyzed which part of the walker would be best and 
decided to integrate everything within the board to protect the sensor [13]. 

2.4. Time of Flight sensors for user legs detection 
Time-of-Flight (TOF) sensors are incorporated into robotic walker systems to provide 

precise, real-time distance measurements between the user's legs and the walker. These 
sensors operate by measuring the time it takes for emitted light to reflect off the user’s legs, 
enabling accurate detection of leg position and movement, even during dynamic locomotion. 
The data collected by the TOF sensors is non-intrusive, high-resolution, and processed in real 
time, supporting critical functionalities such as gait cycle identification, continuous 
monitoring of leg motion and posture, and dynamic adjustment of the walker’s speed to 
synchronize with the user’s walking velocity. 

The primary objective of integrating TOF sensors is to enhance gait analysis by 
offering detailed spatiotemporal metrics. These include measurements of step length and 
width, walking speed, and cadence, as well as postural assessments to evaluate alignment 
and stability.  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ = |𝑥𝑥𝑛𝑛+1 − 𝑥𝑥𝑛𝑛|, (1) 

where: 𝑥𝑥𝑛𝑛 is the position of one foot and 𝑥𝑥𝑛𝑛+1 is the position of the opposite foot in the 
forward direction. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ = �𝑑𝑑𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡�, (2) 

where: 𝑑𝑑𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 are the distances from the sensor to the left and right legs 
respectively.  

This information allows for the characterization of the user’s walking patterns and 
facilitates improvements in mobility and ergonomics. By tracking these parameters, the 
sensors estimate walking speed and step frequency, enabling the robotic walker to adapt 
dynamically to the user’s pace, ensuring synchronized operation. 

TOF sensors also play a vital role in ensuring user safety and system adaptability. The 
system can autonomously halt or adjust its behaviour in response to irregularities in the user’s 
gait, providing enhanced support and mobility. The integration of TOF sensors in robotic 
walkers creates a reliable platform for advanced gait analysis and real-time adaptability, 
significantly improving user mobility, stability, and rehabilitation outcomes. 

2.5. Wrapping effect of the IMU correction 
Due to the cyclical nature of angular measurements from Inertial Measurement Unit 

(IMU) sensors, particularly when orientation is represented using Euler angles or yaw-pitch-
roll conventions, a phenomenon known as the wrapping effect can occur. Angular data is 
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typically constrained within a fixed range (e.g., -180° to 180° or 0° to 360°), and transitions 
across these boundaries may result in discontinuities in the data, manifesting as abrupt 
changes or "jumps" in the recorded values. 

The wrapping effect interfere real-time navigation, gait analysis, and trajectory 
prediction in robotic walkers. Effectively managing this issue ensures seamless data 
interpretation, enabling reliable performance even in complex environments. To address this 
issue and prevent the wrapping effect, is necessary to correct the IMU values using the 
following equation. 

 

 𝜃𝜃𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢(𝑛𝑛) = 𝜃𝜃(𝑛𝑛) + 2𝜋𝜋 ∙ 𝑘𝑘 (3) 
 

where: 𝜃𝜃(𝑛𝑛) is the original angle at index n; 𝑘𝑘  is an integer correction factor, adjusted 
based on whether the difference between consecutive angles 𝜃𝜃(𝑛𝑛) − 𝜃𝜃(𝑛𝑛 − 1) exceeds a 
threshold, typically set to 𝜋𝜋 radians. 

 

3. Results and Discussion 
Three road configurations were used to test performance and maneuverability as in [14].  
The length of the routes in the case of the rectangle is 4 meters deep and 1.2 meters 

wide as can be seen in Figure 5. 
• Straight Line Tests (Red): These tests focused on basic metrics like speed, acceleration, 

and stability on a straight path without turns. 
• Rectangular Road Tests (Green): This phase introduced right-angle turns, simulating urban 

conditions and evaluating the ability to handle sharp directional changes. 
• Lemniscate Curve Tests (Orange): The final tests involved a more complex path shaped 

like a lemniscate curve to assess agility and control through continuous directional 
changes and sharp turns. 

 

 
Figure 5. Paths configurations used in the laboratory test with the developed walker. 

(It is originally developed by the authors). 
 

In Figure 6, the TOF sensors are strategically positioned to detect the movement of 
the legs rather than focusing on the feet. This setup is designed to capture the dynamic range 
and motion of the legs, which provides more relevant data for gait analysis for our objective. 
Monitoring leg detection [15], rather than foot movement, is important because the legs 
provide a clearer picture of gait patterns, balance, and overall mobility in the walker. 
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Figure 6. Developed Walker with electronic board integrated in its structure. 

The feet, on the other hand, are more influenced by minor changes in terrain or 
posture, which could distort the data related to the biomechanics of walking. Therefore, TOF 
sensors are better positioned to track the legs for a more accurate representation of the user's 
motion and gait characteristics. 

In Figure 7, we can observe the representation of the trajectory and orientation 
analysis based on data obtained from 2 TOF’s and 1 IMU sensors during a straight-line 
movement. The yaw angle in degrees indicates the orientation. TOF1 and TOF2 show the 
distance measurements captured by the TOF sensors during the movement. In the first 
samples (0-30), there is a significant increase in the measurements, indicating an initial 
movement but these movements were initial and stopped movements during the test, just 
movements of the legs. After those values, the fluctuations reflect adjustments in the 
measured distance as the person progresses, suggesting small movements or variations in 
the terrain. 

The Yaw angle value, remains almost constant, indicating that the movement was 
mainly in a straight line without major turns. This is key for verifying directional stability 
during a straight path. 

Figure 7. Visualization of a straight-line trajectory captured using Time of Flight (TOF) 
sensors combined with Inertial Measurement Units (IMUs). 

In Figure 8, the analysis of trajectory and orientation during a rectangular-shaped 
movement is shown where TOF and IMU data were used to detect changes in distance and 
orientation. The horizontal sections of the trajectory are visible in the stable parts of the TOF1 
and TOF2 lines. These parts represent when the subject is moving along the straight sections 
of the rectangle. The values for TOF1 and TOF2 remain relatively stable during these periods, 
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indicating that the distance to the environment does not change significantly, similar to what 
was observed in Figure 7 when analyzing the straight-line movement. 

Figure 8 shows pronounced fluctuations and peaks in the TOF1 and TOF2 lines during 
the sharp turns of the rectangular trajectory. These are especially evident when the 
measurements increase or decrease rapidly, reflecting the abrupt directional changes, nearly 
180º, as the subject turns the corners of the rectangle.  

 

 
Figure 8. Visualization of a rectangular-shaped road trajectory captured using TOF/IMU 

sensors. 
 

The rectangle is not wide, and there is little displacement needed to perform these 
turns, as can be seen in the following figure. 

The yaw angle captures changes in orientation. As expected in the narrow rectangle, 
the yaw values show a rapid transition during the turns, where the orientation changes 
sharply. The IMU wrapping effect is also evident during these segments, as the yaw angle 
wraps around due to the IMU's limitations in representing continuous rotational data, leading 
to sudden changes in yaw values near ±180º.  

This Figure 9 demonstrates how TOF and IMU sensors can detect both stable linear 
movements and sharp directional changes in a rectangular trajectory with a Yaw corrected 
from the unwrapping effect. 

 

 
Figure 9. Visualization of a rectangular-shaped road trajectory captured using TOF/IMU 

sensors with corrected YAW of the wrapping effect. 
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In Figure 10, we observe how the TOF and IMU data together reflect the subject's 
movement through a lemniscate path. The TOF data show peaks that correspond to sharp 
turns in the trajectory. These peaks occur precisely at points where the subject is performing 
a directional change, aligning with the pronounced curves in the Yaw angle. 

Yaw angle measures the orientation or rotation of the subject as they follow the 
lemniscate curve. The Yaw corrected line remains smooth, indicating how the IMU 
compensates for continuous directional changes and the wrapping effect during the 
Lemniscate Curve Tests. Around the middle of Figure 10, particularly after sample 150, there 
is a clear transition in Yaw, representing the subject making a significant turn along the curve. 
This transition highlights both large and small orientation adjustments, demonstrating the 
complexity of the lemniscate trajectory. 

Overall, this Figure 10 illustrates how TOF data can detect sudden changes in 
direction, while the IMU provides detailed orientation information, compensating for the 
continuous directional shifts experienced in such complex paths. The combination of TOF 
and IMU allows for accurate tracking of both stable movements and abrupt turns throughout 
Lemniscate Curve Tests. 

 

 
Figure 10. Visualization of the third test using a path shaped as a lemniscate curve. 

 

According to the empirical data and analytical findings derived from the Time of Flight 
(TOF) and Inertial Measurement Unit (IMU) sensors depicted in the preceding figures. The 
combination of TOF and IMU sensors significantly increases the overall reliability and 
accuracy of the developed system. TOF sensors accurately detect variations in step distance, 
while the speed of these alterations indicates the individual's walking speed. This dual-sensor 
methodology provides comprehensive data on gait movement onset and gait speed. 

TOF sensors exhibit marked efficacy in recognising abrupt directional deviations, as 
substantiated by pronounced spikes in the data. Concurrently, the IMU facilitates the 
smoothing of the yaw angle and mitigates challenges such as angle unwrapping. The TOF 
sensors specifically document alterations in foot movement, delivering real-time insights into 
the dynamics of walking. 

Our inquiry reveals the capability to detect sudden gait modifications and abrupt 
directional shifts utilizing strategically positioned sensors and Inertial Measurement Units 
(IMUs). This proficiency is pivotal for comprehending and analysing distinctive locomotion 
patterns, particularly in individuals exhibiting atypical gait characteristics. By meticulously 
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capturing these swift transitions, our methodology provides profound biomechanical insights 
essential in contexts that necessitate stability and adaptive directional responses, such as 
rehabilitation or mobility assistance devices. 

The lemniscate trajectory effectively encapsulates the curves users may encounter in 
urban environments. It serves as a valuable instrument for our testing, simulating authentic 
conditions. Our analysis indicates that the IMU data enables us to investigate the turning 
maneuvers along the lemniscate curve, while the TOF sensors yield detailed information 
regarding foot positioning and step count during locomotion. 

The rationale underpinning our methodology resides in the high precision and 
immediate feedback our sensor system provides. By integrating IMUs with other sensors, we 
amass nuanced data that contributes to advancing sophisticated assistive technologies, 
including robotic walking aids or prosthetics. This data-centric strategy guarantees that 
forthcoming innovations can dynamically adapt to users' requirements, enhancing stability 
and safety across diverse environments. 

Our testing identified areas for improvement in the performance of TOF sensors. For 
example, we observed that people with very thin legs or who walked with their legs too close 
together were sometimes not detected, which slightly affected the accuracy of the data. To 
improve our system, we propose integrating two TOF sensors per leg into future walker 
designs, providing greater redundancy and improving detection accuracy. Additionally, we 
noticed that low light conditions affected the performance of the TOF. To address this, we 
plan to add LED lights to the walker to improve visibility and ensure the sensors work 
optimally in both the front and rear sections. 

These observations highlight opportunities for refinement and emphasise the 
importance of the proposed improvements, which will ensure more consistent and reliable 
data collection in various scenarios. 

5. Conclusions
The combination of TOF and IMU sensors provides a robust system for analyzing

movement trajectory and orientation changes, especially in complex paths like the 
lemniscate curve for robotic walkers. 

TOF sensors are highly effective in detecting sharp directional changes, as evidenced 
by the pronounced peaks during turns, while the IMU’s yaw data accurately reflects 
orientation shifts. 

In narrow trajectories, such as the rectangular path, the system captures abrupt 180° 
turns, providing valuable insights into directional stability and control. The IMU wrapping 
effect, particularly in yaw measurements, requires consideration, as it can influence data 
interpretation when continuous rotations occur. 

These findings demonstrate the potential application of this sensor fusion technique 
in fields like rehabilitation, robotics, and human motion tracking, where accurate trajectory 
and orientation analysis are essential. 
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Abstract. The quality of services provided by the urban public transport system plays an 
essential role in determining the level of satisfaction of a city's inhabitants and in improving 
their quality of life. The analysis of the methods used to assess the quality of urban transport 
services reveals the need to adopt new concepts that more realistically reflect the various 
aspects of their quality. A critical aspect identified is the fact that traditional methods for 
assessing the quality of urban passenger transport fail to fully integrate the subjective 
perceptions of users. They usually focus on technical, operational or economic parameters, 
neglecting the importance of the personal experience and satisfaction felt by passengers. The 
integration of subjective perceptions and the use of advanced evaluation methods contribute 
to the development of a public transport system that better meets passengers' expectations, 
stimulating the use of public transport and reducing the negative impact on the urban 
environment.This article represents an application of the principal component analysis (PCA) 
method to assess the quality of services provided by the urban public transport system using 
the data collected during the study.This approach will allow for a more balanced assessment 
focused on the real needs of passengers, thus providing more solid support for decision-
making and the implementation of measures to improve urban public transport. 

Keywords: urban public transport system, quality indicators, Principal Component Analysis, case 
study. 

Rezumat. Calitatea serviciilor oferite de sistemul de transport public urban joacă un rol 
esențial în determinarea nivelului de satisfacție al locuitorilor unui oraș și în îmbunătățirea 
calității vieții acestora. Analiza metodelor utilizate pentru evaluarea calității serviciilor de 
transport urban relevă necesitatea adoptării unor concepte noi care să reflecte mai real 
diversele aspecte ale calității acestora. Un aspect critic identificat este faptul că metodele 
tradiționale de evaluare a calității transportului urban de pasageri nu reușesc să integreze 
complet percepțiile subiective ale utilizatorilor. Acestea se concentrează, de obicei, pe 
parametrii tehnici, exploataţionali sau economici, neglijând importanța experienței personale 
și a satisfacției resimțite de călători. Integrarea percepțiilor subiective și utilizarea unor 
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metode avansate de evaluare contribuie la dezvoltarea unui sistem de transport piblic care 
răspunde mai bine așteptărilor pasagerilor, stimulând utilizarea transportului public și 
reducând impactul negativ asupra mediului urban. Acet articol reprezintă o aplicare a metodei 
analizei componentelor principale (PCA), pentru aprecierea calitaţii serviciilor oferite de 
sistemul de transport public urban folosind datele colectate pe parcursul studiului. Această 
abordare va permite o evaluare mai echilibrată și orientată spre nevoile reale ale pasagerilor, 
oferind astfel un suport mai solid pentru luarea deciziilor și pentru implementarea măsurilor 
de îmbunătățire a transportului public urban. 

Cuvinte cheie: sistem de transport public urban, indicatori de calitate, Analiza Componentelor 
Principale , studiu de caz. 

1. Introduction
At the end of the 19th century and at the beginning of the 20th century, many scientists,

sociologists, economists, and engineers focused on the laws governing population 
movement, which ultimately led to the organization and subsequent development of 
transportation of people, and particularly public transportation of people [1,2]. 

Simultaneously with the development of public transport, the emphasis has been 
placed on transport quality based on indicators that reflect efficiency, accessibility, 
sustainability and user satisfaction [3,4]. 

Often the assessment of public transport quality is carried out through direct 
indicators, either technical and operational indicators or economic indicators, such as those 
described in the normative acts of the Chisinau City Hall [5,6]. 

The goal of the paper is to determine the factors that influence the overall satisfaction 
of the users of the public urban transport in the municipality Chisinau by using the principle 
component analysis method. The tools used to conduct the analysis are based on 
programming language of Python and the appropriate specialized libraries.  

The goal of the paper is to use the statistical method known as principal component 
analysis (PCA) that is a statistical technique which analyze data that contains observations 
described by some inter-correlated numerical variables. The method is usually used to extract 
the important information from the statistical data and then represent that data in a set of 
new orthogonal variables called principal components. From the mathematics perspective 
the PCA is determined by eigenvectors and eigenvalues. Eigenvectors and eigenvalues are 
numbers and vectors associated to square matrices. Together they provide the eigen-
decomposition of a matrix, which analyzes the structure of this matrix such as correlation, 
covariance, or cross-product matrices. This method was first described by Pearson [7] in 1901 
and Hotelling [8] in 1933. More modern explanations and applications of the PCA method in 
industry, research areas as chemistry, data analysis, physics, multifactor analysis, etc, can be 
found in [9-14].  

2. Description of the data
We use in our paper the results of the survey conducted in November 2022 in the

municipality of Chisinau regarding the satisfaction of the passengers of the urban public 
transport in Chisinau. The survey was conducted by a team of specialists from the Technical 
University of Moldova at the request of the Chisinau City Hall. The method used in survey 
was a face-to-face interview. More details about the the survey can be found in [6]. The 
analyzed data is presented in the excel file: DB_sondaj_pasageri_initial.xlsx [15]. The file 
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contains information regarding the gender of the respondent, age group of the responder, 
whether the respondent lives in Chisinau or in the suburbs, the type of public transport used, 
type of urban transport used, frequency of public transport use, availability of information on 
routes and there scheduling, the conditions in the stop stations, conditions in the vehicles, 
and various satisfaction metrics, such as availability, readability of schedules, and general 
satisfaction with public transport. Actually the data was collected on papers, and the xlsx file 
is the result of its digitalization. The total number of collected parameters is 47 (see the list 
of fitures F1, …, F47 below the Figure 5). 

3. Description of the method used
In the paper we use the Principal Component Analysis method [7-14] to analyse the

data. The basic reason to choose the method is that is allows to reduce the dimensionality of 
the problem (in our our case from 47 parameters to less ones – may be 2, 3, or 5). In the 
following we will briefly describe the method that involve next steps: 

1. Standardization of data.
2. Covariance Matrix Computation.
3. Computation of Eigenvalues and Eigenvectors of the Covariance Matrix.
4. Selection of Principal Components.
5. Project Data onto New Feature Space.
6. Interpret results.
In the following we give brief explanations of the above steps.

3.1. Standardization of data  
Since Principal Component Analysis method is sensitive to the scale of the data it is 

important to standardize the dataset. This ensures that all variables contribute equally to the 
analysis, regardless of their original scales. Thus for each feature subtract the mean and 
divide by the standard deviation so that each feature has a mean of 0  and a standard 
deviation of 1, so use the formula: 

xz µ
σ
−

= , (1) 

where: x  is the original data, µ  is the mean value, and σ  is the standard deviation. 
Observation. In order to apply the standardization all data must have numerical values 

(in order to be able to apply formula (1) above). If some data is not numerical, may be it can 
be assign numbers to non-numerical data. The method can not be applied if data can not be 
represented on a scale.  

3.2. Covariance matrix computation 
It is known that covariance matrix shows how much the variables vary with each other. 

It's essential for understanding the relationships between the variables in the dataset, so we 
have to calculate the covariance matrix of the standardized data. If there is a n p×  dataset 
(with n  samples and p  variables) the covariance matrix is a p p×  matrix, where each 
element ( , )C i j  represents the covariance between variable i  and variable j . The covariance 
between two variables X  and Y  is computed by the well-known formula: 
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In (2) Xµ  represents the mean value of the registered samples iX  for variable X , and 

Yµ  represents the mean value of the registered samples iY  for variable Y . 
 

3.3. Computation of eigenvalues and eigenvectors of the Covariance matrix  
Eigenvalues and eigenvectors are useful in the process of identification of the principal 

components. More about eigenvectors and eigenvalues can be found in [16]. The eigenvectors 
determine the directions of the new feature space, and the eigenvalues show the amount of 
variance carried in each direction. The eigenvectors are the principal components, and the 
corresponding eigenvalues give the amount of variance each component explains. To 
calculate the eigenvalues and eigenvectors from the covariance matrix involve two steps: 
computation of the eigenvalues, then determine the corresponding eigenvalues λ  are 
determined from the equation: 

 

C v vλ⋅ = ⋅ ,      (3) 
 

where: C  is the covariance matrix, v  is the eigenvector, and λ  is the eigenvalue.  
 

3.4. Selection of Principal Components  
The eigenvalues tell us the amount of variance each principal component explains. 

We typically select the top k eigenvectors corresponding to the largest eigenvalues, which 
represent the principal components. 

The goal is to keep components that explain most of the variance (usually the first few 
components). 

 

3.5. Project Data onto New Feature Space 
Finally, we project the original standardized data onto the new feature space using 

the selected principal components. The new dataset Z  is computed as: 
 

Z X W= ⋅ ,      (4) 
 

where: W  is the matrix of the selected eigenvectors.  
 

3.6. Interpret the results 
The transformed data will have fewer dimensions (principal components), and the 

variance explained by each principal component can help determine how much information 
is retained after the reduction. We can plot the explained variance or cumulative variance to 
assess how many principal components to keep.  

 

4. Case study 
In the following we apply the steps of PCA method described earlier in the article to 

the data. 
 

4.1 Standartization of data 
In order to apply the PCA method to the raw data we have to standardize it. According 

to observation in 3.1. “Standardization of Data” initially we have to get all data as numerical 
values.  

Analizing the data we found out that it contains some columns that are not even 
numerical one. They are related to the gender of the respondent, to the age interval of the 
responder, whether the responder lives in Chisinau or lives in the surburbs, how often the 
responder uses the public transport, and the overall satisfaction of the responder with the 



 Measuring passenger satisfaction in urban public transport in Chisinau 37 

Journal of Engineering Science  December, 2024, Vol. XXXI (4) 

public transport. We apply next transformation to the data: for each such column with non-
numerical data we change the value to an appropriate numerical one as it is noted below: 

 

- Gender of the responder: 
o Female → 0, 
o Male → 1, 

- Age of the respondent: 
o 12-18 → 1 
o 18-27 → 2 
o 28-37 → 3 
o 38-47 → 4 
o 48-57 → 5 
o 58-64 → 6 
o > 64 → 7 

- Reponder lives in Chisinau or in the surburb: 
o Chisinau → 0 
o Surburb → 1 

- How often the respondent uses the public transport: 
o Satisfied, but there are comments → 3, 
o Absolutely unsatisfied → 1, 
o Absolutely satisfied → 4. 

In oder to do all these manipulations with the data in the initial excel file we use the 
following python code. The result is the excel file: DB_sondaj_pasageri_numeric.xlsx. The 
python code is presented bellow. 

 

 
import pandas as pd 
 
# Load the Excel file 
file_path = "DB_sondaj_pasageri_initial.xlsx" 
excel_data = pd.ExcelFile(file_path) 
 
# Display sheet names to understand the structure of the file 
excel_data.sheet_names 
 
# Load the data from 'Sheet1' 
data = pd.read_excel(file_path, sheet_name="Sheet1") 
 
# Display the first few rows to understand the structure 
data.head() 
 
# Let's review non-numerical columns in the dataset 
non_numerical_columns = data.select_dtypes(include=["object"]).columns 
 
# List the unique values in non-numerical columns to determine how to encode 

them 
non_numerical_columns_unique_values = { 
    col: data[col].unique() for col in non_numerical_columns 
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} 
 
non_numerical_columns_unique_values 
 
# Apply transformations to non-numerical columns 
 
# 1. Encode 'Gender of the responder' 
data["Gender of the responder "] = data["Gender of the responder "].replace( 
    {"Female": 0, "Male": 1} 
) 
 
# 2. Encode 'Age of the respondent' 
data["Age of the respondent "] = data["Age of the respondent "].replace( 
    { 
        "12-18": 1, 
        "18-27": 2, 
        "28-37": 3, 
        "38-47": 4, 
        "48-57": 5, 
        "58-64": 6, 
        "> 64": 7, 
    } 
) 
 
# 3. Encode ' Do you live in Chisinau or in the suburbs ' 
data["Do you live in Chisinau or in the suburbs "] = data[ 
    " Do you live in Chisinau or in the suburbs " 
].replace({"Chisinau": 0, "Suburb": 1}) 
 
# 4. Encode 'What mode of transport do you use most often to travel' 
data["What mode of transport do you use most often to travel"] = data[ 
    "What mode of transport do you use most often to travel" 
].replace( 
    { 
        "Trolleybus": 1, 
        "City bus": 2, 
        "Minibus": 3, 
        "Suburban bus": 4, 
    } 
) 
 
# 5. Encode 'How often do you use public transport' 
data["How often do you use public transport"] = data[ 
    "How often do you use public transport" 
].replace( 
    { 
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        "6-7 days a week": 6, 
        "5 days a week": 5, 
        "3-4 days a week": 4, 
        "1-2 days a week": 3, 
        "About 1-3 times a month": 2, 
        "Every 2-3 months": 1, 
        "Every 4-6 months": 0.5, 
        "Once a year": 0.25, 
    } 
) 
 
# 6. Encode 'General satisfaction with public transport in Chisinau' 
data["General satisfaction with public transport in Chisinau"] = data[ 
    "General satisfaction with public transport in Chisinau" 
].replace( 
    { 
        "Satisfied, but there are comments": 3, 
        "Absolutely dissatisfied": 1, 
        "Absolutely satisfied": 4, 
    } 
) 
 
# Save the modified data into a new Excel file 
output_path = "DB_sondaj_pasageri_numeric.xlsx" 
data.to_excel(output_path, index=False) 
 
output_path 
 
 
The code above actually documents by itself the transformation of non-numerical data 

into a numerical one. 
Since all the data in the table already have a numeric value, we can apply the 

standardization procedure to it in order to get for every feature (column) in the table the 
mean value to be equal to 0, and the standard deviation to be equal to 1. To do this we use 
the following snippet of python program: 

 
 
# Standardize the data 
scaler = StandardScaler() 
standardized_data = scaler.fit_transform(data) 
 
# Convert the standardized data back to a DataFrame for easier manipulation and 

export 
standardized_df = pd.DataFrame(standardized_data, columns=data.columns) 
 
# Save the standardized data to a new Excel file 
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standardized_output_path = 'DB_sondaj_pasageri_standardized_final.xlsx' 
standardized_df.to_excel(standardized_output_path, index=False) 
 
standardized_output_path 
 
 
4.2 Covariance Matrix Computation 
Next step on the road to the goal of finding out the principal components of the data 

is to calculate the covariance matrix. This is achieved by the help of the following program: 
 
 
import pandas as pd 
 
# Load the dataset 
data = pd.read_excel('DB_sondaj_pasageri_standardized_final.xlsx') 
 
# Calculate the covariance matrix 
covariance_matrix = data.cov() 
 
# Save the covariance matrix to a CSV file 
covariance_matrix.to_csv('DB_sondaj-Covariance-matrix-of-standardized-data.csv') 
 
 
4.3 Computation of Eigenvalues and Eigenvectors of the Covariance Matrix 
Let us calculate now the eigenvalues and the corresponding eigenvectors of the 

covariance matrix obtained at the previous step. Again we use a specialized python library 
and the corresponding functions in order to get it.  

 
 
# Importing necessary libraries for eigenvalue calculation 
import numpy as np 
 
# Calculate the eigenvalues and eigenvectors of the covariance matrix 
eigenvalues, eigenvectors = np.linalg.eig(covariance_matrix) 
 
# Creating a DataFrame to show both eigenvalues and their corresponding 

eigenvectors 
eigen_details = pd.DataFrame(eigenvectors, columns=[f'Eigenvector_{i+1}' for i in 

range(eigenvectors.shape[1])]) 
eigen_details.insert(0, 'Eigenvalue', eigenvalues) 
 
# Display the details of the calculation to the user 
tools.display_dataframe_to_user(name="Eigenvalues and Eigenvectors", 

dataframe=eigen_details) 
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According to the results the explained variance can be calculated by: 
 
 
# Calculating the explained variance for each eigenvalue 
total_variance = np.sum(eigenvalues) 
explained_variance_ratio = [(i / total_variance) * 100 for i in eigenvalues] 
 
# Creating a DataFrame to display the explained variance 
explained_variance_df = pd.DataFrame({ 
    'Eigenvalue': eigenvalues, 
    'Explained Variance (%)': explained_variance_ratio 
}) 
 
# Displaying the explained variance to the user 
tools.display_dataframe_to_user(name="Explained Variance of Each Principal 

Component", dataframe=explained_variance_df) 
 

  
The result is in the table below which contains the first 10 eigenvalues and the 

corresponding percent of the explained variance. The eigenvalues are usually ordered in 
descending way: 

 

Table 1 
The first 10 eigenvalues of the covariance matrix ant there importance in the explanation of 

the variance in data 

Order Value of eigenvalue Explained variance, % 
Cumulative explained 

variance, % 
1 10.27404491 21.85 21.85 
2 3.589577401 7.63 29.48 
3 2.973504444 6.32 35.80 
4 2.286543124 4.86 40.66 
5 2.150963809 4.57 45.24 
6 1.84612014 3.93 49.16 
7 1.81918762 3.87 53.03 
8 1.583324077 3.37 56.40 
9 1.337555732 2.84 59.24 

10 1.151848884 2.45 61.69 
 

The explained variance gives insight into how much information (or variance) each 
principal component (associated with each eigenvalue) captures from the dataset. Here's how 
to interpret the results: 

- Eigenvalue - represents the amount of variance captured by the corresponding 
principal component (a direction in feature space). A higher eigenvalue indicates 
that the corresponding principal component captures a larger portion of the 
variance in the data. 

- Explained Variance (%) - tells us the proportion of the total variance in the dataset 
that is explained by each principal component. For example, the first principal 



42 I. Rotaru, A. Rusu 

Journal of Engineering Science  December, 2024, Vol. XXXI (4) 

component in your data captures 21.85% of the total variance, and the second 
component captures 7.63%. 

According to the data we get the following interpretations of the data: 
- Reduction of the dimension. The principal components with the highest explained 

variance are the most significant. If you're looking to reduce dimensionality, you 
might retain only the components that explain most of the variance. For example, 
the top 5 components in your case explain over 45% of the variance, so you could 
potentially reduce the dimensionality to 5 components while still preserving a 
significant amount of information. 

- Cumulative Variance. You can sum the explained variance percentages to see how 
much of the total variance is captured by a given number of components. This 
helps to decide how many components to keep in a dimensionality reduction task. 
If you're satisfied with, say, 70% of the variance explained, you can retain as many 
components as it takes to reach that threshold. In the present case the first 14 
features are responsible for the at least 70% of the variance, and first 6 features 
explains a bit more than 49% of the variance.  

- Insights into Data Structure. The first few components represent the directions in 
your data that have the most variability. If the first few components explain most 
of the variance, it means your data has some underlying structure that can be 
described by fewer variables. 

 

Let us visualize the cumulative variance and the explained variance by principal 
components:  

 
 
# Re-importing the required pandas library 
import pandas as pd 
 
# Redefining the file path and reloading the data 
file_path = 'DB_sondaj_pasageri_standardized_final.xlsx' 
 
# Reload the dataset and compute the covariance matrix 
data = pd.read_excel(file_path) 
covariance_matrix = data.cov() 
 
# Recalculate the eigenvalues and explained variance 
eigenvalues, eigenvectors = np.linalg.eig(covariance_matrix) 
total_variance = np.sum(eigenvalues) 
explained_variance_ratio = [(i / total_variance) * 100 for i in eigenvalues] 
 
# Plotting the explained variance 
plt.figure(figsize=(10, 6)) 
plt.bar(range(1, len(explained_variance_ratio) + 1), explained_variance_ratio, 

alpha=0.7, align='center', color='blue', label='Individual Explained Variance') 
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plt.step(range(1, len(explained_variance_ratio) + 1), 
np.cumsum(explained_variance_ratio), where='mid', color='red', label='Cumulative Explained 
Variance') 

 
plt.xlabel('Principal Component') 
plt.ylabel('Explained Variance (%)') 
plt.title('Explained Variance by Principal Components') 
plt.legend(loc='best') 
plt.grid(True) 
plt.show() 
 

 

The generated corresponding Figure 1 is: 
 

 

 
Figure 1. Explained Variance by Principal Components. 

Now it is time to select the principal components and analyze them. 
 

4.4 Selection of Principal Components 
It is clear from the obtained data that the most important component is the first one 

which explains almost 21% of the variance, but it is not sufficient to explain the major change 
in variance. The first 5 principal components determines almost 50% of the variability in the 
variance. In the following we present the visualizations of the principal components. The next 
code uses a standard python module for data analysis.  

 
4.5. Project data onto new feature space and interpretation of results 
 
 
from sklearn.decomposition import PCA 
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from sklearn.preprocessing import StandardScaler 
 
# Step 1: Standardize the data (as PCA requires standardized data) 
# Imputing missing values with the mean of each column 
data_filled = data.fillna(data.mean()) 
 
# Standardizing the data after filling NaN values 
standardized_data_filled = scaler.fit_transform(data_filled) 
 
# Step 2: Perform PCA 
pca = PCA() 
pca_components = pca.fit_transform(standardized_data_filled) 
 
# Step 3: Capture the explained variance ratio 
explained_variance_ratio = pca.explained_variance_ratio_ 
 
# Creating a DataFrame to show the principal components and explained variance 
pca_results_df = pd.DataFrame(pca_components, columns=[f'PC{i+1}' for i in 

range(pca_components.shape[1])]) 
 
# Adding explained variance information 
explained_variance_df = pd.DataFrame({ 
    'Principal Component': [f'PC{i+1}' for i in range(len(explained_variance_ratio))], 
    'Explained Variance (%)': explained_variance_ratio * 100 
}) 
 
# Displaying the PCA results to the user 
tools.display_dataframe_to_user(name="Principal Components", 

dataframe=pca_results_df) 
tools.display_dataframe_to_user(name="Explained Variance per Principal 

Component", dataframe=explained_variance_df) 
 
# Visualizing the first two principal components 
plt.figure(figsize=(10, 6)) 
plt.scatter(pca_components[:, 0], pca_components[:, 1], alpha=0.7, edgecolors='k') 
plt.title('PCA: First Two Principal Components') 
plt.xlabel('Principal Component 1') 
plt.ylabel('Principal Component 2') 
plt.grid(True) 
plt.show() 
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Figure 2. PCA – first two principal components. 

 

The Figure 3 below shows the first 3 principal components. 
 

 
Figure 3. PCA – first three principal components 

 

The Figure 3 above is obtained using the code: 
 
from mpl_toolkits.mplot3d import Axes3D 
 
# Visualizing the first three principal components in 3D 
fig = plt.figure(figsize=(10, 8)) 
ax = fig.add_subplot(111, projection='3d') 
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# Plotting the first three PCs 
ax.scatter(pca_components[:, 0], pca_components[:, 1], pca_components[:, 2], 

alpha=0.7, edgecolors='k') 
 
# Setting labels and title 
ax.set_title('PCA: First Three Principal Components') 
ax.set_xlabel('Principal Component 1') 
ax.set_ylabel('Principal Component 2') 
ax.set_zlabel('Principal Component 3') 
 
plt.show() 
 
 
In order to visualize the first 5 principal components we use slices, or different views, 

which are based on showing different important pairs of principal components. To get them 
use the code: 

 
 
# Visualizing the first five principal components in 2D scatter plots 
 
fig, axs = plt.subplots(2, 3, figsize=(15, 10)) 
 
# Plotting the first five principal components pairwise 
pairs = [(0, 1), (0, 2), (0, 3), (1, 2), (1, 3), (2, 3)] 
for i, (pc1, pc2) in enumerate(pairs[:5]): 
    row, col = divmod(i, 3) 
    axs[row, col].scatter(pca_components[:, pc1], pca_components[:, pc2], alpha=0.7, 

edgecolors='k') 
    axs[row, col].set_xlabel(f'PC{pc1 + 1}') 
    axs[row, col].set_ylabel(f'PC{pc2 + 1}') 
    axs[row, col].grid(True) 
 
plt.suptitle('Scatter Plots of Top 5 Principal Components', fontsize=16) 
plt.tight_layout(rect=[0, 0, 1, 0.96]) 
plt.show() 
 
The result is in the Figure 4 below: 
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Figure 4. PCA – next two by two principal components 

 

To determine the most important factors (or features) in the first three principal 
components, we need to analyze the loading scores or eigenvectors associated with each 
principal component. These loading scores show the contribution of each original feature to 
a principal component. 

Let's extract the top contributing features for each of the first three principal 
components. I'll calculate and display the features with the highest loading scores for the 
first three principal components: PC1, PC2, and PC3. 

 
# Extracting the eigenvectors (loadings) of the first 3 principal components 
loading_scores = pd.DataFrame(pca.components_.T, columns=[f'PC{i+1}' for i in 

range(pca.n_components_)], index=data.columns) 
 
# Getting the most important features (highest absolute loadings) for the first three 

principal components 
top_features_pc1 = loading_scores['PC1'].abs().sort_values(ascending=False).head() 
top_features_pc2 = loading_scores['PC2'].abs().sort_values(ascending=False).head() 
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top_features_pc3 = loading_scores['PC3'].abs().sort_values(ascending=False).head() 
 
# Combining results into a single DataFrame for display 
important_factors_df = pd.DataFrame({ 
    'PC1 Top Features': top_features_pc1.index, 
    'PC1 Loading': top_features_pc1.values, 
    'PC2 Top Features': top_features_pc2.index, 
    'PC2 Loading': top_features_pc2.values, 
    'PC3 Top Features': top_features_pc3.index, 
    'PC3 Loading': top_features_pc3.values 
}) 
 
# Display the important factors 
tools.display_dataframe_to_user(name="Important Features in PC1, PC2, and PC3", 

dataframe=important_factors_df) 
 
The result is in the Table 2 below. 

Table 2 
Important features in first three principal components 

No. 
PC1 Top 
Features 

PC1 
Loading 

PC2 Top 
Features 

PC2 
Loading 

PC3 Top 
Features 

PC3 
Loading 

1 

Satisfaction 
with public 
transport 
stations in 
general 

0.2248 

Satisfaction with 
the minibus 
route network - 
general 
satisfaction 

0.3383 

Satisfaction with 
the trolleybus 
route network - 
general 
satisfaction 

0.2590 

2 

General 
satisfaction 
with public 
transport in 
Chisinau 

0.2232 

Satisfaction with 
the minibus 
route network - 
time you spend 
approaching 
(leaving) a 
stopping point 

0.3253 Available mobile 
apps 0.2590 

3 

Experience of 
being on public 
transport while 
traveling on 
the route you 
most often use 
- It is easy for 
you to get in 
and out of the 
public 
transport 
(applying 
physical force) 

0.1939 

Satisfaction with 
the minibus 
route network - 
the ability to get 
anywhere and at 
any time to any 
part of the city 

0.3161 

Given each of 
these aspects, 
how satisfied are 
you with 
providing 
information 
about the public 
transport 
timetable as a 
whole 

0.2523 
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Continuation Table 2 

4 

Given each of 
these aspects, 
how satisfied 
are you with 
providing 
information 
about the 
public 
transport 
timetable as a 
whole 

0.1904 

Satisfaction with 
the minibus 
route network - 
number of 
available routes 

0.3082 

Information 
shown on 
electronic 
scoreboards at 
some stops 
about the time 
of arrival of 
public transport 

0.2395 

5 

Satisfaction 
with public 
transport 
stations - 
possibility to 
sit 

0.1902 

Satisfaction with 
the minibus 
route network - 
distance to the 
nearest public 
transport stop 

0.2778 

Satisfaction with 
the trolleybus 
route network - 
distance to the 
nearest public 
transport stop 

0.2375 

 
We have identified the most important features for the first three principal 

components (PC1, PC2, and PC3). For each component, the features with the highest loading 
scores contribute the most to that principal component. Here are the top contributing factors 
for each: 

PC1: Primarily influenced by general satisfaction factors related to transport stations 
and the ease of entry and exit during travel. 

PC2: Heavily related to the satisfaction with microbus routes, including the availability 
of routes, travel time, and distance to stations. 

PC3: Largely driven by satisfaction with trolleybus routes and available mobile 
applications, along with the availability of public information. 

 
Let us also get a heatmap for the loading of the first 5 principal components. The color 

intensity indicates the contribution (positive or negative) of each feature to the respective 
principal component. This visualization helps to see which features strongly influence each 
component. 

 
 
import seaborn as sns 
 
# Plotting a heatmap of the loadings for the first 5 principal components 
plt.figure(figsize=(12, 8)) 
sns.heatmap(loading_scores.iloc[:, :5], annot=True, cmap='coolwarm', center=0) 
plt.title('Heatmap of Loadings for the First 5 Principal Components') 
plt.xlabel('Principal Components') 
plt.ylabel('Features') 
plt.show() 
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The heating map is the presented in Picture 5. 
 

 

Figure 5. Heatmap of loadings for the first 5 principal components. 
 

The features F1, …, F47 are given in the next list: 
• F1 = Gender of the responder 
• F2 = Age of the respondent 
• F3 = Do you live in Chisinau or in the suburbs. 
• F4 = What mode of transport do you use most often to travel 
• F5 = How often do you use public transport  
• F6 = Availability of the correct public transport timetable at the stops 
• F7 = Easy to read and understand a public transport timetable at stops 
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• F8 = Information shown on electronic scoreboards at some stops about the time 
of arrival of public transport 

• F9 = Available mobile apps  
• F10 = Actual compliance with established public transport timetable 
• F11 = Given each of these aspects, how satisfied are you with providing 

information about the public transport timetable as a whole 
• F12 = Satisfaction with public transport stations - lighting 
• F13 = Satisfaction with public transport stations - cleanliness and the amount 

of garbage 
• F14 = Satisfaction with public transport stations - the opportunity to hide from 

rain and wind 
• F15 = Satisfaction with public transport stations - possibility to sit  
• F16 = Satisfaction with public transport stations - pavement condition 
• F17 = Satisfaction with public transport stations - congestion of passengers at 

a time when you usually drive 
• F18 = Satisfaction with public transport stations in general 
• F19 = Experience of being on public transport while traveling on the route 

you most often use - cabin occupancy 
• F20 = Experience of being on public transport while traveling on the route you 

most often use - softness of public transport travel 
• F21 = Experience of being on public transport while traveling on the route 

you most often use - comfort inside the cabin 
• F22 = Experience of being on public transport while traveling on the route you 

most often use - temperature inside the cabin in winter 
• F23 = Experience of being on public transport while traveling on the route you 

most often use - temperature inside the cabin in summer 
• F24 = Experience of being on public transport while traveling on the route you 

most often use - quality and level of illumination of the cabin  
• F25 = Experience of being on public transport while traveling on the route you 

most often use - It is easy for you to get in and out of the public transport 
(applying physical force) 

• F26 = Satisfaction with the experience of being in public transport cabin in 
general 

• F27 = Satisfaction with the trolleybus route network - the ability to get 
anywhere and at any time to any part of the city 

• F28 = Satisfaction with the trolleybus route network - distance to the nearest 
public transport stop 

• F29 = Satisfaction with the trolleybus route network - time you spend 
approaching (leaving) a stopping point 

• F30 = Satisfaction with the trolleybus route network - number of available 
routes 

• F31 = Satisfaction with the trolleybus route network - general satisfaction 
• F32 = Satisfaction with the city bus route network - the ability to get anywhere 

and at any time to any part of the city 
• F33 = Satisfaction with the city bus route network - distance to the nearest 

public transport stop 
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• F34 = Satisfaction with the city bus route network - time you spend approaching 
(leaving) a stopping point 

• F35 = Satisfaction with the city bus route network - number of available routes 
• F36 = Satisfaction with the city bus route network - general satisfaction 
• F37 = Satisfaction with the minibus route network - the ability to get anywhere 

and at any time to any part of the city 
• F38 = Satisfaction with the minibus route network - distance to the nearest 

public transport stop 
• F39 = Satisfaction with the minibus route network - time you spend 

approaching (leaving) a stopping point 
• F40 = Satisfaction with the minibus route network - number of available routes 
• F41 = Satisfaction with the minibus route network - general satisfaction 
• F42 = Satisfaction with the suburban bus route network - the ability to get 

anywhere and at any time to any part of the city 
• F43 = Satisfaction with the suburban bus route network - distance to the 

nearest public transport stop 
• F44 = Satisfaction with the suburban bus route network - time you spend 

approaching (leaving) a stopping point 
• F45 = Satisfaction with the suburban bus route network - number of available 

routes 
• F46 = Satisfaction with the suburban bus route network - general satisfaction 
• F47 = General satisfaction with public transport in Chisinau 

 

It follows from the heatmap that (see PC2) some data related to microbuses have great 
negative impact, the accessibility and the diversity of trolleybus routes have a positive impact 
(PC3). The PC1 shows that all factors have a light negative impact on general satisfaction, 
while other principal components have higher diversity in negative and positive perception.   

 

5. Conclusions 
The results shows that there are no unique set of factors which has a high influence 

on the general satisfaction of the users of the public transport in in the municipality of 
Chisinau. At the same time the PCA method helps to identify among the 47 factors under 
consideration the mixtures that have a significant impact on general satisfaction. These 
mixtures are collected in first 5 identified principal components. This can help de decision 
factors in the administration of the municipality to consider the most adequate policies in 
order to increase the general satisfaction of the users.  

The conducted case study shows that the first principal component is responsible for 
about 20% of the users identified satisfaction. At the same time the first principal component  
has a weight as the sum of the next three principal components. Since the first 5-6 princiaple 
components explains about 50% in the variance of the level of satisfaction of the users we 
can conclude that almost all examined factors are relatively important, and the general 
satisfaction of the users depends on all of them, so this implies an action polity regarding 
almost all of them.  

At the same time the analysis of the first principal component (Table 2) tell us that the 
factors that are relatively important in this component are:  
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• satisfaction with public transport stations in general; 
• satisfaction with the experience of being in public transport cabin in general; 
• experience of being on public transport while traveling on the route you most 

often use - it is easy for you to get in and out of the public transport (applying 
physical force); 

• given each of these aspects, how satisfied are you with providing information 
about the public transport timetable as a whole; 

• satisfaction with public transport stations - possibility to sit. 
 

On the other hand, the same Table 2 and Figure 5 the second principal component 
have brought to light the general insatisfaction with any aspect related to minibuses:  

• satisfaction with the minibus route network - general satisfaction; 
• satisfaction with the minibus route network - time you spend approaching 

(leaving) a stopping point; 
• satisfaction with the minibus route network - the ability to get anywhere and 

at any time to any part of the city; 
• satisfaction with the minibus route network - number of available routes; 
• satisfaction with the suburban bus route network - distance to the nearest 

public transport stop. 
 

The third principal component shows us that in general, travelers are satisfied with 
the trolleybus network, the distance to the trolleybus stations, the level of information 
through mobile applications and other information sources. 
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Abstract. The paper explores the energy efficiency of general-purpose installations, 
particularly the equipment used in espresso coffee production, and the unique functions of 
hydraulic systems. By applying eco-design principles and innovative, efficient solutions, the 
negative impact on the environment can be significantly reduced, transforming citizens into 
eco-consumers. The study aimed to explore ways to decrease energy consumption in 
hydraulic systems of standard installations, particularly in heat transfer processes in solids 
and liquids, which account for up to 97% of energy consumption in such installations. An 
innovative solution is presented that converts electric energy into heat in liquids using 
inductive heat transfer. The instant heating inductive boiler, based on inductive heat transfer 
phenomena, eliminates the convective and conductive heat transfer losses associated with 
the operation of the boiler with the resistive heating element. The design methodology for 
dimensioning this type of equipment is provided, and the simulation model for necessary 
verifications in MatLab Simscape is created. With its practical benefits, the new inductive 
boiler reduces the preheating period to 7.5 s compared to the 90 s of systems with resistive 
heating elements, thereby eliminating the need to keep the coffee machine at operating 
temperatures during breaks and providing a reliable solution for energy efficiency. 

 

Keywords: coffee machines, inductive heating boiler, hydraulic systems, design methodology, 
simulation. 

 

Rezumat. Lucrarea se referă la instalații de uz general, în special la echipamentele pentru 
procesul de producere al cafelei espresso, precum și la particularitățile funcțiilor sistemului 
hidraulic. Prin aplicarea principiilor de proiectare ecologică și a soluțiilor inovatoare și 
eficiente, impactul negativ asupra mediului poate fi redus semnificativ, transformând 
cetățenii în eco-consumatori. Studiul și-a propus să exploreze modalități de reducere a 
consumului de energie în sistemele hidraulice ale instalațiilor standard, în special în 
procesele de transfer de căldură în corpuri solide și lichide, care reprezintă până la 97% din 
consumul de energie în astfel de instalații. Lucrarea prezintă o soluție inovatoare pentru 
transformarea energiei electrice în căldură în lichide folosind transferul inductiv de căldură. 
Boilerul inductiv inovator de tip instant se bazează pe fenomene de transfer termic inductiv 
și elimină pierderile de transfer de căldură convective și conductive asociate funcționării 
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cazanului cu elementul de încălzire rezistiv. Este prezentată metodologia de proiectare a 
acestui tip de echipament, iar modelul de simulare pentru verificările necesare a fost creat și 
rulat  în MatLab Simscape. Cu avantajele sale practice, noul cazan inductiv reduce perioada 
de preîncălzire la 7,5 s comparativ cu 90 s de sisteme cu elemente de încălzire rezistive, 
eliminând astfel necesitatea de a menține aparatul de cafea la temperaturi de funcționare în 
timpul pauzelor și oferind o soluție fiabilă pentru eficiență energetică. 

 

Cuvinte cheie: aparat de cafea, boiler de încălzire inductiv, sisteme hidraulice, metodologie de 
proiectare, simulare. 

 

1. Introduction 
 The scientific and engineering part of our society seeks new ways to quantify and 
minimize products' adverse environmental impact. Creating energy-efficient and less harmful 
products encourages consumers to be eco-conscious, enhancing our well-being. 

Reducing energy consumption in technological processes and its impact on the 
environment aligns with 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 
Republic of Moldova Energy Strategy until 2030, both for industrial use and domestic needs [1-3]. 

The study refers to standard equipment, especially coffee machines. For most people, 
every morning starts with a delicious cup of coffee or some other type of beverage and finding 
a solution that would increase the efficiency of every coffee machine or kettle will reduce 
electricity consumption considerably. 

The work aims to analyze the power consumption of a super-automated coffee maker 
and develop a solution that implements inductive heat transfer and considerably improves 
its efficiency. 

 

2. Synthesis of construction principles and aspects of operation of electromechanical 
systems of conventional coffee machine 

2.1. Espresso extraction process 
Espresso, a popular coffee brewing method, has its origins in the 19th-century Italian 

Industrial Revolution. This method involves extracting coffee under high pressure in under 
30 s, resulting in significantly improved quality. Through numerous experiments, the Italian 
Espresso National Institute has established a set of precise technical parameters for 
producing certified Italian Espresso, which are meticulously preserved [4]. 

The manufacturers are considering the finest tuning of all the parameters described 
above, which should be considered during the expresso extraction in modern equipment, 
depending on the necessary class and the production productivity.  

As mentioned in the paper's introduction, the present study focuses on the super-
automated category of coffee machines and provides a detailed description of these 
Electromechanical Systems (EMS). 

 

2.2. Description of the electromechanical system in modern devices  
Super-automated coffee machines are the most advanced and sophisticated. During 

the espresso extraction process, the machine's electromechanical system must perform 
several actions: grind the coffee beans to the required size, measure the right amount of 
coffee for a cup, pump water through the heating system into the preparation unit to raise 
the water temperature from about 10˚C to 95˚C, and dispense espresso and steam as needed. 
Considering all the steps the system must perform and the raw materials for brewing coffee, 
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the system contains several subsystems operated by the control system. Figure 1 shows the 
diagram of such an EMS in which the control unit is performing the necessary steps of the 
production process through three subsystems [5-7]. 

● Grinding system. The coffee beans are received in the grinder, which is tuned for 
a proper coffee fraction for the best performance of the present hydraulic subsystem. The 
dozing step follows the grinding process. The necessary amount of coffee is ground using 
one of the two well-known methods: time- and volume-based. 

● Hydraulic system. During the grinding process, the hydraulic subsystem prepares 
for the extraction process, which will be performed as soon as the grinding is finished. The 
components of this system will vary depending on the type of unit. In this case, the system is 
based on instant heating boilers, which are the most efficient ones due to the amount of 
water that is heated. The system is designed to instantly heat the water as low as 10˚C to the 
operating temperature for the extraction. To produce hot water and steam for milk frothy, the 
number of instant boilers could be more significant than one and depends on the machine's 
performance.  

● Extraction system. The final subprocess is the extraction itself. The coffee machine 
performs the extraction based on the brewing unit type of system. The central role played by 
the brewing unit is designed to perform all the expresso extraction steps done by a barista 
operating a professional, high-performance coffee maker. The ground coffee is moved into 
the extraction chamber, tampered with by the preset force, the espresso is extracted, and the 
processed coffee is thrown into the garbage. 

 

 
Figure 1. Diagram of the super-automatic electromechanical system of the 

SAECO ROYAL series [7]. 

CONTROL UNIT 

HYDRAULIC SYSTEM 

EXTRACTION SYSTEM GRINDING SYSTEM 
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An assessment is essential for understanding the energy usage of an 
electromechanical system. The analysis should cover the information that needs to be 
examined for this goal. 

The energy consumption data collected in previous research revealed that about 99% 
of the total energy consumption belongs to the hydraulic system, with 97% for heating water 
and 2% for pumping it. This information guided the research to streamline the coffee 
extraction process and optimize the operation of the hydraulic system. An instant boiler with 
an inductive heating process must be designed and implemented to lower energy 
consumption and increase efficiency [8].  

 

3. Dimensioning of the inductive heater 
3.1. Input data for the calculations 
To perform the necessary calculation, a set of internal data was needed, which is 

presented in Table 1 below. 
Table 1 

Input data for calculations of the power required to heat water 

Parameter Value Parameter Name 

10i Cθ = 

 - initial water temperature at the inlet to the heater 

95f Cθ = 

 - required temperature at the outlet of the heater 

3997ap
kg
m

γ =
 

- water density 

37860ot
kg
m

γ =
 

- iron density 

4180ap
Jc

kg K
=

⋅  
- thermal mass capacity (specific heat) of water 

900al
Jc

kg K
=

⋅  
- mass thermal capacity (specific heat) of aluminum  

459.8ot
Jc

kg K
=

⋅  
- mass heat capacity (specific heat) of iron  

3
63.06 10ap

mq
s

−= ⋅
 

- the required flow of water 

. 60h apt s=  
-  the heating time of the required volume of water passed 

through the heater  
An important aspect to consider was the enthalpy and the total volume of steel 

required to ensure that. 
 

3.2. The calculus of the inductive heating boiler [9-11] 
The calculus for the power required to heat the water, Eq. (1) 

 

( ) [ ]. ,i ap ap ap ap f iP q c Wγ θ θ= ⋅ ⋅ ⋅ −  
(1) 

 

The dimensions of the workpiece (ferromagnetic lamb with water pipe in it) were 
determined and specified.  

● The surface temperature of the heating part was calculated.  
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For this calculation, the acuity of the thermal chain in a heat exchanger that has the 
following forms was considered. The heat transfer process in the resistive heater in the 
SAECO boiler was regarded as in the inductive heater calculations, Eq. (2) 

[ ].
.

.

,i ao
si h ap i

i saeco al

P t K
m c

θ θ= ⋅ +
⋅                 (2) 

● The coefficient of convective heat transfer was calculated. 
Considering the parameters of the SAECO ROYAL resistive heater and the material 

from which it was made (aluminum), the convective heat transfer coefficient was determined 
geometrically based on its thermal transfer process, Eq. (3) 

( )
.

2
. . . . . .

,i r
c

c ap i r c ap i r f i

P Wh
m Kd lπ θ θ
 =  ⋅⋅ ⋅ ⋅ −              (3) 

where: . . .c ap i rl - the length of the water channel in the resistive heater; . . .c ap i rd - diameter 

of water channel in resistive heater; .i rP - active power of the resistive heater. 
● The mass of the workpiece of the inductive heater was calculated, Eq. (4) 

.
. . . ,[ ]i ap

i i ot h ap
si ot

P
m t kg

cθ
= ⋅

⋅                    (4) 

● The volume of steel required in the workpiece was calculated to ensure optimal 
conductions of heat transfer, Eq. (5) 

3. .
. ,i i ot

n ot
ot

mV m
γ

 =  
     (5) 

● The area of the required surface area of the water channel was calculated, Eq. (6) 

( )
. 2

. . ,[ ]i ap
c ap nec

c f i

P
S mm

h θ θ
=

⋅ −                      (6) 

 
Figure 2. The dimensions of the inductor and the workpiece [9]: 

1 - inductor; 2 - heating body; 3 - electromagnetic screen made 
of sheet metal package. 



60 A. Turcanu, I.Nucă 

Journal of Engineering Science  December, 2024, Vol. XXXI (4) 

● The length of the water pipe to provide the required surface area was calculated, Eq. (7) 

. .
. .

. . .

,[ ]c ap nec
c ap calc

c ap i i

S
L mm

dπ
=

⋅         (7) 

where: . . .c ap i id - diameter of the water channel of the inductive heater. 
The calculation steps described above resulted in the necessary dimensions of the 

water channel, and the shape and form of the workpiece and the inductor were calculated 
according to the parameters shown in the figure below. 

The sizing of the workpiece and water channel resulted in the workpiece being 
obtained and realized in SolidWorks, represented in Figure 3. It was used for further 
simulations. 

 

 
a) 

 
b) 

 
c) 

Figure 3. 3D representation of workpiece components at dimensioned inductive 
heater made in SolidWorks: a) outer cylinder; b) inner cylinder; c) the 

shape of the obtained water channel. 
 

The calculus of the electric parameters of the inductor and the workpiece 
Considering the dimensions of the workpiece shown in Figure 4, i.e. the distance from 

the boundary with the fluid to the outer wall of the workpiece is 5 mm, select the operating 
frequency of the inductor at a value that will not allow the depth of penetration to exceed 
0.5 mm. 

● The penetration depth in the inductor at 20°C, Eq. (8) 

( ) .20
1.20

0

2
,[ ]

2
cup C

C
cup

f mm
f f
ρ

δ
π µ
⋅

=
⋅ ⋅ ⋅ ⋅         (8) 

● The penetration depth in the workpiece at 20°C, Eq. (9) 

( ) .20
2.20

0 ot

2 ,[ ]
2

ot C
C f mm

f f
ρδ

π µ
⋅

=
⋅ ⋅ ⋅ ⋅                   (9) 

● The penetration depth in the workpiece at 150°C, Eq. (10) 
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Figure 4.  View of inductive heater made in SolidWorks. 

Figure 5 shows the calculation and construction of the characteristic δ(f) for the 
inductor and the workpiece. 

Figure 5. Dependence of penetration depth on the inductor supply frequency. 
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( ) .150
2.150

0

2 ,[ ]
2

ot C
C

ot

f mm
f f
ρδ

π µ
⋅

=
⋅ ⋅ ⋅ ⋅       (10) 

● We determine the thickness of the spiral wall according to the following 
recommendations a= (1.2, ... 2), Eq. (11). 

 

For the heater's operation, components F (corresponding to active power) and G 
(corresponding to reactive power) of the total energy absorbed at the body's surface shall be 
equal, and ε=a/δ shall be less than or equal to 1.57. The lower ε, the more efficient the power 
transfer will be. Penetration is minimal for ε=1.57. 

1 11.57 ,[ ]a mmδ= ⋅            (11) 

● The parameters of the inductor were calculated.  
To determine the inductor parameters, the number of turns (N) was determined. Then, 

the parameters for a single turn were selected, considering the turns linked in parallel. The 
internal resistance and reactance of the single-turn inductor were calculated with Eq. (12) 
using the given relationship, with a filling factor of gu=0.8.  

1
1.1 .20 1.1 1.1

1 1

,[ ];cup C
u

dR X R
h g
πρ
δ
⋅

= ⋅ Ω =
⋅ ⋅     (12) 

● The related resistance and reactance of the load, if we have Kr2=Kx2=1 and the 
number of turns N=N0=1, were calculated with the formulas in Eq. (13). 

2 2
2 0 .20 2 2

2 2

2
2 .20 2

2 2

,[ ];

,[ ]

ot C r

ot C r

dR N K X R
h

dR K
h

πρ
δ

πρ
δ

⋅′ ′ ′= ⋅ ⋅ ⋅ Ω =
⋅

⋅
= ⋅ ⋅ Ω

⋅     (13) 

● Air reactance was calculated with the formulas in Eq. (14). 

2 2
1 2

0 1 2 1.1
1 2

2

2
7

0
1

2
4 4

,[ ]

: 0.94; 0.94; 4 10

ind

II

m

d df X
h h

X
p

Hwhere p
m

π πµ α ς α

ας ς µ
α

−

 ⋅ ⋅
⋅ ⋅ ⋅ ⋅ − ⋅ ⋅ + ⋅ ⋅ = Ω

 
= = = = = ⋅ 
               (14) 

● Parameters of the inductor system were determined with Eq. (15).  

( )1 1.1 2 1 1.1 2; ,[ ]IIR R R X X X Xς ς= + ⋅ = + ⋅ − Ω         (15) 

 
Determination of the power absorbed by the inductor.  
The necessary calculations are presented below  
● Determination of inductor electrical efficiency with Eq. (16) 

2

1
e

R
R

ςη ⋅
=

          (16) 
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● Determination of inductor power factor with Eq. (17) 

1
2 2

1 1

cos R
R X

ϕ =
+              (17) 

● Calculation of power converted into heat for heating the workpiece with Eq. (18). 

.
2.

100
,[ ]ot p ot

ot
t

m c K
P W

η
⋅ ⋅

=
            (18) 

● Determination of active power absorbed from the network without reactive power 
compensation with Eq. (19). 

2 2. ,[ ]ot
in

e

P PP W
η
+

=
       (19) 

● Determination of the apparent power of the inductive heater with Eq. (20). 

,[ ]
cos

in
in

PS VA
ϕ

=
                      (20) 

● Determination of inductor's required salination value with Eq. (21)  

1
1

,[ ]in

e

PNI A sp
R η

= ⋅
⋅      (21) 

● Determination of inductor supply voltage with Eq. (22) 

1

,[ ]in
in i

SU N V
NI

= ⋅
           (22) 

● Determination of the inductive heater supply current with Eq. (23) 

[ ]1
1 177.39

i

NII A
N

= =
            (23) 

As a result of the dimensioning, the inductive heater (Figure 6) containing the inductor 
(8) was obtained, which consists of 7 turns made of a copper tube, parameters of which are 
dimensioned to conduct the current of over 178 A with a frequency of about 100 kHz. The 
inductor is wrapped around the workpiece, which consists of two pieces in the form of tubular 
rings made of represented ferromagnetic material: outer cylinder (5) and inner cylinder (7).  

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 (6). To ensure 
much higher flow rates and temperatures of the heated fluid than those dimensioned, both 
in the hot water generation regime of about 90 °C and 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 outside the inductor, sheets of electrical 
steel (9) are added and kept spaced away from the inductor utilizing side shields (3).  



64 A. Turcanu, I.Nucă 

Journal of Engineering Science  December, 2024, Vol. XXXI (4) 

These shields position both the sheets of the magnetic circuit and the working core. To 
decrease heat losses in the environment, the inductive heater is also provided with thermal 
protection made by thermal protection elements (1) and (2) of the heater made of a material 
with high thermal resistance and low thermal conductivity coefficient [13, 15]. 

 

 
Figure 6. The final representation of the inductive heater with all parts included [13]. 

1,2-thermal protection elements; 3-side positioning shields; 4-insulator;  
5-outer cylinder; 6-the profile of the water channel; 7-inner cylinder;  

8-inductor; 9-sheets of electrical steel. 
 

4. Simulations of the inductive heater in MatLab Simscape 
The results that have been obtained need to be simulated, and for that purpose, the 

MatLab Simscape library was considered. The simulations will determine if the designed 
inductive boiler meets the necessary characteristics, the most important of which is the 
preheating time. To maximize the efficiency of the new boiler, it is essential to get the 
preheating time to be less than 8 seconds. Such a short time would make the preheating time 
so insignificant that the coffee machine would have enough time to get the hydraulic system 
ready for work within the grinding and dozing phases of the production process [14-16]. 

Figure 7 presents the simulation diagram constructed in MatLab Simscape.  
The simulation diagram contains two subsystems: one is the inductor modeling 

subsystem, and the other is the workpiece modeling subsystem. These subsystems relate to 
each other using the magnetic field (Figure 8 a, b). The same diagram has a thermal liquid 
settings block that is used to specify the water properties in various thermal conditions, the 
water reservoir for modeling the water source that is pushed through the hydraulic system 
by the armature vibrating pump. 
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Figure 7. The simulation diagram of the inductive heating boiler. 

The pump forces the water through the workpiece of the induction heating boiler, and 
the boiler's output relates to a block that simulates the espresso extraction cup. This block 
has several ports beside port A for the hydraulic connection. Some of the ports are the V port 
– which is for measuring the volume of the water in the cup; the L port - which is for 
measuring the level of the liquid in the cup; and the T port - which is for measuring the 
temperature of the liquid in the cup. The H port in this diagram simulates the heat losses 
from that container.  

 

  
a) b) 

Figure 8. The MatLab Simscape model subsystems: 
a) inductor module; b) workpiece module. 

 

Figure 9a shows the diagram for simulating the inductor module. It includes a current 
source block where the operating current and frequency are specified. The inductor block has 
all the necessary settings for correct operation. The workpiece diagram, presented in Figure 
9b, consists of three blocks. 

The "Eddy Current Induced in the Workpiece" block models the induced current that 
generates heat based on the workpiece's set parameters. The "Conductive Heat Transfer 
Inside the Workpiece" block simulates the process of conductive heat transfer, with 
parameters set for the layer. The inductor is designed to induce a current field in a minimal 
depth to achieve a high current density, resulting in a preheating time of under 8 s. Heat 
transfer from the induced current layer to the water takes some time. The "Constant Volume 
Chamber of the Water" block represents the water in the inductive heating boiler. Figure 10 
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below presents the simulation results with the inductor current set to 177 A and the 
frequency set to 100 kHz.  

 

 
Figure 9.  The evolution of the temperature in the inductive heating boiler workpiece 

with inductor parameters at 177 A and 100 kHz. 
 

It becomes evident that the set of parameters with the current at 177 A and the 
frequency at 100 kHz gets to the necessary temperature level in 8.3 s The preheating time 
has to be shortened, and to do that, the following simulation will be performed with the 
current at 200 A, and the frequency remains constant. The results of that simulation are 
represented in Figure 10 below. 

 

 
Figure 10. The evolution of the temperature in the inductive heating boiler workpiece 

with inductor parameters at 200A and 100kHz. 
This time, the necessary time was achieved, and the preheating process was finished 

in 7.5 s with the water temperature as high as 95 °C. 
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5. Comparative analysis of energy consumption between resistive and inductive 
heaters 
To carry out the analysis of the impact of innovations on the performance parameters 

of the coffee machine, the research will be divided into two parts as follows: 

● Determination of energy losses in the operation of resistive boilers – At this stage, 
the consumption and energy losses in the operation of the resistive heater will be analyzed, 
and all phases of the operation process of such boilers will be considered. These include pre-
heating, extraction process, and keeping the boiler at an optimal temperature during the 
waiting period for the next extraction step. 

● Energy consumption analysis for both the resistive and inductive heaters – here, 
the performance of the two types of boilers will be analyzed, given the different times of 
thermodynamic processes, which are motivated by various physical processes, on which the 
operation of the respective types of boilers is based. 

 

5.1. Determination of energy losses in the operation of resistive boilers 
The determination of energy losses in the operation of the resistive heater will be 

carried out by numerical research, and the energy consumption used to pre-heat the 
respective boiler will be analyzed. For this, SAECO's resistive boiler will be considered. The 
required active power calculated for the preheating process of this boiler, having as input 
quantities the mass of the boiler, the mass thermal capacity of the boiler material, the 
temperature gradient of that process at which the active power required to heat the water 
inside the boiler during preheating will be gathered. The Eq. (24) determines the active power 
to pre-heat the resistive boiler. 

( ) ( ) [ ]. .
. . ,

90 90
ap iboiler ap f i i saeco al f i

i ap al

m c m c
P W

θ θ θ θ⋅ ⋅ − ⋅ ⋅ −
= +

          (24) 
 

The energy losses in the operation of the resistive heater are determined with Eq. (25)  

. . 100 100 28.63%i ap al
losses

n

P
P

P
= ⋅ − = −

     (25) 

As can be seen from the above calculations, the resistive heater consumes about 29% 
more power than is required for the components subjected to heating, which proves that even 
during the lifetime of a boiler of this type, the energy consumption will be even higher. 

 

5.2. Energy consumption analysis for both the resistive and inductive heaters 
To capitalize on the impact of innovations on the performance parameters of the coffee 

machine, namely, to analyze the energy consumption in the operation process of the 
inductive boiler and compare it with the resistive boiler, a production process of a street trade 
point with an 8-hour work schedule and average productivity of 100 servings of coffee bean 
drinks will be analyzed. Considering that the basis of all coffee bean drinks is the portion of 
coffee with espresso extraction and to simplify the calculation process, these portions of 
drinks produced during a workday mentioned above will be equated to 100 servings of 
espresso. Table 2 provides input data for the performance analysis of the boilers concerned. 
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Table 2 
Input data for the analysis of boiler performance compared 

Parameter value Explanation of the parament 

. . 100 [ .]p ziN extrac=  
- Number of servings produced during a working 

day 

8 [ ]ziD h=  
- Length of the working day 

. 1090 [ ]ii iP W=  
- Power consumed by the resistive heater 

. 1900 [ ]ii iP W=  
- Power consumed by the inductive heater in the 

heating process 

. 740 [ ]ii exP W=  
- Power consumed by the inductive heater in the 

extraction process 
 

● The calculation of the total time of the extraction cycle by considering and evenly distributing 
the rest time on all extractions with Eq. (26). 

 

.
.

.
.

:

.12

:
3600 300[s]

p day
p houe

day

c pc
p hour

if
N extrN hD

then
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N

 = ≈  

= =
     (26) 

 

● Calculation of the power consumption of the appliance in which the resistive heater is used 
Figure 11 below shows the histogram of the distribution of the total energy 

consumption of the resistive heater for an extraction process, including pauses. 
 

 
Figure 11. Histogram of the distribution of the total energy consumption of the resistive 

heater for an extraction process, including pause.  
(Elaborated by the author). 

 
As can be seen from the histogram built on the experimentally collected database, in 

the first 90 seconds, the boiler preheats, after which the first extraction process takes place. 
During the break, the boiler must maintain its temperature; for these reasons, it needs to be 
periodically replenished. It was noted that in 300 s, such connections were 8. 
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o Calculation of total energy consumption for an extraction process, including pause, is done 
with Eq. (27) 

( ) [ ]. . . .
.

8
,

1000
preinc ir extr ir ment ir zi p hour

day ir

P P P D N
W Wh

+ + ⋅ ⋅ ⋅
=

          (27) 

o Calculation of the cost of electricity consumed in a month using the resistive heater, and 
the electricity price is calculated with Eq. (28). 

[ ]. . 31month ir day ir eeE W p MDL= ⋅ ⋅         (28) 

● Calculation of the energy consumption of the appliance in which the inductive heater is 
used.  

Figure 12 shows the histogram of the distribution of total energy consumption when 
operating the coffee maker using the inductive heater. 

 

 
Figure 12. Histogram of the power consumption distribution of the inductive heater 

for an extraction process including pause  
(Elaborated by the author). 

As can be seen from the histogram built on the collected database, the preheating 
process of the inductive boiler takes only 8 s with a consumption of 1900 W, and extraction 
requires a consumption of 740 W for 28 s. Due to the performance of the inductive boiler, 
during the break, it is not necessary to maintain the temperature of the boiler, and its thermal 
protection gives us the possibility to reduce the time of returning the boiler to the optimum 
temperature at the next extraction by heating it only for 2 s instead of 7.5. 

 

o Calculation of energy consumption for an extraction process, including pause using an 
inductive boiler, is done with Eq. (29). 

( ) [ ]. . . .
. ,
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=
        (29) 

o Calculation of the cost of electricity consumed in a month using the inductive heater is 
done with Eq. (30) 

[ ]. . 31month ii day ii eeE W p MDL= ⋅ ⋅       (30) 

o Comparison of electricity consumption between the two types of heaters is calculated with 
Eq. (31). 
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.
%

.

100 100% 55.48%month ii
month

month ir

EE
E− = ⋅ − = −

         (31) 
The implementation of the inductive heater at the selling points of the itinerant trade 

with coffee drinks will increase energy efficiency by over 55%, and this number will vary with 
respect to the change in workload. 

6. Discussion regarding the results
As a result of the research, a prototype of the induction heater was manufactured and

patented. Figure 13a represents the inner cylinder of the induction heater that was made 
according to the developed model, and in Figure 13b shows the assembled and polished 
workpiece with the inductor wrapped around the assembly 

a) b) 
Figure 13. The inductive heater assembly without magnetic circuit and thermal 

protection: a) inner cylinder; b) part condition after assembly and machining. 

The experiments performed with the prototyped boiler above lacked the external 
magnetic circuit components and thermal protection, which will be added to the heater as 
soon as they are manufactured. But even in this condition, performance-wise, the pre-heating 
time stays within the necessary limits of up to 8 s, which is much better than the 90 s of 
conventional, resistive heaters.  

The roughness of the water channels of the inner cylinder and the sharp edges 
between the horizontal and vertical ones play an important role in enhancing heat transfer 
by increasing the turbulent flow of the heated fluid. Therefore, the workpiece was polished 
only externally.  

Considering the total mass of the innovative heater, which consists of about 700 g of 
metal, acts as a very good heat accumulator. After adding the external thermal protection 
elements, the thermal stability of the whole assembly will increase considerably. The power 
consumption of the inductive heater during the pre-heating time is double that of the 
resistive one. Still, the increased thermal stability of the first will result in a pre-heating time 
of just 1-2 s after a production pause of 30 minutes. These peculiarities in the functioning of 
the innovative heater, together with inductive processes will result in an increased efficiency 
of up to 55% in some scenarios. 
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There is potential even for future improvements. One such improvement could be using 
the inductor tube as a part of the fluid pre-heating element by pumping it through the 
inductor. It would permit better control of the inductor temperature, but, at the same time, a 
significant challenge that should be dealt with is the current leakage from the inductor into 
the fluid. Another possibility for improvement is the usage of space inside the inductive 
heater, which could benefit some production processes in the SEM of coffee makers or other 
devices. 

 
Conclusions 

✔ The hydraulic systems of general-purpose installations, such as coffee machines, account 
for up to 97% of energy consumption in heat transfer processes in solids and liquids. 

✔ The design methodology of the inductive instant boiler was presented. 
✔ The simulation model was created in MatLab Simscape, which was used for parameter 

verification.  
✔ The innovative inductive heating boiler reaches the operating temperature in 7.5th s. 
✔ The optimal operating parameters of the heater are 200 A of current and a frequency of 

100 kHz. 
✔ The developed inductive heater increases the efficiency of coffee machines by about 29%, 

at the same time, their use in trade with coffee bean beverages as a finished product 
considering the schedule of a working day and the time required for the process of pre-
heating and maintaining the appliance at the working parameters of the boiler (working 
temperature of the boiler) eliminated ensures an increase in efficiency of over 55%. 
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Abstract. This paper is dedicated to the study of the cosmic radiation and its effects on 
electronics, as well as methods to measure it in order to aid the elaboration of the 
architecture of the satellite module with space radiation sensors for classification and real-
time analysis of cosmic radiation-induced fault patterns and state predictions the of 
electronic systems embedded in satellites. The architecture of the satellite module with an 
intelligent radiation sensor based on an FPGA device is proposed, which will include as 
radiation sensing elements arrays of various types of electronic memories (on 
semiconductors), both within the circuit and external nearby this circuit. A significant part of 
the FPGA circuit configuration consists in the development of acquisition, processing and 
communication procedures using structures with majoritz voting to exclude the influence of 
spatial radiation. 

 

Keywords: space radiation sensor, satellite module, artificial intelligence. 
 

Rezumat. Această lucrare este dedicată studiului radiației cosmice și efectelor acesteia 
asupra electronicii, precum și modalităților de măsurare a acesteia pentru a ajuta la 
dezvoltarea arhitecturii modulului satelit cu senzori de radiație spațială pentru clasificarea și 
analiza în timp real a tiparelor de defecțiuni induse de radiația cosmică și predicția stării 
sistemelor electronice încorporate în sateliți. Este propusă arhitectura modulului satelit cu 
senzorul inteligent de radiație bazat pe un circuit de tip FPGA, care va include ca elemente 
de detectare a radiației rețele de diferite tipuri de memorii electronice (pe semiconductori), 
atât în interiorul circuitului, cât și în exteriorul apropiat al acestuia. O latură semnificativă a 
configurării circuitului FPGA constă în realizarea procedurilor de achiziție, procesare și 
comunicare utilizând structuri cu vot majoritar pentru a exclude influența radiației spațiale. 

 

Cuvinte-cheie: senzor de radiație spațială, modul satelit, inteligență artificială. 
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1. Introduction 
Space radiation poses a significant threat to the electronic components of satellites in 

Earth orbit and spacecrafts on planetary missions. The particles in the cosmic space are the 
high-energy electrons, protons, alpha particles and cosmic rays. Space radiation can lead to 
disruptions and temporary malfunctions in integrated circuits, including memory 
components. While the natural space environment does not have high level dose pulses, 
electronic systems exposed to space radiation can accumulate a large sum dose of electrons and 
protons over many years [1,2]. 

The radiation effects caused by high-energy particles in space are mainly determined 
by the ionization process, in which high level energy particles generate electron and hole 
pairs (e-h) as they pass through the equipment.  

In complement to generating electron and hole (e-h) pairs, radiation can cause 
deformation damage in the atomic semiconducter lattice by breaking atomic bonds and 
forming so-called recombination centers and centers by accretion. Both damage mechanisms 
can lead to decreased electronic scattering. The X-rays and gamma rays are the main ionizing 
electromagnetic radiations. The ionizing radiation consists of light uncharged particles 
(neutrons), light charged particles (electrons, protons), alpha and beta particles and heavy 
charged particles (heavy ions) of chemical elements such as iron, bromine, krypton, xenon. 
Gamma rays and X-rays cause damage similar to that caused by light-charged particles 
because their main effect is the interaction of charge with the atomic structure of the 
material. Neutrons are uncharged and interact primarily with the atomic nuclei, causing 
damage in the atomic lattice of the material [1,3,4]. 

Therefore, the development of space radiation sensor based on artificial intelligence 
would give the possibility to more adequately assess the state of space weather and will give 
the possibility to mitigate its negative effects. 

 

2. Space Radiation Measurement Approaches 
The purpose of the research is to analyze the deviations of sensor parameters over 

time and as a function of the accumulated spatial radiation dose. It is known that the 
absorbed radiation dose refers to the amount of radiation energy delivered per unit mass of 
material. This is usually measured in rad (absorbed radiation dose) or in international units 
such as Gray or mGy (milliGray = 1/1000 Gray). 

At the current stage there are a variety of methods and means of radiation 
measurement [1], but semiconductor based detectors are preferred due to the principle of 
radiation responsiveness, mass and energy consumed. The radiation reaction occurs when a 
particle imposes energy on a semiconductor detector or semiconductor junction, resulting in 
an equal number of electrons and holes being created along the particle's path within a few 
picoseconds. The detector is designed to ensure that an electric field is present throughout 
the active volume, causing the charge carriers to experience electrostatic forces that drive 
them in opposite directions. Therefore, the movement of these electrons and holes generates 
a current that continues until the carriers are collected at the boundaries of the active volume 
of the semiconductor material. 

Taking into account the effects of radiation on semiconductors, in this paper we will 
focus on semiconductor-based sensors. 
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3. Architecture of the space radiation sensor satellite module 
The architecture of a prototype satellite module is proposed with the objectives to 

verify the value of a demonstration mission, which are of great interest both locally and 
internationally: to assess the feasibility of using a radiation sensor based on artificial 
intelligence and realized with Commercial-off-the-shelf components. At the core of this 
module is a Field Programmable Gate Arrays (FPGA) device circuit [5-9], in which several 
Single-Event Upset (SEU) detector arrays are embedded in the silicon area/surface of the 
circuit. The FPGA device will be configured with a custom design aimed at detecting SEUs 
and then clustering and classifying the patterns using an AI model. The device will be hosted 
on an auxiliary printed circuit board interfaced to the Onboard Computer’s (OBC) main board 
through a connector. The four objectives of the AI-based hardware Cosmic Radiation Sensor 
(AICoRS) system are: i) evaluating the feasibility of using an FPGA device as a cosmic radiation 
sensor, ii) measuring and classifying the cosmic radiation patterns, iii) evaluating the 
effectiveness of SEU mitigating mechanisms (e.g. triple modular redundancy (TMR), error 
correction code and iv) evaluating the feasibility of using such a modern, low-cost general-
purpose FPGA device for space applications. Based on the AMD FPGA the proposed system 
will contain: the FPGA device, voltage regulators for ensuring the required supply voltages, 
total and per voltage level current monitors for measuring the power draw, low-jitter 
oscillators for supplying clock signals,  non-volatile flash memories for storing the FPGA 
configuration files, the necessary voltage levels converters for the data signals between the 
OBC and the FPGA and ICs for control (e.g. reset, enable/disable, configuration modes). All 
these devices contribute to the power draw. The board should support in-space FPGA 
reconfigurability. More details on the composition and functioning of this core are presented 
in [10]. 
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Figure 1. The functional schema of the space radiation sensor satellite module. 

 

This core will be realized separately as a space radiation sensor with artificial 
intelligence properties. This satellite module has not only the technological demonstration 
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mission, but also the test/verification mission for training the artificial neural network. For 
this purpose, reference radiation sensors are proposed to accumulate veridical information of 
the types and intensities of spatial radiation, which will be further characterized. 

 

4. Reference Sensors External to the FPGA 
In order to propose solutions for External Sensors to the FPGA and other Reference 

Sensors a number of dosimetry methods have been considered, but we have limited ourselves 
to those based on [1-4,9,11]: 

• memory dosimetry - single events cause bit flips/changes in memory - the 
accumulated number of errors reflects the absorbed dose; 

• PIN diodes - voltage change before and during irradiation; 
• RadFET transistors - p-MOS transistor threshold voltage shift indicates irradiation. 
Memory dosimetry. After analyzing the reaction of various types of memory to 

radiation, it has been found that emerging resistance-shifting memory technologies such as 
Magnetoresistive random-access memory, Resistive random-access memory (ReRAM), 
Conductive bridging random access memory (CBRAM) and Phase-change random-access 
memory (PCRAM) (as known under typical names) are relatively insensitive to ionizing 
radiation, single event effects (SEE) and displacement damage, since there is no direct 
relation of interaction between radiation and the storage mode. But when radiation induced 
errors may arise, they are most common is the result of an interaction with the decoding unit 
or supporting peripheral circuitry. [2,9].  

Therefore, as an external SEU detection to the FPGA it is proposed nonvolatile memory 
(NVM) arrays, which are less tolerant, i.e., more sensitive to cosmic radiation. There memories 
are usually arranged in arrays that are read and written operations using orthogonal address 
lines (AL) and data lines (DL). However different array topologies are used for different 
memory device technologies. For instance, three terminal charge based devices such as 
embedded floating gate (EFG) or charge trapping memory (CTM) are applied in NAND and 
NOR flash topologies. [2-4, 9, 11]. For two-terminal resistive type memories are more often 
applied in the form of dynamic random access memory (DRAM-like) random access arrays, 
which allow separate read and write operations on discrete cells. 

The operations "write" or "program", for charge based memories, indicate the injection 
of charge into the storage element (FG or capture layer), while "erase" usually refers to the 
process of removing the charge. Usually, these terms are used to indicate reading and writing 
to NVM-type memory, which depends on the technology discussed. The operations "set" and 
"reset", in the case of resistive memory (ReRAM) or phase-change memory (PCRAM) types, are 
commonly used to indicate writing a low or high resistance state, respectively, to the memory 
cell. Endurance is the number of times data can be written to an NVM cell before it begins to 
commit errors. Due to technology, NVMs typically have a small number of endurance cycles, 
whereas SRAMs and DRAMs can effectively change the memory state an unlimited number 
of times. 

NVMs type memories are affected by cumulative exposure to cosmic radiation over 
time, including total ionizing dose (TID). The effects caused by a single transient impact of 
energetic particles, known as single event effects (SEE), are the result/impact of the memory 
exposure to cosmic radiation. 

Total ionizing dose TIDs modify the state of charge storage elements by altering the 
charge levels stored in the cell. All modern NVM technologies require CMOS control circuits, 
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which are subject to threshold voltage shifts and sub-threshold leakage paths due to TID, 
which can cause read and write circuits to malfunction. More details about TID effects in 
electronics can be found in [2-4,9,11]. 

The displacement damage is caused by charged particles interacting with the 
electronic component structure and can also constantly modify the atomic structure. In such 
a case, some of the atoms that "constitute" one bit are delocalized, which can cause 
permanent memory lock or lack of functionality. It is often characterized by the flux of 
particles per unit area of the electronic component, presented as ion/cm2 counts. In some 
cases atom delocalizations are also used to quantify deterioration. In NVMs most types of 
SEU are observed due to impact with heavy ions or high energy charged particles. Some of 
the usual events include non-permanent or soft errors known as single event errors (SEU), 
and also include single-bit errors (SBU) and multi-bit errors (MBU). One SBU event in an NVM 
memory cell refers to a change of state of a single bit due to a transient impact of a particle, 
usually due to charge accumulation, but in some cases it is possible for a charged particle to 
disturb the state of several bits in the NVM cell, in which case a MBU error occurs. 

A single-event functional interrupt appears when the functionality of the memory 
controller circuitry, such as a microcontroller controlling the sequence of read and write 
operations, is affected by the impact of these particles. Table 1 shows the effects of TID and 
SEE on memories of different NVM memory types and their tolerance to cosmic radiation. [2]. 

Memories that are sensitive to relatively low radiation doses, are affected by the direct 
interaction of ionizing radiation with the stored charge. TID can cause bit-level perturbations 
at 10-50 krad (in Si semiconductor) and is largely unaffected by scaling. As multi-level cells 
and three-level cells (which store three bits per cell) become more common in scaled devices, 
these advanced cells are increasingly vulnerable to TID- and SEU-induced errors. Single-
event disruptions easily occur in floating cells at Linear Energy Transfer (LET) values below 
10 MeV*cm²/mg. Floating-gate memory becomes more susceptible to bit perturbations with 
scaling as the stored charge for the expected state decreases. In contrast, advanced CTM-
type memory is much more resistant, capable of withstanding TID levels between 300-500 
krad (Si), with effective cross-sections for perturbation starting at a LET of approximately 20 
MeV*cm²/mg. 

Taking into account the above, the reference radiation sensors are proposed in order 
to investigate the properties of the intelligent radiation sensor. Therefore, the properties and 
characteristics of two types of reference radiation sensors (RadFET and PIN diode array) are 
presented. 

RadFET dosimetry. For a calibrated device to measure the accumulated radiation dose 
it was decided to use RadFET as the radiation dose sensing element. The most important 
advantages of RadFET-based dosimetry are [12,13]: 

• sensor power can be completely switched off during irradiation (no power 
consumption and increased reliability); integrated measurement (particularly 
important for small doses); 

• on-line, non-destructive reading and small size, on the other hand it has important 
drawbacks: low sensitivity at low radiation doses - requires sophisticated 
measurement setup and requires temperature compensation. 

As a result of analyzing various satellite missions, we decided to take as a basis a sensor based 
on the RADFet effect, which can be read with time interval between readings can range from seconds 
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to some days. The RadFET sensor (Reader Circuit - RC) designed circuit to read radiation value is 
presented in Figure 2. 

 

 

Figure 2. RadFET current measurement principle dependent on accumulated radiation 
dose [12,13]. 

 

The accumulated radiation dose is reflected by the readout current (RC_I) from the 
RADFET. But the current is measured indirectly, by measuring the source voltage (RC_V) - this 
voltage is called the "RC threshold voltage". For each RadFET element, there is the individual 
current-voltage (I-V) curve for the un-irradiated device, shown in Figure 3. In the given case 
the RC_I value was set above 10 μA for best temperature compensation. 

 

  
a) b) 

Figure 3. RadFET characteristics: a) Pre-irradiation (I-V) curve measured at temperature 
15 °C, b) curve of calibration during irradiation at normal temperature with gamma  

(Co-60) radiation source, dose rate ~50 Gy/h (5 krad/h) [12,13]. 
 

PIN-type diodes dosimetry. A positive-intrinsic-negative (PIN) diode has three layers, 
including an intrinsic layer sandwiched between the N- and P-type semiconductor crystal 
layers, with the specificity that the N-type layer is created when a pentavalent impurity is 
coated in the semiconductor region. In the P-type layer, a trivalent impurity is formed in the 
semiconductor region. The intermediate layer, called intrinsic, comprises an undoped 
semiconductor. The highly resistive intrinsic layer is positioned between the P and N regions 
and this intrinsic layer generates a strong electric field due to the movement of electrons and 
holes, causing the electric field to be directed from the N region to the P region. The strong 
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electric field allows the diode to respond to small signals. The operation of a PIN diode is 
determined by the structure of its three-layer semiconductor structure, which consists of a p-
type layer, an intrinsic (undoped or lightly doped) layer, and an n-type (negative) layer. The 
intrinsic layer, which is crucial for its function, behaves as a variable resistor when a voltage 
is applied. Radiation affects the PIN diode by generating uniformly distributed electron-hole 
(e-h) pairs within the diode. At high dose rates, the separation of these charges reduces the 
internal electric field and results in prolonged storage of excess carriers [1]. 

After analyzing the characteristics of PIN-diode sensors, the AL53 was chosen due to 
its solid state sensor performance and ultra low power requirements, making it an ideal 
option for both cutting-edge designs and retrofitting existing systems [14]. This AL53 
radiation sensor features a custom designed PIN diode and to prevent sensitivity to light is 
coated with a thin aluminum film. The sensor diagram includes an integrated pulse 
discriminator with a temperature compensating threshold level, providing a TTL level output 
signal (Figure 4a). The AL53 radiation sensor is capable of detecting alpha and beta particles, 
as well as gamma rays. 

 

  
a) b) 

Figure 4. AL53 PIN-diode [14]: a) Functional block diagram; b) curve of calibration 
during irradiation at normal at dH*(10)/dt - radiation dose rate for Cs-137 and Co-60 

(mSv/h). 
 

It should be noted an important side of these radiation sensors (RADFet and PIN-
Diode) is that the former measures the cumulative dose, and the latter measures the current 
value of space radiation. These data we believe will be very useful for training of Artificial 
Neural Network. 

 

Preliminary results 
A preliminary FPGA design aimed at detecting SEUs and targeted at the AMD (Xilinx) 

UltraScale+ AU25P device is presented in [10]. It employs 100 blocks of SRAM (BRAMs) with 
a capacity of 36 Kb each, populated with a deterministic pattern of 1s and 0s that act as SEU 
detectors. Each such detector once triggered scans its memory content and can report and 
correct the encountered errors. The correct operation of the logic is insured by the TMR for 
all flip-flops (FFs) with separate replicas of the clock signal. The targeted AMD FPGA device 
was chosen based on its relatively low cost, available resources relative to the size and the 
implementation technology (i.e. the newest/smallest process for an FPGA-only AMD device – 
16 nm). In [10] the design was analyzed regarding power consumption and real-time SEU 
detection capabilities. It was determined that a high clock signal frequency is unnecessary.  

In the current work we analyze the same design but implemented on several other 
similar (in terms of resources, package footprint size and price) AMD FPGAs including one 
from the previous generation (using a 28 nm process) that is cheaper than the one used in 
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[10] while having comparable resources. The resources, package footprint size, resources and 
price for 10 devices are detailed in Table 2. The Look-Up Tables (LUTs) are all 6-bit, Ultra 
RAMs (URAMs) are block of SRAM 4K × 72 bits each (i.e. 288 Kb = 8 times larger than one 
BRAM) while each Digital Signal Processing (DSP) slice has a dedicated 25×18 bit two's 
complement multiplier and a 48-bit accumulator. The older XC7A200T device is potentially 
the most compact (i.e. 19×19 mm), and contains 65 more BRAMs than the AU25P device used 
in [10] while containing slightly less FFs and LUTs. However, it has significantly less DSPs 
that can be employed for the AI model. 

Table 2 
Comparative analysis of similar AMD FPGAs (in terms of resources, 

package footprint size and price) 

Family Device Size FFs LUTs BRAMs URAM DSPs 
Approx. 

Price (x10) 

Artix-7 XC7A200T 
19×19 
23×23 
27×27 

269200 134600 365 0 740 $3900 

Artix 
UltraScale+ 

AU20P 23×23 218000 109000 200 0 900 $5900 

Artix 
UltraScale+ AU25P 23×23 282000 141000 300 0 1200 $7000 

Kintex 
UltraScale+ KU3P 23×23 325440 162720 360 48 1368 $22900 

Kintex 
UltraScale+ KU5P 23×23 433920 216960 480 64 1824 $31000 

 

Like in [10] we targeted 3 frequencies for the clock signals: 10, 50 and 100 MHz. The 
static, dynamic and total (i.e. static plus dynamic) power consumptions are listed in Figures 
5, 6 and 7, respectively. Even though the same tool is used (i.e. AMD Vivado 2024.1) with the 

 
Figure 5. The static power consumptions for the five considered AMD FPGAs. 
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same constraints, design and settings, the much lower static power draw of the older 
XC7A200T device makes it the most energy-efficient device from the selected ones. This 
trend remains when estimating the power consumption using the signals toggling rates 
extracted from simulations. 

 

 
Figure 6. The dynamic power consumptions for the five considered AMD FPGAs. 

 

 
Figure 7. The total power consumptions for the five considered AMD FPGAs. 

 

In this preliminary analysis for choosing the FPGA device we also consider the 
sensibility of the device to nuclear radiation. In [15] the determined BRAM cross-sections for 
the Artix-7 and the UltraScale+ FPGA families are 6.32×10-15 cm2/bit and 9.82×10-16 cm2/bit. 
These amounts are determined from LANSCE (Los Alamos Neutron Science Center) beam 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

100MHz 50MHz 10MHz

D
yn

am
ic

 p
ow

er
 (W

)

Frequency (Hz) 

XCAU20P XCAU25P XCKU3P XCKU5P XC7A200T

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

100MHz 50MHz 10MHz

To
ta

l p
ow

er
 (W

)

Frequency (Hz) 

XCAU20P XCAU25P XCKU3P XCKU5P XC7A200T



82 N. Secrieru, V. Cărbune, T. Zadorojneac, V. Melnic, A. Bertescu, M. Ivanovici, Ș. Popa, A. Kazak

Journal of Engineering Science December, 2024, Vol. XXXI (4)

testing. The older XC7A200T device is one order of magniture more susceptiple to nuclear 
radiation compared to the UltraScale+ devices which is advantageous in our case.  

Considering all these characteristics, the AMD Artix-7 XC7A200T FPGA device was 
selected, which is the most energy efficient among the selected ones, and this trend is 
maintained when estimating the power consumption using the switching rates of the signals 
extracted from the simulations with back-to-back scanning (see Figures 5, 6 and 7). 

Conclusion 
In this paper, a study of the types of cosmic radiation and its effects on electronic 

circuits has been carried out. Particular attention has been paid to the methods of measuring 
cosmic radiation in order to design a smart sensor. The architecture of the satellite module 
with the smart radiation sensor based on an FPGA circuits was proposed, which includes 
radiation sensing elements, arrays of different types of electronic memories (on 
semiconductors), both inside and outside the circuit, which wll classify and analyze in real 
time the fault patterns induced by cosmic radiation and predict the state of the electronic 
systems embedded in satellites.  

In order to exclude the influence of space radiation on the FPGA core it is proposed to 
realize acquisition, processing and communication procedures using TMR. The FPGA device 
was selected, which is the most energy efficient from the considered ones energy efficient 
The FPGA device was selected based on its estimated power draw, avaible resources, total 
cross section to maximize its susceptibly to radiation and price. 
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Abstract. This paper focuses on the analysis and evaluation of voice commands for controlling 
mechatronic systems in exceptional situations. It highlights the role and benefits of 
mechatronic devices in modern society, emphasizing their use across various fields, from 
industrial process automation and infrastructure to consumer electronics and energy. 
Significant benefits of these devices, such as comfort, efficiency, and technological 
innovation, are outlined, along with the risks associated with their use, including short 
circuits and electro-mechanical failures. The research is directed towards integrating voice 
emotion recognition technologies into the control systems of household appliances to handle 
exceptional situations. Emotion recognition from speech, based on artificial intelligence and 
voice signal processing, is described as an interdisciplinary approach that combines audio 
processing, voice feature extraction, and machine learning. The objectives include 
developing effective techniques and methods to classify emotions and ensure the safe 
operation of devices. Research results show the potential of these techniques and 
technologies to transform interactions with mechatronic systems, offering innovative 
solutions for enhancing performance and reducing the risks associated with complex 
activities. The study opens new directions for integrating artificial intelligence into 
production processes and creating safer, more intuitive working environments.  

 

Keywords: industrial processes, robotic systems, human-machine interaction, natural language 
processing, voice recognition, emotional voice control, exceptional situations, neural 
network, emergency intervention. 

 

Rezumat. Lucrarea este axată pe analiza și evaluarea comenzilor vocale pentru controlul 
sistemelor mecatronice în situații excepționale. Sunt subliniate rolul și beneficiile 
dispozitivelor mecatronice în societatea modernă, subliniind utilizarea acestora în diverse 
domenii, de la automatizarea proceselor industriale și infrastructură până la electronica de 
consum și energetică. S-au scos în evidență beneficiile semnificative ale acestor dispozitive, 
precum confortul, eficiența și inovația tehnologică, dar și riscurile asociate exploatării lor, 
inclusiv scurtcircuitele și defectele electro-mecanice. Cercetările sunt orientate pe integrarea 
tehnologiilor de recunoaștere a emoțiilor vocale în sistemele de control ale dispozitivelor 
electrocasnice pentru a gestiona situațiile excepționale. Recunoașterea emoțiilor din vorbire, 
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bazată pe inteligență artificială și prelucrarea semnalelor vocale, este descrisă ca o abordare 
interdisciplinară care combină procesarea audio, extragerea de caracteristici vocale și 
învățarea automată. Obiectivele includ dezvoltarea unor tehnici și metode eficiente care să 
clasifice emoțiile și să asigure funcționarea dispozitivelor în regimuri sigure. Rezultatele 
cercetării arată potențialul acestor tehnici și tehnologii de a transforma interacțiunea cu 
sistemele mecatronice, oferind soluții inovatoare pentru îmbunătățirea performanței și 
reducerea riscurilor asociate activităților complexe. Studiul deschide noi direcții pentru 
integrarea inteligenței artificiale în procesele de producție și pentru crearea unor medii de 
lucru mai sigure și mai intuitive. 

 
Cuvinte-cheie: proces industrial, sistem robotic, interacțiune om-mașină, procesarea limbajului 

natural, recunoașterea vorbirii, control emoțional vocal, situații excepționale, rețea 
neuronală, intervenții de urgență. 

 

1. Introduction 
Modern society cannot be imagined without the presence of various electro-

mechanical devices, which serve to automate different fields of human activities. These 
devices are found everywhere: in systems for the automation of technological, industrial, and 
robotic processes [1]; in transportation and infrastructure to ensure the functionality of 
vehicles and transport systems [2]; in medical equipment to provide precise and efficient 
diagnosis and treatment [3]; in consumer electronics represented by household appliances 
[4]; in energy and environmental sectors, where they are used for the production and 
distribution of energy, as well as in environmental protection equipment [5], and so on. 

Household appliances (such as electric and gas stoves, coffee makers, vacuum 
cleaners, blenders, irons, water heaters, etc.) play a particularly significant role in modern 
society, as they are omnipresent in their operation and bring a range of benefits and 
conveniences. These devices use electrical and mechanical technology to perform various 
household functions, transforming people’s lifestyles into one of maximum comfort and 
efficiency. Some of the most important benefits offered by these appliances include comfort 
and efficiency, time and energy savings, connectivity and automation, diversity, and 
innovation. Through continuous innovation and technological development, these devices 
have secured a dominant place in modern society [6]. 

Alongside the benefits brought by household appliances, these devices can also pose 
certain risks to human life and health, such as fires and short circuits, electric shocks, 
explosions, mechanical failures, etc. All of these risks can be prevented by following proper 
usage and maintenance guidelines. However, during the operation of household appliances, 
exceptional situations may arise in which these devices can negatively impact health or 
present a risk to human life [6, 7]. In such cases, it is essential to have mechanisms in place 
to intervene in their operation by stopping or switching them to a maximum safety mode. 

It is evident that emerging situations trigger an immediate response in the human 
body through emotions, including vocal emotions, which can be identified and used for 
emergency interventions in the functionality of household appliances. Emotions play a 
significant role in the communication process. They influence voice tone, speech rate, 
intonation, and other aspects of verbal expression. Tone and intonation can convey emotions 
such as happiness and joy, as well as fear, anxiety, or sadness. Negative emotions can also 
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impact the rhythm and speed of word pronunciation, making speech unclear or difficult to 
identify [8].  

Speech emotion processing and recognition [9–12] is an interdisciplinary field of 
research focused on identifying and interpreting the feelings and emotional states expressed 
in a person’s vocal discourse. In the first stage, the vocal signal is processed to eliminate 
noise and extract relevant features. This process may include signal filtering, sound level 
normalization, and segmenting the speech into analysis intervals. In the second step, vocal 
signal features are extracted to capture emotion-related information, including fundamental 
frequency, intensity, rhythm, pitch, pauses, and other aspects of voice modulation. In the third 
step, the extracted features are used to build emotion recognition models, which can be 
based on machine learning techniques such as neural networks, support vector machines, or 
supervised learning algorithms. These models are trained on a dataset labeled with emotions 
to learn the characteristic patterns of various emotional states. In the fourth step, the emotion 
recognition models are evaluated using separate datasets and adjusted according to their 
performance. This evaluation and adjustment process may involve optimizing model 
parameters or applying performance enhancement techniques, such as adding supplementary 
features or using natural language processing techniques [13,14]. 

Speech emotion processing and recognition is a rapidly evolving field of research that 
involves a wide range of techniques, technologies, and methods to identify and interpret 
emotions expressed in human vocal discourse. These technologies have the potential to 
significantly enhance human-machine interaction and contribute to the development of more 
responsive and intuitive systems. Speech emotion recognition has a wide array of practical 
applications in fields such as voice-assisted technology, speech recognition technology, 
discourse analysis, mental health, and human-machine interaction [15,16]. 

This paper presents the results of research conducted in the design of control systems 
for electro-mechanical devices based on vocal emotions in emergency situations. The 
research objectives are focused on: developing a mechanism for identifying and analyzing 
vocal emotions that will highlight vocal characteristics according to emotional state in 
emergency situations; developing a model and algorithm for emotion recognition and 
classification in emergency contexts, based on vocal signal processing and artificial 
intelligence; integrating emotions into the control systems of household electro-mechanical 
devices; selecting and justifying keywords expressed in exceptional situations; and 
evaluating and validating the results.  

 

2. Statement of the Research Problem 
The objectives of the conducted research are aimed at identifying technical and 

technological solutions that will enable the integration, identification, interpretation, and 
utilization of vocal emotions in the control process of electro-mechanical devices, particularly 
household appliances, in exceptional or emergency situations to enhance their effectiveness 
and safety. By identifying and interpreting emotions expressed in the user’s vocal discourse, 
the devices are programmed to respond appropriately to manage crisis situations or prevent 
potential risks. Thus, an innovative approach is proposed to improve the performance and 
safety of electro-mechanical devices, enhancing their functionality and response in 
emergency situations, critical conditions, or under stress.  

In line with the defined objectives, the focus of this work is the development of 
advanced vocal emotion recognition technology and its integration into the control systems 
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of electro-mechanical devices, particularly ubiquitous household appliances, with the aim of 
enabling more intuitive and efficient interactions between the user and the device. 

 

3. Synthesis Functional Diagram of the Control System 
The functional diagram for controlling electro-mechanical devices in exceptional 

situations based on vocal emotions is presented in Figure 1. The functional diagram includes 
the following components: 

User – the person using the electro-mechanical system, who in normal operation can 
engage in discussions without emotions, but in emergency situations pronounces specific 
words related to the exceptional situation that will trigger the device to switch to a 
heightened safety mode. MK – microphone for perceiving sound waves and converting them 
into electrical signals. AM – amplifier of the electrical signals. Filter – a filter to exclude noise 
from the electrical signals caused by sounds generated by the user. ADC – Analog-to-Digital 
Converter synchronized with the frequency of the sound waves generated by the user. ANN – 
Artificial Neural Network adjusted to identify words and vocal emotions, generating control 
signals for the operational mode of the electro-mechanical device. EMD – Electro-mechanical 
device equipped with a safety system based on vocal emotions. 

This diagram highlights the integrated flow of components that work together to 
analyze vocal emotions and adjust the device’s operation accordingly to ensure safety in 
critical situations. 

 

 
Figure 1. The functional diagram of the emotional voice control system. 

 

4. Analysis and Evaluation of Words Pronounced by Humans in Exceptional Situations 
Emotions in speech are pivotal in human communication, significantly shaping how 

messages are conveyed and understood. They add depth and context to words, influencing 
their interpretation by the receiver, whether it’s another human, a machine, or an AI-powered 
robot. Emotions enrich spoken language, offering nuanced meanings and facilitating more 
effective interactions. By studying how emotions are expressed, perceived, and interpreted in 
speech, several critical scenarios and implications can be identified for enhancing human-to-
human and human-machine communication:  

The tone of voice can convey a range of emotions, such as joy, anger, fear, or dread, 
significantly impacting how the message is received. The speaker's emotional state 
influences the listener's perception and interpretation of the message, adding layers of 
meaning beyond the words themselves. 

A message delivered with enthusiasm, happiness, or joy can elicit a positive response, 
whereas one expressed with sadness or disappointment is more likely to evoke feelings of 
compassion and empathy. 

A tone that is aggressive or defensive can strain relationships, whereas a supportive 
tone has the potential to deepen emotional bonds and foster stronger connections. 

Speech infused with emotions can be a powerful tool to influence or persuade the 
recipient’s decision-making process. 

Filter

MK

AMUser

EMDANN
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• In human interactions, emotions conveyed through speech enrich communication by 
adding depth and nuance, enabling a more precise understanding and interpretation. 
This dynamic can also extend to interactions between humans and machines, as well 
as machines and humans. 
The studies referenced in sources [17-22] explore the expression of emotional words 

by humans in exceptional circumstances. These emotions are categorized into various types, 
including joy, sadness, fear, suffering, panic, anger, frustration, admiration, or astonishment. 
In scenarios of human-machine communication during exceptional situations, emotional 
words typically associated with fear, suffering, or panic are especially identifiable. 

Assessing emotional words spoken by individuals in exceptional circumstances is a 
nuanced and subjective endeavor. However, various methods can be employed to better 
understand and interpret their emotional resonance across different contexts. These methods 
include [23]: Lexical Analysis, Vocal Tone Analysis, Intuition and Empathy, Context Analysis. 

To identify the key words pronounced by humans in various exceptional situations, a 
survey was conducted with multiple-choice selection, involving a sample of over 150 
participants. For evaluation, emotional situations were simulated: ”Spaimă” (Fear), ”Suferință” 
(Suffering), ”Furie” (Anger), ”Frică” (Terror), ”Alarmă” (Alarm) and ”Surpriză” (Surprise). Words 
were proposed for evaluation that had a higher probability of being pronounced in various 
exceptional situations: ”Start”, ”Stop”, ”Ajutor”, ”A-a-u-u-u”, ”Help” and ”SOS”. The results of the 
survey are presented in Table 1. 

 

Table 1 
The results of human-pronounced keyword evaluation in exceptional situations 
  Start Stop Ajutor A-a-u-u-u Help SOS Total %, max.* 

Spaimă 17 49 48 25 29 20 188 26.06 
Suferintă 12 30 30 71 31 9 183 38.80 

Furie 20 89 15 17 12 9 162 54.94 
Frică 12 33 57 20 35 24 181 31.49 

Alarmă 35 52 23 11 22 38 181 28.73 
Surpriză 84 15 9 42 4 7 161 52.17 

Total 180 268 182 186 133 107     
%, max.* 46.67 33.21 31.32 38.17 26.32 35.51     

Note: % max. -  maximum value obtained as a result of the survey. 
  
Thus, based on the analysis of the survey results, we can conclude that:  

• The word ”Start” it is pronounced 84 times in emotional situations of ”Surpriză”, which 
constitutes 46.67%. 

• The word ”Stop” it is pronounced 89 times in emotional situations of ”Furie”, which 
accounts for 33.21%, and 52 times in emotional situations of “Alarmă”, which accounts 
for 19.40%, and 49 times in emotional situations of “Spaimă”, which accounts for 
18.28%. 

• The word “Ajutor” is pronounced 57 times in emotional situations of “Frică”, which 
constitutes 31.32%, and 48 times in emotional situations of “Spaimă”, which 
constitutes 26.37%. 

• The word “A-a-u-u-u” is pronounced 71 times in emotional situations of “Suferință”, 
which constitutes 38.17%, and 42 times in emotional situations of “Surpriza”, which 
constitutes 22.58%. 
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• The word “Help” is pronounced 35 times in emotional situations of  “Frică”, which 
constitutes 26.32%, and 31 times in emotional situations of “Suferință”, which 
constitutes 23.30%.  

• The word “SOS” is pronounced 38 times in emotional situations of “Alarmă”, which 
constitutes 35.51%, and 24 times in emotional situations of “Frică”, which constitutes 
22.43%. 

• In an emotional state of “Spaimă”, the word “Stop” is pronounced 49 times, which 
constitutes 26.06%. 

• In an emotional state of “Suferință”, the word “A-a-u-u-u” is pronounced 71 times, 
which constitutes 38.80%. 

• In an emotional state of “Furie”, the word “Stop” is pronounced 89 times, which 
constitutes 54.94%. 

• In an emotional state of “Frică”, the word “Ajutor” is pronounced 57 times, which 
constitutes 31.49%. 

• In an emotional state of “Alarmă”, the word “Stop” is pronounced 52 times, which 
constitutes 28.73%. 

• In an emotional state of “Surpriză”, the word “Start” is pronounced 84 times, which 
constitutes 52.17%. 
As a result of the survey analysis, it can be concluded that to intervene in exceptional 

situations during the operation of an electro-mechanical system, the key words „Stop” and 
„Ajutor” specific to the Romanian language can be used. 

 

5. Spectral Analysis of Waveform (Sound) of the Selected Keywords 
For the spectral analysis of the selected key words for commands with mechatronic 

systems in exceptional situations, a software product was developed in Python using the 
TensorFlow and Keras libraries. 

Spectral analysis of sound is the process of decomposing the sound signal, generated 
by a human, into its frequency components. It is performed to visualize and analyze the 
frequency and intensity spectrum of the signal. This analysis allows distinguishing between 
sounds generated by the human in normal and emotional states, thereby enabling the 
identification of the operator's emotional state. 

The spectral analysis algorithm involves the following steps: 
Capturing the sound signal, which involves acquiring the sound using a microphone 

(see Figure 1). 
The transformation of the signal into the frequency domain. The sound signal is passed 

through a transformation algorithm, such as the Fourier Transform, which decomposes it into 
sinusoidal components at different frequencies. 

Visualization of the spectrum. The frequency and intensity spectrum is visualized in 
the form of a spectrogram. This is a graph that shows the intensity of the signal as a function 
of frequency and time. 

Spectrum analysis. The spectrum is analyzed to identify the signal's characteristics, 
such as the fundamental frequency (pitch), harmonics, and vocal formants. 

Interpretation of the results. The results of the spectral analysis are interpreted to gain 
a deeper understanding of the signal and its acoustic characteristics. This may involve 
identifying patterns or anomalies in the spectrum and evaluating their impact on the signal, 
ultimately identifying the emotional state of the individual. 
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Therefore, spectral analysis of sound allows for the understanding of the 
characteristics of the audio signal and the evaluation of its impact in various contexts, 
providing an effective way to investigate and interpret the information present in sound 
signals. 

In Figure 2, the results of processing and analyzing the sound generated for the word 
“Ajutor” in a neutral (non-emotional) state are presented: a) Waveform of the original Sound; 
b) Waveform after processing with Librosa library from Python; c) spectrogram Frequency-
Amplitude; d) Log-Mel Spectrogram Time-Power-Frequency. 

 

 
a) b) 

 
c) d) 

Figure 2. The results of processing and analyzing the sound generated for the word 
“Ajutor”: a) Waveform of the original Sound; b) Waveform after processing with Librosa 

library from Python; c) spectrogram Frequency-Amplitude; d) Log-Mel Spectrogram Time-
Power-Frequency. 

 

In Figure 3, the results of processing and analyzing the sound generated for the word 
“Ajutor” in an emotional state of fear are presented: a) Waveform of the original Sound; b) 
Waveform after processing with Librosa library from Python; c) spectrogram Frequency-
Amplitude; d) Log-Mel Spectrogram Time-Power-Frequency. 

The comparative analysis of the diagrams shows a significant difference between the 
normal and emotional states of the human when pronouncing the word "Ajutor", thus 
allowing the identification of the emotional state, which will lead to initiating the procedure 
for switching the mechatronic system to a maximum safety mode. 

 

Waveform of the original sound
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Figure 3. The results of processing and analyzing the sound generated for the word 
“Ajutor” in an emotional state of fear: a) Waveform of the original Sound; b) Waveform 

after processing with Librosa library from Python; c) spectrogram Frequency-Amplitude; 
d) Log-Mel Spectrogram Time-Power-Frequency. 

 

In Figure 4, the results of processing and analyzing the sound generated for the word 
"Stop" in a neutral (non-emotional) state are presented): a) Waveform of the original Sound; 
b) Waveform after processing with Librosa library from Python; c) spectrogram Frequency-
Amplitude; d) Log-Mel Spectrogram Time-Power-Frequency. 

 

 
a) b) 

    

      

  
Waveform of the original sound Waveform after processing with Librosa library (Python)
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Figure 4. The results of processing and analyzing the sound generated for the word 
"Stop": ): a) Waveform of the original Sound; b) Waveform after processing with Librosa 

library from Python; c) spectrogram Frequency-Amplitude; 
d) Log-Mel Spectrogram Time-Power-Frequency. 

 

In Figure 5, the results of processing and analyzing the sound generated for the word 
“Stop” in an emotional state of fear are presented: a) Waveform of the original Sound; b) 
Waveform after processing with Librosa library from Python; c) spectrogram Frequency-
Amplitude; d) Log-Mel Spectrogram Time-Power-Frequency. 

 

 
a) b) 

 
c) d) 

Figure 5. The results of processing and analyzing the sound generated for the word “Stop” 
in an emotional state of fear: a) Waveform of the original Sound; b) Waveform after 
processing with Librosa library from Python; c) spectrogram Frequency-Amplitude; 

d) Log-Mel Spectrogram Time-Power-Frequency. 
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The comparative analysis of the diagrams in Figure 4 and Figure 5 shows a significant 
difference between the normal state and the emotional state of the human when pronouncing 
the word “Stop”, thus offering the possibility to identify the emotional state that will trigger 
the procedure to transition the mechatronic system into a maximum safety mode or stop its 
operation. 

 

6. Conclusions 
This paper addresses a current interdisciplinary topic focused on the integration of 

voice emotion recognition technologies into the control systems of mechatronic devices, 
particularly household appliances. In the context of a society increasingly dependent on 
technology, the proposed approach aims to enhance safety, efficiency, and human-machine 
interaction by using emotions as a significant input in exceptional situations. 

The defined objectives of the research highlight the relevance and potential of 
implementing these techniques and technologies across various fields, from household 
mechatronic systems to more complex industrial robotic systems. The identification and use 
of vocal emotions in device control meet the emerging needs for safety and personalization 
in the use of household appliances. The importance of advanced artificial intelligence 
algorithms and neural networks for emotion recognition, optimizing human-device 
interaction, and reducing risks in critical situations is emphasized. 

Integrating voice emotion recognition techniques and technologies into mechatronic 
devices can redefine safety and comfort standards, with significant implications for their 
design and use in the near future. The study thus contributes to technological progress and 
the development of innovative solutions, tailored to a constantly evolving modern society. 

For the future, research is planned for the design and implementation of speech 
emotion processing and identification models using reconfigurable Field-Programmable Gate 
Array (FPGA) devices, which will significantly reduce costs and system complexity, facilitating 
widespread adoption. 
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Abstract. System dynamics is a robust methodology for understanding the behavior of 
complex systems over time. By employing feedback loops, stocks, flows, and time delays, this 
approach provides a comprehensive framework for simulating and analyzing dynamic 
systems. The application of system dynamics to the human circulatory system presents 
numerous possibilities, benefits, and practical applications that can significantly enhance our 
understanding and management of cardiovascular health. This article details experimental 
results from modeling myocardial infarction conditions using a six-compartment model 
developed in the NetLogo integrated development environment, incorporating 
BehaviorSpace for extensive simulations. For result analysis, specialized packages in R, 
Python, and Wolfram Mathematica were utilized to ensure rigorous data interpretation. The 
results demonstrate promising fidelity when compared to existing literature and real-time 
patient data, indicating the model's potential for clinical applications. By illustrating the 
interactions within the circulatory system, this research not only contributes to theoretical 
knowledge but also offers practical insights into disease management and intervention 
strategies, paving the way for improved cardiovascular health outcomes. 

 

Keywords: system dynamics modeling; circulatory system; myocardial infarction; integrated 
development environment. 

 

Rezumat: Dinamica sistemului este o metodologie robustă pentru înțelegerea 
comportamentului sistemelor complexe în timp. Utilizând bucle de feedback, stocuri, fluxuri 
și întârzieri, această abordare oferă un cadru cuprinzător pentru simularea și analiza 
sistemelor dinamice. Aplicarea dinamicii sistemului la sistemul circulator uman prezintă 
numeroase posibilități, beneficii și aplicații practice care ne pot îmbunătăți în mod 
semnificativ înțelegerea și gestionarea sănătății cardiovasculare. Acest articol detaliază 
rezultatele experimentale din modelarea condițiilor de infarct miocardic folosind un model 
cu șase compartimente dezvoltat în mediul de dezvoltare integrat NetLogo, încorporând 
BehaviorSpace pentru simulări extinse. Pentru analiza rezultatelor, au fost utilizate pachete 
specializate în R, Python și Wolfram Mathematica pentru a asigura o interpretare riguroasă 
a datelor. Rezultatele demonstrează o fidelitate promițătoare în comparație cu literatura 
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existentă și cu datele în timp real ale pacientului, indicând potențialul modelului pentru 
aplicații clinice. Prin ilustrarea interacțiunilor din cadrul sistemului circulator, această 
cercetare nu numai că contribuie la cunoștințe teoretice, ci oferă și perspective practice 
asupra managementului bolii și strategiilor de intervenție, deschizând calea pentru 
îmbunătățirea rezultatelor sănătății cardiovasculare. 

 

Cuvinte cheie: modelarea dinamicii sistemului; sistemul circulator; infarct miocardic; mediu de  
dezvoltare integrat.  

 

1. Introduction 
 The human circulatory system is a complex network of interacting components, 
including the heart, blood vessels, and blood, responsible for maintaining physiological 
homeostasis [1]. Understanding its dynamics is crucial for diagnosing and treating 
cardiovascular diseases, which remain the leading causes of morbidity and mortality 
worldwide [2]. Traditional approaches to studying the circulatory system often rely on static 
models that fail to capture the intricate feedback loops and time-dependent interactions 
inherent in human physiology. In response to these limitations, researchers have increasingly 
turned to system dynamics modeling (SDM), a powerful method for simulating complex 
systems over time [3,4]. 

System dynamics offers a comprehensive framework for analyzing the circulatory 
system by utilizing stocks, flows, and feedback loops to represent physiological processes. 
This approach allows for exploring various scenarios, such as the impact of lifestyle changes, 
medication, or surgical interventions on cardiovascular health. Recent advances in computing 
power and data acquisition technologies, such as wearable devices and high-resolution 
imaging, have further enhanced the potential of system dynamics models. These innovations 
enable real-time data integration, allowing for continuous validation and refinement of 
models, thereby improving their accuracy and practical applicability. 

A particularly promising development in this field is the emergence of personalized 
models [5]. By incorporating patient-specific data, these models account for individual 
variability in anatomy, physiology, and risk factors, offering tailored insights into disease 
progression and treatment outcomes. For instance, patient-specific hemodynamic models can 
simulate blood flow dynamics using patient data, providing valuable information for surgical 
planning and risk assessment. Similarly, personalized models of cardiac function can predict 
responses to therapies, aiding in managing conditions such as heart failure and hypertension. 

Moreover, integrating machine learning techniques with system dynamics modeling 
has opened new avenues for enhancing predictive capabilities. By learning from vast datasets, 
these hybrid models can identify patterns and refine simulations, leading to more precise 
predictions of cardiovascular events. This synergy between system dynamics and machine 
learning represents a significant leap toward the realization of personalized medicine in 
cardiovascular care. 

In this article, we explore the current status and recent advances in system dynamics 
modeling of the circulatory system, focusing on personalized approaches. The paper 
discusses the methodologies employed, the challenges encountered, and the transformative 
potential these models hold for improving patient outcomes and advancing cardiovascular 
research.  

 
 



 Exploring the human circulatory system through system dynamics: a model-based approach 97 

Journal of Engineering Science  December, 2024, Vol. XXXI (4) 

2. Materials and Methods 
The NetLogo integrated development environment (IDE) [6] is used for system 

dynamics modeling. Data analysis is performed using specialized packages [7-10] in R 
programming language [11], Python [12], and, to a lesser extent, Wolfram Mathematica [13].  

3. Aspects Important for System Dynamics Modeling of the Circulatory System 
3.1. Basic components and mathematical aspects behind SDM 

A. Basic Components 
1. Stocks and Flows 

• Stocks represent accumulations (e.g., blood volume). 
• Flows are rates of change affecting stocks (e.g., blood flow rate). 

2. Feedback Loops 
• Positive Feedback: Enhances changes (e.g., increased heart rate). 
• Negative Feedback: Stabilizes the system (e.g., blood pressure regulation). 

 

B. Main Mathematical Equations 
a. Stock and Flow Equations 

• Change in Blood Volume (V) 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑄𝑄𝑖𝑖𝑖𝑖 −  𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜,                                   (1) 

where 𝑄𝑄𝑖𝑖𝑖𝑖 is the rate of blood entering the system and 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 is the rate of blood leaving 
the system. 

• Cardiac Output (CO) 
 

𝐶𝐶𝐶𝐶 = 𝐻𝐻𝐻𝐻 × 𝑆𝑆𝑆𝑆,                                   (2) 
 

where 𝐻𝐻𝐻𝐻 is the heart rate (beats/minute), and 𝑆𝑆𝑆𝑆 is the stroke volume (mL). 
 

b. Feedback Loop Equations 
• Blood Pressure (BP) Regulation 

 

𝐵𝐵𝐵𝐵 = 𝑇𝑇𝑇𝑇𝑇𝑇 × 𝐶𝐶𝐶𝐶,                            (3) 
 

where 𝑇𝑇𝑇𝑇𝑇𝑇 denotes total peripheral vascular resistance (mmHg∙s/mL), and 𝐶𝐶𝐶𝐶 is 
cardiac output (L/min).  

• Baroreceptor Reflex: Adjusts heart rate and vessel diameter in response to changes in 
blood pressure, modeled by: 

 

𝐻𝐻𝐻𝐻 = 𝑓𝑓(𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −  𝐵𝐵𝐵𝐵),                          (4) 
 

where 𝐻𝐻𝐻𝐻 denotes heart rate, 𝐵𝐵𝐵𝐵 - blood pressure (mmHg), and 𝑓𝑓 represents the 
response function of the baroreceptor. 

 

C. Simulation and Analysis 
• Differential Equations: Used to simulate changes over time. 
• Numerical Methods: Employed to solve these equations and analyze system behavior. 

 

By formulating these equations, system dynamics models capture the interplay 
between different physiological components, allowing for the simulation and analysis of the 
circulatory system's behavior under various conditions. 
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3.2. Possibilities, Benefits, and Potential Practical Applications of the SDM Approach 
A. Possibilities  
The human circulatory system is a complex network that involves the heart, blood 

vessels, and blood. It is characterized by numerous interactions and feedback loops, making 
it an ideal candidate for system dynamics modeling. Researchers can simulate various 
physiological and pathological conditions, such as hypertension, heart failure, and 
atherosclerosis, by creating a system dynamics model of the circulatory system. 

This approach allows for exploring how different variables interact over time, such as 
blood pressure, heart rate, and blood volume. It enables testing hypotheses regarding the 
impact of lifestyle changes, medications, or surgical interventions on cardiovascular health. 
Moreover, such models can be adapted to simulate individual patient scenarios, offering 
personalized insights into disease progression and treatment outcomes. 

 

B. Benefits 
One of the primary benefits of using system dynamics for modeling the circulatory 

system is the ability to visualize and understand complex interactions that are not 
immediately apparent. This holistic approach facilitates the identification of key leverage 
points where interventions can be most effective. 

Additionally, system dynamics models can serve as valuable educational tools. Medical 
students and healthcare professionals can better understand cardiovascular physiology and 
pathology by simulating different scenarios. These models can also be used to communicate 
complex concepts to patients, improving their understanding and engagement in their care. 

System dynamics models can also predict interventions' long-term outcomes, aiding 
healthcare providers' decision-making processes. Clinicians can optimize therapeutic 
strategies and improve patient outcomes by simulating patient responses to different 
treatments. 

 

C. Practical Applications  
In practice, system dynamics models of the circulatory system can be used to inform 

public health strategies. For instance, by modeling the population-level impacts of lifestyle 
changes or public health interventions, policymakers can make informed decisions about 
resource allocation and health promotion initiatives. 

In clinical settings, these models can support the development of decision-support 
systems that assist clinicians in diagnosing and managing cardiovascular diseases. Such 
models can provide dynamic risk assessments and personalized treatment recommendations 
by integrating real-time patient data. 

Furthermore, pharmaceutical companies can use system dynamics models to simulate 
the effects of new drugs on the circulatory system, thereby streamlining the drug 
development process and reducing costs associated with clinical trials.  

 

3.3. Integrating SDM of the Circulatory System with Real-Time Data 
Integrating system dynamics models of the circulatory system with real-time patient 

data can enhance their accuracy and applicability. The following presents vital components 
for doing this. 
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A. Data integration techniques 
1. Data Acquisition: Using wearable devices and sensors to continuously monitor patient 

metrics such as heart rate, blood pressure, and oxygen levels. These devices can 
transmit data wirelessly to a centralized system. 

2. Data Processing: Implementing algorithms to clean and preprocess the incoming data, 
ensuring accuracy and consistency. This step is crucial for real-time analysis. 

3. Model Adaptation: Using real-time data to update the model parameters dynamically. 
Machine learning techniques can adjust model variables based on the latest data, 
ensuring the model remains relevant to the patient’s condition. 

B. Technical Infrastructure  
1. Cloud Computing: Utilizing cloud platforms for data storage and processing can 

provide the computational power to handle large volumes of real-time data and 
complex simulations. 

2. Application programming interfaces (APIs) and Interoperability: Developing APIs to 
facilitate seamless data exchange between monitoring devices, electronic health 
records (EHRs), and the system dynamics model. Ensuring interoperability among 
different systems is critical. 

C. Real-Time Feedback and Decision Support  
1. Dashboard Visualization: Creating intuitive dashboards that display real-time model 

outputs and patient data, allowing healthcare providers to monitor patient status 
effectively. 

2. Alerts and Notifications: Setting up automated alerts for healthcare providers if the 
model predicts potential adverse events or deviations from expected health patterns.  

3. Personalized Treatment Adjustments: Using the insights gained from the model to 
tailor treatment plans on the fly, optimizing medication dosages or recommending 
lifestyle changes based on current data. 

D. Challenges and Considerations  
1. Data Privacy and Security: Ensuring compliance with regulations like HIPAA [14] by 

implementing robust encryption and access controls to protect patient data.  
2. Model Validation: Continuously validating and refining models with new data to 

maintain accuracy and reliability. 
3. User Training: Providing training for healthcare providers to interpret model outputs 

and integrate them into clinical decision-making effectively. 
By effectively integrating real-time patient data, system dynamics models of the 

circulatory system can become powerful tools for personalized healthcare, improving patient 
outcomes and optimizing treatment strategies. 

 

4. Experimental Results 
The research the current paper is based on is at its preclinical stage. Thus, although it 

is taking care of the aspects to be considered at more advanced stages (e.g., integration with 
real-time patient data), it focuses primarily on essential modeling aspects at the current 
stage. Figure 1 presents the system dynamic scheme (NetLogo SDM). The squares represent 
the model's six compartments (i.e., stocks), including the heart chambers and arterial and 
venous segments of the circulatory system. The diamond structures denote various 
parameters of the model (over 30 in number), and thin arrows indicate influences or 
interactions. The thick arrows illustrate the flows. Behind each influence/interaction are 
mathematical equations, some of which have been described in previous sections. 
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Figure 1. The system dynamic scheme for the created model. Squares represent stocks 

and diamonds denote other parameters. Capital letters point to a certain parameter: V – 
volume, E– elastance of different compartments of the system (for ventricles – end 

systolic elastance), Lambda - the curvature of end-diastolic pressure-volume relationship 
function, V0 – zero-pressure volume and P0 – zero-volume pressure, P – pressure, F – 

flow, R – resistance, El – time-varying elastance, HR – heart rate. Subscripts denote 
specific compartments of the circulatory system: ao – aorta, vc – vena cava, sys – 

systemic circulation, tc – tricuspid valve, rv – right ventricle, pa – pulmonary artery, pv – 
pulmonary veins, th – intrathoracic, mt – mitral valve. 

 

Figure 2 illustrates the model’s user interface. The sliders on the bottom are used to 
adjust model parameters. 

 

 
Figure 2. The appearance of the model's user interface. Capital letters denote different 
physiological parameters: V – volume, P – pressure, SV - stroke volume, CO – cardiac 

output, R – resistance, E– elastance, Lambda – a function influencing myocardial 
contractility, HR – heart rate. Subscripts denote specific compartments of the circulatory 

system (e.g., ao – aorta, lv – left ventricle, etc., as in Figure 1). 
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The monitors on the right continuously communicate the numerical values of 
particular model outputs (e.g., volumes in different compartments of the system as well as 
pressures: left and right ventricles, aorta, and pulmonary artery) along with the stroke 
volumes and cardiac output of both parts of the heart. The plotting area on the left shows 
the dynamics in time for the mentioned physiological parameters. 

Figure 3 shows the pressure-volume loop of a patient with a simulated myocardial 
infarction (green color for the left ventricle and yellow for the right ventricle). It can be 
noticed that they shrink with the institution of the infarction. 

 

 
Figure 3. The pressure-volume loop in a patient with a simulated myocardial infarction. 
Green color denotes left ventricle and yellow color – right ventricle. 

 

Table 1 denotes the time-varying values of six physiological parameters during the 
simulation. 

Table 1 
A small portion of the simulation results  

Left 
ventricle  
pressure 
(mm Hg) 

Left 
ventricle 
output 
(L/min) 

Right 
ventricle 
output 
(L/min) 

Right 
ventricle 
volume 

(mL) 

Aortic 
pressure 
(mm Hg) 

Vena Cava 
pressure 
(mm Hg) 

69.24 4.14 4.14 96.68 91.25 4.81 

70.32 4.14 4.14 96.54 91.20 4.81 

71.42 4.14 4.14 96.36 91.16 4.81 

72.52 4.14 4.14 96.13 91.11 4.81 

73.65 4.14 4.14 95.87 91.07 4.81 

74.78 4.14 4.14 95.58 91.02 4.81 

75.93 4.14 4.14 95.26 90.97 4.81 

77.09 4.14 4.14 94.92 90.93 4.81 

78.26 4.14 4.14 94.54 90.88 4.82 

79.45 4.14 4.14 94.15 90.84 4.82 
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Most of the physiological parameters shown in Table 1 have a clinical equivalent, 
which may be of importance when integrating the model in a clinical setting. 

Numerical data generated by simulations can be analyzed from different perspectives 
using methods of various degrees of sophistication appropriate for multimodal/multivariate 
time series. Figure 4 illustrates the perspective based on Kolmogorov-Chaitin (KC) complexity 
[15-17] estimated in a case of simulated myocardial infarction (MI). 

 

 
Figure 4. Kolmogorov-Chaitin complexity over time for a simulated case of myocardial 

infarction. The black arrow denotes the occurrence of myocardial infarction. 
 

For estimation, values of twelve model parameters over time were used. The black 
arrow denotes the time moment when MI occurred. An evident drop in the KC complexity can 
be noticed with the institution of MI. This is just an example of a less traditional metric for 
tracking the overall dynamics of a system (e.g., the circulatory system), but the researcher 
evidently can use metrics and analysis methods that suit his research goals the best. 

 

5. Discussion 
This research builds on an earlier work [18,19] focused on a simpler (i.e., three 

compartments) similar model. While the previous model let the researcher control 4 model 
parameters (i.e., volume status, arterial vascular resistance, myocardial contractility, and 
vascular elastance), the current model has an extended set of controllable parameters, 
denoted by the sliders in Figure 2 (e.g., concerning all four heart chambers, valves, systemic 
and pulmonary circulations). This is expected to provide more detailed simulations. 

Experiments were performed in NetLogo IDE BehaviorSpace, a software tool 
integrated with NetLogo that allows researchers to conduct experiments with models 
providing numerical data to be analyzed. Table 1 in the previous section presents a small 
portion of such data. The volume of the data can be much larger depending on the experiment 
duration and the number of parameters set to be monitored. Selecting parameters equivalent 
to those in a clinical setting can leverage the integration of SDM with real-time patient data.   

Concerning a potential future integration of SDM with real-time patient data, there 
are several aspects to be considered and, when necessary, solved: 

Real-Time Data Acquisition 
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Wearable Devices: Utilizing devices to continuously monitor heart rate, blood pressure, 
and ECG data. 

Data Connectivity: Ensuring seamless data flow from devices to the model for real-
time updates. 

Data Processing and Management 
Data Cleaning: Implementing algorithms to filter and preprocess incoming data for 

accuracy. 
Dynamic Model Updating: Using real-time data to adjust model parameters 

dynamically, improving precision. 
Clinical Decision Support 
Risk Assessment: Developing tools to assess patient risk in real-time, providing alerts 

for potential complications. 
Personalized Intervention: Tailoring treatment recommendations based on individual 

patient data and model predictions. 
Privacy and Security 
Data Protection: Ensuring compliance with data privacy regulations by implementing 

robust encryption and security measures. 
The SDM, including myocardial infarction, can become a valuable tool for 

understanding disease dynamics and supporting personalized patient care by focusing on 
these aspects.  

 

6. Conclusions 
Applying system dynamics to the human circulatory system presents a promising 

approach for advancing cardiovascular research and healthcare. These models offer 
significant insights into disease mechanisms, treatment effects, and public health strategies 
by capturing the complexity of physiological interactions. As technology advances and more 
data becomes available, the potential for system dynamics modeling in cardiovascular health 
will continue to grow, ultimately contributing to improved patient outcomes and more 
efficient healthcare systems.  
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Abstract. Although mobile devices have widespread popularity, allowing, for example, 
companies to innovate, streamline operations, and maintain a competitive advantage in a 
rapidly evolving market, the economic impact of using mobile applications (apps) is less 
researched. In an attempt to improve the state of affairs in the field, this paper provides a 
classification (based on business domains) and defines models for calculating the costs of 
developing and using mobile apps in various situations. To evaluate the economic impact of 
mobile apps, the opportunity of use is argued and the mathematical expressions for 
calculating the quantitative indices, Net Present Value, Profitability and Internal Rate of 
Return, eventually in conjunction with the Equivalent Annual Value method, are determined 
for 12 specific cases of development and use of mobile apps. Also, multiple qualitative indices 
for measuring the impact of mobile apps are succinctly characterized and systematized. In 
confirmation of the significant economic and social impact of mobile apps, three 
implementations of them in various fields are described. 

 

Keywords: classification, mobile application costs, mobile application system, qualitative indices, 
quantitative indices, use cases. 

 

Rezumat. Deși dispozitivele mobile se bucură de o largă popularitate, permițând, de exemplu, 
companiilor să inoveze, să eficientizeze operațiunile și să mențină un avantaj competitiv pe 
o piață în evoluție rapidă, impactul economic al utilizării aplicațiilor mobile este mai puțin 
cercetat. În încercarea de a îmbunătăți starea de lucruri în domeniu, această lucrare oferă o 
clasificare (pe baza domeniilor de afaceri) și definește modele de calculare a costurilor de 
dezvoltare și utilizare a aplicațiilor mobile în diferite situații. Pentru evaluarea impactului 
economic al aplicațiilor mobile, se argumentează oportunitatea utilizării și se determină 
expresiile matematice pentru calcularea indicilor cantitativi, Valoarea Actuală Netă, 
Profitabilitatea și Rata Internă de Rentabilitate, eventual împreună cu metoda Valorii Anuale 
Echivalente, pentru 12 cazuri specifice de dezvoltare și utilizare a aplicațiilor mobile. De 
asemenea, mai mulți indici calitativi pentru măsurarea impactului aplicațiilor mobile sunt 
succint caracterizați și sistematizați. Pentru a confirma impactul economic și social 
semnificativ al aplicațiilor mobile, sunt descrise trei implementări ale acestora în diverse 
domenii. 

 

Cuvinte cheie: clasificare, costuri cu aplicațiile mobile, sistem de aplicații mobile, indici calitativi, 
indici cantitativi, cazuri de utilizare. 
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1. Introduction 
Today’s business environment is complex and competitive. Organizations, day by day, 

are increasingly forced to adjust their affairs and be more agile. To compete with the market, 
each company does research, development and improvement over their business model on a 
regular basis. This represents a lot of data to be collected and processed; therefore, they 
strongly rely on Information and Communication Technologies (ICT) support. Nowadays, 
there are over 5.44 billion ICT users out of 8.17 billion global population [1]. Combining 
business and technology, companies grow faster and plan more effective business strategies. 
Among these strategies and opportunities an important role belongs to mobile applications 
(apps), the use of which grows in a fast linear progression [2]. These apps enable businesses 
to innovate, streamline operations, and maintain a competitive edge in a rapidly evolving 
market.  

One of the most tangible values of mobile apps is their ability to enhance customer 
engagement. According to eMarketer [3], “in 2023, the average U.S. adult spent over four 
hours per day on mobile devices, with nearly 90% of that time spent on apps”. An Adobe 
survey [4] revealed that “companies utilizing mobile apps for internal operations reported a 
44% increase in employees’ productivity”. According to IBM [5], “90% of the world’s data has 
been created in the last two years alone, with much of it generated by mobile devices”.  

Statistics predicts [6] that the number of smartphone users worldwide is expected to 
reach 7.33 billion by 2025, providing businesses with unprecedented access to global 
consumers. Oberlo reported [7] that “mobile commerce is projected to account for 63% of all 
e-commerce sales by 2028”. A study by Business Insider [8] “found that 78% of mobile 
searches for local business information result in a purchase”. According to Statista Market 
Insights, mobile POS payments apps have revolutionized the financial services industry; such 
payments projected to surpass US$12.5 trillion globally in 2025 [9].  

However, the development of mobile apps involves expenses, often significant. Since 
financial resources, and not only, are limited, it is important to make such expenses more 
efficient. But for this, it is required to estimate the impact of mobile apps on various activities, 
which in turn involves rigorous measurements of some respective indices. Despite their 
significance, measuring the impact of mobile applications present a unique set of challenges, 
unlike traditional ICT projects where outcomes can be directly observed or quantified, the 
benefits of mobile apps often manifest in intangible ways. At the same time, there are still 
no well-defined rigorous methods for this purpose.  

Considering the importance and widespread use of mobile apps, the main objective of 
this paper is to explore reasonable methodologies for measuring the impact of mobile apps. 
The focus will be on identifying key metrics, selecting appropriate approaches, and 
addressing common challenges associated with impact measurement. 

 

2. Materials, methodology and methods 
2.1. Methodologies used to evaluate the mobile applications impact 
The subject regarding the impact of mobile apps was explored and researched by P. 

Karami [10], I.M. Tactuk, N. Munaiah, and A. Meneely [11], A. Holden [12], H. Heflin, J. 
Shewmaker, and J. Nguyen [13], K. Hahn [14], A.R. Altaleb [15], etc. Most researchers address 
qualitative impact and conduct analyses through survey method [13], interview method 
[14,15] or scoring method [16]. 
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At the same time, mostly all mentioned authors and others touch the topic of mobile 
apps by solving a specific problem. They took a targeted use case related to a mobile app and 
how it can solve a business issue. But there is no in-depth study described on the impact of 
mobile apps themselves. Parts of research, such as measurable quantitative impact that could 
help businesses improve their activities usually are missing. They do not generalize a global 
formulation of the problem and propose generic solutions for measuring the impact. Here 
comes the biggest challenge, most organizations want to enter this environment and achieve 
new results, but there is poor research and it is not clearly understood what impact mobile 
applications specifically will bring to businesses.  

Measuring the impact of a mobile app can be complex and multi-dimensional, due to 
the intangible nature of many benefits that it brings, such as enhanced customer experience 
or improved decision-making capabilities. The specific criteria or indices used depend on the 
context and goals of what is being measured. These are needed for every business to 
understand the value of their investment and present informative reports to investors or 
stakeholders. To determine what indices to choose for evaluating the impact of mobile 
application on a specific business affair, it is needed to determine, first of all, what type of 
impact is expected to achieve. 

 

2.2. Mobile applications classification based on business domains 
The most popular mobile stores worldwide are Google Play Store and Apple App Store. 

It can be observed that there are a lot of mobile app categories on each store, namely: 
1. Google Play Store has 3805891 applications available for download [17], where: 

a. 96.98% applications are for free (3686297 apps). 
b. 3.02% applications are paid (114929 apps). 

2. Apple App Store has 1807268 applications available for download [18], where: 
a. 87.89% applications are for free (1588326 apps). 
b. 12.11% applications are paid (218942 apps). 

The number of available mobile apps on each store depends on many factors as: 
selected countries, selected category, review process that approves or rejects depending on 
compliance, and other local or store restrictions. The mobile stores specify a lot of categories 
in order to define what type of application is more appropriate to one of their categories, 
what policies and regulations (depending on the countries selected for distribution) they 
should apply and to let the auditory or users that download the app to understand what type 
of application they are downloading. On both, Google Play Store and Apple App Store, there 
are a lot of categories and classifications. Putting aside the mobile store app categories and 
business domains classifications, the mobile applications under different business activities 
groups could be classified into the following categories: 

 

1. E-commerce and Retail Applications. 
2. Banking and Finance Applications. 
3. Healthcare and Fitness Applications. 
4. Entertainment and Media Applications. 
5. Educational and Learning Applications. 
6. Productivity and Business Management Applications. 
7. Travel and Hospitality Applications. 
8. Social Networking and Communication Applications. 
9. Real Estate and Property Management Applications. 
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10. Food Delivery and Restaurant Applications.
11. Utilities and others.
The main idea is not to target the mobile application type itself, but to go over the

main purpose and scope of the application for the end users. 

2.3. General indices for measuring the impact 
When companies analyze what criteria to consider regarding the impact of mobile 

applications over their activity, in most of the cases they look over quantitative indices. But 
sometimes qualitative indices also play an important role. 

Quantitative indices 
Mobile apps are IT applications. A decision of investment in an IT project (i-project) is 

usually made based on efficiency criteria/indices. For the assessment of economic efficiency 
of investment projects, in various sources is recommended to use such quantitative indices 
as: profit, profit rate [19], payback period (PP), net present value (NPV) [20], profitability index 
(PI) [19], internal rate of return (IRR) [19,20], return on investment (ROI) [19,21], adjusted 
expenditure [21], total costs of ownership [22] and so on. 

The known theoretical results do not give an unambiguous answer on preferences of 
using, in concrete situations, the indices for the estimation of efficiency of investment in i-
projects. 

The most synthetic index of the efficiency of economic activity of an economic agent 
as a whole is considered the profit rate [19]. In methodological recommendations [20], the 
basic indices for estimating the economic efficiency of investment projects are: net value, 
NPV, IRR, ROI, PP and indices that characterize the financial state of the enterprise 
participating in the project. The World Bank's financial criteria for choosing an investment 
project are: PP, NPV, discount rate, IRR, and PI [23].  

The comparative analysis carried out in [24,25] of the 16 indices for i-projects, the 
income from the implementation of which can be estimated with reasonable efforts, led to 
the reduction of the number of core indices from 16 to 3, namely: NPV, IRR and PI, eventually 
in conjunction with the equivalent annual value (EAV) method. It is proved that for such i-
projects the solution, obtained by using any of the other 13 indices, coincides with the 
solution, obtained by using one or more of the three indices mentioned above. At the same 
time the NPV, IRR and PI indices form a Pareto set. Thus, not taking any of them into account 
can lead to unsuccessful decisions. 

A key role in calculating the Net Present Value is played by the choice of the discount 
rate d, which must consider the significance of risks and the decrease in the value of money 
in the future. Let Iit are investments and CFit are cash flows in year t related to the mobile 
application i. Then NPV index for the mobile app i, i.e. NPVi, is determined as [21]: 

NPV𝑖𝑖 = �
CF𝑖𝑖𝑖𝑖

(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=1

= �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖 − I𝑖𝑖𝑖𝑖

(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=1

, 𝑖𝑖 = 1,𝑛𝑛�����, (1) 

where: n is the total number of considered mobile apps, Ii – total investment with the project, 
Li – the duration of the project, Pit – the profit and AAit – the amortization in year t with refer 
to mobile app i. For the NPV calculation, the rate d usually used is equal to the WACC 
(weighted average cost of capital) value [26] or the historical average returns of a similar 
project.  
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Usually, contributions from a product appear only after all the investments in it have 
been appropriated. If the investment takes more than one year, then the expression (1) can 
be presented in the form 

 

NPV𝑖𝑖 = −�
I𝑖𝑖𝑖𝑖

(1 + 𝑑𝑑)𝑡𝑡

𝜏𝜏𝑖𝑖

𝑡𝑡=1

+ �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

= �
CF𝑖𝑖𝑖𝑖

(1 + 𝑑𝑑)𝑡𝑡 − 𝐼𝐼𝑖𝑖

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

, 𝑖𝑖 = 1,𝑛𝑛�����, (2) 

 

where: Li = τi + Di, τi is the duration of the acquisition of investments (own development) and 
Di is the duration of the use of mobile application i. 

The Internal Rate of Return [21] of a project shows the rate at which investments in 
the project pay off, i.e. the present value of investments is zero. So, taking into account (2), 
the IRR for mobile application i, i.e. IRRi, is determined by solving the equation [21]: 

 

−�
I𝑖𝑖𝑖𝑖

(1 + IRR)𝑡𝑡

𝜏𝜏𝑖𝑖

𝑡𝑡=1

+ �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + IRR)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

= �
CF𝑖𝑖𝑖𝑖

(1 + IRR)𝑡𝑡 − 𝐼𝐼𝑖𝑖

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

= 0, 𝑖𝑖 = 1,𝑛𝑛�����. (3) 

 

The Profitability Index for the mobile application i, i.e. PIi, is calculated by dividing the 
present value of future cash flows generated by the mobile application by the initial 
investment required [24]: 

PI𝑖𝑖 = 1 +
NPV𝑖𝑖
𝐼𝐼𝑖𝑖

, 𝑖𝑖 = 1,𝑛𝑛�����. (4) 

The Equivalent Annual Value method is used for the appropriate comparison of 
projects with different lifetimes [27]. It puts in an adequate correspondence to the updated 
summary value over a period of time of an index of a value over a shorter period, e.g. one 
year, thus allowing comparative analysis of projects with different lifetimes of their products. 
For the index XX, which characterizes a certain absolute value for the entire period D, the 
equivalent annual value will be noted EAXX and is determined as 

 

EAXX = CRF × XX,  (5) 

where: 

CRF = ��
1

(1 + 𝑑𝑑)𝑡𝑡

𝐷𝐷

𝑡𝑡=1

�

−1

=
𝑑𝑑(1 + 𝑑𝑑)𝐷𝐷

(1 + 𝑑𝑑)𝐷𝐷 − 1. (6) 

So, one has: 

EANPV = CRF × NPV;           (7) 
EAPI = CRF × PI.           (8) 

Qualitative indices [28] 
Qualitative indices for mobile apps provide subjective yet vital measurements for 

assessing the overall user experience, ethical standing, and emotional engagement of an app. 
These indices help evaluate aspects that are difficult to quantify but essential for a 
comprehensive understanding of an app’s impact on its users and how much users are 
engaged with it. Among the most common group of such indices are Acquisition, Engagement, 
Monetization and Retention. 

The Acquisition indices group is mainly composed from user acquisition, traffic 
acquisition and user acquisition cohorts. User acquisition refers to the process of tracking how 
new users are brought to a mobile app. The most common user acquisition indices are: New 
users, Session duration, Screen session, and Conversion.  
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Traffic acquisition focuses on understanding how users arrive at a mobile app and the 
quality of traffic driven from various sources. Key components of traffic acquisition include 
Channels, Search traffic, Direct traffic, Social traffic, and Referral traffic. 

User acquisition cohorts refer to a specific feature that groups users based on common 
characteristics, particularly when they acquired or started using a mobile app. Key elements 
of user acquisition cohorts in Google Analytics include Cohort definition, Cohort metrics, 
Behavioral patterns, and Comparing acquisition channels. 

The Engagement indices group is mainly composed from events and screens. 
Engagement events are specific actions or interactions that users take within a mobile app, 
providing deeper insights into user behavior beyond basic metrics like screen views or session 
duration. Key aspects of engagement events include Event categories, Event actions, Tracking 
engagement metrics, and Custom event tracking. 

Screens refers to a report that provides insights into how users navigate and interact 
with the various screens within a mobile app. Key elements of the “Pages and Screens” report 
include: Screenviews, Average time on screen, Screen pathing, User interaction on screens, 
and Conversion tracking. 

The Monetization indices group is mainly composed from Purchase journey, Checkout 
journey and In-app purchase. The Purchase journey refers to the path a user takes from their 
initial interaction with a website or app to the final step of completing a purchase. By 
understanding how users move through each stage of this journey, businesses can tailor their 
strategies to meet customer needs at every point, from acquisition to checkout and beyond. 

The Checkout journey refers to the steps a user takes once he decides to make a 
purchase and proceed to the checkout process. Understanding the checkout journey enables 
businesses to identify bottlenecks, reduce misunderstandings, and enhance the user 
experience, ultimately leading to higher conversion rates and more completed purchases. 

By tracking In-app purchase (IAP) businesses can gain valuable insights into user 
behavior, optimize their monetization strategies, and enhance the overall performance of 
their mobile app. This data enables informed decision-making that drives higher revenue and 
improves user satisfaction with IAP. 

The Retention indices group refers to the tracking and measurement of how frequently 
users return to a website or mobile app over time. Key aspects of retention tracking include 
User retention rates, Cohort analysis for retention, Active users, Churn rate, and Retention by 
device or platform. 

 

3. Results and discussions 
From many points of view, mobile apps can suit different business and no business 

activities in many aspects, but besides need and opportunities, it is required to understand 
the costs of buying or developing from scratch such mobile apps. These costs are taken into 
account by NPV, IRR, and PI indices. 

 

3.1. Evaluate development cost of a mobile application 
Developing a mobile app is nothing different than developing any other type of 

software solution, basically all of them share mostly the same Software Development Life 
Cycle (SDLC), just each so called target platform (web, desktop, mobile) has its own specifics 
or narrow. Taking into consideration SDLC and understanding that a person cannot cover 
complete all or several roles according to its effect over the performance, most economic 
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agents prefer Agile methodologies for delivering software solutions over traditional ones as 
Waterfall, due to many reasons regarding delivery time, costs and change requests from the 
product owner [29]. In order to handle a single mobile app with a set of features based on 
Agile framework, it is required an agile team that at least would consist of a group of 
employees (by categories): 

1. Software engineers that will deal with mobile development. 
2. Designers that will deal with the user experience and user interface. 
3. Quality assurance engineers that will deal with testing phase of the application. 
4. Managers that will handle the team, be responsible for the requirement and 

deliveries. 
From business and costs point of view the agile methodology, in order to calculate the 

costs for delivering a mobile app, will require the following characteristics: 
𝐻𝐻𝑘𝑘- total number of hours spent by employees of category k, 𝑘𝑘 = 1,4����; 
𝑅𝑅𝑘𝑘- rate per hour for an employee of category k, 𝑘𝑘 = 1,4����; 
𝑀𝑀 - miscellaneous costs, such as licensing, 3rd party services, etc. 
The costs of a mobile app 𝑖𝑖 will be marked as 𝐶𝐶𝑖𝑖, 𝑖𝑖 = 1,𝑛𝑛�����, where n is the number of 

mobile apps. Considering the costs with employees, the mobile app i costs are determined as 
 

𝐶𝐶𝑖𝑖 = �𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

+ 𝑀𝑀𝑖𝑖 , 𝑖𝑖 = 1,𝑛𝑛�����, (9) 

 

where: Hki is the number of hours spent by employees of category k to develop the mobile 
app i. 

As any other software product, besides the first phase of development and delivery, it 
also could have new development phases and maintenance. Here comes the specific software 
development that was discussed above, people and organizations in average keep their 
mobile devices for a period between 2-4 years, afterwards replace them with newer ones 
because of better hardware capabilities, battery life and support of new version of mobile 
operating systems (OS). This replacement can be observed with fast adoption of updates for 
OS for iOS [30] and Android [31] devices on a global level. Due to many technical and legal 
reasons, with each OS update over the mobile device, come a lot of changes like new features 
for users and developers to implement, deprecated features in previous OS versions, new 
security updates and restrictions by the OS, etc. 

Going over the mentioned adoption and changes, will be considered the total required 
investments as well for maintaining a mobile app that will be marked 𝐸𝐸. The mobile apps 
investments, during maintenance period for 𝐸𝐸 consist from minor development and update 
distribution. These investments are mostly required because people are used to do regular mobile 
OS updates [30,31] and mobile app market stores might require applying several changes within 
the mobile app, otherwise it can be blocked or removed completely from their marketplace. Most 
private organization offer different types of maintenance packages, like on-demand, monthly, 
yearly or specific number of hours. These costs are covered separately and on beneficiary wish. 
In other words, if the beneficiary will need maintenance, then it will have to support these costs. 
These are several conclusions, recommendations regarding going for or no maintenance: 

1. If the beneficiary does not have in mind to change the mobile devices and use it only 
internally for a long period of time (at least 5-7 years), then he doesn’t need the maintenance 
part. 
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2. The maintenance part for mobile apps consists mainly in updates within the code 
and submitting to the distribution layer new mobile apps versions. Mobile OS updates are 
coming around every year and their major transition takes around another year. 

3. The maintenance costs are evaluated around 20% of the initial core development 
of the mobile apps [32]. 

4. If the development phase of a mobile app passes a certain period of time and it’s 
near the release of new versions of OS, then the beneficiary should take the maintenance 
part in order to continue further with mobile stores permissions. 

Considering that mobile app delivery consists in most cases by covering two platforms 
(Android & iOS), these can be analyzed in many use cases, because not every mobile app is 
designed only for public use and covering both platforms. These use cases are the following: 

- mobile apps for internal use only (Cases): 
a) develop and use only an Android or an iOS mobile app; 
b) develop and use both an Android and an iOS mobile app; 

- mobile apps for external use (Cases): 
c) develop and distribute only an Android or an iOS mobile app; 
d) develop and distribute both an Android and an iOS mobile app; 

- mobile apps for internal and external use (Cases): 
e) develop, internal use and distribute only an Android or an iOS mobile app; 
f) develop, internal use and distribute both an Android and an iOS mobile app. 

Cases (a)-(f) look similar, but in real life the costs are different. Each of Cases (a)-(f) 
will be analyzed separately. 

Case a. Develop and internal use only an Android or an iOS mobile app 
For internal use it is required to develop and, also, to cover the maintenance costs of 

a mobile application i. The maintenance costs, considered equal with an Android and with an 
iOS mobile app and marked Ei, is around 20% of the initial development [32]. So, taking into 
account (9), one has 

 

𝐸𝐸𝑖𝑖 = 0.2�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

, 𝑖𝑖 = 1,𝑛𝑛�����. (10) 

 

Thus, the total costs for a beneficiary with the development (see (9)) and maintenance 
(see (10)) of a mobile app i for internal use is determined as  
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4

𝑘𝑘=1

+ 𝑀𝑀𝑖𝑖 , 𝑖𝑖 = 1,𝑛𝑛�����. (11) 

 

Case b. Develop and internal use both an Android and an iOS mobile app 
To develop, maintain and internal using both an Android and an iOS mobile app, it is 

needed doubling costs for one of them. Taking into account (3), the total costs for a 
beneficiary with the development and maintenance of an Android and an iOS mobile app i 
for internal use is determined as 

 

2(𝐶𝐶𝑖𝑖 + 𝐸𝐸𝑖𝑖) = 2.4�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

+ 2𝑀𝑀𝑖𝑖 , 𝑖𝑖 = 1, 𝑛𝑛�����. (12) 
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Case c. Develop and distribute only an Android or an iOS mobile app 
In this case will be supported the same costs for development and maintenance 

determined according to formula (11) as in case (a), the only difference is that the Android 
distribution to mass public will require to pay many mobile store accounts, when with regard 
to the iOS distribution to mass public will require to pay only one mobile store account. 
Distributing an Android mobile app can be done only by manually sharing the .apk file or 
other free distribution service like Firebase App Distribution [33]. If to compare the 
distribution of an Android app with the one of an iOS app, we will have a lot more options 
where we can distribute it, not only for Europe or United States users, but as well for those 
which live in the Asia. Here is a list of places and prices that apply for publishing on their 
stores [28]: 

1. Google Play Store (25 USD one-time payment).
2. Amazon AppStore (free distribution).
3. Samsung Galaxy Store (free distribution).
4. Huawei AppGallery (free distribution).
5. F-droid (free distribution).
6. Oppo App Market (free distribution).
7. Xiaomi Mi Store (free distribution), etc.
Most of Android mobile app stores have free distribution option to mass public or at

least require a small and symbolic fee in order to use their platform. So, the total costs for a 
developer to develop, maintain and distribute an Android mobile application i (Case c.1), 
based on (11), is determined as: 

𝐶𝐶𝑖𝑖 + 𝐸𝐸𝑖𝑖 + �𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

=  1.2�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

+ �𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

+ 𝑀𝑀𝑖𝑖 , 𝑖𝑖 = 1,𝑛𝑛�����, (13) 

where: 𝐶𝐶𝑠𝑠𝑠𝑠 ≥ 0 are Android mobile app store s costs for the mobile app i, and S ≥ 1 is the 
number of Android mobile app stores to be supported. 

At the moment, in order to distribute an iOS mobile app is necessary to have an Apple 
Developer Account due to OS restrictions and certificates released by Apple for their devices, 
so additionally to this will be added the costs of the developer platform. Distribution policy 
and restrictions enforce to have additional 99 USD per year costs [34]. So, the total costs for 
a developer to develop, maintain and distribute an iOS mobile app i (Case c.2), based on (11), 
is determined as 

𝐶𝐶𝑖𝑖 + 𝐸𝐸𝑖𝑖 + 𝐶𝐶O𝑖𝑖 =  1.2�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

+ 𝐶𝐶O𝑖𝑖 + 𝑀𝑀𝑖𝑖 , 𝑖𝑖 = 1, 𝑛𝑛�����, (14) 

where: 𝐶𝐶O𝑖𝑖 ≥ 0 are iOS mobile app store costs for the mobile app i. 
At the same time, when sailing a product its price is equal to costs with it multiplied 

by (1 + established profit rate). Let established profit rate be marked as PR. Usually, d ≤ PR ≤ 
0.2.  

So, for a purchaser, the price Ii (investment) for an Android or an iOS mobile app i (Case 
c.3), taking into account (11), is determined as:

𝐼𝐼𝑖𝑖 = (𝐶𝐶𝑖𝑖 + 𝐸𝐸𝑖𝑖)(1 + PR) = (1 + PR)�1.2�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

+ 𝑀𝑀𝑖𝑖� , 𝑖𝑖 = 1,𝑛𝑛�����. (15)
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Case d. Develop and distribute both an Android and an iOS mobile app 
For a developer (Case d.1), to develop, maintain and distribute both an Android and an 

iOS mobile app needs total costs determined by summing the costs according to formulas 
(13) and (14), that is: 
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+ 𝐶𝐶O𝑖𝑖 + 2𝑀𝑀𝑖𝑖 , 𝑖𝑖 = 1,𝑛𝑛�����. (16) 

 

Evidently, for a purchaser, the price Ii (investment) for an Android or an iOS mobile app 
i (Case d.2) is determined according to (15). 

Case e. Develop, internal use and distribute only an Android or an iOS mobile application 
In this case, the costs with a mobile app i supported by a developer are the same as in 

Cases c.1 and c.2, that is they are determined according to (13), for an Android mobile app 
(Case e.1), and - according to (14), for an iOS mobile app (Case e.2). Of course, in both cases, 
the respective cash flows, including the estimated profit, are different being higher than in 
Cases c.1 and c.2. 

At the same time, for a purchaser (Case e.3) the price for a mobile app i is the same as 
in Case c.3, i.e. it is determined according to (15). 

Case f. Develop, internal use and distribute both an Android and an iOS mobile app 
In a similar mode, the costs with a mobile app i supported by a developer (Case f.1) 

are the same as in Case d.1, that is they are determined according to (16). Of course, the 
respective cash flows, including the estimated profit, are different being higher than in Cases 
c.1, c.2, d.1, e.1, and e.2. 

Also, as in Cases d.2 and e.3, for a purchaser (Case f.2) the price for a mobile app i is 
the same as in Case c.3, i.e. it is determined according to (15). 

Resuming on Cases (a)-(f), for a developer one can conclude that by total costs with a 
mobile application the relations among the cases are 

 

(a) ≤ c.2 = e.2 ≤ c.1 = e.1 ≤ (b) ≤ d.1 = f.1, (17) 
 

and by total profit on a mobile application the relations usually are: 
 

f.1 ≥ d.1 ≥ e.1 ≥ c.1 ≥ e.2 ≥ c.2 ≥ (a) ≥ (b). (18) 
 

In its turn, for a purchaser the price for a mobile application i is the same in all cases, 
i.e. Cases c.3, d.2, e.3, and f.2, and is determined according to (15). 

Cases (a)-(f) show how costs can vary depending on the requirement if it is of internal, 
of external or both of internal and external usage. If to take a look over device adoptions 
statistics analyzed by Andrew Buck on MobiLoud [35], one has the device adoption by zone 
shown in Table 1. 

Table 1 
Mobile device adoptions statistics [35] 

Zone\Platform iOS Android Other 
North America 58% 41% 1% 
Europe 33% 66% 1% 
Asia 20% 79% 1% 
Africa 13% 85% 2% 
South America 16% 84% 0% 
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From the current values, one can observe and conclude that Case (b) would be relevant 
only for North America and Europe zones and there is a big chance that it won’t be reasonable 
to invest because iOS mobile devices produced by Apple have a pricing model higher than 
any other Android mobile device produced by other companies. 

After determining the development costs or required investment for a mobile app, it 
is important to understand and choose right quantitative indices for measuring their impact. 

 

3.2. Quantitative indices for measuring the impact by use cases 
In possible impact of the use of mobile apps, measured by NPV, IRR, and PI indices, 

each of Cases (a)-(f), described in Section 3.1, will be concretized separately for one 
beneficiary and one (Android or iOS, scenario {j = 1, n = 1}) or two (Android and iOS, scenario 
{j = 1, n = 2}) mobile apps. To scenario {j = 1, n = 1}, for a developer correspond Cases (a), c.1, 
c.2, e.1, and e.2 and for a purchaser - Cases c.3, d.2, e.3, and f.2. At the same time, to scenario 
{j = 1, n = 2}, for a developer correspond Cases (b), d.1, and f.1, and for a purchaser - there are 
no such cases. Knowing the expressions of quantitative indices for these scenarios, it is easy 
to determine the corresponding expressions for other scenarios, too. 

In all examined below cases, it will be considered the mobile app i and the Ci cost is 
determined according to (9). 

Net Present Value by use cases 
Taking into account the costs for each of Cases (a)-(f), the NPV is determined according 

to formula (2), where: 
- for a purchaser (Cases c.3, d.2, e.3, and f.2) occurs τi = 0. Thus, one has: 

 

NPV𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐷𝐷𝑖𝑖

𝑡𝑡=1

− 𝐼𝐼𝑖𝑖 , (19) 

 

where: Ii is determined according to (15); 
- for a developer in Case (a), occurs Ii = Ci. So, is obtained 

NPV𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 𝐶𝐶𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

−�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖; (20) 

- for a developer in Cases c.1 and e.1, occurs Ii = 𝐶𝐶𝑖𝑖 + ∑ 𝐶𝐶𝑠𝑠𝑠𝑠𝑆𝑆
𝑠𝑠=1 . Thus, is obtained 

NPV𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 𝐶𝐶𝑖𝑖 −�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

=

= �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

−�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

−�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

− 𝑀𝑀𝑖𝑖; 

(21) 

- for a developer in Cases c.2 and e.2, occurs Ii = 𝐶𝐶𝑖𝑖 + 𝐶𝐶O𝑖𝑖 . So, finally, is obtained 

NPV𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 𝐶𝐶𝑖𝑖 − 𝐶𝐶O𝑖𝑖 == �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

−�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝐶𝐶O𝑖𝑖 − 𝑀𝑀𝑖𝑖; (22) 

- for a developer in Case (b), occurs Ii = 2Ci. Thus, is obtained 

NPV𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 2𝐶𝐶𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 2��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖� ; (23) 
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- for a developer in Cases d.1 and f.1, occurs Ii = 2𝐶𝐶𝑖𝑖 + 𝐶𝐶O𝑖𝑖 + ∑ 𝐶𝐶𝑠𝑠𝑠𝑠𝑆𝑆
𝑠𝑠=1 . So, is obtained 

 

NPV𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 2𝐶𝐶𝑖𝑖 − 𝐶𝐶O𝑖𝑖 −�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

=

= �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 2��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖� − 𝐶𝐶O𝑖𝑖 −�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

. 

(24) 

 

Internal Rate of Return by use cases 
In general case, the value of the IRR for mobile app i is determined by solving the 

equation (3). In a similar mode, by use cases, taking into account relationships (3) and (19)-
(24), the value of IRR for mobile app i is determined: 

- for a purchaser (Cases c.3, d.2, e.3, and f.2), because τi = 0, by solving the equation 

�
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + IRR)𝑡𝑡

𝐷𝐷𝑖𝑖

𝑡𝑡=1

− 𝐼𝐼𝑖𝑖 = 0, (25) 

where Ii is determined according to (15); 
- for a developer in Case (a), because Ii = Ci, by solving the equation 

�
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + IRR)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 𝐶𝐶𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + IRR)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

−�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖 = 0; (26) 

- for a developer in Cases c.1 and e.1, because Ii = 𝐶𝐶𝑖𝑖 + ∑ 𝐶𝐶𝑠𝑠𝑠𝑠𝑆𝑆
𝑠𝑠=1 , by solving the equation  

�
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + IRR)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 𝐶𝐶𝑖𝑖 −�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

=                                      

= �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + IRR)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

−�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

−�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

− 𝑀𝑀𝑖𝑖 = 0; 

(27) 

- for a developer in Cases c.2 and e.2, because Ii = 𝐶𝐶𝑖𝑖 + 𝐶𝐶O𝑖𝑖, by solving the equation  

�
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + IRR)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 𝐶𝐶𝑖𝑖 − 𝐶𝐶O𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + IRR)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

−�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝐶𝐶O𝑖𝑖 − 𝑀𝑀𝑖𝑖 = 0; (28) 

- for a developer in Case (b), because Ii = 2Ci, by solving the equation  

�
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + IRR)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 2𝐶𝐶𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + IRR)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 2��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖� = 0; (29) 

- for a developer in Cases d.1 and f.1, because Ii = 2𝐶𝐶𝑖𝑖 + 𝐶𝐶O𝑖𝑖 + ∑ 𝐶𝐶𝑠𝑠𝑠𝑠𝑆𝑆
𝑠𝑠=1 , by solving the 

equation  

�
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + IRR)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 2𝐶𝐶𝑖𝑖 − 𝐶𝐶O𝑖𝑖 −�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

=

= �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + IRR)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 2��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖� − 𝐶𝐶O𝑖𝑖 −�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

= 0. 

(30) 
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Profitability Index by use cases 
Taking into account the costs for each of Cases (a)-(f), the PI is determined according 

to formula (4), where: 
- for a purchaser (Cases c.3, d.2, e.3, and f.2), occurs τi = 0. Thus, one has 

PI𝑖𝑖 =
1
𝐼𝐼𝑖𝑖
�

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐷𝐷𝑖𝑖

𝑡𝑡=1

, (31) 

where Ii is determined according to (15); 
- for a developer in Case (a), occurs Ii = Ci. So, is obtained 

PI𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖�� ; (32) 

- for a developer in Cases c.1 and e.1, occurs Ii = 𝐶𝐶𝑖𝑖 + ∑ 𝐶𝐶𝑠𝑠𝑠𝑠𝑆𝑆
𝑠𝑠=1 . Thus, one has 

PI𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

−�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

− 𝑀𝑀𝑖𝑖�� ; (33) 

- for a developer in Cases c.2 and e.2, occurs Ii = 𝐶𝐶𝑖𝑖 + 𝐶𝐶O𝑖𝑖 . So, is obtained 

PI𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝐶𝐶𝑂𝑂𝑂𝑂 − 𝑀𝑀𝑖𝑖�� ; (34) 

- for a developer in Case (b), occurs Ii = 2Ci. Thus, one has 

PI𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

2��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖�� ; (35) 

- for a developer in Cases d.1 and f.1, occurs Ii = 2𝐶𝐶𝑖𝑖 + 𝐶𝐶O𝑖𝑖 + ∑ 𝐶𝐶𝑠𝑠𝑠𝑠𝑆𝑆
𝑠𝑠=1 . So, is obtained 

PI𝑖𝑖 = �
P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

�2��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖� − 𝐶𝐶O𝑖𝑖 −�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

�� . (36) 

Equivalent Annual Net Present Value by use cases 
With refer to the EANPV, based on formulas (6) and (7) and taking into account the 

formulas for NPV in each of Cases (a)-(f), one has 

EANPV𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖

(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖 − 1
� �

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

−�
I𝑖𝑖𝑖𝑖

(1 + 𝑑𝑑)𝑡𝑡

𝜏𝜏𝑖𝑖

𝑡𝑡=1

�  = 

                                                                  =
𝑑𝑑(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖

(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖 − 1
� �

CF𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡 − 𝐼𝐼𝑖𝑖

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

�, 

(37) 

where:  
- for a purchaser (Cases c.3, d.2, e.3, and f.2), occurs τi = 0. Thus, one has 

EANPV𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐷𝐷𝑖𝑖

(1 + 𝑑𝑑)𝐷𝐷𝑖𝑖 − 1
��

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐷𝐷𝑖𝑖

𝑡𝑡=1

− 𝐼𝐼𝑖𝑖�, (38) 

where Ii is determined according to (2.7); 
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- for a developer in Case (a), occurs Ii = Ci. So, is obtained 

EANPV𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖

(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖 − 1
� �

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

−�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖� ; (39) 

- for a developer in Cases c.1 and e.1, occurs Ii = 𝐶𝐶𝑖𝑖 + ∑ 𝐶𝐶𝑠𝑠𝑠𝑠𝑆𝑆
𝑠𝑠=1 . Thus, is obtained 

EANPV𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖

(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖 − 1
� �

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

−�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

−�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

− 𝑀𝑀𝑖𝑖� ; (40) 

- for a developer in Cases c.2 and e.2, occurs Ii = 𝐶𝐶𝑖𝑖 + 𝐶𝐶O𝑖𝑖 . So, is obtained 

EANPV𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖

(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖 − 1
� �

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

−�𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝐶𝐶O𝑖𝑖 − 𝑀𝑀𝑖𝑖� ; (41) 

- for a developer in Case (b), occurs Ii = 2Ci. Thus, is obtained 

EANPV𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖

(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖 − 1
� �

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 2��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖�� ; (42) 

- for a developer in Cases d.1 and f.1, occurs Ii = 2𝐶𝐶𝑖𝑖 + 𝐶𝐶O𝑖𝑖 + ∑ 𝐶𝐶𝑠𝑠𝑠𝑠𝑆𝑆
𝑠𝑠=1 . So, is obtained 

EANPV𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖

(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖 − 1
� �

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

− 2��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖� − 𝐶𝐶O𝑖𝑖 −�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

�. (43) 

Equivalent Annual Profitability Index by use cases 
Regarding the EAPI index, based on formulas (6) and (7) and taking into account the 

formulas for Profitability Index in each of Cases (a)-(f), one has 

EAPI𝑖𝑖 = CRF ∙ PI𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖

(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖 − 1
�1 +

NPV𝑖𝑖
𝐼𝐼𝑖𝑖

�, (44) 

where:  
- for a purchaser (Cases c.3, d.2, e.3, and f.2), occurs τi = 0. Thus, one has 

EAPI𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐷𝐷𝑖𝑖

𝐼𝐼𝑖𝑖[(1 + 𝑑𝑑)𝐷𝐷𝑖𝑖 − 1]
�

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐷𝐷𝑖𝑖

𝑡𝑡=1

, (45) 

where Ii is determined according to (15); 
- for a developer in Case (a), occurs Ii = Ci. So, is obtained 

EAPI𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖

(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖 − 1
�

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖�� ; (46) 

- for a developer in Cases c.1 and e.1, occurs Ii = 𝐶𝐶𝑖𝑖 + ∑ 𝐶𝐶𝑠𝑠𝑠𝑠𝑆𝑆
𝑠𝑠=1 . Thus, one has 

EAPI𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖

(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖 − 1
�

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

−�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

− 𝑀𝑀𝑖𝑖�� ; (47) 

- for a developer in Cases c.2 and e.2, occurs Ii = 𝐶𝐶𝑖𝑖 + 𝐶𝐶O𝑖𝑖 . So, is obtained 
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EAPI𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖

(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖 − 1
�

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝐶𝐶O𝑖𝑖 − 𝑀𝑀𝑖𝑖�� ; (48) 

- for a developer in Case (b), occurs Ii = 2Ci. Thus, one has 

EAPI𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖

(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖 − 1
�

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

2��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖�� ; (49) 

- for a developer in Cases d.1 and f.1, occurs Ii = 2𝐶𝐶𝑖𝑖 + 𝐶𝐶O𝑖𝑖 + ∑ 𝐶𝐶𝑠𝑠𝑠𝑠𝑆𝑆
𝑠𝑠=1 . So, is obtained 

EAPI𝑖𝑖 =
𝑑𝑑(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖

(1 + 𝑑𝑑)𝐿𝐿𝑖𝑖 − 1
�

P𝑖𝑖𝑖𝑖 + AA𝑖𝑖𝑖𝑖
(1 + 𝑑𝑑)𝑡𝑡

𝐿𝐿𝑖𝑖

𝑡𝑡=𝜏𝜏𝑖𝑖+1

�2��𝐻𝐻𝑘𝑘𝑘𝑘𝑅𝑅𝑘𝑘

4

𝑘𝑘=1

− 𝑀𝑀𝑖𝑖� − 𝐶𝐶𝑂𝑂𝑂𝑂 −�𝐶𝐶𝑠𝑠𝑠𝑠

𝑆𝑆

𝑠𝑠=1

�� . (50) 

3.3. Some of implemented use cases 
IMNA Solutions use case 
IMNA Solutions (IMNA) [36] is a technology company that specializes in developing 

innovative solutions aimed at enhancing healthcare delivery and patient management. One 
of the flagship products developed by IMNA is a comprehensive patient management 
platform that enables healthcare providers to monitor patient progress in real-time. Among 
the most critical problems that IMNA observed while discussing with different healthcare 
institutions were: 

1. Data inconsistency from different patients, doctors, records, etc. 
2. Communication issues between patients and doctors. 
3. Patients often do not update their medical data. 
4. Patients and doctors are not updated in real-time with all the events that are 

happening. 
5. Patients are often dropping trials and do not complete medical questionnaires. 

Mobile apps were one of the proposed solutions. Using native mobile frameworks, 
because of security, data privacy, and smart device connectivity issues, mobile apps were 
discussed, developed, and finally delivered. After their implementation, the following results 
were obtained: 

1. Clinical institutions started to receive more accurate data from patients and the 
smart devices that were worn. 

2. The communication issues between doctor and patients started to disappear. They 
became more often and more proactive, this part was sensed the most during the COVID-19 
period. 

3. Patients began to complete more often medical questionnaires and reach the end 
of medical trials, including: 

1) according to reports from Nasus Pharma [28], after using IMNA mobile apps, one of 
their last medical trials out of 1000 people it ended with 100% user engagement - 
a significant increase from the previously achieved maximum of 72%; 

2) according to reports from RambamHealth [28], after using IMNA mobile 
applications, one of their latest medical studies of 200 people ended with 98.5% 
user engagement - a significant increase from the previously achieved maximum of 
67%. 
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To determine the economic impact, in Table 2, summary data obtained by IMNA are 
systematized.  

Table 2 
IMNA Solutions Cash flows for mobile apps in the 2019-2022 years [28] 

Year Income, USD Costs, USD Cash flows, USD 
2019 97,400 133,900 -36,500
2020 98,800 130,100 -31,300
2021 284,000 141,800 142,200 
2022 484,000 253,700 230,300 

From Table 2, a trend of rapid growth in Cash flows can be observed, exceeding 230 
thousand USD in 2022, over 1.6 times more than in 2021. 

Securer use case 
Securer [37] is an infrastructure for digitizing investors, assets, companies and funds 

ecosystems. Securer faced the following issues: 1) finding new auditory; 2) finding new 
communication and engagement channels; 3) to do more marketing and gain more attraction; 
4) automate the Know Your Customer (KYC) process.

As a solution, the development of a mobile app was proposed. Using hybrid approach, 
because of planned and limited budget, the mobile app was developed and delivered. After 
implementing the mobile app, Securer received more insights about their products and 
services, raised the number of active users by 12%, achieves new engagement channel for 
further research, and obtains a proof of concept of mobile KYC [28]. 

VentureRocket use case 
VentureRocket [38] is a comprehensive platform designed to streamline and enhance 

the processes of fundraising, investment management, and collaboration within the startup 
ecosystem. Aimed at entrepreneurs, investors, and accelerators, VentureRocket provides a 
robust digital infrastructure that facilitates the growth and development of early-stage 
companies by connecting them with the resources, capital, and networks they need to 
succeed. 

VentureRocket was trying to extend their user engagement channels and reach new 
leads and users for their platform by: 1) finding new auditory; 2) finding new communication 
and engagement channels; 3) increase their reputation and branding; 4) secure their data 
against different potential issues. 

In order to check and investigate a new communication channel and source of new 
users, the development of a mobile app was proposed. Using hybrid approach because of 
limited available developer resources during that period of time, the mobile app was 
developed and delivered. After implementing the mobile app with biometric verification 
layer, VentureRocket received more insights about their products and service, raised the 
number of active users by 9%, and achieved new engagement channel for further research [28]. 

4. Conclusions
The widespread use of mobile devices requires streamlining the development and use

of mobile apps. In this context, it is imminent to evaluate the impact of mobile apps on 
business activities in particular and on the quality of life in general. Unfortunately, the 
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information, research and analytical data regarding the quantitative economic impact of 
mobile apps is poor. 

 In this paper, an attempt is made to improve the situation in the field. To this end, 
taking into account the categories of mobile apps in the Google Play Store and Apple App 
Store and the statistical classification of economic activities, a classification of mobile apps 
is proposed. This can help organizations promote and generate new types of income. 

From the multitude of indices used to assess the economic efficiency of IT investment 
projects, the NPV, IRR and PI indices are selected, eventually in conjunction with the EAV 
method. These three indices form a Pareto set; the use of each of them, depending on the 
case, may lead to a different solution. Several qualitative indices have also been systematized 
to measure the impact of mobile apps. 

To calculate the NPV, IRR and PI indices, the costs with mobile applications are 
essential. For this reason, six base cases were defined, and afterwards 12 sub-cases (more 
precisely, two base cases and 10 sub-cases) were defined and for each of them the respective 
formulas were obtained. Subsequently, based on these, the final formulas for calculating the 
NPV, IRR, PI, EANPV and EAPI indices were obtained for each of the 12 sub-cases. 

Moreover, concrete calculations were performed regarding the impact of mobile 
applications developed and implemented within the companies IMNA Solutions, Securer and 
VentureRocket. These implementations confirmed the significant economic and social impact 
of mobile apps. 
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Abstract. In this paper, there have been synthesized the control algorithms in cascade control 
systems. The control object is the robotic arm which is actuated by a servo motor presented 
as an automatic cascade control system which is consisting of two loops. The use of multiple 
loops is justified by the fact that with a single loop, only one parameter of the servo motor is 
controlled, which leads to a decrease in the reliability of the automatic system. A case study 
was carried out for a direct current electric motor, where proportional (P), proportional-
integral (PI), and proportional-integral-derivative (PID) control algorithms were used, with P 
and PI applied to the inner loop, and P, PI, and PID to the outer loop. The system was 
simulated with the synthesized algorithms and the results were analyzed, it was established 
that the system has robustness and high performance for the case of using maximum stability 
degree method with iterations. 

Keywords: maximum stability degree method with iterations, proportional-integral-derivative 
controller, automatic control system, cascade control systems. 

Rezumat. În lucrare sunt sintetizați algoritmii din cadrul sistemelor de reglare în cascadă. 
Obiectul de reglare este brațul robotic acționat de un servomotor, prezentat ca un sistem 
automat de reglare în cascadă format din două bucle. Utilizarea mai multor bucle este 
argumentată de faptul că, într-un sistem cu o singură buclă, doar un singur parametru al 
servomotorului poate fi reglat, ceea ce duce la o scădere a fiabilității sistemului automat. A 
fost realizat un studiu de caz pentru un motor electric de curent continuu, unde au fost 
utilizați algoritmi de reglare proporțional (P), proporțional-integrativ (PI) și proporțional-
integrativ-derivativ (PID), cu P și PI aplicate pentru bucla interioară și P, PI și PID pentru bucla 
exterioară. Sistemul a fost simulat utilizând algoritmii sintetizați, iar rezultatele au fost 
analizate, stabilindu-se că sistemul are robustețe și performanțe ridicate în cazul utilizării 
metodei gradului maxim de stabilitate cu iterații. 

Cuvinte cheie: metoda gradului maximal de stabilitate cu iterații, regulator proporțional-
integrativ-derivativ, sistem de reglare automat, sistem de reglare în cascadă. 
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1. Introduction 
In recent decades, robots have passed a fast way in their evolution, one of the main 

stages being the emergence of soft (flexible) robots. For actions such as grasping and 
manipulating with objects, soft (flexible) robots realize much better with the passive 
adaptation required due to unpredictability and changing environmental conditions. In other 
words, while a rigid robot must be programmed in advance to capture an object, a soft robot 
can do it on its own due to passive adaptation [1-3].  

Although soft robotics technology has evolved in terms of mobility, tactile perception 
is much more important for extending the manipulative capabilities of robots [4]. 

Tactile perception in robotics often faces problems of non-linearity, low receptor 
density and/or lack of modularity, which prevents the adoption of a single solution. 
Distributed data arrays obtained by tactile sensors address the low-density problem to some 
extent, but they are usually limited to flexible boards or soft sensors with strongly non-linear 
characteristics. Currently, the main challenge in this field lies in the development of sensor 
models that can provide high-precision information for closed-loop control [1-5]. 

At the same time, the perception of touching the object by the robot can be realized 
by following the parameters of the execution element, such as voltage, current of direct 
current (DC) motors, servomotors etc. [5-8]. 

The servomotor is a commonly used as actuator element in the construction of robotic 
arms due to its ability to provide precise positioning of the position of the arm or part of the 
robot. A servo motor is a type of electric motor specifically designed to provide precise 
positioning in a mechanical system. The field of use includes: robotic arms, robots, computer 
numerical control (CNC) machines, aircraft, automobiles, industrial equipment, medicine etc. [7, 8]. 

 

2. Problem formulation 
Given the mathematical model of a DC servomotor with permanent magnets, it is 

described the second order with astatism transfer function [9-13]: 
 

 𝐻𝐻𝑀𝑀(𝑠𝑠) = 𝑘𝑘
𝑠𝑠(𝑇𝑇𝑚𝑚𝑇𝑇𝑒𝑒𝑠𝑠2+𝑇𝑇𝑚𝑚𝑠𝑠+1)

, (1) 
 

where: 𝑘𝑘 is transfer coefficient, 𝑇𝑇𝑚𝑚 – electromechanical time constant, 𝑇𝑇𝑒𝑒 – electrical time 
constant. 

In order to verify the hypothesis, that a single control loop of the servo output shaft 
angle is not enough, a DC motor model with known parameters was used: 

Maximum rotor voltage 𝑈𝑈𝑟𝑟 = 6 V. 
Power 𝑃𝑃 = 0.46 W. 
Nominal rotations 𝑛𝑛𝑛𝑛 = 2850 rpm. 
Rotor current 𝐼𝐼𝑟𝑟 = 0.076 A. 
Engine torque 𝑀𝑀𝑚𝑚 = 0.0016 Nm. 
The active resistance of the rotor 𝑅𝑅 = 7.9 Ω. 
The moment of inertia of the motor 𝐽𝐽𝑚𝑚 = 0.91 ∙ 10−7 kgm2. 
The transfer coefficient 𝑘𝑘 represents the rotor voltage - angular speed of the motor 

and is calculated based on the technical data by the expression: 
 

𝑘𝑘 = 1
𝑘𝑘𝑒𝑒

= 𝑛𝑛
𝑈𝑈𝑟𝑟−α𝑅𝑅𝐼𝐼𝑟𝑟

= 2850
6−1.2∙7.9∙0.076

= 539.77 (rpm/V). 
 

It is calculated the coefficient 𝑘𝑘𝑒𝑒 by the relation: 
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𝑘𝑘𝑒𝑒 = 1
𝑘𝑘

= 1
539.77

= 0.00185. 
 

The electromechanical time constant is calculated according to the relationship: 
 

𝑇𝑇𝑚𝑚 = 1
9.55

𝐽𝐽α𝑅𝑅
𝑘𝑘𝑚𝑚𝑘𝑘𝑒𝑒

= 1
9.55

0.91∙10−7∙1.2∙7.9
0.0176∙0.00185

= 0.00277 s. 

The coefficient 𝑘𝑘𝑚𝑚 it is calculated by the expression: 
 

𝑘𝑘𝑚𝑚 = 𝑘𝑘𝑒𝑒
0.105

= 0.00185
0.105

= 0.0176. 
 

Inductance with β = 0.3 and 𝑝𝑝 = 2 poles it is calculated by the relations: 
 

𝐿𝐿 = 30
π
β 𝑈𝑈𝑟𝑟
𝑝𝑝𝑝𝑝𝐼𝐼𝑅𝑅

= 30
3.14

0.3 6
2∙2850∙0.076

= 0.03969 H. 
 

The electrical time constant 𝑇𝑇𝑒𝑒 is calculated by the relation: 
 

𝑇𝑇𝑒𝑒 = 𝐿𝐿
𝑅𝑅

= 0.03968
7.9

= 0.00502 s. 
 

The coefficients are introduced in (1) and it is obtained the motor transfer function: 
 

𝐻𝐻𝑀𝑀(𝑠𝑠) = 𝑘𝑘
𝑇𝑇𝑚𝑚𝑇𝑇𝑒𝑒𝑠𝑠2+𝑇𝑇𝑚𝑚𝑠𝑠+1

= 539.77
0.00277 ∙0.00502𝑠𝑠2+0.00277𝑠𝑠+1

=  

= 539.77
1.39∙10−5𝑠𝑠2+0.00277𝑠𝑠+1

. 
 

In the motor coil the current changes according to the equivalent transfer function of 
a simple inductor [8]: 

 

 𝐻𝐻𝐼𝐼(𝑠𝑠) = 𝑈𝑈int
𝐿𝐿𝐿𝐿+𝑅𝑅

= 4.5
0.003968𝑠𝑠+7.9

, (2) 
 

where: 𝐻𝐻𝐼𝐼(𝑠𝑠) is the transfer function of the current change in the motor coil (rotor), 𝑈𝑈int – the 
voltage applied to the coil which must not exceed the maximum admissible voltage (6 V) for 
the supply, L – the inductance of the coil and R – the resistance of the coil. 

Due to the fact that astatism is present in the system (which occurs because the 
rotations of the DC motor need to be converted into angular displacement) the P controller 
was chosen as a simple solution and closer to the real object that was tuned using parametric 
optimization. 

As mentioned above, the motor supply voltage is 4.5 V, from this reason a saturation 
element with limits between -4.5 and +4.5 V was introduced in the structural block diagram 
of the system (Figure 1) [14]. 

 

 
Figure 1. Structural block scheme of the automatic control system with one loop. 

 

Figure 2 depicts the index step response of the automatic control system (curve 1), the 
voltage applied to the motor generated by the controller P (curve 2) and the variation of the 
current in the motor coil (curve 3). 
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Figure 2. The response of the control system to the step signal with the  

application of the disturbance. 
 

Analyzing the curves from Figure 2, can be observed that a sudden increase the current 
in the motor coil, both when the system is started and when the load disturbance is applied 
at 0.5 s from start-up. According to the technical data of the motor, the maximum current of 
the motor coil is 0.076 A, and on the transient process a peak of about 2 A is observed at 
system start-up and about 2.5 A at the moment of applying the disturbance, which is 
approximate 33 times greater the rated current. The duration for which the current exceeding 
the allowed limit is approximately 0.1 s for the case of applying the load disturbance, during 
which the power transistors fail to dissipate the amount of heat dissipate and often go out of 
commission, motor coils usually hold up because they have a greater ability to dissipate 
power on itself. 

In order to make the control of the servomotors more efficient, the system with two 
loops is proposed to use. The inner loop performs the control of the motor coil current, and 
the outer loop control the rotation angle of the servo motor. 

 

3. Synthesis automatic control algorithms for system with two control loops  
Cascade control structures are used for control fast and slow processes with or without 

time delay. The presence of many time constants in the transfer function of the fixed part 
makes it difficult to use some typical control algorithms, which impose the compensation of 
these time constants, by control algorithms containing several first-degree binomials. There 
are given difficulties in the tuning of such control algorithms, taking into account the 
negative effect that derivative components have on the system response (amplification of 



128 Cascade control algorithm of the robotic arm's servomotor 

Journal of Engineering Science  December, 2024, Vol. XXXI (4) 

noises) it is recommended to use cascade control structures. The structural block scheme of 
the two-loop automatic control system with servomotor is represented in Figure 3 [15-23]. 

 

 
Figure 3. Structural block –scheme of the two-loop automatic control system. 

 

Tuning the controllers in cascade control systems is done from the inner loop and then 
it is performed in the outer loop. 

Figure 4 presents the structural block scheme of the DC motor for controlling the 
rotation angle. 

 

 
Figure 4. Structural block scheme of the DC motor. 

 

In Figure 4, the following notations are used: 𝑢𝑢(𝑡𝑡) is the command signal (supply 
voltage), 1

𝐿𝐿𝐿𝐿+𝑅𝑅
 – the transfer function of the electromechanical component (coil) of the motor, 

𝑘𝑘1– the torque coefficient of the motor, 1
𝐽𝐽𝐽𝐽

 – the transfer function of the mechanical 

component of the engine, 𝑘𝑘2 – the viscous friction force coefficient, ω(𝑡𝑡) – the angular speed 
of the rotor and α(𝑡𝑡) – the rotation angle of the rotor shaft. 

According to the structural block scheme of the DC motor, the expressions for the parts 
𝐻𝐻01(𝑠𝑠) and 𝐻𝐻02(𝑠𝑠) of the control object are following: 

 

 𝐻𝐻01(𝑠𝑠) = 𝑘𝑘2
𝐿𝐿𝐿𝐿+𝑅𝑅

= 539.77
0.03968𝑠𝑠+7.9

, (3) 
 

 𝐻𝐻02(𝑠𝑠) =
1
𝐽𝐽𝐽𝐽

1+1
𝐽𝐽𝐽𝐽𝑘𝑘3

1
𝑠𝑠

= 1
𝐽𝐽𝐽𝐽+𝑘𝑘3

1
𝑠𝑠

 = 1
0.91∙10−7𝑠𝑠2+0.002s

, (4) 
 

A. Tuning the controller in the inner loop 
In the inner loop, it is recommended to use controllers with a simpler structure than 

in the outer one. Next, the synthesis of the P and PI controllers are presented according to 
the maximum stability degree method (MSD). PD and PID controllers cannot be tuned by the 
MSD method, because according to the methodology of the MSD method, the order of the 
characteristic equation of the closed loop system must be greater than or equal to the number 
of tuned parameters [24,25].  

It is considered the inner loop represented in Figure 5. 
 

 
Figure 5. Structural block scheme of the inner loop. 
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The procedure of tuning P and PI controllers consists from following steps: 
1. It is chosen one of the desired control laws. 
2. The transfer function of the closed loop system with the chosen control algorithm 

is obtained. 
3. The characteristic equation of the closed loop is obtained. 
4. The substitution 𝑝𝑝 =– 𝐽𝐽 in the characteristic equation is done. 
5. Derivation on variable 𝐽𝐽 of the characteristic equation from point 4 is performed a 

number of times equal to the number of tuning parameters. 
6. From the equation obtained in point 5, its roots are determined, which represent 

the degrees of stability of the designed automatic system, and the value of the optimal degree 
𝐽𝐽opt is the smallest real root, or the real part of the complex root. 

7. Using 𝐽𝐽opt and the algebraic equations obtained in step 5, the parameter values of 
the chosen control laws are calculated. 

8. The performance of the designed automatic control system is verified by computer 
simulation [24,25]. 

If the system performance is not satisfied by the analytical calculations, it is 
recommended to use the maximum stability degree method with iterations (MSDI), which 
consists in determining the analytical expressions of the tuning parameters, that depend on 
the object’s parameters that are known and stability degree parameter, that is unknown and 
there are obtained the dependencies 𝑘𝑘𝑝𝑝 = 𝑓𝑓𝑝𝑝(𝐽𝐽), 𝑘𝑘𝑖𝑖 = 𝑓𝑓𝑖𝑖(𝐽𝐽). 

At the variation of the stability degree 𝐽𝐽 from for the P and PI control algorithms and 
the sets of values are chosen from the obtained curves of the tuning parameters P and I  𝐽𝐽𝑖𝑖 −
𝑘𝑘𝑝𝑝𝑝𝑝, 𝑘𝑘𝑖𝑖𝑖𝑖 . Next, the automatic control system with the chosen control algorithm is simulated 
on the computer and there are obtained the transient responses, after which the highest 
possible performance of the system is determined, which would satisfy the imposed 
performance of the automatic control system. 

If the performances of the system are satisfied, the synthesis procedure is finished, or 
otherwise, the procedure starts from the beginning with another type of control law or 
another tuning method. 

For the calculation of the tuning parameters of the typical P and PI controllers transfer 
function (3) is presented in a generalized form: 

 

 𝐻𝐻01(𝑠𝑠) = 539.77
0.03968𝑠𝑠+7.9

= 𝑘𝑘2
𝑎𝑎0𝑠𝑠+a1

, (5) 
 

where 𝑘𝑘2 = 539.77 is transfer coefficient, and the generic coefficients of the control object 
are 𝑎𝑎0 = 0.03968, that represents the time constant of the process and 𝑎𝑎1 = 7.9. 

 

Synthesis the P controller in the inner loop  
The transfer function of inner closed loop with P controller is presented: 

 

 𝐻𝐻0 = 𝐻𝐻𝑅𝑅(𝑠𝑠)𝐻𝐻01(𝑠𝑠)
1+𝐻𝐻𝑅𝑅(𝑠𝑠)𝐻𝐻01(𝑠𝑠)

= 𝑘𝑘𝑝𝑝2𝑘𝑘2
𝑎𝑎0𝑠𝑠+𝑎𝑎1+𝑘𝑘𝑝𝑝2𝑘𝑘

= 𝐵𝐵(𝑠𝑠)
𝐴𝐴(𝑠𝑠)

, (6) 
 

where 𝑘𝑘𝑝𝑝2 is tuning parameter of the P controller. 
The characteristic equation 𝐴𝐴(𝑠𝑠) of the inner loop is: 

 

 𝐴𝐴(𝑠𝑠) = 𝑎𝑎0𝑠𝑠 + 𝑎𝑎1 + 𝑘𝑘𝑝𝑝2𝑘𝑘 = 𝑎𝑎0𝑠𝑠+𝑎𝑎1
𝑘𝑘2

+ 𝑘𝑘𝑝𝑝2 = 0. (7) 
 

According to the algorithm of maximum stability degree method, it is done the 
substitution 𝑠𝑠=−𝐽𝐽 and it is obtained the expression: 
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 𝐴𝐴(−𝐽𝐽) = −𝑎𝑎0𝐽𝐽+𝑎𝑎1
𝑘𝑘2

+ 𝑘𝑘𝑝𝑝2 = 0. (8) 
 

For determining the tuning parameter of the P controller by the MSDI method from 
expression (8) it is obtained the relation: 

 

 𝑘𝑘𝑝𝑝2 = 𝑎𝑎0𝐽𝐽−𝑎𝑎1
𝑘𝑘2

= 0.03968𝐽𝐽−7.9
539.77

. (9) 
 

The variation of 𝐽𝐽 from 0 to 300 means investigating the system's performance at 
different levels of stability. Figure 6 illustrates the dependency of P controller parameter 𝑘𝑘𝑝𝑝2 
on the stability degree 𝐽𝐽. 

 

 
Figure 6. Dependence 𝒌𝒌𝒑𝒑𝒑𝒑 = 𝒇𝒇𝒑𝒑𝟐𝟐(𝑱𝑱). 

 

From sets of obtained values 𝑘𝑘𝑝𝑝2 = 𝑓𝑓𝑝𝑝2(𝐽𝐽), the values that provide the best 
performance for the automatic control system are selected. Figure 7 depict the transient 
responses of the system corresponding to different selected values of 𝑘𝑘𝑝𝑝2. 

 

 

Figure 7. The step response of the inner loop with P controller. 
Note: the transient responses labeled 1, 2 and 3 correspond to the No. iter. listed in Table 1. 

 

In Table 1, there are presented the performances of the automatic control system of 
the DC motor coil current with P controller. 

In the case of the P controller, the steady-state error is high, because P controller 
cannot be used in the inner loop. 
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Table 1 
Tuning parameters and performances of the automatic control system with P controller 
No. iter. 𝑱𝑱 𝒌𝒌𝒑𝒑𝒑𝒑 𝒕𝒕𝒓𝒓 (s) 𝛔𝛔 (%) 𝒕𝒕𝒔𝒔 (s) 𝒏𝒏 

1 240 0.003 0.0088 - 0.012 - 
2 261 0.00455 0.0095 - 0.011 - 
3 273.5 0.00546 0.0091 - 0.011 - 

Note: 𝐽𝐽 – stability degree, 𝑘𝑘𝑝𝑝2 – P controller parameter, 𝑡𝑡𝑟𝑟 – rise time, σ – overshoot, 𝑡𝑡𝑠𝑠 – settling time, 𝑛𝑛 – 
number of deviations from the set value. 

Synthesis of the PI controller in the inner loop  
It is determinate the transfer function of the inner loop with PI controller: 

𝐻𝐻0𝑖𝑖 = 𝐻𝐻𝑅𝑅(𝑠𝑠)𝐻𝐻01(𝑠𝑠)
1+𝐻𝐻𝑅𝑅(𝑠𝑠)𝐻𝐻01(𝑠𝑠)

= (𝑘𝑘𝑝𝑝2𝑠𝑠+𝑘𝑘𝑖𝑖2)𝑘𝑘2
𝑎𝑎0𝑠𝑠2+𝑎𝑎1s+(𝑘𝑘𝑝𝑝2𝑠𝑠+𝑘𝑘𝑖𝑖2)𝑘𝑘2

= 𝐵𝐵(𝑠𝑠)
𝐴𝐴(𝑠𝑠)

, (10) 

where 𝑘𝑘𝑝𝑝2, 𝑘𝑘𝑖𝑖2 are tuning parameters of the PI controller. 
The characteristic equation 𝐴𝐴(𝑠𝑠) of the system is following: 

𝐴𝐴(𝑠𝑠) = 𝑠𝑠(𝑎𝑎0𝑠𝑠 + 𝑎𝑎1) + (𝑘𝑘𝑝𝑝2𝑠𝑠 + 𝑘𝑘𝑖𝑖2)𝑘𝑘2 = 𝑎𝑎0𝑠𝑠2+𝑎𝑎1s
𝑘𝑘2

+ 𝑘𝑘𝑝𝑝2𝑠𝑠 + 𝑘𝑘𝑖𝑖2 = 0. (11) 

According to the algorithm of the MSDI method, it is done the substitution 𝑠𝑠 = −𝐽𝐽 in 
expression (11) and after some transformation it is obtained: 

𝐴𝐴(−𝐽𝐽) = 𝑎𝑎0𝐽𝐽2−𝑎𝑎1𝐽𝐽
𝑘𝑘2

− 𝑘𝑘𝑝𝑝2𝐽𝐽 + 𝑘𝑘𝑖𝑖2 = 0. (12) 

In the case of using PI controller, it is necessary to derive equation (12) on the variable 
𝐽𝐽 once and there are obtained the expressions:  

𝑘𝑘𝑝𝑝2 = 2𝑎𝑎0𝐽𝐽−𝑎𝑎1
𝑘𝑘2

= 0.07936𝐽𝐽−7.9
539.77

, (13) 

𝑘𝑘𝑖𝑖2 = −𝑎𝑎0𝐽𝐽2+𝑎𝑎1𝐽𝐽
𝑘𝑘2

+ 𝑘𝑘𝑝𝑝2𝐽𝐽 = −0.03968𝐽𝐽2+7.9𝐽𝐽
539.77

+ 𝑘𝑘𝑝𝑝2𝐽𝐽. (14) 

At the variation the stability degree value 𝐽𝐽 from 0 to 100, there are calculated and 
constructed the curves 𝑘𝑘𝑝𝑝2 = 𝑓𝑓𝑝𝑝2(𝐽𝐽) și 𝑘𝑘𝑖𝑖2 = 𝑓𝑓𝑖𝑖2(𝐽𝐽) for control algorithm PI (Figure 8). 

Figure 8. Dependencies 𝒌𝒌𝒑𝒑𝟐𝟐 = 𝒇𝒇𝒑𝒑𝟐𝟐(𝑱𝑱) and 𝒌𝒌𝒊𝒊𝟐𝟐 = 𝒇𝒇𝒊𝒊𝟐𝟐(𝑱𝑱). 

In the Figure 9, there are presented the transient responses of the system for the 
different values of the 𝑘𝑘𝑝𝑝2 and 𝑘𝑘𝑖𝑖2. 
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Figure 9. The step response of the inner loop with PI controller. 

Note: the transient responses labeled 1, 2 and 3 correspond to the No. iter. listed in Table 2. 
 

In Table 2, there are presented the performances of the automatic current control 
system of the DC motor with PI controller. 

In the case of use the PI controller in the inner loop, there are obtained the good 
performances and the best was obtained for the 3rd iteration from Table 2. 

Table 2 
Tuning parameters and performances of the automatic control system with PI controller 

No. iter. 𝑱𝑱 𝒌𝒌𝒑𝒑𝒑𝒑 𝒌𝒌𝒊𝒊𝒊𝒊 𝑻𝑻𝒊𝒊𝒊𝒊 (s) 𝒕𝒕𝒓𝒓 (s) 𝛔𝛔 (%) 𝒕𝒕𝒔𝒔 (s) 𝒏𝒏 
1 40.5 0.00868 0.8237 1.214 0.041 - 0.047 - 
2 66.3 0.00489 0.9713 1.029 0.043 - 0.045 - 
3 98.7 0.00012 0.7407 1.35 0.063 - 0.064 - 

Note: 𝐽𝐽 – stability degree, 𝑘𝑘𝑝𝑝2 – P controller parameter, 𝑘𝑘𝑖𝑖2 – I controller parameter, 𝑇𝑇𝑖𝑖2 – oscillation period of 
the I component of controller, 𝑡𝑡𝑟𝑟 – rise time, σ – overshoot, 𝑡𝑡𝑠𝑠 – settling time, 𝑛𝑛 – number of deviations from 
the set value. 

 

B. Tuning controller in the outer loop 
For tuning the controller in the outer loop, it is necessary to calculate the transfer 

function of the fixed part, which is the product of the transfer function of the closed system 
𝐻𝐻0(𝑠𝑠) from the inner loop 𝐻𝐻0𝑖𝑖(𝑠𝑠) and the transfer function of the mechanical component 
𝐻𝐻02(𝑠𝑠) of the DC motor. In the inner loop, the PI controller will be used because, following 
its tuning, the best results were obtained (Table 2, iteration 3). 

 

 𝐻𝐻0(𝑠𝑠) = 𝐻𝐻0𝑖𝑖(𝑠𝑠)𝐻𝐻02(𝑠𝑠) = (𝑘𝑘𝑝𝑝2𝑠𝑠+𝑘𝑘𝑖𝑖2)𝑘𝑘2
𝑎𝑎0𝑠𝑠2+𝑎𝑎1s+(𝑘𝑘𝑝𝑝2𝑠𝑠+𝑘𝑘𝑖𝑖2)𝑘𝑘2

1
𝑎𝑎2𝑠𝑠2+a3s

= 𝑐𝑐0𝑠𝑠+𝑐𝑐1
𝑑𝑑0𝑠𝑠4+𝑑𝑑1𝑠𝑠3+𝑑𝑑2𝑠𝑠2+𝑑𝑑3𝑠𝑠

, (15) 

where 𝑐𝑐0 = 𝑘𝑘2𝑘𝑘𝑝𝑝2 = 3.9996, 𝑐𝑐1 = 𝑘𝑘2𝑘𝑘𝑖𝑖2 = 892.77, 𝑑𝑑0 = 𝑎𝑎0𝑎𝑎2 = 3,61 ∙ 10−9, 𝑑𝑑1 = 𝑎𝑎0𝑎𝑎3 + 
+𝑎𝑎1𝑎𝑎2 + 𝑎𝑎2𝑘𝑘𝑝𝑝2𝑘𝑘2 = 8.044 ∙ 10−5, 𝑑𝑑2 = 𝑎𝑎1𝑎𝑎3 + 𝑎𝑎2𝑘𝑘𝑖𝑖2𝑘𝑘2 + 𝑎𝑎3𝑘𝑘𝑝𝑝2𝑘𝑘2 = 0.0328 and 𝑑𝑑3 = 
= 𝑎𝑎3𝑘𝑘𝑖𝑖2𝑘𝑘2 = 1.7855. 

 

The mathematical model of the control object is with advance first-order, inertia third 
order and astatism. The structural block scheme of the outer loop of the automatic control 
system is presented in Figure 10. 
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Figure 10. Structural block scheme of the outer loop. 

 

The transfer function of the closed loop system is presented in the following form: 
 

 𝐻𝐻0(𝑠𝑠) = 𝐻𝐻𝑑𝑑(𝑠𝑠)
1+𝐻𝐻𝑑𝑑(𝑠𝑠) = 𝐻𝐻𝑅𝑅(𝑠𝑠)𝐻𝐻𝑃𝑃𝑃𝑃(𝑠𝑠)

1+𝐻𝐻𝑅𝑅 (𝑠𝑠)𝐻𝐻𝑃𝑃𝑃𝑃(𝑠𝑠) = 𝐻𝐻𝑅𝑅(𝑠𝑠)(𝑐𝑐0𝑠𝑠+𝑐𝑐1)
𝑑𝑑0𝑠𝑠4+𝑑𝑑1𝑠𝑠3+𝑑𝑑2𝑠𝑠2+𝑑𝑑3𝑠𝑠+𝐻𝐻𝑅𝑅(𝑠𝑠)(𝑐𝑐0𝑠𝑠+𝑐𝑐1)

= 𝐵𝐵(𝑠𝑠)
𝐴𝐴(𝑠𝑠)

, (16) 
 

where 𝐻𝐻𝑑𝑑(𝑠𝑠) = 𝐻𝐻𝑅𝑅(𝑠𝑠)𝐻𝐻𝑃𝑃𝑃𝑃(𝑠𝑠) is the transfer function of the open loop system, 𝐻𝐻𝑅𝑅(𝑠𝑠) – transfer 
function of the controller, where 𝐴𝐴(𝑠𝑠) and 𝐵𝐵(𝑠𝑠) – the system polynomials. 

Next, it is presented the procedures for tuning P, PI and PID controllers to the model 
of object (15). 

 

Synthesis of the P controller in the outer loop 
The characteristic equation 𝐴𝐴(𝑠𝑠) of the automatic control system is: 

 

 𝐴𝐴(𝑠𝑠) = 𝑑𝑑0𝑠𝑠4 + 𝑑𝑑1𝑠𝑠3 + 𝑑𝑑2𝑠𝑠2 + 𝑑𝑑3𝑠𝑠 + 𝑘𝑘𝑝𝑝1(𝑐𝑐0𝑠𝑠 + 𝑐𝑐1) = 0, (17) 
 

where 𝑘𝑘𝑝𝑝1 is a tuning parameter of P controller. 
According to the algorithm of the MSDI method, it is done the substitution 𝑠𝑠 = −𝐽𝐽 and 

after some transformation it is obtained: 
 

 𝐴𝐴(−𝐽𝐽) = 𝑑𝑑0𝐽𝐽4−𝑑𝑑1𝐽𝐽3+𝑑𝑑2𝐽𝐽2−𝑑𝑑3𝐽𝐽
𝑐𝑐1−c0𝐽𝐽

+ 𝑘𝑘𝑝𝑝1 = 0. (18) 
 

In the case of using P controller, it is necessary to derive equation (18) on the variable 
𝐽𝐽 once and the following expression is obtained: 

 

 𝐷̇𝐷(−𝐽𝐽) = −3𝑑𝑑0𝑐𝑐0𝐽𝐽4+𝐽𝐽3(4𝑑𝑑0𝑐𝑐1+2𝑑𝑑1𝑐𝑐0)−𝐽𝐽2(3𝑑𝑑1𝑐𝑐1+𝑑𝑑2𝑐𝑐0)+2𝑑𝑑2𝑐𝑐1𝐽𝐽−𝑑𝑑3𝑐𝑐1
(𝑐𝑐1−𝑐𝑐0𝐽𝐽)2 = 0. (19) 

 

The value of the stability degree 𝐽𝐽opt is the smallest positive root of the equation: 
 

 −3𝑑𝑑0𝑐𝑐0𝐽𝐽4 + 𝐽𝐽3(4𝑑𝑑0𝑐𝑐1 + 2𝑑𝑑1𝑐𝑐0)− 𝐽𝐽2(3𝑑𝑑1𝑐𝑐1 + 𝑑𝑑2𝑐𝑐0) + 2𝑑𝑑2𝑐𝑐1𝐽𝐽 − 𝑑𝑑3𝑐𝑐1 = 0. (20) 
 

For determination the tuning parameter of P controller from expression (18) there is 
used the following relationship: 

 

 𝑘𝑘𝑝𝑝1 = −𝑑𝑑0𝐽𝐽4+𝑑𝑑1𝐽𝐽3−𝑑𝑑2𝐽𝐽2+𝑑𝑑3𝐽𝐽
𝑐𝑐1−𝑐𝑐0𝐽𝐽

= 3.61∙10−9𝐽𝐽4+8.044∙10−5𝐽𝐽3−0.0328𝐽𝐽2+1.7855𝐽𝐽
892.77−3.9996𝐽𝐽

. (21) 
 

 
Figure 11. Dependence 𝒌𝒌𝒑𝒑𝟏𝟏 = 𝒇𝒇𝒑𝒑𝟏𝟏(𝑱𝑱). 
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At the variation the stability degree 𝐽𝐽 from 0 to 10, there are calculated and 
constructed the curves 𝑘𝑘𝑝𝑝1 = 𝑓𝑓𝑝𝑝1(𝐽𝐽) for the P control algorithm (Figure 11). 

In Figure 12, the transient responses of the automatic control system with a P 
controller in the outer loop are presented for different values of 𝑘𝑘𝑝𝑝1, showing the rotation 
angle of the servomotor's output shaft. 

 

 
Figure 12. The step response of the outer loop with P controller 

Note: the transient responses labeled 1, 2 and 3 correspond to the No. iter. listed in Table 3. 
 

Table 3 represents the performance of the automatic control system for controlling 
the angle of rotation of the servomotor's output shaft with a P controller. 

Table 3 
Tuning parameters and performances of the automatic control  

system with P controller 
No. iter. 𝑱𝑱 𝒌𝒌𝒑𝒑𝒑𝒑 𝒕𝒕𝒓𝒓 (s) 𝛔𝛔 (%) 𝒕𝒕𝒔𝒔 (s) 𝒏𝒏 

1 5.0 0.0093 0.579 - 0.615 - 
2 7.0 0.0126 0.417 - 0.447 - 
3 10.0 0.0175 0.297 - 0.321 - 

Note: 𝐽𝐽 – stability degree, 𝑘𝑘𝑝𝑝1 – P controller parameter, 𝑡𝑡𝑟𝑟 – rise time, σ – overshoot, 𝑡𝑡𝑠𝑠 – settling time, 𝑛𝑛 – 
number of deviations from the set value. 

 

In the case of the system with P controller in the outer loop, there are obtained the 
good performances, due to the astatism existing in the object, and the steady-state error is 
zero (Table 3, iteration 3). 

 

Synthesis of the PI controller in the outer loop 
The characteristic equation 𝐴𝐴(𝑠𝑠) of the automatic control system with PI controller is 

following: 
 𝐴𝐴(𝑠𝑠) = 𝑑𝑑0𝑠𝑠5 + 𝑑𝑑1𝑠𝑠4 + 𝑑𝑑2𝑠𝑠3 + 𝑑𝑑3𝑠𝑠2 + (𝑘𝑘𝑝𝑝1𝑠𝑠 + 𝑘𝑘𝑖𝑖1)(𝑐𝑐0𝑠𝑠 + 𝑐𝑐1) = 0, (22) 

 

where 𝑘𝑘𝑝𝑝1, 𝑘𝑘𝑖𝑖1 are tuning parameters of PI controller. 
According to the algorithm of the MSDI method, it is done the substitution 𝑠𝑠 = −𝐽𝐽  and 

after some transformation it is obtained: 
 

 𝐴𝐴(−𝐽𝐽) = −𝑑𝑑0𝐽𝐽5+𝑑𝑑1𝐽𝐽4−𝑑𝑑2𝐽𝐽3+𝑑𝑑3𝐽𝐽2

𝑐𝑐1−𝑐𝑐0𝐽𝐽
− 𝑘𝑘𝑝𝑝1𝐽𝐽 + 𝑘𝑘𝑖𝑖1 = 0. (23) 

 

In the case of using PI controller, it is necessary to derive equation (23) on the variable 
𝐽𝐽 twise and it is obtained the expression: 
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𝐴̈𝐴(−𝐽𝐽) = 𝑑𝑑0𝐽𝐽6−𝑑𝑑1𝐽𝐽5+𝑑𝑑2𝐽𝐽4−𝑑𝑑3𝐽𝐽3+𝑑𝑑4𝐽𝐽2−𝑑𝑑5𝐽𝐽+𝑑𝑑6
(𝑐𝑐1−𝑐𝑐0𝐽𝐽)4 = 0, (24) 

where: 𝑑𝑑0 = 12𝑑𝑑0𝑐𝑐03, 𝑑𝑑1 = 42𝑑𝑑0𝑐𝑐02𝑐𝑐1 + 6𝑑𝑑1𝑐𝑐03, 𝑑𝑑2 = 50𝑑𝑑0𝑐𝑐0𝑐𝑐12 + 22𝑑𝑑1𝑐𝑐02𝑐𝑐1 + 2𝑑𝑑2𝑐𝑐03, 𝑑𝑑3 = 
= 20𝑑𝑑0𝑐𝑐13 + 28𝑑𝑑1𝑐𝑐0𝑐𝑐12 + 8𝑑𝑑2𝑐𝑐02𝑐𝑐1, 𝑑𝑑4 = 12𝑑𝑑1𝑐𝑐13 + 12𝑑𝑑2𝑐𝑐0𝑐𝑐12, 𝑑𝑑5 = 6𝑑𝑑2𝑐𝑐13 + 2𝑑𝑑3𝑐𝑐0𝑐𝑐12, 𝑑𝑑6 = 
= 2𝑑𝑑3𝑐𝑐13. 

The value of the stability degree 𝐽𝐽opt is the smallest positive root of the equation: 

𝑑𝑑0𝐽𝐽6 − 𝑑𝑑1𝐽𝐽5 + 𝑑𝑑2𝐽𝐽4 − 𝑑𝑑3𝐽𝐽3 + 𝑑𝑑4𝐽𝐽2 − 𝑑𝑑5𝐽𝐽 + 𝑑𝑑6 = 0. (25) 

For determining the tuning parameters of the PI controller there are used the 
following relationships: 

𝑘𝑘𝑝𝑝1 = 4𝑑𝑑0𝑐𝑐0𝐽𝐽5−𝐽𝐽4(5𝑑𝑑0𝑐𝑐1+3𝑑𝑑1𝑐𝑐0)+𝐽𝐽3(4𝑑𝑑1𝑐𝑐1+2𝑑𝑑2𝑐𝑐0)−𝐽𝐽2(3𝑑𝑑2𝑐𝑐1+𝑑𝑑3𝑐𝑐0)+2𝑑𝑑3𝑐𝑐1𝐽𝐽
(𝑐𝑐1−𝑐𝑐0𝐽𝐽)2 = 

= 5.77∙10−8𝐽𝐽5−0.000981𝐽𝐽4+0.4783𝐽𝐽3−71.1021𝐽𝐽2+3188.2215𝐽𝐽
(892.77−3.9996𝐽𝐽)2 , (26) 

𝑘𝑘𝑖𝑖1 =
𝑑𝑑0𝐽𝐽5 − 𝑑𝑑1𝐽𝐽4 + 𝑑𝑑2𝐽𝐽3 − 𝑑𝑑3𝐽𝐽2

𝑐𝑐1 − 𝑐𝑐0𝐽𝐽
+𝑘𝑘𝑝𝑝1𝐽𝐽 =

= 3.61∙10−9𝐽𝐽5−8.044∙10−5𝐽𝐽4+0.0328𝐽𝐽3−1.7855𝐽𝐽2

892.77−3.9996𝐽𝐽
+𝑘𝑘𝑝𝑝1𝐽𝐽. (27) 

At the variation the stability degree 𝐽𝐽 from 0 to 10, there are calculated and 
constructed the curves 𝑘𝑘𝑝𝑝1 = 𝑓𝑓𝑝𝑝1(𝐽𝐽) and 𝑘𝑘𝑖𝑖1 = 𝑓𝑓𝑖𝑖1(𝐽𝐽) for the PI control algorithm (Figure 13). 

Figure 13. Dependence 𝒌𝒌𝒑𝒑𝒑𝒑 = 𝒇𝒇𝒑𝒑𝒑𝒑(𝑱𝑱) and 𝒌𝒌𝒊𝒊𝒊𝒊 = 𝒇𝒇𝒊𝒊𝒊𝒊(𝑱𝑱).

In Figure 14 are presented the transient responses of the automatic control system for 
the different values of 𝑘𝑘𝑝𝑝1 and 𝑘𝑘𝑖𝑖1. 

Figure 14. Transient response of the automatic control system with PI controller. 
Note: the transient responses labeled 1, 2 and 3 correspond to the No. iter. listed in Table 4. 



136 Cascade control algorithm of the robotic arm's servomotor 

Journal of Engineering Science  December, 2024, Vol. XXXI (4) 

In Table 4 are presented the performance of the automatic control system for 
controlling the angle of rotation of the servo motor with a PI controller. 

Table 4 
Tuning parameters and performances of the automatic control  

system with PI controller 
No. iter. 𝑱𝑱 𝒌𝒌𝒑𝒑𝒑𝒑 𝒌𝒌𝒊𝒊𝒊𝒊 𝑻𝑻𝒊𝒊𝒊𝒊 (s) 𝒕𝒕𝒓𝒓 (s) 𝛔𝛔 (%) 𝒕𝒕𝒔𝒔 (s) 𝒏𝒏 

1 3.0 0.01152 0.017 58.82 0.26 14.5 1.4 1 
2 5.0 0.01867 0.0455 21.97 0.154 15.4 0.849 1 
3 10.0 0.0347 0.1647 6.071 0.075 18.4 0.434 1 

Note: 𝐽𝐽 – stability degree, 𝑘𝑘𝑝𝑝1 – P controller parameter, 𝑘𝑘𝑖𝑖1 – I controller parameter, 𝑇𝑇𝑖𝑖1 – oscillation period 
of the I component of controller, 𝑡𝑡𝑟𝑟 – rise time, σ – overshoot, 𝑡𝑡𝑠𝑠 – settling time, 𝑛𝑛 – number of deviations from 
the set value. 

In the case of the automatic control system with the PI controller in the outer loop, 
there are obtained the transient processes with overshoot, because of the presence of the 
astatism component in the system. The best performances were obtained for the 3rd iteration 
from Table 4. 

 

Synthesis of the PID controller in the outer loop 
The characteristic equation 𝐴𝐴(𝑠𝑠) of the automatic control system with PID controller 

is following: 
 

 𝐴𝐴(𝑠𝑠) = 𝑑𝑑0𝑠𝑠5 + 𝑑𝑑1𝑠𝑠4 + 𝑑𝑑2𝑠𝑠3 + 𝑑𝑑3𝑠𝑠2 + (𝑘𝑘𝑑𝑑1𝑠𝑠2 + 𝑘𝑘𝑝𝑝1𝑠𝑠 + 𝑘𝑘𝑖𝑖1)(𝑐𝑐0𝑠𝑠 + 𝑐𝑐1) = 0, (28) 
 

where 𝑘𝑘𝑝𝑝1, 𝑘𝑘𝑖𝑖1,𝑘𝑘𝑑𝑑1 are tuning parameters of PID controller.  
According to the algorithm of the MSDI method, it is done the substitution 𝑠𝑠 = −𝐽𝐽 and 

after some transformation it is obtained: 
 

 𝐴𝐴(−𝐽𝐽) = −𝑑𝑑0𝐽𝐽5+𝑑𝑑1𝐽𝐽4−𝑑𝑑2𝐽𝐽3+𝑑𝑑3𝐽𝐽2

𝑐𝑐1−𝑐𝑐0𝐽𝐽
+ 𝑘𝑘𝑑𝑑1𝐽𝐽2 − 𝑘𝑘𝑝𝑝1𝐽𝐽 + 𝑘𝑘𝑖𝑖1 = 0. (29) 

 

In the case of PID controller it is necessary to derive the expression (29) on the variable 
𝐽𝐽 by the three times and there is obtained the following expression:  

 

 𝐴𝐴(−𝐽𝐽) = 𝑑𝑑𝐽𝐽9−d𝐽𝐽8+𝑑𝑑2𝐽𝐽7−𝑑𝑑3𝐽𝐽6+𝑑𝑑4𝐽𝐽5−𝑑𝑑5𝐽𝐽4+𝑑𝑑6𝐽𝐽3−𝑑𝑑7𝐽𝐽2+𝑑𝑑8𝐽𝐽−𝑑𝑑9
(𝑐𝑐1−c0𝐽𝐽)8 = 0, (30) 

 

where 𝑑𝑑0 = 24𝑑𝑑0𝑐𝑐07, 𝑑𝑑1 = 186𝑑𝑑0𝑐𝑐06𝑐𝑐1 + 6𝑑𝑑1𝑐𝑐07,𝑑𝑑2 = 624𝑑𝑑0𝑐𝑐05𝑐𝑐12 + 48𝑑𝑑1𝑐𝑐06𝑐𝑐1, 𝑑𝑑3 = 
= 1176𝑑𝑑0𝑐𝑐04𝑐𝑐13 + 168𝑑𝑑1𝑐𝑐05𝑐𝑐12, 𝑑𝑑4 = 1344𝑑𝑑0𝑐𝑐03𝑐𝑐14 + 336𝑑𝑑1𝑐𝑐04𝑐𝑐13, 𝑑𝑑5 = 930𝑑𝑑0𝑐𝑐02𝑐𝑐15 + 
+414𝑑𝑑1𝑐𝑐03𝑐𝑐14 + 6𝑑𝑑2𝑐𝑐04𝑐𝑐13 − 6𝑑𝑑3𝑐𝑐05𝑐𝑐12, 𝑑𝑑6 = 360𝑑𝑑0𝑐𝑐0𝑐𝑐16 + 312𝑑𝑑1𝑐𝑐02𝑐𝑐15 + 24𝑑𝑑2𝑐𝑐03𝑐𝑐14 − 24𝑑𝑑3𝑐𝑐04𝑐𝑐13, 
𝑑𝑑7 = 60𝑑𝑑0𝑐𝑐17 + 132𝑑𝑑1𝑐𝑐0𝑐𝑐16 + 36𝑑𝑑2𝑐𝑐02𝑐𝑐15 − 36𝑑𝑑3𝑐𝑐03𝑐𝑐14, 𝑑𝑑8 = 24𝑑𝑑1𝑐𝑐17 + 24𝑑𝑑2𝑐𝑐0𝑐𝑐16 − 24𝑑𝑑3𝑐𝑐02𝑐𝑐15, 
𝑑𝑑9 = 6𝑑𝑑2𝑐𝑐17 − 6𝑑𝑑3𝑐𝑐0𝑐𝑐16. 

 

The optimal value of stability degree 𝐽𝐽opt is the smallest positive root of the 
expression: 

 

 𝑑𝑑0𝐽𝐽9 − d1𝐽𝐽8 + 𝑑𝑑2𝐽𝐽7 − 𝑑𝑑3𝐽𝐽6 + 𝑑𝑑4𝐽𝐽5 − 𝑑𝑑5𝐽𝐽4 + 𝑑𝑑6𝐽𝐽3 − 𝑑𝑑7𝐽𝐽2 + 𝑑𝑑8𝐽𝐽 − 𝑑𝑑9 = 0. (31) 
 

For the calculation tuning parameters of the PID controller there are used the 
relations: 

 

𝑘𝑘𝑝𝑝 = 4𝑑𝑑0𝑐𝑐0𝐽𝐽5−𝐽𝐽4(5𝑑𝑑0𝑐𝑐1+3𝑑𝑑1𝑐𝑐0)+𝐽𝐽3(4𝑑𝑑1𝑐𝑐1+2𝑑𝑑2𝑐𝑐0)−𝐽𝐽2(3𝑑𝑑2𝑐𝑐1+𝑑𝑑3𝑐𝑐0)+2𝑑𝑑3𝑐𝑐1𝐽𝐽
(𝑐𝑐1−c0𝐽𝐽)2 + 2𝑘𝑘𝑑𝑑1𝐽𝐽, (32) 

 

 𝑘𝑘𝑖𝑖 = 𝑑𝑑0𝐽𝐽5−𝑑𝑑1𝐽𝐽4+𝑑𝑑2𝐽𝐽3−𝑑𝑑3𝐽𝐽2

𝑐𝑐1−𝑐𝑐0𝐽𝐽
− 𝑘𝑘𝑑𝑑1𝐽𝐽2 + 𝑘𝑘𝑝𝑝1𝐽𝐽, (33) 
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𝑘𝑘𝑑𝑑 = −𝑔𝑔0𝐽𝐽6+𝑔𝑔1𝐽𝐽5−𝑔𝑔2𝐽𝐽4+𝑔𝑔3𝐽𝐽3−𝑔𝑔4𝐽𝐽2+𝑔𝑔5𝐽𝐽−𝑔𝑔6
2(𝑐𝑐1−c0𝐽𝐽)4 , (34) 

where 𝑔𝑔0 = 12𝑑𝑑0𝑐𝑐03, 𝑔𝑔1 = 42𝑑𝑑0𝑐𝑐02𝑐𝑐1 + 6𝑑𝑑1𝑐𝑐03, 𝑔𝑔2 = 50𝑑𝑑0𝑐𝑐0𝑐𝑐12 + 22𝑑𝑑1𝑐𝑐02𝑐𝑐1 + 2𝑑𝑑2𝑐𝑐03, 
𝑔𝑔3 = 20𝑑𝑑0𝑐𝑐13 + 28𝑑𝑑1𝑐𝑐0𝑐𝑐12 + 8𝑑𝑑2𝑐𝑐02𝑐𝑐1, 𝑔𝑔4 = 12𝑑𝑑1𝑐𝑐13 + 12𝑑𝑑2𝑐𝑐0𝑐𝑐12, 𝑔𝑔5 = 6𝑑𝑑2𝑐𝑐13 + 2𝑑𝑑3𝑐𝑐0𝑐𝑐12, 𝑔𝑔6 = 
= 2𝑑𝑑3𝑐𝑐13. 

At the variation the stability degree value 𝐽𝐽 from 0 to 50, there are calculated and 
constructed the curves 𝑘𝑘𝑝𝑝1 = 𝑓𝑓𝑝𝑝1(𝐽𝐽) and 𝑘𝑘𝑑𝑑1 = 𝑓𝑓𝑑𝑑1(𝐽𝐽) for control algorithm PID (Figure 15). 

Figure 15. Dependencies 𝒌𝒌𝒑𝒑𝟏𝟏 = 𝒇𝒇𝒑𝒑𝟏𝟏(𝑱𝑱), 𝒌𝒌𝒊𝒊𝟏𝟏 = 𝒇𝒇𝒊𝒊𝟏𝟏(𝑱𝑱) and 𝒌𝒌𝒅𝒅𝟏𝟏 = 𝒇𝒇𝒅𝒅𝟏𝟏(𝑱𝑱). 

In the Figure 16 there are presented the transient responses of the automatic control 
system for the different values of the tuning parameters 𝑘𝑘𝑝𝑝1, 𝑘𝑘𝑖𝑖1 and 𝑘𝑘𝑑𝑑1. 

Figure 16. Transient responses of the automatic control system with PID controller. 
Note: the transient responses labeled 1, 2 and 3 correspond to the No. iter. listed in Table 5. 

In Table 5 there are presented the performances of the automatic servo motor rotation 
angle control system with the PID controller. 

For the system with the PID controller in the outer loop, the best performances are 
presented in Table 5, iteration 3. 
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Table 5 
Tuning parameters and performances of the automatic control  

system with PID controller 
No. iter. 𝑱𝑱 𝒌𝒌𝒑𝒑𝒑𝒑 𝒌𝒌𝒊𝒊𝒊𝒊 𝑻𝑻𝒊𝒊𝒊𝒊 (s) 𝒌𝒌𝒅𝒅𝒅𝒅 (s) 𝒕𝒕𝒓𝒓 (s) 𝛔𝛔 (%) 𝒕𝒕𝒔𝒔 (s) 𝒏𝒏 

1 31.8 0.096 1.0387 0.962 0.00092 0.029 15.2 0.182 1 
2 34.8 0.1171 1.3865 0.721 0.00123 0.024 14.0 0.158 1 
3 40.0 0.1593 2.178 0.459 0.0018 0.017 14.6 0.126 1 

Note: 𝐽𝐽 – stability degree, 𝑘𝑘𝑝𝑝1 – P controller parameter, 𝑘𝑘𝑖𝑖1 – I controller parameter, 𝑇𝑇𝑖𝑖1 – oscillation period 
of the I component of controller, 𝑘𝑘𝑑𝑑1 – I controller parameter, 𝑡𝑡𝑟𝑟 – rise time, σ – overshoot, 𝑡𝑡𝑠𝑠 – settling time, 
𝑛𝑛 – number of deviations from the set value. 

 

Tuning the controller in the outer loop using the polynomial method 
In order to gain a better understanding of the results obtained from tuning the 

controller using the maximum stability degree method, the polynomial method was used in 
the outer loop of the DC motor drive system. The synthesis procedure of the control algorithm 
is reduced to the following steps: 

1. The damping ratio is specified ξ = 0.707 and the settling time 𝑡𝑡𝑟𝑟 = 1 s, and the 
natural frequency of the outer loop is determined using the following relation: 

 

 ω = 4
ξ𝑡𝑡𝑟𝑟

= 4
0.707 ∙1

= 5.658 s−1. (35) 
 

2. The dominant poles of the outer loop are determined using the following relation: 
 

 𝑝𝑝1,2 = −ξω ± 𝑗𝑗ω�1 − ξ2 = −4 ± 𝑗𝑗4. (36) 
 

3. According to the polynomial method, the transfer function of the fixed part (15) of 
degree 𝑛𝑛 = 4 of the outer loop is represented in the form: 

 

 𝐻𝐻0(𝑠𝑠) = 𝑐𝑐0𝑠𝑠+𝑐𝑐1
𝑑𝑑0𝑠𝑠4+𝑑𝑑1𝑠𝑠3+𝑑𝑑2𝑠𝑠2+𝑑𝑑3𝑠𝑠

= 𝑐𝑐0𝑠𝑠+𝑐𝑐1
𝑠𝑠(𝑑𝑑0𝑠𝑠3+𝑑𝑑1𝑠𝑠2+𝑑𝑑2𝑠𝑠+𝑑𝑑3)

= 𝐶𝐶−(𝑠𝑠)𝐶𝐶+(𝑠𝑠)
𝐷𝐷−(𝑠𝑠)𝐷𝐷+(𝑠𝑠)

, (37) 
 

where: 𝐶𝐶−(𝑠𝑠) = 𝑐𝑐0𝑠𝑠 + 𝑐𝑐1, 𝐶𝐶+(𝑠𝑠) = 1, 𝐷𝐷−(𝑠𝑠) = 𝑑𝑑0𝑠𝑠3 + 𝑑𝑑1𝑠𝑠2 + 𝑑𝑑2𝑠𝑠 + 𝑑𝑑3, 𝐷𝐷+(𝑠𝑠) = 𝑠𝑠 and we 
denote the degrees of the respective polynomials: 𝑛𝑛𝐶𝐶− = 1, 𝑛𝑛𝐶𝐶+ = 0, 𝑛𝑛𝐷𝐷− = 3, 𝑛𝑛𝐷𝐷+ = 1. 

 

4. The desired characteristic polynomial is constructed using the following relation: 
 

 𝑃𝑃𝑑𝑑(𝑠𝑠) = 𝐶𝐶+(𝑠𝑠)𝑀𝑀(𝑠𝑠) + 𝐷𝐷+(𝑠𝑠)𝑁𝑁(𝑠𝑠)𝑠𝑠𝑟𝑟, (38) 
 

where: 𝑀𝑀(𝑠𝑠) and 𝑁𝑁(𝑠𝑠) are unknown polynomials that will be determined, and the component 
𝑠𝑠𝑟𝑟 introduces astatism (in this case, the degree of astatism is 𝑟𝑟 = 0 because the astatism is 
contained in the fixed part).  

The degrees of the polynomials are denoted 𝑃𝑃𝑑𝑑(𝑠𝑠), 𝑀𝑀(𝑠𝑠) and 𝑁𝑁(𝑠𝑠) 𝑛𝑛𝑃𝑃, 𝑛𝑛𝑀𝑀, 𝑛𝑛𝑁𝑁. The 
coefficients of the polynomials 𝑀𝑀(𝑠𝑠) and 𝑁𝑁(𝑠𝑠) are determined from the system of algebraic 
equations, which are obtained by equating the coefficients of the same powers on both sides 
of the polynomial equation (38). 

5. The degree of the characteristic polynomial is determined 𝑃𝑃𝑑𝑑(𝑠𝑠) from the condition 
𝑛𝑛𝑃𝑃 == 𝑛𝑛 = 4. For a simpler implementation of the control algorithm, the smallest values of 
the degrees 𝑛𝑛𝑀𝑀 ,𝑛𝑛𝑁𝑁 of the unknown polynomials are determined. It is assumed 𝑛𝑛𝑀𝑀 = 0 and 
the degree of 𝑛𝑛𝑁𝑁 is determined from the conditions: 

 

 𝑛𝑛𝑃𝑃 ≤ 𝑛𝑛𝑀𝑀 + 𝑛𝑛𝑁𝑁 + 1, 𝑛𝑛𝑁𝑁 = 𝑛𝑛𝑃𝑃 − 𝑛𝑛𝑀𝑀 − 1 = 4 − 0 − 1 = 3 (39) 
 

and to satisfy these conditions, the values of the unknown degrees are obtained 𝑛𝑛𝑀𝑀 =
0 𝑛𝑛𝑁𝑁 = 3. The unknown polynomials are presented in the form: 
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 𝑀𝑀(𝑠𝑠) = 𝑚𝑚0, 𝑁𝑁(𝑠𝑠) = 𝑛𝑛0𝑠𝑠3 + 𝑛𝑛1𝑠𝑠2 + 𝑛𝑛2𝑠𝑠 + 𝑛𝑛3. (40) 
 

6. The desired characteristic polynomial of the outer loop is constructed using the 
following relation: 

 

𝑃𝑃𝑑𝑑(𝑠𝑠) = 𝐶𝐶+(𝑠𝑠)𝑀𝑀(𝑠𝑠) + 𝐷𝐷+(𝑠𝑠)𝑁𝑁(𝑠𝑠) = 1 ∙ 𝑚𝑚0 + 𝑠𝑠(𝑛𝑛0𝑠𝑠3 + 𝑛𝑛1𝑠𝑠2 + 𝑛𝑛2𝑠𝑠 + 𝑛𝑛3) = 
 = 𝑛𝑛0𝑠𝑠4 + 𝑛𝑛1𝑠𝑠3 + 𝑛𝑛2𝑠𝑠2 + 𝑛𝑛3𝑠𝑠 + 𝑚𝑚0. (41) 

 

7. The characteristic polynomial of degree 𝑛𝑛 = 4 is constructed based on the 
dominant poles: 

 

𝑃𝑃𝑑𝑑𝑑𝑑(𝑠𝑠) = (𝑠𝑠 + 4 − 𝑗𝑗4)(𝑠𝑠 + 4 − 𝑗𝑗4)(𝑠𝑠 + 30)2 = 𝑠𝑠4 + 68𝑠𝑠2 + +1412𝑠𝑠 + 9120𝑠𝑠 + 28800. 
 

8. The polynomials 𝑃𝑃𝑑𝑑(𝑠𝑠) = 𝑃𝑃𝑑𝑑𝑑𝑑(𝑠𝑠) are equated, and the system of algebraic equations 
is constructed by equating the coefficients of the same powers of 𝑠𝑠 on both sides:  

 

 𝑛𝑛0𝑠𝑠4 + 𝑛𝑛1𝑠𝑠3 + 𝑛𝑛2𝑠𝑠2 + 𝑛𝑛3𝑠𝑠 + 𝑚𝑚0 = 𝑠𝑠4 + 68𝑠𝑠2 + +1412𝑠𝑠 + 9120𝑠𝑠 + 28800, 
 𝑛𝑛0 = 1, 𝑛𝑛1 = 68, 𝑛𝑛2 = 1412, 𝑛𝑛3 = 9120, 𝑚𝑚0 = 28800. 

 

9. The transfer function of the controller is constructed using the following relation: 
 

 𝐻𝐻𝑅𝑅(𝑠𝑠) = 𝑄𝑄(𝑠𝑠)
𝑃𝑃(𝑠𝑠) = 𝐷𝐷−(𝑠𝑠)𝑀𝑀(𝑠𝑠)

𝐶𝐶−(𝑠𝑠)𝑁𝑁(𝑠𝑠) =  �𝑑𝑑0𝑠𝑠3+𝑑𝑑1𝑠𝑠2+𝑑𝑑2𝑠𝑠+𝑑𝑑3�𝑚𝑚0

(𝑐𝑐0𝑠𝑠+𝑐𝑐1)(𝑛𝑛0𝑠𝑠3+𝑛𝑛1𝑠𝑠2+𝑛𝑛2𝑠𝑠+𝑚𝑚0)
= 𝑞𝑞0𝑠𝑠3+𝑞𝑞1𝑠𝑠2+𝑞𝑞2𝑠𝑠+𝑞𝑞3

𝑝𝑝0𝑠𝑠4+𝑝𝑝1𝑠𝑠3+𝑝𝑝2𝑠𝑠2+𝑝𝑝3𝑠𝑠+𝑝𝑝4
= 

 = 0.000104𝑠𝑠3+2.3167𝑠𝑠2+944.64𝑠𝑠+51422.4
3.9996𝑠𝑠4+1164.7428𝑠𝑠3+66355.7952𝑠𝑠2+1297067.592𝑠𝑠+8142062.4

. (42) 
 

In Figure 17 are presented the transient responses of the automatic control system 
tuned using the polynomial method. 

 

 
Figure 17. Transient response of the automatic control system  

tuned using the polynomial method. 
 

As a result of the simulation, the following system performance was recorded: rise 
time   𝑡𝑡𝑟𝑟 = 0.58 s, overshoot 𝑑𝑑 = 6.30 %, settling time 𝑡𝑡𝑠𝑠 = 0.58 s. and deviations 𝑛𝑛 = 1 s. 

 

4. Conclusions 
This study demonstrated the design and implementation of a cascade control system 

for a DC servomotor used in robotic arm applications. The research focused on tuning and 
optimizing controllers for both the inner and outer control loops, using methods such as the 
Maximum Stability Degree with Iterations and the Polynomial method. 
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The proportional controller in the outer loop, combined with the inner loop P 
controller, exhibited the best overall performance in terms of rise time (𝑡𝑡𝑟𝑟 = 0.297) and 
settling time (𝑡𝑡𝑠𝑠 = 0.321 s). This configuration proved particularly effective for systems with 
astatism, offering rapid, and robust responses to both reference and disturbance signals. 

The inner loop's performance with a PI controller demonstrated significant 
improvement in transient behavior, achieving better system stability and reduced steady-
state error compared to the P controller. 

The outer loop's use of PI and PID controllers achieved satisfactory results but 
introduced overshoots in transient responses due to the inherent characteristics of the 
system. Despite this, the PID controller yielded the most accurate positioning, making it 
suitable for applications requiring high precision. 

The polynomial method was successfully applied to tune the controller in the outer 
loop, providing enhanced accuracy in system performance. This method offered flexibility in 
adjusting system dynamics, ensuring precise tuning for desired response characteristics. 

The research highlights the practical benefits of implementing a cascade control 
system in robotic applications, demonstrating its ability to reject disturbances effectively. 
Although the current two-loop control system provides satisfactory performance in terms of 
stability and response time, further improvements can be achieved by introducing a third 
control loop to regulate the rotational speed of the motor. This additional loop would allow 
the output shaft angle of the servomotor to change at different speeds and minimize speed 
fluctuations caused by external disturbances or load variations. 
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Abstract. The article substantiated the necessity of detailed geological-engineering surveys 
during the design and construction on collapsible soils. A landslide incident on the Cahul-
Giurgiulești railway line at 74th km was highlighted. Among the main causes there were the 
soaking of collapsible soils and the development of suffusion processes. A brief historical 
overview of the study of collapsible soils in Republic of Moldova was provided. The results 
of theoretical and laboratory studies aimed at further revealing the nature of collapsible soils 
were presented. The impact of additional soil moisture on the values of physical-mechanical 
property characteristics was studied. Based on the moisture-density theory, the dependencies 
of strength on consistency were constructed. It was established that the decrease in the 
strength of collapsible loams over time might have been caused by the disruption of rigid 
cementation bonds of structural cohesion (Cc) and the reduction of hydrocolloid cohesion (Σw) 
under conditions of changes in the existing natural moisture regime (consistency) due to 
additional moisture from engineering activities and the rise of the groundwater level. 
Recommended design values for physical-mechanical characteristic parameters for 
construction projects were provided. 

 

Keywords: foundation, loess, landslide, strenght, soaking, reology. 
 

Rezumat. În articol a fost subliniată necesitatea efectuării unor investigații geologico-
inginerești aprofundate pentru proiectarea și construcția pe pământuri sensibile la umezire. 
A fost menționat cazul de apariție a alunecării de teren pe un segment al drumului de cale 
ferată Cahul-Giurgiulești, km-ul 74. Printre principalele cauze au fost menționate anume 
umezirea pământurilor sensibile la umezire și dezvoltarea proceselor de sufoziune. A fost 
oferită o scurtă prezentare istorică  a studiilor efectuate asupra pământurilor sensibile la 
umezire din Republica Moldova. Au fost prezentate rezultatele cercetărilor teoretice și celor 
de laborator, menite să aprofundeze înțelegerea naturii pământurilor sensibile la umezire. A 
fost studiată influența umezirii suplimentare a pământurilor asupra valorilor caracteristicilor 
fizico-mecanice ale acestora. Pe baza teoriei densității-umidității au fost construite 
dependențele rezistenței în funcție de consistență. S-a stabilit că scăderea rezistenței 
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argilelor sensibile la umezire în timp poate fi cauzată de distrugere legăturilor rigide ale 
coeziunii structurale (Cc) și de reducerea coeziunii de natură hydrocoloidală (Σw) în condițiile 
schimbării regimului natural de umiditate (consistență) din cauza umezirii suplimentare ca 
urmare a activităților inginerești și a creșterii nivelului apelor subterane. Au fost recomandate 
valori de calcul ale parametrilor caracteristicilor fizico-mecanice pentru proiectare. 

 

Cuvinte cheie: fundație, loess, alunecare de teren, rezistență, înmuiere, reologie. 
 

1. Introduction 
The analysis of literary sources and expert studies has shown that construction on 

loess soils in the Republic of Moldova is generally carried out successfully. However, newly 
identified cases of deformation in several areas during field surveys have necessitated 
revisiting the peculiarities of design and construction on collapsible soils. 

Figures 1 and 2 show photographic material reflecting the development of gully-
landslide deformations in Chisinau, near the residential complex on Tudor Strisca Street 6. 
The deformations are occurring within the layer of collapsible loess. The gully extends up to 
150m in length, with a width varying from 1.5 to 12m and a depth ranging from 1.0 to 5.7m. 

 

  
Figure 1. The damaged drainage ditch, 
which became the cause of the gully 

formation. 
Photo by A. Cirlan, March 31, 2024. 

Figure 2. Gully-landslide deformations 
developing 150 m from the residential 

complex.  
Photo by A. Cirlan, March 31, 2024. 

 

The following case must unfortunately be classified as catastrophic. In the summer of 
2022, a landslide occurred on the Cahul-Giurgiulesti railway line at 74th km near the Valeni 
village. The landslide extended approximately 300m along the railway line, with a width of 
90-95m (see Figures 3 and 4). 
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The thickness of the landslide soils exceeds 30m. The slope and the floodplain area 
are composed of sandy loam soils. In the deformation zone, the soil profile includes 
collapsible sandy loams, loams, and water-saturated sand. 

Significant difficulties arose during the construction of silos on the area adjacent to 
the port in Giurgiulesti. The foundation soils here consist of a substantial thickness (over 20m) 
of collapsible sandy loams and light loams. Undoubtedly, such cases cannot be overlooked. 

 

   

Figure 3. Landslide deformations on a 
slope composed of collapsible soils. 

Photo by C. Sherepera, 2022. 

Figure 4. Displacement of the retaining wall 
due to the landslide process. 

Photo by C. Sherepera,2022. 
 

1.1. Brief Historical Overview 
Detailed study of loess soils in Moldova began in the late 1950s. Among the earliest 

works was that of V.F. Kraev, which investigated the collapsible properties of the loess in the 
coastal area of the lower part of Transnistria (Administrative-Territorial Units of the Left Bank 
of the Dniester) [1]. 

In the early 1960s, the Institute of Geology and Geophysics of the Academy of Sciences 
of Moldova included a topic on the regional and comprehensive study of loess soils in its 
research plan. One of the sections was worked on by V.S. Goncharov during the period from 
1963 to 1970 [2]. 

Based on the conducted research, a schematic map of the distribution and thickness 
of loess soils was created. It is important to note that the thickness of collapsible soils can 
vary from 1.0 to 25m. The loess cover of the lower part of Transnistria is found on all 
topographic elements: terraces, valley slopes, ravines, watersheds, and interfluves [2, pp. 19]. 
This fact is highly valuable as it allows for the differentiation of areas into Type I and II based 
on collapsibility, which forms the basis for the design of foundations for buildings and 
structures. 
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Based on research conducted from 1965 to 1975, G.E. Kostik completed a PhD thesis [3]. 
The work focused on predicting loess collapse using the method of engineering-geological 
analogies. G.E. Kostik posits that the extent of collapse should be considered as the sum of 
random variables, extrapolated within specific intervals of the soil layer or massive, and 
should also be treated as a random variable. 

Based on the research conducted by G.E. Kostik, a methodology was developed that 
allows for determining the relative collapsibility of soils by evaluating just three indicators: 
moisture content, bulk density, and particle density. 

According to the authors of the present work, the proposed methodology should be 
tested on a larger number of sites. 

In the mid of 1970s, G.E. Kostik identified patterns of distribution, occurrence, and 
thickness of loess soils in Moldova [4]. This led to the development and implementation of 
modern methods for elimination of soil collapsibility, which significantly enhanced the safety 
of constructing buildings and structures on structurally unstable soils. 

A significant event in the study of loess soils in Repubic of Moldova was the 
publication of the monograph by Yu.I. Olyanskiy in 1992 [5]. The results of Yu.I. Olyanskiy 
extensive research are essentially the first attempt to generalize existing data on loess soils 
in Moldova. 

For designers, builders, and professionals in the agricultural sector, the most important 
fact is that “loess soils cover about 60% of the northern zone of the republic and over 90% of 
the southern zone, and are located in areas of intensive industrial and civil construction” [5, 
pp. 3]. Further research by Yu.I. Olyanskiy and his students focused on the patterns of 
subsidence development, forecasting loess area flooding, and post-collapse compaction 
issues [6-9]. 

In recent decades, the number of publications on the study of collapsible soils in 
Republic of Moldova and construction on these soils has decreased. It is surprising that 
research is now being conducted outside of Republic of Moldova [10-13].  

Recent contributions include the works of A.D. Rascovoi [13, 14] and E.V. 
Shchekochikhina [15]. In particular, A.D. Rascovoi identified that for a long period, the study 
of collapsible soil properties was primarily conducted within the confines of major urban 
areas. Currently, new undeveloped territories are being explored, and construction is actively 
expanding in the southern regions of the republic. This situation underscores the need not 
only for theoretical research on loess soils within urbanized areas but also (which is most 
crucial) for obtaining calculated values of the physical-mechanical characteristics of soils for 
use in the design and construction on collapsible soils. 

E.V. Shchekochikhina emphasizes the need to pay increased attention to factors that 
can impact the stability of structures during design and construction. One such factor is the 
co-occurrence of collapsible loess soils and the underlying Sarmatian clays. The impermeable 
properties of the clays contribute to the development of active groundwater conditions, 
resulting in the formation of a technogenic aquifer, the filtration of which leads to not only 
collapsible but also post-collapse deformations in the loess soils [15]. 

This has defined the main objective of the present study: to obtain new data 
characterizing the strength and deformation properties of loess soils for reliable design and 
safe construction on collapsible soils. 
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1.2. Research objectives 
The chosen topic and the defined primary objective of this research required 

addressing the following tasks: 
- to analyze previously published research on the study of the characteristics of 

collapsible soil properties occurring on the Republic of Moldova territory; 
- to examine the physical-mechanical and rheological properties of loess soils in 

Republic of Moldova and their impact on the performance of the base of 
constructions; 

- to determine the causes of potential strength reduction in collapsible soils; 
- to determine the values of design strength indicators under varying conditions 

affecting the bases composed of collapsible soils. 
 

2. Materials and Methods 
This research is based on the following results: 
- the analysis of numerous literature sources revealing the properties of collapsible 

soils in Republic of Moldova. 
- field investigations, sampling of the necessary quantity of soil monoliths, and their 

subsequent study under laboratory conditions. 
- determination of physical characteristics (according to standard methodologies); 
- determination of strength and rheological characteristics of collapsible soils. 

The experiments were carried out on direct shear devices. Samples with natural moisture 
content and those subjected to pre-soaking were tested. The results were processed using 
the moisture-density theory and the Maslov physico-technical creep theory [16]. 

Rheological characteristics such as structural cohesion (Сc), hydrocolloid cohesion (Σw), 
and creep threshold (τlim) were determined based on the results of shear tests on prepared 
surfaces. Long-term strength was determined through tests on prepared wetted surfaces. The 
results were processed according to the Coulomb-Mohr relationship. 

In the overall scope of these studies, primary attention was given to the accurate 
determination of the physico-mechanical characteristics of soils with undisturbed structure 
and natural moisture content, as these indicators significantly influence further conclusions 
about soil properties. 

Even slight disturbances in structure and moisture content lead to fundamental 
changes in strength and deformation characteristics. Therefore, in addition to soil monolith 
sampling during exploratory drilling, trenching was also conducted, with control samples 
taken in the form of monolith cubes, which were carefully sealed and tested in the 
geotechnical laboratory within a short time frame. 

Additionally, supplementary control was carried out, based on field tests of soil 
samples using Litvinov's laboratory for accelerated testing of soil construction properties 
directly in natural conditions [17]. 

 

3. Results of the research  
For reliable and efficient construction of buildings and structures in areas where 

structurally unstable soils are prevalent, the necessity of conducting fundamental research 
on their construction properties is beyond doubt. This is evidenced by the works of most 
scientists and researchers studying loess soils. The specific characteristics of such soils are 
determined by their structure, which depends on the conditions of the origin of the 
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formations, the subsequent process of compaction and transformation of accumulated 
sediments. 

The key features of loess formations primarily include: the presence of vertically 
oriented macroporous channels, the ability to maintain a vertical slope of significant height, 
rapid solubility in water, and more. According to the widely recognized expert Yu.M. Abelev, 
it is precisely the macroporous structure that defines the deformation, strength, and filtration 
properties of loess formations [18]. 

When fully saturated with water, and even with minor moisture, the properties of loess 
formations change significantly. This implies that the safe performance of the base of 
structures could be compromised. This is clearly demonstrated by the aforementioned case 
of the loss of stability of the railway embankment on a section located on the western 
outskirts of the Văleni village in the Cahul district. 

Field surveys and analysis of investigation materials conducted by the company 
"Intexnauca" revealed that the examined section of the railway track passes through a narrow 
floodplain of the Prut River. The Prut terrace rises 35m above the floodplain. The slopes are 
nearly vertical (see Fig. 3). The width of the floodplain over a distance of 300-320m is 10-
14m. As a result of the landslide, the integrity of the railway track was completely disrupted. 
The topographic survey analysis showed that the displacement of the railway bed reached 
4.5m. The lower retaining wall was displaced and overturned over a length of 25-30m. In the 
area of maximum deformations, the reinforcing slabs at the bottom of the slope were 
deformed (see Figure 4). One of the possible causes of the landslide process is attributed to 
the periodic changes in the water level of the Prut River and seasonal anomalies in 
precipitation, which contribute to the development of suffusion processes. 

Within the framework of the ongoing scientific research, it was important to emphasize 
the following:  

- the presence in the structure of the explored thickness of the slope (among other 
soils) of loess-like subsidence loams and sandy loams of solid consistency; 

- the presence of a thin layer of soft to fluid-plastic loams and sandy loams; 
- presence of interlayers of Sarmatian clay. 
To quantitatively assess the physical and mechanical properties of loess soils in their 

natural deposition conditions on undeveloped areas and sites selected for construction in 
densely built-up areas, an analysis of geological maps and typical geological cross-sections 
was initially conducted, as well as a review of relevant literature sources. This analysis was 
based on the most significant works of V.S. Goncharov, G.E. Kostik, Yu.I. Olyanskiy, and other 
researchers. 

The research work by E.V. Shchekochikhina [15] should be included among the latter. 
The author provided a detailed characterization of the composition and properties of the 
loess cover of the territory of Moldova. For general conclusions, E.V. Shchekochikhina used 
the results from over a thousand experiments conducted personally, as well as data 
previously obtained by various scientists and researchers. 

When designing and constructing on collapsible soils, it is essential to first have the 
following data: 

- thickness of the collapsible soil layer; 
- soil density; 
- values of collapsibility characteristics: initial collapsible moisture, relative 

collapsibility, initial collapsible pressure; 
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- values of strength characteristics: angle of internal friction and cohesion;
- values of deformation characteristics: compressibility coefficient, deformation

modulus;
- values of the coefficient of filtration.
Undoubtedly, depending on the tasks to be solved, additional data may be required.

According to the authors of this work, the least studied aspects are the strength and 
deformability characteristics of soils, which largely determine the stability of slopes, 
foundation sizes, dimensions of retaining structures, etc. Therefore, this work focuses 
primarily on the strength of collapsible soils and its potential change with additional 
moisture. 

It should be noted that since shear resistance significantly depends on the 
granulometric composition, natural moisture content, and structural features of the soils, 
there is considerable variability in the results obtained for different types of loess soils. 

For example, according to V.S. Goncharov, the angle of internal friction (φ) varies from 
14° to 20°, and cohesion (C) ranges from 12 to 85kPa. For heavy loams, the most common 
values are: φ=17-20°, C=50-60kPa. For medium and light loams, respectively, φ=20-23°, 
C=20-40kPa. 

Therefore, in studying strength issues, it was taken into account that disturbances in 
the natural equilibrium of the geological environment, including those caused by the 
saturation of the foundation and additional loads arising within construction sites, create new 
qualities and properties of the soils, consequently altering the bearing capacity of the 
foundations. 

The experimental part of this work was conducted at the geotechnical laboratory 
"Ingeotehgrup."  

The results are summarized in Tables 1-4. Graphical interpretation is presented in 
Figures 5-8. 

Table 1 
Strength property indicators of loams 

Region of the 
Republic of 

Moldova 

Range of strength 
variation τf (kPa), 

at pressure 
σ = 200kPa 

Angle of 
internal 
friction 

φ 
(degrees) 

Total 
cohesion 

Cw 
(kPa) 

Structural 
cohesion 

Cc 
(kPa) 

Hydro-
colloidal 
cohesion 

Σw 
 (kPa) 

Northern 39 ÷ 222 11 60 40 20 

Central 50 ÷ 375 14 120 60 60 

Southern 20 ÷ 280 17 120 70 50 

Based on the results presented in Table 1 and Fig. 5 the results show that in the 
investigated samples from the northern and central districts the values of structural and 
hydrocolloid cohesion are of practically the same proportions (50%). For the southern 
districts, structural cohesion bonds predominate in the total cohesion. 

The maximum strength is characterized by the rocks of central and southern Moldova. 
Processing of the experimental data showed that there is no systematic change of 

strength properties of the soils with depth. A significant scatter in the experimental 
determinations of strength properties was noted (Table 1, Fig. 5). 
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Figure 5. Scatter plots of strength (S) versus depth (h), for loams. Pressure P=200kPa: 

a) northern region; b) central region; c) southern region. 
 

To identify the nature of the strength of the investigated soils, results from more than 
750 shear tests of samples with natural and prepared shear surfaces were processed. 

The equations characterizing the loams strength for different regions of Republic of 
Moldova, are expressed by the corresponding equations: 

S1=0,19σ+60kPа – for northern region; (1) 

S2=0,25σ+120kPа – for central region; (2) 
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S3=0,30σ+120kPа – for southern region; (3) 

where σ – the normal pressure to the shear plane. 
Based on the results of shear tests on prepared surfaces, the total cohesion (Сw) was 

divided into two components: rigid structural cohesion (Сс) and hydrocolloid cohesion (Σw). 
This allowed for the derivation of equations characterizing the strength of the investigated 
soils at complete disruption of structural cohesion, based on the concept of prof. N.N. Maslov [17]. 

Srez1=0,19σ+20kPа – for northern region; (4) 

Srez2=0,25σ+60kPа – for central region; (5) 

Srez3=0,30σ+50kPа – for southern region; (6) 

To further investigate the potential reduction in strength with changes in consistency, 
shear tests on water-saturated soils were carried out, with special preparation of the samples 
and subsequent processing using the “density-moisture” method (Table 2, Figures 6-8). 

Table 2 
Indication of physical properties of the studied samples 

Region of the 
Republic of 

Moldova 

Particle 
density 

ρs  
(g/cm3) 

Density 
ρ  

(g/cm3) 

Moisture 
w  

(%) 

Plasticity index 
IР  

(fract. unit) 

Consistency IL 
(fract. unit) 

Northern 2.69 
1.95

1.65 ÷ 2.10
 

25
15 ÷ 40

 
14

7 ÷ 17
 

0,2
−0.5 ÷ 0.7

 

Central 2.72 
1.95

1.5 ÷ 2.2
 

15
5 ÷ 25

 
14

10 ÷ 17
 

0
−0.5 ÷ 0.4

 

Southern 2.70 
2.00

1.7 ÷ 2.2
 

15
5 ÷ 20

 
10

8 ÷ 17
 

−0.1
−0.6 ÷ 0.3

 

 

Additional moistening allowed to extend to a great extent the range of fluidity values, 
especially for samples taken in the northern districts of the republic: from IL=-0.5 to IL=+0.75 
(Table 2). It was found that the influence of moistening is more pronounced in the consistency 
interval exceeding solid consistency (Figure 7). A detailed analysis of the physical properties 
of samples taken from the northern and central regions allowed for the processing of the 
overall sample.  

As a result, dependencies of strength parameters on consistency were obtained 
(Figures 7-8), which can be used in the preliminary assessment stage when solving 
engineering problems. 

Dependences presented in Figures 7-8 show that strength parameters: hydrocolloid 
cohesion (Σw) and angle of internal friction (φw) sharply decrease when subsidence soils are 
moistened. 

The following averaged values can be used for design at the stage of preliminary 
calculations: 

- for solid consistency: Cw=105kPa, Σw=48kPa, φw=15°; 
- for tight plastic consistency: Cw=55kPa, Σw=23kPa, φw=8°. 
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Figure 6. Scatter plots of strength (S) versus consistency (IL), for loams at natural moisture 

and after additional moistening, Northern Region: 
a) for P=100kPa; b) P=200kPa; c) P=300kPa. 

 

 
Figure 7. Dependence of total cohesion (C) and angle of internal friction (φw) on consistency (IL), 

obtained using the „density-moisture” method for loams from North-Central region. 
 



152 Selection of design values for physical-mechanical properties in the construction on collapsible soils 

Journal of Engineering Science  December, 2024, Vol. XXXI (4) 

 

 

Figure 8. Dependence of hydrocolloidal cohesion (Σw) and angle of internal friction (φw) on 
consistency (IL), for loams (overall sample). 

 

According to the Maslov physico-technical creep theory [16], the main rheological 
characteristic of soil is the creep threshold τlim, which can be determined analytically using 
the formula: 

τlim=σn·tgφw+Cc, (7) 

where: σn – normal stress, kPa; tgφw – tangent of the true angle of internal friction; Cc – 
structural cohesion, kPa. 

It should be noted that the results of experimental determination of creep threshold 
of loams from Republic of Moldova are practically absent. Some individual samples were 
tested in laboratories of Republic of Moldova, Dnipro and Odesa. However, these studies 
addressed specific isolated tasks, and there was no consensus on the methodology of tests. 

In the context of this study, the value of structural cohesion (Сс) was determined based 
on the results of tests on soil samples with a prepared surface. 

Based on the obtained dependencies, applied to the calculated consistency for the 
selected regions, the expressions for the creep threshold are as follows: 

τlim1=0.19σ+40kPа – for northern region; (8) 

τlim2=0.25σ+60kPа – for central region; (9) 

τlim3=0.30σ+70kPа – for southern region; (10) 

In the present research, reddish-brown loams were identified as a separate 
engineering-geological unit. 

The laboratory studies focused on soil samples collected from the construction site of 
a residential complex on Testemitanu Street, Chisinau Municipality, and the slope of the M21 
Brest-Chisinau-Poltava road excavation.  

The results of these studies were summarized in Tables 3 and 4. 
From Table 3, it is evident that at a depth of 6.0m, a weakened strength zone is clearly 

identified: the values of total cohesion are 2.6 times lower than at a depth of 1-3m. 
After moisture, cohesion may decrease by more than 6 times.  
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At the site along Testemitanu Street, a significant change in strength due to moisture 
is also observed: cohesion decreased by almost 3 times, and the internal friction angle by 1.3 
times. 

Table 3 
Results of the research on the strength properties of reddish-brown loams 

Central region, section of the M21 Brest-Chisinau-Poltava road 
Test
ing 
con
diti
ons 

Depth 
of 

monoli
th 

sampli
ng h 
(m) 

Consistency  
IL (fract. unit) 

Strength parameters of samples tested for 
shear 

natural after 
moistening 

at natural moisture 
content 

after additional 
moistening 

φ,  
degrees 

С,  
kPa 

φ,  
degrees 

С,  
kPa 

1* 

1–3 -0.50 0.38 13 130 13 20 

6 -0.30 0.17 13 50 16 44 

7–15 -0.08 - 16 100 - - 

2* 

1–3 -0.50 0.38 15 80 13 10 

6 -0.30 0.17 14 50 16 10 

7–15 -0.08 - 15 50 - - 

3* 
1–3 not determined 13 30 9 10 

7–15 not determined 10 20 12 9 
Note: 1* – shear of samples with natural structure, 2* – shear of samples with prepared surface, 3* – shear of 
samples with prepared moistened surface. 

Table 4 
Results of the research on the strength properties of reddish-brown loams 

Central region, section No. 2, Testemitanu Street, Chisinau Municipality 
Test
ing 
con
diti
ons 

Depth 
of 

monoli
th 

sampli
ng h 
(m) 

Consistency  
IL (fract. unit) 

Strength parameters of samples tested for 
shear 

natural after 
moistening 

at natural moisture 
content 

after additional 
moistening 

φ,  
degrees 

С,  
kPa 

φ, degrees 
С,  

kPa 

1* 10.0 0.0 0.30 18 70 14 28 

2* 10.0 0.0 0.30 16 30 12 20 

3* 10.0 not determined 11 22 10 8 
Note: 1* – shear of samples with natural structure, 2* – shear of samples with prepared surface, 3* – shear of 
samples with prepared moistened surface. 

 

It is quite clear that the change in strength over time depends not only on the moisture 
regime (consistency) but also on the working conditions of the soil. In the absence of 
significant shear (tangential) stresses, in the conditions of soil consolidation under 
foundations, an improvement in strength characteristics can be expected. On slopes that have 
not yet reached limit of consolidation, tangential stresses may contribute to the development 
of creep processes. In the slopes of excavations and artificial structures, the processes of 
repeated soaking and drying will play a determining role. 
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Formation of loess soils took place in dry climate conditions with the predominance 
of physical weathering processes. As a result, these soils are highly sensitive to changes in 
physical-geographical conditions and geological environments. According to the figurative 
expression of M.P. Lysenko, loess soils are able to “adapt” to changes in the surrounding 
natural environment [19, p. 153]. 

This implies the necessity to take into account the influence on collapsible soils of 
some aspects of human engineering activities, first of all, the rise of groundwater level, which 
causes the change of the existing natural moisture regime. 

 

4. Conclusions and Recommendations 
Studies have shown that soils with collapsible properties cannot be considered 

reliable foundation for buildings and structures without the anthropogenic alteration of their 
primary structure. 

The main cause of the change in the stress-strain state of the slope and the 
development of a landslide on the studied section of the Cahul-Giurgiulesti railway at 74th 
km was the additional wetting of the foundation soils, which manifested 15 years after 
construction due to post-collapse compaction associated with prolonged water filtration 
through the loess layer. 

The results of the quantitative assessment of the physical-mechanical and collapsible 
characteristics of loess soils of Republic of Moldova, obtained by V.S. Goncharov, G.E. Kostik, 
and Y.I. Olyansky in the period from 1970 to 2000, need to be adjusted, as they do not take 
into account the changes in the natural-historical environment that have occurred over the 
past decades, caused by urbanization and construction in densely built-up areas. 

The results of the study of loess soils in the area between the Prut and Dniester rivers, 
conducted by E.V. Shchekochikhina from 2011 to 2021, can be particularly valuable for design 
purposes. The collected factual material has shown that the issues related to studying the 
strength of loess soils are insufficiently covered. This fact limited the possibility of obtaining 
a representative sample based on previous investigations and has necessitated new research 
into the physical, strength, and rheological characteristics of these soils. 

Based on Maslov “density-moisture” theory, the influence of moisture on the values of 
soil strength characteristics has been established, and dependencies of strength on 
consistency have been constructed. These derived dependencies can be used for the 
preliminary selection of design parameters that characterize the strength of collapsible 
loams. 

From the conducted shear tests on samples with prepared surfaces and the established 
correlation dependencies, equations have been obtained that characterize the creep 
threshold of collapsible soils for the northern, central, and southern parts of the republic, 
respectively, as follows:  τlim1 = 0,19σ +40kPa; τlim2 = 0,25σ + 60kPa; τlim3 = 0,30σ + 70kPa. 

It has been established that the reduction in the strength of collapsible loams over 
time can be attributed to the following reasons: 

● the disruption of rigid cementitious bonds of structural cohesion (Cc) under 
conditions where the shear stresses arising in the soil exceed the creep threshold 
(τ > τlim). 

● the decrease in hydrocolloidal cohesion (Σw) due to changes in the existing natural 
moisture regime (consistency) as a result of additional moisture infiltration caused 
by engineering activities, including the rise of the groundwater level. 
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New data have been obtained regarding the physical and strength properties of soils 
under natural deposition conditions and in densely built-up areas. 

The results of these studies can be used for modelling the stress-strain state of 
foundations and building bases, as well as for assessing the stability of slopes and 
embankments of artificial structures. 
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Abstract. In recent years, special attention has been paid to free and open geospatial data 
sources accessible to the whole world, which have benefits for all sectors of the national 
economy. Taking into account the interest in this topic, the article proposes a data 
completeness analysis for OpenStreetMap, that is based on crowd sourcing, compared to data 
sources available at the national level, such as statistical information from Public Institution 
Real Estate Cadastre registers or the Spatial Data Infrastructure of the Republic of Moldova 
(NSDI), Agency Geodesy, Cartography and Cadastre. Thus, a general methodology for 
completeness analysis framework is designed based on the characteristics of OSM data, since 
is a well-known standard. Secondly, an attempt was made to apply a quality assessment 
model for OSM data through three different quality elements: completeness, thematic 
accuracy and positional accuracy based on the visual and quantitative analyses taking into 
account the spatial data that already exists on national platforms. The Chisinau city was 
selected as a case study/area of interest, and the results of the presented research can 
subsequently be applied to the entire Republic of Moldova. Based on the analysis performed, 
it can conclude that spatial data sources, whether from official sources or those based on 
crowd sourcing, still need to be supplemented with both spatio-temporal and qualitative 
information. 

 

Keywords: volunteered geographic information, spatial data, Geographical Information Systems, 
OpenStreetMap, National Spatial Data Infrastructure. 

 

Rezumat. În ultimii ani s-a acordat o atenție deosebită surselor de date spațiale gratuite și 
deschise, accesibile tuturor, care au beneficii pentru toate sectoarele economiei naționale. 
Ținând cont de interesul deosebit față de această tematică, articolul propune o analiză a 
plenitudinii datelor spațiale de pe OpenStreetMap (OSM), care se bazează pe crowd sourcing, 
comparativ cu sursele de date disponibile la nivel național, precum informații statistice din 
registrele I.P. Cadastrul Bunurilor Imobile sau cele spațiale prezente Infrastructura de date a 
Republicii Moldova (INDS), Agenția Geodezie, Cartografie și Cadastru. Astfel, este concepută 
o metodologie generală pentru cadrul de analiză a plenitudinii pe baza caracteristicilor 
datelor OSM, deoarece sunt concepute în baza unui standard internațional. În al doilea rând, 
s-a încercat aplicarea unui model de evaluare a calității datelor OSM prin prisma a trei 
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elemente de calitate diferite: plenitudine, acuratețe tematică și acuratețe pozițională pe baza 
analizelor vizuale și cantitative ținând cont de datele spațiale care există deja pe platformele 
naționale. Ca zonă interes a fost selectat orașul Chișinău, iar rezultatele cercetării prezentate 
pot fi ulterior aplicate pe întreg teritoriul Republicii Moldova. Pe baza analizei efectuate, se 
poate concluziona că sursele de date spațiale, fie din surse oficiale, fie cele bazate pe crowd 
sourcing, mai trebuie completate atât cu informații spațio-temporale, cât și calitative. 

 

Cuvinte cheie: informații geografice voluntare, date spațiale, Sisteme Informaționale Geografice, 
OpenStreetMap, Infrastructura națională de date spațiale. 

 

1. Introduction 
For centuries, mapping of territory was carried out by state organizations. At first, 

military interests dominated, while in the 20th century, attention and application migrated 
to institutions responsible for land management, infrastructure planning or monitoring 
environmental components [1]. Meanwhile, Geographical Information Systems (GIS) have 
been used for decades, and currently they are no longer a tool used only by dedicated 
specialists, because the internet and web have significantly influenced the process of 
representing, searching, exploiting and use of geographic data. From the category of Web 
Mapping 2.0 applications, OSM remains to until today the best-known global geographic 
application project. OpenStreetMap Java Editor (JOSM) as a desktop application for editing 
OSM, being the most complex of the available editors today. The OSM project as a geographic 
application was initiated in 2004, for mapping the territory of Great Britain, and in 2006 the 
OpenStreetMap Foundation was founded for the development and distribution of free and 
open spatial data [2]. The geographical data in the OSM platform obtained according to the 
principle of "crowd-sourcing" is based on voluntary contributions of users to update the maps, 
which are subsequently accessible to the public as free and open data. At the same time, 
large companies such as Amazon, Apple, Facebook, Kaart and others contribute to improving 
the quality of OSM data [3]. Although Voluntary Geographic Information (VGI) has 
significantly improved the availability and use of geographic data, at the same time it has 
raised some reasonable concerns about their quality, reliability and overall value [4]. 
Although GIS experts have conducted research on the quality of OSM spatial data quality [5], 
it remains a current topic due to challenges related to the value of cartographic content, since 
the completeness of spatial information varies both at national and regional levels and also 
over time. 

Currently, OSM data are most frequently used for urban infrastructure mapping [6,7], 
as they offer open access, global coverage, acceptable geo-precision, thematic and temporal 
plenitude [8] and are widely used by scientists and practitioners alike [9]. At the same time, 
national infrastructures are being developed all over the world with a multitude of reference 
data for different topics depending on state interest. But of course, the general users’ interest 
in relation to spatial data is more focused on global sources because they are integrated into 
various common, well-known platforms with friendly and intuitive user interfaces, which is 
an additional reason to verify their quality. 

 

2. Materials and methods 
The initial materials used for the research were the specialized literature, the OSM and 

Geofabrik platforms, National Spatial Data Infrastructure (NSDI) of the Republic of Moldova, 
statistical data provided by the Public Institution Real Estate Cadastre. To assess the accuracy 
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of spatial data, a series of methods were used, from traditional ones, such as visual analysis, 
to the application of advanced processing tools in the specialized program. Some of the 
methods applied are strictly quantitative (Figure 1), while others are based only on visual 
observations taking into account the specifics of the information in the attribute tables or 
geometries. For all the processing described in this study, the specialized GIS software, free 
and open QGIS was used, as it represents a resource that can be accessible to all users. 

 

 
Figure 1. The methodology approached. 

 

 The Chisinau city, capital of the Republic of Moldova, was selected as the study area, 
which has an area of 122 km² [10] and a population of about 600 000 inhabitants [11]. 
Previous studies evaluated OSM in comparison with existing data to provide detailed 
information on selected cities [12], therefore, it is already an existing initial reference 
information. Since the method presented in the paper allows the assessment of positional 
accuracy and completeness of spatial data, therefore the analysis of previous literature 
focused mainly on these two aspects. 
 The process of preparing the spatial datasets had two objectives, namely firstly, the 
datasets must match each other in order to be able to compare them. Secondly, the datasets 
must be edited in such a way that they contain similar information, in order to facilitate the 
analysis procedure. As an element for the data analysis, the principle of completeness of 
information was used. Thus, the length and completeness of the name were analysed from 
the length or number of names of the tested dataset compared to the length or number of 
names of the reference dataset. The completeness of the spatial data was evaluated by 
comparing the OSM data with those accessed by the NSDI thematic geoportal and the data 
provided by the Public Institution Real Estate Cadastre. The thematic accuracy (accuracy of 
the name and classification) for the study area was analysed using the information from the 
attribute tables of the downloaded spatial data. The positional accuracy was determined by 
applying the query on OSM database or downloaded from Geofabrik [13], where a complete 
copy of the OSM database not older than one day is performed, and the instant download of 
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several existing datasets allows a more complex analysis, which enabled the selection and 
export of data categories for comparative analysis. 

The OSM data were obtained using the QuickOSM plugin and through the query 
procedure were downloaded in shapefile format. For comparison, existing spatial data from 
the metadata of the NSDI platform of the Republic of Moldova were used. The GIS software 
used for the analysis was the free and open source QGIS, with the tools from the vector, 
plugin and geoprocessing tools on the menu bar. 

3. Results
Large-scale projects, such as OSM, Wikimapia, GeoSam and others, provide access to

spatial information for individual users, organizations and the scientific community without 
legal and economic restrictions, and among the most important benefits are minimal costs, 
accessibility, interoperability, data for less documented regions, etc. At the same time, these 
data are collected by users less experienced in GIS and consequently, the question arises 
regarding their quality. As is known, the methodology for analysing the quality of spatial data 
is very extensive, and through the existence of different standards and definitions, the 
following aspects can be considered [14]: 
 Descent – refers to the way in which the dataset was collected and developed.
 Positional accuracy – evaluates the coordinates of an object (location).
 Attribute accuracy – objects in a geographic database are represented not only by

their geometric shape but also by additional attributes, this measure evaluates how
correct these values are.

 Logical consistency – topologically correctness and relationships that are encoded in
the database.

 Completeness – coverage of objects existing in the real world.
 Semantic accuracy – links the way the object is integrated and represented in the

database to its meaning and how it should be interpreted.
 Temporal quality – this is a measure of the validity of changes in the database in

relation to real world changes and the rate of updates.

Figure 2. Selection of initial spatial data sets and delimitation of the AOI. 

Thus, in order to proceed with the data analysis, existing metadata were identified 
using the filtering tool [15] through specific key words, identifying the required services or 
spatial data and as well the study area was delimited (Figure 2). 

The next step was to install the QGIS plugin - QuickOSM, which made it easy to 
download and manage OSM data directly from the specialized software graphic user 
interface, without Overpass Turbo or other intermediary platforms. QuickOSM is a very useful 
tool for quickly downloading OSM data based on custom filters (Figure 3). 
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Figure 3. Installing the QuickOSM plugin and applying queries to OSM database. 

As a result of the procedure for querying and downloading data from OSM (for 
example, street lighting), an information layer in vector format was obtained. To verify this 
data, other existing information layers at the national level were selected. For comparison, 
the metadata provided by the Chisinau City Hall and the metadata for the Linear Maps (Web 
Map Service (WMS) and Web Feature Service (WFS) allow viewing the base map - Base Map) 
2017, for the territory of the Republic of Moldova, were selected. The linear map has 
approximately 90 layers with information about: administrative units, landscape, 
hydrography, buildings, roads, railways, utilities etc. The collection of objects was carried out 
based on orthoimages from 2016) which provide the possibility of accessing information 
through the WFS and WMS network services through specialized GIS programs. 

Figure 4. Analysis of SPATIAL datasets from OSM and Linear Maps. 

In the city of Chisinau, sectors were identified where the OSM data (Figure 4) with 
greater coverage have a higher completeness than the official data existing on the NSDI or 
Geodata platform, or the State Geographic Information System at the local level for local 
public administration authorities (SIGSNL).  

Figure 5. Query procedure for OSM data. 
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At the same time, another situation is attested in the analysis of residential buildings, 
using the same plugin, the query was performed based on the keyword constructions and the 
information referring to the residential buildings existing on the OSM was extracted for the AOI. 

Analysing the obtained results, a discrepancy in the consistency of spatial data for 
different sectors of the Chisinau city was identified, namely from the OSM query (Figure 5) 
regarding constructions, where a total of 40954 units was obtained, and from the database 
of the P. I. Real Estate Cadastre - 3668 units. Thus, comparing the information provided by 
the relevant institution with the column in the attribute table building: levels and height, it 
was deduced that the information on the OSM requires updating, because the basic 
parameters for residential blocks: height (1085 units) and number of levels (17 units) are 
indicated at an insignificant number, while there is much more information (Figure 6). 

 

 
Figure 6. Analysis of residential buildings distribution in the Chisinau city [16]. 

 

Also, visually, by using the orthophoto image accessed through the visualization 
service (WMS) and by applying the Map Swipe tool plugin (Figure 7), entire sectors were 
identified where buildings are not represented on OSM. At the same time, by applying the 
Street View tool, it was established that many buildings are in reality private houses. 

 

 
Figure 7. Applying the MapSwipeTool tool for spatial data comparison. 
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Another analysis was performed to assess the completeness of the data on road 
infrastructure. Thus, using the same plugin for downloading data from OSM, it was visually 
observed that the spatial data is much more qualitative, considering that this project has a 
great application for mobility and identifying the most optimal traffic directions. Also, the 
analysis of the availability of spatial data was performed with reference to the area/parking 
spaces available. Thus, for comparison, the data provided by the Chisinau City Hall (General 
Directorate of Architecture, Urbanism and Land Relations), through the download network 
services (WFS) and the data from OSM by applying the query using keywords, were used. 

 

  
Figure 8. Comparison of data referring to parking available via download from OSM and 

SIGSNL download network services. 
 

Following the visual analysis of the information, it was determined that it 
complements each other, and for a more detailed analysis of the current situation, also more 
layers and information sources should be used (Figure 8). The comparison with the data 
provided by the P. I. Real Estate Cadastre could not be carried out because from the available 
registers only information can be extracted referring to the garages within the residential 
blocks, the total number of which for the entire city of Chisinau is 3440, and the underground 
parking lots, which represent 12821 in number. Another analysis was carried out with 
reference to the spatial data about roads and access roads, and the initial information for the 
analysis was downloaded by Geofabrik and subsequently cropped for the area of interest 
(Figure 9). 

 

 
Figure 9. Comparison of data with reference to roads, OSM and the WMS service  

of the State Road Administration. 
 

The comparison was made with the national data provided through visualization 
services by the State Road Administration, namely the spatial data set containing public roads 
- public utility roads intended for road and pedestrian traffic in order to meet the general 
road transport requirements of the national economy and the population and for the defense 
of the country. These roads represent public property of the state and ensure the main 
international road connections, the connection between the capital of the country and the 
cities-residences, municipalities and objects of republican importance, as well as the 
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connection between them [17] and through WMS visualization services - National public 
roads (Magistral, Republican and Regional ones). 

4. Discussions
Accurate and up-to-date cartographic products are now an essential resource for a

wide range of applications, education, science but also for the development of society in 
general. Producing and updating spatial data in a constantly changing world remains a major 
scientific and practical challenge especially for public institutions, where the process of 
producing and updating spatial data is currently very complex and bureaucratic. The 
involvement of citizens in the collection of geographic data has greatly influenced the 
development and use of maps and related data, having an impact on the performance of every 
routine activity. Digital resources such as Google Maps, Google Earth, Bing Maps and even 
maps that are generated by users through projects such as OSM are widely used by various 
categories of users. At the same time, verifying the correctness of these data is equally 
important, and the procedure for verifying the completeness and accuracy of these data 
remains an open problem that will continue to require a complex approach. 

It has been shown that OSM is now widely used for applications such as web maps 
and navigation services, and OSM data has been used in areas such as urban planning [18], 
monitoring of sustainable development goals [19], disaster management [20], public health 
[21], to support crisis response during the COVID-19 pandemic [22], etc. Considering the very 
vast areas where spatial data can be used, the process of permanent analysis of consistency, 
accuracy is very important, especially for urban areas where a larger number of geographic 
information users are concentrated. 

5. Conclusions
The development trend of VGI collection will become even more integrated with

contemporary technologies, such as artificial intelligence, augmented reality, the Internet of 
Things (IoT) and gamification. Free and open global spatial data are valuable resources in the 
teaching-learning process for any level, but also with particular application in the economic 
development and research process in different fields. Thus, this evolution will transform 
open-source platforms into a fundamental pillar for various industries, increasingly involving 
communities and providing a collaborative framework for solving local and global problems. 

The purpose of this research was to assess the completeness of VGI spatial data and 
in particular, to assess the completeness of data from the OSM project. Although there are 
previous researches on the quality and completeness of OSM data, this study is the first 
attempt carried out for the Chisinau city, Republic of Moldova. The methodology used 
consisted of comparing the completeness elements of OSM data with the NSDI Republic of 
Moldova spatial data and different sources and registers with data related to the topic of the 
presented research. In general, the results showed that OSM has accurate and up-to-date 
data, which indicates the usefulness of the data for developing projects in various fields of 
activity. 
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Abstract. This paper analyzes the pollution of the Prut River with ammonium nitrogen (NH₄⁺) 
during the period 2019–2021, focusing on exceedances of the maximum allowable 
concentration (MAC) of 0.2 mg/L. The analyzed data comes from measurements taken in 
various localities along the river. The results indicate constant pollution with significant 
exceedances of the MAC, the highest measured concentration being 3.85 mg/L. Descriptive 
analysis reveals an asymmetric distribution, with extreme values raising the average to 
0.8456 mg/L. The 2019–2021 period was chosen because this interval recorded significant 
MAC exceedances. Urban localities, such as Leova and Lipcani, show the highest 
concentrations, and are correlated with intense human activities. The conclusions emphasize 
the need for urgent action to reduce pollution and protect aquatic ecosystems and public 
health. 

Keywords: aquatic ecosystem, ammonium nitrogen pollution, maximum allowable concentration, 
Prut River, statistical analysis. 

Abstract. Această lucrare analizează poluarea râului Prut cu azot provenit din amoniu (NH₄⁺) 
în perioada 2019–2021, punând accent pe depășirile concentrației maxime admisibile (CMA) 
de 0,2 mg/L. Datele analizate provin din măsurători efectuate în diverse localități de-a lungul 
râului. Rezultatele arată o poluare constantă, cu depășiri semnificative ale CMA, cea mai mare 
concentrație măsurată fiind de 3,85 mg/L. Analiza descriptivă evidențiază o distribuție 
asimetrică, cu valori extreme care ridică media la 0,8456 mg/L. Perioada 2019–2021 a fost 
selectată din considerentul  că în acest interval s-au înregistrat depășiri semnificative ale 
CMA. Localitățile urbane, precum Leova și Lipcani, prezintă cele mai mari concentrații, fiind 
corelate cu activitățile umane intense. Concluziile subliniază necesitatea unor măsuri urgente 
pentru reducerea poluării și protejarea ecosistemelor acvatice și a sănătății publice. 

Cuvinte cheie: ecosistem acvatic, poluare cu azot de amoniu, concentrație maximă admisibilă, 
râul Prut, analiza statistică. 
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1. Introduction
Water quality is a key indicator of the overall state of the environment and a key

determinant of human health, biodiversity and ecosystem sustainability. Water pollution, 
caused by anthropogenic activities, is a global challenge affecting freshwater resources that 
are essential for life. Chemical, microbiological and organic pollutants can alter the natural 
balance of aquatic ecosystems, endangering both flora and fauna and human uses of water 
resources [1,2].  

High concentrations of pollutants, such as ammonium nitrogen (NH₄⁺), pose a 
significant threat to the health of aquatic ecosystems and the quality of drinking water. 
Ammonium nitrogen typically originates from agricultural and industrial activities, negatively 
impacting aquatic biodiversity and contributing to water eutrophication. This study focuses 
on analyzing ammonium nitrogen concentrations in the Prut River during the period 2019–
2021, which exceeded the maximum allowable concentrations (MAC). According to 
environmental regulations for the protection of aquatic life, the maximum allowable 
concentration (MAC) for ammonium nitrogen in freshwater is 0.2 mg/L. Measured 
concentrations exceeding acceptable limits can negatively affect the aquatic ecosystem [3-5]. 

Furthermore, prolonged exposure to contaminated water with ammonium nitrogen 
can have serious consequences for human health, including an increased risk of 
gastrointestinal disorders, methemoglobinemia ("blue baby syndrome") on infants, and other 
metabolic disturbances. Consumption of water with high concentrations of ammonium 
nitrogen can worsen the health condition of individuals with pre-existing sensitivities, such 
as kidney or liver health disorders. Therefore, detailed monitoring of water quality is 
significant for protecting public health and ecosystems [1,6]. 

Computational solutions and statistical methods are essential for evaluating water 
quality and understanding the spatio-temporal distribution of pollutants in river systems. 
Techniques such as histograms and box plots enable visual representation of data 
distribution, highlighting concentration variability and potential anomalies over time. 
Frequency analysis for concentration intervals further allows for the categorization of 
pollution levels, offering a clear overview of how often specific thresholds are exceeded. 
These methods provide critical insights into the behavior of ammonium nitrogen 
concentrations, enabling researchers to identify pollution trends, assess the severity of 
exceedances, and support decision-making processes for water resource management. By 
employing computational tools to process and analyze environmental data, it becomes 
possible to derive actionable insights that contribute to safeguarding aquatic ecosystems and 
ensuring compliance with environmental regulations [7–9]. 

2. Problem formulation
2.1. Water quality in the Prut River
Prut River, as an important source of freshwater in the Republic of Moldova, plays an

important role in supplying with drinking water, irrigation, and maintaining aquatic 
biodiversity. The water quality of this river has been constantly monitored in recent years, 
showing significant variability in physicochemical and biological indicators. According to data 
published by the Agency of Environment of the Republic of Moldova and reports from the 
European Union on the management of the Danube River basin, the Prut River has 
experienced episodes of pollution with nutrients, including nitrogen and phosphorus, which 
contribute to eutrophication and affect the ecological balance of aquatic ecosystems [10,11]. 
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According to the International Commission for the Protection of the Danube River 
(ICPDR, 2021) water quality in transboundary rivers in the region, including the Prut River, is 
significantly influenced by agricultural and urban activities. Between 2019 and 2023, values 
for key water quality indicators, such as dissolved oxygen concentrations, total nitrogen, and 
phosphorus, showed occasional exceedances of the limits set by European environmental 
standards (Water Framework Directive, 2000/60/EC). Furthermore, these deviations were 
primarily attributed to nutrients runoff from anthropogenic activities, which have a direct 
impact on aquatic life [7,12,13]. 

For an efficient and detailed analysis of data on ammonia nitrogen pollution in the 
Prut River, the use of computational techniques plays an important role. These techniques 
allow the processing of large volumes of data, identification of trends, and visualization of 
the spatiotemporal distribution of pollutant concentrations. Advanced statistical tools, 
combined with computational methods such as modeling and numerical simulation, provide 
an in-depth understanding of pollution phenomena. 

Moreover, the use of specialized software for statistical analysis and data visualization, 
such as R or Python, enables the generation of precise and reproducible results. This issue 
contributes to the formulation of evidence-based solutions, essential for reducing pollution 
and protecting aquatic ecosystems [7,8,11,14]. 

2.2. Ammonium nitrogen pollution 
Ammonium nitrogen (NH₄⁺) is one of the most important pollutants that affect water 

quality in rivers, and has diverse origins: runoff from agricultural land, industrial discharges, 
and insufficiently treated wastewater. The monitoring of the Prut River during the period 
2019–2021 highlighted frequent exceedances of the maximum allowable concentration 
(MAC) of 0.2 mg/L set for surface waters intended for the protection of aquatic life [10]. 

High ammonium nitrogen concentrations can cause significant negative effects, such 
as to reduce dissolved oxygen level, harm sensitive species and increase fish mortality. 
Studies have shown that NH₄⁺⁺ concentrations reached values of up to 0.8 mg/L in some parts 
of the river during the analyzed period, indicating chronic pollution [4,5,15]. 

Beyond its impact on aquatic ecosystems, elevated ammonium nitrogen levels can 
affect the usability of water resources for human consumption, recreation, and agriculture. 
Excessive NH₄⁺ concentrations require additional treatment to meet drinking water 
standards, increasing costs and operational challenges for local water utilities. Moreover, 
such pollution can degrade the aesthetic and recreational value of river ecosystems, further 
emphasizing the need for proactive measures to address this issue [4,5,15]. 

The persistence of high ammonium nitrogen levels in the Prut River underscores the 
need for integrated water resource management strategies that address pollution sources 
holistically. Collaboration between governmental bodies, local communities, and industries 
is critical to implementing effective solutions. Measures such as reducing fertilizer runoff, 
upgrading wastewater treatment facilities, and enhancing river monitoring networks can 
significantly mitigate ammonium nitrogen pollution and safeguard the river's ecological 
integrity. Despite existing regulations and regular monitoring, ammonium nitrogen pollution 
of the Prut River remains a persistent problem. A detailed statistical assessment of NH₄⁺ 
concentrations in 2019-2021 is needed in order to identify trends, the main sources of 
pollution and its effects on the ecosystem. This analysis will provide a basis for proposing 
viable solutions to reduce pollution and improve water quality in the Prut River. 
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The lack of comprehensive and integrated approaches to address pollution sources 
further exacerbates the problem. In many cases, monitoring programs focus on isolated 
measurements rather than continuous assessments, limiting the ability to detect real-time 
pollution dynamics. Moreover, insufficient coordination between local authorities and 
industries hampers the enforcement of environmental regulations, allowing polluting 
activities to persist without significant penalties or remediation efforts. 

Addressing the ammonium nitrogen problem in the Prut River requires not only a 
detailed statistical evaluation but also a multi-sectoral approach. Collaborative efforts 
between scientists, policymakers, and local communities are essential to developing targeted 
interventions. Such efforts should include public awareness campaigns, stricter enforcement 
of pollution limits, and investments in modernizing wastewater treatment systems to prevent 
further degradation of water quality. Additionally, expanding monitoring networks to include 
more frequent sampling and advanced analytical techniques can provide deeper insights into 
pollution patterns. Without immediate and sustained action, the ecological and economic 
impacts of ammonium nitrogen pollution will continue to worsen. 

 

3. Solving the problem 
In order to solve the formulated problem, were studied the data on ammonium nitrogen 

concentrations in the Prut River, Table 1. 
Table 1 

Exceedances of the MAC for ammonium nitrogen in the Prut River (2019-2021) 
Nr Locality Date The registered value 

(mg/L) 
1.  Village Valea Mare 15.05.2019 0.5 
2.  Town Leova 19.06.2019 3.85 
3.  Town Ungheni 13.11.2019 0.62 
4.  Village Valea Mare 13.11.2019 1.07 
5.  Village Giurgiulesti 20.11.2019 0.55 
6.  Village Valea Mare 12.02.2020 0.629 
7.  Town Lipcani 03.05.2020 0.53 
8.  Town Lipcani 05.06.2020 2.445 
9.  Village Valea Mare 10.06.2020 0.434 

10.  Town Lipcani 10.07.2020 0.439 
11.  Town Ungheni 15.07.2020 0.818 
12.  Village Valea Mare 15.07.2020 0.870 
13.  Town Cahul 19.08.2020 1.123 
14.  Town Leova 19.08.2020 0.685 
15.  Village Giurgiulesti 19.08.2020 0.706 
16.  Village Giurgiulesti 09.09.2020 0.418 
17.  Town Lipcani 13.10.2020 0.413 
18.  Village Valea Mare 14.10.2020 0.402 
19.  Village Giurgiulesti 21.10.2020 0.584 
20.  Town Lipcani 03.03.2021 0.937 
21.  Village Valea Mare 10.03.2021 0.51 
22.  Village Giurgiulesti 17.03.2021 0.488 
23.  Village Pererita 23.03.2021 1.013 
24.  Town Lipcani 06.04.2021 0.442 
25.  Village Braniste 06.04.2021 0.417 
26.  Town Lipcani 05.05.2021 0.503 
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These values represent the concentrations of ammonium nitrogen measured at various 
sections of the river and within a specific time interval. From Table 1, significant variations 
in the measured concentrations can be observed, depending on the localities, including:   

Maximum concentrations by locality: 
The highest recorded value: 

- town Leova (3.85 mg/L, 19.06.2019) – an alarming level, nearly 20 times higher than 
the MAC of 0.2 mg/L. 
Other significant exceedances: 

- town Lipcani (2.445 mg/L, 05.06.2020); 
- village Valea Mare (1.07 mg/L, 13.11.2019); 
- town Cahul (1.123 mg/L, 19.08.2020). 

Exceedances of the MAC by locality: 
- village Valea Mare: Most of the measured concentrations exceed the MAC, with a 

maximum value of 1.07 mg/L; 
- town Lipcani: presents two significant exceedances, including one of 2.445 mg/L; 
- town Leova: records the highest value during the analyzed period; 
- village Pererita: A single measurement, but significant, with an exceedance of 1.013 

mg/L; 
- village Giurgiulești: the values are more moderate, but the frequency of exceedances 

suggests consistent pollution. 

General observations: 
- geographic distribution of pollution: Localities near large cities (Leova, Cahul, Ungheni) 

tend to record higher values, likely due to more intense human activities; 
- rural localities (Valea Mare, Giurgiulești, Pererita): frequent exceedances, but at lower 

values than in cities, may be associated with agricultural pollution sources; 
- severity of pollution: MAC exceedances are variable, and some extreme values (over 3 

mg/L) indicate episodes of acute pollution. 
To obtain an overview of the data distribution presented in Table 1, a descriptive 

analysis was performed. The following results were obtained: 
Table 2 

Results of the descriptive analysis 
Parameter Value  Interpretation 

Average 0.8456 mg/L 
On average, the ammonium nitrogen concentration exceeds the 
maximum allowable concentration (MAC). 

Median 0.629 mg/L 
The median being lower than the average suggests a skewed 
distribution, influenced by a few high values. 

Standard 
deviation 

0.7865 mg/L 
The high variance indicates a large dispersion of the data, with the 
presence of extreme values. 

Minimum 
value 

0.402 mg/L 
The lowest measured value is above the MAC limit of 0.2 mg/L, 
indicating constant pollution. 

Maximum 
value 

3.85 mg/L A severe exceedance of the MAC, suggesting episodes of acute 
pollution. 

 

The data shows significant exceedances of the MAC (0.2 mg/L). For example, values 
of 2.445 mg/L and 3.85 mg/L are considered extreme and can be visualized as outliers. In 
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order to show the frequency with which concentrations occur in different intervals, a 
histogram was used, Figure 1. 

 

 
Figure 1. Histogram of Ammonium Nitrogen Concentrations in the Prut River. 

 

From Figure 1, it can be noticed that most of the values are between 0.4 mg/L and 1.0 
mg/L, but there are less frequent bars that exceed 2.0 mg/L and 3.0 mg/L. These highlight 
potential excessive pollution. 

Figure 2 presents a boxplot graph, which summarizes the data distribution and 
highlights extreme values (outliers). 

 

 
Figure 2. Boxplot of Ammonium Nitrogen Concentrations in the Prut River. 

 

The thick line inside the rectangle represents the median (0.629 mg/L). The box 
represents the 25th and 75th percentiles (Q1 and Q3). The lines (whiskers) indicate values that 
fall within the normal range, while the points outside them are outliers. Significant outliers, 
such as 2.445 mg/L and 3.85 mg/L, are clearly outside the main distribution. 

The evolution of the pollutant concentration during the observation period is 
presented in Figure 3. Each point represents a concentration value, and the line connects the 
observations to illustrate the variation. A dotted red line is included at 0.2 mg/L, representing 
the MAC. All values that exceed the MAC are above the MAC line. 

 

 
Figure 3. Ammonium Nitrogen concentration over time. 
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The results of the analysis in order to highlight how frequently the permissible limits 
of 0.2 mg/L are exceeded are presented in Table 3. 

Table 3 
Frequencies for concentration intervals 

Concentration interval (mg/L) Absolute frequency Relative frequency (%) 
0.0 – 0.5 13 50.0  

0.5 – 1.0 9 34.6 

1.0 – 1.5 2 7.7 

1.5 – 2.0 0 0.0 

2.0 – 2.5 1 3.8 

2.5 – 3.0 0 0.0 

3.0 – 4.0 1 3.8 
 

From Table 3, the following can be observed: 
- the majority of values (50%) are within the 0.0 – 0.5 mg/L range, indicating that at 

certain times, the ammonia nitrogen concentration was close to low values; 
- 34.6% of the values are between 0.5 – 1.0 mg/L, and this range represents a 

significant exceedance of the MAC; 
- concentrations greater than 2.0 mg/L are rare (7.6% in total), but they indicate severe 

pollution episodes. 
There are 26 observations, and all exceed the MAC limit (0.2 mg/L). Therefore, the 

situation in the river indicates constant pollution. 
 

4. Conclusions 
The analysis of ammonium nitrogen concentrations in the Prut River for the period 

2019–2021 highlights constant and significant pollution, all measured values exceeding the 
maximum allowable concentration of 0.2 mg/L. These exceedances are more pronounced in 
urban areas, such as Leova, where the maximum concentration reached 3.85 mg/L, nearly 20 
times above the acceptable limit. 

The analyzed data suggest a clear association between anthropogenic activities, such 
as intensive agriculture and the lack of proper wastewater treatment, and the high pollution 
levels. Rural localities, such as Valea Mare and Giurgiulești, frequently record exceedances of 
the MAC, but at more moderate levels, indicating more diffuse sources of pollution. 

The distribution of concentrations is characterized by extreme values, reflected in the 
high standard deviation (0.7865 mg/L) and the presence of outliers. These aspects underline 
the need for strict monitoring policies and pollution reduction measures. 

The use of statistical tools such as histograms, box plots, and frequency analysis 
provided valuable insights into the variability and trends in ammonium nitrogen 
concentrations. These methods revealed the magnitude and persistence of pollution, as well 
as its spatial and temporal distribution, supporting the hypothesis that both point and diffuse 
pollution sources significantly contribute to water quality degradation. Such analytical 
approaches are essential for effectively communicating the urgency of the issue to 
stakeholders and policymakers. 

Implementing sustainable practices to mitigate pollution requires a multi-faceted 
approach, involving improved wastewater treatment infrastructure, promotion of 
environmentally friendly agricultural practices, and robust enforcement of environmental 
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regulations. Awareness campaigns targeting local communities and industries are crucial for 
fostering cooperation and accountability in reducing pollutant discharge into aquatic 
systems. 

Future research should focus on extending the monitoring period and incorporating 
additional chemical and biological indicators to provide a more comprehensive assessment 
of water quality. The integration of advanced computational models, coupled with real-time 
monitoring systems, can further enhance the ability to predict and manage pollution events, 
ultimately contributing to the long-term protection of the Prut River ecosystem. 

 

5. Recommendations 
1. Implementation of strict pollution reduction measures. To improve wastewater 

treatment and to promote sustainable agricultural practices in the affected regions. 
2. Extensive and continuous monitoring. To establish an automated monitoring system 

in order to identify quickly the episodes of severe pollution. 
3. Education and awareness of the local population. To inform communities about the 

impact of human activities on water quality and health. 
4.  Cross-border cooperation. Since the Prut River is a transboundary river, cooperation 

with neighboring countries in order to implement integrated environmental protection 
solutions. 
These conclusions and recommendations aim to protect the ecosystems of the Prut 

River and to reduce the risks of public health. 
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Abstract. Proanthocyanidins in grapes and wine are oligomers and polymers of flavan-3-ols, 
predominantly connected through C4–C8 and/or C4–C6 bonds (B-type). These compounds 
significantly influence red wine’s sensory profile, particularly its color and mouthfeel. In 
addition, proanthocyanidins are recognized for their antioxidant and radical-scavenging 
properties, capable of neutralizing reactive oxygen species and preventing cellular damage 
caused by oxidative stress. These properties give them an important role in protecting health, 
with beneficial effects on the body by reducing the risk of cardiovascular diseases and cancer. 
The aim of the article is to explore the role of proanthocyanidins in grapes and wine, focusing 
on their contributions to wine’s sensory characteristics such as color, astringency, and 
mouthfeel. It aims to examine the factors influencing their composition, the transformations 
they undergo during winemaking and aging, and their broader implications for wine quality, 
stability, and health benefits.   The objectives of the study are to investigate the physical, 
chemical, and biochemical properties of procyanidins, as well as the influence of factors such 
as grape variety, ripeness, health status, climatic conditions, viticultural techniques, grape 
processing methods, wine stabilization, and aging techniques on their content. 

 

Keywords: procyanidins, grapes, wine, antioxidant and antiradical activities. 
 

Rezumat. Proantocianidinele din struguri și vinuri sunt oligomeri și polimeri ai flavan-3-
olilor, conectați predominant prin legături C4–C8 și/sau C4–C6 (tip B). Acești compuși 
influențează semnificativ profilul senzorial al vinului roșu, în special culoarea și senzația la 
gust. În plus, proantocianidinele sunt recunoscute pentru proprietățile lor antioxidante și 
antiradicalice, fiind capabile să neutralizeze specii reactive de oxigen și să prevină 
deteriorarea celulară cauzată de stresul oxidativ. Aceste proprietăți le conferă un rol 
important în protejarea sănătății, având un efect benefic asupra organismului prin reducerea 
riscului de boli cardiovasculare și cancer.  Scopul articolului este de a explora rolul 
proantocianidinelor în struguri și vin, concentrându-se pe contribuția acestora la 
caracteristicile senzoriale ale vinului, cum ar fi culoarea, astringența și senzația în gură. 
Acesta își propune să examineze factorii care influențează compoziția lor, transformările pe 
care le suferă în timpul vinificației și învechirii și implicațiile lor mai largi pentru calitatea 
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vinului, stabilitate și beneficiile pentru sănătate. Obiectivele studiului constau în investigarea 
proprietăților fizice, chimice și biochimice ale procianidinelor, precum și influența unor 
factori precum soiul de struguri, gradul de maturitate, starea de sănătate, condițiile 
climaterice, tehnicile viticole utilizate, metodele de prelucrare a strugurilor, stabilizarea 
vinurilor și tehnicile de maturare a acestora, asupra conținutului lor. 

 

Cuvinte-cheie: procianidine, struguri, vin, activitate antioxidantă și antiradicalică. 
 

1. Introduction 
Proanthocyanidins are a vital group of polyphenolic compounds found abundantly in 

grapes and wine, especially red varieties, and are known for their significant contributions to 
wine’s sensory characteristics, including color, astringency, and mouthfeel. Structurally, 
proanthocyanidins are composed of flavan-3-ol units, forming complex oligomers and 
polymers linked through specific bonds [1,2]. Their levels and composition in wine vary 
widely due to factors like grape variety, ripening stage, environmental conditions, viticultural 
practices, and winemaking methods. These compounds not only enhance the sensory appeal 
of wines but also possess antioxidant properties, which can affect the aging stability and 
health benefits associated with moderate wine consumption [3,6]. As wine ages, particularly 
in oak barrels, interactions between proanthocyanidins, anthocyanins, and wood-derived 
compounds lead to further transformations, impacting both the chemistry and sensory profile 
of the final product. This article explores the nature of proanthocyanidins in grapes and wine, 
examining their roles in sensory perception, their evolution during winemaking and aging, 
and the broader implications for wine quality and consumer experience [4,5]. 

 

2. Structure of proanthocyanidins 
Procyanidins are a class of flavan-3-ol oligomers and polymers that are part of the 

larger flavonoid family. These compounds are found in various fruits (e.g., grapes, apples, and 
berries), cocoa, and wine [6]. Their structure is based on the catechin and epicatechin 
monomers linked by carbon-carbon bonds [7]. 

 

  
a) b) 

Figure 1. Structure of catechin (a) and epicatechin (b) [8]. 
 

The chemical structure of procyanidins is based on monomeric units of catechin and 
epicatechin, which are flavan-3-ols characterized by a three-ring structure (A-ring, B-ring, and 
C-ring) with hydroxyl groups attached at specific positions [8,9]. 

The monomeric units can link together through carbon-carbon bonds to form 
oligomers and polymers. These linkages occur primarily between the carbon atoms at 
positions C4 and C8 (or sometimes C4 and C6) of the flavan-3-ol units. This bonding pattern 
is typical of B-type procyanidins (Figure 3), the most common form [7,8]. In contrast, A-type 
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procyanidins (Figure 2) have an additional ether bond, such as a C2-O-C7 linkage, which 
provides a distinct structural variation [8,9]. 

Procyanidins are classified by their degree of polymerization (DP), which refers to the 
number of monomer units in the compound. Dimers, trimers, and tetramers (DP = 2–4) are 
called oligomeric procyanidins, while those with a higher DP are considered polymers. 
Oligomeric forms are more soluble in water and tend to have higher biological activity, 
particularly as antioxidants. As the polymerization increases, solubility and bioavailability 
decrease, but the compounds may still contribute to dietary fiber and other functional 
properties [7,8]. 

The hydroxyl groups present on the aromatic rings of procyanidins contribute 
significantly to their chemical reactivity and biological activity. These groups make 
procyanidins powerful antioxidants, capable of scavenging free radicals and chelating metal 
ions. Some procyanidins also contain gallate groups, which enhance their antioxidant 
potential [6,10]. 

 

 
Figure 2. A-type proanthocyanidin [8]. 

 

 
Figure 3. B-type proanthocyanidin [8]. 
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The identification of procyanidins in grapes and wine is essential for understanding 
the role of these compounds in wine quality, health benefits, and aging potential. Several 
analytical methods, such as HPLC, LC-MS, NMR, and spectrophotometry, can be employed to 
quantify and characterize procyanidins, each with its own strengths and limitations [10-14]. 
A combination of these techniques is often used to gain a comprehensive understanding of 
procyanidin content and structure in winemaking.  

 

3. The physical, chemical, biochemical, and physiological properties of procyanidins 
Procyanidins are a diverse group of polyphenolic compounds with significant physical, 

chemical, biochemical, and physiological properties. These properties make them essential 
in food science, nutrition, and pharmacology [15]. 

Procyanidins display unique physical characteristics that influence their solubility, 
stability, and interaction with other compounds. 

Table 1  
Physical Properties  

Property Description References 
Solubility Low molecular weight procyanidins (dimers, trimers) 

dissolve readily in water and polar solvents. Larger polymers 
are insoluble in water but dissolve in alcohols like ethanol. 

[15] 

Appearance In pure form, procyanidins are colorless or pale yellow. In 
foods and beverages, they contribute to browning through 
oxidation. 

[9,15] 

Thermal 
stability 

Procyanidins are stable at moderate temperatures but 
degrade or polymerize when exposed to prolonged heat. 

[8,16] 

Optical 
Activity 

Due to chiral centers in their monomeric units, procyanidins 
are optically active, with measurable enantiomeric 
rotations. 

[7,16] 

The chemical properties of procyanidins are shaped by their unique structural features 
and their interactions with other compounds, which are critical to their functionality in food 
and biological systems [6,15]. 

• Structure: Procyanidins are composed of catechin and epicatechin monomers linked by 
C4-C8 or C4-C6 bonds, forming B-type procyanidins. Some forms, known as A-type 
procyanidins, include an additional ether bond, providing structural diversity [8,15]. 

• Antioxidant Activity: The numerous hydroxyl groups present in procyanidins make them 
highly effective at scavenging free radicals. This antioxidant property protects cells 
and food products from oxidative damage [17]. 

• pH Sensitivity: Procyanidins exhibit stability in acidic environments, which is why they 
remain functional in acidic foods and beverages like wine and fruit juices. However, 
they degrade in alkaline conditions, limiting their stability in such environments [18]. 

• Protein Binding: Procyanidins have a strong affinity for proteins, particularly salivary 
proteins. This interaction contributes to the astringent sensation experienced in foods 
and drinks such as red wine, enhancing sensory attributes [19]. 
These chemical properties underline the significance of procyanidins in food 

preservation, sensory quality, and health-related benefits.  
At a molecular level, procyanidins demonstrate biochemical properties that 

significantly affect enzymatic activity, oxidative processes, and their interactions with 
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biomolecules. These compounds play a crucial role in inhibiting lipid peroxidation, thereby 
protecting cell membranes from oxidative damage and ensuring cellular stability. They also 
modulate enzymatic activity, with the ability to inhibit digestive enzymes such as amylase 
and lipase [20]. This enzymatic inhibition can slow the metabolism of carbohydrates and fats, 
contributing to potential therapeutic benefits. Additionally, procyanidins undergo 
polymerization through oxidative reactions, forming larger polymers. While this 
polymerization can reduce their bioavailability, it may simultaneously enhance specific 
functional properties in foods, such as texture or stability. These biochemical properties 
highlight the multifaceted roles of procyanidins in both biological systems and food 
applications [8,20]. 

Procyanidins provide numerous health benefits, making them valuable in nutrition and 
therapeutic applications [21]. 

Table 2  
Physiological properties 

Benefit Description References 
Cardiovascular 
health 

Improve blood vessel function by increasing nitric 
oxide levels, lowering blood pressure, and reducing 
LDL oxidation. 

[21] 

Anti-inflammatory 
effects 

Reduce inflammation by downregulating pro-
inflammatory cytokines like TNF-α and IL-6. 

[22] 

Gut microbiota 
support 

Promote the growth of beneficial gut bacteria, acting 
as prebiotics, while smaller procyanidins are absorbed 
in the intestine. 

[23,24] 

Anticancer Activity Inhibit cancer cell growth, induce apoptosis, and 
reduce angiogenesis through antioxidant and anti-
inflammatory mechanisms. 

[17,21] 

Neurological 
protection 

Cross the blood-brain barrier to protect neurons, 
reduce oxidative stress, and enhance cognitive 
functions. 

[21] 

Skin health Protect against UV damage, enhance collagen stability, 
and combat signs of aging. 

[25] 

 

In conclusion, procyanidins are a versatile group of polyphenolic compounds with 
remarkable physical, chemical, biochemical, and physiological properties that make them 
highly valuable in food science, nutrition, and pharmacology. Their structural diversity, 
antioxidant activity, and interactions with proteins and enzymes allow them to enhance food 
stability, sensory quality, and health benefits. Physically, their solubility and stability 
characteristics influence their functionality in different environments, while chemically, their 
pH sensitivity and protein binding contribute to their role in food and beverages. 
Biochemically, their ability to modulate enzymatic activity and protect cells underscores their 
potential therapeutic uses [17,25]. 

Procyanidins' physiological benefits, such as promoting cardiovascular health, 
reducing inflammation, supporting gut microbiota, and offering neurological and skin 
protection, further emphasize their importance in nutrition and medical research. This 
multifaceted nature ensures that procyanidins remain a focus of interest for their applications 
in improving food quality and human health [21, 23]. 
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Procyanidin’s antioxidant effects are primarily due to their ability to neutralize free 
radicals, which are unstable molecules that can damage cells, proteins, and DNA. This 
damage is often linked to various chronic diseases, such as cancer, cardiovascular conditions, 
and aging. By scavenging these free radicals, procyanidins help to reduce oxidative stress and 
protect the body from these harmful effects [25,26]. 

In addition to scavenging free radicals, procyanidins can also chelate metal ions like 
iron and copper, which are known to promote the formation of reactive oxygen species (ROS) 
[27]. By binding to these metals, procyanidins prevent the initiation of oxidative damage. 
They also exhibit anti-inflammatory properties, which further complement their antioxidant 
actions. Since chronic inflammation can exacerbate oxidative stress, procyanidins’ ability to 
reduce inflammation adds an extra layer of protection for the cells [24,28]. 

Studies suggest that procyanidins can enhance the body’s own antioxidant defenses 
by stimulating the production of endogenous antioxidant enzymes, such as superoxide 
dismutase and glutathione peroxidase [29]. This strengthens the overall defense against 
oxidative damage. Moreover, procyanidins are effective at preventing lipid peroxidation, a 
process that leads to the oxidation of lipids and the formation of harmful compounds like 
malondialdehyde. This helps preserve the integrity of cell membranes and protects cells from 
oxidative damage [30]. 

By neutralizing free radicals, procyanidins also protect DNA from oxidative damage, 
which could otherwise lead to mutations and cancer. They also help protect proteins from 
oxidation, ensuring that proteins maintain their proper function and supporting overall cell 
health [25,31]. The antioxidant properties of procyanidins are believed to offer various health 
benefits, including promoting cardiovascular health, providing neuroprotection, and 
potentially reducing cancer risk [30,32]. 

In the winemaking industry, the presence of procyanidins in grape skins and seeds 
contributes to the health benefits associated with red wine. These compounds help preserve 
the wine’s freshness and stability, contributing to its antioxidant-rich content. The 
antioxidant capacity of procyanidins in grapes also plays a role in the overall quality and 
aging potential of wine [33]. 

Procyanidins exhibit strong antiradical activity due to their ability to neutralize 
reactive oxygen species (ROS) such as hydroxyl radicals, superoxide anions, and peroxyl 
radicals. Their multiple hydroxyl groups donate hydrogen atoms, stabilizing these reactive 
species and preventing oxidative damage. They also chelate transition metals like iron and 
copper, reducing the formation of radicals via catalytic processes such as the Fenton reaction [33]. 

Additionally, procyanidins interrupt lipid peroxidation by stabilizing peroxyl radicals, 
thus protecting cellular membranes. The degree of polymerization influences their antiradical 
efficacy, with oligomeric procyanidins showing higher activity due to better bioavailability, 
while polymeric forms provide robust local antioxidant effects. Compared to simpler 
phenolics, procyanidins have superior scavenging capacity, amplified by their structural 
complexity and ability to act synergistically with other antioxidants [34]. 

Key Antiradical Mechanisms [34]: 
− Free Radical Scavenging: Procyanidins effectively neutralize reactive oxygen 

species (ROS) such as hydroxyl radicals (·OH), superoxide anions (O₂⁻·), and 
peroxyl radicals (ROO·), thereby preventing oxidative damage to lipids, 
proteins, and DNA. 
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− Metal Chelation: Procyanidins chelate transition metals like iron (Fe²⁺) and 
copper (Cu²⁺), which catalyze the generation of free radicals through Fenton or 
Haber-Weiss reactions. This reduces the formation of highly reactive hydroxyl 
radicals. 

− Regeneration of Antioxidants: Procyanidins can regenerate other antioxidants 
like vitamin C and vitamin E, enhancing the overall antioxidant defense system 
in cells. 

− Inhibition of Lipid Peroxidation: Procyanidins interrupt the chain reactions of 
lipid peroxidation by stabilizing peroxyl radicals, protecting cell membranes 
and lipoproteins from oxidative damage [35]. 

− Antiradical Strength: The antiradical activity of procyanidins is influenced by 
their degree of polymerization (DP): 
 Oligomeric Procyanidins (low DP): Exhibit higher free radical scavenging 

efficiency due to better bioavailability and interaction with radical species. 
 Polymeric Procyanidins (high DP): Though less bioavailable, they possess 

strong local antioxidant effects in the gastrointestinal tract. 
− Health Impacts of Antiradical Properties: 
 Cardiovascular Health: Procyanidins protect LDL cholesterol from oxidative 

modification, reducing the risk of atherosclerosis. 
 Anti-Aging Effects: Their ability to combat oxidative stress helps mitigate 

aging-related cellular damage. 
− Neuroprotection: Procyanidins protect neurons by reducing oxidative stress, 

potentially lowering the risk of neurodegenerative diseases like Alzheimer's. 
Table 3 is presenting the procyanidin content (measured in mg/100 g or mg/L) in 

various natural sources. The values may vary depending on the source, variety, and processing 
method [36-38]. 

Table 3 
Procyanidin content in various natural sources and the impact of processing methods 
Source Procyanidin 

content 
Unit Processing 

Method 
Impact on 

Procyanidins 
References 

Grapes 
(seeds) 

350 - 500 mg/100 
g 

Crushing, 
extraction, 

drying 

Minimal loss if 
carefully dried; 

extraction 
concentrates 
procyanidins 

[39] 

Grapes 
(skins) 

10 - 25 mg/100 
g 

Fermentation, 
drying 

Loss during 
fermentation 

unless skins are 
retained 

[39] 

Red wine 200 - 300 mg/L Fermentation, 
maceration 

Longer maceration 
increases content 

[39] 

White wine 10 - 20 mg/L Fermentation 
without skin 

contact 

Minimal 
procyanidins due 

to lack of 
maceration 

[39] 
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Continuation Table 3 
Apples 40 - 120 mg/100 

g 
Fresh, juice 
production, 

drying 

Peeling reduces 
content; drying 
concentrates 
procyanidins 

[40] 

Cranberries 200 - 400 mg/100 
g 

Fresh, juice 
production, 

drying 

Processing 
(juicing) may 

reduce content; 
drying retains 

high levels 

[41] 

Blueberries 50 - 100 mg/100 
g 

Fresh, freezing, 
drying 

Freezing preserves 
content; heat 

drying may lead to 
slight loss 

[41] 

Cocoa beans 300 - 1200 mg/100 
g 

Fermentation, 
drying, 

roasting 

Fermentation and 
roasting reduce 

content but 
release bioactive 

forms 

[42] 

Dark 
chocolate 

200 - 500 mg/100 
g 

Grinding, 
conching, 
tempering 

Higher cocoa 
content correlates 

with higher 
procyanidin levels 

[42] 

Green tea 50 - 100 mg/100 
g 

Drying, 
steaming, 
brewing 

Steaming 
preserves content; 

prolonged 
brewing may 

increase 
extraction 

[43] 

Almonds 50–60 mg/100 
g 

Roasting, 
blanching, 

drying 

Roasting may 
reduce content; 

raw almonds have 
slightly higher 

levels 

[44] 

 

Table 3 highlights the variation in procyanidin content across different natural 
sources, emphasizing the significant levels found in grapes and their derivatives, particularly 
red wine. Grapes, especially their seeds, are among the richest sources of procyanidins, with 
content ranging from 350–500 mg/100 g in seeds and 10–25 mg/100 g in skins.  

This high concentration makes them a valuable raw material for health-promoting 
polyphenols. 

Red wine, produced through maceration and fermentation processes that extract 
procyanidins from grape skins and seeds, contains 200–300 mg/L of these compounds. The 
prolonged contact with grape solids during winemaking contributes to its higher procyanidin 
levels compared to white wine, which undergoes minimal skin contact, resulting in only 10–
20 mg/L [44]. 
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The table underscores the critical role of processing in preserving and enhancing 
procyanidin content. For grapes and wine, proper handling during fermentation and 
maceration is essential to maximize the health benefits of these potent antioxidants. As such, 
grape-based products, particularly red wine, stand out as both a cultural and nutritional asset, 
providing significant amounts of bioactive compounds with antioxidant properties [45]. 

The biosynthesis of proanthocyanidins usually starts after flowering and fruit setting 
at 3~9 weeks post grape fruit anthesis. The biosynthesis of procyanidins in grapes begins in 
the phenylpropanoid pathway, where phenylalanine is converted into 4-coumaroyl-CoA 
through the action of enzymes like phenylalanine ammonia-lyase (PAL), cinnamate-4-
hydroxylase (C4H), and 4-coumarate-CoA ligase (4CL). This intermediate then enters the 
flavonoid pathway, where it is used to synthesize naringenin chalcone through the activity of 
chalcone synthase (CHS). The chalcone is then isomerized into naringenin by chalcone 
isomerase (CHI) [46,47]. 

Next, naringenin undergoes hydroxylation by flavonoid 3'-hydroxylase (F3'H) or 
flavonoid 3',5'-hydroxylase (F3'5'H), leading to the formation of dihydroflavonols like 
dihydroquercetin or dihydromyricetin. These dihydroflavonols are then reduced by 
dihydroflavonol-4-reductase (DFR) to produce leucoanthocyanidins, which are further 
converted into flavan-3-ols, such as catechins and epicatechins, by the action of 
leucoanthocyanidin reductase (LAR) or anthocyanidin reductase (ANR) [46,47]. 

Procyanidins are then formed through the polymerization or oligomerization of these 
flavan-3-ol monomers. This process can occur enzymatically or non-enzymatically, leading to 
the creation of dimers, trimers, and larger procyanidin molecules. These procyanidins are 
transported and accumulated primarily in grape skins and seeds, where they serve various 
roles, including contributing to the grape's defense mechanisms and influencing the 
organoleptic properties of wine. 

The biosynthesis of procyanidins is tightly regulated by environmental factors such as 
sunlight and temperature, as well as genetic factors. The final accumulation of procyanidins 
in the grape seeds and skins is important not only for the plant's defense but also for the 
sensory qualities of wine, especially red wines, where procyanidins play a key role in color, 
astringency, and antioxidant properties [48]. 

Procyanidins are a versatile and valuable group of polyphenolic compounds with 
significant physical, chemical, biochemical, and physiological properties. They are most 
notably found in grapes, particularly in seeds and skins, where they contribute to the 
antioxidant, astringent, and color characteristics of wine. Their physical properties, such as 
solubility and stability, influence their functionality in food and beverages, while their 
chemical properties—such as antioxidant activity, pH sensitivity, and protein binding—make 
them important for food preservation, sensory attributes, and health benefits. 

The content of procyanidins varies significantly across different natural sources, with 
grapes and their derivatives (especially red wine) being rich sources of these compounds. The 
processing methods, such as fermentation and maceration in winemaking, play a critical role 
in enhancing or reducing procyanidin content. Grapes, particularly when processed into red 
wine, remain an important source of these bioactive compounds, contributing to the overall 
health benefits associated with moderate wine consumption [39,48]. 

In addition to their beneficial effects in human health, procyanidins’ antioxidant and 
anti-inflammatory properties underscore their potential in therapeutic applications, making 
them essential in both nutrition and pharmacology. The understanding of their biosynthesis 
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in grapes also provides insight into how environmental and genetic factors can influence the 
quantity and quality of procyanidins in grape-based products, especially wines [47]. 

 

4. Effects of climate, soil, and grape variety on procyanidin accumulation in red wines 
The accumulation of procyanidins in red wines is significantly influenced by 

environmental and cultivation factors, including climate, soil, and grape variety. Procyanidins, 
key polyphenolic compounds contributing to the astringency, color, and antioxidant 
properties of wines, are synthesized in grape skins and seeds, with their levels varying 
depending on several viticultural conditions. Understanding these factors is essential for 
optimizing wine quality, especially in relation to the desired sensory characteristics and 
health benefits associated with red wines [49]. 

Table 4 
Effects of climate, soil, and grape variety on procyanidin accumulation in red wines 
Factor Description Impact on procyanidin levels References 

Climate:    
Temperature High temperatures increase 

anthocyanin synthesis and the 
rate of procyanidin 
polymerization. However, 
excessive heat can degrade 
procyanidins 

Optimal temperatures (15-
25°C) promote balanced 
synthesis of polyphenols. 

[50] 

Sunlight UV exposure stimulates the 
production of phenolic 
compounds in grape skins. 

Higher sunlight exposure 
enhances procyanidin 
content, especially in grape 
skins. 

[50,52] 

Rainfall Excessive rainfall before 
harvest can dilute grape 
components, affecting 
polyphenol concentration. 

Moderate rainfall allows 
procyanidin accumulation; 
excess rain may reduce levels. 

[51,53,55] 

Soil:    
pH Soil pH affects nutrient 

availability and grape 
metabolism. Acidic soils tend 
to favor the synthesis of 
flavonoids, including 
procyanidins. 

Slightly acidic soils (pH 5.5-
6.5) are optimal for 
procyanidin production. 

[54,58] 

Nutrients Rich soils with adequate 
nitrogen and potassium 
promote vine health and 
polyphenol synthesis. 

High nutrient availability 
supports optimal vine growth 
and procyanidin synthesis. 

[56,58] 

Drainage Well-drained soils prevent 
waterlogging, which can 
dilute phenolic content in 
grapes. 

Good drainage ensures higher 
concentration of procyanidins 
in grape skins and seeds. 

[57,58] 
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Continuation Table 4 
Grape Variety Different grape varieties 

naturally accumulate varying 
levels of procyanidins. 

Red grape varieties, such as 
Cabernet Sauvignon, Merlot, 
and Pinot Noir, are known for 
higher procyanidin levels in 
their skins and seeds. 

[59-61] 

 

The balance between environmental conditions like climate and soil properties 
significantly impacts the polyphenolic content of grapes, especially procyanidins. For 
instance, optimal temperature and sunlight conditions enhance the production of 
polyphenolic compounds, while excessive rainfall or poor drainage can reduce their 
concentrations. Additionally, the choice of grape variety plays a crucial role, with certain 
varieties naturally yielding higher levels of procyanidins due to genetic factors [56,62]. 

 

5. The influence of winemaking technology on the accumulation of procyanidins in 
wines 
Winemaking technology plays a crucial role in determining the levels of procyanidins, 

a class of polyphenolic compounds, in wines. These compounds, primarily found in grape 
skins and seeds, contribute to the astringency, color, and antioxidant properties of the final 
product. The winemaking process, including grape handling, fermentation techniques, 
maceration, and aging, significantly impacts procyanidin extraction and polymerization, 
influencing both the sensory and health-related properties of the wine [63-66]. 

Grape handling methods before fermentation can affect procyanidin extraction. The 
way grapes are crushed, sorted, and processed determines the extent to which procyanidins 
are released from the skins and seeds into the must [67]. 

Crushing is essential for releasing the polyphenols from grape skins and seeds. 
Mechanical crushing, if too aggressive, may lead to the breakdown of seeds and the release 
of undesirable compounds. However, moderate crushing facilitates the release of 
procyanidins, enhancing their concentration in the wine [67]. 

Cold soaking involves macerating the crushed grapes at low temperatures before 
fermentation. This technique allows the extraction of phenolic compounds, including 
procyanidins, without initiating fermentation. Cold soaking has been found to increase 
procyanidin content, especially in red wines, by promoting the diffusion of polyphenols from 
the skins into the must [68,69]. 

Fermentation is a pivotal step in the winemaking process that influences the solubility, 
polymerization, and degradation of procyanidins [69]. 

Fermentation temperature is critical for procyanidin extraction. Higher temperatures  
(25-30 °C) facilitate the release of polyphenols from grape skins and seeds. However, 
temperatures above this range may lead to the degradation of sensitive phenolic compounds, 
including procyanidins. Therefore, maintaining optimal fermentation temperatures is key to 
maximizing procyanidin levels [70]. 

The choice of yeast strain during fermentation can also influence the procyanidin 
content of the wine. Some yeast strains have been shown to enhance the extraction of 
polyphenols, while others may result in lower concentrations. Additionally, yeast-derived 
metabolites can interact with phenolic compounds, modifying the sensory properties of the 
wine. 
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Longer fermentation times, especially in red wines, allow for more extended contact 
between the juice and grape skins, increasing the extraction of procyanidins. Extended 
fermentation and maceration times are beneficial for extracting these compounds, as 
prolonged skin contact enhances the diffusion of phenolic compounds into the wine [71]. 

Maceration refers to the process of allowing the crushed grape skins to remain in 
contact with the fermenting juice to extract phenolic compounds, including procyanidins. The 
technique and duration of maceration can significantly impact procyanidin levels [71]. 

The length of time that grape skins are in contact with the wine during fermentation 
or post-fermentation maceration directly influences the level of procyanidins in the wine. The 
longer the skin contact, the higher the procyanidin content, as more polyphenols are 
extracted from the skins. 

After fermentation, maceration may continue for days or weeks to further extract 
phenolic compounds. This process increases the concentration of procyanidins, contributing 
to the wine’s flavor profile, color, and antioxidant properties [72]. 

Aging plays a significant role in the polymerization and stabilization of procyanidins 
in wine. Both the method and environment of aging affect the final concentration and 
characteristics of procyanidins in the wine [73]. 

The use of oak barrels in wine aging is a common practice that impacts the phenolic 
composition of the wine. Oak can contribute additional phenolic compounds to the wine, 
influencing its color, flavor, and tannin structure. However, oak aging can also promote the 
polymerization of procyanidins, leading to the formation of larger molecules that may have 
different sensory attributes (e.g., reduced astringency) [63,64,73]. 

In addition to barrel aging, bottle aging allows for the gradual oxidation and 
polymerization of procyanidins. Over time, this oxidation can lead to a more stable and 
smoother wine, with softer tannins and less astringency. However, the aging process may 
reduce the concentration of free procyanidins as they polymerize into larger structures 
[64,74]. 

Techniques to enhance procyanidin content: 
Several techniques can be employed to optimize the extraction and preservation of 

procyanidins in wine, ensuring their health benefits and enhancing sensory qualities. 
− Enzyme treatment. The use of enzymes such as pectinase during fermentation 

can help break down cell walls and improve the extraction of procyanidins and 
other polyphenols from grape skins and seeds. This results in a higher 
concentration of procyanidins in the wine [75-79]. 

− Microoxygenation. This technique involves introducing small amounts of 
oxygen into the wine during aging. Microoxygenation can promote the 
polymerization of procyanidins, reducing their astringency while enhancing 
their antioxidant properties and stability [80,81]. 

− Pre-fermentation treatments. Techniques like cryomaceration (macerating 
grapes at low temperatures before fermentation) can increase procyanidin 
extraction, particularly for certain grape varieties known to have high phenolic 
content [82-87]. 

Winemaking technology has a significant influence on the accumulation of 
procyanidins in wines. The extraction of procyanidins is affected by a variety of factors 
including berry size, grape handling, fermentation conditions, maceration techniques, and 
aging processes. Understanding the effects of temperature, fermentation time, maceration 
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duration, and aging methods can help winemakers optimize the levels of these important 
polyphenols in their wines. By utilizing specific winemaking practices, it is possible to 
enhance the sensory attributes and health benefits of wines, making them a more beneficial 
and enjoyable product for consumers [88-93]. 

 

6. Conclusions 
In conclusion, proanthocyanidins, particularly procyanidins, play a crucial role in the 

sensory and health-related properties of wines, contributing to their color, astringency, and 
antioxidant potential. The physical, chemical, biochemical, and physiological characteristics 
of procyanidins have a significant impact on wine quality, with factors such as climate, soil, 
and grape variety influencing their accumulation in red wines.  

The accumulation of procyanidins in red wines is strongly affected by climate, soil, 
and grape variety, each contributing to the wine's sensory characteristics and potential health 
benefits. Optimal conditions, such as moderate temperatures, adequate sunlight, and slightly 
acidic, well-drained soils, alongside the careful choice of grape varieties that naturally 
accumulate higher levels of procyanidins, are key to enhancing the polyphenol content and 
producing high-quality red wines. 

Winemaking practices greatly influence the accumulation and characteristics of 
procyanidins in wine. By carefully managing factors such as grape handling, fermentation 
conditions, maceration, and aging, winemakers can optimize procyanidin levels, enhancing 
both the sensory experience and the health benefits of the final product. 
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