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CHARACTERIZATION OF SOME APPORTIONMENT METHODS
Ion Bolun, ORCID ID: 0000-0003-1961-7310
Technical University of Moldova, Stefan cel Mare bd., 168, Chisinau, Moldova
ion.bolun@isa.utm.md
Received: 10. 22. 2019
Accepted: 12. 16. 2019

Abstract. In this work known main characteristics of 11 apportionment methods are
systemized, including the Hondt, Hamilton, Sainte-Laguë and Huntington-Hill methods, and
some new ones are determined by computer simulation. To such characteristics, refer the
disproportionality of solutions and the percentage of Quota rule violation, of the Alabama,
Population and New state paradoxes occur and of favoring of beneficiaries. For a large
range of initial data, where determined the preferences order of the explored
apportionment methods by each of these characteristics. No one of methods is preferable
by all of the six characteristics-criteria. Of the immune to the three paradoxes, d’Hondt,
Huntington-Hill, Sainte-Laguë and adapted Sainte-Laguë methods, by disproportionality of
solutions the best is Sainte-Laguë method, followed by the adapted Sainte-Laguë, then by
the Huntington-Hill and, finally, by the d’Hondt one. The same order for these four methods
is by compliance with the Quota rule. The percentage of Sainte-Laguë method’s Quota rule
violation is little influenced by the total number of seats value, but it strongly decreases (over
400 times) with the increase of the number of states – from approx. 0.045% for 4 states, up
to 0.0001-0.0004% for 30 states. Based on multi-aspectual comparative analyses, it is shown
that from explored methods there is reasonable to use, in specific areas, only three or four:
the Hamilton, Sainte-Laguë and Adapted Sainte-Laguë methods and may be the Quota
linear divisor one.
Keywords:

apportionment paradoxes, comparative analyses, computer simulation,
disproportionality of solutions, favoring of beneficiaries, qualitative characteristics,
quantitative characteristics.
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CARACTERISTICA UNOR METODE DE REPARTIZARE
Ion Bolun, ID ORCID: 0000-0003-1961-7310
Universitatea Tehnică a Moldovei, bd. Ștefan cel Mare, 168, Chișinău, Moldova
ion.bolun@isa.utm.md
Recepţionat: 10. 22. 2019
Acceptat: 12. 16. 2019

Rezumat. În articol sunt sistematizate principalele caracteristici cunoscute ale 11 metode
de repartizare, inclusiv d’Hondt, Hamilton, Sainte-Laguë și Huntington-Hill, și sunt
determinate unele noi prin simulare informatică. La asemenea caracteristici se referă
disproporţionalitatea soluţiilor și procentajul de încălcare a Regulii cotei, de manifestare a
paradoxurilor Alabama, al Populaţiei și al Noului Stat și de favorizare a beneficiarilor.
Pentru o gamă largă de date iniţiale, a fost determinată ordinea de preferinţă a metodelor
de repartizare cercetate după fiecare dintre aceste caracteristici. Niciuna dintre metode nu
este preferabilă conform tuturor acestor șase caracteristici-criterii. Dintre metodele imune
la cele trei paradoxuri, d’Hondt, Huntington-Hill, Sainte-Laguë și Sainte-Laguë adaptată,
cea mai joasă disproporţionalitate a soluţiilor este la metoda Sainte-Laguë, urmată de cea
Sainte-Laguë adaptată, apoi de cea Huntington-Hill și, în sfârșit, de metoda Hondt. Aceeași
ordine pentru aceste patru metode este faţă de respectarea Regulii cotei. Procentajul
încălcării Regulii cotei de către metoda Sainte-Laguë este puţin influenţat de numărul total
de mandate, dar scade puternic (de peste 400 de ori) odată cu creșterea numărului de state
- de la aprox. 0,045% pentru 4 state, până la 0,0001-0,0004% pentru 30 de state. Pe baza
cercetărilor comparative multe-aspectuale este arătat, că dintre metodele cercetate este
rezonabil de aplicat, în funcţie de caz, doar trei sau patru și anume: metodele Hamilton,
Sainte-Laguë și Sainte-Laguë adaptată și, posibil, cea a Cotei cu divizor liniar.
Cuvinte cheie: paradoxuri de repartizare, cercetări comparative, simulare informatică,
disproporţionalitate a soluţiilor, favorizare a beneficiarilor, caracteristici
calitative, caracteristici cantitative.
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APPLICATION OF THE FINITE DIFFERENCE METHOD TO CALCULATION OF
DYNAMIC PROCESSES IN LONG ELECTRICAL LINES
Vladimir Berzan1,2, ORCID ID: 0000-0001-7645-7304
Institute of Power Engineering, 5, Academy str., Chisinau, Republic of Moldova
Technical University of Moldova, Bd. Ştefan cel Mare, 168, MD-2004, Chisinau, Republic of Moldova
berzan@ie.asm.md
1

2

Received: 10. 02. 2019
Accepted: 11. 24. 2019

Abstract. The electrical circuit structure includes components with concentrated and
distributed parameters. This creates difficulties in analyzing the dynamic processes, which
are described by differential equations, including those with partial derivations. This paper
deals with the process of applying equations with partial derivatives (telegraph equations)
for the analysis of transient processes using the numerical method of uninterrupted
computation. The initial and limit conditions needed to obtain numerical solutions of the
transient processes in circuits with the complex variable load have been formulated. The
original calculation procedure of the nonstationary regime has been proposed using the
finite difference method. The calculation method uses the Riemann invariants. The
electrical circuit with lumped parameters includes active resistance, inductance and
capacitance. The relative units system was used for the analysis and the procedure of
transformation the dimensional parameters among the nondimensional parameters into
the relative units system was proposed. The continuous energy storage regime in the ideal
inductance in the moving wave regime at the connection of the line end with distributed
parameters at the ideal inductance (without losses) with lumped parameters was found.
Keywords: circuit, concentrated and distributed parameters, initial and limit conditions,
mathematical model, telegraph equations.
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APLICAŢII ALE METODEI DIFERENŢEI FINITE LA CALCULAREA PROCESELOR
DINAMICE ÎN LINIILE ELECTRICE LUNGI
Vladimir Berzan1,2, ID ORCID: 0000-0001-7645-7304
Institutul de Energetică, nr. 5, str. Academiei, Chișinău, Republica Moldova
Universitatea Tehnică a Moldovei, Bd. Ștefan cel Mare, 168, MD-2004, Chișinău, Republica Moldova
berzan@ie.asm.md
1

2

Recepţionat: 10. 02. 2019
Acceptat: 11. 24. 2019

Rezumat. Structura circuitului electric include atât porţiuni cu parametri concentraţi, cât și
cu parametri distribuiţi. Aceasta creează dificultăţi la analiza proceselor dinamice, care sunt
descrise de ecuaţii diferenţiale, inclusiv, cu derivate parţiale. În prezenta lucrare se
examinează procedeul de aplicare a ecuaţiilor cu derivate parţiale (ecuaţiile telegrafice)
pentru analiza proceselor tranzitorii cu metoda numerică de calcul neîntrerupt. S-au
formulat condiţiile iniţiale și de limită necesare pentru obţinerea soluţiilor numerice ale
proceselor tranzitorii în circuite cu sarcină variabilă complexă. S-a propus procedeul unic de
formare ale modelor matematice de calcul ale regimului nestaţionar cu utilizarea metodei
diferenţei finite. Metoda de calcul utilizează invariantele Riemann. Se prezintă rezultatele
simulărilor numerice ale regimurilor din porţiunea cu parametri distribuiţi (linie lungă) și cu
parametri concentraţi, formată din rezistenţa activă, inductivitate și capacitate. Pentru
analiză s-a utilizat sistemul de unităţi relative, s-a propus procedeul de transformare a
parametrilor dimensionaţi în parametri în sistemul de unităţi relative. S-a depistat regimul
de stocare continuă a energiei în inductivitatea ideală conectată la linia lungă în regimul
undelor în mișcare în porţiunea cu parametri distribuiţi.
Cuvinte-cheie: circuit, parametri concentraţi și distribuiţi, ecuaţii telegrafice, condiţii iniţiale și
limită, model matematic, metodă diferenţe finite.
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FUTURE TRENDS IN POWER ELECTRONIC DEVICES
Titu-Marius I. Băjenescu, ORCID ID: 0000-0002-9371-6766
Swiss Technology Association, Electronics Group Switzerland
tmbajenesco@gmail.com
Received: 10. 16. 2019
Accepted: 12. 02. 2019

Abstract. The recent technological progress of semiconductors and increasing demand for
power electronic devices in the different domains of electric energy particularly for
applications in aeronautics and networks of transport and distribution impose new
specifications such as high frequencies, high voltages, high temperatures and high current
densities. All of this contributes in the strong development of power devices. To this end,
separation techniques for low-resistivity films should be developed, as well as thick-film
growth technologies, including hot filament CVD on insulating wafers. The article outlines
the evolution of semiconductor manufacturing, current applications and perspective.
Keywords: GaN, SiC, Si vs SiC, IGBT, MOSFET, HEMT, HFET, FET, diamond power devices.
DOI: 10.5281/zenodo.3591592
CZU 62-83:621.38
TENDINŢE VIITOARE ÎN DEZVOLTAREA DISPOZITIVELOR ELECTRONICE DE PUTERE
Titu-Marius I. Băjenescu, ORCID ID: 0000-0002-9371-6766
Asociaţia Elveţiană de Tehnologie, Grupul Electronic Elveţia
tmbajenesco@gmail.com
Recepţionat: 10. 16. 2019
Acceptat: 12. 02. 2019

Rezumat. Progresul tehnologic recent al semiconductorilor și creșterea cererii de dispozitive
electronice de putere în diferite domenii ale energiei electrice, în special pentru aplicaţiile
aeronautice și reţelele de transport și distribuţie impun noi specificaţii, cum ar fi frecvenţe
înalte, tensiuni și temperaturi ridicate, densităţi mari de curent. Toate acestea contribuie la
dezvoltarea puternică a dispozitivelor de alimentare. În acest scop, ar trebui dezvoltate
tehnici de separare pentru pelicule cu rezistivitate scăzută, precum și tehnologii de creștere
a filmelor groase, inclusiv CVD cu filament fierbinte pe placi izolatoare. Articolul prezintă
evoluţia producţiei de semiconductori, aplicaţiile actuale și perspective.
Cuvinte cheie: GaN, SiC, Si vs SiC, IGBT, MOSFET, HEMT, HFET, FET, dispozitive de alimentare pe
bază de diamante.
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TWO ELEMENT MICROSTRIP ANTENNA ARRAY USING STAR SLOT
ELECTROMAGNETIC BAND GAP STRUCTURE
K. Prahlada Rao1*, ORCID: 0000-0002-1940-8941,
Vani R. M.2, P. V. Hunagund1
Gulbarga University, Dept. of PG Studies and Research in Applied Electronics, Gulbarga, India
2
Gulbarga University, University Science Instrumentation Center, Gulbarga, India
*Corresponding author: K. Prahlada Rao, pra_kaluri@rediffmail.com

1

Received: 10. 02. 2019
Accepted: 12. 05. 2019

Abstract. This paper deals with the performance of two element antenna array without and
with electromagnetic band gap structures. The antenna arrays are using Mentor Graphics
IE3D software and measurements have been taken using vector network analyzer. The
dielectric substrate used in the design and fabrication of antennas is FR-4 glass epoxy. The
unit cell of the electromagnetic band gap structure is star slot structure. The
electromagnetic band gap structure structures applied in the ground plane of the
microstrip antenna array are resulting in a remarkable decrease in mutual coupling to –
35.05 dB from – 17.83 dB of the conventional array antenna. The proposed microstrip
antenna array is producing bandwidth of 25.18 % as against 2.35 % of conventional
microstrip antenna array. The antenna array with electromagnetic band gap strucure is
resonating at a fundamental frequency of 3.31 GHz; thereby achieving a virtual size
reduction of 40.14 %. The proposed microstrip antenna array finds application in C band of
the microwave frequency region.
Keywords: bandwidth, dielectric substrate, mutual coupling, radiation pattern, resonant
frequency, return loss, surface waves, virtual size reduction.
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DOUĂ ELEMENTE MICROSTRIP ANTENA ARRAY PE BAZĂ DE STRUCTURI STAR
SLOT ELECTROMAGNETIC BAND GAP
K. Prahlada Rao1*, ORCID: 0000-0002-1940-8941,
Vani R. M.2, P. V. Hunagund1
Universitatea Gulbarga, Departamentul de Studii și Cercetări PG în Electronica Aplicată, Gulbarga, India
2
Universitatea Gulbarga, Centrul de instrumentare știinţific universitar, Gulbarga, India
*Autor corespondent: K. Prahlada Rao: pra_kaluri@rediffmail.com

1

Recepţionat: 10. 02. 2019
Acceptat: 12. 05. 2019

Rezumat. În această lucrare este prezentată performanţa a două elemente de antenă fără și
cu structuri de goluri de bandă electromagnetică. Matricea antenă utilizează software-ul
Mentor Graphics IE3D și măsurătorile au fost efectuate cu ajutorul unui analizor de reţea
vectorială. Substratul dielectric utilizat la proiectarea și fabricarea antenelor este epoxidicul
FR-4 din sticlă. Celula unitară a structurii golurilor cu bandă electromagnetică este structura
slotului stelar. Structurile de bandă electromagnetică de goluri aplicate în planul de la sol
al antenei microstrip au ca rezultat o scădere remarcabilă a cuplării reciproce la - 35,05 dB
de la - 17,83 dB a antenei convenţionale. Gama de antene microstrip propusă produce
lăţimea de bandă de 25,18% faţă de 2,35% din gama de antene microstrip convenţionale.
Gama de antene cu structură de bandă electromagnetică are rezonanţă la o frecvenţă
fundamentală de 3,31 GHz; realizând astfel o reducere a dimensiunii virtuale de 40,14%.
Gama de antene microstrip propusă găsește aplicaţie în banda C a regiunii de frecvenţă cu
microunde.
Cuvinte cheie: lăţime de bandă, substrat dielectric, cuplaj reciproc, model de radiaţii, frecvenţă
rezonantă, pierdere de retur, unde de suprafaţă, reducere a dimensiunii virtuale.
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INTERNET OF THINGS SYSTEM FOR ENVIRONMENTAL MAP ACQUISITION
Andrei Bragarenco*, ORCID: 0000-0003-0405-5378,
Galina Marusic, ORCID: 0000-0002-2984-2055
Technical University of Moldova, 168, Stefan cel Mare Bd., MD-2004, Chisinau, Republic of Moldova
*Corresponding author: Andrei Bragarenco, andrei.bragarenco@mib.utm.md
Received: 09. 30. 2019
Accepted: 11. 26. 2019

Abstract. The paper discusses the importance of contemporary electronic systems with the
focus on the development of distributed electronic equipment. In this context the devices,
potentially members of an Internet of Things (IoT) network, are part of a complex
distributed electronic system organized in an IoT network dedicated to solving a specific
problem. The paper proposes a concept of a distributed electronic system, consisting of a
sub-components collection of the electronic devices placed on specific Cartesian
coordinates. Furthermore, it is presenting a case study of the operation for a distributed
electronic system, which is scanning environmental parameters such as temperature,
humidity, CO2, noise, brightness, or others. The proposed system consists of a set of
electronic devices equipped with sensors for measuring the environmental parameters and
communication modules to send the data collected to the IoT type network. The system
stands for an analogy of a camera where every pixel collects environmental data at specific
coordinates, where the collected pixels construct a 2D image, the uncovered areas are
obtained by interpolation from the nearest sensors. As a result, a 2D image is obtained,
which represents a map of the specific area in the selected parameter, such as the
temperature distribution map, brightness, CO2, motion, noise, or another parameter,
depending on the type of sensors available on the scanning devices. Based on this concept,
a prototype of a distributed electronic system, interconnected via an IoT network, was
developed, following the ZigBee technology. It is capable of collecting 2D images of a
predefined area in several parameters such as temperature, brightness, CO2, motion, noise,
simulating a "video" camera on these parameters.
Keywords: autosar, architecture, device, electronic, environment, IoT, layer, map, network.
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SISTEM INTERNET AL LUCRURILOR PENTRU ACHIZIŢIA HARTEI DE MEDIU
Andrei Bragarenco*, ORCID: 0000-0003-0405-5378,
Galina Marusic, ORCID: 0000-0002-2984-2055
Universitatea Tehnică a Moldovei, Stefan cel mare 168, Chișinău, Republica Moldova
*Autor correspondent: Andrei Bragarenco, andrei.bragarenco@mib.utm.md
Recepţionat: 09. 30. 2019
Acceptat: 11. 26. 2019

Rezumat. Lucrarea analizează sistemele electronice contemporane, cu accent pe
dezvoltarea echipamentelor electronice distribuite. Aici dispozitivele, potenţial membre ale
unei reţele Internet of Things (IoT), fac parte dintr-un sistem electronic distribuit complex,
organizat într-o reţea IoT, dedicat rezolvării unei probleme specifice. Lucrarea propune un
concept de sistem electronic distribuit, constând dintr-o colecţie de sub-componente ale
dispozitivelor electronice plasate pe anumite coordonate carteziene. Mai mult, prezintă un
studiu de caz al funcţionării pentru un sistem electronic distribuit care scanează parametrii
de mediu, cum ar fi temperatura, umiditatea, CO2, zgomot, luminozitate sau altele. Sistemul
propus constă într-un set de dispozitive electronice echipate cu senzori pentru măsurarea
parametrilor de mediu și a modulelor de comunicare pentru a trimite datele colectate în
reţeaua de tip IoT. Sistemul reprezintă o analogie a unei camere foto în care fiecare pixel
colectează date de mediu la anumite coordonate. Toţi pixelii colectaţi construiesc o
imagine 2D. Zonele descoperite se interpolează de la cei mai apropiaţi senzori. Ca urmare,
se obţine o imagine 2D, care reprezintă o hartă a zonei specifice din parametrul selectat,
cum ar fi harta de distribuţie a temperaturii, luminozitatea, CO2, mișcare, zgomot sau un alt
parametru, în funcţie de tipul de senzori disponibili pe dispozitivele de scanare. Pe baza
acestui concept, a fost dezvoltat un prototip al unui sistem electronic distribuit,
interconectat printr-o reţea IoT, în urma tehnologiei ZigBee. Este capabil să colecteze
imagini 2D dintr-o zonă predefinită, în mai mulţi parametri, cum ar fi temperatura,
luminozitatea, CO2, mișcare, zgomot, simulând o cameră „video” pe acești parametri.
Keywords: autosar, architecture, dispozitiv, electronic, mediu, IoT, nivel, harta, reţea.
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Abstract. The paper deals with the research results of relation between stress resistance
level and attention parameters influenced by visual factor of stress. Within the study there
was used a modified Landolt ring correction test and the Cohen-Williamson self-assessment
method of stress resistance. The relationship between stress level and quantitative (SK) and
qualitative (SV) change in the errors percentage of probationers was established. The
boundary values of the stress factor parameter were set based on the error rate change (SV)
to determine the stress tolerance level. Preliminary results of proposed methodology
application for assessing the influence of stress factors on the attention parameters indicate
the simplicity of its use and ease of data processing.
Keywords: stress factor, stress tolerance, proofreading test "Landolt Rings", the self-assessment
of stress resistance of Cowen - Williamson, attention parameters.
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Rezumat. Lucrarea ilustrează rezultatele cercetării relaţiei dintre nivelul de rezistenţă la
stres și parametrii atenţiei influenţaţi de factorul vizual al stresului. Pentru studiu, s-a
utilizat un test modificat de corecţie a inelului Landolt și metoda de autoevaluare a CohenWilliamson de rezistenţă la stres. A fost stabilită relaţia dintre nivelul stresului și
modificarea cantitativă (SK) și calitativă (SV) a procentul de erori ale probatorilor. Au fost
stabilite valorile limită ale parametrului de impact al factorului de stres în funcţie de viteza
de modificare a procentului de erori (SV) pentru a determina nivelul de toleranţă la stres.
Rezultatele preliminare ale aplicării metodologiei propuse pentru evaluarea influenţei
factorilor de stres asupra parametrilor de atenţie indică simplitatea utilizării și ușurinţa
procesării datelor.
Cuvinte cheie: factor de stres, toleranţă la stres, test de corecţie "Landolt Rings", autoevaluarea
rezistenţei la stres Cowen-Williamson, parametri de atenţie.
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Abstract. Germs will start their work once there is any kind of dust. In order to make the
residence as well as industry floors dustless this paper explores the functioning method of
a floor cleaner which significantly keeps healthy environments. It also gives a motivation
with increase enjoyment by making direct removal and floor cleaning, two in one model.
Prototype model was tested and is effective with less maintenance and long lasting. As
people are working both in office and at home this type of residential floor cleaner will be
a precious time saver. The strength of this model is that it keeps the floor clean and can be
operated much simpler than manual cleaning.
Keywords:

Arduino, Floor Cleaner, Bluetooth based, Prototype Model, Hygienic.
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Rezumat. Germenii își încep munca odată ce există orice fel de praf. Pentru ca rezidenţa,
precum și podelele din industrie să fie cât mai lipsite de praf, această lucrare explorează
modul de funcţionare a unei instalaţii de curăţare a pardoselilor, capabil să asigure în mod
semnificativ medii sănătoase. De asemenea, prototipul oferă motivaţie prin plăcerea de
eliminare directă a prafului și curăţarea podelei, două într-un singur model. Modelul de
prototip a fost testat și este considerabil mai eficient, cu mai puţine cheltuieli de întreţinere
și funcţionare de lungă durată. Deoarece oamenii lucrează atât la birou, cât și la domiciliu,
acest tip de curăţător rezidenţial va economisi timpul preţios. Punctul forte al acestui model
este faptul, că menţine podeaua curată și poate fi exploatat prietenos, cu mult mai simplu
decât curăţarea manuală.
Cuvinte cheie: Arduino, Curăţător de podea, Bluetooth, Prototip, Igienic.
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Abstract. Ice cream is a highly complex food matrix that generally comprises a mixture of
ingredients: air, water, milk fat, milk solids-not-fat, sweetener, stabilizer, emulsifier and
flavoring agents. To improve the quality of ice cream, it is required to obtain the optimal
formulation and processing parameters. To obtain a product with well-determined
technological, organoleptic and physico-chemical properties is important to choose a right
stabilizer. This paper presents quality indices of gelato manufactured from natural
ingredients and the basic stabilizer, gelatin, is replaced in proportions of 25%, 50%, 75%
and 100% with spirulina. The use of spirulina contributes to the improvement of the
nutritional and biological value of the new product. With the increase of the spirulina
concentrationin the product, the characteristics for the organoleptic indices, especially the
natural green color are improved. The chemical composition of ice cream is improved, by
increasing the iron content from 2.68 to 3.63. The addition of mineral salts with the
increase of the spirulina content in gelato leads to the increase of the cryoscopic point of
the finished product. The degree of beating, overrun, penetration's value increases and the
viscosity values decreases.
Keywords: dairy desert, ice cream, stabilizer, gelatin, spirulina, quality indices, nutritive value,
biological value.
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Rezumat. Îngheţata este o matrice alimentară extrem de complexă care, în general,
cuprinde un amestec de ingrediente: aer, apă, grăsimi din lapte, solide din lapte, care nu
sunt grase, îndulcitori, stabilizatori, emulsionanţi și agenţi aromatizanţi. Pentru a
îmbunătăţi calitatea îngheţatei, este necesară obţinerea parametrilor optimi de formulare și
prelucrare. Pentru a obţine un produs cu proprietăţi tehnologice, organoleptice și fizicochimice bine determinate, un rol important îl are tipul și calitatea stabilizatorului utilizat.
Această lucrare prezintă indici de calitate ai gelului obţinut din ingrediente naturale, iar
stabilizatorul de bază, gelatina, este înlocuit în proporţii de 25%, 50%, 75% și 100% cu
spirulina. Utilizarea spirulinei contribuie la ameliorarea valorii nutritive și biologice a noului
produs. Majorarea concentraţiei de spirulină sporește caracteristicile organoleptice, în
special culoarea verde naturală. Compoziţia îngheţatei este îmbogăţită, în special prin
creșterea conţinutului de fier. Adăugarea de săruri minerale concomitent cu spirulina
conduce la creșterea punctului crioscopic al produsului finit și a valorii penetrării, iar
vâscozitatea produsului scade.
Cuvinte cheie: desert de lactate, îngheţată, stabilizator, gelatină, spirulină, indici de calitate,
valoare nutritivă, valoare biologică.
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Abstract. An electrophysical wasteless technology is presented based on the electrochemical activation of the acid whey in a periodic regime. Under consideration are
variations of such principal parameters as the electric current density, voltage, pH,
oxidation-reduction potential, temperature, specific energy consumption, and the degree of
isolation of whey proteins in the protein-mineral concentrates (PMCs). It is found that the
isolation of whey proteins in the PMCs makes about 80% from the first minutes of the
process and remains constant during the rest of it at the current density j=10 mA·cm-2 and
the specific energy consumption by 2.5 times lower than during processing at j=20 mA·cm-2,
in the latter case, the isolation of whey proteins in the PMCs makes about 73-75%, which
allows for decreasing the energy consumption during processing. However, in the liquid
phase (LP), the recovery of about 84%, which means that from the first minutes, there are
intensively formed protein compounds with a high molecular weight thatwhich cannot be
isolated as foam as a result of the ion flotation, remaining in the LP contained in the
cathode cell. These investigations demonstrate an opportunity to properly control the
processing of the acid whey, which depends on the processing regime (the electric current
density) necessary for an optimal isolation of protein fractions in the PMCs, with a
simultaneous decrease of the specific energy consumption per a unit of volume.
Keywords: current density, electrophysical processing, energy consumption, membrane
electrolyzer, whey proteins.
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Abstract. Este prezentat procedeul non-rezidual de procesare electrofizică, ce are la bază
activarea electrochimică a zerului acru în regim periodic. Sunt descrise variaţiile
parametrilor principali – densitatea curentului electric, voltajul, pH-ul, potenţialul de oxidoreducere, temperatura, consunul specific de energie, gradul de extragere a proteinelor
serice în concentrate proteice minerale (CPM). Extragerea proteinelor serice în CPM
constitue circa 80% din primele minute și se menţine stabil pe toată perioada procesării la
j=10mA/cm2 și un consum specific de energie de 2,5 ori mai mic comparativ cu procesarea
la j=20 mA/cm2, unde gradul de extragere a proteinelor serice în CPM (Q, %) este mai mic
(73-75%), ce permite reducerea consumului de energie la tratare. În faza lichidă se
înregistrează circa 84%, ceea ce indică la o formare intensă a compușilor proteici cu masă
moleculară înaltă chiar din primele minute, ce nu pot fi extrași sub formă de spumă ca
rezultat al flotării ionice și rămân în faza lichidă, ce se conţine în celula catodului. Aceste
cercetări permit gestionarea corectă a procesării zerului acru, ce depinde de regimul de
tratare (densitatea curentului electric), pentru extragerea optimă a fracţiilor proteice în CPM
și reducerea simultană a consumului specific de energie pe o unitate de volum.
Keywords: densitate de curent, procesare electrofizică, consum de energie, electrolizor cu
diafragmă, proteine din zer.
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Abstract. The lives of some people start in conditions remembered by history, adverse for
some. These people, at least some of them, fight against the vicissitudes of life and they
win. Some of them dedicate their energy to the other people, and they expect that the other
human beings (or life) to tell them, one way or another, “We appreciate you, man!”
Sometimes, this really happens, but some other times, other human beings tell them “We
condemn you, man!”. The good ones have been forgotten, but the condemnation has a
symbolic role: someone must be punished in order those other human beings to be
frightened, to enjoy, or to have the feeling that they have won the fight against life. Here is
an example of an engineer whose life began dramatically and ended even more
dramatically although he set up institutions that function even nowadays.
Keywords: Constantin Bușilă, Institute of Energy, General Association of the Engineers.
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Rezumat. Viaţa unor oameni începe în condiţii anumite de istorie, nefavorabile pentru unii.
Acești oameni, cel puţin unii dintre ei, luptă împotriva vicisitudinilor vieţii și câștigă. Unii
dintre ei își dedică energia oamenilor și se așteaptă ca celelalte fiinţe umane (sau viaţa) să
le spună, într-un fel sau altul, „Te apreciem, omule!” Uneori, acest lucru se întâmplă întradevăr, dar în altele, anumite fiinţe umane le spun „Noi te condamnăm, omule!”. Cei buni au
fost uitaţi, dar condamnarea are un rol simbolic: cineva trebuie pedepsit, pentru ca alte
fiinţe umane să fie înspăimântate, sau să se bucure, sau să aibă sentimentul că au câștigat
lupta împotriva vieţii. Iată un exemplu de inginer a cărui viaţă a început dramatic și s-a
încheiat și mai dramatic, deși a înfiinţat instituţii care funcţionează chiar și în zilele noastre.
Cuvinte cheie: Constantin Bușilă, Institutul de Energie, Asociaţia Generală a Inginerilor.
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Abstract. In this work known main characteristics of 11 apportionment methods are
systemized, including the Hondt, Hamilton, Sainte-Laguë and Huntington-Hill methods, and
some new ones are determined by computer simulation. To such characteristics, refer the
disproportionality of solutions and the percentage of Quota rule violation, of the Alabama,
Population and New state paradoxes occur and of favoring of beneficiaries. For a large
range of initial data, where determined the preferences order of the explored
apportionment methods by each of these characteristics. No one of methods is preferable
by all of the six characteristics-criteria. Of the immune to the three paradoxes, d’Hondt,
Huntington-Hill, Sainte-Laguë and adapted Sainte-Laguë methods, by disproportionality of
solutions the best is Sainte-Laguë method, followed by the adapted Sainte-Laguë, then by
the Huntington-Hill and, finally, by the d’Hondt one. The same order for these four methods
is by compliance with the Quota rule. The percentage of Sainte-Laguë method’s Quota rule
violation is little influenced by the total number of seats value, but it strongly decreases (over
400 times) with the increase of the number of states – from approx. 0.045% for 4 states, up
to 0.0001-0.0004% for 30 states. Based on multi-aspectual comparative analyses, it is shown
that from explored methods there is reasonable to use, in specific areas, only three or four:
the Hamilton, Sainte-Laguë and Adapted Sainte-Laguë methods and may be the Quota
linear divisor one.
Keywords:

apportionment paradoxes, comparative analyses, computer simulation,
disproportionality of solutions, favoring of beneficiaries, qualitative characteristics,
quantitative characteristics.

1. Introduction
In the examined multi-optional systems, the decision is made on two or more
options, consisting of parts of a homogeneous resource measured in integers (a set of
identical objects); the resource in question is apportioned to beneficiaries-options (states,
regions, parties, institutions, subdivisions, etc.), aiming to ensure the extreme value of a
given criterion. The decision may be individual or collective. Collective decisions are taken
by voting. It is considered that both, individual multi-optional decisions and the collective
multi-optional ones are based on solving a deterministic apportionment optimization
problem, all the necessary initial data being known.
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Examples of apportionments:
1) apportionment of M mandates in the elective body to n parties by the number of
votes cast Vi for each party i, i  1, n ;
2) apportionment of M mandates in the European Parliament to the n EU Member
States by population Vi in each country i, i  1, n ;
3) apportionment of M seats in the US Congress House of Representatives to the n =
50 states by population Vi in each state i, i  1, n ;
4) distribution of M computers to the n public lyceums of Moldova by the number of
scholars Vi in each lyceum i, i  1, n ;
5) distribution of M sector policemen to the n sectors of Chisinau municipality by the
number of inhabitants Vi in each sector i, i  1, n .
One of the most known practices regarding the use of multi-optional decisions
systems is related to elections. Thus further on the systems in question will be investigated,
without diminishing the universality of the approach, through elections by party-list
proportional representation (LPR).
To solve the optimization problem an apportionment method (algorithm) is used.
There is not yet a universally accepted apportionment (APP) method to be used in similar
situations. Therefore, for this purpose several such methods are used, including: Jefferson
[1, 2], Hamilton (Hare) [2, 3], Webster {1, 2], d'Hondt [4], Sainte-Laguë [5] and HuntingtonHill [6]. For example, the Hamilton (Hare) method is used in elections in Germany, Russia,
Ukraine, Mexico and Iceland, the d'Hondt method – in Belgium, Japan, Israel, Peru,
Portugal, Romania, Spain, Hungary and Thailand, the Sainte-Laguë method – in Poland,
Denmark, Latvia and New Zealand [7- 9].
Studies [1, 2, 10] show that in different situations APP methods behave differently:
methods that in some situations allow for better solutions, in other situations yield to other
methods. The obtained solution may vary considerably from one method to the other. This
can lead to unexpected effects.
The knowledge of characteristics of APP methods, especially of quantitative ones,
would facilitate the comparative analysis of methods and a successful selection of a
particular method for a specific mission. To such characteristics refer [1, 2]:
disproportionality of solutions, compliance with the Quota rule, favoring of parties,
monotonicity and so on.
In addition to the known ones, some new aspects of APP methods are examined in
this paper, including the estimation, by computer simulation, of disproportionality of
solutions, of the percentage of Quota rule violation, of Alabama, Population and New state
paradoxes occurrence and of favoring of parties. Initially, the apportionment optimization
problem is defined, then the examined APP methods are described, next the characteristics
of APP methods are obtained, outlined and systemized, and, finally, the comparative multiaspectual analysis of methods is made.
2. Preliminary considerations
The departure point of APP methods is to minimize the disproportion of allocation of
mandates (seats) to parties (states). To estimate this disproportion various indices were
proposed, including the Gallagher [2], d’Hondt [4], Sainte-Laguë [5], Rae [12], LoosemoreHandby (Duncan and Duncan) [13, 18], Rose [14], Grofman [15], Lijphart [16], Monroe [17],
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Square deviation, Relative standard deviation and Average relative deviation [10] ones.
Depending on the index used as criterion in the apportionment problem, the solution may
vary, sometimes considerably [1, 2, 10]. As shown in [10], minimizing the disproportionality,
within the meaning of each of the above-nominated 11 indices (excluding the Monroe one),
is ensured, as appropriate, by one of the three methods: Hamilton (Hare) [2, 3], SainteLaguë (Webster) [2, 5] or d’Hondt (Jefferson) [2, 4]. But other methods are known, too,
including that of Huntington-Hill [6], Largest remainders with Droop quota [11], Largest
remainders with Hagenbach-Bischoff quota [2], Largest remainders with Imperiali quota [2],
etc.
Thus, selecting the relevant index of disproportionality is one of the important steps
in implementing an adequate multi-optional decision system. A successful selection
requires as more complete as possible comparative analysis of the known indices. Some of
such issues are addressed in many papers, including [2, 10, 14-17, 19-21]. In [19], the
disproportionality is split into two types: (1) forced or unavoidable, due to the very nature of
the apportionment problem, and (2) the non-forced one. Based on this approach, an index
just measuring avoidable disproportionality was proposed. A characterization of the Duncan
and Duncan [18] (also called Loosemore-Hanby [13]) and Lijphart [16] indices, from the
point of view of Homogeneity, Radial Linearity, Substitution and Invariance, is proposed in
[21].
In LPR apportionments, M. Gallagher [2] highlights two broad categories of measures
of disproportionality: (1) measures based on the absolute difference between the party’s
seats and votes; (2) measures focused on the ratio between a party’s seats and its votes. In
both these categories, parties are primary in assessing the disproportionality. In reality,
however, primary are the voters; voters should be represented equally in the elective body
or, if it is not possible, with the smallest possible disproportion. Therefore, at the base of
the index of disproportionality the value of each vote should stand – vote that reflects
unequivocally the rights r of each voter in the election. Namely, starting from the value r of
a vote (r = total number of seats/total number of votes) and basing on a comparative multiaspectual analysis, in [10], the opportunity of using the Average relative deviation index
(ARD) for this purpose is argued. Namely, the ARD index is used in this paper.
If so, let [10]: M – number of mandates (seats) in the elective body; n – number of
parties that have reached or exceeded the representation threshold; Vi, vi – number and,
respective, percentage of valid votes cast for party i; V = V1 + V2 + … + Vn – total valid votes
cast for the n parties; r = M/V – equal rights of each elector (decider) in the overall decision;
xi, mi – number and, respectively, percentage of mandates to be allocated to party i; I –
index of disproportionality (ARD). Then the apportionment problem can be formulated as
follows [10]. Knowing quantities (positive natural numbers) M, n and Vi, i  1, n , the values
of sizes xi ( i  1, n ) are required to be determined – natural numbers that would ensure the
minimization of the Average relative deviation index
n

n

i 1

i 1

I   vi  mi  100

Vi xi

 min
V M

(1)

in compliance with the restriction
n

x
i 1
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Problem (1)-(2) is one of mathematical programming in integers. From (1) it can be
seen that I = 0, i.e. the distribution xi ( i  1, n ) is proportional, only if equalities
mi  vi , i  1, n occur. However, the probability that these equalities occur in particular

elections, at integer sizes xi ( i  1, n ) and V >> M ≥ n, is very small. Thus, in real LPR elections
certain disproportionality of apportionment occurs. In such cases it is important that the
disproportionality in question to be assessed.
Sometimes the problem (1)-(2) also includes additional requirements such as [1, 2]:
compliance with the Quota rule, not favoring of parties, monotonicity, and so on.
The Quota rule entails compliance with relations ai ≤ xi ≤ ai + 1, i  1, n , i.e., taking
into account that xi, i  1, n are integers, one has xi = ai or xi = ai + 1, i  1, n , where ai = Vi/Q
is the Lower quota of mandates, ai + 1 is the Upper quota of mandates for party i and Q =
V/M is the Standard divisor (Hare quota or simple quota) for the scrutiny.
In case of successive decisions, for example in the case of periodic elections,
sometimes the monotonicity of APP methods is important. It is expressed, first of all, by the
immunity to Alabama, Population and New state paradoxes (the “three paradoxes”) [1, 2],
but may be also [1, 10] by modifications in decision-makers’ preferences, by merging of
parties, by partitioning of parties and by changing of the number of parties. Of these
aspects of monotonicity, further on just those of the three paradoxes will be examined.
The essence of the three paradoxes [1, 2]:
a) Alabama paradox – an increase in the total number of seats (mandates) causes
the loss of seats to some states (parties);
b) Population paradox – a state (party) with a higher rate of increase in the number
of inhabitants (votes cast) loses at least one seat to the benefit of states (parties)
with a smaller increase in the rate in question;
c) New state paradox – adding of a new state (party), with a proportional increase in
the total number of seats, leads to the redistribution of seats among other states
(parties).
The Balinski and Young impossibility theorem [1] asserts, in general, that there is no
an APP method, which, at three or more parties (states), would have the following three
properties: follows the Quota rule; is immune to Alabama paradox; is immune to Population
paradox.
For example, the divisor methods such as Jefferson, d'Hondt, Webster, Sainte-Laguë
and Huntington-Hill are immune to the three paradoxes, but may not follow the Quota rule
[1, 2]. The Hamilton method follows the Quota rule, but is not immune to the three
paradoxes [1, 2]. So, we have to make a compromise, depending on the situation, with
regards to which APP method to apply.
Known theoretical results sometimes do not give an unambiguous answer to the
preferences of using a particular APP method in a specific situation. In such cases the
comparative analysis of methods by computer simulation may be appropriate. For this
purpose, the computer application SIMAP has been elaborated and respective calculations
have been made. The initial data used in calculations are: M = 6, 11, 21, 51, 101, 201, 501; n
= 2, 3, 4, 5, 7, 10, 15, 20, 30, 50; n ≤ M – 1; V = 108; uniform distribution of values Vi, i  1, n ;
sample size 106. The use of small values of M is useful, for example, when determining the
M members of a parliamentary committee basing on the number of deputies (Vi) of each of
the n parties in the Parliament.
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3. The essence of the investigated apportionment methods
There are distinguished two well-known categories of apportionment methods with
proportional representation [2]: divisor methods (Jefferson, d’Hondt, Sainte-Laguë, modified
Sainte-Laguë, Webster and Huntington-Hill) and remainders methods (Hamilton, Hare;
Droop, Hagenbach-Bischoff and Imperiali). Divisor methods are based on the "highest
average" principle and the remainders methods – on the "largest remainder" one. A special
case is the Huntington-Hill method [6]. This method is based on the geometric mean at the
border of the number of mandates for each party (state), but it still uses a divisor as divisor
methods do. To divisor methods also refer the General linear divisor (GLD), adapted SainteLaguë and Variable linear divisor (VLD) ones [10].
One can also talk about a third category of methods – the mixed methods, which
combines aspects from both previous categories. Of the explored in this paper, to mixed
methods refer [10]: Quota linear divisor (QLD), Lower quota linear divisor (LQLD), Quota
dependent linear divisor (QDLD), Quota variable linear divisor (QVLD) and Lower quota
variable linear divisor (LQVLD).
At the same time, in [2, 22], for example, it is mentioned that, regarding the results
of the distribution of seats, the Jefferson and d'Hondt methods and the Webster and SainteLaguë methods are equivalent. But, as shown in [10], the direct use of Jefferson and
Webster methods do not always guarantee the solution. Also, the disproportionality of
solutions obtained using the Hamilton method is lower than those of Droop, HagenbachBischoff and Imperiali methods [2, 10]. Finally, the Hamilton and Hare methods coincide [2],
and the General linear divisor method defines a class of divisor methods [10].
So, the following APP methods are investigated in this paper: Hamilton (H), SainteLaguë (SL), d’Hondt (d’H), Huntington-Hill (HH), adapted Sainte-Laguë (ASL) and, mainly for
research purposes, the QLD, LQLD, QDLD, VLD, QVLD and the LQVLD ones.
The Huntington-Hill method provides the calculation of standard divisor Q = V/M;
then to each party i is initially assigned the lower quota of seats xi = ai = Vi/Q, if Vi/Q <
ai (ai  1) , or – the upper one, i.e. xi = ai + 1, if Vi/Q ≥ ai (ai  1) , i  1, n . Thus, the value of
ratio Vi/Q, rounded up to integers basing on the respective geometric mean, is assigned to
xi. If the sum of the above-specified quotas of the n parties is equal to M, i.e. x1 + x2 + … + xn
= M, then the distribution of seats has ended, being proportional.
Otherwise, iteratively, using several attempts, it is found such a new divisor q* and,
respectively, xi = ui = Vi/q* if Vi/q* < ui (ui  1) , or xi = ui + 1 if Vi/q* ≥ ui (ui  1) , i  1, n , that
the equality x1 + x2 + … + xn = M to be achieved. The solution obtained will be a
disproportionate one.
The majority of divisor methods are particular cases of General linear divisor method
(GLD) [10], which is based on the APP rule

Vi

Vk

 k, if cu  1  cu  1 ,
i
k

(3)

in which c is a constant and uj is the number of mandates already allocated to party j.
The apportionment algorithm consists in calculating, for each party i  1, n , of ratio
Vi/(cui + 1) consecutively at ui = 0, 1, 2, …. Thus, n series of decreasing numbers are formed,
by one for each of the n parties. Of these n series, the largest M numbers are selected, of
which xi numbers belong to series i, i  1, n . To party i is assigned xi mandates, i  1, n .
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Particular cases of the GLD method differ only by the value of constant c. So:
‐ for the d’Hondt method, c = 1;
‐ for the Sainte-Laguë method, c = 2;
‐ for the VLD method, c = n/ΔM at ΔM = M – (a1 + a2 + … + an) > 0.
Thereafter, the terms “GLD method” and “all linear divisor methods” will be used
synonymously.
The adapted Sainte-Laguë method [10] differs from the Sainte-Laguë one only by
allocating, initially, by g ≥ 1 mandates to small parties, so that finally no party will have less
than g mandates. At g = 1, the Huntington-Hill method corresponds to such a requirement.
According to the Hamilton method, at first step, by a lower quota of mandates ai =
Vi/Q is allocated to each party i, i  1, n and the number ΔM = M – (a1 + a2 + … + an) of still
undistributed mandates is determined. If ΔM = 0, then the distribution has ended and is
proportional. Otherwise, at the second step, by one mandate of the ΔM is allocated
additionally to each of the first ΔM parties with the larger value of remainder ΔVi = Vi – aiQ.
The distribution has ended, being disproportionate.
Taking into account that the Hamilton method ensures the less disproportionate
apportionment [2, 10], the Hamilton method’s first step is used also as first step of the QLD,
LQLD, QDLD, QVLD and LQVLD methods. These methods differ only at the second, final,
step:
‐ QLD, QVLD and QDLD methods – by one mandate of the ΔM is allocated
additionally to each of the first ΔM parties with the larger value of ratio,
respectively, Vi/(2ai + 1), Vi/(nai + ΔM) and Vi/[cai + 1), where c = max{2; n – 1},
i  1, n ;
‐ LQLD and LQVLD methods – the ΔM mandates are allocated additionally to parties
with the larger value of ratio, respectively, Vi/[2ui + 1) and Vi/[nui + ΔM), where ui ≥
ai, i  1, n .
The second step for these methods is defined basing on the following reasons.
According to [10], the Sainte-Laguë method (linear divisor method with c = 2) ensures, in
average, the less disproportionate apportionment among all linear divisor methods (at c =
constant); the value c = 2 is used in the QLD and LQLD methods, too. At the same time [10],
the linear divisor method with c = n – 1 (QDLD) does not exceed the Upper quota. Also, the
linear divisor method with c = n/ΔM (VLD) less of all favors parties, when allocating
mandates to them, and therefore it is the least disproportionate among the linear divisor
methods [10].
Let’s examine the characteristics of the nominated APP methods.
4. Compliance with the Quota rule
Of the methods explored in this paper, the Hamilton, QLD, QDLD and QVLD ones
met the requirement of Quota rule, by definition. Also, in the case of two-party voting, the
DLG method at c ≥ 1, including d'Hondt and Sainte-Laguë ones and the Huntington-Hill, VLD
and LQLD methods follow the Quota rule [2, 10]. The Sainte-Laguë and LQLD methods follow
the Quota rule also at n = 3 [1, 10].
The D’Hondt method is compliant only with the Lower quota rule [10]. The LQLD and
LQVLD methods are also compliant with this quota rule, by definition.
Statement 1 [10]. At c ≥ n – 1, all linear divisor methods are compliant with the Upper
quota rule.
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Statement 2 [10]. At c ≥ 1, all linear divisor methods can’t violate simultaneously the
Lower quota and the Upper quota rules in a poll.
The last result is used when improving (less calculations) the d’Hondt, Jefferson,
Webster, Saint-Laguë and Adams methods [10].
Figure 1 [10] outlines the various possibilities of DLG method complying with the
Lower quota and Upper quota rules, depending on the value of constant c and the larger or
smaller the parties are. The numbers of consequences are from [10].
The case c = 1 (d'Hondt method) is a special one – it is the only case of complying
with the Lower quota rule, regardless of the party’s size. An opposite is the case c = n – 1
(generally, the class of c ≥ n – 1 cases), which complies with the Upper quota rule. Also,
smaller parties do not exceed the Upper quota, regardless of the value of c, but they can
violate the Lower quota rule at c < 1.

Figure 1. Definition domain of parameters xi , i  1, n .
At the same time, larger parties can violate both the Lower quota (at c > 1) and the
Upper quota (at 0 < c < n – 1) rules.
It is estimated that for M = 435 and n = 50:
1) the probability of Quota rule violation by Sainte-Laguë (Webster) method is,
according to [1], of approx. 0.00061, and according to [23] - of approx. 0.0016;
2) the probability of Quota rule violation by Huntington-Hill method is of approx.
0.000286 [1].
Some results of computer simulation of polls using SIMAP (see section 2), regarding
the violation of Quota rule, are shown in Table 1.
With regard to data of Tables 1-5, the calculations made do not guarantee the
accuracy of four-digits after comma, the representation being, however, useful in some
comparative research.
The PQ percentage of Quota rule violation depends on the method used and on the
values of sizes M (less) and n. Of the four divisor methods, SL, ASL, HH and d'H, the value of
PQ is the lowest for the Sainte-Laguë method, and the largest – for the d'Hondt one.
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Table 1
Percentage PQ of Quota rule violation by divisor APP methods, %
D’Hondt (Jefferson) method
Sainte-Laguë (Webster) method
n\M
3
4
5
7
10
15
20
30

51
0
0.0472
0.0790
0.0698
0.0355
0.0094
0.0018
0.0004

101
0
0.0468
0.0817
0.0736
0.0354
0.0080
0.0014
0.0001

201
0
0.0461
0.0827
0.0701
0.0310
0.0074
0.0016
0.0001

501
0
0.0452
0.0821
0.0698
0.0309
0.0077
0.0018
0.0002

n\M
3
4
5
7
10
15
20
30

Adapted Sainte-Laguë method
n\M
3
4
5
7
10
15
20
30

51
0.2656
0.4088
0.4944
0.5782
0.6941
1.0459
2.0325
7.0067

101
0.1288
0.2086
0.2516
0.2541
0.2182
0.1781
0.1873
0.3059

201
0.0673
0.1171
0.1649
0.1447
0.0967
0.0511
0.0292
0.0166

501
0.0232
0.0721
0.1171
0.0977
0.0518
0.0164
0.0062
0.0012

51
3.9843
6.3046
7.7247
9.5227
10.8147
11.3990
12.2000
9.8856

101
4.1367
6.5047
8.0367
9.9902
11.4797
12.7932
13.5427
13.4113

201
4.2105
6.5789
8.1421
10.2082
11.9164
13.5830
14.5451
15.4380

501
4.2355
6.6259
8.2393
10.3114
12.1932
14.0348
15.3240
16.9379

Huntington-Hill method
n\M
3
4
5
7
10
15
20
30

51
0.2928
0.4875
0.6126
0.7831
1.0293
1.6536
3.2937
10.347

101
0.1377
0.2377
0.2985
0.3204
0.3141
0.3045
0.3691
0.6589

201
0.0713
0.1276
0.1815
0.1654
0.1251
0.0831
0.0585
0.0449

501
0.0237
0.0769
0.1209
0.1019
0.0598
0.0208
0.0103
0.0028

The PQ percentage of the Sainte-Laguë method is to a small extent influenced by the
value of M, but it decreases strongly (over 400 times) with the increase of n – from approx.
0.045% at n = 4, up to 0.0001-0.0004% at n = 30.
Of a smaller dynamics is the PQ value of the d'Hondt method; this is changing, at initial
data of Table 1 (51 ≤ M ≤ 501, 3 ≤ n ≤ 50), only approx. 4 times (from 4.0% to 16.9%).
Regarding the Huntington-Hill method, the PQ value decreases with the increase of M
(from about 0.3% at M = 51 to 0.02% at M = 501 for n = 3 and from about 10.3% at M = 51 to
0.003% at M = 501 for n = 30).
The PQ value of the advanced Sainte-Laguë method is lower than for the HuntingtonHill one.
Thus, by percentage PQ of compliance with the Quota rule, the preferences of APP
divisor methods are: SL ≻ ASL ≻ HH ≻ d’H.
In general, the following preferences of APP methods were identified regarding the
compliance with:
- the Lower Quota rule: {H, QVLD, LQVLD, QLD, LQLD, QDLD, d'H} ≻ SL ≻ VLD ≻ ASL
≻ HH. Exceptions exist regarding the VLD method: at n ≤ 10 and M ≥ 101, this in
some cases is positioned between the ASL and HH methods, and in others - even
after the HH method;
- the Upper Quota rule: {H, QVLD, QLD, QDLD} ≻ HH ≻ ASL ≻ SL ≻ LQLD ≻ VLD ≻ LQVLD
≻ d'H;
- the Quota rule: {H, QVLD, QLD, QDLD} ≻ LQLD ≻ SL ≻ LQVLD ≻ VLD ≻ ASL ≻ HH ≻
d'H. Exceptions exist regarding:
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a) the d'Hondt method: at small values of M – n, this in some cases is positioned
between the ASL and HH methods, and in others – even between the VLD and ASL
methods;
b) the {LQVLD ≻ VLD} methods: at M ≥ 101 and n ≤ 10, these in some cases are
positioned between the ASL and HH methods, and in others – even between the
HH and d'H methods;
c) the VLD method: at M ≥ 51 and n ≤ 20, this in some cases is positioned between
the ASL and HH methods, and in others – even between the HH and d'H methods.
5. Party favoring
The distribution of mandates between parties in LPR electoral systems is usually
disproportionate, based on the passage of a part of influence power from some parties to
others.
Favoring of parties leads to the increase of disproportionality. This is examined in
details in [10].
Definition 1. It is considered that, as a result of apportionment, a party i is favored if it
obtains an excess of influence power (xi > Di, where Di = MVi /V is the influence power of
party i, delegated to it by the Vi voters’ votes), is disfavored, if it has a deficit of influence
power (xi < Di), and is neutral (neither favored nor disfavored) if it obtains a power of
influence equal to that delegated to it by voters' votes (xi = Di).
So, for a party i:
1) favored, occurs xi > ai;
2) disfavored, occurs xi ≤ ai at Vi > aiQ;
3) neutral, occurs xi = ai at Vi = aiQ.
Definition 2. It is considered that the APP method favors large (small) parties, if as a
result of apportionment, the summary influence power in excess (xi – Di > 0), obtained by
parties with more (fewer) votes, is greater than that, obtained by parties with fewer (more)
votes.
Definition 3. It is considered that the APP method is neutral (as a whole, favors
neither large nor small parties), if the summary influence power in excess (xi – Di > 0),
obtained by parties with fewer votes, is equal to that obtained by parties with more votes.
Statement 3. The Hamilton method may favor particular parties both large and small,
but generally, on infinity of polls, it is neutral in favoring of parties.
Statement 4. When applying the GLD method (Figure 2):
1) if c < n/(n – 1) then, as a rule, larger parties may be favored;
2) if c > n then, as a rule, smaller parties may be favored;
3) if n/(n – 1) ≤ c ≤ n then both the larger parties and the smaller ones may be
favored, inclusively:
3.1) at n/(n – 1) ≤ c < n/ΔM, more larger parties than smaller ones may be favored;
3.2) at n/ΔM < c ≤ n, more smaller parties than larger ones may be favored;
3.3) at c = n/ΔM, both larger parties and smaller ones may be favored, but rarely.
Statement 5. For the GLD method, the optimal value of constant c (in sense of (1) and
of not favoring of parties) is equal to 2. In average, the GLD method at c < 2 favors larger
parties, and at c > 2 – the smaller ones. So:
‐ the d'Hondt method can favor particular parties, both large and small, but overall it
favors large parties;
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‐ the Sainte-Laguë method can favor particular parties, both large and small, but
overall it is neutral. It may favor particular parties, predominantly, large – at ΔM 
[1; n/2), small – at ΔM  (n/2; n – 1], and usually does not favor any party at ΔM =
n/2.

Figure 2. Favoring of parties by GLD method.
Statement 6. From the multitude of GLD method alternatives that differ only by the
value of constant c, in average, on an infinite number of polls, the Sainte-Laguë method is
the least predisposed to favoring particular parties, ensuring the least disproportionality I of
apportionments.
Statement 7. From the multitude of GLD method alternatives that differ only by the
value of constant c, even dependent on sizes n and ΔM, the least predisposed, probably, to
favoring of parties apart is the VLD method, ensuring the lowest disproportionality of
apportionments.
Statement 8. The Hamilton method is characterized, in average, by a less favoring of
particular parties than the adapted Sainte-Laguë one.
Statement 9. The Huntington-Hill method may favor particular parties, both large and
small, but generally favors small parties, the tendency in question decreasing with the
increase of the number of votes cast by parties and tending towards neutrality.
Statement 10. The Huntington-Hill method is characterized, in average, by a higher
favoring of parties than the adapted Sainte-Laguë one.
So, by not favoring of parties, we have preferences H ≻ SL ≻ ASL ≻ HH ≻ d’H.
6. Immunity to paradoxes
The so-called "paradoxes" have influenced the replacement of some APP methods
with others in practice. It is well known the immunity to Alabama, Population, and New
State paradoxes of such APP methods as Jefferson, Webster, d'Hondt, Sainte-Laguë,
modified Sainte-Laguë and Huntington-Hill ones [1, 2]. The adapted Sainte-Laguë and GLD
methods are immune to these paradoxes, too [10]. There are also a number of particular
cases of elections for which other APP methods also are immune to the three paradoxes
[10].
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It is well-known the non-immunity to the three paradoxes of APP methods with
remain-ders: Hamilton, Droop quota, Hagenbach-Bischoff quota and Imperiali quota [1, 2].
The QLD, LQLD, QDLD, VLD, QVLD and LQVLD methods are not immune to these paradoxes,
too [10].
Statement 11 [10]. In case of two-party elections, the QLD, LQLD, QDLD and QVLD
methods are immune to Alabama, Population and New state paradoxes, and the Hamilton
and VLD methods – to Alabama and Population paradoxes.
Statement 12 [10]. In case of three-party elections, the QLD, LQLD and QDLD
methods are immune to Alabama and Population paradoxes.
It is estimated [1] that for M = 435 and n = 50, the Hamilton method exhibits a
monotonicity paradox about once in every 18 apportionments. Under certain assumptions
as the number of seats tends to infinity, the expected number of states that will suffer from
the Alabama paradox when applying the Hamilton method is asymptotically bounded above
by 1/e and, on average, is approximately 0.123 [24].
Some results of computer simulation using SIMAP (see section 2) with refer to the
three paradoxes are described below.
Alabama paradox. Calculations were performed for the increase δM of the total
number of mandates M by 1 to M mandates (1 ≤ δM ≤ M). It was found that the percentage
PA of Alabama paradox is increasing to n and is decreasing (with rare deviations at M and n
large, and δM small) to the number δM of additional mandates, becoming equal to 0 for at
most δM = M.
Exception, regarding the dependence of PA on M, are the QLD and LQLD methods –
the value of PA(QLD) and PA(LQLD) slightly depends on M. At n = 2, occurs PA = 0 for all
examined methods – the Hamilton method and the six mixed methods; obviously there
exist, however, cases for which the Alabama paradox occurs.
The character of percentage PA dependence to M and n can be seen in Figure 3 and
Table 2.

Figure 3. Parameter PA dependence to M and n for Hamilton method.
The PA percentage for QVLD, LQVLD, VLD and DQLD methods is slightly higher, and
for QLD and LQLD methods it is much lower than for the Hamilton method. Moreover, if the
maximum value of PA for Hamilton method is 9.5827% (at M = 501, n = 50 and δM = 2), then
the maximum value of PA for QLD method is 0.0129% (at M = 51, n = 7 and δM = 1), i.e. more
than 742 times smaller, this being 0% in most of other cases of 106 alternatives each. At 6 ≤
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M ≤ 501, 3 ≤ n ≤ 50, n < M and 1 ≤ δM ≤ M, the relationships occur: 0 ≤ PA(H) ≤ 9.58 and 0 ≤
PA(QLD) ≤ 0.013.
Table 2
Percentage PA of Alabama paradox for the Hamilton and QLD methods
M

n
3

101

4

5

δM
1
2
99
1
2
100
1
2
100

PA(H)
2.6646
0.8522
0
4.3549
2.2120
0
5.3302
3.6361
0

PA(QLD)
0
0
0
0
0
0
0.0035
0.0003
0

M

n
3

501

4

5

δM
1
2
99
1
2
100
1
2
100

PA(H)
2.6827
0.8504
0
4.2981
2.1988
0
5.3046
3.6049
0

PA(QLD)
0
0
0
0
0
0
0.0040
0.0003
0

By immunity of APP methods to Alabama paradox, the following preferences occur:
{SL, ASL, HH, d’H} ≻ LQLD ≻ QLD ≻ QDLD ≻ H ≻ QVLD ≻ LQVLD ≻ VLD.
New state paradox. Calculations were performed for the (n + 1) state’s population Vn+1
– random size of uniform distribution in interval [Q; QM/n], where Q = (V1 + V2 + V3 + … +
Vn)/M.
The results of calculations are largely similar to those for Alabama paradox. The
percentage PS of New state paradox occurrence slightly depends on M, but it is increasing
with respect to n (with some deviations for QLD and LQLD methods).
The value of PS for QVLD, LQVLD, VLD and QDLD methods is slightly larger, and for
QLD and LQLD methods it is over 1000 times smaller than for the Hamilton method.
Moreover, in many cases of 106 alternatives each, the PS value for LQLD and QLD methods is
0%; obviously there exist, however, cases for which the New state paradox occurs. At 6 ≤ M
≤ 501, 2 ≤ n ≤ 50 and n < M, the following relations occur: 0 ≤ PS(H) ≤ 8.46 and 0 ≤ PS(QLD) ≤
0.0041. The character of percentage PS dependence on M and n can be seen in Figure 4.

Figure 4. Parameter PS dependence to M and n for Hamilton method.
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Some results of calculations are shown in Table 3.
By immunity of APP methods to New state paradox, the following preferences occur:
{SL, ASL, HH, d’H} ≻ LQLD ≻ QLD ≻ QDLD ≻ H ≻ QVLD ≻ LQVLD ≻ VLD.
Population paradox. The total number of votes in the second poll V+ is determined as
V+ = (1 + b)V. Here V is the total number of votes in the first poll, and (1 + b) is the rate of V
increase to the second poll. Values Vi+, i  1, n in the second poll are random sizes
determined as Vi+ = piVi, i  1, n , with corrections needed to make V+ = V1+ + V2+ + … + Vn; pi is
a stochastic size of uniform distribution in range [b(1 – d); b(1 + d)] and d is a constant.
Table 3
Percentage PS of New State paradox for Hamilton (H) and QLD methods
M

101

n
2
3
4
5
7
10
20
30
50

PS(H)
3.1705
4.8226
5.7543
6.3341
7.0230
7.4950
8.0157
8.0408
8.1086

PS(QLD)
0
0
0.0020
0.0038
0.0035
0.0011
0.00007
0.00003
0

M

501

n
2
3
4
5
7
10
20
30
50

PS(H)
3.1694
4.8615
5.7436
6.3324
7.0311
7.5344
8.1542
8.3556
8.4606

PS(QLD)
0
0
0.0022
0.0040
0.0028
0.00063

0
0
0

The character of percentage PP dependence to n and d can be seen on Figure 5 and
Table 4.

Figure 5. Parameter Pp dependence to M and n for Hamilton method.
The percentage PP of Population paradox is slightly lower compared to those of
Alabama (PA) and New State (PS) paradoxes; at n = 2 this is even equal to 0 for all seven
explored methods. Also, for QVLD, LQVLD, VLD and QDLD methods it is almost the same; it
is, however, slightly larger than that for the Hamilton method (PP(H)). At the same time, the
PP value for QLD (PP(QLD)) and LQLD (PP(LQLD)) methods is at least 200 times (usually over
1000 times) lower than that for the Hamilton method. At 6 ≤ M ≤ 501, 3 ≤ n ≤ 50, 0.02 ≤ b ≤
0.1, 0.1 ≤ d ≤ 1 and n < M, the relations 0.018 ≤ PP(H) ≤ 4.66 and 0 ≤ PP(QLD) ≤ 0.0061 occur.
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Table 4
Percentage PP of Population paradox for Hamilton and QLD methods
M

n

3

101

5

b

d
0.1
0.02 0.3
1
0.1
0.1 0.3
1
0.1
0.02 0.3
1
0.1
0.1 0.3
1

PP(H)

PP(QLD)

0.1372
0.3703
0.7057
0.4977
0.6587
0.2629
0.2656
0.6951
1.3589
0.9433
1.3602
0.7264

0
0
0
0
0
0
0.0031
0.0043
0.0039
0.0041
0.0028
0.0006

M

n

b
0.02

3
0.1
501
0.02
5
0.1

d
0.1
0.3
1
0.1
0.3
1
0.1
0.3
1
0.1
0.3
1

PP(H)

PP(QLD)

0.5393
0.6064
0.2589

0
0
0
0
0
0

0.4634
0.2018
0.0585
0.9848
1.3498
0.692
1.1284
0.5487
0.2010

0.0041
0.0028
0.0008
0.0018
0.0003
0

By immunity of APP methods to Population paradox, the following preferences occur:
{SL, ASL, HH, d’H} ≻ LQLD ≻ QLD ≻ QDLD ≻ H ≻ QVLD ≻ LQVLD ≻ VLD.
7. Disproportionality of solutions
If not taking into account other constraints, the optimal solution of problem (1)-(2) is
ensured by the Hamilton method [2, 10]. The mathematical expectancy I * of
disproportionality of such solutions is determined, approximately, as
I* 

n, at n  2
25 
1
1

M ( n  )(1  2 ), at n  2,
2
n


(4)

the error not exceeding 0.5% mandates, and, in most cases, met in practice - 0.05%
mandates [10]. Function I * (M,n) is ascending to n and descending to M. Some results of
calculations according to (4) are shown in Table 5.
Table 5.
Average disproportionality of Hamilton method’s apportionments, % mandates
M
51
101
201
501

n
2
1.02
0.51
0.26
0.10

3
1.53
0.77
0.39
0.16

4
2.07
1.04
0.52
0.21

5
2.59
1.31
0.66
0.26

7
3.60
1.82
0.91
0.37

10
5.10
2.57
1.29
0.52

15
7.56
3.82
1.92
0.77

20
10.02
5.06
2.54
1.02

30
14.93
7.54
3.79
1.52

50
24.75
12.50
6.28
2.52

As proven in [10], in average, the Sainte-Laguë method is the least disproportionate
of all linear divisor methods, i.e. the value c = 2 is optimal for the APP rule (3). So, the
Sainte-Laguë method is less disproportionate than the d’Hondt one. Also, in average, the
Sainte-Laguë method is less disproportionate than the Huntington-Hill and the adapted
Sainte-Laguë ones [10]. In their turn, the adapted Sainte-Laguë method is less
disproportionate than the Huntington-Hill one [10].
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The average disproportion I , when applying the compared methods, is determined
by simulation using the SIMAP application for the initial data specified in section 2.
Some results of calculations are shown in Figure 6.

Figure 6. Dependence of disproportion I to n, at M=101.
From Figure 6 one can see that the highest average disproportions has the d’Hondt
method, followed by the QDLD one and, after, by the Huntington-Hill method. The other
eight methods are close to each other, but, at M = 101 and 2 ≤ n ≤ 15, the order by the
increase of disproportion is: H ≻ QVLD ≻ LQVLD ≻ QLD ≻ LQLD ≻ SL ≻ VLD ≻ ASL ≻ HH ≻
QDLD ≻ d’H. The value of I is ascending to n. When using the d’Hondt method, for
example, the value of I is:
a) 15.97% at M = 101 and n = 50;
b) 8.30% at M = 201 and n = 50;
c) 3.45% at M = 501 and n = 50.
More informatively, in graphical form, the situation is reflected by the difference
between the disproportions of APP methods, Figures 7, 8.
From Figures 7 and 8 one can see to what extent the Sainte-Laguë method ( I (SL) )
is better than the d'Hondt one ( I (d' H) ), and the adapted Sainte-Laguë method ( I (ASL) ) is
better than the Huntington-Hill (I(HH)) one.

Figure 7. Dependence of I (d ' H) – I (SL) to M, and n.
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Figure 8. Dependence of I ( HH ) – I (ASL) to M, and n.
The value of difference I (d' H) – I (SL) is descending to M and is ascending to n
(Figure 7). With reference to the difference I (HH) – I (ASL) (Figure 8), it is nonnegative
and is also descending to M, but to n it is ascending at large values of ratio (M – n)/M, and is
descending at small values of (M – n)/M, becoming 0 at (M – n)/M = 1/M.
Although, by disproportionality I , in average, Sainte-Laguë method is better than
the d'Hondt one, and the adapted Sainte-Laguë method is better than the Huntington-Hill
one, no matter of parameters M and n values ( I (d' H) – I (SL) > 0, I (HH) – I (ASL) ≥ 0),
there may be particular cases, when d'Hondt method, as well as Huntington-Hill method,
provides a lower value of parameter I than the Sainte-Laguë and adapted Sainte-Laguë
ones, respectively. To characterize such situations, parameters RSL-d’H and RASL-HH are used.
Parameter RSL-d’H is the ratio of the percentage of apportionments, for which I (d' H) > I (SL) ,
to the percentage of apportionments, for which I (d' H) < I (SL) . Similarly, RASL-HH is the ratio
of the percentage of apportionments, for which I (HH) > I (ASL) , to the percentage of
apportionments, for which I (HH) < I (ASL) .
Some results of parameters RSL-dH, RSL-HH, PSL=d’H and PASL=HH calculations are shown in
Table 6 and Figures 9 and 10. Here PSL=d’H is the percentage of apportionments for which
I (d' H) = I (SL) , and PASL=HH is the percentage of apportionments for which I (HH) = I (ASL) .
Table 6
Parameters PSL=d’H and PASL=HH dependence to M and n
M\n
101

2
78.9

3
63.0

PSL=d’H
4
5
50.5 40.7

201

78.8

62.8

50.2

40.1

25.8

0.0033

99.6

99.0

98.3

97.3

95.1

42.1

501

78.8

62.7

50.0

40.0

25.5

0.0014

99.8

99.5

99.1

98.6

97.4

48.4

PASL=HH
7
26.4

50
0.0156

2
99.4

3
98.4

4
97.2

5
95.8

7
92.7

50
41.9

Data of Table 6 show that, in cases of 101 ≤ M ≤ 501 and 2 ≤ n ≤ 5, for over 40% of
apportionments, the d’Hondt method gives the same allocation of seats as the Sainte-Laguë
one does ( I (d' H) = I (SL) ). In case of the adapted Sainte-Laguë and Huntington-Hill
methods, the value of such an index is over 95%. Both characteristics, PSL=d’H and PASL=HH, are
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descending to n, but PASL=HH is slightly descending to M, too, while PSL=d’H is slightly ascending
to M.

Figure 9. Dependence of ratio R(SL-d’H) to
M and n.

Figure 10. Dependence of ratio R(ASL-HH)
to M and n.

Figure 9 shows that ratio RSL-d’H is ascending to n and to M, while ratio RASL-HH (Figure
10) is ascending to n, but is descending to M. For the same initial data, ratio RSL-d’H is
considerably larger (13 – 20 times and more) than the RASL-HH one (1.2-1.5 times and more).
Also, at n = 2 occurs I (d' H) = I (SL) and there are no cases for which I (HH) < I (ASL) .
Overall, of the monotonous linear divisor methods the most efficient (less
disproportionate) is the Sainte-Laguë method; also, the adapted Sainte-Laguë method is
less disproportionate than the Huntington-Hill one.
The quantitative comparison of the Sainte-Laguë method (the less disproportionate
APP method which complies to the tree paradoxes) with the Hamilton one (the less
disproportionate APP method) is made in Figure 11 and Table 7.
Table 7
Percentage PSL=H of cases in which I (SL)  I (H) , %
M\n
101
201
501

2

3

4

5

7

10

15

20

30

50

100
100
100

93.4
93.4
93.4

90.5
90.5
90.5

88.0
88.0
88.0

84.1
84.2
84.1

79.9
79.9
80.0

75.0
74.8
74.9

71.0
71.1
71.1

65.5
65.5
65.6

55.7
58.2
58.4

It is known that there are no cases in which the Sainte-Laguë method ensures a less
disproportionate solution than the Hamilton method does.
At the same time, the percentage of cases in which the Sainte-Laguë method ensures
the same solution as Hamilton method does ( P( I (SL)  I (H))) , practically does not depend
on M, but is descending to n, being 100% at n = 2, and more than 55% at n = 50 (Table 7).
Figure 11 shows that the average value of the difference I(SL) – I(H) is ascending to
n but is descending to M, beginning with 0% at n = 2, and for n = 50 reaching no more than
0.038 % at M = 101, no more than 0.017% at M = 201 and no more than 0.0065% at M =
501. Of the five mixt methods, the LQLD and QLD ones have considerably better features
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with regard to the three paradoxes (the probability of their occurrence is at least 200 times
(usually over 1000 times) lower than for the Hamilton method.

Figure 11. Dependence of I (SL)  I (H) to M and n.
Also, they are the second and, respectively, the third, after QVLD and LQVLD, less
disproportionate mixt method at a very little difference. At the same time, QLD method
follows the Quota rule, while the LQLD one doesn’t. Therefore, the QLD method is the only
method that is compared quantitatively, by disproportionality, with the Sainte-Laguë and
Hamilton methods.
To be mentioned that, by computer simulation using SIMAP and the initial data
specified in section 2, there have not beed identified cases when I (SL)  I (QLD) ; although
such cases exist [10], they are rear. At the same time, at n = 2 and n = 3 (no matter the value
of parameter M), and at n = 50 for 51 ≤ M ≤ 501 the equality I (SL)  I (QLD) occurs. The
percentage of cases for which I (SL)  I (QLD) is equal to 100% – PQ(SL) (see Table 1). From
Figure 12 it results that I (QLD)  I (H) ≤ I (SL)  I (H) , but taking into account the little
value of difference I (SL)  I (QLD) , the dependence of difference I (QLD)  I (H) to M and n
is close to that of difference I (SL)  I (H) to M and n (Figure 11).

Figure 12. Dependence of I (SL)  I (QLD) to M and n.
By disproportionality of solutions, the following preferences of APP methods occur: H
≻ QVLD ≻ LQVLD ≻ QLD ≻ LQLD ≻ {SL, VLD} ≻ ASL ≻ HH ≻ d’H ≻ QDLD; at n < 1015
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(also, when M = 6 and n = 5), we have I (SL)  I (VLD) , and at n ≥ 1015, we have
I (SL)  I (VLD) .
8. Multi-aspectual comparisons of apportionment methods
Qualitative and quantitative comparisons contribute to the selection of a suitable
APP method in specific situations. Some characteristics of APP methods taken from sections
4-7 are systematized in Table 8. It should be noted that the disproportionality of
representation of each party in the decision is less than one mandate if the Quota rule is
followed, and may be more than one mandate for some parties if it is not followed.
In addition to Table 8, by not favoring of parties, the following preferences occur:
H ≻ SL ≻ ASL ≻ HH ≻ d’H.
Table 8
Qualitative characteristics of some apportionment methods
Following the Quota rule/
rating

Immunity to paradoxes/
Not favoring Disproporrating
parties
tionality
Method
rating
lower
upper
total
Alabama Population New state small large
Hamilton
yes/ 1-7 yes/ 1-4 yes/ 1-4 n = 2/ 7
n = 2/ 7
no/ 7
yes
yes
1
D’Hondt
yes/ 1-7 n = 2/ 11 n = 2/ 11 yes/1-4
yes/1-4
yes/1-4
yes
no
10
Sainte-Laguë n  2,3/ 8 n  2,3/ 7 n  2,3/ 6 yes/1-4
yes/1-4
yes/1-4
yes
yes
6-7
HuntingtonHill

n = 2/ 11

n = 2/ 5 n = 2/ 10

yes/1-4

yes/1-4

yes/1-4

no

yes

9

ASL

n = 2/ 10 n  2,3 /6 n = 2/ 9

yes/1-4

yes/1-4

yes/1-4

yes*

yes

8

VLD

n = 2/ 9
yes/ 1-7

n = 2/ 9 n = 2/ 8
yes/ 1-4 yes/ 1-4

n = 2/ 10
n = 2/ 8

n = 2/ 10
n = 2/ 8

no/ 9
no/ 8

yes
yes

yes
yes

6-7
2

yes/ 1-7

n = 2/ 10 n = 2/ 7

n = 2/ 9

n = 2/ 9

no/ 10

yes

no

3

QLD

yes/ 1-7

yes/ 1-4 yes/ 1-4

n  2,3/ 5

n  2,3/ 5

n = 2/ 5

yes

yes

4

LQLD

yes/ 1-7 n  2,3/ 8 n  2,3/ 6 n  2,3/ 6

n  2,3/ 6

n = 2/ 6

yes

no

5

QDLD

yes/ 1-7

n  2,3/ 7

n = 2/ 7

n  2,3

yes

11

QVLD
LQVLD

yes/ 1-4 yes/ 1-4

n  2,3/ 7

* Except parties for which ai = 0.

To mention that criteria of following the Lower quota and the Upper quota rules are
auxiliary, the main, resultant, being the criterion of following the Quota rule (total). The last
will be used in comparing the 11 APP methods.
According to Table 8, none of the compared methods completely prevails over the
others. But if to consider the other constraints too, such a prevalence exists in many cases.
As such constraints used in practice are the mandatory of immunity to the three paradoxes
and/or the allocation of minimum one mandate to each party (state).
The Hamilton method yields to the other methods only in that it is not immune to
the three paradoxes. So, if the immunity to the three paradoxes is not mandatory, the
Hamilton method is the best one (the adapted Hamilton method, if the allocation of
minimum one mandate to each party is required).
Of the four methods that are immune to the three paradoxes, D’Hondt, Sainte-Laguë,
Huntington-Hill and adapted Sainte-Laguë ones, the Sainte-Laguë method prevails upon
the other three methods. So, if the immunity to the three paradoxes is mandatory but the
allocation of a minimum number g > 0 of mandates to each party is not mandatory, the
Sainte-Laguë method is the best.
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Of the two methods that ensure the allocation of minimum one mandate to each
party, the Huntington-Hill and the adapted Sainte-Laguë ones, the last method prevails
upon the first by all criteria in Table 8. So, if the immunity to the three paradoxes and the
allocation of minimum one (or more) mandate to each party are required, the adapted
Sainte-Laguë method is the best.
With reference to the VLD and five mixt methods, their disproportionality, except the
QDLD one, differs slightly. However, a position apart is beheld by the QLD method. If not
take the disproportionality into account, the QLD method prevails over all the other five
methods by all other criteria of Table 8. Moreover, the non-immunity to the three paradoxes
of the QLD method is considerably more rear (more than 2001000 times) than that of the
Hamilton method (0% ≤ PP(QLD) ≤ 0.0061%, 0% ≤ PS(QLD) ≤ 0.0041%, 0 ≤ PA(QLD) ≤ 0.013%).
So, the QLD method is nearly immune to the three paradoxes, is less disproportionate than
the Sainte-Laguë one and is compliant with the Quota rule.
For details on comparative analysis, in addition to the qualitative characteristics of
Table 8, the quantitative characteristics, including that of Tables 1-7 and Figures 1-12, may
be useful.
9. Conclusions
A few new main qualitative and quantitative characteristics of 11 apportionment
methods have been determined and some known ones have been systemized. It refers to
such characteristics of APP methods as: disproportionality of solutions, solutions’
compliance with the Quota rule, favoring of parties and the immunity to Alabama,
Population and New state paradoxes (Sections 4-8). Formula (4) ensures the estimation of
mathematical expectancy of Hamilton method apportionments’ disproportionality, the error
not exceeding, in most cases met in practice, 0.05% mandates.
By computer simulation (for initial data specified in Section 2 with concretizations
and complementation in some cases described below), it was found that:
1) for initial data {M = 101, 201, 501; n = 2, 3, 4, 5, 7, 10, 15, 20}, the mathematical
expectancy of solutions’ disproportionality varies in the range (% mandates):
a) 0.100  5.03 – for the Hamilton method;
b) 0.100  5.06 - for the Sainte-Laguë and Quota linear divisor methods;
c) 0.100  5.81 - for the adapted Sainte-Laguë method;
d) 0.100  5.88 - for the Huntington-Hill method;
e) 0.126  6.75 - for the d’Hondt method.
2) the percentage of Quota rule violation varies in the range of:
a) 0%  0.083% - for the Sainte-Laguë method;
b) 0.0001%  5.61% - for the adapted Sainte-Laguë method, at 2 ≤ n ≤ M/2;
c) 0.0002%  7.18% - for the Huntington-Hill method, at 2 ≤ n ≤ M/2;
d) 2.69%  18.77% - for the d’Hondt method.
3) the percentage of paradoxes occurrence for the Hamilton method varies in the
range of:
a) 2.56%  8.36% - for the Alabama paradox at δM = 1 and 2 < n < M – 1;
b) 3.17%  8.46% - for the New state paradox at 2 ≤ n ≤ M/2 and Vn+1 a random
value in the range [Q; QM/n];
c) 0.01%  4.65% - for the Population paradox at {b = 0.02, 0.1; d = 0.1, 0.3, 1} and
2 < n < M – 1.
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To be mentioned that the percentage of Quota rule violation when applying the
Sainte-Laguë method is to a small extent influenced by the total number of seats, but it
decreases strongly (over 400 times) with the increase of the number of states – from approx.
0.045% at 4 states, up to 0.0001-0.0004% at 30 states.
The performed comparative analysis shows the following preferences of APP
methods:
‐ by the disproportionality of solutions (with few exceptions between the SL and VLD
methods),
H ≻ QVLD ≻ LQVLD ≻ QLD ≻ LQLD ≻ {SL, VLD} ≻ ASL ≻ HH ≻ d’H ≻ QDLD;
‐ by the percentage of compliance with the Quota rule (with exceptions described in
Section 4),
{H, QVLD, QLD, QDLD} ≻ LQLD ≻ SL ≻ LQVLD ≻ VLD ≻ ASL ≻ HH ≻ d'H;
‐ by not favoring options (parties, etc.), H ≻ SL ≻ ASL ≻ HH ≻ d’H;
‐ by the percentage of Alabama paradox,
{SL, ASL, HH, d’H} ≻ LQLD ≻ QLD ≻ QDLD ≻ H ≻ QVLD ≻ LQVLD ≻ VLD;
‐ by the percentage of New state paradox,
{SL, ASL, HH, d’H} ≻ LQLD ≻ QLD ≻ QDLD ≻ H ≻ QVLD ≻ LQVLD ≻ VLD;
‐ by the percentage of Population paradox,
{SL, ASL, HH, d’H} ≻ LQLD ≻ QLD ≻ QDLD ≻ H ≻ QVLD ≻ LQVLD ≻ VLD.
Based on these characteristics, it has been found that none of the 11 explored
methods is overall preferable by each of the six characteristics-criteria. Of the 11
investigated methods, only three or four are reasonable to use in specific areas:
1) the Hamilton method (adapted Hamilton, if the allocation of minimum g ≥ 1 seats
to each state is required), if the immunity to the three paradoxes is not
mandatory;
2) the Sainte-Laguë method and, may be, the Quota linear divisor one, if the
immunity to the three paradoxes is required but the allocation of minimum one
(or more) mandate to each state is not mandatory;
3) the adapted Sainte-Laguë method, if the immunity to the three paradoxes and the
allocation of minimum one (or more) mandate to each party are required.
Also, the obtained quantitative characteristics allow estimating the extent to which
each of the 11 explored apportionment methods corresponds to the need of a specific
beneficiary. At the same time, they may be useful for the quantitative comparative analysis
of methods, especially of their difference regarding the disproportionality of
apportionments.
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Abstract. The electrical circuit structure includes components with concentrated and
distributed parameters. This creates difficulties in analyzing the dynamic processes, which
are described by differential equations, including those with partial derivations. This paper
deals with the process of applying equations with partial derivatives (telegraph equations)
for the analysis of transient processes using the numerical method of uninterrupted
computation. The initial and limit conditions needed to obtain numerical solutions of the
transient processes in circuits with the complex variable load have been formulated. The
original calculation procedure of the nonstationary regime has been proposed using the
finite difference method. The calculation method uses the Riemann invariants. The
electrical circuit with lumped parameters includes active resistance, inductance and
capacitance. The relative units system was used for the analysis and the procedure of
transformation the dimensional parameters among the nondimensional parameters into
the relative units system was proposed. The continuous energy storage regime in the ideal
inductance in the moving wave regime at the connection of the line end with distributed
parameters at the ideal inductance (without losses) with lumped parameters was found.
Keywords: circuit, concentrated and distributed parameters, initial and limit conditions,
mathematical model, telegraph equations.
Introduction
Electric lines are the basic functional elements of modern power systems with the
electrical energy. In these elements phenomena and propagation regimes of the voltage
and current waves are manifested [1, 2], which can be conditioned both by internal and
external factors. Wave phenomena occur most frequently in high voltage transmission lines
which are of extensive lengths [3]. The propagating wave phenomena can also be seen in
short electric lines in the form of transient regimes. These are conditioned by the internal
(switching, load jumping, short-circuiting) [4] and external factors (atmospheric discharges
[5, 6], geomagnetic interference [7]).
The propagation velocity of electromagnetic excitations is high and has the value
close to that of the speed of light. This peculiarity creates difficulties for the experimental
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observation of the dynamic process in the initial stage of the transitional process, which has
the multi-reflective propagation wave mechanism. The reflection effects of the incident
waves are conditioned by the existence of nonhomogeneities in the circuits with distributed
parameters. The electrodynamic processes, perceived as transient, can seriously damage the
power systems by suspending the electricity supplies. The high speed of movement, the
nonhomogeneities of the structure of the actual electrical circuits create difficulties for the
theoretical analysis of the rapid processes in the electrical circuits. The theoretical
calculation both of the permanent and dynamic (transient) regimes in the electrical
networks with multiple nonhomogeneities comes across many difficulties. These difficulties
are conditioned both by the topological features and the variety of parameter values at the
analyzed circuits, as well as the difficulties of using the known calculation methods.
1. Formulation of the Problem within the Study
The nonhomogeneity of the electrical circuit results from the arbitrary intermediate
connection of the lumped-parameter load with the electrical network and, at present, at the
connection of electricity generation distributed sources with the supply network, inclusive
of the renewable energy sources. These peculiarities lead to the need of adapting the
equivalent schemes of the analyzed circuits, to the requirements determined by the
methods (analytical or numerical) selected to solve the formulated problems. As a
reasonable solution, the decomposition of the nonhomogeneous calculation scheme
structure into parts with homogeneous properties, the formulation of the boundary
conditions and initial conditions at the boundaries of the circuit portions, being considered
as homogeneous portions, is used.
In this context, the nonhomogeneous circuit with distributed parameters can be
presented in the form of a homogeneous circuit located between the points with large
gradient changes of the line parameter values or jump changes of the values of the loads
with lumped parameters. The essential changes in current and voltage values in different
portions of the circuit can also be conditioned by the energy portions injected in the circuit
under the influence of external phenomena, for example, the evolution in time of the
electrical and/or magnetic field intensity outside the circuit. Thus, the problem of
calculating and analyzing the dynamic regime in non-homogeneous circuits is complex and
is a non-trivial task.
In circuits with the distributed parameter, voltage and current values in different
circuit sections depend on the values of the leakage capacitive and active currents into the
ground. As a result of these peculiarities, for the description of the processes in this type of
circuits, we use the equations with partial derivatives (telegraph equations) which are
completed with initial and boundary conditions.
The purpose of this paper is to elucidate the possibilities of the finite difference
method for the analysis of transient regime evolution peculiarities and wave’s propagation
in the nonhomogeneous electrical lines with distributed parameters.
2. Basic Equations of the Circuit with Distributed Parameters
The differential equations with partial derivatives are used for elaboration of various
mathematical models of physical objects [8], including the energetic domain [9, 10]. Using
mathematical models makes it possible to solve multiple applied problems in the field of
technology through mathematical simulations [5, 8, 10].
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The complex character of the transient processes and the wave processes in the nonhomogeneous electric circuits directly influence the selection and applying of the methods
of analysis of these dynamic processes. The peculiarities of the calculation procedure are
manifested by the fact that the separate examination in time of the transitional and
stationary regimes is used. The procedure is used whereby the electrical circuits of the
supply system are most often presented by equivalent schemes with the lumped parameters
[11, 12].
The development of computers and software allows a new approach to the problem
of regime research in circuits with lumped and distributed parameters compared to the
known classical methods, which have a long history of use [10, 13, 14].
2.1. The Mathematical Model of the Homogeneous Line
The power source (generator), load (receiver) and the connection circuit (power line)
of the source with the load are the main functional components of an electrical power
system. The equivalent diagram of an electrical power supply circuit is shown in Figure 1.
The source of generation and the load are connected via the electric transmission line with
distributed parameters (L, C, R, G).

Figure 1. Equivalent scheme of a circuit with distributed parameters L, R, C, G (line length l)
and load with lumped parameters RS, LS, CS with voltage source E.
Generally, the processes in the electrical line are described by equations with partial
derivatives, which in the electric lines theory are referred to as the "telegraph equations":


du
di
di
du
 L  Ri  0;   C
 Gu  0;
dx
dt
dt
dt

(1)

where for linear circuits, the coefficients L, R, C, G are with the constant value. These
coefficients are defined as follows: L is the inductance of the loop formed by the line
conductor and the conductor for the return current from the load to the source of
generation; R is the active longitudinal resistance of the direct conductor; C, G are the
capacity and active conductivity of the insulation between the conductor of the circuit and
the ground.
The term "telegraph equations" is derived from the "l'equation des telegraphistes",
which was suggested by A. Poincaré in 1897.
To obtain the unique solution Eq. (1) has to be filled in with initial and limit
conditions. The linear electric circuit, which is shown in Fig.1, at t = 0 is connected to the
external source E with the arbitrary voltage form:
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u  U 0 (t ) for x  0 ,

(2)

and the output (end) of the line is connected to an active-reactive load presented by the
RLC circuit:
t

uS  RS i  LS

di 1

iS ()d  , when x  l ,
dt CS 0

(3)

where U0 is the voltage at the input terminals of the circuit with distributed parameters. If
the power supply E an ideal source (the internal impedance of the source is zero) is met
under the condition E = U0; RS; LS, CS are the lumped parameters of the load; L, R, C, G are the
values of the distributed parameters of the line; uS is the voltage drop on the load; iS is the
load current. The limit regimes for these circuits are the idle mode (IM) and the short-circuit
(SC) mode. These boundary marginal conditions correspond to the load impedance values ZS
for the idle regime ( Z S   ) and for the short circuit regime ( Z S  0 ). These factors also
indicate the complexity of defining the value of ZS of the load, even in the case of a
homogeneous circuit with distributed parameters. Short circuit regime (SC) and idle regime
(IM) can be referred to as the edge limits (or degraded regimes) of the circuit. The SC and IM
regimes are not considered as the working regimes of the circuit, but they are useful to be
studied as an intermediate step towards the working regimes of the circuits, when the load
is modified within the limits of 0  Z S   . Most often, the initial conditions are considered

Li

1
i
u
u
i
i
 Ri 2  Cu
 u  Gu 2  0;
2
t
x
t
x
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to be null (up to the circuit switching with no electrical charge). Connecting the loads at the
intermediate points of line (e.g., x = xn), the connection of the reactive power compensation
devices and other equipment to ensure the transmission regime, the currents and voltages
as functions of the space variable x can change values by jump at these points of the line.
It is noteworthy that the circuit described by the integral-differential of Eq. (1) can be
connected to the line in any place and to ensure structural homogeneity, and the same
unique procedure for defining the boundary conditions, the current and voltage through the
circuit can be written as i = i1 - i2 and u = u1 - u2, where the indices of the currents i1, i2 and
the stresses u1, u2 correspond to the values of these functions on the left (index 1) and right
(index 2) of the connection point of the RLC circuit or of the sources of distributed energy to
the line. The load described by Eq. (3) can be represented by the equivalent circuits to the
formulation of the limit conditions at the point of connection to the line with distributed
parameters (using the concept of decomposition and equation of the circuit portions). In
this case, the boundary conditions become more complex than the definition form, but the
requirement remains that these RLC circuits are linear circuits, because only upon this
condition there will be the unique solution of the system of equations describing the circuit
under study.
Starting from general theory [15] and referring to Eq. (1), it makes possible to obtain
the expression for the integral of energy, which is based on the law of conservation of
energy:
( Li 2  Cu 2 )  Ri 2  Gu 2 


(iu )  0.
x

(4)
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The integration of Eq. (4) into the definition domain 0  x  l and time interval
0    t , taking into account the initial zero conditions, enables us to obtain the following
equation:
t l

l

t

1
2
2
0 0 ( Ri  Gu )dxd   2 0 ( Li  Cu )dx  0 [ i(0, ) u (0, )  i(l , ) u (l , ) ] d  .
2

2

(5)

Equation (5) shows the energy balance of the analyzed circuit. The left-hand side of
Eq. (5) is the sum of the active power component in the circuits with distributed parameters
(irreversible transformations) and of the reactive power component (reversible energy
transformations).The irreversible transformation shows the energy losses in the longitudinal
active resistivity Rl = R l and in the active conductivity Gl = G l-1 of the insulation of the line
portion with the length l which turns into heat. The reversible component is determined by
capacity Cl = C l and line inductance Ll = L l. The reversible component is the share of the
electrical energy, which, consequently, with a double frequency (over a period of the
alternating current) is accumulated in the electric field, and then in the magnetic field of
the circuit with distributed parameters. The right-hand side of Eq. (5) represents the
difference between energy supplied in line and the energy absorbed by the load connected
with this line.
All components of Eq. (5) are designated in J (joule) units. It is obvious that for the
initial and boundary zero conditions, the integral of Eq. (5) is valid only for the trivial
solution. Thus, the theorem of uniqueness results from Fredholm's alternative, which is
based on the hypothesis of the existence of the solution for the examined equations [10].
2.2. The Telegraph Equations and Maxwell equations
The telegraph equations adapted for the analysis of the dynamic process in the
circuits with distributed parameters were obtained as a result of solving the telephony
problem and, therefore, of transmitting electrical signals over long distances. These
equations were obtained by examining a closed loop with the right length dx [16].
Equation (1) can be represented as the relationships, which include only one
unknown variable, i.e., the current or voltage [17]:

 2i
 2i
i
 LC 2  ( LG  RC )  RGi;
2
x
t
t
2
2
u
u
u
 LC 2  ( LG  RC )  RGu.
2
x
t
t

(6)

The telegraph equations are derived from the Maxwell equations [18] used in
electrodynamics:




2 E 2 E 2 E
2 E


  0 0 2 ;
x 2 y 2 z 2
t
(7)




2 H 2 H 2 H
2 H
 2  2   0 0 2 ,
x 2
y
z
t
 
where, E , H are the vectors of the intensity of the electrical field and the magnetic field;
 0 ,  0 are the magnetic and dielectric permeability constants; x, y, z are the spatial
coordinates; and t is time.
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Comparison of Eq. (6) and Eq. (7) indicates that the telegraph equations are
approximate mathematical expressions because they do not take into account the
electromagnetic oscillations around the conductor. This observation, which refers to
similarity of Eq. (6) and Eq. (7), allows us to apply the known solutions (obtained in the 18th century by the mathematicians D. Bernoulli, J. D'Alembert and L. Euler) as the structure
equation of the following type:

a2

2 f 2 f
 2 .
x 2
t

(8)

Equation (8) describes the oscillation process in the rope. This solution presents the
function as the process of propagation of two arbitrary shapes of waves moving in space in
the opposite directions with the velocity a:

f ( x, t )  f1 ( x  at )  f 2 ( x  at ).

(9)

Equation 9 shows the essence of the Method of Characteristics for solving equations
with partial derivatives applied to obtain solutions of the first-order equations with partial
derivatives. However, it also can be used to solve the hyperbolic equations of a higher
order. This method consists in reducing the differential equation with partial derivatives to
a family of ordinary differential equations. To use this method it is necessary to determine
some curves (hereinafter the term is referred to characteristics) along which the differential
derivative of the equation with partial derivatives is transformed into an ordinary
differential equation. Thus, the ordinary differential equations can be obtained. The
solutions for those equations are known to be the ones in the direction of the straight lines
that we call features. The solution found can be transformed into a solution of the initial
equation with the partial derivative.
2.3. Report on Characteristics
The nonhomogeneities of the electrical circuit lead to difficulties in the use of
calculation methods, including the characteristic methods. The effects of energy dissipation
in the circuit (energy losses) also cause difficulties for the realization of the wave process
calculations. At present, the efficiency of the electricity transmission was found to be 97%.
It is reasonable to use the finite difference method for the dynamic process of calculation in
long lines, because the latter are very close to the ideal (lossless) circuits. Based on this
hypothesis, Eq. (1) can be simplified (since R = G = 0), as follows:


u
i
i
u
.
L ; 
C
x
t
x
t

(10)

Equation (10) can be reduced to relations with a single variable by way of
multiplying the first equations by the coefficient

L
C

:

C u
i
 LC  0.
L dx
dt

(11)

By adding the second equation of Eq. (10) to Eq. (11), and by subtracting Eq. (11)
from Eq. (10), after transforming these relations we obtain the following expressions:
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(12)

C
C
u and I   i 
u.
LC
LC

Equation (12) is transformed as follows:

I 
1 I 
I 
1 I 

 0;

 0.
x
x
LC t
LC t
Because

(13)

1
 a , relations of Eq.(13) will be transcribed as following:
LC
I 
I 
I 
I 
a
 0;
a
 0.
x
t
x
t

(14)

Equation (14) consists of two independent differential equations, which contain only
one unknown function I   x, t  and I   x, t  . This system belongs to the hyperbole
differential equation class.
The solutions of the differential equations of this system are the following [19]:
I   x, t   f   x  at  ; I   x, t   f   x  at  .

If we replace the functions I   x, t  and I   x, t  by the values u and i, we shall obtain:
i  aCu  f   x  at  ; i  aCu  f   x  at  .

(15)

Equation (15) allows us to determine the values of the unknown functions i and u
from Eq. (10):
f   x  at   f   x  at 
f   x  at   f   x  at 
; u
.
i
2
2 aC

(16)

The straight lines corresponding to the functions x  at  const and x  at  const in
the plane of the variables x-t are referred to as the characteristics of Eq. (14) [19]. For t = 0
the x values of the linear equations become equal to the respective constants xt0 and xt0 .




Within the range x  x  x , a set of straight lines can be drawn that differ only by the
values of the constants of their equations. These constants are identifiers of the straight
lines and can be used as the "number" of identification for these straight lines. According to
this property the value of the function I   x, t  or I   x, t  r in the point (x, t) depends only
on the "number" of the straight line on which that point is located [19]. In this regard, the
function x  at displays a number of the respective straight lines.
From Eq. (14), it follows that the functions I   x, t  and I   x, t  in the direction
x  at of the straight lines have constant values. From the initial conditions we know the
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values of the functions i and u in the range of x   x  x  for t = 0. When fulfilling these
conditions, the solution of Eq. (10) is uniquely determined within the triangle, one side of
which coincides with the interval  x  ; x   . This triangle is analytically determined by the
relationships: t > 0, x  at  ax  , x  at  x  , and is called the characteristic triangle.
The function i  aC u is referred to as the Riemann invariants. The physical sense of
the solution presented by the relationship i  aCu  f   x  at  consists in that it indicates
the distribution of the Riemann invariance, which propagates without deformation in the
direction of the straight line x  at with velocity a. Similarly, the expression
i  aCu  f   x  at  indicates that the second invariant distribution is placed without
deformation to the left in the right-hand direction x  at with velocity a. So, by passing
consequently all the points in the range of x   x  x  , we obtain the values of all the
solutions within the characteristic triangle. The Riemann invariants are also referred to as
the report on characteristics. Obviously, the value of this constant ratio in the direction of
the characteristics is determined only by the number of the characteristics.
The characteristic triangle formed by the Riemann invariants, which is used to obtain
the numerical solution of the linear system with partial derivatives for the portion of the
electric line with length l is shown in Figure 2.
This portion is divided into N elementary fractions. For the linear circuit with length l
with homogeneous structure, three groups of specific points can be pointed out. These are
the points x0 , x N at the ends of the circuit, with the values x0  0 and x N  l , and a set of
intermediate points in the range of 0  xn  l .

Figure 2. Characteristic triangle for the long line divided into N elementary portions.
2.4. Parameters in the relative units system
The variety of constructive solutions for designing electrical lines, as well as the
wide range of load change of these lines, creates difficulties in analyzing their operating
regimes.
In order to generalize the results of the calculations of the lines with distributed
parameters, it is reasonable to present the values of the parameters of the equivalent
scheme of the circuits analyzed in the system of the relative units. In order to achieve this
idea it is necessary to select the basic parameters of the analyzed circuit.
As basic parameters it is proposed to use the length of the portion of the circuit with
distributed parameters ( l ), the nominal circuit voltage ( U nom ), the longitudinal inductance
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( Ll ), the transverse capacitance (Cl ), and characteristic impedance  Z LC  L C  . Absolute
values of the inductance and capacitance of the circuit with distributed parameters are
calculated using the formulas Ll  L  l and Cl  C  l .
The values of the parameters of the examined circuit of Figure 1 in relative units are
calculated using the following relations:

u0 (t ) 

i (t ) Z LC
u (t )
t a
x
; i0 (t ) 
; t0 
; x0  ;
U nom
U nom
l
l

L0 

L l
C l
 1; C0 
 1; a0  1/ L0C0  1;
Ll
Cl

R0 

R
L
C
R l
; G0  G  l  Z LC ; R0 S  S ; L0 S  S ; C0 S  S .
Z LC
Z LC
L l
C l

(17)

When we use the system of relative units, the equations with partial derivatives, Eq.
(1), the initial and boundary conditions can be written as follows:
i u
u i

 0,

 0, for x  (0,1), t  0;
t x
t x
u ( x, t )  i ( x, t )  0, for t  0, x  [0,1];
u (0, t )  1, for x  0, t  0;

(18)

t

uS (1, t )  Rs i (1, t )  Ls

di (1, t ) 1

i (1, ) d , for x  1, t  0.
dt
Cs 0

in which L = C = 1, R = G = 0, l = 1, E (t) = U0 (t) = f (t) = 1 and Eq. (1), initial conditions of Eq.
(2) and limit Eq. (3) can be represented by simplistic equations.
a
of the signals
As the basic parameter, it is possible to select the wavelength  
f
transmitted via the circuit with distributed parameters, with the wave propagation velocity;
f is the frequency of the signal transmitted over the circuit.
3. The numerical solution
To obtain a determined solution, it is necessary to formulate additional conditions.
These conditions are called initial, which determine in the portion of x0  x  xN for t  0
the distribution of current and voltage in the line. If we have a nonhomogeneous circuit,
which includes homogeneous portions, for example, which are defined in the intervals
xm1  x  xm , where m is the number of the homogeneous portion, xm-1 is the beginning and
xm is the end of the homogeneous portion.
To obtain the numerical solution it is necessary to introduce a uniform network of
computation on the continuous variation portion of the argument x∈ [0, l] with the value of
the meshes hn , n  1, 2,3,..., N. This network includes whole nodes and half-nodes. The
unknown functions of current and voltage are determined in the half-nodes of the
numerical calculus of network, which is determined from the relationship
xn 1/ 2  ( xn 1  xn ) / 2 . The computing network obtained by dividing the length or the
homogeneous

portion
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hn / an 1/2    const condition is met within the partitioned portion. The time discretization
step  is noted in organizing the numerical computation process for obtaining the solution
of the differential equation. Concurrently it is necessary to meet the condition that the
boundaries of the splitting segments of the homogeneous portions of the line with
distributed parameters coincide with the points which represent the whole nodes of the
calculation network x = xn.
The calculation is performed in successive steps. Knowing the values of i and u
functions over? the previous time interval (e.g., from the initial conditions), the values of the
functions i and u are determined for the current time interval in the numerical computation
process.
Approximation of the first derivatives is carried out using the centered values of the
unknown variables.
The transformation of Eq. (1) is carried out by substituting the derivatives of the
unknown variables by analogy with the presented in the form of finite differences, thus
obtaining the following relations:

i n 1/ 2  in 1/2
i n 1/ 2  in 1/2
u n  u n 1
;

 Ln 1/ 2
 Rn 1/ 2
2

hn

(19)

u n 1/2  un 1/2
u n 1/ 2  un 1/ 2
i n  i n 1
.

 Cn 1/2
 Gn 1/ 2
2

hn
or in an obvious form:
1




 

i n 1/2   Ln 1/2  Rn 1/2   (u n 1  u n )  ( Ln 1/ 2  Rn 1/ 2 )in 1/2  ;
2
2

  hn

u n 1/2

(20)

1



 

  Cn 1/2  Gn 1/2   (i n 1  i n )  (Cn 1/2  Gn 1/2 )un 1/2  .
2
h
2

  n



n

n

The top indices correspond to the "top" time range. Additional values i , u given
in the points xn are calculated from the linear relationships dx / dt   a , in which the
constants I   x , t   i  a C u that correspond to Eq. (20), maintain their constant values:
I   x, t   const .

When accepting the hypothesis that unknown functions have constant values in the
range of ( xn -1 , xn ) , an algebraic system of equations with two unknowns can be obtained

in , un :

i n  a n -1 / 2 C n -1 / 2 u n  in 1 / 2  a n 1 / 2 C n 1 / 2 u n 1 / 2 ;
i n  a n +1 / 2 C n +1 / 2 u n  in +1 / 2  a n +1 / 2 C n +1 / 2 u n  1/ 2 .

(21)

From Eq. (21) we can obtain relations for determination of intermediate values of
unknown parameters:
To calculate the values of i and u at points x0 = 0 and x N = l the boundary
conditions and the corresponding relations on the characteristics are used:
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 0i0   0u0  f 0 ;
i0  a1/2C1/2u0  i1/2  a1/2C1/2u1/2 ;

(23)

 l iN   l u N  f l ;
iN  aN 1/2CN 1/2uN  iN 1/2  aN 1/2CN 1/2u N 1/2 ,

where  ,  , f are the known functions of the time variable.
For example, the voltage u (0, t), which is described by the function f0 (t), so u (0, t) =
f0(t), has been applied at the beginning of the line (at the coordinate point x = 0). At the end
of the line the initial values are determined, which are considered to be null for voltage or
current: u (l, t) = 0 (SC), i (l, t) = 0 (IM). These parameters can be replaced at the power
consumed on the load as a function of time: i  l , t   u  l , t   Pl  t  . In this case, the boundary
condition is non-linear and the solution to the problem can be undetermined, or not
generally determined.
For a conducting medium with values jumps of the distribution parameters L, C, R, G
at the connection boundaries of the portions x = xn the continuity conditions [20] are
defined:
[ i ] = [ u ] = 0 for

x = xn , t > 0

(24)

Using i and u, the conditions were noted that from the left and right of the border
point the current or the tension do not change by jumps of the values. This coincides with




the principle of continuity of the current in the conductor u   u  and i  i , so also,

u  , i  where the values of voltage are on the right and u  , i  where the voltage and current
values are on the left of the border point.
Thus, the initial conditions are defined for two unknown functions i and u, and the
boundary condition at the conductor ends is the only one. From the properties of the
hyperbolic systems of equations, it is also necessary that  and  satisfy the following
relations:

0

0

1

a0C0

 0;

l

l

1

al Cl

 0.

(25)

where a0 , al are the propagation velocities of electromagnetic waves at the beginning and
end of the line. If the condition of Eq. (25) is satisfied, Eq. (22) has a single solution.
The necessary and sufficient stability condition of the numerical calculation method
is obtained by the method of a priori estimation of the energy balance given by the relation
[10]:

  h n / a n 1/ 2 .

(26)

If we use point ( xn -1/ 2 ; t0 ) as a reference, the calculated numerical scheme
corresponds to the first degree of approximation of the time and linear dimension variables.
The analysis of the discrete approximation of the differential Eq. (20) indicates that when
using the maximum value of the time   hn / an 1/2 discretization step, leakage or fictitious
sources of energy are not observed. This also refers to the phenomena of dissipation and
dispersion of the numerical calculation scheme (in some cases up to zero). This observation
is confirmed both by the numerical solutions of the classical problems, for which the
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analytical solutions (standard) are known, and in the strict compliance with the energy
balance in the line of Eq. (5) to the difference level.
If   hn / an 1/2 the obvious Eq. (20) – Eq. (23) predictor-correction pattern is unstable,
and if   hn / an 1/2 the difference in energy dissipation can be very essential, and the
simulated waveform can be heavily distorted.
The essence of the necessity to use the allowed limit value of the time discretization
step  , arises from the fact, that the slope of the signal, which propagates at speed an 1/ 2 ,
has to travel the distance equal to the step hn of the numerical computing network.
In the proposed method, which allows simultaneous determination of instantaneous
values of current and voltage at an arbitrary point of the line, the calculation is made using
formulas with a typical structure that do not depend on coordinates. The conditions of Eq.
(24) are automatically imposed for the contact border sections x  xn , and are not
particularly highlights, as is needed for other methods of solving telegraph equations for
lines containing portions with different values of distributed parameters. The relationships
in the finite differences allow passing to the limit, i.e., if L  0 (or C   ) we have u  0 ,
and L   ( or C  0 ) we obtain i  0 . This way it is easy to consider the existence in
the nonhomogeneities the line with the concentrated parameters of bipolar and multipolar
types of switches, reactors, filters, phase difference transformers, etc.
The finite difference scheme allows for the calculation of continuous (general)
solutions for which the wave fronts are automatically highlighted.
The proposed algorithm is easy to program and allows for extensive parametric
investigations of transient and stationary processes, the knowledge of which is necessary
for a correct determination of the operating regimes and realization of the technical
systems with distributed and localized nonhomogeneities without too much idealization of
objects with distributed parameters.
Obtaining results similar to those exhibited by experimental methods is a very
complex issue, and it is often impossible to find a satisfactory solution to the problem
under consideration.
Based on the invariant character of the wave equations (for the case R = 0, G = 0) to
the substitution procedure t  t and x   x it is possible to inverse the time and restore
the initial signal. Reversing the time variable is also permissible for a line with loss and
deformation of the signal, namely, in the line with the parameters R  0 and G  0 .
3.1. The Procedure for Calculating Voltage and Current in the Nodes and Half-Nodes
of the Line
The solution is obtained in two phases. At the first stage the unknown values of
current i and voltage u are determined at the points marked as whole nodes  xn , t0    ,
taking into account the connection conditions in the section xn  const . For all points
denoted as nodes 0  xn  l in the range the conditions in  in and u n  u n .
n

n

The values of the currents i and voltages u in the points xn  n  h are determined
from the system of algebraic equations:

i




 aCu     i   aCu  
n



i  i  0;
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2

i



 aCu     i   aCu  
n

n 1

2

(27)



u  u  0,
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where h is the step of grid; n = 0, 1, 2, 3, ...is the order number of the grid point
where the unknown values are determined for time ti  ti 1   ;  is the discretization of
time in the numerical calculation scheme.
In Eq. (27) index n does not mean raising to a power. This only emphasizes that the
current and voltage values are determined for the node to the calculation grid denoted by
n. Values of such unknown variables as in and un are additional intermediate sizes.
The unknown variables in the algebraic equation system of Eq. (27) are designated



via the transduced vector of the currents and the voltages Z   i   ,  i   ,  u   ,  u  
n

n

n

the point with the coordinates  xn , t    can be determined from the matrix equation:
BZ  Y

 at

n T

(28)

Where

1 0  aC
0
0 1
0
aC
T
B
; Y  Y1 , Y2 , Y3 , Y4  ; Y1   i   aCu   1 ; Y2   i   aCu   1 ; Y3  Y4  0.
n
n
1 1 0
0
2
2
0 0
1
1

Element values Yi in system equations of Eq. (28) are known because they were
calculated for the time t  ti 1 . To get the solution of the matrix equation we multiply the
left- and right-hand parts to the inverted matrix B-1:

Z  B 1Y

(29)

After the values of the Z vector have been obtained, in all nodes "n" of the numerical
calculation grid, using Eq.(29), the values of current and voltage in the half-nodes of the
numerical grids ( xn 1 , t   ) can be calculated by means of Eq. (20).
2

3.2. Determination of Voltage and Current at the Marginal Points of the Line
3.2.1. The input in line
For a more general overview of the use of the finite difference method, we shall
consider that the line ends are connected to circuits with RLC parameters. This hypothesis
can describe the power supply source, since any power source is characterized by the
internal impedance which may generally include all passive components of the RLC type
circuit.
The RLC passive components have the serial connection and the balance of the
voltages from the connection points line with distributed parameters and are described by
t
di 1
the integral-differential equation u  Ri  L   idt .
dt C 0
At the line input the conditions i+ =i- and u+ = u- are fulfilled. The voltage equilibrium
at the line input is represented by the following relations:
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t

RE i  LE

di 1
idt  uE  0

dt CE 0

or in finite differences

RE i n  LE

i n  in






CE

i

n

 in  in1  ...  uE  0 .

By transforming the last expressions we get the relationship:


LE   n
LE  

 RE 
 i  uE  in 
CE
 CE 



n

i


nk

k 0

,

where in is the current value for the time step is t n  t n 1  t n   ; in is the current
value at the previous step of time tn; ink is the instantaneous value of the current at the
previous time;  is discretization intervals of time t.
At the entry of the line the following system of equations is true:

i



 aCu     i   aCu   1 ;
0

2


LE   
LE  


i 
 RE 
i  u 
 CE 
 n CE


n

i
k 0


nk

(30)
.

For k = n we obtain the known value of the current from the initial conditions for t =
0, applying the system of equations in the form of finite differences matrix: BZ = Y, where

B

RE 

1
LE



aC



CE

1

;

Z   i  , u     i, u  ; Y  Y1 , Y2  ; Y1   i  aCu  1 ; Y2 
T

T

T

2

LE



in 


CE

n

i
k 0

n k

.

Matrix B for marginal regimes is of idle and short circuit regimes. In the idle regime,
the coefficient next to the unknown variable i+ = i- in the second equation of (30) tends to

LE  

  . If we divide the components of the second equation into the  RE 

 CE 

coefficient,
we
get
a
modified
relationship
of
because
1  i  0  u  0,
LE   n 
i 
i
 
 n CE k 0 n  k
LE   

 0 . For these conditions, we obtain the
 1  RE 
   0;
LE 
 CE  
 
RE 

 CE
matrices B 

1 aC
and Y2  0 .
1 0
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In the short-circuit regime, the voltage u = 0 and i  0 in the point x = 0, the
L

equation has the structure: 0  i  1  u  0 , because only for RE  E 
 0 , the of condition
 CE
u = 0 for the short circuit will fulfilled. The matrices, which present the coefficients of the
1 aC
independent variables are B 
and Y2  0 .
0
1
3.2.2. End of the line
For the end of the line x = l, to which the RLC circuit is connected, the equations are
valid:
t

 i   aCu     i   aCu  
N

N1

2

; RS i  LS

di 1
idt  uS  0,

dt CS 0

(31)

where i-=i=iN şi u-=u.
The second equation in finite differences system of Eq. (31) is as follows:

i n  in

RS i  LS






CS

i

n

 in  in1  ...  u  0 .

(32)

After some transformations of equation Eq. (32) we get the relation:


LS 
 RS  
 CS


 n
LS  


 i  u  in   in  in1  in2 ... .
CS



The elements of the matrix equation for point x = l are the following:

B

RS 

1
LS



aC



CS

1

; Y1   i  aCu  N  1 ; Y2 
2

LS



in 


CS

At idle regime at the end of the line i  0; u  0 and RS 

i

LS




n



 in1  ... .


CS

  , or after

division we get the equation:

LS
1 i 
RS 

1
LS






CS

u



in 


CS

RS 

i

 in1  ...

LS




n




CS

The system of equations of Eq. (31) turns into the following relationship:

 i  aCu 
because B 

N

  i  aCu  N  1 ; 1 i  0  u  0,
2

1 aC
; Y1   i  aCu  N  1 ; Y2  0.
2
1 0
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In case RS 
have

LS

 0 and

LS








CS

 0 of short circuit ( i  0 ), from which it follows that we also

 0 for any step

CS
system of equations is obtained:

 of the discretization for the time t. The following

 i  aCu 

N

  i  aCu  N  1 ;
2

0  i  1 u  0,
where from B 

1 aC
; Y1   i  aCu  N  1 ; Y2  0 .
2
0 1

3.3. Connecting the long line to the DC voltage source
Analysis of the regimes with the multiple reflection wave becomes difficult for the
line with the energy loss and signal distortion. In any electric circuit with distributed
parameters, the wave distortion phenomenon is observed when the condition of C R  LG
is not met. To obtain the solution we shall use the finite difference scheme constructed for
the whole node (n, n-1) and half-nodes (n-1/2; n + 1/2) of the grid [17]. In the approximate
equations in finite differences of Eq. (19) the  d ,  d correction coefficients were introduced
[21], which decreased the impact of the effects of dissipation and dispersion of the waves in
their propagation process in the circuit with the distributed parameters:

( L   d )n 1/2
(C   d )n 1/2
n
in which i 

i n 1/2  in1/2



u

n 1/2

 un 1/2



u n  u n 1
 ( Ri )n 1/2  0;
h
i n  i n 1

 (Gu )n 1/2  0,
h



(33)

(Z Bi)n1/2  (Z Bi)n1/2  un1/2  un1/2 n (u / Z B )n1/2  (u / Z B )n1/2  in1/2  in1/2
; u 
;
Z B,n1/2  Z B,n1/2
(1/ Z B,n1/2 )  (1/ Z B,n1/2 )

 R GL 
 G RC 
; d   
;   (h / a)n1/2  const.


 2 C n1/2
 2 L n1/2

d   

In the transcription shown, the numerical calculation scheme of Eq. (33) is
characterized by the null of the dissipation of the numerical solution and a minimum value
of the dispersion of this solution. The energy balance at the finite difference is strictly
observed regardless of the value of the meshing step of the calculation grid.
As a test problem we will examine the fall of the voltage wave on the ideal capacity
with CS  80 F [22].
The
cable
line
parameters
are
as
follows:
C  0.25  F / km ; L  31.2 mH / km ; R  1.88 Ohm / km ; , G  0; l  320 km ; a  16436 km / s. The
wavelength is λ = a / f = 228.57 km. These parameter values are selected to allow us the
numerical solution with the analytical solution from source [22] to be compared. In the
relative
units
system,
the
parameters
have
the
following
values:
C  L  l  CS  a  1, R  1.703, G  0 , because at the application of a voltage to the line
input, the energy losses in the insulation can be neglected.
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3.3.1. Capacitive load
The initial conditions are null and the boundary conditions at the entrance and end
of the line are as follows:
1 t
u  1 for х  0; u 
 i()d  for х  1 (34)
Cs 0
The approximation in the finite difference of the boundary conditions is performed.
The currents and voltages at the point with the coordinates x  1 are presented by the
vector Z   i , u T . To determine the parameter Z it is necessary to solve the system from
two equations with two unknowns, which in the matrix form can be presented as follows:
(35)

BZ  Y ,

where B 

1

aC

 CS

1

; Y1  in1/ 2  aCun1/ 2 ; Y2  


CS




i

 n i n  ...  .



From these formulas we can see that in this case we have the short-circuit mode.
From these formulas we can observe that for CS   we have u  0 , and in this case we
have the short-circuit mode as well.
The variation of voltage over time (uC curve) and current (iC) at the end of line with
the capacitive load are shown in Figure 3. A large number of calculation experiments have
been performed which show that in the proposed numerical scheme the effects of wave
dispersion and dissipation are minimal even for the grid with high values of the eyes, which
has about 10-20 knots. The numerical solutions obtained are practically correct, because
there is an exact energy balance at the scheme level in finite differences. Also, a good
internal convergence of the calculation method is observed, in the case of simulating the
propagation process of the rectangular wave.
The curves analysis of Figure 3 on the capacitor connected at the end of the cable
line indicates that changes through jump (curve iC) occur at a time that corresponds to that
of arrival of the voltage wave uC at the condenser connection point of the line in the cable.
The amplitude of the wave decreases with each passage in the cable due to energy
dissipation.

Figure 3. The voltage (curve 1) and the current (curve 2) at the end of the line at C = L = a = l
= 1; R = 1.703; G = 0; CS = 1; RS = LS = 0.
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3.3.2. Active load
If the line in the cable has an active load RS = 1.703, for this load the boundary
conditions will be determined by the relation of u = RSi for x = l = 1. Matrix equation BZ = Y
will have the following coefficients:
1 aC
B
; Y1  in1/2  aCun1/2 ; Y2  0.
RS 1
For parameter values of the tested cable and load with active value RS = 1.703 r.u. a
rapid attenuation of the magnitude of the voltage and current waves is observed with the
achievement of the permanent regime of Figure 4.

Figure 4. The voltage (curve uR) and current (curve iR) at the end of line for parameters of
the circuit: C = L = a = l = 1; R = 1.703; G = 0; CS = ∞; RS = 1.703; LS = 0.
3.3.3. Inductive load
Let us examine the case when the cable line has an inductance without loss of
di
LS  1 value. The LS inductance voltage drop is determined from the relationship u  Ls
dt
for x  1 using the matrix equation of Eq. (35). The coefficients in Eq. (35) are determined
by the following relationships:

B

1

aC

LS / 

1

; Y1 = in-1/ 2 + aCun-1/ 2 ; Y2 =

Ls
i .
τ n

The voltage and current evolution curves on the inductive load of the cable line
obtained by numerical calculation are shown in Figure 5a.
Parametric analysis of the wave processes in the line without losses with inductive
load indicates the increase in the current of the circuit, while the inductance voltage has an
oscillatory character (Figure 5b).
In course of time, the amplitude of the voltage decreases and the circuit switches to
short circuit.
The observed process may be of practical interest, for example, if it is necessary to
solve the problem of storing energy in the inductance with superconductivity from a source
with a limited voltage value.
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Figure 5. Curves of current iL and voltage uL on inductance without losses LS connected to
the line in cable: C = L = a = l = 1; R = 1.703; G = 0; LS = 1; CS =  ; RS = 0 (a) and R = 0; G = 0;
LS = 1; CS =  ; RS = 0 (b).
3.3.4. RLC load
The limit conditions at the end of
di 1
differential equation: us  RS i  LS 
dt CS

the line (x = 1) are represented by the integralt

 i    d .

0

At the finite difference approximation of Eq. (35) we obtain the following relations
for its coefficients:

B

1
b12

aC
L

; Y1  in1/2  aCun1/2 ; Y2  S in1/2 
1

CS

 

LS



i
.
 n i n  ; b12  RS 

C
S



It can be observed that when the condition of RS  LS  0 is met and CS   the shortcircuit mode ( us  0 ) is obtained, then for the conditions of LS  0 and CS  RS   we have
the idle regime, because the current i  is  0 . Figure 6 shows the voltage and current curves in
the line load. In Figure 6a, the cable line insulation losses are considered equal to zero, so G = 0.
The line energy losses are determined only by its longitudinal resistance R. In Figure 6b, the
voltage and current curves in the ZS load are also influenced by the active conductivity G of the
line, that is to say, the losses in cable line insulation. These results indicate the influence of line
losses on the characteristics of the transient process in the examined circuit, as the increase of
the leakage currents in the RLC load decreases. This is an obvious finding, but the originality of
the solution obtained is determined by the fact that it is common to any type of line due to the
use of the relative units system. Using the described calculation model, a broad parametric
analysis of the operating regimes of the circuits with distributed parameters can be made.

Figure 6. Current and voltage curves in load RS = LS = CS = 1 of line in cable with parameters
C = L = a = l = 1; R = 1; G = 0 (a) and C = L = a = l = R = G = 1 (b).
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3.3.5. Modeling a complex regime
The study of the wave processes in the lines with loss indicates a strong influence of
the losses in line on the dynamics of the non-stationary process. For this purpose, the
calculations of the regime were made in the line x = l = λ / 8, in which the idle and shortcircuiting changes from short circuit to idle regime. These changes are made in the
uninterrupted numerical calculation process time interval equal with duration the 5 wave
propagations through the cable with distributed parameters. The rate of loss in cable is
defined by the dissipation coefficient γL = R / L and γC = G / C. In the event that γL = γC we
have the circuit without the distortion of the signal shape, which travels through the
distributed parameter circuit. In relative units for the line without distortion the condition γ
= γL = γC = 1 is fulfilled.
The results of the numerical calculation of the regime by changing the load from idle
to short regime of the line are shown in "Figure 7" and "Figure 8".The interconnection line
between source and load has an influence on process dynamics in this circuit. In order to
quantify the degree of influence, some circuit regimes were studied for different line
parameter values - from the lossless line (the ideal line) to the line with increased energy
losses. As characteristic regimes the electric power transmission regimes were selected
through the loss-free line (   0 ) the non-distortion line of the electric signals (   1 ) and
the with distortion line of the electric signal (   1 ). Depending on the ratio of the
transmission line parameters, the essential features of the processes in these circuits are
observed. It is essential the energy accumulation regime with increasing the voltage in the
lossless line (ideal line), which operates in a short-circuit regime. In the event that no action
is taken, the increase in idling voltage can be completed with the electrical breakthrough of
the insulation, thus with the complete refusal of the line.
These simulations confirm the robustness of the uninterrupted computational
method and its applicability for studying the particularities of the circuits with distributed
parameter and concentrated parameters. These numerical simulations have a high degree
of precision of the solutions obtained by the finite difference method. At the same time, the
solutions are correct and have a high degree of credibility and correspond to the physical
essence of the dynamic processes occurring in the circuits with distributed and lumped
parameters, included for the detection of certain regimes, which is difficult to notice, even if
the analytical solution is known.

Figure 7. The currents and voltages (curves il and ul) for lines with linear parameters: γ  0
(a); γ  1 (b), when conditions IM-SCM-IM are met at the line end.
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Figure 8. Сurrents (curve il) and voltages (curves ul) for line with linear parameters:R=1, G=0,
(a) and γ = 5 (b), when the regime in the lines with the long x=l=λ/8 it changes in the order:
idle - short sircuit - idle modes.
Conclusions
The mathematical models of the circuits with distributed and defiled parameters are
recommended to be elaborated, using hyperbolic equations with partial derivatives. In this
case, equations with partial derivatives can be transformed into differential equations of an
independent variable. The use of relative units system for the description of the coefficients
and the independent variables allows us to generalize the studied problem and to obtain
correct solutions for the electrical lines of different lengths, which ensures the possibility of
comparing the technical indices and the efficiency of different circuits.
The process of forming the mathematical model of calculation the regimes in
complex structure circuits based on the telegraph equations and procedure to define the
initial and boundary conditions in the relative units system were proposed and discussed. In
order to obtain numerical solutions, taking into account the peculiarity of the electrical
circuit topology and the physical processes occurring over time, it is recommended to
perform the mathematical models of simulation of these processes using the finite
difference method. The numerical solutions obtained correctly reflect the physics of the
processes in these circuits. The finite difference method ensures a high degree of precision
of numerical solutions.
Numerical simulations of circuit operating regimes with distributed and lumped
parameters allow for the detection of effects that are not visible, even if the analytical
solution is known. Thus, it has been found that in the complex circuit consisting of the part
with distributed parameters (long line) and the load with lumped parameters (inductance),
it is possible to continuously inject the energy into this inductance even from the DC power
supply. This phenomenon is a promising research in the future as it can provide a solution
for routing with the energy storage process in inductance with superconductivity.
The mathematical models, the proposed design process of these models, have a
good degree of flexibility and are suitable for carrying out parametric researches in order to
optimize the operation regimes and to ensure the protection and reliability of the circuits in
dynamic regimes.
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Abstract. The recent technological progress of semiconductors and increasing demand for
power electronic devices in the different domains of electric energy particularly for
applications in aeronautics and networks of transport and distribution impose new
specifications such as high frequencies, high voltages, high temperatures and high current
densities. All of this contributes in the strong development of power devices. To this end,
separation techniques for low-resistivity films should be developed, as well as thick-film
growth technologies, including hot filament CVD on insulating wafers. The article outlines
the evolution of semiconductor manufacturing, current applications and perspective.
Keywords: GaN, SiC, Si vs SiC, IGBT, MOSFET, HEMT, HFET, FET, diamond power devices.
Introduction
The history of semiconductors is long and complicated. Table 1 shows a timeline for
the development of power semiconductor devices. In the 1950s the thyristor or silicon
controlled rectifier (SCR) was the only option for solid-state power electronics in the
hundreds of volts.
As the technology further developed, newer devices such as the JFET, power
MOSFET, and IGBT were introduced with greatly improved performance and higher voltage
and current ratings. Now, in the 21st century, wide bandgap (WBG) semiconductors are the
latest in the trend toward higher-performance power electronics.
Power electronics is a complex and interdisciplinary technology, and doing research in this
area requires a comprehensive background in electrical engineering and beyond. The
research on devices is extremely important because evolution in this area has essentially
brought on the modern power electronics revolution. The present trend of R&D on silicon
and wide bandgap (WBG) power semiconductors (Figures 1, 2, 3, 4) will continue until the
power device characteristics and ratings are significantly improved, approaching an ideal
switch.
Since the advent of wide bandgap power electronics, device reviews have seen a
second wave of popularity, covering materials such as SiC, GaN, and perhaps to a lesser
extent diamond. It became clear that, SiC, not GaN, would be the principal WBG power
device material for the chosen markets in the near future.
Wide bandgap semiconductors are a sub-class of semiconductor materials, defined
by their larger-than-Si bandgap, typically between two and four electron volts (eV).
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Table 1
Timeline of the development of power semiconductor devices (after [7])

There are several wide bandgap materials currently being explored for power
conversion: silicon carbide (SiC), Gallium Nitride (GaN), Gallium oxide (Ga2O3) Aluminium
Nitride (AlN), and diamond. Of these, diamond-based devices are considered by many to
hold the most promise but are hindered by small wafer size, scalability issues, and cost.
Major changes in packaging solutions will be realized on the electrical interconnections
level, do to the growing adoption of copper clips as a substitute for more conventional wire
and ribbon bonding. The adoption of WBG semiconductor dies technologies (hightemperature epoxy, low-inductance electrical interconnections, silver sintering die attach,
etc.). Although the adoption of wide gap devices calls for innovative packaging schemes
and solutions, their impact on the packaging materials market will be rather limited due to
the still small share of SiC and GaN technologies compared to Silicon, and the smaller die
size compared to Silicon devices.
The WBG PE market is currently small: $160M out of the $16B power electronics
market (Eden 2016; Fodale and Eden 2015). The size of the market can largely be attributed
to the relative age of WBG technology compared to conventional Silicon. As a less mature
field, WBG devices are more expensive, have a low manufacturing level and demand, and
have not yet been proven reliable to the level demanded by the application areas. These
constraints lead final product manufacturers to be hesitant to begin integration and WBG
device manufacturers hesitant to increase production levels to reduce the cost.
Major opportunities for WBG-integration lie in the expected increases in demand for
the application areas or expected increases in the demand for more energy accountability
(either by increasing system efficiency or by adding renewable energy generation). The
relative immaturity of WBG that affects cost and perceived reliability, the necessity of
system redesigns to adopt WBG and shortage of knowledgeable engineers to do so, the risk
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aversion of manufacturers and changing demands for energy accountability continue to
remain as major challenges being faced by the industry.
Historically, the U.S. has been a leader in semiconductor manufacturing, and
currently U.S. headquartered companies hold half (50%) of the worldwide market (Figure 1).
Over half of U.S. companies’ wafer manufacturing capacity is located in the United States,
and about 86% of U.S. wafer manufacturing capacity is accounted for by U.S. headquartered
companies, suggesting that a significant portion of wafer fabrication occurs in the U.S.

Figure 1. Relative semiconductor device market share based on company HQ
(Source:
Semiconductor Industry Association SIA, 2016).
Figure 2 shows the ratings of some commercially available and research phase WBG
semiconductor devices. Lateral GaN devices have reached ratings up to 650 V and 90 A,
while SiC MOSFETs occupy more of the high voltage and high power market segment. GaN
and SiC together occupy a large area for both current and voltage, and WBG semiconductors
can thereby enable efficient power electronics at power levels infeasible for conventional
Si.
The needs in terms of voltage, power density, frequency of use, reliability, or working
temperature are becoming more stringent; energy losses must be reduced and performance
enhanced. Today progress is hindered by the inherent limitations of silicon; the vast
majority of power electronics components commercially available are silicon components. A
change of base material for the design of power electronics components must be
considered. WBG semiconductors have properties particularly suited to managing high
voltages, high frequencies, in hot environment. Silicon carbide (SiC), gallium nitride (GaN)
and diamond are the most prominent materials expected to supersede silicon. Among them,
diamond has the physical and electronic properties most suitable to power electronics
components.
Compared to traditional silicon semiconductor material, WBG materials like SiC and
GaN have lots of interesting physical properties such as bigger bandgap energy, larger
breakdown field and higher saturation velocity.
Therefore, they are gradually applied to fabricate power semiconductor devices,
which are used in power converters to achieve high power efficiency, high operation
temperature and high switching frequency.
Increasingly severe operating constraints (high voltage, high temperature, high
frequency) in power electronics, have led the community to focus on the exploitation of
new materials, such as SiC, GaN and more recently diamond (Table 1).
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Figure 2. Ratings of selected wide bandgap (WBG) power devices (after[7]).

Figure 3. Operating range of silicon power
semiconductor devices (after [1]).

Figure 4. Expected region of wide bandgap
semiconductor (after [5]).

These large gaps materials would allow pushing the current limits of silicon
components. The increase of current density of power components requires the ability of
the environment to evacuate the component losses to limit its warm -up. The concern of
the power system designer is, therefore, to reduce the resistance to a minimum between
the component and the outside. The diamond properties - better thermal conductivity and
better electrical insulation - make this material a valuable ideal candidate for the thermal
management problems. This has already been used successfully in different applications of
microelectronics.
Silicon Carbide (SiC)
Silicon Carbide is a WBG semiconductor material which has several advantages such
as higher maximum electric field, lower ON-state resistance, higher switching speeds, and
higher maximum allowable junction operation temperature compared to Silicon (Si).
In the 1.2 kV ― 1.7 kV voltage range, power devices in SiC are foreseen to replace Si
insulated gate bipolar transistors (IGBTs) for applications targeting high efficiency, high
operation temperatures and/or volume reductions.
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Table 2
Semiconductor material properties
Material
Si
SiC(4H)
Dielectric constant
11.8
9.7
2
Hole Mobility (cm /Vs
600
115
Band Gap (eV)
1.1
3
2
Electron Mobility (cm /Vs)
1400
1000
Break-down Field (MV/cm)
0.3
2.5
Thermal
Conductivity
1.5
4.9
(W/cm･°C)

GaN
9.0
150
3.4
900
3.3

Diamond
5.5
1600
5.47
2200
10

2.0

20.9

In particular, the SiC metal-oxide semiconductor field-effect transistor (MOSFET) –
which is voltage controlled and normally-OFF – is the device of choice due to the ease of
its implementation in designs using Si IGBTs.
SiC has underwent a dramatic development during the last two decades. It has a
larger bandgap compared with Si, ranging from 2.3 to 3.3 eV. As a consequence, the
maximum operation temperature can be higher than for Si. The current status of the
metallization, contacts, and packaging limit the temperature of operation. However, the
high critical electric field strength allows thinner drift layers required for a given voltage,
and higher doping concentrations [1]. As a result, the ON-resistance of unipolar devices can
be reduced by almost three order of magnitude as compared to Si. This allows to produce
unipolar devices like Schottky diodes and Metal-Oxide-Semiconductor Field-Effect Transistor
(MOSFET) up to much higher voltages compared to Si devices. As a consequence unipolar
SiC devices are today replacing bipolar rectifiers and IGBTs up to voltages above 3.3 kV. The
unipolar SiC devices are characterized by extremely fast switching due to the lack of stored
charges. Thus, fast-switching and highly efficient devices can be fabricated such as Schottky
diodes, high-voltage PiN diodes, bipolar and unipolar active devices.
Physical and electrical properties of SiC
● The saturation rate of SiC is higher and its permittivity lower than that of Si, so SiC
components are more efficient than Si components in high frequency applications.
● The breakdown voltage is higher in SiC components because their critical electric field is
greater.
● SiC unipolar components have a lower specific resistance because the voltage holding
zone is thinner and more doped.
● For bipolar components, switching losses are reduced because their recovery current is
lower, due to the shorter life of the carriers compared to Silicon. As a result, these
components can operate at higher frequencies.
● The thermal conductivity of SiC is higher, which guarantees a better evacuation of the
heat generated by the losses.
● The very small intrinsic concentration of the SiC component gives it a low leakage current
even at high temperatures.
● SiC electronic devices can operate at extremely high temperatures, without suffering
intrinsic conduction effects due to the bandwidth gap. SiC components are good
candidates for high temperature applications (>500°C).
● SiC has a high chemical and physical stability because its binding energy is very high (5
eV).
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SiC devices
Silicon carbide (SiC)-diodes have been commercially available since 2001 and
various SiC-switches have been launched recently. In parallel, Gallium Nitride (GaN) is
moving into power electronics and the first low-voltage devices are already on the market.
Currently, it seems that GaN-transistors are ideal for high frequency ICs up to 1 kV (maybe 2
kV) and maximum a few 10 A. SiC transistors are better suited for discrete devices or
modules blocking 1 kV and above and virtually no limit in the current but in that range they
will face strong competition from the silicon insulated gate bipolar transistors (IGBTs). SiC
and GaN Schottky-diodes would offer a similar performance, hence here it becomes
apparent that material cost and quality will finally decide the commercial success of wide
bandgap devices. Bulk GaN is still prohibitively expensive, whereas GaN on silicon would
offer an unrivalled cost advantage. Devices made from the latter could be even cheaper
than silicon devices. However, packaging is already a limiting factor for silicon devices even
more so in exploiting the advantage of wide bandgap materials with respect to switching
speed and high temperature operation. After all, reliability is a must for any device no
matter which material it is made of. The technical panorama of SiC devices is still varying,
and every manufacturer has its own solutions to design and packaging integration. This
leads to strong competition, which will accelerate technical innovation and lower prices. In
the future, we will see a restructuring of the supply chain driven by the main cost factors.
SiC switches
SiC-switches are currently in an important phase as several manufacturers
commercialised 1.2 kV (few 10A) switches by utilising completely different device concepts.
None of the concepts shows per se a clear superiority but there are strong indications that
the MOSFET will prevail just the way it did in silicon, implying that the IGBT will be the
concept for high voltages. In fact, most of the (major) power semiconductor manufacturers
work on SiCMOSFETs or have plans to do so. However, some of the recent turnarounds are
rather business driven than based on technical facts [2].
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GaN devices

Gallium Nitride (GaN) power devices are an emerging technology that have only
recently become available commercially. This new technology enables the design of
converters at higher frequencies and efficiencies than those achievable with conventional
Si devices. Power system design is reaching the theoretical limits of Silicon-based power
devices. With its smaller, more energy efficient and cost-effective capabilities, GaN plays a
leading role.
Table 3
Bandgap Energy of some semiconductor materials [3]
Material Symbol
Bandgap
Energy (eV
Germanium
Ge
0.7
Silicon
Si
1.1
Gallium Arsenide
GaAs
1.4
Silicon Carbide
SiC
3.3
Zink Oxide
ZnO
3.4
Gallum Nitride
GaN
3.4
Diamond
C
5.5
Challenges encountered in GaN-based converter design: the consequences of faster
switching on gate driver design and board layout; the unique reverse conduction behaviour,
dynamic on-resistance, breakdown mechanisms, thermal design, device availability, and
reliability qualification. SiC and GaN materials among WBG materials exhibit the better
trade-off between theoretical characteristics (high-voltage blocking capability, high
temperature operation and high switching frequencies), and real commercial availability of
the initial materials and the advancement of their fabrication procedures. Economic viability
of wide bandgap materials-based devices is limited because their price is about 3 to 5 times
higher than silicon semiconductor devices. However, the materials contribute about 40% of
the total device cost depending on availability, quality, and performance. Other factors that
drive the WBG devices’ price so high are, design, fabrication, and packaging procedures and
techniques [3].
The key question for GaN devices is the substrate. Of course, the ideal solution
would be homo-epitaxy, that is, GaN grown on bulk GaN, as it allows for homo-epitaxy
without any mismatches between substrate and epitaxial layer. This would offer the lowest
density of dislocations (106 cm−2) and, thus, the highest epitaxial quality. However, bulk GaN
is only available in small wafer diameters and still prohibitively expensive. At about 100
€/cm² it is expensive even when compared with SiC.
When it comes to GaN-devices the high-electron mobility transistor (HEMT), or
hetero-junction FET (HFET) seems to be the natural choice because an AlGaN/GaN interface
forms easily a high-electron mobility two-dimensional electron gas (2DEG) and offers very
low sheet resistances. The key question for GaN devices is the substrate. Of course, the
ideal solution would be homo-epitaxy, that is, GaN grown on bulk GaN, as it allows for
homo-epitaxy without any mismatches between substrate and epitaxial layer.
This would offer the lowest density of dislocations (106 cm−2) and, thus, the highest
epitaxial quality. However, bulk GaN is only available in small wafer diameters and still
prohibitively expensive. At about 100 €/cm² it is expensive even when compared with SiC.
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Figure 6. Switching loss comparison between GaN Systems’ GS66508T E-HEMT and Cree’s
(Wolfspeed’s) C3M0065090J SiC MOSFET (after [4]).
IGBT

More than three decades ago, the IGBT being a seemingly simple variant of the
silicon power MOSFET was set on to change the power electronic landscape. IGBTs are
required for applications that operate over a broad spectrum of current and voltage levels
(Figure 7). Their characteristics are ideal for applications with operating voltages above 200
V. Typical examples are ballasts, consumer appliances that utilize motors, and electric
vehicle drives. The on-resistance of conventional silicon power MOSFET structures is too
large to serve certain applications; consequently, today these applications utilize silicon
IGBTs. Silicon carbide (SiC) IGBTs offer very promising characteristics for applications that
require blocking voltages of above 10-15 kV for use in smart grid applications.
The current ratings for the IGBTs increase with increasing voltage rating for these
applications - with the exception of the smart grid (which is requiring very high voltage
with low current ratings); this issue is tackled by resorting to multichip press-pack modules.
These applications are served by SiC-based IGBTs that can operate at higher frequencies
that their Si counterparts.
The high on-state current density for the IGBT structure has allowed for rapid
scaling-up of its current handling capability (Figure 9). Future developments will maintain
similar past trends for the growing system demands in terms of increased power levels,
improved efficiency, greater control and reliability.
Diamond
Diamonds can actually be made using methane and hydrogen. Diamonds are really
just carbon, a light and simple element. Their simple yet unique characteristics create
significant potential for use in a wide range of purposes, including generation of
environmental energy and biological applications, Diamonds, although nonconductive, can
be altered to function as semiconductors with the addition of phosphorus and boron.
Diamond is expected to play a key role as a next-generation power semiconducting
material owing to its superior properties, including high electric breakdown field strength
and thermal conductivity. However, a major issue for the use of diamond is the lack of inchsized wafers compared with the availability of such wafers for other materials, including Si,
SiC, GaN, and Ga2O3.
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Figure 8. A detailed structure of an IGBT
module.

Figure 9. Growth in current handling capability for IGBTs (after [9]).
The thermal conductivity of diamonds is 14 times greater than that of silicon, and
electrical field resistance is 30 times greater. High thermal conductivity allows the release
of heat, which can reduce the size of cooling systems normally required during the
generation of increased levels of electric power. High electrical field resistance suppresses
power conversion losses. With these characteristics, diamonds are the ultimate
semiconductors for electronic devices that require several kilovolts (kV) of power, such as
those used in electric vehicles, railways, and power transmission.
In a diamond crystal, carbon atoms can be replaced by nitrogen atoms to create
nitrogen-vacancy complexes (NV centers). Negatively charged NV centers exhibit a
magnetic property called electron spin. Green light radiation causes the emission of red
fluorescence. Depending on the magnetic field, fluorescence processes change, and
magnetic field strength and direction can be detected.
Diamond sensors apply these characteristics, and the imaging of a magnetic field is
enabled. Diamond would be the ultimate semiconductor with an almost 20 times smaller
specific ON-resistance than SiC and a five times higher thermal conductivity. However, the
material quality of diamond is still rather poor and general issues of the wide bandgap
semiconductors are aggravated. In particular, the incomplete ionisation is crucial for
Journal of Engineering Science

December, 2019, Vol. XXVI (4)

76

T.-M. I. Băjenescu

diamond because the energy level of the p-type dopant boron is 0.37 eV off the valence
band edge and the n-type dopant phosphorous is even 0.57 eV off the conduction band
edge [10].
Consequently, only a small fraction of the dopants is activated at room temperature
and the ON-resistance is factors higher than it should be for a given doping concentration.
Only at higher temperatures, the dopants get activated and the ON-resistance is reduced
accordingly for 500 K [11]. At room temperature, there would be no advantage over SiC.
Furthermore, the incomplete ionisation can lead to dynamic problems (similar but less
severe effects in SiC [12]) and the ohmic contacts are difficult, especially on n-type
diamond.
Diamond is one of the allotrope of carbon and the hardest natural substance; it is
used as gems and abrasives. Diamond is an excellent candidate for power semiconductor
devices; however, due to the complexity in the fabrication process, diamond power devices
are not yet commercially available.
The use of diamond for active semiconductor devices has been restricted up to now
by several limiting factors. One
limitation has been the small size
of single crystal substrates (below
5 mm). Another limit is associated
with the deep boron acceptor and
the absence (up to now) of any
reliable n-doping technology with
shallow donors. This restricts
active diamond devices to p-type
unipolar
carrier
transport.
Therefore, only two concepts of
power devices on diamond could
be considered as realistic: p-type channel FETs and large area vertical Schottky diodes.
Recently a significant step forward in the synthesis of high-quality single crystal diamond
has been demonstrated. Free standing CVD diamond samples with residual doping
concentration below 1013 l/cm3 show high values of the low-field mobility of holes of about
3800 cm2/Vs at room temperature [13].
This high mobility is almost 2 times higher than any previous measurements on
single crystal diamond. The CVD diamond growth on Iridium surface provides now quasisingle crystalline diamond films of 1 cm2 area [14]. The crystal quality of the grown layers
on Iridium surface was sufficient to demonstrate FETs with hydrogen-induced surface
conductivity showing a cut-off frequency fT of about 10 GHz [15].
Only recently, there have been encouraging results concerning diamond growth on
Iridium, obtaining a single crystalline quasi-substrate for electronic devices. Another serious
hurdle is doping, the most important pre-requisite for electronic devices. Bipolar junction
transistors are out of the question, even though the principal mode of operation has been
demonstrated [16, 17].
Conclusions

The most promising candidate for single-crystal diamond wafer fabrication is the liftoff process based on ion implantation. To achieve this goal, a single large (inch size) seed
wafer is required, and further research and development of bulk diamond crystal growth
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techniques is ongoing. Outstanding problems in microwave plasma CVD used for bulk
crystal growth are being addressed with pulse microwave approaches; however, further
technical breakthroughs are necessary. As wafer diameter increases, the development of
flattening and smoothing technologies for large wafers will become more important. It will
become necessary to fabricate low-resistivity wafers required for vertical power devices
based on insulating substrates without growing heavily doped bulk crystal. To this end,
separation techniques for low-resistivity films should be developed, as well as thick-film
growth technologies, including hot filament CVD on insulating wafers [19].
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Abstract. This paper deals with the performance of two element antenna array without and
with electromagnetic band gap structures. The antenna arrays are using Mentor Graphics
IE3D software and measurements have been taken using vector network analyzer. The
dielectric substrate used in the design and fabrication of antennas is FR-4 glass epoxy. The
unit cell of the electromagnetic band gap structure is star slot structure. The
electromagnetic band gap structure structures applied in the ground plane of the
microstrip antenna array are resulting in a remarkable decrease in mutual coupling to –
35.05 dB from – 17.83 dB of the conventional array antenna. The proposed microstrip
antenna array is producing bandwidth of 25.18 % as against 2.35 % of conventional
microstrip antenna array. The antenna array with electromagnetic band gap strucure is
resonating at a fundamental frequency of 3.31 GHz; thereby achieving a virtual size
reduction of 40.14 %. The proposed microstrip antenna array finds application in C band of
the microwave frequency region.
Keywords:

bandwidth, dielectric substrate, mutual coupling, radiation pattern, resonant
frequency, return loss, surface waves, virtual size reduction.

Introduction
An antenna is defined as an electrical device used to transmit and receive
electromagnetic waves. An antenna array is a serial arrangement of antenna elements with
proper spacing between the antenna elements. With the need to design compact size
antennas, microstrip antennas and arrays have become the main area of interest among
researchers in the field of antenna engineering. A microstrip antenna is made of a ground
plane sandwiched between ground plane in the bottom and a radiating patch on the top.
Microstrip antennas and arrays find applications in various fields – wireless
communications, millimeter wave engineering, radar communications etc. These antennas
can be fed using stripline feeding, proximity coupled feeding, probe feeding and aperture
coupled feeding techniques. In the recent past researchers are showing great interest in
these antennas as they can be easily integrated with other devices [1 - 3].
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With the extensive growth in technology, electromagnetic band gap (EBG) structures
have emerged as one of the most efficient and sought after structures in enhancing the
performance of microstrip antenna arrays. Recently, there is an increasing interest in the
use of EBG structures. When a microstrip antenna array radiates electromagnetic waves, a
small amount of power is transmitted into free space and a majority of power is lost in the
dielectric. The surface waves in the dielectric substrate have detrimental effect on the
interference levels between the antenna elements of microstrip antenna array. There is a
necessity to overcome this serious drawback of microstrip antenna arrays. EBG is a finite
and periodic array of dielectric or magnetic cells. When these structures come in contact
with electromagnetic waves, they possess distinctive pass and stop bands. Thus an EBG
structure acts as a filter in suppressing certain frequencies and very much useful in
suppressing the propagation of electromagnetic waves through the dielectric. Thus EBG
structures aid in increasing the performance of the antenna array and thereby it’s
efficiency [4].
In [5], D. N. Elsheak et al have discussed the study of EBG structures loaded in the
ground plane, their types, and their behaviour in enhancing the performance of two
element microstrip patch antenna arrays. The EBG structures employed are of two
dimensional in nature and corporate feeding technique is used to feed the antenna array.
The performance of Square, Circular, Star, H and I shape EBG structures are compared.
Highest bandwidth of 5.1 % has been achieved using H shape EBG structure. Least amount
of mutual coupling (S21) of -30 dB and highest gain of 13.75 dB have been obtained in the
case of Star EBG structure. In [6], Mohammad Naser - Moghadasi et al have designed 2 × 5
EBG structure to reduce mutual coupling between patch antennas of MIMO array. Two
microstrip patch antennas are designed for resonance at 5.28 GHz. The conventional MIMO
array is fed by coaxial feed and bandwidth is equal to 3 %. The EBG structure is inserted
between the two patch antennas and on the surface. Mutual coupling values without and
with EBG structure are -22 and -43 dB respectively. By increasing the gap between the unit
cells of EBG structure, the resonant frequency of proposed MIMO array is reduced. A gain
value of 6.86 dBi is also produced. Moreover the EBG structure has reduced antenna current
from 8.5 A/m to 3.9 A/m, so the coupling is reduced by 50 %. However the antenna
efficiency is reduced from 65 to 53 %. In [7], H. C. Nagaraj et al have presented a novel
structure suppressing the mutual coupling between nearby patches. The antenna array is
fed by coaxial probe feeding method. It is observed that mutual coupling is reduced from 20.95 to -25.6 dB. Good improvement in VSWR and return loss are also noticed. However
the gain of the antenna is reduced indicating radiation losses. The structure is dedicated to
linear polarization. In [8], Niraj. R. Ada et al have proposed the design of 2×2 microstrip
patch array with 2×2 EBG substrate with respect to the rectangular ground plane. The
material used for the substrate is Rogers _RO3010 with dielectric constant 10.2. The return
losses of the antenna array with EBG are -48 and -42 dB at 3.5 and 7 GHz respectively. The
overall bandwidth of the proposed antenna is 16 %, which is double that of bandwidth
obtained for conventional antenna. The gain of the antenna in the presence of EBG is 8.45
dbi which is greater than without EBG equal to 1.96 dbi. In [9], F. Benikhlef et al have
investigated the effects of two dimensional EBG structure (operating at 2.4 GHz) on the
performance of microstrip antenna arrays. Taconic (tm) dielectric material is employed as
patch substrate. The mutual couplings of the antennas without and with EBG structure are 38.4 and -40.2 dB respectively. The gain of the proposed antenna is 8 % more than the
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conventional antenna. In [10], M. I. Ahmed et al have presented the design of single and two
element eagle shaped microstrip antennas using a novel eagle shaped uniplanar EBG
structure. The results depict 6 dB reduction in first band (1.71 – 2.98 GHz), 10 dB in second
band (4.26 – 5.62 GHz) and 6 dB in third band (6.57 – 9.16 GHz) respectively. Highest gain
of 6.09 dB is observed in the second band. Highest radiation and antenna efficiencies of 96
and 90 % are observed in the first band. The antennas are employed in soldier belts, a
commodity for military application. In [11], F. Benykhlef et al have analyzed the isolation
properties of different EBG structures and compared them in antenna arrays. Mushroom like
EBG, fork shaped EBG and proposed structure with vias are designed and fabricated. With
one row of mushroom like EBG structure, the mutual coupling is -22.5 dB. An approximately
4 dB reduction in mutual coupling is observed with fork shaped EBG structure. The EBG
structure with vias is producing the best isolation of 6 dB. In [12], A. Rajasekhar et al have
designed a miniaturized patch antenna array resonating at 5.8 GHz WLAN band. The novel
mushroom like EBG structure is loaded in between the patches. The dimensions of the
patches are 14 mm × 11.4 mm and the two patches are separated by 30 mm. Initially, the
mutual coupling between the antenna elements is -19.97 dB. As the distance of separation
is decreased, mutual coupling is increased and vice versa. After the introduction of array of
3 rows and 2 columns of EBG structure on the structure, the mutual coupling is equal to -35
dB. Using other methods like substrate removal and back cavity, the mutual coupling values
are higher than that produced by EBG structure equal to -20 and -21 dB respectively. In
[13], Duong Thi Thanh Tu et al have designed dual band MIMO antenna system with
enhanced isolation. Using a double rectangular DGS, the antenna is resonating at 2.6 and
5.7 GHz with bandwidths of 5.7 and 4.3 % respectively. The proposed antenna is having
high isolation which is stable and around -20 dB over all frequencies. At 2.6 GHz, gain and
radiation efficiency are 2.63 dB and 59 %. The corresponding values at 5.7 GHz are 1.6 dB
and 39.8 %. MIMO antenna with double side EBG structure is reducing mutual coupling
from -20 to -40 dB. At 2.6 GHz the antenna gain and radiation efficiency are improved to
4.25 dB and 68.7 %. At 5.7 GHz, the antenna gain is increased to 1.76 dB and radiation
efficiency to 39.8 %. In [14], M. K. Abdulhammed et al have performed a review of various
EBG structures and the methods involved in improving the performance of microstrip
antenna arrays. Electromagnetic characteristics of EBG structures are dictated by its physical
measurements like patch width, gap width, substrate thickness, substrate permittivity and
radius of via. One of the methods is surrounding the EBG structure around the antenna. Four
rows of EBG patches are used to suppress the surface waves. Lowermost back lobe radiation
of 15 dB lesser than other EBG structures is produced. After positive application of a single
microstrip patch antenna with EBG structure, 8 dB reduction in mutual coupling is produced
after inserting four columns of EBG patches in between the array elements. When a
dumbbell EBG structure is used with 2×2 microstrip antenna array, mutual coupling is
decreased by 4 dB. There is also a gain enhancement of 1.5 dB. In [15], Reefat Inum et al
have proposed rectangular and circular EBG structures to investigate the antenna
performance used in microwave brain imaging system. The return losses produced due to
rectangular and circular EBG structures are -40.15 and -49.29 dB respectively. Using circular
EBG is producing better bandwidth of 291.6 MHz compared to 275.5 MHz that due to
rectangular EBG. Moreover gains of 6.7 and 6.06 dBi are obtained using circular and
rectangular EBG. The specific absorption rates are equal to 0.922 and 0.695 W/Kg, which
are lesser than maximum standard surface absorption rate limit of 1.6 and 2 W/kg, which
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ensures the safety of the considered microwave brain imaging system. In [16], Xiaoyan
Zhang et al have designed dual band circular patch MIMO antenna on an EBG surface.
Defects are introduced in the rows and columns of the EBG cells. A healthy reduction in
mutual coupling equal to 25 dB is generated between the antenna elements. The proposed
antenna is operating in 5.71 – 5.97 GHz and 6.31 – 6.54 GHz respectively. The -10 dB
impedance bandwidth is extended by 28.9 and 27.8 % at the low and high frequency band.
Moreover the gains are enhanced by 5 and 6.9 dB and the back lobe radiations are
decreased by 15 and 10.3 dB at the resonant frequencies of 5.75 and 6.44 GHz respectively.
Design of Antenna Arrays
The conventional microstrip antenna array consists of two elements. The antenna
array is designed at 6 GHz. The dielectric constant and loss tangent of the FR-4 glass epoxy
substrate are 4.2 and 0.0245 respectively. The design frequency is selected as 6 GHz. The
antenna array is fed using corporate feed technique. The length and width of the finite
ground plane are equal to 115.8 and 62.7 mm. The length (Lp) and width (Wp) of each
element of the antenna array are equal to 15.73 and 11.76mm. The antenna elements are
excited by a feed of length (Lf) and width (Wf) equal to 6.52 and 3.05 mm. The distance
between the two elements of the antenna array is equal to λ/4, where λ is the wavelength
at the design frequency of 6 GHz. Figure 1 depicts the schematic of the conventional two
element antenna array. The schematic in Figure 1 is employed to determine the return loss
characteristics of conventional microstrip antenna array.

Figure 1. Schematic of conventional microstrip antenna array.
Table 1 summarizes the parameter values of conventional two element antenna
array.
Table 1
Dimensions and values of conventional microstrip antenna array
Dimension
Value (mm)
Length of the patch (Lp)
15.73
Width of the patch (Wp)
11.76
Length of the quarter wave transformer
6.47
(Lt)
Width of the quarter wave transformer
0.47
(Wt)
Length of the 50Ω line (L1)
6.52
Width of the 50Ω line (W1)
3.05
Length of the coupler
3.05
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Continuation Table 1
Width of the coupler
Length of the 70Ω line (L2)
Width of the 70Ω line (W2)
Length of the 100Ω line (L3)
Length of the patch (Lp)
Width of the patch (Wp)
Width of the 100Ω line (W3)
Length of the feed line (Lf)
Width of the feed line (Wf)

3.05
6.54
1.62
6.56
15.73
11.76
0.70
6.52
3.05

By maintaining the same distance between the two antenna elements, the parameter
mutual coupling can be measured by exciting the two antenna elements separately as
shown in Figure 2. It is assumed that same amount of power is given to the two feeds.

Figure 2. Schematic of setup of conventional microstrip antenna array for mutual
coupling measurement.
The unit cell of the EBG structure is shown in Figure 3. Each star slot has eight
identical rectangles. The length and width of each rectangle is 8.5 mm and 1.5 mm. The
angle between two adjacent rectangles is 450. The centers of all the eight rectangles are
coinciding at the same point.

1,5 mm
Figure 3. Schematic of unit cell of star
slot EBG structure.

Figure 4. Schematic of star slot EBG structure.

The EBG structure used to modify the conventional two element antenna array
consists of a matrix of 4 rows and 7 columns of star slots.
The periodicity of the cells of the EBG structure along the x-axis and y-axis is 8.7
mm. Figure 4 depicts the EBG structure employed in the antenna array design.
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The finite ground of the two element conventional microstrip antenna array is
replaced with the star slot EBG structure depicted in Figure 4. Figure 5 depicts the two
element antenna array with star slot EBG structure loaded in the ground plane.

Figure 5. Schematic of microstrip
antenna array with star slot EBG structure.

Figure 6. Schematic of setup of
microstrip antenna array with star slot EBG
structure for mutual coupling measurement.

To determine the effect of star slot EBG structure on mutual coupling, the EBG
structure is incorporated in the finite ground plane of the two antennas fed separately as
shown in Figure 6.
Figures 7, 8, 9 and 10 depict the photographs of the microstrip antenna arrays.

a)
b)
Figure 7. Photograph of conventional microstrip antenna array:
a) front view; b) back view.

a)
b)
Figure 8. Photograph of setup of conventional microstrip antenna array for mutual
coupling measurement: a) front view; b) back view.
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a)
b)
Figure 9. Photograph of microstrip antenna array with star slot EBG structure:
a) front view; b) back view.

a)
b)
Figure 10. Photograph of setup of microstrip antenna array with star slot EBG
structure for mutual coupling measurement: a) front view; b) back view.
Results and Discussion
The performances of the two element microstrip antenna arrays without and with
star slot EBG structure are compared in terms of return loss, bandwidth, virtual size
reduction, mutual coupling, back lobe radiation and front to back ratio. Figure 11 shows the
graph of return loss and mutual coupling versus frequency of conventional microstrip
antenna array.
5

R e tu rn L o s s
M u tu a l C o u p lin g

Return Loss - S11 (dB)

Mutual Coupling - S21 (dB)

0
-5
-1 0
-1 5
-2 0
-2 5
-3 0
1

2

3

4

5

6

7

F re q u e n c y (G H z )

Figure 11. Graph of return loss and mutual coupling – S21 versus frequency of
conventional microstrip antenna array.
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Figure 11 depicts that the conventional microstrip antenna array is resonating at the
fundamental frequency of 5.53 GHz with a return loss of -21.23 dB. It is producing
bandwidth of 130 GHz. The bandwidth (%) is calculated by using Eq. (1).
100%

(1)

S-Parameters (dB)

Thus the bandwidth (%) of conventional microstrip antenna array is equal to 2.35 %.
The mutual coupling parameter measured is S21. From Figure 11 the value of mutual
coupling at the resonant frequency of 5.53 GHz is -17.83 dB. The mutual coupling value is
high as it is greater than -20 dB. Figure 11 also shows that the plots of return loss and
mutual coupling are crossing each other at the resonant frequency of 5.53 GHz. This implies
there is huge amount of interference between the transmitting element 1 and the receiving
element 2 of conventional microstrip antenna array. Thus there is improper transfer of
information between the transmitting element 1 and the receiving element 2 of
conventional microstrip antenna array.
Figure 12 shows the graph of return loss and mutual coupling versus frequency of
microstrip antenna array in the presence of star slot EBG structure.
Figure 12 shows that with the introduction of EBG structure in the ground plane the
microstrip antenna array is resonating at the fundamental frequency of 3.31 GHz with a
return loss of -14.66 dB.
Return Loss
Additional
harmonic
Mutual Coupling
0
frequency is observed at 5.53
GHz.
The
bandwidths
-10
measured at the fundamental
-20
and harmonic frequencies are
760
and
320
MHz
-30
respectively.
Hence
the
-40
overall
bandwidth
(%)
-50
obtained is 25.18 %. As the
bandwidth (%) of microstrip
-60
antenna array with EBG
1
2
3
4
5
6
7
structure is greater than that
Frequency (GHz)
of conventional microstrip
Figure 12. Graph of return loss and mutual coupling – S21
antenna array, hence the
versus frequency of microstrip antenna array with star slot
microstrip antenna array with
EBG structure.
EBG structure is a better
antenna than its opponent i.e. conventional microstrip antenna array in terms of bandwidth.
From Figure 12 the mutual coupling measured at the resonant frequency of 5.53 GHz
is equal to – 35.05 dB. Thus mutual coupling is lowered with the introduction of star slot
EBG structure. Moreover, the plots of return loss and mutual coupling are not overlapping at
the resonant frequency of 5.53 GHz indicating there is no interference between the
transmitting and receiving antennas. This implies there is better transmission and reception
of electromagnetic signals in microstrip antenna array in the presence of EBG structure.
Hence the microstrip antenna array with star slot EBG structure is a better antenna than
conventional microstrip antenna array in terms of mutual coupling.
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Moreover from Figures 11 and 12 we see that the microstrip antenna arrays in the
absence and presence of star slot EBG structure are producing fundamental resonant
frequencies of 5.53 and 3.31 GHz respectively. With the introduction of star slot EBG
structure, the fundamental resonant frequency of conventional microstrip antenna array is
decreased to a lower value of 3.31 GHz. This reduction in resonant frequency contributes to
virtual size reduction. Virtual size reduction (%) is calculated by using Eq (2).
100

(2)

In Eq. (2) f1 and f2 are the fundamental resonant frequencies in the absence and
presence of EBG structure. Hence the virtual size reduction (%) produced by microstrip
antenna array with star slot EBG structure is 40.14 %.
The radiation plot also provides valuable information regarding the performance of a
microstrip antenna array. The radiation pattern plots of the microstrip antenna arrays
without and with star slot EBG structure are depicted in Figure 13.
The backward power
is measured at the angle of
Without EBG
90
With EBG
2700 and forward power at
1
120
60
0
-1
the angle of 900. The
-2
-3
amounts of back powers
-4
-5
30
150
radiated without and with
-6
-7
-8
star slot EBG structure are
-9
-10
equal to -4.18 and -6 dB
-11
-12 180
0
-12
respectively. These values
-11
-10
show that there is a
-9
-8
-7
considerable decrease in the
-6
330
210
-5
back lobe radiation in the
-4
-3
-2
presence of EBG structure.
-1
0
240
300
The microstrip antenna arrays
1
270
in the absence and presence
Figure 13. Graph of radiation plots of microstrip
of EBG structure are radiating
antenna arrays without and with star slot EBG
almost equal powers of -1.31
structure.
dB in the forward direction.
As the microstrip antenna array with EBG structure is producing lesser backward power
compared to that without EBG structure, hence radiation characteristics of the microstrip
antenna array are improved with the introduction of star slot EBG structure.
The parameter front to back ratio is calculated by subtracting the back lobe radiation
from the forward power. Thus the front to back ratios of the microstrip antenna array in the
absence and presence of star slot EBG structure are 2.87 and 4.69 dB respectively. As front
to back ratio of microstrip antenna array in the presence of EBG structure is greater than
that without EBG structure, the modified microstrip antenna is a better antenna that its
counterpart in terms of front to back ratio.
Conclusion
In this paper, the study of performance of two element antenna array without and
with star slot EBG structure is performed. With the finite ground plane replaced with the
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EBG structure, the two element antenna array has performed better compared to its
counterpart in terms of various parameters. With the reduction in mutual coupling, there is
a better isolation between the two antenna array elements. With the etching of EBG
structures in the ground plane, the antenna array is resonating at dual frequencies with an
overall bandwidth of 25.18 %. The decrease in the back lobe and greater value of front to
back ratio confirm the better radiation characteristics of the antenna array with EBG.
Therefore the microstrip antenna array with star slot EBG structure is a better candidate
than conventional microstrip antenna array.
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Abstract. The paper discusses the importance of contemporary electronic systems with the
focus on the development of distributed electronic equipment. In this context the devices,
potentially members of an Internet of Things (IoT) network, are part of a complex
distributed electronic system organized in an IoT network dedicated to solving a specific
problem. The paper proposes a concept of a distributed electronic system, consisting of a
sub-components collection of the electronic devices placed on specific Cartesian
coordinates. Furthermore, it is presenting a case study of the operation for a distributed
electronic system, which is scanning environmental parameters such as temperature,
humidity, CO2, noise, brightness, or others. The proposed system consists of a set of
electronic devices equipped with sensors for measuring the environmental parameters and
communication modules to send the data collected to the IoT type network. The system
stands for an analogy of a camera where every pixel collects environmental data at specific
coordinates, where the collected pixels construct a 2D image, the uncovered areas are
obtained by interpolation from the nearest sensors. As a result, a 2D image is obtained,
which represents a map of the specific area in the selected parameter, such as the
temperature distribution map, brightness, CO2, motion, noise, or another parameter,
depending on the type of sensors available on the scanning devices. Based on this concept,
a prototype of a distributed electronic system, interconnected via an IoT network, was
developed, following the ZigBee technology. It is capable of collecting 2D images of a
predefined area in several parameters such as temperature, brightness, CO2, motion, noise,
simulating a "video" camera on these parameters.
Keywords: autosar, architecture, device, electronic, environment, IoT, layer, map, network.
Introduction
The Internet of Things (IoT) represents a network or system of physical objects devices, buildings, automobiles, household items and other electrical and mechanical units,
biological, chemical and optical systems incorporated with electronics, software, sensors,
and the network connection, allowing these devices to communicate with each other and
exchange data. Thus, this system allows us to monitor the status of these devices, to
remotely control them, program their behavior, and obtain notification messages for certain
target events.
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A short history of IoT
The concept of an intelligent network of devices appeared in 1982 at Carnegie
Mellon University, where a Coca-Cola sales car became the first general-purpose device
connected to the internet, which could report when the bottles were sold and if the drink
has cooled [1]. In 1991 Mark Weiser in his paper "The Computer of the 21st Century" [2]
discussed a modern vision of the concept of the Internet of Things, which was further
developed in the paper "From The Internet of Computers to the Internet of Things" by F.
Mattern and C. Floerkeimer [3].
In 1994 Reza Raji described this concept as "sending small packets of data to a large
number of nodes in a network in order to integrate and automate as many things as
possible, starting with things from home to whole plants [4]. The concept of the Internet of
Things became famous in 1999 through the Auto-ID Center1 at MIT and other various
media publications. The popularization of the identification of objects using radio
frequencies (RFID2) was also proposed. Thus to any object can be attached an RFID tag,
which consists of an antenna with a microprocessor and little memory for the storage of the
unique identification code so that any food item, device, clothing can be uniquely identified
with the help of a radio transmitter-receiver system.
Besides RFID, other technologies such as bar code, QR code are used. According to
the latest OECD report in 2015, the number of online IoT devices is growing continuously,
so South Korea has about 37.9 devices per 100 people.
The Internet of Things technology has various applications and offers enormous
opportunities for continuous development and implementation of these systems. Thus,
Gartner Inc expects about 26 billion Internet-connected devices by 2020 [5], and ABI
Research raises this figure to 30 billion [6], a figure well beyond the world's population.
These integrated devices with limited processing and memory resources have practical
applicability in many systems, starting with the acquisition of data from natural ecosystems
and ending with smart house systems, factories, nuclear power stations, and others. These
systems can be used not only for data collection but also for different processes monitoring.
Some IoT solution examples
Among the examples with an enormous potential of IoT systems can be considered:
 Intelligent shopping systems - can monitor items purchased for different users by
analyzing the social profile and building recommender systems to give custom future
offers, based on criteria such as the place where certain items can be purchased, the
most reasonable price, the best quality.
 Smart Fridge - incorporation of smart devices and the network connection of a
refrigerator. Some solutions are already existing, such as Samsung[7]. The smart
refrigerator allows users to always be up to date with the available products.
 Data acquisition systems in the environment on large surfaces - this is a vast area of
use of these devices used to monitor parameters such as temperature, humidity, the
concentration of different types of gas, vibrations in the earth's crust, wind speed
and many others. That allows performing statistical analysis, weather forecasts,
qualitative assessment of the ecosystem, all directly online on a web page or on any
smartphone, accessible in the all-around world (with access to the internet).
 Coordination of activities - IoT systems can be used for enterprise management to
identify when employees enter or leave the office, and calculate their total working
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time, or on a larger scale, monitoring the activity of individuals to manage the
human resources efficiently. Another application of this method can be regulating
traffic jams. For example, the creation of a network of devices to identify cars and
the vehicle flow can be used to calculate and redirect the flow in real-time using
various mathematical models. That allows us to minimize congestion and increase
efficiency.
Medical systems - IoT devices can be integrated into various medical devices. As an
example could serve an embedded system of biological sensors that monitors blood
pressure, by creating the ECG diagram over time, acquiring data on unique
biochemistry, hormonal status, and more.
Smart House - incorporation of smart devices in the home and household devices,
with various applications at hand such as:
o Video monitoring
o Monitoring the total and individually consumed energy of each device
o Data acquisition of the room temperature, the concentration of diverse types
of gas in the air.
o Fire safety and alarm systems
o Connecting and disconnecting remote devices

It can be noted that the concept of the Internet of Things brings many opportunities
for application development. Some of the solutions are not yet implemented in practice.
This fact gives today's technology an enormous potential, and a lot of solutions and
implementations are expected to emerge. That will lead to a tremendous impact on all
aspects of human life. Notably, along with their wide acceptance, this type of system will
become increasingly affordable.
The development in the time of the various applications of the Internet of Things is
represented in Figure 1.

Figure 1. Development of IoT technologies in time [8].
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IoT System main component overview
The essential components of an IoT system for the full functioning of data collection
and control devices through the Internet are:
 The object - the physical entity to be controlled and to gather data. It is usually a
device, which has an electronic communication interface or other methods by which
data can be collected and over which various control mechanisms can be exercised.
 Microcontroller - a microprocessor with integrated chips used to carry out the
program of control, along with data collection, processing, and transmission to
further components.
 Gateway - a sophisticated device whose purpose is to collect data from multiple
objects (via microcontrollers), logically aggregate, processing and transmit it for
storage and processing to the Internet network.
 Internet - the global data transmission network, which, from the IoT perspective,
allows us to monitor and control devices remotely.
 Client - the interface through which the user with internet access can communicate
with the devices, either from a computer, smartphone and so on.

Figure 2. The main components of an IoT system [9].
IoT systems are subject to two main constraints to be feasible: cost and
performance. This induces a wide range of requirements and principles regarding the IoT
systems, targeting their design and organization, and these are:
 Identity - each device must be uniquely identified. This assumption is trivial for the
correct function of these types of systems.
 Security - devices must securely transmit data, using authorization mechanisms.
Security is tremendously essential for many aspects of the system: starting from
system functioning to users’ data privacy and protection rights to users’ safety and
even life.
 Independence and interoperability - devices must be independent. If one device is
out of operation, it must not have a decisive influence on the operation of another
device. They must also communicate through a well-defined and standardized
protocol to ensure the interchange and interoperability of the devices.
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Low power consumption - this is an essential criterion for small data acquisition
devices. Low power consumption will ensure long battery life, thus ensuring cost
efficiency.

Communication protocols requirements
Depending on the application, there can be a wide range of requirements for data
transmission. That can be achieved through several communication protocols based on the
purposes and subject conditions. Some examples of requirements for communication are
provided in table 1. As can be seen, in all applications, security represents the essential
task. However, many applications have different needs regarding the required latency or
speed of transmission, so IoT systems must be compatible. Regardless of the technologies
and methods applied in a system, each application should be able to communicate
efficiently to all the other components.
In many cases, the security of transmission is not crucial, for example, audio and
video transmission should have low latency and high transmission speed, but if some
information is lost on the road, this is not critical, and that is why IoT systems must support
different protocols, including TCP / IP, UDP. For example, using the UDP protocol, there is
no retransmission of messages to detect transmission errors, so in a high-noise
environment, the messages will not be relayed many times, so the tape will be used very
efficiently, which is not valid for the TCP in this case. There are also higher-level protocols
such as SSH (Secured SHell) or HTTPS (HyperText Transfer Protocol Secure), and these can
be used to ensure the security of data transmission by using encryption.
Communication requirements for applications
Communicatio
Power
Latency
Security
n speed
consumption
Biomedical
systems
Automotive
Audio
transmission
Video
transmission
Home
appliances

Table 1
Communicat
ion quality

Middle

High

High

Middle

High

Low

Middle

High

Middle

High

Low

High

High

Middle

Middle

Low

High

High

Middle

Low

High

Low

High

Middle/
High

Middle

In this paper, we present the architectural principles and the concept of building an
electronic device part of an IoT system, which contains the generic components such as
sensor, actuator, user interaction, communication, database, and power management.
The basic functionalities within the system are presented, and these are data
acquisition, conditioning, processing, diagnostics, and reactions.
At the application level, a system is built for collecting environmental parameters
from different devices of an IoT system. Its novelty is that it acts as a distributed electronic
device. Based on the acquired results, a map of the environment is obtained in the selected
parameter.
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Materials and methods
For the design of the proposed system we have used several basic notions regarding
the conceptual and architectural design of the systems of an IoT type network, presented in
this paper, as well as the use of ZigBee networks.
An Internet of Things (IoT) network can also be viewed as part of a complex
distributed electronic system, in which the network replaces the wired connections for
signal transmission, Figure 3.

Figure 3. Spread out electronic device with IoT type interconnections.
System level-wise, we abstract from any implementation details, either mechanical,
electrical, software, or of any other kind. We only consider the system as a set of
components and the distribution of transfer function among them.
The generic architecture of an IoT device
Certain functionalities of the system can be viewed as generic components, which
usually are present in standard systems. These components contain problem-specific
functionalities. Examples of such components can be Acquisition, Actuation, User
Interaction, Communication, Database, Power Management, Basic Software, and Operating
System components, Figure 4.
Considering all the assumptions, we propose the following architectural diagram of
an IoT connected device:

Figure 4. The generic architecture of an IoT Device.
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Figure.6 includes two aspects. The first one consists of interaction parts, which are
the environment and the communication network between the user and the devices. The
second aspect consists of the components that are part of the device structure. These are
Sensors, Actuators, User Interaction, Database, Power Management, Communication.
AUTOSAR Layered architecture
An excellent example of a well-defined architecture is the AUTomotive Open System
ARchitecture (AUTOSAR) concept that is the basis for the development of the new modules
in automotive systems and stands for the newest worldwide automotive trend. AUTOSAR
standard defines the reference architecture and method for the development of automotive
software systems and supplies the language (metamodel) for their architectural models. It
also specifies the architectural modules and functionality of the middleware layer known as
Basic Software (BSW).[10]
The concept is abstracting the electrical equipment through a specific layer called
Runtime Environment (RTE) so that the application (ASW) does not consider the type of
equipment or the location of the required resources. The duty of ensuring the necessary
functionalities and connectivity is transferred to BSW Figure 5.

Figure 5. AUTOSAR component interaction concept [10].
Inspired by the AUTOSAR concept, it is proposed that the components of the Sensors
and Actuators class, including the User Interaction that in the AUTOSAR architecture, are
part of the Application Layer, to be generalized in a group so-called Extended Software
(ESW). That provides an abstraction for most of the generic architecture components
proposed in this work.
ZigBee network communication
For the project presented in this paper, ZigBee technology was chosen.
ZigBee is a specification defined in IEEE 802.15.4 for a range of communication
protocols intended for a large number of devices (up to ~ 65000) in a network, with low
power consumption so that the devices can operate for a long time using only one small
power source, such as a battery. The basic topology of the ZigBee network is mesh, but it
can operate on other types of networks such as star or tree. The essential advantage of
ZigBee is its low power consumption, efficient bandwidth usage, and is an ideal solution for
IoT, but the most significant disadvantage is the higher cost of the devices at the moment,
which is mostly due to the license required to produce them. ZigBee typically uses 2.4 GHz
radio, integrating everything with microcontroller and memory for storing instructions and
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data, using as few analogs and more digital floors as possible to minimize power
consumption. The high cost is due to the requirements of the process of validation of
ZigBee systems and their qualifications.
The standard transmission rate is low, somewhere 250 kbps for 2.4 GHz at a 10-20 m
distance.
The current ZigBee protocols support two modes of network operation, with active
and passive radio base.
In the active one, the routers periodically transmit radio signals to confirm their
presence in the network, so that the nodes can be in sleep mode in the intervals between
the beacon signals, thus reducing the power consumed. In those with passive beacons, a
channel with the CSMA / CA protocol is always used, so routers do not transmit beacon
signals, but require the nodes to be active.
This has a disadvantage because of high energy consumption, but the essential
advantage is the possibility of using heterogeneous networks in which some devices always
transmit and others very rarely. See Figure 6 for the network conceptual diagram.

Figure 6. The ZigBee network and its components [11].
Results and discussions
Within the research works a system was designed for monitoring the environment
according to the parameters of temperature, humidity, presence detection, brightness,
noise, CO2 detection.
For the system architecture definition, the concept of a layered architecture
organized in stacks was used. This will allow better project organization, as well as the
reuse and extensibility of the system components.
System Concept
The purpose of the system is to collect environmental data from devices located at
different geographical coordinates.
The data will be stored on a server dedicated to the system, with the possibility to
view the data both on display from the component of the server device, and also accessed
through the Internet from a web page, hosted by the dedicated server. The system-level
architecture is shown in Figure 7.
Each of the devices is responsible for the data collection in the area where it is
located, and the data will be processed by other systems for which this data is of interest.
In the application analyzed in this paper, the data are collected in order to achieve a
climatic variation on various parameters.
However, it is possible that this data can be used for other purposes, such as
performing a reaction to intervene in the area of interest.
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Figure 7. The general architecture of the system.
Acquisition devices
Following the System Architecture, the Devices were designed according to the
principles described in the previous section.
Structurally, each component of either sensor or communication will be realized as
following the concept of the generic component present in this work. Respectively, each of
the components has a stack divided by layers, which provides the application with many
services through the RTE interface. As a whole, the device will have the following structure
shown in Figure 8.

Figure 8. Layered architecture of the IoT device.
Journal of Engineering Science

December, 2019, Vol. XXVI (4)

A. Bragarenco, G. Marusic

97

Functionally, devices collect data about the environment and transmit it to the IoT
network. On the control side, minimal functionalities are realized, the environmental
diagnoses are signaled sequentially to an RGB LED, where each of the eight primary colors
indicates a threshold diagnosis on a specific parameter. The button on the device has the
function to send an identification signal, used to configure the system
The data flow and the control signals are presented in the functional diagram of
Figure 9.

Figure 9. Functional & dataflow diagram for the IoT device.
Devices are built for low-cost reasons. From the electrical point of view, devices
contain a minimum collection of components - sensors, low-cost microcontroller, ZigBee
communication mode, button, RGB led. These constraints require that the conditioning
functions be performed in the software domain.
For the demonstrations, a prototype was built and is presented in Figure 10.

Figure 10. IoT device prototype for environmental data acquisition.
Journal of Engineering Science

December, 2019, Vol. XXVI (4)

98

Internet of things system for environmental map acquisition

Acquisition server coordinator
In the implementation presented in this paper, the acquisition server through the
Zigbee network works as a ZigBee Coordinator (ZC), the central node in the network, from
which all the devices connected to the network are accessible.
Structurally, the implementation is a complete system, especially on the part of
sensors connectivity due to the architectural concept, where the sensor services abstract
the sensor components. In the case of the acquisition server, the data flow from the sensors
is directed through the communication module, and respectively the data requests from the
sensors are replaced with requests to the network. From the application point of view, the
data access from the service layer through the RTE, the sensors are seen as if they are part
of the given equipment.
In Figure 11 is presented the system architecture of the coordinating server,
including the representation of the lower level of the sensor stack, along with the linkage
between the sensor services and the communication services.

Figure 11. Layered architecture of the IoT server.
Another feature of the server for acquiring environmental data through the ZigBee
network is that it can communicate with the regular Internet network through the WiFi
network. In the architecture, it can be observed that the TCP / IP communication stack with
all the components for the LAN / WAN access is included among the communication
components. Functionally, the coordinating system, as it can be seen in Figure 12, does
implement the data flow from the network of interconnected devices through the ZigBee
technology to the Global Network with local functionalities for data representation in an
interpolation map and real-time monitoring of a selected sensor.
Due to the sensor abstraction in the sensor service layer, the application uses the
data from sensors as if it would be directly connected to the equipment on which it runs. It
implements the concept of Distributed Electronic Circuit, which is proposed in this paper.
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By accessing the Global Internet Network through WiFi, the coordinator server acts
like a Gateway connecting the IoT network through the ZigBee technology. That performs
the acquisition services outside the acquisition network as well.

Figure 12. Functional & dataflow diagram for the IoT server coordinator.
The implementation of the prototype for the Coordinating Server was implemented
on a development board, which has onboard different types of Wireless connections.
Besides the fact that the processor has a moderate performance, on this platform the entire
architecture mentioned above was realized according to the principles described in this
paper, the functionalities of interaction with the user, the interpolation of the map, and a
Web server, to access the data from the global network, Figure 13.

Figure 13. IoT server prototype for snvironmental data acquisition.
Web service
For the prototype phase, the web service on the coordinating server provides a
simple page, duplicating the functionalities realized in the interaction with the user on the
equipment running the Server for selecting the visualized parameter, and real-time
monitoring of the data from the selected sensor, Figure 14.
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Figure 14. Web service for environmental data acquisition.
Interpolated map on a parameter layer
Each of the devices engaged in the acquisition of environmental data is located at
specific physical coordinates of the environment, providing information about the collected
environment collected from the area in which it is located. Referring to the idea of
constructing an environmental map in the specific parameter, we encounter the problem
that the collected information defines only specific discrete points in the area of interest.
In order to achieve a continuity of the environment map, a 2D interpolation was
applied using the weighted arithmetic mean method. That is, each indefinite point is
calculated based on the other defined points, the weight of the value of each being
proportional to the inverse of the distance, proximity to this point. In this way, based on the
values collected from the network devices, and the scan line method, the non-coverage
areas are restored by neighbor sensors Figure 15.

Figure 15. Interpolation method for 2D map building.
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The given approach is a relatively simple method for obtaining a map on a
satisfactory accuracy. For greater accuracy, it would be necessary to increase the number of
acquisition devices, but also the choice of a more sophisticated method of interpolation
calculation, which would increase the performance requirements of the data processing
device and display the map.
Tools and methods
For the realization of the system there were used the design tools with free licenses.
The IDE used is Eclipse, GCC compiler, GIT versioning system. The implementation was
done in the C language for the embedded systems methodology. For the server was used
the methodology of implementation with Javascript.
System operation
The operating mode with the system is a simplistic one. The setup consists of the
acquisition devices distribution in the coordinates of interest, and the registration of the
coordinates in the system on the device as a transmitted parameter and on the coordinating
server.
From the user interface of the Coordinating Server, the parameter layer for
visualization on the map can be selected by control buttons, as well as the device for
viewing the data in real-time.
Similar is the operation mode from the web page provided by the Coordinator server.
Applications and Use cases
Typical applications for the use of this system are monitoring an area for
environmental monitoring purposes and detecting special situations. Each of the
monitoring layers provides information specific to the parameter on which it monitors. As a
typical application, the security of a room can be analyzed. So:
The PIR sensor layer will track the authorized or unauthorized access in a designated
area as well as the moving track of an object in the area.
The temperature monitoring layer will provide the temperature distribution map,
from which can be extracted information about the temperature drops due to an open
window, or the signaling of excessive temperature due to a fire source.
The brightness layer will provide with information about the level of light in the
room, which can be used to ensure the working norms from the point of deviation of the
amount of light needed for human activity, to detect defects in the lighting, as well as to
identify situations in which somebody forgot to turn off the light for energy saving.
The noise layer will detect if the environment complies with the legal norms from
noise, but also detect specific incidents such as breaking the glass or falling objects.
The CO2 sensor layer will be used for the detection and monitoring of air quality in
the area of interest, as well as signaling potential sources of fire or excessive smoke, for
example, unauthorized smoking in the rooms.
The humidity layer can be used to monitor the quality of the environment to ensure
working standards for in-room staff.
It is also possible to merge the mentioned layers in order to provide specific
diagnoses and to detect more complex situations. For example, a fire can be detected by
the CO2 sensors, luminosity, temperature, and humidity, a closer analysis of these
parameters could give more detailed information about the incident.
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In case of detection of certain irregularities, it will be signaled with a report about
the situation that will contain which parameter is detected, the coordinates, and proposals
for solving the problem.
Conclusions
By the concepts presented in this paper, a methodology and design process was
established that resulted in a modular system. It was proposed the reuse of the designed
and applied components to the processing of a specific signal also for the other signals.
This principle allows even the existing system to be extended to other parameters of
interest, by adding a sensor and configuring the system to treat the signal source, similar to
the existing ones.
A study was performed in order to identify a generic method for a system definition
based on layered principle for a Spread out the electronic device as an IoT system.
A generic architectural concept was proposed for a device definition, as well as a
layered architecture for a sensor actuator component was defined that will be developed
continuously for so called Extended Software (ESW) stack components as the extension for
an AUTOSAR like architectural concept.
An acquisition system was developed for Environmental map Acquisition, following
the proposed methodology, the same will be developed for the Actuator part, for Industrial
Internet of Things (IIoT) system concepts where devices are collaborating for executing an
industrial process.
An interpolated map, 2D image, obtained from a collection of devices distributed on
specific coordinates.
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Abstract. The paper deals with the research results of relation between stress resistance
level and attention parameters influenced by visual factor of stress. Within the study there
was used a modified Landolt ring correction test and the Cohen-Williamson self-assessment
method of stress resistance. The relationship between stress level and quantitative (SK) and
qualitative (SV) change in the errors percentage of probationers was established. The
boundary values of the stress factor parameter were set based on the error rate change (SV)
to determine the stress tolerance level. Preliminary results of proposed methodology
application for assessing the influence of stress factors on the attention parameters indicate
the simplicity of its use and ease of data processing.
Keywords: stress factor, stress tolerance, proofreading test "Landolt Rings", the self-assessment
of stress resistance of Cowen- Williamson, attention parameters.
1. Introduction
Stress tolerance is an important quality, which is necessary for workers in many
occupations. The number of situations when person needs to perform his work effectively in
conditions of heightened stress level is increasing. As a result the parameters of specialist’s
cognitive processes, particularly memory and attention processes, are changing. Therefore,
there is a topical opportunity to determine the stress tolerance level of workers in various
occupations qualitatively and timely.
A large number of methods for stress tolerance determining are developed. There are
based on the results of tests and personality questionnaires techniques that assess the
person’s psychophysiological state [1]: Minnesota Multiphasic Personality Inventory (MMPI),
as well as its modifications in the form of a standardized method of personality researching
and derived from it methodology types of assessment of psychological instability
“Forecast”; the Cattell's sixteen personality factor questionnaire; the Cowen-Williamson's
self-assessment method of stress tolerance [2] and others. There are techniques which
assess the physiological response to stress: assessment of hemodynamics with the help of
psycho-emotional stress test “mathematical calculation” [3]; cardio-respiratory
synchronization test [4]; methods for determining the functional state of operators [5] and
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others. Numerous data that indicate the ambiguity of the estimates, which are obtained by
methods that use questionnaires and tests, as they are often too subjective have been
accumulated [6]. Methods for determining the person‘s psycho-emotional state according to
hemodynamic or cardio-respiratory activity show good results, but they require expensive
equipment. It complicates research of stress tolerance level in large quantities.
Thus, there is an urgent need to create an effective methodology for assessing stress
resistance, which does not require any expensive specialized equipment both for analyzing
the human’s state and for generating of stress factors of various types [7, 8].
Since the attention characteristics are very sensitive to stressful situations [9–11], it
was decided to test the possibility of using this effect to assess the influence of stress
factors on probationers. Previous studies [10, 11] showed deterioration of the attention
stability when a sound stress factor influences. It is proposed to investigate the degree of
the generated impact in special software visual stress factor on the parameters of a person’s
attention. It is also required to prove the possibility of applying a modified research method
using the Landolt ring correction test [11] to assess the stress tolerance level. To do this, it
is necessary to compare the data, which is obtained with using this technique and results of
questioning of probationers in order to determine their psychological stress tolerance level.
The purpose of the research is to develop an algorithm, a software and a
methodology for assessing stress resistance.
2. Experimental technique
The visual stress factor is represented by change in the background color of the work
table of the rings from white to red with a frequency of 2 Hz. It should be noted that the
application of visual impact is difficult if the probationer has symptoms of photosensitive
epilepsy. However, the applied frequency of changing of screen color lies outside the
dangerous range of 5-30 Hz, at which there is risk of an epileptic attack [14]. Nevertheless,
for security reasons, a warning message is presented before the visual impact. Also, the
specialist, who is conducting the study must verify the absence of symptoms of
photosensitive epilepsy during the research.
For each probatione with an interval of 30 seconds, the following parameters were
recorded, calculated and stored: the number of viewed rings (N, pcs.);the number of
required viewed rings (M, pcs.); the number of correctly marked rings (B, pcs.); the number
of errors (O, pcs.); data processing rate (Q, bit / s); percentage of errors (K,%).
The number of errors (O) is the total number of incorrectly marked and missing rings.
The data processing rate Q (bit / s) was calculated by the formula [12]:
.

Q

∙

.

∙

.

(1)

The percentage of errors K (%) was calculated by the formula:
K

∙ 100.

(2)

For the segments “before” and “after” the beginning of impact of the stress factor,
the following factors were calculated:
– the average percentage of errors (Kav,%);
– the rate of change of the percentage of errors (VK,%/min.).
The average percentage of errors Kav (%) was counted for the time ranges “before”
and “after” the beginning of the impact of the stress factor using the formula:
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where n is the number of segments of 30 s in the period "before" or "after" the
beginning of impact of the stress factor.
The rate of percentage change of errors VK (%/min.) characterizes the change in the
number of made errors to the total number of viewed rings during the test. The least
squares method [14] was used to find formulas for approximation lines in the following
form: K a ∙ t b, where a is the line tilt, b is the offset. VK parameter is equal to (Figure 1):
V

(4)

a,

where a is the slope ration of the approximation line.

Figure 1. Illustration of the S and P parameters calculation according to the
approximation formulas.
Further, the total scores for the probationer were calculated:
– the level of impact of the stress factor according to the average percentage of
errors (SK);
– the level of impact of the stress factor according to the rate of change of the
percentage of errors (SV).
The level of the stress factor SK (%) impact reflects the deterioration of the attention
parameters under the influence of stress factor and is defined as:
S

K

K

,

(5)

where K
is the average percentage of errors “before” the beginning of impact of
the stress factor,%;
K
is the average percentage of errors “after” the beginning of impact of the stress
factor,%.
The level of the stress factor SV (%/min.) impact reflects the behavior of attention
parameters under the influence of a stressor:
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S

V

V ,

(6)

Where V is the rate of change in the percentage of errors “before” the beginning of
impact of the stress factor,%/min;
V is the rate of change in the percentage of errors “after” the beginning of impact
of the stress factor,%/min.
This is followed by the second stage, where probationers were divided into 3 groups
according to the results of passing the questionnaire using the Cowan-Williamson method
[2]. The questionnaire consists of 10 questions with formatted answers. Each answer is
estimated from 0 to 4 points. After the summation of points probationers’ stress tolerance
level is defined to be high (0-13 points), medium (14-26 points) or low (27-40 points).
According to the results of the two stages, indicators of the average percentage of
errors and the sum of the rate of change in the percentage of errors are determined for the
“before” and “after” the beginning of impact of the stress factor periods. These indicators
are characteristic of each stress tolerance level group of probationers.
3.
Results and its discussion
Research was conducted in two stages. 1) Testing of probationers according to the
method of assessing changes in the attention parameters under the influence of a stress
factor and using the Landolt ring correction test [12]. 2) Questioning of probationers
according to the Cowan-Williamson method [3] to determine the stress tolerance level.
The probationer is presented with a randomly generated table with Landolt rings;
3000 rings must be viewed in 10 minutes. The probationer finds and marks the rings with
the given break position; the number of such rings is about 10% of the total. The total
number of rings is chosen in such way that the probationer, even with a very high data
processing rate, doesn’t have enough time to look through the entire table [13]. The tests
are divided into 2 time intervals of 5 minutes each: the first is working in a calm
atmosphere, the second one - under the influence of a visual stress factor. The algorithm for
testing under stress factor conditions is developed (Table 1).
Probationers were divided into 3 groups according to the stress tolerance level
according to Cohan-Williamson method: group 1 – high level, 7 people; group 2 – medium
level, 9 people; group 3 – low level, 4 people. Averaged parameters for probationers (table
2) and selected groups of probationers (table 3) are calculated. Figure 2 shows the dynamics
of changes in the parameters K (average percentage of errors) and VK (rate of change in the
percentage of errors) in the selected groups of probationers/
Table 1
The algorithmic diagram of testing under the stress factor
Work in a 1) Presentation of tables with Landolt rings to the probationer
calm
2) Determination of rings with a given break position
atmosphere
3) Calculation and saving of results
4) Determination of data processing rate
5) Determination of the percentage of errors
Work under 6) Presentation of tables with Landolt rings to the probationer
the influence 7) Determination of rings with a given break position
of a visual 8) Calculation and saving of results
stress factor
9) Determination of data processing rate
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Continuation Table 1
10) Determination of the percentage of errors
11) The calculation of the level of impact of the stress factor on the
average percentage of errors

Calculation
and
comparison of 12) The calculation of the level of impact of the stress factor on the rate of
results
change in the percentage of errors
13) Comparison of results
Table 2
The evaluation results of probationers attention parameters
Parameter

Stressor is absent

Stressor is present

Min.

Medium

Max.

Min.

Medium

Max.

1.34

1.72

2.48

1.35

1.8

2.69

K, %

0

1.06

2.45

0.28

2.04

4.52

VK, %/min.

0

0.47

1.17

-0.54

0.1

1.11

Q, bit/s

SK, %

0.98

SV, %/min.

0.57

The evaluation results of attention parameters in selected groups of probationers

Table 3

Stress tolerance level
Parameter

Low

High

Medium

Quiet

Stress

Quiet

Stress

Quiet

Stress

Q, bit/s

1.59

1.99

1.82

1.78

1.64

1.72

K, %

0.469

4.48

1.25

1.75

0.46

0.91

VK, %/min.

1.04

0.64

0.44

0.15

0.15

-0.32

SK, %

3.01

0.5

0.45

SV, %/min.

1.68

0.59

-0.17

Research has shown a slight increase in the data processing rate Q after the
beginning of impact of the stress factor. This fact may indicate an increase in the
concentration of probationers attention to compensate a distraction factor. The average
percentage of errors K increased by SK = 0.98%, which reflects a general deterioration in the
stability of the probationers’ attention under the influence of visual stress factor.
The sum of the averaged rates of change in the percentage of errors SV = 0.57%/min.
It reflects the fact that the average percentage of probationers errors is increasing during
the test. In the group with low stress tolerance level there is an increase in the averaged
data processing rate. This change is significantly higher than change in the other two
groups. The fact suggests that the stress factor translates the body into a state of
excitement, in which concentration of attention and productivity should increase.
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Figure 2. Change of averaged parameters K and VK in the test groups with low (a),
medium (b) and high (c) stress tolerance level.
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However, this leads to an increase in the nervousness and to a deterioration of
concentration of attention of probationers. Groups with high and medium stress tolerance
levels are adapted to stressful conditions better. Probationers continued to perform tasks
evenly, which is expressed in a small change in the averaged index Q.
In the group with low stress tolerance level there is a significant increase in the
average percentage of errors after the beginning of the stress factor impact (SK = 3.01%).
This is much higher than the averaged indexes in group with medium (SK = 0.5%) and high
(SK = 0.45%) stress tolerance level. This fact confirms the hypothesis about the dependence
between the stress tolerance level and the increase in the probationer’s percentage of
errors. Indicators of the average rate of change in the errors percentage at calm atmosphere
and under the influence of stress also shows that in the group with high stress tolerance
level both the initial and final rates (0.15 and -0.32%/min.) are lower than in the group with
medium level (0.44 and 0.25%/min.), and in the medium level group rates are significantly
lower than in the low stress tolerance group (1.04 and 0.64%/min.).
It is also expressed in the averaged index SV, which is -0.17%/min. for high,
0.59%/min. for the medium and 1.68%/min. for low stress tolerance.
Thereby, a correlation between the parameter SV and the stress tolerance level of the
probationers, which had been obtained from the results of the Cowan-Williamson
questionnaire, was established. The results of the experiment allowed us to estimate the
maximum and minimum values of the parameters according to the result of the
questionnaire. Indicators, which in the best way characterize the dependence of the
attention parameters and the stress tolerance level of the probationers, are presented in
table 4.
Table 4.
The evaluation results of the attention parameters of individual probationers in groups
according to stress tolerance level
Stress tolerance level
Parameter

Low

Medium

High

Minimum

Maximum

Minimum

Maximum

Minimum

Maximum

VK, %/min.

0.16

1.17

-0.18

1.04

-0.54

0.42

SK, %

1.07

3.32

0.05

0.9

-0.45

1.23

SV, %/min.

1.41

2.02

0.02

1.4

-0.27

-0.12

According to the level of the stress factor impact and to the rate of change in the
percentage of errors (SV), the following can be determined: high stress tolerance with SV less
than minus 0.05%/min.; medium stress tolerance with SV from minus 0.05 to 1.4%/min.; low
stress tolerance with SV greater than 1.4%/min. Other parameters can be used in the
aggregate with the distribution according to the parameter SV - for more accurate
determination of the stress tolerance level of probationers. Thus, the results are consistent
with our hypothesis about the possibility of using a modified Landolt ring correction test to
assess the level of psychological stress tolerance. The experience of applying the developed
technique showed its ease of use. For testing users need a personal computer with installed
software. In most cases, probationers did not need additional instruction before performing
the work, and their actions corresponded to the specified test algorithm. Data collection,
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the calculation of the required parameters and the construction of graphs were carried out
automatically, which greatly simplified the processing of experimental results.
4.
Conclusion and development prospects
1)
It was established that the impact of the visual stress factor leads to an
increase in the average percentage of errors by 0.98%.
2)
The relationship between stress level and quantitative (SK) and qualitative (SV)
change in the errors percentage of probationers was established.
3)
The boundary values of the parameter of the impact of the stress factor
according to the rate of change in the percentage of errors (SV) to determine the stress
tolerance level of probationers are established: less than minus 0.05%/min. for high, from
minus 0.05 to 1.4%/min for medium and more than 1.4%/min for low level.
4)
Preliminary results of the application of the proposed methodology for
assessing the stress factors influence on the attention parameters indicate the simplicity of
its use and ease of data processing.
5)
The results of the research prove the possibility to use the developed
methodology for attention parameters assessment using the Landolt ring correction test for
diagnosing a person’s psychological stress tolerance level.
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Abstract. Germs will start their work once there is any kind of dust. In order to make the
residence as well as industry floors dustless this paper explores the functioning method of
a floor cleaner which significantly keeps healthy environments. It also gives a motivation
with increase enjoyment by making direct removal and floor cleaning, two in one model.
Prototype model was tested and is effective with less maintenance and long lasting. As
people are working both in office and at home this type of residential floor cleaner will be
a precious time saver. The strength of this model is that it keeps the floor clean and can be
operated much simpler than manual cleaning.
Keywords:

Arduino, Floor Cleaner, Bluetooth based, Prototype Model, Hygienic.

Introduction
Nowadays everyone in this world gives the first priority to neat and clean. Cleaning
the floor inside the house or outside is very important to stay healthy and wealthy. Like
washing machines, televisions and refrigerators, floor cleaners are essential appliances in
modern society [1]. Around two million tones are discarded every year on electrical and
electronic component by companies. Waste reduction agenda is a very good approach to
make good product for longer lifetime [2]. In UK 44% households regularly replace vacuum
cleaner [3]. In 2012 28 % vacuum cleaners were replaced, this is reported in [4]. Effective
cleaning and sanitizing helps directly or indirectly to protect human health. Better life time
means that it must be a suitable clean performance in any environment and it should be
economical for all scenarios.
In the advanced technology, many activities now become automated and easily
operated by Bluetooth as it is emerging wireless technology [5]. Nowadays starting from
children to old age people can easily operate the floor cleaning machine through a smart
phone. As well as the size is very portable, so any displacement can easily be possible. In
this paper we emphasize the Bluetooth can be used for a floor cleaning system and is
suitable for people of all ages and very useful in hospitals, houses or in industries.
As in case of larger floor area like in office and in industry a lot of workers are
involved to complete the floor cleaning task. So we can introduce such cleaner to make the
cleaning work more effective and efficient. This is also cost effective and less manpower is
required. Because nowadays the prime requirement for the common areas should be
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reducing interior floor dust. The prime focus is to reduce the burdens of life time with
maximum benefits from this floor cleaner.
Procedure for proposed system
The figure 1 describes the proposed system for innovative floor cleaning system.
As the overall system consists of four important roles like water dropping, brushing , wiper
and air blower. Figure 2 shows the different components connection while the wired
hardware implementation connection is shown in figure 3. The bottom view of the brush
connection is shown in figure 4 and the full skeleton of the model is in figure 5. In water
dropping system water tank is connected to horizontal holed pipe through water pump.
When the main switch is ON water from the tank is dripped out, 2 brushes are connected to
rotating 12V 500RPM motor. After water dropping, these 2 brushes wash the floor. These 2
brushes are continuously rotating to wash the floor.
Water is dripped out like irrigation system. The 30cm wiper is fitted to wash the wet
floor. Because of this wiper, it wipes out the floor deeply. The main and unique
compartment of the prototype model is the air blower which is fixed up with 775 motor and
is fitted to model which will desiccate the floor deeply.

Figure 1. Block diagram of proposed system.

Figure 2. Different components used and its connection in proposed system.
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System Design
Motor drivers supply the exact required power to the motors. It is a high voltage twin
H-Bridge factory only settle for commonplace TTL voltage levels. It drives forward and
reverse to perform with speed management like DC Motors, and Stepper Motors. The L298
accepts TTL inputs [6]. High performance can be achieved through brushless dc motor and
it performs well in controlling properly the vehicle [7]. Just like raspberry Pi [8], Arduino
provides smart performance. Using Bluetooth, smartphone can monitor and control
anything easily [9]. Arduino Uno has fourteen input/output digital pins and out of that six
are PWM outputs. For every application on internet there should require security [10]. Even
in medical field Robot Assisted Surgery using HC-05 Bluetooth Module [11]. The HC-05
module has six pins named as GND, Vcc, Key, TX, RX and LED. It will work as master and
slave mode. After proper establishment of connection it can receive and transmit data
according to the selected mode. Bluetooth chip has been used with Arduino which will
reduce the manual floor cleaning. Pairing between Arduino and Bluetooth module is
through mobile app i.e. Android app which will control the Bluetooth module and Arduino
uno. C language, which is used for Arduino and it is easy to implement. Arduino uno is the
complete package with a software burner, 5V regulator and a microcontroller, also Arduino
gives readers, designers and researchers flexibility like to easily use each and every
function the readymade available programs by downloading them from the Arduino
website [12]. The entire cleaning function can be handled with the Android mobile with
wireless Bluetooth module as functioning the system and reduce the manpower
requirement.
There are different reasons for floor cleaning
like as the prime parameter is to remove dirt,
obstructions and strains. Secondly, to remove sand and
grit which scratch and wear down the surface. Finally,
to maintain an optimum traction and lastly proper
environment sanitary. The indoor environment is the
most important area for the human life. As adults and
children spend more time inside homes, schools,
offices [13]. Sometimes houses with some small kind
of dust also can be toxic and become promoters of
diseases. As compared to adults, younger children can
be earlier and heavily effected by cardiovascular
disorders due to dust particles. As small children have
ingest significant of dust because of frequently taking
Figure 3. Circuit connection of
their hand-to-mouth activity it could make disorders in
proposed system.
brain growth [14]. To avoid all above, frequent house
cleaning should be required in apartments, residents, schools, offices, industries. In
Hospitals, Industry and in homes, it is recommended to reduce the effect of bacteria and for
this proper floor cleaning must be required. Proper floor cleaning can control these effects
and decrease its spreading. Here we have implemented spray, moist and wet mapping,
which are the primary requirements and effective to reduce bacteria and clean the floor
perfectly. Most of the occupants and all customers or any relatives were most satisfied with
good cleaning. For this also suitable flooring is an important factor in the building. Little
mobile guidance will help in monitored or one can say audited the cleaning work.
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Figure 4. Bottom view of brush
connection.

Figure 5. Skeleton of proposed model.

Figure 6. Side view and front view of prototype floor cleaner system.
Discussions
Effective cleaning also needs some parameters like cleaning equipment which needs
to be in good condition, cleaning technique must be in correct way, the person or staff
should know the procedure how to operate it. Also the same task may slightly vary in time
because of the different types of flooring. Factors to consider while utilizing any kind of
cleaning system as size of space to be cleaned because the entire house, a small apartment
is different if you have to clean the stair parts of the building, also the the noise while
operating, Storage also makes the system bulky and determines the cleaning capability.
Nowadays most of machines are easily operated just like automated with advance
technology and easily handled with the IOT platform.
Conclusions
The routine based on regular cleaning will make the environment healthy and safety.
This study attempted to inform that one can easily clean the floor with the help of mobile
and Bluetooth module. With the current market scenario this automated type floor cleaner
will provide the best functionality and make more comfort in the cleaning process. Without
depending on human cleaning efforts, proposed floor cleaner makes the life easier within
the cleaning process. This type of cleaner will have more features and requires to be
applicable to industries as well as in hospitals. Properly cleaning activities will also prevent
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from different infections. Workers from different occupations perform the cleaning job
easily. As the cleaning task is frequently a requirement as well as manpower for this
cleaning work requires long time, the proposed floor cleaner system will have the potential
to come over and be a very good healthcare product. So one can go for this system cleaning
activity and get benefited from its cleaning potential. Specifically it will help physically
more disabled individuals.
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Abstract. Ice cream is a highly complex food matrix that generally comprises a mixture of
ingredients: air, water, milk fat, milk solids-not-fat, sweetener, stabilizer, emulsifier and
flavoring agents. To improve the quality of ice cream, it is required to obtain the optimal
formulation and processing parameters. To obtain a product with well-determined
technological, organoleptic and physico-chemical properties is important to choose a right
stabilizer. This paper presents quality indices of gelato manufactured from natural
ingredients and the basic stabilizer, gelatin, is replaced in proportions of 25%, 50%, 75%
and 100% with spirulina. The use of spirulina contributes to the improvement of the
nutritional and biological value of the new product. With the increase of the spirulina
concentrationin the product, the characteristics for the organoleptic indices, especially the
natural green color are improved. The chemical composition of ice cream is improved, by
increasing the iron content from 2.68 to 3.63. The addition of mineral salts with the
increase of the spirulina content in gelato leads to the increase of the cryoscopic point of
the finished product. The degree of beating, overrun, penetration's value increases and the
viscosity values decreases.
Keywords: dairy desert, ice cream, stabilizer, gelatin, spirulina, quality indices, nutritive value,
biological value.
Introduction
Ice cream industry has improved a lot in recently due to the consumer preference.
Ice cream is a popular frozen dairy product and is made using milk, cream, milk powder, fat
sugar, emulsifiers, stabilizers, fruits, nuts, candies, jams, plants, colouring, flavouring and
sweetening agents, [1, 7]. For that reason, different types of ingredients including; fruits,
fruit juice, herbs, probiotics and some other additives were used for the production of ice
cream, [2, 3, 7]. These ingredients provide important nutritional and health benefits to the
ice cream due to minerals, vitamins, fibers, antioxidants, natural colorants and flavours
[4, 7]. Nowadays different types of ice creams are sold in markets and bakeries. Also, new
types and formulations are desired to be found on markets by consumers, [5, 6, 7]. An ice
cream-like product is gelato, from Italy, it means "frozen" and refers to a type of soft, dense,
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low-fat ice cream, which has traditionally been made from milk, sugar and other fresh
ingredients, such as fruit or nuts, [7]. It is important that small producers understand how to
develop new ice cream mixes to meet changing customer demands. ‘Balancing’ the mix
involves maintaining the correct balance between:
 Fat and sugar which controls the ‘fattiness’ of the product in the mouth.
 Water and solids which controls the texture or hardness/softness, [8].
Ice cream is a nutritious, healthful and relatively inexpensive food, supplies
approximately 200 calories, 3.99 g protein, 0.31 g calcium, 0.10 g phosphorus, 0.14 mg iron,
548 IU vitamin A, 0.038 mg thiamine and 0.23 mg riboflavin (Arbuckle, 1986). The quality of
ice cream depends upon the ingredients used; suitable stabilizer is the most important, [9].
Consumer acceptance of ice cream depends largely on its structure, textural quality,
resistance to melting and flavor.
Examples of ice cream mixes are shown in table 1, [8].
Table 1
Ice cream mixes
Component
Hard ice cream
Low-fat ice
Soft-frozen
SuperStandard
Premium
creams %
ice creams %
premium
brands
brands
brands
15.0 - 18.0
12.0 - 15.0
10.0 - 12.0
3.0 - 8.0
10.0 - 10.0
Fat
11.0 - 9.5
11.0 - 9.5
11.0 - 9.5
12.5 - 12.0
13.0 - 11.5
Milk Solidsnot-fat
10.0 – 15.0
10.0 – 15.0
13.0 - 10.0
10.0 – 15.0
11.0 - 12
Sucrose
5.0 - 3.0
5.0 - 3.0
5.0 - 3.0
4.0 - 4.0
CSS
6.0 - 4.0
0.35 - 0.15
0.35 - 0.15
0.35 - 0.15
0.35 - 0.15
0.35 - 0.15
Stabilizer
0.15 - 0.10
0.15 - 0.10
0.15 - 0.15
0.15 - 0.10
0.15 - 0.10
Emulsifier
<60.0
62.0 - 60.0
64.0
64.0 - 63.7
Water
66.3 - 63.7
>40.0
38.0 - 40.0
36.0 - 36.3
36.0
33.6 - 36.3
Total Solids
*www.ice-cream-recipes.com
Stabilizers are one such ingredient, which, in spite of the low level in the
formulation, impart specific and important functions to the finished product, [10, 11].The
basic purposes for using stabilizers in ice cream formulation are to increase mixture
viscosity, prevent shrinkage and slow down moisture migration from ice cream during
storage period, to reduce the rate of meltdown, to stabilize the mixture to prevent wheying
off, to produce smoothness in body and texture, to help in suspension of flavoring particles,
to allow easier pumping and more accurate filling during processing and finally to retard or
reduce ice crystals and lactose crystal growth during storage, [10, 12, 13, 14]. So far many
stabilizers have been used in the formulation of ice cream, but attempts to find new sources
of hydrocolloids in order to create better quality ice cream have continued, [11, 14, 15, 16].
Spirulina can be used to improve the nutritional and functional particularities of ice
cream, give the rich chemical composition and nutritional benefits for health.
Spirulina (Arthrospira platensis), is a blue-green microalgae, one of the oldest life
forms on earth, which has helped produce oxygen for millions of years so that other forms
of life can occur. The name comes from the spiral form of algae, being specific to
freshwater lakes, although it can also be found in salt water sources [17].
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Benefits of spirulina: [17, 18]:
 Contains 80% essential proteins and amino acids including γ-linoleic acid recognized
for its anti-inflammatory effect.
 Spirulina contains ω-3, ω-6, ω-9 the highest weight being ω-3.
 It is extremely rich in chlorophyll which helps to eliminate toxins from the blood and
helps to strengthen the immune system.
 Has a high concentration of easily assimilable iron.
 Spirulina contains vitamins B1 (thiamine), B2 (riboflavin), B3 (niacin), B6 (pyridoxine), B9
(folicacid), vitamin C, vitamin D, vitamin A and vitamin E.
 It is also a good source of potassium, calcium, chromium, copper, iron and magnesium.
 The tests showed that Spirulina has an ORAC level (Oxygen Radical Absorption
Capacity) of over 24,000, which is 4 times the ORAC score of blueberries. This score
is used to measure antioxidant capacity and its concentration in different types of
foods.
 Spirulina is high in calcium, having 26 times more calcium than in milk, being
excellent for children, old people and pregnancy.
 The phosphorus content of spirulina makes it ideal for the regimen of tooth
remineralization.
 Proteins from spirulina are easily assimilated with a utilization rate between 50-61%.
 Spirulina can counteract and remove heavy metals from organism.
Consumers are increasingly interested in the health benefits of foods and began to
look beyond the basic nutritional benefits of food to the disease prevention and health
enhancing compounds contained in many foods, [19, 20].
The purpose of the work is to replace the stabilizer used in the gelato manufacture
with spirulina, depending on the spirulina amount used as stabilizer to be analyzed the
change of the organoleptic characteristics and the variations of the physico-chemical and
technological indices.
Materials and methods
Pasteurized milk, butter, cream, concentrated skimmed milk, milk powder
corresponds to the normative requirements from Government Decision 158 regarding the
approval of the Quality Requirements for milk and dairy products.
Crystal sugar from sugar beet, complies with the norms of the Technical regulation
“Sugar. Production and marketing ”approved by Government Decision no. 774.
Eggs, corresponds to the norms of the Government Decision No. 1208 regarding the
approval of the sanitary-veterinary Norm of the commercialization of eggs for human
consumption.
Vanillin corresponds to the requirements presented in DECISION No. 229 for the
approval of the Sanitary Regulation concerning the food additives.
Water, according to GD No. 934 regarding the establishment of the automated
information system "The state register of natural mineral water, drinking water and bottled
non-alcoholic beverages".
Vanillin, corresponds to the requirements presented in the DECISION No. 229 for the
approval of the Health Regulation on food additives [5].
Gelatin, corresponds to the requirements of GOST 11293-89 “Gelatin. Technical
conditions".
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Spirulina (Arthrospira platensis), corresponds to the sanitary requirements according
to DECISION No. 538 for the approval of the Health Regulation regarding food supplements.
Methods of analysis
Sensory quality assessment based on the score scale, ISO 6658: 2005 Sensory
analysis - Methodology - General guidance.
Determination of titrable acidity - consists in neutralization of the acidic substances
in milk with 0.1n NaOH (KOH) solution using phenolphthalein as indicator, according to ISO
/ TS 11869 and IDF / RM 150.
Determination of fat content by acid-butyrometric method - consists in the
separation of the fat with the isoamyl alcohol by centrifuging the milk, previously mixed
with sulfuric acid, according by SM EN ISO 1211: 2015.
Determination of milk protein content, consists in blocking the amyl groups of formic
aldehyde proteins and releasing carboxylic groups, which are neutralized with 0.1n NaOH
solution. Determine the amount of NaOH consumed at the second titration and multiply it
by 1.94 and by 1.51 to determine the casein content, according to [21].
Determination of the viscosity, BROOKFIELD DV-III Ultra - the principle of operation
is to drive a spindle (which is immersed in the test fluid) through a calibrated spring. The
viscous drag of the fluid against the spindle is measured by the spring deflection. Spring
deflection is measured with a rotary transducer. The measuring range of a DV-III (in
centipoise) is determined by the rotational speed of the spindle, the size and shape of the
spindle, the container the spindle is rotating in, and the full scale torque of the calibrated
spring (BROOKFIELD DV-III Ultra, Guide Book).
Determination of the total dry matter content - at the initial stage of measurement,
the device precisely determines the mass of object placed on its weighing pan. Following
this, there is fast heating of the sample with halogen or IR lamps. This causes evaporation
of humidity from the tested sample. While sampling, the moisture analyzer is continuously
checking the decline of mass, and after calculation, it displays current indications on the
display of the balance (MAC Humidity Analyzer, Radwag, Guide Book).
Determination of ash content - mineral residues resulting from the complete burning
of the organic part of the sample and the determination of the weight of the ash mass
fraction, according to [22].
Determination of iron content - measuring the color intensity of a bivalent iron
complex compound solution with red orthophenanthroline, according to [23].
Determination of the beating degree of the finished product - neutralizing the foam
formed with 1-2 diethyl ether, according to [21].
Results and discussions
Ice cream is a food, its recipe includes several of lactic or nonlactic ingredients, which
during the technological process, especially freezing operation, allow to obtain the specific
characteristics of the product.
The ice cream consists of a phase of proteins, sugars, mineral salts dispersed in frozen
water, a phase of ice crystals, the phase of air bubbles, more or less evenly distributed in
the mass of ice cream and a phase of emulsified fats globules.
Spirulina can be used to improve the nutritional and functional features of ice cream.
Given the rich chemical composition, nutritional benefits for health, [24] and the functional
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properties of spirulina, it is recommended to partially and even completely replace the
amount of stabilizer used in the manufacture of ice cream according to the classic recipe.
Table 2 shows the scheme for the replacement of the stabilizer - gelatin with spirulina.
Gelato with spirulina assortment
Control
Sample 1
Sample 2
Sample 3
sample (Sc)
(S1)
(S2)
(S3)
100
75
50
25
25
50
75

Stabilizer
Gelatin, %
Spirulina, %

Table 2
Sample 4
(S4)
100

The characteristics of the sensory quality are the parameters appreciated by the
consumers, being the most important factor in determining the acceptance of the food
products.
19,5

18,7

The awarded score

19

19
18,6

18,5

18,35

18
17,5

17

17
16,5
16
15,5
Sc

S1

S2

S3

S4

Gelato assortment

Figure. 1. The total point saverage of the gelato with spirulina.
The sensory qualities (appearance, color, taste, smell) of the gelato assortments were
assessed according to the rating scale, presented in the sensory analysis paper: 5 = very
good, 4 = good, 3 = satisfactory, 2 = unsatisfactory, 1 = bad, 0 = very bad. The mean scores
of the sensory analysis were passed in the Results centralization data sheet.
Total average score (Pt) is calculated based on weighted average scores (Pmp).
The results of the sensory evaluation are shown in figure 1. With the exception of
the control sample, the entire gelato assortment was rated as "very good" and characterized
as follows: "Product with pleasant, specific, well-defined sensory characteristics, does not
present any noticeable defects".
The quality control sample was regarded as "satisfactory" and characterized as
follows: "The product has poorly defined sensory properties, but also small defects", due to
which the product is at the minimum level allowed by the normative documents.
The physico-chemical indicators results presented in table 3 show a slight increase in
the dry matter content from 47.01% to 49.75% in the sample 4 and protein (from 4.46%
control sample to 5.04% in the sample where the stabilizer was replaced with 100%
spirulina) due to the nutrient supply by spirulina. The amount of fat has virtually the same
value for all investigated gelato samples.
Milk is a poor source of iron, so replacing the gelatin stabilizer with spirulina has a
beneficial impact on filling the iron content in ice cream.
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Table 3
Sample
Sc
S1
S2
S3
S4

Physico-chemical indices of Gelato
Chemical composition (%)
Dry matter
Protein
47,01±0,014
4,46±0,007
49,04±0,007
4,65±0,035
49,54±0,028
4,85±0,035
49,61±0,028
4,95±0,021
49,75±0,035
5,04±0,007

Fat
10,5±0,035
10,2±0,07
10,5±0,035
10,5±0,042
10,5±0,07

Henrickson (2009) reports high iron content in spirulina, considering the spread of
anemia among the population, especially among children, an important group of ice cream
consumers. In comparison, iron sulphate as an iron supplements may pose a toxicity
problem. Cereals are also high in iron, but they contain phytic acid which limits its
bioavailability. In the case of spirulina, the bioavailability of iron has been demonstrated in
vivo, without presenting any health risks. Thus, replacing the basic stabilizer with spirulina
has beneficial nutritional effects by fortifying the gelato with iron (Figure 2 and 3), [24, 25].

Figure 2. The effect of using spirulina on
the ash content in gelato.

Figure 3. The effect of using spirulina on the
iron content of gelato.

The natural acidity of the ice cream mix is made up of milk proteins, mineral
substances and dissolved gases [10]. With the increase of the skimmed dry substance in
milk, the titrable acidity in milk also increases due to the buffering capacity of proteins,
phosphates, citrates, lactates and other components. The increase in the acidity of the
gelato can be attributed to the chemical composition of spirulina, a value that actually
increases with the concentration of spirulina [24]. The addition of spirulina supplements the
protein and mineral salts content, which leads to increased acidity of the manufactured
product. The results are shown in table 4. Viscosity is a physical property of ice cream that
contributes to maintaining the components in a homogeneous phase. As the spirulina
content increases, the viscosity of the product decreases. Usually, the stabilizers used in the
ice cream manufacture have the tendency to increase the viscosity of the ice cream, but the
spirulina has an inverse proportional effect, possibly due to the high capacity of water
binding and the capacity of gelation in water, in order to improve the consistency of the
manufactured product, to reduce the ice crystals growth during storage condition [10]. The
air is incorporated into the ice cream mix during the freezing operation. The speed with
which the air is incorporated into the ice cream mix is largely attributed to the mass part of
the solid substance including additives, stabilizers and emulsifiers [26].
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Physical properties values of Gelato
pH
Titrable acidity (ͦT)
7,05±0,007
16±0,070
6, 94±0,007
17±0,070
6,70±0,070
18±0,070
6,78±0,014
18±0,141
6,73±0,049
19±0,035

Sample
Sc
S1
S2
S3
S4

Table 4
Viscosity, mPas
3360±3,535
2400±3,535
2400±7,071
1760±7,071
1920±3,535

The results of the experiment (table 5) show that with the increase of the spirulina
content in the gelato, the degree of beat increases from 18.75% for the control sample to
27.2% in the sample with 100% added spirulina. The increase of the overrun with the
increase of the spirulina content in the end product may be due to the active interaction
properties on the surface of the proteins and fats contained in spirulina. Spirulina has the
emulsification capacity of 1.13 ml fat / g protein, the stability of the foam of 27% [26, 10],
parameters that also contribute to the increase of the beat degree of gelato with spirulina.
The increase of the freezing point with the increase of the spirulina concentration in
gelato is attributed to the high content of mineral salts contained in spirulina [28].
Table 5
Product
Pm
P1
P2
P3
P4

Technological parameters values of the Gelato
Overrun (%)
Beat degree (%)
Freezing point (oC)
18,7±0,007
28,0±0,707
-7,3±0,070
20,6±0,014
30,0±0,353
-9,2±0,141
23,4±0,028
31,6±0,424
-9,2±0,035
26,0±0,035
32,0±0,424
-9,4±0,035
27,2±0,014
32,0±0,353
-9,6±0,035

Gelato hardness was determined using the penetrometer. The results show that using
the spirulina stabilizer contributes to the increase of the penetration value and to the
decrease of the hardness of the gelato respectively. These values are directly proportional
to the gelato overrun. The higher is overrun, which coincides with the higher amount of
stabilizer - spirulina, the finer, softer will be the gelato, respectively the higher penetration
degree and the lower hardness [29].
Conclusions
Replacing gelatin with spirulina, as a stabilizer, allows to obtain a product with
high quality index values and increased biological value because spirulina is a
microalgae rich in proteins, amino acids, polyunsaturated fatty acids, a wide spectrum of
mineral salts, vitamins, has high water binding capacity, gelling in water. The results of
the sensory analysis showed that the assortment of gelato with spirulina was
appreciated as "very good" and characterized as follows: "Product with pleasant, specific,
well-defined sensory properties, it does not present any noticeable defects". The
replacement of the gelatin with spirulina, even in the samples with total substitution,
allowed to obtain an attractive, tasty product with high qualifications for both physicalchemical and technological indices.
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Abstract. An electrophysical wasteless technology is presented based on the electrochemical activation of the acid whey in a periodic regime. Under consideration are
variations of such principal parameters as the electric current density, voltage, pH,
oxidation-reduction potential, temperature, specific energy consumption, and the degree of
isolation of whey proteins in the protein-mineral concentrates (PMCs). It is found that the
isolation of whey proteins in the PMCs makes about 80% from the first minutes of the
process and remains constant during the rest of it at the current density j=10 mA·cm-2 and
the specific energy consumption by 2.5 times lower than during processing at j=20 mA·cm-2,
in the latter case, the isolation of whey proteins in the PMCs makes about 73-75%, which
allows for decreasing the energy consumption during processing. However, in the liquid
phase (LP), the recovery of about 84%, which means that from the first minutes, there are
intensively formed protein compounds with a high molecular weight thatwhich cannot be
isolated as foam as a result of the ion flotation, remaining in the LP contained in the
cathode cell. These investigations demonstrate an opportunity to properly control the
processing of the acid whey, which depends on the processing regime (the electric current
density) necessary for an optimal isolation of protein fractions in the PMCs, with a
simultaneous decrease of the specific energy consumption per a unit of volume.
Keywords: current density, electrophysical processing, energy consumption, membrane
electrolyzer, whey proteins.
Introduction
Nowadays, the issues of developing wasteless technologies and approaches for their
implementation have received a wide-spread significance in several areas. One of them, of
a primary importance for humans, is food industry, first of all, the processing one which
often generates problems for the environment. At present, in the area of production, there
Journal of Engineering Science

December, 2019, Vol. XXVI (4)

M. Bologa, E. Vrabie, A. Chiţanu et al

125

is an intensive process of revision of environmental requirements concerning wastes.
Development of wasteless technologies and processing of whey in a closed cycle is one of
the major global challenges.
Current situation at an international scale, related to the development of
ecologically friendly technologies for processing dairy by-products, makes the following
necessary: development of new high-tech and efficient methods, including electrophysical
processing; establishment of the parameters for the process functioning; and energy-saving
techniques for the process in question [1]. The analysis of technological processes related
to the application of electro-activation requires making the processing more effective
without using chemical reagents, at a low temperature and low energy consumption. The
mode of the solution of this problem influences the advances in the area through the
introduction of electrophysical techniques [2, 3].
Production of dairy food is one of such areas, first of all, concerning dairy byproducts that are obtained, depending on the processing mode. One important by-product
is whey – an excellence source of proteins. However, it is an ecologically non-friendly
product because it contains large quantities of certain organic substances [4].
The nutritional value of milk owes its nutritive values to the milk sugar (lactose),
nitrogen from protein fractions, and to an impressive content of calcium that is extremely
important for cell signaling mechanisms and also beneficial for the human metabolism and
skeletal system, all those and other milk ingredients making up a vital biologically active
base for a human body [5]. First of all, thoese vital for human substances are in the dairy
by-products extracted after the primary milk processing [6].
Skim milk, buttermilk, and whey are main lactic by-products that should be rationally
and entirely consumed [7, 8].
The mode of the primary milk processing results in two types of whey:
- sweet (pH 5.5-6.0, manufactured during the making of several types of hard
cheese), and
- acid/sour (pH 4.5-5.1) produced during the making of acid types of dairy products,
such as cottage cheese or curd products).
Skim milk and buttermilk are obtained in the production of butter from milk, and
caseinate is produced when making casein. When using non-standard high technologies for
isolation of proteins from milk, an ultrafiltrate is formed, also considered a dairy by-product
[9].The solid content of whey is 6-8%, which makes about 50-70% of that of whole milk
[10]. Still, in the respective literature, the solid content of whey is different and depends of
the mode of the primary milk processing [11].
Lactose is a disaccharide sugar that is found only in milk. During primary milk
processing, lactose almost completely passes into whey, making up 70 – 80 % of its solid
content, depending on the primary processing mode [12].
Whey proteins by their structure are similar to those of blood, one of their functions
being immune activity. Amino acids, including the principal ones, make up a substantial
part of biologically active substances in foodstuffs.
Whey lipids are more dispersed than those of milk and are beneficial for the
biochemical digestive processes [13].
The mineral composition of whey is very large and is optimally balanced and varied
from the biological point of view. Whey contains milk vitamins, both water-soluble and
liposoluble [14].
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The protein composition of milk whey (MW) is represented by the major protein
fractions: β-lactoglobulins, α-lactalbumins, immunoglobulins, and bovine serum albumin
(BSA) [16, 17].
β -lactoglobulins are the quantitatively major protein fraction of MW (50-55%); they
occur only in the milk of ruminants. These proteins are a good source of essential and
branched chains amino acids; β -lactoglobulins are not allergic in the hydrolyzed state and
are used in different formulas for infant feeding; α -lactalbumins account for about 20-25%
of the MW proteins and are the main proteins of breast milk. Thanks to the balanced amino
acids composition, they supply essential amino acids into a child's body (particularly,
tryptophan and cysteine), and are able to bind calcium as well as zinc; they accelerate their
absorption in the alimentary process; α -lactalbumin is known to enter into the composition
of lactose synthetase [18]. BSA makes up 5-10% of the MW proteins, which is notable for a
sufficiently large size of its molecules (see Table 1), its balanced amino acids composition,
and it can be bound by lipids.
Chemical composition of whey resulting from processing of cows milk, % [15]
Components
Sweet whey
Acid whey
Water
93 - 94
94 – 95
Solids
6-7
5–6
Lipids
0 – 0,3
0 – 0,1
Proteins
0,8 – 0,1
0,8 – 0,1
Lactose
4,5 – 4,9
3,8 – 4,2
Minerals
0,5 – 0,7
0,7 – 0,8
Lactic acid
traces
0,8

Table 1

The experiments with radioactive carbon have shown that the BSA gets into milk
from blood. The immunoglobulins of MW (10-15%) also get into milk from blood (Table 2).
They have the activity of antibodies against the corresponding antigens and, being the
major protein fraction of colostrum, promote strengthened immunity in new-born babies.
Table 2
Content of main protein fractions in MW
Protein

Content in MW, g/l

Molecular weight, kDa

a-lactalbumin
ß-lactoglobulin
BSAovine serum
albumin
Lactoferrin
Lactoperoxidase
Immunoglobulin

0.7
3.0

14.1
18.2

Isoelectric
point
4.8
4.9-5.4

0.3

66

4.8

0.1
0.04
0.5

78-80
78-80
150-900

8.0-8.8
8.6-9.6
5.8-7.3

In order to explain the physical-chemical properties of whey proteins and their
biological roles, it is necessary to know the peculiarities of their structure. At the same time,
knowing the peculiarities of the structure of these proteins can make it possible to explain
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the phenomena of their behavior under the action of various factors such as temperature
and pH, for example.
Thus the main whey protein fractions have a complex structure; therefore under the
action of temperature and pH certain complex intermolecular interchange reactions take
place, which leads to changes in the initial structure and properties [19].
There are different types of whey protein products: whey protein isolates (WPI), whey
protein concentrates (WPC), whey protein hydrolysates (WPH), and protein mineral
concentrates (PMC).
Whey protein isolates (WPI) - allow the extraction of proteins in the purest form of
whey and containing at least 90% protein [20].
Whey protein concentrates (WPC) have a low level of fats and carbohydrates, but
their protein content, depending on concentration, is 30% - 90%, the latter containing the
most healthy nutrients from whey [21].
Whey protein hydrolysates (WPH) - are obtained at partial hydrolysis of whey
proteins, which haves faster protein absorption properties and are used in health
supplements and children's formulas due to a reduced allergen potential [22].
There are different techniques to process dairy by-products for obtaining protein
concentrates that are used in various beneficial/dietary supplements and in pharmaceutical
products as biologically active substances. Of special interest is usage of proteins isolated
from whey. Still, usage of whey proteins for the mentioned purposes requires working under
certain specific strict conditions  special technological regimes to ensure a high degree of
purity and maintenance of natural qualities [23].
Manufacture of healthy and environmentally safe products of whey requires
upgrading of methods and techniques for whey processing. The electrophysical whey
processing applied in our experiments is a wasteless method that allows the valorification
of all whey components. Besides, this type of processing allows controlling the content of
whey proteins in the obtained concentrates, depending on the processing regime [24].
The isolation of whey proteins and obtaining protein-mineral concentrates (PMCs) of
a high value under the action of an electric current and avoiding the direct usage of
chemicals is an advantageous process based on modern principles, which assures the finite
cycle of the simultaneous processing of whey sugars (isomerization of lactose into
lactulose), too, through separating them from the deproteinized whey. The PMCs allow the
simultaneous extraction of whey proteins and minerals, increasing the biological value of
the concentrates obtained, used both in the pharmaceutical and food industries [25].
Methodological part
The electrophysical whey processing requires certain technical conditions to assure
the control over the technological process, which are taken into account in the construction
of a membrane electrolyzer (Figure 1) constructed by the authors [26]. The electrolyzer
frame is from a dielectric material; the cathode - from AISI 304/1.4301 stainless steel
(considered safe for usage in the dairy, food, and pharmaceutical industries); the anode –
from solide graphite plates so as to exclude its dissolving during electrochemical activation.
The cathode and the anode cells are separated by a cation-exchange membrane an MK-40
cation-exchange membrane. The electrolyzer is connected to the electric current source
TEC – 5020.
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The acid whey was obtained from the milk collected at the Dairy Training Farm of
the Chair of Biotechnologies in Zootechnology, of the State Agrarian University of Moldova.
That milk was first subjected to fermentation at room temperature and then skimmed.
First, the acid whey is cooled,
then separated from the casein
powder,
next
processed
electrophysically in the cathode cell
of the membrane electrolyzer (see
Figure 1), with a shorter distance
between the electrodes and with the
ratio of the volume of the processed
whey (V, ml) on the electrode
(cathode) surface (S, cm2) - V/S =
1.4), at current densities j = 10 and
20 mA·cm-2.
Figure 1. Layout of experimental membrane
The 2% CaCl2 solution was
electrolyzer.
used as secondary liquid in the
anode cell in order to maintain the conductibility of the processed liquid and the delivery of
bivalent ions into the cathode cell via the MK-40 membrane.
The processed whey collected as foam in different processing times: 5-10-15-20 min,
was called the foamy phase (FP), while the liquid phase (LP) was considered to be the
content of the cathode cell after processing (CC). Next, the collected foam was centrifuged
at 1500G, thus separating the PMCs from the deproteinized whey (DW).
The deproteinized whey already contains the isomerized lactulose that is processed
later. The PMCs enriched with certain protein fractions are dried at lower temperatures, for
instance, via lyophilization, so as to exclude thermally caused changes in the isolated
protein fractions. The second liquid from the anode cell is collected and kept in a reservoir
later re-cycled. The following parameters were registered: electric: voltage U, V; thermal:
temperature t, oC, in the LP and in the FP; physical-chemical: pH and oxidation-reduction
potential (ORP), mV; biochemical: the degree of the isolation of the total protein content in
the PMCs (Q, %). In addition, the energy consumption was calculated, A (W·h) as well as, and
the specific energy consumption per a unit volume AV (W·h·ml-1).
In order to assess the quality of whey and whey products obtained after
electrophysical processing, the following principal physical-chemical parameters were
considered:
1. the pH of whey (active acidity) and of the ORP. The measurements were made on a
766 Laboratory pH meter, 5 minutes after the sample collection;
2. protein content, determined under the Warburg method, with a spectrophotometer
СФ-56, at a wave length of 278 nm (the reference solution was bovine serum
albumin, the standard determination coefficient – k = 1.77) [27].
The degree of the isolation of whey proteins in the PMCs (Q, %) was calculated as
the difference of the protein content in the initial whey and that which remained in the
deproteinized whey.
All measurements were carried out in three consecutive series; the graphs and
diagrams were made in Excell, with the presentation of mathematical relations, with the
approximation level R2 and the approximation error 1-R2.
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Results and discussion
The electrophysical processing of the acid whey, with the initial pH 4.60, was carried
out in the membrane electrolyzer (see Figure 1), and the current densities 10 and
20 mA·cm-2.
It was found that voltage varies much more at j=20 mA·cm-2 than at j=10 mA·cm-2,
provoking more rapid processes at a higher energy consumption (Figures 2, 3).

Figure 2.Voltage variations at
processing at: 1- j=10 mA·cm-2; 2- 20
mA·cm-2

Figure 3. Variations of energy consumption
at processing at: 1- j=10 mA·cm-2; 2- 20
mA·cm-2

Voltage variations, stationary regime, at electrophysical processing of the acid whey,
at current densities of j=10, 20 mA/cm2, can be presented as the following relations (1-2):
For j=10 mA/cm2 y = -0.0007x3 + 0.03x2 - 0.4333x + 8;
For j=20 mA/cm2 y = -0.04x2 + x + 4;

R² = 0.99

R² = 0.99

(1)
(2)

where: y – voltage U, (V); x – time of processing τ (min); R2 – degree of approximation ; 1-R2 –
error of approximation.
Variations of energy consumption A (Wh), in the stationary regime, at electrophysical
processing of the acid whey, at current densities of j=10 20 mA/cm2 and, 20 mA/cm2, can be
presented as the following relations (3-4):
For j=10 mA/cm2

y = 0.1x -14;

R² = 0.99

(3)

For j=20 mA/cm2

y = 0.367x - 0.44;

R² = 0.99

(4)

where: y – energy consumption A (Wh); x – time of processing τ (min); R2 – degree of
approximation ; 1-R2 – error of approximation.
The growth of temperature both in the LP and the FP is not over the threshold of
denaturation of whey proteins (55-65 o C). At the current density j=20 mA·cm-2, the
temperature growth is faster than at j=10mA·cm-2 because of the Joule effect, thus
contributing to at the isolation of protein fractions in the PMCs in line with their typical
characteristics at higher temperatures (Figures 4, 5).
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Figure 4. Temperature variations in LP and
FP, at j = 10 mA·cm-2.

Figure 5. Temperature variations in LP and
FP, at j = 20 mA·cm-2.

Variations of temperature in LP and FP, in the stationary regime, at electrophysical
processing of the acid whey, at current densities of j=10 mA/cm2 and, 20 mA/cm2, can be
presented as the following relations (5-8):
For LP, j=10 mA/cm2: y = 0.001x3 - 0.0708x2 + 1.6044x + 15.699;
R² = 0.99
(5)
For FP, j=10 mA/cm2: y = -0.0003x3 + 0.014x2 - 0.139x + 23.27;

R² = 0.99

(6)

For LP, j=20 mA/cm2: y = 0.0013x3 - 0.08x2 + 2.1667x + 18;

R² = 0.99

(7)

For FP, j=20 mA/cm2: y = 0.0013x3 - 0.046x2 + 0.497x + 21.3;
R² = 0.99
(8)
o
2
where: y – temperature in LP and FP t ( C); x – time of processing τ (min); R – degree of
approximation ; 1-R2 – error of approximation.
The variations of the pH values and the respective decrease of the ORP values at
both current densities applied in our experiments demonstrate the passing of
aquacomplexes into hydrocomplexes. However, this process is faster at j=20 mA·cm-2 when
the formation of hydrocomplexes starts at the beginning of the processing. It can be
accounted by both electro-chemical activation and rapid formation of hydroxyl ions of the
processed whey, as well as by the activation, in particular, of protein fractions which
interact with minerals thus contributing to the formation of the PMCs (Figures 6, 7).
Variations of the pH values, in the stationary regime, at electrophysical processing of
the acid whey, at current densities of j=10 mA/cm2 and, 20 mA/cm2, can be presented as the
following relations (9-10):

Figure 6. Variations of pH at: 1- j=10mA·cm-2;
2- 20 mA·cm-2.
For j=10 mA/cm2:
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R² = 0.99
R² = 0.99

(9)
(10)

where: y – the pH values; x – time of processing τ (min); R2 – degree of approximation ;
1-R2 – error of approximation.
Variations of the oxidation-reduction potential (ORP (mV), at electrophysical
processing of the acid whey, at current densities of j=10 mA/cm2 and, 20 mA/cm2, can be
presented as the following relations (11-12):
For j=10 mA/cm2: y = 0.001x5 - 0.0619x4 + 1.515x3 - 16.192x2 + 38.217x + 130;

R² = 0.99 (11)

For j=20 mA/cm2:
y = -0.0021x4 + 0.0693x3 + 1.8533x2 - 62.733x + 130; R² = 0.99

(12)

where: y – the oxidation-reduction potential (ORP, mV); x – time of processing τ (min);
R2 – degree of approximation ; 1-R2 – error of approximation.
The degree of the isolation of whey proteins in the PMCs (Q, %) from the initial acid
whey makes up ca. 80-84%. A greater isolation of whey proteins in the PMCs, first of all, is
due to the solids content (mostly proteins) of the initial whey and is a direct consequence of
the primary milk processing (Figure 8).
Intensive foaming from the first minutes of processing is an indicator of the
formation of quite stable PMCs. The degree of the isolation of protein fractions in the PMCs
at j=10 mA·cm-2 is high enough and makes up about 80% at the first minutes of processing
and remains as such during the whole processing period. At j=20 mA·cm-2, the degree of the
whey proteins isolation in the PMCs from the FP depends on the time and is the following:
after 5 min – 75.91%, after 10 min –
74.58%, and after 15 min – 73.40%. As
to the LP (CC), there is registered about
84%, which means that, in the first
minutes, there are intensively formed
protein compounds with a high
molecular weight which cannot be
isolated as foam as a result of the ion
flotation, remaining in the LP contained
in the CC. This is also confirmed by the
variations of the pH values, which
means a rapid growth that stipulates the
Figure 8. Variations of degree of proteins
formation of high molecular weight
isolation in PMCs (Q, %), at different times, at:
protein compounds at j = 20 mA·cm-2.
1- j= 10 mA·cm-2; 2- 20 mA·cm-2.
Variations of the degree of the recovery
of whey proteins in the PMCs (Q, %) from the initial acid whey, in th stationary regime, at
electrophysical processing of the acid whey, at current densities of j=10 mA/cm2 and, 20
mA/cm2, can be presented as the following relations
(13-14):
For j=10 mA/cm2:y = 0.0353x3 - 0.9005x2 + 9.6851x + 42.17;
For j=20 mA/cm2:y = 0.0018x3 - 0.05x2 + 0.1757x + 76.055;
Journal of Engineering Science
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where: y – the of degree of the recovery of whey proteins in the PMCs (Q, %); x – time of
processing τ (min); R2 – degree of approximation ; 1-R2 – error of approximation.
The variations of the specific energy consumption per a unit of volume Av (W·h·ml-1)
show that it is by 2.5 times lower at j=10 mA·cm-2 than at j= 20 mA·cm-2 (Figure 9).
The isolation of whey proteins is
greater at processing at j=10 mA·cm-2, in
a periodic regime, besides, the energy
consumption is lower. This is why the
authors
would
recommend
whey
processing under these conditions.
These investigations demonstrate
an opportunity to properly control the
processing of the acid whey, which
depends on the processing regime (the
electric current density) necessary for an
optimal isolation of protein fractions in
Figure 9. Variations of total specific energy
the PMCs, with a simultaneous decrease
consumption per unit of volume Av (W·h·ml-1)
of the specific energy consumption per a
at j=10 and 20 mA·cm-2.
unit of volume.
Conclusions
In this study, a wasteless processing method was investigated; the object of study
was the acid whey processed electrophysically in a periodic regime. During processing, the
following parameters were registered: electric ones – current density and voltage; thermal
ones – temperature in the LP and in the FP; physical-chemical – pH and the ORP;
biochemical – the degree of the isolation of whey proteins in the PMCs. Electro-activation
of the acid whey made it possible to get the degree of isolation at about 80% from the first
minutes of processing and keep it during the whole period at j=10 mA·cm-2, with the
specific energy consumption by 2.5 times less than during processing at j= 20 mA·cm-2,
where the degree of isolation was lower and in the following order: after 5 min – 75.91%;
after10 min – 74.58%; and after15 min – 73.40%). However, in the LP, the recovery was of
about 84%, which means that from the first minutes, there are intensively formed protein
compounds with a high molecular weight which cannot be isolated as foam as a result of
the ion flotation, remaining in the LP contained in the CC.
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Abstract. The lives of some people start in conditions remembered by history, adverse for
some. These people, at least some of them, fight against the vicissitudes of life and they
win. Some of them dedicate their energy to the other people, and they expect that the other
human beings (or life) to tell them, one way or another, “We appreciate you, man!”
Sometimes, this really happens, but some other times, other human beings tell them “We
condemn you, man!”. The good ones have been forgotten, but the condemnation has a
symbolic role: someone must be punished in order those other human beings to be
frightened, to enjoy, or to have the feeling that they have won the fight against life. Here is
an example of an engineer whose life began dramatically and ended even more
dramatically although he set up institutions that function even nowadays.
Keywords: Constantin Bușilă, Institute of Energy, General Association of the Engineers.
The son of a hero dead for the people’s independence
Constantin Buşilă was born on the 4th of May in Târgu Ocna,
on the Trotuş valley. His father, Dimitrie Buşilă was a captain in
the Romanian Army and he gave his life for gaining the
independence, being heroically killed on the 31st of August 1877.
He didn’t have the chance to see Dimitrie who was forced to fight
against the adversity of life. He attended the “Principatele Unite “
High School of Iaşi. He was 18 when he started to attend the
National School of Bridges and Roads of Bucharest. Being very
smart and hard-working, he graduated top class in 1900, then he
went to Belgium, to Liège for post-graduated courses in the
electrotechnics domain at the Montefiore Institute for an year. He
also defended his Ph.D. thesis here.
Employed by Anghel Saligny.
He came back in the country in 1901 and he was employed by Anghel Saligny to
take part in the designing and building the Constanţa harbour. Constantin Buşilă designed
the electric plant. The electric generator was put into function by a 1600 horse power
Diesel motor. We must remember that in 1902 the first electric plant was put into function
at Craiova. The construction of the electric plant of Constanţa was finished in 1904, and
Constantin Buşilă was appointed manager, position that he held until 1909.
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In 1909 he moved at the Society of Trams of Bucharest, where he worked as deputy
manager. It must be remembered that the first electric tram was put into function on the 9th
of December 1894, between Grozăveşti Electric Plant, Dâmboviţa River Bank, Regina Maria
Bridge, Elisabeta Avenue, Carol Avenue, University, Pache Protopopescu, Obor. During the
World War One, he worked at the Ammunition Company because the students of the
National School of Bridges and Roads were taught, during their studies, military knowledge
specific to genius weapon. Constantin Buşilă’s professional activity was closely linked to
Anghel Saligny. Thus, when the latter became Minister of Public Works, between 1918 and
1919, he appointed Constantin Buşilă general secretary because he knew him very well
after having worked together at designing Constanţa harbour. In 1919 he took part, as a
founding member, at the setting up of one of the biggest oil companies in Romania called
Mining Credit, having the headquarters in Bucharest, 75 I.C. Bratianu Avenue. The aim of
this company was to protect the Romanian interests regarding the exploitation of oil
deposits and other natural resources which were then administrated by some foreign
companies. Moreover, the Mining Credit was a model for setting up other engineering
companies with Romanian capital, such as Petrolul Românesc, Nafta Română and so on.
Contributions to the development of the National Energetic System
His specialization in Belgium, the experience gained during the building of the
electric plant in Constanţa harbour defined the rest of his professional activity in electric
domain. He worked at the electrification of the railway, at the use of electric energy in oil
industry and in agriculture, he was in charge with the electrification of some villages.
He had a significant contribution to the electrification of the railway between Arad
and Pâncota. Since 1906, on this railway, there were used two self-propelled trains, each
equipped with a 60 Hp motor with gas which started an electric generator for supplying the
two electric traction motors. In 1912 the electrification of this railway started again, and it
was inaugurated on the 10th of April 1913.
The supply was carried out in DC, with a voltage of 1500 V, through a pantograph,
solution that was considered advanced at that time. The electric energy was supplied by the
Electric Plant from Arad, and it was transported through a 15kV line.
He also had a contribution to the development of the electric networks on Prahova
Valley. Thus, in 1920 he took over the German company called ”Electrica”, and he
developed it, building and updating the electric plants from Câmplina, Floreşti, Ploieşti,
Slănic Prahova, plants which were built for refineries and oils wells.
He contributed to the development of the National Electric System by setting up, in
1926, the Romanian Institute of Energy – IRE, which had contribution in the domain of
research. This institute still functions nowadays with a different name – The Romanian
National Institute for the Study of Planning and Using the Energy Sources, with the same
acronym – IRE.
Within this institute he founded the Journal of the Romanian Institute of Energy,
journal which was published until 1944. Its activity continued from 1953 by Energetica
Review which has been published until nowadays. In IRE journal there have been published
a lot of scientific papers which contributed to the development of the electrotechnics in our
country, to the organization of the research in the domain of the electrotechnics. A lot of
papers were signed by Constantin Buşilă. Nicolae Vasilescu-Karpen, the inventor of the
famous K electric batteries, also published in this journal.
Journal of Engineering Science

December, 2019, Vol. XXVI (4)

136

Constantin Buşilă - the founder of the Romanian institute of energy

Activity in professional associations
Constantin Buşilă was a member of several professional associations. He took part in
the constitution meeting of the General Association of the Engineers – AGIR, meeting which
was held at Iaşi on the 12th of August 1918, being member of the Administration Board.
Constantin Buşilă promoted România as a founding member of the World Commission of
Energy founded in 1926 and of the International Commission of the Extended Electric
Networks, known as CIGRE. In 1926 he was also a member of the International Commission
of Electrotechnics – CEI- and of Romanian Committee of Electrotechnics – CER- as
chairman. He was president of the General Union of the Industrialists of Romania, president
of the Superior Council of Water and Energy, president of the Superior Technical Council.
He was very much involved in the activity of Polytechnics Society founded in
December 1881 when it was inaugurated the railway between Buzău and Mărăşeşti, the
first railway designed and built by the Romanian engineers. In 1935 he was elected
President of the Polytechnics Society. In this position he was involved in passing several
laws regarding the title of engineer, in organizing the technical academic education, in
setting up a technical library for inferior and medium technical personnel, in studying the
programs of improving the national economy.
Teaching Activity
He started his teaching activity in 1910, as soon as he came back to Bucharest from
Constanţa. He taught at the National School of Bridges and Roads the course entitled
“Graphic Works”, and then, from 1916 “Mechanic Technology”, “Lifting Devices”. In 1920,
with Nicolae Vasilescu-Karpen’s contribution, the Polytechnics School was founded.
Constantin Buşilă continued his activity here as a vice-rector and then, until 1940, the Dean
of Faculty of Electromechanics. In 1939 he was appointed president of the Council of
Improvement of the Polytechnics Iaşi during the 1939/1940 academic year. In 1937 he was
elected member of the Academy of Sciences. As a member of this academy, he had a
significant contribution to the development of the Romanian industry, to the formation and
promotion of the specialists in the domain of engineering.
Minister of public works and the specialist’s endeavour
On Ion Antonescu’s insistences, who considered Constantin Buşilă a specialist with
international recognition, he accepted in 1941 the position as a minister of public works
and communications, position that he held until the 5th of August 1943. Although when he
accepted the job he said that he would not do any politics, but only professional activity,
although he resigned three times after the Romanian Army passed the Prut, he was arrested
in the fall of 1944 and he went to trial on the 6th of May 1946 together with other
Romanian politicians and condemned to prison. He resisted only until 1949 when he died in
Aiud prison on the 6th of April. Until his condemnation, Constantin Buşilă wrote "I have done
only good in my life, fulfilling my duty to the country! I see no reason to be afraid!". After
his trial, the president of the judges declared “Sir, I had the sad mission to judge a case that
had already been judged".
This was the engineer Constantin Buşilă’s endeavour, the son of the capitan Dimitrie
Buşilă, hero in the war for the Romanian Independence in 1877.
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