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Outdoor propagation of signals
between wireless sensor nodes
Zlatan K. Ganev
In this paper we present outdoor propagation of wireless sensor nodes in different scenarios. We
observe some cases in which we measure Received Signal Strength (RSS) and then by calculations we
find the Path Loss (PL) of the signal, the Path Loss constant (n), and the Standard Deviation (σ).
Additional losses are caused by refractions from the ground and the trees. In practice, the values of
(n) and (σ) are computed from measured data, using linear regression, such that the difference
between the measured and estimated path losses is minimized in a mean square error sense (MMSE
method) over a wide range of measurement locations and T-R separations. Log-normal shadowing
model is used in for predicting large-scale coverage for wireless sensor networks and is derived out of
a combination of analytical and empirical methods. This model implies that measured signal levels at
a specific T-R separation have a Gaussian (normal) distribution about the distance-dependent mean,
where the measured signal levels (received power) have values in dBm units. The standard deviation
of the Gaussian distribution that describes the shadowing has also units in dBm. Thus, the random
effects of shadowing are easily accounted for the case of Gaussian.
Разпространението на сигнали между безжични сензорни възли в отворени
пространства (Златан Ганев). В тази статия са разгледани различни случаи за предаване на
данни между безжични сензорни възли, разположени в отворени пространства. В
направените експерименти се измерва Силата на Приетия Сигнал (RSS) и след това чрез
изчисления са намерени Загубите при предаване на сигналите (PL), Константата на Загубите
(n), Стандартното отклонение (σ). Допълнителните загуби са причинени от отразяването на
сигнала от земята и от дърветата. В практиката, стойностите на (n) и (σ) се изчисляват
чрез линейна регресия, по метода на „най-малките квадрати“, като се използват
резултатите от направените измервания на определена дистанция между предавателя и
приемника. Използван е моделът „Log-normal shadowing model“ за прогнозиране на обсега на
покритие на безжични сензорни мрежи, който се базира на аналитични и емпирични методи.
При този модел е характерно, че нивата на измерените сигнали имат Гаусово (нормално)
разпределение с нулева средна стойност, където измерените нива на сигнала (приетата
мощност) се отчита в dBm. Стандартното отклонение на Гаусовото разпределение, която
отчита засенчването също се измерва в dBm. По този начин случайните процеси при
засенчването се отчитат по метода на Гаус.

Introduction
In this paper we present outdoor propagation of
wireless sensor nodes in different scenarios. “Lognormal shadowing model” is used here for predicting
large-scale coverage for wireless sensor networks.
Applying this model we can estimate the energy
capacity of WSN (wireless sensor network), before
such systems to be deployed.
First, we measure Received Signal Strength
Indicator (RSSI). Then we calculate Received Signal
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Strength (RSS), Path Loss (PL), Path Loss exponent
(n) and Standard Deviation (σ), assuming Gaussian
noise in the channel. After that we estimate Path Loss
(PL), at given distance (d).
In practice, the values of n and σ are computed
from measured data, using linear regression, such that
the difference between the measured and estimated
path losses is minimized in a mean square error sense
(MMSE method) over a wide range of measurement
locations and T-R separations [1]-[11].

1

Propagation model and formulas for statistical
processing of data results
Path-loss shadowing model
Path-loss shadowing model is used, presented by
the following formula [1-5]:
(1)

PL[dBm]  PL(d0 )  10n log10 (d / d0 )  X 

This is an empirical model, which analytically
approximates the measurements results. The received
signal strength RSS in function of distance may be
presented by the same one in the following way [4]:
(2)

RSS[dBm]  Pt  PL(d )

(3)

RSS[dBm]  Pt  PL(d 0 )  10n log10 (d / d 0 )  X 

where d is the distance of receiving and transmitting
(T-R), d0 is the reference distance, Pt is the
transmitting power in (dBm), PL are the losses in
(dBm), n is the the path loss constant. Xσ is a random
variable with Gaussian distribution and zero mean
with standard deviation σ. It has approximate value
from 8 to 10 dBm and it can be found by the
following formula also:
(4)

  (x  ) 2
X ( x) 
exp
2
 2
 2
1





where µ is the RSS mean value, σ is the standard
deviation and x is the RSS variable measured or
simulated. Usually Xσ is between 8 and 10 dB [13].
Finding n and σ
The least squares method is used (MMSE minimum mean square error) for finding out the path
loss constant n and the standard deviation σ [5].
We consider the fact that the reference distance for
indoor signal distribution is do = 1 m and that the
losses for that distance in this particular case PL (do)
are known.
The sum of squared errors that should be
minimized is
(5)

N

and with p – the received power , obtained from the
measurements.
K = 1,2…,N ,and N is the total number of
measurements made.
The necessary condition for a minimum is
expressed in the following way [1], [2], [5]:
(7)

dS
0
dn

and hence we mathematically define the path loss
constant n.
The standard deviation σ (dBm) is found using the
formula [1], [2], [5] :
(8)

  S ( n) / N

It has been found that by increasing the number of
measurements σ decreases.
Experiments and results from simulations
The experiments are made in the area of the
University of Patra – Greece.
Experimental Setup
The propagation of the RF signal is tightly coupled
to the environment due to well known phenomena
such as reflection, diffraction, and scattering. In the
following the focus is on outdoor unobstructed and
tree-obstructed environments and their influence on
the RF signal propagation.
We first started with empirical study of the RF
signal propagation in tree obstructed grove
environment Figure 1.

2

S ( n)    p k  p ' k 
k 0

where with p’ we have denoted the received power
RSS, calculated by the equation:
(6)

2

pk '  RSSk  RSSk (d0 )  10n log10 (d k / d0 )

Fig.1. Olive garden.
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The experiments took place in an olive grove of
50m X 80m with the trees located approximately
every 4-5m as shown in Figure 2 [4].

At every 150ms, T transmit a package of
information to the receiving node R, located on the
second tripod at a height of 2m. 100 packages are sent
for each measurement respectively from T to R. The
received information from R is transmitted to the Base
Station (BS), which is connected to a laptop via USB,
where it is processed and RSSI (Received Signal
Strength Indicator) is extracted from it. This is done at
each meter for a distance of d=1-50m. The
transmitting frequency is f=2.48GHz, and the
transmitting power is Pt=0dBm [3].
Two different measurements were performed: (1)
T-R distance with free line of sight (LoS) with trees
around as shown in Figure 2 (a), and (2) T-R distance
with trees located between T-R pair, i.e. there is
NLoS as shown in Figure 2 (b).
The measurements results and calculations are
made in the following sequence:
Finding RSSI
It is found by special software program that
converts the received information from the transmitter
T in the numbers that are displayed on the laptop
(Fig.4).

Fig.2. Garden environment (a) with free LoS,
(b) with NLoS.

A diagram of the experimental setup is shown in
Fig.3 The sensor nodes are placed on two –meter
tripods. On the first tripod (from right to left in the
figure) one transmit node T is placed, located at a
height of 1,1m.

Fig.4. Finding RRSI.

Finding RSS and PL
According to the specification for CC2420 [12] the
given formula is used:

R
T
1.1m

2m
BS
d=(1m ÷50m)

Fig.3. Experimental setup.
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(9)

RSS[dBm]=RSSI_VAL+RSSI_OFFSET

by which the received signal strength RSS from the
transmitter is calculated in [dBm].
In (9) RSS_OFFSET is the empirically found value
of RSSI as a result of the experiment. For this purpose
a special software program is used, that works in
operational system TinyOS. According to [12],

3

RSS_VAL is -45 dBm. Therefore, for example, if we
have extracted from the program register for RSSI the
number 30 (which is, as we have already said,
RSSI_OFFSET) so the received signal strength
according to (11) will be:
RSS = - 35 dBm+ (- 45) dBm = - 80 dBm

Fig.5. RSS with (a)LoS and (b)NLoS.

Figure 5 presents the results for RSS over the
distance in two different environments: (a) grove with
trees with LoS, (b) grove with trees with NLoS.
By using Formula (2) PL for signal distribution
from the transmitter is calculated.
The results are presented in Fig .6
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Finding n and σ
Formulas (5)-(8) are used ,as well as, linear
regression along with the minimum mean square error
method (MMSE) for finding out the PL, constant n
and the standard deviation σ in an Matlab
environment (Fig.7). In our case for (a) LoS and (b)
NLoS are found respectively the following values:
(a) nLoS= 2,9868 ; σLoS= 6,3849
(b) nNLoS= 3,6861 ; σNLoS= 4,6209

Fig.6. PL with (a)LoS and (b)NLoS.

The results of measurements and calculations are
shown in Table 1.

4

d
(m)

RSSI(LoS)
(dBm)

RSSI(NLoS)
(dBm)

RSS(LoS)
(dBm)

RSS(NloS)
(dBm)

PL(LoS)
(dB)

1
2
3
4
5
6
7

15
5
-9
-14
-12
-18
-9

15
-1
-7
-15
-13
-12
-14

-30
-40
-54
-59
-57
-63
-54

-30
-46
-52
-60
-58
-57
-59

30
40
54
59
57
63
54

Table 1
PL(NloS)
(dB)

30
46
52
60
58
57
59

Fig.7. Linear regression (MMSE).
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Finding received power Pr (Pr≡RSS) at given
distance (d)
By using Formula (3) and assuming that Xσ is
equal to 9, Pr at given distance (d=20.5m) is
calculated. From Table1 we have PL(d0)= -30 dB.
(a) With LOS
Pr(d)  RSS[dBm]  Pt  PL (d 0 )  10n log10 (d / d 0 )  X 
Pr(20,5)  0  (30)  10.2,9868. log10 (20,5 / 1)  9  18,18[dBm]

(b) With NLOS
Pr(d)  RSS[dBm]  Pt  PL (d 0 )  10n log10 (d / d 0 )  X 
Pr(20,5)  0  (30)  10.3,6861. log10 (20,5 / 1)  9  27,35[dBm]

Conclusion
The log-normal distribution describes the random
shadowing effects which occur over a large number of
measurement locations which have different levels of
clutter on the propagation path. This phenomenon is
referred to as “Path-loss Shadowing model”.
In our case this model implies that measured signal
levels at a specific T-R separation (d=50m) in an olive
garden, where the measured signal levels (RSS) have
values in dBm units. The standard deviation of the
Gaussian distribution that describes the shadowing has
also units in dBm. Thus, the random effects of
shadowing are easily accounted for the case of
Gaussian distribution.
The roughness of the ground in the tree grove
(grass, holes, stones, etc) and the nearby trees are
sources of reflection and scattering of the radio waves,
which may explain the difference between the curves
for cases in Fig.4,5 (a) and (b).
Fading in the channel represents the short-term
effects due to multi-path propagation [5]. The path
loss exponent n is changing for different scenarios in
the interval (1<n<6) [1], [5]. Particularly, for the freespace path loss exponent is n = 2. But in our case n>2
because we have a multiple reflections from the
obstacles which leads to attenuation of the signal.
From our calculations is visible that the path loss
constant (parameter n) is bigger for the case with
NLoS (nNLoS= 3,6861) then transmission with LoS
(nLoS= 2.9868). Respectively, this leads to higher
losses in the propagation of signals in this case (Fig.6,
7) This can be explained by different paths from
reflections and shadowing effects from the trees.
In conclusion we can say that the models we use
could be applied to variety of scenarios in the area of
WSN. We can use this models in different kind of
environments, with different carrier frequencies and
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distances to find Received Power Pr at given distance
(d).
REFERENCES
[1] Savov, S., Z. Ganev. Indoor Propagation Path Loss
Modeling for Wireless Sensor Networks. ICEST 2014, 2527 Jun, Nis, Serbia, Conference Proceedings, vol.2 pp.4142.
[2] Ganev Z., S. Savov. Log-normal shadowing model
for Wireless Sensor Networks. CEMA2014, 16 -18 Oct.,
Sofia, Bulgaria, Conference Proceedings, pp.61-64.
[3] Stoyanova, Ts., F. Kerasiotis, A. Prayati, G.
Papadopoulos. Evaluation of Impact Factors on RSS
Accuracy for Localization and Tracking Applications in
Sensor Networks. Special issue of Telecommunications
Systems Journal, Springer, Vol.42, Dec. 2009, pp. 235-248.
[4] Stoyanova, Ts. RF Signal Modeling and
Deployment Strategy Targeting Outdoor RSS-Based
Localization and Tracking Applications in Wireless Sensor
Networks. PhD Theses, Faculty of Electrical and Computer
Engineering, University of Patras, 2011.
[5] Rappaport,
T.
Wireless
Communications
(Principles and Practice). 2nd ed., Prentice Hall, 2004.
[6] Molisch,
A.,
F.
Tufvesson.
Wireless
Communications. (2nd ed.), Wiley, 2005.
[7] Rappaport, T. et al. The Renaissance of Wireless
Communications in the Massive Broadband Era. IEEE Veh.
Tech. Conference, Sep. 2012.
[8] Rappaport, T. et al., State of the Art in 60 GHz
Integrated Circuits and Systems for Wireless
Communications. Proc. IEEE, no. 8, 2011, pp. 1390 – 1436.
[9] Rappaport T. et al. Millimetre wave mobile
communications for 5 G: It Will Rork!. IEEE Access, May
2013.
[10] Claude Oestges. Propagation Modeling for
Wireless Sensor Networks. Report, Catholique Universite
de Louvain, 2005.
[11] Janvier, D. Propagation Models for Wireless
Sensor Communications. Report, Catholique Universite de
Louvain, 2006.
[12] http://pdf1.alldatasheet.com/datasheetpdf/view/125399/ETC1/CC2420.html
[13] Dobosh, L. at al. Mobil Radiocommunications.
Djiev Treid OOD, Sofia 2005. (in Bulgarian)
Dr. Zlatan K. Ganev is with the Department of
Electrical Engineering, Technical University of Varna,
Bulgaria, He has a Master degree from the Technical
University of Varna in 2002. He works in the area of
telecommunications and theoretical electrical engineering.
tel.:+359896628783
е-mail: zganev@gmail.com

Received on: 31.10.2016

5

Payment of pensions by the ”Bulgarian posts” PLC
- monopoly or obligation?
Zdravko Mihaylov, Valentin Tzenov
This paper examines the payment of pensions in terms of the monopoly extent, rates of
liberalization, competition and EU legislation in the field of services of general economic interest. The
necessity of the obligation to pay pensions has been justified. An analysis of conditions and terms of
providing the service have bas been made. Formulas for calculating the net cost of the postal operator
have been provided and looked over. The characteristics of "pure monopoly" with those of obligated
service pensions have been examined and compared to each other. A conclusion has been made
regarding the nature of the service offset, the net costs and an answer to the title of the report.
Изплащането на пенсиите от ”Български пощи” ЕАД – монопол или задължение?
(Здравко Михайлов, Валентин Ценов). Изследвано е изплащането на пенсии от гледна точка
на монополно положение, степен на либерализация, конкуренция и законодателството на ЕС
областта на услугите от общ икономически интерес. Обоснована е необходимостта от
задължение за изплащане на пенсии. Направен е анализ на условията и режима на
предоставяне на услугата. Посочени са формули за изчисляване на нетните разходи на
пощенския оператор. Съпоставени са характеристиките на ”чист монопол” с тези на
задължен доставчик на пенсии. Направено е заключение за характера на услугата,
компенсиране на нетните разходи и отговор на заглавието на доклада.

Topicality of the problem
There are many stakeholders with different points
of view regarding the services for payment of
pensions carried out by the “Bulgarian Posts”. These
points of view are related to the monopoly position, to
which extent the service is liberalized, distortion of
competition, EU legislation in the field of the services
of general economic interest. The Supreme
administrative court issued a court order, which states
that the Court of justice of the European Union should
decide on the distortion of competition. The latter did
not decide in favor of the alternative providers and
returned the dossier to the Bulgarian justice in order to
prescribe whether the activities related to the payment
of pensions are social or rather economical. On this
depends whether there is a state aid and support of the
state postal operator.
On 1st of July 2016 the Council of Ministers of the
Republic of Bulgaria adopted Decree amending the
Ordinance for payment of pensions and security for
work experience (the Ordinance). According to the
Ordinance the net costs of the state postal operator
have to be calculated as a difference between the net
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costs of the provider when operating with obligation
to pay pensions and the net costs of the same provider
when operating without obligation to pay pensions [1].
On 6th of July the ”Capital” newspaper published
the article: ”Bulgarian Posts reserves its monopoly
over pensions for 10 years” [2].
Such unambiguous position in established economic magazine gives grounds to seek an answer to the
question: ”Is the payment of pensions a monopoly of
the “Bulgarian Posts” or is it its obligation?”
Object, subject and purpose of the report
Object of the report is ”Bulgarian Posts”.
Subject of the report is the provisioning of the service ”payment of pensions”.
Purpose of the report is an attempt to prove that
the payment of pensions in not a monopoly of the
state postal operator and it is its obligation.
Limited conditions of the report:
• Payment of pensions by private pension funds is
not a subject of this report;
• For the analysis purposes the characteristics of the
so called “pure monopoly” are used”.
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Tasks:
• Genesis, definition and characteristics of the
market structure “monopoly”;

•
•
•
•

Justification of the necessity to have an obligation for provisioning of public service;
Analysis of the conditions for provisioning of
the service “payment of pensions”;
Identification of the main components of the
obligation for the provisioning of the service
“payment of pensions”;
Comparing the characteristics of a monopoly
company (pure monopoly) with the characteristics of the “Bulgarian Posts” – obliged provider of pensions.

1. Genesis, definition and characteristics of the
market structure “monopoly”.
Reasons for arising of a monopoly.
The first reason is the granting by the state of an
exclusive right for selling of good(s) or service(s).
The second reason is related to the economy of
scale (natural monopoly). It is observed when the
curve of the costs is such that a company which is big
enough to produce the whole production of the
branch, will be able to do this under lower costs compared to several smaller companies. [3].
The third reason is imposing of excises by the state
on goods regarded as luxury or on products related to
the so called “fiscal privileges” for the state, known
also as fiscal monopoly [4].
The fourth reason is the specialized nature of the
product (for instance single pharmacy in small populated place, author of novels with specific thematic).
The fifth reason is related to the consumption of
public benefits (for instance consumption of the service “national security”, consumption of the navigation service “lighthouse” etc.).
The sixth reason for arising of the monopoly is
putting the legal barriers for entering some market,
like author rights, patents, and licenses.
Definition of the market structure ”monopoly”.
The etymology of the work ”monopoly” is of
Greek origin and means ”selling alone”(selling of
goods and services and their substitutes).
There are various definitions of the market structure “monopoly” in the scientific literature. David
Friedman defines the monopoly as a company, which
is the sole seller of several specific goods or services
in a certain branch [5].
According to the ”business dictionary” the monopoly is a market situation where one producer (or group
of producers acting in coordination) exercises a con-
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trol over the delivery of a good or service and where
the inclusion of new producers is prevented or severely limited. Trying to maximize their profits the monopolists keep high prices, limit the production and do
not respond adequately to the customers’ needs” [6].
2. Justification of the necessity to have an obligation for payment of pensions
There is rapid and common liberalization of the infrastructure sectors providing services of general interest in the EU countries. The regulation of the markets in these sectors is not possible at all time to respond adequately to the public needs. It is possible
the market price to be too high for a certain group of
customers with low purchasing power or not to cover
the costs for provisioning of the services. This fact
requires the imposing of obligations for provisioning
of public services and thus to guarantee not only the
right of every citizen (regardless of his social status
and geographical location) to access the minimum
package of services with certain quality and at affordable price, but also provisioning of subcontracted
services like payment of pensions by the “Bulgarian
Posts”.
The obligations represent a financial burden for the
operator. This financial burden is identified with those
components and elements of the service, which the
operator would not offer if it was guided solely by
commercial considerations. Usually this is related to
the provisioning of the services for customers and in
geographical areas, which are financially not profitable for the operator.
Payment of pensions by the “Bulgarian Posts” –
service of a general economic interest
The Ordinance specifies the payment of pensions
by the “Bulgarian Posts” as a service of a general
economic interest.
According to the EU legislation, services of a general economic interest are economical activities of
benefit for whole community. Without public intervention these services would not be provided on the
market or would be provided under different conditions regarding the quality, safety, accessibility, equal
treatment or universal access. [7].
3. Analysis of the conditions for the provisioning
of the service ”payment of pensions”
According to the legislation, the payment of pensions is provided under the following conditions:
• The service is provided on the basis of a secondary legislation act (Ordinance for payment
of pensions and security for work experience),
adopted by the Council of Ministers’ Decree;
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The service is provided by the “Bulgarian
Posts”, banks and payment institutions in the
country;
• The state granted rights for the provisioning of
the service to the banks and the other payment
institutions;
• ”Bulgarian Posts” is an operator with obligation to provide the service.
The obligation for public service is imposed on the
provider based on a criteria for common interest and
thus to guarantee that the service is provided under
conditions allowing the provider to fulfill its tasks.
The imposed obligation comprises components, which
generate net costs for the “Bulgarian Posts”.
•

4. Identification of the main components of the
obligation for the provisioning of the service”
payment of pensions”
The current legislative basis gives an opportunity
to identify the following main components of the obligation for the provisioning of the service ”payment of
pensions”:
• Payment of pensions on the territory of the
whole country by the post offices of the “Bulgarian Posts”;
• Payment of disability pensions by the “Bulgarian Posts” at the premises of the addressee (permanent or current address), if he/she receives a
pension for permanent disability/type and degree of disability or he/she is 68-years old;
• Payment of pensions by the ”Bulgarian Posts”
from 7th to 20th date of each month;
• Pensioners are released from payment of the
price of service;
• Provision of the service by the ”Bulgarian
Posts” for 10 years as from 1st of July 2016.
Formulas for calculation of the net costs of the
“Bulgarian Posts”
• The net costs of the ”Bulgarian Posts” (generated from the components of the obligation for
payment of pensions) are calculated based on
the following formula [1]:
NC = (Rwith obl - Cwith obl) – (Rwithout obl - Cwithout obl),
where:
• NC is the amount of the net costs of the ”Bulgarian Posts” for the relevant year in leva
(BGN);
• Rwith obl are the revenues of the ”Bulgarian
Posts” in leva (BGN) when operating with obligation for payment of pensions, calculated
based actual consumer prices;
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Cwith obl are the costs of the ”Bulgarian Posts”
when operating with obligation for payment
of pensions in leva (BGN), calculated based
on reported and allocated costs from the accounting system of the company for cost allocation in activities and services;
• Rwithout obl are the revenues of the ”Bulgarian
Posts” in leva (BGN) when operating without
obligation for payment of pensions, calculated by the “Bulgarian Posts” in leva (BGN)
based on prices, defined in the counterfactual
scenario;
• Cwithout obl are the costs of the ”Bulgarian
Posts” in leva (BGN) when operating without
obligation for payment of pensions, calculated
by the “Bulgarian Posts” based on costs, defined in the counterfactual scenario.
The amount of the compensation for the ”Bulgarian Posts” is calculated according to the following
formula:
•

Cpensions payment = NCpensions payment ,
where:
• Cpensions payment is the amount of the compensation in leva (BGN) for the relevant year;
• NCpensions payment is the amount of the net costs
in leva (BGN) for the relevant year.
Purpose and structure of the counterfactual scenario for the payment of pensions
According to the formula, it is necessary to develop a counterfactual scenario for the “Bulgarian Posts”
when operating without obligation to provide the service. The purpose of the scenario is to calculate the
net costs of the state postal operator when operating
under commercial conditions, which are relevant to a
sufficient extent to an effective counterfactual operator. When developing the scenario, the following situations could be taken into account:
• Reducing the number of the post offices of the
operator, providing the service;
• Change the frequency of the provisioning of the
service (within the day and within the week);
• Change the ownership of the postal network of
the service provider [8];
• Limitation of the whole national or regional
coverage regarding the provisioning of the service [same point];
• Definition of the price of the service ”payment
of pensions” by the provider when operating
without obligation for payment of pensions.
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”Bulgarian Posts” could develop the counterfactual
scenario when taking into account:
 Only one of the described situations;
 Several of the described situations taken together;
 All situations taken together.
The state postal operator should prove that the counterfactual situation for the provisioning of payment of
pensions is feasible and reliable. This could be
achieved by systematical evaluation from the commercial point of view of the postal market in the country or
by attaching the counterfactual scenario to the current
business strategy of the obliged provider. [8].
Criteria for unfair financial burden of the net costs
When the difference between the net costs of the

“Bulgarian Posts” operating with obligation to provide
pensions and the net costs of the state postal operator
without obligation to provide pensions is negative
number, then the net costs of the obliged provider
represent an unfair burden and are subject to compensation [1].
5. Comparing the characteristics of a monopoly
company (“pure monopoly”) with the characteristics of the “Bulgarian Posts” – obliged provider of
pensions
Based on the mentioned above, in the table 1 below are compared the characteristics of a monopoly
company with the characteristics of the “Bulgarian
Posts” – obliged provider of pensions.
Table 1

CHARACTERISTICS OF A MONOPOLY
COMPANY

CHARACTERISTICS OF “BULGARIAN
POSTS”, OBLIGED PROVIDER OF PENSIONS

Company with exclusive rights to deliver
good(s) or service(s) and their substitutes in
given branch (sector)

Company with imposed obligation by the state for
provisioning of the service “payment of pensions”

The company is the sole provider of good(s) and
service(s) in given branch (sector)

The service ”payment of pensions” is provided also
by banks and payment institutions

The company defines the quantity of the good
(or goods) and the service (or services) and their
substitutes without considering the needs of the
consumers

The quantity of the pensions paid is defined by the
needs of the final consumers and the quantity of the
pensions paid by the banks

The company defines a monopoly price of the
provided goods and services and their substitutes

”Bulgarian Posts” doesn’t have right to define the
price of the service ”payment of pensions”

The company realizes a monopoly profit

”Bulgarian Posts” doesn’t realize profit from the
provisioning of the service. The final consumer is
released by payment of the service.

The company prevents the competitive
companies to enter the market

”Bulgarian Posts” is not able to prevent the
competitive companies to enter the market in the
sector ”payment of pensions”

The company does not allow access to
information

”Bulgarian Posts” is a public enterprise and as a
such it has an obligation to provide information

The company establishes unrequited market
power

”Bulgarian Posts” does not establish unrequited
market power

The costs of the company are not compensated
by public funds

The state compensates the net costs of the
”Bulgarian Posts”
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Conclusion
This survey gives grounds for the following main
conclusions:
• Payment of pensions by the ”Bulgarian Posts”
is a service of a general economic interest;
• The public service ”payment of pensions” is
imposed obligation on the ”Bulgarian Posts”;
• The imposed obligation does not generate profit, typical for monopolistic market structures;
• Payment of pensions cannot be considered as a
service provided under market criteria;
• The components of the imposed obligation generate net costs for the state postal operator
which are verified by an independent auditor;
• The net costs (representing unfair financial burden) should be compensated by the subject
which imposed the obligation for payment of
pensions and are paid by National Insurance Institute by means laid down in the law for the
budget of the state social insurance;
• ”Bulgarian Posts” is not a monopolist, because
the service ”payment of pensions” is provided
also by banks (more than 50% from the pensions in the country are paid by the banks);
• The assertion of the ”Capital” newsletter is not
in line with the legislative basis and with the
practice for the provisioning of the service
”payment of pensions”.
This paper was originally published in the XXIV
National conference with international participation
TELECOM, Sofia, Bulgaria, 2016.
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Beyond algebraic connectivity of graphs evaluation of topology, based on spectral clustering
Mircho J. Mirchev
This paper presents a method for graph topology evaluation based on the Spectral graph theory,
which is based on the analysis of Eigen values and Eigen vectors of the graph matrices. When doing
Spectral graph analysis, the first is to calculate the Eigen values and Eigen vectors of the Laplacian
matrix of the graph, which gives the important value λ2 –the algebraic connectivity of a graph and the
Fiedler vector. This vector has values for each node of the graph. On the base of this analysis, a
variant of adding a new edge, which gives the highest gain in the algebraic connectivity, is made.
Based on this works, a system for automated analysis of graphs and self-learning algorithm for graph
analysis and optimization can be made.
Отвъд алгебричната свързаност на графа - спектрално клъстериране като оценка на
топологията (Мирчо Й. Мирчев). В тази разработка е представен метод за оценка на
топологията на графи посредством спектралната теория на графите. Тази теория се
занимава с анализ на Айген стойностите и векторите на характеристичните матрици на
графите. Спектралният анализ на един граф, включва изчисление Айген стойностите и Айген
векторите на Лапласовата матрица на графа, откъдето се вижда значението на λ2 –
алгебричната свързаност на графа, както и на вектора на Фидлер, като има съпоставка
между неговите елементи и върховете на графа. На база на този анализ, може да се направи
предположение за вариант за добавяне на ново ребро в граф, което да дава най-голямо
повишение на алгебричната свързаност на графа. Въз основа на работата може да се
автоматизира процеса на анализ, както и да се направи самообучаващ се алгоритъм за анализ
и подобряване на свързаността на графите.

Introduction
Graph theory has always been used to represent in
mathematical way real-life scenarios. As each
network can be represented as a graph, it has very
wide application in the field of telecommunications –
to calculate the shortest one or to search for critical
edges (bridges) or critical nodes, called articulation
points, or evaluate some topological parameters. Until
recently most of these tasks were accomplished
algorithmically. With the rapid growth of networks,
both in size and complexity, the algorithmic methods
became too slow to keep up with the network growth.
From control perspective, this was addressed with the
Software Defined Networks (SDN) ideology, while in
evaluation perspective this was addressed by
introducing the spectral graph theory, which gives a
good evaluation on both local and global topological
parameters of the network. The most used measure of
“how well the graph is connected” is the algebraic
connectivity. It is defined as the second smallest
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eigenvalue (λ2) of the Laplacian matrix of the
graph[1].
This paper goes beyond the measure of algebraic
connectivity and explores the properties of the
eigenvector associated with the second smallest
eigenvalue (algebraic connectivity). This vector is
called Fiedler vector and gives a good representation
of the components (subgraphs) of the graph, which
share similar connectivity properties. The eigenvalues
and eigenvectors in linear algebra are defined as
follows:
(1)

=

where vector is an eigenvector of the matrix A for
the eigenvalue λ. From spectral graph theory, the
graph spectra of graph G are defined as the spectrum
of the adjacency matrix A of G, which is its set of
eigenvalues together with their multiplicities. The
Laplace spectrum of a finite undirected graph without
loops is the spectrum of the Laplace matrix L.
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Definitions
= ( , ) be a weighted graph on n vertices
Let
in which the edge weights are positive numbers.
Denote by i ∼ j if the vertices i and j are adjacent and
=∑ ~ , .
by , the weight of the edge , . Let
The Laplacian matrix ( ) = ( , ) of
is defined
as
(2)

,

=

, if = ,
− , if ~ ,
0, otherwise.

is a simple graph whenever , = 1
Note that
for all i ∼ j. Denote a simple graph by G.
The ( ) is a real symmetric matrix. From this
fact and Gershgorin circle theorem, it follows that its
eigenvalues are nonnegative real numbers. Moreover,
since its rows sum to 0, 0 is the smallest eigenvalue of
( ) and the multiplicity of 0 equals the number of
is a
components of . Then we can assume that
simple connected graph.
Also let T denote the diagonal matrix with (i,i)-th
entry having . The normalized Laplacian matrix of
(ℒ) is defined to be the matrix:
1,
(3)

ℒ

,

=

if = and d ≠ 0;

−

,
0,

if ~ ;
otherwise.

We can then write
(4)

ℒ

,

=

( , ) = 0 for = 0
with the convention
From these definitions we can retrieve the
important parameters of graph spectra:
Spectrum of a graph
The spectrum of finite graph
is by definition the
spectrum of the adjacency matrix A, its set of
eigenvalues together with their multiplicities. The
Laplace spectrum of finite graph
is the spectrum of
the Laplace matrix L [2].
Since A is real and symmetric, all its eigenvalues
are real. Also, for each eigenvalue , its algebraic
multiplicity coincides with its geometric multiplicity.
Since A has zero diagonal, its trace tr(A), and hence
the sum of the eigenvalues is zero.
Similarly, L is real and symmetric, so that the
Laplace spectrum is real. Moreover, L is positive
semidefinite and singular, so we can denote the
eigenvalues by:
(5)
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≥⋯≥

≥

=0

The sum of these eigenvalues is tr(L), which is
twice the number of edges of . Finally, also ℒ has
real spectrum and nonnegative eigenvalues (but not
necessarily singular) and tr(ℒ)=tr(L).
Algebraic connectivity
In [1] the algebraic connectivity ( ) of a
(connected) graph is defined as the second smallest
eigenvalue ( ) of the Laplacian matrix of a graph
with n vertices.
This parameter is used as a generalized measure of
“how well is the graph connected” [3]. It has values
between 0 and n (a fully-connected graph Kn has n).
This eigenvalue is greater than 0 if and only if G is a
connected graph. This is a corollary to the fact that the
number of times 0 appears as an eigenvalue in the
eigenvector of the Laplacian is the number of
connected components in the graph. Therefore, the
farther λ is from zero, the more difficult it is to
separate a graph into independent components.
However, the algebraic connectivity is equal to zero
for all disconnected networks. Therefore, as soon as
the connectedness is lost, due to failures, for example,
this measure becomes less useful as being too coarse.
Fiedler vector
Fiedler vector is the eigenvector associated with
the second smallest eigenvalue of the graph G – λ2.
These eigenvectors of the graph Laplacian have been
explored extensively recently, mostly in [4]–[11].
The values of the Fiedler vector provide a good
evaluation of the topology and the node significance
in terms of global topology, e.g. to find densely
connected clusters, to find poorly connected nodes, or
to evaluate the global connectivity distribution of a
network [5].
Also, the differences between the values in the
Fiedler vector can give an estimation of the distance
between the nodes [1], [12].
Exploring the Fiedler vector
In this chapter, we’ll explore a sparsely connected
simple graph with 6 nodes show on Fig.1. For this
graph we’ll calculate the relevant spectral parameters
and show how the values in the Fiedler vector identify
the worst connected node (it is obvious in this the
graph – node 5), the clusters the are formed by the
nodes, and also make a proposition where a single
new edge should be added to maximize the
connectivity and robustness of the graph.
Let’s take the graph shown on Fig.1.
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λ (L)=

0

0.722

1.683

3

3.705

4.891

( )=

-0.408
-0.408
-0.408
-0.408
-0.408
-0.408

-0.415
-0.309
-0.069
0.221
-0.221
0.794

-0.505
0.04
0.759
0.201
-0.201
-0.294

0.289
0.289
0.289
-0.577
-0.577
0.289

-0.567
0.658
-0.205
-0.308
0.308
0.114

-0.032
-0.469
0.356
-0.562
0.562
0.144

• Eigenvalues of Normalized Laplacian Matrix
λ (ℒ)=

V(ℒ)
=

Fig.1. Example graph G.

It has the following matrices:
• Adjacency matrix A:
0
1
0
=
0
1
0

(6)

1
0
1
0
1
0

0
1
0
1
0
0

0
0
1
0
1
1

1
1
0
1
0
0

2 −1 0
0 −1 0
−1 3 −1 0 −1 0
0 −1 2 −1 0
0
(7)
=
0
0 −1 3 −1 −1
−1 −1 0 −1 3
0
0
0
0 −1 0
1
For further calculations we’ll use the normalized
Laplacian matrix [13], [14], which is defined as:
(8)

ℒ

,

=

if = and d ≠ 0;

−

,
0,

if ~ ;
otherwise.

but it can be easily derived from the diagonal
matrix D by [15]:
(9)

ℒ

,

=

Eigenvalues and Eigenvectors
For the example graph, we’ll use the Laplacian
matrix from which we’ll derive the eigenvalues and
the eigenvectors which correspond to them. As we
will compare graphs with the same number of nodes
(variants of the initial graph), it is easier to use the
Laplacian matrix instead of the Normalized Laplacian
matrix. The eigenvalues and the corresponding
eigenvectors of L and ℒ are as follows:
• Eigenvalues of Laplacian Matrix
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-0.378
-0.463
-0.378
-0.463
-0.463
-0.267

-0.441
-0.372
0.121
0.537
-0.226
0.56

0.871 1.284
0.317
-0.302
-0.74
0.068
0.402
0.307

0.353
0.351
-0.11
-0.274
-0.596
0.557

1.521 1.877
-0.661
0.562
-0.287
-0.195
0.283
0.216

-0.013
-0.343
0.447
-0.616
0.371
0.406

First, we look at the eigenvalue 0 and its eigenvectors. A very elegant result about its multiplicity forms
the foundation of spectral clustering. Then we look at
the second smallest eigenvalue and the corresponding
eigenvector.

0
0
0
1
0
0

• Laplacian matrix L:

1,

0 0.446

Algebraic connectivity
From the calculated eigenvalues and eigenvectors,
according to [1], we see that the example graph algebraic connectivity of ( ) = ( ) = 0.722, respec( )=
tively normalized algebraic connectivity
(ℒ) = 0.446. This eigenvalue is greater than 0 if
and only if G is a connected graph. This is a corollary
to the fact that the number of times 0 appears as an
eigenvalue in the eigenvector of the Laplacian is the
number of connected components in the graph, so we
can conclude the example graph G is connected and
has one connected component (which is clearly seen
in Fig.1).
Fiedler vector
The next interesting thing is the Fiedler vector.
According to [12], [16] this vector is the eigenvector
associated with λ2. This vector gives the spectral partitioning of the graph, from which we can derive the
subcomponents by their relative connectivity. For the
example graph the Fiedler vector is shown on next
formula together with the vertices associated with
each value.

(10)

( )=

-0.415
-0.309
-0.069
0.221
-0.221
0.794

N0
N1
N2
N3
N4
N5
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Or we can plot it as spectral lines (the Y-axis is
only informational and for visual clarity) - Fig.2.

Table 1
Spectral clustering of graph G

Cluster:
1
1
2
3
1
4

Node:
N0
N1
N2
N3
N4
N5

Fiedler vector value
-0.415
-0.309
-0.069
0.221
-0.221
0.794

Adding a new edge
Having done the spectral analysis of the example
graph, the next question that arises is about the best
place for a new edge to get better connectivity of the
graph. For the example graph on Fig.1 all the possible
edges that can be added are: (0, 2), (0, 3), (0, 5), (1,
3), (1, 5), (2, 4), (2, 5), (4, 5). For each possible edge,
we will compute the Fiedler vector and compare the
spectrum of the new graph to the original. In
Table are shown the algebraic connectivity together
with the Fiedler vector for the original graph, and for
each graph, that is constructed with adding one of the
possible edges.
In [4] is proven that adding a new edge in a graph
( ), more specifically
( )≤
increases the
( ) ≤ ( ) + 2. The results in Table show the
same.
Also, the results in Table show that the greatest
increase of the algebraic connectivity is a result of
adding a new edge between the furthermost edges in
the spectrum. In the table, this is shown with the value

Fig.2. Laplacian Spectrum of Graph G.

Once having the Fiedler vector, we can see if the
values, hence the nodes are clustered in spectral space.
We apply the DBSCAN scan function from scikitlearn package [17] and the result gives the number of
clusters: 4, with node/clustering as shown in Table 1.
We clearly see that vertices 0,1,4 form a cluster not
only in Laplacian space, Node 2 form a class is its
own, Node 3 is little further in the spectrum as it is
connected to the least connected node and it is an
articulation point itself. Node 5 – the least connected
node – is at the edge of the spectrum also [18], [19]. It
clearly shows the worse the connectivity of a node –
the further from the rest of the nodes in the spectral
space [2], [20]–[22].

Table 2
Spectral characteristics when adding edge (X,Y)

Original graph
Spectral gap
( )=
=

( )

Avg. SPL

Adding Edge (X,Y)
(0, 2)

(0, 3)

(0, 5)

(1, 3)

(1, 5)

(2, 4)

(2, 5)

(4, 5)

0.346

0.636

1.209

0.53

1.103

0.152

0.863

1.015

0.722

0.764

0.914

1.586

0.885

1.438

0.731

1

1.382

1.667

1.600

1.533

1.467

1.533

1.467

1.600

1.533

1.467

,

( )=

Node:
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N0

-0.415

-0.316

-0.307

-0.653

-0.401

-0.702

-0.395

-0.577

-0.602

N1

-0.309

-0.316

-0.214

-0.271

-0.206

-0.086

-0.313

-0.289

-0.372

N2

-0.069

-0.195

-0.214

0

-0.097

0.394

-0.189

0.289

0

N3

0.221

0.195

-0.214

0

0.097

0.308

-0.125

0.289

0.372

N4
N5

-0.221
0.794

-0.195
0.828

0.075
0.873

0.271
0.653

-0.241
0.848

-0.308
0.394

0.216
0.805

-0.289
0.577

0
0.602
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of the spectral gap (or spectral distance), which is
defined as the modulus of the difference between the
values of Fiedler vector associated with two nodes.
(11)

SG

,

= Fv(G)

− Fv(G)

So increasing ( ) via adding one new edge is
maximised when the new edge is between the two
nodes with the greatest spectral gap, while the average
shortest path length is minimized.
Conclusion and Future works
In this paper, the spectral characteristics of graphs
are reviewed and through an example, it is shown how
these characteristics can be used when taking
decisions where to add new edges and how this can
affect the overall spectrum of graphs. This can be
proven mathematically, parts of the proof can be
found in [4], [7], [23]–[26]. Also, future works can
extend the study beyond known sparse graphs to
random graphs, described with Erdős–Rényi model
[27]–[30] and also to weighed graphs [31]–[33].
Based on this work a system for automated
analysis of graphs and self-learning algorithm for
graph analysis and optimization can be made which
can also take into account the clustering properties of
nodes.
This paper was originally published in the XXIV
National conference with international participation
TELECOM, Sofia, Bulgaria, 2016.
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Conducting experiments using a platform
for evaluation and assessment of SDN performance
Diyana D. Kyuchukova, Georgi V. Hristov
Software-Defined Networks is a brand new network concept that changes the way networks
operate. In order to satisfy the network performance there are some issues that needs to be
considered. Finding the best controller location in the control plane of a Software-Defined network is
an important task that is related to the whole network performance. In order to find methods for
improving the network performance it is necessary to perform thorough analyses of the metrics or
criteria that affects the controller placement. The analyses can be performed as surveys, but in order
to achieve better results simulation experiments or practical studies are required. Based on the results
of such research activities, the correlation between the criteria that affect the network performance
can be detected. Different simulation and emulation programs can be used for the implementation of
such studies. In this paper the authors prоpose a platform capable of conducting emulations and
further analysis and estimation of SDN performance.
Провеждане на експерименти с платформа за изследване и оценка
производителността на SDN мрежите (Дияна Д. Кючукова, Георги В. Христов).
Определянето на местоположение за контролерите в управляващата равнина на SDN
мрежите е важна задача, която засяга производителността на мрежата. За да се намерят
методи за подобряване на работоспособността на мрежа е необходимо да се извършат
задълбочени анализи на факторите, които влияят на избора къде да бъде поставен
контролера. Тези анализи може да се направят на база проучвания, но за да се постигнат подобри резултати е необходимо да се пристъпи към провеждане на симулационни и / или
практически изследвания, чрез които да се открие корелационната зависимост на
факторите, които влияят върху производителността и да се търси метод за нейното
подобряване. За провеждането на такива изследвания биха били полезни различни софтуерни
симулационни и емулационни продукти. В настоящата статия се предлага платформа за
изследване и оценка производителността на Софтуерно дефинираните мрежи.

Introduction
The basic idea behind the SDN network
architecture is the separation of the control from the
forwarding plane. While this separation significantly
simplifies the network operations, it opens questions
about the network performance. In the SDNs, the
control of the whole network is implemented by a
separate device called controller, which plays a vital
role in the overall performance of the network. Based
on an analysis from several sources [1, 2, 3] it can be
concluded that the placement of the controller in the
SDN control plane has very huge impact on the whole
network performance. Network latency, fault
tolerance and controller imbalance are among the
criteria that are taken into account when determining
the location of the controller. In most cases these
criteria are correlated and thus it can be seen that
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some trade-offs will be necessary. Such trade-offs can
be discovered by carrying out simulation or practical
experiments. This paper focuses on the process of
conducting simulation experiments by using a
platform capable of evaluation, assessment and further
analysis of the control plane performance. The
platform represents a set of tools, which are necessary
to run a predefined network topology with a certain
controller placement.
The environment needs to be prepared before
starting any experiments. It is clear that testing a new
product (protocol, technology, etc.) could not be
performed in a real working environment. Before
starting the implementation of innovations in real
environments they need to be explored in a prototype
environment. The prototype environment can be copy
of the original one, but in the context of SDN
networks making a copy of the network itself is
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pointless and unprofitable. There are many software
products which offer great possibilities that allow
users to create prototype network topologies of real
networks. The network topologies could be defined
software-wise rather than on a hardware level, which
would reduce costs during the setup and development
time. But there is one condition that needs to be
considered. Network designs created on the software
level should be deployable on actual hardware. In
addition, the software implementation of a network
topology can be scaled in order to meet the limitation
of the hardware running the emulation platforms.
Running a network topology in a softwarebased environment
To the best of our knowledge, there are several
software platforms that allow user to emulate network
topologies. The proposed platform uses the Mininet
emulation product that can create a realistic virtual
network, running real kernel, switch and application
code, on a single machine (either a host or virtual
machine) in seconds [4]. Mininet is Linux-based
emulation software that make possible splitting a
single system into multiple Linux subsystem called
containers. The Linux containers are interconnected
via virtual links that can be parametrized with delay,
jitter, packet loss and bitrate. Mininet can run multiple
predefined network topologies, but supports also user
defined ones. To run user defined networks, Mininet
requires Python scripts that describe the topologies.
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and latency diagram
Fig.1. Example network topology.
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In order to show how the proposed platform is
organized a basic measurement of performance
metrics will be conducted on a test environment. The
topology that is used for network experimentation is
shown in Figure 1. This topology is taken from
Internet Topology Zoo (ITZ) - a web based data base
that houses more than two hundred and fifty network
topologies from around the world [5]. The ITZ
platform provides topologies in graphical notation,
containing the geographical location of the network
devices and the links between them. The file formats
of the topologies (.GML and .GraphML) cannot be
directly run in the Mininet environment, because it
currently supports only Python scripts. This is the
reason why the proposed platform uses a parser that
will extract the information from .GraphML file and
will create a Python script. The last will be used to
generate the topology in Mininet.
In addition, the geographic location of the network
devices is relevant information, which is used from
the parser to determine the latency of the link between
the network devices. The latency, in seconds, between
two connected nodes A and B is calculated by using
the following formula:
(1)

d=

dist ( A, B)

υ

The distance dist ( A, B ) between nodes A and B is
calculated by the spherical law of cosines that uses the
longitude and the latitude of the nodes from the
.GraphML topology file. The value υ is a constant
and represents the speed of the signal, which is
approximated with the speed of light and the reflective
factor of 1.52 for optical fiber [6].
The next step after generating the topology is to
find the controller location in the control plane. The
controller can be placed in the topology randomly, but
this would be meaningless since the main goal is to
find the best controller location. In order to find a
placement of the controller in the topology the
proposed platform uses a Matlab based instrument,
called POCO (from Pareto Optimal COntroller
placement) [2]. To determine the best controller
location according to different metrics the POCOtoolset uses an exhaustive evaluation of all possible
placements in a given topology.
Regarding the metrics that can be used to calculate
the best controller location, they can be grouped in
performance-only related metrics and reliability aware
metrics [7]. The first group refers to failure free
scenarios. A metric related to this group is latency. To
find the best controller location, the POCO-toolset
should calculate either the average or the maximum
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latency between a node and the controller. The
corresponding best controller location is when the
average or maximum latency has minimal value. For
each scenario the POCO-toolset calculates either:
(2)

( )= ∑

( , )

or
(3)

= max minSP( , c)

The shortest path between node
and the
controller c is depicted as
( , c), the average
is
latency for the current controller placement
( ) and the worst case latency is
.
The average latency is taken into consideration
when determining the controller location in the current
evaluation of the performance metric over the Evolink
network topology. As shown in Figure 1-b the
controller is located at the placement of the node with
ID 14. In addition, the POCO-toolset has generated a
coloured diagram of the latency between all nodes and
the controller. The greener the node colouring is, the
smaller the latency between this node and the
controller is. After exhaustive evaluation, the POCOtoolset has determined that the average latency has
minimum value when the controller is placed at the
place of node 14.
After all of these comes the final step, which is
related to running the topology in Mininet. The
topology is run easily by entering the following
command into a Linux terminal:

other in the program languages that are used for their
implementation and also they use different runtime
multi-threading techniques. Some previous works [10,
11] argue that the type of the SDN controller also
affects the performance of the network. This is why
the controller in the proposed platform is an
interchangeable component.
For the evaluation of the performance metrics for a
predefined network topology run in the Mininet
environment, the Distributed Internet Traffic
Generator (D-ITG) is used. D-ITG is a platform
capable to produce traffic that accurately adheres to
patterns defined by inter departure time between
packets (IDT) and the packet size (PS) stochastic
processes [12]. The architecture of the D-ITG traffic
generator is shown in Figure 2. Every module is
connected through several communication channels to
other modules. The most important modules for the
following measurements of the Evolink network
performance are ITGSend, ITGRecv and ITGDec.
ITGSend module is responsible for traffic generation
over network under test and for sending process, while
ITGRecv modules control reception of the traffic.

~$sudo ./FileName.py

where FileName.py is the Python script that defines
the topology. The controller placement is a problem
that affects only the in-band control plane
implementation. In order to emulate in-band control
plane an Open vSwitch instance should be used. Open
vSwitch, sometimes abbreviated as OVS, is multilayer
software, running under Apache 2.0 license. The OVS
is well suited to function as a virtual switch in virtual
machine environments [8]. To achieve in-band
control, the OpenFlow switch should run into Linux
kernel otherwise the in-band communication might
not work correctly. OVS is an instance of OpenFlow
switch that can run directly on a Linux kernel. This is
the reason why Open vSwitch is the preferable
instance for the proposed platform.
The control plane functionality is implemented by
Floodlight controller [9]. The controller is software
that can be installed on every commodity server. At
the present moment of time there are more than thirty
SDN controllers created by different vendors,
universities or research groups. They differ from each
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Fig.2. D-ITG traffic generator.

To collect logging information both modules
responsible for sending and reception of traffic
communicate with ITGLog module via Log Channel.
In addition D-ITG decoder is used to provide data
files that can be analysed.
Measurements and results
The sender module of the traffic generator can
work in a single-flow mode or multi-flow mode [13].
For the purpose of the current measurement, the
authors of this paper use ITG sender working in multiflow mode. In this mode the sender can
simultaneously generate several flows addressed to
one or more recipients. The flows should be
predefined in the script file. The script is made of a
line for each traffic flow, so that for flows the script
file has to contain lines, each of which is used to
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specify the characteristics of one flow. The script file
generated for the measurements contains the
following lines:

Fig.3. Summary results of flow with constant transmission
rate of 10000 packets per second at the sender side.

As shown in Figure 3 - the summary results of the
flow with constant transmission rate 10000 packets
per second, the average bitrate is around 40 Mbps.
This is obvious, because 512 Bytes are equal to 4096
bits and since the packets, which have been
transmitted are 10000 per second the average bitrate
achieved is 40 Mbps. The results can also be plotted
using the appropriate software products. For the
purpose of this paper the authors use Matlab [14].
The Figure 4 shows the throughput of the first
flow. The data is obtained from the sender log file.
Obviously the transmission rate is four times bigger
than the capacity of the links. The topology under test
is built by 10 Mbps links, which is a prerequisite for
bigger delays or even packet loss. This can be noticed
by the throughput diagram on the receiver side, shown
in Figure 5.
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Fig.4. Throughput of the first flow of the sender side.
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-----------------------------------------------Flow number: 1
From 10.0.0.28:44706
To
10.0.0.3:1003
-----------------------------------------------Total time
=
59.960952 s
Total packets
=
598938
Minimum delay
=
0.000000 s
Maximum delay
=
0.000000 s
Average delay
=
0.000000 s
Average jitter
=
0.000000 s
Delay standard deviation =
0.000000 s
Bytes received
=
306656256
Average bitrate
= 40914.127714 Kbit/s
Average packet rate
=
9988.800712 pkt/s
Packets dropped
=
0 (0.00%)
Average loss-burst size =
0.000000 pkt
------------------------------------------------

x 10

9

-a 10.0.0.3 -rp 1003 -C 10000 -t 60000
-a 10.0.0.3 -rp 1004 -C 100000 -t 60000
-a 10.0.0.3 -rp 1005 -C 150000 -t 60000

Different receiver ports have been used in order to
distinguish individual flows. All flows have been sent
to a node with address 10.0.0.3 for the duration of one
minute. The duration of the flows are defined in
milliseconds with -t 60000. All flows traverse the
network simultaneously. The difference between the
three flows is the bitrates in terms of a packets per
second. The first flow transmits data with constant
bitrate 10 × 10 packets per second, the second flow
transmits 100 × 10 packets and the third flow with
bitrate of 150 × 10 packets per second. By default, if
not specified, the size of each packet is 512 bytes.
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Fig.5. The throughput of the receiver side.

-------------------------------------------------Flow number: 1
From 10.0.0.28:44706
To
10.0.0.3:1003
-------------------------------------------------Total time
=
60.644229 s
Total packets
=
62730
Minimum delay
=
0.053149 s
Maximum delay
=
8.015104 s
Average delay
=
0.539471 s
Average jitter
=
0.003727 s
Delay standard deviation =
0.193957 s
Bytes received
=
32117760
Average bitrate
=
4236.876027 Kbit/s
Average packet rate
=
1034.393561 pkt/s
Packets dropped
=
536169 (89.53%)
Average loss-burst size =
26.118911 pkt
--------------------------------------------------

Fig.6. Summary results of flow with constant receiver rate
10000 packets per second at the receiver side.
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The first flow delay
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The third flow delay
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The receiver log file can also be obtained. The
summary results of the first flow with constant
receiver rate of 10000 packets per second are shown
in Figure 6. It can be easily noticed that the dropped
packets are about 90%. The minimum, maximum and
average delays are also shown. Figure 7 shows the
delay of the first flow.
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Fig.9. The delay of the third flow.
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Fig.7. The delay of the first flow.

As shown in the summary log and also in the
plotted delay diagram (Figure 7), the delay has a pick
value during the 33th second of the measurement. And
the value of this delay is about 8 ms. The average
delay is less than 1 ms – it is about 0,5 ms. The delays
of other flows are shown in the next two figures
(Figure 8 and 9). The delays of the second and third
flows have bigger maximum values. The average
values are also bigger than the values for the first
flow. All delays are obtained in the receiver side since
the sender transmits flows without adding delay. At
the sender side only the latency can be found.

Summary
In summary the proposed platform is graphically
represented in Figure 10. By using this platform user
can evaluate, assess and analyse different performance
metrics like delays, jitter, packet loss, sending and
receiving bitrates of real-world network topologies.
The simplicity to parse nearly every network to a
commodity computer reveals new possibilities to test
several aspects of SDN behaviour.
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60

Fig.10. Block diagram of the proposed platform for
evaluation, assessment and analysis of SDN control plane
performance.
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In conclusion, this platform for evaluation of the
network performance can give accurate assessment of
how the controller placement affects the network
performance. The authors are determined to continue
their work and to carry out more thorough
experiments, which will be presented in future
publications. There are some factors which influence
the controller placement process. These factors can
relate to failure tolerance or controller imbalance. For
feature work, the authors plan to carry out
experiments with scenarios, where the controller
failure occurs in a network with more than one
controller.
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ELECTRICAL ENGINEERING

Exploration of the possibilities of the variational approach for
analysis of transient processes in electric circuits
Emil I. Panov, Miroslava Gr. Doneva
In this paper the possibilities for application of the variational approach for analysis of
transient processes in linear and non-linear electric circuits are presented. It is based on two basic
theorems, which were introduced several years ago for the needs of the variational analysis of
electric circuits of all types, working in any type of regimes. A special method for analysis of
electric circuits called method with the transferring coefficients was also developed and combined
with the variational approach in order to avoid the usage of partial differential equations in the
analyses of that type. The methodology, which allows the application of the variational approach
for analysis of transient processes using the basic laws for the electric circuits, is revealed, too. A
special methodology for optimization of the solutions by the help of the formulas of Newton-Cotes
for numeric integration and the balance of powers is introduced, giving the chance to increase the
precision of the solutions. Some examples with real electric circuits demonstrate the features and
the scope of the variational method, too.
Изследване на възможностите на вариационния подход за анализ на преходни процеси
в електрически вериги (Емил И. Панов, Мирослава Гр. Донева). В тази статия са
представени възможностите за приложениена вариационния подход за анализ на преходни
процеси в линейни и нелинейни електрически вериги. Той е базиран върху две основни теореми,
които бяха въведени преди няколко години за целите на вариационния анализ на електрически
вериги от всички видове и работещи при всякакви режими. Специален метод, наречен метод с
предавателните коефициенти, също бе разработен и комбиниран с вариационния подход, за да
се избегне работата с частни диференциални уравнения при анализите от този тип.
Методиката, която позволява прилагането на вариационния подход за анализ на преходни
процеси, използвайки основните закони на електротехниката, е също показана. Въведена е
специална методика за оптимизиране на решенията с помощта на формулите на НютонКоутс за числено интегриране и баланса на мощностите, давайки възможност за увеличаване
на точността на решенията. Някои примери с реални електрически вериги демонстрират
също особеностите и обхвата на вариационния метод.

Introduction
The variationаl analysis of electric circuits is rarely
used in electrical engineering. There are few examples
for its application about some electrical processes and
the corresponding powers, connected with them. In
circuit theory the first systematical methodologies for
variational analysis of electric circuits were introduced comparatively soon [1]-[11]. Because of the
variety of different types of regimes, it is necessary
these methodologies to be additionally developed and
specified for the different cases of analysis of electric
circuits. In the present paper a variational methodolo-
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gy for analysis of transient processes in linear and
non-linear electric circuits is presented.
Two dual theorems [5] can be used directly for that
purpose, because they introduce the bases of the
variational analysis of electric circuits. These
theorems correspond to a similar theorem in
electrostatics called “uniqueness theorem”, which is
connected with the fact, that there is only one correct
solution of each field task ([12], page 25). This
theorem is a consequence of the principle of least
action, which is valid for all aspects of physics ([13],
from page 19-1 to page 19-14).
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First theorem: For each EC, among all sets of
currents, which formally satisfy Kirchhoff’s
current law (KCL) for the nodes of the circuit,
there is only one set of currents, for which the
instantaneous power of each current source has an
extremum (a minimum or a maximum), if this
power is not equal to zero. And this set of currents
is the only one, which satisfies the equations using
Ohm’s and Kirchhoff’s laws for the circuit.
Second theorem: For each EC, among all sets of
voltages, which formally satisfy Kirchhoff’s voltage
law (KVL) for the loops of the circuit, there is only
one set of voltages, for which the instantaneous
power of each voltage source has an extremum (a
minimum or a maximum), if this power is not
equal to zero. And this set of voltages is the only
one, which satisfies the equations using Ohm’s and
Kirchhoff’s laws for the circuit.
In [5], [6], [7], [8], [9], [10], [11] some special
techniques for analysis of electric circuits were
developed on the base of the so-called transferring
coefficients, which connect the explored quantities
(voltages or currents) with the reference source and its
quantity – the electromotive force (e.m.f.) or the
electromotive current (e.m.c.). After the choice of the
reference source and the introduction of the
transferring coefficients, one equation is created by
the help of the balance of the powers and after the
exclusion from it of all coefficients except one, the
resultant equation may be solved directly or it may be
differentiated in order to find the extremum and the
value of the basic transferring coefficient of the
explored circuit. This approach can be combined with
the nodal approach or the loop analysis, too. So, a big
variety of methodologies was introduced for DC or
AC analysis (the last type was connected with the
phasor approach).
Analysis

calculation technology is numeric one (especially for
the analysis of non-linear electric circuits).
The methodology for numeric variational analysis
of the transient processes in one electric circuit (for
example with one reactive element) has the following
steps:
1) A reference source (of e.m.c. with a current
j1 (t ) or e.m.f. with a voltage e1 (t ) ) is selected in the
circuit being studied. A pair of terminals (a) and (b),
separating the circuit into a reference source and a
resistive part, is introduced, while all other sources (of
e.m.f. or e.m.c.) are considered to be resistors
according to the compensation theorem with positive
or negative resistances Req (t ) or R js (t ) .
2) A number of m transferring coefficients
k1 , k 2 , ... , k m are introduced in relation to the
currents flowing through the elements (the voltage
drops upon them) having in mind KCL or KVL,
where:

i1 (t ) = k1 (t ). j1 (t ) ,
i2 (t ) = k 2 (t ). j1 (t ) ,…, im (t ) = k m (t ). j1 (t ) ,

or
( u1 (t ) = k1 (t ).e1 (t ) , u 2 (t ) = k 2 (t ).e1 (t ), …,
u m (t ) = k m (t ).e1 (t ) ).

3) A system of (m − 1 ) equations is created by the
help of KVL (or KCL) and the system is solved taking
into account one of the coefficients to be a parameter,
for example k1 (t ) , i.e.

k 2 (t ) = f 2 (k1 (t )) , k 3 (t ) = f 3 (k1 (t )) , ....,
k m (t ) = f m (k1 (t )) ,
where k1 (t ) is the transferring coefficient of the
reactive element.
4) One differential equation of the following
normalized form is created for the explored circuit:
d k1 (t )
= f k1 (t ); R1 ; ...; Rq ; C (or L ) ,
dt

Basic methodology for analysis of transient
processes in electric circuits using variational
approach.

(1)

The analysis of transient processes in the electric
circuits by the help of the variational approach needs a
little bit different procedure, because the basic

which will be the predictor for the calculating process.
Then, several initial values can be calculated by the
help of the method Runge–Kutta–4 for the first p steps
with a step size h in the time interval t 0 ; t p .
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5) Another equation is created on the base of the
balance of powers for the instantaneous powers of the
elements of the explored circuit:
tp

(2)



q



s =1



  p sourse [k1 (t )] −  p Rs [k1 (t )]dt =

t0 

tp

,

[ ( )]

=  p R.E. [k1 (t )]dt =W R.E . k1 t p − WR.E. [k1 (t 0 )]
t0

where p R.E. and WR.E . are the instantaneous power of
the reactive element and the corresponding
accumulated energy.
Equation (2) will play the role of a corrector of the
calculation process.
6) Then, the first optimization may be started in
order to precise the first p values, received by
equation (1), using the corrector – equation (2). The
procedure is maintained by the usage of iteration
procedure and a numeric integration formula of
Newton – Cotes of rank higher than 4 (for example it
may be the 6-th order integration formula).

using an iteration procedure and a high order
integration formula of Newton – Cotes (for example it
may be 6-th order integration procedure). This is the
second optimization, which can be repeated over and
over again till the end of the transient process.
Numeric examples for variational analysis of
transient processes in electric circuits by the help of
transient coefficients
Example 1: A linear electric circuit is presented in
Fig.1
with
the
following
parameters:
R = R1 = R2 = 50 Ω ; C = 50 μF ; e = 1 V . Find the

voltage drop across the capacitor uC (t ) by the
variational approach.

R1

(a )

K

iC (t )

i1(t )

e
tp

(3)



q



s =1



  Psourse [α .k1 (t )] −  PRs [α .k1 (t )]dt =

t0 

[ ( )]

(1)

uC (t )

R2

(b)

C

i2 (t )

.

= WR.E . α .k1 t p − WR.E. [α .k1 (t 0 )]

(2)

Fig.1. A linear electric circuit.

The calculation procedure starts with an initial
value for the correction coefficient α (0 ) = 1 . After the

calculation process is over, the first p + 1 values of
k1 (t ) are improved, i.e. we receive the precise values
k1 (t 0 ) ; k1 (t1 ) ; …; k1 t p for the next calculation

( )

process.
7) By the help of the predictor – education (1) we
can get the next value k1 t p +1 , which we can improve

( )

by the corrector – equation (2):

tp

(4)



[ ( )]

q



s =1



= WR.E . k1 t p +1 − WR.E . [k1 (t1 )]
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will be: i1 (t ) =

[1 − k (t )].e ; i (t ) = k (t ).e . The predictor
2
R1

R2

of the calculation process will be:
(5)

dk (t ) 1− 2k (t )
=
,
dt
RC

which has an exact classical solution

  p sourse [k1 (t )] −  p Rs [k1 (t )]dt =

t0 

Solution:
The voltage across the capacitor can be expressed
as: u c (t ) = k (t ).e . Then, the currents i1 (t ) and i2 (t )

(6)

,

2t

−
k (t ) = 0,51 − e RC




 ,



2t

−
i.e. u c (t ) = k (t ).e = k (t ).1 = 0,51 − e RC




 .
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The corrector for the calculation process will have
the following form:
t6

t6

 [pe (t ) − p R (t ) − p R (t )] dt =  pc (t ) dt , or
1

t0

t6

help of the method Runge–Kutta-4 and then, they can
be put under the first optimization iterative procedure:

2

t0

[

]

α (r +1) .k (t 6 ) =

(9)

=

2
2
 e.i1 (t ) − R1.i1 (t ) − R2 .i2 (t ) dt =

t0

t6
du c (t )
(
)
= C
.u c t dt =  Cu c (t ) du c (t )
dt
t0
t0
t6

t0

Ce
2

improve the seventh one - k (t 7 ) , too. For that purpose
we can use equation (7), which is our corrector, and it
will have the following form:

 k (t ).dk (t ) . I.e.

k (t0 )

]

2 t6
2
2
 {k (t ).[1 − 2k (t )]} dt + k (t 0 ) = k (t 6 ) .
RC t0
At the end we have:
k (t 6 ) =

2 t6

RC t0

{k (t ). [1 − 2k (t )]}dt + k 2 (t0 ).

Here, the numeric integration can be fulfilled by
the 6-th order Newton-Cotes formula:
t6

 f (t )dt =

(8)

t0

=

41. f (t 0 ) + 216. f (t1 ) + 27. f (t 2 ) + .

+ 272. f (t 3 ) + 27. f (t 4 ) +

840 
+ 216. f (t 5 ) + 41. f (t 6 )


(t6 − t0 ) 

The first 6 values for k (t ) , i.e. k (t1 ) , …, k (t 6 ) can
be received from the corrector - equation (5) by the
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]

After we have already improved the six initial
values of the transferring coefficient k (t ) , we can

e 2 t6
2
2
2
 { k (t ).[1 − 2k (t )] } dt = Ce k (t 6 ) − k (t 0 ) or
R t0

(7)

[

k cor (t 6 ) = α (r +1) . k (t 6 ) .

2 k (t6 )

[

]}

k cor (t1 ) = α (r +1) . k (t1 ) ; k cor (t 2 ) = α (r +1) . k (t 2 ) ; … ;

 [1 − k (t )].e
[1 − k (t )]2 .e 2 −
− R1

e
t6
R1
R12


 dt =

2 2
t0 
k (t ) .e


− R 2
2
R2



= C  k (t ).e.d [k (t ) e] =

[

{

where α (0 ) = 1 is the initial value for the optimization
procedure. After its completion, all the first six values
of k (t ) can be improved by the received correction
coefficient:

,

or

t6

2 t6
2
 α (r ) .k (t ) 1 − 2α (r ) .k (t ) dt + α (k ) .k (t 0 ) ,
RC t0

(10)

k (t 7 ) =

2 t7

RC t1

{ k (t ).[1 − 2k (t )] }dt + k 2 (t1 )

.

For that purpose we use the predicted value k (t 7 ) ,
received from the predictor (equation (5)) and we may
better it by iterative procedure using equations (8) and
(10). This is the second optimization procedure for the
values k (t 7 ) , k (t8 ) , k (t 9 ) , .… till the end of the
transient process we explore.
In Fig.2 the relative error d is presented for two
calculation procedures – the first by the help of the
method Runge–Kutta–4 and the second for the
variational approach, where:

d=

k exact (t ) − k calc (t )
.100% .
k exact (t )

1
ms ; the first
6
optimization is completed at t = 1 ms ; the second
optimization starts right away after the first
optimization.
Here, the step size is

h=
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5
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Fig.2. The relative error versus time.

instantaneous power
0.014

In Fig.3 the absolute error D = kexact (t ) − kcalc (t )

t2=2ms
0.0135
m(t2)=0,399
p(t2) [W]

is presented for both methods of calculation.
In the last two figures it is well seen, that the
variational approach can improve the results of one of
the most often used numeric methods for solution of
ordinary differential equations - the method Runge–
Kutta–4.
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4
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D
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instantaneous power

Fig.3. The absolute error versus time.
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t4=4ms
m(t4)=0,48
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p(t4) [W]

In Fig.4 (a), (b), (c), (d) and (e) the extremum of
the function p sourse [k (t )] is presented for the moments
t1 = 1 ms ; t 2 = 2 ms ; t3 = 3 ms ; t 4 = 4 ms and
t 5 = 5 ms . It is well seen that for the calculated values
of the transferring coefficient in these five moments,
the voltage source spends minimum power in order to
support the transient process of the electric circuit.

0.012

0.0115

0.011

0.0105
0.25

0.3

0.35

0.4

0.45
0.5
m(t4)

0.55

0.6

0.65

0.7

(d)
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instantaneous power

i L (t ) = k (t ) j , where j =

0.0125
t5=5ms
m(t5)=0,491

p(t5) [W]

0.012

Then:

0.0115

u L (t ) =

0.011

=

0.0105

0.25

0.3

0.35

0.4

0.45

0.5
m(t5)

0.55

0.6

0.65

0.7

d
dt

Example 2: A non-linear electric circuit is
presented in Fig.5, where: R1 = 120 Ω ; R2 = 5 Ω ;

R3 = 0,2 Ω ; e = 250 V ; i L (t ) = 0,5 ΨL2 (t ) . Find the

current flowing through the coil i L (t ) by the
variational approach.
R2

j

Fig.5. A non-linear electric circuit.
Solution:

In Fig.6 the equivalent electric circuit with a non–
ideal current source is presented. The current flowing
through the non–linear coil can be expressed as:
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iL (t )
K

u j R1

uL (t )

R3

(2)

Fig.6. The equivalent electric circuit.
Using KCL and KVL we can express the voltage
drop u j (t ) , i.e. u j (t ) = R1.i1 (t ) = R1 . j.[1 − k (t )] and we

can also find the connection among u j (t ) , i L (t ) and

u L (t ) : u j (t ) = R2 i L (t ) + u L (t ) . From here, we receive

the predictor equation:
dk (t )
= 2 k (t ). j . [R1 − (R1 + R2 ).k (t )] .
dt

The exact classical solution of that equation is:
2

(12)

12  3 − 2e −250t
k (t ) = 
50  1,5 + e −250t

and

 3 − 2e −250t
i L (t ) = k (t ). j = 0,5 
 1,5 + e −250t


R3

(2)

j
2.k (t )

i1 (t )

(b)

(11)

uL(t)

K

[ 2.k (t ). j ] = dkdt(t ) .

(a )

iL(t)

i1(t )

L

(1)

The next example is a step towards the same
direction.

(1)

[ 2.i (t )] =

and i1 (t ) = j.[1 − k (t )] .

The solution of that task is more complex
compared with the solutions made by other classical
methods. Here, the main goal is not to find any
voltage or current in the quickest way with less
calculations, etc. The transient processes in linear or
non-linear circuits are subordinated to the principle of
least action at each moment of time. And that example
is presented in order to feel directly that hidden fact.

R1

dΨL (t ) d
=
dt
dt

0.75

(e)
Fig.4. The extrema of the function p sourse [k (t )] .

e

e 25
=
A.
R1 12






2


 A.



The corrector for the calculation process will have
the following form:
t6

[

]

t6

 p j (t ) − p R1 (t ) − p R2 (t ) dt =  p L (t ) dt ,

t0

t0
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k cor (t1 ) = α (r +1) .k (t1 ) ;

where
t6

[

 u j (t ). j −

t0

R1 .i12

(t ) −

R2 .i L2

(t )]dt =

t6

k cor (t 6 ) = α (r +1) .k (t 6 ) .

After we have already improved the six initial
values of the transferring coefficient k (t ) , we can

,

=  u L (t ).i L (t )dt

improve the seventh one - k (t 7 ) , too. For that purpose
we can use equation (13), which is our corrector, and
it will have the following form:

t0

[

or

t6  R . j 2 . 1 − k
 1

2 2
t0 
− R2 . j .k

or

(t )] − R1. j 2 .[1 − k (t )] 2 −
 dt =

(t )

k (t 7 ) =

dk (t )
j 
= 
.k (t ). jdt ,
2k (t ) 
 dt
t0 
t6 

t6

[

]

[

]

2 32 32
=
j k (t 6 ) − k 3 2 (t 0 ) ,
3

or
k (t 6 ) =

(13)

[

]

t6


2
2,5 1,5  R1 .k (t ) − (R1 + R2 ).k (t ) dt + 
=
t0


 32

+ k (t 0 )

23

.

Here, the numeric integration can be fulfilled by
the 6-th order Newton-Cotes formula (8).
The first 6 values for k (t ) , i. e. k (t1 ) ; …; k (t 6 )
can be received from the corrector - equation (13) by
the help of the method Runge-Kutta-4 and then, they
can be put under the first optimization iterative
procedure:

.

-4

3

relative error

x 10

Runge-Kutta-4
after optimizacion

2.5

2

]

[

]

2

1.5

3

,

d[%]



t6  R1 .α (r ) .k (t ) −

2,5 1,5  

dt
+



2
(
)
(
)
R
R
α
k
t
−
+
.
.
=
t0 


1
2
(r )



32
+ α (r ) .k (t 0 )


[

]
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For that purpose we use the predicted value k (t 7 ) ,
received from the predictor (equation (11)) and we
may improve it by iterative procedure using equations
(8) and (15). This is the second optimization
procedure for the values k (t 7 ) ; k (t8 ) ; k (t 9 ) ; … , till
the end of the transient process we explore.
In Fig.7 the relative error d is presented for two
calculation procedures – one for the Runge–Kutta-4
method and another for the optimized numeric
solution of the variational approach. Here, the step
1
size is h = ms ; the first optimization is completed at
3
t = 2ms ; the second optimization starts right away
after the first optimization.

α (r +1) .k (t 6 ) =
(14)

[

t7


2
2
,
5
1
,
5

 R1 .k (t ) − (R1 + R2 ).k (t ) dt + 
=
t1

 32

+ k (t1 )


(15)

j 2 .  R1 .k (t ) − (R1 + R2 ).k 2 (t ) dt =
t0

k cor (t 2 ) = α (r +1) .k (t 2 ) ; … ;

1

0.5

0

where α (0 ) = 1 is the initial value for the optimization
procedure. After its completion, all the first six values
of k (t ) can be corrected by the received correction
coefficient:
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Fig.7. The relative error versus time.
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-7

16

absolute error

x 10

Runge-Kutta-4
after optimizacion

14
12
10

D

8
6
4

allow to improve the numeric solutions and to
increase the accuracy of the final results.
The proposed methodology can be ever introduced
successfully, because we can always choose a
corrector of higher order, compared with the order of
the predictor, having in mind that the integration
equations of Newton-Cotes form an infinite family of
high-precision formulas. And the graphs in Fig.2,
Fig.3, Fig.7 and Fig.8 illustrate in the best way that
fact.

2
0
-2
0

0.002 0.004 0.006 0.008

0.01
t[S]

0.012 0.014 0.016 0.018

0.02

Fig.8. The absolute error versus time.

In Fig.8 the absolute error D is presented for both
methods of calculation.
In the last two figures it is well seen, that the
variational approach can improve the solution of one
of the most often used numeric methods for solution
of ordinary differential equations - the Runge–Kutta-4
method.
The truncation error of the method Runge–Kutta-4
h 5 (V )
f (ξ ) , where ξ is some point within
5!
the time interval of the last step h of the calculation
process. The sixth order integration formula of
Newton-Cotes has an error:

is ε TR. K . =

ε TN .C . = −

[

]

h7
10. f (VI ) (ξ ) + 9h 2 . f (VIII ) (η ) ,
1400

where ξ and η are some points within the integration

interval [t k ; t k +6 ] . So, for h << 1 it is clear, that

ε TR. K . >> ε TN .C . , which allows the Newton-Cotes

formulas of higher order to be in the base of the
corrector integration equations.

Conclusions
The proposed variational approach is more
complex compared with the classic solutions. It is
better to use it for analysis of transient processes in
non-linear electric circuits, especially in cases when
there are no exact classic solutions. The optimization
procedures implemented in the variational method
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Adaptive vector control of
permanent magnet synchronous motor
Emil Y. Marinov, Tsvetomir T. Todorov,
Zhivko St. Zhekov, Nikolay V. Petkov
It is considered in this paper an opportunity to develop a permanent magnet synchronous motor
(PMSM) vector control system with desired quality. A model reference adaptive control (MRAC)
system based on hyper-stability theory is synthesized. The synthesis is valid for PMSM with interior or
surface mounted magnets. Two modification of the system according to the degree of reference model
denominator are suggested. It is confirmed by simulations that the system maintains the constant
quality of speed at wide variations of reference speed, load of the motor and the total moment of
inertia. The processes in power module are heeded in simulations. The operations of first and second
order MRAC systems are considered and the results of simulations are analysed. Factors affecting the
motor current are the total moment of inertia, desired dynamics set in reference model, and the choice
of parameters determining the time response of system in regard to minimize the error.
Адаптивно векторно управление на синхронен двигател с постоянни магнити (Емил
Й. Маринов, Цветомир Т. Тодоров, Живко Ст. Жеков, Николай В. Петков). Разглежда се
възможността за реализиране на система с векторно управление на синхронни двигатели с
постоянни магнити (СДПМ) със зададено качество. Синтезирана е адаптивна система с
еталонен модел (АСЕМ) на базата на теорията за хиперустойчивост. Синтезът е в сила за
СДПМ с вградени магнити и за двигатели с повърхностно монтирани магнити. Представени
са две модификации на системата в зависимост от реда на еталонния модел. Посредством
симулационни изследвания, отчитащи процесите и в силовия електронен преобразувател, е
потвърдена възможността за поддържане на неизменно качеството на преходните процеси
на скоростта при изменение на заданието, натоварването и сумарния инерционен момент в
широк диапазон. Показана е работата на системата с еталонен модел от първи и втори ред
и са анализирани получените резултати. Върху токовото натоварване на двигателя влияят
сумарният инерционен момент на двигателя и механизма, желаната динамика, зададена чрез
еталонния модел, както и изборът на настроечните коефициенти определящи
бързодействието на системата при отработване на грешката.

Introduction
PMSM are characterized with high efficiency –
large torque, small volume, very good dynamic and
power features. The systems with vector control allow
wide range of speed control of PMSM. This is the
reason why they are wide spread in robotics. In that
area essential problem is wide range of load variation.
Development of systems with desired quality at
uncertainty of parameters is possible through
application of robust and adaptive control [1]-[11].
Mainly used systems are model reference adaptive
control systems [1], [2], [3], [8], adaptive back
stepping control with plant parameters identificator
[1], [2], [5], adaptive and robust intelligent control
systems based on neural networks and fuzzy logic [1],
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[2], [7], [9], [11]. One advanced solution is
development of system with adaptive vector control
based on hyper-stability theory [12].
PMSM mathematical description
It is considered PMSM with 3 phase stator
winding, permanent magnets in the rotor and without
a damper winding.
The equations describing processes in IPMSM
(interior permanent magnet synchronous machine) in
“d-q” reference frame oriented at rotor flux and
rotated with synchronous speed can be written in the
following form (1), where: u1d, u1q, i1d, i1q – stator
voltages and currents at axis d and q; R1 – stator
windings resistance, L1d, L1q – stator inductances at
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axis d and q; Ψm – permanent magnets flux; ωr, ωrе –
mechanical and electrical motor speed respectively,
Ме, Мc – electromagnetic and total load torque
respectively, J - total moment of inertia, pp – number
of poles pairs [1]:

di1d
− ωre L1q i1q
dt
di1q
+ ωre (Ψm + L1d i1d )
u1q = R1i1q + L1q
dt
3
M e = pp [Ψm i1q + ( L1d − L1q )i1d i1q ]
2
dωr
Me − Mc = J
dt
u1d = R1i1d + L1d

(1)

Structural scheme of speed adaptive control
channel for both types PMSM can be presented in the
form illustrated in fig.2.
The symbols used in fig.2 are: ωref – reference
speed; ωm – reference model speed; u – control signal;
ε – error; Wm(s) – transfer function of the reference
model; Wou(s), Woμ(s) – transfer functions of the plant
of control and disturbance (load).
Current controllers can be designed as dc
controllers in d-q reference frame or ac phase
controllers in 3 phase a-b-c reference frame.

For SPMSM (surface mounted permanent magnet
synchronous machine) the air gap is smooth and full
inductances L1d = L1q = L1, and equation system (1) is
converted to:

di1d
− ωre L1i1q
dt
di1q
u1q = R1i1q + L1
+ ωre (Ψm + L1i1d )
dt
3
M e = pp Ψm i1q
2
dωr
Me − Mc = J
dt
u1d = R1i1d + L1

(2)

Design of MRAC system based on hyperstability theory
At work to nominal speed ωn usually magnetic
flow is maintain permanent and for that purpose stator
current exciting component is maintain zero, i.g. i1d=0.
At this mode is achieved independence between speed
and exciting channel. Speed channel is linearized and
is like DC motor armature channel with independent
exciting at constant magnetic flux. Structural scheme
of speed channel is showed in fig.1, where: T1=L1/R1;
km=3ppΨm/2, ke=ppΨm.
The presentation of speed loop in the form above
allows applying of hyper-stability theory at MRAC
system development [12], [13].

Fig.2. Structural scheme of speed adaptive control channel.

If the relay (hysteresis) current controllers are used
for all three phases of the motor and the nonlinear and
discrete nature of the inverter is neglected1 (the noncontrolled rectifier is outside of the control loop) and
current feedback gain is equal to one, transfer function
of the current loop WCL(s)≈1. In that case transfer
functions Wou(s), Woμ(s) becomes:
(3)

Wou ( s) =

km
Js

(4)

Woμ ( s ) =

1
Js

1

Fig.1. Speed channel structural scheme of PMSM at i1d=0.
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The nonlinear and discrete nature of the inverter is
neglected only for the synthesis of MRAC system.
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(5)

Wm ( s ) =

Tm2 s 2

1
,
+ 2ξ mTm s + 1

where Tm и ξm are determined on the base of transient
processes desirable quality indicators (settling time
tsref=0.1s and overshoot σref=5%).
The
determination
of
polynomial
2 2
Am ( s ) = Tm s + 2ξ m Т m s + 1 for second order

reference model is executed by algebraic quality
indicators
for
dynamic
processes:

t ppref ≈ 3 / α m , σ ref ≈ 100 ⋅ е − παm / βm , where αm и βm

are the real and imaginary part of own values of Am(s).
For
the
first
order
reference
model
( Am ( s ) = Т m s + 1 ), Tm ≈ t ppref / 3 . The numerator of

reference model transfer function is determined by the
requirement of correct re-creation of reference in
steady state.
The control action is formed in the following type:
(6)

u = k p ωr

The adjusted, during operation, controller gain kp is
formed as following:

Simulation research
The research is conducted for PMSM adaptive
vector control system which functional diagram is
presented in fig.3. It is used following designations:
ASC – adaptive speed controller (with current limit of
output signal i1qref), RМ – reference model, SC –
speed calculator, CC – coordinate converter, carried
out rotation and 2 phase - 3 phase transformation,
HCC – hysteresis current controllers, R - noncontrolled rectifier, I – inverter, M – motor (PMSM),
Е – encoder, DM – driven mechanism; i1d ref, i1q ref –
reference stator current active and exciting
components, i1abc ref, i1abc – reference and real value of
the phase stator currents.
It is used PMSM model 80STM04025 with
following parameters: rated power Pn=1kW, nominal
current In=4.4A, torque Мn=4Nm; rated speed
nn=2500rpm (ωn=261.8rad/s), stator resistance
R=1.83Ω, stator inductance L=4.72mH; kм=0.9 Nm/A,
moment of inertia Jm=3.5⋅10-4kgm2, poles pairs pp=4.
The research is conducted by Matlab/Smulink/
SimPowerSystems and power converter processes are
taken into consideration. Figure 4 shows a simulation
model of the system. Main blocks of the model
correspond to those in figure 3.

t

k p = −  γ 1vω r dt − γ 2 vω r + k p 0 ,

(7)

0

where γ1, γ2 are tuning coefficients, v – polynomial
D(s) output signal.
The polynomial D(s) is finding in the form:

D( s) = d 0 s + d1 ,

(8)

where the coefficients d0, d1 are determined from the
condition:

Re[D( jw)W ( jw)] > 0 .

(9)

For physical realization is added polynomial
(10)

D′( s) = d 0′ s + d1′ .

At first order reference model
(11)

Wm ( s) =

1
,
Tm s + 1

the condition for hyper-stability is performed without
need from polynomial D(p).
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Fig.3. Functional diagram of the PMSM adaptive vector
control system.

The figures 5-8 show the simulation research
results. It is presented the variation of the: reference
speed ωref, reference model output signal ωm, motor
speed ωr, active i1q and excitation i1d stator current
components, electromagnetic torque Me. The load
torque Mc is varied in the range of (0÷1)Mn as
following: at t<0.2s Mc=0; at t>0.2s Mc=Mn.
Figures 5 and 6 show the system performance with
second order reference model (equation 5) at J=Jm
(fig. 5) and J=3Jm (fig. 6) respectively.
Figures 7 and 8 show the system performance with
first order reference model (equation 11) at J=Jm (fig.
7) and J=3Jm (fig. 7) respectively.
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Fig.4. Simulation model of the system created in Matlab/Smulink/ SimPowerSystems.

Fig.5. Adaptive system operation with second order
reference model (equation 5) at J=Jm.
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Fig.6. Adaptive system operation with second order
reference model (equation 5) at J=3Jm.
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The results confirm that the quality of dynamic
processes of rotation speed is practically independent
of load and inertia variations.
While the system has not reached the current limit
(J≤2.5Jm ) the error has significant values only in
moments of change of ωref and Mc. In steady state
when Mc= Mn, ε ≈2.5⋅10-4 rad/s. The quality indicators
for the analyzed processes are
ts
σ
⋅ 100 = 0.05 ÷ 0.4%;
⋅ 100 = 0.1 ÷ 0.4% ,
σ ref
t s ref

Fig.7. Adaptive system operation with first order reference
model (equation 11) at J=Jm.

where the larger values are at J=3Jm.
When the inertia is increased the stator current
active component i1q in transition process is
increasing, too. The achievement of desired behavior
ωm is possible when the current is less than the limit.
The current load of motor is affected by the desired
dynamics assigned to reference model and the choice
of tuning coefficients γ1 and γ2 which specify the
reaction time of the system.
The characteristic of desired variation of speed has
an influence – in first order reference model
(exponential variation of speed) the acceleration at
starting moment is bigger than this in second order
reference model at same time of transition process.
The load of the motor is bigger in first case (bigger
current and torque).
Conclusion
It is proposed a vector control system of PMSM
with adaptive speed controller, synthesized on the
basis of hyper-stability theory. The system is
distinguished by simplicity in comparison with known
systems for adaptive and robust control [3], [5], [8][11]. It is achieved a similar quality pointers of
dynamic processes of speed at a reference speed, load
and moment of inertia variation.
The method used for the speed controller synthesis
guarantees the stability of the system.
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Fig.8. Adaptive system operation with first order reference
model (equation 11) at J=3Jm.
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APPLICATION IN PRACTICE

A study on 3D printing technologies and their applications
Ivanka D. Tsvetkova, Plamen Z. Zahariev
3D printing turns digital 3D models into solid objects by building them up in layers. The
technology was first invented in the 1980s, and since that time has been used for rapid prototyping.
Currently, it is possible to 3D print in a wide range of materials, which defines the numerous
applications for this technology. In the dawn of the 3D printing, its only application was prototyping,
but now, with the modern technologies, there are many fields from medicine to fashion, where 3D
printing is getting more appropriate. In this paper we analyse the applications, which are suitable for
the different 3D printing technologies. The introduction section presents the process of 3D printing.
The second section of the paper presents analysis on the three main steps in the process of 3D
printing. The next chapter of the paper presents comparison between different 3D printing
technologies. The last section of the paper presents analysis of the most common applications for the
different 3D printing technologies. The paper is then completed by the conclusion section, followed by
the acknowledgment and references sections.
Изследване на технологиите за 3D възпроизвеждане на обекти и областите им на
приложение (Иванка Д. Цветкова, Пламен З. Захариев). 3D възпроизвеждането на обекти
превръща цифровите 3D модели в солидни обекти, като ги изгражда слой по слой.
Технологията е създадена през 80-те години на миналия век и от тогава се използва за бързо
прототипиране. В днешно време има голямо разнообразие от материали за печатане, което
определя и широкото разпространение и множеството приложения на 3D технологиите. В
началото единственото приложение е било за създаване на прототипи на обекти, но днес с
модерните технологии 3D възпроизвеждането на обекти е подходящо за широк кръг от
приложения от медицината до модата. В тази статия се анализират кои приложения са
подходящи за различните 3D технологии. Във въведението е представен процесът по 3D
възпроизвеждане на обекти. Във втората част на статията са анализирани трите основни
стъпки от процесът по 3D репликиране на обекти. В следващата част е представено
сравнение между различните 3D технологии за възпроизвеждане на обекти, а в последната
част от статията са представени различни области на приложение за тези технологии.
Статията завършва със заключение, следвано от благодарности и използвани литературни
източници.

Introduction
3D
printing,
also
known
as
additive
manufacturing, turns digital 3D models into solid
objects by building them up in layers. This involves
several processes and technologies. All starts with the
digitalization of the object or area, followed by the
selection and the use of the right software for postprocessing. The final step is the selection of the 3D
printing technology, which depends on the planned
application for the printed 3D object [1].
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3D printing originated as rapid prototyping
technology, which is based on the principles of the
industrial prototyping. It presents a mean for speeding
up the earliest stages of product development with a
quick and straightforward way of producing
prototypes. This allows implementing a multi-iteration
approach for product development and results in a
quicker and more efficient way to obtain the final
version of the product [2]. 3D printing saves time and
money at the outset of the entire product development
process and ensures confidence in the results.

“Е+Е”, 9-10/2016

Currently, 3D printing is used in many sectors to
create almost everything – vehicle parts, smartphone
and fashion accessories, medical and dental
equipment, toys, houses and furniture, etc. [3], [4].
Analysis and steps of the 3D replication
process
The 3D object replication is a multistep process
that requires detailed information about the target
and involves its digitalization and slicing into
layers.
First step: Digitalization of the object
Before the actual creation of a 3D model, the
digitalization specialists must be well versed in the
photogrammetry principles and its peculiarities.
Photogrammetry can be used to make full colour
highly accurate and realistically textured models of
buildings, archaeological sites, landscapes (if the
images are taken from the air) and objects. Close
range photogrammetry of historical objects offers
the possibility to digitally preserve artefacts before
they get lost, damaged or timeworn. Additionally, it
provides means to perform digital measurements,
manipulations and other analyses, which present
insights into the material and the structure of the
objects that might not be visible to the naked eye.
Photogrammetry represents a technique for taking
multiple overlapping photographs and deriving
measurements from them to create 3D models of
objects or scenes [5], [6]. The basic principle is
quite similar to the way the software of many
cameras makes it possible to create panoramic
pictures by stitching together overlapping
photographs into one 2D mosaic. Photogrammetry
takes the concept one step further by using the
position of the camera, as it moves through 3D
space, to estimate X, Y and Z coordinates for each
pixel of the original image and create a detailed
database about them.
A more simplified method for object
digitalization is to use specialized 3D scanners.
There are several 3D scanning technologies, mainly
involving devices with laser or light sources for
estimation of the distance to the object.
Second step: Processing of the images
When the photo-shooting of the object is
finalized, specialized software is used to process the
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images. The first step of this process is to align all
photos. This is done by comparing the pixels in the
photos and finding matching sets, which are used to
estimate the camera position and the 3D geometry of
the object.
The second step is the creation of the dense cloud
[7]. Once satisfied with the alignment, the sparse
point cloud, a mere fraction of the total data, is
processed into a dense cloud, in which each
matching pixel is placed, based on its X, Y and Z
coordinates in 3D space. The next step is to build a
mesh by connecting each set of three adjacent points
into triangular shapes, which are combined
seamlessly to produce continuous mesh over the
surface of the model. The final step is to build and
apply the texture [7]. For this purpose, the original
images are combined into a texture map and are
wrapped around the mesh. This leads to a
photorealistic model of the original object. The
process is presented in Fig. 1.
The finished 3D model can be exported in
different formats for visualisation, imported in 3D
touch-up or animation software or printed with 3D
printers.
Final step: 3D printing of the model
Before the actual printing of the finished 3D
model it needs to be converted into printable file.
For this purpose it is loaded, processed and aligned
in the working plane of the 'slicing software'. This
software breaks the object into thin cross sections,
which are printed one on top of the other. There are
many 3D printing technologies, which are suitable
for different applications, but all of them can be
generalized in four main categories – extruding of
molten or semi-liquid materials, solidifying of
photo-curable resins, fusing of powder granules and
sticking of cut sheets of paper, plastic or metal.
Some of these technologies are stereolithography
(SLA), digital light processing (DLP), fused
deposition modelling (FDM), binder jetting (BJ),
material jetting (MJ), selective laser sintering
(SLS), selective laser melting (SLM), electronic
beam
melting
(EBM),
laminated
object
manufacturing (LOM) and selective deposition
lamination (SDL). Comparison of materials used for
3D printing using these technologies is presented in
the next table (Table 1).
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Creation of the texture
and rendering on the final model

Fig. 1. Processing the digitalized data and creation of the 3D model.

Table 1
Comparison of the materials used in 3D printing
technologies
Technology
SLA
DLP
FDM
BJ
MJ
SLS
SLM
EBM
LOM
SDL

Material
Photopolymer resins
Photopolymers
Thermoplastic material, ABS and PLA
Powders, including ceramics and food
Liquid photopolymers, resin, wax
Powders (nylon, ceramics, glass and
some metals like aluminium, steel or
silver)
Metallic powders (stainless steel,
titanium, cobalt chrome, aluminium)
Metal or brass
Plastic or metal laminates
Standard paper

The complete process for 3D reconstruction of a
small object (digitalization, processing of the model
and 3D printing) is presented in Fig. 2. In the
presented case scenario, the small object is digitalized
using a static camera and a rotating table. An
alternative to this method is to have a static object,
which will be digitalized by a mobile camera that
circles around it while maintaining the same distance.
The results from both methods are equal and the
selection of the right one is based on the size and the
accessibility of the object.
The 3D reconstruction of large objects differs
mainly in the digitalization process, where based on
the size and the location of the object the ground
camera images might not suffice and drones can be
used to capture additional aerial pictures of the object
or the surrounding area. In order to speed up this
process and to use the drones more effectively,
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specialized software for flight planning can be used.
There are several free and paid software products,
which facilitate the work of the drone pilots. In both
cases, the software generates the mission plan, which
is performed autonomously by the aircraft, but only
after the user inputs the necessary setting, like altitude
of the drone, area for the digitalization, number and
quality of the photos, etc. During the flight, the pilot
continuously monitors the flight information and if
necessary can take immediate actions. The reminder
of the reconstruction process remains the same – the
images are processed and the digitalized model is put
into the slicing software to provide the data for each
layer that needs to be printed by the 3D printer.
Comparison of the 3D printing technologies
Objects, printed through SLA and DLP, are with
excellent surface quality and with high resolution. The
details completed using the FDM technology is not so
accurate, but they are with excellent mechanical and
chemical characteristics. Objects that are printed
through MJ are very precise and with very smooth
finish. The products printed through LOM are less
accurate from those printed using SLA or SLS, but the
latter require additional treatment and post processing
like curing in UV oven. Objects printed through SDL
are strong, resistible and eco-friendly. Parts produced
with SLS and SLM are much stronger than those
made using SLA or DLP, but their surface finish and
resolution is not that good. The post processing of the
objects, manufactured using the SDL technology,
requires removal of the supporting paper when the
printing is complete. Table 2 presents a summary on
the advantages, disadvantages and the additional post
processing requirements for SLA, DLP, FDM, MJ,
LOM and SDL. Common disadvantage of the
technologies compared in Table 2 is the need to
remove the excess material, which is used as a
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Fig. 2. The complete process for 3D reconstruction of a small object

supporting structure. In SLA and DLP post processing
might require additional facilities, which complicates
these technologies and makes them more expensive.
The basic principle of SDL is to selectively apply
adhesive glue on the cross sections of the paper. This
leads to little waste material and allows for quick and
easy removal of the complete part out of the
supporting paper. SDL is one of the few 3D printing
technologies that can provide full colour printed
objects, which are additionally strongly bounded
together. The entire SDL printing process is
environmentally friendly.
Selective laser sintering can be applied to plastic
and metal materials, although the metal sintering

requires high power lasers and higher in-process
temperatures.
Table 3 provides a summary on the advantages,
disadvantages and the post processing procedures for
the technologies that use powder materials. The key
advantage of these technologies is that the powder bed
serves as an in-process support structure for overhangs
and undercuts. This allows the creation of more
complex objects and models, which are impossible for
manufacturing in any other way.
Lasers are used in three of the four powder-based
technologies. The last one (BJ) is different – the
binding material is selectively jetted or sprayed into
the powder bed and fuses the material at the specific
Table 2

Comparison between some of the 3D printing technologies
Technology

Advantages

Disadvantages

Post processing

SLA

Requires post finishing, over the
Suitable for complex geometries,
Requires cleaning, some devices
time the object becomes more
detailed parts, smooth finish
need to be strengthen in UV oven
brittle

DLP

Suitable for complex shapes in Has thickness limitations and is Requires chemical bath and UV
different sizes, high precision
usable with few types of materials curing

FDM

All plastic parts require post
Provides strong parts, easy to print The surface finish is not so
processing and cleaning of the
by untrained staff
accurate, very slow printing speed
residue

MJ

MJ is characterized by good
precision, good surface finish, use of Slow build process
different materials

The support structures need to be
mechanically removed or melted
away

LOM

Adhesive
glue
is
applied
LOM is a very fast rapid prototyping
Drilling, sanding or sealing with a
uniformly in equal amount
technology
paint might be required
throughout the cross section

SDL

Good for fast obtaining of full The build size is limited to the Needs to provide means for
colour objects, eco-friendly
size of the feedstock
protection from moisture
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Table 3
Comparison between 3D printing technologies, which use powder materials
Technology

Advantages

Disadvantages

Post processing

SLS

high heat and chemical
resistant, high speed

precision limited to powder
particle size, rough surface
finish

improve tolerances and surface finish

SLM

high density components

slow and expensive

thermally processed, as any welding
part

EBM

good printing speed, less
distortion

limited materials, the process
is rather slow and expensive

thermally processed

BJ

lower price, enables colour
printing, high speed

limited choice of materials,
fragile parts

A starting point for further processes
like infiltration, sintering or casting

points a layer at a time. The resulting printed parts are
however not as strong as these obtained by the
sintering processes and require post-processing to
ensure durability. The objects printed through SLS are
with excellent quality, but are also not that durable,
compared to the ones obtained using SLM. Laser
sintering can process plastic and metal materials,
although metal sintering does require a high power
laser and higher in-process temperatures. The parts
produced with these processes are much stronger than
those obtained using SLA or DLP, but their general
surface finish and accuracy is not that good.
The EBM printers have the capability to create
full-dense parts using a variety of metal alloys. These
parts are even suitable for medical purposes.
Application of the 3D printing technologies
The developments and improvements of the
printing process and the materials, since the
emergence of 3D printing for prototyping, saw the
processes being taken up for applications further down
the product development chain. Tooling and casting
applications were developed to utilize the advantages
of the different processes. These applications are
increasingly being used and adopted across industrial
sectors.
In medical sector
The medical sector is viewed as being one of the
early adopters of 3D printing. It is also a sector with
huge potential for growth, due to the customization
and personalization capabilities of the printing
technologies and the ability to improve people’s lives
as the processes improve and materials are developed
that meet medical grade standards. 3D printing
technologies are being used for a host of different
applications. In addition to making prototypes to
support new product development for the medical and
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dental industries, the technologies are also utilized to
make patterns for the downstream metal casting of
dental crowns and in the manufacture of tools, over
which plastic is being vacuum formed to make dental
aligners. Examples of ear, synthetic skin, heart valve
and implants are shown in Fig. 3 [8].

Fig. 3. 3D printing applications in the medical sector.

The 3D printing technology has found its gap in
the medical market and is now used for manufacturing
both stock items, such as hip and knee implants, as
well as patient-specific products, such as hearing aids,
orthotic insoles for shoes, personalized prosthetics and
one-off implants for patients suffering from diseases
such as osteoarthritis, osteoporosis and cancer, along
with accident and trauma victims. 3D printed surgical
guides for specific operations are also an emerging
application that is aiding surgeons in their work and
patients in their recovery. The technology is also
being adapted for the 3D printing of medical
equipment, skin, bone, tissue, pharmaceuticals and
even human organs [9]. However, these technologies
remain largely decades away from commercialization.
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In aerospace sector
Like the medical sector, the aerospace sector was
an early adopter of the 3D printing technologies,
which were mainly used for product development and
prototyping. The companies from this sector typically
work in partnership with academic and research
institutes to produce the sought results. An example of
satellite parts created with 3D printing technology is
presented in Fig. 4 [10].

Fig. 4. 3D printed satellite components.

A number of key applications developed for the
aerospace sector and some non-critical parts are
already flying on different aircrafts. High profile users
include Airbus, Rolls-Royce, Boeing and others.
In automotive sector
Another general early adopter of rapid prototyping
technologies was the automotive sector. Many
automotive companies, particularly at the cutting edge
of motor sport and F1, have followed a similar
trajectory to the aerospace companies. Initially, the 3D
printing technologies were used for prototyping
applications, but now the printing devices are being
adapted to support the new manufacturing processes
and to incorporate the benefits of the improved
materials. Examples of some parts, which are 3D
printed, are shown in Fig. 5 [11].

Fig. 5. 3D printed parts for automotive sector.

Many automotive companies are now also looking
at the potential of 3D printing to fulfil after sales
functions in terms of production of replacement parts
on demand, rather than holding huge inventories.
Education
The education system plays an important role in
aiding people achieve their full potential. 3D printing
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can revolutionize the learning experience mainly by
providing alternative means for understanding specific
functions, object characteristics, etc. Affordable 3D
printers in schools may be used for a variety of
applications, which can aid students in finding their
field of interest easier and faster.
In art
Artists and Sculptors are engaging with 3D
printing in different ways to explore form and
function in ways previously impossible. Whether
purely to find new original expression or to learn from
old masters, this is a highly charged sector that is
increasingly finding new ways of working with 3D
printing and introducing the results to the world.
There are numerous artists that have now made a
name for themselves by working specifically with 3D
modelling, scanning and printing technologies.
Examples of 3D produced pieces of art are shown in
Fig. 6 [12].

Fig. 6. 3D printed pieces of art.

The link between 3D scanning and 3D printing
brings a new dimension to the art world. These
technologies allow the artists and their students to
reproduce the work of past masters and to create exact
replicas of ancient (and more recent) sculptures for
close study – works of art that they would otherwise
never have been able to interact with in person.
In jewellery sector
For the jewellery sector, the 3D printing turned
to be a two edged blade. There is a great deal of
interest on how 3D printing can and will continue to
develop this industry. The new design freedoms,
enabled by 3D CAD and 3D printing, and the
improvement of the traditional processes for
jewellery production are found as significant steps
forward for the jewellery industry. Nevertheless,
some fear that the 3D printed products will
eliminate many of the traditional steps and will lead
to quality decrease and loss of jobs. 3D printed
jewellery sets are shown in Fig. 7 [13], [14], [15].
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Fig. 9. 3D printed clothes.

Fig. 7. 3D printed parts for jewelry sector.

In architecture
Another major application area for the 3D printing
technologies is the design and the creation of
architectural models. The development of accurate
demonstration models of the interior or the exterior of
a building was one of the first application field for the
3D technologies. They were quickly adopted due to
the fast, easy and economically viable methods for
manufacturing of detailed models directly from the 3D
CAD software or other digital products, which are
used by the architects. Many successful architectural
firms now commonly use 3D printing as a critical part
of their workflow for increased innovation and
improved communication. Examples of 3D printed
models of buildings are shown in Fig. 8 [16].

In food
The Food industry is one of the many emerging
application areas for the 3D printing technologies and
the unlimited possibilities are getting people to the
brink of ecstasy. 3D printing has presented new ways
for both preparing and presenting the food. The initial
attempts to print food were made with chocolate and
sugar. They resulted in the development of specific
3D printers, which are now available on the market.
Some other early experiments included the printing of
meat at the cellular protein level. More recent research
efforts are focusing on pasta as suitable solution for
the 3D printing of food. Examples of different printed
food products are shown in Fig. 10 [18], [19].

Fig. 10. 3D printed foods.

Fig. 8. 3D printed models of buildings.

More recently some visionary architects have
started looking at 3D printing as a method for direct
construction. This technology can also help engineers
rebuild and restore old heritage sites, buildings and
monuments.
In fashion
The improvement of the 3D printing processes and
the introduction of new materials, including flexible
and wearable ones, has presented new application
possibilities for the 3D technologies in fashion. Iris
van Herpen is one of the pioneers in this area and uses
3D printers to create her models (Fig. 9) [17].
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The application of this technology enables fast,
automated and repeatable cooking processes, as well
as freedom in the design of the meal. The technology
is also scalable, can be adapted to the different
cooking processes and can be customized for each
region or individual. The shape and the decoration of
the food can be easily modified based on the customer
or the occasion. It is believed that the 3D printing of
food will be one of the major future technologies and
the solution for the global hunger issues.
Applications specific use of each technology
All of the analysed technologies are suitable for
prototyping. The artists and the sculptors can create a
piece of art using any of the presented 3D printing
technologies. Depending on the requirement for
accuracy and colouring of the models, they can choose
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from BJ, MJ, FDM or SDL. FDM is more suitable for
the creation of earrings or other jewellery. But every
technology has its advantages and disadvantages,
which define some applications to be more suitable
for a specific technology than other. SLA is used to
create casting patterns. DLP is suitable for injection
moulding and metal casting applications. FDM is used
mostly for final end-use products. BJ and MJ allow
the creation of casting matrixes, moulds and cores.
SLS is more suitable for the production of parts in
small quantities, jewellery prototypes, high quality
industrial parts, including fuel injectors and other
aerospace and rocket components. SLM is best suited
for the production of parts with complex geometries
and structures with thin walls and hidden voids or
channels, aerospace applications, lightweight parts,
medical orthopaedics and tools. EBM is good for
limited parts and implants, and is used also for
aerospace and automotive applications. LOM is
excellent for the creation of models, moulds and
functional parts. SDL can be used for prototyping,
development of moulds, mechanical and moving
parts, reconstruction of archaeological and historical
objects and full coloured models.
Future applications
In the future instead of investing time and money
to construct, fabricate, mould or cast tools, people will
be able to design them using 3D CAD software and
print them in 3D printers using different materials.
Instead of throwing away a broken item, it will be
used as a model, digitalized and then printed anew.
The production of the replacement parts will expand.
People will use 3D printing to customize the end
products according to their desires and needs. Some
designers believe that in the future people will travel
without luggage and will just 3D print their clothes
after checking in at their destination. 3D printers may
also be used to make the buildings of the future. There
are already several examples of 3D printed houses and
3D printed apartment buildings (Fig. 11) [20].

Fig. 11. 3D printed house and building

Another future application is the use of 3D printers
to create replacement organs, and even to directly
repair the human body.
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Conclusion
The 3D printing technologies became widely
spread and used for different applications. The most
common technology among end users is FDM,
because the materials are cheap, and because of the
opportunity to build their own 3D printers. The only
technology which can create full colour and durable
objects is SDL. An additional advantage of this
technology is that the process is eco-friendly.
In the past 3D printing has been used mainly for
rapid prototyping, but in the next years it will be used
for many more things – from industrial tools to final
products. Already more than half a million 3D
printable files are listed in the object sharing websites,
and the available desktop 3D printers can fabricate
them. Dentists already use 3D printed moulds for the
creation of implants, crowns and bridges. 3D printing
will provide companies and individuals with fast and
easy manufacturing solutions for objects in any size or
scale and only limited by their imagination. 3D
printing will continue to expand in many areas in the
future. Some of the most promising areas include
medical applications, development of custom
replacement parts and customization of consumer
products. The expected improvements of the printing
materials will lead to the general decrease of all
expenses and will introduce new applications, which
are now considered impossible or non-profitable.
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