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DEVELOPMENT OF HIGH POWER LASER EMITTERS WITH 
SPATIALLY AND TEMPORALLY FORMED EMISSION FOR 
IMPROVEMENT OF HARD TISSUE TREATMENT IN THE 

DENTAL MEDICINE 
 

MARGARITA DENEVA1, STANISLAVA RABADGIISKA1, TZONKO UZUNOV2, 
TODOR UZUNOV2,  NADEJDA KAIMAKANOVA3, MARIN NENCHEV1 

 
 
Abstract: We have developed and tested special Nd:YAG laser sources that provide convenient 
emission for improved teeth problem treatment with laser light in the dental medicine. The 
lasers produce a pulsed light that combine ~0.5 ms annular cross section emission with 
temporally delayed superimposed short operating Q-switched beam in the internal part, 
generated in the internal part of the rod. The principle for improvement of early stage enamel 
caries treatment with our laser is related with controlled heating of the annular surrounding 
area to the caries before to be illuminated by the high power Q-switched pulse. Thus, the 
temperature gradient on the tooth surface decreases and this decreasing prevents the tracking 
of the tooth enamel. Experimental results are carried out.  
 
Key words: coaxial beams laser, heating problem a caries treatment  
 

 
1. Introduction 

The lasers traditionally are of interest for 
use in health procedures, including in the dental 
medicine, and their potential for such treatment, is 
actual and are under continuous development. The 
application of the high power/energy laser radiation 
for treatment of caries or other defects in hard tooth 
tissues is considered as a perspective procedure [1]. 
Increasing the energy parameters of the operating 
light, on one hand, facilitates and in many cases – 
allows effective treatment of the hard dental tissue, 
however, by general reasons, especially due to non-
homogeneous heating of the tooth tissue, can lead 
also to tooth damage. The aim of this work is to 
introduce the developed and patented by us 
specialised coaxial two-beam geometry lasers with 
convenient spatial and temporal characteristics for 
improved treatment of the hard dental tissue 
problems, especially the early stage of enamel 
caries. 

2. Discussion of the problem with enamel 
and the general presentation of the property of 
our new lasers, which makes them of interest for 
solving the problem. 

   During our previous study of the 
processes of laser light treatment of tooth tissues 
[2,3], we have clearly observed the problem of 
enamel crack when the tooth surface is treated by 
high energy density laser light. From the general 
and well clear physical reasons, the problem with 
enamel cracking during the caries removal via high 
energy and short time duration pulses can be related 
with appearance of high temperature gradient that 
creates a mechanical tension, combined with the 
heated volume expansion.  Both non-desired effects 
are favoured by the strong temperature difference. 
Also, such crack is favoured by appearance of the 
structural transformation for long time illumination 
(~ 20 s, ~ 0.1 J in the pulse) and probably by 
enamel melting (after 800oC) [4]. In our work, the 
obtained maximal temperature in the treated enamel 
areas (to ~ 700oC) and the use of single pulse 
operation permits to not consider the last two 
processes. We will accept that for our conditions the 
main reason for the cracks appearance is the 
mechanical tension as a result of the high 
temperature differences.   For the cases, considered 
in this work,   when a small dimension early caries 
of enamel with a diameter of ~1 mm and depth of 
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part of mm) are treated with single pulses with 
relatively low energy of order of 0.5 - 1 J and pulse 
with a short duration of order of nanoseconds and 
microseconds, focalized on the enamel caries a 
crack traces formation is typical phenomenon (our 
proper observation, also from the literature [4]). 
There are practically not heat dissipation that 
provides the noted strong difference between the 
temperature of the caries and surrounding and 
respectively strong mechanical tension there.  The 
created by the short pulse laser light temperature 
difference between the heated area and its 
surrounding is dissipated for a time that can be 
evaluated by the formula  = z2/4  [4]. Here  is the 
coefficient of the thermo-conductivity depending on 
the coefficient of the heat conductivity, the mass 
and the specific heat; z is the depth of the light 
beam (energy) penetration. For the enamel typically 

~ 2.7 x 10-3 and for our conditions with z ~0.3 mm 
and we obtain ~10 ms that is essentially higher 
time in the scale of used by us nano- and 
microsecond pulses. Such laser pulse duration is 
also typical for practically applied pulsed lasers in 
dental medicine. Thus, practically there is not heat 
removal from the illuminated places during the 
pulse treatment. The produced temperature 
difference can reaches essential values. Really, let’s 
evaluate the reached temperature in the place of 
small caries, illuminated via focalized laser beam 
from Q-switched laser. Let’s, as example accept the 
following realistic parameters (according also to our 
experiments, described below): A) for the laser light 
– 1/. Operating beam focalization on the tooth 
surface in the spot with near homogeneous intensity 
distribution and with diameter of ~ 1 mm 
(dimension of a small caries), 2/. Laser energy of 
0.5 J (~ 1.6 J/cm2 ); laser pulse duration of 100 – 
1000 ns; 3/. Laser wavelength 1.06 m ; B) for the 
caries on the enamel surface – the depth of 
absorption of the laser light of 0.3 mm, (our 
experiment, also evaluation from the data in the 
literature), the enamel thickness bigger than 
0.5 mm, more of 80 % absorption of the light in the 
dark-brown caries tissue - evaluation from our 
experiments. Also we accept that the caries mass 
density and specific heat are such that this one for 
the enamel (~ 3 g/cm3 and ~ 1 J/g. ToC, 
respectively). For the given values of the parameters 
(energy density), following the classical physical 
dependences between the absorbed energy, object 
mass and  specific heat and the temperature change 

T, we can calculate that the temperature of the 
treated tissue  increases with T~ 680o C to be T ~ 
720 oC, including the initial temperature of ~36oC. 
The temperature of the caries surrounding is the 
normal for the human body of ~ 36oC. As 
consequence, this temperature difference of ~ 680oC 

leads, as a rule, to the cracks of the tooth enamel as 
shows our experimental observation.       

In Fig. 1 is given the photograph of the 
tooth after treating via focalized laser light with 
near same parameters that this one given below. 
Note that to improve absorption by the caries we 
have coloured the illuminated tooth’s surface with 
appropriate very thin black dye layer. The crack 
traces on the enamel are clearly evident. 

 
laser treated 

area

enamel crack

 
 Fig. 1. Photograph of the dental caries 

(diameter ~ 1 mm) on the enamel after treating via 
focalized microsecond duration laser pulse with 
energy of 0.5 J. The formed cracks in the enamel 
can be seen. 

     Our experimental investigations also 
confirm that the crack of the enamel can be 
observed for the used by us laser pulses with 
duration of 0.1 to 500 s and in this time range the 
illuminating light energy has a main influence for 
crack appearance. More generally, from our 
experiment with many teeth samples, we obtain 
that, as a rule, the temperature difference of ~ 650oC 
between the non-illuminated enamel and the 
blacked or the dark brown caries places with 
diameter of ~ 1mm as a rule, leads to the presence 
of enamel crack traces. In the described above 
experimental tooth case, such temperature is 
achieved for the illuminated beam energy of ~ 0.3-
0.5 J. For the lower temperature difference less than 
~300oC, between the heated place and surrounding 
enamel no crack was produced. The lower 
temperature than 300oC needs operating pulse 
energy lower than ~0.2 J. However, for such energy 
the caries treatment is not effective (our 
experiments), and such approach is not appropriate.  

   The noted above discussion incite us to 
propose and apply reasonable and general for the 
tooth’s treatment method, using the developed by us 
new coaxial- geometry two-beam high energy lasers 
(the last, on the base of our patented principle, 
generally - each beam with different wavelength) 
[8,9]. The emitted in a single pump pulse two-
coaxially disposed beams are with independent 
energy and temporal control. The external beam has 
the annular energy density distribution and the 
internal part – the bi-mode (TEM00+ TEM01*), 
Gaussian like, distribution. During of ~ 1ms pump 
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pulse the annular emission can firstly start with 
duration of 0.5 ms and the second beam can be Q-
switched ~ 100 ns pulse. The principle for 
improvement of the caries treatment with our laser 
is related with carefully chosen heating of the 
annular region around the caries by the initial laser 
light before to be illuminated by the acting Q-
switched pulse. Thus, the temperature gradient in 
the tooth surfaces can be conveniently decreased 
and thus prevents the cracking of the tooth enamel. 
The other technique that also was tested by us with 
specialized laser source, is to heat with pre-pulse 
the area around the caries including also the caries. 
The pre-pulse in this case is with normal spot (full 
disk) what is easy of technical point of view. 
However, here we have generation of the two pulses 
in common active volume that, due to the 
competition effect [7] worsens essentially the pulse 
parameters control. Also, the caries heating is 
difficult to be reliably controlled when the two 
pulses are superimposed in a common area. Thus, 
the application of the coaxial geometry two-beam 
lasers is advantageous, what shows also our 
experimental observation. Our test-realization with 
our coaxial-geometry lasers is based on Nd:YAG  
active laser medium with a flash-lamp  pumping. 
The side diode pumping is also convenient. 

 
3. Technical description of our two-beam 

laser – principle and construction, action and 
calculation of the needed energies for caries 
treatment without cracks on the enamel.  

      Principle and construction of the two 
–coaxial beams Nd:YAG laser 

Here, a short technical description of our 
coaxial geometry laser will be given. More detailed 
description is given in our work [6]. The optical 
scheme of the laser is presented in Fig. 2. For the 
advantageous realization we use low-Nd3+-doped 
(in our work ~0.5 at %) Nd:YAG crystal. Such 
doping, instead of typical ~1 %, is also commonly 
used and assures sufficient efficiency of the 
generation in combination with high quality of the 
output beam. The cylindrical YAG rod (diameter 
Ø= 0.7 cm and length l = 8 cm) was with silvered 
envelope wall. Our study shows that a laser active 
element with the given parameters assures a notable 
focusing effect in the axial region, resulting in an 
increase of ~2½ times for the pump power density 
in the near axial rod part. In the experimental 
arrangement, the laser rod was in a close position 
with the pump flash-lamp in a commercial pump-
chamber with UV-absorbing quartz elliptic 
cylinder-pump light concentrator (by silvered walls; 
axes 23 x 29 mm, length 78 mm) and with holes for 
the laser rod and the lamp of  9.5 mm and 11.5 
mm. The lamp (IFP 1200 type, 700 Torr of Xe, 

 0.95 cm, Russia) and the crystal were surrounded 
with cooled flowing water at temperature 18±0.3oC. 
The electrical supply was standard, homemade, 
providing electric energy from 70 to 160 J in 
~400 s FWHM lamp pulse duration (at 1 Hz 
repetition rate). Typically, we have used pump 
energy of 140 J.          

   The light generation at two beams was 
achieved in two, coaxially arranged and optically 
separated parts of the Nd:YAG laser rod, each 
equipped with its own 40 cm length resonator 
(hatched differently in Fig. 2 (a)). The optical 
separation is realized using a rectangular   
separating prism SPr with a hole (in our experiment 
with 3.7 mm diameter, length of 4 mm) through the 
cathetus and the hypotenuse. A thin metal tube with 
~0.12 mm thick wall and 30 mm length was 
introduced in the hole. The external part is coupled 
with its resonator by reflection of the SPr outside 
the hole. The described prism separator assures very  

Nd:YAG

Xe flash lamp

PSC Power Supply
and Control

annular 
generation MO

Si
SPr

Se

SB1

Me Q switch
passive

Mi

toMi

toMe

Nd:YAG

Brewster
ElementBE

SB2

internal 
generation

annular 
generation

internal 
generation

annular 
generation

internal 
generation

a) 

 

M2 M3

M1

rod,
chamber,
flash

                    
                  (b)                                          (c)                                   

Fig. 2. Top (a) – Schematic of the 
developed two-coaxial beam emitting Nd:YAG 
lasers using as separator of the channels a prism 
SPr with a hole (or a Brewster cylinder-in the inset)  
and  selective-flat mirror resonators. Bottom:  (b)- 
the actual photograph of the installation with SPr –
in the inset SPr, (c) – the Brewster Cylinder 
Separator and visualized spots with used for 
adjustment He-Ne laser.  

 
good separation of the two channels. The separation 
of the channels also was obtained using a Brewster 
angle cut at one end of small diameter (3.6 mm) 
glass cylinder (BE) as it is shown in the inset in Fig. 
2(a). This arrangement is very effective and simple 
and permits practically to obtain completely closed 
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external ring generation, however needed special 
preparation of the cylinder separator. Such 
realization is essentially advantageous if the laser 
rod is fabricated with this appendix, especially for 
dual- generation laser operation. The resonator for 
the generation in the annular periphery part of the 
laser rod - first channel - consists of the output 
mirror M0, common for both resonators (reflectivity 
R=35 % for 1.06 m), reflection of the prism SPr 
and the end mirror Me (with reflectivity of 98 %). 
The resonator of the generation in the internal part- 
second channel- consists of Mo, transmission 
through the SPr hole and the end  mirror Me (R=99 
%  for 1.06 µm). In the internal resonator is 
introduced the passive Q-switcher (Cr4+ :YAG plate  
with convenient parameters).   

     Two-coaxial beam generation. 
Calculation of the needed energies for caries 
treatment without cracks providing on the 
enamel surface. 

     For the 160 J electric pump energy the 
laser produce the desired two coaxial beams 
generation with near equal energy of ~ 0.45 J. The 
near field pattern of the external generation has 
annular shaped with external diameter ~ 6.7 mm 
and internal of~ 3. 7 mm; the internal part has the 
near disc shape with diameter of 3.5 mm. The 
photograph of the spot (laser with BCS) made on 
the thermo sensitive paper, used in the range of the 
proportionally of the bleaching to the illuminating 
energy density, is   shown in Figs. 3(a) and 3(b). 
When the coaxial beam is focalized (in our study 
with a lens with focussing length of 10 cm), the spot 
distribution in different distance between the lens 
and its focal point conserves its structure. This 
permits easily to be obtained the needed 
illuminating light spatial distribution on the treated 
sample. At the convenient distance of the lens we 
obtain the annular shaped light of external diameter 
of 2 mm and with internal diameter of  ~1 mm  and 
inside – the spot with quazi Gaussian distribution 
(combination of the modes TEM00 and TEM 01*) 
diameter of ~ 1 mm. The illumination of the tooth 
surface is illustrated in Fig. 3(c). The external 
generation is free lasing with duration of 300 s 
(HWFM) and the internal –Q-switched with pulse 
length ~ 100 ns (Fig. 3(c)). If the spots are with 
different energy densities they heat differently the 
two spots and thus create corresponding fields with 
different temperature increasing T1 and T2 as it is 
shown in the figure. The energy in any generation 
can be varied by introducing variable neutral filters 
with conveniently chosen transmission. Following 
the presented above approach to calculate the 
temperature increasing as a function of the energy 
in the illuminating pulse, we can calculate the 
energy in the two beams that assures convenient 

caries treatment without crack of the surrounding 
enamel.  We easily assure that the coaxial beams 
pattern in the output of the laser to be composed by  

 

 

Annular generation in the 
external part

Two-channel generation
in the external part in the internal part

 
(a)                            (b) 

 

( T2)

pre-heating
annular light

carries 
operating light

( T1)    
           (c)                         (d)                          
Fig. 3. Actual photograph of the spot of the 

external generation at the output of the laser ((a), 
annular) and of both generations (b). The picture 
(c) of the different heating of the tooth surface by 
composite  spot of two coaxial beams ( type (b)),  
with different energy density, providing different 
temperature rising in the illuminated places, (c) the 
oscilloscope traces of both generation ( µs/div). 

                                                                          
the internal disc part with diameter of 3.7 mm 
(diameter of BE) and the external annular part with 
internal and external diameters of 3.7 mm and of 
6.7 mm respectively. This beam passes through a 
lens with focus distance of 10 cm and at given 
distance from it we obtain the needed dimension of 
the complex light spot for illumination of our 
object.  The needed heating and temperatures in the 
internal and external parts of the spot are calculated 
in the given above manner. We calculate that if we 
adjust the energy in the internal disc part of the spot 
to be 0.5 J and in the external annular part to be 
0.4 J the temperature increasing in the internal part 
of the treated tooth area will be T1  680oC and in 
the external - T2  360oC (by adding the initial 
temperature of the 36oC -  720oC and  400oC 
respectively total temperatures). For the focusing of 
the composite spot in order to be with two-times 
smaller diameter and decreased 4 time energy for 
each beam, the same temperature values in the 
corresponding illuminating places can be achieved. 
This transformation we have realized for practical 
testing in real situation the improvement of the laser 
treatment with new laser, as it is shown below. It is 
easy to find two near equal structure places in one 
caries if the dimension of the acting focalised laser 
beam is smaller in comparison with the dimension 
of the caries – e.g. as we have used the caries 
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dimension of ~2.5 mm and the focused composite 
spot with of 0.5 mm.  

       Experimental test of the caries 
treatment:  

        We provide a series of test of the 
action of the coaxial beams laser on the dental 
tissue. As a rule, in the case with pre-heating with 
the annular ring with the discussed above 
conveniently chosen parameters, the action on the 
caries tissue of the internal pulse without cracks is 
typical. We will illustrate this with one typical 
result. Applying the emission with calculated above 
parameters we have illuminated sequently two parts 
of the caries lesion on the dentin surface with 
diameter of dark-brown spot of 2.5 mm. The tooth 
is disposed at a distance from the noted 10 cm focus 
length lens where the internal spot was with 
diameter of 0.5 mm and the external ring is with 
diameters inside and at the periphery approximately 
of 0.5 mm and 1 mm. respectively. Firstly, we 
screening the external resonator and illuminated the 
caries only with the partially focused internal beam 
(0.25 J, Q-switched pulse with duration ~100 ns).  
As it is calculated above, the predicted temperature 
rising in the illuminated place in this case is 
~ 680oC and respectively we have obtained the 
caries ablation accompanied with strong crack- line 
in the surrounding of the formation hole. This case 
is illustrated in Fig. 5(a). After translation of the 
tooth at distance of ~1.2 mm perpendicular to the 
laser beam and removing the screen Se the laser 
generates the composite two-coaxial beams 
emission, partially focused on the new, non-
disturbed place, of the caries. The energy in the 
external part was 0.2 J. The obtained picture is 
shown in Fig. 5(b), where the high quality treatment 
of the caries tissue – the hole without any trace of 
crack can be seen.  

Caries, 
laser treated area
with pre-heating

Caries, 
laser treated area 
without pre-heating

0.5 mm

cracks

Internal laser beam 
treated area

External annular 
treated area

0.5 mm0.5 mm

    
Fig.6. The photograph of caries treated are 

with direct illumination with a Q-switched pulse (a) 
and with annular illumination before high power 
pulse – no trace of crack can be seen. 

 
Conclusion 
In the work we have described the 

developed special Nd:YAG laser sources that 

provide convenient emission for improved teeth 
problem treatment with laser light in the dental 
medicine. The lasers produce a pulsed light that 
combine ~ 500 µs annular cross section emission 
with temporally delayed superimposed short 
operating Q-switched beam (pulse ~ 0.1 µs) in the 
internal part, generated in the internal part of the 
rod. We have analysed and demonstrated the 
principle for improvement of early stage enamel 
caries treatment with our laser. The principle is 
related with controlled heating of the annular 
surrounding area to the caries before to be 
illuminated by the high power Q-switched pulse. 
Thus, the temperature gradient on the tooth surface 
decreases by two stages of temperature change – 
700oC – 420 oC – 36oC and this manner of 
decreasing prevents the cracking of the tooth 
enamel. The last have places for the temperature 
difference high than 400oC that difference is 
avoided by the applied two-stage heating field with 
our laser. The technique and the laser proposed can 
be developed for the other treatment of the teeth 
surface including for high caries lesions. In the 
work is shown one of the applications of our 
coaxial–beam emitting condensed matter laser. The 
other applications in development are related with 
convenient use of the light pressure. This concern 
the bio-cells treating  with  translation-stopping by 
the external annular beam and operating by the 
internal; for light collection of nanoparticles with 
the annular beam and accelerating by internal (light 
pressure “rifle”) [8] and light pressure pump where 
the collapsed in time annular beam collect inside 
nanoparticle  [9]. 
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ТЕОРЕТИЧНО И ГРАФИЧНО ПРЕДСТАВЯНЕ 
НА ПРЕХОДНИТЕ ПРОЦЕСИ В СХЕМА ЗА 

ПОЛУЧАВАНЕ НА ВИСОКОЕНЕРГИЕН 
ИМПУЛС ПРИ ВЪЗБУЖДАНЕ НА ЛАЗЕР С 

ГАЗОРАЗРЯДНА ЛАМПА 
 

СВЕТОСЛАВ ИВАНОВ, ЯНКА КИСОВА 
 

Резюме: За възбуждане на багрилни лазери и лазери с F- центри с газоразрядни лампи е 
подходящ методът „двоен импулс“, комбиниращ сравнително маломощен и 
продължителен предразряд през газоразрядната лампа, върху който се наслагва мощния 
основен разряд. В предложената статия са представени теоретичните изследвания на 
електрическа схема за генериране на два последователни импулса за управление на 
газоразрядна лампа. Преходните процеси са изследвани с компютърна симулация, като е 
съставена заместваща схема на газоразрядната лампа. Изменението на тока през 
импулсната лампа е описано аналитично с уравнения отнасящи се до отделните времеви 
интервали на преходния процес. Показана е заместващата схема, използвана при 
теоретичния анализ. Представени са графичните решения на съставените уравнения, 
получени с компютърна симулация.    
 
Ключови думи: електрическа схема “двоен импулс“, анализ на преходни процеси, 
ксенонова импулсна лампа. 

 
THEORETICAL AND GRAPHICAL 

REPRESENTATION OF TRANSITION PROCESS 
IN THE SCHEME FOR OBTAINING HIGH-

ENERGY PULSES FOR EXCITATION OF LASER 
WITH DISCHARGE LAMPS 

 
SVETOSLAV IVANOV, YANCA KISSOVA 

 
Abstract: For excitation lasers and of the colorants lasers F - centers with gas discharge lamps 
suitable method "double pulse" combining a relatively low-powered and long before discharge 
through the gas discharge lamp that superimposes on the powerful main discharge. The 
proposed article presents theoretical studies of the electrical circuit for generating two 
consecutive impulse for control discharge lamp. Transient processes were investigated by 
computer simulation, has been drawn of a replacement sheme for gas discharge lamp. Change 
of current through the flash lamp is described analytically with equations relating to individual 
intervals of the transition process. Shown is the replacement scheme used in the theoretical 
analysis. Are presented graphical solutions composed of equations obtained by computer 
simulation. 
 
Key words: electrical system type “double pulse”, analysis of transient processes, xenon flash-
lamp. 
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1. Introduction. 
Pulse discharge lamps are among the most 

common sources of optical excitation due to their 
advantages. They are cheaper and allow to be 
inflated larger volumes active environment. Their 
disadvantage is the lower efficiency of the pump, 
because not all radiation spectrum involved in the 
resettlement of the upper working level and the 
inability to transfer all the energy emitted from the 
lamp to the active environment [1]. The main 
purpose of this type of source to excite the dye and 
solid-state active environment.

Typical requirement for excitation lamps 
for dye lasers is radiation energy to be short (~ 
10μs) pulse with a rapid increase in the front. Only 
in this case reaches the required power of the 
exciting radiation for generation and reduces the 
deleterious effect of the resettlement of triplet level 
and creation by illumination inhomogeneities 
thermoptic [3,4]. For this purpose, is applyd the 
method "double pulse". 
 

2. Description of the scheme for for the 
preparation of a high energy pulse with a steep 
edge "double pulse" 

To obtain a high-energy pulse (~ 100 ÷ 
300J) with a steep front (~ 1μs) is used as a method 
of management called a "double impulse". The 
circuit diagram for realizing this method is shown in 
Fig. 1. In this method, to the electrodes of the lamp 
is turned on cumulative capacitor C1.  

To cause discharge between the electrodes 
through additional Igniter connected to the lamp is 
fed a high-voltage (15 ÷ 30kV) low-energy (0,1J) 
pulse duration (~ μs). This pulse in advance ionize 

the gas. The resistance of the lamp falls and 
accumulation capacitor is diluted through it.  

As a result of the discharge radiates 
powerful pulse duration determined by the capacity 
of the accumulator capacitor C1 and the inductance 
of the discharge circuit L1. 

From a source of constant voltage V3 = 
400V charging capacitor C3. Upon receipt of a 
control impulse management system includes 
thyristor D1, resulting in capacitor C3 is diluted 
through the primary coil of transformer. Thus arises 
the initial ionization of the gas in the lamp and it is 
ready to be incorporated into their core supply V1 = 
5kV. The pulse generator generates pulses V4 with 
TTL - levels.  

From the made experiment pulse duration is 
26μs. The discharge of the capacitor C1, turned 
parallel to the first power source V1, formed pre-
ionization preliminary low-energy pulse which 
provides intensive ionization of the lamp. The 
breakdown voltage of the surge arrester U1 is 
selected so that, before the discharge of the 
capacitor C1 the voltage between its electrodes is 
less than the breakdown voltage.  

During this discharge voltage arrestors U1 is 
constantly increasing and at a given time it reaches 
the required value to provide a breakthrough. In this 
way the second main high energy pulse starts with a 
steep edge (~ μs) by the discharge of the capacitor 
C2, connected in parallel to the second power source 
V2 = 10kV.  

Intensive pre-discharge protects the lamp 
from damage and provides a very steep front of the 
main pulse. This scheme on excitation pulse is very 
suitable for the excitation of dye lasers. 

 
 

 
 

Fig. 1. Scheme for electrical excitation laser type "double impulse" 
 

 
On the basis of experimental research of the 

shape of the voltage and the current through the 
lamp [6] was created replacement scheme of 
discharge lamp.  
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Figure 2 shows equivalent circuit of the 
lamp, through which it is involved in designing an 
electric circuit for receiving a high-energy pulse 
with a steep edge. It is represented by a resistor 
connected in parallel R4 and capacitor C4, and 
consistently included inductance L2. 

In Fig. 3 shows the change of the flash lamp 
currents IL2, coil L1 and arrestors IC2. Until such time 
of turn on a surge arrester in the flash lamp and the 
coil L1 flows through the same current. After 
inclusion arrestors current through the flash lamp IL2 
growing by leaps and bounds as follows amendment 
of currents arrestors IC2. 

 
 

Fig. 2. Еquivalent circuit of the flash-lamp 
 

Part of the current through the surge arrester 
flows through the coil L1 and capacitor C1 charging 
voltage to a value UC1 = 5,9kV. Amplitude value of 
the current through the arrester is IC2 = 4,6kA, and 
the amplitude value of the current charging the 
capacitor C1 is IL1 = 730A. Voltages of the power 
supplies V1 and V2 are the 5kV and 10kV. Simulation 
researches have been done in an programe 
environment Multisim. 
 

 
 

Fig. 3. Graphs of  IL1(t),IL2(t)  and IC2(t) 
 

3. Results of the graphical solution of the 
compiled equations describing transient 
processes. 

In Fig. 4 shows a substitution scheme of an 
electrical excitation of a laser-type "double pulse". 
It consists of two resonant loops. The first includes 
a capacitance C1 with a value of 1μF, resistance R4 
with a value of 1Ω and two inductors L1 and L2, 
respectively, with values 20μH and 10μH.  

Moment of the inclusion of the capacitor C1 
is simulated by the scheme switch S1, which 
replaces the control circuit and surge arrester in the 
real circuit (Fig. 1) is replaced by switch S2.  

The inclusion of two charged capacitors C1 
and C2 provide the initial conditions of the 
transition process. 

 

 
 

Fig. 4. Replacement scheme for electrical excitation 
laser type "double impulse" 

 
The transitional processes prevailing in the 

scheme is best described by introducing the four 
time intervals. watch: 0 ÷ t1, t1 ÷ t2, t2  ÷ t3,    t3 ÷ t4. 
For a description of these processes are introduced 
magnitudes damping ratio and circular frequency of 
α and β [5]. They are expressed by the formulas: 

 
                                    � = �

��                                (1) 
 

                              � = � �
�.� − ��                          (2) 

 
These magnitudes represent real and 

imaginary part of the complex conjugate roots of 
the characteristic equation of the transition process 
of RLC-circuit: 

 
                            �� + �

� . � + �
�.�                           (3) 

 
 
In this equation, R, L and C are respectively active 
resistance, inductance and capacitance of the 
looking circuit. At the moment t = 0 closes the 
switch S1 (Fig. 4). In the scheme includes a 
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capacitor C1, which is charged to a voltage 5kV. In 
the scheme includes a capacitor C1, which is 
charged to a voltage 5kV.  

In Fig. 2 shows the direction of current flow 
in the loop. The capacitor C1 is diluted to a voltage 
approximately 3,16kV, where at the moment t1 and 
closes switch S2. In the circuit includes the capacitor 
C2, which is charged to a voltage 10kV.  

His inclusion is about 5μs after inclusion of 
capacitor C1, which is the time required for the 
appearance of the main high-energy pulse with a 
steep front impulse discharge lamp whose control 
scheme is considered. 

Because in the range 0 ÷ t1 scheme consists 
of only one loop capacity C is represented by the 
capacity C1 of the contour and the inductance L by 
the sum of the two inductances L1 = 20μF and       
L2 = 10μF i.e. C = C1 = 1μF and L = L1 + L2 = 
30μH. Active resistance of the loop is R = R2 = 1Ω. 
By Formula (1) and (2) were obtained the values of 
the damping ratio and the corresponding angular 
frequency α = 17.103 and β = 182.103rad/s.  

To be found the law under which vary the 
current through the lamp iL2 in time, using the 
formula: 

 
                   �(�) = ��

�� sin (��)����                       (4) 
 

 
where U0 is a voltage means to which is charged 
capacitor C1, included in the loop. In this case, the 
current iL2 is equal to the current through the 
inductor L1 and its graphic solution obtained by the 
program Maple15, shown in Fig. 5. The examined 
time interval has duration of 5μs.  

At time t1 the current in the primary circuit 
iL1 value of about 730A. It is derived from the 
graphical solution of the transition process through 
the program Maple15, as well as through the 
simulation of the process made by the software 
product Multisim. 

At the moment t1 in the scheme includes a 
second capacitor with capacity C2. In the time 
interval t1 ÷ t2 is diluted capacitor C2 and through 
the coil L1 flows current iL1, which is due to the 
accumulated magnetic energy in it.  

At the moment t2 this current is equal to 
zero and the current through the inductor L2 is 
leveled with the current through the capacitor C2 
that is iL2=iC2.  

The duration of the time interval t1 ÷ t2 is 
about 2μs. The period of transition processes is 
about T = 34μs. The scheme consist of two contour 
in contrast to the time interval 0 ÷ t1, which is 
considered only one contour. In the case of 
secondary loop L = L2 = 10μH, C = C2 = 3μF and 

R = R2 = 1Ω. Magnitudes damping ratio and 
circular frequency by formulas (1) and (2) for the 
second contour values are respectively: α = 50.103 
and β = 175.103rad /s. 

 
 

 
 

Fig. 5. Graph of IL1 (t) in the range 0 ÷ t1 in 
program product Maple 

 
 

In the time interval t2 current iL1 changes 
direction and starts loading again capacitor C1. To 
be found the law under which amends current iL2 in 
time will use the principle of superposition. 
According to him, this current is the sum of the 
currents in the two circuits passing through the 
lamp, iL1 and iC2, ie 

 
           ���(�) = ���(�) + ���(�)                   (5) 
 

The change of the current through the 
inductor L1 at the time is described by the equation 
[2]: 

 
        ���(�) = ���(0) − ��������

��
� �              (6) 

 
In the last formula IL1(0) is the current 

flowing through the first contour at the moment t1, 
which is the initial time interval t1 ÷ t2 and has a 
value of 730A. The equation describing the change 
of the voltage on the capacitor C1 in the first 
contour is: 

 
             ���(�) = �����(�)�����

��
                    (7) 

 
Here UC1(0) is the voltage to which the 

capacitor C1 is discharged at the time t1. In the case 



- 15 -

UC1(0)=3,16kV. Voltage on the capacitor C2 is 
amended by law [3]: 

 
 
   ���(�) = ���(�)

������
cos (�� − �)����          (8) 

 
 

In the last formula UC2(0) is the voltage to 
which the capacitor C2 is charged and has a value of 
10kV. It is included in the scheme at the time t1 by 
closing the switch S2. The value γ is expressed by 
the formula: 

 
               � = ����� �

�                                  (9) 
 

The current flowing through the second 
contour, iC2 is determined by formula (4). It is 
replaced by U0 is replaced by UC2 (0), L is replaced 
by L2, α is replaced by the damping ratio for the 
second contour α = 50.103, and β is replaced by the 
angular frequency of secondary loop                     
β= 175.103rad/s.  

The current through the lamp is given by 
the sum of the two resonant current iL1 and iC2, 
which pass through the inductor L2 during the 
interval t1 ÷ t2. Its graphical solution obtained 
through the program Maple 15, shown in Fig. 6. 

 

 

 
Fig. 6. Graph of IL2 (t) in the interval t1 ÷ t2 in 

program product Maple 
 

In the time interval t2 ÷ t3 maximum value 
reached by the current through the lamp, in this 
case, the current through the inductance L2, is iL2 = 
3,8kA, and capacitor C1 is charged to a maximum 
value UC1 = 5,9kV, at the end of current pulse 
through its lamp voltage reaches a value -7,4kV.  

In this interval the current through the 
inductor L2 is again expressed through the sum of 
the currents flowing through the primary and 
secondary circuit, respectively iL1 and iC2, formula 
(5). The current iL1 is expressed by similar formula 
(4) with the difference that it is a reverse phase. U0 
is replaced by 2,77kV. This is the voltage to which 
the capacitor C1 is discharged at the time t = t2.  

The law on which amends current iC2 in 
time in this interval is similar to the law in which 
this current changes in the time interval t1 ÷ t2, but 
into account the it’s initial phase φ, which for the 
time interval t2 - t1, corresponds to 

 
                � = �����

� . 2�                            (10) 
 

At time t3 the current through the primary 
circuit iL1 becomes equal to zero, then changes 
direction, as shown in Fig. 3. 

The current through the lamp IL2 is 
represented by the sum of the two resonant currents 
flowing through the inductor L2 during the interval 
t2 ÷ t4. Its graphical solution obtained by Maple 
program 15 shown in Fig. 7.  

At time t3 = 16μs from the beginning of this 
interval, the current passing through the inductor is 
iL2 = 3,1kA. 

 
 

 
Fig. 7. Graph of IL2 (t) in the interval t2 ÷ t4 

in program product Maple 
 
If it continues the transition process in time 

two resonant loops behave like a resonant circuit at 
a frequency f0 = 29 kHz. 

 
4. Conclusions 

In the proposed article presents simulation 
and theoretical studies of excitation circuit for a 
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discharge lamp of the type "double pulse”. 
Described is the principle of operation of the 
scheme to generate two successive pulses with 
varying energy. Also shown is the equivalent circuit 
of the flash lamp used in the computer simulation of 
transients with software "Multisim".  

Transitional processes of change of current 
through the flash lamp are divided into four time 
intervals. The resulting separation allows for the 
compilation of equations describing analytical 
processes in the respective interval.  

The analysis is based on the composition 
substitute scheme, including the main elements 
involved in the formation of the current pulses. 
Done equations of transients in individual time 
intervals were determined graphically and the 
results are presented in the article. 

 Graphic solutions coincide with the results 
obtained by computer simulation of the scheme, 
which is a proof of their authenticity. Graphical 
solutions are obtained using software Maple. 
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THEORETICAL INVESTIGATION OF THE 
PENETRATION OF IR LASER RADIATION IN HUMAN 

DENTIN  
 
 

STANISLAVA NENOVA RABADGIISKA 
 

 
Abstract: In this article we present theoretical investigation of the penetration of IR laser 
radiation in human dentin tissue applied the Monte Carlo mathematical modeling the laser light 
propagation. For calculations we used appropriately chosen experimental data for specific 
absorption and scattering coefficients and real geometry of the investigated dentin. We 
compared experimental data with theoretical calculations for coefficients  related to penetration 
of IR laser radiation with wavelength 1.36 µm  in human dentin. 

 
Key words: propagation laser radiation, dental tissue, human tooth,  Monte Carlo Model, 
Nd:YAG laser 

 
 
 

1. Introduction 
The lasers are of interest   for  applications 

of  healthy procedures, including oral soft and hard 
tissues. Their potential for such treatment is actual 
and are under continuous development. 

In the different medical treatments with 
lasers, it is very important to be known the dose 
and the parameters of illuminating radiation inside 
the tissues. Increasing of the dose leads to adverse 
side - to undesired for the health effects. Thus the 
applications of the laser radiation need careful 
physical investigations and good knowledge of the 
penetration of the laser radiation in the dental 
tissues – depth, absorbed and scattered parts depend 
on the laser wavelength, polarization and formulate 
the approach for evaluation of the dose of the 
absorbed light into the tissue.  

In earlier paper [1] we reported results for 
reflectivity of human tooth dentin, the spatial 
distribution of the intensity in the cross-section of 
the penetrated light intensity in the tooth’s dentin 
and combining the optical and calorimetric 
techniques, we have obtained separately the 
absorbed and the diffused part of the light that 
permit to calculate the  absorption and scattering 
coefficients in  the dentin. 

Our investigation is made for the laser light 
of 1.36 µm, emitted by the Nd:YAG laser. This 
laser is very popular in many laboratories and 
medical institutions,  but the wavelength of 1.36 µm 
is not fundamental one. Similar researches, which 
are related to interaction between laser radiation  
with this wavelength and dentin sample, have 
limited results in the scientific articles. The typical 
commercially available Nd:YAG laser operates 
generally at 1.06 µm, however with easy 
modification can produce light in 1.32-1.36 µm 
interval. In addition, as it is well known, the light at 
wavelength near 1.36 µm (more generally - in range 
1.4-1.5 µm in the limits of which is the noted 
wavelength) has essentially higher absorption in the 
human dentin than the light at 1.06 µm and thus it is 
of interest for biomedical applications and dentistry.  

Dental hard tissues are inhomogeneous 
materials. Dentin is a complex structure, 
honeycombed with dental tubules of 1-3 um in 
diameter. Each of these tubules is surrounded by a 
matrix of needle-shaped, hydroxyapatitelike crystals 
in a protein matrix largely composed of collagen. 
This complex structure has the scattering 
distributions which are generally anisotropic and 
depend on tissue orientation relative to the 
irradiating laser source. 
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The laser-tissue interaction is characterized 
by laser parameters as the wavelength, repetition 
rate, pulse energy, spatial and temporal 
characteristics and optical properties of the tissue as 
the refractive index, the scattering and absorption 
coefficients and the scattering anisotropy. 
Derivation of the absorption and scattering 
coefficients from a set of measurements requires a 
theoretical model whose results to be compared to 
experimental data. This comparison leads to more 
completely scientific knowledge for laser-tissue 
interaction.  

Such accumulation of experimental and 
theoretical data, is of interest, because of the 
different regions in the world, the human teeth 
tissues have different material properties (including 
optical properties). The study in this paper is based 
on vitro-teeth fresh extracted samples from people 
of Bulgaria, Sofia region. 

In the present article we used the numerical 
method Monte Carlo to direct statistical modeling 
of light transmission in human dentin by receiving 
and converting random numbers. Тhus we can 
select the appropriate manner, such as scattering 
coefficient and the anisotropy coefficient, so the 
model can produce results commensurable to those 
of the experiment. The aim of this investigation is 
made possible fast calculations and estimates the 
influence of such radiation on the dentin. 
 

2. Materials and methods 
For mathematical modeling we used dentin 

piece with plane-parallel sections of 0.5 x 0.5 mm 
and 1 mm thickness. Dentin piece is cutting 
longitudinally. The samples are chosen to be 
without defects and they are not chemically 
treated after the preparation. The transmitted light 
through dentin was measured using the schematic 
setup shown in Fig. 1 [1]. The incident light is 
perpendicular to plane-parallel sections. It is very 
important in the theoretical model to choose the 
scattering coefficient µs. This coefficient changes its 
value in the range of 200-1400 cm-1 [2]. 

 
Fig. 1. Experimental setup. [1] 

 
In the realization, given in Fig.1. GP is the glass 
plate, S is the sample, DI

(i) is diaphragm with 

diameter 5 mm, L1 and L2 are the lenses with a 
focal distance of  5 cm  and 8 cm; L2 is with high 
aperture of  4 cm, AS1 and AS2 are the averaged 
spheres, R1 and R2 are nanosecond-resolution 
receivers for IR, Osc is two-channels storage 
oscilloscope, JM is a energy measurer. 

We measured [1] Ein (incident energy), Etr 
(transmission energy) and increasing of the 
temperature of the sample after the illumination 
by the laser pulse; we calculated the absorption 
coefficient µa. For the wavelength 1.36 µm for the 
sample with length l = 1 mm and mass m=0.0632g 
and measured increasing of the temperature of 0.1 
degree after illumination, we calculated that the 
absorbed energy is 8.8 x 10-3 J. The Ein and Etr is 
measured to be 10.5 x 10-3 J and 0.84 x 10-3 J. 

 
3. Monte Carlo Model 
General scheme of Monte Carlo method is 

based on Central limit theorem in probability 
theory. It affirms that the random number � =
∑ ������  is equal to a sum of large number of N 
random numbers Xi with the same mathematical 
expectations  m and dispersion σ2 which are always 
normally distributed with mathematical expectation 
N.m and dispersion N.σ2.  
 

3.1. Photon Initialization 
The Monte Carlo method starts launching   a 

photon into the tissue [3]. If a collimated beam 
normally incident on a slab is simulated then the 
photon’s initial direction is chosen downwards into 
the tissue.  If a diffuse irradiance is simulated then 
the photon’s direction is chosen randomly from all 
possible directions in the downward hemisphere. 
The coordinates of the photon are usually identical 
for all photons. This allows convolution techniques 
to be used to determine influence from a wide 
variety of beam shapes.  

Variance reduction techniques are used to 
reduce the number of photons necessary to achieve 
the desired accuracy for the Monte Carlo 
calculation. These techniques have a long history 
and most important ones were first implemented by 
Kahn. One simple technique to improve the 
efficiency of a Monte Carlo program is to propagate 
many photons along each pathway. Usually only 
one photon follows each pathway, and at each step 
the photon may be either absorbed or scattered. If a 
packet of photons followed each pathway then some 
portion of the packet would be absorbed at each 
step. The size of this packet is called the weight of 
the photon. Its initial weight is set to unity.  

 
3.2. Generating the Propagation Distance 
The simplest Monte Carlo method 

propagates each photon with small, fixed 
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incremental step size. The fixed step size ∆s must 
be small relative to the average mean free path 
length of a photon in the tissue. The mean free path 
length is the reciprocal of the total attenuation 
coefficient. 

             ∆s <<   �
��

= �
�����

                  (1) 
 

where µt,  µa and µs are the total attenuation, 
the absorption and the scattering coefficients 
respectively. If the step size is too small the photon 
will rarely interact with the tissue and the Monte 
Carlo method will be inefficient, conversely if the 
step size is too large then the distanced travelled by 
a photon is a poor approximation to that of a real 
photon. 

A much more efficient method chooses 
different step size for each photon step. The 
probability density function for the step size follows 
Beer’s law (it is more likely to the photon to travel 
short distance than long distance and the probability 
is proportional to e- µt∆s.) The function of a random 
variable (ξ) uniformly is distributed between zero 
and one which yields a random variable with this 
distribution and is  

 
                  ∆s =  � �� �

��
                            (2) 

 
The step size ∆s found using equation (2) 

represents the distance that the photon will travel 
before interacting (through absorption or scattering) 
with the tissue. 

 
3.3. Moving the photon  
A photon is uniquely described by five 

variables: three spatial coordinates for the position 
and two directional angles for the direction of 
travel. However it is convenient to describe the 
photon’s spatial position with three Cartesian 
coordinates and the direction of travel with three 
direction cosines. The required formulas for 
propagation are simple, and the angle variables 
describing photon direction do not change unless 
the photon’s direction changes. The direction 
cosines are specified by taking the cosine of the 
angle that the photon’s direction makes with each 
axis. These are specified by µx, µy and µz 
corresponding to each of the x, y and z-axis, 
respectively. For a photon located at (x,y,z) 
travelling a distance   ∆s in the direction (µx,  µy, 
µz), the new coordinates (  x', y', z') are given by  

                                   

                         sx�� + x=x'  
             sy�� +y =y'                             (3) 

                           sz�� +z =z'  

3.4. Internal reflection 
The possibility of internal reflection occurs 

when the photon is propagated across the boundary 
into the region with a different index of refraction. 
The probability that the photon will be internally 
reflected is determined by the Fresnel reflection 
coefficient R(θi) 

 
R(θ�) = �

� �����(�����)
����(�����) + ����(�����)

����(�����)�       (4) 
 

where θi =cos-1 µz is the angle of incidence on the 
boundary and the angle of transmission θt is given 
by Snell’s law 

 
             ttii nn �� sinsin �                   (5) 

 
where ni and nt are the indices of refraction of the 
medium from which the photon incident and 
transmits, respectively. The random number ξ 
uniformly distributed between zero and one is used 
to decide whether the photon is reflected or 
transmitted.  If ξ < R(θi) then the photon is 
internally reflected, otherwise the photon exits the  
tissue and the event is recorded as backscattered 
light (when the photon exits the top) or transmitted 
light (when it exits the bottom). If the photon is 
internally reflected, then the position and direction 
of the photon are adjusted accordingly. For a slab 
geometry, infinite in the x and y directions with a 
thickness t in the z-direction, the internally reflected 
photon position (x'',y'', z'') is obtained by changing 
only the z-component of the photon coordinates 

 
         � � � �zyxzyx �� ,,,, ''''''  if z < 0      (6) 

         � � � �zyxzyx �� �2,,,, ''''''  if z < τ 
  
 

The new photon direction (µx',µy', µz') is  
 
 
           (µx',µy', µz') = (µx,  µy, - µz)           (7) 

 
And both µx and µy remain unchanged. 
 
 
3.5. Photon absorption 
The technique of implicit capture assigns a 

weight to each photon as it enters tissue. After each 
propagation step, the photon packet is split into two 
parts- a fraction is absorbed and the rest is scattered. 
The fraction of the packet that is absorbed is 

 
     �� =   ��

�����
= 1 − ��

�����
= 1 − �      (8) 
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where a is the single particle  albedo. Consequently, 
the new photon weight is given by ω'= a.ω, which 
represents the fraction of the packet that is scattered 
on this step.  

An absorption event require that both the 
location and the amount of light absorbed be 
recorded. For example, the appropriate element of 
the absorption matrix is incremented by (1-a) ω. 
The number of bins in the absorption matrix is 
determined by the spatial resolution desired. 
Increasing the number of entries increases the 
spatial resolution, but also increases the absorption 
uncertainly in each element (because fewer 
absorption events will take place in each element 
and the error is inversely proportional to the square 
root of the number of absorption events). The 
influence rate is obtained by dividing the final value 
of each matrix element by 1 the equivalent spatial 
volume of the element, 2 the absorption coefficient, 
3 the total number of photons propagated and 4 the 
initial weight of each photon.  

 
3.6. Photon termination 
The weight’s photon never reach zero, 

however during propagation it decreases enough so 
to yield little information. Scattering the photon its 
weight falls below a minimum (e.g. 0.0001), then 
we can consider that it disappears (or we say it has 
absorbed into the medium). The technique called 
roulette is used to terminate the photon once its 
weight drops below the specified minimum. The 
roulette technique gives such of photon one chance 
in m of surviving with a weight mω or else its 
weight is reduced to zero. The photon is thereby 
killed in an unbiased fashion, without sacrificing 
energy conservation and without continuing 
propagation until its weight has reach zero.  

 

3.7. Changing photon direction-
scattering 

A normalized phase function describes the 
probability density function for the azimuthal and 
longitudinal angles for a photon when it is scattered. 
If the phase function has no azimuthal dependence, 
then the azimuthal angle  ψ  is uniformly distributed 
between 0 and 2π, and may be generated by 
multiplying a pseudo-random number ξ uniformly 
distributed over the interval zero to one by 2π (ψ = 
2πξ). The deflection angle θ for an isotropic 
distribution is given by  

 
                                1-2cos �� �                  (9) 

 
Since scattering in tissue is characterized by 

the Henyey-Greenstein phase function, the 

generating function for the Henyey-Greenstein 
phase function is 

 

cosθ = �
�� �1 + �� − � ����

��������
�

�        (10) 

 
 
If scattering is isotropic (anisotropy factor 

g=0) then equation (9) be used.  
If a photon  is scattered at an angle (θ, ψ) 

from the direction  (µx,  µy, µz) in which it is 
travelling, then the new direction  (µx',µy', µz') is 
specified by  

 

µ�� =  sin �
�1 − µ��

�µ� µ� cos ψ − µ�sinψ� + µ�cosθ 

 

µ�� =  sin �
�1 − µ��

�µ� µ� cos ψ + µ�sinψ� + µ�cosθ 

 
  µ�� =  − sin � cos ψ �1 − µ�� + µ�cosθ 

 
 
4. Results 
In the modeling we have assumed that the 

photons enter the tissue one by one perpendicular to 
the plane-parallel sections. Also we assume that the 
azimuthally angular distribution of photons is with 
equal probability. The deflection angle θ (0 ≤ θ < π) 
and azimuthal angle ψ (0 ≤ ψ < 2π) will be sampled 
statistically. 

Once the photon packet has reached an 
interaction site and its weight decreased, the photon 
packet with the updated weight is ready to be 
scattered. 

We consider that the scattering in tissue is 
characterized by the Henyey-Greenstein (HG) phase 
function [4] with anisotropy factor g=0.3, 
absorption coefficient µa=2[cm-1] [2] and scattered 
coefficient µs=850[cm-1]. It is known that these 
coefficients depend mainly on the structure of the 
tissue (its components), their orientation and the 
wavelength of the incident radiation.  

The photons penetrate into the tissue on the 
z-axis at a point with Cartesian coordinates x=0, 
y=0, z=0 (Fig.2, Fig.3, Fig.4) and begin to scatter 
in different directions determined by the deflection 
angle θ and azimuthal angle ψ. Length of the free 
path of photons between two dissipates is defined 
statistically as it shown in Chapter 3. The minimum 
weight that the photon exits is 10-4. When the 
weight (it is related to the energy of the photon) is 
smaller than 10-4 we suppose that the photon was 
absorbed in the medium. 
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Fig. 2. Graphical results showing the path of the 
incident photons in the XYZ Cartesian coordinate 

system.  
 

 
Fig. 3. Graphical results showing the path of the 
incident photons in the XY Cartesian coordinate 

system.  
 

 
Fig. 4. Graphical results showing the path of the 
incident photons in the YZ Cartesian coordinate 

system.  
 

 
The graphs of Fig.2, Fig.3 and Fig.4 have 

been obtained by the Monte Carlo method for N = 
1000 number of photons introduced into the dentin 

as described above manner. The numerical 
calculations in this same method for N = 10000=  
1000x10 number of photons are presented in 
Table 1. On the base of these results we find the 
average number of absorbed (Ab), transmitted (Tr) 
and reflected (Ref) photons in the tooth sample. 

 
 

Table 1. 
Calculating the arithmetic mean of the 

number of absorbed, reflected and transmitted 
photons through the dentin. 
№ Ab 

 
Tr 

 
Ref 
 

1. 647 72 281 
2. 640 87 273 
3. 635 84 281 
4. 648 82 270 
5. 637 72 290 
6. 646 89 265 
7. 648 71 281 
8. 634 77 289 
9. 637 85 278 
10. 630 86 284 
Average  
number 

640.2 80.5 279.2 

Average  
number 
[%] 

64.02 8.05 27.92 

 
 
The model gives, as results, approximately 64 % 
absorption, 8 % transmission and 28 % reflection of 
the incident photons. On the other side the 
experiment [1] gives us approximately 80 % 
absorption, 7 % transmission and 13 % reflection of 
the incident photons. The obtained error of the 
experimental data is in the range of 10-20%. The 
estimation error for used Monte Carlo method is 
roughly proportional to N/1 where N is 
independent statistical trials. In the current case N is 
the number of incident photons. In this case the 
model gives relative close data to the experimental 
one. Increasing the number of N we can improve 
the accuracy of the numerical calculations. 
However this leads to significantly increasing of the 
time for calculation to obtain final results.  

If we change the main input, which are 
related to the properties of the tissue (g, µa, µs), we 
can obtain different values for absorption, 
transmission and reflection of the light. For 
comparison such results are presented in Table 2 
where it seems that outcomes are much more 
sensitive to change of anisotropy factor g and less 
sensitive to change of scattering coefficient µs.  
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Table 2. 
Values of absorbed, transmitted and 

reflected parts of the light Ab, Tr, Ref for different 
values of anisotropy factor g, absorption µa, and 
scattering µs coefficients. 

g=0.3, μa=2cm-1, μs=850cm-1 
Ab Tr Ref 

64% 8% 28% 
g=0.4, μa=2cm-1, μs=850cm-1 

53% 14% 33% 
g=0.4, μa=2cm-1, μs=1100cm-1 

56% 8% 36% 
g=0.5, μa=2cm-1, μs=1400cm-1 

42% 6% 52% 
 
As we can see in the Table 2 the initial parameters, 
which we chose, are   the closest to the 
experimental data. 
 

4. Conclusions 
The Monte Carlo method is convenient for 

calculation of absorption, transmission and 
reflection of incident photons in the tissue. This 
method permits to make fast estimations for 
influence of a specific laser radiation on dental 
tissue. 
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IMPROVING THE EFFICIENCY OF 
SQUIRREL CAGE INDUCTION MOTORS 

 
VASIL SPASOV 

 
Abstract. A comparison of the performance characteristics of an induction motor with 
aluminium rotor cage and with copper rotor cage is presented. For this purpose a three-phase 
squirrel cage motor is modeled by the finite element method. Computed are the current-speed 
and torque-speed characteristics, efficiency, power factor, copper and iron losses. Based on the 
obtained results, conclusions are drawn about the advantages and drawbacks when using 
copper rotor cage instead of the conventional aluminium one. It is shown that due to the total 
losses reduction, the motor with copper rotor cage has higher efficiency, power factor and rated 
torque.  
 
Key words: induction motor, efficiency, copper rotor cage, aluminium rotor cage, FEM. 
 
 

 
1. Introduction 

The efficiency of electric motors is of 
paramount importance nowadays, since they are 
major consumers of energy in modern society. 
Electric motors consume 69% of produced energy 
in the industrial sector of the European Union [1]. 
90% of this energy is used to supply three-phase, 
low voltage squirrel cage induction motors (IM). 
Increasing the efficiency of those motors by only a 
few percent can significantly reduce energy 
consumption and CO2 emissions. In the United 
States alone, one percent increase in IM efficiency 
could save 20 billion kWhrs annually [2].  

To reduce energy consumption, leading 
manufacturers of IM motors around the world 
adopted an energy efficiency classification that was 
put in place by the IEC and has been published as a 
globally relevant standard IEC 60034-30 (Rotating 
electrical machines - Part 30: Efficiency classes of 
single-speed, three-phase, cage-induction motors). 
This International Standard classifies motors into 
three levels depending on how efficiently they 
convert electricity into mechanical energy. IE1 is 
the base standard for efficiency, IE2 stands for high 
efficiency and IE3 for premium efficiency. The 
standard also mentions a future level above IE3 to 
be called IE4 super premium efficiency. Products in 
this category are not yet commercially available. 

The classification system stimulated 
competition among motor manufacturers and 
generated massive technology improvements. The 

EU adopted it and issued EC Regulation No. 
640/2009, which came into effect on 16 June 2011 
[3]. As of that date, only motors that meet or exceed 
IE2 energy efficiency levels are allowed to be sold 
and installed in the EU. In a second stage, from 
January 2015 all motors will need to reach IE3 
efficiency levels. 

The coming dates of EC Regulation No. 
640/2009 has motivated induction motors 
manufacturers to develop innovative technological 
solutions for higher efficiency.  

This paper presents a simple but powerful 
method for improving IM efficiency. It is based on 
replacing the aluminium rotor cage with die-cast 
copper cage. The paper is organized as follows. The 
methods for improving IM efficiency are presented 
in Section 2. The induction motor specifications and 
method of analysis are discussed in Section 3. In 
Section 4 a comparison is made between 
characteristics of the IM with aluminium rotor cage 
and with copper cage. Finally, conclusions are 
drawn in Section 5. 

 
2. Methods for improving induction motors 

efficiency 
The cheapest method to produce more 

efficient induction motors is to keep designs and use 
improved magnetic materials such as premium-
grade low-loss steel and copper rotor cage [4]. In 
this case the stator and rotor slots dimensions and 
the inner and outside stator diameter are unchanged. 
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The second strategy is to change the stack 
length and the stator winding. A more expensive 
strategy foresees also the change of stator and rotor 
slots dimensions. This requires new lamination 
punching tools even if inner and outside stator 
diameters are unchanged. 

The most expensive design strategy requires 
to change all motor dimensions and to reduce losses 
in the motor [5]. Decreasing windage losses by 
reducing the external fan diameter improves motor 
efficiency. The tradeoff is temperature rise in 
windings resulting in increased stator resistance 
losses. Hence when following this strategy, 
designers have to find a balance between different 
losses in order to optimize motor efficiency. 

To fulfill the NEMA Premium efficiency 
standard, additional design and production 
techniques could also be required [5]. 

In this paper the simplest method for 
improving efficiency is chosen, namely replacing 
the aluminium rotor cage with die-cast copper cage. 

The use of copper in place of aluminium 
rotor cage can lead to significant benefits [6]: 

Lower resistive losses and lower operating 
temperature, due to the fact that the electrical 
conductivity of copper is nearly 60% higher than 
that of aluminum. Lower losses mean higher 
efficiency. 

Extended life expectancy. As motor life is 
doubled for every 10°C reduction in operating 
temperature, the lower operating temperature results 
in extended motor life expectancy. The lower 
operating temperature, combined with the high 
thermal conductivity of copper, allows for smaller 
cooling fans. In this way windage losses are 
decreased. 

Smaller size and cost. Due to the higher 
efficiency when using copper rotor, it is possible to 
decrease the motor overall length while matching 
the performance of the motor with aluminium rotor. 
The shorter stator windings can save up to 500 000 
tons of copper in the world annually [7]. 

Lower CO2 emissions. Recycling of copper 
leads to significant energy savings. To extract 
copper from copper ore, the energy required is 
approximately 100 GJ/ton. Recycling copper uses 
about 10 GJ/ton. This energy saving leads to the 
conservation of valuable reserves of fossil fuels and 
consequent reduction of CO2 emissions. 

Due to the above benefits, copper rotor 
motors are proving a cost-effective way of meeting 
the new IE4 super premium efficiency level. The 
active development of the copper die-casting 
technology since 1997 has resulted in a growing 
world market of copper rotor motors. 

 

3. Motor specifications and method of 
analysis 
The specifications of the three-phase 

squirrel cage induction motor, analyzed in this 
paper, are given in Table 1. 
 

Table 1 
Specifications of the analyzed motor 

Parameter Value 
Supply voltage, V 380 
Frequency, Hz 50 
Rated power, kW 1.5 
Number of poles 2 
Rated slip 0.055 
No. of stator slots 24 
No. of rotor slots 26 
Winding connection Wye 

 
The cross section of the analyzed motor is 

shown in Fig. 1. The dimensions of rotor and stator 
slots in millimeters are given in Fig. 2. 

 

 
 

Fig. 1. Cross section of the analyzed motor 
 

 

 
 

Fig. 2. Dimensions of rotor and stator slots 
 

To analyze the induction motor, the 2D 
Finite Element Method is used [8]. The numerical 
model is voltage-fed and takes into account rotor 
and stator end turn resistances and leakage 
reactances, steel saturation and eddy currents in 
rotor bars.  

Due to the symmetry, only one pole of the 
motor is modeled. The finite element mesh consists 
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of 10560 second-order triangles. When generating 
the finite element mesh, the depth of penetration  

1
f

   (1) 

is taken into account. Here  is the electrical 
conductivity and  is the magnetic permeability of 
material. 

Based on the obtained numerical results, 
electromagnetic toque, stator and rotor currents, 
steel and copper losses, power factor and efficiency 
at different slips are computed. 

 
4. Comparison of the results for aluminium 

and rotor bars 
Fig. 3 shows the motor current-speed 

characteristics computed at different slips by the 
finite element analysis. The torque-speed 
characteristics are given in Fig. 4. 

 

 
Fig. 3. Current-speed characteristics  

 

 
Fig. 4. Torque-speed characteristics 

 
The performance characteristics at rated 

load are shown in Table 2. Here Al stands for 
aluminium rotor and Cu for copper rotor cage. 

The efficiency is computed by the formula: 

2 1

1 1

P P P ,
P P

   (2) 

where 1P  is the consumed active power and 2P  is 
the output power. The total losses P  include stator 
and rotor copper losses, iron losses, windage and 
friction losses, and stray losses [9].  

Currents, efficiency and other parameters at 
rated slip, computed by the finite element analysis, 
are presented in Table 2. There is a significant 
increase in the overall efficiency of the copper cage 
motor produced at lower rated stator current. The 
higher conductivity of copper leads to lower total 
loss and consequently higher efficiency for the 
copper rotor cage. 

 
Table 2 

Performance characteristics at rated load 
Parameter Al Cu % change 
Rated power, kW 1.5 1.5 0 
Rated stator 
current, A 3.71 3.21 -13 

Full load speed, rpm 2835 2922 +3 
Rated slip 0.055 0.026 -53 
Efficiency, % 81 84 +3.7 
Power factor 0.61 0.71 +16 

 
As seen in Table 2, the copper rotor cage 

achieves the rated torque with 53% less slip. This 
creates a motor that does not slow down much 
under load and is very responsive on variable 
frequency drives. When variable torque loads like 
fans and pumps are applied, however, potential 
problems may arise. With 1% increase in full load 
speed, the energy consumed by these applications 
goes up by 3% [10]. 

Table 3 compares the torques produced by 
the motor. There is a 12% increase in the rated 
torque for the copper cage rotor. The breakdown 
torques are very close. Due to the higher 
conductivity of copper, the starting torque of the 
copper cage IM is 13% lower, but still about twice 
the rated torque. This could be problematic for 
high-inertia loads. 

Table 3 
Torques produced by the motor 

Parameter Al Cu % change 
Rated torque, N.m 4.85 5.45 +12 
Starting torque, N.m 13.65 10.46 -13 
Breakdown torque, 
N.m 15.55 15.67 +0,8 

Pull-out torque, N.m 11.75 9.07 -23 
 

Table 4 compares the losses in the motor. 
The losses are computed by the formula: 

         
2 2 1.5

h max c max e maxp k B f k (B f ) k (B f ) ,
 
(3) 
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where maxB  is the magnetic flux density amplitude; 

hk , ck  and ek  are coefficients taking into account 
hysteresis, eddy currents and the steel structure. 
 As expected, the copper rotor conduction 
losses are more than two times lower than the 
aluminium rotor conduction losses. This is one of 
the main advantages when replacing the aluminium 
cage with copper cage.  
 

Table 4 
Losses in aluminium and copper cage motor 

Parameter Al Cu % change 
Stator copper 
losses, W 155 148 -4.5 

Rotor bars  
losses, W 94.2 41.3 -56 

Steel losses, W 32.4 32.6 +1 
 

Copper, however, has a drawback as 
compared to alluminium, namely higher mass 
density. This results in higher coefficient of inertia 
and damping coefficients, shown in Table 5. The 
finite element method simulations showed that the 
aluminium rotor motor reached steady state no-load 
speed about twice faster than the copper rotor 
motor.  

Table 5 
Coefficients of inertia and damping coefficients 
Parameter Al Cu 
Coefficient of 
inertia, kg.m2 0,00257712 0,00451673

Damping coeffici-
ent, N.m.sec/rad 0,0017 0,0035 

 
5. Conclusions 

The comparison of the performance 
characteristics shows that the induction motor with 
copper rotor cage outperforms the induction motor 
with aluminium rotor cage. The use of copper in 
place of aluminium rotor cage leads to a significant 
3.7% increase in motor efficiency produced at lower 
rated stator current. There is a 12% increase in the 
rated torque for the copper cage rotor, achieved at 
53% less slip. Due to the higher conductivity of 
copper, however, the starting torque of the copper 
cage IM is 13% lower but still about twice the rated 
torque. The copper rotor bars losses are more than 
two times lower than the aluminium bars losses. 
This leads to lower operating temperature and 
extended motor life expectancy.  

Based on the obtained results, it can be 
concluded that the use of copper rotor cage results 
in significant improvements in induction motor 
efficiency and represents a powerful alternative to 
conventional motors with aluminum rotor cage.  
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SOFTWARE TOOLS FOR THE DESIGN OF ROM  
BASED FSM IMPLEMENTED IN FPGA 

 
IVAN KANEV 

 
Abstract: Modern FPGAs have on-chip blocks of memory which can be utilized to build ROM-
based FSMs. The paper presents one approach to developing software tools aimed at facilitating 
the FSM design, and referred to as FSM ROMizer. A method for defining FSMs, as well as rules 
for describing the states of FSMs, is set forth. The syntax of software tools is defined 
through using Extended BNF. The states of the FSMs having been translated, FSM 
ROMizer generates an output memory initialization file (MIF) and a timing diagram which is 
used to represent the states of FSMs. The application range of FSM  ROMizer can be broadened 
by means of the output MIF file being converted to some other frequently used formats such as 
HEX, COE etc. 

 
          Key words: FPGA, ROM, FSM, ROMizer, MIF, HEX, COE, VHDL, Verilog 
 
 
  

1. Introduction 
Modern FPGAs have on-chip blocks of memory 

which can be configured as ROM [1]. This is a 
strong basis for the utilization  of these blocks for  
building ROM-based FSMs [2,3,4,9,12,13]. 
Compared to the conventional methods of FSM 
design which use logic elements (LEs),  the ROM-
based FSMs have some specific advantages. 

1. Only the resources of  ROM are utilized for 
the purposes of FSM realization. This results in the 
reduction of  logic elements in  FPGAs. With ROM-
based FSMs the effect achieved by LEs reduction 
proves to be of considerable importance when 
FSMs have a number of  internal states involved 
inthe generation of constants and control signals[4]. 

2. Maximum clock frequency of ROM-
implemented FSMs is not dependent upon their 
complexity[3]. 

3. When designing FSMs, it is possible to 
exactly specify the resources of the  ROM being 
used [2,3,4]. 

The designing of ROM-based FSMs encounters 
serious difficulties due to three basic factors: 

1. There are no tools for defining and describing 
the states of FSMs. 

2. The labored encoding of memory 
initialization file (MIF)  with the states of FSMs 

3. There are no tools for presenting the graphs  
or  the timing diagrams of  FSMs. 

It is the building of software tools used to 
facilitate the FSM design, and called FSM 
ROMizer, that this study is focused on. 

The designing of ROM-based FSMs through 
using  FSM ROMizer  requires for the following 
problems to be solved: 

1. Setting forth a method for the defining of  
FSM. 

2. Establishing rules for  describing the states of  
FSM.  

3. Defining syntax for FSM ROMizer. This 
syntax  provides a basis  for building the parser 
which,  having realized the translation,  generates 
the following: a list of the uncovered errors; an 
output file for memory initialization in .mif  format; 
a timing  diagram representing the states of FSM.  

Fig. 1. shows: the stages in designing ROM-
based FSMs through using FSM ROMizer; the 
integration of the output file into Altera's Quartus II 
IDE [11]; the simulation of the VHDL/ Verilog 
project through using Altera's ModelSim [10]. 
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Fig. 1. Design of  ROM-based FSM, with "FSM ROMizer" 
 
 
         2. Method for defining FSM  

 
One or more ROM-based  finite state machines 

implemented in FPGA are defined  within  Section 
of definitions which is confined  between the 
directives DEFINE FSM and END DEFINE.  The 
defining of FSM  starts with DEFINE FSM. 
Immediately following this directive, there is a  
colon and the name of the defined  ROM FSM.  
This name  will be used by RОМizer to buildthe 
memory initialization file (.mif)  containing the 
states of the finite state machines. 

DEFINE FSM:  MyFsmName;  
Section of definitions 
END DEFINE; 

The section of definitions describes the 
correspondence between the set of signals which 
represents the input alphabet and the signals which 
represent the output functions. For the purposes of 
terminological coherence in  the description of  
finite state machines, the input signals are also  
designated  “input variables” and the output  
functions  -” output variables” . 

There are two  forms of input variable 
declaration: 

1.  User defined input variables. This form  
provides the user with the option of defining 
variables equivalent to the variables used  in the 
VHDL project or the Verilog project. 

2. Predifined input variables. Some finite state 
machine specific input variables are defined in 
advance. In FSM RОМizer these are the variables “ 
state ” or “addr”. All input variables are defined 
through the directive “address”.   

 

 
User defined variables and predefined variables 

are linked to “address” by the assignment operator 
„<=”. In the section of definitions this directive can 
be found only on the left side of the assignment 
operator: 

Address [absolute-range] <= Input 
Variables [relative-range]. 

There are two  forms of output variable 
declaration: 

User defined output variables; 
Predifined output variables. In FSM RОМizer 

these are the variables “next_state”  or  “next_addr” 
.  All output variables are defined through the 
directive  “q”. 

User defined variables and predefined variables 
are linked to “ q ” by the assignment operator. In the 
section of definitions this directive can be found 
only on the right side of the assignment operator: 

Output Variables [relative-range] <= q 
[absolute-range]; 

The needed bit range used to define one 
directive or variable is put into square brackets. 

[index] - defining one-bit directives or 
variables pointed by index; 

[msb:lsb] - defining  directives or variables 
which are represented by several consecutive bits. 
The stated range includes all the bits between msb 
(most significant bit) and lsb (least significant bit). 
If  “C” is used to denote the number of  bits which 
are needed to define multibit directives or variables, 
then   1��� lsbmsbC . 
             Rules for specifying the range. 
             1. Specifying  the range of  directives: 

[absolute-range]  = [msb : lsb]; 
[absolute-range]  = [index]. 
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Apart from specifying  the range,  msb, lsb 
and index are also used to denote: 
the address inputs which the input variables are 
linked to, when the input variables are related to 
the directive “address”; which outputs the output 
variables are linked to, when output variables are 
related to the directive “q” . 

2. Specifying  the range of variables: 
[relative-range] = [msb : 0];   
[relative-range] = [index = 1]. 

Range specification can be omitted for a 
variable which points to a one-bit signal In this case 
only the name of the  variable is used. 

A finite state machine having been defined, it is 
possible to specify the parameters which are needed 
for  computating the resources of  the used ROM. 

If  we denote: 
am  )( qm - the number of one-bit input 

(output) variables; 
an  )( qn  - the number of multibit input 

(output) variables; 
Ca )(Cq  - number of bits in a multi-bit 

input (output) variable 
then: 

�
�

��
an

i
iCaamROMdept

1
, where 

ROMdept  is the total number of input variables; 

             ROMdept2      is the number of internal 
states of  the finite state machine;                            

�
�

��
qn

i
iq CqmROMwidth

1
, where 

ROMwidth  is the total number of output variables;                                               

ROMwidthM ROMdept �� 2 , where       
M is used to denote the size of  ROM needed for the 
realization of  the defined  finite state machine. 

The defining of  FSM can be represented by the 
following example: 

DEFINE FSM: FSM_Example; 
enable  <= q[0];  
strobe  <= q[1]; 
data[3:0] <= q[5:2]; 
next_state[3:0] <= q[9:6]; 
address[3:0] <= state[3:0]; 
address[4] <= S; 
END DEFINE; 

The FSM FSM_Example generates up to 16 
four-bit “data”constants synchronized by the signals 
enable and strobe. The variable “S” suggests an 
option to implement in ROM one more FSM, which 
is defined with the same variables, but using 
different values of the internal states. 

For the specified range of  the directives in 
FSM_Example: 5�ROMdept ; 

10�ROMwidth ; 1032��M . 
 

3. FSM Description 
The states of  FSM, which has already been 

defined, are described in “section of descriptions” 
confined  between the directives CONTENT 
BEGIN and END: 

CONTENT BEGIN 
                section of descriptions 

END;. 
Generally, the syntax of section of descriptions 

can be represented the following way:  
address of ROM : Description of states;, 
where: 
address of ROM  is used to specify the 

absolute value of the address. Each address of ROM  
is used to describe one of  the states of  FSMs. 

With respect to that, address of ROM can also 
be interpreted as a number of the states of FSMs. 

description of states is used to describe the 
values of variables: 

 <description of states>:= variable[msb : 0] 
= b"value",.., variable= b'value'; 

For the purposes of  compactness in the 
description of the states of  FSM, the following 
rules are defined: after Reset all input and output 
variables are set to zero; if, for a certain state of 
FSM,  a specified value is assigned to a variable, the 
variable will retain this value until it is changed in 
some other state of  the FSM; the predifined input 
or output variables (state, next_state) can be 
followed by the unary operation “post increment” 
(++). The automatic increment continues to the next 
state of  FSM,  in which new values are assigned to 
the variables. 

Example of  description of one version of  
FSM_Example: 

CONTENT BEGIN 
0 : state[3:0] = b"0000"++, 
  next_state[3:0] = b"0001"++,  
  S = b'0',         enable =  '1',  
  data[3:0] = b"0001", strobe =  '0'; 
1 : data[3:0] = b"0010";  
2 : data[3:0] = b"0001"; 
3 : data[3:0] = b"0010"; 
4 : data[3:0] = b"0100";  
5 : data[3:0] = b"0010"; 
6 : data[3:0] = b"0001"; 
7 : data[3:0] = b"0010"; 
8 : data[3:0] = b"0001", strobe =  '1'; 
9 : data[3:0] = b"0000", strobe =  '0', 

state[3:0] = b"1001", enable = '0', 
next_state[3:0] = b"0000"; 

UNUSED_ADDR[A..1F] : 0; 
END; 

Copyright © 2014 by Technical University - Sofia, Plovdiv branch, Bulgaria  ISSN 1310 - 8271
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The described FSM has ten states in which the 
constants data, data = {1,2,1,2,4,2,1,2,1}, and the 
control signals enable and strobe are generated. 

 
4. Translating the states of FSMs 

One or more finite state machines having been 
defined, and their  states having been described,  it 
is possible to proceed to translation. The translation 
is realized in three stages: 

1. Parsing.  At this stage, the translator performs 
its typical  analyses [6 ,14]. Detailed description of 
the syntax of FSM RОМizer is shown in "Table 1 ." 
If  some  discrepancy between the rules of defining 
and describing the FSM  and the syntax of the FSM  
ROMizer occurs, the process of translation is 
discontinued and a list of errors is generated.  

2. Generating the output file. If the analysis is 
successful,  an output file with the name of the FSM 
and the extension .mif  is generated [1]. The syntax, 
which the output file is described  by, is as follows: 

ROM address : ROM data; -- comment, 
where: 
“ ROM address”  is the absolute address in 

ROM, which is the result of the concatenation ("&") 
of all input variables ; 

“ ROM data” is the output function, which 
is the result of the concatenation of all output 
variables . 

For the FSM  “FSM_Example”, FSM RОМizer 
generates the following output file: 

-- FSM_Example.mif : 
-- ROM address <= S & state 
-- ROM data <= next_state & data &  
strobe & enable 
WIDTH=10; -- ROMwidth  
DEPTH=32; -- ROMdept  
ADDRESS_RADIX= HEX; 
DATA_RADIX= HEX; 
CONTENT BEGIN 

0 : 045 ;   -- state[3:0] = b"0000"++, 
          -- next_state[3:0] = b"0001"++,  
          -- S = b'0',         enable = '1',  
          -- data[3:0] = b"0001", strobe =  '0'; 
1 : 089  ; -- data[3:0] = b"0010";  
2 : 0C5 ; -- data[3:0] = b"0001"; 
3 : 109  ; -- data[3:0] = b"0010"; 
4 : 151  ; -- data[3:0] = b"0100";  
5 : 189  ; -- data[3:0] = b"0010"; 
6 : 1C5 ; -- data[3:0] = b"0001"; 
7 : 209  ; -- data[3:0] = b"0010"; 
8 : 247  ; -- data[3:0] = b"0001", strobe  =  '1'; 
9 :  000  ; -- data[3:0] = b"0000", strobe  =  '0', 
               -- state[3:0] = b"1001", enable  =  '0', 
                -- next_state[3:0] = b"0000"; 
[A..F] : 0 ; -- UNUSED_ADDR[A..F] : 0; 
END; 

The output file also includes the descriptions of 
"FSM_Example" as comments ("--" ). 

3. Generating the diagram of the states. To 
represent the states of FSMs, FSM RОМizer 
generates a timing diagram which is used to display 
in a graphical way the states of the input and output 
variables (Fig. 2.). 

 

 
 

Fig.2. FSM_Example – timing diagram 
Source : FSM ROMizer. 

 
In some cases, the timing diagram is not 

sufficient for the detailed analysis of the designd 
FSMs. The problem can be solved through a 
Quartus II-based project, in which the structure of  
FSMs  is described using VHDL or Verilog. After 
compiling the project with the output file included, 
ModelSim should be utilized to conduct a precise 
research of the designd FSMs (Fig. 1.). 
 
5. Results 

FSM ROMizer project is implemented in the 
language Perl. Its functional capabilities are tested 
with two types of FSM: 

1. FSM, whose states are consecutive to a 
state machine. This test demonstrates the overall 
functionality of the software tools and action of 
unary operator "post increment" (+ +). The results 
of this test are shown in this article, with 
"FSM_Example". 

2. FSM, whose states are changed 
periodically. Practical tests are used graphs of 
automata that implements algorithms "MADM" 
[8,9]. 

Comparative analysis of the tested automata 
created in VHDL and FSM ROMizer , it is in 
complete compliance. 
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Table 1.   
Syntax of FSM ROMizer in extended Backus–Naur Form[7].           

digit = ‘0’ | ‘1’ | ‘2’ | ‘3’ | ‘4’ | ‘5’ | ‘6’ | ‘7’ | ‘8’ | ‘9’; 
decimal_digit = digit; 
number = digit,{digit}; 
binary_digit = ‘0’ | ‘1’; 
hexadecimal_digit = digit | ‘a’ | ‘A’ | ‘b’ | ‘B’ | ‘c’ | ‘C’ | ‘d’ | ‘D’ | ‘e’ | ‘E’ | ‘f’ | ‘F’; 
letter = ‘a’ | ‘А’ | .. ‘z’| ‘Z’; 
word_character = letter | number | ‘_’; 
word = letter, {word_character} ; 
reserved_word = ‘q’|’address’|’addr’|’next_addr’; 
legal_word = word – prereserved_word; 
whitespace = ‘ ‘ | ‘\t’; 
new_line = ‘\n’|’\r\n’; 
nl = new_line,{new_line};  
sc = ‘;’; 
end_of_line = sc,nl; 
eol = end_of_line,{end_of_line};  
ws = {whitespace}; 
all_whitespace = ‘ ‘ | ‘\t’ | ‘\n’; 
empty_line = {ws},nl; 
comment_or_el = ({comment}|{ empty_line }); 
nonword_character = ‘,’ | ’.’ | ‘/’ |’\’ | ‘|’ | ‘”’ | ‘’’ | ‘`’ | ‘(‘ | ‘)’ | ‘-’ | ‘+’ | ‘=’ | ‘:’ | ‘;’ | ‘[‘ | ‘]’ | ‘{‘ | ‘}’; 
single_line_sequence = {word_character|whitespace|nonword_character}; 
comment = (‘--’|’//’),[single_line_sequence],nl; 
fsm_name = legal_word; 
fsm_program = {comment_or_el},fsm_definitions,{comment_or_el},fsm_states,{comment_or_el}; 
fsm_definitions = ‘DEFINE FSM’,ws,’:’,ws,fsm_name,sc,[comment], definitions,’END 
DEFINE’,ws,eol; 
definitions = definition,{definition},nl; 
definition = input_defintion | output_defintion; 
input_definition = (input,ws,’<=’,ws,legal_variable,ws,sc,(comment|nl))|inc_input; 
output_definition = (legal_variable,ws,’<=’,ws,output,ws,sc,(comment|nl)) |inc_output; 
range = ‘[’,number,[‘:’,number],’]’; 
input = ‘address’,range; 
output = ‘q’,range; 
legal_variable = legal_word,[range]; 
defined_variable = (legal_word|‘state’| ‘addr’|’next_addr’),[range]; 
inc_input = ‘address’,range,ws,’<=’,ws,(‘state’|’addr’),range, sc,(comment|nl) ; 
inc_output = ‘next_addr’,range,ws,’<=’,ws,’q’,range, sc,(comment|nl) ; 
fsm_states = ‘CONTENT BEGIN’,ws,[comment]nl,state,{state}, ’END’,sc(comment|nl); 
state_code = hexadecimal_digit,{hexadecimal_digit}; 
state = (ws,state_code,ws,’:’ws,assignment,{ws,’,’,[comment],ws,assignment}, sc,  

(comment|nl)) unused_space;  
unused_space = ws,’UNUSED_ADDR’,ws,’[‘,state_code,’..’state_code,’]’,ws,’:’, 
hexadecimal_digit,{hexadecimal_digit},sc,(comment|nl); 
assignment = (defined_variable,ws,[‘<’],’=’,ws,legal_value,ws)|inc_assignment; 
legal_value = bin_value | dec_value | hex_value; 
bin_value = ([(‘b’|’B’)],’’’,binary_digit,’’’) |((‘b’|’B’),’”’,binary_digit,{binary_digit},’”’); 
dec_value = (‘d’|’D’),’”’,decimal_digit,{decimal_digit},’”’; 
hex_value = (‘h’|’H’),’”’,hexadecimal_digit,{hexadecimal_digit},’”’; 
inc_assignment = (‘next_addr’|’addr’),range,ws,[‘<’],’=’,ws,legal_value,’++’,ws 

 
 
 

 
 

Copyright © 2014 by Technical University - Sofia, Plovdiv branch, Bulgaria  ISSN 1310 - 8271
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5. Conclusions 
 

Original software tools, called FSM ROMizer, and 
aimed at facilitating and accelerating the FSM  
design have been developed. A method for  defining 
the FSMs has been set forth.  The rules, employed 
to define the correspondence between the set of 
variables that represents the input alphabet of FSMs 
and the variables that represent the output functions, 
have been described. The parameters needed for 
computing the resources of the used ROM have 
been defined. Rules focused on compact 
description of the states of the defined FSMs have 
been set forth. The syntax of  FSM ROMizer has 
been defined, using the Extended BNF. This syntax 
provides the basis  for building the parser which,  
having realized the translation of the  states of 
FSMs, generates the following: a list of the 
uncovered errors; an output file for memory 
initialization in .mif  format; a timing  diagram 
representing the states of FSM.  
 

Acknowledgements 
 
The author owes a debt of gratitude to: 

       Nefize Mustafa for her active participation in 
the FSM ROMizer project and its programming in 
Perl ; 

Trifon Ruskov and Nadezhda Ruskova for the 
constructive recommendations in the realization of 
the FSM ROMizer project; 
       Dimitar Kromichev for the scientific editing of 
this paper. 

 
References 

1. Altera Corporation, „Internal Memory (RAM 
and ROM) - User Guide”, May 2013. 

2. Altera Corporation, Quartus II Handbook, 
Version 13.0, 2012. 

3. Cong J., Yan, K., “Synthesis for FPGAs with 
embedded memory blocks”, Proc. ACM/SIGDA 
International Symposium on Field Programmable 
Gate Arrays, San Jose, California, Feb. 2000, pp. 
75-82, February 2000.  

4. Garcia-Vargas I., Senhadji-Navarro, R. 
Jimenez-Moreno, G., Civit-Balcells, A., Guerra-
Gutierrez, P., "ROM-Based Finite State Machine 
Implementation in Low Cost FPGAs," Industrial 
Electronics, 2007. ISIE 2007. IEEE International 
Symposium on , vol., no., pp.2342,2347, 4-7 June 
2007. 

5. H. Selvaraj, M. Rawski, T. Łuba, “FSM 
implementation in embedded memory blocks of 
programmable logic devices using functional 
decomposition,” in Proceedings of International 
Conference on Information Technology: Coding 
and Computing (ITCC), p. 355, 2002. 

6. Iltschev V., Parsing Table Structure and 
Algorithm for the LR(k) Parsing Method, 22-th 
International DAAAM Symposium, 23-26th 
November, 2011, Vienna University of Technology, 
Vienna, Austria. 

7. International Standard ISO/IEC 14977 - The 
standard metalanguage Extended BNF.  

8. Kanev I., FPGA Based MADM Decoder , 
Proc. of University of Russe “Angel Kantcev”, 
Vol. 44, book 3.2, ISSN 1311-3321, , pp 88 – 
107, Russe, 2005 

9. Kanev I., Implementation of MADM 
Algorithms on FPGA Based Platform, Proc. of 
CompSys Tech’04, Int. Conf. on Computer 
Systems and Technologies, 2004, 1.7.1 –1.7.9. 
10. M. Rawski, H. Selvaraj, and T. Luba, “An 
application of functional decomposition in ROM-
based FSM implementation in FPGA devices,” 
Journal of Systems Architecture, vol. 51, p. 424, 
2005. 

11. Mentor Graphics, ModelSim® Reference 
Manual Software. ©, 1991-2012.  

12. R. Senhadji-Navarro, I. García-Vargas, 
G. Jiménez-Moreno, A. Civit-Ballcels,  ROM-
based FSM implementation using input 
multiplexing in FPGA devices, Electronics 
Letters, Volume 40, issue 20, September 2004, 
p. 1249 – 1251. 

13. Timothy Kam, Tiziano Villa, Robert K. 
Brayton, Alberto L. Sangiovanni-Vincentelli 
Synthesis of Finite State Machines: Functional 
Optimization, 1st edition, Springer, 2010. 
14. Wirth N, Compiler Construction, Addison-
Wesley, ISBN 0-201-40353-6, Zürich, 2005. 
 
 
Technical University–Sofia, Branch Plovdiv 
Dept. of  Comp. Systems and Technologies 
25 Tsanko Dyustabanov St. 
4000 Plovdiv, BULGARIA 
E-mail: itkanev@yahoo.com 

 

 



- 33 -

ИЗМЕРВАТЕЛНА СИСТЕМА НА ХИБРИДНА 
ИНСТАЛАЦИЯ СЪС ЗЕМНО БАЗИРАНА 

ТЕРМОПОМПА И СЛЪНЧЕВИ КОЛЕКТОРИ 
 

ЕМИЛ ТОШКОВ, АЛЕКСАНДЪР ГЕОРГИЕВ, РУМЕН ПОПОВ 
 

Резюме: В статията е представена измервателната система на инсталация със земно 
базирана термопомпа и слънчеви колектори за кондициониране на жилищни сгради. 
Описани са сензорите за измерване на параметрите на системата и приборите за 
събиране и обработка на данни. Направен е анализ кои параметри трябва да се 
измерват при различните работни режими на инсталацията – отопление, охлаждане и 
зареждане на земята с използване на различни източници на енергия.  
 
Ключови думи: земно базирана термопомпа, слънчеви колектори, хибридна система, 
измервателна система 

 
 
 

MEASURING SYSTEM OF А HYBRID 
INSTALLATION WITH GROUND SOURCE HEAT 

PUMP AND SOLAR COLLECTORS  
 

EMIL TOSHKOV, ALEKSANDAR GEORGIEV, RUMEN POPOV 
 

Abstract: The measuring system of an installation with ground source heat pump and solar 
collectors for air conditioning of residential buildings is presented in this article. The sensors 
for parameter measuring of the system and the devices for data collecting and treatment are 
described. An analysis is performed which parameters are to be measured at different 
installation working modes – heating, cooling and charging of the ground by means of various 
sources of energy. 

 
Key words: ground source heat pump, solar collectors, hybrid system, measuring system 

 
 

1. Introduction 
The Ground Source Heat Pump (GSHP) 

systems are promising for long-lived heating and 
cooling because they are using the ground like heat 
source or sink with nearly constant yearly 
temperature. The combination of solar collectors 
with GSHP is the way to make such systems more 
effective – higher COP and better working 
conditions [1, 2]. It is possible also to use the solar 
energy from collectors directly for space heating 
and to store the thermal energy into the ground 
when it is abundant [3]. That helps to keep the 
ground temperature constant and to avoid the so 

called thermal depletion of soil when the system 
operates a long time [4].  

The aim of the present paper is to represent 
the measuring system of such experimental 
installation – the sensors and devices which collect 
data during experiments and the parameters in 
different modes – heating, cooling and thermal 
charging. 

 
2. Description of the GSHP system 

An experimental system with ground source 
heat pump and solar collectors was constructed at 
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the Technical University – Sofia, branch Plovdiv (the main scheme is presented in Fig. 1) [5]. 

 
Fig.1 Main scheme of the hybrid installation [6] 

 
 
It consists of the following main parts:  

  - Two borehole heat exchangers (BHE) -  
50m of depth and 165 mm in diameter 
each; they are of a single and double piping 
type; 
  - Three flat plate solar collectors in 
parallel with 2,15 m2 area eash 
(“Sunsystem” Ltd, Bulgaria); they are  
equipped with a pump station P1 and 
expansion tank; 
  - Brazed plate heat exchanger of the type 
GEA; it transfers the heat from the solar 
loop to the water storage tank; 
  - Water storage stainless steel tank with a  
volume of 300 l  - it is thermally insulated; 
  - Heat pump water – water (production of 
“Maxa”, Italy); it is controlled by a 
microprocessor based device “Eliwell”,  
Italy; 
  - Buffer vessel with thermal insulation – 
150 l; 
  - Convector of the air-water type – it is 
used like a heat consumer; 
  - Water pumps: two DAB JET 82M 
centrifugal pumps with Active Driver 1.1 M 
P4 and P5; they are used to deliver flow to 
two boreholes; 
  - Water pumps: two wet rotor circulating 
pumps DAB VA 35/130 P2 and P3: they 
are used to deliver the flow to the storage 
tank and boreholes; 
 

 
  - Water pump of the type DAB Evoplus 
P6 with electronic control for the consumer 
loop; 
  - Plastic relief tank with a volume of 10 l; 
  - Eight remote controlled 2-way valves 
Hertz TS 90 with thermal actuating drive 
220V (RC1 – 8) are used to control the 
water flows in different modes during the   
system operation; 
  - 3-way mixing valves of the type 
VMBT4-Italy with proportional actuating 
drive MVT57; they are used to inject 
thermal energy from the water tank to the 
boreholes; 
  - Manually opened valves V1-V14; 
  - Piping – 32mm polypropylene tubes 
Aquatherm with thermal insulation 
“Aeroflex”. 

 
3. Measuring system of the installation 

A/ Sensors: they are needed to measure 
the operating parameters – temperatures, water 
flow rates, electric power, integral solar radiation, 
and to provide data to the data logger, which is 
necessary to calculate the energy transfer between 
the main elements of the hybrid system and 
effectiveness in the different working modes. 

Temperature:  the sensors are of the type 3-wire 
platinum resistors Pt100, class A in special 
copper closed tubes; they are fitted on every 
input and output of the constituent system parts 
T1-T20 (Fig.2). The sensors are mounted into 
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polypropylene T-diverter on a water flow – that 
assures precise measuring of the inlet and outlet 
temperatures. 

 

 
 

Fig.2 Temperature sensor Pt 100 in housing 
 

Volumetric flow rate: six flow meters BEL90 
FM1-FM6 are mounted on every circulating 
loop – the maximal flow rate is till 5 m³/h and 
the digital pulse output offers sensitivity of 10 
l/pulse (Fig. 3). 
 

 
 

Fig. 3 Digital flow meter BEL 90 
 
 

Solar radiation:  a pyranometer of the type Kipp 
& Zonen CMP 6 (Holland production) is 
mounted on the roof with the aim to measure 
the global solar radiation, which falls in the area 
of the thermal collectors (Fig.4). Its technical 
characteristics are as follows [6]: 

- Spectral diapason – 285-2800 nm; 
- Sensitivity – 12 µV/W/m²; 
- Response time – 18 s; 
- Maximal radiation – 2000 W/m2; 
- Visible field – 1800; 
- Temperature diapason: -40 till +80°C. 

 

 
 

Fig.4 Pyranometer CMP 6 [6] 
 

 
Electric power: Wattmeter EL-EPM02FHQ is 
used to measure the electric consumption of the 
heat pump and the water pumps with accuracy 
of 0,5W and till 3,6 kW as a maximum load [7] 
(Fig. 5). 
 

 
 

Fig.5 Wattmeter EL-EPM02FHQ [7] 
 

B/ Measuring devices: they are used for 
the most important parameters – temperature and 
flow rate. The hybrid system is equipped with 
devices for parameter measuring and logging the 
obtained data on PC. It is produced by the 
company “Comeco”- Bulgaria [8].  

Programmable Indicator TC800: it has the 
following characteristics: 

- 8 inputs, 8 outputs and 16 alarms; 
- 2 displays; 
- Programmable ranges and alarms; 
- Self-testing and system-failure alarm; 
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- RS485 serial interface available; 
- 24 VAC power supply. 

 
TC800 performs measuring and logging 

of temperature by means of Pt100 with digital 
compensation for RTD sensor line resistance and 
accuracy of 0,4 % from span. A rich set of 
parameters allows programming every aspect of 
controller operation and an RS485 serial interface 
allows network operation or connection to 
operator station. It is possible also to use some 
channels for voltage inputs – to measure the value 
of the solar radiation from the pyranometer 
(Fig.6). 

 

 
 

Fig.6 Indicator TC800 [8] 
  

Programmable Counter CT34: it has the 
following characteristics [8]: 

- Pulse counting and batch counting; 
- One or two 6-digit LED displays; 
- Programmable divider and multiplier; 
- 2 programmable relay outputs; 
- RS485 serial interface available; 
- 6 user-selectable operating modes; 
- 24 VAC power supply. 

With the help of this counter the 
volumetric flow rate of circulating water in 
different loops is measured and the data are 
logged on a PC (Fig.7). 

All the measuring devices are coupled to a 
PC with an universal USB-to-Serial converter to 
log the data in the desired intervals of time 1-15 
min. 

An universal data acquisition program 
“Polymonitor” is used for logging data to a PC 
with RS485 interface.  

 
 

 
 

Fig 7. Programmable Counter CT34 [8] 
 

 
4. Working modes of the installation and 

the need to measure some parameters 
The hybrid installation for heating and 

cooling of residential buildings can operate in 6 
different modes depending on the seasonal 
conditions and needed load. That assures 
versatility and flexibility of the installation during 
the four seasons of the year with the aim of 
effective and low cost operation. The operating 
modes are as follows [5, 9]: 

1. Solar energy diurnal storage – thermal 
energy (when present) is delivered to the water 
storage tank from the solar collectors.  

2. Charging of the borehole storage – 
thermal energy (when present) is delivered 
during the summer to the boreholes from the 
solar collectors and the condenser of the heat 
pump. 

3. Direct solar heating – a thermal energy 
from water tank is sent directly to the 
consumer. 

4. Ground-source heat pump heating – the 
heat pump is working and the heat delivered to 
the evaporator of the heat pump come either 
from the single or double borehole heat 
exchanger. 

5. Heating with solar assisted heat pump – 
the heat pump is operating and the heat sources 
are the solar collectors, respectively the water 
storage tank. 

6. Ground source heat pump cooling – the 
boreholes are connected in this mode to the 
condenser of the heat pump. 

There is the possibility to carry out two 
modes simultaneously - for example ground 
source heat pump cooling with the double BHE 
when charging the single one with solar energy.  
The main parameters that have to be measured 
during different operating modes are presented in 
Table 1. 
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Table 1. Measuring parameters during different operating modes 
 
N= Working mode Pumps in 

operation 
Temperatures to be controlled Flow rate to 

be controlled 
Solar 

radiation 
measuring 

1 Solar energy diurnal 
storage 

P1. P2 T1, T2, T3, T4 FM1, FM2 Yes 

2 Charging of the 
borehole storage 

P1, P2,P3, 
P4 

T1, T2, T3, T4,T6, 
T7,T10,T11,T12,T13 

FM1, FM2, 
FM3, FM4 

Yes 

3 Direct solar heating P1, P2, P6 T1, T2, T3, T4, T8, T9, T19, 
T20 

FM1, FM2, 
FM6 

Yes 

4 Ground-source heat 
pump heating 

P5, P6 T8,T9,T10,T11,T12,T13,T14, 
T15,T16, T18, T19, T20 

FM5, FM6 No 

5 Heating with solar 
assisted heat pump 

P1, P2, P4, 
P5 

T1, T2, T3, T4, T6, T7, T8, 
T9, T14, T15,T16, T18, T19, 

T20 

FM1, FM2, 
FM4, FM5 

Yes 

6 Ground source heat 
pump cooling 

P5, P6 T8,T9,T10,T11,T12,T13,T14, 
T15,T16,T17, T18, T19, T20 

FM5, FM6 No 

 
 

The hybrid geothermal system can operate 
with either single or double loop borehole heat 
exchangers during heating and cooling modes. 
Also there is a choice which borehole to be used 
for charging of the thermal energy in the soil – the 
single or double one. 
 

5. Conclusions 
The main conclusions are the following: 

A measuring system is equipped to a hybrid 
installation with ground source heat pump and 
solar collectors. It allows measuring the main 
operating parameters – temperatures, volumetric 
flow rates, electric power consumption and 
integral solar radiation. All the data can be logged 
on a PC in desired time intervals. 

The installation can operate at different 
regimes with the aim to achieve optimal 
conditions for space heating and cooling during 
the measurement of the working parameters. Also 
the hybrid system has the possibility to store 
thermal energy to the boreholes and to the water 
tank and to use it in different operating modes.   
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CATHODE SPOT - PHYSICAL PROPERTIES, 
EQUIVALENT CATHODE SPOT AREA 

 
NIKOLAY PETKOV, HRISTO BAHCHEDZHIEV, TETIANA CHOLAKOVA 

 
Abstract: The modeling of the cathode processes allows revealing of the regularities and the 
parameters in the cathode fall potential, including those that are still impossible to be 
determined experimentally as the intensity of the field, the current density of both electrons and 
ions, and etc. In this article is discussed the term “cathode spot”, what is mean by it, its 
physical properties and is defined the concept of the term “equivalent area” of the cathode 
spot. 

 
Key words: vacuum arc, cathode spot, cathode spot area 

 
 

1. Introduction 
 Cathode erosion is still a problem hindering 
the wide-spread application of thermal plasmas in 
industry. In the last few years a strong interest in the 
numerical modeling of the cathode region of the 
thermal arc plasma has been aroused. It is motivated 
by the need to develop PVD plasma systems with a 
better performance.  

The phenomenon of arc discharges was discovered 
at the beginning of the 19th century. However, 
serious efforts regarding their physical explanation 
and especially the modeling of electrode processes 
did not start until one century later [1].  

The theory and conception of the cathode spot, as 
well as the cathode material erosion in a vacuum 
environment was widely discussed in the literature 
by Lee in 1951, 1960, 1961 [2, 3, 4], Ecker in 1963 
[5], Hantysche in 1976 [6], Lyubimov in 1978 [7], 
Ivanov in 1985 [8], Nazarov in 1990 [9], Puchkarev 
in 1990 [10], Mitterauer in 1996 [11], Gayet in 
1996 [12], Jüttner in 1997 [13], Anders in 1997 
[14], Coulombe in 1997 [15, 16, 17] Anders in 2001 
[18], Massaad in 2006 [19], Lefort in 2012 [20].  

The modeling of the cathode processes allows 
revealing of the regularities and the parameters in 
the cathode fall potential, including those that are 
still impossible to be determined experimentally as 

© Journal of the Technical University - Sofia 
    Plovdiv branch, Bulgaria
  “Fundamental Sciences and Applications”
    Vol. 20, 2014

Copyright © 2014 by Technical University - Sofia, Plovdiv branch, Bulgaria  ISSN 1310 - 8271



- 40 -

 

the intensity of the field, the current density of both 
electrons and ions, and etc [23].  

In this article is discussed the term "cathode spot", 
what is meant by it, its physical properties and 
define the concept of the term "equivalent area" of 
the cathode spot. 
 

2. Theory of Cathode Spot 
The vacuum arc is a high current, low voltage 

electrical discharge between two electrodes situated 
in a vacuum ambient. The conducting medium 
which is required the arc supplies itself in the form 
of a highly ionized plasma of vaporized electrode 
material, produced by an intensive interaction of 
this plasma with the electrodes. 

"Cathode spot" is generally associated with small 
brightly lit area of the cathode surface through 
which the transmission is performed on a current 
between the cathode and the electrode space in the 
arc discharge. The very term "cathode spot" uniting 
two physically different areas - the surface of metal, 
which can be heated in the spot area to a 
temperature much higher than the boiling point; and 
cathode plasma-sheath which is formed in the 
process of spot formation or continuously generated 
as a result of vaporization [7, 13]. Even the simple 
description of cathode spot and its intrinsic plasma 
parameters shows that it is a very particular physical 
object [7]. 

The difficulty in the experimental study of the 
cathode spot is associated with its very small size 
and very short lifetime, and its very high speed of 
moving on the cathode surface - up to 10 m/s. As a 
general rule, the cathode spots are non-stationary. 
They were born during the time of formation; 
change its size over lifetime and then moves. Any 
charge moving to area with cold surfaces mean the 
end of spot life and formation of a new spot, 
because heating and evaporation must restart again 
[13]. 

The mechanism of cathode spot operation is still 
enthusiastically debated, and two schools of thought 
have emerged. One characterizes the cathode spot 
process as a succession of explosions in adjacent 
locations, in which a small protrusion on the 
cathode surface is instantly vaporized and ionized. 
Each explosion produces conditions in adjacent 
locations conducive to triggering a further 
explosion. The other characterizes the cathode spot 
process as being quasistationary. The cathode 
surface in a minute region is heated by backflowing 
ions and electrons and Ohmic heating within the 
cathode but concentrated near the surface. The 
cathode spot surface is cooled by thermal 
conduction into the surrounding regions of the 

cathode, radiation, evaporation, and electron 
emission. The electrons are emitted by some 
combination of thermionic and field emission 
(known as TF emission). The electrons are 
accelerated by a local electric field, colliding with 
the evaporated metal ions, exciting them, and 
ionizing them, forming a dense plasma. The 
electrons have a tendency to diffuse away from this 
concentrated plasma ball faster than the more 
massive ions, and thus a local positive space charge 
is formed within the dense plasma, which assists in 
the emission of electrons from the cathode and their 
acceleration as well as the acceleration of ions in all 
directions. However, the primary mechanism for 
accelerating the ions to the high velocities and 
directed energies observed experimentally is akin to 
the mechanism occurring in a jet engine; as the hot 
gas expands, there is a conversion of random or 
thermal energy to directed energy. In the case of the 
cathode spot plasma jet, as the plasma expands, it is 
further heated ohmically by the electrical current 
passing through it, thus providing further thermal 
energy which can be converted to directed energy 
[1, 24]. 
 

3. Spot size 
For the cathode spot size is judging by the 

crater traces left behind of the arc burning in the 
cathode spot. The main crater diameter is 4 µm for 
arc current of 3 ÷10 A, and about 8 µm for arc 
current of 40 ÷70 A. The crater has a spherical 
segment shaped (but is not a semisphere), and its 
radius significantly exceeds its depth 
(approximately five times) [10]. The spot radius is 
determined by the size of the area at the heated 
surface [13]. 

The increase in track width of the crater compared 
to the main diameter of the crater can be explained 
by the cathode spot division and the coexistence of 
several spots. The crater diameter of single cathode 
spot weakly depends on the current [10]. 
 

4. Cathode spot moving and current 
density 

 
Since the first observations of electric arc 

Stark and Reich have found quickly chaotic 
movement and division of "brightly lit area near to 
the cathode", named by Stark "cathode spot", later 
often  have called cathode-sheet field discharge [7]. 
This concept has always been associated with a 
lower surface of the cathode, through which is 
passed the cathode current of the arc. Sometimes, it 
being considered only a part of the surface of the 
cathode, which is connected with certain laws of 
emission, erosion, accommodation the charged 
particles and etc. Thus it separated as a region of the 
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surface that is performed by the transmission of 
current from the metal to the plasma between the 
electrodes. But such a definition cannot be 
physically closed because physical processes passed 
on the surface of the cathode in the spot area are 
closely related to the processes in the plasma near to 
the surface, and its parameters. In this respect, the 
surface of the cathode in the spot area and the 
plasma near to it  are inseparable physically and 
generally naturally be regarded as one physical 
object - a cathode spot [7]. 

The moving of the cathode spot represents dying of 
the spot on one place and forming of new spot 
elsewhere over cathode. It is important to answer 
the question of what happens first: both dying of 
cathode spot is followed by a jump (forming spot 
elsewhere on the surface) or jump is occurred prior 
conditions for the death of a cathode spot area [10]. 
The cleavage of the cathode spot starts randomly 
which evidence to the second condition. When 
splitting does not take place the crater became 
larger. It appears that in this case the jump is a 
result of the death of the cathode spot, and is 
accompanied by an increase in the voltage of the 
arc, the amplitude of which substantially exceeds 
the average level of the arc voltage. Cathode spot 
moves with step approximately equal to its radius. 
There are different explanations for the jump of the 
cathode spot. With Joule heating and heat running 
of the voltage drop in the cathode body increase 
until a new emission center is appeared on the crater 
edge [10]. 

The spot movement or its displacement is the stage 
of its life cycle, as in the absence of a magnetic field 
it is chaotic. Provided that there is applied a 
magnetic field, the movement of the cathode spot is 
oriented in the – J x B direction [24], where J is the 
current density and B is the vector of magnetic 
induction. The speed of the cathode spot movement 
on the hot and cold cathodes is equal and depends 
only on the current amplitude [10]. 
In the current close to a certain minimum value 
called threshold, the whole current power is 
concentrated in one spot. With the current 
increasing is observed growing trend towards 
division spot. Moreover, since some current value 
the probability to exist two or more spots leads 
asymptotically to one [7]. 

The current at the cathode spot significantly 
dependents on the cathode material, the type of the 
cathode spot, the rate of the current increase, the 
discharge burning conditions, and etc. This is 
related to the fact that the physical processes 
determining the forming or dying of the spots are 
different in these conditions. 

The presence of the electric arc burning in a 
vacuum environment, or the existence of the electric 
arc, means that the processes of forming, growing 
and dying of the cathode spots is continuously, i.e. 
invariable during the of the arc. Because the 
processes time of forming, growth and dying of the 
cathode spots are much shorter than the lifetime of 
the arc (per unit time we have a steady stream of the 
generated sheath-plasma during the existence of the 
arc), this allows us to assume that the area in which 
is realize the current transfers between the cathode 
and an electrode space in arc discharge, at the 
constant arc current, is constant value and we call it 
"equivalent area of the cathode spot". 

 
5. Conclusions 
In this article is discussed the term “cathode 

spot”, what is mean by it, its physical properties and 
is  defined the concept of the term “equivalent area” 
of the cathode spot. They are the foundation of the 
explanation of the processes of the cathode surface 
during burning of the electric arc. Their good 
knowledge allows their modeling and simulation, as 
well as revealing of the regularities and the 
parameters in the cathode fall potential, including 
those that are still impossible to be determined 
experimentally.  
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МАТЕМАТИЧЕСКИ МОДЕЛ НА 
ЕЛЕКТРОДЪГОВO КАТОДНO ИЗПАРЕНИЕ 

ВЪВ ВАКУУМ 
 

НИКОЛАЙ ПЕТКОВ, ХРИСТО БАХЧЕДЖИЕВ, ТЕТЯНА ЧОЛАКОВА 
 

Резюме: В тази статия е представен математически модел и изчислителен алгоритъм, 
даващи връзката между тока на дъгата и изпаряваното количество материал на катод 
- ерозия на катода в PVD плазмени системи. За да се илюстрира модел е използван 
пример с електродъгово изпаряване на титанов катод във вакуум. За определяне на 
изпареното количество материал се използва информация от експлоатацията на 
масивен титан катод. Експерименталното изчисление на ерозията на катодната 
повърхност бе направена използвайки свръх чиста титанова мишена и ток на дъгата 
от 70А. Моделът е подходящ за процеса на изпаряване във вакуум на масивни катоди 
чрез постояннотокова дъга. 
 
Ключови думи: дъга във вакуум, катодно петно, PVD 

 
 
 

MATHEMATICAL MODEL OF THE ELECTRIC 
ARC CATHODE EVAPORATION IN VACUUM  

 
NIKOLAY PETKOV, HRISTO BAHCHEDZHIEV, TETIANA CHOLAKOVA 

 
Abstract: In this paper is presented a mathematical model and calculation algorithm which 
gives the relationship between arc current and the evaporated quantity of cathode material - 
erosion of the cathode in PVD plasma systems. To illustrate the model is used an example of arc 
evaporation in vacuum of titanium massive cathode. To determination the value of the 
evaporated quantity of material the information from exploitation of massive titanium cathode 
is used. The experimental calculation of cathode surface erosion was executed using high purity 
titanium target and 70A arc current value. The model is suitable for the vacuum evaporation 
process of the massive metal cathodes with DC arc current. 
 
Key words: vacuum arc, cathode spot, PVD 

 
 

1. Introduction 
Cathode erosion is still a problem hindering 

the wide-spread application of thermal plasmas in 
industry. In this case, in the past years a strong 
interest to numerical modeling of the cathode region 
of thermal arc plasma is aroused. It is motivated by 
the need to develop PVD plasma systems with 
better performances such as a lower cathode erosion 
rate.  Nowadays, the erosion problem in cathodes 

continues to be a basic question which has been 
intensively investigated in recent years. 
Cathode erosion has been theoretically studied by 
various researchers using models based on the 
balance of energy flux and charged particles 
between the spot and the near-cathode region. 

The topic of arc discharges has been discovered at 
the beginning of the 19th century, serious efforts 
regarding their physical explanation and especially 
the modeling of electrode processes did not start 
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until one century later [1]. One of the earliest 
investigations of this area are the works of 
Langmuir [2, 3], Tonks and Langmuir [4], 
Makeown [5]. As Riemann reported in [6] the basic 
features of the plasma-sheath transition have been 
revealed in the works of Langmuir [3] – especially 
in the famous kinetic analysis of the low-pressure 
column due to Tonks and Langmuir [4]. Years later 
Dolan and Dyke [7] and Murphy [8] presented their 
works “Temperature and field emission of electrons 
from metal” and “Thermionic emission, field 
emission, and the transition region”, following by 
Lee with his works over T-F theory of electron 
emission in high current arcs [9], energy 
distribution and cooling effect of electrons emitted 
from an arc cathode [10], and theory of the cathode 
mechanism in meal vapor arcs [11], which has been 
turned in a base for the later works over 
understanding and modeling the cathode arc 
processes. 

The theory and conception of the cathode spot, as 
the cathode material erosion in vacuum is wide 
discussed in literature by Lee in 1951, 1960, 1961 
[9, 10,11], Ecker_1963 [12], Hantysche in 1976 
[13], Lyubimov in 1978 [14], Ivanov in 1985 [15], 
Nazarov in 1990 [16], Puchkarev in 1990 [17], 
Mitterauer in 1996 [18], Gayet in 1996 [19], Jüttner 
in 1997 [20], Anders in 1997 [21], Coulombe in 
1997 [22, 23, 24] Anders in 2001 [25], Massaad in 
2006 [26], Lefort in 2012 [27].  

As is reported by Kimblin in 1973 [28] the 
maximum ion current is in range of 7 – 10% of the 
arc current for the both refractory and non-
refractory electrodes with DC arc current level. 
Furthermore, the maximum ion current increases 
essentially linearly with the arc current. He made 
his experiments with wide number of elements (Cd, 
Zn, Ag, Cu, Cr, Fe, Ti, C, Mo, and W) and in arc 
current range of 50 – 1000 A. A year later in [29] 
Kimblin reported that the maximum ion current 
from the cathode regions had a value of 
approximately 8% of the arc current. This led to the 
conclusion that ion currents of approximately 8% of 
the arc current are emitted from the cathode regions 
associated with arc spots on the cathode materials in 
general. 

As a Coulombe is reported in [23] that a net positive 
space charge sheath, or cathode sheath, of voltage 
drop �� is formed at the plasma-cathode boundary 
due to the presence, in different amounts, of three 
charge carriers [6]: 1) the ion generated by 
ionization of the atoms vaporized at the cathode 
spot surface, accelerated back toward the cathode; 
2) the Boltzmann distributed plasma electrons retro-
diffusing toward the cathode; and 3) the thermo-
field electrons emitted by the cathode spot surface.  

Some authors as Boxman [1], Coulombe [22, 23, 
24], Massaad [26] and Lefort [27] have suggested 
the models of the processes near to the cathode 
surface which are based on the knowledge the 
temperature of cathode spot and electrons, the 
material vapor pressure (some of the earlier works 
about material vapor pressure are Langmuir’s [30, 
31]). Their models are quite good to understanding 
the processes around the electric arc and the cathode 
spot region, but in these cases making the 
mathematical modeling and simulation require 
additional information (the temperature of cathode 
spot and electrons, the material vapor pressure) to 
predict the cathode erosion. 

In this paper is presented a mathematical model and 
calculation algorithm which gives the relationship 
between arc current, as the only one parameter that 
is possible to be changed in the evaporation process, 
and the evaporated quantity of the cathode material. 
The model is suitable for the vacuum evaporation 
process of the massive cathode with DC arc current 
for all metals. 

 
2.  Cathode surface 

The main processes which occur at the 
cathode surface are emission of electrons and 
neutral species.  When both temperature and field 
are high, the emission process in strongly dependent 
on both variables, it has been named “T-F” 
emission by Dolan and Dyke [7, 9]. The electron 
emitted current density from the heated metal 
surface to the temperature �� by the T-F emission 
may be express with the Ridchardson-Dushman 
equation for the thermionic emission once corrected 
for the Schottky effect is [1, 24, 32]: 
 

��� = ����������
�� ��� �− �����

���
�           (1) 

 

���� = � − � ��
����

                     (2) 

 
where: �� and � are the mass and charge of the 
electron, k and h are the Boltzmann and Planck 
constants, ���� and � are the effective work 
function and the work function of the cathode 
material, �� is the permittivity of vacuum, and E is 
the electric field near to the cathode surface. 

The total current density ��  on the cathode surface 
is composed of three parts [1]: 

�� = �� + �� + ��,�                      (3) 

where the electron current density �� is given 
mainly by ���, while ��,� is the electron current 
density from the plasma to the cathode, and �� is the 
ion current density arriving at the cathode surface. 



- 45 -

 

The influence of the ��,� can be neglected and for 
the current density is obtained: 

�� = �� + ��                            (4) 

From other hand the total current density can be 
calculated as a ratio between the arc current Ia and 
cathode spot area ��� = �r��� , where ��� is the 
cathode spot radius [1, 26]. 

�� = ��
���

                               (5) 

The electric field at the cathode � is calculated by 
Mackeown’s equation [5, 9, 11]: 

�� = �
��

�� �(1 − �) ��
���

� �� − � ���
�� �

� �� � (��)� ��   

(6) 

where: � is the ion mass, �� is the cathode fall, � is 
the fraction of current carried by electrons in the 
cathode spot region;  ��(1 − �) is equal to the ion 
current density �� and ��� is equal to the electron 
current density, and equation Eq.(6) can be written 
as: 

�� = �
��

��� ��
���

� �� − �� ���
�� �

� �� � (��)� ��      (7) 

The power density of heat conduction in the cathode 
body �� can be estimated as [26]: 

�� = �����
���

��√�                       (8) 

where: �� is the cathode spot temperature, �� =
300 � is the ambient temperature far from the 
cathode spot, ��� is the cathode spot radius, �� is 
the thermal conductivity of the cathode material.  

The Joule heating power density in a massive 
cathode is calculated following the method of Rich 
[33] reduced to the cathode spot area: 

�� = 0,32 ������

���
                       (9) 

where ��� is the electrical conductivity of the 
cathode material.  

The energy balance at the cathode surface is 
expressed as is suggested Boxman [1]: 

�
� ������ + �� − ����� − �

� ������ + ������,�
� −

���� + ����
��

� Γ��� − ������ + �� + �� − �� = 0   
(10) 

where �� is the ionization potential, �� is the 
radiation from the plasma, ��� is the energy of 
evaporation (J/kg), and ��� is the Stefan-Boltzmann 
constant. The first term of the Eq. (10) expresses 
ion impact heating. The second term expresses 
electron emission cooling. The third term expresses 

heating from the back-flux of plasma electrons. The 
fourth term expresses evaporative cooling. The fifth 
term expresses radiative cooling from the cathode 
surface. The plasma radiation is given with sixth 
term. The Joule heating term is the seventh, and the 
eighth term expresses the conductive cooling. The 
third and the sixth term have an insignificant 
influence in the equation, so they can be neglected. 
In this case the balance expression can be written 
as:  

1
� ������ + �� − ����� − 1

� ������

− ���� + 2���
��

� Γ��� − ������

+ �� − �� = 0 

(11) 
 

3. Algorithm 
The presented mathematical model of arc 

evaporation in vacuum gives the relationship 
between arc current, which is the only one 
parameter that is possible to be changed in the 
evaporation process and the evaporated quantity 
material. The calculation algorithm has the follow 
steps: 

1. Chosen value of the arc current; 
2. Determination the cathode spot radius; 
3. Calculation the total current density; 
4. Calculation the ion and electron current 

density; 
5. Calculation the electric field value; 
6. Calculation the effective work function of 

the cathode material; 
7. Calculation the cathode spot temperature; 
8. Calculation the Joule heating; 
9. Calculation the conductive cooling; 
10. Calculation the evaporated quantity 

material. 
 

4. Calculation 
For calculation the evaporated quantity of 

cathode material we have chosen arc evaporation of 
the titanium cathode with 70A arc current. 

The cathode spot radius ��� is determined according 
the value of the arc current by the extrapolation of 
the fig. 12 from [17], and for the chosen arc current 
the cathode spot radius is ��� = 4,6125 ∗ 10�� �.  

The total current density is calculated by the Eq.(5) 
and it is �� = 1,047 ∗ 10�� ����. 

The ion current density and ion current for different 
metals is between 7% and 10% from the total 
current density and the arc current as it Kimblin is 
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shown in [28, 29] and for the titanium it is 8% [29]. 
Therefore the ion current density is �� = 8,378 ∗
10�� ����, and using the Eq.(4) for the electron 
current density is received �� = 9,635 ∗
10�� ����. 

The electric field value is calculated by the Eq. (7) 
where mass of the titanium ion is � = 8,0123 ∗
10��� ��, the electron mass is �� = 9,1093898 ∗
10��� ��, the electron charge is � = 1,60217733 ∗
10��� �, the permittivity of vacuum is �� =
8,8541878176 ∗ 10���  �� ��⁄ , and the cathode 
fall for the titanium cathode is �� = 16,8 � is taken 
from [14]. Therefore for the electric field value is 
computed: � = 8,635 ∗ 10� ����. 

The effective work function of the cathode material 
���� = 0,8037 �� is calculated by Eq.(2) where 
the value of work function of the titanium is 
� = 4,33 �� , taken from [34]. 

The cathode spot temperature for the chosen 
example is calculated graphically by the Eq.(1) and 
its value is �� = 3454,1 �. 

The Joule heating is calculated by Eq.(9): �� =
6,8 ∗ 10�� ����. 

The conductive cooling �� = 2,654 ∗ 10�� ���� 
is calculated by Eq.(8) where the thermal 
conductivity of the titanium is 
�� = 93,7 �������, taken from [35]. 

The evaporated quantity of material (the total heavy 
particle flux [1]) Γ� = 2,236 ∗ 10��  ����� ���⁄  
is calculated by Eq.(11), where the value of the 
ionization potential �� = 6,83 �� is taken from 
[21]. The obtained result for Γ� is the all evaporated 
heavy particles from the cathode – those which are 
returned to the cathode and those that left the 
cathode surface.  

For determination the value of the evaporated 
quantity of material the information from 
exploitation of massive titanium cathode is used. 
The calculation of cathode surface erosion was 
executed using high purity titanium target. Prior to 
arching the target was cleaned by degreasing 
solvents in ultrasonic bath, heating in a reducing 
atmosphere and degassed in a high vacuum 
environment. The cleaning and degassing process 
ensured a minimum contamination on the surface. 
The exploitation parameters are the cathode life 
time or working time in 22 hours and 45 minutes 
(81 900 s), and arc current 70 A as it was 
calculated the evaporated material matter with 
0,2425 �� mass. 

For the evaporated quantity of material is obtained 
the value of 5,529 ∗ 10��  ����� ���⁄ , which 

means that about 25% from the calculated 
evaporated quantity of the material leaves the 
cathode, i.e. 5,591 ∗ 10��  ����� ���⁄  for chosen 
case – titanium cathode and 70A arc current. 

The presented mathematical model for the arc 
cathode evaporation is used to be found the 
relationship between arc current and evaporated 
quantity matter which leaves the cathode – erosion 
of the cathode. The result, the evaporation quantity 
velocity of the titanium cathode in kilograms per 
second for amperes is shown in fig. 1. 
 

 
Fig. 1. The relationship between arc current and 
velocity of the evaporated quantity matter which 

leaves the titanium cathode. 
 

4. Conclusions 
The presented in this paper mathematical 

model is based on the physics of metals evaporation 
process by electric arc in vacuum and some 
empirical dependencies obtained by different 
authors.  

The model gives the relationship between the arc 
current and the evaporated quantity of the cathode 
material as is not necessary additional preliminary 
information as a cathode spot temperature and/or 
vapor pressure of the cathode material.  This 
information is necessary to be known if the 
mathematical models presented in literature [1, 24, 
27] are used. 

The developed model is applicable to all massive 
metal cathodes evaporated by electric arc in 
vacuum.  
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MATHEMATICO - STATISTICAL ANALYSIS OF 
SEED OILS FROM MELON AND PUMPKIN BY 

USING COLOR PARAMETERS 
 

JANA PETKOVA, KRASTENA NIKOLOVA, DOYCHIN BOYADZHIEV, 
ANNA ALADJADJIYAN, GINKA ANTOVA 

 
Abstract: Difference in color parameters and in the content of pigments chlorophyll and beta 
carotene for different sorts, melon- and- pumpkin seed oils, has been proved by applying 
mathematico- statistical analysis. The significance of the different indicators for modeling the 
oils groups has been estimated. Data on different sorts of melon and pumpkin fruit oils have 
been processed by applying discriminant analysis to study the possibility to create 
discriminatory procedures for modeling the various sorts and their origin.  

 
Key words: seed oils of melon and pumpkin, color parameters, discriminant analysis 
mathematic statistical analysis 
 

 
1. Introduction 

The study aims to analyze a database of 
color parameters of seeds oils obtained from of 
different varieties of pumpkin and melon grown in 
Bulgaria, and to explore the possibility of 
application of mathematical and statistical modeling 
to different varieties of different origin. 

To achieve this objective the following 
tasks have been formulated: 

- Obtaining and analyzing a database of 
colorimetric analysis of seed oils of different 
varieties of pumpkin and melon. 

- Establishing significant differences in the 
values of investigated indicators 
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- Modeling and analysis of the groups 
representing different varieties. 
 

2. Materials and methods 
Seed oils from three pumpkin varieties 

(Cucurbita moschata, Cucurbita pepo and Cucurbita 
maxima) and three melon varieties (Desserten 5, 
Medena rossa and Hybrid 1) have been investigated. 
Seed oil for investigation has been obtained through 
extraction with organic solvent (hexane) in Soxhlet 
extractor for 8 hours and subsequently removing of 
the solvent in a rotary evaporator under nitrogen 
atmosphere [1]. 

Color parameters in two different 
colorimetric systems - XYZ (for large color 
differences) and CIE Lab (for small ones) have been 
obtained using colorimeter Lovibond PFX 880 
(UK) and cuvette with length 10 mm [2]. All 
measurements have been carried out at room 
temperature immediately after oil extraction. Color 
coordinates, color parameters , b and brightness L 
of tested samples have been measured. A software 
program developed specially for the equipment 
allowed determination of chlorophyll and -
carotene. 

All results have been measured in five 
replicates of the experiments.  

Programme “Statistica” has been used for 
data processing. Data distribution has been found to 
be normal according to the criterion of Kolmogorov 
- Smirnov [3-4]. To establish statistically significant 
differences between the characteristics for studied 
varieties Tukey criterion for multiple comparisons 
was applied [5]. When modeling the groups per 
varieties discriminant analysis with a priori equal 
probabilities for hit in groups has been used [6-7]. 
Data about Mahalanobis distances have been 
obtained. 
 

3. Results 
Color parameters of investigated seed-oils 

from different melon and pumpkin varieties have 
been obtained. Data are presented in tables 1 and 2. 
Fisher’s test significance is 0,00. 

Unlike the other pumpkin seed oil varieties, 
the one for variety Cucurbita maxima possesses 
negative color component . This color parameter 
means that the green component predominates over 
the red in that sample, although none of pumpkin 
seed oil contains chlorophyll. Mentioned variety 
probably is reach on pigments, different from 
chloropyll. Similar observation for the same variety 
has been announced by Leila Rezig [8], who has 
obtained rather lower values for brightness (44.8) of 
seed oil of the same variety pumpkin grown in 
Tanzania. 

 

Table 1 
Color parameters and pigments in seed oils of 

different pumpkin varieties 

Variety  
Cucurbita 

pepo
Cucurbita 
moschata 

Cucurbita 
maxima

x  SD x  SD x  SD 

X 
4.64 0.07 34.09 2.56 26.02 1.18

Y 3.54 0.12 34.58 2.73 28.36 1.23
Z 0.18 0.02 4.90 0.53 8.32 0.61
Brightness  
L 22.31 0.02 66.42 0.02 60.80 0.001

a 16.49 0.02 0.61 0.00 -7.31 0.01
b 35.69 0.05 71.63 0.05 48.18 0.02
Chloro- 
phyll, ppm 0.00 0.00 0.00 0.00 0.00 0.00

 -
carotene, 
ppm 

62.84 4.78 72.91 2.32 1222.33 0.72

-average value; SD – standard deviation  
 

Most pronounced yellow component has 
been observed for pumpkin seed oil of variety 
Cucurbita moschata, the lowest brightness has 
been obtained for the seed oil of variety Cucurbita 
pepo. Color component b of pumpkin seed oils is 
several times higher than that measured in other 
vegetable oils such as soybean, sunflower, 
rapeseed etc. For the listed vegetable oils this 
parameter changes from 9.2 to 10.4 while for 
pumpkin seed-oils it lies between 35 and 72. 
Similar data for seed oil of Cucurbita maxima has 
been obtained by Hsu and Yu[9]  

 
Table 2  

Color parameters and pigments in seed oils of 
different melon varieties 

Melon 
seed 
oil 

Medena rossa Desserten 5 Hybrid 1 

x  SD x  SD x  SD 

X 53.17 10.02 75.78 0.50 19.47 0.25
Y 56.74 10.64 80.12 0.43 20.88 0.21
Z 40.88 9.44 64.72 0.37 4.17 0.02
Brightn
ess L 76.70 0.94 91.78 0.06 48.29 1.83

a -4.04 0.10 -5.21 0.01 -3.51 0.21
b  25.44 0.05 22.05 0.05 49.44 1.22
chlorop
hyll, 
ppm 

0.04 0.00 0.02 0.00 0.02 0.00

- 
caroten, 
ppm 

8.73 0.71 6.58 0.03 35.97 4.31

-average value; SD – standard deviation  
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The brightness for melon seed oils has 
highest values for the oil of variety Desserten 5 and 
the lowest one for the oil of variety Hybrid 1. 
Unlike the pumpkin seed oils, melon seed oils 
possess negative color component  for all the 
varieties, which means , that in melon oils the green 
component prevails over the red one. Last 
observation can be explained with the presence of 
chlorophyll in all samples of melon oils. In melon 
seed oils with raising the content of  – carotene 
raises the color component b. Strongest prevalence 
of yellow nuance has been observed in seed oils of 
variety Hybrid 1 – about twice as higher as this of 
two other varieties.  

Tests have been made about the 
homogeneity of dispersions. Tukey test has showed 
differences between the varieties, which is 
sufficient for modeling. After applying the 
incremental discriminant analysis with grouping 
variable "variety of pumpkin or melon" the 
discriminant functions ensuring 100% recognition 
of the different varieties have been derived. 

The parameters involved in the modeling in 
order of their inclusion in the model for oil of 
pumpkin seeds are: brightness  (L), color 
component   and - carotene. To illustrate the 
groups designating studied pumpkin 
varieties,additionally canonical analysis has been 
made. The result presented in FIG. 1 confirms the 
distinct varietal differences and ensures 100% 
recognition. 

 
Fig. 1. Location of the varieties of pumpkin seed oil 

according to the first two canonical variables 
 

For further clarification of these differences 
also Mahalanobis distances between centroids of the 
individual groups have been identified. Results are 
represented in the table 3.  

According to data on the distances between 
the centroids of the individual groups, pumpkin oil 
from variety Cucurbita pepo is relatively equidistant 
from the varieties Cucurbita moschata and 
Cucurbita maxima. Pumpkin seed oil of variety 

Cucurbita moschata is most distant from the one 
obtained for the variety Cucurbita maxima. 

The parameters involved in the modeling of 
melon seed oils in order of their inclusion in the the 
model for oils of melon seeds are: chlorophyll, 
color component ,  - carotene and color 
components b. To illustrate the groups designating 
studied melon varieties as well canonical analysis 
has been made as in the case of pumpkin varieties. 
Again 100% recognition of the groups has been 
ensured. The latter fact is illustrated on Figure 2. 

 
Table 3 

Mahalanobis distances between different 
varieties pumpkin seed oils 

 
Fig. 2. Location of the varieties of melon seed oil 

according to the first two canonical variables 
 

For each sample group (pumpkin oil or 
melon oil of studied varieties) the mahalanobis 
distances have been calculated and in the same time 
canonical analysis has been performed, because 
mahalanobis distances give an idea about the 
peculiarities of observed group in the original area, 
while the canonic presentations serve for better 
visualization of different groups, since their 
canonical variables represent linear combinations of 
the primary color indicators. Mahalanobis distances 
reveal the dynamics of changing the distance 
between the centroids of the individual groups.  

Pumpkin 
variety 

Mahalanobis distances 

 Cucurbita 
pepo 

Cucurbita 
moschata 

Cucurbita 
maxima 

Cucurbita 
pepo 0 8966170 8205937 

Cucurbita 
moschata 8966170 0 1332496 

Cucurbita 
maxima 8205937 1332496 0 
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Table 4 
Mahalanobis distances between different varieties 

pumpkin seed oils  
Melon 
variety Mahalanobis distances 

 Medena 
rossa 

Desserten 
5 Hybrid 1 

Medena 
rossa 0.0 38524 985990 

Desserten 
5 38524.3 0 1409382 

Hybrid 1 985990.1 1409382 0 
 

According to the distances between the 
cntroids of the individual groups the melon seed oil 
of the variety Medena rossa is closest to that of 
Desserten 5 and most distant of the oil from variety 
Hybrid 1. The melon seed oil of variety Hybrid 1 
differs strongest from melon seeds oils of the other 
two melons varieties. 

 
4. Conclusions 

1. The analysis of the database on color parameters 
of oils from Bulgarian varieties of pumpkin and 
melon fruits showed the possibility to characterize 
certain groups varieties by discriminant analysis. 

2. Color parameters in CIE Lab colorimetric system 
and pigments (chlorophyll and  - carotene) 
determine the specificity of oils of different 
varieties. 

3. Color indicators in the XYZ colorimetric system 
are not important in distinguishing oils from 
pumpkin and melon.  

4.In the case of melon seed oils the oil seed of 
variety Hybrid 1 differs the most strongly by color 
parameters and in the case of pumpkin oil - that one 
of Cucurbita moschata.  

5. It has been statistically shown that there are 
differences in the values of the considered 
parameters for different groups of oils -  pumpkin 
and melon ones. This makes efficient the use of the 
discriminant analysis for qualitatively differentiate 
various oils, non-traditional for food technologies. 
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������: ������� ��������� �������������� ���������� ��� ���������� ����� L. ��
������ ��������������� ����������� ��� ��������� ��� ������������� ����������
������ ������ ��� ����������� �������� (Leptinotarsa decemlineata say), ������������
�����������������������������������������������������������������������������
��� ������������ ����� � 10 000 ppm (333.33 �g/cm2) and 1000 ppm (33.33 �g/cm2).  
����� ����������� ���������� ��� ����������� ����������� ��������� ����� ������
���������������������������������������� �������������������������������������
��������������������������10000 ppm ������������������������������1000 ppm.
3-��������������������������������������������������������������������������
10000 ppm ������������������������������������������������������������������
��� �� ppm�� ����������� ���������� �� ������������ ��� ��������� �� ���������� ���
������ ������������� ������ ��� �������������� ������ ����������� �������� ���
������������������-�������������������������

�������� ����� Lavandula spica; Labiatae, ������������ �������� ����������, 
Leptinotarsa decemlineata Say, ����������������������.

STRUCTURE-INSECTICIDAL ACTIVITY 
RELATIONSHIPS OF TRITERPENS ON THE 

COLORADO POTATO  BEETLE LARVAE

PETKO  BOZOV

Abstract: Four natural triterpenoids isolated from  Lavandula spica L. and nine 
hemisynthetic derivatives have been assayed for the insecticidal activity against the 
Colorado potato beetle larvae (Leptinotarsa decemlineata say), using potato disk in 
choice nutritional test that requires only small amounts of the compounds: dose 10 000 
ppm (333.33 µg/cm2) and 1000 ppm (33.33 µg/cm2).  This study shows that tested  
triterpenes acts as acute toxic compounds when were applied topically. Ursolic acid 
showed strong activity at dose 10000 ppm and maintain observable effect at 1000 ppm. 
The 3-monochloracetoxy  derivative of ursolic acid displayed at dose 10000 ppm close 
results to the synthetic insecticide vastak applied at 50 ppm.  Specific changes in the 
activity were associated with variance of some functional groups of the compounds. 
Some considerable structure-activity relations are discussed.

Key words: Lavandula spica; Labiatae, triterpenoids, chemical derivatives, Leptinotarsa 
decemlineata Say, insecticidal activity.  
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1. Introduction
The economic important damage in 

agriculture caused by Colorado potato beetle 
(Leptinotarsa decemlineata Say) resulted in the use 
of variety of chemical substances for control of its 
population.  This insect quickly develop resistance  
to many synthetic insecticides [5, 6], which 
stimulate the search for knew insect pest control 
agents which are biodegradable and demonstrate 
low impact on the environment. Some natural 
products, mainly alkaloids and terpenoids, show 
relevant activity as insecticides and antifeedants that 
could be successfully used like source of new 
method to protect agriculture crops [2, 7, 8]. Ursolic 
acid (1) is a pentacyclic triterpene widespread in the 
plants: lavender, apples, bilberries, cranberries, 
peppermint, rosemary, oregano, thyme, basil and
others. It is the main compound in the Lavandula
spica L. (L. vera DC), together with other 
triterpenoids [4, 14, 15]. Ursolic acid is of interest 
on account of its  varied biological activity as 
antitumour effects [3, 9, 11, 21], anticancer [10],
antibacterial [22], antioxidative property [18, 23],
antiinflammatory, antiviral [24] and many others.
Nevertheless, there is little information
about its action on insects. Insecticide properties
have been report for other natural triterpenes, and
theirs chemical derivatives [12, 13, 16, 17].

I report here on the effect of four natural 
triterpenoids: ursolic acid (1), oleanolic acid (8),  
betulin (12), betulinic acid (13), isolated from 
Lavandula spica and of nine synthetic derivatives 
on the insecticide behavior of larvae of the 
Colorado potato beetle in order to elucidate the 
structural features of the compounds and the 
functional groups responsible for higher activity. 
The goal of this study was to correlate 
phytochemical compounds with their insecticidal 
activity to identify possible biopesticides of 
botanical origin for insect population control.

2. Description of the force computation 
methods
Test compounds. The triterpenes and their 

synthetic derivatives Fig. 1 were available from 
previous works. Natural compounds 1,8,12 and 13
were isolated from  Lavandula spica L. as was 
described previously [7,8]. Derivatives 3, 4 and 10 
were prepared from  1 and 8, respectively by 
treatment with diazomethane in a solution of diethyl 
ether and additionally oxidation of 4 [4, 15]. 
Compound 2 and 9 were obtained in the same 
manner. Treatment of 1 and 8 with acetic 
anhydride-pyridine or monochloracetic acid-

pyridine resulted to products 5, 11 and 7, 
respectively. Finally, substance 6 was received  by 
lithium aluminium hydride reduction of 1.

33.3 mg from each compounds were 
dissolved in 1 mL acetone to obtain work solutions.                  

Insects. Newly emerged fourth instar larvae 
of Colorado potato  beetle used for bioassays were 
collected from  potato fields located around Plovdiv 
(Bulgaria).

Bioassays. Summary. The bioassay was 
carried out in petri dishes (15 x 105 mm), with 
covered bottom with filter paper, using potato leaf 
disks with 2.0 cm2 area. The upper surface of the 
disks was treated with 20 acetone solution of the 
test compounds, provided dose 333.33 �g/cm2

(10000 ppm), with a microsyringe and after 
evaporation of the solvents received treated disks 
(TD). After ten and a hundred multiple dilution 
with acetone were prepared solutions for testing of 
compounds with dose 1000 ppm and 100 ppm, 
respectively. For the arena of bioassays were used 
fifteen petri dishes. In thirteen of them were used
fifteen TD prepared by each  test solutions. In the 
standard sample (S) the potato leaf disks were 
treated analogously with the solution of vastak  with 
dose 100 and 50 ppm. In the control probe (C) was 
used pure solvent. In each arena were placed fifteen 
newly emerged fourth instar larvae where they were 
allowed to feed. Every morning and evening disks 
were replaced by fresh ones. Daily, at the same 
time,  during a week were report on the results to 
calculate the relevant toxicity to larvae expressed 
like efficiency in per cent. Bioassays were 
performed at 25 ± 1.C, 65 % RH, and a 16:8 (L:D) 
photoperiod. 

�valuation of effectiveness. Mortality was 
assessed every 24 hours for 12 days, and mortality 
was adjusted using the Abbott formula [1]. Insects 
were considered death when tactile stimuli elicited 
no visible normal reaction. Data were analyzed 
using the Kruskal-Wallis test, and Dunn’s multiple
comparisons test (P < 0.05). The program used for
the analysis of the data was GraphPad Prism 4;
GraphPad Software Inc. Effectiveness was 
calculated in per cent.

Statistical analysis. The data were corrected 
using Abbott’s formula [1] for the mortalities in the 
controls, and the data were subjected to probit 
analyses using SPSS [19] for Windows to estimate 
LC50 values of the natural compounds. Percentage 
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mortality values for different exposure times were
subjected to analysis of variance using the same 
statistical program [19] for probit analysis. Data 
were ������������������������������������������� to 
meet normality, which is recommended for analysis 
of variance [20]. Means were separated at the 5% 
significance level by the least significant difference 
(LSD) test.

3. Results
           Among the natural triterpenoids and the 
hemisynthetic compounds tested against Colorado 
potato beetle larvae there are three different groups  

Fig. 1. Molecular structures of the triterpenoids tes-
ted against Colorado potato beetle larvae.
*Natural compounds: 1 (ursolic acid), 8 (oleanolic 
acid), 12 (betulin), 13 (betulinic acid).
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from a structural point of view: with ursane (1-7), 
oleanane (8-11) and  lupane (12 and 13) skeleton
(see Fig 1).

From the results for natural compounds 
(shown in Table 1) can see that 1, 8 and 12,
which are chain isomers, exhibit almost equivalent 
activity (Oleanolic acid showed a little bit stronger 
action), while 13 demonstrated less effect. That may
Table 1. Insecticidal activity of the test compounds 
reported on effectiveness (%)

Com
�o
und

Dose 
�g/cm2 N

Effectiveness  (%)
             day

2       5 8 12
S 3.33 3 100

1.66 3 80.25 100
1 333.33 7 4.05 44.30 67.75 75.80

33.33 7 - 9.85 22.22 25.31
2 333.33 5 - 31.01 34.23 45.00

33.33 3 - - 13.00 22.45
3 333.33 5 - 29.14 38.57 45.33

33.33 3 - - 14.05 15.55
4 333.33 3 - 16.05 22.53 25.49

33.33 3 - - 10.00 10.60
5 333.33 5 5.66 47.78 69.47 75.54

33.33 5 - 15.56 25.12 25.92
6 333.33 3 - 5.00 15.35 20.60

33.33 3 - - 10.40 15.48
7 333.33 7 17.89 60.44 81.55 90.05

33.33 7 3.15 25.63 40.54 50.37
8 333.33 7 4.22 45.36 68.88 76.86

33.33 7 - 12.55 26.80 28.20
9 333.33 5 - 33.23 36.53 48.77

33.33 3 - - 14.56 23.74
10 333.33 5 - 32.47 39.65 47.53

33.33 3 - - 15.52 16.20
11 333.33 5 5.90 48.04 69.98 76.05

33.33 5 - 16.25 25.85 26.03
12 333.33 7 2.19 41.23 65.75 73.38

33.33 7 - 8.85 20.04 23.22
13 333.33 7 4.31 44.23 66.88 75.20

33.33 7 - 9.32 21.84 24.67
C - 7 - - - -

N - number of replications 
S - standard sample
C - control probe

be attributed to the exchange of C-28 carboxyl with 
hydroxy-methylene group suggesting that more 
mobile hydrogen in acid moiety caused antibiosis 
mode of action. The different behavior of the 
hemisynthetic derivatives 2-7 and 9-11 must be 
assigned to their different functionalized carbons C-
3 and C-28.  The oxidation of the hydroxyl group at 
C-3 in 1 and 8 lead to decrease of activity in 

1. Introduction
The economic important damage in 

agriculture caused by Colorado potato beetle 
(Leptinotarsa decemlineata Say) resulted in the use 
of variety of chemical substances for control of its 
population.  This insect quickly develop resistance  
to many synthetic insecticides [5, 6], which 
stimulate the search for knew insect pest control 
agents which are biodegradable and demonstrate 
low impact on the environment. Some natural 
products, mainly alkaloids and terpenoids, show 
relevant activity as insecticides and antifeedants that 
could be successfully used like source of new 
method to protect agriculture crops [2, 7, 8]. Ursolic 
acid (1) is a pentacyclic triterpene widespread in the 
plants: lavender, apples, bilberries, cranberries, 
peppermint, rosemary, oregano, thyme, basil and
others. It is the main compound in the Lavandula
spica L. (L. vera DC), together with other 
triterpenoids [4, 14, 15]. Ursolic acid is of interest 
on account of its  varied biological activity as 
antitumour effects [3, 9, 11, 21], anticancer [10],
antibacterial [22], antioxidative property [18, 23],
antiinflammatory, antiviral [24] and many others.
Nevertheless, there is little information
about its action on insects. Insecticide properties
have been report for other natural triterpenes, and
theirs chemical derivatives [12, 13, 16, 17].

I report here on the effect of four natural 
triterpenoids: ursolic acid (1), oleanolic acid (8),  
betulin (12), betulinic acid (13), isolated from 
Lavandula spica and of nine synthetic derivatives 
on the insecticide behavior of larvae of the 
Colorado potato beetle in order to elucidate the 
structural features of the compounds and the 
functional groups responsible for higher activity. 
The goal of this study was to correlate 
phytochemical compounds with their insecticidal 
activity to identify possible biopesticides of 
botanical origin for insect population control.

2. Description of the force computation 
methods
Test compounds. The triterpenes and their 

synthetic derivatives Fig. 1 were available from 
previous works. Natural compounds 1,8,12 and 13
were isolated from  Lavandula spica L. as was 
described previously [7,8]. Derivatives 3, 4 and 10 
were prepared from  1 and 8, respectively by 
treatment with diazomethane in a solution of diethyl 
ether and additionally oxidation of 4 [4, 15]. 
Compound 2 and 9 were obtained in the same 
manner. Treatment of 1 and 8 with acetic 
anhydride-pyridine or monochloracetic acid-

pyridine resulted to products 5, 11 and 7, 
respectively. Finally, substance 6 was received  by 
lithium aluminium hydride reduction of 1.

33.3 mg from each compounds were 
dissolved in 1 mL acetone to obtain work solutions.                  

Insects. Newly emerged fourth instar larvae 
of Colorado potato  beetle used for bioassays were 
collected from  potato fields located around Plovdiv 
(Bulgaria).

Bioassays. Summary. The bioassay was 
carried out in petri dishes (15 x 105 mm), with 
covered bottom with filter paper, using potato leaf 
disks with 2.0 cm2 area. The upper surface of the 
disks was treated with 20 acetone solution of the 
test compounds, provided dose 333.33 �g/cm2

(10000 ppm), with a microsyringe and after 
evaporation of the solvents received treated disks 
(TD). After ten and a hundred multiple dilution 
with acetone were prepared solutions for testing of 
compounds with dose 1000 ppm and 100 ppm, 
respectively. For the arena of bioassays were used 
fifteen petri dishes. In thirteen of them were used
fifteen TD prepared by each  test solutions. In the 
standard sample (S) the potato leaf disks were 
treated analogously with the solution of vastak  with 
dose 100 and 50 ppm. In the control probe (C) was 
used pure solvent. In each arena were placed fifteen 
newly emerged fourth instar larvae where they were 
allowed to feed. Every morning and evening disks 
were replaced by fresh ones. Daily, at the same 
time,  during a week were report on the results to 
calculate the relevant toxicity to larvae expressed 
like efficiency in per cent. Bioassays were 
performed at 25 ± 1.C, 65 % RH, and a 16:8 (L:D) 
photoperiod. 

�valuation of effectiveness. Mortality was 
assessed every 24 hours for 12 days, and mortality 
was adjusted using the Abbott formula [1]. Insects 
were considered death when tactile stimuli elicited 
no visible normal reaction. Data were analyzed 
using the Kruskal-Wallis test, and Dunn’s multiple
comparisons test (P < 0.05). The program used for
the analysis of the data was GraphPad Prism 4;
GraphPad Software Inc. Effectiveness was 
calculated in per cent.

Statistical analysis. The data were corrected 
using Abbott’s formula [1] for the mortalities in the 
controls, and the data were subjected to probit 
analyses using SPSS [19] for Windows to estimate 
LC50 values of the natural compounds. Percentage 
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carbonyl derivatives 2 and 9, while its acetylation 
resulted in increase of insecticide effect in 5 and 11.
The substitute of carboxyl group at C-28 with
methyl ester (3, 10) or hydroxy-methylene group (6)
caused reducing of the activity.  When in the 
molecule there are two chemical conversion: of 
carboxyl at C-28 to hydroxyl and of C-3 – hydroxyl 
group to carbonyl as in compound 4, the activity 
decreased drastically. Extremely high activities 
demonstrated the 3-monochloracetoxy  derivative of
ursolic acid (7). When it is applied at dose 10000 
ppm its efficiency is 90 %, which is close to that of 
the standard. The concentration used to achieve this 
effect is much higher than for the commercially 
available synthetic insecticides such as vastak active 
at dose 50 ppm.  Nevertheless,  triterpenoids could 
be used as potential source of novel more ecological 
acceptable compounds with insecticidal activity 
which may have role  as preservatives of the 
cultures. The lethal concentration of some 
compounds needed to kill 50 % of the pest (LC50 )
was determined (Table 2).

Table 2. Lethal concentration of some compounds 
needed to kill 50 % of the pest

compound 
dose 

(�/cm2) 
LC50 

(Days) 
1 333.33 7 
5 333.33 6 
7 

 
333.33 

33.33 
4 

12 
8 333.33 7 

11 333.33 8 
13 333.33 7 

Ursolic acid is the most perspective in view 
of it is represented in big quantity (up to 0.4 % of 
the dry stems) in Lavandula spica L., a cultivated 
species utilized in the cosmetics and perfumery 
industry. 

4. Conclusions
The results reached in this study on the 

biological action of triterpenoids against Colorado 
potato beetle larvae, confirm previous works on the 
activity of these compounds against other insect 
pests and displayed observable differences in 
biological action according to the variance of the 
substitutes. It is worth to note that all natural 
products demonstrated good insecticidal effect. So 
that,  it may concluded that some plants are high 
efficient in the synthesis of chemical substances 
with defensive properties against insects and that 
the biological activity depend on the hole molecular 
structure of the secondary metabolites.

5. Acknowledgements
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molecule there are two chemical conversion: of 
carboxyl at C-28 to hydroxyl and of C-3 – hydroxyl 
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ursolic acid (7). When it is applied at dose 10000 
ppm its efficiency is 90 %, which is close to that of 
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be used as potential source of novel more ecological 
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which may have role  as preservatives of the 
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the dry stems) in Lavandula spica L., a cultivated 
species utilized in the cosmetics and perfumery 
industry. 

4. Conclusions
The results reached in this study on the 

biological action of triterpenoids against Colorado 
potato beetle larvae, confirm previous works on the 
activity of these compounds against other insect 
pests and displayed observable differences in 
biological action according to the variance of the 
substitutes. It is worth to note that all natural 
products demonstrated good insecticidal effect. So 
that,  it may concluded that some plants are high 
efficient in the synthesis of chemical substances 
with defensive properties against insects and that 
the biological activity depend on the hole molecular 
structure of the secondary metabolites.
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INVESTIGATION OF COLOR QUALITY in 
DIGITAL DRY OFFSET PRINTING with DIRECT 

IMAGING 
 

ROSSITZA SARDJEVA, VLADIMIR ANGELOV 
 

Abstract:  Digital dry offset with direct laser imaging of information inside the printing 
machine is one of those impulses in the information and communication sector which provided 
a positive impact for the whole graphic arts industry. It is a relative new printing technology, 
named also CtPress or Direct Imaging (DI). The use of computer-to-press systems now is 
already widespread and is undergoing continuous development having an example Presstek DI 
systems.  
In order to achieve a smooth flow of digital data from prepress to press, the integration 
networking and digitalization of all processing steps is essential, all which are available in DI 
systems. Printing process here is being increasingly controlled and adjusted electronically, 
which leads to consistent high color print quality and greater productivity.   
The great advantage of this technology is improved product quality, achieving even so called 
photographic level of quality.  DI technology now offers  a  high  flexibility in the processing of 
a large variety of substrates, which is very important for variable packaging products.  

 
          Key words: digital dry offset, direct  imaging,,  paper,  print quality 
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1. Introduction 
Current digital technologies struggle to 

meet the standards of classical printing quality 
criteria. Digital solution is undeniably better as run 
lengths grow shorter, turnaround times get faster, 
just-in-time production rises. 

 Nowadays the trend for permanent high 
printing quality of food packaging is a strong and 
dominates in current printing development.  

Factors defined problem-less printing 
process   and quality as, type of technology, inks, 
substrates and their mutual influences, are the topic 
of this study. The purpose is to definite what are 
possibilities of digital waterless offset printing with 
direct imaging (DI) of information  inside the 
printing machine, in the field of color packaging 
production.  

Generally DI presses are digital sheet-fed 
waterless offset, highly automated, and available in 
4- to 6-colour  models. DI presses provide a fast 
return on investment and enable easy entry into the 
profitable digital offset printing market. A large 
diversity of substrates is optional in this technology. 
Here can be used different types of papers and 
cardboards, chemical papers, coated glossy and  
matt papers, aqueous coating is optional on them, 
self-adhesive papers, plastics, low grade of 
mechanical papers like supercalandered, light 
weight coated papers and etc.  

For the purpose of this study is used digital 
sheet-fed dry offset printing machine, Heidelberg 
Quickmaster DI 46-4. Printing process here is 
characterized as Computer-to-Press digital method, 
with direct thermal laser imaging of roller substrate 
on the plate cylinder’s surface  inside the machine. 
This is a perfect digital (DI) offset printing 
machine, proper for the short run series of four 
color production, including  advertising, packaging 
and  printing-on-demand products.  

Quickmaster DI is an example of satellite 
configuration of printing sections with integrated 
four plate and four offset rollers, running around 
common pressure cylinder with four time bigger 
diameter and consequently inks applying.[1]. (Fig. 
1)  Quickmaster DI 46-4 is on the base of dry offset 
principles associated  them with requirements of 
Toray analogue waterless offset plates and  thus are 
available 12 chill zones into the inks system.  

Printing “plates” here are polyester dry roll 
substrate, placed on the plate cylinder surface fully 
automatically. These are process free plates, with 
silicon layer as a carrier of non-printing elements, 
known for yielding dramatic environmental and 
economic benefits for customers without sacrificing 
quality and output. This kind of process-less 
substrate eliminates the need of plate processor, 
which requires chemicals, water and energy while 

generating waste. Temperature control is essential 
for dry offset and realizes by cool water for the 
whole four printing sections including zonal 
cooling. But for the runs of 5000 copies there is no 
need of cooling at all. 

This machine is equipped with integrated 
imaging system of 16 thermal laser diodes (IR - 830 
nm) for each color. Laser heads in the imaging 
system expose information on the polyester roller 
surface on press. As a result of the thermal sensitive 
physical reaction, known as “ablation”, due to the 
thermal laser energy, silicon layer of the plate 
surface is destructed and then in the same place are 
forming printing elements. Unexposed silicon fields 
are hydrophilic and become non-printing elements, 
repulsive printing inks. The plate surface is cleaned 
by the towel damped with cleaning solution and 
special device is responsible for sucking the silicon 
powder.  

Printing plates are inking by forming 12 
zones, which can be adjusted manually or 
automatically by the blades on duct roller, like the 
way in some conventional printing machine.  

 

 
Fig.1 Heidelberg Quickmaster DI-46, sheet-fed 

digital offset printing machine (1-exposure system, 
2-offset roller, 3- paper system, 4- plate cylinder, 5-

inks system, 6-output device) 
 
Heidelberg Quickmaster DI 46-4 has a 

extremely short starting time, of around 10-15 min, 
including plate changing, exposure time, washing 
and register adjusting. This machine with its  
precise register is offering the lowest cost per sheet 
in runs of 500 to 20,000 copies, and it takes even 
less than ten minutes to go from digital file to the 
first sellable colour print with resolutions of up to 
300 lpi AM or with FM (frequency-modulated) 
screening. This type of DI technology offers 
additional opportunities to use varnish and other 
methods for having luxurious products quality. 

Compared to digital electro-photographic 
dry toner print systems, QM-DI 46-4 is an ideal for 
optimal runs of around 10 000 copies, but with 
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excellent printing quality, more often named as 
photographic quality.[2]  

The flexibility towards substrates and ease 
of service are advantages, incomparable with other 
digital printing machine. More over this machine 
can be used as a proofing system for high-
qualitative high runs products, produced by 
conventional printing machines. 

 
                                                      Table 1 
 Technical data of Quickmaster DI-46 
 

 Parameters 

1. Max size 460 mm  340 mm 
2. Max print surface 450 mm  330 mm 

3. Sheet thickness  0,1mm – 0,4mm 

4. Speed of printing 10 000 sheets/h 

5. Register  0,02 mm 

6. Exposure resolution 1270 ; 2540 dpi 
 

7. Exposure time 7 min–1270 dpi 
14 min-2540dpi 

8. Additional  options   Automat. register, 
varnish, anti-copy 
powder,   t°control 

 
2. Experimental 

Key elements of our experimental work 
include calibrating the printing system, designing 
test forms containing legal CMYK images and 
colour-managed pictorial images and performing 
quantitative and visual tests and analyses. For this 
purpose have been used test files as a 
characterization target for device profiling and for 
quantitative analyses. Test files were printed by the 
press QM DI-46, using 175 lpi AM screening.  

In generated test forms there are several 
elements to be measured - single, double and three 
inks coverage patches, gray balance, gradation 
patches for different process colours, positive and 
negative lines under 0° and 45° for small details. 
(Fig.2) In the visual test form there are also colour 
images for very ease visual colour deviation 
assessment.   

Test files have been generated by the help 
of spectrophotometer x-Rite i1Profiler, which offers 
ICC application, optimized on the real halftone 
illustrations, using process colors (CMYK), black, 
white and different PANTONE colors or other spot 
colors. 

i1Profiler is equipped with the x-Rite 
standard Graphic Arts (XRGA) and its software is 
developed for the series of steps as a methodology 
aimed for researching of test-tables and profiles.[3]  

i1Profiler offers an unprecedented level of 
flexibility and features a number of unique color 
management capabilities.  i1Profiler software brings 
even more functionality and workflow 
improvements for color management products. You 
simply scan the target to generate a high quality 
custom ICC profile. The software will automatically 
detect and crop the targets, as following:  
ColorChecker Classic; ColorChecker Digital SG; 
Reflective IT8.7/2; Transmissive 4x5 and 35 mm IT 
8.7/1. Principally here there is an option to choose 
standard table for test or generating special table in 
order to answer of real terms of test (color, CMYK 
or Pantone, type of papers etc.). 

 

 

 
 

 Fig.2 Table of  generated i1ProfilerTest 
 

 In order to assess printing quality are used 
ISO 12647-2, compatible media methods as for 
example IDEAlliance Digital Control, FOGRA 
Media Color Control. [4, 5] For evaluating color 
quality printing were measured and checked fast 
and easily such parameters like: optical densities, 
color spectral characteristics, color coordinates, 
color deviation, papers whiteness and etc. 

Test Chart file is created according 
integrated x-Rite software: Patch Set, Test Chart, 
Measurement, Lighting, Profile Settings, ICC 
Profile. For the test-table (Fig.2) are applied first 
two steps with editing some changes according to 
printing conditions. After steps Patch set and Test 
chart then  have to be chosen respective adjustments 
towards: C, M, Y, K  %; double colors and substrate 
surface (glossy); ambient lightening; color 
separation scheme - way of black generation; source 
of light (D50); device type – printing machine; 
color space depending of experimental - CMYK; 
orientation of paper sheet in the machine. 
 Also have been printed pictorial test, as an 
illustrative test for ease and visual quality control 
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assessment of existing specific colors, difficult for 
reproducing.  

The test-forms are printed on the high quality 
three types of coated glossy papers, Premium 
Coated, WFC (wood free coated) with different 
grades and then they have been compared  on the 
base of the results achieved. [6] 
Paper type 1 – WFC, two sided coated, glossy 
paper, 130 g/m2, thickness 122 µm, density 1,065 
g/cm3, smoothness - 1000 s. 
Paper type 2 – WFC, two sided coated paper, 
glossy, 170 g/m2, thickness 145 µm, density 1,172 
g/cm3, smoothness - 1100 s. 
Paper type 3 – WFC, two sided coated glossy 
paper, 200 g/m2, thickness 178 µm, density 1,224 
g/cm3 , smoothness - 1300 s. 

This study has processed by using Toyo 
CMYK printing inks for dry offset. These types of 
dispersions cover large number of substrates 
without any requirements. Their characteristics are: 
high viscosity, adequate for waterless offset, high 
color intensity, drying chemically, high rubber 
resistance, compatibility with different varnish 
systems and finishing processes. [7] 

Quickmaster DI is equipped by automatic 
register system which is big advantage for paper 
wastages minimizing. Start wastes are at least 40 -
50 copies. During the starting time have to be 
adjusted printing conditions as paper, speed of 
printing, pressure in the nip zone, inking process in 
different zone and etc. All these can be corrected 
additionally after measurement and visual printouts 
control for each color.   

Then for the purpose of this study all 
process factors like – workflow, printing speed, 
pressure, inking and others have been kept constant 
in order to see paper’s type impact on the color print 
quality. 

 
3. Results and discussion 

The whole results are shown in Table 2 and 
Fig.3, Fig.4. In our case have been measured 
important for the color printing quality parameters, 
as: solid inks densities (SID), color coordinates in 
CIE L*a*b* space, color deviation (  E) and color 
gamut as well. 

The results are different according of 
paper’s type, but in the same time all they are 
typical for the waterless sheet-fed offset printing 
process with wood free coated papers.  

For achieving optimal inking and optimal 
transfer of inks are important solid inks densities – 
SID (Fig.3). During the printing process it is 
considerable to achieve max value of optical 
densities with minimal  ink quantity. In our study 
SID are measured for the whole process colors 
C,M,Y,K, depending on the paper used. Towards 

our types of papers in advance can be said that on 
the WFC papers must be achieved possibly higher 
SID values. In addition this reason also can be 
resulted by waterless process.  

Despite of this preliminary prediction our 
three types of papers have their own values, which 
correlate with their specifics, like different grade, 
smoothness, caliper, coating and brightness. On the 
results achieved it is not possible to show clear 
preferable type of paper, because differences are not 
indicative.  

                                                                  Table 2 
Solid Inks Densities and color deviation E 

 
CMYK SID L* a* b* E 

 
 Paper type 1 

C 1,58 60,62 -41,63 -5,02 4,31 
M 1,49 52,74 71,83 0,89 5,72 
Y 1,42 84,16 2,69 96,82 5,93 
K 1,69 21,75 1,65 0,91 2,85 
 Paper type 2 

C 1,58 59,7 -38,8 -43,9 3,95 
M 1,48 52,34 71,95 0,75 5,18 
Y 1,39 85,02 -4,36 94,67 5,33 
K 1,82 21,55 1,53 0,88 2,60 
 Paper type 3 

C 1,56 58,2 -37,5 -43,1 3,68 
M 1,44 52,11 72,02 0,69 4,86 
Y 1,33 85,67 -5,21 91,35 5,02 
K 1,56 21,23 1,49 0,83 2,15 

 

 
 

Fig.3 Solid Inks Densities on printed 
samples 

 
Color deviation is a characteristic used for 

making comparison between two colors by 
calculating E, according to ISO12647-2. [4] 
Colour deviations here are different for process 
inks, but for three types of papers there is similarity 
as a  trend - some values (magenta, yellow) are just 
on the limits of nominal tolerances, according to 
ISO 12647-2 and for cyan and black E values are 
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very acceptable. (Table 2). All this is attributive 
from the total paper quality which according to ISO 
is defined as class 1. [4] 

On the base of huge of measurements can 
be defined what kind of color reproduction will 
have each type of paper and what color gamut 
would generate each of them. Through our 
measuring of color coordinates for each paper type 
has generated graph, shown color gamut in the 
CIEL*a*b* space (L*, a*, b*). On the Fig. 4 all 
curves describes color gamut of the corresponding 
papers types and giving possibility to evaluate them. 
It is well known that the larger the color gamut the 
better the color reproduction paper capabilities. 
Color gamut profiles of our papers have shown 
some insignificant larger of gamut for paper type 3 
compared to other two papers types. 
 

 
 

Fig.4 Color gamut of used paper types 
 
The conclusion of color gamut achieved is 

that wood free coated papers (WFC) have high 
possibilities to reproduce a large color gamut and 
therefore to show on the print numerous colors of 
originals and thus to have as higher as possible 
quality of color printing reproduction. DI waterless 
process provides higher color quality with higher 
ink densities that expand the color gamut and 
present more saturated color. Generally waterless 
printing provides approximately 20% larger color 
gamut than conventional offset printing. [8] 

Detailed analysis of Fig. 4 shows that can 
be defined parts of this gamut where our papers are 
very similar, with almost overlapped profiles. On 
the other hand there are parts where they are 
differentiated. For example in red-green field is 
observed closer color gamut even crossing in red-
violet, blue-green  and yellow fields. But more 
visual differences are observed in the fields of 

violet-blue and blue-green.  Furthermore, in this 
space are detected points of crossing for several 
color values. 

Even in the almost equal class of papers 
types color gamut varies depending on detailed 
discrepancy which can be important for the print 
quality. It is the most important factor when assess 
the printing of color capability for reproducing true 
colors and fine details. The  larger the color gamut, 
the closer the color print reproduction to the 
original. Printing process always results on the 
paper of decreasing color gamut of original, no 
matter of printing technology and other 
improvements. That is why paper quality with its 
cellulose substrate, surface geometry, smoothness 
and white thick coatings is one of such factors 
which can enlarge the color gamut. In our case we 
have such type of papers which proof this 
consideration and show the importance of paper 
used at all. 

The great contribution for these results has 
the waterless offset printing process on Quickmaster 
DI-46, where we have applied specific offset inks, 
completely different of those in conventional sheet-
fed offset .[7] Dry offset process needs strong, tacky 
and high viscosity inks, usually up to 100 Pa.s. In 
our case inks viscosities have been varied of around 

=85-90 Pa.s, what is an additional reason for 
receiving high color print quality. In this case is 
very important to keep temperature constant in due 
limits. All this is compulsory for waterless offset 
technology since the viscosity could be influenced 
by the temperature during the printing process, 
because of lack of fountain solution. When the  
press temperature achieves 30°C, then the viscosity 
can be down by 7-8% and thus may cause inks color 
problems and plate toning. [9] 

Besides that, these kind of offset inks have 
not to be dried on the inks rollers during their 
transfer to the offset blankets. So this increases 
much more the importance of these rheological inks 
characteristics as viscosity, tack, flow etc. in dry 
offset printing process.  

  
4. Conclusion 

The whole results obtained in this research 
can be guarantee that this digital printing 
technology covers basic requirements for color 
quality reproduction, what is important for 
packaging printing. Also these results confirm that 
digital DI offset known also as a Smart offset plays 
an important role in the field of printing industry 
and its future is not under doubt.  

With runs getting shorter and turnaround 
times quicker, the highly automated waterless offset 
DI press is ideal for short print runs of high-quality 
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with fast turnaround times and cutting of wastages. 
There is no need for a separate platemaking system. 
Waterless printing eliminates the need to maintain 
ink/water balance, making operation easier, 
reducing operator intervention and variables, and 
delivering fast makeready and superior inking. Inks 
for this technology are modified, in order to achieve 
chemical and rub resistance, what is very important 
properties for food packaging. Digital dry offset 
printing technology with direct imaging (DI) on 
press is proper for high quality printing products. 
Possibilities to apply high grade of wood free 
coated papers named as premium coated including 
cardboards, enlarge the source of substrates for 
packaging industry.  

Nowadays there are already next generation 
DI solution that could give us the print results we 
required with the consistency of quality both within 
each job and from job to job.
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METHODOLOGY FOR THE STUDY OF LATENT 
HEAT ACCUMULATOR AS A PART OF SOLAR 

SYSTEM 
 

ANASTAS STOYANOV 
 

Abstract: Methodology for the Study of the heat latent accumulator with a liquid heat carrier 
as part of a solar thermal system with heat pump has been developed. The position of the 
measuring instruments used compared to the heat latent accumulator is presented. The 
measured values and the accuracy of their measurement are defined. The used measuring 
equipment and the consistency in the test are specified. 

 
Key words: phase change materials, heat latent accumulator, heat pump, solar collectors, 
measuring system 
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КОРОЗИОНЕН ПОТЕНЦИАЛ 
НА СТОМАНА 1.4439 

 
АНТОН ДЕМИРЕВ 

 
Резюме: В промишлени условия е определен електродният потенциал на неръждаема 
стомана 1.4439. Стоманата е конструкционен материал на технологично съоръжение, 
работещо в среда на сярнокисел електролит за хидрометалургичен добив на цинк. 
Измерванията са проведени в експлоатационен режим на съоръжението, без прекъсване 
на технологичния процес. Получените резултати показват наличието на потенциална 
разлика между различни точки на съоръжението, което е предпоставка за развитието 
на електрохимичен корозионен процес. 
 
Ключови думи: стомана 1.4439, корозионен потенциал 
 
 
 

CORROSION POTENTIAL 
OF STEEL 1.4439  

 
ANTON DEMIREV 

 
Abstract: In industrial conditions defined electrode potential of stainless steel 1.4439. Steel is a 
construction material technology of plant operating in an environment of sulfuric acid 
electrolyte for the hydrometallurgical extraction of zinc. Measurements were performed in the 
operating mode of the unit without interrupting the process. The results indicate a potential 
difference between different points of the facility, which is a prerequisite for the development of 
electrochemical corrosion process. 

 
Key words: steel 1.4439, corrosion potential 

 
 
 

1. Въведение 
Хром – никеловите стомани показват 

високо корозионно съпротивление в много 
среди [1]. Въпреки това, след нагряване и 
последващо бавно охлаждане, образуващите се 
като резултат от високата скорост на дифузия на 
въглерода и азота в сплавта карбиди и нитриди 
на хрома ги правят податливи на 
интеркристална корозия [2]. От друга страна, в 
силно кисела среда, формиралият се на метала 
пасивен слой се разрушава частично:  

Cr2O3 + 6H+ + 2e � 2Cr3+ + 3H2O, 
което дава възможност за развитието върху 
металната повърхност на локални корозионни 

процеси. Всичко това обикновено налага 
мероприятия по защита на съоръжения от тези 
сплави, работещи в тежки производствени 
условия – дори когато стоманата съдържа и 
молибден.  

Оценката на корозионния риск при всяка 
конкретна система и изборът на метод за защита 
изискват определянето на електродния 
потенциал на метала. Във водни разтвори 
електродите винаги се разглеждат като смесени 
[3], поради протичането на повече от една 
спрегнати електродни реакции. Определеният от 
стационарното състояние на електродната 
система неравновесен потенциал всъщност е 
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корозионен (смесен). Корозионният потенциал, 
Ec, V, е свързан с макропроцес, който при 
дадени условия е достигнал стационарно 
състояние и макар да не обезпечава информация 
за неговата кинетика, той може да даде полезни 
указания за активното (пасивното) поведение на 
сплавта в дадени условия. Определянето на 
потенциала е намерило широко разпространение 
в прилагането на катодни и анодни системи за 
електрохимична защита [4].  

Цел на настоящото изследване е да бъде 
определен електродният потенциал, Еc, V, на 
стомана 1.4439 в производствени условия. 
Стоманата е основен конструкционен материал 
на технологично съоръжение в промишлено 
предприятие, за което експлоатационният опит е 
показал необходимостта от проектирането на 
антикорозионна защита. 
 

2. Методика 
Конструкцията на съоръжението не 

позволява измерването на електродния 
потенциал на стоманата спрямо някой от 
познатите сравнителни електроди. По тази 
причина той е определен спрямо електроди от 
неръждаема стомана Ø 18, облечена в лист 
пирометалургично олово 99.95 % с дебелина 2 
mm.  

Потенциалът на металите е измерен в 
лабораторни условия. Използван е наситен 
каломелов електрод, чийто равновесен 
потенциал ЕSCE при 293 K е + 0.242 V [5]. При 
всички измервания са отчитани достигнатите 
стационарни стойности на електродния 
потенциал, след което те са отнесени към 
стандартен водороден електрод (SHE). 

Отново в лабораторни условия е 
измерена и потенциалната разлика между 
стоманата и описания сравнителен електрод (Pb 
99.95 %). Всички лабораторни тестове са 
проведени температура 293 и 313 K в рабoтната 
среда на съоръжението – сярнокисел електролит 
за хидрометалургичен добив на цинк, с помощта 
на дигитален мултиметър V 560 с клас на 
точност 1.5.  

Преди провеждането на тестовете в 
промишлени условия се извърши замерване на 
електричното съпротивление между корпуса на 
съоръжението и цеховия заземяващ контур. То 
показа неговото изолиране от железобетонната 
конструкция на сградата. 

Монтажът на оловните електроди (Е1 и 
Е2) се извърши в пространството между 
захранващия и изходен колектор на 
съоръжението, изолирани спрямо неговия 
корпус (К). Температурата на флуида на 
вход/изход е съответно 295 и 313 K – фигура 1: 

 
Фиг. 1. Схема на експеримента 

 
Измерванията са извършени с волтметър 

DT 890 B, като общия проводник на уреда COM 
се свързва към корпуса К.  
 

3. Резултати и обсъждане 
Измерените и приведени към стандартен 

водороден електрод потенциали на стоманата и 
оловото са показани в таблица 1. Също там са 
дадени и измерените между тях потенциални 
разлики. Взети са предвид усреднените 
стойности на измерваната величина при 
петкратно измерване: 

 
Таблица 1 

Стойности на електродните потенциали на 
стомана 1.4439 и олово 99.95 % в сярнокисел 

електролит (лабораторно измерване) 
Eолово, V Eстомана, V ΔEизмерена, V 

293 K 313 K 293 K 313 K 293 K 313 K 
+ 0.140 + 0.100 + 1.104 + 1.082 + 0.964 + 0.987 

 
Очевидно, в условията на експеримента, 

оловото достига до пасивното си състояние – 
потенциалът му се отмества от стандартната му 
стойност в положителна посока с ~ 300 mV.  

Разликата между измерените при 
различни температури (293 и 313 K) 
стационарни потенциали може да се обясни с 
известното влияние на температурния фактор 
върху корозионното поведение на металите. 
Вероятно това влияние е различно върху 
тестваните метали, тъй като се забелязва и 
нарастване на потенциалната разлика между тях 
с нарастването на температурата. 

Резултатите от проведените в 
промишлени условия измервания на 
електродния потенциал на стоманата спрямо 
сравнителните електроди – олово 99.95 %, са 
представени в таблица 2. Корпусът на 
съоръжението (стомана 1.4439) остава по-
електроположителен спрямо сравнителните 
електроди при всички проведени тестове. Това 
показват и посочените по-горе резултати от 
лабораторните изследвания. Същевременно, 
между захранващия и изходен колектор на 
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стационарни потенциали може да се обясни с 
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Вероятно това влияние е различно върху 
тестваните метали, тъй като се забелязва и 
нарастване на потенциалната разлика между тях 
с нарастването на температурата. 

Резултатите от проведените в 
промишлени условия измервания на 
електродния потенциал на стоманата спрямо 
сравнителните електроди – олово 99.95 %, са 
представени в таблица 2. Корпусът на 
съоръжението (стомана 1.4439) остава по-
електроположителен спрямо сравнителните 
електроди при всички проведени тестове. Това 
показват и посочените по-горе резултати от 
лабораторните изследвания. Същевременно, 
между захранващия и изходен колектор на 
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съоръжението, е установена потенциална 
разлика: 

 
Таблица 2 

Стойности на електродния потенциал на 
стомана 1.4439 спрямо потенциала на олово 

99.95 % в сярнокисел електролит 
№ 1 2 3 4 5 

между електроди Е1 и Е2 
EE1/E2,V +0.05 +0.02 +0.03 -0.09 -0.01 

между корпус K и електрод Е1 
EE1/K,V -0.93 -0.96 -1.03 -1.00 -0.97 

между корпус K и електрод Е2 
EE2/K,V -0.89 -0.86 -0.95 -0.96 -0.90 

 
Средноквадратична неопределеност [6] 

на измерваната величина Sx има стойности 
между 0.0014 и 0.0017. Това показва добро 
съвпадение на данните от измерванията, особено 
като се имат предвид динамичните условия при 
които те са проведени.  

Регистрираната потенциална разлика 
между захранващия и изходен колектор на 
съоръжението варира при отделните измервания 
между 40 и 100 mV, но винаги по-
електроотрицателен остава да бъде изхода на 
флуида. При различния температурен режим на 
вход/изход електролит това е очаквано с оглед 
термодинамиката на електродните системи [7]. 

Съществуването на потенциална разлика 
между две точки на поставена в контакт с 
електролит метална повърхност е основната 
предпоставка за възникването и непрекъснатото 
протичане на електрохимичен корозионен 
процес. В изследвания случай такава разлика се 
поддържа от термичния фактор и въпреки силно 
положителния стационарен потенциал (над +1V) 
на сплавта такъв процес става възможен.  

В среда на сярна киселина и при 
ограничения достъп на атмосферен кислород се 
очаква стомана 1.4439 да кородира с водородна 
деполяризация. Кинетиката на процесите в тези 
случаи силно зависи от водородното 
свръхнапрежение, което определя скоростта на 
корозионния процес.  
 

4. Заключение 
В промишлени условия е определен 

корозионния потенциал на неръждаема стомана 
1.4439. Измерванията са проведени при 
експлоатационен режим в работната среда на 
сплавта – сярнокисел електролит за добив на 
цинк. Получените резултати показват: 

- положителни стойности на 
корозионния (смесения) потенциал на стоманата 
в средата, в която работи; 

- наличието на потенциална разлика 
между различни точки на металната повърхност, 
което най-вероятно се дължи на температурни 
различия; 

- възможна електрохимична корозия на 
стоманата с участието като деполяризатор на 
водородните йони от електролита.  
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A NONLINEAR PARAMETRIC MODEL OF 
SECOND DEGREE FOR Cu+ Ne-CuBr  

LASER’S SERVICE LIFE 
 

ILIYCHO ILIEV 
 

Abstract: For the first time a nonlinear parametric model of second degree for determining the  
influence of 10 independent laser quantities over the ultraviolet (UV)  Cu+ Ne-CuBr laser’s 
service life is developed. On the basis of a huge amount of experiment data a regression model 
of second degree is obtained, which describes in an explicit form the dependence of the laser’s 
service life. The adequacy of the regression model is made and the influence of the 10 laser 
quantities is estimated. Analysis and physical interpretation of the obtained results is 
performed.  

 
Key words: UV Cu+ Ne-CuBr laser, regression analysis, nonlinear parametric model of 
second degree, laser’s service life 
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Copyright © 2014 by Technical University - Sofia, Plovdiv branch, Bulgaria  ISSN 1310 - 8271



- 80 -

 

TR.C -0,020 0,001 -3,257 -19,829 0,000 
D.D -7,827 0,141 -4,800 -55,630 0,000 

DR.DR 2,439 0,445 0,515 5,481 0,000 
L.L 0,056 0,010 0,189 5,524 0,000 

PH2.PH2 -0,463 0,116 -0,289 -4,001 0,000 
PRF.PRF 0,562 0,113 0,269 4,979 0,000 

TR.TR -0,006 0,000 -0,685 -15,131 0,000 
PL.PL 197,974 24,432 1,124 8,103 0,000 

C.C 0,006 0,000 2,445 17,668 0,000 
 
 

 (4)   10  
,        

 - PL.       
.    ,   

       
 .      

    
,      

      
 Ltime.  

     (4)   
     Ltime   

  -  
LtimePre.      

.2.    ,   
      2.49%.  

,     
    

 . 
 

 
 2 

     . 
 

D, 
mm 

DR, 
mm 

L, 
cm 

Pin, 
W 

PNE, 
Torr 

PH2, 
Torr 

PRF, 
KHz 

TR, 
0C 

PL, 
W/cm

C, 
pF 

Ltime, 
Hour 

LtimePre, 
Hour 

. 
, 

% 
7 7 87 1300 17 0,03 20 495 7,47 735 180 187,6 4,2 
7 7 87 1300 16 0,03 20 495 7,47 735 180 176 2,2 
7 7 87 1300 17 0,03 20 495 7,47 735 180 187,6 4,2 
7 7 87 1300 17 0,04 20 495 7,47 372,2 700 702,4 0,34 
7 7 87 1300 18 0,028 20 495 7,47 372,2 700 679,1 3 
7 7 87 1400 17 0,026 20 495 8,05 372,2 700 688,4 1,66 
7 7 87 1400 17 0,021 20 495 8,05 372,2 700 685,9 2,01 
7 7 87 1400 17 0,031 20 495 8,05 372,2 700 690,8 1,31 
7 7 87 1400 17 0,03 20 490 8,05 372,2 700 730,7 4,38 
7 7 87 1600 17 0,03 25 490 8,05 372,2 700 711 1,57 
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PRF.  

 TR    
 Ltime.      

     
  CuBr    . 
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CuBr       

 .       
,    CuBr  

       
      Ltime  

.  
 PRF    

.      
     

     
   .  

     
Ltime.  

      
     

   21
2

E U C ,  U 

     . 
      

        
 Ltime.  

 
 3 

     10 
 . 

 
, 

  10% 

 
  

Ltime, % 
D 0,720641 

DR -1,60659 
L -17,3644 

PIN 20,83068 
PNE -0,03434 
PH2 0,00119 
PRF -0,01495 
TR -2,98427 
PL 21,44909 
C -0,80259 

 
 

 2    
 Ltime.    2     

     
       

 . -   
     

  - . Ltime . 
 

5.  
       

          
UV Cu+ Ne-CuBr .    

   ,    
 10  .  

      

    . 
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ANALYSIS OF THE MULTILEVEL PRIORITY 
QUEUES SERVICING 

 
IVAYLO ATANASSOV 

 
Abstract: The current paper offers an implementation of  multilevel priority queues with limited 
set of priorities and dynamic priority calculation. Experiments are conducted to estimate the 
behavior for everlasting message flow. The goal is to obtain  the model of servicing and based 
on it, to make conclusions about the queuing model. 

 
Key words: priority queue, scheduling, operating systems, dynamic priority 
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. 1.   . 

 
     

     
.      : 
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.      
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   ci = maxp - Pi + d 
 
  
P –     
m –     
a –     

   
s –    

   
maxp –   
d –     

   
,     

      -  
.  . 2     

  -  . 
 

   (dequeue) 
begin 
index=0 
current_highest_mark = -1 
current_index = -1 

for each slot do 
  begin 
    mark=according (1) 
      if mark>current_highest_mark then 
         begin 
            slot[current_index].s++ 
            slot[current_index].a=1; 
            current_index=index 
            current_highest_mark=mark 
        end 
    else 
         begin 
            slot[index].s++ 
            slot[index].a=1; 
        end 
   index++ 
end for 
if current_index <> -1 
   begin 
      slot[current_index].a++ 
      slot[current_index].s=0 
      read_data_for_slot(current_index) 
   end 
end algorithm 
 

.2.   -  
. 

 
3.   

  ,   
     

    d. 
 

 1.  
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  30 000 

  
   

10000 

    10 
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     5000 , 

 6   30000 . 
 
Qn –  . 
Sn –     
 S1 –  1  5000 
 S2 –  5001  10000 
 S3 –  10001  15000 
 S4 –  15001  20000 
 S5 –  20001  25000 
 S6 –  25001  30000 
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ai 
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ci 
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 2.  d=1 
 S1 S2 S3 S4 S5 S6 

Q1 103 108 117 124 153 158 

Q2 141 161 170 182 238 252 

Q3 178 203 253 269 295 296 

Q4 232 269 292 319 349 392 

Q5 304 330 358 471 599 596 

Q6 371 419 501 615 565 628 

Q7 485 524 667 668 693 632 

Q8 645 722 714 725 744 718 

Q9 1 016 918 886 872 905 846 

Q10 1 525 1 346 1 042 755 459 482 

 
 

. 3   3     
 . 

 
 

 
 
 

. 3 .  S1 – S3 
 
 

 
 
 

. 3 .  S4 – S6 
 

 2.  d=3 
 S1 S2 S3 S4 S5 S6 

Q1 105 116 122 141 155 173 

Q2 150 182 194 243 258 294 

Q3 205 245 284 300 322 313 

Q4 267 310 335 375 390 467 

Q5 377 407 431 515 558 606 

Q6 474 491 585 609 557 615 

Q7 580 608 713 656 675 628 

Q8 720 786 763 662 678 662 

Q9 990 926 787 722 686 637 

Q10 1 132 929 786 777 721 605 
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. 4 .  S4 – S6 
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 3.  d=5 
 S1 S2 S3 S4 S5 S6 

Q1 101 112 113 138 159 161 

Q2 148 177 178 280 311 304 

Q3 193 270 349 337 341 354 

Q4 282 369 361 373 398 401 

Q5 417 418 419 531 618 560 

Q6 465 468 609 625 532 700 

Q7 534 665 696 665 690 571 

Q8 675 822 762 650 672 670 

Q9 1 053 843 795 718 640 646 

Q10 1 132 856 718 683 639 633 
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. 5 .  S1 – S3 
 
 

 
 

 
. 5 .  S4 – S6 

 4.  d=8 
 S1 S2 S3 S4 S5 S6 

Q1 88 95 95 134 140 139 

Q2 131 150 173 278 277 275 

Q3 159 258 298 300 299 298 

Q4 254 322 323 323 423 786 

Q5 346 351 460 803 683 508 

Q6 376 512 801 618 592 658 

Q7 412 906 704 661 754 503 

Q8 815 789 772 637 712 649 

Q9 1 179 809 799 718 589 653 

Q10 1 240 808 575 528 531 531 
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 5.  d=10 
 S1 S2 S3 S4 S5 S6 

Q1 80 85 88 126 127 127 

Q2 118 134 166 257 253 254 

Q3 142 239 270 273 273 272 

Q4 233 288 290 291 609 795 

Q5 307 310 596 828 652 516 

Q6 329 614 787 642 567 669 

Q7 372 999 688 679 738 504 

Q8 885 760 763 654 695 645 

Q9 1 239 786 795 729 572 650 

Q10 1 295 785 557 521 514 568 
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LOAD BALANCING THREADS FOR 
MULTILEVEL PRIORITY QUEUE USING MAIN 

THREAD APPROACH 
 

IVAYLO ATANASSOV 
 

Abstract:  The priority queues are often used in the area of the computer systems. The current 
paper offers multilevel priority queue implementation with dynamic priority calculation and 
thread-level parallelism for dequeue operations. The servicing threads are automatically 
managed from the system. Thus, synchronization and load balancing issues arise. The count of 
the servicing threads is adjusted dynamically. The present paper offers a method for load 
balancing based on the “main thread” approach, where one thread estimates the load and 
makes decisions about creating/terminating worker threads. 

 
Key words: priority queue, scheduling, operating systems, dynamic priority, load balancing 
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 COUNTMIN      
MMIN  COUNTMAX    

  MMAX. 
-   counter   

 0,     
: 

1) if MMIN<counter<MMAX then 
counter=0 

2) if counter<MMIN then 
   if counter<0 then counter— 
      else counter=0 
if counter<COUNTMIN then 
terminate thread 

3) if counter>MMAX then 
   if counter>0 then counter++ 
      else counter=0 
if counter>COUNTMAX then 
create thread 

 
       

        
/       

      
 .     

,    ,  
      

      
. 

     
( /   ),  

 LB  . .   „ ” (thread 
cooldown – TCD).     

,   LB   , 
      . 

 
 
3.   

      
10 ,     10000 

, 30000    
, COUNTMIN=20, COUNTMAX=20, 

MMIN=0.05, MMAX=0.25    
 TCD (   ).   

      
,        

  [12]    
 . 
 

 1. TCD=100 
., 

No 
, 

. 
 ., 

No 
,

. 
1000 3  16000 8 
2000 5  17000 8 
3000 6  18000 8 
4000 7  19000 8 
5000 8  20000 8 
6000 8  21000 8 

7000 8  22000 8 
8000 8  23000 8 
9000 8  24000 8 

10000 8  25000 8 
11000 8  26000 7 
12000 8  27000 6 
13000 8  28000 4 
14000 8  29000 2 
15000 8  30000 1 

 
     

: 6989ms. 
 

 
 
 

. 2. TCD=100 
 

 
 2. TCD=200 

., 
No 

,
. 

 ., 
No 

,
. 

1000 2  16000 6 
2000 3  17000 6 
3000 4  18000 6 
4000 5  19000 6 
5000 6  20000 6 
6000 6  21000 6 
7000 6  22000 6 
8000 6  23000 6 
9000 6  24000 6 

10000 6  25000 6 
11000 6  26000 5 
12000 6  27000 4 
13000 6  28000 3 
14000 6  29000 2 
15000 6  30000 1 

 
     

: 8414ms 
 
 
 
 
 

 No 

 
 

Copyright © 2014 by Technical University - Sofia, Plovdiv branch, Bulgaria  ISSN 1310 - 8271



- 92 -

 

 

 
 
 

. 3. TCD=200 
 

 3. TCD=400 
., 

No 
, 

. 
 ., 

No 
,

. 
1000 2  16000 4 
2000 2  17000 4 
3000 3  18000 4 
4000 4  19000 4 
5000 4  20000 4 
6000 4  21000 4 
7000 4  22000 4 
8000 4  23000 4 
9000 4  24000 4 

10000 4  25000 4 
11000 4  26000 3 
12000 4  27000 2 
13000 4  28000 2 
14000 4  29000 1 
15000 4  30000 1 

 
     

: 11216ms. 
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 4. TCD=600 
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No 
,
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 ., 

No 
,

. 
1000 1  16000 3 
2000 2  17000 3 
3000 2  18000 3 
4000 3  19000 3 
5000 3  20000 3 
6000 3  21000 3 
7000 3  22000 3 
8000 3  23000 3 
9000 3  24000 3 

10000 3  25000 3 
11000 3  26000 2 
12000 3  27000 1 
13000 3  28000 1 
14000 3  29000 1 
15000 3  30000 1 

 
     

: 13478ms. 
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8000 3  23000 3 
9000 3  24000 3 

10000 3  25000 3 
11000 3  26000 2 
12000 3  27000 2 
13000 3  28000 1 
14000 3  29000 1 
15000 3  30000 1 
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: 13536ms. 
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 6. TCD=1000 
ref th    
1000 1  16000 2 
2000 1  17000 2 
3000 2  18000 2 
4000 2  19000 2 
5000 2  20000 2 
6000 2  21000 2 
7000 2  22000 2 
8000 2  23000 2 
9000 2  24000 2 

10000 2  25000 2 
11000 2  26000 1 
12000 2  27000 1 
13000 2  28000 1 
14000 2  29000 1 
15000 2  30000 1 
 

     
: 16837ms. 
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ИЗСЛЕДВАНЕ НА СТОХАСТИЧНИ 
АЛГОРИТМИ ЗА ОЦЕНЯВАНЕ НА 

ПАРАМЕТРИТЕ НА ХАОТИЧНИ СИСТЕМИ 
 

РУМЕН ПОПОВ, РОСИЦА КАЗАКОВА 
 

Резюме: Изследва се възможността за прилагане на стохастични алгоритми за 
оценяване на параметрите на хаотични системи. Използвани са Генетичен алгоритъм 
(ГА) и оптимизация с интелекта на ятото (Particle Swarm Optimization – PSO), за да 
бъдат оценени параметрите на хаотична система на Лоренц. Изпълнени са Монте 
Карло симулации и анализ на статистическата значимост на факторите (F-test). 
Резултатите са сравнени и анализирани. 
 
Ключови думи: хаотични системи, идентификация на параметрите, генетичен 
алгоритъм, оптимизация, интелект на ятото 
 
 

RESEARCH ON STATISTICAL ALGORITHMS 
FOR PARAMETER ESTIMATION OF THE 

CHAOTIC SYSTEMS  
 

RUMEN POPOV, ROSITSA KAZAKOVA 
 

Abstract: The possibility to apply statistical algorithms for parameter estimation of the chaotic 
systems is investigated. The Genetic Algorithm (GA) and Particle Swarm Optimization – (PSO) 
are approved in Lorenz chaotic systems’ parameter estimation task. The Monte Carlo 
simulations and uncertainly analysis of the factors (F-tests) are performed. The results are 
compared and analysed. 

 
Key words: chaotic systems, parameter estimation, genetic algorithm, and particle swarm 
optimization 

 
1. Въведение 

 
Има редица области на идентификацията 

на системи, в които съществуват недобре 
решени проблеми. В часност някои широко 
използвани алгорими за идентификация не дават 
добри резултати при оценката на параметрите на 
модели на силно нелинейни (в пространството 
на параметрите) системи или системи с негладки 
производни или нелинейни ограничения. 

Типичен пример на нелинейни системи, 
динамиката на процесите в които силно зависят 
от избора на началните условия са хаотичните 
системи. През 1963 Лоренц открил първия 
хаотичен атрактор в тримерна автономна

 
 система, докато изучавал атмосферната 
конвекция [2]. Да се създаде хаос нарочно може 
да се окаже нe тривиална задача, но даваща база 
за интересни нови подходи в областите на 
научните изследвания и инженерните 
приложения. На тази база Чен създава хаотична 
система използвайки метода на инженерната 
обратна връзка [3], която топологически не е 
еквивалентна на тези на Лоренц [3,8,15]. 

Исторически  системата уравнения на 
Лоренц е вероятно първата от нелинейните 
динамични системи, открити с цел изразяване на 
силна зависимост между начални условия и 
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хаос. Системата на Лоренц се описва чрез 
следните диференциални уравнения: 

    (1) 
Типични параметри за системата на 

Лоренц са a = 10, c = 28, и b = 8/3, съгласно 
формата на обобщената система на Лоренц от 
Ванечек и Селиковски [1],  

 

 
(2) 

Системата на Лоренц се описва чрез: 

 
(3) 

 
(4) 

Системата на Лоренц задоволява 
условието: 

a12 · a21 > 0, (10 · 28 > 0). 

Чен конструира друга хаотична система 
с помощта на метода за управление на обратната 
връзка [3], чиято топология се различава  от тази 
на Лоренц [3,8,15]. Системата на Чен има 
следната форма: 

   (5) 
Типични параметри за системата на Чен  

са a=35, c=28, и b=3. Тази система е двойствена 
и има подобна проста структура, но показва по-
сложно динамично поведение [8,15]. 

Тук двойствеността се базира на 
класификационните условия, формулирани от 
Ванечек и Селиковски [1].Съгласно 
генерализираната система на Лоренц, системата 
на Чен може да се опише чрез: 

 
(6) 

 
(7) 

Системата на Чен задоволява: 

a12 · a21 < 0; (35 · (−7) < 0). 

Тя може да се класифицира използвайки 
условие в линейния участък A = [aij]: a12. a21 > 0, 
който включва познатата система на Лоренц, 
като специален случай, докато системата на Чен 
задоволява a12. a21 < 0. Следователно системата 
на Чен не принадлежи на обобщената фамилия 
системи на Лоренц. В действителност системата 
на Чен принадлежи на друга приета фамилия от 
хаотични системи [7-13]. Лю и Чен намират 
критична нова хаотична система [7-13], която 
задоволява условието a12. a21 = 0 и представлява 
преход между атракторите на Лоренц и Ченг. 
Този хаотичен атрактор се представя обобщено 
чрез следващата тримерна автономна система: 

    (8) 
Типичните параметри за системата на 

Лю са a = 35, c = 28, и b = 3. Тази система 
свързва системите на Лоренц и Чен. Съгласно 
обобщената система на Лю се описва чрез: 

 
(9) 

 
(10) 

Системата а Лю задоволява a12 · a21 = 0, 
(36·0 = 0).  Новата система не е дифеоморфична 
(дифеоморфизъм - изображение от определен 
тип между гладки многообразия) със системите 
на Чен и Лоренц тъй като структурите на 
собствената стойност не са еквивалентни в 
техните съответстващи точки. Още повече, че 
тези вериги не са топологично еквивалентни тъй 
като не съществува неединична координатна 
трансформация [7]. Лю конструира 
унифицирана система, която съдържа 
посочените по-горе три хаотични системи, които 
са свързани, но не са еквивалентни [5]. Новата 
унифицирана система се описва от: 

(11) 
където α � [0, 1]. Линейният участък от 
системата в уравнение (5), постоянната матрица 
A = [aij] осигурява критичната стойност a12 · a21, 
където съгласно  тази критична стойност цялата 
фамилия от хаотични системи в уравнение  (5) 
може да се класифицира както следва: когато 0 ≤ 
α < 0.8, системата уравнения (5) принадлежи на 
обобщената система на Лоренц, защото с тези 
стойности на α имаме a12 · a21 > 0; когато α = 
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0.8, системата в (5) принадлежи на класа от 
хаоточни системи, тъй като в този случай a12 · 
a21 =0; когато 0.8 < α ≤ 1, системата в (5) 
принадлежи на обобщената система на Чен, 
формулирана в [13], за която a12. a21 < 0. 

Лю и Чен откриват нова Лоренцо-
подобна хаотична система, която може да 
демонстрира едновременно два хаотични 
атрактора[6].: 

   (12) 
където a, b, c са реални константи. Концепцията 
за обобщената система на Лоренц е развита до 
нов клас от системи подобни на тази на Лоренц 
в канонична форма [6]. Такава е следната 
фамилия от системи на Лоренц [6], [14]: 
 

 
(13) 

където ai, bi, ai3, bi3 за i=1,2, cjj за j=1,2,3, и c3, d2, 
d3, c12 са реални константи. Системата в уравне-
ние (10) е обща форма за повечето типични 
тримерни квадратични автономни хаотични 
системи, влючващи системата на Лоренц, 
системата на Чен [3], системата на Лю [7], 
системи подобни на системата на Лоренц [6] и 
системи на Спрот [9]. 

2. Използвани методи 
За провеждане на симулации със стохастични 
модели най-често се използва методът Монте 
Карло. Това е универсален метод за симулация, 
който намира приложение в различни области 
на научните изследвания и в практиката. 
Методът Монте Карло има две важни 
особености: 
� Проста структура на изчислителния 

алгоритъм; 
� Грешката при изчисленията е 

пропорционална на (D/N)1/2, където D = 
const и N - брой на изпитанията. 

За да се намали грешката с един поря-
дък, трябва да се увеличи броят на опитите N. 
Методът Монте Карло позволява да се моделира 
произволен процес, на чието протичане влияят 
случайни фактори. За много задачи, несвързани 
със случайни фактори може изкуствено да се 
въведат вероятностни модели. Поради това за 
методът Монте Карло може да се говори като за 
универсален метод за решаване на задачи. 

В нашия случай ще извършим по 90 
симулационни теста на динамиката на 
хаотичната система с прилагане съответно на 

ГА и PSO алгоритми за оценяване на търсените 
параметри. Ще се оценяват стойностите на 
началните условия по трите координати x0, y0, и 
z0. По време на извършване на тестовете ще се 
варират стойностите на факторите, които 
оказват влияние върху качеството на работа на 
изследваните алгоритми. Това са вероятността 
за кръстосване и степента на мутация за ГА 
алгоритъма и фактора на корекция (обучение), и 
инерцията за PSO алгоритъма. Планът на 
експериментите е централно композиран с по 3 
нива на изменение на факторите. 

За оценяване на значимостта на 
факторите първоначално се извършва тест на 
нулева хипотеза, известен като тест на Фишер 
(F- тест). 

3.Стохастични алгоритми за търсене, 
използвани при идентификацията на 
параметрите на модели 
Важно място при идентификацията на 

системи заема процеса на идентификация на 
параметрите.  Технически добре са обосновани 
редица методи като метод на най-малките 
квадрати, метод на инструменталната 
променлива и метод на максималното 
правдоподобие, които съществуват за оценка на 
параметрите на моделите. Ако пространството 
на търсене не е диференцируемо или линейно по 
отношение на параметрите, често тези техники 
не успяват в търсенето на глобален оптимум. 

Понастоящем използването на техниките 
на изкуствения интелект (ИИ) става възможно 
при редица приложения в областта на 
управлението. Една от най-мощните техники на 
ИИ е генетичният алгоритъм (ГA), който е 
широко използван и прилаган в системите за 
контрол. 

3.1 Генетичен алгоритъм 
Генетичният алгоритъм (ГA) е метод за 

решаване на двата вида оптимизационни задачи 
с и без ограничения, които се основава на 
естествения подбор. Това е процесът, 
задвижващ биологичната еволюция. Генетич-
ният алгоритъм многократно променя 
решенията на индивидуалната популация. Всеки 
път генетичният алгоритъм избира индивиди на 
случаен принцип от настоящата популация за 
родители и ги използва за възпроизводство на 
деца за следващото поколение. При следващото 
поколение популацията се развива като 
оптимално решение. Можем да приложим ГA  за 
решаване на различни оптимизационни 
проблеми, при които не са подходящи 
стандартните оптимизационни алгоритми, 
включвайки проблемите, при които целевата 
функция е прекъсната, недиференцируема, 
стохастична или силно нелинейна. 
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ГA използва три основни правила при 
създаването на следващото поколение от 
настоящата популация: 
� Правила за селекция при подбор на 

индивидите, наречени родители, които 
допринасят за популацията на следващото 
поколение; 

� Правила за кръстосване, комбиниращи 
двамата родители при формирането на 
децата за следващото поколение; 

� Мутация приемат случайни хромозоми на 
родителите при формирането на децата. 

ГA е предложен през 1975г. от Холанд [4]  и се 
основава на концепцията за имитация на 
естествената еволюция на популацията, като 
позволява решения за възпроизводството, 
създавайки нови решения, които след това се 
състезават за оцеляване в следващата итерация. 
Качеството на популацията нараства по време на 
генерациите и накрая се получава най- доброто 
решение. Началната популация P(0) се кодира 
случайно чрез стрингове. Във всяка генерация 
се избрат елементите с най- добро качество като 
база за продължаване на рода, след което се 
обработват чрез три генетични оператора: 
репродукция, кръстосване и мутация, за да 
генерират новото поколение. Въз основа на 
принципа на оцеляване на по-силния се 
получава най- добрата хромозома на кандидата. 
Псевдо кодът на ГA  илюстрира изчислителната 
процедура както следва: 
Процедура ГA 
 Begin 
  t=0 
  инициализирай P(t) 
  изчисли P(t) 
 While изпълнение на условието за стоп 
 Begin 
  t= t+1 
  избери P(t) от P(t1) 
  промени P(t) 
  изчисли P(t) 
 End 
End 

Техниките на генетичния алгоритъм 
(ГА) се прилагат ефективно за оценяване на 
параметрите на модела. ГА едновременно 
оценява много точки в пространството на 
параметрите и се приближава към глобалното 
решение. Той не изисква пространството да е 
диференцируемо или непрекъснато [10,12]. 
Много изследователи прилагат ГА техниките за 
идентификация на линейни и нелинейни 
системи. 

3.2 Концепция на PSO  подхода 
Съществуват множество изчислителни 

техники вдъхновени от биологични системи, 
например изкуствените невронни мрежи са 

опростен модел  на човешкото мислене; ГА е 
вдъхновен от човешката еволюция. Тук се 
дискутира друг тип биологична система – 
социална система и по - специално колективно 
поведение на отделните индивиди при 
взаимодействието им с обкръжението и с 
другите индивиди. Някои го наричат интелект 
на ятото. Всички симулации използват локални 
процеси, като например тези моделиращи 
клетъчните автомати и могат да лежат в 
основата на непредсказуема групова динамика 
на социалното поведение. При тези симулации 
се извършва интерпретация на движението на 
организмите в ято птици или рибен пасаж. Те 
обикновено се използват в компютърната 
анимация или автоматизираното проектиране. В 
областта на изчислителния интелект 
съществуват два популярни метода, вдъхновени 
от поведението на ятото: Ant colony optimization 
(ACO) – оптимизация тип колония от мравки и 
particle swarm optimization (PSO) – оптимизация 
фрагмент от ято.  АСО е вдъхновен  от 
поведението на мравките и намира много 
успешни приложения в дискретните 
оптимизaционни проблеми. PSO концепцията 
произтича от симулацията на опростени 
социални системи. Първоначално намерението 
е било да се симулира хореографията на птица в 
ято или на риба в пасаж, обаче е установено, че 
PSO моделът може да се използва като 
оптимизатор [11]. 

PSO е популационно базирана 
стохастична оптимизационна техника [11], 
разработена от Еберхард и Кенеди през 1995, 
вдъхновена от социалното поведението на 
птиците в полет и рибите в пасаж. PSO има 
много белези с техниките за еволюционно 
изчисление като например ГА. Системата се 
инициализира с популация от случайни 
решения и търси оптимума чрез 
осъвременяване на генерациите. Обаче за 
разликата от ГА, PSO не притежава 
еволюционни оператори като кръстосване и 
мутация. В PSO възможните решения, наричани 
частици летят в пространството на проблема, 
следвайки текущите най-добри частици. В 
сравнение с ГА предимствата на PSO са 
простотата на приложение и малкия брой 
параметри за  настройка,  PSO е успешно 
приложен в много области: функционална 
оптимизация, трениране на изкуствени нервни 
мрежи, управление на размити системи и други 
сфери, където и ГА може да бъде приложен. 

PSO симулира поведението на летяща 
птица. Предполага се следния сценарий: група 
птици случайно търси храна в определено 
пространство. Има само едно парче храна в 
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пространството за търсене, никоя птица не знае 
къде е храната. Те обаче знаят колко далече е 
храната  при всяка итерация. Коя е най- добрата 
стратегия за намиране на храна? Една от 
добрите е да се следва птицата, която е най- 
близо до храната 

PSO е базиран на този сценарий и го 
използва за решаване на оптимизационни про-
блеми. В PSO всяко едно решение е "птица" в 
пространството за търсене на място. Тя се нари-
ча "particle". Всички частици имат стойности на 
качеството, което се изчислява от функцията на 
качеството подлежаща на оптимизация и прите-
жават скорости и посоки на полетата на части-
ците. Те летят през пространството на пробле-
ма, следвайки текущите оптимални частици. 

Процедурата PSO се инициализира с 
група от случайни частици (решения), след 
което търси оптимума чрез обновяване на 
генерациите. При всяка итерация всяка частица 
се обновява чрез следните две най-добри 
стойности. Първата е най-доброто решение 
(качество), което се приема да е твърде далече. 
(Стойността на качеството също се запомня.) 
Тази стойност се нарича pbest. Другата най-
добра стойност, която се проследява от PSO е 
най-добрата стойност постигната от някоя 
частица в популацията. Тази стойност е 
глобално най-добрата и се нарича gbest. Когато 
частицата взема участие в част от полпулацията 
като неин съсед по топология, най-добрата 
стойност е локално най- добрата и се нарича 
lbest. 

След намирането на двете най-добри 
стойности частиците обновяват скоростите и 
позициите си, използвайки следните уравнения: 

v[ ] = v[ ] + c1 * rand( )*(pbest[ ] - present[ ] ) + 
+ c2*rand( )*(gbest[ ] - present[ ] )   (14) 

present[ ] = persent[ ] + v[ ]    (15) 

v[ ] е скорост на частицата, persent[ ] текуща 
частица (решение). pbest[ ] и gbest[ ] са разли-
чни, както бе казано преди това. rand ( ) е 
случайно число между (0,1). c1, c2 са фактори 
на обучението. Обикновено c1 = c2 = 2.  

Псевдокодът на процедурата е следния: 
For всяка частица 
    Инициализация на частицата 
End 
Do 
    For всяка частица 
       Изчисляване на стойността на качеството 
       If стойността на качеството е по-добра от 
       най-добрата предишна стойност (pBest) 
       запомни текущата стойност като нова pBest 
    End 
    Избери частицата с хай-добра стойността на 

    качеството като gBest 
    For всяка частица  
      Изчисли скоростта и по уравнение (a) 
      Обнови позицията и по уравнение (b) 
    End  
While достигане на критерия за спиране 
(максимален брой итерации или минимална 
грешка) 

Скоростите на частиците по всяка 
координата се фиксират (ограничават) до 
максималната скорост Vmax,, в случай, че сумата 
от ускоренията би предизвикала превишаването 
на скоростта над Vmax, което е параметър, 
задаван от потребителя. 

 4.Числени експерименти 
Изпълняват се алгоритми за оценяване, 

базирани на ГA и PSO, за да се намерят 
стойностите на параметрите на нелинейна 
хаотична система. Чрез промяна на факторите  
степен на мутация (в ГA) и скорост на частиците 
(в PSO), се сравнява точността и ефективността 
на алгоритмите на оценяване. Ще изпълним 
експеримента по 90 пъти, използвайки Монте 
Карло симулация и после ще използваме 
средната стойност за оценка на точността. Ще се 
изпълни и анализ на значимостта на факторите 
(F-тест). Степента на ефективност ще се 
определи чрез измерване на времето за 
изпълнение на теста. 
Избираме класическия модел на Лоренц за 
хаотична  система, за да изследваме как 
алгоритмите ГA и PSO ще идентифицират 
параметрите (началните условия) на системата. 

Моделът на Лоренц на хаотична ситема е 
съставен в средата на Simulink и е показан на 
Фиг. 1. 

 
Фиг. 1. Simulink модел на хаотична система на 

Лоренц 
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Параметрите на системата SIGMA, 
BETA, R и началните условия x0, y0, и z0 са 
външни за модела. Те се задават като глобални 
променливи на работното пространство на 
Matlab. 

Резултатите от симулацията на хаотична 
система на Лоренц ако началните условия са :  
x0 = 0, y0 = 1 и  z0 = 0, са показани на Фиг. 2 в x – 
y траектория и на Фиг. 3 в x – z траектория. 

 
Фиг. 2. Графика на X-Y фазова траектория 

 

 
Фиг. 3. Графика на X-Z фазова траектория 

Моделът в Simulink връща симулираните 
стойности на координатите x, y и z в 
променливите x(:,2), y(:,2) и z(:,2). Първият ред 
от тази променливи е времето на симулация. 
Процедурата на изследване, базирана на 
генетичния алгоритъм е записана като функция 
в Matlab използваща следния синтаксис: 
[A B AvSAE] = ga_proc(err, popsize, mutation_r, 
n_generations), 

където:  
A е вектор, съдържащ оценените 'a' параметри; 
B е вектор, съдържащ оценените 'b' параметри; 
AvSAE е вектор на средноаритметичното на 
абсолютната грешка на модела за всички минали 
поколения;  
еrr е допуска на грешката;  

popsize  е размера на популацията;  
mutation_r е скорост на мутацията; 
n_generations е броят на поколенията. 

Синтаксисът на Matlab функцията, 
реализираща алгоритъма за оценявяне, базиран 
на PSO е:  

[A B AvSAE] = pso_proc(swarm_size, 
correction_factor, inertia, iterations, err), 
където A, B, AvSAE и err имат същия смисъл 
като във функцията ga_proc, а освен това:   
swarm_size е размер на рояка;  
correction_factor е скорост (степен) на мутация;  
inertia е коефициент на инерцията; 
iterations е броя на итерациите.  
 

5. Резултати  
Резултатите от идентификацията на 

параметрите на хаотична система чрез 
използване на ГА и PSO са показани съответно в 
Таблица 1 и Таблица 2. Тук са дадени само 
първите 15 резултата от общо 90 на брой 
проведени теста. 
 
Таблица 1. Резултати от теста Monte Carlo за за 
оценяване на параметрите на хаотична ситема 
чрез използване на ГА 
Run 
Nо 

Cross-
over_p 

Mutation_r AvSAE_ 
fin_value 

x0 y0 z0 

1 0,6 0,5 0,098505 1,542 -0,98537 -0,052285 
2 0,2 0,275 0,1749 2,556 -2,3089 -0,0072939 
3 0,6 0,5 0,075074 -0,24461 1,3216 0,057095 
4 1 0,275 0,60238 3,4545 -3,4781 -0,16737 
5 1 0,5 0,066335 0,19064 0,77132 0,015057 
6 1 0,275 0,22434 -0,24986 1,2679 -0,05732 
7 0,6 0,05 1,4379 6,4319 -7,0432 0,52591 
8 1 0,275 0,06122 0,31831 0,57865 -0,018397 
9 1 0,5 0,75645 -4,0031 5,9658 0,62677 
10 0,6 0,5 0,023505 -0,994 2,2728 0,0692 
11 1 0,05 0,18054 0,86819 -0,12454 0,050029 
12 0,6 0,275 0,20538 -3,3922 5,3283 0,39746 
13 1 0,05 0,85293 -1,5019 2,7675 -0,29197 
14 0,2 0,5 0,058228 0,63646 0,18519 -0,041768 
15 1 0,275 0,33681 6,1416 -6,7674 0,82218 
 
Таблица 2. Monte Carlo тест за оценяване на 
параметрите на хаотична система, използващ 
PSO 
Run 
Nо 

Correction  
factor 

Inertia AvSAE_ 
fin_value 

x0 y0 z0 

1 2 0,4 0,26994 1,5792 -6,9554 3,3031 
2 2,4 0,4 0,60053 4,2597 -7,0387 -9,2593 
3 2,4 0,4 0,5462 1,9256 -7,4193 10 
4 2 0,8 0,060609 0,42487 -1,184 1,145 
5 2 0,8 0,11038 3,2454 5,3091 1,2815 
6 1,6 0,4 0,021016 0,13416 0,29541 0,1432 
7 2,4 0,8 0,12584 2,269 9,7227 -2,5956 
8 2,4 0,6 0,57805 -1,1474 7,2752 10 
9 1,6 0,4 0,39141 -1,7529 9,6667 6,0285 
10 1,6 0,6 0,042522 0,24392 -0,27394 0,37148 
11 1,6 0,8 0,6092 2,059 -8,2115 10 
12 2 0,6 0,11712 0,50805 -1,5928 1,5421 
13 2 0,4 0,011935 -0,19543 2,079 -0,37443 
14 1,6 0,4 5,0224 5,5716 -10 -1,1942 
15 2,4 0,4 0,021206 0,20992 -0,19342 2,1618 
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Средните стойности на параметрите 
изчислени от ГA и PSO алгоритмите са показани 
в следващата Таблица 3. Може да се отбележи, 
че в този случай PSO дава по-точни резултати. 

 
Taблица 3. Средни стойности на оценките на 
параметрите x0, y0, z0 и AvASE 
Алгоритъм Средно 

AvASE 
Средно x0 Средно y0 Средно z0 

ГА 0.9713 1.3636 0.5796 0.2570 
PSO 0.5827 0.6974 0.3582 2.5293 
Оригинал  0.0000 1.0000 0.0000 

 
Ефективността на  ГА е малко по-добра от тази 
на PSO.  

Също се извършва анализ на значимост 
за различни параметри за ГА и PSO, показан на 
Фиг.4 и Фиг.5 съответно. Най-добрите 
стойности за параметъра кръстосване и степента 
мутация са 0,2 и 0,5. Най-добрите стойности за 
коефициента на корекция и инерцията са 2,4 и 
0,6. 

 
Фиг. 4 Тримерна диаграма на разсейване на 

AvSAE в зависимост от факторите на 
кръстосване  и мутация при ГА 

 
При тест на нулева хипотеза F-теста, за 

всеки от тестваните алгоритми има резултат, 
както е посочен  по-долу: 

ГА: F > P за всички фактори 
Факторът вероятност за 
кръстосване е значим 
F = 0.5818; P = 0.1764 

Факторът степен на 
мутацията е значим 
F = 9.4417; P = 0.1764 

PSO: F > P за всички фактори 
Факторът корекция е 
значим 
F =  0.8905; P = 0.1764 

Факторът инерция е 
значим 
F = 1.6092; P = 0.1764 

Продължителноста на изпитването за 
всички 90 оценки за всеки случай (ГА и PSO) се 

измерва, за да се провери ефективността на 
алгоритмите. Отчетените резултати са: 
Продължителност на теста за ГА: 1h 28min 
23.5630s. 

Продължителност на теста за PSO: 1h   
34min 11.1400s 

 

 
Фиг. 5 Тримерна диаграма на разсейване на 

AvSAE в зависимост от коефициента на 
корекция и инерцията при PSO 

Следващата Фиг.6 показа сортираните 
стойности на AvSAE за двата алгоритъма PSO (в 
червено) и ГА (в синьо). От тук се вижда, че 
процедурата по PSO дава по-точни стойности на 
параметрите на системата.  

 

 
Фиг. 6 Сортирани стойности на грешката за 

двата алгоритъма: PSO-в червено и ГА-в синьо 

6. Изводи 
1. И двата алгоритъма ГA и PSO са подходящи 
за използване в процеса на оценка на 
параметрите на нелинейни хаотични системи от 
класа на Лоренц. 
2. Таблица 3 и фиг.6 показват, че PSO 
алгоритъма дава значително по-точна оценка. 
3. Най-добра стойност на фактора вероятност за 
кръстосване в ГA е 0,2. За степента на мутация 
тази стойност е 0,5. 
4. Най-добри показатели (минимална грешка) 
при прилагане на PSO се демонстрират при 
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коефициент на корекция 2.4. За инерцията тази 
стойност е 0,6. 
5. ГA отчита малко по-добра ефективност 
(производителност), но разликата в 
продължителността на теста, е много малка. 
6. При оценката на началните условия в 
хаотични системи с помощта на ГА и PSO за 
постигането на задоволителна точност са 
достатъчни 30 поколения (итерации). 
Постигането на по-висока точност е възможно 
чрез увеличаване на броя на итерациите за 
сметка на влошената производителност на 
методите. 
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СТРУКТУРНА ИДЕНТИФИКАЦИЯ НА 
СИСТЕМИ С ИЗПОЛЗВАНЕ НА АЛГОРИТМИ 

НА ИЗКУСТВЕНИЯ ИНТЕЛЕКТ 
 

РОСИЦА КАЗАКОВА, РУМЕН ПОПОВ  
 

Резюме: Изследва се възможността за прилагане на стохастични алгоритми за 
идентификация на структурата на линейни системи. Използвани са генетичен 
алгоритъм (ГА) и оптимизация чрез интелекта на ятото (Particle Swarm Optimization – 
PSO), за да бъде оценен реда на разширен авторегресионен (ARX) модел. Извършени са 
Монте Крло симулации и резултатите от оценяването са сравнени и анализирани. 
 
Ключови думи: структурна идентификация, генетичен алгоритъм, оптимизация, 
интелект на ятото, ARX модел. 
 

STRUCTURAL SYSTEM IDENTIFICATION 
USING ARTIFICIAL INTELLIGENCE  

ALGORITHMS  
 

ROSITSA KAZAKOVA, RUMEN POPOV 
 

Abstract: The possibility to apply stochastic algorithms for structure estimation of the linear 
systems is investigated. The Genetic Algorithm (GA) and Particle Swarm Optimization – (PSO) 
are approved to estimate order of the Autoregressive exogenous (ARX) model. The Monte Carlo 
simulations are performed and the results are analysed. 
 
Key words: structure identification, genetic algorithm, particle swarm optimization, ARX 
model 

 
 

1. Въведение 
Структурната идентификация представ-

лява избор на структурата на математични 
модели, описващи процесите в изследваните 
обекти. До момента не съществуват изчерпател-
но разработени формализирани процедури за 
избор на структура на модел.Това се обяснява с 
факта, че [5]: 
1) в системите за управление се използват 
математични модели, които отразяват най-
важните параметри на протичащите процеси. 
Затова при идентификацията се използва 
принципа на „черната кутия”; 
2) опитът да се използват физични закони за 
описание на природни процеси може 
съществено да усложни процедурата по 
получаване на математичния модел, затова не е 

необходимо да се описват процеси, които нямат 
връзка с физически закони или имат сложно 
математично представяне. 
3) идентификацията на нови (недостатъчно 
изучени) обекти се базира само на принципа на 
„черната кутия”, а това винаги води до поява на 
неопределености, които е необходимо да се 
преодоляват; 
4) всеки реален обект винаги е свързан с 
външната среда и затова на етап избор на 
структура на модела е необходимо да се отчитат 
реалните ограничения.Това съществено влияе на 
самия подход за получаване на математичното 
описание. Математичния модел трябва да се 
конкретизира до такова ниво, до каквото 
допуска информацията за системата. 
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Така например, в [7] се отбелязва, че "в 
момента не съществува общоприета методика за 
структурна идентификация. Причината е в това, 
че сред специалистите съществуват два различ-
ни образа на структурна идентификация. На 
концептуално ниво всички специалисти са съг-
ласни, че интуицията и жизнения опит играят 
съществена роля. На ниво конкретно теоретично 
изследване усилията са насочени към структу-
риране и абсолютна формализация на даден 
процес”. 

Доминираща роля в теорията на иденти-
фикацията заемат статистическите методи. С 
помощта на тези методи [8,9,13] могат да се 
решат задачи от структурната идентификация, 
като избор на най-важни променливи, оценка на 
степента на нелинейност и други, които позво-
ляват обосновано да се подходи при избора на 
структура на моделите. 

В [1] се предлага теоретико-емпиричен 
подход за избор на структура на модела. Отна-
чало, въз основа на предварителна информация 
за изучавания процес или обект, се формира 
предполагаема структура на модела. След това 
на основа на експериментални данни се изпъл-
нява проверка за адекватност на модела и в слу-
чай на неудовлетворителни резултати се правят 
структурни изменения или се изпълнява адапта-
ция на параметрите. Това е общоприет подход за 
избор на структура на модела. След това се пра-
ви параметризация на модела, която за класа на 
линейните модели се свежда до задаване на 
множество предавателни функции и модел на 
шума.  

В [13] се предлага процедура, която де-
тайлизира подхода, предложен в [1], с отчитане 
на допълнителна априорна информация за сис-
темата ”обект-среда”. Процедурата включва 
избор на типа модел (линеен, нелинеен и др.), 
определяне на реда на модела. Тъй като всички 
формализирани процедури се прилагат много 
трудно, поради споменатите по-горе причини, то 
за получаване на структура на модели обикно-
вено се прилагат итеративни методи за зададен 
априори клас модели. Този подход е доминиращ 
и е в основата на метода за групово отчитане на 
аргументи [3]. Използвайки такава итеративна 
процедура трябва да се вземе решение за спира-
не на процедурата по структурната идентифика-
ция. Най-разработените методи на структурна 
идентификация са по параметри на модела. Из-
бора на критерий зависи от типа смущения, въз-
действащи върху обекта и целите които се пос-
тавят при идентификацията. Най-често се изпол-
зват следните критерии, отчитащи адекватност и 
ред на модела.  

 

Информационен критерий Акаике (AIC) [13]  
���(�) = − �

� ��(�, �, �∧)  (1), 
където k – ред на модела; LN (e, X , Aˆ) – 
логаритмична функция на вероятността, 
зависеща от грешката от предсказване на изхода 
на системата с помощта на модела e, Хϵ Rᵐ – 
вектор на  обобщения вход, Aˆϵ Rᵏ – вектор на 
параметрите на модела. 

Този критерий съществено ограничава 
ръста на сложност, поради присъствие на адити-
вен член  k / N. Проблемът при използването на 
този критерий AIC е в това, че в практическите 
задачи функцията на разпределение на смуще-
нията е неизвестна, ако функцията на разпреде-
ление на смущенията има нормално разпределе-
ние, то от 1, получаваме критерия на Маллоуза 
[13]: 

���(�) = �
� + �

� ��2� + �
� �� ��

� � ���
�
� (�ˆ)� + �

�  

(2), 
където еn ϵ R – грешка от предсказване на 
изхода на системата, n – брой измервания, N – 
дължина на извадката от експериментални 
данни. 
Критерий Байес-Шварц (BSC) [2]: 

��� = � ���
� + �

� ����(�ˆ)  (3) 
Използва се при голяма извадка от 

експериментални данни. 
Критерий ентропия на модела [11]: 

��� = � + ����(�ˆ)   (4) 

Критерий остатъчна сума от квадрата на 
грешките на модела (RSS) [13] :  

��� = � ���
�
� = � (�� − �ˆ�)��

�   (5), 

където yˆn – изход на модела. 
Величината RSS  може да служи за кри-

терий за избор на структура само при липса на 
смущения. При наличие на смущения се използ-
ват производни на този критерий. В частност, 
ако смущението има нормално разпределение, 
то може да се използва коригиран RSS критерий 
и статистика на Фишер. 
Въз основа на критерия остатъчна сума от 
квадрата на грешките на модела (RSS) е 
създаден критерий - крайна прогнозна грешка 
[13]: 

���(�) = ���
��� ���(�)   (6) 

 
Този критерий за разлика от предишните 

не се нуждае от допълнителна информация за 
свойствата на смущенията. 

За идентификация на реда на динамич-
ните системи, освен описаните по-горе подходи 
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и критерии могат да се използват методи, осно-
вани на анализа на автоко-релационни функции 
[1,8], информационни матрици [12], на статис-
тически методи и процедури по параметрично 
оценяване [6,13].Това са така наречените неявни 
методи за определяне на реда. В [4] е предложен 
явен метод за намиране на реда на динамичната 
система като решение на определено неравенст-
во, получено въз основа на съотношения ранг на 
матрица и състояние на система. 

Въз основа на обзора за структурната 
идентификация следва, че най-подробно са раз-
работени методи за класа регресионни модели. 
В основата на всички процедури и методи, избо-
ра на структура се базира на статистическите 
хипотези и използване на различни статистичес-
ки критерии. 

2. Използвани методи 
В задачата за идентификация на 

структурата на ARX (авторегресионенен външен 
модел), чрез използване на функцията sel-
struc.m се избира структурата (реда) на модела 
на базата на информацията, съдържаща се в 
матрицата V, получена като изход на Матлаб 
функциите arxstruc или ivstruc. 
Синтаксисът на командата е следния: 
[NN,Vm] = selstruc(V,c) 

Тук c е параметър за избор на критерий. 
Стойността по подразбиране на с е 'plot' 
(графика). Графиката показва процентите на 
вариациите на изхода, които не се обосновават 
от модела, като функция на броя на 
използваните параметри. Всяка стойност дава 
най-добрата настройка на модела при 
съответния брой параметри. Чрез кликане върху 
графиката (Фиг.1), може да се провери реда на 
структурите, които ни интересуват. Чрез 
кликане върху Select, променливата nn се 
експортира в работното пространство на Матлаб 
workspace като оптимална структура на модела 
с избран брой параметри. Може да се направят 
няколко избора. Тази настройка (по 
подразбиране) предполага ръчен режим на избор 
на оптималната структура. За да се автоматизира 
процеса на структурна идентификация се 
задават други стойности на параметъра c - 'aic', 
‘mdl’ и n. В този случай, с цел ускоряване на 
изчислителния процес, графика не се извежда. 

c = 'aic' не ни дава графика, а връща в nn 
структурата, която минимизира информацион-
ния критерий на Акаике (Akaike) (AIC). 

 

���� = � �1 + 2�
� �                        (7), 

 

където V е функция на загубите, d е общият брой 
параметри във въпросната структура и N е броят 
на точките от данните, използвани за 
оценяването.  

При c = 'mdl' се връща структурата, 
която минимизира критерия на минималната 
дължина на описанието на Rissanen (Minimum 
Description Length - MDL) [10]. 

���� = � �1 + ����(�)
� �                    (8)      

Когато на c се зададе числена стойност, 
структурата се избира чрез минимизацията на: 

 

   ���� = � �1 + ��
� �                                    (9) 

Изходящият аргумент Vmod има същия 
формат като V, но съдържа логаритъма на 
съответния модифициран критерий. 
 

 
 
Фиг. 1. AIC избор за структурата на ARX – 

модела чрез използване на функцията в Matlab 
selstruc 

 
Най-напред се избират входните 

фактори, които ще бъдат варирани при различ-
ните реализации на тестовете. В GA те са:  
� Crossover_p – параметър на вероятността 

на кръстоска;  
� Mutarion_r – скорост (степен) на мутация. 

За PSO тестовете тези фактори са: 
� Inertia – инерция; 
� corrction_factor – корекция (фактор на 

обучение). 
При следващата стъпка се съставя 

централно композиран план на експеримента. 
Използва се само една централна точка за 
получаване на симетрично разпределение на 
еднакво отдалечени стойности в пространството 
на параметрите. За целта се прилага Матлаб 
функцията ccdesign. Резултатите от 
планирането при ГА са показани на Фиг.2. За 
изобразяването им се използва функцията plot-
GaSim.m  

Copyright © 2014 by Technical University - Sofia, Plovdiv branch, Bulgaria  ISSN 1310 - 8271



- 106 -

 
 

 
Фиг.2 Тестова матрица за двуфакторен 

централно композиран план на експеримента. 
 

След това се задават рамките на 
изменение на факторите: 
� Вероятност за кръстосване- Crossover_p  = 0 

… 1; 
� Мутация- Mutation_r = 0.05 … 0.5. 

Таблицата с матрицата се умножава с 
коефициент n=10 за да се изпълнят не 9, а 90 
теста,  защото изходящата стойност AvSAE ( ) е 
статистически зависима от това. След това 
параметрите се композират и нормират към 
границите в пространството на параметрите, 
чрез използване на функцията coded2real.  

Позицията на факторите в 
пространството на параметрите при ГА е 
показана на Фиг.3. 

 
Фиг.3 Позицията на факторите в 

пространството на параметрите при GA-
тестовете. 

Аналогично се композират и факторите 
при PSO тестовете. Позицията на факторите в 
пространството на параметрите при PSO е 
показана на Фиг.4. 

 

 
Фиг.4 Позиция на факторите в 

пространството на параметрите при PSO 
тестовете 

 
В следващата стъпка стойностите на cor-

rction_factor, inertia, mutation_r и crossower_p 
се разбъркват случайно. Тестът се изпълнява по 
90 пъти и за двата алгоритъма. Крайната 
стойност на променливата AvSAE е  изходен 
параметър. Това е средната стойност 
(средноаритметично) на сумата на абсолютните 
грешки – разлики между данните и изходите на 
модела в края на процеса на оценяване. Ако в 
генетичния алгоритъм са осъществени 50 
поколения, тогава ще се използва последната 
колона в променливата AvSAE (50).  

Системното време се засича преди 
стартиране на симулацията, която се повтаря 90 
пъти с разбърканите стойности на вариациите на 
факторите. След симулацията се засича и 
времето за спиране. В края на процеса на 
тестване матрицата АА съдържа стойностите na 
nb  и nk на оптималния ред (степен) на ARX 
моделa на изследвания процес за всички 
проведени тестове.  
 

3. Резултати 
В това изследване, в качеството на вход-

ни се използват данните, снети от лабораторен 
експериментален макет PT326 на фирмата Feed-
back [14]. Процесът представлява въздушен по-
ток, продухван от вентилатор през тръба с наг-
ревател. Въздухът се нагрява във вътрешността 
на тръбата. Входна величина е напрежението на 
нагревателя, а изходна – температурата на 
въздуха на изхода на тръбата. Данните от 
реалния обект се предават към задачата за 
идентификация на структурата чрез зареждане 
на файла dry2.mat. Входните и изходни данни са 
представени графично на Фиг.5. 
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Фиг.5 Входни и изходни данни от обекта 

 
Индексите за реда в модела се 

ограничават в диапазона [1 … 10]. 

5.1 Идентификация на структурата на ARX-
модел чрез използване на GA 

Резултатите за първите 20 (от общо 90) 
теста, получени чрез използване на GA са 
показани в Таблица 1. 

 
Таблица 1. Резултати от идентификацията на 
структурата на на линеен ARX – модел, 
получени чрез използване на GA. 
Run 
Nо 

Crossover_p Mutation_r AvSAE_ 
fin_value 

na nb nk 

1 0,2 0,5 -2,0641 5 4 2 
2 0,6 0,05 -2,0641 5 4 2 
3 0,2 0,5 -2,0646 4 5 2 
4 1 0,5 -2,0621 3 6 2 
5 1 0,275 -2,0588 5 5 2 
6 1 0,05 -2,0452 7 6 1 
7 0,2 0,05 -2,0636 3 5 2 
8 1 0,275 -2,0641 5 4 2 
9 1 0,275 -2,0641 5 4 2 
10 0,6 0,275 -2,0646 4 5 2 
11 0,2 0,5 -2,0641 5 4 2 
12 0,2 0,05 -2,0233 5 3 3 
13 0,6 0,05 -2,0646 4 5 2 
14 1 0,05 -2,0556 9 4 2 
15 1 0,275 -2,0641 5 4 2 
16 0,6 0,05 -2,0597 10 4 2 
17 0,2 0,275 -2,0646 4 5 2 
18 0,6 0,275 -2,0646 4 5 2 
19 0,2 0,5 -2,0641 5 4 2 
20 1 0,05 -2,0537 3 7 1 
 

В повечето случаи процедурата, 
прилагаща генетичния алгоритъм (GA), връща 
стойностите: na = 4, nb = 5, nk = 2. 

5.2 Идентификация на структурата на ARX-
модела чрез използване на PSO 

Резултатите от оценяването на 
структурата на линеен ARX – модел (първите 20 
от общо 90 теста), получени чрез използване на 
PSO са показани на Табл. 2. 
 

Таблица 2. Резултати от идентификацията на 
структурата на линеен ARX – модел, получени 
чрез използване на PSO 
Run 
Nо 

Correction
_factor 

Inertia AvSAE_ 
fin_value 

na nb nk 

1 2,4 0,6 0,10694 3 10 10 
2 2 0,4 0,10694 3 10 10 
3 2,4 0,4 0,10694 3 10 10 
4 2,4 0,8 0,10694 3 10 10 
5 1,6 0,4 0,10694 3 10 10 
6 2 0,8 0,10694 3 10 10 
7 2 0,8 0,10694 3 10 10 
8 1,6 0,8 0,10694 3 10 10 
9 2,4 0,6 0,10694 3 10 10 
10 1,6 0,4 0,10694 3 10 10 
11 2 0,6 0,10694 3 10 10 
12 2,4 0,6 0,10694 3 10 10 
13 2,4 0,6 0,10694 3 10 10 
14 2 0,8 0,10694 3 10 10 
15 2 0,6 0,10694 3 10 10 
16 1,6 0,4 0,10694 3 10 10 
17 2,4 0,6 0,10694 3 10 10 
18 2,4 0,4 0,10694 3 10 10 
19 1,6 0,4 0,10694 3 10 10 
20 1,6 0,6 0,10694 3 10 10 
 

Процедурата PSO връща всеки път 
еднакви погрешни стойности на структурните 
индекси на ARX-модела. 

Сравнението на алгоритмите за търсене в 
този случай показва, че GA работи сравнително 
добре в тази задача: 
na = 4, nb = 5, nk = 2 – същият резултат като 
функцията в Matlab function, m (виж Фиг.1). 
Алгоритъмът PSO не работи добре в тази задача.   

 
4. Изводи 

1. Структурата на ARX модела е подходяща за 
оценяване на структурата на реални обекти, чрез 
използване на обичайни или еволюционни 
алгоритми; 
2. Размер на популацията от 30 индивида е 
достатъчен за процедура на оценяване на 
параметрите на ARX модел от нисък ред чрез 
използване на подход, базиран на генетичния 
алгоритъм; 
3. В задачата за идентификация на структурата 
на ARX модел не е подходящ подходът, базиран 
на  PSO. В този случай  GA работи добре и дава 
сравнително точна идентификация на 
структурата;  
4. В конкретния случай структурата на ARX 
модела не съответства на тази на модел, 
съставен на базата на математичното описание 
на реалните физични процеси в разглеждания 
обект. Характерна разлика е наличието на чисто 
закъснение, дължащо се на необходимото време 
за транспортиране на въздуха през тръбата на 
сушоара. Дори при такава ситуация процесът на 
идентификация на структурата дава 
задоволителни резултати;  
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5. Добре би било да се направят аналогични 
изследвания, базирани на използването на 
нелинеен ARX – модел и да се сравнят 
резулатите с тези, получени в настоящата 
статия. 
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INVARIANTS OF ELECTRICAL MOTORS 
POWER SAVING CONTROL LAWS 

 
IVAN KOSTOV, VASIL SPASOV, GEORGI IVANOV 

 
Abstract: Mathematical models of energy invariants in the main types of electric machines have 
been obtained and summarized for their control in relative and absolute terms. Results are 
presented of the computational procedures for quantitative evaluation of the invariant power 
loss in relative units. The procedures are performed by mathematical models following the 
example of DC machine. The validity of the results is confirmed by comparative analysis with 
inefficient power loss at a constant torque in the first zone and at constant power/torque in the 
second zone. The final results are presented in graphical form. Guidance is given for future 
research. 

 
Key words: DC motor, induction motor, synchronous motor, energy invariant, control, power 
losses. 
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ADVANTAGES OF USING NEW CONTROL 
SYSTEMS OF RATIO „AIR-FUEL” 

 
ZACHARY KAVROSHILOV 

 
Abstract:The article presents properties ofnew systems for control an optimal ratio "air-fuel"that 
complement their  advantages compared to existing ones. Analyzed cases of combined 
interference task and brought to site disturbance.New approaches and solutions related to the 
practical aspects are discussed. 
 
Key words: ratio air-fuel control, boiler control 
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CONTROL SYSTEM CONFIGUR TION OF 
A ROBOTIZED WIRELESS SENSOR NETWORK 

 
SEVIL AHMED 

 
Abstract: Wireless communications in recent years mark a significant growth. Number of 
applications already use wireless communication modules in the meaning of transmission 
elements, mobile computing devices and sensors. On the basis of the wireless communication is 
possible unification of these modules in the so-called Wireless Sensor Networks (WSNs). A 
basic designing and configuration of a robotized WSN control system is presented in this 
article. This is the necessary step of developing adaptive control algorithms for the robotized 
nodes in modern WSNs. A prototype of robotized WSNs is present, where the central node (host) 
is a PC while the peripheral nodes (targets) consist of mobile robots. 
 
Key words: robotized sensors, wireless sensor networks, distributed systems 
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    ( )  
      
. 

     [6]: 
    –  :  

 (Caster, left, and right wheel drop sensors); 
    –  : 

 (Left and right bumper); 
      

 –  :   (Left, 
front left, front right and right cliff sensors); 

    
(Omnidirectional IR receiver). 
 

 
. 9.      

 
   iRobot Create 

     
      

. 

3.     
    

    
    

“target”    QuaRC   
Quanser Consulting Inc.,     

      
   

 ,   
  Matlab/Simulink   

 „host“    
QuaRC.     

        
     .  

 
 

3.1.     
QuaRC     „host-
target“ 

    iRobot 
Create        

 Matlab/Simulink     
    QuaRC.   

 QuaRC   : QuaRC 
host  QuaRC target.  
 QuaRC target    QuaRC  

   ,    
  Simulink     

 . -  QuaRC target 
    : 
      

  QuaRC host . 
       

 . 
     

 QuaRC host . 
        
  QuaRC host .  

       
     

,       
   . 

 QuaRC host    , 
   : 
   Simulink   C 

       
MathWorks - Real-Time Workshop (RTW).  

   Simulink   
      

        .  
      

    Microsoft Visual C++  
      

      
  (*.wcl). 
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      (*.wcl)  

QuaRC target. 
      

      
 . 

       
       QuaRC 

target . 
   TCP/IP   

 QuaRC target . 
       

         
   MATLAB. 

     
  QuaRC target . 

 QuaRC host    
   ,  

QuaRC target     
     

  (     ) 
       

  (   gumstix 
verdex pro XL6P    iRobot Create). 

 
3.2.   gumstix verdex 

pro XL6P COM (target) 
    

gumstix verdex pro XL6P  Ångström Linux 
.      

      (  
   OpenZaurus, 

OpenEmbedded, OpenSIMpad)     
   .   

     
 microSD       

  ( . 10),    
    - 

http://www.gumstix.org/getting-started-guide.html 

 
. 10.     Ångström 

Linux   gumstix verdex (1-   
; 2-   ; 

3-     microSD ; 
4-   ) 

    
    

   
 gumstix verdex XL6P COM  QuaRC 

target.     QUARC 
 (your_quarc_license_name.qlic)  

   (quarc_2.3.0-
r1_armv5te.ipk)      

   (  
  /home/root).   

  : 
root@quarc gumstix:~$ ipkg install
quarc_2.3.0 r1_armv5te.ipk
    : 
Installing quarc (2.3.0 r1) to root...

 
     

     Single-User 
Linux Verdex Setup: QUARC Installation and 
License Configuration  [7].  

 
3.3.     

    
   „ “  
      

 .    
      

         
 :  

    IP   
  gumstix verdex ( ); 

      
    gumstix verdex. 

  ,   
   Sweex LW050V2, 

eXtended Range™ 54Mbps Wireless Router ,   
target     IP   
192.168.50.199.    

   gumstix verdex  
   ,   

     :  
root@gumstix custom verdex:~$ vi
/etc/interfaces
auto wlan0
iface wlan0 inet dhcp

wireless_mode managed
wireless_essid any

pre up wpa_supplicant Dmarvell iwlan0
c/etc/wpa_supplicant.conf –Bw down killall
wpa_supplicant

root@gumstix custom verdex:~$ vi
/etc/wpa_supplicant.conf

network={
ssid="Breeze"
psk="Breeze_password"
}
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    SSID-  , 
    Breeze    

 (psk).    
    ,  

       .  

4.   
   - ,  
     

     
     ( ) host 

      
    iRobot Create (target). 

    
     

   ,   
Matlab/Simulink   QuaRC.  

   Simulink  ( . 11) 
 

 
. 11. Simulink   

  
 

      
      ,  
:     External  

  ( . 11);   target 
 (quarc_linux_verdex.tlc)    

,    target 
 (gumstix verdex),    

     ( . 12). 
 

 

  
 

. 12.       
  

 
   Simulink 

,        
 QuaRC (  

QUARC/Preferences) ( . 13).   Model 
 Target   URI (Uniform Resource 

Identifier,    
)   . 

 

 
. 13.    

„host-target” 

Play         Connect to Target 
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    “host-
target”   IP     

  URI ( . 13).    
  (     

„ “)      
 URI.  

      
  Roomba Run Demo ( . 11). 

     
     Roomba 

Initialize ( . 14). 
 

 
 

. 14. Simulink   
  

 
      

 Roomba Demos ( . 15). 
 

 
 

. 15. Simulink   
  

 
 

  ,   
  gumstix verdex.   

   Matlab   
      

     : 

### Created executable
quarc_gumstix_target_demo_model_roomba.
rt linux_verdex

### Downloading
quarc_gumstix_target_demo_model_roomba
to target
'tcpip://192.168.50.199:17000' ...

### Model
quarc_gumstix_target_demo_model_roomba
has been downloaded to target
'tcpip://192.168.50.199:17000' (110551
bytes)

 
     

    -   
.     

     
   target-     

    Simulink ( . 15).  
     

    
  gumstix verdex (  3.2) 

    QuaRC,   
    target- : 

  
root@gumstix custom verdex:/etc/init.d$
./quanser_license_manager start
Starting the Quanser License Manager...
Quanser License Manager[997]: The Quanser
License Manager service is listening on
localhost port 16999
The Quanser License Manager has been
started with PID = 997.

root@gumstix custom verdex:/etc/init.d$
./quarc_target_manager start
Starting the QUARC Target Manager...
QUARC Target Manager[1010]: The QUARC
Target Manager service is listening on
tcpip://localhost:17000
The QUARC Target Manager has been started
with PID = 1010.

 

 
 

. 16.     
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      URI 

     - . 
      
     

    . 
   

   
     
.  ,    

  ,   
    host  

    . 
 
 

5.      
  

   
   

      
.     
  -  ,  

  ( )  
      

    . 
     

    
     
    ( ),    

 .     
     

gumstix verdex pro      
     ,  

          
    .  

    -
     

       
   ,  
     , 

    –  – 
  . -     

      
     , 

    
. -      

     
      

 ,  
    . ,  

        
      

   [4,5]: 
     –  

  ,   
 ( ); 

     
   –     

      
   ; 

       – 
        

.     
        

       
 . 

 
 

    
      

   -  -  141 0012-19. 
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KINEMATICS OF A TWO-AXIS OFF-ROAD 
VEHICL  

 
V LENTIN BACHEV 

 
Abstract: Any vehicle is a complex mechanical system. It is composed of units, interconnected 
with kinematic pairs, elastic and elastic-damping elements. Vibration study of a vehicle includes 
a study of the free non-subsiding oscillations, subsiding oscillations and forced oscillations. The 
forced oscillations are a consequence of the internal combustion engine operation and of the 
kinematic disturbances, caused by the vehicle movement on the roadway surface. Different 
dynamic models are created for the different types of oscillations. The goal of the work 
presented is the investigation of the kinematics of a two-axis off-road vehicle. For the created 
kinematic model, the equations of the angular velocities of the units have been derived, as well 
as the equations of the linear velocity rates of the gravity centres of the units. The derived 
equations are used for research into the free and the forced vibrations of the two-axis off-road 
vehicle. 

 
Key words: Kinematic model, linear speed, angular speed, off-road vehicle 
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AN AUTOMATIC MACHINE WITH A RECHARGE  
MECHANISM DRIVEN BY TWO GAS ENGINES 

 
V LENTIN BACHEV 

 
Abstract: For shooting practice with a pistol and a rifle, as well as in the shooting sports and 
biathlon, rimfire cartridges are used. Fired, their bullets do not ricochet, when meeting a 
barrier. For practical shooting with a pistol, self-charging pistols are used. They have different 
constructions. Their automaticity of recharge involves a blowback system. The latter is driven 
by a ballistic motor which accelerates the bullet. Based on the automatic machine AK -74, a 
machine pistol has been created for shooting practice, for work with rimfire cartridges. Its 
automaticity of recharge involves a blowback system. The automatic machine AK -74 has a gas-
offset recharge mechanism. The automaticity basic unit is driven by a side engine. The 
automatic machine AK-74 works with cartridges, whose bullets ricochet, depending both on the 
angle of touch with a barrier and on the mechanical properties of the latter. Another feature of 
these bullets is the big distance of their striking effect. Because of the listed features, these 
cartridges are unsuitable for training in conditions simulating urban environment. The purpose 
of this article is the examination of the kinematic scheme of an automatic machine with a 
recharge mechanism, driven by two engines. 

 
Key words: Blowback system, automatic firearm operation. 
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MECHANICAL-MATHEMATICAL MODEL OF 
STIRLING ENGINE WITH RHOMBIC DRIVE 

MECHANISM  
 

VALYO NIKOLOV 
 

Abstract: This article describes the mechanic-mathematical model of -type Stirling engine 
with rhombic drive mechanism that can explore different dynamic processes of existing and new 
engines of this type. After determining of the necessary physical and geometrical parameters of 
the Stirling engine and the electric generator, the analytical relationships of their kinematics 
and power parameters are obtained. Taking into account the variation of the reduced mass 
inertial moment of the system to the crankshaft, a differential equation of rotary motion is 
obtained, depending on the position of the shaft. The function of the angular acceleration is 
determined, which successively, by double numerical integration, determines the angular 
velocity and the angle of rotation of the crankshafts. 

 
Key words: Stirling engines, rhombic drive mechanism, mathematical modeling. 
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ADVANTAGES OF THE GEROLLER NON-
SEPARATOR CONSTRUCTION OVER THE ONE 

ONLY WITH CYCLOID PROFILES 
 

NIKOLA NACHEV 
 

Abstract: In the present publication are examined the advantages of the geroller non-separator 
construction of hydraulic pumps over the one only with cycloid profiles of the two rotors, 
through the aspect of the rigidity theory for contact stress. 

 
Key words: contact stress, gerotor pump, geroller non-separator construction, advantages 
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СТУДЕНТСКИТЕ СТАЖОВЕ И
ПРАКТИЧЕСКОТО ОБУЧЕНИЕ НА

СТУДЕНТИТЕ
ХРИСТИНА ДАЙЛЯНОВА, ИВАНКА ДЕКОВА

Резюме: Анализират се мненията на 50 студента и техните ментори за опита им от
стажантската програма на МОН. Търсят се предимства и възможни  недостатъци при
пребиваването на студентите в реална бизнес среда.Разглежда се също и степента на
постигане на поставените цели за придобиване на практически опит и усъвършенстване
на практическите умения на студентите в съответствие с пазара на труда.

Ключови думи: обучение, практическо обучение, практическите умения, реална бизнес
среда.

INTERNSHIPS AND PRACTICAL TRAINING OF STUDENTS
HRISTINA DAYLYANOVA, IVANKA DEKOVA

Abstract: The opinions of 50 students and their mentors about their experience with the
internship program of the Ministry of Education have been analyzed. Advantages and possible
drawbacks of placing students in a real business environment have been sought for. The
achievement of the goals for acquiring practical experience and mastering the students’
practical skills in accordance with the labor market has also been considered.

Key words: training, practical training, practical skills, real business environment.

1. Въведение
Последните 20 години непрекъснато се

дискутира темата за изоставане на
образованието от нуждите на бизнеса и
проблемите в това отношение.[1] В същото
време традициите и изискванията към
практическото обучение на студентите все по-
трудно се спазват  дори и във висшите учебни
заведения, където то е задължително. Опит за
преодоляване на това изоставане е програмата за
студентските и ученически стажове на МОН.
Какви ще са изводите и резултатите след
приключването на програмата, очакваме всички
с голям интерес. Настоящата статия е скромен
опит за обобщение на мненията на 50 студенти
от специалностите „Индустриален

мениджмънт”, „Индустриално инженерство” и
„Полиграфия” от ТУ-София, Филиал Пловдив и
техните ментори, за периода от  стартирането на
програмата до 31 май 2014 година.

2. Изложение
Българската образователна система

премина през различни опити да осигури
подготовка на завършващите средно и висше
образование за успешна професионална
реализация. Въпреки това, последните години
все по-често срещаме публикации за
разминаването между очакванията на бизнеса и
това, което показват дипломираните
специалисти.[2] Според проучване на
Българската търговско-промишлена палата, едва
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8% от мениджърите и собствениците на
фирмите, членуващи в нея са доволни във
висока степен от университетското образование
на младите си служители. В преобладаващата
част от компаниите (77%) са на мнение, че
знанията, придобивани в български
университети не са достатъчни за трудовата
реализация. [3] Пак според същото изследване,
80% от предприемачите виждат най-големи
пропуските именно в професионалните умения.
Интересно е, че повече от половината – 56%
посочват и липса на предприемаческо мислене.
Прави впечатление, че няма работодател, който
да е заявил, че ще са му необходими ниско
квалифицирани работници в следващите 5-10
години. Най-търсени ще бъдат специалистите с
техническо образование, следвани от
завършилите икономически профил.
Препоръките на работодателите към
образованието, отправени в анкетата са за
повече практическа насоченост на обучението и
за реална връзка между потребностите на
бизнеса и приема в университетите по
специалности.

Изводите от ежегодната анкета сред
германските инвеститори в Централна, Източна
и Югоизточна Европа потвърждават тази
тенденция.[4] Наред с други фактори, които
поставят страната ни на последните места в
региона по политическа, социална и правна
сигурност, лошата оценка, която германските
инвеститори дават на българското
професионално и академично образование
поставят България на последно и съответно на
предпоследно място в региона. На
категоричното последно място - по показателя
„наличие на специализирана работна ръка”.
Томаш Индра, изпълнителен директор на Witte
България (германски производител на
авточасти, инвестиращ в България) оценява
недобре образователната ни система  с думите
че „много от завършилите нямат необходимите
умения и само малка част си струва да бъдат
взети на работа”.[5] Според някои други
автори[6], огромният разрив между търсенето и
предлагането на работа е проблем не само за
България, но и за целия Европейския съюз.
Според него това е знак, че вътрешният пазар на
труда в общността не функционира правилно.
Налице са два модела за преодоляване на
възникналата пропаст, а именно – по-голяма
инициатива на правителството (Сингапур) или
по-голяма инициатива на частния сектор
(Индия).

Какво се прави в България за решаване
на този сериозен за образованието и бизнеса
проблем?

През 2013 година стартира проект на
МОН „Студентски практики” (има и такъв
„Ученически практики”), финансиран от
Оперативна програма „Развитие на човешките
ресурси”, съфинансирана от Европейския
социален фонд.[7] Целите, които си поставя
програмата са насочени към „подобряване на
качеството на образованието, чрез предоставяне
на възможности за придобиване на практически
опит и усъвършенстване на практическите
умения на студентите…в съответствие с
потребностите на пазара на труда; улесняване на
прехода от образователните институции към
работното място и повишаване на успешната
реализация на младите хора на трудовия пазар;
подпомагане и насърчаване изграждането на
стабилни партньорства между образователните
институции и бизнеса; увеличаване на
стимулите на студентите за участие в
допълнително практическо обучение в реална
работна среда; стимулиране нарастването на
броя на студентите, които си намират работа
непосредствено след дипломирането;
осигуряване на предпоставки за осъвременяване
както на учебните планове като цяло, така и на
преподаваните дисциплини, курсове и теми
според нуждите на пазара на труда; подпомагане
създаването на устойчиви механизми и
възможности на работодателите за подбор на
студенти, доказали умения в реална работна
среда, и за непосредственото им включване на
пазара на труда”.

В задължителните анкети, които са
условие за успешното приключване на
практиката, студентите и менторите оценяват
резултатите по различни критерии, групирани в
следните области от тяхното трудово
представяне: изпълнение и резултат; планиране
на задачите, управление на времето и
дисциплина; умения за работа в екип;
професионални знания; мотивация; ментор и
създадени условия за практикуване.

Като цяло, както самооценките на
студентите, така и оценките на техните ментори
са предимно в положителната част от скалата за
отговори. Всичките 50 студенти отговарят с
„категорично да” (80%) и  „по-скоро да” (20%)
на въпроса дали са постигнати очаквани
резултати по време на практиката. Оценките на
менторите са в малка степен по-умерени, но
също така положителни (72% - категорично да и
28% - по-скоро да).

Като цел на програмата е очакването
студентите да усвоят нови практически знания,
умения и да развият качества, необходими за
бъдещата им реализация в реална работна среда.
Доколко е постигната тази цел? На въпроса дали
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8% от мениджърите и собствениците на
фирмите, членуващи в нея са доволни във
висока степен от университетското образование
на младите си служители. В преобладаващата
част от компаниите (77%) са на мнение, че
знанията, придобивани в български
университети не са достатъчни за трудовата
реализация. [3] Пак според същото изследване,
80% от предприемачите виждат най-големи
пропуските именно в професионалните умения.
Интересно е, че повече от половината – 56%
посочват и липса на предприемаческо мислене.
Прави впечатление, че няма работодател, който
да е заявил, че ще са му необходими ниско
квалифицирани работници в следващите 5-10
години. Най-търсени ще бъдат специалистите с
техническо образование, следвани от
завършилите икономически профил.
Препоръките на работодателите към
образованието, отправени в анкетата са за
повече практическа насоченост на обучението и
за реална връзка между потребностите на
бизнеса и приема в университетите по
специалности.

Изводите от ежегодната анкета сред
германските инвеститори в Централна, Източна
и Югоизточна Европа потвърждават тази
тенденция.[4] Наред с други фактори, които
поставят страната ни на последните места в
региона по политическа, социална и правна
сигурност, лошата оценка, която германските
инвеститори дават на българското
професионално и академично образование
поставят България на последно и съответно на
предпоследно място в региона. На
категоричното последно място - по показателя
„наличие на специализирана работна ръка”.
Томаш Индра, изпълнителен директор на Witte
България (германски производител на
авточасти, инвестиращ в България) оценява
недобре образователната ни система  с думите
че „много от завършилите нямат необходимите
умения и само малка част си струва да бъдат
взети на работа”.[5] Според някои други
автори[6], огромният разрив между търсенето и
предлагането на работа е проблем не само за
България, но и за целия Европейския съюз.
Според него това е знак, че вътрешният пазар на
труда в общността не функционира правилно.
Налице са два модела за преодоляване на
възникналата пропаст, а именно – по-голяма
инициатива на правителството (Сингапур) или
по-голяма инициатива на частния сектор
(Индия).

Какво се прави в България за решаване
на този сериозен за образованието и бизнеса
проблем?

През 2013 година стартира проект на
МОН „Студентски практики” (има и такъв
„Ученически практики”), финансиран от
Оперативна програма „Развитие на човешките
ресурси”, съфинансирана от Европейския
социален фонд.[7] Целите, които си поставя
програмата са насочени към „подобряване на
качеството на образованието, чрез предоставяне
на възможности за придобиване на практически
опит и усъвършенстване на практическите
умения на студентите…в съответствие с
потребностите на пазара на труда; улесняване на
прехода от образователните институции към
работното място и повишаване на успешната
реализация на младите хора на трудовия пазар;
подпомагане и насърчаване изграждането на
стабилни партньорства между образователните
институции и бизнеса; увеличаване на
стимулите на студентите за участие в
допълнително практическо обучение в реална
работна среда; стимулиране нарастването на
броя на студентите, които си намират работа
непосредствено след дипломирането;
осигуряване на предпоставки за осъвременяване
както на учебните планове като цяло, така и на
преподаваните дисциплини, курсове и теми
според нуждите на пазара на труда; подпомагане
създаването на устойчиви механизми и
възможности на работодателите за подбор на
студенти, доказали умения в реална работна
среда, и за непосредственото им включване на
пазара на труда”.

В задължителните анкети, които са
условие за успешното приключване на
практиката, студентите и менторите оценяват
резултатите по различни критерии, групирани в
следните области от тяхното трудово
представяне: изпълнение и резултат; планиране
на задачите, управление на времето и
дисциплина; умения за работа в екип;
професионални знания; мотивация; ментор и
създадени условия за практикуване.

Като цяло, както самооценките на
студентите, така и оценките на техните ментори
са предимно в положителната част от скалата за
отговори. Всичките 50 студенти отговарят с
„категорично да” (80%) и  „по-скоро да” (20%)
на въпроса дали са постигнати очаквани
резултати по време на практиката. Оценките на
менторите са в малка степен по-умерени, но
също така положителни (72% - категорично да и
28% - по-скоро да).

Като цел на програмата е очакването
студентите да усвоят нови практически знания,
умения и да развият качества, необходими за
бъдещата им реализация в реална работна среда.
Доколко е постигната тази цел? На въпроса дали
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са усвоили нови знания и умения и доколко
бързо са навлезли в естеството на практиката,
разминаването между оценките на студентите и
менторите  е почти незначителна. С
„категорично да” отговарят 76% от студентите и
74% от менторите, а с „по-скоро да” – съответно
22% от студентите и 28% от менторите. Само
един студент се колебае и посочва отговор „ не
мога да преценя”. Дори и да има значителна
доза субективизъм при тези оценки, все пак
може да се счита, че ефектът от пребиваването в
реална работна среда е важен и полезен за
практикантите. Надграждането над
теоретичните знания, придобити във висшето
училище е вярната посока за преодоляване на
посоченото по-горе разминаване между
очакваното от бизнеса и това, което им се
предлага от висшето образование.

За съответствието между във висшето
училище и изискванията на реалната работна
среда може да се съди по отговорите на няколко
въпроса. Преобладава мнението, че придобитите
знания по специалността помагат при
изпълнение на възложените задачи по време на
практическото обучение в реална работна среда
(48% - „категорично да” и 46% - „по-скоро да”).
Двама от студентите се затрудняват да дадат
точна преценка, а един отговаря отрицателно
(„по-скоро не”). По-малко са тези, които
преценяват, че знанията от висшето училище по
специалността са им били достатъчни за
провеждане на практиката в реална работна
среда (26% - „категорично да”; 48%% - „по-
скоро да”). Увеличава се относителният дял на
тези, които се затрудняват да дадат точна
преценка (18%), както и на тези, които смятат,
че придобитите знания не са достатъчни („по-
скоро не” – 8%).  За разлика от студентите,
менторите смятат, че добрата теоретична
подготовка и знанията по специалността са
помогнали за изпълнение на възложените задачи
(липсват оценки в отрицателната част от
скалата). Само 2% от тях оценяват като
недостатъчни за провеждане на практиката
придобитите знания от ВУЗ по специалността. И
това се отнася предимно за студенти от първи
или втори курс на следването, където в
съответствие с учебните планова преобладават
общообразователните учебни дисциплини.
Всеки студент има право на стаж по този проект
два пъти за срока на обучението си: веднъж в
бакалавърската си програма и веднъж в
магистърската. Няма регламент, който да
изисква това да става след завършена втора
година от следването например. Но според
менторите, студентите от по-горните курсове

имат по-добра подготовка и имат по-добро
практическо представяне.

Както се вижда и от фигура №1,
единодушно положителни са оценките за
придобитите нови практически знания и умения,
свързани с обучението на практикантите по
техните университетски специалности и
качествата и уменията, необходими за
реализацията в конкретната реална работна
среда.

Фиг. 1. Професионални знания – оценка.

1. Придобитите знания по специалността
помогнаха да изпълнявам възложените задачи
по време на практическото обучение в реална
работна среда

2. Знанията, които придобивам във висшето
училище по специалността, са достатъчни за
провеждане на практика в реална работна среда

3. По време на практиката придобих нови
практически знания и умения, свързани с
обучението ми по специалността

4. По време на практиката придобих и развих
качества и умения, необходими за реализацията
ми в конкретна реална работна среда

5. Стремя се към усвояване на нови знания и
умения

Подготовката на студентите е едната
страна в този процес. Другата страна са
обучаващите организации. В анкетата се дава
оценка и на това, доколко те са подходили
отговорно и професионално към участието си в
програмата за студентските стажове. Трудно е
да се прецени обективността и реалистичността
на студентите по този показател. Но на
въпросите дали менторът е проявял внимание и
е създал възможност за придобиване на
разнообразни професионални умения и дали е
давал ясни инструкции за работа и е
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осъществявал контрол, всички без изключение
отговарят положително: „категорично да” – 90%
и съответно 94% и „по-скоро да” – 10% и
съответно 6%. За менторите и създадените
условия за практикуване няма отрицателни
оценки. Един студент отговаря с „не мога да
преценя”на въпроси за това доколко менторът е
осигурявал обратна връзка по изпълнение на
задачите и доколко в обучаващата организация
са били създадени условия за провеждането на
практиката. Самооценката на менторите по тази
група показатели е изцяло положителна.

Фиг. 2. Ментор и създадени условия за
практикуване.

1. Практикантът беше подготвен теоретично
и придобитите знания по специалността
помогнаха за изпълнението на възложените
задачи по време на практическото обучение в
реалната работна среда

2. Придобитите във висшето училище знания
, са достатъчни за провеждане на практика в
реална работна среда

3. По време на практиката практикантът
придоби нови практически знания и умения,
свързани с обучението му по специалността

4. По време на практиката практикантът
придоби и разви качества и умения, необходими
за реализацията му в конкретна реална работна
среда

5. Практикантът се стремеше се към
усвояване на нови знания и умения

Много важни са поставените в проекта
цели за увеличаване на стимулите на студентите
за участие в допълнително практическо
обучение и създаване на механизми на подбор и
непосредствено включване в пазара на труда.
Резултатите от обобщената оценка за участие в

практическото обучение са обнадеждаващи като
начало. Едва 6% от студентите не биха искали
да продължат да работят в организацията
работодател. На 14% от тях е предложена такава
възможност, а на 4% е предложено и
допълнително заплащане по време на
практиката. Самите ментори пък отговарят, че
ако зависеше от тях, биха предложили работа на
практикантите си след завършване на тяхното
образование (94%).

Друг стимул е заплащането, което
студентите получават след приключването на
стажа. Повечето смятат, че размерът на
стипендията е съобразен с продължителността
(240 часа) и вида на практическото обучение
(70%), но останалите 30% намират, че
стипендията трябва да бъде по-голяма. Подобно
е мнението и на наставниците („достатъчно” –
80%; „стипендията трябва да е по-голяма” –
20%).

Когато се дискутира времетраенето на
практиката, преобладаващата част от менторите
(82%) намират, че предвидените за това часове в
проекта са напълно достатъчни. Но една не
малка част от студентите (26%) смятат, че би
било добре, ако часовете са повече.

Все пак като цяло заявената
удовлетвореност на студентите от участието в
студентските практики е 100% и те биха
препоръчали на свои познати и състуденти
такова участие. Независимо от това един
студент все пак изказва критично мнение, че
практиката не е отговорила на очакванията му.
Аналогични са отговорите на менторите: всички
биха предложили на свои познати да участват
като ментори или като студенти при възможност
в проекта. Все пак един от менторите заявява, че
участието му като ментор не е отговорило на
предварителните му очаквания.

За да се обсъжда доколко и как е
възможно постигането на целите на проекта,
свързани с изграждането на партньорство между
образованието и бизнеса, включително и
осъвременяването на учебните планове,
смятаме, че е възможно след анализ на оценките
и анкетите, които попълват академичните
наставници при приключване на практическото
обучение. Опита на единия от авторите на
статията като академичен наставник на
посочените 50 студента е недостатъчен за
обобщение. Въпреки това може да се изкаже
мнение, че при наличие на повече часове за тази
дейност, ще е възможно да се посещават всички
организации и да се обсъждат заедно с
менторите и представителите на обучителните
организации възможностите за осъвременяване
на учебните планова в зависимост от актуалните
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осъществявал контрол, всички без изключение
отговарят положително: „категорично да” – 90%
и съответно 94% и „по-скоро да” – 10% и
съответно 6%. За менторите и създадените
условия за практикуване няма отрицателни
оценки. Един студент отговаря с „не мога да
преценя”на въпроси за това доколко менторът е
осигурявал обратна връзка по изпълнение на
задачите и доколко в обучаващата организация
са били създадени условия за провеждането на
практиката. Самооценката на менторите по тази
група показатели е изцяло положителна.

Фиг. 2. Ментор и създадени условия за
практикуване.

1. Практикантът беше подготвен теоретично
и придобитите знания по специалността
помогнаха за изпълнението на възложените
задачи по време на практическото обучение в
реалната работна среда

2. Придобитите във висшето училище знания
, са достатъчни за провеждане на практика в
реална работна среда

3. По време на практиката практикантът
придоби нови практически знания и умения,
свързани с обучението му по специалността

4. По време на практиката практикантът
придоби и разви качества и умения, необходими
за реализацията му в конкретна реална работна
среда

5. Практикантът се стремеше се към
усвояване на нови знания и умения

Много важни са поставените в проекта
цели за увеличаване на стимулите на студентите
за участие в допълнително практическо
обучение и създаване на механизми на подбор и
непосредствено включване в пазара на труда.
Резултатите от обобщената оценка за участие в

практическото обучение са обнадеждаващи като
начало. Едва 6% от студентите не биха искали
да продължат да работят в организацията
работодател. На 14% от тях е предложена такава
възможност, а на 4% е предложено и
допълнително заплащане по време на
практиката. Самите ментори пък отговарят, че
ако зависеше от тях, биха предложили работа на
практикантите си след завършване на тяхното
образование (94%).

Друг стимул е заплащането, което
студентите получават след приключването на
стажа. Повечето смятат, че размерът на
стипендията е съобразен с продължителността
(240 часа) и вида на практическото обучение
(70%), но останалите 30% намират, че
стипендията трябва да бъде по-голяма. Подобно
е мнението и на наставниците („достатъчно” –
80%; „стипендията трябва да е по-голяма” –
20%).

Когато се дискутира времетраенето на
практиката, преобладаващата част от менторите
(82%) намират, че предвидените за това часове в
проекта са напълно достатъчни. Но една не
малка част от студентите (26%) смятат, че би
било добре, ако часовете са повече.

Все пак като цяло заявената
удовлетвореност на студентите от участието в
студентските практики е 100% и те биха
препоръчали на свои познати и състуденти
такова участие. Независимо от това един
студент все пак изказва критично мнение, че
практиката не е отговорила на очакванията му.
Аналогични са отговорите на менторите: всички
биха предложили на свои познати да участват
като ментори или като студенти при възможност
в проекта. Все пак един от менторите заявява, че
участието му като ментор не е отговорило на
предварителните му очаквания.

За да се обсъжда доколко и как е
възможно постигането на целите на проекта,
свързани с изграждането на партньорство между
образованието и бизнеса, включително и
осъвременяването на учебните планове,
смятаме, че е възможно след анализ на оценките
и анкетите, които попълват академичните
наставници при приключване на практическото
обучение. Опита на единия от авторите на
статията като академичен наставник на
посочените 50 студента е недостатъчен за
обобщение. Въпреки това може да се изкаже
мнение, че при наличие на повече часове за тази
дейност, ще е възможно да се посещават всички
организации и да се обсъждат заедно с
менторите и представителите на обучителните
организации възможностите за осъвременяване
на учебните планова в зависимост от актуалните
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потребности на бизнеса. В проекта е предвидено
програмата за практическо обучение на студента
да бъде подготвяна и/или съгласувана от
наставника, съвместно с ментора или
представител на обучаващата организация. Това
е задължително условие, за да стартира всяка
една студентска практика Съобразено с
изискването практическото обучение да е
различно от предвидената по учебен план за
съответната специалност и образователно-
квалификационна степен практика. Да
надгражда, а не да дублира обучението във
висшето училище. Но осъвременяване на
учебните планове може да бъде само
пожелателно като дейност или резултат и то
само като следствие от изградено партньорство
между образователната и обучителната
организации. Началото на такова партньорство
вече е поставено между катедра „Индустриален
мениджмънт” и обучаващите организации: „Би
Кей Комерс Пловдив” ООД, чийто предмет на
дейност е консултиране и  подпомагане на
работодателите при изпълнение на
задълженията им по осигуряване на безопасни и
здравословни условия на труд;
„Информационно обслужване”АД клон Пловдив
и МБАЛ „ТРИМОНЦИУМ” ООД.

Едно от малкото конкретни
предложения, формулирано от представител на
обучаващата организация „Зетсофтком” ЕООД
касае именно учебните планове: „Да се даде
приоритет на обучението по безопасност и
здраве при работа за конкретната специалност в
университета”.

3. Заключение
Проектът „Студентски практики” на

МОН е добро начало за преодоляване на тази
част от проблемите във висшето образование,
отнасящи се до практическата подготовка на
студентите и възможностите им за реализация в
реална работна среда след завършване на
висшето училище. Доколко ще бъдат постигнати
целите на проекта, очакваме да прочетем в
анализите след неговото приключване. Това,
което зависи от висшите учебни заведения е
осигуряване на качествена учебна подготовка на
студентите; изграждане на партньорство с
бизнеса; завишаване на контрола върху
провеждане на практиките; отговорност при
осъществяване на поетите ангажименти от
страна на академичните наставници. Основно
задължение на висшите училища за
практическото обучение на студентите все пак
са учебните, учебно-производствените и
специализиращите практики, които са част от
учебните планове на различните специалности.

Поради различни причини тяхното пълноценно
провеждане понякога е под въпрос. За
съжаление университетите не разполагат с
ресурсите за създаване на материална
заинтересованост у бизнес организациите да
подпомогнат или да участват в практическото
обучение на студентите отговорно и като
равноправни партньори. Докато бизнесът не
стане партньор на висшето училище,
недоволството от практическите умения на
младите хора с дипломи за висше образование
ще продължава.
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TONI MIHOVA 

  
Abstract: The author presents in this paper different existing views regarding the meaning of 
the term public-private partnership. The paper is focused on the difficulties that are encountered 
on the way to carrying a successful public-private partnership. To this end, a survey with 
representatives of the private business and of public authorities has been carried and its results 
are presented.  
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