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ELECTRONICS 

Buck-Boost ZVS DC-DC quasi-resonant converter:  
design, modeling, simulation and experimentation 

Nikolay R. Rangelov, Nikolay L. Hinov  

 
In the paper work are shown results from researching of a single transistor Buck-Boost ZVS DC-

DC Quasi-Resonant Converter. Initially an analysis of the electromagnetic processes in the power 
part of the circuit has been made. All necessary expressions for the design are obtained. A method for 
designing of a Buck-Boost ZVS DC-DC Quasi-Resonant Converter is based upon them. An example 
for designing a Buck-Boost ZVS DC-DC Quasi-Resonant Converter is carrying out. A modeling of the 
circuit has been made with Matlab/Simlink, by the data acquired with the help of the design method.  
The same circuit is simulated by LTSpise. A verification of the theoretical and the simulated data is 
made by a laboratory stand. The comparison, for the values of different parameters (voltage and 
current for the different circuit elements), obtained by different methods (theoretical, simulation and 
experimental), show that there is a good accordance between them. 

Понижаващо-повишаващ квазирезонансен постояннотоков преобразувател, работещ 
с нулеви комутации по напрежение: проектиране, моделиране, симулации и експерименти 
(Н. Рангелов, Н. Хинов). В работата са представени, резултати от  извършени изследвания 
на понижаващо-повишаващ квазирезонансен постояннотоков преобразувател, работещ с 
нулеви комутации по напрежение. Първоначално е даден анализ на електромагнитните 
процеси в силовата схема на преобразувателя. Получени са всички  изрази, необходими за 
проектирането. На тяхна основа е представена инженерна методика за проектиране на 
изследваната схема. Разгледан е конкретен изчислителен пример на такъв преобразувател. 
Направено е моделиране на постояннотоковия преобразовател с помощта на софтуера 
Matlab/Simlink, като в модела са заложени данните, получени при проектирането. Същата 
схема е симулирана и чрез пакета LTSpise. Извършена е верификация на получените резултати 
от теоретичните и симулационни изследвания с помощта на лабораторен макет.  

 

Conversion of the electrical energy is a good sign 
for the developing of the modern society and coun-
tries. Important role in the energy conversion takes the 
DC-DC converters.  Their mass usage and distribution 
made possible the utilization of the solar energy, DC 
drive, high efficiency LED lighting and other 
achievements of the modern technology [2], [9], [10], 
[11], [13].  

This makes it increasingly relevant researches re-
lated to the reduction of losses by switching semicon-
ductor devices and hence improve the efficiency of 
DC converters. One of the main methods of reduction 
of these losses is the using of soft switching - shift 
switching of the power elements on zero voltage or 
zero current [4], [5], [9], [10]. The object of the study 
here is a single transistor Buck – Boost quasi resonant 
DC – DC converter. 

Design-oriented analysis of buck-boost ZVS 
quasi-resonant converter   

On figure 1 is shown the circuit of the single tran-
sistor Buck – Boost ZVS Quasi resonant constant 
current converter.  

SW D

L C RLVin

Lr

Cr

CS+

_

IO

iI iS

i

iD

+

_

 

Fig. 1.  Main circuit of a Buck-Boost ZVS converter. 
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It consists of a transistor SW, diode D, filter 
elements L and C, load RL and resonant elements Lr 
and Cr, which provide the zero voltage switching. 

The analysis is made by admission that all ele-
ments are without losses. During the analysis the fol-
lowing coefficients are used [4], [5], [12], [13]: 

• Resonant frequency of the serial Lr-Cr circuit:  

(1) 0

1

r rL C
ω =

  
                                                             

• Ratio between the control frequency and the 
resonant frequency:  

(2) 
0

sf
A v

f
= =                                                                   

• Characteristic impedance of the resonant circle:  

(3) 0  0
0

1
 r

r
r r

L
Z L

C C
= = ω =

ω      
    

                               
• Normalized load resistance: 

(4) 0  
0 0

'     L L L
r L

rr

r

R R R
R C R

Z LL

C

= = = = ω
ω       

                           

• Ratio between output and input voltage of the 
converter ( dc voltage transfer function ): 

(5) 0
VDC

I

V
M

V
=

       
                                                            

• Normalized initial resonant inductor and switch 
current when the switch turns on: 

(6) 
0 0

(0) (0)
  r rL Li i

h
I I

= =
   

                                                   

• Duty ratio: 

(7) onD
Т

t
=                                                                        

The work of the studied circuit is shown by the 
waveforms on figure 2 (when the value of h=0). Dur-
ing one period we can see four different working 
stages: 

Stage 1 (0 < t ≤ t1) – The resonant inductor accu-
mulate energy. The switch and the diode are turned 
on. During this stage currents and voltages have the 
following conditions: VS = 0, VD=0, IC = 0, VLR = V = 
VI + VO and the current through the switching inductor 
is: 

(8) 
( ) ( ) ( )

0

1
  0  

 (0)

S

r r

t

L I O S L
S r

I O
S S

S r

i V V d t i
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V V
t i

L

ω

= ω + =
ω

= ω
+

+

+

ω


             

 From the expressions VO = RLIO and is(0) = h.I= 
h(II+IO), we obtain the expression for the current 
trough the inductor in relative units:  
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 Fig. 2.  Time waveforms describing the operation of the 
converter. 

(9) 
( ) ( ) '
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On the other hand we nave the following relation 
between the currents in the circuit:  
iD = I – iS = I(1 – is/I), so the expression for the 
relative current trough the diode is:  

(10) 
0

( )
1  

'

.
D s

S
VDC

i t
t h

I A M

Rω = − ω −             

This stage ends when the current trough the diode 
becomes zero – the end of the stage is determined 
from the following term ID(ωst1)=0. 

Thus the determination of the time t1 is done with: 

(11) 1

.
(1 )

'
VDC

S

A M
t h

R
ω = −          

Stage 2 (t1 < t ≤ t2) – the diode is turned off.  
During this stage the following terms are executed:  
VS = 0, ICR = 0, ID = 0, is = iLR = I = II + IO, VLR = 0, и 
VD = - V = - (VI + VO).   This stage ends in the 
moment ωst2 = 2πD, when the transistor turns off from 
the control system. 

Stage 3 (t2 < Т ≤ t3) – charging of the resonant ca-
pacitor and both diode and the transistor are turned 
off. During this stage the following terms are in effect: 
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iS = 0, iD = 0, ILR = ICR = II +IO, VLR = 0. The voltage 
over the capacitor and the transistor is determined 
with the following expression: 

(12)
( )

( )
2

0

1
  ( )  2  

2

S

r r r

t

S C C S C
S r D

I
S

S r
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Where  ( )2 0
rC sV tω =  .  

Since  ( )0
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ω
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0
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the voltage over the transistor and the diode, in 
relative units is: 

(13) 

( )

 ( 2 )
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This ends when the voltage over the diode 
becomes zero and the condition for turning it on are 
created, when vD(ωst3) = 0. Thus the end of the stage 
is determined by the following expression: 

(14) 
3

. '
2S

VDC

A R
t D

M
ω = π +                                                

Stage 4 (t3 < t ≤ T) – in its beginning the diode 
turns on. By the made assumptions for ideal elements 
in the circuit starts a serial resonant process with the 
following initial conditions: ILR (ωst3) =II + IO и vCr 
(ωst3) = VS (ωst3) = VI + VO.  Determine the current in 
the resonant circuit can be made with different 
methods [4], [5], [9], 13], and in relative units it is:  

(15) 3 
 cosr rL C S S

I O I O

i i t t

I I I I A

ω −ω
= =

+ +
          

For the cases when the circuit works in steady mode 
the following condition is executed: 

( ) ( )2  0
r rL Li i hIπ = = , we obtain:  

(16) 2 (1 ) '

VDC

D R
cos h

A M

 − − = 
 

π
                      

The current trough the diode in relative units is:  

(17) 3 
1 cos S SD

I O

t ti

I I A

ω − ω= −
+

                  

The voltage over the resonant inductor is deter-
mined by: 

(18) 

3
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The voltage over the switch is:  

(19)  
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In relative units it is: 

(20) 3 
1 

'
S VDC S

I O

Sv M t t
s n

AV
i

V R

ω − ω=
+

+                                     

At working in steady-state mode the following 
condition must be executed: ( ) ( )2 0 0S Sv vπ = = . Thus 

the relation between the coefficients, used for the 
analysis of the circuit is: 

(21) 2 (1 ) ' '
 

VDC VDC

D R R
sin

A M M

 π − − = − 
 

                              

After some transformation we get: 

(22) 2'
1

VDC

R
h

M
= −                                                         

Or presented in other form: 

(23) 
2 2

'
1  1 L

VDC O VDC

RR
h

M Z M

   
= ± − = ± −   

   
            

Therefore when the values of h and R are in the 
range of   1 ≤ h ≤ 1 and 0 ≤ R’ ≤  MVDC, the interval of 
changing load is: 0 ≤ RL ≤ ZO.MVDC. ZVS work can be 
accomplish when the load resistance is changing in 
the following: 
 0 to RLmax =  ZO.MVDC  = ωOLr.MVDC = MVDC / (ωOCr). 

When there are more practical experiments, the 
load interval of changing the load resistance is RLmin ≤ 
RL ≤ ∞.  

For the duty ratio we get:  

(24) 22 1 2 1
2

t A
D h arccosh

T
 = = − π + − − π

               

  For the purposes of the design it is necessary to 
determine the relation between duty ratio and the volt-
age transfer function at constant current. Initially the 
average value of the input current is determined: 

(25) 
2 2

2
0

1 (1 )
( )  

2 4 1

D

I s s

A h
I i d t I D

h

π  −= ω = − π π − 
                  

By assuming for ideal elements and lack of losses 
in the circuit elements the following relation is in 
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effect: VOIO=VIII. From the definition for the voltage 
transfer function we get: 

(26) 
( )2

2

1
1

1
1

4 1

O I
VDC

I O

V I
M

V I А h
D

h

= = = −
−

− +
π −

                           

From the analysis of the electromagnetic process in 
the circuit we can make the conclusion that initial 
conditions for current determine three possible cases 
for phase ratios between the voltage and the current of 
the switch: 

- for h = 0, case of a ZVS and ZDS (zero – deriva-
tive switching) – the current of the switch becomes 
zero in the moment when it turns off; 

- for -1 ≤ h <0, the voltage over the switch vS is al-
ways positive and the current trough it has positive 
and negative values. So the switch must be unidirec-
tional for voltage, and bi – directional for the current;  

-For values of h in the range of 0 < h ≤ 1, the volt-
age over the switch has positive and negative values 
and the current has only positive values. So the switch 
must be bi – directional for the voltage and unidirec-
tional for the current. 

All this show the impact of the h during the work of 
the converter and the importance of choosing the value 
of h during the design. For simplification of the 
calculation it is recommended to choose h = 0. Besides 
this mode is best to use when the elements are under 
overcurrent and overvoltage [4], [5], [8], [9], [13]. 

Methodology for designing 

The main data necessary for designing a Buck-
Boost ZVS converter are: 

- Input voltage VI; 
- Output voltage VO; 
- Output current IO; 
-  Ripple factor for output voltage and current; 
-  Switching frequency fS. 
From the necessary data mentioned above we can 

see that these are the necessary values for calculating 
random converters (independently from its working 
mode – is it with zero switching or no). For first step 
it begins with calculating of the converter without 
resonant circuit (Cr - Lr, shown on figure 1) – standard 
Buck - Boost converter with hard switching. After that 
the values of the resonant elements must be determine. 
Because the main purpose is to suggest a simple and 
easy method for designing, a value of h=0 has been 
chosen.  In this case a simplified kind of the expres-
sions is received (24), (26) and (22): 

(27) 
3   2

1  1 0.9092
4

S S

O O

f f
D

f f

   π += − ≈ −   π    
 

(28) 4 1.0114
 1 1

3 3
VDC

Ss

OO

M
ff
ff

π= − ≈ −
 

π +  
 

 

(29)  'VDCM R=  

Except the reactive components a suitable 
semiconductor elements must be chosen. This is 
accomplishing by using the expressions for their 
maximum current and voltage stress. From the 
presented analyze the values for maximum current and 
voltage across the transistor is determined by: 

(30) ( 1)SM I O VDC OI I I M I= + = +  

(31) 
'

1 ( ) 2( )VDC
SM I O I O

M
V V V V V

R
 = + + = + 
 

 

For the diode the maximum values of current and 
voltage are: 

(32) 2( ) 2DM I OI I I I= + =  

(33) DM I OV V VV= + =  

Of course the frequency parameters of the 
elements must be determined too during the design 
and the practical realization, because these circuits are 
working for high frequency. 

Example 

The necessary data for designing are:  
Vi=30 V; VO=60; IO=200mA; fS=100kHz and h = 0. 
A conventional Buck - Boost DC–DC converter 

with hard switching is calculated, by one of the well-
known design methods, like the ones in [1], [2], [8]. 
From the designing we get the following results for 
the values of the elements: L = 485µH, C= 4,9µF and 
RL=300Ω. An inductor with L = 500µH and capacitor 
with C = 5,7µF are chosen. The values of these filter 
elements are determine so they can provide a work in 
continuous-conduction mode and set values for the 
output current and output voltage ripple.   

After that the calculation of the resonant elements 
begins. From expression (22) follows that 
MVDC=R’=2. Z0 is determined by (4) and its value is   
Z0=300/2=150.  

From (28) after we replace the determined till now 
parameters, the value for the resonant frequency of the 
serial resonant circuit is – f0=296619Hz. 

 With the determined resonant frequency the value 
of the duty ratio D from (27) is 69,35%. 

After that the resonant inductor must be 
determined from (4), its value is Lr = 80,484µH. 

The resonant capacitor Cr is calculated from (4) 
and it is: Cr=3,577nF. 

From the determined values we can see that the in-
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ductor and the capacitor, in the resonant circuit, are 
not with standard values. Because of the specificity of 
the offered elements (their values are in standard or-
der), a using of elements with standard values is 
required. 

 There are two possible methods for solving this 
task, like we can see from expression (27) and (28).  If 
the values of the resonant capacitor and inductor are 
changed, the duty ratio must be changed too or the 
control frequency. So the values of the elements 
pointed out in the assignment are kept. 

The easiest way is to change the duty ratio (so the 
working frequency is kept, which lead to suppression 
of the electromagnetic interference). In this case a 
standard values for the resonant elements are set and 
with their new values, the frequency of the resonant 
circuit must be calculated again. So an inductor with 
Lr = 80µH and capacitor with Cr=3,4nF are chosen. 
After standard values are been used of Lr and Cr, they 
are replaced in (4), the new value of the resonant fre-
quency is f0’= 305165,6Hz. Recalculation of the duty 
ratio must be done and the new value is D’= 70.22%. 

With these data and certain values the values of the 
transistor should be bigger than USM=180V and 
ISM=0.6A, and for the diode - UDM=90V и IDM=1.2A. 
Of course the elements should work with frequency 
bigger than 100 kHz. 

For ease and facilitation of the calculations a pro-
gram for calculation in Matlab is applied below, by 
which the definition of the elements in the resonant 
circuit is faster and easier:   

 
Mvdc=2 
R’=Mvdc 
fs=100e+3 
RL=300 
fo=((fs*(Mvdc+1))*(3*pi+3))/(4*pi) 
D=1-((3*pi+2)*fs)/(4*pi*fo) 
Lk=RL/(2*pi*fo*R’) 
Ck=R’/(2*pi*fo*RL) 
Ck1=3.4e-9 
Lk1=80e-6 
fo’=1/(2*pi *sqrt(Lk + Ck)) 
D’=1-((3*pi+2)*fs)/(4*pi*fo’) 
 

Thus it is possible for studying converters in auto-
mated middle for designing and modeling.    

Simulation studies and modeling 

By the so determined values of the converter ele-
ments, simulation researches and modeling have been 
made with Matlab/Simulink and LTSpice. 

The purpose of the research is checking of the de-
sign method. On figure 3 is shown the model of the 

converter in Matlab/Simulink. On figure 4 the results 
of the modeling are shown (from up to down are cur-
rent trough the transistor; voltage over the transistor 
and the control signal for the transistor). 

Continuous

powergui

Scope2

Scope1

Rload 300

Pulse
Generator

3

Multimeter

g m

D S

MosfetLk 80u

LDC Vi

D

Ck 3.4n

C 5.7u

 
Fig. 3.  Matlab/Simulink model of a BUCK - Boost ZVS 

quasi resonant DC-DC converter 

 
 Fig. 4. Results from modeling а BUCK - Boost ZVS quasi 

resonant DC-DC converter with Matlab/Simulink 

 
On figure 5 is shown the circuit of the studied con-

verter, which will be simulated in LTSpice. On figure 
6 are shown the results of the simulation (from up to 
down are current through the resonant inductor; cur-
rent through the transistor; voltage over the transistor 
and control signal for the transistor).   

 
Fig. 5.  Simulation model of a BUCK - Boost ZVS quasi 

resonant DC-DC converter in LTSpise. 
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Fig. 6.  Results from the simulation of a BUCK - Boost ZVS 
quasi resonant DC-DC converter with LTSpise. 

From the two simulation studies we can see that 
the theoretical calculation and the correction, related 
to the change of the duty ratio, due to using switching 
elements with standard values, are confirmed. It is 
important to mention that the conditions for zero volt-
age switching are fulfilled. 

Experimental research 

The experiments are made on an experimental 
stand. The software part of the control system is im-
plemented with the software LabView, and for the 
hardware part of the control system a chassis Com-
pactDAQ is used with the connected module to it 
NI9104 - 8 programmable TTL inputs/outputs.  

By LabView we can achieve a wide range of 
variations of the control frequency and the duty ratio, 
which is very comfortably for experimental studies. 
On figure 7 is shown the block diagram of the pulse 
generator [14].   

 

 
 Fig. 7.  Block diagram of the pulse generator. 

For the realization of the power circuit the follow-
ing elements are used: one MOSFET transistor model 
6R165, high frequency diode model 60APU04, driver 

HCPL3120 with integrated optocoupler, resonant in-
ductor with the following value of 80µH, resonant 
capacitor Cr = 3,4nF, filter inductor L = 750µH, filter 
capacitor with C = 5,7µF and load resistor with the 
following value of 300Ω. The circuit of the experi-
mental stand of a ZVS Busk - Boost DC-DC converter 
is shown on figure 1. 

 The measurements are done with oscilloscope 
model Tektronix TDS1002. The voltages are meas-
ured with voltage scope with scale 10:1. The currents 
are measured with current scope.   

On the following figures are shown the results 
from the measurements with the oscilloscope. On 
figure 8 are shown the voltage over the transistor and 
the control pulses. From the graphical results we can 
see that the zero voltage switching is achieved.  

 

 
Fig. 8.  Voltage across the transistor and control pulses. 

On figure 9 are shown the voltage over the switch 
and the current trough the resonant inductor. On figure 
10 are shown the ripples of the output voltage. The 
circuit is working with control frequency of 100 kHz. 

 

 
Fig. 9.  Voltage over the transistor (up) and current trough 

the resonant inductor.  
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Fig. 10. Output ripple voltage. 

In table 1 is shown a comparison between the re-
sults, obtained by calculations, simulations, mathe-
matical modeling and experiments. As we can see 
there is very good consilience between them (differ-
ence no more than 10%) although some assumptions 
and simplifications.  

Table 1 
Comparing of the results. 

Parameters LTspice Simulink Experi-
ments 

Calculated/ 
Set 

VO (V) 59.65 59.35 60.75 60 
IO (mA) 198.88 197.83 202.5 200 

Δ VO (mV) 985 985 1150 1100 
VSM (V) 195 200 225 180 

IDM   (mA) 1193 791.3 1215 1200 

Conclusion 

The made simulation and experimental researches 
of the Buck - Boost ZVS DC – DC converter check 
and confirmed the proposed, from the authors, design 
method. The purpose of the article was on finding 
easy expressions for creating a design methodology 
for the studied converter, without using complex 
calculation procedures.   

The feature studies of the authors are directed in 
further optimizations of the design method – obtaining 
zero voltage switching with minimum possible value 
of the voltage over the transistor  
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Subtraction procedure for drift and tremor removing from ECG: 
system level synthesis with Compaan 

Tsvetan P. Shoshkov, Georgy S. Mihov 

 
The electrocardiogram (ECG) is often contaminated with interferences such as drift and tremor. 

The subtraction procedure has proved its efficiency in removing interferences from the ECG. 
Development process of such device is prone and time consuming. High level synthesis (HLS) tools 
solve these problems. In this paper HLS tools are used to develop a device for drift and tremor 
interference removing from ECG. We use Compaan design tool for HLS, which provides full system 
integration. It automatically generates the HW design and also a SW application to control the HW. 
The communication between the SW and HW is also automatically utilized through PCIe 
communication interface. Xilinx Virtex-6 ML605 evaluation kit is used as a target platform. Automatic 
HW and SW output generation makes the reconfiguration and further development of the device easier 
and faster. In this paper we make a case study of the used design flow and the implemented design. 

 
Субтракционна процедура за премахване на дрейф и тремор от ЕКГ: Синтез на 

системно ниво с Компаан (Цветан Шошков, Георги Михов). Електрокардиограмата (ЕКГ) 
често е засегната от смущения като дрейф и тремор. Субтракционната процедура е 
доказала своята ефективност в премахването на смущения от ЕКГ сигнали. Процесът на 
разработка на такива устройства е труден и изисква много време. Инструментите за синтез 
на високо ниво решават тези проблеми. В тази статия инструменти за синтез на високо ниво 
са използвани за разработка на устройство за отстраняване на смущения от дрейф и тремор 
ит ЕКГ. Използван е Компаан инструмент за синтез на високо ниво, който предоставя 
възможност за имплементиране на цялостна система. Компаан автоматично генерира 
хардуерния дизайн и също така софтуерно приложение за управление на хардуера. 
Комуникацията между софтуера и хардуера е също автоматично осъществена по PCIe 
интерфейс за комуникация. Xilinx Virtex-6 ML605 се използва като целева платформа. 
Автоматичното генериране на хардуера и софтуера прави преконфигурирането и развоя на 
устройството по-лесно и по-бързо. В тази статия правим оценка на използвания процес за 
разработка и реализираното устройство. 

 

Introduction 

Interferences are often present in the 
Electrocardiogram (ECG). Such interferences are 
base-line drift and Electromyographic (EMG) 
interference. Base-line drift interference occurs 
because of the complex mechanical and electro-
chemical electrode-to-skin processes. EMG 
interference is present due to involuntary muscle 
contractions of the patients (tremor). Suppression of 
such interference is very difficult because its spectrum 
overlaps the one of the useful signal. Subtraction 
procedure is proved to be efficient in drift and tremor 
removing [1], [2], [3], [4], [5]. 

The basic structure of the procedures for drift and 
tremor removing are shown on fig. 1 and fig. 2.  
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Subtraction procedure
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Fig.1. Structure of the Subtraction procedure for drift 
removing from ECG. 

The subtraction procedure algorithms are modeled 
in Matlab. Based on these algorithms are developed 
hardware designs for ECG filtering [6], [7]. These 
designs realize the subtraction procedure for real time 
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operation. They are developed using VHDL and 
FPGA as a target platform. This standard manual 
development process using VHDL is error prone and 
time consuming. The design often must be 
reconfigured which is also a difficult process. 
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Fig.2. Structure of the Subtraction procedure for tremor 

removing from ECG. 

Several system level development technologies are 
presented in [9]. Automated high level system 
generation helps the development process and makes 
it easier and faster. In the present work we use 
Compaan to develop our design. Compaan is a high 
level synthesis tool [8]. Compaan provides full system 
integration implementing not only the hardware and 
software implementation but also the communication 
and integration between them. The design can be 
easily parameterized and its subsystems can be 
controlled by automatically generated SW application. 
Compaan generates not only the SW and HW, but also 
utilizes the communication between using PCIe 
interface.  
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Fig.3. System Level Design with Compaan. 

Fig. 3 illustrates the system level design generation 
using Compaan. The processing block contains the 
HW design implementing the drift and tremor 
removing procedures inside the FPGA. 

Subtraction procedure for drift removing 

The subtraction procedure for tremor removing 
shown on fig. 1 consists of three basic stages: 

• Linear segments detection. Each ECG sample is 
checked if it belongs to a linear segment by using 

appropriate linearity criterion. The linearity is 
defined by comparing the criterion with a 
predefined threshold M. 

•  Baseline drift calculation. If it is detected a 
linear segment the baseline drift is calculated 
using a digital filter and it is stored in a temporal 
FIFO buffer. In the same time the baseline drift 
is subtracted from the linear segment; 

•  Baseline drift extrapolation. If the current 
sample belongs to a nonlinear segment the value 
of the drift is calculated using the data stored in 
the temporal buffer and it is subtracted from the 
signal in a nonlinear segment. 

Subtraction procedure for tremor removing 

The subtraction procedure for tremor removing 
shown on fig. 2 consists of three basic stages: 

– Filtration of the signal. Moving averaging is 
performed for each input token; 

– Detection of linear segments. Each filtered token 
from the ECG is defined whether it belongs to a linear 
segment using an appropriate linear criterion. The 
calculated linear criterion is compared with a 
predefined threshold M. 

– Back filtration. If the segment is nonlinear back 
filtration stage is applied. The current value of the 
output token is restored using linear-angular 
interpolation of the signal in the segment. 

More information about the subtraction procedure 
for drift and tremor removing from ECG can be found 
in [1], [2], [3], [4], [5], [6], [7]. The present paper is 
focused on the implementation of the Subtraction 
procedure using the Compaan design flow. 

Compaan design flow 

Compaan design flow is centered on Compaan 
compiler and ESPAM tools [8]. Basic stages of the 
flow are shown on fig. 3. 

The input specification must be described as 
parameterized static affine nested loop which is a 
subset of the C language. Compaan compiler 
automatically generates a Khan Process Network 
(KPN) model of computation based on the input. Next 
step is to select a target platform and automatically 
map the resources onto it. HW is automatically 
generated by ESPAM based on the specifications [8]. 

Nodes implemented with HW are using processors, 
which are composed of three separate blocks - read, 
execute and write. The read block waits until there are 
tokens ready to be read. A deep pipeline can be 
integrated in the execution block. Asynchronous work 
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of the nodes and automatic links sizes optimizations 
make the design low power consuming. The high 
abstraction of the specification and the constant track 
of the data using counters make the design fault 
tolerant. 

C Code
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Synthesizable 
VHDL

VHDL 
Synthesizer

FPGA
Target Platform

P2
Consistency 

Check
Links

Optimization
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Verification

 
Fig.3. Compaan design flow basic stages. 

Implementation the subtraction procedure for 
drift and tremor removing with Compaan 

The basic structure and elements of the Subtraction 
Procedure for drift and tremor removing are shown on 
fig. 1 and fig. 2. We use the Compaan design flow 
which is shown on fig. 3 to implement the subtraction 
procedure. The following sections give detailed 
description for each step of the design flow. 

Input specification 

As a first step of the development it is created the 
input SW specification. Short fraction of the C code 
input specification is presented to picture its main 
concepts: 

#pragma compaan_procedure ecg_filter 
void ecg_filter(int data_in[WIDTH], int 
data_out[WIDTH]) { 
  int ecg[WIDTH]; 
  int drift_out[WIDTH]; 
  int tremor_out[WIDTH];  
  int tremor_in[WIDTH]; 
  int i, j, x; 
  Parameters *pr[1]; 
 
  #pragma compaan_parameter 0 1 
  const unsigned int SWITCH_DRIFT = 
parameters->sw_drift; 
  #pragma compaan_parameter 0 1 
  const unsigned int SWITCH_TREMOR = 
parameters->sw_tremor; 
  producer(pr[0]);  
  // Stream data into the design 
  for (i = 0; i < WIDTH; i = i + 1) { 
    ecg[i] = data_in[i]; 
  } 
  // Hierarchical call 
  if(SWITCH_DRIFT <= 0){ 
    drift_filter(ecg, &drift_out); 
  } else { 
    pass(ecg, &drift_out); 
  } 
  for (j = 0; j < WIDTH; j++) { 
    tremor_in[j] = drift_out[j]; 
  } 
  // Hierarchical call 
  if(SWITCH_TREMOR <= 0){ 
    tremor_filter(tremor_in, &tremor_out); 
  } else { 
    pass(tremor_in, &tremor_out); 
  } 
  // Stream data out 
  for (x = 0; x < WIDTH; x = x + 1) { 
    data_out[x] = tremor_out[x]; 
  }  
} 
 

Functions are called inside static affine nested 
loops to process the data. Inputs and outputs of the 
functions are given as parameters. Output parameters 
are specified as addresses to variables where the result 
is stored.  

Parameters are used to turn on and off the 
procedures for drift and tremor removing. Here we 
present the static affined nested loop which is part of 
the drift_filter function: 

drift_filter

< proc9 >

passpass

< proc7 > < proc8 >
data_in

SWIT

SWIT CH_DRIF

ND_6ND_3

ND_8

ND_7ND_4

ND_2 ND_5

 
Fig.4. Top Level Subtraction procedure KPN. 
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for (j = 1; j <= WIDTH; j = j + 1) { 
  drift_linearity_criterion(ecg[j], &cr[j], 
&cfr[j]); 
  drift_non_linear(ecg[j], ecg_drift[j-1], 
&ecg_out_non_linear[j]);   
  drift_linear(ecg[j], ecg_drift[j-1], 
cfr[j], &ecg_out_linear[j]); 
  drift_cr_switch(cr[j], ecg_out_linear[j], 
ecg_out_non_linear[j], &ecg_drift[j]); 
  drift_subtract(ecg[j], ecg_drift[j], 
&ecg_filtered[j]); 
} 

There are loops to stream in and out data located 
before and after the given part of the drift_filter 
function. The data processing for drift removing starts 
with the first block witch is linearity criterion 
calculation. Functions for linear and nonlinear 
segment filtrations are present. Another function 
switches between the nonlinear and linear output 
based on the linearity criterion. The drift interference 
is subtracted by the original ECG signal. 

Here is a fraction of the tremor_filter function 
implementing the tremor removing: 

 
for (j = 1; j <= WIDTH; j = j + 1) { 
  tremor_linear(ecg[j], &filtered[j], 
&ecg_linear[j]); 
  tremor_linearity_criterion(filtered[j], 
&cr[j]); 
  tremor_non_linear(filtered[j], 
&ecg_non_linear[j]); 
  tremor_cr_switch(cr[j], ecg_linear[j], 
ecg_non_linear[j], &ecg_filtered[j]); 
} 

 
The data processing for tremor removing starts 

with the first block witch is filtering the input signal. 
Linearity criterion is calculated based on the filtered 
signal. Another function implements the back 

filtration for the nonlinear segments. Nonlinear and 
linear outputs are switched based on the linearity 
criterion. 

KPN Model of computation 

Compaan compiler is used to automatically 
generate KPN specification. This specification can be 
used as a basis to generate the actual implementation 
of the device. The KPN defines the dependencies 
between the nodes and connections between them. 

The KPN is simulated to automatically optimize 
the communication link sizes. Fig. 4 shows the 
produced top level KPN for the Subtraction 
Procedure. Each function from the input specification 
is realized using a separate processing node. 
Additional processing nodes are used to stream data in 
and out from the design. It is used a hierarchical 
structure. Subnetwork KPNs are generated for the 
tremor and drift removing procedures. Fig. 5 and fig. 
6 show the drift and tremor removing KPN 
subnetworks. 

Implementation 

Next step of the Compaan design flow is selecting 
target platform and mapping creation. In our case we 
use default target and mappings, since we want to 
generate a project to simulate. After we have the KPN, 
platform and mapping specifications ready, we can 
generate synthesizable VHDL code. Each node is 
mapped to a hardware processing core. It consists of 
read, execute and write section. Each execution 
section must be additionally filled with the actual 
processing equations. The manually filled code 
realizes the relation between the inputs and the 
outputs in each block. An alternative in Compaan is to 
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< proc2 >

drift_subtr act

drift_cr_switch

data_in
ND_5

ND_8

ND_4

ND_2

ND_3
ND_1

ND_7

ND_6

 
Fig. 5. Drift Removing KPN. 
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Fig. 6. Tremor Removing KPN. 
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use third party tools to automatically generate the 
hardware logic. Also processor cores can be used to 
implement the processing algorithms. 

At each step of the development flow we perform 
consistency check with the other stages to define if 
there are any errors. Thus errors are easy to be 
identified and fixed at earlier stages of the 
development. 

Evaluation and Results 

Main target of our evaluation is to check if the 
generated design satisfies the application 
requirements. The development time is also a major 
aspect in this research. The system design must meet 
the functional and performance requirements and at 
the same time must be low power consuming and fault 
tolerant. 

We use Xilinx ISE Design Suite 14.7 to simulate 
and verify the design. Compaan automatically 
generates a test bench that streams in and out data 
from the design. We use ECG signal provided by the 
American Health Association to test our design. 
Finally we use Matlab to plot the signals in graphics. 

Fig. 7 shows result signals which prove that the 
integrated design realizes the subtraction procedure 
according to the modeled algorithms.  

Manual VHDL implementation of the subtraction 
procedure for tremor removing is presented in [6]. We 
can compare it with developing the tremor removing 
using Compaan design flow. Table 1 presents a 
comparison between the manual and automatic design 
generation for tremor removing. 
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Fig.7. Drift and tremor removing result signals. 

Using Compaan the development time required is 
considerably decreased and the occupation of the 
FPGA is relatively the same. 

Table 1 
 Subtraction Procedure for Tremor Removing Development 

Methods Comparison. 

Development
Method 

Target 
Platform 

Slices 
Occupied 

Man-
Months 

Manual Spartan 3 815 (7%) 1 
Compaan Virtex 6 700 (1%) 0.4 
 
The improvement in the development time is 

achieved thanks to the automation of the code 
generation and optimization. Using Compaan errors 
can be detected in earlier stages of the development. 
Hardware processing blocks and communication links 
are automatically created.  

Conclusions 

We use high level synthesis tool to develop a 
device that implements the subtraction procedure for 
drift and tremor removing from ECG. Compaan 
design flow automatically generates an output design 
based on simple input specification. This considerably 
decreases the development time required. Compaan 
further optimizes the design and makes it fault tolerant 
and low power consuming. Quick changes in the 
specification can be made to generate a new design. 
SW application is generated and the communication 
between the SW and HW through PCIe is additionally 
utilized. This benefits any development and research 
process. 
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Determine the energy of the impulse scheme for electrical 
excitation laser type "double impulse" 

Svetoslav Т. Ivanov, Yanca N. Kissova  

 

Determine the energy of the impulse scheme for electrical excitation laser type "double 
impulse"information from the paper. (Svetoslav Ivanov, Yanka Kisova). In most lasers with optical 
excitation essential element of the emitter except the active environment and optical resonator is a 
converter of electrical energy in the exciting light radiation - gas discharge or halogen filament 
lamps, and semiconductor LEDs and others. To obtain a high-energy (~100-300J) impulse with a 
steep front is suitable scheme excitation type "double impulse" proposed and investigated in this 
article. Described the principle of operation of the scheme and is composed substitutional electrical 
circuit. The analysis of resonant processes in both resonance loop lamp power supply, is defined the 
maximum number of inclusions flash lamp. Alleging is the equation for the total energy of the double 
pulse in substitutional scheme for electrical excitation laser of the type "double impulse". 

 

Определяне енергията на импулса в схема за електрическо възбуждане на лазер тип 
“двоен импулс“ (Светослав Иванов, Янка Кисова). При повечето лазери с оптично 
възбуждане съществен елемент на излъчвателя, е преобразувателят на електрическата 
енергия във възбуждащо светлинно лъчение посредством газоразрядна лампа. За получаване 
на високо енергиен (~100-300J) импулс със стръмен фронт е подходяща схемата за 
възбуждане тип “двоен импулс“ предложена и изследвана в тази статия. Описан е 
принципът на действие на схемата и е съставена заместваща електрическа схема. 
Представени са симулационните резултати от проведеното изследване на преходните 
процеси. При направеният анализ на резонансните процеси в двата контура, които 
захранват лампата, е определен максималния брой включвания за импулсната лампа. 
Изведено е уравнението за пълната енергия на двойния импулс в заместващата схема, за 
електрическото възбуждане на лазер от вида „двоен импулс”. 

 

Introduction 

In most lasers with optical excitation essential 
element of the emitter except the active environment 
and optical resonator is a converter of electrical 
energy in the exciting light radiation - gas discharge or 
halogen filament lamps, and semiconductor LEDs and 
others. Unlike coherent sources for excitation gas 
discharge flash lamp are significantly cheaper and 
available. They allow to be inflated larger volumes 
active environment. Main purpose of this type of 
source is pumped dye active dye environment [1]. The 
main interest in lasers with solutions of organic dyes 
is related to their ability to generate radiation with 
gradual adjustment of the wavelength in a wide 
spectral range, reaching 100 nm for an active solution. 
A characteristic requirement for excitation lamp is 
radiating energy to be short (~ 10μs) impulse 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 
settlement of the triplet level and created in Thermo 
illumination inhomogeneities. To obtain a high-energy 
(~100-300J) impulse with a steep front is suitable 
scheme excitation type "double impulse" proposed 
and investigated in this article. The purpose of 
research done is to create an equivalent circuit of a 
test device and do computer simulations of the 
transients, which then can be described analytically. 

Principle of operation of the scheme for 
electrical excitation laser type "double impulse" 

The principle scheme for implementing a method 
for managing a "double impulse" excitation of the 
laser gas discharge flash lamp is shown in Fig. 1.
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Fig. 1. Scheme for electrical excitation laser type "double impulse". 
 

The function of this electrical circuit is to provide a 
powerful impulse discharge in the lamp, in which the 
gas is pre-ionized by an external ignition. Ignition 
device needed to set up the initial ionization of the gas 
in the lamp comprises: a transformer T1, capacitor C3, 
resistor R5, thyristor D1, DC power source V3 and 
generator of control impulses V4. By thyristors D1 at a 
desired moment the capacitor C3, which is pre-
charged to a voltage of the DC power source V3, is 
diluted in the primary winding of the ignition 
transformer T1. The resistance of the lamp falls and 
accumulation capacitor C1 is diluted through it. As a 
result of the discharge radiates powerful impulse 
duration determined by the capacity of the 
accumulator capacitor C1 and the inductance of the 
discharge circuit L1. Specificity in the design of the 
scheme is the selection of their values and voltages 
power sources in it in order to obtain without 
relaxations maximum effective transmission of energy 
from the accumulator capacitor to light. It is used as 
working gas of pure xenon with a pressure dependent 
on the diameter of the lamp [2], [3]. 

The accumulated capacitor C1 is connected in 
parallel to the first power source V1, which has a value 
5,6kV. The discharge of the accumulator capacitor C1 
form prior to ionization low-energy impulse which 
provides intense ionization of the lamp. 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. In the scheme it has value 7kV. During this 
charge voltage arrestors U1 is constantly increasing 
and at a given time it reaches the required value to 
provide breakthrough. Then starts discharge of the 
condenser C2, which is included in parallel with the 
two power sources V1 and V2 and is charged to a 
voltage 11,2kV. Thus, the second major high-energy 

impulse begins with a steep front (~ μs). The intense 
pre-discharge protects the lamp from damage and 
provides a very steep front of the main impulse. This 
scheme on impulse pumping is very suitable for the 
excitation of dye lasers. The steep leading edge is 
required to climb faster the active particles of the 
upper laser level, which in dyeing environments is 
short lived (~ ns, it is not metastable). Furthermore, 
the excitation impulse is short in order to avoid the 
possibility of settlement of the triplet levels settled 
also and absorb some of the emitted laser generation. 
In scheme under consideration the length of the 
double impulse is 26μs. The internal resistance of the 
power sources V1 and V2 in the scheme type "double 
impulse" are respectively R1 and R2. Discharge circuit 
inductance L1 has a value of 10μH. This value is 
small, so as not to hinder the rapid growth of the 
leading edge of the impulse discharge of accumulated 
capacitor C1. The dye environments amplified in a 
wide spectral range and generation can be modified by 
"selective resonator", in which one of the resonator 
reflectors reflect a wavelength [4]. 

 Figure 2 shows a substituent sheme for electrical 
excitation of a laser-type "double impulse”. It consists 
of two resonant loops. The first includes a capacitance 
C1 with a value of 1μF, resistor R6 with the value of 
1Ω and two inductors L1 and L2 with a value of 10μH. 
In the scheme used impulsed discharge lamp is 
represented by consistently included inductance L2 
and resistor R6 [5], [6]. The moment of the inclusion 
of the capacitor C1 in the scheme is simulated by 
switching S1, which replaces the control circuit and 
the arrester U1 in the real circuit (Figure 1) is replaced 
by the switch S2. The inclusion of two charged 
capacitors C1 and C2 provide the initial conditions of 
the transition process. 

At the moment t = 0 the switch is closed S1 (Figure 
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2). In the scheme includes a capacitor C1, which is 
charged to a voltage 5,6kV and managed by the 
impulse generator V4 (Figure 1). The scheme consists 
only of I-primary circuit because the switch S2 is 
open. 

 
 Fig. 2. Substituent scheme for electrical excitation laser 

type "double impulse". 

    The capacitor C1 is diluted to a voltage 
approximately 4,4kV, when closed, and the switch S2. 
In the circuit includes the capacitor C2, which is 
charged to a voltage 11,2kV. His inclusion is about 
5μs after power capacitor C1, which is the time 
required for the appearance of the main high-energy 
impulse with a steep front impulse lamp whose 
control scheme is considered [9]. This delay time of 
the switching of the switch S2 to simulate the 
operation of the surge arrester. The scheme comprises 
more than two loops, the second loop includes the C2, 
connected in parallel to the resistor R3 = 1,1GΩ, and 
inductor L2, connected in series to the resistance R6. 

At the time of inclusion on the second loop current 
through the lamp has a value of about 840A. This 
value is determined by the simulation of transients 
made by the software Multisim. Fig. 3. shows the 
change of current through the flash lamp and IL2 form 
of voltage on capacitors connected in parallel to the 
power source: UC1 and UC2. 

 

 
Fig.3. Graphs of  IL2(t),UC1(t) and UC2(t). 

The graph in Figure 3 shows the change of current 
through the flash lamp IL2 before and after inclusion of 
the second power source V2. The amplitude value 
reached by this current at the second current impulse 
is approximately 4,1kA. From research done shows 
that the minimum period for switching the lamp is 
determined by the charging time tcharg. capacitor C2 
after current impulse. Therefore, the maximum 
frequency of operation of the flash lamp calculated by 
the formula: 

(1)              max
arg.

1

ch

f
t

= ,  is   fmax=2,41Hz. 

Design of power supply for flash lamp 

In order to design a power supply for flash lamp is 
necessary to know the parameters of the lamp and the 
impact they have on the maximum value of current 
energy released and the shape of the impulse. Other 
factors such as the borders of destroy (explosion) and 
lamp life should also be taken into account. With 
respect to the length of the impulse and impulse value 
energy should be borne in account the following 
considerations: too small impulse length can cause the 
lamp to become untransparent and absorb a significant 
percentage of light energy; too long impulse is 
inefficient because the stored energy leads to rapid 
aging of the electrodes of the lamp and therefore the 
lifetime of the lamp; too much energy in one impulse 
can significantly reduce the life of the lamp or in 
extreme cases destroy it. Therefore, it is necessary to 
quantify the maximum permissible impulse energy. It 
is calculated by the formula: too short a impulse 
length can cause the lamps to turn opaque and 
reabsorb asignificant percentage of the light energy; 
too long a impulse is inefficient because the stored 
energy in the disk decays faster than the lamps can 
replace it; too much energy in a single impulse or on a 
repetitive basis can significantly reduce the life of the 
lamp or in extreme situations, destroy it. This last 
limit,quantified as single shot explosion energy Eexp is 
given as: 

 

(2)                    4 0,5
exp 2.10 . . .E l d τ= , 

 
where l is lamp length, measured in cm, d is lamp 
diameter, measured in cm, too. The time constant of 
an electrical circuit τ is given as: 
 

(3)             LCτ = , 
 
where L and C are respectively the inductance and 
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capacitance in the discharge circuit of flash lamp. The 
approximate number of shots before failure is given 
as: 

(4)  

8,8

exp

0

E
N

E

 
=  
 

 

 
where N is the approximate number of shots before 
failure. Eexp is the single shot explosion energy limit. 
E0 is the energy at which the lamp is actually being 
operated. The graph of this relationship is shown in 
figure 4 below. 

 
Fig.4. Expected number of lamp shots as a function of lamp 

energy versus explosion energy. 

These factors are important and cannot be ignored, 
because flashlamp failure can result in catastrophic 
consequences to the laser disks in an amplifier. 

Equations for the first resonant circuit of 
substitutional scheme for electrical excitation laser 
type "double impulse" with a discharge lamp 

Select the time constant τ of the resonant circuit to 
be around 17% of the impulse duration tp, for which 
the contour is tp = 26μs [7,8]. Then τ is obtained: 

 

(5)         6 10,17 4, 47.10pt sτ − −= =  

      According to the formula (2) for the explosion 
energy is obtained Eexp = 355,2J at l = 12 cm and d = 
0.7 cm of flash lamp in the scheme "double impulsee". 
Selects energy at which the lamp is actually being 
operated E0 be about 4,4 % от explosion energy  Eexp: 
 
(6)         0 exp0,044. 15,68E E J= =  

According to the formula for the capacity of 

capacitor 

(7)  0
2

0

2E
C

V
=  

 
Having in mind that the voltage that includes a first 
resonant circuit is a V0=5,6kV, of capacity in the 
resonant circuit is get value C=1.10-6F. 

According to the formula (3) oscillating circuit 
inductance is calculated as follows: 

(8)  
2

620.10L H
C

τ −= =  

 
In the first resonance circuit full inductance L is 

L=L1+L2. Because the inductance of the flash lamp is  
L2=10µH, for the inductance of the discharge circuit 
get value L1=10µH. Those values of the considered 
variables according to formula (4) the approximate 
number of approximate number of shots before failure 
is  N ~1012.  

Equations for the second resonant circuit of 
substitutional scheme for electrical excitation laser 
type "double impulse" with a discharge lamp 

The second resonance circuit shall be included in 
the circuit with a delay of about 5μs after the first. Is 
selected the time constant τ of the resonant circuit to 
be around 26% of the impulse duration tp, for which 
the contour is tp = 21μs [7,8]. Then τ is obtained: 

 

(9)        6 10, 26 5, 46.10pt sτ − −= =  

 
Using formula (8) for capacity in the second 

resonant circuit is calculated by the formula :   
 

(10)     
2

63.10C F
L

τ −= =  

 
According to formula (2) for the explosion energy 

is obtained at Eexp = 392,6J, l = 12 cm and d = 0.7 cm 
of flash lamp in the scheme "double impulse". Given 
that the voltage that includes a second resonant circuit 
is V0 = 11,2kV, energy at which the lamp is actually 
being operated, lamp energy where it actually works 
E0 is given by: 

(11)  
2

0
0 188,2

2

CV
E J= =  

 
Those values of the considered variables according 

to formula (4) the approximate number of shots before 
failure is N ~ 103. 
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Total energy of the double impulse E0 in 
substitutional scheme for electrical excitation laser 
type "double impulse" 

The total energy of the double impulse E0 in the 
substitutional scheme for electrical excitation laser 
type "double impulse" is calculated by the formula: 

(12)      
2 2 2

1 1 2 2 1 1
0 2 2 2

C V C V L I
E = + +  

 
where  C1=1µF, C2=3µF, L1=10µH, I1 is the current 
through the inductance L1 currently in t = 5μs, where 
in the circuit include the second loop and has a value 
of about 800A. В този момент кондензаторът C1 е 
разреден до напрежение V1=4,39 kV. 
Напрежението на втория кондензатор е V2=11,2 
kV. При тези стойности на величините за 
енергията на “двойния импулс“ се получава 
стойност E0=201 J. 

Conclusion 

Substitutional scheme is composed of driver for 
electrical excitation a laser type "double pulse". It 
consists of two resonant circuits. This scheme allows 
for the simulation study of transition processes in 
pulsed excitation light. In the equivalent circuit is 
turned on and the equivalent circuit of the flash lamp 
composed by authors. Proposed is a methodology for 
designing a power control scheme for flash lamp. 
Transient processes were analyzed in two resonant 
circuits. They are composed equations describing the 
energy input on the lamp by two sequentially resonant 
circuits. Alleging is the equation of the total energy 
applied to the light of the two pulses. An analysis is 
made of the duration of the operation of the lamp 
depending on the energy of the ruling impulses. 
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Cost-efficient metallographic preparation methods 
of electronic components and assemblies 

 
Georgi A. Farkov, Valentin H. Videkov 

 
Control of the soldering process and failure analysis are an important part of quality assurance 

at today manufacturers of electronic components and assemblies. Many methods exist – non-destruc-
tive and destructive, each capable to reveal different types of defects and characteristics. Metal-
lographic cross-sectioning is often used in the electronic industry to determine or measure different 
kind of layers, material structures and defects as cracks, voids, delamination, etc. Producers of labo-
ratory metallographic consumables offer big variety of products that can be successfully used in 
cross-section preparation methods of electronics. This article describes each process step focusing 
mainly on the special points related to analysis of electronic components and assemblies. In addition 
to the traditional preparation method, proposed is an optimized method and both methods are com-
pared. Special attention is paid to cost and time reduction and use of new types of consumables for in-
stance patterned segment grinding surfaces. Represented are some of the investigation results, de-
tailed description of process parameters and the image analysis process. 

Икономически изгодни методи за металографски анализ на електронни компоненти 
и модули (Георги Фърков, Валентин Видеков). Контролът на процеса на спояване и анализът 
на грешката са важна част от осигуряване на качеството в днешните производители на 
електроника. Съществуват много методи – неразрушителни и разрушителни, всеки способен 
да открие различни дефекти и свойства. Изговянето на металографски микрошлифове често 
се използва в електронната индустрия за определяне или измерване на различни слоеве, 
структури на материали и дефекти като пукнатини, пори, деламинация. Производителите на 
лабораторни консумативи предлагат голямо разнообразие на продукти, които могат успешно 
да бъдат използвани в методите за изготвяне на микрошлифове в електрониката. Тази ста-
тия описва всички процесни стъпки, фокусирайки се върху особеностите при изготвянето на 
шлифове на електронни компоненти и модули. В допълнение към традиционния метод за из-
готвяне е предложен оптимизиран метод, като двата метода са сравнени. Специално внима-
ние е обърнато на намаляването на разходите и времената, както и употребата на нови ти-
пове консумативи, например повърхности за шлайфане. Представени са резултати от изслед-
ванията, детайлно описание на процесните параметри и анализа на изображенията. 

 

I. Introduction 

Nowadays, there are plenty of complex electronic 
devices in mass production. Control of the soldering 
process is required during the initial samples, as well 
as during the standard production on regular basis. 
Important factor for the long lifetime of the products 
is the solder joint reliability [1]. 

In general, the quality of solder joints depends on 
the materials taking part in the process (e.g. solder 
pad, component leads, solder and flux) and the proc-
ess flow. Typical defects leading to low reliability and 
malfunction are cold solder joint, bad wetting, devia-
tions in intermetallic layers and presence of solder 
voids. These defects are result of improper process 
parameters  (temperature/time),  oxidation  or con-

tamination of component leads or humidity [2]. 
The analysis of solder joint quality (quality con-

trol) could be performed by optical and physical 
methods. Those methods will reveal the necessary in-
formation for the solder joint, e.g. appearance, wet-
ting, solder voids [3]. 

There are defects/problems, which cannot be inves-
tigated without using destructive methods. In those 
cases metallographic cross-sections are widely used [4]. 

The significant difference between classical metal-
lographic analysis and metallographic analysis of elec-
tronic assemblies is in the type of the grinded/polished 
surface. During the cross-section preparation of elec-
tronic assembly materials with widely differing proper-
ties (for example hardness) are processed at once [5].  
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That means it is necessary to have a special approach 
and use some specific methods. 

II. Purpose 

The main goal of this investigation is development 
of optimized technological method for preparation of 
metallographic cross-section of electronic assemblies. 
The method should assure the necessary quality of 
analysed surface, which in most cases is metal, but 
also could be interface between metal and dielectric or 
metal – ceramics, epoxy resin and polymer and others.  

Problems that often occur during cross-section 
preparation of electronic specimens are smearing of 
metals and polymers, contaminations, damage of glass 
or ceramic and embedded abrasive particles [6]. 
Therefore different methods and process parameters 
for metallographic cross-section preparation will be 
investigated, compared and represented. 

In addition the overall cost of preparation is inter-
esting. Preparation time, operator time and the amount 
of used consumables for the total preparation process 
should be optimized and reduced. 

III. Metallographic analysis 

The complete preparation process is divided into 
several steps. Each step must be performed in the cor-
rect way in order to achieve satisfactory final result. 
The main process steps are cutting, mounting, grind-
ing and polishing [7]. The preparation must be per-
formed systematically to ensure reproducible results. 

III.1. Cutting 
Depending on the size or shape of the piece of 

material in some cases it has to be cut. The sample 
taken must represent the features of the parent piece 
from which it is cut. A plain surface, with as little de-
formation as possible, is required to facilitate and ex-
pedite further preparation. One of the most appropri-
ate cutting methods is the abrasive wet cutting. It in-
troduces the least amount of damage in relation to the 
time needed.  

The abrasive wet cutting utilizes a cut-off wheel 
consisting of an abrasive and a binder. Cooling liquid 
is used to avoid damaging of the sample.  

Depending on the material to be cut (hardness and 
ductility), wheels of different composition are used. 
For instance, silicon carbide (SiC), cubic boron nitride 
(CBN), aluminium oxide (Al2O3) and diamond 
(mostly used in sectioning of electronic assemblies). 

III.2. Mounting 
In most cases samples are embedded in resin to fa-

cilitate their handling and to improve the preparation 

result. Two techniques are available in the mounting 
process – hot compression mounting and cold 
mounting. Cold mounting is especially suited for 
mounting specimens that are sensitive to heat or pres-
sure. That is why it is mainly used in analysis of 
electronic assemblies.  

The specimen is placed in a cup, resin components 
are measured precisely, mixed and poured over the 
sample. 

Epoxy resins have the lowest shrinkage of all cold 
mounting resins. The curing times are comparatively 
long but these resins have excellent adhesion to the 
mounted material surface and they are transparent.   

Acrylic resins are easy to use with very short cur-
ing times and very low shrinkage. They consist of 
self-polymerizing components which harden after the 
addition of a catalyst. The transparency is not so good 
as epoxies, but it can be improved if the mounting is 
done under special conditions.  

III.3. Grinding 
Grinding is the first step of mechanical material 

removal. Actually grinding removes damaged or de-
formed surface material and introduces only a few 
new deformations. The main target of this process step 
is to prepare the specimen with plane surface and 
minimal damage. All scratches from the grinding 
should be removed during polishing in the shortest 
possible time.  

Often the process of grinding is divided in two 
steps – plane grinding and fine grinding. 

The aim of plane grinding is to equalize the sur-
faces of all specimens despite their condition and pre-
vious treatment. In case many specimens are mounted 
in a holder to process together, during plane grinding 
they have to be brought to the same level for the next 
process steps. In most cases the consumables used 
during plane grinding have fixed abrasive particles 
that remove material quicker. Water is mainly used as 
a cooling agent. 

Fine grinding removes the deformations from 
plane grinding and leaves only a small amount of 
scratches that will be possible to disappear during the 
polishing process. Depending on the materials hard-
ness, the fine grinding can be performed with abrasive 
papers and water or consumables of newer generation 
with improved characteristics and diamond suspen-
sion. 

III.4. Polishing 
The final and most important step before the mi-

croscope examination is polishing which has to pre-
pare the specimen surface in the best condition, to re-
veal the real structure without causing any defects. 
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This can be achieved with some additional steps using 
successively finer abrasive particles. In general the 
polishing process can be divided in two sub processes 
– diamond polishing and oxide polishing. 

Using diamond polishing the fastest material re-
moval and the best planeness are achieved. This is due 
to unique characteristics that diamonds have, e.g.  
their hardness.  

Some of the analyzed materials, especially those 
that are soft and ductile require final polishing. In 
most cases oxide polishing is suitable for this final 
step. Optimum polishing quality can be achieved us-
ing Colloidal silica with grain size of 0,04 um and pH 
of about 9,8. The combination of chemical activity 
and the fine abrasion results in absolutely scratch-free 
and deformation-free surface. On the market there are 
many different types of Colloidal silica intended to be 
used in different cases. Some are suitable in general 
for all materials and other are used in combination 
with reagents to increase the chemical reaction [8]. 

IV. Experimental results 

In order to ivestigate the behaviour of most materi-
als that are normally found in the electronic assem-
blies, some samples have been selected in advance - 
copper, several types of solder, printed circuit boards 
with different layer configuration and others. These 
samples have been divided into groups and moulded 
together in resin (Fig.1). 
 

 
Fig.1. Specimens used in the investigation process 

Each specimen contains a combination of different 
materials to assure processing under the same condi-
tions. Microscope examination has been performed 
after each process step and the acquired images were 
compared, analysed and archived. Mostly used illumi-
nation techniques in the optical microscopy have been 
used and compared, e.g. bright field and dark field ob-

servation. The influence of changing some process pa-
rameters has been studied, e.g. pressing force. Nowa-
days, there are many manufacturers offering big vari-
ety of consumables. Some of the newest generations 
have been tested. 

The traditional method often used for cross-section 
preparation of electronic parts consists of many steps 
successively performed one after another. Plane and 
fine grindings are normally done with silicon carbide 
grinding papers starting from grit sizes #180, #320, 
#800 and up to #1200 or even #4000. Grinded speci-
mens are cooled with water. Some improvements in 
the results can be achieved using SiC foils instead of 
SiC papers at the same cost, e.g. no wrinkling and 
better flatness of the consumable. The following pol-
ishing process is done with water-based monocrystal-
line or polycrystalline diamond suspensions and wa-
ter-based green cooling lubricant. In general there are 
three steps – 6um, 3um, and 1 um polishing. Special 
attention should be paid to find and use the optimum 
suspension/lubricant ratio. Oxyde polishing is an op-
tional step performed just in some cases if necessary 
or required. The parameters of traditional method are 
described in details (Table 1). 

The biggest disadvantages of this method are the 
big number of process steps and the short lifetime of 
grinding consumables. The removal rate of SiC papers 
dramatically decreases in just 40 seconds, making the 
second use impossible. 

Table 1 
Traditional preparation method 

Process step 
/  
Parameter 

Plane grinding Fine grinding Diamond polishing 

Surface 
SiC 

180 

SiC 

320 

SiC 

800 

SiC 

1200 

SiC 

4000 

MD 

Dac 

MD 

Floc 

MD 

Nap 

Lubricant Water (H2O) Lubricant (water-based) 

Suspension --- --- --- --- --- 6 um 3 um 1 um 

rpm 250 250 250 250 250 150 150 150 

Direction   

Force [N] 30 30 30 30 30 20 20 20 

Time [min] * * * * * 3 3 4 

* - as long as necessary 
 
Some of the results achieved with the traditional 

preparation method are represented on Fig.2 and Fig.3. 
In order to optimize the traditional preparation 

method the current consumables market has been 
studied. In the last years, the leading manufacturers 
offer many newer generation consumables for grind-
ing and polishing.  
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Fig.2. Specimen status at different process steps,              

dark field observation. 

 
Fig.3. Specimen status after 6um polishing, dark field ob-

servation(left) and bright field observation (right). 

The newest grinding surfaces [9] have a patterned 
segment surface structure (see Fig.4), specifically 
designed for each grinding phase, which minimizes 
build up of abraded material, allowing consistently 
high material removal rates and optimum planeness.  

 

 
Fig.4. Magnetic disc and different types of patterned seg-

ment grinding surfaces. (source: struers.com) 

According to the specifications of these articles 
their usage leads to fewer preparation steps, reduced 
preparation time and costs, better quality of speci-
mens. To investigate the results in case of electronic 
assembly cross-section preparation, different prepara-
tion surfaces have been tested and the influence of 
most important process parameters has been checked. 
Appropriate sequence and process parameters for 

achieving comparable and better surface quality re-
sults to the traditional preparation method are de-
scribed in Table 2. 

Table 2 
Optimized preparation method 

Process 
step /  
Parameter 

Plane 
grinding 

Fine 
grinding 

Diamond polishing 

Surface 
MD-Primo 

(120) 220 
MD-Largo MD-Dac MD-Nap 

Lubricant Water --- --- --- 

Suspension --- DiaPro9 DiaPro Dac3 
DiaPro 
NapR1 

rpm 300 200 150 150 

Direction     

Force [N] 20 20 20 20 

Time [min] * 3 3 4 

* - as long as necessary 
 

Plane and fine grinding steps are done with pat-
terned segment surfaces MD-Primo and MD-Largo 
developed by company Struers. 

MD-Primo is a grinding disc with SiC abrasive in a 
resin bond. It is intended primarily for grinding of  
non-ferrous metals and soft materials in the hardness 
range of HV 40-250. This consumable is always used 
with water cooling and is available in two varieties – 
Primo120 and Primo220 corresponding to the grit 
sizes of normal SiC grinding papers. Primo120 is used 
in case of larger specimen where high material re-
moval is required and the specimens are clamped in 
holders. Primo220 is normally used with smaller sam-
ples and softer materials. One MD-Primo grinding 
disc replaces between 50-60 SiC grinding papers. 

MD-Largo is composite disc for one step fine 
grinding. It is designed to be used for fine grinding of  
soft materials in range HV 40-250 or for grinding of 
composites with a soft matrix. The lifetime compared 
to SiC grinding papers is extremely higher. MD-Largo 
can be used instead of 900-1000 pieces of grinding 
papers. Diamond suspensions and lubricant or all-in-
one diamond products like Struers  DiaPro can be 
used during preparation on MD-Largo. DiaPro is a 
specially designed product to be used with such kind 
of grinding discs containing diamond particles and lu-
bricant [10]. When used together the preparation time 
can be reduced average to 30% while achieving ex-
cellent planeness, edge retention and reproducibility. 
This is mostly due to the correct diamond/lubricant 
ratio. Last but not least is that in this way the dosing 
system has one more free  position to be used for other 
consumable. 
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Fig.5 and Fig.6 represent some of the results 
achieved with the optimized prepraration method. 
 

 
Fig.5. Specimen status at different process step, 

 bright field observation. 

 
Fig.6. Specimen final status after 1um polishing, dark field 

observation(left) and bright field observation (right). 

All images acquired on each process step during 
the investigations have been analysed on Olympus 
Stream image analysis software. Using some of the 
software  tools (see Fig.7) it is possible to evaluate the 
cross-section surface and compare it for example with 
the previous step. 

 
Fig.7. Line Profile creation in Olympus Stream image 

analysis software 

The Line Profile shown on Fig.8 is represented in 
three channels (RGB). Further statistical evaluation is 
possible to determine the number of scratches. It is 
done locally for a specific part (material) on the im-
age. Specific colour is extracted from the colour spec-
trum and being numericaly processed. Fig.9 shows re-
stored spectrum of blue colour and the function is 
normalized. Normalization is performed to the highest 
value of certain line profile and colour. This allows 
comparison of images with different brightness. The 
comparison is done by counting the number of inter-
sections between colour function, 65%-line and 80%-
line. The result devided by 2 is assumed to be the 
number of scratches.  

Surface quality of all specimens that have been 
processed with the above described optimized prepa-
ration method is acceptable and comparable to the tra-
ditional method. What is more remarkable is the de-
creased number of process steps (8 down to 4) and 
consumables used, thus reducing significantly the 
preparation and operator times, which reflect of 
course the overall cost of preparation – in this case 
approximately -20 % on average. 

 

 
Fig.8.  Line Profile chart in Olympus Stream image analysis software 
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Fig.9.  Line Profile chart – blue colour (normalized) 

V. Conclusion 

Normally we are interested to achieve precise pic-
ture of examined specimen structure. But ideal result 
without any defects near the preparation surface (real 
structure) is only possible theoretically. Even using 
the best mechanical preparation methods there will be 
still some small deformations on the cross-section’s 
surface. However these micro damages are not re-
vealed by the optical light microscope and does not in-
fluence the examination results. In most cases accept-
able preparation result is needed and any further 
preparation than necessary is only an increase of over-
all cost of preparation.  

The usage of cheapest consumables do not always 
guarantee the lowest price per sample. The lifetime of 
each single consumable and the quality of the surface 
it produces are really significant. For example if a 
plane grinding step is included in the used method 
only because of its high material removal rate, the 
following  fine  grinding step  probably  should  be 
extended to remove all the deformations caused by  
the previous step. And that should be taken into con-
sideration when calculating the total preparation time 
and cost. 

Taking into consideration the experimental results 
of all analysed electronic assembly specimens it can 
be concluded that the proposed optimized preparation 
method is applicable and also better approach com-
pared to traditional preparation method. The expected 
decrease of preparation time and consumable cost are 
confirmed and calculations show it is really signifi-
cant, without any compromise of surface quality. 

Another important factor is the evironmental 
friendly composition of the new consumables. Their 
decreased number in the optimized preparation 
method additionally helps to protect the nature. 
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Sensor and actuator nodes for multi-zone demand-controlled 
ventilation 

Marin B. Marinov, Todor S. Djamiykov, Volker Zerbe  

 

With sensor-based demand controlled ventilation the ventilation rates are controlled through 
signals from indoor and outdoor air sensors and so better control of the indoor pollutant 
concentration and lower energy consumption can be achieved. Recently the successful use of 
renewable energy in the form of ground heat exchangers for fresh air preconditioning has served as 
the basis for the realization of innovative air conditioning systems. However, significant effects can be 
achieved only if considerable modifications in the systems architecture and especially, in the 
measurement and control technology are made. The paper elaborates on the design and the 
implementation of a cost effective multi-zone air conditioning system with a ground exchanger. For 
the implementation of dynamic demand-controlled ventilation strategies intelligent sensor-actuator 
nodes are used. Approaches for 2CO  sensor error correction are presented. 

Сензорни и актуаторни модули за многозонова вентилация, управлявана според 
конкретните нужди (Марин Маринов, Тодор Джамийков, Фолкер Цербе). Разработени са 
множество технологии за редуциране на енергийната консумация. Сред най-успешните и най-
широко наложилите се е измерването на концентрацията на  и управлението на 

системите въз основа на тези данни, т. нар. Demand-controlled ventilation (DCV). При 
сензорно-базираната вентилация, управлявана според нуждите, дебитът на чистия въздух се 
управлява въз основа на сигнали от сензори, разположени на закрито и открито. Така може 
да бъде постигнато по-ефективно управление на нивата на замърсителите на въздуха на 
закрито, при по-ниска консумация на енергия. Въпреки значителните потенциали за пестене 
на енергия в климатичните системи, значими ефекти могат да бъдат постигнати само чрез 
подходящи промени в архитектурата им, по-специално в използваните  технологии за 
измерване и управление. В работата е разгледана реализацията на сензорно-актуаторни 
модули за енергийно-ефективна многозонова система за климатизация с подземен 
топлообменник. Представени са подходи за подобряване на точността на използваните 
сензори за измерване на нивата на въглероден диоксид.  

 

1. Introduction  

In Europe more than 45% of the energy is 
consumed in buildings. More than 50% of this 
consumption is in non-residential areas where a lot of 
buildings are equipped with air conditioning systems. 
Buildings are becoming one of the fastest growing 
energy consuming sectors and that is why its savings 
strategies are a global challenge. Decentralized 
climate control, operating separately in different zones 
and areas of the buildings provides opportunities to 
satisfy these demands. [1]. 

The role of measurement and control is becoming 
significant since they are directly related to the 
amount of the energy consumed in buildings. A great 
number of technologies have been developed to 
reduce energy consumption. One of the most 

successful and widely used ones is the measurement 
of 2CO  concentrations and the control of ventilation 
systems based on the measured data – the so called 
Demand-controlled ventilation (DCV). DCV based on 
carbon dioxide ( 2CO ) sensing is practically a 

combination of two technologies: 2CO  sensors that 

measure 2CO  levels in the indoor air, and an air-
handling system that uses the sensors data to control 
the ventilation. Given a predictable activity level, as 
for example the one which might occur in an office, 
school, etc. people will also exhale 2CO  at a 

predictable level. Thus, 2CO  production in a space 

will closely depend on the occupancy. Outside 2CO  
levels are typically at low concentrations of around 

2CO
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400 - 450 ppm in urban areas [3]. So indoor 2CO  
measurement can be used to control the amount of 
outside air with low 2CO  concentration that is 

introduced to dilute the 2CO  generated by the 
occupants of the building or by the building. The 
result is that ventilation rates can be measured and 
controlled to a specific m3/person value based on 
actual occupancy. This is in contrast to the traditional 
method of ventilating at a fixed rate without taking 
into account the extent to which that particular place is 
occupied. [4]. 

Using DCV we can manage to adapt the supply of 
fresh air to the actual needs. Thus, during periods with 
smaller numbers of visitors, the ventilation system can 
reduce significantly the supply of fresh air and can 
even be switched off without reducing the quality of 
the air in the enclosed areas.  In this way considerable 
quantities of energy, otherwise used for transport and 
conditioning of the air, can be saved. 

2. Basic calculations for multi zone variable air 
ventilation  

Equilibrium analysis is commonly used in the 2CO
-based DCV for calculating the ventilation rates from 
indoor 2CO  concentration levels. This approach is 

based on the mass balance of 2CO  in a zone. For 
mechanically ventilated zones the equation of mass 
balance, evaluation of the differences between 2CO  

concentration in a specific zone ( ZC ) and the 2CO  

concentration of outdoor air ( 0C ) in a state of 

equilibrium can be used Here it is accepted that the air 
which is supplied is well mixed and the effectiveness 
of air distribution in the zone is 1=ZE . So the zone 
outdoor airflow (in L/s) can be calculated by the 
equation: 

(1) ( )0/ CCNV ZZOZ −= , 

where NZ is the coefficient of generating 2CO  and 

depends on the number of people ( ZZ PCN ⋅= ) and 

ZP  is the zone population and C is a constant whose 
value is determined on the basis of the activities of the 
occupants, their health condition, etc. [8, 10, 11]. 

The ASHRAE 62.1 2010 standard [8] sets specific 
requirements in the calculation of multi-zone systems. 
Two ventilation rates have been introduced where the 
first one is related to the air pollution caused by the 
occupants in the zone and the second is related to the 
air pollution caused by the building itself. The design 
outdoor airflow required in the breathing zone of the 
occupiable space in a zone, i.e. the breathing zone 

outdoor airflow ( BZV ), has to be determined in 
accordance with the equation: 

(2) ZAZPBZ ARPRV ⋅+⋅=  

where: PR  = outdoor airflow rate required per person, 

ZP  = the largest number of people expected to occupy 

the zone (zone population), AR  = outdoor airflow rate 

required per unit and =ZA  zone floor area (the 
occupiable floor area of the zone in m2). The values of 

PR  and AR  are determined in accordance with a table 
for that specific occasion [8]. 

(3) ZBZOZ EVV /= ,  

where ZE is the zone air distribution effectiveness. 

Thus on the basis of (1) and (2) and for 1=ZE  for 

 concentration in the zone we get: 

(4)  
ZAZP

Z

OZ

Z
Z ARPR
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C

V

N
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⋅+⋅
⋅+=+= 00

. 

In order to ensure that the ventilation rate required 
by (2) is provided in that place, the measured 2CO  

concentration, must be equal to (or lower) than the 
value determined by (4). In the earlier versions of the 
established standards the product ZA AR ⋅ , which 
reflects the air pollution caused by the building itself, 
does not exist and allows parameter ZP  (zone 
population) to be cut out, and thus for the difference 

0CCZ −  we get a constant value of PRC . In 

ASHRAE Standard 62.1 2004-2010, the product 

ZA AR ⋅  requires dynamic evaluation or measurement 

of the difference 
0CCZ −  so that effective 

management of the ventilation system can be achieved 
[2, 7, 8]. 

The structure and the specifics of the proposed 
multi-zone ventilation system suggest as an effective 
solution the use of 2CO  concentration of the supply 

air SC . Then for dzV  (discharge air supplied to the 

zone) it can be written on the basis of the (1): 

(5) ( )SZZdz CCNV −= / .  

Using (3) to get the needed concentration in the 
respective zone it is necessary to measure the  

concentration of the supply air SC , which is 

determined in accordance with the following equation: 

(6) .
11
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It is necessary to calculate SiC  for each zone.  In 
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order to ensure the  levels in all zones, it is 
necessary to determine the minimal value in 
accordance with the equation: 

(7) 

( )

.
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Practically the main problems in having an energy 
effective management of ventilation systems are 
related to a precise enough evaluation of the number 
of occupants in a particular zone and that is why we 
calculate ZiN  and OZiV . In order to calculate these 

parameters we use the data set out in the design stage 
which lead to considerable deviations in the 
evaluation and thus to a significant reduction in the 
effectiveness of the  ventilation systems. The use of 
sensors for 2CO  in each zone and determining the 
number of occupants of the zone on the basis of this is 
an alternative which has so far been dismissed as 
possible solution due to the high prices of the 
hardware. 

3. Multi-zone variable air volume air 
conditioning system  

A. The conventional air conditioning system  

Ventilation systems for large multi-zone spaces 
such as department stores, big office buildings, 
railway stations, airports and others are usually 
designed in such a way that the air handling units are 
located in the roof and sub roof area. The basic 
structure of a conventional air conditioning system is 
shown in Fig. 1.  

 
Fig. 1. Basic structure of a conventional air conditioning 

system. 

Some of the main disadvantages of the 
conventional air conditioning system are: 

• High energy consumption for conditioning the 
outdoor air in the roof area due to particularly 

unfavorable climatic conditions in this area. Here 
we usually have the highest temperatures in 
summer and the lowest in winter. 

• The conditioned air in the air distribution system 
is transported over long distances to the air 
outlets and there are significant energy losses. 

• The air from the supply air outlets has to be 
pressurized so that the underlying supply areas 
can actually be reached. 

B. The novel ventilation concept with variable air 
volume and geothermal heat exchanger 

Over the last few years, as an alternative to the 
conventional ventilation systems, installations using 
renewable energy sources have increasingly being 
used. They employ, for example, a geothermal heat 
exchanger which partially performs the 
preconditioning of the outdoor air. It permits to move 
the basic components of the conditioning systems (air 
handling units) from the roof to climatically protected 
areas. If the specifics of the construction permit it is 
possible to lay down the ventilation channels under 
the floor and air outlets at a level at which the 
occupants reside. Thus, an additional reduction of the 
mechanical and thermal losses is achieved.  

The incoming air is filtrated and through a flow 
controller the volume of zone primary airflow is 
controlled (Fig. 2). 

Fig. 2. Typical air outlet with sensor and actuator 
components for flow control. 

The needed air volume is adjusted by means of 
electromagnetic devices which regulate the valves of 
the air outlets. The data used to adjust the valves is 
provided by the central controller whose main task is 
to maintain the balance of the air volumes in the 

2CO



“Е+Е”, 7-8/2014    29 

whole system. Thus, by using appropriate strategies of 
control a precise Variable Air Volume (VAV) control 
can be achieved. 

The basic structure of the innovative ventilation 
system is presented in Fig. 3. The necessary air outlets 
are designed, so that at any time a variable and 
precisely adjusted air volume with known 2CO  
concentration is possible. In the proposed ventilation 
concept there are two options for air supply: direct 
fresh air (Supply air 1) and pre-air conditioning in the 
underground heat exchanger prior to its submission to 
the air outlets (Supply air 2).  

Fig. 3. The proposed ventilation concept with geothermal 
heat exchanger and VAV control [19]. 

Some possible variations of the Variable air 
volume air outlets for different zones are shown on 
Fig. 4.  

Fig. 4. Possible variations of the air outlets [19]. 

The distributed architecture of the proposed system 
requires also a new approach to the realization of both 
the overall control concept and the individual system 
components (Fig.5). It is necessary to “move” more 
intelligence in the sensor nodes. The intelligent sensor 
nodes pick up not only the variables to be measured; 
they also process the measured values and 
communicate these results. 

 

 
Fig. 5. The distributed system architecture with intelligent sensor-actuator nodes and PoE network. 
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4. The intelligent sensor and actuator node 

A. Communication infrastructure 

Over the last 10 years, industrial Ethernet has 
developed to meet important industrial requirements 
such as prioritization techniques, faster fault-recovery, 
and the increasing popularity of standardized solutions 
in both the industrial and vendor communities. 

Enterprise infrastructure is quickly evolving with 
new networked devices to improve communication, 
collaboration, security, and productivity. In the past, 
field buses were the only power-and-data option. 
Now, IEEE 802.3af (Power over Ethernet - PoE) 
provides that same combined capability, and vendors 
are increasing the number of industrial PoE-capable 
devices available for deployment [20]. 

In recent years, enterprise workspace-
infrastructure is increasingly converged to IP 
network infrastructure. PoE is now one of the most 
widely deployed technologies to provide power to 
networked devices. This approach was chosen for the 
implementation of the sensor and actuator nodes. The 
main components of a sensor node are a 
microcontroller, transceiver, memory, power source 
and one or more sensors (Fig. 6). 

 

Fig. 6. Block diagram of the sensor node. 

In particular, the proposed intelligent sensor-
actuator node is composed of a main board and an 
expansion board. The common modules such as a 
processor, Ethernet circuits, power supply and 
memory are located in the main board. In this design а 
PIC18F86K22 microcontroller is used. 

The other modules that are frequently changed 
according to the different application requirements are 
placed on the expansion boards. The following 
sensors are connected to the basic sensor-actuator 
nodes: a sensor module for continuous carbon dioxide 
concentration measurement; a temperature sensor; a 
relative humidity (RH) sensor; a sensor for differential 
pressure measurement for the air filter monitoring; 
and a sensor for atmospheric pressure measurements 
for error correction purposes (only in a few nodes). 

B. The CO2 sensor selection considerations 

The evaluation of the air quality by means of 
sensors is, at present, based on measuring the 
concentration of certain compounds or gas mixtures. 
In spite of the considerable advances in gas sensorics 
over the last few years, still there are no reliable 
sensors for broad spectrum measurement of a number 
of gas components and for their effect on people’s 
health. For the purposes of DCV the types of sensors 
which are widely used are the selective sensors for 
measuring the 2CO  concentration and the VOC 

sensors which measure weighted influences of 
different types of gases which directly affects the air 
quality. 

The established standards require that the error 
levels of the 2CO  sensors are around ±75 ppm for a 

period of 5 years after the installation. That is why 
infrared sensors are commonly used for measuring 

2CO  concentration in enclosed areas for the purposes 

of DCV as it meets these requirements at reasonable 
costs [7], [8], [9]. 

The most common technology on the market for 
measuring 2CO  is the non-dispersive infrared (NDIR) 

technology which is based on the well-known 
principle of infrared absorption of radiation.  

The main problem with the NDIR technology is 
that the required light source will lose its intensity 
over time. Most 2CO  sensor manufacturers offer an 

accuracy specification in the range of ±(50–100) ppm 
to certified calibration mixtures. When the uncertainty 
of calibration of gas mixtures (±2% usually) is added 
to the sensor accuracy the error rates in absolute 
measurements are considerably beyond those 
permitted by the standards ±75 ppm. 

Due to these considerations a 2CO  sensor is 

chosen and it is embedded in the sensor node. We 
have chosen a K-30 sensor module by SenseAir. This 
is an infrared, low-cost and maintenance free 
transmitter module with good measurement accuracy 
±(3% of measured value ± 30 ppm) [15]. 

5. CO2 sensor error compensation  

The infrared gas sensors generate a signal 
proportional to the molecular density 
(molecules/volume of gas), even though the reading is 
expressed in parts per million. The changes of 
pressure and temperature also change the molecular 
density of the gas according to the ideal gas law. 
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A. Temperature and pressure compensation 

The ideal gas law can be used to calculate the 
molecular density of a gas at a given temperature and 
pressure, when the gas density at standard conditions 
is known.  

For the general case of an equation of ideal gas 
with a given mass m we have:   

(8) ,nRTRT
m

pV ==
μ

  

where: p – pressure, V – volume, μ is the molar mass 

of the gas, R – the universal gas constant, T  – 
absolute  temperature,  n is number of moles in the 
gas. 

Based on the equation of the state of the ideal gas 
we can calculate molecular density of a gas at 
particular temperature and pressure, if the density of 
the gas is known under standard conditions 
( )., STST Tp   

The formula of the density can also be written as: 

(9) ( ) ( ) ( ) ,,,
МSTP

ST

ST

M
STST T

T

p

p
TpTp

ϑ+
⋅⋅ρ=ρ  

where Mp is the measured pressure and Мϑ  - the 
measured temperature. Thus, according to the formula 
of the density we can make a relatively accurate 
estimation of the deviations in measuring 2CO
concentration in case of changes in temperature and 
pressure as compared with the “standard” temperature 
and pressure [14], [22].  

B. Humidity level compensation 

The influence of water vapour on 2CO sensor 
readings can be estimated based on Dalton's law of 
partial pressures in gaseous mixtures.  

The relation between the concentrations of gases in 
an environment of high humidity - 

HIGHWetC   and an 

environment of low humidity -
LOWWetC is given with 

the following equation: 

(10) ( )
LOWHIGH

LOW
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MM
Wet

Wet HH
C
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01,01 , 

where 
HIGHMH - is the measured volume concentration 

of water in an environment of high humidity, and 

LOWMH - is respectively in an environment of low 

humidity [22].  

C. Selection of sensors for the compensation 

The selection of the specific sensors in the nodes is 
based on the considerations for the required sensor 
accuracies for energy efficient control and 
compensation of the 2CO  sensor. The ADT7311 is a 

high accuracy digital SPI temperature sensor [21]. 
The HIH-4000 Relative Humidity Sensor is 

polymer capacitive sensing element with on-chip 
integrated signal conditioning. [16]. 

The sensor MPXV7002DP is chosen for 
differential pressure measurement and filter 
monitoring. Appropriate signal conditioning is 
included in an integrated circuit form, providing a DC 
voltage linearly proportional to the pressure difference 
over a specified range [17]. The MPX5100A sensor is 
chosen for atmospheric pressure measurement and 

2CO  readings correction [18]. 

Conclusion 

The sensor-based DCV seems to be an increasingly 
attractive option for controlling indoor air quality 
while reducing energy consumption and costs. The 
proposed new ventilation concept with variable air 
volume and geothermal heat exchanger offers more 
advantages than conventional systems.  

The distributed architecture of the proposed system 
requires a new approach in the realization of both the 
overall control concept and the individual system 
components. The core of the system presented in this 
paper is the intelligent sensor-actuator nodes which 
can be arranged in different configurations according 
to their specific functions. The proposed compre-
hensive approach for 2CO  sensor error compensation 

enables continuously precise measurement of the 
indoor and outdoor air quality and other significant 
control parameters at acceptable price. Thus the easy 
implementation of energy effective management 
strategies is possible. 

The next research steps are aimed at improving the 
long-term stability and robustness against influences 
of temperature, pressure and humidity. 
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TELECOMMUNICATIONS SCIENCE 

Three element broadband acoustic array  
with constant array factor 

Peter S. Apostolov, Georgi P. Georgiev 

 

In the paper a problem of spatial signals filtration with high selectivity is discussed. To approxi-
mate the ideal array factor – Kronecker-δ, approximation method of compressed cosines is used. The 
approximation with third-degree optimal polynomial is performed. As a result three-element broadband 
without sidelobes acoustic array with Luneburg lenses is designed. Matlab simulations and comparisons 
with other acoustic arras are demonstrated. 

Триелементна широколентова акустична решетка с постоянен множител на решет-
ката (Петър С. Апостолов, Георги П. Георгиев). В статията е разгледана високоселективна 
пространствена филтрация на сигналите. Апроксимирана е делта- функция на Кронекер с нов 
апроксимационен метод на компресирани косинуси. Апроксимацията се извършва с оптимален 
полином от трети ред. В резултат на това е синтезирана три-елементна широколентова акус-
тична решетка без странични излъчвания, използваща лещи на Люнеберг. Показани са симула-
ции на Matlab и сравнения с други акустични решетки. 

 

 
Introduction 

The acoustic arrays are spatial filters. They are used 
for direct receiving of sound signals to definite direc-
tion. They consist of N equal uniform set elements (sen-
sors). Basic parameters of acoustic array are: 

• general array shape; 
• element spacing d normalized against wave 

length λ ; 

• element excitation amplitude 
n

I ; 

• element excitation phase 
n

ϕ ; 

• pattern of array element. 
The gain diagram of acoustic array is defined by the 

pattern multiplication theorem: 

Array pattern = Array element pattern x Array Factor. 

The array factor depends of general array shape, el-
ement excitation amplitude and element excitation 
phase. For linear equidistant acoustic array (LEAA) is 
the function ( ) ( )sin sinnx n x . The synthesis procedure 

reduces to determining of the array factor. The main 
disadvantage of the acoustic arrays is that they are very 
narrowbanded. The frequency bandwidth is no more 
than 10-15% outside the nominal wave length λ .  

In the design must be a trade-off between the geo-
metric size and the selectivity of the array. Such a so-
lution is “nested array” [1]. Figure 1 shows array factor 

of nine – elements nested acoustic array with interele-
ment distance 2.54cm. This array is widebanded: 350 – 
7000Hz, but the selectivity is low and inconsistent. So 
far has not been known a design method for a broad-
band, narrowbeam LEAA with constant array factor. 
Subject of research of this paper are LEAA with above 
mentioned properties. 

 
Fig.1. Array factor of nested acoustic array. 

Approximation with compressed cosines 

There are methods for improving the selectivity of 
the LEAA. They are created for linear equidistant array 
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antennas design. Their basis is a polynomial approxi-
mation of an ideal function. The most popular methods 
are Taylor’s [2], Villeneuve’s [3], Schelkunoff’s [4], 
Orchard’s [5], Dolph–Chebyshev’s [6], Hausdorff’s [7] 
etc. The method of Dolph–Chebyshev and its modifi-
cation by Riblet [8] have the best properties. 

A new polynomial approximation method is used in 
the paper. The theoretical basis of the method is de-
tailed in [9]. A polynomial approximation of an ideal 
array factor – Kronecker-δ will be discussed 

(1) ( )
1,  

0,  
δ θ =





0

0

θ

θ

=

≠
; [ ]2 , 2θ π π∈ − ,  

where θ  is the azimuth angle. With the method an op-
timal 3rd degree polynomial is obtained 

(2) ( ) ( ) ( )[ ]
4

3

1

cos 1
k

m

P b mθ ϕ θ
=

= − ,  

with coefficients: 

(3) 
1 3

0.5b b= = ; 
2 4

0b b= = .  

The argument of the cosine contains a modulating 
function ( )erf . - Gaussian integral error function with 

S-shaped graph 

(4) ( ) ( ) ( )2 erf sinkdϕ θ π β θ= .  

The modulating function compresses the cosine in 
the middle of the definition domain, 0β >  is a param-
eter, which changes the compression density. This ef-
fect gives the name of the method: "Approximation 
with compressed cosines”. Figure 2 shows an approxi-
mation of the Kronecker-δ with 3rd degree optimal pol-
ynomial for two values of the parameter β. 

 
Fig.2. Approximations of Kronecker-δ with third degree 

polynomials 

Figure 3 shows the corresponding array factors in 
[dB]. It is seen that the array factor is without side lobes 
and the parameter β changes the width of the mainlobe. 

The parameter β is determined from 

(5) 
( )

( )

-1

3

1
erf arccos 1 2

sin
dB

kd

πβ
θ−

−
=

Δ

 
 
  ,  

where 
3dB

θ−Δ  is the mainlobe width at level 

1 2 0.707≈ , ( )-1erf . is the inverse integral Gaussian er-

ror function. 

 
Fig.3. Array factors in [dB]: continues line β=0.5; dashed 

line β=1. 

From the non-zero coefficients of the polynomial 
the normalized array factor of the acoustic array is de-
termined 

(6) ( ) ( )( ) ( )( )1 2 exp 2 exp 4A j jθ ϕ θ ϕ θ= + + .  

Design of a three element broadband acoustic ar-
ray with constant array factor 

The task is to realize the three terms of the array fac-
tor (6) with technical means. The exciting currents can 
be easily realized – it is necessary to amplify the signal 
from the second sensor by 2. 

The exponents of the second and the third terms ex-
press the phase change of the signals. To be imple-
mented the phase function, it is necessary a technical 
device to determine the direction of arrival to the sound 
waves in the azimuth plain. One possible solution is the 
acoustic Luneburg lens [10], [11]. The Luneburg lens is 
a sphere with a variable refraction coefficient. Theoret-
ically the refraction coefficient does not depend on the 
frequency, or the wavelength λ . The lens has the prop-
erty to focus the parallel rays from all the directions of 
the azimuth angle θ  in points, placed on one semicircle 
in the azimuth plain as it is shown on figure 4. 

In these points microphones are installed. This al-
lows the phase function ( )ϕ θ  to be realized with delay 

lines as it is shown in figure 5. 
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Fig.4. Luneburg lens. 
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Fig. 5. Lower hemisphere of an acoustic Luneburg lens 

with delay lines. 

The delay times are determined by the modulating 
function (4). In figure 6 they are shown in graphic form 
for each of the three lenses, where ( )max

2vτ λ= , v is 

the propagation velocity of the sound in the medium. 
Figure 7 shows the structure of a three-element 

LEAA with the same Luneburg lenses with delay lines. 
The signal from the second lens is amplified by 2. At 
the output all the signals are added. 

The mainlobe width 
3dB

θ−Δ  and the time delays 
L

τ  

depend on the parameter 0β >  which can be arbitrarily 
large. This means that with three lenses, an arbitrary 
specification can be realized with respect to the width 
of the mainlobe. The array factor has no sidelobes. The 
delay time functions for each lens ( )L

τ θ  are formed by 

two factors: time equalization (phase alignment) for all 
the directions of arrival, and time delays determined 
from the modulating function (4) derivative.  

These two factors determine two important proper-
ties of the acoustic array. The phase alignment makes 
the array broadband. The derivative of the modulating 

function is significant as a weighting function, which 
determines the selectivity of the main lobe. Thus, at a 
fixed interelement distance, the acoustic array can op-
erate with a constant selectivity of the array factor on 
an arbitrary nominal frequency or wavelength. 

 
Fig. 6. Time delays functions. 

 
Fig. 7. Scheme of LEAA with 3 Luneburg lenses  

The described property is proved by a computer 
simulation of Matlab for 3 element array with interele-
ment distance 17.1cm and mainlobe width 0

3
10

dB
θ−Δ = . 

For frequencies 300, 1000 and 3500Hz, 91×3 sinus-
oids were created with a sampling rate of 192 kHz. The 
sinusoids are phased so as, to simulate reception of a 
signals at the three points of the sensors, from 91 spatial 
directions of the azimuth angle [ ]2 , 2θ π π∈ − . Figure 

8 shows the results of the simulation. For the different 
frequencies the beam-width is constant. For 3500Hz 
the discretization noise is at level -30dB. 

 
Fig. 8. Matlab simulation. 
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Discussion 
In Fig. 9, the array factors of four acoustic arrays are 

compared with the following specifications:  
• three element uniform array with interelement 

distance 2d λ= ; 

• three element binomial array with interelement 
distance 2d λ= ; 

• fifteen element Dolph-Chebyshev array with 
interelement distance 2d λ= , beamwidth 

0

3
9.6

dB
θ−Δ =  and side lobes level -40 dB; 

• three element compressed cosines array with 
interelement distance 2d λ=  and beamwidth 

0

3
9.6

dB
θ−Δ = .  

 
Fig. 9. Array factors comparison 

It is seen that the acoustic array with compressed 
cosines has better selectivity than uniform and bino-
mial arrays; wider main lobe, but no side lobes as com-
pared with the Dolph-Chebyshev array. 

In the paper, it is assumed that the Luneburg lens 
has unit gain. For aperture efficiency 0.6, this condition 
is satisfied when the diameter of the lens is 

(7) 0.411D λ≈ .   

For larger values of the diameter, it is necessary to 
take the gain of the lens into account and the radiation 
of the array will be defined by the pattern multiplication 
theorem. 

The accuracy of the array factor beamwidth depends 
on the number of sensors N (Fig. 5). For the above 
demonstrated simulation with 91 sensors (Fig. 8), the 
narrowest accurate beamwidth is four degrees.  

The described properties of the LEAA imply the use 
of digital signal processing. This allows the acoustic ar-
ray to operate in real time on one or more nominal fre-
quencies, with equal array factor selectivity, and also 
steer the main beam. 

The signal from the second lens must be multiplied 
exactly by 2; otherwise, side lobes appear. Exact 

multiplication by 2 and programmable time delays with 
digital signal processing can be easily realized. 

Conclusion 
With the method of compressed cosines an optimal 

3rd degree polynomial is obtained. A technical solution 
to design LEAA with 3 acoustic Luneburg lenses is 
proposed. As a result a broadband without sidelobes 
LEAA, with constant array factor is designed.  
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40 years an anechoic chamber for automatic antenna 
measurements in Department of Communication Engineering and 

Technologies at Technical University of Varna 

Georgi T. Chervenkov, Lyubomir P. Kamburov, Georgi S. Kirov  

 

The creation and development of the anechoic chamber for automatic antenna measurements in 
the Department of Communication Engineering and Technologies at Technical University of Varna 
since mid 1970’s to now days is described in this paper. Information related to the anechoic chamber 
requirements is given. The state and the basic technical characteristics of the chamber during the 
period between 1974 and 2004 are considered. The improvement of the anechoic chamber 
characteristics in the last decade (2005 –2014) is described. Obtained performance characteristics of 
the chamber are: frequency range: 1-13 GHz, dynamic range: 80-50 dB, step of an azimuth variation: 
0.10, time of measurement of the radiation pattern: 6 min, reflection coefficient range of the 
absorbers: -20 to -48 dB and maximum dimension of the test antenna: 0.77-0.21 m. The most 
important achievements of the members of the High Electrodynamics and Optoelectronics Group in 
Department of Communication Engineering and Technologies are also considered.  

40 години безехова електромагнитна камера за автоматизирани антенни измервания 
в катедра „Комуникационна техника и технологии” в Технически университет - Варна, 
(Георги Ц. Червенков, Любомир П. Камбуров, Георги С. Киров). В статията е описано 
създаването и развитието на безеховата камера за автоматизирани антенни измервания в 
катедра „Комуникационна техника и технологии” в Технически университет – Варна от 
средата на 70-те години на миналия век до днес. Дадени са сведения за изискванията към 
безеховите камери. Разгледани са състоянието и основните технически характеристики на 
камерата през периода 1974-2004 г. Описано е подобряването на характеристиките на 
безеховата камера през последното десетилетие (2005-2014 г.). Постигнатите технически 
характеристики на камерата са: честотен обхват: 1-13 GHz, динамичен обхват: 80-50 dB, 
стъпка на изменение на азимута: 0.10, време за измерване на диаграмата на насоченост: 6 
min, диапазон на изменение на коефициента на отражение на поглъщащите елементи: от -20 
до -48 dB и максимален размер на изследваната антена: 0.77-0.21 m.Разгледани са също най-
важните постижения на членовете на групата Високочестотна електродинамика и 
оптоелектроника. 

 

Introduction 

The antenna measurements are outdoor and indoor 
[1]. The outdoor measurements are performed in two 
cases: in the first one the antenna under test operates 
in its natural environment. In the second one the 
antenna dimensions are rather large or the frequencies 
of measurement are low, for example – metric waves 
(30-300 MHz). The outdoor measurements are not 
protected from environmental conditions. The indoor 
measurements are used in investigations at high 
frequencies of antennas with small dimensions or of 
antenna models. These measurements are preferred if 
one does not want to reveal the antenna under test for 
reasons of commercial or military security.   

The indoor measurements are performed in 
anechoic chambers. These measurements use two 
types of techniques. In the first case the near-field 
signal distribution is measured and from this data the 
far-field antenna characteristics are computed [2]. In 
the second case the source antenna is placed at one 
end of the anechoic chamber and the antenna under 
test is mounted on a turntable or multi-axis positioner 
at the other end. The distance between the both 
antennas must correspond to the requirements for a 
far-field zone. 

The anechoic chambers are lined with radio 
absorbing material (RAM) from within and with metal 
(usually copper) sheet from outside. The RAM 
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minimizes reflections from the walls, floor and 
ceiling. Sometimes the chambers are tapered to 
prevent the creation of standing waves. The RAM is 
made from carbon-impregnated polyurethane foam or 
similar materials, and usually has a tapered pyramidal 
shape (Fig.1) to provide a gradual transition between 
the impedance of free space and the metal sheet.  

 

 
 

Fig.1. Radio absorbing material. 

  
Reflection coefficient of the order of -20 to -40 dB 

is obtained for absorber thickness more than one 
wavelength. More sophisticated absorbers can be 
made from multilayer structures, but these are only 
used in specialized applications.  

The first absorber was patented in mid 1930’s [3]. 
Important investigations in the field of the absorbers 
were accomplished during the Word War II from 
German and American research teams [4]. In the mid 
1970’s more than 400 anechoic chambers are used for 
antenna measurements. It is impossible to obtain 
accurate results from antenna measurements without 
use of an anechoic chamber. 

Anechoic chamber requirements 

1. Minimum distance between the source antenna 
and the antenna under test. Some of the antenna 
characteristics are measured in the receiving mode and 
this measurement requires an uniform plane wave 
incident upon the test antenna. To obtain a perfect 
plane wave the distance between the both antennas 
should be infinitely long. For practical purposes 
usually a criterion such that the phase error at the edge 
of the curved wavefront should not exceed π/8 radians 
(22.50) is adopted. In this case the minimum distance 
between the both antennas for far-field measurement 
is given by the expression 

(1) ,/2 2
min λDr =  

where D is the larger aperture dimension of the both 
antennas and λ is the wavelength. This distance is 
known in the antenna measurements as the Rayleigh 
distance.  
   It is seen from (1) that the distance rmin increases 
with the frequency. On the other hand it should be 
taken into account the influence of the frequency on 
the dimension D.  
    2. Minimum distance between the source and test 
antenna at low frequencies (f < 1 GHz). There are two 
other values of the minimum distance between the 
source and test antenna that need to be considered, 
particularly at low frequencies. Firstly, the reactive 
near field is significant within about one wavelength 
of the antenna, thus 

(2) .min λ=r  

Secondly, when the antenna is rotated the distance 
from its end to the source antenna varies from r + D/2 
to r – D/2. The 1/r field dependence leads to pattern 
errors. For example, if ±0.5 dB amplitude error is 
acceptable, then 

(3) λ10min =r  

is required.   
    3. Absorber thickness. Usually, pyramidal absorbers 
are used in the anechoic chambers. It is mentioned 
above that a pyramidal absorber thickness of one 
wavelength assures values of the reflection coefficient 
of the order of -20 to -40 dB. If the pyramidal 
absorber is 2 wavelengths thick, it can achieve a -40 
dB reflection level for normal incidence. It is very 
difficult to be carried out these requirements at low 
frequencies. For example, for low values of the 
reflection coefficient (S11 < -40 dB) the pyramidal 
absorber thickness at frequency 100 MHz should be 
more than 6 m.  
    4. Dynamic range of the measurement. The usable 
dynamic range of the measurements in an anechoic 
chamber is limited by three main factors: 
-  Level of external electromagnetic interferences. 
Nowadays the electromagnetic environment is 
characterized by various power and multispectral 
radiations, particularly in the big towns. In order to 
minimize the level of these external noises it is obli-
gatory for the anechoic chamber to be shielded and 
grounded; 
- Level of internal reflections. It depends on the 
chamber shape, quality of the absorber and mutual 
disposition of the equipment used in the 
measurement; 
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-  The source transmit power and receiver sensitivity. 
This is not a serious limitation provided that the 
signal is detected in a narrow bandwidth and a wide 
dynamic range low-noise amplifier is used at the test 
antenna. If the peak power received by the test 
antenna is X dB and the required dynamic range of 
the measurement is Y dB, then the minimum 
detectable signal must be at least (X – Y) dB, and 
preferably slightly more if measurement of nulls 
between sidelobes are not be corrupted by noise. 

The anechoic chamber at Technical University   
of Varna during the period between 1974 and 2004 

The anechoic chamber at Technical University of 
Varna (TU-Varna) was created in the mid 1970’s 
(1974) [5], [6].  

                                                                    

Fig.2. Block scheme of a system for automatic antenna 
measurements with test receiver and plotter:1 – antenna 

under test; 2 – positioner; 3 – reducer; 4 – speed box; 5 – 
motor; 6 – microwave generator; 7 – receiving antenna; 8 
– polarization positioner; 9 – test receiver; 10 – plotter;11 

- control panel. 

 It is of rectangular shape with dimensions L x W x 
H = 5.6m x 3.3m x 3.1m. The pyramidal absorbers for 
the chamber were fabricated in the university. The 
chamber was not lined with a metal sheet.  

The block scheme of the system for automatic 
antenna measurements is shown in Fig.2. As 
microwave generators were used generators of series 
Г3-21 to Г3-26 with frequency range from 840 MHz 

to 12.09 GHz and output power from 1 W to 12 mW. 
The test receiver of the system was Rohde & Schwarz 
USU3.BN15233 with frequency range 1 to 13 GHz 
and dynamic range of 70 dB (from -85dBm to -
15dBm), and as plotter a XY-Recorder endim 620.02 
was used. 

The system allows automatic measurement of the 
antenna radiation pattern and computing the 
directivity from measured data. In the anechoic 
chamber can be measured also and the other antenna 
characteristics such as input impedance, reflection 
coefficient, axial ratio and gain. The basic technical 
characteristics of the system for automatic antenna 
measurements with test receiver and plotter are shown 
in Table 1.   
                                                                          Table 1 

Basic technical characteristics of a system for automatic 
antenna measurements with test receiver and plotter 

No Technical characteristic Dimen-
sion 

Value 

1 Minimum angular speed deg/s 2x10-3 

2 Maximum angular speed deg/s > 60 
3 PGout (1-3GHz)/(3-12GHz)  W 1/10-2 

4 Frequency range GHz 1-12 
5 Dynamic range dB 50/30 
6 Max. signal level error dB 0.2 
7 Maximum angular error deg 0.1 
8 Max. test antenna weight kg 50 

 

 
Fig.3. Department of Radioengineering 1973. 

In the period 1974-2004 Department of 
Radioengineering (Fig.3) accomplished scientific 
researches in the following six fields: 

• High frequency electrodynamics and optoelectro-
nics (HFEDOE); 

• Television and video engineering; 
• Radionavigation and radar engineering; 
• Radio and optic communication systems; 

1 
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• Audio engineering; 
• Radio engineering circuit and signals and 

maritime electronics. 
In this period in the HFEDOE Group participated 

the following lecturers –  Prof. H. Hristov, Prof. E. 
Ferdinandov, Assoc. Prof. G. Entchev, Assoc. Prof. G. 
Kirov, Assoc. Prof. R. Georgiev, Assoc. Prof. J. 
Urumov, Assoc. Prof. S. Savov, Assist. Prof. N. 
Kirov, Assist. Prof. L. Kamburov, Assist. Prof. R. 
Todorova, Assist. Prof. P. Yankova,  Assist. Prof. Z. 
Zheynov, Assist. Prof. L. Haralambiev, and PhD 
students – I. Gatzov, B. M. el Jacqies, A. M. Jassim, 
A. Georgieva.  

Head of the HFEDOE Group between 1967 (the 
year of a creation of the Department of 
Radioengineering at TU-Varna) and 2000 was Prof. 
H. Hristov and from 2000 to 2012 – Assoc. Prof. G. 
Kirov. Since 2012 head of the HFEDOE Group is 
Assoc. Prof. J. Urumov. 

 Improvement of the anechoic chamber 
characteristics in the last decade (2005-2014) 

In this period some important improvements 
(changes) were accomplished.  

1. Grounded metal shielding. The whole surface (S 
= 92 m2) of the anechoic chamber was lined with 0.4 
mm (400 μm) copper sheet from outside. According to 
copper skin data from Table 2 this metal thickness 
fully satisfies the requirements for shielding at the 
whole microwave range. The reduction of the external 
noise level leads to improvement of the chamber 
dynamic range. 

                                                                     Table 2 
Copper skin depth 

Frequency, GHz 1 3 5 10 15 
Skin depth, μm 2.09 1.21 0.93 0.66 0.54 

 
     2.  Pyramidal absorbers. The pyramidal absorbers 
with high reflection coefficient were substituted with 
three types of commercial pyramidal absorbers as 
follows (Fig.4):  

- The middle part of the walls was lined with 
pyramidal absorbers SA-150. This band of width H2 = 
1.5 m has the same height H4 = 1.55 m as the both 
antennas (source and test antenna) and determines the 
maximum values of the reflections for the strongest 
radiations produced by the main lobe of the radiation 
pattern. 

-  The lower and the top parts of the walls with 
dimensions: width H1 = 0.6 m, thickness h1 = 90 mm, 

 
Fig.4. Geometry of an anechoic chamber for automatic 

antenna measurements: a) General view; b) Longitudinal 
section. 

and width H3 = 1 m, thickness h3 = 90 mm, 
respectively, were lined with pyramidal absorbers 
TORA-9.  
-   The floor and ceiling were lined with 30 mm (h4) 
pyramidal absorbers SA-30. The technical 
characteristics of the three types of absorbers are 
shown in Table 3. Thus the level of the reflections in 
the chamber was additionally decreased. 
    3. Generator accuracy. The generators of series Г3-
21 to Г3-26 were substituted with more accurate 
models of series Г4-78 to Г4-83 and Г4-195 with 
frequency range from 1.16 to 18 GHz and output 
power from 1 to 10 mW. 
    4. Computer. The plotter XY-Recorder endim 
620.02 was replaced with a personal computer. It 
records automatically the measured radiation pattern 
and from this data computes the antenna directivity. 
    5. Dynamic range. The Г4 - generators have low 
output power (1-10 mW) and the measurements of the 
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Table 3 
Technical characteristics of the used pyramidal absorbers 

                      Model          
Characteristic 

SA- 
150 

TORA 
-9 

SA- 
30 

Producer China ZAO 
TORA 

China 

Thickness, mm 150 90 30 
Weight, kg/m2 4.8 2.9 1.1 

1 -20 -12 -8 
3 -35 -20 -17 
5 -40 -30 -20 

10 -45 -40 -30 

Refl.  
coef. in  
normal 
inci-
dence,dB  

 
f, 

GHz 

15 -50 -45 -35 
Panel size, mm x mm 500 x 

500 
490 x 
490 

500 x 
500 

 
co-polar radiation pattern nulls and the whole cross-
polar radiation pattern, particularly of low directive 
test antennas (with gain lower than 5 dBi) can not be 
accomplished. To increase the dynamic range of the 
system for automatic antenna measurements two 
schemes are used: 
-   Frequency range 1-6 GHz. The block scheme of the 
system for automatic antenna measurements at this 
frequency range is shown in Fig.5. 
 

 
Fig.5. Block scheme of a system for automatic antenna 

measurements at frequency range 1-6 GHz with spectrum 
analyzer and personal computer:1 – transmitting antenna; 

2, 5 – positioners; 3 – microwave generator; 4 – test 
antenna; 6 – DC motor; 7 – DC motor controller; 8, 10 – 

USB interfaces; 9 – spectrum analyzer;;11 – personal 
computer; 12 – monitor. 

There are two essential differences in this scheme in 
comparison with the scheme of Fig.2: Firstly – the test 
receiver is replaced with a remote controlled USB 
spectrum analyzer SPECTRAN HF-6060 V4X with 
frequency range 10 MHz to 6 GHz and dynamic range 
of 145 dB (from -135 dBm to +10 dBm); Secondly – 
instead of a plotter a personal computer is used. The 
usable dynamic range obtained at frequency range 1 to 
6 GHz by means the scheme with a spectrum analyzer 
and a personal computer is more than 80 dB;  
-   Frequency range 6-13 GHz. The block scheme of 
the system for automatic measurements at the 
frequency range 6 to 13 GHz is shown in Fig.6. It is 
obtained from the scheme of Fig.5 by inclusion of a 
test receiver Rohde & Schwarz USU3.BN15233, 1-13 
GHz in order to cover the frequency range 6-13 GHz. 
Its output voltage with intermediate frequency fIM = 
21.4 MHz is at the frequency range of the spectrum 
analyzer input voltage. 

The improvements of the anechoic chamber in the 
period 2005-2014 were supported by some research 
projects [7], [8] and the Technical University of 
Varna. 

 
Fig.6. Block scheme of a system for automatic antenna 
measurements at frequency range 6-13 GHz with test 
receiver, spectrum analyzer and personal computer: 

1 – transmitting antenna; 2, 5 – positioners;  
3 – microwave generator; 4 – test antenna;  

6 – DC motor; 7 – DC motor controller;  
8, 11 – USB interfaces; 9 – test receiver; 10 – spectrum 

analyzer; 12 – personal computer, 13 – monitor. 
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Technical characteristics of the anechoic 
chamber  

The basic technical characteristics of the anechoic 
chamber for automatic antenna measurements at TU-
Varna are shown in Table 4. 

                                                                     Table 4 
Basic technical characteristics of the anechoic chamber 

No Technical characteristic Dimen-
sion 

Value 

1 Azimuth range deg 0-360 

2 Azimuth variation step deg 0.1 
3 Time measurement of the 

radiation pattern  
min 6 

4 PGout (1-8GHz)/(8-18GHz) mW 1/10 
5 Frequency range GHz 1-13 
6 Dynamic range 1-6 GHz 

                         6-13 GHz 
dB 
dB 

80 
50 

7 Reflection coefficient of the 
absorbers (1/13GHz) 

dB -20/-48 

8 Dimensions of the 
chamber L x W x H 

m 5.6x3.3 
x3.1 

9 Surface of the chamber m2 92 
10 Maximum dimension of the 

 test antenna (1/6.5/13GHz) 
cm 77/30/ 

21 
 

In Fig.7 a radiation pattern in plane φ = 450 of a 
circularly polarized aperture coupled microstrip short 
backfire antenna at central frequency f0 = 11.668 GHz 
measured in the anechoic chamber is shown. It is seen 
from the figure that the dynamic range of the 
measurements is more than 50 dB. 

The general view of the anechoic chamber is 
shown in Fig.8. 

In the period 2005-2014 in the HFEDOE Group 
participated the lecturers Assoc. Prof. G. Kirov, 
Assoc. Prof. J. Urumov, Assoc. Prof. R. Georgiev, 
Assist. Prof. N. Kirov, Assist. Prof. L. Kamburov, 
Assist. Prof. Z. Zheynov, Assist. Prof. G. Chervenkov 
and the PhD students A. Georgieva, D. Mihaylova, 
and K. K. Abdoula (Fig.9). There was very fruitful 
mutual cooperation in common research projects 
between HFEDOE Group and Universidad Técnica 
Federico Santa Maria (UTFSM) Valparaiso, Chile. 

Now, in 2014 the HFEDOE Group in Department 
of Communication Engineering and Technologies 
consists of eight researchers as follows: four 
permanently appointed lecturers – Assoc. Prof. J. 
Urumov, Assist. Prof. L. Kamburov, Assist. Prof. G. 
Chervenkov and Assist. Prof. Z. Zheynov, two 
honorary members – Prof. H. Hristov and Assoc. Prof. 
G. Kirov and two PhD students – D. Mihaylova and 
K. K. Abdoula.  

 
Fig.7. Measured φ = 450 radiation pattern of a 

circularly polarized aperture coupled microstrip short 
backfire antenna at central frequency f0 = 11.668 GHz in 

the anechoic chamber: ____ copolarization (RHCP); - - - -
crosspolarization (LHCP). 

 

 

 

 
 
 
 
 
 

  
Fig.8. An anechoic chamber at TU-Varna. 

 

Fig.9. Department of Radioengineering 2010. 
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Some of the most important achievements of the 
HFEDOE Group 

1. Great numbers of successfully carried out 
research projects including national and international 
projects [9-11].  

2. 17 certificates and patents of invention [12-14] 
and 6 patent applications [15]. In Fig.10-12 some of 
the created and investigated microwave antennas by 
the HFEDOE Group are shown. 

3. Hundreds of papers, many of them published in 
ISI (with impact factor) journals. 

4. 25 books and manuals for students including 
two books edited by world leading book publishers 
[16, 17]. 

5. Successfully defended 1 Doctor of Science thesis 
and 13 PhD theses. 

6. Hundreds of reviews of habilitation, theses, 
books, research projects, and scientific papers, many 
of them intended for publication in ISI journals. 

7.  Many citations of the scientific publications of 
the HFEDOE Group including in ISI journals. 

8. The members of the HFEDOE Group have been 
awarded many national and international prizes. 
Their names are listed in many international 
encyclopedias such as Marquis Who’s Who in the 
World (USA), Marquis Who’s Who in Science and 
Engineering (USA), Great Minds of the 21st Century 
(American Biographical Institute (ABI), USA), 
International Dictionary of Professionals (ABI, USA), 
2000 Outstanding Intellectuals of the 21st Century 
(International Biographical Centre (IBC) Cambridge, 
England), Dictionary of International Biography (IBC 
Cambridge, England), etc… 

 

 
 

Fig.10. Impedance disk-on-rod antenna. BPO. Certificate 
of invention No. 26 928/12.07.1979. 

 
 

Fig.11. Backfire disk-on-rod antenna. 

 

a) 

b) 

 
Fig.12. 4-element antenna array of microstrip short 

backfire antennas. BPO. Patent application Reg. No. 110 
818/16.12.2010: a) Side view; b) Bottom view. 

Conclusion 

During the past 40 years the anechoic chamber in 
Department of Communication Engineering and 
Technologies contributed the research activity of the 
HFEDOE Group enhancing its level and practical 
applications. Now the HFEDOE Group is leading 
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national research center in the antenna engineering 
and desirable partner in international research projects 
in this field. 
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ELECTRICAL ENGINEERING 

Study of the uncertainty measuring of the detonation velocity in a 
waveguide of non-electric blasting system 

Milka D. Vicheva, Georgi S. Stanchev 

 

The block-diagram of equipment for measuring the velocity of detonation in non-electrical 
waveguides for blasting is developed. Calibrated time intervals between two pulses corresponding to 
the specified distance between the two photo receivers are measured, in the first mode, and the time 
delay between the pulses of photo-sensors in order to initiate tube and calculate the detonation veloc-
ity using pre-designed instrument is measured in normal mode. Based on the experimental results 
during testing several types of non-electric waveguides placed under certain extreme conditions, an 
evaluation of the uncertainty of the measured velocity of detonation to a value less than 6 m/s is given. 
The uncertainty budget is composed and the contributions of its separate ingredients which are related 
to various sources of uncertainty are discussed.  

Изследване неопределеността при измерване скоростта на детонация на вълновода 
на неелектрически системи за взривяване (Милка Д. Вичева, Георги С. Станчев). Разрабо-
тена е блоковата схема на устройство за измерване скоростта на детонация в неелектри-
чески вълноводи. В първия режим се измерват калибрирани времеви интервали между два им-
пулса, съответстващи на специфичното разстояние между двата фотоприемника. В нор-
малния режим се измерва времезакъснението между импулсите на фотосензорите за иниции-
ране на вълновода и за изчисление скоростта на детонация с използване на предварително 
разработен уред. На базата на експериментални резултати при изпитване на няколко типа 
неелектрически вълноводи, поставени при определени екстремални условия, е дадена оценка на 
неопределеността при измерване на скоростта на детонация, която е по-малка от 6 m/s. 
Съставен е бюджетът на неопределеност и са коментирани приносите на отделните му 
съставки, които визират отделните източници на неопределеност.  

 

Introduction 

The detonation velocity is an important parameter 
in the quality control of non-electrical waveguides 
(cords, tubes) for blasting. At the Technical Univer-
sity of Sofia electronic equipment, methodology and 
draft standard for measuring the velocity of detonation 
in these waveguides are developed [1-3]. Experimen-
tal studies of large samples of test sections in normal 
and extreme conditions have been carried out [3]. The 
measurement of the parameters of the waveguide 
cords is usually done in special test laboratories. Spe-
cific requirements for the competence of these labo-
ratories in the conduct of the tests associated with in-
creased reliability control of detonation processes are 
actuated in international standards [4]. According to 
BDS EN ISO/IEC 17025 each testing laboratory 
should possess and apply procedures for evaluation of 
the measurement uncertainty of the respective values 

[4]. The definition of all components of uncertainty is 
also recommended there. It is well known [5,6] that 
during measurements there are two approaches: the 
approach of error and uncertainty approach. By defi-
nition, the error is the difference between the meas-
urement result and the reference value of the parame-
ter, until the uncertainty is a parameter that is related 
to the measurement result, which characterizes the 
dispersion of the possible assigned values of the mag-
nitude. Since there are standard samples of 
waveguides for detonation velocity measurement 
missing, in testing laboratories using the developed 
instrument [3] the indirect method of measuring the 
output variable speed v as the ratio of distance s and 
time interval t propagation of detonation in this dis-
tance is applied. The need arises for a more thorough 
investigation of the measurement characteristics of the 
actual measuring device developed, since the experi-
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mental results for testing of waveguides include tech-
nological tolerances used in manufacturing the 
waveguide cords. 

The objective of this paper is, using the obtained 
experimental results to analyze all the sources of un-
certainty in the implementation of indirect measure-
ment of the velocity of detonation of non-electric 
waveguides and to estimate uncertainty of the meas-
uring device developed. 

Block diagram of equipment developed and 
analysis of some metrological results 

The block-diagram of equipment developed (Fig-
ure 1) consists of a block for waveguide initiation 
BWI, waveguide, optical sensors A and B, located in a 
distance s, external calibrated pulse generator CPG 
with the required accuracy, a block for pulse forming 
BPF and a time- and velocity- measuring instrument. 
The scheme functions in two modes of operation to 
verify the accuracy of the measurement and overall 
functional capability of the equipment. 

In the first mode a – measurement of the time de-
lay of single pulses without initiating a tube is carried 
out. Calibrated time intervals between two pulses cor-
responding to the specified distance s between the two 
photo receivers are measured. They are obtained at 
both outputs of the electronic block for pulse forming 
BPF which are fed to the inputs of the instrument. 
Several such pairs of calibrated pulses are applied and 
measuring the time delay t with the instrument a stan-
dard deviation of the result Sstd(t) within 0.4 μs is ob-
tained, which is practically equal to the rms (standard) 
uncertainty u. 

In the second mode b – the scheme is put in normal 
mode for measuring the time delay between the pulses 
of photo-sensors in order to initiate tube and calculate 
the detonation velocity v according to the formula: 

(1)       v = 
t

s
, m/s  . 

It is assumed that the input variables s and t are not 
correlated; corrections of identified systematic effects 
are not introduced. Experiments were performed at a 
fixed distance s = 1 m, which is set by the keyboard. 
The readings for the detonation velocity v are plotted 
on the display. 

Figure 2 presents the experimental results (the 
ranges or intervals = max-min ΔV and the standard 
deviations Sstd of the measured detonation velocities) 
obtained using the test equipment for several types of 
waveguides, which have previously been placed in 
certain mechanical and climatic conditions [3]. Each 
pair of results refers to a sample of 20 pieces 
waveguides from a specific manufacturer placed in 
appropriate conditions. Accordingly, the velocities of 
detonation are near, whereas the average velocity of 
all the 400 attempts is 2022 m/s.  

The following comparative analysis of these results 
can be drawn: 

1. The ratio of ΔV and Sstd can be used to verify 
that gross errors are excluded from the results of re-
peated observations under the criterion of Wright. On 
the criterion of Wright [5], the measurement result Vi 
contains gross error if the absolute value of the mean  
 

A B

Time- and velocity- measuring instrument 

Waveguide Direction of 
percussive wave 

s 

CPG BPF 

BWI 

a a b b 

Fig. 1. Block-diagram of developed instrumentation for measuring velocity of detonation. 
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deviation divided to Sstd is greater than a specified co-
efficient, i.e. 

(2) γtS

VV

std

i
>

−
  , 

where at confidence level γ = 0,9973 the confidence 
coefficient is tγ =3 [5].  

In other words, the check whether the differences 
between current and average values are within ± 3σ –  
(the three sigma) is fulfilled. In our case, the condition 
for the absence of gross error can be written in the 
following form: 

(3) stdS
V

.3
2

<Δ
 , i.e. .6<Δ

stdS

V
 

From the results in Figure 2 it can be shown that 
the inequality (ΔV/Sstd) ≤ 4 is executed for all the 
samples, i.e. there has been no gross error. 

2. The standard deviations of the detonation veloc-
ity for each of the manufacturers in various impacts 
vary in a narrow range and cannot be argued that 
some effects on the tube increase or decrease signifi-
cantly Sstd. 

3. The results for standard deviation Sstd have the 
lowest values for waveguides of INDETSHOCK, and 
the highest values in waveguides of VIDEKSDET. 

4. Minimum value for the standard deviations of 

the detonation velocity of Sstd,min = 6 m/s was observed 
in the samples IL and Ph, for which it can be assumed 
that samples of waveguides are cut from batches with 
minimal technological tolerances. 

5. Given that the standard uncertainty u is practi-
cally equal to the standard deviation Sstd [5], it can be 
assumed with great confidence that the uncertainty in 
the measurement of the detonation velocity using the 
developed device will be less than 6 m/s.  

Estimating uncertainty of measurement results 

Various sources of uncertainty in the measure-
ment of the detonation velocity can be represented by 
the respective components in the preparation of un-
certainty budget [5]. For the calculation of the com-
bined rms uncertainty uc(v) of the velocity at uncorre-
lated inputs the following formula can be compiled: 
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where: 

ttts

v

=






=

∂
∂ 1

 = 2022 1/s is the partial derivatives of 

the output variable v in the input parameter s, i.e. rate 
sensitivity or response factor (weighting) in s; 

 
Fig. 2. Ranges or intervals ΔV and standard deviations Sstd of the measured detonation velocities of different types  
of waveguides under certain conditions. Legend: The left symbols indicate the factory, i.e. N - Nonel, P - Primadet,  

I - Indetshock, V - Videksdet; The right symbols represent the test conditions, i.e. n - under normal storage conditions,  
2 - at a pressure of 2 bar; h - in high temperature 800С; L - at low temperature –300С, 10 - under a load of 10 N. 
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ttt
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= –4.09*106 m3/s2 is the partial de-

rivatives of the output variable v in the input parame-
ter t or rate sensitivity in t; 

)(su  is the uncertainty relating to the tolerance of 
the cutter and a possible error of the operator to meas-
ure and to input the length of the base s from the key-
board of the measuring instrument (0.002 m); 

)(tu is the weighted root mean uncertainty in 
measuring the time interval. Here, according to (5) 

)(tu  participate in the budget of uncertainty with the 
ingredients: uq, uf, ud; 

uq is the uncertainty because of the instability of 
the quartz resonator (contributing 0.002μs); 

uf  is the uncertainty associated with differences in 
the fronts and levels of operation of optical sensors 
(0.2 μs); 

ud is the uncertainty due to sampling for measuring 
the time interval (0.1 μs); 

ua is the uncertainty due to the error of the last 
decimal place related to realization of  the operation 
division (1 m/s); 

uo  is the uncertainty associated with any operator 
mistakes in reading and recording the result (1 m/s); 

ut is the uncertainty due to tolerances in the pro-
duction technology of testing waveguide (10 m/s); 

um is the uncertainty due to measurement condi-
tions (high or low temperature, elongation at tensile 
load, etc.) (5 m/s). 

The last three ingredients in the formula (4) may 
be omitted when evaluating the uncertainty of the de-
veloped device. After substitution of the numerical 
values for the remaining uncertainties, indicated in 
parentheses, in (4) and (5) for the weighted root mean 
uncertainty of velocity measured using this instru-

ment, a value )'(vuc = 4,3 m/s is obtained, which is 

less than that measured above Sstd, min≈ ( )u v = 6 m/s 
for sample IL. 

The full uncertainty of the measurement result by 
taking into account the last three components which 
are related to the operator, the object and the measur-

ing conditions, is measured to )(vuc = 12 m/s. 

Conclusion 

Based on the experimental results (ranges of 
variation ΔV and standard deviation Sstd of the 
measured detonation velocity) in test of several types 
of waveguides, which have previously been placed in 
certain mechanical and climatic conditions, an 

evaluation of uncertainty is obtained using the pre-
designed instrument. The uncertainty budget is 
composed and the contributions of its separate 
ingredients which are related to various sources of 
uncertainty are discussed. The weighted root mean 
uncertainty is estimated in the measurement of 
detonation velocity using the apparatus; such 
components have been omitted, which are related to 
the operator, the object and the measuring conditions. 
Surveys on uncertainty increase the competence of 
specialized laboratories in accordance with 
international standards in the conduct of the tests 
associated with increased control reliability of deto-
nation processes. 
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