
20137 8
ЕЛЕКТРОТЕХНИКА
И ЕЛЕКТРОНИКА
ELECTROTECHNICA
& ELECTRONICA

S I E L A 2014

29 – 31 May 2014
Bourgas, Bulgaria

XVIII-th International Symposium on
Electrical Apparatus and Technologies

Union of Electronics,
Electrical Engineering and

Telecommunications

Technical
University

of Sofia

CEEC

FEDERATION OF THE SCIENTIFIC
ENGINEERING UNIONS

FACULTY
OF ELECTRICAL ENGINEERING

http://siela.tu-sofia.bg



ELEKTROTECHNICA & ELEKTRONICA  E+E   
Vol. 48. No 7-8/2013  
Monthly scientific and technical journal  

Published by:  
The Union of Electronics, Electrical Engineering and Telecommunications /CEEC/, BULGARIA 
 

Editor-in-chief: 
Prof. Ivan Yatchev 

Deputy Editor-in-chief: 
Prof. Stefan Tabakov  
 
Editorial Board: 
Prof. Christian Magele, Austria 
Prof. Georgi Mladenov, Bulgaria 
Prof. Georgi Stoyanov, Bulgaria 
Prof. Emil Vladkov, Bulgaria 
Prof. Emil Sokolov, Bulgaria 
Prof. Ervin Ferdinandov, Bulgaria 
Prof. Ewen Ritchie, Denmark 
Prof. Hannes Toepfer, Germany 
Dr. Hartmut Brauer, Germany 
Prof. Ivan Dotsinski, Bulgaria 
Assoc. Prof. Ivan Shishkov, Bulgaria 
Prof. Jecho Kostov, Bulgaria 
Prof. Lyudmil Dakovski, Bulgaria 
Prof. Maurizio Repetto, Italy 
Prof. Mintcho Mintchev, Bulgaria 
Prof. Nickolay Velchev, Bulgaria 
Prof. Rumena Stancheva, Bulgaria 
Assoc. Prof. Seferin Mirtchev, Bulgaria 
Prof. Takeshi Tanaka, Japan 
Dr. Vladimir Shelyagin, Ukraine 
Acad. Prof. Yuriy I. Yakymenko, Ukraine 
Assoc. Prof. Zahari Zarkov, Bulgaria 
 
Technical editor:   Zahari Zarkov 
 
Corresponding address: 
PO Box 98 
108 “Rakovski” str. 
Sofia 1000 
BULGARIA 

Tel. +359 2 987 97 67 
       +359 2 988 01 98 
e-mail: epluse@mail.bg 
http://www.ceec.fnts.bg/sp-E+E.htm 

ISSN 0861-4717 

C O N T E N T S 

ELECTRONICS  

Marieta G. Kovacheva, Ivailo M. Pandiev  
VHDL-AMS behavioral description of dual-slope  
analog-to-digital converter  2 

Stanimir K. Stankov, Hristo I. Gigov, Ekaterina N. Dimitrova 
Resistance deviation to voltage converter  
with increased sensitivity 8 

Nikola Kolev, Racho Ivanov, Avram Levi, Lubomir Bogdanov 
Microcomputer systems network for plant growing  
management – approaches and structure 12 

COMPUTER TECHNICS 

Tatyana I. Ivanova 
Ontology-based semantic focused metasearch engine  
for students and scientists in the realm of electronics 17 

COMMUNICATION TECHNICS 

Ivan Uzunov, Dobromir Gaydazhiev 
FBAR ladder filters – review, properties and possibilities  
for frequency response optimization 25 

ELECTRICAL ENGINEERING 

Kostadin G. Milanov 
Calculation of basic parameters of magnetizers for rare-earth 
magnets and magnetic systems 34 

Alexander P. Dachev 
Analysis and comparison of transposition schemes of single-helical 
single-layer and multilayer transformer windings 39 

Boris I. Evstatiev 
Operation algorithm of an automated control system for 
optimization of the cooling effect of green roofs 49 



“Е+Е”, 7-8/2013 2 

ELECTRONICS  

VHDL-AMS behavioral description  
of dual-slope analog-to-digital converter 

Marieta G. Kovacheva, Ivailo M. Pandiev  

 
This paper describes a VHDL-AMS implementation of a behavioral model for dual-slope analog-

to-digital converter (ADC). For creating the model, simplification and build-up techniques known 
from macromodeling of operational amplifiers have been adapted. This generalized model is indepen-
dent on actual technical realizations and it is based on compromises, regarding the representation of 
exact circuit structure in the model. The proposed model accurately predicts the circuit behavior for 
static and dynamic responses. For the convenience of using the model and simplification of the 
programming code, the structure is subdivided in two parts. The first part includes behavioral 
description of inverting integrator, comparator and counter. The second part consists of description 
for the control block. The modeling of the ADC behavior is implemented and corresponds to the 
format of the simulation software System Vision 5.5 (from Mentor Graphics). The simulation results 
show accurate agreement with the theoretical predictions. 

Поведенческо VHDL-AMS описание на двутактно-интегриращ аналогово-цифров 
преобразувател (Мариета Ковачева, Ивайло Пандиев). В тази статия е представен поведен-
чески VHDL-AMS модел на двутактно-интегриращ аналогово-цифров преобразувател (АЦП).  
За създаването на модела са приложени техниките на опростяването и постепенното 
изграждане, използвани при макромоделиране на операционни усилватели. Този обобщен модел 
е независим спрямо конкретни електрически схеми и е базиран на компромиси при предста-
вянето на точната схемна структура в модела. При това предложеният модел отразява 
поведението на схемата за статичен и динамичен режим на работа. За по-удобно използване 
на модела и за опростяване на програмния код структурата е разделена на две части. Едната 
част включва поведенческо описание на инвертиращ интегратор, компаратор и брояч, 
докато другата част представлява описание на блока за управление. Моделирането на 
поведението на АЦП е изпълнено и отговаря на формата на симулационната програма System 
Vision 5.5 (на Mentor Graphics). Резултатите от симулационните изследвания показват 
задоволителна точност спрямо теоретичните изчисления по формули. 

 

Introduction 
The analog-to-digital converter (ADC) is a mixed-

signal device that converts an input analog voltage or 
current to an output digital code proportional to the 
magnitude of the voltage or the current. The digital 
output may use different coding schemes. Basically 
there are three different conversion methods: (1) 
parallel method (convert a word at a time), (2) 
weighting method (convert a digit at a time) and (3) 
counting method (convert a level at a time) [1-4]. The 
method used in dual-slope conversion is the counting 
one. The dual-slope integration has many advantages: 
(1) high accuracy; (2) high noise stability; (3) possibi-
lity of large resolution (from 12- to 18- bits and more) 

and (4) low cost. The main drawback of the dual-slope 
ADCs is their not so high-speed response. 

In the past decade, circuit simulation has taken on 
an increasingly important role within mixed-signal 
circuit design. However, to achieve meaningful simu-
lation results, designers need accurate models of many 
system components. The most critical of these are 
realistic models for ADCs, the active devices that 
drive modern designs. The most popular simulator for 
this is Cadence® PSpice® A/D, which is available in 
multiple forms for various computer platforms. The 
PSpice-based libraries [5] contain behavioral model of 
ADC. Its resolution can be set at 8 -, 10 - or 12- bit by 
the value of an external global parameter. In this 



“Е+Е”, 7-8/2013 3 

model the voltage at in node and ref node is sampled. 
This process starts at the rising edge of the convert 
signal and ends when the status signal goes high. 
These models with a suitable choice of parameters and 
elements can be used for mixed-signal circuit simula-
tions, but they are not in consistent with to the archi-
tectures of a broad class of the monolithic ADCs. The 
transformation from PSpice A/D to other popular 
simulation systems, such as Matlab Simulink® and 
System Vision® (from Mentor Graphics) can be done, 
but it’s quite complicated, requires a lot of resources 
and additional processing. The existing VHDL-AMS - 
based model in the System Vision libraries [6] is an 
ADC behavioral model, but it works by using only 
successive-approximation method and its resolution is 
fixed to 10 bits and other types of converters are not 
included. In Matlab Simulink exists one behavioral 
ADC model [7], called idealized ADC quantizer with 
the following changeable parameters: (1) number of 
converted bits, (2) minimum and maximum output 
voltage and (3) type of the output data. This model is 
generalized structure and cannot be used for several 
specific mixed-signal applications. 

In the recent ten years, a number of papers have 
been published describing various VHDL-based 
models for ADCs [8-12]. In [8] is described a VHDL 
implementation of a behavioral model for pipeline 
ADCs by using VHDL description to facilitate the 
synthesis of the digital part. The model has been 
realized as a specific SC-based monolithic IC. The 
authors in [9] present the building blocks of Σ–∆ 
converters using the VHDL-AMS language and its 
performance is evaluated. The main blocks of the 
model are examined in details without giving appli-
cation such as ADC. In [10] and [11] two VHDL-
AMS models of monolithic half-flash (two step) 10-
bit ADC and a tracking analog-to-digital converter are 
presented. In [12] the authors present a brief overview 
of VHDL-AMS behavioral modeling and simulation 

of second-order delta-sigma modulator. Various non-
ideality parameters are studied in that paper. 

The analysis of the available literature showed a 
lack of behavioral models of counting dual-slope 
ADCs. The goal of this paper is to present a beha-
vioral model of dual-slope ADCs. For realization of 
the proposed model the VHDL-AMS description is 
used, because it’s a serious competitor of the C code 
and PSpice-based analog behavioral modeling (ABM) 
techniques, as it assumes a comparable accuracy, with 
a simpler and easier modeling procedure. The model 
presented in this paper can adequately present the 
typical electrical performances for dc and transient 
responses, as well for a given ADC the model pro-
vides an essentially pin-for-pin correspondence with 
the actual devices. 

Principle of dual-slope converters operation 
The basic structure of dual-slope ADC [4] is given 

on Fig. 1. The basic blocks of this ADC is inverting 
integrator, analog comparator K , counter and timer 
with controller block. The controller block can be 
formed with conventional digital circuit or using 
specified integrated circuits or even microcontrollers. 
The switches S1, S2 and S3 determine the operation 
modes (first cycle – 1t  and second cycle – 2t  of 
integration) of the inverting integrator. In the inactive 
state, switches S1 and S2 are opened, while switch S3 
is closed. As a result, the output voltage of the 
integrator is equal to zero. In the active state the 
discrete moments that define the output digital signals 
are determined by the impulse-sampling signal. This 
sampling signal in produced through a clock generator 
with clock frequency Tf /1=  (where the time inter-
val T between successive reports is called sampling 
period or sampling interval).  

In the case of an ideal op amp (the input bias 
current is equal to zero and the open-loop gain of the 
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Fig. 1. Basic structure of dual-slope ADC and integrator output voltage for two input voltages [4]. 
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op amp is infinity) and for a sufficiently small time 
interval the output voltage of the integrator is 

(1) ∫τ
−≈

t

idtUU
0

int
1 , 

where RC=τ  is the time constant of the integrator. 
Therefore, the output voltage intU  is approximately 

proportional to the integral of the input voltage iU . 
When the input signal is a periodic function of the 

time with period inT , the input block of the circuit on 
Fig. 1 will perform the role of integrator, if the condi-
tion is performed inTRC >>=τ . 

In the general case, assuming that all other errors 
due to offset and gain are zero differential and integral 
nonlinearity is defined for the dual-slope ADCs. The 
differential nonlinearity (DNL) is the difference bet-
ween the actual code width of a non-ideal converter 
and the ideal case. The increment widths can be 
converted to volts by multiplying the widths by Uref. 
The value of the ideal step is 1 LSB or 1/2n, where 2n 
is the number of the output combinations. The integral 
nonlinearity (INL) is the difference between the ADC 
output values and a reference straight line drawn 
through the first and last output values, INL defines 
the linearity of the overall transfer curve [13]. 

For the ideal integrator and comparator the transfer 
function of the dual-slope ADC shown on Fig. 2 is 

(2)  )/()1( max refi UUZZ ×+= , 
where maxZ  is the maximum output value of the 
counter. 

Modeling of dual-slope ADC with VHDL-AMS 
The technical requirement for effective models is 

generally fulfilled when the simplest possible model is 
developed. Simple models have a number of advan-
tages. They can be developed faster, are more flexible, 
require less data, run faster and it is easier to interpret 
the results, since the structure of the model is better 
understood. When the complexity increases, these 
advantages are lost [14]. The proposed behavioral 
model of the dual-slope ADC is developed following 
the design method based on a Top-Down analysis 
approach and applying simplification, and build-up 
technique known from macromodeling of analog 
integrated circuits [15]. The process of model building 
and testing can divided into three main steps: 1) struc-
tures the model, 2) builds the model and 3) validates 
the model [16]. 

A. A behavioral language: VHDL-AMS 
VHDL-AMS is a relatively new standard 1076.1 of 

VHDL that supports hierarchical description and 
simulation of analog and mixed-signal applications 
with conservative and non-conservative equations 
[17]. On the mixed-signal side, a variety of abstraction 
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library IEEE;  
use IEEE.std_logic_1164.all;  
use IEEE.math_real.all; 
use IEEE.electrical_systems.all; 
entity inv_integ_12bit is 
..... 
end entity inv_integ_12bit; 
architecture behavioral of inv_integ_12bit is 
......   
-- constants 
  constant wp: REAL := fp * math_2_pi; 
  constant num: REAL_VECTOR := (0 => avol); 

constant den: REAL_VECTOR := (1.0, 1.0/wp); 
begin 

process(sw_state,switch_in,v_out'above(vthplus), 
v_out'above(vthminus), clk_up, clear) 
..... 
begin  -- process DetectState 
  -- Describing the switching of vin and vref, and also choosing positive and 
negative vref, according the polarity of vin 
  -- Reset of the integrator    
  -- Description of the the comparator operation 
-- Description of the the counter operation 
  end process; 
  rinput == r_sigin'ramp(trans_time, trans_time); 
  rref_m  ==  r_sigrefm'ramp(trans_time, trans_time); 
  rref_p  ==  r_sigrefp'ramp(trans_time, trans_time); 
  vinput == i1* rinput; 
  iref == vref/rref; 
  vref_minus == -vref; 
  vref_plus == vref; 
  vref_m == i2*rref_m; 
  vref_p == i3*rref_p; 
  r == r_sig'ramp(trans_time, trans_time); 
  i_r  == v_r/ rint;         -- input current 
  i_c == cint*v_c'dot; 
  isw == v_c/r; 
  i_in == v_in/rid;  
  v_out == v_in'ltf(num, den);  -- output voltage 
end architecture behavioral; 

Fig. 2. Structure of the inverting integrator, comparator and counter of the dual-slope ADC with a basic part of the 
corresponding VHDL-AMS code. 
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levels is supported. The VHDL-AMS modeling is not 
restricted to mixed-signal applications but also 
supports thermal, mechatronic, optical and other sys-
tems. 

B. A dual-slope ADC behavioral VHDL-AMS 
model 

The structure of the dual-slope ADC model is built 
using the results obtained by analyses of the simu-
lation models for ADCs presented in [5] and [6], as 
well as by using the structure given in [4].  

For the purpose of our work a 12-bit dual-slope 
ADC is modeled. The structure, pins description and 
the basic model parameters are extracted for the 
CMOS ADC TLC7135C from Texas Instruments as 
an example. For the convenience of using the model 
and simplification of the programming code, the struc-
ture is subdivided in two parts. The first part of the 
model includes behavioral description of the inverting 
multiple-input integrator, analog comparator and 
counter. The second part consists of description for 
the control block. 

The structure of the first part of the ADC model is 
given on Fig. 2. The equivalent circuit includes 
controlled sources, analog switches, logical gates and 
passive components. Based on the data sheet charac-
teristics for the TLC7135C, the model includes the 
following elements and parameters with numerical 
values: rint = Ωk50  – integration resistance and cint = 

Fµ20  – integration capacitance; rid = ΩM1  – diffe-
rential input resistance, avol = 510  – open-loop volta-
ge gain, fp = 20Hz – dB3−  linear frequency for the 
dominant pole (unity-gain bandwidth of the op amp is 
B1 = 2MHz) and ro = Ω100  – output resistance of the 
op amp in the integrator; rref = ΩM1  – input resis-
tance of the reference port (ref); r_open = ΩM1  and 
r_closed = Ωm1  are “ON” and “OFF” resistance of 
the single pole triple throw (SPTT) switch; trans_time 
= ns10  – transition time to each position, vthplus = 

mV5.0  – positive threshold voltage and vthminus = 
mV5.0−  – negative threshold voltage of the compa-

rator. 
The first-order small-signal frequency response of 

the op amp model in the integrator is 

(3) inv
s

outv
p

vol _
/1

_
ω+

α
= , 

where pp fπ=ω 2  is the dB3−  radian frequency for 
the dominant pole. 

Both values for the levels of the output voltage of 
the comparator model are obtained under the follo-
wing conditions 
     0_'0'_ min ><= inputus vandvthoutvforoutcomp , 

(4)  0_'0'_ <>= inputplus vandvthoutvforoutcomp , 
 plusus vthoutvvthforoutcomp <<= _'1'_ min . 
On the right side on Fig. 2 a basic part of the 

corresponding VHDL-AMS code is given. The code 
of the proposed model is composed by an entity and 
an architecture, where bold text indicates reserved 
words and upper-case text indicates predefined con-
cepts. The entity declares the generic model parame-
ters, as well as specifies interface terminals of nature 
electrical and logical ports of std_logic type. 
The generic parameters and constants, used in the 
simultaneous statements, are not given with their 
concrete numerical values in the model description. 
The proposed model includes the following electrical 
analog terminals: input port – input; output port – 
output and port for the reference voltage – ref. 
The digital signal ports are: switch_in – switches 
the input or reference voltage to the input and also 
according polarity of the input voltage chooses the 
opposite sign for the reference voltage; sw_state – 
resets the integrator; clk-up – clock impulses to the 
summing input of the up counter, clear – reset of 
the counter; comp_out – comparator output, busy – 
indicates the operation of the ADC, counter_out – 
digital output value and rco_out – indicates that 
counter is overflowed. Furthermore, the model has 
four inner analog terminals (in_neg, minus, ref_p 
and ref_m) and two inner digital signals (counter 
and rco) used for the correct work of the counter. 

The architecture contains the implementation of 
the model. It is coded by combining structural and 
behavioral elements. In the body of the architecture a 
sub-program (process) that describes the operation of 
the switch, the reset of the integrator after the second 
cycle of integration and the action of the comparator 
and counter is created. 

The structure of the control block with a part of the 
corresponding VHDL-AMS code is given on Fig. 3. 
This block contains four logical elements and elec-
trical connections between them. When the clock sig-
nal on clk port is applied and a transition from low 
level to high level is obtained on the run_hold port 
the control signals for the integrator is formed and a 
process of measuring the input voltage iU  is started. 
The proposed control block model includes four input 
signal: run_hold – defines the starting point of the 
converter and it is set by the user; clk – external 
clock signal generated by the impulse oscillator; rco 
and comp_out – formed by the model, given on Fig. 
2. The output signals of the control block are: clk_up 
–formed by the signals clk, comp and run_hold; 
clear – is actually the run_hold signal, 
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switch_in – is the inverted rco signal and 
sw_state – is formed by run_hold signal and comp 
signal. All output signals of the control block are 
directly passed to the inverting integrator. 

Simulation results and discussions 
The verification of the proposed behavioral ADC 

model, shown on Fig. 2 and Fig. 3, is performed by 
comparing the simulation results with the theoretically 
calculations for piece-wise linear input voltages iU . 
The reference voltage refU  of the circuit is chosen to 
be +1V and the clock signal is chosen with frequency 
equal to kHz100 . The simulation modeling of the 
ADC model was implemented within simulation 
program SystemVision (from Mentor Graphics). The 
test circuits for simulation modeling are created 
following the test conditions given in the semicon-
ductor data books of the corresponding data converter. 

To calculate the transient characteristics at diffe-
rent input voltages (with values 2.0 , 5.0  and V4.0 ), 
transient analysis is performed within the time 
domain from 0 to ms400 . Simulated output results in 
time domain for the analog and digital signals are 
presented on Fig. 4. The comparison gives a very 
good correspondence between the behavior of the 
proposed ADC model and the theoretical predictions, 
with a resulting error not larger than 0.01% (or 

LSBU2/1< ). By increasing the clock frequency or 
increasing the integrating capacitor the error decree-
ses. As a result of increasing the clock frequency the 
conversion time decreases, thereby the time interval of 
the first cycle of integration decreases. Capacitors 
with large values provides better linearity and can 
reduce the error, but the output voltage of the 
integrator decreases and could become comparable 
with the noise and the offset produced from the op 

amp. A capacitor that is too small could cause the 
integrating op amp to saturate. 

 
Fig. 4. Simulation results for three input voltage. 

Based on the results of the simulations in the time 
domain for the created ADC model the integral and 
differential nonlinearity is studied. On Fig. 5 the 
simulation results for the transfer function, theore-
tically calculated values according Eq. (2) and diffe-
rence between the data converter code transition 
points and the straight line with all other errors set to 
zero are given. The input voltages are set in the range 
from V1.0  to 1V and the corresponding digital values 
are presented in decimal form. The calculated value 
for 1 LSB is about mV24.0 , and this is the base for 
analyze the INL. For small input voltages the INL is 
under 1 LSB, for higher voltages, the error becomes 
approximately equal to 1 LSB. The achieved INL is in 
the range of LSB)975.0...1.0( . These simulation 
results guarantee the workability of the proposed ADC 
model and the accuracy of the corresponding mathe-
matical description. 

 run_hold clear

comp_out

clk

sw_state

clk_up

switch_inrco

clk_up_in

comp
randc

 

ibrary IEEE;  
use IEEE.std_logic_1164.all; 
entity timer_control is 
... 
end entity timer_control; 
architecture behavioral of timer_control is 
signal clk_up_in, randc, comp : STD_LOGIC; 
begin 
process (run_hold, comp_out,comp)  
begin   
   comp <= comp_out ; 
if run_hold = '1' and comp = '1' then randc  <= '1' ; 
elsif run_hold = '1'  and comp'event then randc  <= '0'  ;   
elsif  run_hold = '0' and comp = '0'  then randc  <= '0' ; 
elsif  run_hold'event and comp = '0' then randc  <= '1' ; 
end if; 
end process; 
clk_up_in <= clk and comp_out after delay; 
clear <= run_hold; 
clk_up <=  clk_up_in and run_hold after delay; 
switch_in <= not rco; 
sw_state <= randc; 
end architecture behavioral; 

Fig. 3. Structure of the timer and control block with a part of the corresponding VHDL-AMS code. 
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Fig. 5. Integral nonlinearity (INL) for the proposed 

dual-slope ADC model. 

Conclusion 
In this paper a generalized behavioural VHDL-

AMS model of monolithic ADC, based on the data 
sheet characteristics, has been presented. The propo-
sed model accurately describes the behaviour of a 
most common monolithic ADC that used the dual-
slope integration method. The efficiency of the model 
was proved by comparison of the simulation results 
with theoretically calculations for piece-wise input 
voltages. To achieve simplicity of the structure and 
the mathematical equations describing the ADC mo-
del, it neglects several second-order effects, such as 
offsets, gain error, signal-to-noise ratio (SNR) and 
temperature effects.  

One of the aims of the further work is to explore 
the possibility of modelling second-order effects of 
the typical ADC, which are taken into consideration 
for designing various mixed-signal systems.  
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Resistance deviation to voltage converter  
with increased sensitivity 

Stanimir K. Stankov, Hristo I. Gigov, Ekaterina N. Dimitrova 

                                                            ________________________________ 

A signal conditioning circuit for resistive sensors is presented. The proposed converter is based 
on existing schematic solution for resistance deviation to voltage converter with one disadvantage  – 
the small sensitivity. The described in the paper circuit clears this disadvantage by adding just one 
resistor which makes the design as simple as possible.  Thus, a novel circuit is presented with the 
following qualities:  linear conversion of the informative parameter, elimination of the initial 
resistance of the sensor,  full compensation for the lead wires resistance when using three wire 
connection, single ended output, low output resistance, high sensitivity,  accuracy and simplicity of the 
design. For the proposed converter mathematical analysis is made and the transfer function is worked 
out. Simulation and experimental results are included to confirm the analysis and to demonstrate the 
performance of the converter.       

 
 Преобразувател на изменение на съпротивлението в напрежение с повишeна 

чувствителност  (Станимир К. Станков,  Христо И. Гигов , Екатерина Н. Димитрова).  В 
работата е предложен измервателен преобразувател за резистивни сензори. 
Преобразувателят е базиран на съществуващо схемно решение за преобразувател на 
изменението на съпротивлението в напрежение с един недостатък – малка чувствителност. 
Описаният в статията преобразувател премахва посочения недостатък чрез добавяне само 
на един резистор, което прави схемата възможно най-проста. По този начин се реализира 
оригинално схемно решение със следните качества: линейно преобразуване на информационния 
параметър, елиминиране на началното съпротивление на датчика, пълна компенсация на 
съпротивлението на  свързващите проводници при трипроводно свързване, несиметричен 
изход, ниско изходно съпротивление, висока чувствителност, точност и простота на 
схемната реализация. За предложения преобразувател е направен  анализ и е изведено 
уравнението на преобразуване. За потвърждаване на анализа и за демонстрация на работата 
на преобразувателя са приведени симулационни резултати и експериментални изследвания.   

 

 I. Introduction 
The thermoresistive sensors are most widely used 

in temperature process measurement. The informative 
parameter of these sensors is the deviation of their 
resistance by temperature. To measure this parameter, 
it has to be transformed into uniform output signal 
which in most cases is DC voltage. For that purpose a 
resistance deviation to voltage converters (RDVC) are 
used as a signal conditioning circuits. For practical 
applications these converters must meet a few 
requirements: linear conversion of the informative 
parameter, elimination of  the initial resistance of the 
sensor, full compensation for the lead wires resistance 
when using three-wire connection,  high sensitivity 
and accuracy, single ended output, single supply 

voltage, low output resistance, and simplicity of the 
design. The simplest solution for RDVC that covers 
the main requirements is shown in Fig.1 [1].  

 

Vo
OA

-Vs

+Vs

R3R2

R1

OA1 OA2
Vout

Rx

r2

r3

r1

-Vs

+Vs

 
Fig.1. Existing schematic for resistance deviation to voltage 

converter.  
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The schematic consists of two stages. The first 
stage is formed with the operational amplifier OA1, 
the voltage reference source V0, and the resistor R1. 
The resistive sensor Rx = R0 ±ΔR (where R0 is the 
initial resistance of the sensor, and ΔR is the resis-
tance deviation)   is connected between the output and 
the inverting input of OA1. The three resistors r1, r2, r3 
represent the lead wires of the sensor. In its essence 
the first stage is a resistance deviation to voltage con-
verter with differential output. The second stage 
formed with the operational amplifier OA2 and the 
resistors R2, R3, represents a pseudo-differential am-
plifier with single ended output. Using the superposi-
tion principle for the output voltage VOUT of the con-
verter, the following expression can be obtained: 

(1)       

( )

( )

0 3
1 2 1

1 2

0 3
2 1

1 2

1

OUT X
V RV r R r R
R R

V Rr R
R R

⎛ ⎞
= − + + + ⎜ ⎟

⎝ ⎠
⎛ ⎞

+ + +⎜ ⎟
⎝ ⎠

 

 After simplification of the equation, the next 
expression takes place: 

(2)
    

( ) ( )0
2 1 2 1 3

1 2
OUT X

VV r R R r R R
R R

= + − +⎡ ⎤⎣ ⎦  

  From (2) it is seen that in order to eliminate the 
interference from the lead wires it is necessary to 
make r2R2 = r1R3. The equality r1 = r2 is realized by 
rule, so it is necessary to make the two resistors equal: 
R2 = R3. Considering that, the output voltage 
becomes: 

(3)                     ( )0
1

1
OUT X

VV R R
R

= −  

  It’s easy to see that R1 = R0 is needed to eliminate 
the initial resistance of the sensor. Thus, the final 
expression for the transfer function of the converter is 
brought: 

(4)                        ( )0

0
OUT

VV R
R

= − Δ  

From (4) it is seen that the sensitivity is given by 
the ratio V0/R0 but it has to be mentioned that it is 
limited by the self-heating effect of the sensor. 
Practically, the ratio V0/R0 can be set up to a few 
miliampers which significantly limits the sensitivity of 
the converter. To increase the sensitivity of the 
converter it is possible to apply additional amplifier as  
shown in  [2] . 

This article proposes a more simple decision, using  
one additional resistor only. 

II. New Circuit Design and Analysis 
In Fig.2 is shown the circuit diagram of the 

proposed converter that eliminates the disadvantage of 
the existing schematic.   

 
Fig.2 Resistance deviation to voltage converter with 

increased sensitivity  

The only difference between the schematic in Fig.1 
is the additional resistor R4, connected between the 
inverting input of the operational amplifier OA2 and 
the common ground. For the analysis of the converter  
the operational amplifiers are considered ideal and the 
lead wire r3 is neglected because it is connected to the 
high impedance non-inverting input of the operational 
amplifier OA2. The output voltage can be determined 
using the superposition principle: 

(5)      
( )

( )

0 2 3 2 4 3 4
2 1

1 2 4

0 3
1 2 1

1 2

OUT

X

V R R R R R RV r R
R R R
V Rr R r R
R R

+ += +

− + + +
 

 Applying R1=R0: 

(6)    
( )

( )

3
1 2

20

2 3 2 4 3 40
2

2 4

2

OUT

Rr R r R
RVV

R R R R R RR r R
R R

⎡ ⎤+ Δ + + −⎢ ⎥
⎢ ⎥= −

+ +⎢ ⎥+⎢ ⎥
⎣ ⎦

 

  Knowing that r1=r2 and regrouping (6): 

(7) 

3

2

0 3 2 3 2 4 3 4
0

0 2 2 4

3 2 3 2 4 3 4
1

2 2 4

2

2

OUT

RR
R

V R R R R R R RV R
R R R R

R R R R R R Rr
R R R

⎡ ⎤
Δ⎢ ⎥

⎢ ⎥
⎢ ⎥⎛ ⎞+ +⎢ ⎥= − + −⎜ ⎟⎢ ⎥⎝ ⎠
⎢ ⎥

⎛ ⎞+ +⎢ ⎥+ −⎜ ⎟⎢ ⎥
⎝ ⎠⎣ ⎦

 

 
From (7) it can be considered that the converter 

eliminates the initial resistance of the sensor and has 
full compensation for the lead wires when the second 
and third therms in the square brakets are equal. It is 
determined that this can be fulfilled when: 
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(8)                               3 4
2

3 4

R RR
R R

=
+

 

When applying (8) and R1=R0 the final expression 
for the transfer function for the converter in Fig.2 is 
brought with expression: 

(9)                      0 3

0 2
OUT

V RV R
R R

= − Δ  

From expression (9) it is seen that the sensitivity 
can be set to the desired value by adjusting the ratio of 
the two resistors R2, R3. 

III. Simulation Results 
The schematic in Fig.2 is simulated using OrCAD 

PSpice with values for the components as shown in 
Fig.3. The RTD is assumed to be  Pt100. The current 
through the sensor IRX is chosen to be 1mA in order to 
avoid self-heating of the sensor. For that current the 
reference voltage is calculated 100mV (IRX=Vo/R1). 
The operational amplifiers are LM358 and the value 
10Ω is taken for the lead wires.  The results are shown 
in Table1. The simulations are for temperature range 
0-400◦C -  column 1 with step 50◦C. Column 2 shows 
the corresponding to the temperature sensor’s 
resistance. The calculated values Vout for the output 
voltage are shown in column  3, according to equation 
(9). In column  4 are the simulated values Vouts for 
the output voltage without the interference of the lead 
wires. In column 5 are the simulated values Voutsr for 
the output voltage when the lead wires are taken into 
consideration. Column 6 represents the percent error 
of range γ calculated by the formula: 

(10)        
( ) ( )

100%
MAX MIN

OUTSR OUTS

OUTS OUTS

V V
V V

γ −=
−

 

 Table 1 
Simulation results  

 
From Table 1 it can be seen that the simulation 

results confirm the analysis. The calculated and the 

simulated values for the output voltage are almost 
equal and the error caused by the lead wires is 
negligible. Moreover, the  correlation between the 
calculated and the simulation results for the output 
voltage confirms the correctness of the analysis made 
in the previous part. 

 
 
 
 
 
 
 
 

 
Fig.3. Schematic of the converter for the simulation study  

IV. Experimental Results 
To confirm the simulation results, experimental 

model was made for the circuit in Fig.3. To simulate 
the resistance of the platinum sensor, exemplary 
decade MCP-60M with accuracy 0.02 was used. 
Resistors with tolerance ±1% and ТCR  ±50ppm were 
placed  for the elements R1-R4. The component 
values and the operational amplifier are the same as in 
the simulation. The results are given in Table 2. 
Column 4 is with the measured values Voutm for the 
output voltage. Column 5 is with the measured values 
Voutmr for the output voltage when the lead wires are 
taken into consideration. Resistors with value 10Ω 
and tolerance ±1% are used to simulate the lead wires 
which were not specially selected with  same values. 
In column 5 is the percent error of range γ calculated 
by the formula: 

(11)         
( ) ( )

100%
MAX MIN

OUTMR OUTМ

OUTМ OUTSМ

V V
V V

γ −=
−

 

Table 2 
Experimental results 

1 2 3 4 5 6 
T,◦C RX, Ω  Vout,mV Vouts,mV Voutsr,mV γ , %  

0 100,00 0,00 -0,1 -0,2 -0,006
50 119,40 213,2 213,0 212,9 -0,006

100 138,51 423,2 422,8 422,7 -0,006
150 157,31 629,8 629,3 629,2 -0,006
200 175,84 833,4 832,7 832,6 -0,006
250 194,07 1033,7 1033 1033 0,000 
300 212,02 1231,0 1230 1230 0,000 
350 229,67 1425,0 1424 1424 0,000 
400 247,04 1615,8 1615 1615 0,000 

1 2 3 4 5 6 
T,◦C RX, Ω Vout,mV Voutm,mV Voutmr,mV γ, %  

0 100,00 0,00 20,2 21,2 0,061 
50 119,40 213,2 235,5 237,0 0,092 

100 138,51 423,2 447,5 448,4 0,055 
150 157,31 629,8 654,9 656,4 0,092 
200 175,84 833,4 859,2 859,7 0,031 
250 194,07 1033,7 1062,3 1062,8 0,031 
300 212,02 1231,0 1261,0 1261,2 0,012 
350 229,67 1425,0 1456,1 1455,2 -0,055
400 247,04 1615,8 1649,1 1648,7 -0,025
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It can be seen that there is compliance of the 
experimental and the simulation results. The 
insignificant error caused by the lead wires is due to 
the tolerance of the resistors used to simulate them. 

V. Conclusion                                                                                                                 
A resistance deviation to voltage converter is 

proposed with the following qualities: linear 
conversion of the  informative  parameter,  elimination  
of  the initial  resistance of the sensor, full 
compensation of the lead wires resistance when using 
three-wire connection, single ended output, low output 
resistance,  high sensitivity, accuracy, and simplicity 
of the design. With simulation and experimental 
results the performed analysis and conclusions are 
confirmed. The converter can be used for a signal 
conditioning circuit for resistive sensors.  
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Microcomputer systems network for plant growing management – 
approaches and structure  

Nikola Kolev, Racho Ivanov, Avram Levi, Lubomir Bogdanov  

 
Having modern land cultivation machinery, microcomputer systems for measurement and 

estimation of the heat and water balance components of the soil-plant-land surface air layer system in 
the field, specialists can organize different agro resources logistic systems for precise management of 
plant growing. A number of authors determine the heat and water balance components of the soil-
plant-land surface air layer system as the important characteristics of the plant growing conditions in 
the field and they describe different methods and instruments to its estimate. The evapotranspiration is 
the main and integral component of this balance and some authors suppose the Bowen ratio method 
for its calculation. The major difficulty associated with the approach is that the instrumentation must 
detect small changes of the components magnitude. The aim of the paper is to give an approach about 
organization of a data acquisition systems estimation of evapotranspiration and other heat and water 
balance components of the soil-plant-land surface air layer system in the field.  

Мрежа от микрокомпютърни системи за организация на отглеждането на растения 
– подходи и структури (Никола Колев, Рачо Иванов, Аврам Леви, Любомир Богданов). С 
наличните съвременни машини за култивиране на земя, както и микрокомпютърни системи за 
измерване и оценка на топлинния и воден баланс от компоненти на въздушния слой на 
системата почва-растение-земя, специалистите могат да организират различни агро 
логистични ресурсни системи за точната организация на отглеждането на растения. Редица 
автори определят топлинните и водни балансни компоненти на системата почва-растение-
земя като важна характеристика при отглеждането на растения на полето и описват 
различни методи и инструменти за тяхното отчитане. Изпарението от земята е основният 
и неделим компонент на този баланс и някои автори препоръчват метода на Боуен за 
неговото изчисление. Главната трудност, свързана с този метод е, че оборудването трябва 
да регистрира малки промени във величините на компонентите. Целта на тази статия е да 
покаже подхода при организацията на системи за събиране на данни за оценка на 
изпарението от земята и други топлинни и водни компоненти на въздушния слой на 
системата почва-растение-земя на открито.  

 

The aim of the paper is to give an approach about 
organization of a data acquisition systems estimation 
of evapotranspiration and other heat and water balance 
components of the soil-plant-land surface air layer 
system in the field.   

Introduction 
The important heat and water balance components 

of the system “soil-plant-land surface air layer” are 
the evapotranspiration E and turbulent heat flow H 
which in a high degree determine the productivity of 
the system. They can be determined by Bowen’s 
method and estimated based on measurement data of 
microclimatic elements in the field as net solar 
radiation Rn, intensity of the heath flow in the soil Gs, 

the gradients of the temperature ∆T°C and humidity of 
the ground air ∆e, at known values of the specific field 
heat of evaporation L [3], [4]. 

The calculation of the evapotranspiration E and the 
turbulent air heat flow H as main components of the 
heat balance on the field can be based on the equation 
(1), which describes the heat and water balance of the 
system: 

(1)       0=−++ nRHGLE  

To get the absorbed heat for the evapotranspiration 
LE, and from there also the intensity of the 
transpiration Et from uncovered soil or the 
evapotranspiration of cropped field ET, the following 
equation (2) is used: 
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(2)      ( ) [ ]2.
64.0

1 −

Δ+Δ
Δ−⋅= mW

Te
eGR

L
ET sn  

The turbulent heat flow H over the plant cover is 
calculated by the equation (3): 

(3)    ( )[ ]2.
04.0

64.0 −

Δ+Δ
−Δ⋅= mW
Te
GRTH sn  

For more wide picture of the heat and water 
balance on the field it is necessary to have 
measurement data of soil moisture Ws and 
temperature Ts, wind velocity Va and direction, 
precipitation Q, leaf temperature of plants Tp and dew-
falls Wd [5].    

Structure of the data acquisition system 
To solve the equations (2) and (3) it is necessary to 

carry out express or prolonged electronic 
measurements of the intensities of the thermal flow Gs 
and on the net solar radiation Rn, as well as on the 
gradients of the air temperature and humidity at 
heights 0.5m and 2m over the soil or canopy cover 
based on a data acquisition system, shown in Fig. 1. 

 
 Fig. 1. Block diagram of a data acquisition system. 

The core of the system is a microcontroller that 
samples data from the sensors, processes the 
information and sends it to a computer through one or 
more interfaces. Since this system will sample data 
during long periods of time (minutes, hours, days or 
even months), a back-up power supply is needed 
along with the main one. The switching between these 
two must happen automatically therefore an electronic 
switch is needed. 

As shown in the figure, the sensors’ outputs 
require analog as well as digital interfaces. This leads 
to the very important requirement of an analog-to-
digital converter (ADC) and a built-in digital interface 
(SPI, I2C, CAN, Ethernet, etc). The only limitation 
comes from the ADC – if high resolution and multi-
channels are required, then a separate chip could be 
connected between the analog sensors and the 

microcontroller. Most of the built-in ADCs have a 
resolution of 10 or 12 bits and as much as 8-16 input 
channels which is sufficient for these applications. 

As the measurement system will be used in 
outdoor conditions that require alternative energy 
source (solar panel with batteries) for power supply 
and an energy efficient regime of work. For this 
purpose a microcontroller with energy saving modes 
must be chosen. Between the different samples the 
controller can enter one of the modes, resulting in 
power reduction and extending battery life.  

And finally the results of the acquisition must be 
transferred to the computer where the end-user can 
view them. This is done with the well-known interface 
RS232. As more than one system is used, this 
interface could be a Wi-Fi interface to speed up the 
process of data gathering in the field. Not all the 
controllers have Wi-Fi modules, so a separate chip 
should be supplied for this purpose. 

The best solution is the Cortex-M0 architecture of 
a 32-bit embedded microprocessor which is 
specifically designed for low-power optimized 
microcontroller applications. 

A basic block diagram of a Cortex-M0 
microprocessor is shown in Fig. 2. 

 

 
Fig. 2. Block-diagram of a Cortex-M0 Microprocessor. 

The Cortex-M0 core is implemented as von 
Neumann architecture with a 3-stage pipeline. A 
single cycle multiplier is included and 57 instructions 
are available to the programmer.  

The Nested Vectored Interrupt Controller (NVIC) 
implements up to 32 interrupts. They are level or 
pulse triggered and have a programmable priority of 0 
to 192 in steps of 64. The processor automatically 
stacks its state on exception entry and unstacks this 
state on exception exit, with no instruction overhead. 
This provides low latency exception handling. 

The Wake-up Interrupt Controller or WIC is used 
to identify and prioritize interrupts while the NVIC 
and processor are put in a deep sleep mode. 

The Debugger Interface and the Debug Access 
Port provide means for debugging firmware code 
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while it is run from the external (to the 
microprocessor) flash memory. They implement a 
Serial Wire Debug (SWD) along with the breakpoint 
and watchpoint unit up to 4 hardware breakpoints and 
2 watchpoints are being enabled for debugging 
purposes. 

The peripherals in the system connect to the 
microprocessor through an AHB-Lite interface. This 
interface uses burst transfers, single-clock edge 
operation, no tristate buffers and data lengths between 
64 and 1024 bits.   

The Philips' LPC1114 microprocessor uses the 
Cortex-M0 and can run up to 50 MHz, has 64 kB of 
flash and 8 kB of SRAM memory. Its block diagram 
is shown in Fig. 3. 

 

 

 Fig. 3  LPC1114 block diagram. 

The LPC1114 has various peripheral modules and 
for energy-critical applications has a program “deep 
power-down mode” – entire power to the chip is cut 
off except the WAKEUP pin. This is the only pin that 
can bring back the microcontroller to run mode. The 
active level of the pin is logic low. The wake up 
condition should remain present for at least 50 ns in 
order to trigger a wake up sequence. The peripheral 
modules continue working and can generate an 
interrupt. With this mode the power consumption is 
reduced by eliminating dynamic power of the core, 
memory systems and internal buses. 

Furthermore the power can be optimized by 
selecting different oscillator source (Fig. 4). The chip 
uses three oscillators – the watchdog oscillator, the 

RC oscillator and a crystal oscillator. Depending on 
the application, different oscillators can be used at 
different times, thus the overall consumption will be 
decreased. Whenever a high-performance is needed 
the crystal oscillator must be turned on and during the 
rest of the time one of the low-speed RC or watchdog 
oscillators can be used.  

As shown in Fig. 4, the system clock could be 
divided which is another method for power reduction 
if no power saving modes are being used. The 
processor's core maximum frequency is 50 MHz but if 
the application doesn't require maximum throughput, 
then dividing this value by, for example, 2 will lead to 
power savings. Philips brought the power 
optimization one level up by supplying dividers for 
each peripheral to further tune the consumption for the 
specific application. 

 
 Fig. 4. Oscillator block of the LPC1114. 

In the structure of the data acquisition system, based 
on the block-diagram from Fig. 1, are included 16 
measuring channels  for measurement of main heat 
and water balance elements of the soil-plant-surface 
air layer system in the field: air temperature Ta and 
humidity ea - at heights 0.5 m and 2 m over the soil 
surface or canopy; soil moisture Ws and temperature 
Ts - to two depths in the soil profileile; tensiometric 
electrical contact output for soil water potential 
checking; net solar radiation Rn (radiation balance) 
W/m2;  precipitation amount - Q l/m2 ; intensity of 
heat flow in the soil Gs W/m2; wind velocity Va m/s 
and wind direction; leaf temperature of plants Tp and 
dew-falls Wd.  

At depths 0.2m and 0.4m in the soil profile are 
installed soil moisture and temperature sensors, and at 
depth 3 cm in the soil is installed a thermal flow 
sensor (bolometer). The sensors for air temperature 
and humidity are installed in a classical 
meteorological mast at heights 0.5 and 2 m over the 
soil surface or canopy. On the mast, at a height of 1 m 
over the soil surface is mounted a solar radiation 
balance meter for radiation measurements. On this 
height is installed a precipitation measuring sensor 
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with a pour out blade. At a height of 2.5m on the mast 
are positioned a cup sensor for the wind velocity and a 
sensor for wind direction. The leaf temperature sensor 
and dew-falls sensor are positioned by clips over a 
leaf of a plant. The solar panel for charging of 
batteries of the acquisition system is positioned on the 
top of the mast. 

One cycle of the measurement of all balance 
elements is made for a total of 1sec with an interval 
between the separate measurements – 10 minutes. 

 Structure of measuring systems network for 
spacially distributed measurements in the field 

The agricultural lands are complex and dynamic 
ecosystems and they cannot be discussed as 
homogeneous territories. Representative areas can be 
chosen, which will be accepted as homogeneous and 
there to be organized electronic measurements for 
estimation of heat and water balance elements with 
local stations (data acquisition systems). When these 
local stations are distributed at distances of several 
kilometers or hundred kilometers, computer systems 
network is organized, based on radio net or on 
Internet, as shown in Fig. 5. 

 

 
Fig. 5. Structure of a computer systems network 

The measuring systems network consists of several (1-
16) data acquisition systems (local stations), space 
distributed and communicated with each other by 
radio net or by Internet. Every local station consists of 
a data acquisition structure, shown in Fig. 1, coupled 
with several measurement channels and sensors. The 

systems network described includes very sophisticated 
devices designed to operate automatically all year 
round. Nevertheless they need qualified maintenance 
and repair. According to the dust and field conditions 
of any particular area outer sensors and solar 
generator panels should be cleaned periodically.  

The measuring system network can make an 
integral estimation of heat and water balance of the 
soil-plant-land surface air layer system for plant 
growing management of the agricultural region. The 
results of every 10 minutes measurement period of the 
heat and water balance elements were used for the 
calculation of the average hourly estimates of 
evapotranspiration and turbulent heat flow, and are 
shown as an example for one local station in Fig. 6. 

 

 
Fig. 6. Daily curves of  evapotranspiration, turbulent air 
and soil heat flux, and net solar radiation, registered by 
one local station of the system in alfalfa field near Russe 

on 28 July 2011. 
 

Mathematical models module is a software 
platform of particular models for calculation of the 
main heat and water balance elements (E, H, Rn, soil 
moisture and temperature, beginning of ground frost, 
dew drops, storm and others) of the soil-plant-land 
surface air layer system and for irrigation, fertilization 
and plant protection management in the field [3], [6], 
[7], [8]. The module includes knowledge packets of 
blocks history and vegetation calendars of crops. 

Having an instrumental evaluation and average 
hourly estimation of the main heat and water elements 
of the soil-plant-land surface air layer system in the 
fields, collected by local stations of a microcomputer 
systems network, specialists can monitor the dynamics 
of the processes in the field and their influence on 
plant  growth, their diseases, insect activity, water 
stress, etc. The operator of the systems network, 
helped by agronomists, can organize management of 
tillage, irrigation, fertilization, plant protection and 
other activities, based on mathematical models 
module of the plant growing processes in the 
agricultural fields. 
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Conclusion 
The structure of the microcomputer measurement 

systems submitted above suggests a direct and correct 
estimation of the main heat and water balance 
elements of the soil-plant-land surface air layer  
system, based on space distributed continuous 
measurements. The ever-changing fluctuations in 
environmental conditions need a relatively large 
instrumental effort. Measurements carried out by 
microcomputer systems and analysis of the data 
obtained showed that such systems could be useful 
both for the research and practice. The possibility of 
creating a large microclimatic database of the 
agricultural fields for long periods of time contributes 
to a careful study of these territories, best 
characterization of the status of plant growing 
processes and their successful management. 
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COMPUTER TECHNICS 

Ontology-based semantic focused metasearch engine for students 
and scientists in the realm of electronics 

Tatyana I. Ivanova 

 
In this paper we present our research on building a meta-search engine that uses domain and user 

profile ontologies, as well as information (or metadata), directly extracted from web sites to improve 
search result quality. We state main requirements to the search engine for students, PHD students and sci-
entists, propose a conceptual model of federated search engine for searching scientific resources and dis-
cuss approaches of it practical realization. Our prototype metasearch engine can make some interactive 
semantic query refinement. After that, using this refined query, it automatically generate several search 
queries, sends them to different digital libraries and web search engines, augments and ranks returned re-
sults, using ontologically represented domain and user metadata. For testing our model, we develop 
domain ontologies in the electronic domain (FPGA testing and diagnosis). We will use ontological 
terminology representation to propose recommendations for query disambiguation, and to ensure 
knowledge for reranking the returned results.  We also present some partial initial implementations query 
disambiguation strategies and testing results. 

Модел на семантична метатърсачка за научни ресурси в областта на електрониката, ба-
зирана на онтологии (Татяна И. Иванова). В тази статия се представят резултати от изследва-
не на проблемите, свързани с разработване на семантична метатърсачка, която използва домейн 
онтологии и онтологии на потребителски профил, както и информация (метаданни), директно из-
влечена от уеб сайтове с цел подобряване качеството на резултатите от търсенето в интернет. 
Предложен е концептуален модел на предметно-ориентирана метатърсачка за научни ресурси и са 
дискутирани методи и средства за практическа реализация. На основа интерактивно семантично 
уточняване на потребителската заявка се генерират по-ясни и точни заявки, съобразени с особе-
ностите на библиотеките и търсачките, към които ще се изпращат. Върнатите резултати се ин-
тегрират и пренареждат, като при оценката на тяхната релевантност се използват онтологични 
модели на съответните предметни области и на потребителите. За тестване на модела са разра-
ботени домейн онтологии в областта на електрониката (FPGA тестване и диагностика). Пред-
ставени са резултати от експериментирани стратегии за уточняване на заявката, които са полез-
ни и като отправна точка за формулиране на ясни заявки в съответната област. 

 

Introduction  
PhD students and scientists needed from many re-

sources in the realm of learned or studied domains: 
tutorials, manuals, books, news, software information 
and code sources, scientific papers, etc. Some of them, 
as tutorials, can be found in the web, others are man-
aged by web 2.0 tools (as news and collaboration), but 
a largest part of scientific information is stored in 
Digital Libraries (DL). Digital libraries are a set of 
electronic information resources and associated tech-
nical capabilities for creating, organizing, searching 
and using them by humans. Digital libraries store in-
formation resources (papers, tutorials, etc), described 
by metadata, containing information about creator, 
owner, type of representation, reproduction, access 
rights, short domain description. Metadata also may 

contain links or relationships between resources and 
other data or metadata. Searching scientific resources 
in the web is principally different from searching it in 
digital libraries. Digital library resources typically are 
stored in databases, and hence they are deep web re-
sources. There are valuable difficulties in crawling 
and indexing such resources on the one hand, and spe-
cialized searching approaches, based on specific li-
brary metadata may be used to facilitate searching in 
digital libraries on the other.  That is why digital li-
braries typically use embedded search tools.  

Traditional (surface web) search engines use syn-
tax based (keyword-based) search. They use web ro-
bots for crawling and indexing web pages, and can in-
dex digital library content if they implement Z39.50, 
or Open Archives Initiative (OAI) search protocols. 
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The basis for search usually is syntactic term match-
ing between the user’s queries and previously created 
from the search engine indexes. Semantics, that user 
implicitly associates with the search string are not 
captured. Thus, a search query is typically very broad, 
often ambiguous, and specific library metadata are 
only partially used as part of various search strategies. 
That is why general search engines may return some 
scientific papers, relevant to the query, but it list is in-
complete, they may not be the relevant ones, and 
sometimes appear far from the beginning of the list. 
For example, paper “An approach to development of 
personalized e-learning environment for dyslexic pu-
pils' acquisition of reading competence” is qualified 
resource from the first 10 results in Google scholar 
when the query “e-learning dyslexia” is sending. This 
paper is indexed by Scirus (reachable by typing the 
whole title ), but when sending the same query to the 
Scirus, it doesn’t appear in the first 1000 results, be-
cause of many medical and psychological papers are 
returned, and hence, it is practically unreachable by 
using this typical for the searched content query.  

 That is why native searching tools are the best 
tools for searching papers in digital library. On the 
other hand, there are thousands digital libraries in the 
web, and one must know for libraries, contain re-
sources in it scientific area and search every of them 
to find needed resources. This include specialized 
skills in usage several different user interfaces and 
usually search will take much time.  

We have found several federated search engines, 
searching in sets of digital libraries (Infomine, In-
foplease, Microsoft Academic Search, World Wide 
Science, and some others), but it evaluation leads to 
conclusion that they return very few results in our 
domain (electronics, testing and diagnosis of elec-
tronic circuits), and some of them are working very 
slowly. We believe, that usage if semantic technolo-
gies in every stage of the searching process (query 
specification and refinement, choosing the best li-
braries, analyzing, annotation and reranking of re-
turned results) is the best way for improvement the 
quality of scientific object searching. That is why we 
decide to explore digital libraries in our research area 
and create federated metasearch engine, that perform 
semantic searching, augmenting and reranking re-
turned from them search results. 

In this paper we present our research on building a 
meta-search engine that uses domain and user profile 
ontologies, as well as information (or metadata), di-
rectly extracted from web sites to improve search result 
quality. We state main requirements to the search en-
gine for students, PHD students and scientists, propose 
a conceptual model of federated search engine for 

searching scientific resources and discuss approaches 
of it practical realization. It can make some interactive 
semantic query refinement, automatically generate sev-
eral search queries, sends them to digital libraries and 
web search engines, augments and ranks returned re-
sults, using ontologically represented domain and user 
metadata. For testing our model, we develop domain 
ontologies in the electronic domain (FPGA testing and 
diagnosis).    

Requirements to the scientific paper metasearch 
engine 

The proposed metasearch engine is intended to 
fetch scientific papers, tutorials, presentations, and 
other learning or scientific resources, needed to stu-
dents for supporting learning or scientific research. It 
should provide easy, effective and precise search in 
digital libraries, searching some specific resources in 
the web, as well as natural language question answer-
ing. It should be flexible, personalized, and easy-to 
use. More precisely, it should: 

1. Propose some guidance for users in formulating 
effective queries. This is useful not only for beginners. 
Different search engines have some specifics and 
rapid understanding them is very important even for 
domain experts to use it maximal capabilities.  Good 
way to do this is combining traditional keyword 
search with view-based and semantic search by dis-
playing related concepts and it relationships using 
view-based UI.  

2. Supporting automatic or semiautomatic dynamic 
selection of appropriate search engines or digital li-
braries depending from searched domain, type of 
searched resources or query type. 

3. Supporting the needed set of advanced searching 
options for explicit specification of preferred resource 
types, searching domains, search strategies, or other 
user preferences  

4. Possibilities in reclassifying the result set using dif-
ferent criteria (as domain relevance, material type, con-
ference or journal valuability, number of citations, etc.) 

5. Adaptability, extensibility and maximal domain 
independence.  

6. Adequate searching performance 

Related Work 
As we will use technologies for semantic search 

and federated search, we will make short analysis of 
popular web search engines, using some of these type 
technologies.  

Semantic search engines 
Semantic search is the indexing and searching ap-

proach, intended to improve search accuracy by un-
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derstanding searcher intent and clarify contextual 
meaning of terms both in searching and indexing. To 
use this approach, machine-process able metadata 
about resources are needed. Because of insufficient 
amount of such metadata, difficulties in it generation 
and immaturity of semantic web technologies, these 
modern technologies are not yet widely used. There is 
grand number of research projects and some well 
working search engines in the web, using semantic 
technologies. Some of them (for example Hakia, Pow-
erset, or Lexxe) are developed as semantic search en-
gines, and others (as google or bing) are traditional 
good keyword-based search engines, extended by us-
ing semantic or intelligent technologies. 

GoPubMed is the first semantic search engine on 
the internet - launched in 2002. It is a knowledge-
based search engine for biomedical texts. GoPubMed 
(http://gopubmed.com/) is a semantic search engine in 
the medical domain. Ontogator [1] is a web service – 
based scientific project, which research goal is to ex-
amine how semantic view-based search can be pro-
vided efficiently through an API or as web service to 
external applications. It uses group of categorizing 
views both in formulating queries and in representing 
the results. The class hierarchy of the SUMO ontology 
is mainly used to support graphical interface.  This 
approach has been implemented in the open source 
tool Ontogator, that has been applied in developing 
semantic web portals. Semsearch [3] is a keyword-
based semantic search engine having layered archi-
tecture, google-like query interface and supporting 
relatively complex queries and quick response. Hakia 
(http://hakia.com/) is a semantic search engine for 
searching Web, News, Blogs, hakia Galleries, Credi-
ble Sources, Video, and Images. It use new semantic 
technology called QDEXing, SemanticRank algo-
rithm, ontological semantics, fuzzy logic, 
computational linguistics, and mathematics. Lexxe is 
an Internet search engine that uses natural language 
processing for queries (semantic search). Searches can 
be made by using questions, as "What Is Difference 
Between Fpga And Microcontroller?", as well as key-
words and phrases. Ask (http://www.ask.com/) is one 
of the popular web search engines. It combine key-
word-based search, natural language processing and 
question answering. Swoogle, Corese, Watson are 
search engines for searching semantic web documents. 
Some of them (as Swoogle) propose easy-to use 
graphical tools for visualizing ontologies or checking 
it consistence. Assistance in semantic query formula-
tion, natural language processing capabilities, higher 
precision and clustering of returned results are the 
main strengths of semantic search engines. It draw-
backs are the low recall and performance (they usually 

work slowly and return too few results).  Most of them 
(with the exception of google or Bing) don’t search 
digital libraries and other valuable scientific informa-
tion sources. The biggest search engines Yahoo! And 
MSN promotes it semantic searching capabilities 
(mainly including the listing of search suggestions as 
queries are entered and a list of related searches) on 
the base of semantic technologies purchased from 
Powerset in 2008. On July 29, 2009, Microsoft and 
Yahoo! announced a deal in which Bing would power 
Yahoo! Search. Google also has emerging semantic 
search capabilities.   

 Federated search engines 
The biggest pat of scientific information is pre-

sented in scientific papers, which are stored in digital 
libraries (DL), and is a part of hidden web content. 
Scientific papers are described by standard set of 
metadata and use restricted vocabularies, including a 
set of common words (as articles, conjunctions, com-
mon verbs), common research dictionary and domain-
specific dictionary.  There are several DL metadata 
standards, every library has its own specifics and effi-
cient searches require sending specific (may be differ-
ent for different libraries) queries to satisfy the same 
information needs, and augment in the appropriate 
way returned results. In other words, we should de-
velop a federated metasearch engine, if simultaneous 
usage of several DLs is needed. There are many (well, 
or not so well working) research projects, or web 
search engines, performing federated search.  [4], for 
example presents  Noesis - a search tool for Atmos-
pheric Science which is a meta-search engine and a 
resource aggregator that uses domain ontologies to 
provide some  semantic search capabilities Noesis 
uses ontologies to help the user in query specification 
and improving  search results precision and recall. 
Noesis uses a three step algorithm to search resources: 
Query Analysis, Semantics Presentation and Resource 
Search. It searches through search web services pro-
vided by third parties like www.yahoo.com and 
www.google.com for web-pages, data, education ma-
terial and publications related to Atmospheric Science. 
Infomine is a federated search engine for the Deep 
Web and a source of the lot of other reference infor-
mation. Infomine has been built by a set of university 
libraries in the United States and propose searching in 
different categories, including scientific databases. In-
fomine “˜mines’ information from databases, elec-
tronic journals, electronic books, bulletin boards, 
mailing lists, online library card catalogs, articles, di-
rectories of researchers, and many other resources. It 
can be searched by subject categories (including engi-
neering and computer science) and propose search re-
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finement by using search options. When a few cate-
gories are chosen, it performance is relatively good, 
but our experimental testing by sending tens of que-
ries show that it returns relatively few results in the 
area of electronics. 

We have found several other federated search en-
gines, searching scientific information sources in the 
internet, as Infoplease (information portal, proposing 
number of encyclopedias, almanacs, an atlas, and bi-
ographies), WorldWideScience.org - a global science 
gateway comprised of national and international sci-
entific databases and portals, providing real-time 
searching and translation of multilingual scientific lit-
erature (http://worldwidescience.org/wws/result-
list/fullRecord:fpga/preferredLanguage:en/.) The lat-
est works in some cases very slow. Microsoft Aca-
demic Search [2] is a free search engine for academic 
papers and resources principally in the field of 
computer science, having good performance and re-
turned sufficient number of results in the realm of 
electronics (as our preliminary tests show). It database 
consists of the bibliographic information (metadata) 
for academic papers published in journals, confer-
ences proceedings and the citations between them and 
use vertical search technology.  UTNetCAT  is the 
Web-browsable online catalog of the University of 
Texas at Austin libraries.  DeepDyve DeepDyve is a 
powerful, professional “Deep Web”, search engine 
Researchers and students can use it for searching 
Wikipedia or deep web resources within multiple 
categories: Life Sciences and Medical, Physical Sci-
ences, Humanities and Social Sciences, IT and Engi-
neering, and others. 

Searching digital libraries is the main purpose of 
the google tool Google Scholar, that indexes the full 
text of scholarly literature (free or charged, including 
the biggest and the best digital libraries) in many pub-
lishing formats and disciplines. The main drawback of 
Google Scholar is it returned results limit (only 1000 
results), that make a grand number of indexed papers 
practically reachable only by using bibliographic 
search. Despite the large number of various libraries 
and searching tools, usually it is difficult to find the 
needed scientific papers or tutorials as the realm of the 
good search engines usually is too broad, and students 
usually don’t have needed experience in searching 
domain-specific DLs. In this paper we will present 
and discuss the conceptual model, augmenting se-
mantic and federated search technologies, as well as 
the needed terminological and bibliographic data from 
Web to improwe searching quality in the narrow sci-
entific area. Possibilities to use our model in other sci-
entific areas will be discussed.  We also present some 

initial partial implementation and preliminary testing 
results. 

Semantic focused metasearch engine – 
definition and conceptual model 

There are a lot of various search engines, working 
well in some realms in the Internet. Most of them have 
good indexing and searching capabilities in some 
realm, but user goals often are more specific, or cover 
several subdomains, indexed by two or more search 
engines. Metasearch is the needed approach in this 
case, but working on the internet metasearch engines 
usually have broad coverage, and return very few re-
sults in closely specific domains. That is why the good 
focused search engines, combining results from dif-
ferent sources in closely specific areas and reranking 
them, using various strategies, are needed. It should use 
semantic technologies to overcome natural languages 
ambiguity and achieve high precision and recall. As a 
term “Semantic focused metasearch engine” is not 
defined, as google search show, we will first define it: 

Definition: Semantic focused metasearch engine 
(SFME) is web searching tool, that query Web search 
engines (or other web sources) to retrieve results in 
previously chosen domain, and can use various  clus-
tering or reranking strategies and semantic technolo-
gies to filter and  present them to the user.  

The conceptual model of SFME is shown on the 
figure 1.  It Should propose rich advanced search in-
terface (as well as simple search one) and semantic 
query refinment tool for supporting precise and clear 
query specification. Then it sends the query to previ-
ously chosen and tested search engines, and augments 
and reranks returned results, using precise analysis of 
returned result metadata (or result analysis), based on 
specific domain tezauruses and/or ontologies (Fig. 1). 
Building such search engine is domain and tack-spe-
cific, as we should previously choose the best for the 
concrete domain sources (after testing a number of 
web searching tools or resources), develop needed 
thesauruses and ontologies, specify and test major 
augmenting or reranking strategies. The model and 
main amount of programming code is domain – inde-
pendent, and after doing previously discussed tacks, 
we may customize the tool for other domains. Devel-
oping terminological and semantic sources (thesau-
ruses, dictionaries or ontologies is uneasy tack, but 
more and more relatively appropriate may be found in 
the internet, and customize the concrete search tack. 
Ontology enrichment tool (Fig.1) may be used for 
semiautomatic ontology enrichment in the process of 
usage of the SFME. 

Our aim is to develop personalized SFME for stu-
dents and scientists in the realm of electronics.  
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Fig.1. Overall architecture. 

Implementation and preliminary results 
To develop a SFME for students and scientists for 

searching scientific papers and tutorials in the realm of 
electronics we will follow subsequent methodology:  

Methodology for developing SFME 
We propose the following main steps for develop-

ing SFME: 
1. Search web for thesauruses, dictionaries and 

ontologies, related to the domain, of papers. 
2. Collect the main domain terminology, present-

ing the concrete domain, where our tool will search 
3. Find well working web search engines and test it 

capabilities (precision, recall, performance, possibili-
ties to fetch metadata or other additional information) 

4. Choose the best ones; make comprehensive 
study and preliminary tests of it searching capabilities 
and possibilities in customization and other informa-
tion retrieval capabilities 

5. Searching, various web information sources, 
containing scientific information (about conferences, 
journals, papers, scientists), making preliminary 
evaluation of it capabilities to return scientific infor-
mation.  

6. Developing initial versions of our ontologies and 
other local lexical sources 

7. Developing (or reusing, if possible) the program 
code of SFME 

8. Initial testing 
9. Evaluation, usage and extensions 
In step 1 and 5 we choose the following web 

sources: 
Thesauruses and dictionaries We download elec-

tronical terminology for building ontology from Big 
PLD-Glossary (http://www.fpga-
guide.com/glossary/glossary.html), save it and use both 
for domain ontology development and terminology 
extraction from returned resource snippets. We also 
download from the web a collection of at about 500 
terms, including general words and typical for scientific 

research concepts. As these terms are not appropriate 
for query refinement (because they are used in almost 
all research domains, and typically in all scientific 
papers), we will not include them in the ontologies, and 
use them only for syntactic and lexical text analysis.  

We use web source for electronical terminology 
(that is not in our ontologies) from http://www. abbre-
viations.com/acronyms/ELECTRONICS/ (at about 
50000 concepts). We download, save and search lo-
cally the resource when we needed to determine is a 
term electronical or not. We also download  ACM 
classification schema and use it in the process of up-
per ontology building, lexical and semantic text analy-
sis. We also use web ontologies as FOAFRealm, PE-
Onto and DISCO in the process of building our profile 
ontology, and some ontologies, containing concepts in 
the area of electronics.  

Used Search engines: In step 3, we make brief 
exploration of at about 50 search engines: 7 se-
mantic search engines, 11 federated search en-
gines (mainly searching DLs), 17 native DL gen-
eral search engines. We decide to test comprehen-
sively some of the best general search engines 
(Google, Yahoo, Bing), semantic search engine Ask, 
DL search engines in the realm of electronics, engi-
neering and computer technologies ACM, IEEE 
Xplore, IET DL, and metasearch engines Micro-
soft_Academic_Search and Research Gate. Research 
Gate is not only the search engine, but a professional 
network for scientists. It manages scientist’s profiles 
from all scientific branches, search major digital li-
braries (using federated, bibliographic information-
based search, or semantic search, based on abstract 
similarity). Unlike most of major popular search en-
gines (including google, yahoo and bing) it returns 
more than 1000 results, and use diferent ranking algo-
rithm. Sometimes some of it first results can’t be find 
using google and the same query, as they appear after 
first 1000 google results and become unreachable.  

 As the number of all returned results, and relevant 
ones among them obviously depend from the nuber of 
typed keywords, and query ambiguity, we will first 
study these dependencies for some big DLs, containing 
papers in the area of electronics. We choose oriented to 
this domain libraries (IET DL, MAS), libraries, con-
taining papers in 2-3 domains (ACM, IEEE), and mul-
tidisciplinary libraries as Google Scholar. Our aim is 
comparison and drawing conclusions about specifics in 
the keyword and semantic search process (query dis-
ambiguation, reranking, semantic possibilities) in dif-
ferent libraries, containing papers in the area of elec-
tromiks, testing and diagnosis. We divide possible que-
ries in 4 types according to it potential ambiguity: gen-
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eral (ambiguous), including one concept, used not only 
in the electronic area, more specific, including one con-
cept, used mainly in our domain,  disambiguated, in-
cluding extra term, making ambiguous query more 
clear, and more specific, disambiguated, where clear 
information need is specified. We show examples of 
such queries and number of returned results in table 1, 
the average number if results from 30 queries of every 
type in table 2   and  Fig.2, number and average number 
of relevant returned results (checking first 50 results) in 
table 3 and Fig.3. 

 
Table 1 

 Example queries and number of returned results 
query       
engine ACM

IET 
DL IEEE

Google 
Scholar MAS

Research
gate 

general (ambiguous) 
board 61263 651 28798 2430000 10157 91777 
testing 
method  1162 105800 788 159000 382 2229 

more specific 
fpga 14629 489 18329 383000 9432 10948 

"integrated 
cirсuit" 7889 500 102157 1250000 3375 2225 

disambiguated 
"field progra-

mmable gate-
array"  22125 125 4503 48900 1075 3245 

fpga testing 529 0 1009 21600 307 127 
more specific, disambiguated 

fpga testing 
algorithm 413 0 294 11800 37 20 

 
Table 2.  

Four query types - average number of returned results 
(30 queries of each type) 
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Fig.2. Diagram of average of all retuned results (30 

queries). 

Table 3  
Four  query types - average number of relevant among first 

50 returned results (30 queries of each type) 
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Fig.3. Diagrams of average of number of relevant among 

first 50 (30 queries). 

Search engines usually return enormous amount of 
results, when keyword search, based on a few (one, 
two or three) ambiguous keyword is performed. More 
of these results are irellevant, relevant ones often ap-
pear far from the forst ones, and it is very important to 
disambiguate search query before sending it to the 
search engines. Searching in scientific digital libraries 
is based only in word matching (no one of the native 
DL search engines have semantic capabilities) and 
disambiguation by adding extra words leads to ex-
cluding relevant results (for example, if author don’t 
explain in the abstract that FPGA mean  “Field-Pro-
grammable Gate Array” then the query “Field-Pro-
grammable Gate Array” will not return this paper, 
but query FPGA do! That is why query disambigua-
tion only for short and ambiguous queries is very care-
ful, and should be made only on the user control. Our 
conclusions are that native DL search engines We will 
use ontological terminology representation to ensure 
making relevant recommendations to the user in query 
disambiguation, and to present information for 
reranking the returned results. Query disambiguation 
should also be different for different libraries. 

When sending queries to bigger library, including 
papers from several domains, disambiguation should 
be more clear, and more disambiguation words should 
be used in conjunctive query, to specify domain con-
text and exclude irelevant results from other domains. 
When sending queries to carefully choosen small do-
main library, disambiguation should be less restrictive 
to avoid exclussion of relevant results, and less 
disambiguation words should be used. Including 
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synonyms in disjunctive query is recommrnded in this 
ase to increase the recall. In all cases, related words 
for disambiguation (synonyms, hyponyms, or other 
related words, clarifying domain context) are needed, 
and experiments show, that type of relation is impor-
tant for disambiguation, augmentation and reranking 
retured results. Only ontological representation of 
domain knowledge ensure clear representation of 
words semantic and relations, and reasoning about 
them. Thay is why we will use ontologies for specifi-
cation of domain knowledge.  

 Developed ontologies  
In step 6, we have developed initial versions of 

scientist profile ontology and electronical domain on-
tologies: upper domain ontology and domain ontol-
ogy. Upper domain ontology is needed to recognize 
more general domain words, that are used in closely 
related to our domains, and being domain-specific, are 
not very useful for query disambiguation.  For Upper 
domain ontology we use ACM classification. We use 
only these it elements, related to our domain, and add 
some extra classes to simplify mapping between upper 
(coarse-grained) and our domain ontology (fine-
grained). Our domain ontology include classification 
of electronical concepts and processes, and it interde-
pendencies, presented in the way, maximally simpli-
fying search query disambiguation process.  A part of 
ontology schema is shown on Fig. 4. (Opened in pro-
tégé editor). 

Query disambiguation and sending strategies  
Our preliminary experiments show that quality of 

returned results is in short dependence of query aim, 
quality of the query and of the chosen search engine. 
We divide possible queries in two main types: Queries 
for searching research papers, surveys, tutorials, que-
ries for seeking response to a question. Our experi-
ments, made by sending 20 queries of each type to 
five above DL search engines, three the biggest web 
search engines (google, yahoo and bing), and three 
semantic search engines (ask, hakia,  SenseBot). Our 
findings are: For question answering, the best search 
engine is Ask. Google and ask also are the most ap-
propriate for finding definitions and terminology ex-
planation. For searching tutorials, both precision and 
recall are better for general searching engines, and 
disambiguation, included word “tutorial”. For search-
ing surveys, DL search engines return the best results 
when disambiguation words “survey” or “overview” 
(or the two words in disjunctive query) are used.  

Performing query refinement is difficult tack, be-
cause it is usually domain and user intent-specific. 
Presenting domain knowledge in machine-processable 

semantic way will propose possibilities, but it is not 
sufficient for guaranteeing high precision and recall, 
because of results are in dependence of the concrete 
search engine specifics and user ability to clearly ex-
press their intention. And users as a whole don’t like 
computer programs, that collect personal information 
and ake decisions in his belief. So, the good user as-
sisten is not such that automatically refine the query 
(the risk of errors is everiting persist), but such that 
propose a small number of good variantsand possibil-
ity for the user to choose  the best fitting to it intent.    

Using these findings, we propose the following 
search strategies: 

For finding the answer, the question should be 
formulated shortly, but clearly using natural language 
patterns as  “What does term mean” or “What is 
term”, and sent to the semantic search engine ask. 

For finding a tutorial, clear and short description of 
the domain (3-4 popular words, describing main con-
cepts or processes), and word “tutorial” should be sent 
to good general search engine (Google, Yahoo, Bing).  

For finding a survey, clear and short description of 
the domain (3-4 popular words, describing main con-
cepts or processes), and words “survey” or “over-
view” should be sent to appropriate DLs. 

When searching research paper, Appropriate DLs 
or federated search engines are recommended. When 
we search a paper, we may perform bibliographic, 
keyword-based, or semantic search. First, if we know 
the title, or the author of the needed paper, we should 
perform a bibliographic search in DLs. The best strat-
egy in this case is to search with Google (or Google 
scholar), sending searching string as a phrase (in 
quotes), view all returned versions, and open, 
download or purchase the best for our needs and rights 
version.    

When performing keyword based or semantic 

Fig.4. A part of fine-grained domain ontology. 
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search, usually query disambiguation or refinement is 
needed. Ajax Suggest techniques, combined with se-
mantic query refinement should be used to help the user 
when typing keywords and choosing exact terms.  
Ajax-based communication with the server provides the 
mechanism of high speed dynamic interaction with the 
server, and semantic technologies on the background 
restrict the number of proposed possible variants for 
disambiguation. Possible variants for semantic disam-
biguation are: adding subclasses, supperclasses, se-
mantic relations, synonymy, meronymy, abbreviations, 
or excluding homonyms.  Using subclasses or parts of 
whole helps in clear formulation of user needs, whereas 
disambiguation using supperclasses is useful only if the 
term has many different meanings in several domains 
(for example, if search engine does not support selec-
tion of searching domains). In many cases, there is 
better (preferable) disambiguation strategy (for exam-
ple, concept may be disambiguated by adding a proc-
ess, related to them, processes may be disambiguated 
by adding a concept, related to them), but it may be dif-
ferent for different users or in different contexts. It is 
difficult to recommend disambiguation strategy, prefer-
able in any cases. For example, when abbreviations are 
typed in the search query, standard disambiguation ap-
proach to exclude wrong results is typing of the whole 
names, but there are some cases, when abbreviations 
are fully substituted the full names and the last are 
rarely used (for example XML, OWL, etc.). This 
means, that although preferred strategies may be rec-
ommended, choosing the best strategy ahould be dy-
namic, according to the user goals and doman termi-
nology specifics. To ensure this, machine learning ap-
proaches should be implemented to extract dynamically 
domain terminology properties and understanding user 
goals. And these techniques will be resultable only if 
the research domain is chosen in advance, i.e. only for 
focused (vertical) search. During interactive communi-
cation by the user when he searches, system will extract 
and learn important domain specifics, needed in the 
process of future recommendation of the best strategies. 
For example, system may learn from the user behavior 
that OWL shouldn’t disambiguate by adding “Ontology 
Web Language”, if the precision is satisfactory, and de-
creasing of the recall is not desirable, but SSE should 
never used for abbreviating “Semantic Search Engine” 
in the process of web search. Learning algorithms are 
related to learner behavior and will be domain inde-
pendent, and learned information should be stored in 
the domain ontologies as properties, related to the 
searching tack.  To use such architecture in different 
domains, the domain ontology should be replaced by 
the new domain ontologies, and some initial learning 
process should be performed (by experts in the new 

domain) for extracting searching specifics in the new 
domain. 

 Conclusion and future research  
This paper presents a research on improvement of 

the search quality of scientific information in the inter-
net. A concept Semantic focused metasearch engine 
(SFME) is defined, and conceptual model of such 
meta-search engine for scientists and students, is pre-
sented. It uses domain and user profile ontologies, as 
well as information (or metadata), directly extracted 
from web sites to improve search result quality. We 
state main requirements to such search engine and pre-
sent our preliminary research about search engines and 
disambiguation strategies that should be used in such 
meta-search engine development in the area of elec-
tronics. We have studied searching capabilities of sev-
eral type search engines (semantic search engines, na-
tive DL search engines, big general search engines), 
and make conclusions about strategies and purposes of 
it usage as feeding engines for our  SFME.    We also 
specify our development methodology, and describe 
partial realization of the search engine (Java servlets, 
ontologies), following this methodology. Development 
of ranking and clustering algorithms and evaluation are 
ahead. Despite of fact that our work is domain-oriented, 
the overall working methods, methodologies and the 
most part of software may easy be adapted and used for 
analogous tacks in the other domains after finding it 
appropriate search engines, libraries, and making spe-
cific terminology conceptualization.   
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COMMUNICATION TECHNICS 

FBAR ladder filters – review, properties and possibilities  
for frequency response optimization 

Ivan Uzunov, Dobromir Gaydazhiev 

 
Film Bulk Acoustic wave Resonators (FBAR) are piezoelectric devices essential for building RF 

passband filters used in the modern wireless communication devices operating in the GHz range. The 
paper is a review of the most often used FBAR ladder filters. It begins with a short description of the 
device and its electrical model. Then the basic properties of the ladder architecture and some of its 
modifications are considered with main focus on the tradeoff between wide enough passband 
bandwidth and high stopband attenuation. The causes for passband narrowing in the filters with more 
resonators are investigated and clarified. This investigation allows the demonstration of some 
opportunities for optimization of the filter frequency response giving the required passband bandwidth 
and preserving high stopband attenuation at the same time. Most of the results are based on computer 
simulations, which are combined with theoretical analysis when possible.  

Верижни FBAR филтри – преглед, свойства и възможности за оптимизация на ши-
рината на лентата на пропускане (Иван Узунов,  Добромир Гайдажиев). Тънкослойните 
акустични резонатори (FBAR) са пиезоелектрични устройства с основно значение при разра-
ботката на високочестотни лентови филтри, използвани в съвременните комуникационни ус-
тройства работещи в гигахерцовия обхват. В настоящата статия е направен обзор на най-
често използваните верижни FBAR филтри. В началото е дадено кратко описание на този 
тип устройства и техния електрически модел. Описани са основните свойства на верижната 
архитектура и някои нейни модификации, като особено внимание е отделено на взаимно про-
тиворечащите си изисквания за широка лента на пропускане и високо затихване извън нея. 
Разгледани и разяснени са причините за стеснение на честотната лента при използване на 
филтри с повече резонатори. Това разглеждане позволява да се изследват няколко различни 
възможности за оптимизация на ширината на лентата на пропускане при запазване на за-
тихването в лентата на непропускане. Повечето резултати са основани на компютърни си-
мулации, които са комбинирани с теоретичен анализ, когато това е възможно. 

 

Introduction 
Film Bulk Acoustic wave Resonators (FBAR) are 

piezoelectric devices essential for building RF 
passband filters used in the modern wireless 
communication devices in the GHz range. Due to their 
high quality factors, low losses, good temperature 
stability and high power handling capabilities, they 
are widely used in analog front-ends for realizing 
stable bandpass filters with good selectivity [1], [2]. 
Initially FBAR have been used primarily in duplexers 
and their success in this application has led to attempts 
to incorporate them in other communication devices. 
This leads to diversification of the filter requirements: 
passband bandwidth extension, passband tuning, 
higher stopband attenuation, creating of transmission 
zeros at desired positions, etc. [3], [4], [5]. 

Similarly to the well-studied quartz crystal filters, 
the FBAR bandpass filters usually employ one of the 
two widely spread architectures: ladder or lattice. 
Both architectures consist of two sets of resonators 
with matched resonance frequencies and due to the 
requirements for high selectivity, the parameters of 
the resonators have to be strictly controlled. FBAR, as 
other similar piezo-electric resonators, feature a series 
(ωs = 2πfs), followed by parallel resonance (ωp = 2πfp), 
which typically differ by 2-3% [6], [7]. 

The frequency response of the ladder filters 
features steep roll off due to zeros that are close to the 
passband. Few segments, each of them consisting of a 
lateral and a shunt resonator, have to be cascaded to 
achieve good stopband attenuation. This narrows the 
passband bandwidth. Ladder FBAR circuits can be 
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analyzed using the general circuit theory methods. 
However the FBAR parameters are strictly coupled, 
their resonance frequencies are fixed, and even 
numerical analysis allows clarifying the filter 
properties. On the other hand, the coupling of the 
resonator parameters restricts the freedom in the 
design, which does not permit direct application of the 
common methods for LC circuit synthesis. The basic 
problem in the design of these filters is ensuring 
enough passband bandwidth and the necessary 
attenuation in the desired stopband region. This paper 
is a review of the FBAR ladder filters with a main 
focus on achieving an optimal frequency response. 
After a brief description of the FBAR parameters the 
reasons for the passband narrowing are clarified in 
more detail, the tradeoff between stopband attenuation 
and passband bandwidth and some possibilities for 
filter optimization are marked. 

FBARs and their model 
The FBAR devices consist of a thin layer of 

piezoelectric material (typically AlN) placed between 
two metal electrodes (Fig. 1 (a)). They are similar to 
quartz crystal resonators; however there are 
differences in the parameters. FBAR have lower 
quality factors and higher effective coupling 
coefficients (keff

2). They are very suitable for RF 
applications [8], [9], since their resonance frequencies 
are in the GHz range. The electrical characteristics of 
an FBAR are commonly modeled by the modified 
Butterworth – Van Dyke (mBVD) model shown in 
Fig. 1 (b) [10]. 

The electrical capacitance formed between the top 
and bottom FBAR electrodes is represented in the 
mBVD model by the capacitor Cp. The elements Rm, 
Lm and Cm form the “motional tract”. They do not 
have direct physical meaning and represent the 
propagation of the acoustic wave in the piezoelectric 
material. They can be calculated by [10], [11] 

(1) =  ,  = . .  , = . . . .  ,

 = .. . . . .  , 

where ε is the absolute permittivity of the 
piezoelectric material, A is the area of the parallel 
plate capacitor and t is its thickness. Density and 
speed of sound of the piezoelectric material are 
respectively ρ and υ. The character N is the acoustic 
mode number (N = 1, 3, 5…) and η is the acoustic 
viscosity related to the imaginary part of the wave 
vector k. 

The effective coupling coefficient keff
2 gives the 

relation between the electrical and acoustic energy in 
the piezoelectric resonator and also is a measure for 
the separation of the series and parallel resonance 
frequencies according to the formula: 

(2) = 	[( ⁄ )( ⁄ )]  
Typical values of keff

2 are between 5% and 7.5%, 
which results in separation of p and s between 2% 
and 3%. 

 
Fig. 1. (a) Sample cross section of a FBAR device with an 
air gap [10]; (b) modified Butterworth - van Dyke (BVD) 

model. 

The other two components, R0 and Rs, are specific 
for the geometry and properties of the FBAR devices 
[1], [10], [11]. The electrode resistance is represented 
by Rs and the resistance R0 is introduced for further 
improvement of the model accuracy. The relationships 
between the resonance frequencies and the model 
components are given by [10]: 

(3)   =  , = = 1 +  . 

The resistive components account for the 
dissipation losses and define the quality factors of the 
device. The general expression for the total FBAR 
impedance follows from Fig. 1 (b): 

(4) = + ⁄⁄ =																																				 ⁄⁄ . 

Three quality factors are defined in those formulas: 
the quality factor of the parallel resonance – Qp; the 
quality factor Qs of the series circuit RmLmCm; and Qs0 
of the equivalent series resonance of the total 
impedance. The relationship between Qp and Qs is: 

(5)  = ⁄( ⁄ ). 
Practically Qp < Qs since ⁄  is between 1 and 
1.03 and the ratio ⁄  typically is 0.1 to 0.3.  is 
the degraded quality factor of the series resonance due 
to the extra resistors R0 and Rs. Usually the effect of 
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R0 is small and can be neglected and the following 
approximate relation is valid: 

(6)  = ( ⁄ ). 
The numerical investigation shows, that for the typical 
FBAR parameter the accuracy of this formula results 
in an error of less than 1%. 

The series resonance frequency of the total series 
resonance is also altered, but its relative change is 
practically negligible – less than 0.1%. The real zero 
of the impedance in formula (4), represented by the 
time constants 	and  ( = CpR0 and there is no 
analytical expression for ), has also a small effect 
on the impedance. It changes the impedance 
magnitude by less than 0.2% and the phase – by less 
than 3o around the resonant frequencies. 

These considerations make it possible to give the 
following approximate formula for the impedance: 

(7) = ⁄ ⁄ . 

Fig. 2 represents the frequency responses of the 
impedance according to (7). 

The FBAR parameters can be measured by the 
method proposed in [10]. The resonance frequencies 
ωs and ωp can be determined by finding the 
frequencies at which correspondingly the magnitudes 
of 1/Z and Z have a maximum. The corresponding Q-
factors can be found by determining the frequencies at 
which |1/Z| and |Z| are at -3dB of their maxima. The 
FBAR impedance is measured at several points, some 
of them chosen below the resonance frequencies and 
some – above them, in order to extract the values of 
the resistors and Cp. If these frequencies are far 
enough from the resonances, then the second order 
terms in (7) have approximately equal magnitudes and 
Z ≈ Rs+1/jωCp. The measured real and imaginary 
parts of Z are averaged to improve the accuracy and in 
this way Rs and Cp are extracted. Then the other 
elements of the mBVD model can be calculated using 
the formulas given above. 

 

 
Fig. 2. (a) Resonator impedance modulus and phase;        

(b) Real and imaginary parts of the resonator impedance. 

Numerical data for some FBARs reported in 
different sources are summarized in Table 1. 

The modified BVD model is used in all 
simulations in this article. To be able to observe some 
sharp “parasitic” resonances and for the sake of 
simplicity, in some of the simulations the losses are 
neglected. 

The ladder filters: structure and frequency 
response 

The ladder FBAR filter (Fig. 3) consists of two 
types of resonators – series (lateral) Xa and shunt Xb. 
All series resonators have identical resonance 
frequencies ωsa and ωpa and can differ by their parallel 
capacitance Cp. The same is true for the shunt 
resonators Xb – their resonance frequencies are ωsb 
and ωpb. Usually the ladder filters are designed to have 
the series resonance frequency of Xa aligned to the 
parallel resonance of Xb. At ωsa=ωpb, the series 
resonators have zero impedance, while the impedance 
of the shunt resonators is infinitely large. The signal 
passes unhindered (if the losses in the resonators are 
neglected) through the filter and a maximum in the 
frequency response is observed. The requirement 
ωsa=ωpb practically determines all FBAR resonance 
frequencies since the ratio ωp/ωs is the same for all 
resonators due to technological reasons. 

The shunt resonators have zero impedance at ωsb, 
effectively shorting the signal source to ground, which 
results in multiple zero in the transfer function. The 

Table 1 
Summary of FBAR parameters reported in the literature. 

Device fs, 
GHz 

fp, 
GHz keff

2, % |Z|min, 
Ω 

|Z|max, 
Ω Lm, H Cm, F Rm, Ω Cp, Ω R0, Ω Rs, Ω 

2GHz, 50 Ω filter [2] 1.9733 2.0325 6.98 0.544 2752 71.0n 91.4f 0.265 1.563p 0.6474 0.26 
600MHz, 300 Ω filter [2] 0.601 0.607 2.61 5.5 6000 3.59µ 19.53f 5.0 0.9p 8.82 0.4 
5GHz filter [6] 5.3177 5.4685 6.6 3.57 1013 18.55n 48.28f 1.178 0.844p 6.67 µ 2.4 
1900 MHz filter [7] 1.828 1.879 6.52 1.38 2920 n/a 
1900 MHz filter [12] 1.964 2.020 6.65 2.1 3400 n/a 
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resonators Xa have infinitely large impedance at ωpa, 
which blocks the input signal from reaching the load 
resistance and creates another multiple zero. The zeros 
emerging from ωsb and ωpa are at 2-3% from the 
passband center frequency (ωpb=ωsa) and are located 
correspondingly above and below the passband 
(Fig. 3 (b)). They limit the passband bandwidth. The 
high Q of the FBARs ensures a very high attenuation 
of the filter around these zeros, which is an important 
requirement in many applications. The attenuation far 
away from the resonance frequencies is defined by a 
capacitive voltage divider formed by the parallel 
capacitances Cp of the resonator mBVD models. This 
attenuation is low (~10dB) when the filter has a small 
number of resonators (2-3). For this reason the ladder 
FBAR filters have a larger number of resonators (7-9) 
[6-9]. However the large number of resonators 
narrows the passband and the reasons for this 
narrowing are investigated in the next chapters. 

 
Fig. 3. (a) Basic ladder circuit with 5 resonators;              

(b) frequency response of the filter. 

Causes for passband narrowing 
The solid line in Fig. 4 shows a typical passband 

frequency response of FBAR filter with 5 resonators, 
in which the resonator losses are neglected for the 
sake of simplicity.  

 
Fig. 4. (a) Frequency response of a T-type ladder filter with 
5 resonators around the passband; (b) y-axis zoomed near 

the maximum gain. 

It has a flat part in the neighborhood of the central 
frequency and few narrow peaks when approaching 
the transmission zeros. These peaks indicate poles of 
the filter transfer function with very high pole Q-
factors and their positions are defined by the FBAR 
parameters. Most of the troughs between these 

maxima are large, which effectively narrows the 
passband. In fact, the passband is defined by the 
central maximum and the closest additional maximum 
(Fig. 4 (b)). The FBAR losses suppress the other sharp 
maxima (Fig. 4 (a) – dashed line) and they are not 
visible in the measurements of real circuits.  

This phenomenon was reported in [14] and it will 
be investigated in more details here. The simplest case 
of a filter with 3 resonators (Fig. 5 (a)) is taken for 
proving that the existence of these maxima is a 
substantial filter property. The passband frequency 
response of the filter is shown in Fig. 6 (b) and it has 3 
maxima. The central maximum at ωsa=ωpb is due to 
the resonances in the shunt and lateral resonators, as it 
has been already explained. 

 
Fig. 5. (a) T-type ladder circuit with 3 resonators;             

(b) Modified representation to illustrate the symmetry of the 
circuit. 

 
Fig. 6. (a) Left and right side of (11) vs. frequency; (b) the 

filter frequency response zoomed around the passband 
(FBAR losses are neglected). 

The other maxima appear when the maximum 
power transfer condition is satisfied. The circuit can 
be divided into two symmetrical parts (assuming 
identical lateral resonators), as it is shown in Fig. 5 (b) 
and this condition will be considered at the cutting 
line. The impedances ZL and ZS are determined at both 
sides of the symmetry line. Due to the complete 
symmetry of both sides, ZL and ZS are always identical 
and the corresponding expression is: 

(8) = = . 

The resonator impedances are purely imaginary 
when losses are neglected. Then Za = jXa and Zb = jXb 
and the real and imaginary parts of the impedances 
are: 
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(9) ( ) = ( ) = 	, 
(10) ( ) = ( ) = 	. 

Equation (9) shows that the maximum power 
transfer condition for the real parts is always satisfied. 
The same condition requires zeroing of the imaginary 
parts and (10) gives the following relation: 

(11) =	−( + 2 ). 
The left and right sides of (11) are plotted in 

Fig. 6 (a). There are two frequencies for which (11) is 
satisfied and the frequency response has additional 
maxima for those frequencies. The first maximum is 
closer to the central maximum at ωsa=ωpb and the 
trough between them is very small while the distance 
from the central maximum to the second one is larger, 
which leads to a big drop in the frequency response. 
Thus the passband of the filter is defined by the first 
additional maximum and the central maximum. The 
second maximum introduces a sharp peak, which is 
suppressed by the resonator losses. The transfer 
function is asymmetrical with a steep roll-off on the 
lower side and a more gradual roll-off on the upper 
side [14]. 

Fig. 6 (a) shows that two additional maxima 
always exist when R2 crosses the curve F. This 
happens for a wide range of terminating resistances R, 
as long as the corresponding line R2 is below point A. 
Thus the existence of additional maxima is a typical 
property of the filter frequency response. 

Another interesting property is also illustrated in 
Fig. 6 (a): The variation of R moves the positions of 
the additional maxima. The first maximum can be 
changed significantly as it can be moved even above 
the central maximum. However the change of the 
second maximum is much smaller due to the steepness 
of function F in that area. 

 
Fig. 7. (a) Left and right side of (11) vs. frequency at 

different Cpa/Cpb ratios; (b) the filter frequency response. 

The same effect as above can be achieved by 
moving the curve F, instead of R2. The reactances Xa 

and Xb are inversely proportional to the corresponding 
parallel capacitances Cp. Then scaling of Cpa and Cpb 
(by increasing or decreasing the FBAR geometrical 
size) moves F up or down relative to R2. The scaling 
can be individual for each resonator or combination of 
resonators. This is illustrated in Fig. 7. The individual 
scaling of each FBAR separately will break the 
symmetry of the circuit and the above considerations 
will not be valid any more. Nevertheless they give an 
important hint for adjustment of the passband 
bandwidth. 

The П-type filter with 3 FBARs can be analyzed in 
a similar way by dividing the middle series resonator 
[14]. The derived condition for additional maxima is: 

(12) =	−  
It also results in two additional maxima with similar 
properties, which position can be controlled by R and 
Cp. The same approach was applied for ladder circuit 
with 5 resonators (3 series and 2 shunt). The condition 
for the existence of additional maxima is more 
complicated: 

(13) =	−  =	  

Both sides of this equation are illustrated in Fig. 8. It 
is clear that only the second maximum (pt. 2) can be 
moved by changing R or Cp. 
 

 
Fig. 8. The function F and R3 of (13) vs. frequency.  

The points 1, 2, 3 and 4 are the positions of the additional 
maxima. The corresponding passband frequency response 

is shown in Fig. 4. 

Similar analysis can be applied to other ladder 
structures with odd number of resonators. The 
complexity of the formulas increases with the number 
of resonators and the problem has been investigated 
by simulation of the circuits. The general conclusion 
is that there is only one additional maximum, which 
can be moved with R. It is flat and closest to the 
central maximum, while the other maxima are narrow. 

Ladder filters with an even number of resonators 
were also studied. Their circuit is not symmetrical and 
the approach, described above, cannot be applied. The 
maximum power transfer condition can be 
investigated at the input or at the output of the circuit, 
which causes increased complexity of the formulas. 
The case with two resonators is considered in [14] 
where it is shown that there are no additional maxima. 
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Analytical investigation of filters with 4-, 6-, 8- etc. 
resonators is difficult due to the complexity of the 
formulas. Simulations show that additional maxima 
appear in these cases – however they practically 
cannot be moved by varying the load resistances 
(Fig. 9), at least when all resonators have equal Cp. 

 
Fig. 9. Frequency response in the passband of a filter with 
6 FBARs (losses are neglected). The additional maxima are 
marked by 1, 2, 3 and 4. The impedances are normalized so 

that all Cp=1. 

Options for frequency response optimization 
It has been mentioned above that a major problem 

for the FBAR ladder filters is to keep a desired 
passband bandwidth. Usually the passband bandwidth 
and the stopband attenuation are contradicting 
requirements. Thus passband bandwidth extension 
must be realized without significant degradation of the 
stopband attenuation. Usually this task is achieved by 
increasing the FBAR coupling factor, i.e. by 
technological means.  

Generally, an optimization of a circuit can be 
achieved by proper choice of its elements. The FBAR 
resonance frequencies cannot be used for 
optimizations, since: 1) The ratio ωp/ωs of all 
resonators is defined by the effective coupling factor 
and it is the same for all resonators. This ratio can be 
decreased for some of the resonators (technologically 
or by adding parallel capacitors), which additionally 
shrinks the passband bandwidth. 2) The requirement 
ωsa = ωpb fixes the positions of all FBAR resonance 
frequencies. Thus the only variable parameters are the 
capacitances Cp’s of the resonators, i.e. the impedance 
levels of the FBARs relative to the load resistances. 
The considerations in the previous section indicate 
that this approach is reasonable and here it will be 
investigated in more detail. The main goal function in 
the optimization is the relative passband bandwidth by 
strict control of the stopband attenuation.  

The analytical treatment of the problem is 
impossible due to the complexity of the formulas and 
the problem is investigated through simulations. Due 
to the tightly connected FBAR parameters, this 
approach leads to conclusions, which are valid for the 
practically important cases.  

Frequency and impedance normalization is applied 
in all simulations to achieve more general results. The 

terminal resistances are always equal to 1 and the 
frequency of the central maximum is equal to 1 (ωsa = 
ωpb = 1). It is assumed in all simulations that the ratio 
ωp/ωs = 1.025. This does not limit the validity of the 
conclusions when ωp/ωs is different, since this ratio is 
typically between 1.02 and 1.03. The variable 
parameters are the normalized values of the 
capacitances Cp and they define the relationships 
between FBAR impedances. For example, if Cpa = Cpb 
= 1, then the product XaXb varies around 1 Ω2 in the 
close neighborhood of the filter central frequency.  

 
Fig. 10. (a) Lower and upper passband boundaries at          
-0.5 dB level of the filter in Fig. 5 (a) when Cpb varies;     

(b) The passband bandwidth of the same filter. Continuous 
line – no losses; dashed line – Qs=2000, Qp=2400; dotted 

line – Qs=1000, Qp=1200. 

Let us first consider a simple example illustrating 
some properties of the treated problem. The change of 
the passband boundaries and bandwidth of a T-type 
filter with 3 resonators versus the parallel capacitance 
of the shunt resonator is shown in Fig. 10. It 
demonstrates a very important property. The passband 
bandwidth decreases when Cpb increases and there is a 
jump in the curve, which restores the passband 
bandwidth to its initial value. This effect is most 
distinct when the losses are neglected. The FBAR 
losses can reduce significantly this jump, however for 
values of Q around 2000 (achievable with the modern 
technology) it is still important and must be taken into 
account (dashed line in Fig. 10 (b)). The existence of 
such maxima is due to the motion of additional 
maxima discussed in the previous section. There are 
two bandwidth maxima in Fig. 10 (b) (at Cpb = 0.3 
and Cpb ≈ 1.5) and both are important since the 
stopband attenuation is not considered yet. 

Therefore the main goal function (passband 
bandwidth) has a behavior which makes it difficult to 
apply a standard optimization procedure. The function 
is non-smooth with areas of decreasing bandwidth, 
which are followed by a jump corresponding to a local 
maximum. The following numerical experiment was 
done to better investigate the existence of 
opportunities for filter optimization. The filter with 5 
resonators shown in Fig. 3 is taken as a basic circuit. 
The Cps of all FBARs in the circuit are changed 
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independently and each of them assumes a value from 
the following list: 0.2, 0.4, 0.6, 0.8, 1, 2, 3, 4, 5. This 
makes 59 combinations. For each combination of 
values the bandwidth at -0.5 dB level and the 
attenuation at ±10% of the central frequency are 
determined by simulation. All values are stored in a 
data array and the average values of the attenuation 
and the bandwidth are calculated. Then configurations 
having maximal passband bandwidth and attenuation 
greater than the average are extracted by search in the 
array. 

Quality factors of 2000 are assumed for all 
resonators in the simulation. The calculated average 
bandwidth is 1.09 % from the central frequency and 
the average attenuation is 20.97 dB. Table 2 shows 
some of the optimal results (the first 3 rows). The last 
two rows show two cases for comparison: the first one 
with maximum bandwidth, but adverse attenuation; 
the second is the case with all capacitances equal to 1, 
which is considered as nominal. The frequency 
responses of the filters from the first and last row in 
Table 2 are compared in Fig. 11. 

Table 2 
Relative bandwidth and attenuation for some optimal cases 

of a filter with 5 resonators. 

Cps (from left to right in Fig. 3) Bandwidth Attenuation 
1, 2, 0.5, 2, 1 2.04 % 25.6 dB 
5, 2, 1, 3, 2 1.88 % 22.3 dB 
2, 3, 1, 2, 4 1.88 % 21.1 dB 
5, 0.2, 5 , 0.2, 5 3.1 % 2.7 dB 
1, 1, 1, 1, 1 1.78 % 15 dB 

 

 
Fig. 11 Comparison of the frequency responses of an 

optimized filter and a nominal filter. (a) overall view and 
(b) zoomed around the passband. 

Similar analysis is done for a filter with an even 
number of resonators. The dependence of the 
passband bandwidth from the capacitance Cpb1 of the 
first shunt resonator in Fig. 12 (b) is shown. Evidently 
the behavior is similar to that of a 3 resonator filter 
shown in Fig. 10 (b) and the mechanism is similar: 
The additional maxima change their positions due to 
the change of the relation between the Cps. Thus the 

conclusion in the previous sections that the additional 
maxima do not move when the capacitances vary is 
valid only when all capacitances are changed 
simultaneously and are equal. Therefore ladder filters 
with even number of resonators can also be optimized 
by varying the capacitances. 

 
Fig. 12 (a) Ladder filter with 4 resonators (b) Change of 

the passband bandwidth when Cpb1 varies. Continuous line 
– no losses; dashed line – Qs=2000, Qp=2400; dotted line – 

Qs=1000, Qp=1200 

Ladder FBAR filters with extra inductors 
A modification of the basic architecture, proposed 

by some authors, is to add small inductors (less than 1 
nH) in series to the shunt resonators [1], [3], [5], [15]. 
Fig. 13 shows two basic cases: When individual 
inductors are added to each shunt resonator and when 
one common inductor is added to all shunt resonators. 
Combinations between the two cases are also 
proposed – some resonators with a common inductor 
and the other shunt resonators – with individual or 
without inductors. 

 
Fig. 13 (а) Filter with individual inductors in series with 
the shunt resonators; (b) Filter with a common inductor. 

 
Fig. 14 (а) FBAR represented by its mBVD model in series 
with an extra inductor; (b) FBAR Foster II model in series 

with the extra inductor. 

The effect of the individual inductors can be 
explained considering the FBAR equivalent circuits 
without losses. The mBVD model is in fact Foster I 
realization of the FBAR admittance [16]. The same 
circuit can be represented by its Foster II realization, 
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which consists of a parallel LC tank in series with a 
capacitance (Fig. 14 (b)). The impedance of the 
parallel tank has inductive behavior before the FBAR 
parallel resonance. The additional inductor increases 
the equivalent series inductance, which moves the 
series resonance downwards. This moves the lower 
zero of the filter downwards and also allows the 
creation of different zeros by a proper choice of the 
inductors or FBAR sizes (the capacitances in Fig. 14 
(b)). The effect is an extension of the area with high 
attenuation around these zeros. This is useful in many 
applications, in which the area with high attenuation is 
relatively narrow, e.g. in duplexing filters. 

It is more difficult to give a theoretical explanation 
for the effect of the common inductor and simulations 
are used for its clarification. A comparison between 
the three basic cases considered in this paper – 
without inductors, with individual inductors and with 
a common inductor, shown on Fig. 15, leads to several 
conclusions. 

 
Fig. 15 Comparison of the frequency responses of the filters 

in Fig. 3 and Fig. 13. All FBARs have identical Cps=1. 
Losses are neglected. 

The effect of the common inductor is similar to 
that of the individual inductors: splitting the multiple 
zero below the passband and forming an area with 
relatively high attenuation. This is achieved with a 
smaller inductor and the overall additional inductance 
is much less than in the case with individual inductors. 
The common inductor also splits the multiple zero 
located above the passband – an effect, which is not 
visible in Fig. 15. This multiple zero in the filter 
without an inductor is due to the parallel resonance in 
the lateral resonators. The common inductor, together 
with the shunt resonators, creates a parasitic path for 
the signal at the frequency of parallel resonance of the 
lateral FBARs, which slightly move the zeros in the 
upper stopband. 

The values of the additional inductors should be 
much lower than the values of motional inductances 
Lm of the FBARs. There are few reasons for this 
requirement: usually the necessary change of the 

series resonance is small and small additional 
inductors are needed [15]; larger additional inductors 
decrease too much the attenuation in the upper 
stopband [14]. 

The positions of the transmission zeros can be 
tuned by the values of the additional inductors and by 
the different parallel capacitances Cp of the resonators. 
The differences between Cp (which can be confirmed 
by simulations) also affect the passband bandwidth, 
i.e. the choice of Cps is again a filter optimization 
problem. 

Conclusion 
The review of the ladder filters done in this paper 

allows to demonstrate the reasons for some basic 
effects, known to exist in these filters: the low 
stopband attenuation in filters with a small number of 
resonators; passband narrowing in filters with more 
resonators; the optimization opportunities by using 
resonators with different geometry; and the effect of 
small additional inductors in some filter structures. 
Most of the conclusions are based on computer 
simulations, but this does not diminish their validity 
due to the strong restrictions on the parameters of the 
resonators. The numerical analysis of the possibilities 
for filter optimization shows existence of several 
nearly equivalent optimal solutions concerning the 
filter passband bandwidth and stopband attenuation. 
This allows other requirements to be met, for example 
placing a resonator with maximum or minimum size 
at the beginning of the filter in order to minimize non-
linear distortions.  

Acknowledgements 
This works is sponsored by the National Science 

Fund of the Ministry of Education, Youth and Science 
of Bulgaria; contract DDOKF 02/1 from 13.01.2010. 

REFERENCES 
[1] Hashimoto, K.-ya ed. RF bulk acoustic wave filters 

for communications. Artech House, 2009. 
[2] Ruby, R. Review and comparison of bulk acoustic 

wave FBAR, SMR technology. Proc. 2007 IEEE Int. 
Ultrasonic Symposium, pp. 1029-1040. 

[3] Bradley, P. et al. A 6-Port Film Bulk Acoustic 
Resonator (FBAR) Multiplexer for U.S. CDMA Handsets 
Permitting use of PCS. Cellband, and GPS with a Single 
Antenna, 2006 IEEE Ultrasonics Symposium, pp. 325-328, 
2-6 Oct. 2006. 

[4] Aigner, R. et al. Behavior of BAW devices at high 
power levels. 2005 IEEE MTT-S International Microwave 
Symposium Digest, pp.4, 12-17 June 2005. 

[5] Bradley, P. et al. 2X Size and Cost Reduction of 



“Е+Е”, 7-8/2013 33 

Film Bulk Acoustic Resonator (FBAR) Chips with 
Tungsten Electrodes for PCS/GPS/800 MHz Multiplexers. 
2007 IEEE Ultrasonics Symposium, pp. 1144-1147, 28-31 
Oct. 2007. 

[6] Kim, Y.-D. et al. Highly miniaturized RF bandpass 
filter based on thin-film bulk acoustic-wave resonator for 5-
GHz-band application. IEEE Transactions on Microwave 
Theory and Techniques, vol.54, no.3, pp. 1218-1228, 
March 2006. 

[7] Aigner, R. MEMS in RF-filter applications: thin 
film bulk-acoustic-wave technology. 2005 Digest of 
Technical Papers: Solid-State Sensors, Actuators and 
Microsystems. The 13th International Conference on 
Transducers, vol.1, pp. 5-8, 5-9 June 2005. 

[8] Ostman, K. B. et al. Novel VCO Architecture 
Using Series Above-IC FBAR and Parallel LC Resonance. 
IEEE Journal of Solid State Circuits, 2006, Vol. 41, No. 10, 
pp.2248-2256. 

[9] Aigner, R. et al. Bulk-Acoustic-Wave Filters: 
Performance Optimization and Volume Manufacturing. 
IEEE MTT-S International Microwave Symposium Digest, 
2003, pp. 2001-2004, June 2003. 

[10] Larson, J. D. III et al, Modified Butterworth-Van 
Dyke circuit for FBAR resonators and automated 
measurement system. Proc. IEEE Ultrasonics Symp., 2000, 
vol. 1, pp. 863–868. 

[11] Campanella, H. Acoustic Wave and 
Electromechanical Resonators: Concept to Key 
Applications. Artech House, 2010. 

[12] Aigner, R. High performance RF-Filters suitable 
for above IC integration: Film Bulk-Acoustic- Resonators 
(FBAR) on Silicon. IEEE 2003 Custom Integrated Circuits 
Conference, Proceedings, pp. 141-146. 

[13] Zverev, A.  Handbook of Filter Synthesis, Ch. 8. J. 
Wiley & Sons, 1967. 

[14] Gaydazhiev, D., I. Uzunov, G. Georgiev. 
Opportunities for Passband Bandwidth Extension in FBAR 
Ladder Filters. Annual Journal of Electronics, 2012, ISSN 
1314-0078, Book 2, рр. 27-30. 

[15] Shim, D. et al. Ultra-miniature monolithic FBAR 
filters for wireless applications. IEEE MTT-S International 
Microwave Symposium Digest, 2005, pp. 213 - 216, 12-17 
June 2005. 

[16] Temes, G.C., J. W. LaPatra. Introduction to 
circuits synthesis and design, McGraw-Hill Inc., 1977. 
 

Ivan Uzunov received electrical engineering and PhD 
degrees from Technical University (TU) of Sofia, Bulgaria 
in 1970 and 1977, respectively. From 1970 to 1980 he was 
Researcher at TU-Sofia; from 1980 to 1985 he was with the 
Institution of Radio-electronics; from 1985 to 1990 he was 
with Institution of Telecommunication Industry (both in 
Sofia, Bulgaria). Between 1991 and 2001 he was with 
Smartcom Bulgaria AD. From 2001 to 2008 he was a 
Senior Researcher in Tampere University of Technology, 
Finland and from 2008 to 2012 he was Assoc. Prof. in TU-
Sofia. Now he is a pensioner and part-time employee in 
SmartLab Bulgaria EOOD. Dr. Uzunov’s scientific 
interests include theory of electrical circuits, analog and 
digital filters, computer simulation and design.  
e-mail: iuzunov@tu-sofia.bg. 

Dobromir Gaydazhiev received BSc and MSc degrees 
in electrical engineering from the Technical University of 
Sofia (TU-Sofia) respectively in 2002 and 2009. Since 2000 
he is with Smarcom Bulgaria AD. His scientific interests 
include electronic design automation, computer simulation 
and device modeling.  
e-mail: dobromir_gaydazjiev@smartcom.bg. 

Received on: 25.07.2013 

 

THE FEDERATION OF THE SCIENTIFIC-ENGINEERING 
UNIONS IN BULGARIA /FNTS/ 

It is a non-government, non-political, creative professional non-profit association. 
FNTS incorporates 19 national scientific-technical unions /NTS/ and 33 territorial 
NTS together with their structures - associations, clubs of technique, etc. More 
than 22 000 specialists from the country are members of FNTS through its 
national and territorial associations. 
FNTS is a co-founder and a member of the World Federation of the Engineering 
Organizations (WFEO/FMOI).  
FNTS is a member of the European Federation of National Engineering 
Associations (FEANI), Global Compact, European Young Engineers.  
FNTS implements a bipartite cooperation with similar organizations from 
numerous countries.  

Contact information: 
108 G.S. Rakovsky Street, Sofia 1000, Bulgaria 
National House of Science and Technique  
POB 431  
 
tel: +359 2 987 72 30  fax: +359 2 987 93 60 
WEB: http: //www.fnts.bg  Email: info@fnts-bg.org  



“Е+Е”, 7-8/2013 34 

ELECTRICAL ENGINEERING  

Calculation of basic parameters of magnetizers  
for rare-earth magnets and magnetic systems  

Kostadin G. Milanov  

 
Permanent magnets become more widely used in: electrical machinery and equipment, new 

devices with polarized magnetic systems, powerful acoustic transducers, etc. In recent literature, there 
are virtually no major works dedicated to the overall process of designing magnetizers. There is a 
design method proposed in the present work and mathematical expressions and ratios are derived to 
determine the main parameters of various devices. Starting point in the design is the magnetic field 
value and the volume in which to obtain this value. It is proposed that the resonant frequency of the 
loop capacitor bank- inductor be also used as a starting parameter. It has been proven that the 
magnetic conductivity of the inductor, with respect to the full magnetic flux excited by it, is the most 
suitable parameter for the optimization of the magnetizer – inductor set. The theoretically worked out 
ratios are compared with experimentally obtained results. The experimental results fully confirm the 
theoretical findings and reasoning. The proposed design method has been successfully applied in the 
development of magnetizer with 60000 Ws stored energy. 

Изчисляване на основните параметри на магнетизатори за редкоземни магнити и 
магнитни системи (Костадин Г. Миланов). Постоянните магнити намират все по-широко 
приложение в електрическите машини и апарати, в нови устройства с поляризирани 
магнитни системи, в мощни акустични преобразователи и др. В известната литература 
липсват работи, посветени на цялостния процес на проектиране на магнитизатори. В 
настоящата работа е предложен метод за проектиране и са изведени математически изрази 
и съотношения за определяне на основните параметри на устройства. Изходна база при 
проектирането е стойността на магнитното поле, както и обема, в който трябва да се 
постигне тази стойност. Предложено е като изходен параметър да се ползва и резонансната 
честота на контура от кондензаторна батерия и индуктор. Доказано е, че магнитната 
проводимост на индуктора по отношение на пълния магнитен поток, възбуждан от него е 
най-подходящият параметър за оптимизация на комплекта магнитизатор - индуктор. 
Теоретично изведените съотношения са съпоставени с експериментално получени. 
Експерименталните резултатите напълно потвърждават теоретичните изводи и 
разсъждения. Предложеният метод за проектиране е приложен успешно при разработване на 
магнитизатор със запасена енергия 60000 Ws. 

 

Introduction 
Permanent magnets are becoming more widely 

used in electric machines and apparatuses, in new 
devices with polarized magnetic systems, in powerful 
acoustic transducers etc. Production of rare earth 
magnet facilities, with pre-magnetized permanent 
magnets, is generally impossible. The forces of 
attraction between ferromagnetic and permanent 
magnet parts are strong enough and prevent the 
normal assembly process. Usually, magnetization is 
performed after the magnets are installed in the 
corresponding systems or devices. 

Self-magnetization of permanent magnet creates 
no significant problems. Problems arise when 
magnetizing entire systems made up of permanent 
magnets. The difficulties are due to the substantial 
increase in the volume in which high magnetic 
intensity is to be achieved. Such intensity is necessary 
for effectively magnetizing rare earth magnets and 
reaches values up to (4÷5).106А/m. Ferromagnetic 
parts of the systems, in which permanent magnets are 
placed, impede the magnetization process not only for 
the reason of the increased volume but also for the 
emergence of eddy currents in the conducting solid 
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parts of the systems. 
These features highlight the fact that impulse 

magnetization devices are sufficiently sophisticated 
facilities that require their design to be consistent with 
both the general requirements for material 
magnetization of permanent magnets and magnetic 
systems themselves, which include permanent 
magnets. They have metal parts (armatures) that are 
filled mainly with ferromagnetic materials and are part 
of the construction of the permanent magnet facilities. 

Although magnetizing devices (magnetizers) are 
available from different manufacturers [1, 2] there are 
too few scientific works in the literature that deal with 
the entire process of designing magnetizers. 

The objective of this work is to derive 
mathematical expressions and ratios to determine the 
basic parameters of devices used for magnetization of 
magnetic systems with rare earth magnets. 

Initial conditions and considerations 
The high values of the magnetic flux densities of 

the fields necessary for magnetization of rare earth 
permanent magnets could be attained with reasonable 
efficiency only through the application of impulse 
magnetization methods. 

Modern impulse magnetization devices use 
capacitor discharging through inductor to create the 
necessary magnetic field for magnetization. Fig.1 
shows cases of applied circuit designs.  

 

 
Fig. 1. Cases of applied circuit designs. 

Case (a) creates sinusoidal current pulse with short 

duration. Case (b) creates longer current pulse with 
sinusoidal growth and exponential decline of the cur-
rent. Case (c) generates a fading series of sinusoidal 
current pulses. Cases (a) and (b) are used for magneti-
zation depending on the armature of the magnetic sys-
tems. In the event of more massive armatures, longer 
current pulses are used, i.e. case (b) is used. Case (c) 
is used, where demagnetization of already magnetized 
magnet or system is required [3], [4]. 

Regardless of the applied circuit case, the main 
elements that have to be selected or designed and that 
define the essential technical features of the 
magnetizers are: 

• capacitor bank and its characteristics: total 
capacity, operating voltage, which determine the 
maximum energy stored in it; 

•  - inductor, which for a given volume has to 
excite the required field for magnetization in the 
range of (4÷5).106А/m. 

Other elements involved in magnetizer schemes 
are: 

• the switching apparatus – used for switching and 
conducting currents of several kA; 

• charging rectifier - works from short circuit to no 
load according to the state of charge of the 
capacitor bank. 

The proper selection and design of the elements 
affects the performance as well as the reliability of 
operation of magnetizers. 

Significant consideration in the magnetizers design 
is the selection of the proper natural frequency of the 
discharge circuit (capacitor bank and inductor) so as 
to limit the influence of eddy currents in the parts of 
magnetic systems. The more massive the adjacent to 
the permanent magnet parts are, the lower the resonant 
frequency should be selected for the design. In 
practice, it is significantly lower than the frequency of 
industrial networks. 

The selection and design of the switching 
apparatus is essentially influenced by the amplitude 
value of the discharge current. 

Obviously, the initial conditions for selection or 
design of the basic magnetizer elements are 
interrelated in a complex way. 

In a first approximation, neglecting the active 
resistance of the inductor could help derive distinct 
mathematical expressions and ratios to determine the 
basic magnetizer parameters for magnetization of 
magnetic systems with rare earth magnets. 

Problem formulation 
When a magnetizer is designed, the following has 

to be determined: 
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• capacitor bank parameters: 
• capacity; 
• operating voltage; 

• inductance of the inductor. 
The calculations of the three unknown quantities 

proceed from the following initial quantities: 
• Magnetic field strength Hm that must be achieved 

in the inductor workspace with volume Vm, 
according to the requirements of magnetization 
of the permanent magnet; - 

• Allowable amplitude value Im of the current 
through the inductor, which is defined by the 
parameters of the selected switching device; 

• Resonance frequency fR of the discharge circuit, 
respectively period TR, that has to be considered 
significantly lower than the industrial value, 
usually (2 ÷ 3) times lower, so as to reduce the 
negative influence of eddy currents. 

It follows from the nature of the problem that the 
accumulated energy WC in the capacitor bank will be 
equal to the maximum energy that during the 
oscillatory process will accumulate in the total 
magnetic field WL of the inductor. This is due to the 
assumption that the inductor resistance and other 
losses in the circuit and its components are neglected. 

The process of magnetization will use only a 
fraction of the energy of the total magnetic field of the 
inductor. This energy will be further referred to as 
"working energy" WA. It is less than the total energy 
and the efficiency coefficient KW expresses the ratio 
between the total and the working energy as follows: 

(1) 
L

A
W W

WK =  

The required working energy is determined by the 
expression: 

(2) AmA VHW 2
0μ=  

For the above expression it is assumed that the 
inductor provides uniform field in the working 
volume. 

The capacitor bank energy and the inductor energy 
could be written as: 
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Upon acceptance of the resonance frequency of the 
circuit, expressed through the period, the following 
could be written 

(4) 2

2
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It follows from (2) and (3) that if given allowable 
amplitude value of the current through the inductor   is 
assumed, then could be expressed as: 
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The inductance of the inductor is defined by (2) 
and by the assumed allowable amplitude value of the 
current through the inductor Im as: 

(6) 2
mW

A

IK
WL =  

The operating voltage of the capacitor bank is 
defined by (3) and by the calculated capacity C as: 

(7) 
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WU
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Thus, the values of the searched quantities are 
defined. During the specific design steps, the resulting 
values must comply with the parameters of the 
selected switching devices, capacitors and inductor. 

The effectiveness of magnetizer devices is largely 
determined by the proper design of the inductors that 
work along with the magnetizer. The course of further 
optimization could be demonstrated by the expression 
of the total magnetization current of the inductor   for 
a particular magnetizer scheme. 

Using the well-known expressions for the current 
amplitude in LC contour and after certain 
transformations, results in the following: 

(8) 
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where G is the permeance for the full inductor flux 
(numerically equal to its inductance, reduced to one 
inductor turn). 

It is obvious that inductor optimization should 
focus on options of lower value of the permeance 
when the rest of the conditions are the same [5], [6.] 

Experimental results 
The derived ratios are compared with experimental 

results. Comparison measurements were carried out 
on an experimental magnetizer setup with the follow-
ing basic parameters: 

• capacitor bank capacity C=80mF; 
• inductor inductance L=0,612mH; 
• inductor ohmic resistance r=0,017Ω; 
• inductor dimensions. 
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It is necessary, when comparing the experimental 
and theoretical results, to account for the impact of 
losses in the active resistances of the discharge loop. 
They are determined primarily by the active resistance 
of the inductor. The resistance of the other circuit 
elements and connecting wires is negligible. 

The influence of the active resistances can be ac-
counted for in two ways: 

• by the damping decrement of the contour;  
• by determining the residual voltage of the 

capacitor bank that covers active drops at the 
time of commutation of the current from the 
switching device (thyristor) to the parallel diode. 
There is "residual" energy that corresponds to 
this voltage and this energy does not participate 
in the process of magnetization. 

The experiment was conducted by capturing os-
cillograms of the capacitor bank voltage and inductor 
current resulting in the experimental setup. There is 
used an oscilloscope with the following data: Model: 
TDS 2012, Manufacturer: Tektronix, Serial Number: 
CO51917. 

Fig.2 shows the oscillogram with assigned quanti-
ties, values in specific moments and the scale factors 
used. 

Evaluation of the "residual" energy in the capaci-
tor bank - It follows from the oscillogram that the 
'residual' voltage is 20V, and the initial charging volt-
age is 115V. The square of their ratio is 

%303,0
112
20 2

==⎟
⎠
⎞

⎜
⎝
⎛ . This influence is not accounted for 

any further. 
Evaluation of the efficiency coefficient KW - it is 

based on the numerical determination of the inductor 
field variation in height [7]. 

Fig. 3 shows this variation, along with levels 0,95 
and 0,9 of the maximum field value in the center of 
the inductor workspace. 

 
Fig. 2. Oscillogram. 

 
Fig. 3. Variation of the maximum field value  

in the center of the inductor workspace. 

The coefficient KW could be estimated according to 
the allowable deviation of the field value in the work-
space and at a specific height of the inductor. Fig. 4 
shows a cross section of a cylindrical inductor and 
marked workspace. It is suggested that the efficiency 
coefficient KW be determined as the ratio of per-
meance GA and GL, where GA corresponds to the 
workspace, and GL corresponds to the total magnetic 
flux of the inductor and determines its inductance. 

The first permeance, GA, can be defined by the ex-
pression (9), assuming that the field is uniform. 

(9) 
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A
A h
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0πμ=  

 
Fig. 4. Cross section of a cylindrical inductor. 

The second permeance, GL could be defined by the 
expression (10): 

(10) 2w
LGL =  

The efficiency coefficient KW comes out as the ra-
tio of the two permeance expressions: 
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(11) 
L
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GK =  

The typical range of variation of the coefficient 
values is 0,4 ÷ 0,6. It is according to the discussed 
allowable deviation in the value of the magnetic in-
duction on the height of the workspace as well as ac-
cording to the inductor construction. 

The maximum value of the discharge current Im 
should theoretically be determined by accounting for 
the damping decrement of the loop for a time period 
tm, corresponding to ¼ of the period of the natural 
frequency TR. Using the experimental setup data, the 
following is obtained: 

(12) 856,04 =
α RT

e  

The value of the charging voltage of the capacitor 
bank in the experiment was U=115V as determined 
from the oscillograms of the experiment along with 
the specified inductor parameters (L and r). When 
these values are used and the inductor resistance is 
neglected, the amplitude of the discharge current is  

(13) A
CL

UIm 1314
/

==  

Adjusting this value by the amount of attenuation, 
for a quarter period in expression (12), yields the fol-
lowing current 1314.0,856=1125A. This value is well 
in accordance with the experimentally determined 
value of 1150A. This confirms the assumptions and 
reasoning as well as the deduced ratios. 

Conclusions 
Derived are mathematical expressions and ratios 

that help determine the basic design parameters of 
devices used for magnetization of magnetic systems 
with rare earth magnets. 

A proposal is formulated for the optimization of 
the inductor, as the component responsible for creat-
ing the necessary magnetic field and hence of fore-
most importance for the magnetization process. The 
optimization is focused on the inductor conductivity in 
terms of the full magnetic flux stimulated by it. 

Starting point for the theoretical inferences is the 
value of the magnetic field required to carry out the 
magnetization as well as the volume in which to 
achieve this value. It is proposed that the resonant 
frequency of the loop (made of capacitor bank and 
inductor) be used as initial condition for this. It is 
pointed out that that it is selected according to the 
characteristics of the chosen object for magnetization 
so as to limit the influence of eddy currents in the 
structure of the magnetic system. Lower resonant fre-
quency is recommended for more massive systems. 

Certain expressions are derived that help define the 
capacitor bank, the voltage to which it should be 
charged and the corresponding inductor inductance. 

All theoretically deduced ratios are confirmed ex-
perimentally. Experimental results fully confirm the 
theoretical findings and reasoning. 
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Analysis and comparison of transposition schemes of single-helical 
single-layer and multilayer transformer windings  

Alexander P. Dachev 

 
The article refutes the claim that the scheme of а two-layer coil with two standard and one group 

transposition is patented by Palueff. In fact, this scheme was invented by the author.  
Examined in detail are the solutions proposed by Palueff in his patent that relate to the single-

layer coil only. The shortcomings of his scheme of transposition are highlighted in the case for odd 
number of parallel strands. A detailed analysis is presented, along with a comparison of different 
schemes of transposition in single-layer and multilayer transformer windings, using the symbolic 
schemes method, designed by the author. The article demonstrates how, using this method, one can 
make optimal schemes of transposition. A proof is provided that the straightforward, but unfounded 
application of a certain types of transpositions for new schemes for transformer windings can lead to 
very unfavorable results. New formulas are derived for determining the losses due to circulating 
currents in some special schemes of transposition. In conclusion, the research proves that the 
transposition of two-layer coil with three transpositions should be referred as Dachev’s transposition. 

Анализ и сравнение на на схемите на транспозиция при еднослойни и многослойни 
трансформаторни намотки (Александър Дачев).  В статията се оборва твърдението, че 
схемата на двуслойна намотка с две общи и една групова транспозиция е патентована от 
Палуев. В действителност, тази схема е изобретена от автора. Подробно се разглеждат 
решенията, предложени от Палуев в неговия патент, които се отнасят само до еднослойна 
намотка. Изтъкват се недостатъците на схемата на транспозиция при нечетен брой 
паралелни клонове. Извършен е подробен анализ и сравнение на схемите на транспозиция при 
еднослойни и многослойни трансформаторни намотки, с помощта на метода на 
символичните схеми, разработени от автора. Показано е как с помощта на този метод 
могат да се съставят оптимални схеми на транспозиция. Доказва се, че механичното 
прилагане на дадени видове транспозиция при нови схеми на трансформаторни намотки, 
може да доведе до твърде неблагоприятни резултати. Изведени са нови формули за 
определяне на загубите от циркулационни токове при някои специални схеми на транспозиция. 
В резултат на изследванията се обосновава, че транспозицията на двуслойна намотка с три 
транспозиции, трябва да се нарича транспозиция на Дачев. 

 

The reason for conducting the following analysis is 
the announcement that a scheme of two-layer coil 
with three transpositions is to be referred as Palueff’s 
transposition [1]. In fact, this scheme was invented by 
the author of this article and is protected by copyright 
certificate [2]. The above statement of Y.N. Shafir [3] 
is incorrect because the Palueff’s patent refers only to 
single-layer coils, according to the claims of the 
author. Patent law does not allow copyright claims 
certified by a patent to be extended to solutions other 
than these explicitly stated in the particular patent. In 
this case, the solution proposed by Palueff can not be 
extended to the multilayer (in particular – two-layer) 
coils, especially because there are some important 

differences between single-layer and multilayer 
windings, to be explained later in this article. 

First we analyze the schemes of transposition by 
Palueff, as given in [1]. As a basic construction 
variant is proposed a scheme of single-layer winding 
with two group transpositions spaced approximately at 
¼ of the length of the winding from each end, and a 
standard transposition that is located in the middle of 
the winding. An additional scheme is proposed as a 
variant, containing two standard and one group 
transposition. The patent [1] includes two drawings 
relating only to the basic scheme: one drawing - in the 
case when the number of parallel wires m is odd (see 
Fig.1a), the second for m - even number (see Fig.1b). 
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 Fig.1. Implementation of Palueff’s transposition variants 

a) with an odd number of parallel strands ( m=5), 
according to [1]; b) with an even number of parallel 

strands (m=6); c) with an optimal implementation of the 
transposition in the case for odd number of parallel strands 

(m=5); d) erroneous transposition from Fig. 1c. 

Fig.3. Implementation of Palueff’s transposition variants a) 
with m=9, acc. to [1]; b) with m=8; c) when m=7 (optimal 

implementation); d) with m = 9 (optimal performance). 

The scheme in Fig.1a is not particularly good, as 
the middle strand does not transpose along the coil 
whereby its conventional e.m.f. - eq differs 
significantly from the average conventional e.m.f. for 
all strands - em [4], [5]. This leads to a relatively large 
flow of circulating current in the middle strand, 
respectively, to increased losses from circulating 
currents (see equations 1÷4). A more appropriate 
scheme for odd number of parallel wires is shown in 
Fig.1c, there one group of strands contains one 
additional parallel wire, more than the other group of 
strands, when a group transposition is done [6]. When 
transposing, according Fig.1c, one must strictly 
observe the rule that the two group transpositions 
must be done in the exact the same way. 

If this is not done, as shown in Fig.1d, there are 
unacceptably large losses due to circulating currents. 

In his patent Palueff does not give formulas for 
determining losses due to circulating currents – KC (as 
a percentage of the principal losses), which makes it 
impossible to make an objective assessment of the 
advantages of the proposed transposition. It is only 
noted that the resulting loss due to circulation currents 
is negligible, which is not justified in way, and is not 
correct especially for the case when there is a large 
number of parallel conductors. 

The coefficient of additional losses due to 
circulation currents in transformer windings is defined 
by the expression [4], [5] 
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ξ    is the reduced width of the conductor in 
direction perpendicular to the flow of the leakage 
field; 

ais, a is the size of the isolated, respectively, the 
bare strand (conductor), in the direction perpendicular 
to the leakage field (in the case of concentric coils – 
radial direction); 

m  number of parallel strands in a direction 
perpendicular to the leakage field; 

eq conventional e.m.f. of the q-th parallel strand 
(q=1 for the most distant strand of the main channel of 
dispersion), this quantity is dimensionless and 
depends only on the number q of the present parallel 
strand in a direction perpendicular to the leakage field; 

em  average conventional e.m.f. for all the parallel 
strands, it does not depend on the type of 
transposition. 

For windings that do not have any axial ducts 
inside the coil 

(3)  );1( −= qqeq   

(4)  
3

1)( 2 −= mnem , 

where n is the number of layers in the coil. 
Useful tool for analysis, summarizing and 

synthesis of the schemes of transposition are the 
symbolic schemes proposed by the author in [4], [5]. 
A full symbolic scheme of transposition of a 
multilayer coil is represented in a table format with 
NCOL the number of columns and NL number of lines 
(see Fig.2a and Fig.2b).  

The table has entries containing the numbers of all 
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the possible positions in the radial direction that can 
be occupied by the separate parallel strands. 

 
 Fig.2. Symbolic schemes for multilayer windings a) full 
symbolic scheme of zigzag type without inversion in the 
middle; b) full symbolic scheme of a zigzag type with 

inversion in the middle; c) abbreviated symbolic scheme 
without inversion; d) abbreviated symbolic scheme with 
inversion: m - number of parallel strands n - number of 

layers in the winding nT - number of transposition sections 
throughout the multilayer coil NCOL - number of columns in 
the symbolic scheme NL - number of lines in the symbolic 
scheme Nsgr - number of subgroups in the winding Nstr - 
number of parallel strands in a subgroup NPOS=mn - 

number of possible positions, occupied by parallel strands 

The number of these positions is NPOS=mn. 
If mn<NCOL.NL, in the full symbolic scheme some 

numbers of the positions are repeated. The position 
numbers, NPOS=mn, are entered in a particular 
sequence, which is indicated by arrows. The number 
of transpositions contained in one layer is denoted by 
tlay. Then the number of transpositional sections per 
layer will be nTlay= tlay +1. 

In the case when in a multilayer coil nTlay is the 
same for all layers, the total number of the 
transpositional sections for the whole coil will be 
nT=nnTlay. A "transposition section" refers to that 

portion of the length of the coil that is between two 
transpositions, or in between the start (respectively the  

 
 Fig.4. Symbolic scheme of Palueff’s transposition with 

number of parallel strands, a multiple of 4 a) full symbolic 
scheme;  b) abbreviated symbolic scheme for m= 8 (Fig.3b). 

Fig.5. Symbolic scheme of Palueff’s transposition with an 
even number of parallel strands, but not a multiple of 4 a) 

abbreviated symbolic scheme, general view; b) abbreviated 
symbolic scheme for m = 6 (Fig.1b). 

Fig.6. Symbolic scheme of Palueff’s transposition with an 
odd number of parallel strands in cases where m-1 is a 

multiple of 4 (m = 5,9,13,17, ...) a) abbreviated symbolic 
scheme, general view; b) abbreviated symbolic scheme for 

m = 9 (Fig.3d). 

Fig.7. Symbolic scheme of Palueff’s transposition with an 
odd number of parallel strands in cases where m +1 is a 
multiple of 4 (m = 7,11,15,19 ...) a) abbreviated symbolic 
scheme, general view; b) abbreviated symbolic scheme for 

m = 7 (Fig.3c). 

end) of the coil and the closest transposition. All along 
a particular transposition section parallel strands retain 
their relative positions. Transpositions between layers 
do not affect the total number of transposition sections 
- nT of the entire coil. The number of columns in the 
symbolic scheme is NCOL=nT, because each of the 
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parallel strands passes through all portions of the coil 
transposition sections. The number of lines in the 
symbolic scheme will be NL=NPOS: NCOL=mn/nT. 

 
Fig.8. Full symbolic scheme of Palueff’s transposition with 

an odd number of parallel strands acc. [1] with m+1 a 
multiple of 4. 

Fig.9. Symbolic scheme of Palueff’s transposition with an 
odd number of parallel strands acc. [1] with m-1 a multiple 

of 4. a) full symbolic scheme; b) abbreviated symbolic 
scheme for m= 9 (Fig.3a).  

 In each line of the symbolic scheme one can find the 
numbers on the items that occupy separate parallel 
strands in different transposition sections. Typically, a 
given scheme of transposition has several strands, that 
occupy the same positions along the coil, but in a 
different sequence. 

These parallel strands belong to one and the same 
subgroup. When mn=NCOL.NL, the number of 
subgroups Nsgr is equal to the number of lines NL, and 
a subgroup contains Nstr=nT/n parallel strands. In some 
specific cases the numbers of the positions, occupied 

by a given parallel strand are not in the same line, but 
in two adjacent lines, which is denoted by additional 
solid lines (see Fig.6 and 7). 

Abbreviated symbolic scheme is represented by a 
broken (zigzag) line that shows the order in which to 
write the numbers of the positions, occupied by the 
parallel strands in the full symbolic scheme. The 
abbreviated symbolic scheme represents a symbol that 
is typical for a given transposition. The most common 
symbolic schemes can be divided into two types.  

In the first type there is no inversion (turn) when 
writing the sequence of the numbers of positions (see 
Fig.2a, c). The second type has an inversion that is 
usually situated after the middle of the number of 
columns (see Fig.2b, d). Research shows that the 
second type of symbolic schemes give a higher level 
of perfection of the transposition. Therefore, when 
synthesizing new schemes of transposition, one should 
prefer to have a symbolic scheme of the second type. 

Let us now write the Palueff’s symbolic schemes 
of transposition in its different variants. It is of the 
type shown in Fig.2a, c. In the case of n=1, tlay=3, 
nTlay=4 and nT=nnTlay=4. When m is multiple of 4 (see 
Fig.3b) the full symbolic scheme has the form shown 
in Fig.4a. When m=8, the scheme is shown in Fig.3b, 
and the abbreviated symbolic scheme has the form 
shown in Fig.4b. In this case there is no repetition of 
the position numbers in the symbolic scheme. When 
m is an even number, but not divisible by 4, as is the 
case for the coil represented in Fig.1b, 
mn=6<NCOLNL=8, then some number of positions in 
the scheme are repeated. 

The symbolic scheme for this case is shown in its 
general form in Fig.5a; when m=6 the abbreviated 
scheme coincides with the one in Fig.5b. In the case 
of m-odd number, and m-1 is a multiple of 4 
(m=5,9,13 ...), as is the winding of Fig.3d, made by 
following the optimal scheme of Fig.1c, then the 
general form of the symbolic scheme is shown in 
Fig.6a; when m=9 one gets from the abbreviated 
scheme in Fig.6b. When m-odd number, and m+1 is a 
multiple of 4 (m=7,11,15 ...), as is the case in the 
winding of Fig.3c, drawn in the optimal scheme 
shown in Fig.1c, then the symbolic scheme in the 
general form is shown in Fig.7a; and when m=7 one 
gets the abbreviated scheme of Fig.7b. 

It is of interest to compile the symbolic scheme for 
a coil with Palueff’s transposition for m-odd drawn 
according to the patent [1], respectively as represented 
in Figs.1a and 3a. Fig.8 shows the full symbolic 
scheme of Palueff’s transposition for the m-odd case, 
where m+1 is a multiple of 4. Fig.9a gives the full 
symbolic scheme of the transposition of Palueff for m-
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odd for the cases when m-1 is a multiple of 4. On the 
other hand, Fig.9b contains an abbreviated symbolic 
scheme for the case of Fig.3a, 9a, when m=9. Based 
on the symbolic schemes and using equations (1)÷(4) 
general formulas are derived for KC following 
equation (1), respectively, for f(m) as in equation (2) 
for the different schemes of implementation of the 
Palueff’s transposition: 

a) for m-arbitrary even number with symbolic 
schemes in Figs. 4 and 5, [5], [7] 
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The transposition is perfect for m=4 and m=2. 
b) for m-any odd number of symbolic schemes as 

in Figs. 6 and 7 (optimal representation of the 
transposition according to Fig.1c, 3c and 3d). 

(6)   )11)(1(
2880
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If in the above case for m-odd one calculates f(m) 
according to equation (5), which is valid only for m-
even, then for KC one obtains lower values for the loss 
due to circulation currents,  as compared to the actual 
ones. Therefore, for a winding with Palueff’s 
transposition with m-odd f(m) and KC must be 
calculated according to formula (6) (see Table 1); 

c) for m-any odd number with symbolic schemes 
as in Fig.8 and 9 (implemented according the 
Palueff’s patent presented in Fig.1a and 3a)  

(7)  )45562616(
2880

1)( 234 ++++−= mmmm
m
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The values of f(m)C from equation 7 are given in 
Table 1. As seen from the comparison of the values of 
f(m)C and f(m)B, the proposed transposition scheme by 
Palueff [1] in the case for m-odd leads to greater 
losses due to circulating currents than optimal scheme 
of transposition as in Fig.1c, of about on average 2÷3 
times. As stated above, these unfavorable results can 
be explained by the fact that the middle parallel strand 
is not transposed. This leads to significant heat 
overload of the strand. 

It is important to note that the proposed by the 
author single-layer coil with two transpositions [9], 
[10], which is most favorable in the case for m-
multiple of 3, has higher level of perfection for the 
transposition than Palueff’s. For m=9 one calculates 
[4], [10] 
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Therefore, when m=9 the windings with Palueff’s 
transposition, assembled according to Fig.3d will have 
2.555/0.888=2.877 times bigger losses because of the 
imperfection of transposition, as compared to the coil 
with two transpositions. 

Table 1 
Comparison of the values of f(m) for a single layer coils with Palueff’s transposing with an odd number of parallel 

strands - m in different variants of implementation 

m 5 7 9 11 13 15 Note 
f(m)B 0.3 1.0 2.555 5.5 10.5 18.355 Palueff’s transposition for m-odd 

number, the optimum circuit, 
from equation (6). 

f(m)A 0.0656 0.5156 1.738 4.266 8.766 16.038 Palueff’s transposition in m-odd; 
f(m) calculated from equation (5) 
m-even number. 

f(m)C 1.0 2.857 6.444 12.545 22.077 36.089 Palueff’s transposition for m-odd 
acc. [1], Fig.1a and equation (7). 
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4.573 1.939 1.47 1.289 1.198 1.145 Calculation of f(m) in equation 

(5) for m-odd leads to reduced 
losses. 

B

C

mf
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3.33 2.857 2.522 2.281 2.103 1.966 The scheme in Fig.1a according 

to [1] for m-odd is unacceptable. 
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The de Buda’s transpositions [11] for single-layer 
single-helical coils is with three concentrated 
transpositions as the Palueff’s transposition, but has a 
higher level of perfection for the above two coils. For 
it the following formulas a true [8]: 

- for m=4K (K=1,2,3 ...) 
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For these cases, the transposition becomes perfect 
when m=4 and m=8, 

- for m±2=4K (K=1,2,3…) 
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The de Buda’s symbolic scheme of transposition is 
of type II according to Fig.2b and 2d, and has the form 
shown in Fig.10, in particular for the cases 
m=4K(K=1,2,3 ...). The abridged symbolic scheme of 
the transposition of de Buda for m=8 is shown in 
Fig.10b. 

Let us now consider the basic transpositions in 
single-helical two-layer windings. An essential feature 
of the multilayer coils is the property that the 
maximum number of possible positions NPOS=mn, 
which could theoretically occupy separate parallel 
strands along the coil with n-layers is n-times the 
number of positions in the single-layer windings, for 
the same number of transpositional sections nТ 
throughout the whole winding. Therefore, for the 
multilayer winding it is more difficult to achieve high 
level of perfection of the transposition, for the same 
values of m and nT for a single-layer and multilayer 
winding. For the two-layer coil with a standard 
transposition in the middle of each layer and no 
transposition between the layers, Fig.11, one achieves 
satisfactorily level of perfection of the transposition 
for only a small number of parallel strands (m=4÷6). 
For such a coil, the symbolic scheme is of the type 
shown in Fig.12. In this case, f(m) is given by the 
formula [12], [19] 
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The same level of perfection of transposition is to 
be achieved also for the proposed in [12], [13] two-
layer coil with a standard transposition in the layer, 
lying next to the main channel of dispersion of field 
leakage, which is done after 1/6 of the total number of 
turns of the coil, counting from the transition between 

the two layers (Fig.13). 
In order to design a two-layer winding with a 

greater perfection of transposition than the coils of 
Fig.11, and 13, one looks for such a scheme in which 
the coil has a symbolic scheme of type II, according to 
Fig.2b and 2d, by means of a transposition of each 
layer (tlay=1), and optionally – a transposition between 
the layers. 

 
 Fig.10. Symbolic scheme of transposition of de Buda a) full 

symbolic scheme for m a multiple of 4; b) abbreviated 
symbolic scheme for m=8. 

Fig.11. Two-layer winding with a standard transposition in 
the middle of each layer. 

Fig.12. Full symbolic scheme of two-layer winding in 
Fig.11. 

Fig.13. Two-layer winding with a standard transposition in 
the layer, lying adjacent to the main channel of dispersion. 

Fig.14. Full symbolic scheme of two-layer coil with three 
transpositions, acc. [2]. 

 The full symbolic scheme of such a coil therefore, 
will be the type shown in Fig.14 (n=2; nT=4; 
NPOS=mn=2m; NCOL=nT=4; NL=mn/nT=2m/4=m/2). In 
order to ensure the passage of the parallel strands in 
the proper positions of the symbolic scheme - q; m-
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q+1; 3m/2-q+1 and 3m/2+q one standard transposition 
has to be done in the middle of each layer and one 
group transposition between the layers. Fig.15 shows 
the type of the above-described two-layer winding 
with three transpositions at m=8. From the 
comparison of the symbolic schemes in Fig.10 and 
Fig.14, respectively, for the de Buda transposition and 
two-layer coil with two standard and a group 
transposition one sees that the additional losses due to 
the circulating currents in the described two-layer 
winding with m parallel strands are equal to those in 
single-layer coil with transposition of de Buda but 
with twice the number of parallel strands - 2m. 
Substituting in equation (8) and (9) m with 2m, one 
obtains the corresponding equations (5) and (6). 
Therefore, the loss because of the circulating currents 
in two-layer coil with 3 transpositions (in Fig.15), and 
m-parallel strands are equal to those of single-layer 
coil with a Palueff’s transposition with the same 
number of parallel strands, and equation (5) is valid 
for m-even number of parallel strands in a two-layer 
coil, and equation (6) - for m-odd. 

 
 Fig.15. a) Two-layer coil with a standard transposition in 

the middle of each layer and a group transition between the 
layers, synthesized acc. to the symbolic scheme of Fig 14; 

b) abbreviated symbolic scheme for m=8. 

Fig.16. Evenly distributed transposition at m=4, obtained 
by single-layer coil with transposition of Palueff. 

Fig.17. Two-layer coil acc. to [2] for m=4, with KC= 0       
a) scheme of the coil; b) abbreviated symbolic scheme. 

The similarities between the Palueff’s transposition 
and the one proposed by the author are only 
superficial and on the outside. The two schemes differ 
in that the transposition proposed by Palueff is 
intended only for a single-layer winding, while the 
one proposed by author, shown in Fig.15, is for a two-
layer coil. The two schemes of transposition also 
differ in their symbolic schemes – the Palueff’s one is 
of a zigzag type without an inversion between the II 
and III column, whereas for two-layer coil with three 
transpositions there is an inversion between column II 
and III. In Palueff’s transposition there are three 
concentrated transpositions in a layer, and in the two-
layer coil – one inside in each layer and an additional 
one in the transition between the layers, that does not 
alter the total transposition sections (4 for each of the 
two windings). 

In the proposed in [2] two-layer coil each parallel 
strand occupies only 4 positions in the radial direction 
from the 2m possible positions, while in the Palueff’s 
transposition each parallel strand also occupies only 4 
positions in the radial direction, but at half the number 
(m) of the possible positions. In the particular case of 
a coil with 4 parallel strands, single-layer coil with 
Palueff’s transposition, becomes a coil with evenly 
distributed transpositions, in which each strand 
follows all possible transposition sections (Fig.16), 
and then KC=0. In the case for two-layer coil with 
three transpositions and m=4 strands one does not get 
an evenly distributed transpositions, as the parallel 
strands do not fill all the possible 2m=8 positions, but 
only half of these. However, the two-layer winding in 
this case, also has KC=0 due to its optimal symbolic 
scheme (Fig.17). Here two of the parallel strands pass 
through positions numbered 1,4,6 and 7, and the other 
two strands - at positions 2,3,5 and 8. The 
conventional e.m.f. for the two subgroups will be, 
according to equation (3), respectively: 

21)6.75.63.40.1(
4
1 =+++=qIe ,  

21)7.84.52.31.2(
4
1 =+++=qIIe  

The average conventional e.m.f. according to 
equation (4) will be: ( )[ ] 213/12.4 2 =−=me  where in 
equation (2) and (1) one obtains f(m)=0 and KC=0. 

As was shown using symbolic schemes the applied 
transpositions of the second variant of the Palueff’s 
transpositions (2 standard and 1 group) to two-layer 
coils are not used as an end in themselves, but follow 
from the optimal positions that the parallel strands can 
be situated on. 

In order to show that the simplistic application of 
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the Palueff’s transposition to two-layer windings can 
lead to unacceptable results, we will examine the 
scheme of two-layer coil, to which the transpositions 
are applied in their basic form as proposed by Palueff, 
namely – one group transposition in the middle of 
each layer and a standard transposition between the 
layers. Fig.18 shows such a scheme for m=8. The full 
symbolic scheme for this variant for the two-layer coil 
is shown in Fig.18b (for m - even number). The 
abbreviated symbolic scheme of the coil of Fig.18a is 
shown in Fig.18c. From Fig.18b and c one can see that 
the symbolic scheme of this two-layer coil differs 
significantly from the symbolic scheme of Fig.14 for 
the two-layer coil of Fig.15.  

 
Fig.18. Two-layer coil with one group transposition in the 
middle of each layer and a standard transposition between 
the layers. a) scheme of the coil for m=8; b) full symbolic 

scheme for m - even number; c) abbreviated symbolic 
scheme for m=8. 

  Therefore, the losses due to circulating currents in 
these two variants of the implementation are 
significantly different, as regards to the Palueff’s 
transposition, where the primary and secondary 
variant result in the same losses. Based on the 
symbolic scheme of Fig.18b and using equations 
(1)÷(4) one derives the following general formula for 
f(m) for the two-layer coil of Fig.18a: 
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From the above formula one can see that for a coil 
as in Fig.18a,b f(m) and KC will be equal to zero only 
if m=2, but not for m=4, as is the case for the coil of 
Fig.15a, proposed in [2]. 

Table 2 gives a comparison of the values of f(m) 
for the two-layer winding with an even number m, 
implemented as shown respectively in Fig.15 and 
Fig.18. The ratio f(m)H/f(m)A is determined by the 
expression: 
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For a small number of the parallel strands – m, the 
above ratio exceeds 80-100, and for m very large it 
converges to 61. 

These results indicate that the scheme of Fig.18a, 
which formally can also be described as a Palueff 
scheme, especially if implemented via the concen-
trated transpositions of the basic version of the Palueff 
scheme, is practically worthless. 

The discussed example above for a two-layer coil 
according to Fig.18a explicitly proves the claim that 

Table 2 
Comparison of the values of f(m) in two-layer coils with 3 transpositions for even number parallel strands (m) 

a) with 2 standard and 1 group transposition (Fig. 15a); b) with 2 group and a standard transposition (Fig. 18a) 

m 4 6 8 10 12 14 16 18 Note 
f(m)A 0 0.222 1.0 2.8 6.222 12.0 21.0 34.222 From equation (5) and 

scheme in Fig.15a. 
f(m)H 4.0 24.22 81.0 202.8 426.22 796.0 1365 2194.22 From equation (11) and a 

scheme in Fig.18a. 
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Inf. 109 81 72.43 68.50 66.33 65.0 64.12 From equation (12). 
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the simple straightforward, but unfounded transfer of 
the known transpositions to other schemes can lead to 
completely unacceptable results. 

The main criterion for the quality characteristics 
for a given scheme of transposition are, in the first 
place, the numbers of the positions, through which the 
parallel strands cross along the winding, and secondly 
– the specific transpositions, which comprise the 
scheme. 

The analysis of these criteria can be easily done 
using the symbolic schemes for transposition. Based 
on the optimal symbolic schemes of the zigzag type 
with inversion in the middle (Fig.2c), the author has 
created a number of new transpositions, such as a 
single-layer single-helical winding with 7 transposi-
tions [14], [15]; a double continuous disc coil, con-
sisting of two identical parallel and concentric to one 
another continuous disc coils [16], [17], multilayer 
winding with an even number layers - n, a standard 
transposition in the middle of each layer and a group 
transposition for the transition from the n/2 – layer to 
n/2+1 – layer [18]. 

Finally, we discuss the rule formulated by P.M. 
Tikhomirov in [6] for the correct way to execute of 
the transpositions. It reads: 

The sum of the numbers of the positions, that the 
parallel strands occupy in the transposition sections, 
must be the same for all parallel strands. Here, it is 
necessary to point out that the correct implementation 
of the transposition does not mean it has its optimal 
performance, i.e. achieving the least losses due to 
circulating currents for a given transposition. In sup-
port of this last statement we will examine the Pal-
ueff’s transposition diagrams from Figs. 1a and 1c. In 
both diagram, for each of the five parallel strands the 
sum of the numbers of positions is equal to 12. How-
ever, as it was shown above, the transposition fol-
lowing Fig.1c is optimal, while the one represented in 
Fig.1a results in increased losses because of circulat-
ing currents. As an example for multilayer windings 
we will examine the schemes in Fig.15a and Fig.18a. 
In both schemes, the sum of the numbers of the posi-
tions occupied by the parallel strands in the transposi-
tion sections is equal to 34. However, as stated above, 
the scheme of Fig.15a is optimal, while the scheme of 
Fig.18a results in unacceptably high losses as a result 
of the circulating currents. In both schemes, the 
schemes of the axial stray field are the same, and 
therefore these diagrams may not be used to judge the 
difference between the two diagrams, in terms of the 
level of excellence of the transposition. The inaccu-
racy of the P.M. Tikhomirov’s rule is due to the fact 
that it does not take into account the fact that conven-

tional e.m.f. eq of the parallel strands depends on the 
square, rather than linearly on the position number q 
in the radial direction (see equation 3). Therefore, the 
best way to study the optimality of a given transposi-
tion is by examining the symbolic schemes. In some 
particular cases, however, Tikhomirov’s rule can be 
used to prevent making erroneous transpositions. Such 
is the case for a winding with Palueff’s transposition 
with m – odd number, implemented by the scheme of 
Fig.1d. In this case the sum of the positions numbers 
of the strands 1,2,3,4 is 11, while for strand 5 this sum 
is 16. This is an indication that the transposition is 
performed incorrectly. 

Conclusions 
1. The basic version of the Palueff’s transposition 

with an odd number of parallel strands - m, given in 
his patent (Figs. 1a and 3a) leads to relatively large 
losses from circulating currents (see equation 7 and 
Table 1) and must be implemented according to the 
optimal scheme of Fig.1c and 3d. 

2. The losses due to circulating currents in the coil 
with Plaueff’s transposition for m – odd, implemented 
as in Fig.1c and Fig.3c, and 3d, must be calculated 
using formula (6) instead of formula (5), which is 
valid only for m - even. 

3. When single-layer single-helical coils have a 
relatively large number of parallel strands (m>12) the 
transposition of de Buda is to be preferred to that of 
Palueff. 

4. When making the transpositions from the basic 
design of the Palueff’s scheme (2 group and 1 stan-
dard transposition) to the two-layer coil (Fig.18a) 
these yield unacceptably large losses from circulating 
currents (see equation 11 and Table 2). It follows, that 
simple transfer of groups of transpositions from one 
scheme to other may result in erroneous results. 

5. Two-layer winding with two standard and a sin-
gle group transposition [2] differs from the additional 
variant of the Palueff’s transposition, in that the latter 
is only patented for single-layer winding, but not for 
multilayered. Another important distinction between 
the above two schemes are the different symbolic 
schemes describing in a unique way the positions the 
parallel strands occupy, along the winding. 

6. When making new schemes of transposition one 
should select predominantly symbolic schemes of 
zigzag type, with inversion in the middle (Fig.2b, 2d). 

7. P.M. Tikhomirov’s criterion for the correct im-
plementation for a given scheme of transposition is 
incorrect in the general case, and can lead to errone-
ous results in some transposition schemes. 



“Е+Е”, 7-8/2013 48 

8. Based on this analysis and comparison of 
schemes of transposition of single-layer and multi-
layer windings, it can be concluded that the scheme of 
transposition for two-layer coil according to Fig.15a 
[2] must not be referred as Palueff’s transposition but 
a Dachev’s transposition for a two-layer coil with two 
standard and one group transposition. 
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Operation algorithm of an automated control system for 
optimization of the cooling effect of green roofs 

Boris I. Evstatiev 

 
A structural scheme and operation algorithm of an automated control system for optimization of 

the cooling effect of green roofs has been presented in this study. The algorithm is based on three 
previously developed models: a model of the heat exchange and accumulation processes of green 
roofs, a model for simulation of irrigation of green roofs and a model for evaluation of the thermal 
diffusivity of soil. The system uses sensors to monitor the temperature of soil, the temperature of the 
water in an underground water tank and the water level. The process of optimization of the green roof 
cooling effect is controlled by the automated control system, which includes a specialized software 
application, implementing the developed models, which is running on a personal computer. 

Алгоритъм на автоматизирана система за оптимизиране на охлаждащия ефект от 
зелени покриви (Борис Евстатиев). В публикацията е представена структурна схема и 
алгоритъм на работа на автоматизирана система за оптимизиране на охлаждащия ефект 
от зелени покриви. Алгоритъмът е базиран на три вече разработени модела: модел на 
топлообменните и акумулиращи процеси през зелен покрив, модел за симулация на напояване 
на зелени покриви и модел за определяне на среднодневните стойности на коефициента на 
температуропроводност на почвата. Системата използва сензори за да следи 
температурата на почвата, температурата на водата в подземен резервоар, както и нивото 
и. Процесът на оптимизация на охлаждащия ефект се контролира от автоматизирана 
система, която включва специализирано софтуерно приложение, реализиращо разработените 
модели, което е инсталирано на персонален компютър. 

 

Introduction 
The usage of green roofs leads to a significant 

reduction in the energy losses through the roof 
construction during the summer months. There are a 
number of studies, showing that during hot weather 
the heat flow through the green roof is minimal or 
even with a negative sign [1], [2]. The cooling effect 
of the green roofs is based on the process 
evapotranspiration, which is a process of evaporation 
of water from the soil and transpiration of water from 
the vegetation [3], [4]. 

If the evapotranspiration process is to be conducted 
efficiently, i.e. to ensure optimal cooling effect, 
adequate water content in the soil should be provided. 
In [5] is presented a study, which shows that the 
cooling effect from irrigation could be enhanced if it 
is carried out in the optimal time of the day. The 
reason for this is that the temperature of the soil 
substrate during high solar radiation is significantly 
higher than the temperature of the irrigation water. 
This shows that the irrigation process could be used 
for reduction of the soil substrate temperature, which 

in turn will reduce the building temperature. In order 
to achieve optimal cooling effect from the green roofs, 
the irrigation process should be automated. There are 
known on/off irrigation systems, which perform the 
irrigation process at certain time intervals [6], but they 
do not consider the possibilities for reduction of the 
soil substrate’s temperature. 

The goal of this study is to develop a structural 
scheme and operation algorithm of an automated 
system for optimization of the cooling effect of green 
roofs. 

Structural scheme of the automated control 
system 

The generalized structural scheme of the 
automated control system is presented in fig. 1. A 
principal element of the irrigation process is the water 
tank, installed underground at depth 1 m or more. The 
non-retained in the green roof rain and irrigation water 
is led by the outfalls back into the water tank.  

According to Smerdon et all (2003) if the yearly 
air temperature gradient is between -30 ℃ and +30℃, 
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the temperature of soil at depth 1 m varies in the 
interval (0 ÷ 18) ℃ [7]. This means that the water 
tank would provide two major aspects: it ensures 
cooling of the water during the summer months and 
prevents it from freezing during the winter months. 

In Bulgaria, there is a requirement that the fresh 
water sources should have temperature between 6 ℃ 
and 16 ℃ [8]. This way if the water in the tank is too 
warm or insufficient, fresh water could be used 
instead. 

The process of optimization of the green roof 
cooling effect is controlled by an automated control 
system, which includes a specialized software 
application installed on a personal computer (PC). In 
order to control the process parameters, the following 
sensors are attached to the PC through a 1-wire 
network: 

• Sensors monitoring the temperature of the soil 
substrate at 3 depths: near the surface ( sursT . ); in 
the middle of the substrate ( msT . ); near the roof 
membrane ( bsT . ); 

• A sensor monitoring the temperature of the water 
in the tank ( wT ); 

• A sensor monitoring the level of the water in the 
tank ( LevelS ). 

The automation of the irrigation process is 
implemented by setting control actions of two 
peripheral devices: 

• A water valve for switching between irrigation 
with tank water and fresh water; 

• A water pump. 

Models and input data 
The operation of the automated control system is 

based on three previously developed mathematical 
models: 

1. Model of the heat exchange and accumulation 
processes of green roofs [5,9]; 

2. Model for simulation of the irrigation process 
of green roofs [5]; 

3. Model for evaluation of the thermal 
diffusivity of soil [5]. 

The first one is used to simulate the temperature 
curve of soil in depth and time, and allows the heat 
flow through the green roof to be evaluated. The 
second model estimates the soil substrate temperature 
after the irrigation has been carried out. It enhances 
the first model with the irrigation functionality. The 
last one allows the mean daily thermal diffusivity of 
soil to be estimated, which is required by the other 
models. In the simulation process of the temperature 
curves of the soil for the next 24 hours is used the 
thermal diffusivity, evaluated for the previous day. 

The three models require the following input data: 

1.  The temperature gradient 
dz
dT  of soil in depth; 

2.  The forecast meteorological hourly data for: 
o The ambient temperature; 
o The ambient relative humidity; 
o The wind speed; 
o The cloudiness. 

The automated system acquires the first one by 
reading the soil temperature sensors, while the 

 
Fig.1. Generalized scheme of the automated control system for optimization of the cooling effect of green roofs. 
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forecast meteorological data is downloaded from the 
internet. 

The automated control system makes a decision 
about the irrigation water source, according to the 
temperature sensor ( wT ) and the level sensor ( LevelS ), 
installed in the water tank. If there is insufficient 
water or its temperature is too high, the irrigation is 
carried out with fresh water. Otherwise the water 
pump is activated and tank water is used. 

Operation algorithm of the automated control 
system 

The block scheme of the operation algorithm of the 
automated control system is presented in fig 2. The 
first block represents a period of waiting for the new 
day to come. When the event occurs, in block 2 the 
forecast meteorological data is downloaded from an 
internet site. In block 3 is evaluated the mean daily 
thermal diffusivity of soil, using the 3rd model. This is 
done using the soil substrate temperatures sursT . , msT .  
and bsT . , acquired in the last 24 hours. The 
information acquired in blocks 2 and 3 is passed as 
input data to the model for estimation of the optimal 
irrigation time (block 4). After the optimal time for 
irrigation has been estimated, the automated control 
system enters a waiting state until the optimal time of 
day event occurs in block 6. Then the data from the 
tank water level sensor LevelS is acquired and if the 

water volume is sufficient, the tank water temperature 
sensor is read. Otherwise the algorithm proceeds to 
block 10, where the water valve is switched to 
irrigation with fresh water. The tank water 
temperature is compared to a certain critical value. If 
it is lower, the water pump is activated and if it is 
higher - the algorithm again proceeds to bock 10. 
After the irrigation process is complete the algorithm 
continues to block 12 where the water pump is turned 
off and the water valve is switched off. 

The algorithm of the model for estimation of the 
optimal hour for irrigation of green roofs is presented 
on fig. 3. The criterion for optimality is defined as 

minmax.. =membrrT - the maximal roof membrane 
temperature during the day should be minimal. 

In block 1 the initial values of the optimal hour and 
the maximal roof membrane temperature are 
initialized. The model for simulation of the soil layers 
temperature curves (the first one) is called in block 2, 
where the irrigation simulation process is executed for 
each hour of the day. It returns an array of values with 
the temperature variation of the roof membrane. Using 
these values in block 3 is estimated the maximal roof 
membrane temperature max..membrrT for the current 
irrigation hour. If max..membrrT  is lower than the 
values stored in Crit, a new optimal hour has been 
determined and its value is stored in HourOpt (block 
5). The simulation continues until the irrigation 

?крw TT <

wT

 
Fig.2. Operation algorithm of the automated control system for optimization of the cooling effect of green roofs. 
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process has been tested for each hour of the day. As a 
result the model returns the optimal hour and the 
corresponding maximal roof membrane temperature. 

Simultaneously to the presented algorithms, the 
control system continuously reads the soil substrate 
temperature sensors every couple of minutes. The 
acquired data for the last 24 hours is used to evaluate 
the daily thermal diffusivity of the soil substrate, using 
the 3rd model. 

Results and discussion 
The structural scheme and operation algorithm of 

an automated control system for optimization of the 
cooling effect of green roofs has been developed in 
this study. The system is based on previously 
developed mathematical models, allowing the optimal 
irrigation time of day to be estimated so that the 
highest daily roof membrane temperature is minimal. 
The structural scheme, including the basic peripheral 
devices and sensors, required for the system to 
operate, has been presented. 

The presented scheme and algorithm allow an 
automated control system to be implemented, 
minimizing the energy flow through the roof and 
allowing the cooling effect of green roofs to be 
optimized during the summer months.  

The system could be expanded to allow traceability 
and visualization of the controlled variables 
(temperature curves, water and electricity expenses, 
etc.), as well as an estimation of the energy losses 
through the roof construction. 
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Fig.3. Algorithm for estimation of the optimal hour for irrigation of green roofs. 
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