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ELECTRONICS 

Fabrication of flexible hybrid low molecular weight 
compound/polymer light emitting device by screen printing 

Mariya P. Aleksandrova, Irena P. Nestorova  

 
It is demonstrated successful fabrication of simple bicomponent single layer OLED produced by 

screen printing. The device exhibits high mechanical stability after 400 cycles of bending. Turn on 
voltage of 5 V and maximum brightness of 92 cd/m2 is achieved at current flow 2.9 mA. Luminous 
efficiency is higher than the reported for similarly produced devices, reaching 3.94 lm/W and the 
power consumption is average 50 mW - very suitable for portable devices with battery power supply. 
Another advantage of the thick film technology is the higher thermal stability when operates at 
maximum possible voltage of 30 V for several tenth of hours. It is due to the more efficient heat 
dissipation from 2 m thick organic coating in comparison with the thin ones (hundreds nanometers).  
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Introduction 
Despite of the significant improvement of the 

multilayer organic light emitting devices (OLEDs) [1], 
[2], single layer OLED should not be neglected, 
because of their simpler structure and easier 
fabrication process [3]. Low molecular weight 
compound (LMWC) OLEDs have been more 
developed in comparison with the high molecular 
weight compound (polymer) OLEDs. Both classes of 
materials are implemented in the electroluminescent 
“sandwich” type devices (the active layer is situated 
between two electrodes) as a thin 50-150 nm films. In 
order to increase the efficiency of the single layer 
OLED different approaches have been used as 
electrode’s surface treatment for roughness decrease 
[4], replacing of the transparent electrode material [5] 
or doping with different nanoparticles, blended to the 
main emissive material [6]. Recently, some papers 
regarding application of screen printing technique for 
organic electroluminescent layers [7], [8]. In [7] are 

reported 100 nm screen printed film with four 
component blend from polystyrene doped with NPB, 
Alq3 and rubrene. In [8] has been processed 
polystyrene, rubrene, -NPD and DPVBi for white 
OLED produced by screen printed film. It is used 
substance Ir(ppy)3 to enhance device brightness to 
470-750 cd/m2, but the activation voltage hasn’t still 
been reduced and varied between 28-33 V.  Earlier, 
Pardo et. al. have demonstrated screen printing of 
even less than 100 nm film as a new approach to 
fabricate OLEDs [9]. As can be seen, in the researches 
reported until now, screen printed films are thin. 
However, if the screen printed film is thick (which is  
actually the idea of this method), then the volume of 
the functional organic material would be higher and 
generated heat during operation would be better 
spread in the surrounding environment, instead to 
accumulate inside the structure and causes melting of 
the flexible substrate.  

   In our paper we present results from fabrication 
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and testing of single layer hybrid flexible OLED, 
obtained by screen printing. The samples produced are 
characterized by high stability after hundreds of 
bending cycles, because of the binder presence as well 
as by high thermal stability due to the thick organic 
film, dissipated effective the heat generated during 
operation. There are no data about investigation of 
hybrid between LMWC and hole conductive host 
polymer, playing a role of binder in the same time. By 
our knowledge there are no reports in the literature 
about application of screen printing method for 
flexible OLED fabrication, as well as about using of 
such bi-component organic mixture for glass or 
flexible based device, independently on the deposition 
method. 

Materials and methods 
Polyethylentherephtalate (PET) foil with sizes 

30x30 mm served as a flexible substrate. Indium tin 
oxide (ITO) electrode with thickness 180 nm, sheet 
resistance 22 ohms/square and transparency for the 
visible light 83%, was achieved by RF reactive 
sputtering followed by UV treatment [10]. Tris (8-
hydroxyquinolinato) aluminium soluble derivative 
(Alq3-D) was used as yellow-green electrolumi-
nescent material. It is mixed with binding host 
polymer polyvinylcarbazole (PVK) having enhanced 
hole transporting properties. The weight ratio of 
LMWC and the polymer was Alq3-D:PVK=3:1, 
dissolved in 10 mg chloroform. Produced organic 
paste was deposited onto PET/ITO substrate by screen 
printing method. Produced film thickness (2 m) was 
then dried in oven at 30  for 10 minutes to achieve 
homogenization of the coating and fully evaporation 
of the solvent. Finally, aluminum cathode film with 
thickness 200 nm was thermally evaporated through 
shadow mask, defining 4 separated emissive areas on 
common substrate. The average thickness of the 
screen printed layer was measured by KLA - Tencor 
Alphastep 500 Profilometer. Current – voltage 
characteristics were measured by ampermeter 
Keithley 6485. Luminance intensity versus supplying 
voltage characteristics were measured by 
luminancemeter Konika Minolta LS-110. Samples are 
put in special chamber with round opening for 
conduction of optical measurements eliminating some 
errors during brightness detection, that originate from 
the space dependence of the light intensity. 

Results and discussion 
In previous investigations [11] it was demonstrated 

that electroluminescent organic devices with films in 
micrometer thickness range can work stable at 

voltages 20-30V, providing high brightness of the 
generated emission with no substrate damages, caused 
by the heat. The reason is higher volume of organic 
material, dissipating much better the heat to the 
ambient through the upper metal electrode without 
thermal breakdown in comparison to thin films. The 
host polymer PVK, which also play a role of hole 
transporting material, added to the main material 
provides viscosity increase and enhances the adhesion 
of the electroluminescent layer to the flexible 
substrate. Although it is not shown on the figures, 
when the concentration of the binder increases, the 
current flow and the luminance decrease, which could 
be due to the quenching of the excited states from 
dominated host particles. The surface morphology of 
the screen printed hybrid LMWC/polymer coating 
was found to be strongly affected by the conditions 
such as stencil resolution, strength and angle of the 
squeegee moving across the screen stencil, forcing 
paste into the mesh openings and planarity of the 
covered surface. Microscopic view of the produced 
thick film’s surface is shown on Fig. 1 at 
magnification 100. As can be seen in this case, after 
supplying of the screen printed organic 
crystal/polymeric coating on flexible PET/ITO 
substrate there are no pinholes formed in the film in 
comparison with the way they occur in polystyrene 
100 nm film screen printed on glass/ITO [7].  

 

 
a) 

 
b) 

Fig. 1. Microscopic picture of the screen printed 
LMWC/polymer coating on ITO surface at magnification 

100 a) treated with UV b) none treated with UV. 

Although the surface energy of the substrate and 
interfacial forces, defined cohesion and wetting 
process are not quantitatively measured it is obvious 
that interfacial energy between this film and the 
substrate is high enough to prevent dewetting. This is 
due to the UV treatment of the ITO surface for 
enhancement of the film’s polycrystallinity and to 
decrease its sheet resistance. More details about the 
UV treatment can be found elsewhere [10]. For 
comparison the same organic layer was screen printed 
onto none UV treated ITO surface and the result is 
shown on Fig. 1b. As can be seen the wetting 
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conditions are not favorable, although the film is 
relatively dense. Pinholes exist, which can be noticed 
as tiny light dots. The layer is evidently irregular as 
can be observe from the color gradient. Although the 
device is single layer, due to the mixture with typical 
hole injecting and transporting material such as PVK, 
it was expected brightness comparable with bilayer 
thin film based OLEDs. The difference here is the 
greater stability of the structure against the dissipated 
heat at voltages higher than 10V as will be shown 
later. The device was fully turned on at 5 V (at this 
voltage, the brightness was measurable) and reached 
maximum brightness of 92.18 cd/m2 at 30V. At 
voltages ~ 2 V leakage currents of ~81 A occur, 
which may be ascribed to non uniformity of the 
organic layer, leading to non uniformity of the 
contacts with the electrodes and causing local 
distortions of the electrical field distribution between 
both contacts. This effect is unwanted and should be 
avoided. Current-voltage and brightness-voltage 
characteristics of the hybrid screen printed OLED are 
shown on Fig. 2a and Fig. 2b respectively. 

When the current flows through the electrode-
organic semiconductor junctions, it stimulates weak 
emission. It can not be detected correctly, because not 
entire area is homogeneously emissive, but only 
separated microgranules emit light. This was the 
reason for the abrupt beginning of the brightness-
voltage curve after 5V, although there was a current 
flow different than zero before fully turning on. Even 
when the luminance intensity is high enough and can 
be easily measured we should mention that the 
emission from the screen printed hybrid OLED was 
not uniform but seems like scattered from tiny 
emissive dots all over device area. From this 
observation, we could conclude that the organic 
particles were not regularly dispersed in the organic 
paste mainly due to the lower dissolving ability of the 
LMWC. 
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Fig. 2. a) Current-voltage characteristic of screen printed 
hybrid LMWC/polymer OLED; b) Brightness-voltage 

characteristic of screen printed hybrid LMWC/polymer 
OLED before and after 400 cycles of bending. 

It can be seen from Fig. 2b that after 400 bendings 
and several tenths of hours work at maximal possible 
voltage, the brightness decreases only by 23%. For 
comparison, there are evidences in the literature for 
brightness decrease with 25 % in the first 50 h of 
operation or 50% from its initial value due to 
degradation mechanisms in OLED [12,13]. Measured 
results don’t step back to the reported before for 
screen printed complex OLED device glass/ITO/PS: 
a-NPD:DPVBi: rubrene/Al with host polymer 
polystyrene [8]. The authors demonstrate that 90 
cd/m2 can be achieved at 36 V (turn on voltage 10-
15V) after optimization of the polystyrene 
concentration to 5%. The advantage of the proposed 
by us approach is competitive light intensity, achieved 
at 6 V lower voltage (which means improved 
efficiency) and involving less variety of materials for 
tuning of the electro-optical properties. This can be 
ascribed to the better charge transporting properties of 
the selected host polymer, ensuring suitable energy 
level alignment with the ITO electrode [14], as well as 
to the better distribution of the organic paste on the 
hydrophilic PET/ITO UV treated surface. Fig. 3a 
shows the luminance efficiencies at different currents 
and Fig. 3b shows photo of the produced and tested 
sample. The average efficiency was found to be 3.5 
cd/A for brightness ranging from 50 to 90 cd/m2, 
where the voltages were 20-25V. Power consumption 
in this range was extremely low – from 35.7mW to 
73.4mW, which is great advantage for portable 
devices with battery power supply. Power efficiency 
for the maximum brightness was calculated to be 
3.94lm/W. 
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Fig. 3. a) Luminance efficiency of screen printed hybrid 
LMWC/polymer OLED; b) Prepared OLED sample at 

initial stage of degradation after 400 cycles of bending. 

Typical phenomena for OLED devices working in 
extreme conditions are the dark spots [15]. They can 
be observed here too, but after supplying of 400 
bending cycles of the flexible structure with frequency 
50 Hz and 30V (maximum luminance’s point). The 
spots are clearly visible on Fig. 3b. They can be 
attributed to the fact that the hybridized particles in 
the screen printed OLED aggregated, because of the 
weak solubility of LMWC. Meanwhile, there are still 
no data about operation of OLED at such intensive 
mechanical and thermal influence. These results were 
achieved thankful to the strong adhesion of the 
organic coating on the PET/ITO substrate, ensuring 
high durability against mechanical treatment, as well 
as to the higher organic layer thickness, providing 
good thermal dissipation. 

Conclusion 
Single-layer bicomponent OLED was successfully 

fabricated by screen printing method and its 
performance was competitive to the reported multi-
component blended OLEDs and thin film screen 
printed OLED. It was proved that suggested binder 
enhances stability of the entire device after bending 

due to good adhesion of the organic coating to the 
PET/ITO surface. Separately, UV treated ITO surface 
leads to avoiding of wetting problems and obtaining 
of pinholes free, uniform screen printed layers. At this 
stage of the research although the brightness is 92 
cd/m2, luminous efficiency is higher than the reported 
for similarly produced devices (3.94 lm/W) and power 
consumption is far below the typical values of 
hundreds mW (less than 100 mW). This is due to the 
decreased turn on voltage, caused by the suitable 
hybridization between LMWC and host polymer, as 
well as to the optimized deposition printing 
conditions. Our future work will be related to 
application of screen printing on patterned relief ITO 
surface and research of the uniformity of the organic 
layer near the patterned edges. 
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Near-field measurements using low cost equipment 
for RF device characterization 

Radoslav B. Borisov, Kaloyan I. Zlatkov, Plamen I. Dankov 

 
Near-field electromagnetic scanners are widely used for microwave, antenna and 

electromagnetic compatibility measurements. The scanner determines the spatial distribution of an 
electrical quantity provided by a single or multiple field probes in the near-field region of a device 
under test (DUT). Depending on a signal receiver detecting the probe signal, voltage as a function of 
time or frequency is a typical measured quantity. It should be underlined that as the DUT may be 
considered any object radiating or storing electromagnetic field energy intentionally or 
unintentionally, e.g. the antenna radiation excited beyond its resonance frequency. The voltage pattern 
is usually mapped on planar, cylindrical or spherical geometrical surfaces as a collection of a finite 
number of spatial samples. Different numerical post-processing methods enable the conversion of the 
measured quantity into electromagnetic field. This publication describes the process of building low 
cost near-field electromagnetic scanner using standard microwave equipment and 3D printer. The 
critical parts in the design are described in details and two samples were measured using the build 
near-field scanner. Using the system one passive antenna working in L band and one balanced 
amplifier working in UHF range were measured. Additional post-processing is done over the 
measured data using open source software for visualization and further processing – ParaView [1]. 
Some of the advantages of near-field measurements include high accuracy, high throughput (high data 
rate) and complete characterization of device’s performance.  
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Introduction 
The developments of modern technologies have 

increased a systems complexity and new problems like 
signal integrity and coupling between the system 
components have appeared. One of the methods for 
characterization of the device performance is near-field 
scanning technique. Electromagnetic (EM) near-field 

scanner determines the spatial distribution of electrical 
quantity acquired in a near field region of the device 
using single or multiple probes. Using numerical post-
processing techniques it is possible to convert measured 
quantity into electromagnetic field. 

Typically near-field scanners are used for antenna 
measurements [2] or electromagnetic interference 
measurements [3]. The advantages of near-field 
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measurements include high accuracy, high throughput 
(or data rate), a complete characterization of device 
under test (DUT), ability to control different 
environment effects, minimal requirements and 
compatibility with special project requirements. 

In RF system designs the most common technique 
for characterization of the electromagnetic field is using 
simulators. Complex designs are divided into sub areas 
and simulated individually, because of computation 
power and time required for solving the problem 
increases with the size of structure area. Basically the 
simulators solve Maxwell’s equations using different 
approaches like MoM, FEM, FDTD etc. The structure 
is described using text files or it is constructed using 
graphical interface of the software in 2.5D or 3D. The 
definition of the ports shows where the electromagnetic 
energy enters the structure and how it exits. The 
scattering matrix shows the energy scattered from the 
structure at the port’s plane. Increasing the ports 
number adds to the simulation time drastically. 
Simulated parts of the complex problem could be 
combined using S-parameters into more complex 
model of the device or the system. This technique is 
widely used, but it still doesn’t give the full picture, due 
to the fact, that there is coupling between the 
individually simulated parts, that we don’t take into 
account. Usually simulated results are in good 
agreement with the measurements. The so explained 
process takes a lot of steps and good understanding of 
the problem is needed. Good knowledge about the 
technologies used in the production of the structure and 
experience with the simulator is desirable. The 
simulation technique solves coupling problems in pre 
and post production phase and determines optimal size 
or shape of the structures. Large simulations are usually 
undesirable and the time needed for solving the 
equations and visualization of the EM field could take 
days, even on servers with 8-cores and 32 GB RAM. 

Near-field scanning technique could be used for 
rapid measurement of the EM field, verification of 
prototypes, layout optimization and finding coupling 
problems between different modules. Direct 
measurements give relative information about the 
distribution of the field. Additional computation is 
needed to get absolute results for the distribution of the 
field in the far-field region. The scanner could 
maximize designer’s productivity and is focused on 
solving instead of finding EMC problems, which leads 
to reduced number of board spins. Measured data is 
stored and could be used for comparison between board 
iterations. It is possible to get immediate feedback for 
the effectiveness of the corrective measures. Using the 
near-field scanner the designer’s productivity could be 

optimized, design and compliance cost could be 
reduced and of course the time to market is reduced 
significantly. 

The main purpose of this article is to describe the 
process of building small low cost near-filed scanner 
using standard equipment and 3D printer.  

This paper describes a methodology for the creation 
of a small near-field EM scanner using standard RF 
measurement equipment and 3D printer [4]. 
Verification of the build system is done using two 
devices – one passive and one active device that work 
in different sub bands of the RF spectrum. Small L-
band left-hand circular polarized patch antenna is 
measured using the scanner with two types of RF 
probes for verification. Using the scanner we were able 
to generate animation of the currents distribution on the 
patch surface for set of frequencies. The measurements 
show that the phase rotates as the wave propagates 
through space in left direction, just as the theory 
predicts. Balanced amplifier has been measured using 
the same technique and the electric and magnetic fields 
distributions are shown on graphics. 

Near-field scanner 
A near-field scanner consists of a pulsed network 

analyzer (PNA) connected to an RF probe carried by a 
low cost 3D printer. The block diagram of the near-
field measurement system is shown on Fig.1. The 
network analyzer is used to generate and measure the 
response of the DUT. PC software controls the 
movement of the RF probe mounted to the 3D printer 
and synchronizes measured data with the movement. 

 
 Fig.1. Simplified block diagram of near-field scanner. 
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 Fig.2.Photo of near-field measurement system. 

Photo of the assembled system is shown on Fig.2 
in laboratory. Different approach is described at the 
end of this article, where a low cost portable 
transceiver with receive signal strength indicator 
(RSSI) is used to measure the input level taken from 
the RF probes. 

Pulsed Vector Network Analyzers (PVNAs) are 
typically used to evaluate the performance of 
microwave components / devices under non-
continuous operation. These measurements are 
essential when dealing with pulsed-RF applications 
like radar or burst-mode transmitters, or in 
semiconductor device characterization when 
dissipation problems need to be avoided. Photo of 
PNA-L N5230C is shown on Fig.3. Network analyzer 
is expensive equipment even for RF laboratories, but 
the functionality needed for the experiments is 
irreplaceable. They provide good dynamic range and 
precise frequency generation in wide bandwidth. 
Sweep option provides ability the DUT to be tested 
with different input powers, while the response is 
measured. This is convenient for the initial tunings of 
the system, where the optimal input power should be 
considered for the field measurements, so that we 
could provide the best dynamic range of the system. 
The PNA could be programmed using the standard 
GPIB interface or using telnet over Ethernet. The 
control software uses telnet for communication with 
the PNA and defines frequency range for the 
measurement, the number of measurement frequencies 
and receives the S-parameters data. 

Different types of probes are used to measure the 
electromagnetic field. Open ended RF probes (Fig.3a 
and Fig.3b) are used to measure electrical component 
(E-field) of the field, while the magnetic component 
(H-field) is measured using a closed loop RF probe 
like the one shown on Fig.3c.  

 
 Fig.3.PNA-L N5230C. 

The scanner system could be divided in 3 parts 
from engineering point of view – mechanical, 
electrical and software parts. Mechanical part consists 
of all mechanical parts like Arduino PCB, RF probes, 
bearings, motors, belts, pulleys, cables, measurement 
equipment and more. The limitations in the 
mechanical parts define the resolution of the near-field 
scanner. RepRap has typical resolution of 0.1 mm on 
all axes, which defines the scanner resolution. 

Electrical part consists of Arduino Mega board 
with RAMPS 1.4 shield [5] used to control the 3D 
printer’s movement. Stepper drivers control the 
movement of the RF probe precisely. Typically rf 
boards have traces and gaps in orders of 0.15 to 0.2 
mm. More precise mechanics is needed for on wafer 
or rf chip measurements.  

Software part could be divided into firmware and 
pc software. The firmware used in the near-field 
scanner is open source and is called Sprinter [6]. It is 
configured to work with RAMPS hardware and 
represents a G-code interpreter [7]. Standard G-code 
commands are used to define the coordinate system 
(relative / absolute), axis, movement step and 
movement speed. Arduino is using USB to serial 
converter for the connection to PC and the software. 
From PC software the RepRap is seen as standard 
COM port working on 115200 baud rate. 

Additional software written in python controls the 
rf probe’s movement and to collects measured data 
from the PNA synchronously. Before each measure-
ment a number of parameters are defined: set of 
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frequencies, measurement points in X, Y and Z 
directions and step size (measurement resolution). The 
PNA measures the amplitude response and phase for 
each point and for all set of frequencies. Using only 
this option one scan collects information about the 
electromagnetic field distribution for the given set of 
frequencies as amplitude and phase. Measured data is 
saved as standard Excel file for post-processing later 
on. Additional open source software called Paraview 
[8] is used for 3D visualization and post-processing of 
the collected data. The collected data could be 
compared with previous results from measurements 
and analyzed. 

The following two examples show the briefly 
explained procedure and some of the results collected 
using the near-field scanner. 

L-band antenna 

The scanner is used to measure the performance of 
L-band patch antenna with left handed circular 
polarization shown on Fig.4. The patch was scanned 
using H-field probe in range 2.0 – 2.4 GHz with 10 
MHz step. Fig.5 shows graphically the results from 
collected data. Amplitude distribution of the surface 
currents is shown on Fig.5a and Fig.5b for two 
frequencies – 2.15 and 2.3 GHz. Dynamic ranges of 
the measurements is around 45 dB and we could 
conclude that measured field is stronger for 2.3 GHz, 
which means that working at this frequency the 
efficiency of the antenna will be higher. The phase 
distribution is shown on Fig.5c and Fig.5d. 

 
 Fig.4.Photo of near-field measurement system. 

 
 Fig.5.Photo of near-field measurement system. 

The phase distributions of the field for single 
frequency 2.3 GHz are measured on two different 
distances from the patch’s surface – 1 mm and 3 mm. 
From the phase distribution we can see that the 
relative phase has changed in left direction from 
Fig.5c to Fig.5d. This shows that we are working with 
left hand circular polarized antenna.  

The overall scanned frequencies are 40 for 2.0 – 
2.4 GHz band and the dynamic range of the 
measurements is around 50 dB using the PNA. The 
size of the patch antenna is 59 x 59 mm and the 
scanned area is 75 x 75 x 62.5 mm. Simple 
calculations show that single scan with 1 mm 
resolution will give 75 x 75 = 5625 measurement 
points just for one plane. If we set the measurement to 
40 frequency points we get 5625 x 40 = 225000 
values just for the amplitude on one plane.  From this 
simple example it is obvious that the main problem is 
the handling of such big data structures effectively. 

Using Paraview software it is possible to be 
handled and visualized big data structures even on 
laptops and standard computers. Different filters and 
cuts could be applied to the data for processing. It is 
possible collected data to be exported in video format 
as animation. This gives unique opportunities for 
visualization of DUT‘s resonant effects.  

Balanced amplifier 

Using the same technique another device was 
scanned. The balanced amplifier shown on Fig.6. 
works in the frequency range 700 – 900 MHz. The 
input of the amplifier is connected to the first port of  
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the PNA, while the output is terminated with 50 Ω 
load. The second PNA’s port is connected to the H-
type RF probe and S21 parameter is measured. 
Measured data is shown on Fig.7a and Fig.7b. The 
orientation of the RF probe defines detectable currents 
on the surface of the PCB. Shown data is for such 
orientation of the probe, that it could detect only RF 
currents flowing along the horizontal traces between 
the RF input and the RF output. The vertical currents 
tend to be blurry and unclear on the visualization 
graphics. Even with single H probe we could easy 
distinguish, where the amplifying elements are.  

The balanced amplifier consists of two hybrid 
couplers one at the input and one at the output. The 
input hybrid divides the input power and split the 
signal in 90 deg. phase, so that the active components 
in the circuit have less coupling and better isolation 
between each other. The output hybrid coupler 
combines the amplified signal at the output in phase. 
Using this technique the output power increases with 
~3 dB compared to the amplification from single 
amplifier device. 

Scanned area of the balanced amplifier is 45 x 90 x 
3 mm with 1 mm resolution. On Fig.7a and Fig.7b are 
shown amplitudes distribution of the field for two 
frequencies respectively 760 MHz and 860 MHz. 
Visual analysis of the data shows that the field around 
the RF input is stronger at 760 MHz, which simply 
means that we don’t have very good matching for 
these frequency, while for 860 MHz less energy is lost 
in the matching. Another interesting observation is 
that we have stronger field around the coil elements at 
the output of the active devices and this field is 
stronger for the second frequency. 

Fig.8 shows the relative phase distribution for the 
same frequencies fig.8a/8b respectively 760 MHz and 
860 MHz. Visually we could see from collected data 
that the phase distribution is somehow blurry for the 
lower frequency, while for 860 MHz the phase 
difference is more distinguishable. Upper part of the 
circuit has relative phase 90 degrees with respect to 
the bottom part defined by the 90-deg hybrid couplers. 
The phases near the input and output are influenced by 
the cables and the connectors to the PCB. There the 
phases are mixed with the different reflections from 
the design of the board and the connectors. The 
amplifier has ~20 dB gain in the working bandwidth 
and this defines the relatively low input power that we 
provide to the input in order to get around 0 dB at the 
output. After the amplification stage the phases are 
much more defined, because the signal is stronger and 
the voltage generated by the probe is higher. This 
explains the better phase distribution at the output. 

 
 Fig.6.Balanced amplifier measured with the scanner.. 

 
 Fig.7.Surface currents amplitude for a) 760 b) 860 MHz . 

 
 Fig.8.Surface currents relative phases for 

 a) 760 b) 860 MHz. 
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Software 

Different types of software skills are needed for the 
design of a near-field scanner system. Most of the 
software used for these measurements is open source.  

There are many different approaches to combine 
the available software with measurement device to get 
even lower cost near-field scanner. One such example 
is the usage of microprocessor with RF front. Using 
Arduino board combined with appropriate transmitter 
and receiver working in the RF band of interest it is 
possible to get dynamic range better than 30 dB for 
amplitude measurements. Most important part of the 
project is the selection of device that could generate 
CW signal for the desired band. 

Example of such approach is the usage of low cost 
transceiver from ATMEL with integrated RF front end 
like ATMEGA128RFA1. Using the RSSI (received 
signal strength indicator) as an absolute measuring 
device we were able to measure the amplitude field 
distribution for single frequency with dynamic range 
up to 30 dB. Using the same processor the EM field of 
the patch antenna could be measured within the range 
2.4 to 2.485 MHz in 5 MHz steps. In order this to be 
accomplished successfully additional step should be 
considered for synchronization between the 
transmitter’s and receiver’s frequency. 

Most difficult part of the software is the 
synchronization between the measured data and 
control software that generates the movement of the 
3D printer and respectively moves the RF probe. The 
software should be able to process and collect the data 
from the PNA and move the RF probe fast enough and 
with the desired accuracy. All python software is 
published in repository [9].    

Conclusion 
This article tries to present a work done for solving 

a complex problem like near-field scanning technique 
using existing equipment and tries to describe the 
process of building low cost near-field measurement 
system. A basic setup for RF measurements of 
electromagnetic field has been set and two radio 
frequency devices were measured.  Measured data 
was presented visually and analyzed. 

The potential of the approach is not limited to EM 
measurements only and could be applied to 
temperature measurements also. 

Finer near-field scanners [10] need better 
mechanical structure and finer stepper control for IC 
measurements. Software part is applicable to all single 
probe scanners.   
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Modelling of step-up DC converter 

Vladimir V. Dimitrov, Peter T. Goranov 

 
In the current paper building on the sound theoretical foundation of state-space methods a model 

for the boost converter is presented. Replacing some elements in the ideal power convertor with their 
nonideal equivalent circuits results in a general vector nonlinear time-varying differential equation 
describing the circuit behavior.  Averaging the equation for one time period of the control frequency 
approximates the equation with one that is time-invariant. Solving the obtained equation for a 
particular equilibrium point results in a general expression for steady-state behavior. Subsequent 
small-signal linearization around the steady-state transforms the model to a linear time-invariant 
system (LTI). Using Laplace transform of the LTI system results in input–to-output and duty cycle-to-
output transfer functions. The results for steady-state and small-signal dynamic modelling are plotted 
and some comments are made about optimum converter behavior.   
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I.  Introduction 
The boost converter is used in a wide range of 

applications ranging from emulating active load in 
power factor corrected power supplies to an 
intermediate power conditioning circuit in hybrid 
electric vehicles. This wide range of applications 
means a lot of design effort is required in achieving 
optimal steady state and dynamic characteristics, 
while accounting for different real parameters in the 
power circuit. 

The goal of this paper is to obtain expresions 
describing the influence of nonideal circuit parameters 
on steady-state and dynamic behaivior around it of the 
boost converter. Achieving the goal is made through 

state-space modeling of the dc-dc converter. 
Replacing every component with its equivalent 

circuit will result in a very complicated model, so a 
simplification is made with accounting only for some 
the components – the internal resistance of the source 
voltage, channel resistance of the MOSFET, 
equivalent series resistance (ESR) of the output 
capacitor and diode resistance. It must be noted that 
the resistance of the connecting wires can be lumped 
in with some of the above, and will not be shown 
explicitly. 

Experimental results show that the boost converter 
cannot achieve arbitrary large boosting of the input 
voltage, and in addition trying to increase the duty 
cycle boosts the input voltage only to a certain point, 
after which the output voltage starts rapid decreasing 
to zero. 

The situation is described in Fig.1. Increasing the 
duty-cycle (d) leads to higher output voltage (Uo), 
which leads to increased output current (Io), meaning 
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also higher current consumed from the source (Is). In 
a real circuit this will lead to higher voltage drop in 
the resistance between the source and the converter, 
resulting in lower input voltage Ud for the power 
circuit. In most cases the power circuit is part of an 
automatic control system, which stabilizes some load 
parameters (usually the output voltage). Then the 
control system increases the duty cycle in an attempt 
to compensate for the lower input voltage. 
 

Ud Uo RL

Ri

Ui
STEP-UP
DC-to-DC

CONVERTER

Is Id Io
C

 
Fig. 1. Block diagram. 

However, it can happen that for a particular value 
of the parameters involved increasing d, respectively 
Uo, Io and Is, cannot compensate for the voltage drop. 
This is an undesirable situation because in an attempt 
to stabilize output voltage the controller increases the 
duty cycle d to the maximum possible (d=dmax, for 
example. 95%). Usually this results in nearly short 
circuit at the input of the converter, and significant 
reduction of output voltage. Additionally, the 
converter is usually designed to work in steady state 
with a fixed value for the duty cycle that is smaller 
than the maximum achievable. In this case if the 
above described situation arises the magnetic material 
in the input inductor can saturate resulting in an 
almost short circuit for the source voltage. The 
situation persists until the load is removed or 
protection circuitry activates switching off the 
transistor. 

The above described problems can be made 
concrete, so in the Section II expresions are obtained 
describing the influence of nonideal circuit parameters 
on steady-state and dynamic behaivior around it of the 
boost converter.  Subsequently the obtained results are 
plotted in Section III, and in Section IV a discussion is 
made about the influence that the individual 
parameters can have in the steady state and dynamic 
response of the converter. Finally, in Section V some 
comments are made about possible ramifications of 
the performed analysis. 

II. Analysis 
The analysis of the boost converter shown in Fig. 2 

is based on the following assumptions: 
- the source voltage is Ui=const; 

- the input voltage source is real with input 
impedance  Ri; 

- the power MOSFET and diode are modelled with 
resistance in their on state RT and DR  ; 

- the load impedance is modelled with RL ; 
- the output capacitor is modelled with its 

capacitance C and equivalent series resistance 
(ESR) Resr=const.; 

- the converter is assumed to work in continuous 
conduction mode (CCM). 

General State-Space Model 

The purpose of the analysis is to find a connection 
between the output voltage and the duty cycle and 
input voltage in order to maintain the proper mode of 
operation. 

The first step in the analysis is to transform the 
differential equation describing the behavior of the 
converter in every topological state in state-space 
form. Choosing the inductor current and capacitor 
voltage as the state variables the first order differential 
equation is: 

BuAx
dt
dx +=)1(  

DuCxy +=)2(  

The step-up converter curcuit and two equivalent 
ciruits for CCM – when the transistor is on and off 
and are shown in Fig. 2. 

 

T is ON T is OFF

RT
RLRL

RL
Ri

UiUi

L

D

L Ri

Ui

Ri C

C

T

C RD

Resr
Resr

Resr

L

 
Fig. 2. Equivalent circuits. 

When the transistor is on the equations are: 

L
RRiU

dt
di TiLiL )(=)3( +−  

)(
=)4(
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RRC
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+

=0)5(  
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When the transistor is off using the superpositon 
principle for Linear Time Inveriant(LTI) systems 
results in the following differential equations for the 
state variables: 

L
RR

Ru
RR

RRRRiu

dt
di Lesr

L
c

Lesr

Lesr
DiLi +

−
+

++−
=)6(  

( ) ( )Lesr

C
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u
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dt
du

+
−

+
=)7(  

( ) Lesr

LC

Lesr

esrLL
o RR
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RR

RRiu
+

+
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=)8(  

Converting (3), (4), (5), (6), (7) and (8) in state-
space form given in (1) and (2) the separate matrices 
are: 

- when the transistor is on 

( )
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- when the transistor is off: 
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Approximate average model 

Averaging the two topological states allows for a 
single differential equation description of the power 
conversion process. In this case the averaged matrices 
are: 

21 )(1=)()10( AddAdAav −+  

21 )(1=)()11( BddBdBav −+  

21 )(1=)()12( CddCdCav −+  

The single differential equation valid for the whole 
switching cycle is : 

xCy

uBxA
dt
dx

av

avav

=

+=

)14(

)13(  

This nonlinear differential equation must be 
linearized around an equilibrium solution to acquire 
the separate small-signal transfer functions describing 
the dynamic behavior of the converter. Assuming 
small perturbations around the equilibrium point 
allows neglecting higher order terms in its Taylor 
series: 
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 DC Transfer function 

For the DC transfer function of the converter the 
derivative in (13) is set to zero and the following 
equations are obtained: 

UDBDAX avav )()()17( 1−−=  

XDCY )()18( =  

Substituting from (9) and putting 
LC
12

0 =ω
, 

esrL

L
Leq RR

RR
+

=
, Ton RR =

, esrLeqDoff RRRR +=  the 

fallowing expression is obtained for the DC transfer 
function: 
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To obtain the maximum achievable boosting of the 
input voltage the derivative with respect to the duty 
cycle is first obtainted: 
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Setting to zero the numerator in (20) the fallowing 
expressions are obtained: 
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The duty cycle is less than one so only the negative 
square root is kept: 
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Lastly the duty cycle in (22) is substituted in the 
expression for the DC Transfer function: 
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Assuming that the output capacitor has small 
equivalent series resistance in comparison with the 
load resistance, which is reasonable for most power 
levels, the formula for the maximum achievable duty 
cycle can be approximated with: 

( )
L
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R
RRD +−= 1)24( max  

Input-to-output dynamic transfer function 

The next phase of the analysis is to obtain 
expressions for the small signal dynamics of the 
converter. Separating the small perturbations around 
the steady-state value a differential equations is 
obtained for them: 
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The input-to-output and duty cycle-to-output 
transfer functions are obtained by Laplace 
transforming the equation with zero initial conditions, 
and considering only one input at a time. 

The input-to-output transfer function is: 
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Substituting the individual matrices form  (9)  the 
following expression are obtained: 
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After some simplifications the final form of the 
transfer function is : 
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Duty cycle-to-output dynamic transfer function 

The duty cycle-to-output transfer function is 
obtained form : 
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The individual matrices are: 
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Substituting and simplifying the matrices (31) in 
(30) results in the following expression for the duty 
cycle-to-output transfer function : 
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III. Results 

Steady-State  

In the last section a general formula for steady 
state behavior of the boost converter was derived. The 
plot of the function is shown in Fig.3. For ease of 
plotting the dimensionless groups 

L

D

L

esr

L

T

L

i

R
R

R
R

R
R

R
R ===   are assumed equal.   

The maximum achievable boosting of the input 
voltage obtained in (23) as a function of the above 
mention dimensionless groups is shown in Fig.4.  
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Transfer functions 
Using a step input and inverse Laplace transform 

the unit step responses from input-to-output and duty 

cycle-to-output are shown in figure 5 and Fig.6 for 
two different steady state points. 
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Fig.3. Steady state response of the boost converter. 
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Fig.4. Maximum achievable boosting of the input voltage. 



“ + ”, 3-4/2014 19

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 0.2 0.4 0.6 0.8 1 1.2 1.4

x 10−3

−2

−1

0

1

2

3

4

5

6

7

8
x 10−5

Time

St
ep

 re
sp

on
se

D=0.1
D=0.6

 
Fig.6. Duty Cycle-to-output step response. 
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Fig.5. Input-to-output step response. 
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IV. Discussion 

Steady-state 
The plotted graph of the steady state response of 

the boost converter shows that it cannot achieve 
arbitrary high output voltages. The maximum 
achievable boosting of the input voltage can be 
obtained in (23) shows that the most contributing 
parasitic resistances to the observed gain fall-off are 
the ones from the source and transistor. This makes 
sense because high values of boosting require greater 
quantities of energy to be stored in the magnetic field 
of the inductor during the transistor on time, and the 
presence of the source and transistor resistances 
impedes it. 

Transfer functions 
The forms of the input-to-output transfer function 

show that it is of second order (two poles) with no 
zeros. This permits the use of well-known 
approximated expressions between time domain and 
frequency domain parameters. 

On the other hand, the duty cycle-to-output 
transfer function although it is of second order it has 
a right hand zeros that depend on several different 
time constants. This makes the overall transfer 
function a non-minimal phase complicating its 
compensation in a closed loop system. 

The non-minimal phase transfer function between 
the duty cycle and output can be explained on 
physical grounds in the following way: During steady 
state operation of the converter if the input voltage 
sinks from 1U  to )( 122 UUU > , the control system 
will react rising the duty cycle from 1D  to 

)( 122 DDD >  in order to keep the output voltage 
constant. But during the time the transistor is on the 
output voltage is kept constant only by the output 
capacitor, so in a dynamic situation raising the duty-
cycle will result in a longer on time of the transistor. 
During this period the load will have more time to 
discharge the output capacitor resulting in lower 
output voltage. 

One solution to the non-minimal phase control 
problem is to use full state feedback control system 
instead measuring only the output voltage and 
comparing it to the reference voltage. This leads to 
the natural distinction between current mode (full 
state feedback) and voltage mode control. 

V. Conclusion 
In this paper formulas for the DC transfer function 

and small signal input-to-output and duty cycle-to-
output of a boost converter operating in CCM are 

derived. These form the base on which the behavior 
of the converter in transient and steady state is 
analyzed as a function of different parasitic 
resistances. The equations are obtained for maximum 
output voltage achievable and for acceptable values 
of duty ratio.  

The underlying approximation allowing the small 
signal transfer functions doesn’t allow their use in 
analysis of the start-up transient of the converter. 
However, they can be used as an initial guess of its 
closed loop start-up transient with increasing the 
calculated overshoot. 

Although the paper concerns itself only with the 
boost converter operating in CCM, and only deriving 
two of the five transfer functions, similar analyses 
can be made for other dc-to-dc converters using the 
same steps, as only in this class of power electronic 
converters the resulting expressions are LTI allowing 
more practical analysis. 
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A linear converter of strain-gauge bridge bidirectional disbalance 
into frequency deviation 

Svilen H. Stoyanov 

________________________________ 

The measurement of mechanical force and torque magnitudes by means of strain gauges based 
on a new method for “transforming resistance into frequency” is the object of investigation in this 
paper. It presents the development of a converter with frequency output using the method of unfolding 
transformation. An original design is proposed for researching and measuring the non-electrical force 
and moment values in some technological processes. The equation of conversion is obtained which 
proves to be invariant from some transformation parameters including the power supply voltage. The 
advantages of the scheme proposed are measurement of bilateral load, improved linearization of the 
measuring range, high sensitivity, working with both a half bridge and a full bridge, and the simplicity 
of the scheme implementation. Computerized simulation has been made and experimental 
measurement confirms the theoretical formulation, as well. 
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Introduction 
The big attention to the converters in question is 

owing to many advantages they have using schemes 
with a frequency output. The advantages are higher 
accuracy of measuring, higher sustainability against 
noise of frequency signals, low sensibility to the 
resistance of connecting conductors, non-sensibility to 
the contact resistance and easy detecting the frequency 
signal. 

The scheme decision gives possibility for easy 
regulation of sensibility of the basic frequency, 
exclusion of the additive errors caused by the driftage 
of zero in the DC amplifier and in the integrator, and 
work within wide temperature limits in case the 
source of power is unstable [6]. 

Another feature is a low number of composed 
elements which is an additional advantage of this kind 
of converters. 

The task for elaborating and testing the convertors 
is very heavy, and the requirements to the elements to 
achieve stable work under very low input signals are 
high, as well. 

Analysis of the existing schematic solutions 
There are many technical solutions for converters 

from voltage to frequency, with total conversion. They 
are all built on the basis of the relaxation oscillator 
and include two main blocks: integrator and 
comparator which are covered by the respective 
positive and negative feedback. The basic scheme of 
the converter of the resistive imbalance in the bridge 
frequency [5] is shown in Fig. 1. 

The proposed scheme decision includes a 
differential amplifier (DA), an integrator (I), and a 
comparator (C). The power diagonal of the bridge is 
connected between the output of the comparator and 
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the common ground. Measuring is done diagonally 
to the inputs of the differential amplifier whose 
output is connected to the inverting input of the 
integrator OA1. The latter’s non-inverting input and 
output are connected to a common ground and 
inverting input of the comparator OA2 whose non-
inverting input and output are associated with the 
output of the converter f.  

 
Fig.1. Signal conditioning circuit for resistive bridge with 

frequency output. 

The output frequency is determined by the 
following equation: 

(1)   
τ
ε=

4
..knF  , 

where n = 1, 2, 4 respectively for 1, 2 and 4 working 
arm of the measuring bridge B, k is gain of the 
differential amplifier DU;  = Rx/Rx0  is relative 
change in resistance of the strain gauges;  = RC is 
time constant of the integrator. 

On the basis of the scheme in Figure 1, a new 
scheme of the measurement transducer has been 
developed. Fig. 2 illustrates a schematic view of the 
transducer with resistance deviation in frequency [1], 
and Fig. 3 illustrates timing diagram of the operation. 

The scheme including the integrator is made on the 
basis of R1, C1 and OA1,  comparator designed on 
the basis of OA2 with positive feedback composed of 
R2 and the equivalent resistance R of the power 
diagonal of the bridge, and  differential amplifier 
designed on the basis of OA3.  

The analysis of the operation of the converter [1] 
shows that when using two or four strain gauges as a 
working sensor connected differentially [7], the output 
frequency is a linear function of the change in 
resistance of the sensor: 

(2)   R
CR

K
R

U
UCR

K
F DUR

R

DU
OUT δδ

1111 824
==   

 

 
Fig.2. Circuit diagram of the proposed resistance deviation 

bridge to frequency converter. 

 
Fig.3. Timing diagram of operation. 

Eq. (2) shows that the parameter UR (a function of 
the output voltage of the comparator and the resistors 
R2 and R) is not included in the equation of the 
conversion and, thus, the converter is invariant from 
it. This is an important feature of the converter, as in 
the classical circuit solutions supply voltage of the 
bridge comes with a unit weighting factor in the 
equation of transformation to bring it particularly 
stringent requirements. 

A major shortcoming in the converter in Fig. 2 is 
that the transformation equation is valid only for one-
sided load sensors modified to their resistances with a 
sign marked in the figure. To have the output 
frequency reset to zero load ( R = 0) and reloading 
strain gauges should become negative is obviously 
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impossible. Therefore, for the correct operation of the 
converter it is necessary to observe the signs of 
changes in the resistances of the working sensors, as 
shown in Fig. 2. Furthermore, the output frequency is 
reduced substantially below for the sake of accuracy 
of its measurement, which means the resistive bridge 
should be unbalanced in advance to about 10% of the 
output range of the converter.  

The Fig. 4 shows a circuit diagram that eliminates 
these shortcomings. 

The scheme of Fig. 4, analogous to that of Fig. 1, 
contains an integrator based on R1, C1 and OA1, a 
comparator (Schmitt trigger) based on OA2 with 
positive feedback consisting of R2 and equivalent 
resistance R of the power diagonal of the bridge, and a 
differential amplifier designed on the basis of OA3. 
Additionally, an inverting amplifier designed on the 
basis of the operational amplifier OA4 and resistors 
R7, R8 and R9 is introduced. Its output is connected 
through a resistor R10 to the inverting input of OA1, 
and its input - to the supply voltage UR of the bridge 
[2]. 

 
Fig.4. Circuit diagram of the bilateral resistance deviation 

bridge with regard to a frequency converter. 

The timing diagram of the bilateral converter is 
shown in Fig. 2. As well, a complete symmetry of the 
processes in the two time intervals is available in the 
circuit there.  

For the output frequency of the converter, the 
following is obtained:  

(3) 
8

1 1 1 7 10 1

0

1 1 1
2 8 4

DU
OUT

R

K RF R
t R C R R C

S R F

δ

δ

= = + =

= +
 

(4) 
0118 CR

KS DU
R =         (5)

01107

8
0

1
4
1

CRR
RF =   

where Eq. (4) presents the sensitivity of the 
converter, and Eq. (5) gives starting frequency of the 
converter with R = 0.  

The Eq. (3) shows that the susceptibility SR 
specifies a maximum, and a module change of Strain 
gauges | R|max is sufficient to set the initial frequency 
F0> SR| R |max, wherein, in the entire input range of up 
- Rmax to + Rmax output frequency of the converter 
will remain positive. 

The presented converter of bilateral deviation 
strain gauge resistive bridge to frequency has 
potentially high metrological characteristics and 
works sustainably in the normal range of strain-gauge 
measuring bridges. 

The main disadvantages of the presented scheme 
implementation are heightened complexity and 
relatively high values of reduced error of nonlinearity 
which during simulations reach a value of 0,413%, 
and for practical realization 0,52% [2]. 

Main part 
The converter in Fig. 5 consists of: integrator 4, 

comparator 1, strain-gauge resistive bridge 2, a 
differential amplifier 3 and a voltage divider 5 and 6. 

 
Fig.5. The circuit diagram of the proposed linear 

resistance-deviation-to-frequency converter. 

The timing diagrams of the operation are shown in 
Fig. 6, where the output voltage Vout is obtained at the 
output of comparator 1 as V0, and VI is at the output 
of the integrator 4. 
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Fig.6. Timing diagrams of linear converter. 

The analysis of the converter’s work will be 
conducted assuming operational amplifiers for ideal. 
The principle of operation of the converter is as 
follows: in the steady state, the output voltage of the 
comparator 1 takes one of two states +V0 or –V0 
(Fig.6); this voltage goes simultaneously as threshold 
voltage comparator 1 supply voltage resistive bridge 2 
and input voltage of the resistive voltage divider 
comprising a first resistor 5 and a second resistor 6. 
Assuming that the voltage V0 is positive (interval t1 ÷ 
t2) and the output voltage of the resistive bridge 2 is 
linear to the relative change in resistance R ( R = 

R/R) and in particular for two differential sensors 
related work for the output voltage of the bridge 2 
output:  

(6)    RVV o
B δ=

2
 

For the output voltage of the differential amplifier 
3, the following equation is obtained:  

(7)    RVkV o
DADA δ−=

2
 

However, the non-inverting input of the integrator 
4 goes from the output voltage V  the voltage divider 
composed of a first resistor 5 and a second resistor 6: 

(8) oo V
RR

RVV β=
+

=β
21

2  

Considering Eqs. (7) and (8), on the principle of 
superposition in the time interval t1÷t2, for the output 
voltage VI of the integrator 4 the following equation 
can be written:  

(9)
2 2

1 1

1 12 ( )
2

t t
o

I o o o DA
I It t

VV V V V dt k R dtβ β δ
τ τ

= − + + − −  

The comparator switches its output from + V0 to -
V0 at the moment t = t2, when the output voltage VI 

(t2) of the integrator 4 becomes equal to the trigger 
voltage V0. Considering the symmetry of the two time 
intervals (t1 ÷ t2 and t2 ÷ t3), for the first time interval 
it is displayed: t2÷t1 = T /2, where T = 1/F is the 
period of the output voltage. Taking into account that 
the values of the integrands in Eq. (9) are constants in 
the time interval, the same equation can be 
transformed as follows: 

(10)
   

1 12
2 2 2

o
o o o DA o

I I

VT TV V V k R Vβ β δ
τ τ

− + + + =
  

From Eq. (10), for the frequency F = 1/T the 
following equation is obtained: 

(11) 
1

4 (1 ) 8 (1 )
DA

I I

kF R
T

β δ
τ β τ β

= = +
− −

 

The first part of the equation represents the base 
frequency, and the second part is the change in the 
base frequency under bidirectional load. From Eq. 
(11), the output frequency can be seen to be subject to 
the following condition: 

(12) 
8 (1 ) 4 (1 )

DA

I I

k R βδ
τ β τ β

<
− −

  

According to this condition, the converter is linear 
for both positive and negative R. 

The scheme combines the most of the advantages 
of the circuit solutions considered here and has very 
good metrological characteristics under bilateral 
variable loading [3]. 

A prototype of the proposed scheme has been 
implemented [4].  

 Simulation results 
For confirmation of the analysis, the converter in 

Fig. 5 has been simulated by the values of the 
elements as shown in Fig. 7. 

In Table 1, the results of simulation research are 
given. The strain gauges are represented by the 
resistors R4 = 100.0 ... 100.5 , R3 = 100.0 ... 99.5 , 
varying with step 0.1  (column 1). In columns 2 and 
3, the period T in ms and the fout output voltage 
frequency in kHz are respectively shown. In column 
4, corresponding points are calculated concerning the 
linearized rights fout-lin in kHz and drawn between the 
first and last points of the output frequency fout. In 
column 5, reduced error of nonlinearity is calculated 
according to the following equation: 

(13)    %100
min_max_

_

outout

linoutout
lin ff

ff
−

−
=γ  
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Fig.7. Circuit of the converter for the simulation 

experiment. 

Table 1 
Simulation results 

R11/R13,  T, ms fout,kHz fout_lin,kHz γlin, % 
1 2 3 4 5 

99,5/100,5 1,8598 537,7 537,7 0 
99,6/100,4 1,3344 749,41 749,409 -0,00013 
99,7/100,3 1,0405 961,11 961,118 0,000832 
99,8/100,2 0,8526 1172,82 1172,827 0,000597 
99,9/100,1 0,7223 1384,53 1384,536 0,000433 
100,0/100,0 0,6265 1596,27 1596,245 -0,00157 
100,1/99,9 0,5531 1807,94 1807,954 0,000774 
100,2/99,8 0,4951 2019,65 2019,663 0,000644 
100,3/99,7 0,4482 2231,35 2231,372 0,000986 
100,4/99,6 0,4093 2443,11 2443,081 -0,00119 
100,5/99,5 0,3767 2654,79 2654,79 0 

 Experimental results 
To check of the function of the converter in Fig. 8 

has been done by means of an experimental model 
using the following components: a comparator - 
operational amplifier LF357N; differential amplifier 
and integrator - operational amplifier LF356N; 
resistors with a tolerance of ± 1% and a capacitor with 
a tolerance of ± 2%. The following values of the 
elements have been selected: R = 100  - initial 
resistance of the sensor, R1 = RI = 10k , R2 = 1,3k , 
CI = 2,2nF, gain differential amplifier KDA=30. At 
these values of the components and unbalance of the 
resistive bridge R = ± 0,5  (set with resistive 
decade), the following results have been obtained: 
initial frequency (with a balanced bridge) f0 = 1446,7 

Hz and incremental change in the frequency 181,9 Hz 
(for R = 0,1 ) – Fig. 8 and Table 2. When 
comparing the results with theoretical relative error, 

f0 = -1,5% is displayed for the initial frequency. The 
relative error of the sensitivity of the converter output 
is k = -5% [4]. 

 
Table 2 

Experimental results 
1 2 3 4 5 

R11/R13, T, ms fout,kHz fout_lin,kHz , %  
99,5/100,5 0,42510 2352,3895 2352,38950 0 

99,6/100,4 0,46068 2170,7099 2170,46352 0,013543

99,7/100,3 0,50265 1989,4656 1988,53753 0,051013

99,8/100,2 0,55263 1809,5263 1806,61155 0,160216

99,9/100,1 0,61573 1624,097 1624,68557 -0,03235

100,0/100,0 0,69266 1443,7075 1442,75959 0,052104

100,1/99,9 0,79299 1261,044 1260,83360 0,011565

100,2/99,8 0,92648 1079,3541 1078,90762 0,024542

100,3/99,7 1,11364 897,95873 896,98164 0,053708

100,4/99,6 1,39885 714,87223 715,05565 -0,01008

100,5/99,5 1,87572 533,12967 533,12967 0 
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Fig.8. Experimental results. 

The results obtained show a coincidence with the 
deduced analytical expressions. The errors of the 
converter in the experiments are within the tolerances 
of the components used. 

Conclusion 
 The present paper shows the elaborated 

scheme of a linear converter of strain-gauge resistive 
bridge disbalance into frequency deviation under 
bilateral load. There have been experiments 
demonstrating the efficiency of the scheme, 
particularly in minimizing the non-linearity. The 
scheme has been simulated with the same values at 
which the maximum non-linearity error appears as 
0,00157%, and scheme’s conversion is 0,05225%. 
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ELECTRICAL ENGINEERING 

Optimization of the structure and the distribution of the reactive 
power compensation in the industrial electrical supply systems 

Nikolay Matanov 

 
The compensation of the reactive loads is fundamental for improving the quality of the industrial 

electrical supply and decreasing the losses of active power in the distribution grids. Regarding energy 
efficiency, capacitor banks are the most efficient source of reactive power therefore they have become 
the main instrument for compensating the reactive loads. The increase of the efficiency of industrial 
electrical power supply systems with complex hierarchy could be carried out through optimization of 
the structure and the distribution of the common compensation power at certain points from the 
electrical supply system (at high and low voltage). This article explains a mathematical model of an 
objective function for optimization the structure and the distribution of the common compensation 
power. A calculating diagram of a hierarchy electrical supply system is created which recognize the 
existence and impact of synchronous motors used as an additional reactive power source. 
Optimization criteria were chosen and the restrictive conditions are being described. An algorithm 
and a program for solving the optimization problem were created based on objective function. 
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Introduction  
In order of increasing the efficiency of the installed 

reactive power sources (RPS) an optimization of the 
structure and the distribution of the common 
compensate power at the industrial electrical supply 
systems (IESS) is needed [1], [2]. Usually the 
traditional RPS is used: low voltage capacitor systems 
(CS); high voltage capacitor systems; synchronous 
motors (SM) in capacity working mode.  

There are two main criteria for solving this 

problem: minimum annual cost and minimum active 
power loss from the flows of reactive loads at the 
IESS [3], [4], [5], [6], [7]. The objective function is 
regarded as a continuous function; actually the 
capacitor banks powers are discreet values and the 
objective functions are interrupted. The capital 
investments of the particular capacitor system are 
considered proportional to their capacitive power qc 
(their constant component is not taken into 
consideration) or their subordination to qc in the 
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interval [0, qc min] is being approximated with the 
proper function. The economically advisable 
condensate power qc min is unknown in advance; it is 
most accurately calculated with solving the particular 
optimization problem. 

This article will develop mathematical model of 
the objective function with vector criterion; in 
calculating the extremum the discreet character of the 
capacitor banks power will be recognized. 

Choosing optimum criterion 
The optimization of the structure and the place of 

installing the RPS could be executed according to 
several different criteria:  

• Minimal capital investment (investment  
expenses) for delivery and installing the RPS in 
the electrical supply system;  

• Minimal losses of active electro-energy from the 
flows of reactive energy at the IESS and at the 
RPS; 

• Minimal capital investment for building the local 
substations (LS) after placing capacitor banks on 
the low voltage side of the substations; this 
criterion is applicable when projecting the 
electrical supply system.  

• Multipurpose (vector) criterion with general 
function, which determines different criteria. 

The above mentioned criteria require technical 

observation of restrictions meaning the optimization is 
relative.  

In this particular case the structure and the 
placement of the RPS will be optimized according to a 
double-criteria vector economic and technical 
criterion (minimal capital investment and minimal 
active electro energy losses). 

Creation of the objective function 

. Formulation of the problem 
On fig.1 is shown double hierarchical calculating 

diagram of IESS. The system has k radial cable lines, 
supplying local substations; l main cable lines and m 
distribution substation (DS) with Ni number local 
substations included. 

The possible points of adding RPS are: low voltage 
capacitor system at the secondary side of the local 
substations; middle voltage capacitor system at the 
distributing or main substation of the company; up to 
any synchronous motors quantity (Mi) in each 
distribution substation.  

Electrical loads (active and reactive) are connected 
on LV at the secondary side of the local substations 
and on MV at the distribution substations. They are 
intended for a stable industrial working mode. 

The compensative power Qc, required for the 
realization of the main (prescribed) power factor, 
could be determined in accordance to the electrical 
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energy payment decree.  
The optimization of the required capacitive power 

structure determines the different types of RPS 
(capacitor banks and SM in capacity working mode) 
according to efficiency criterion. 

B. Objective function of the capital investments 

The capital investments of a single capacitors 
installation K are linearly dependent on the capacitors 
power (fig.2) 

(1) '
cK a b q= + , 

where 
qc is the nominal power of the capacitor bank, 

kVAr;  
a, b’ – constants which determines the constant 

and the variable component of the capital investments; 
they depend on the nominal power of the capacitor 
bank (for LV a=alv and b’=blv and for HV a=ahv  
b’=b’hv)  and the construction of the systems 
(electrical panels, commutation equipment, etc), 
€/kVAr. 

CS-high voltage

CS-low voltage

 
 Fig.2. Dependence between the capital investments of low 

and high voltage CS and capacitors power qc. 

The dependence between  and qc has the 
following particularities: 

• When qc equals zero, there is no CS installed 
therefore the constant component needs to equal 
the same value (if qc=0, then a=0);  

• Producers work on a range of nominal powers 
for CS with a particular variation step qc; such 
steps for low voltage CS and middle voltage CS 
are different (usually qc< qchv); therefore the 
capital investments are an interrupted (discreet) 
function of qc.  

 
After the mentioned above particularities are taken 

into consideration the expression (1) transforms into: 
- For CS with low voltage 

 (2) *lv lv lv lv cK a w b q= + , 

- for CS with middle voltage  

 (3) *hv hv hv hv chvK a w b q= + , 

where 
qc* and qchv* are integers (discreet values) of the 

CS’ powers with low and high voltage (qc* = qc/ qc; 
qchv*=qchv/ qchv);  

blv and bhv – constants which recognize the discreet 
variation steps among the CS power range 
(blv=b ’. q ; bhv=bhv’. qhv), €;  

wlv and whv – boolean variables which depend on 
the following variables qc and qchv (when qc=0 then 
wlv=0 and whv=0; when qc>0 – wlv=1 and whv=1). 

 
Considering the calculating diagram (fig.1) the 

objective function of the general capital investments K 
for the capacitor systems installed at the electrical 
supply system transforms into the following 
expression: 

(4) 
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Synchronous motors are used because of different 
technical reasons and no capital investments will be 
determined for them. 

. Objective function of the active energy loss 

In the components of the IESS and RPS there will 
be active energy losses Wq during the transfer of 
reactive powers. 

The common annual losses of active energy among 
the different components of the system and the RPS 
will be defined as follows: 

• radial cable lines and the transformers at the 
local substations 

(4) 
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where 
qavi  qrmsi are the average and the RMS reactive 

loads of the local substations, kVAr; they can be 
defined using the statistic method with systems 
already built and with the indexes of the load diagram 
if the systems are still being designed; 

Ti – capacitor banks working time per year during 
daytime and the peak hours of the twenty-four-hour 
period, h/year; 

Un – nominal voltage of the middle voltage 
distribution grid, kV;  

ri – cable and transformer active resistance (ri = rci 
+ rti), ; 

qci – the power of low voltage capacitor system, 
kVAr. 

 
• Transformers in the local substations which are 

installed at the main cable lines and the 
distribution substations ( Wq,t) 

(6)  
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where rt is the active resistance of the transformers. 
 
• Cables at the main cable lines ( Wq,m) 
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• Cables, supplying the distribution substations 

(8)  
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where Qi(t) is the low and middle voltage common 
load, kVAr;  

qsm, qchv – the high voltage capacitive power of the 
synchronous motors and the capacitor systems, kVAr. 

 
• Low and high voltage capacitor systems 
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where p*c and p*chv are the specific losses of the 
low and high voltage capacitor banks, kW/ kVAr. 

 
• Synchronous motors in capacity working mode 

( Wq,sm) 

(10)  
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where  
D1 and D2 are constants which depends on the type 

of the synchronous motor, kW/ kVAr  kW/ kVAr2; 
qnsm – the nominal reactive power of the 

synchronous motor, kVAr; 
qsm – the generated capacity power by the 

synchronous motor, kVAr. 
In the expressions (5) - (10) the variables qc and 

qchv are replaced with qc=qc*. qc  qchv=qchv*. qchv, and 
as a result Wq become interrupted functions with 
purposive variables.  

 
The common annual active energy losses Wq 

from the reactive power flows in the IESS is 
determined with the expression: 

(11) 

, , ,

, , ,

* * *( , , , ).

q q ct q t q m

q ds q cs q sm

c chv cms sm

W W W W
W W W

W q q q q

Δ = Δ + Δ + Δ +

+Δ + Δ + Δ =

=

 

D. Multi-objective (vector) criterion  

The capital investments for capacitor systems and 
the losses of active energy from the reactive loads 
flow in the IESS depend on identical variables: size of 
low voltage capacitor bank (qc); capacitive power of 
the synchronous motors (qsm).  

The different criteria for optimizations are as 
follows: 

• minimal capital investment; 

(12) * *( , , , ) minlv hv c chvK w w q q= =  

• minimal active energy losses caused from 
reactive loads flow; 

(13) * * *( , , , ) minq k kW W q q q qΔ = = . 

These two criteria can be unified forming the 
following criterion: 
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(14) * *
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Following each one of the criteria from above 
different optimum solutions will be obtained. 

The common solution will be obtained from a 
unified scalar criterion. 

Both of the criteria (12), (13) can be brought to one 
and the same dimension in euro. This is possible after 
determining the investment expenses (€/year) for 
paying the annual electrical energy loss: 

 (15) . avC W β= Δ , 

where av is an average price for electrical energy, its 
zone rates for payment and their alternation trend have 
to be determined.   

Annual loss flows  have relatively constant 
values ( Wq const; av const) and as a result they can 
be reduced to the current value of the initial exploiting 
period of the reactive power sources with the 
following expression: [8], [9] 

(16) 
(1 ) 1

(1 )

N

n vf N

rC p C C
r r
+ −= =

+
, 

where 
pvf  is present value factor, which allows RPS’ each 

year’s losses to be reduced to the initial period (the 
end of the first exploitation year);  

r – percent interest (discount rate), %; 
N – standard reactive power sources life duration. 

Since K and n have the same dimension (€) the 
vector criterion (14) can be one unified scalar 
efficiency function [8,10] as follows 

(17) 1 2 minnZ K Cλ λ= + = , 

where 1  2 are weighting factor for  and n. 

Weighting factors 1 and 2 can be determined after 
analyzing the particular technical and financial 
conditions. Usually in the electrical energy filed [7] 
while carrying out such examinations these factors are 
unity ( 1= 2=1).  

The optimization following the three criteria (12), 
(13) and (17) will be regarded as relative because 
certain constraints need to be taken into consideration. 

Constraints 
In regard to observing the definitive variation 

range of the independent variables according to 
certain physical and technical requirements, the 
optimization is being executed under the following 
constraints: 

• The sum of the capacity powers of all the RPS 
installed has to be equal to the compensate power 
needed Qc 

(18) 
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• All the independent variables are positive 
quantities 

(19 ) 0,   1, ;   1, ;cij iq i l l m j N≥ = + + = , 

(19b) 
0,   1, ;
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q i k l k l m
q
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(19c) 
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• Transformers at the local substation do not have 
to be overloaded 

(20) 
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where 
kp is the permissible load factor;  
pmax, qmax – the maximum continuous active and 

reactive loads of the local substations, kW; kVAr; 
St – the nominal power of the transformers; 

• There should be no transfer of capacity energy 
form the local substations to higher hierarchy 
levels 

(21) 
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q q
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• The overheating of the stator and rotor windings 
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subordination of the SM has to fit the permissible 
limits 

(22) 
,    

1, ;   1, ,
smij pij nsmij

i

q q

i k l k l m j M

α≤

= + + + + =
 

where p is the maximum admissible capacity loading 
of the SM, which is defined by the active loading and 
the parameters of the SM. 

 
It is also needed to detect the dependence between 

the boolean variables and the independent variables 
qcij and qchvij 

(23) 
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The dependence between whvij and wms is identical. 

Methodology and algorithm of optimization 
The efficiency factor (17) is a sum of three 

functions with different type of variables: boolean 
variables wij; discreet (integer) independent variables 
qcij and qchvij; continuous quantities of the capacity 
powers of the SM. The constraints are one equation 
and inequalities.  

From (18) for qcms the following expression derives 

(24) 
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After replacing qcms in (17) the independent 
variables decrease with minus one variable and the 
restraint (18) transforms into the inequality 

(25) 
1 1 1

1 1
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The restraint (19b) for qcms stays the same. 
Considering the nature of the objective function 

and the constraints the optimization happens 
following a direct optimization method (the method of 
scanning the independent variables).  

 
Fig.3. Algorithm for applying the method of scanning. 

This particular method was chosen because it is 
relatively easy to determine its algorithm and it 
organizes an extremum research with no regard of the 
objective function type. The number of the 
calculations depends on the number of the controlling 
parameters and the accuracy that was set [10]. Having 
the nowadays calculating technologies this is usually 
not a problem. 

The common structure of the algorithm needed for 
solving the optimization problem is illustrated on 
fig.3. 
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A program was created in Matlab environment 
based on algorithm, for solving the optimization 
problem. 

Conclusion 
The developed mathematical method and 

algorithm for partially integer vector optimization 
with determining the boolean variables allows the 
optimum structure of the compensate powers to be 
defined meaning the division of the required 
compensate power Qc between the low and high 
voltage capacitor systems and the synchronous 
motors. 

The developed program allows studying the 
influence of the system parameters, the construction 
of the capacitor systems, the regimes of loading the 
synchronous motors and the financial conditions, 
which will make the design of an efficient electrical 
supply system possible. 
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TELECOMMUNICATIONS SCIENCE 

A functional model extension of OMA device management 
Ivaylo I. Atanasov, Evelina N. Pencheva 

 
Machine-to-Machine (M2M) communications allow interworking of smart objects such 

as sensors, actuators and monitors, and development of innovative applications. Remote 
entity management provides means of managing M2M device life cycles. Open Mobile 
Alliance (OMA) defines a device model aimed to support management applications. The OMA 
device model includes communication attributes of the managed device but does not describe 
device attributes related to its sensor or actuator functions. The paper presents an extension 
of OMA device model that includes common sensor and actuator data that might be of 
interest in the management context. New information structures are defined and described in 
XML format. The usage of the proposed information structures is illustrated by use cases. 
State models representing the managing entity’s view on the state of M2M device are 
synthesized. The state models allow scheduling device management tasks, configuring 
connectivity, firmware updating, performance monitoring, installing and updating software, 
and managing device capabilities. 
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Introduction 
Machine-to-Machine (M2M) communications is a 

standardized term for interworking of smart objects 
capable to gather information from the environment 
without human intervention. The evident growth of 
M2M communications is estimated to be about 5% 
share of the global mobile internet traffic in 2018 [1]. 

This type of communications is expected to have a 
profound impact on our lives [2]. The large scale 
deployment of IP-connected smart objects enables 
development of innovative service in areas like 
healthcare, transportation and energy. M2M 
technologies that use Internet Protocol (IP) 
connectivity are often referred to the notion of 
“Internet of things” [3]. 
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M2M networks contain heterogeneous 
communicating devices, support different 
communication pattern types, feature variety of 
applications deployed by various providers and 
operate in a highly dynamic environment. Ubiquitous 
deployment and tremendous growth of M2M devices 
is a real challenge to remote device management and 
provisioning [4]. Device management includes M2M 
device tracking, remote monitoring and updating as 
required, as well as provisioning management and 
reporting of M2M devices on a given network. Rapid 
configuration and efficient use of network resources 
require “over the air” management [5]. 

European Telecommunications Standard Institute 
(ETSI) standards define the M2M functional 
architecture [6]. In order to support both M2M device 
management and M2M application development, 
ETSI published study on semantic support for M2M 
data. The aim is to study a new service capability 
devoted to discover, interpret and use the M2M data 
from different sources, without any kind of prior 
knowledge of that. This is essential to offer high-level 
M2M services and to develop open markets for M2M 
data [7]. 

Most of the existing solutions for device 
management [8], [9], [10], [11] us  advanced 
technologies such as TR 069 of the Broadband 
Forum and Open Mobile Alliance Device 
Management (OMA DM). Both protocols feature 
own specifics. TR 069 CWMP (CPE WAN 
Management Protocol) is a management protocol 
used in a cable environment and does not support 
short messaging, hence, forcing the device to create 
session management requires other mechanisms [12]. 
CWMP is a protocol for remote management of end-
user devices and as a bidirectional SOAP/HTTP 
based protocol. It provides the communication 
between customer premises equipment and auto 
configuration servers. It is also used as a protocol for 
remote management of home network devices and 
terminals, and there is a growing trend for the use in 
M2M communications. OMA DM is a protocol for 
management of mobile devices such as mobile phones 
and tablets that provide functions for software 
configuration and update, fault and performance 
management [13], [14].  OMA DM provides a 
framework that enables device customization and 
service configuration in a remote fashion. The DM 
protocol supports operations that allow retrieval of 
data from a device by means of information 
presenting a logical Management Object (MO). MO is 
an XML based structure that accepts commands which 
in turn trigger certain behaviours in the device. The 

logical representation of the managed device as a MO 
allows scheduling and automating of device 
management tasks, configuring connectivity, 
updating firmware, diagnosing problems, monitoring 
performance, installing and updating software, and 
managing device capabilities. The protocol requires 
session establishment for device management by 
sending a special short message to the device.  

At the end of 2013, OMA published standards for 
Lightweight M2M management aiming to support 
both device management and service logic. The 
motivation for OMA Lightweight M2M (LWM2M) 
protocol is to be independent of M2M service logic 
and to support full device management providing 
extendability to satisfy specific service logic 
requirements [15], [16]. The LWM2M technical 
specification for device object provides a range of 
device related information which can be queried, and 
functions for device restart and factory reset. This 
managed object does not support any sensor or 
actuator data. Sensors provide information about the 
physical environment they monitor. Information in 
this context ranges from the environment property to 
measurements of the physical state. Sensors can be 
attached or embedded in the M2M device [17]. 
Actuators can modify the physical state of the 
environment like changing the state (translate, rotate, 
stir, switch on/off etc.) of simple physical entities or 
activation/deactivation functions of more complex 
ones [18], [19]. The relation between actuator input 
and output is usually referred as transfer function. It 
is responsible for moving or controlling a mechanism 
or system. The source of energy is typically electric 
current, hydraulic fluid pressure, or pneumatic 
pressure. An actuator is the mechanism by which a 
control system acts upon an environment. The 
control system can be simple (a fixed mechanical or 
electronic system) or software-based (e.g. a printer 
driver, robot control system), as shown in Fig.1. 

 
 

 
 

Fig.1. A model of typical control system with sensors  
and actuators. 
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This paper describes a range of sensor and actuator 
related information and suggests XML descriptions 
which may be defined as a part of M2M device 
managed object. M2M device state models 
representing the point of view of the remote entity 
management are synthesized. Models may be used in 
configuration management and fault management. 

The paper is structured as follows. First, an OMA 
device managed object is presented. Next, an 
abstraction of sensor and actuator related information 
is synthesized and presented by XML definitions. 
After presenting use cases that illustrate the 
applicability of the defined data, configuration and 
fault management state models are described. The 
conclusion summarizes the contributions. 

OMA M2M device management object 
OMA DM has a concept of managed objects 

(MO), which are available on devices and are man-
aged from the server.   

The Device LWM2M Object provides a range of 
device related information, and a device reboot and 
factory reset function [14]. Each Device object is 
uniquely identified by its ID. The Device object is 
described by the following data. The Model number 
and the Serial number are identifiers provided by the 
manufacturer. The Firmware version describes the 
current firmware version. The Reboot item allows the 
reboot the LWM2M Device to restore the Device from 
unexpected firmware failure. The Factory reset en-
ables to perform factory reset of the LWM2M Device 
to make the LWM2M Device have the same configu-
ration as at the initial deployment. When this Re-
source is executed, “De-register” operation may be 
sent to the LWM2M Server(s) before factory reset of 
the LWM2M Device. The Available Power Sources 
item is described as enumerated type of the following: 
DC power, internal battery, external battery, power 
over Ethernet, USB, AC (Mains) power, and solar. 
The Power Source Voltage presents voltage for each 
Available Power Sources instance. The Power Source 
Current presents current for each Available Power 
Source. The Battery Level contains the current battery 
level as a percentage (with a range from 0 to 100). 
This value is only valid when the value of Available 
Power Sources is internal battery. The Memory Free 
represents the estimated current available amount of 
storage space which can store data and software in the 
LWM2M Device (expressed in kilobytes). The Error 
Code presents the current device state. It is described 
as one of the following: 0=No error; 1=Low battery 
power; 2=External power supply off; 3=GPS module 
failure; 4=Low received signal strength; 5=Out of 

memory; 6=SMS failure; 7=IP connectivity failure; 
8=Peripheral malfunction. When the single Device 
Object Instance is initiated, there is only one error 
code whose value is equal to 0 that means no error. 
When the first error happens, the LWM2M client 
changes error code to any non-zero value to indicate 
the error type. When any other error happens, a new 
error code instance is created. The reset Reset Error 
Code may be used to delete all error code instances 
and to create only one zero-value error code that im-
plies no error. The Current Time represents the time in 
the LWM2M client. The UTC offset indicates the 
UTC offset currently in effect for this LWM2M De-
vice. The Timezone indicates in which time zone the 
LWM2M Device is located, in IANA Timezone (TZ) 
database format. The Supported Binding and Modes 
indicates which bindings and modes are supported in 
the LWM2M Client.  

The description of the OMA device managed ob-
ject is structured as shown in Fig.2.  

 

 
Fig.2. Structure of OMA device managed object. 

For each item used to describe the Device managed 
object, operations are defined. The operations indicate 
what the LWM2M sever is allowed to do with this 
item. The description of Device management object 
does not contain any information about sensors or 
actuators related to the device, as well as no M2M 
application information that may enable application 
life cycle management. 

An extension of OMA M2M device management 
object 

While M2M devices are equipped with communi-
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sensing function is essential for their behavior when 
gather information from the environment. Sensors are 
used to “feel” the environment by transforming differ-
ent physical values into their electrical counterpart; 
actuators do the reverse, they convey an electrical 
impulse sent by the user to enable or disable a 
function (open a door, switch a valve, etc.). There are 
many types of sensors and actuators, and almost as 
many different standards. Basically, they are divided 
in two main types: analog and digital. The analog 
sensors can deliver information as voltage, current, 
pulse counters, etc. Digital sensors typically include a 
micro-controller and additional electronics (e.g. 
analog to digital converters) that perform the 
conversion of the analog values to a digital output, 
typically a serial bus. They are also called intelligent 
sensors.  

More detailed information about Device managed 
object may be obtained by including in its definition 
the following data. 

A M2M device may be equipped with one or more 
sensors. Fig.3 shows the XML definition for Sensor 
Type item. Each sensor is identified by its ID. There 
exist different sensor types (e.g. accelerometers, 
magnetometers, gyroscopes, pressure sensors, 
humidity sensors, temperature sensors, ambient light 
sensors, proximity sensors etc.).  

 

 

Fig. 3. XML definition for Sensor Type item. 
 
Common sensor attributes are defined in [17].  
The sensitivity of the sensor is defined as the slope 

of the output characteristic curve or, more generally, 
the minimum input of physical parameter that will 
create a detectable output change. In some sensors, the 
sensitivity is defined as the input parameter change, 
required to produce a standardized output change. In 
others, it is defined as an output voltage change for a 
given change in input parameter.  

The sensitivity error is a departure from the ideal 
slope of the characteristic curve. Fig.4 shows the 

XML definition for Sensitivity error item. 
Some sensors perform auto-calibration to correct 

the accumulated errors at the sensor output. Fig.5 
shows the XML definition of the Autocalibrate item 
that may be included in the Device object definition. 

 

 
 

Fig 4. XML definition for Sensitivity Error item. 

 

  
Fig. 5. XML definition for Autiocalibrate item. 

 
 The concept of precision refers to the degree of 

reproducibility of a measurement. In other words, if 
exactly the same value were measured a number of 
times, an ideal sensor would output exactly the same 
value every time. But real sensors output a range of 
values distributed in some manner relative to the 
actual correct value.  

The accuracy of the sensor is the maximum 
difference that will exist between the actual value 
(which must be measured by a primary or good 
secondary standard) and the indicated value at the 
output of the sensor. The accuracy can be expressed 
either as a percentage of full scale or in absolute 
terms. Some sensors allow dynamic accuracy set. 
Fig.6 shows the XML definition of the Current 
Accuracy item.  

The range of the sensor is the maximum and 
minimum values of applied parameter that can be 
measured. The dynamic range is the total range of the 
sensor from minimum to maximum. 

The resolution is the smallest detectable 
incremental change of input parameter that can be 
detected in the output signal. Resolution can be 

<Item ID="20"> 
        <Name>Autocalibrate</Name> 
        <Operations>E</Operations> 
        <MultipleInstances>Single</MultipleInstances> 
        <Mandatory>Optional</Mandatory> 
        <Type></Type> 
        <RangeEnumeration></RangeEnumeration> 
        <Units></Units> 
        <Description><![CDATA[Execute to restore the Device's 
accuracy.]]> 
        </Description> 
</Item>

<Item ID="19"> 
        <Name>Sensitivity Error</Name> 
        <Operations>R</Operations> 
        <MultipleInstances>Single</MultipleInstances> 
        <Mandatory>Optional</Mandatory> 
        <Type>Float</Type> 
        <RangeEnumeration></RangeEnumeration> 
        <Units> </Units> 
       <Description><![CDATA[Departure from the ideal slope 
of the characteristics curve]]></Description> 
</Item>

<Item ID="17"> 
        <Name>SensorType</Name> 
        <Operations>R</Operations> 
        <MultipleInstances>Multiple</MultipleInstances> 
        <Mandatory>Optional</Mandatory> 
        <Type>Integer</Type> 
        <RangeEnumeration>0-20</RangeEnumeration> 
        <Units></Units> 
       <Description><![CDATA[0=accelerometer; 
1=magnetometer; 2=gyroscope; 3=pressure sensor; 
4=humidity sensor; 5=temperature sensor; 6=ambient light 
sensor; 8=proximity sensor 
9-20 reserved for other sensor types.]]> 
       </Description> 
</Item> 
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expressed either as a proportion of the reading (or the 
full-scale reading) or in absolute terms. 

 

  
 

Fig. 6. XML definition for Current Accuracy item. 
 

The offset error of a transducer is defined as the 
output that will exist when it should be zero or, alter-
natively, the difference between the actual output 
value and the specified output value under some par-
ticular set of conditions.  

Sensors do not change output state immediately 
when an input parameter change occurs. Rather, it will 
change to the new state over a period of time, called 
the response time. The response time can be defined 
as the time required for a sensor output to change 
from its previous state to a final settled value within a 
tolerance band of the correct new value. This concept 
is somewhat different from the notion of the time con-
stant (T) of the system. This term can be defined in a 
manner similar to that for a capacitor charging 
through a resistance and is usually less than the re-
sponse time. 

A M2M device may be equipped with one or more 
actuators. Each actuator is identified by its identifier. 
Fig.7 shows an XML definition for ActuatorType 
item.  

 

 
 

Fig.7. XML definition for Actuator Type item 
 

Actuators are characterized by their resolution.  
Resolution is number of possible output levels the 
digital to analogue converter is designed to reproduce 
and it is usually stated as the number of bits it uses, 
which is the base two logarithm of the number of lev-
els. Actuator sensitivity is defined as the change in 

output for a given change in input, usually a unit 
change in input. Sensitivity represents the slope of the 
transfer function and it is measured in units of output 
quantity per units of input quantity.   

Actuators are also described by their performance 
metrics that include speed, acceleration, and force. As 
far as the current actuator force may be changed 
within a preliminary defined range, it may be of inter-
est from the management point of view. 

Fig.8 shows an XML definition for the Maximum 
Actuator Static Force item, and Fig.9 shows an XML 
definition for the Current Actuator Static Force item. 
The managing entity is allowed only to read the value 
of actuator maximum force, while the actuator current 
force may be changed also. 
 

 
 

Fig.8. XML definition for Actuator Max Force item. 
 

 
 

Fig.9. XML definition for Actuator Current Force item 
 
Just like the sensors, the actuators might be capa-

ble of performing auto-calibration in order to cope 
with any possible accumulated errors. 

The mode of operation determines how the M2M 
device equipped with sensors reports its measure-
ments. An M2M device may be configured to send 
measurements periodically or triggered (on occurrence 
of specific events) and it is also possible to request 
reporting on demand. Fig.10 shows the XML defini-
tion for the Operation mode item.  

Use cases 
The OMA Device Management and Service En-

able Interface are used by the LWM2M Server to ac-

<Item ID="21"> 
        <Name>Current Accuracy</Name> 
        <Operations>RW</Operations> 
        <MultipleInstances>Single</MultipleInstances> 
        <Mandatory>Optional</Mandatory> 
        <Type>Integer</Type> 
        <RangeEnumeration>0-100</RangeEnumeration> 
        <Units>%</Units> 
        <Description><![CDATA[Current device 
accuracy]]></Description> 
</Item>

-<Item ID="17"> 
        <Name>ActuatorType</Name> 
        <Operations>R</Operations> 
        <MultipleInstances>Single</MultipleInstances> 
        <Mandatory>Optional</Mandatory> 
        <Type>Integer</Type> 
        <RangeEnumeration>0-3</RangeEnumeration> 
        <Units></Units> 
       <Description><![CDATA[0=hydraulic; 1=pneumatic; 
2=electric; 3=mechanical.]]></Description> 
</Item> 

<Item ID="18"> 
        <Name>ActuatorMaxForce</Name> 
        <Operations>R</Operations> 
        <MultipleInstances>Single</MultipleInstances> 
        <Mandatory>Optional</Mandatory> 
        <Type>Float</Type> 
        <RangeEnumeration></RangeEnumeration> 
        <Units>N</Units> 
       <Description><![CDATA[describes maximum actuator 
force]]></Description> 
</Item> 

<Item ID="19"> 
        <Name>ActuatorCurrentForce</Name> 
        <Operations>RU</Operations> 
        <MultipleInstances>Single</MultipleInstances> 
        <Mandatory>Optional</Mandatory> 
        <Type>Float</Type> 
        <RangeEnumeration></RangeEnumeration> 
        <Units>N</Units> 
       <Description><![CDATA[describes current actuator 
force]]></Description> 
</Item> 
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cess Object Instances and Resources available from 
the LWM2M Client. The interface provides this ac-
cess through the use of “Create”, “Read”, “Write”, 
“Delete”, “Execute”, “Write Attributes”, or “Dis-
cover” operations. The operations that resource sup-
ports are defined in the Object definition. 

 

 
 

Fig.10. XML definition for Operation Mode item 
 
The “Read” operation is used to access the value of 

a Resource, an array of Resource Instances, an Object 
Instance or all the Object Instances of an Object. The 
“Write” operation is used to change the value of a 
Resource, an array of Resources Instances or multiple 
Resources from an Object Instance. Fig.11 shows how 
the LWM2M Server changes the Sensor Accuracy of 
the LWM2M Client. The “Execute” operation is used 
by the LWM2M Server to initiate some action, and 
can only be performed on individual resources. Fig.12 
shows how the LWM2M Server activates auto-
calibration on the LWM2M Client. 

 

 
 

Fig. 11. LWM2M Server changes the Sensor Accuracy 
attribute of the Device object 

 

 
Fig. 12. LWM2M Server requests execution of sensor auto-

calibration by the Device object. 

State machines for configuration and fault 
management 

REST (representational state transfer) is an 
architectural style that relies on HTTP. It supports the 
concept that every physical and/or logical entity is a 
resource that has a particular state that can be 
manipulated [20]. This concept maps naturally to the 
M2M devices, which can be read or configured. 
REST-based architecture features several advantages 
that may be useful for programmability of sensors and 
actuators by virtual thing and manipulating of 
parameters through web browser. In this section, state 
models related to M2M device configuration and fault 
management are presented. 

The M2M device state machine from configuration 
management point of view is shown in Fig.13.  

 

 
Fig. 13. Configuration management state model 

 
In Unregistered state, the device is switched off 

and does not provide any service.  When the M2M 
device is switched on it performs registration, which 
bounds its current IP address with its identification, 
and moves to Idle state. In Idle state, the LWM2M 
Server may configure the M2M device to operation in 
different operation modes. In Periodic Reporting 
state, the M2M device is configured to send reports 
periodically. In Triggered Reporting state, the M2M 
device is configured to send reports when a particular 
event occurs. In Periodic and Triggered Reporting 
state, the M2M device is configured to report 
measurements both periodically and event driven. 
State transitions occur when the LWM2M Server 
writes a new value of the Operation Mode resource 
attribute. For example, the transition 1 from Idle state 
to Periodic Reporting state occurs when the LWM2M 
Server writes the value of 1 of the Operation Mode 
attribute, and the transition 8 occurs when the 
Operation Mode attribute value is set to 0.  

The M2M device state machine from fault 
management point of view is shown in Fig.14. In 
Operational state, the device is in operation and 

<Item ID="20"> 
        <Name>OperationMode</Name> 
        <Operations>RW</Operations> 
        <MultipleInstances>Multiple</MultipleInstances> 
        <Mandatory>Optional</Mandatory> 
        <Type>Integer</Type> 
        <RangeEnumeration>0-10</RangeEnumeration> 
        <Units></Units> 
       <Description><![CDATA[0=idle; 1=periodic; 2=triggered; 
3=periodic and triggered; 4-10 reserved for other operation 
modes.]]> 
       </Description> 
</Item> 
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functions normally. When the Error Code value is 
different from 0, or due to administrative reasons, the 
LWM2M Server may invoke the Block operation on 
the M2M device and a transition to Blocked state 
occurs.  

 

 
Fig. 14. Fault  management state model 

In Blocked state, the M2M device is out of 
operation. Some error may be removed by device 
reconfiguration or restart. In Reconfiguring state, the 
device is under reconfiguration. In Testing state, the 
M2M device is under testing. The aim of the test is to 
check the M2M device performance. If the fault is 
temporary and the test results shows that the error is 
removed, the LWM2M Server may invoke the 
Unblock operation in order to restore the operational 
state of the device. If the fault is stable and can not be 
removed by remote operations, the LWM2M Server 
invokes the Stop operation and the M2M device is 
stopped. The test results become available to the 
LWM2M Server by reading the Error Code value. 
The Unblock, Block, Reconfigure, Stop and Test 
operations may be defined as M2M device attributes 
in a similar way as those of e.g. the Autocalibrate 
item.  

Conclusion 
The logical representation of a resource under 

management is by a managed object. OMA 
Lightweight M2M definition of Device managed 
object includes a range of device related information 
which can be queried by the LWM2M Server, and a 
device reboot and factory reset function. The device is 
described by number of items including failure status 
but no sensor, actuator or application attributes are 
presented. As far as the OMA standards are open and 
allow definitions of other management objects and 
extension of the existing ones, the paper defines an 
extension of information used to describe a M2M 
object defined in the context of M2M device 
management. The extension includes sensor and 
actuators attributes that may be of interest to the 

managing entity. The sensor and actuator attributes 
are described by XML definitions following the OMA 
object definition pattern.  

The paper presents also synthesized state models 
reflecting the configuration and fault management 
point of view of the managing entity. The state models 
allow scheduling device management tasks, 
configuring connectivity, firmware updating, 
performance monitoring, installing and updating 
software, and managing device capabilities.  
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ELECTROTECHNOLOGIES 

Neural network based approach for quality improvement  
of electron beam welding 

Elena Koleva, Nikolinka Christova, Georgi Mladenov,  
Dmitrii Trushnikov, Vladimir Belenkiy 

 
Neural network models for the dependence of the geometry characteristics of welds from 

38Cr2Ni2Mo high-strength steel, obtained at electron beam welding in presence of longitudinal beam 
deflection oscillations, are estimated. This methodology is implemented together with the response 
surface methodology (statistical approach). The results obtained by neural networks and regression 
models are analyzed and compared for the investigation of the influence of electron beam welding 
process parameters – focusing current, frequency and amplitude of beam deflection oscillations – on 
the obtained weld depth, width of the fusion and the heat affected zones. 
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Introduction 
Artificial neural networks [4], [9] have 

revolutionized the way researchers solve many 
complex and real-world problems in engineering, 
science, economics, and finance. In this study Neural 
network (NN) models, based on a multi-layered feed 
forward neural network, trained with Error Back 
Propagation (EBP) algorithm [2], [6] are created and 
investigated. The NN models present the EBW 
performance characteristics and are further applied for 
quality improvement of electron beam welding. 

The model-based statistical approach for 
improving the quality of the process [3], [8] can be 
successfully applied to different industrial processes. 
Such modeling, based on experimental data and the 
Response surface methodology, avoids the difficulties 
and the uncertainties at the description of the complex 
physical processes taking place during electron beam 
welding by analytical models. 

Electron beam welding, which implements 

oscillations of the beam, is flexible toward tuning the 
process with respect to the weld quality. There are 
various possibilities for the oscillations of the beam, 
but generally they can be along and across the zone of 
interaction.  

In this paper the influence of the process 
parameters – focusing current, frequency and 
amplitude of the deflection oscillations (linear along 
the interaction zone) of the electron beam on the 
obtained weld and heat affected zone geometries is 
investigated. 

Experimental conditions 
Artificial neural networks [4], [9] have 

revolutionized the way researchers solve many 
complex and real-world problems in engineering, 
science, economics, and finance. In this study Neural 
network (NN) models, based on a multi-layered feed 
forward neural network, trained with Error Back 
Propagation (EBP) algorithm [2], [6] are created and 
investigated. The NN models present the EBW 
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performance characteristics and are further applied for 
quality improvement of electron beam welding. 

The model-based statistical approach for 
improving the quality of the process [3], [8] can be 
successfully applied to different industrial processes. 
Such modeling, based on experimental data and the 
Response surface methodology, avoids the difficulties 
and the uncertainties at the description of the complex 
physical processes taking place during electron beam 
welding by analytical models. 

Electron beam welding, which implements 
oscillations of the beam, is flexible toward tuning the 
process with respect to the weld quality. There are 
various possibilities for the oscillations of the beam, 
but generally they can be along and across the zone of 
interaction.  

In this paper the influence of the process 
parameters – focusing current, frequency and 
amplitude of the deflection oscillations (linear along 
the interaction zone) of the electron beam on the 
obtained weld and heat affected zone geometries is 
investigated. 

Table 1  
Process parameters – experimental regions 

Param. Dim. Coded Min. Max. 
If mA x1 820 850 
F Hz x2 90 1400 
A mm x3 0.27 3.4 

Neural network models 
Neural networks, with their remarkable ability to 

derive meaning from complicated or imprecise data, 
can be used to extract patterns and detect trends that 
are too complex to be noticed by either humans or 
other computer techniques [4], [9]. A trained neural 
network can be thought of as an "expert" in the 
category of information it has been given to analyze. 

Feed-forward neural network (FNN), also referred 
to as multilayer perceptrons (MLPs), has drawn great 
interests over the last two decades for its distinction as 
a universal function approximator [2]. As an 
important intelligent computation method, FNN has 
been applied to a wide range of applications, including 
curve fitting, pattern classification and nonlinear 
system identification and so on [5], [6]. 

A multi-layered neural network has one or more 
hidden layers along with the input and output layer 
(Fig. 1). Each layer has a certain number of nodes and 
all the nodes in one layer are connected with all the 
other nodes in the succeeding layer. Associated with 
each connection, a numerical value is assigned, which 
is termed as weight, where the actual associative 

knowledge between the inputs and outputs is stored.  
Input patterns are submitted during the EBP 

training sequentially. If a pattern is submitted, and its 
classification or association is determined to be 
erroneous, the weights are adjusted so that current 
least square classification error is reduced. Usually, 
mapping error is cumulative and computed over the 
full training set. 

 
Fig. 1.  Feed-forward neural network structure 

A neural network model is a structure that can be 
adjusted to produce a mapping from a given set of 
data to features of or relationships among the data. 
The model is adjusted, or trained, using a collection of 
data from a given source as input, typically referred to 
as the training set. After successful training, the neural 
network will be able to perform classification, 
estimation, prediction, or simulation on new data from 
the same or similar sources. 

The proposed methodology for developing NN 
based models for EBW performance characteristics 
consists of the following general steps:  

• Construction of the neural network model 
structure. 

• Training of the created neural network by using 
the back propagation method and 
experimentally obtained (and/or numerically 
simulated) set of training data to a satisfactory 
accuracy. 

• Recall of the trained neural network for 
prediction and parameter optimization. 

The modelled EBW process parameters define the 
input-output structure of the neural network-based 
model used, i.e. the neural network should consist of 3 
input neurons and 1 output neuron. NN models for 
each output (weld depth, weld width and the width of 
the heat affected zone) are considered (see Fig. 2). 

 
Fig. 2. Neural networks input-output parameters 
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For comparison of the neural network models the 
absolute value of the error calculated as the difference 
between the predicted and the measured values of the 
weld geometry characteristics, as well as root mean 
squared error (RMSE) and the non-dimensional error 
index (NDEI) are used. The last two are calculated by: 

(1) RMSE = 
( )

n

yŷ
n

1i

2
ii

=

−
;  

(2) NDEI = 
σ

RMSE , 

where iŷ  and yi is the predicted and the experimental 
values, n is the number of data and σ is the standard 
deviation of the data points. These error measures are 
defined on the basis of the training error (average loss 
over the training sample) and the generalization error 
(expected prediction error on an independent sample). 
Their values are minimized during the neural network 
training. 

 
Fig. 3.  Weld geometry characteristics 

At electron beam welding of high-strength steel of 
38Cr2Ni2Mo type the obtained welds have three 
clearly defined zones – molten zone during welding 
(inner zone 1 on Fig. 3), the heat affected zone 2 
(lying outside the molten zone) and the zone 3 that is 
not influenced by the electron beam treatment. The 
investigated geometry characteristics are: weld depth 
H, weld width Bsw and the width of the heat affected 
zone Bhaz at the welded sample surface.  

The neural network model structure was estimated 

for the weld depths H, weld width Bsw and the width 
of the heat affected zone Bhaz at the welded sample 
surface. The best results for neural network models 
(defined by minimum of the root mean squared error 
(RMSE) and the non-dimensional error index (NDEI) 
and for different number of hidden units), obtained 
with 6 hidden units, are presented in Table 2. In all the 
considered cases, the implementation of neural 
network models with 6 hidden units give better 
prediction results than with less hidden units. The 
experimental results (marked with points) and the 
predicted results (connected with the straight lines), 
using the training dataset (36 observations) for the 
weld depth H and neural network model with 6 hidden 
units are presented in Fig. 4. 

 

a) 

b) 
Fig. 4. Values for the weld depth H – training: a) predicted 
(line) and experimental (dots) b) absolute error values (the 

differences between the experimental and the predicted 
weld depths H) 

Table 2 
RMSE and NDEI Measures for weld depth H, weld width Bsw and the width of the heat affected zone Bhaz 

 (36 obs., 6 units) Training H Training Bsw Training Bhaz 

RMSE 0.349002 0.27086 0.268902 

NDEI 0.165209 0.352831 0.313965 
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The absolute value of the errors, presented as the 
difference between the predicted and the measured 
values of the weld depths H, are calculated and 
graphically presented in Fig. 5, connected with lines. 
Generally the error values are situated in the region   
(-0.5÷0.5 mm) with the exception of only 3 errors. 

 

a) 

b) 
Fig. 5. Predicted (line) and experimental (dots) values a) 
for the weld width Bsw – training; b) for the heat affected 

zone width Bhaz – training 

In Fig. 5 the experimental results (marked with 
points) and the predicted results (connected with the 
straight lines) for the weld width Bsw and the width of 
the heat affected zone Bhaz utilizing neural network 
models with 6 hidden units are presented. 

It could be seen the good coincidence between the 
measured and the estimated values for all investigated 
geometry characteristics, in spite of the comparatively 
small number of experimental observations.  

In Fig. 6 a contour plot of the weld depth H, 
depending on the frequency and the amplitude of the 
beam deflection oscillations, applying neural network 
model with 6 hidden units, for beam focusing current 
If = 835 mA is presented. 

Statistical modeling and analysis 
Experimental results of welded samples of high 
strength steel of 38Cr2Ni2Mo type are used for the 

estimation of regression models, based on the 
principles of the Response Surface Methodology. 
During the performed experiments the EBW 
parameters that were varied [7] are: the focusing 
current z1, z2 and z3 – the frequency and the amplitude 
of deflection oscillations. 
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b) 
Fig. 6. Weld Depth H  for beam focusing current If = 835 

mA estimated by: 
 a) neural network model; b) regression model 

The natural levels of the parameters (zi) are coded 
in the region [-1÷1] and the relation between the 
coded (xi) and the natural values (zi) is given by: 

xi = (2zi – zi,max – zi,min)/( zi,max – zi,min), 

where zi,min/zi,max are the corresponding values of the 
minimum and the maximum of the process parameters 
during the experiment (Table 1). The obtained 
regression models, together with the square of the 
multiple correlation coefficients R2, are presented in 
Table 3. 

The estimated regression models have good 
characteristics and it can be concluded that they can 
be used for prediction and optimization. 

In Fig. 6b a contour plot of the weld depth H, 
depending on the frequency and the amplitude of the 
beam deflection oscillations, applying the estimated 
regression model (Table 3), for beam focusing current 
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If = 835 mA is presented. The obtained contour plot 
differs from the one obtained in Fig. 8 from the neural 
network model. The regression model averages the 
values of the weld depth (which filters the random 
error of the experimental observations), while the 
neural network more precisely describes the available 
experimental results (together with the random error). 

In order to compare the models with the 
corresponding neural network models the root mean 
squared error (RMSE) and the non-dimensional error 
index (NDEI) are calculated for the regression models 
too. They are presented in Table 4. It can be seen that 
the obtained results for the estimated regression 
models are worse than that in the cases with neural 
network models with 6 hidden units.  

According the results connected with RSME and 
the NDEI the preferable approach is neural network 
based modeling. 

Model verification based on additional 
experiments 

Three additional experiments inside the 
investigated experimental regions for the process 
parameters are obtained in order to compare the 
prediction capabilities of the estimated neural network 
based models and regression models. The 
experimental process conditions and the results for the 
weld geometry are presented in Table 5, together with 
the neural network and regression model predictions. 

In Table 6 a comparison of RMSE and NDEI 
measures for neural network and regression models is 
presented. It gives a quantitative estimation of the 
precision of the predicted values by implementation of 
different approaches. As it can be seen that regression 
models predict better the values of the weld depth H 
and the weld width of the heat affected zone Bhaz, 

Table 3 
Regression models for the weld geometry characteristics 

Param. Regression models R2, % 
H 10.3 + 1.67 x1 + 1.16 x3 + 1.63 x1x2 - 1.05 x1

2 + 3.79 x1x2
2 - 3.47 x2

2x3 - 1.07 x2
3 - 2.95 x3

3 88.2 
sw 3.83 - 0.879 x1 + 0.501 x2 - 2.00 x1x3 + 1.91 x1

2 + 0.978 x3
2 + 1.36 x1

2x3 + 0.591 x1x2
2 - 

1.40 x1x3
2 - 0.909 x2x3

2 + 0.632 x1
3 

83.5 

haz 5.70 - 0.924 x2 - 1.14 x1x3 + 2.41 x1
2 + 0.859 x2

2 + 0.954 x3
2 + 0.627 x1

2x2 - 1.07 x1x2
2 + 

1.02 x1x3
2 + 1.16 x2

2x3 + 1.48 x2
3 

78.8 

 

Table 4  
RMSE and NDEI measures for the geometry characteristics of the welds based on regression models 

(36 obs.) H Bsw Bhaz 
RMSE 0.746406 0.318362 0.445457 
NDEI 0.353412 0.414534 0.520394 

 

Table 5  
Experimental results, neural network and regression model predictions 

 Process parameters Experimental NN models - prediction Regression models - 
prediction 

 If F A H Bsw Bhaz H Bsw Bhaz H Bsw Bhaz 
1 830 90 1.00 10.90 6.00 8.390 12.48  4.29  4.10  11.71 3.85 5.91 
2 840 130 1.00 12.80 4.73 7.380 12.93  4.36  6.16 13.74 4.14 6.01 
3 840 660 1.00 12.10 4.86 6.730 11.81 4.22  5.78  10.60 4.17 6.64 

 

Table 6 
Comparison of RMSE and NDEI measures for neural network and regression models 

 NN models Regression models 
 H Bsw Bhaz H Bsw Bhaz 
RMSE 0.9305 1.0756 2.6328 1.1239 1.34743 1.63660 
NDEI 0.9683 1.5393 3.1475 1.1697 1.92765 1.95766 
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while the neural network models predict better for the 
weld width Bsw.  

Conclusions 
Neural networks are versatile in that they are 

capable of being incorporated in various modeling and 
control methods and strategies. In this paper, a new 
systematic methodology based on neural networks for 
the construction of nonlinear models, being able to 
predict the geometry characteristics of the obtained 
through electron beam welding high-strength steel 
(38Cr2Ni2Mo type) joints at presence of electron 
beam deflection oscillations, has been proposed. 

The obtained results have shown that the proposed 
intelligent Neural Network based approach can be 
implemented for parameter optimization at specific 
requirements for the geometry of the welds.  

It was shown that the regression models predict 
future experiments better than the estimated neural 
network models in the case of modeling the heat 
affected zone Bhaz, in spite of the better RMSE and 
NDEI measures for the neural network models. The 
reason for this can be the small number of 
experiments for the training of the neural networks. 
Another reason can be that the regression models 
average the values of the mentioned weld geometry 
characteristics (which filters the random error of the 
experimental observations), while the neural network 
more precisely describes the available experimental 
results (together with the random error), and 
consequently in the cases of larger random error of the 
performance characteristic, the regression models 
predict better future observations. 

Generally, the neural network models give better 
results for prediction of the geometry of the welded 
samples, in spite of the comparatively small number 
of available observations. 
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Corporate education for manufacturing (Semiconductors)  
- creation of a training system and technical textbook  
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Susumu Kise, Shenji Hatada, Takeshi Tanaka, Shigeo Hirano 

 
Artner Co., Ltd. is currently dependant on a variety of outsourcing systems that have been 

implemented with a high degree of technical assistance for the completion of projects. In large scale 
integration (LSI) design and the development of electrical and electronic design, which is one of the 
outsourcing fields for Artner Co., Ltd., engineers for semiconductor technology are responsible for 
increasing the proportion of electronic circuit design. The technical staffing services industry has been 
constantly increasing the number of engineers working in semiconductor technology. In order to more 
efficiently impart to young recruits and engineers working in semiconductor technology the knowledge 
that is required to match customer needs, a training curriculum was developed and a technical textbook 
titled "A way of thinking of practical design techniques - Chapter on semiconductors” was compiled. 
Their introduction resulted in reduced training time for semiconductor field assignments, an 
improvement in the efficiency of training, and an increase in the level of training content. 

 

Introduction 
Artner Co., Ltd. carries out the business of 

providing technical assistance using a variety of 
outsourcing systems in three areas - mechanical design 
development, electrical and electronic design 
development, and software development. We dispatch 
engineers to the technical department of a customer and 
offer an engineer dispatch service that provides 
technology in a working form to the company (1).  

The engineer dispatch service uses students who 
studied a specific area of engineering systems at 
university or other institute of higher learning as 
regular employees, and develops human resources who 
can meet customer needs using our proprietary 
employee-education system. 

In this corporate structure, it is new employees who 
are responsible for a great portion of the growth of our 
company, and a unique feature of our company that sets 
us apart from other companies in the same industry is 
how we educate, in a comparatively short period of 
time, young people who have just graduated from 
school and entered society, how we assign them to 
work closely with customer needs, and how this leads 
to customer satisfaction and a favorable customer 
impression. 

In recent years, large scale integration (LSI) of 
electronic devices has made rapid progresses in the 
electrical and electronic design development field, and 

the percentage of semiconductor development 
designers that are responsible for electronic circuit 
design is increasing. Therefore there are customer 
needs in this field, and we have constantly increased the 
number of engineers for semiconductor technology in 
the technical staffing services industry. In this paper, 
we report on a training curriculum for the 
semiconductor field and a technical textbook titled "A 
way of thinking of practical design techniques—
Chapter on semiconductors” produced especially for 
young semiconductor development designers and new 
employees. The goal is to help them learn, as efficiently 
as possible, the knowledge necessary to match 
customer needs. After we developed the materials, we 
conducted a questionnaire survey to see how well we 
had met that aim, and in this report we describe the 
evaluation of this technical textbook and its 
background. 

Outline of engineer dispatch service business 
Figure 1 shows a schematic of the engineer dispatch 

service business. A dispatch agency signs a worker 
dispatch contract with a customer (dispatch 
destination) and dispatches engineers who are regular 
employees of the dispatch agency and forms an 
instructional relationship between the dispatch 
destination and the dispatch engineers. Therefore, as 
the dispatch destination is not liable for the 
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employment, it saves on expenses (of social insurance, 
etc.) and the time required to conduct such procedures. 

In order that new employees who have recently 
graduated from school and have just came out into 
society obtain customer satisfaction, a training system 
that enables a dispatch agency to educate new 
employees in as short a period of time as possible and 
increase the level of engineers is important. The next 
section describes the training system that has been 
developed. 

 

 
Fig.1. Schematic of engineer dispatch service business. 

Training system 

3.1 Overview of training system 
Figure 2 shows an overview of the training system 

from entrance into a company to assignment. This 
training system is a flowchart common to the 
machinery, electrical and electronic, and software 
fields, and it is developed into a theme that continues 
to provide state-of-the-art technology software to 
customers by improving individual competence such as 
technical competence, business knowledge, 
management techniques and human power by means of 
our track record of many years. The main training 
phase is described below. 
1. General training 

As the first step of becoming part of the 
workforce, new employees learn business manners, 

workforce consciousness and general knowledge 
about our company. 

2. Basic training 
New employees learn the basic knowledge 

necessary for design and the basics of design and 
practice. 

3. Application training 
New employees are given specific themes 

closely related to the customer's site, and master 
practical skills while experiencing actual design 
processes, including how to contact design 
procedures and information sources. New 
employees learn through experience such as 
presentation and information sharing. 

4. Assignment 
Engineers as determined by a customer are also 

assigned to a technology group called "Design Jobs" 
at the same time they engage in actual business. 
Design Jobs is a special section that provides 
technology and services, and is an organization on 
market strategy that responds to customers with 
technical skills appropriate to that segment. 
Engineers assigned to this section begin to improve 
their skills for the design jobs to which they are 
assigned. 

5. Technical Training Subcommittee 
The Technical Training Subcommittee is a 

workshop held by engineers who work for 
customers. They conduct training for units of the 
group in which themed useful technology in the 
field and high-needs products are taught. 

3.2 Electric and electronic course training for new 
employees 

Figure 3 shows the implementation content in the 
electric and electronic course training for new 
employees. 

The training begins with an ability assessment test 
conducted to ascertain individual skills. Next follows 
10 field training lectures: electric theory, electronic 
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( UP)

( UP)

 

Entrance
General 
training 

( Business  
manner 

)

Basic 
training 

Application 
training 

Assignment
Technical 
training 

subcommittee
Specialized 

and stratified 
education 

Skills development seminar (human power UP) 

Qualification acquisition promote (expertise UP) 

Special training
(Customer request)

Follow-up training
(Confirmation of business situation)

Personal interview
(Confirmation of skills)



“ + ”, 3-4/2014    51 

components, discrete semiconductors, digital circuit, 
measurements, printed circuit boards, C language, 
microcomputers, analog circuits and noise; and 
manufacture training in four subjects: RC transient 
response, chip component soldering, counter circuits, 
and oscillation circuits. The degree of learning is 
checked by a basic training final examination, and 
successful candidates go on to application training. 

In application training, through working on a design 
and manufacturing subject (manufacturing of a simple 
digital multimeter), trainees enhance their work 
abilities, including reporting, contacting and consulting. 
When they complete all subjects, an application 
training final examination is taken, and the new 
employee training is completed.  

The main points of training are assuming business 
dealings for various customers, absorbing a wide range 
of miscellaneous knowledge, improving work skills, 
improving problem-solving skills, and ensuring 
awareness of the delivery date. Our final goal is the 
development of human resources who strive 
tenaciously to never give up in anything and who can 
solve problems.  
 

 
 

 
Fig.3. Electric and lectronic course training  

for new employees. 

3.3 Changes in customer needs 
To meet customer needs as a company, we need to 

constantly improve customer satisfaction, which will 
ensure future growth. As the manufacturing site is con-
stantly changing - including the technology, environ-
ment and market - it is important to grasp the changes 
in customer needs when developing a training system. 
Therefore, we also periodically revise design jobs to 

match changes in customer needs. 
In Sec. 3.1, we said that engineers as determined by 

a customer are assigned to an engineering group that is 
segmented by design jobs; however, Figure 4 segments 
the technical business content for engineers of the cus-
tomer by age group and shows the transition of design 
jobs. Thus, it is possible to view the changes in cus-
tomer needs at each age. 

Figure 5 shows the number of engineers divided by 
Design Jobs in the electrical and electronic course in 
2009. The assignment of Design Jobs has been main-
stream in electronic circuit groups for many years, and 
it also is in the new employee training curriculum for 
the electrical and electronic course, and it assumes as-
signment to electronic circuit groups. In the semicon-
ductor business, we have attempted to increase the 
number of engineers every year since we assigned en-
gineers for the first time in 2003. As a result, we re-
viewed Design Jobs in 2006 and established a semicon-
ductor group. Requests for electronic equipment show 
a tendency toward miniaturization, high functionality, 
low power consumption and cost reduction, reflecting 
today's situation in which customers integrate complex 
electronic circuits into LSI chips to meet user needs. 

Figure 6 shows the changes in the number of engi-
neers in the semiconductor group, and Figure 7 shows 
the ratios of business fields for the same engineers. 

In fiscal 2009, the number of engineers was reduced 
due to the influence of the Great Recession, which be-
gan with the Lehman Brothers Collapse. However, we 
achieved an increase in the number of engineers of 20% 
per annum until fiscal 2008—including fiscal 2006, or 
before we established the semiconductor group. In ad-
dition, the design verification business accounted for 
more than half of the business field, followed by layout 
design, evaluation work and process development fol-
low and design work, which are the majority. 

As of the end of January 2014, the number of engi-
neers divided by Design Jobs in Figure 5 had changed 
93 people in "electric equipment", 149 people in 
"electronic circuit", 7 people in "semiconductor", and 
the number of "semiconductor" had declined due to the 
collapse of Lehman Brothers. 
 

 
Fig.4. Transition of design occupational category. 
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Fig.5. Number of engineers according to design 

occupational category. 

 

 
Fig.6. Transition of number of engineers that belong to the 

semiconductor group. 

 

  
Fig.7. Business fields of engineers in the  

semiconductor group. 

 

3.4 Training for a semiconductor field assignment 

Figure 8 shows the track record of special training 
conducted for engineers who were assigned in the past 
to the semiconductor field. 

The special training, also illustrated in the flowchart 
of the training system shown in Figure 2, is training to 
implement subjects that the customer demands prior to 
assignment to a particular customer. When engineers 
work at a customer's site, in order to master basic 
knowledge in advance so that they can respond to as 
smoothly as possible, training has been conducted in 
cooperation with the customer. 

 
 

Fig.8. Results of execution number of special training. 

This track record shows customer needs in the 
assignment of engineers, VerilogHDL, semiconductor 
properties and analog circuit simulation using Spice 
follow UNIX operation in the No. 1-position. 
Increasing the number of engineers of semiconductor 
G could be achieved as shown in Figure 6, because we 
implemented a detailed response to customer needs. 

Figure 9 shows the training curriculum for a 
semiconductor field assignment. 
 

 
Fig.9. Training curriculum for semiconductor field 

assignment. 

If a training curriculum to assign new employees to 
the semiconductor field is constructed based on the 
track record of the number of special training imple-
mentations, it would resemble the flow diagram shown 
in the right-hand side of Figure 9. 

The flow of the left-hand side is the course content 
for the electronic circuit field, but most business in the 
field of semiconductors is design verification work on 
computers including layout design. We consider that it 
is effective to implement a high-demand curriculum in 
the semiconductor field in order to provide matching 
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with a customer in a limited period of time, except for 
skill training. By implementing this flow, it is possible 
to shorten the training period and to assign an engineer 
early. From the track record of special training in the 
past, we judge it possible to shorten the period by about 
a month. 

Evaluation of the technical textbook 

4.1 Training for assignment in the semiconductor 
field 

Along with the construction of a training curriculum 
for the semiconductor field, we created "A way of 
thinking of practical design techniques - Chapter on 
semiconductors" in August 2009 as a technology text-
book that is used in training (2). 

This technology textbook has been created with the 
aim of educating engineers who match customer needs, 
and it is the fourth book in the series. The aim of the 
creation of the textbook is the following three points. 

 The target is engineers who have been in the 
company for up to three years. 

 The content is practical and improves ability. 
 Teaching materials to train engineers in all cases. 

The textbook was written by our chief engineer, 
who has conducted business on development sites and 
who also has worked on the development of young en-
gineers; Professor Emeritus Shigeo Hirano of Tokyo 
City University planned the textbook and gave us in-
structions and advice from the first book onward; and 
Professor Takeshi Tanaka of Hiroshima Institute of 
Technology to whom we entrusted joint research into 
the development of teaching materials also helped in 
the creation of the textbook. 

Figure 10 shows "A way of thinking of practical 
design techniques - Chapter of semiconductors" and 
Table 1 shows the table of contents and contents. The 
textbook consists of 286 A4 pages. 

 
Fig.10. “A way of thinking of practical design technology” 

(Chapter on semiconductors). 

 
Chapter I covers engineering ethics. The job of 

engineers is manufacturing, and Chapter I looks at 
engineering ethics that have become issues in the field 
of manufacturing these days, and it covers the basic 
stance of manufacturing as it applies to engineers. It is 
not possible to give satisfaction to customers and build 
a relationship of trust if this is missing. 

Chapter II covers semiconductor properties and 
devices. It contains the summarized basic knowledge 
required for semiconductor engineers about the 
electronic properties of semiconductor band structure, 
PN junctions, MOS transistors and bipolar transistors. 

Chapter III covers the development processes of 
system LSI. This is also a basic for engineers engaged 
in LSI development, the aim is to clarify the positioning 
of work in which they are involved. 

Chapter IV covers transmission lines. Knowledge of 
this is necessary in businesses that deals with analog 
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circuit design and high-speed digital signals in 
particular in addition to a basic knowledge of layout 
design. 

Chapter V covers HDL. This is the mainstream of 
our operations, it describes mainly VerilogHDL as well 
as practice problems. 

As a development tool, Chapter VI is a summary of 
the operation of Altera's Quartus II and Xilinx's ISE 
that are used in training. 

Chapter VII covers the development environment, 
centering on Perl script language and basic operation of 
UNIX and Linux. It may be surprising but, when we 
assign engineers to a customer, demand for these 
languages is the highest. Most development 
environments are on UNIX and engineers cannot use 
the development tool unless they have UNIX ability. In 
addition, it is Perl script that is used the most in the field 
as a scripting language. 

Business content flow divided by Design Jobs in 
Chapter VIII is presented in common with all textbooks 
that we have compiled. This topic enables our 
employees to understand how work advances in Design 
Jobs. 

Chapter IX is embedded technology. This may be 
outside the semiconductor field, but it is included 
because we want our engineers to know not only about 
the business areas in which they are currently working, 
but also about embedded technology in a wide context, 
and to put meaning to that we will link it to a textbook 
for control software that we are planning as the next 
book in the series. 
We feel that there is no objection to being more 
difficult to teach than to be taught, but our chief 
engineer and engineers who work in the field have 
created manuscripts for this textbook. As a result, after 
publication of the textbook, our chief engineer has 
begun to take the initiative in creating new material, 
and the contents of the material are sophisticated. We 
have determined that an improvement of technical 
spontaneity and skills in our chief engineers and 
engineers was seen as a result. 

4.2 Questionnaire survey 

We conducted a questionnaire survey on "A way of 
thinking of practical design techniques - Chapter on 
semiconductors." The purpose of this research is to 
determine whether this technology textbook is valid for 
future assignments in the semiconductor field. Table 2 
shows the survey items. 

Table 2 
Questionnaire survey items 

Items Questionnaire How to 
answer 

Item 1 Appearance Size and 
design 

Superior: 5 
points - 
Inferior: 

Answer in 5 
stages of 1 

point 

Item 2 Usability Clarity and 
ease of use 

Item 3 Contents 

Simplicity of 
text, 

understanding 
of formula, 
visibility of 
charts, etc. 

Item 4 Composition 
Composition 

of entire 
textbook 

Item 5 Practicality Whether it is 
practical 

Item 6 Frequency 
of use 

Frequency of 
use 

Item 7 Current 
business 

Utility to 
current 

business 

Item 8 Future 
business 

Usefulness to 
future 

business 
Item 9 Other comments and requests Free comment 

4.3 Results of the questionnaire survey 
Twenty-eight people took the questionnaire survey. 

They were 9 new employees who completed the 
VerilogHDL training using this textbook, and 19 
engineers who have worked already at clients. The 19 
engineers already have gained certain customer 
satisfaction, so we determine that it will lead to 
customer satisfaction if questionnaire results to them 
become high evaluation. 

The aggregate results from the questionnaire are 
shown in Figures. 11 to 18. 

The results for ease of use of this technology 
textbook are shown in Figure 11 and Figure 12. It was 
generally perceived as good, if we include "average." 

Evaluation of the article content is shown in Figures 
13 to 15, which show it was rated "should be practical," 
which is the aim of this textbook, if we include 
"average." 

The survey results for actual business are shown in 
Figure 16 and Figure 17. Frequency of use and 
usefulness to current business are both lower when 
compared with the other survey items. This is because 
there were also engineers in semiconductor-related 
non-business in the questionnaire survey participants, 
and they already have knowledge related to current 
business, even if engaged in semiconductor-related 
business. 

Figure 18 shows the results of the investigation as 
to whether this will be useful or not in the future. 
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Nearly 70% of engineers felt it to be useful, 
including "slightly higher." From these results, we 
determined that engineers feel that LSI in the center of 
today's design and development work and it must be 
supported in fields in the future and this textbook will 
help. 
 

 
Fig.11. Questionnaire result (Item 1). 

 
 Fig.12. Questionnaire result (Item 2). 

 
 Fig.13. Questionnaire result (Item 3). 

 
 Fig.14. Questionnaire result (Item 4). 

 
 Fig.15. Questionnaire result (Item 5). 

 
 Fig.16. Questionnaire result (Item 6). 

 
 Fig.17. Questionnaire result (Item 7). 

 
 Fig.18. Questionnaire result (Item 8). 

Conclusion 
The technology textbook that we created, "A way of 

thinking of practical design techniques—Chapter on 
semiconductors" received high praise in terms of 
contents, composition and practicality in a 
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Superior slightly 
Superior 
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Superior 
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Low utility slightly 
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High utility slightly 
High utility

Future business 

Low 
Low slightly 
Normal 
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questionnaire survey, and we determined that it can be 
put to practical use as a text for training in order to 
assign young engineers and new employees to the 
semiconductor field. By implementing the training 
curriculum (flow) for assignment to the semiconductor 
field using this technology textbook, the following 
effects can be obtained. 

1. Shortening of the period of training for 
assignment to the semiconductor field 

2. Improvement in the efficiency of training 
3. Improve the level of training 
Our engineers who take the curriculum can show to 

customers that they have basic knowledge—of the 
content level described in the technology textbook we 
created. In contrast, the customers accept our engineers 
at contractual amounts of a certain amount. We provide 
technical skills, and the customers respond with the 
contract (accepting and contractual amounts). This 
gives confidence and peace of mind to customers as a 
result and leads to an improvement of customer 
satisfaction and differentiates us from other companies 
in the same industry. 

We were able to compile this technology textbook 
based on the training curriculum used by Artner Co., 
Ltd. to assign new employees to new fields and the 
semiconductor field. In the future, we will revise this 
technology textbook in accordance with advancements 
in technology. 
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