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Dear readers,
This year is the 50th year of the journal “ELEKTROTECHNICA &
ELEKTRONICA” (E+E). The journal was established under the name “Elektropromishlenost i priborostroene” (“Electrical industry and instrumentation”) and
was renamed to its present name in 1990.
The 50th anniversary of the journal “E+E” is a remarkable jubilee for the Bulgarian scientists and engineers in the area of electrical engineering, electronics,
telecommunications, and computer sciences. The journal was established in a period of fast developing electrical industry in Bulgaria and covered also the golden
decades of the Bulgarian electronics. For 50 years “E+E” has been following the
most important achievements of the Bulgarian researchers in its scope. All these
years it was a place for publishing scientific results and new developments, created by thousands of electrical and electronic engineers. Due to the high motivation of the authors, reviewers and the Editorial Board, the journal succeeded to
keep high level of the publications.
The journal “E+E” celebrates 50 years and successfully enters the age of its
maturity. Not only for the humans but also for any public institution, this is an extremely fertile age in which the knowledge, skills and experience (life, social,
professional) start to give the good and fruitful results.
For half a century, several generations of wise and motivated people have
worked valiantly and selflessly for the prosperity of our journal. Thanks to everything done by them, today with pride and satisfaction we can say that the journal
E+E is a leader in the field of electrical engineering, electronics, telecommunications and information technologies in our country.
HAPPY 50th ANNIVERSARY!
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ELECTRONICS

Nanotechnology - the moving force of nowadays electronics,
information technologies and telecommunications
Georgi M. Mladenov
Modern electronics devices and systems, computers and telecommunications are developing due
to the achievements in nanotechnologies – a new scientific and applied field that uses the application
of methods and techniques that provide the possibility to form in a controlled manner and modify
objects comprising of components of size less than 100 nm. This article discusses some problems, the
current state and the most likely future in the development of the aforementioned fields.
Нанотехнологиите-движеща сила в съвременните електроника, информационни
технологии и телекомуникации (Георги М. Младенов). Съвременните електронни прибори и
системи, компютри и телекомуникации се развиват на базата на постиженията на
нанотехнологиите - новата научно-практическа област, която се занимава с развитието и
приложенията на методи и техники обезпечаващи възможността контролирано да се
формират и модифицират обекти, съдържащи компоненти, по-малки от 100 nm. Тази работа
дискутира някои проблеми, днешното състояние и по-вероятното бъдещо развитие на
изброените области.

1. Introductions
Nanotechnology is the engine of the coming next
industry revolution, that changes the objectives and
the field of vision as of sciences as physics, chemistry,
informatics, but also to the industrial production of
new materials, measuring devices, electron devices
and systems. Using these technologies are performing
devices and materials containing elements of nanodimensional region (from 1 to 100 nm). In this region
are fulfilling effects of the small dimensions, connected with the considerable number of interface or surface atoms, in comparison with the quantity of the rest
number of bulk atoms, as well as manifestation of the
quantum-mechanical effects, due to the discrete electron spectra in the systems with small dimensions, to
the electrons tunneling transport through thin insulators films, as to the electron or atom spines.
Nanotechnology as science studies the processes in
and between the nano-dimensional particles, elements,
devices and systems, as well as the visualization,
measuring and simulation of these processes, the control of the technology for their mastering, as well as
applications of nano-elements, nano-devices, nanomaterials and nano-systems.
The first nanotechnology stage starts with discovery of tunnel scanning microscope during 1981 and
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discovery of fullerenes during 1985. The scanning
tunneling microscope, that visualizes the surface of
imaging sample in atomic level, was discovered by G.
Binning and H. Rorer, and they being decorated with
Nobel prize in physics for 1986 [1], [2]. The fullerenes was discovered by H. W. Kroto , R.F.Smalley
and R.F.Curl , and they were awarded with Nobel
prize in chemistry in 1996 [3], [4]. Last but not least is
the discovery and the study of one layer crystals. Such
crystal from carbon atoms-graphene were created and
studied in 2004 in Manchester University, UK by К.
Novoselov and А. Geim, and they being awarded with
Nobel prize in physics in 2010 [5], [6].
Widest applications nanotechnology have found in
modern electronics. From one side they are bridging
between the achievements of silicon planar technology, which obey market niche for numeric integrated
circuits of 300 billion dollars USA, as well as for devices, designed by A3B5 semiconductors heterojunctions and structures on this base for about 10 billion dollars USA, and developing during the last years
nanoelectronics, based on applications of selfstructuring materials-carbon tubes, graphene, fullerenes and so ones.
It have been appointed the next three development
directions of the nanoelectronics:
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•
•

•

Improvement of the existing technologies of fabrications of integrated circuits with minimum dimensions of orders of 1-20 nm;
Creation the nanoelectronic components and systems based on new physical principles and nanodimensional structured materials (as spintronic
devices, electronics, based on nanotubes, graphene, nano-wires and fullerenes.
Nanoelectronics for applications in telecommunications and informatics, optoelectronics systems,
quantum computers and components for communications networks.

sions of one table and elements of these transistors
one can imagine as books.
The modern IC are designed in up to 9 topological
levels (fig.2), where are situated: downward – usually
the active components (fig.3, fig.4), and upward –
metallization, that is realizing the passive components
of IC and electric interconnections. There (fig.4) insolating barrier must be with a low dielectric constant ε.
The velocity of connections in integrated transistors is
up to 1012 per sec. It is calculated, that if anybody
manually do this number of connections, it will need
250 centuries.

2. Problems of microelectronics, connected with
decrease of building elements dimensions
Trend to miniaturization of integral circuits (IC)
was motivated from complication of electronics systems and increase of their velocity and memory of
computers and embedded control systems.

Fig.1. A big IC (silicon chip with dimensions2х2сm).

Element density and number of functions in modern IC are increased rapidly, together with the data
processing frequencies; at decrease of utilized energy
and mass of microelectronics systems, together with
their prices, and in the same time are observed increasing of performance and volume of fabrication
and widening the regions of applications.
Now on the global market are sold 1019 – 1020 integrated transistors (transistors, included in various IC).
The integrated circuits (fig.1) contains from tens or
hundreds to about hundreds millions semiconductor
active component each, and the critical dimensions of
the elements in the last generations IC is coming to 45
nm going to 22 nm. The distance between two neighbors’ transistors is of order of 100-500 nm. If one IC
is accepted as one city, than transistors are of dimen-
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Fig.2. Scanning electron micrograph of part of IC.

The success of the modern electronics provides
from achievements of planar technology and previously to achievements of lithography micro-structuring
technologies. The utilized silicon microcrystalline
wafers now with diameter up to 30-50 cm. On these
wafers are situated of order of 5 thousand chips (IC),
every of which contains millions transistors, and that
silicon wafer is treating together. At mastering so
much (up to hundreds billions) transistors on one wafer there are very high requirements on defects in the
silicon and in the lithography masks, as well as on
the materials and control’s processes at fabrications of
the IC.
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Fig.3 МОS transistor (Si on insulator)
in the bottom of IC.

Fig.4. Cross-section of IC. There are 7 topological layers.
Barriers are from SiO2 and used metal is copper.

One of the founders of Intel Corporation (USA)
Gordon E. Moore (Intel is company fabricated most
computer microprocessors), in 1965 formulate empirical law [7], (known as Moore law – fig.5), that is
saying that number of transistor on a chip are doubling during every 18 months (and in same times the
dimensions of each transistor is reduced.
The big volume of sold IC permit to overrate
considerable increased price of technology equipment
and the used masks for the last generations IC. A
modern technology line for production of microprocessors or memories with minimal (crucial) dimen-

sions of structures of 50-100 nm need investments
about 33 billion USD, and the mask for one of 6 to 9
lithography treatments of topological layers at fabrication of IC can be priced up to 1 million USD. Such
investments over-lied the possibilities of the budget of
countries like Bulgaria and are too big also for producers of IC, which nevertheless to hard concurrency
are forced to join the possibilities for production of
last generations IC. And every new four-years cycle
of new production permit to obtain profit for the winners in technology competition only during the first
year of fabrication of this new product and in the next

Fig.5. Moore law for microprocessors and data storages.
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years of the cycle the IC are mastered for getting back
the money for equipment and profit is coming from
production of new computers or telecommunication
systems.
Critical dimensions in integrated metal-oxide silicon transistors (MOS) is the wide of gate electrode,
why is now up to 45 nm with trend to come to 22 or
14 nm. Decrease of dimensions of IC components is
companying with increase of problems of technology,
circuit or architecture character [8]-[12], problems of
heat-transfer and quantum-mechanical effects as tunneling through very thin gate oxide or along very
short distance source/drain.
Another problem belong the small dimensions of
IC component is power dissipation during operation.
Nevertheless the power dissipated from one transistor
is lowered, the density of active component being
increased and the power losses in IC are increased
(curve 1 on fig.6). Additionally are increasing and
leaks losses (current, transported through gate oxide
or from transistor to silicon wafer or in coplanar transistors – to insolating island of different type of current carriers. On fig.6, curve 2 is shown, that leaks
losses become comparable with dissipated active
power.

Fig.7. Adsorbed power density in microprocessor IC

This, together with thinning and increase of
dielectric constant of the gate oxide, use of solid
solution of silicon and germanium and application of
suitable gate metallic electrode (with suitable contact
potential difference) are major problems, solution of
which permit prolongation the operating of good
known and applied silicon industrial technology in
nano-dimension region at critical dimensions of IC
of 22 nm or 14 nm.
3. Nanoelectronic applications in telecommunications
The use of wireless communication in the nowadays community increases rapidly (fig.8). Electronic
devices for wireless communication are mobile
phones, i-phones and GPS, radio-frequency and
satellite phones, television (HD) receivers, for
remote IR control systems etc.

Fig.6. Comparison of the active power losses (curve 1)
and leaks current losses (curve 2).

The power density that must be conducted from
silicon wafer (see fig.7) become comparable with this
conducted by heating device. In the next generations
of IC, where in one cycle are grooving carbon nanotubes, they transfer electrical charges practically without thermal losses (due to negligible electrical resistance) and in the same time are transferred dissipated heat, due to very high conductivity of carbon nanotubes [13], [14].
Decrease of dimensions if conductive channel in
MOS require suitable choice (eventually increase of
concentrations of dopants) and control of their density
and distribution in the channel region.

6

Fig.8. Internet traffic using Opera mini mobile browser.

The data transfer through networks increases the
use of wireless telecommunications devices
considerably (together with laptops and table
computer components that are connected by WiFi as
well as future exponential increase of medical
sensors and remote control of home and security systems, that will improve the quality of human life).
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Nanotechnology permits, together with decrease of
dimensions and mass, to lower the price and energy
needs of telecommunications components.
It is important, that nanoelectronic applications in
telecommunication sector permit to be created and
utilized a new radiofrequency diapason – from few
GHz to hundreds of GHz (radiofrequency specter is
limited nature resource). This option is very important for near future, due to mentioned rise of data
processing. As application of this technology are creating new flexible display utilizing light-emitting diodes or quantum dots, small antennas, optical IC,
optical lasers, limiters, LiFi techniques for company
networks, sensors etc.
Recently were presented [15], [16] nanoelectromechanical resonator from a strip of graphene
(fig.9), which due to the possibility of big
mechanical deformation can be used as tunable
resonators, filters and mixers in receivers in GHz
region. In the shown on fig.8 resonator the
mechanical deformation is result of thermal
extension of device substrate.

Fig.9. Resonator from a graphene strip.

In the emerging telecommunication networks will
be applied next generation electronic-optical
elements, utilized interaction of light with photon
crystalline nanostructures, new generation fibreoptical element and new components based on new
physical principles. The positive examples of
radically new communication systems will explain
how their advances in creating optical components
capable of manipulating light via nanoscale
structures can not only increase bandwidth and
velocity of data processing, as well as break costperformance barriers for next-generation fibre
networks, but also address the FTTP (fiber-to-thepremise) product market. Developing more compact,
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more efficient, and less expensive communication
devices will have significant impact on these areas.
From another side the explosive telecommunication development will continue to delve further into
the nano-sciences, it is obvious that the scientific and
technological advances this research will generate
will also yield ever vaster amounts of voice, data,
image and video information. In turn, this
information will need to be converted into bit
streams in order to be shared as widely as possible
with fellow researchers.
4. Spintronics or magnetoelectronics
The speed, volume and the price of data storage
devices are decisive for the quality of computers and
data processing systems - for that big amount of resources and effort are focused to improvement of
data memories. But limitations of lithography
resolution, atomic structure of the materials,
quantum effects in nano - magnetized materials
connected with dimensional effects are requiring
development of new ideas. Spintronics, sometimes
called magnetoelectronics, utilizes quantum spin of
electrons, instead their electron charge. The electron
spin present a system from two states of the magnetic
energy of electron. The spin play minimal role in
convention electronics, where is in use the transfer of
electron charge. There are prognostications that
electron spin can play in future a role that is
comparable with electron charge. Spin polarized
current or spin current transfer is result of nonbalanced of these two states of electron spin at Fermi
level in magnetized metals under action of outer
magnetic field. It is also possible to generate spin
wave, presenting wave-like change of spin directions
of the neighbor electrons. The distinguishing (or
filtering) of the spin polarized current is possible
using filters from magnetic layers. In dependence of
the alignment of electron spin vectors or due to their
antiparallel state in these layers the resistance will be
lowest or higher.
On fig.10 is shown sandwich from two magnetic
layers and one thin nonmagnetic film of thickness of
order of one nm, in which ferromagnetic layers (1 и
3) are magnetized in anti-parallel direction, and nonmagnetic film between that -2, is limit of magnetic
interaction between ferromagnetic layers and to
make difficult self-acting alignment the direction of
magnetization.
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Fig.10. Principe of operation of spin valve. There 1 and 3
are Thin films from ferro-magnetic material.

On fig.11 are shown the dependencies of electrical
resistance of the sandwich from thin films, shown
schematically on the fig.9 (in studied case the films 1
and 3 are from iron, and 2 is from chrome).
Experimentally is observed a big change of electrical
resistance, and resistance variation is biggest at thinner nonmagnetic film and decrease with increase of
the magnetic field. The studies shown that in absence
of magnetic field, as result of alignment or antiparallel
direction of the magnetization of the layers 1and 3 the
sandwich resistance is small or big. This effect get
name Giant Magnetoresistance (GMR) [18], [19] and
the discovering researchers Albert Fert and Peter
Grunberg were awarded with Nobel prize of physics
in 2007. This discovery made revolution in magnetic
memories in the computers after 1997, and was impact in research in lot of connected regions.

Fig.11. Change of magneto-resistance at variation of outer
magnetic field at three thicknesses of film2 at temperature 4.2К.

The idea for use small areas of magnetized magnetic tape for storage and transfer of information is
now on more than 115 years. From encyclopedia
Britannica can see that V. Poulsen in 1898 take on
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magnetic tape and participate in fabrication and marketing of device, which use such a tape. This discovery have not success and utilization of new idea was
delayed to the times of speaking cinematograph. Analog magnetic devices from the second half of last century provide during the first times the community,
offices and homes with audio and instrumental information (magneto-phones), which than go through
visual analog writing, to come to matured state (comparing the density of numerical data storage, time for
obtaining and prize) in the computers. Magnetic
memories, which are stored data at lack of energy
sources being for long time the best candidates for
storage of information. Electronic memories are concurring on much characteristics, but requiring energy
sources, to keep write data. The conventional way of
reading the magnetic tape or later information storage
devices as floppy-disk and hard-disk is use of inductive coils, situated on small distance from moving
locally magnetized surface of the disk. In agreement
with Faraday law, if the magnetic field through wire
coil is changing, there are is generating signal. If we
add coils and magnetic core the generating pulse will
be amplifying. The distance between the disk and
reading head and dimensions of magnetic core must
being optimized, and signal from one of the areas of
magnetized surface (called magnetic domain) will be
well distinguished from the background, creating by
the neighbor domains.
In the beginning of 90-th years of last century instead electromagnetic induction for the heading of
information from magnetic hard disks starts use of
resistance of electrical conductive material under action of magnetic field (anisotropic magneticresistance), which depends on direction of magnetic
field [20]. Lord Kelvin in 19 century discovery that in
one magnetic metal the electrical resistance depends
from direction of current flowing in comparison with
the direction of magnetization vector. In the many
materials the difference between aligned and antiparallel directions of current and magnetizations is small
(from a part of % up to 2-3% from the average resistance) but in La1-xCaxMnOδ the anisotropy of
magnetic resistance is up to 8% at temperature 160K
intensity of magnetic induction B=0,5Т. During 1997
the read magnetic head of the computer’s hard discs
utilizes Giant Magnetoresistance. In this case
magnetization of one of magnetic layers is stabilized
from neighbor hard magnetized layer [19], and the
second soft ferromagnetic layer is changing the
direction of magnetic field under interactions of
moving on small distances domain on the surface of
the hard disc (fig.12).
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Fig.12. Scheme of hard disc with read and write head.
There are shown directions of disk movements and
magnetization of magnetic domains.

Use of read heads based on GMR the velocity of
increasing the information density written in computer
discs is doubled every 12 months [19]. About 2006
start utilization of perpendicular recording of magnetic domains on surface of hard discs (contrary to
fig.12, where recording is longitudinal of the disk
surface and the disk movement). The next generations
of magnetic layers on hard disks contain pillars from
ferromagnetic material, embedded in nonmagnetic
media (fig.13, fig.14).

Fig.13. Nano-pillars for magnetic media for 65 Gbit/in2.

Fig.14. Scheme of the quantized magnetic disk for writing
Numerical information from 20 Gbit/cm2 to100 Gbit/cm2,
with prognostication to reach to 4000 Gbit/cm2.
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From about 2004 was developed a new generation
hard discs in the read heads on GMR are used tunneling magnetic junctions (ТМJ). The structure of one
ТМJ is similar of structure magnetic valve, shown on
fig.9, but instead the barrier from nonmagnetic material 2 between two ferro-magnetic layers 1 and 3 is a
thinner barrier from insolating materials, as example
from Al2O3, МgО, ТiОx. It have been discovered, that
electron spin during tunneling transfer are not
changed, and direction of magnetization aligned or
antiparallel open or closed the tunneling current flowing through the tunneling magnetic junction. The
number of utilized layers in read head is increased
adding an antiferromagnetic layer for stabilization of
the magnetization of one of the magnetic layers or
utilized a system from three magnetic layers, between
which there are situated two insolating barrier layers.
In the same time are developing magnetic and spin
read only memories (МRОМ и SROM), based on
GMR and ТМJ, which are in competition in all parameters and are better due to lack of need from energy source to keep the stored data in modern electronic static and dynamic ROM and flash memories.
Conclusions
The electronic elements in the modern series IC
will reach the critical element of 22 or 14 nm on base
of nowadays improved silicon technology (electron
lithography, molecular epitaxy, magnetron sputtering,
ion etching and other technologies from approach
“top-down”. In the same time hybrid transistor from
solid solutions of semiconductor materials, as well as
based on new principles and materials (in the first
time this are self-organized materials as nano-tubes,
nano-wires, graphene and other one layered crystals)
will be developed.
Printed electronics and related reel-to-reel manufacturing may be the another disruptive solutions that
enable new kind of electronics industry: low cost,
large area electronics that will open new applications
in embedding electronics into human environments;
we can imagine wall sized, interactive, touch sensitive
panels, or new low cost useful computing and communication devices for developing countries.
Devices using wireless communication range from
TV receivers, RF IC, mobile phones and satellites
telecommunication devices. Internet access from mobile phones and tablets is growing exponentially,
which puts increasing demands on the performance of
mobile devices and networks. Radio frequency electronic components use a lot of passive components,
which cannot be miniaturized as fast as transistors and
digital electronics circuits. It is foreseen that within
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the next 10‐15 years the current RF technologies will
not be able to meet the ever increasing performance
requirements of mobile handsets without the nanotechnologies. Wireless sensors for health and sports
monitoring have already become commonplace, and
wireless connections are used extensively between
household devices, in security systems and in monitoring and logistics systems in factories and warehouses.
Radio frequencies IC are clearly the first area
where the manufacturing solutions based on bottom
up self-assembling processes could simplify electronics manufacturing and lower the investments and assets needed for establishing manufacturing sites.
The telecommunication networks processing avalanche of information converted it into bit streams.
Today’s networks (far too many of which still remain
at the megabyte-level) are simply too slow to handle
this. New nano-electronics developments will only be
able to meet their full potential if they can be shared
with - and wirelessly connected to the end user. Only
a radically more powerful network can do this. Moreover, bandwidth 5000 times faster than today’s current
bandwidth will unleash a variety of new products and
open as-yet-untold markets. (Let just consider how
improvements in data storage led to the development
of the Ipod and its concomitant markets. Now imagine
how continued advances in data storage and superpowerful computers - when coupled with equally
powerful advances in bandwidth - will lead to similar
new products and markets).
REFERENCES
[1] Binnig, G., H. Rohrer, C. Gerber and E. Weibel.
Scanning tunneling microscopy. IBM Journal of Research
and Development, 30, 1986, p. 4.
[2] Mladenov, G.M., V.М. Spivak, Е.G. Koleva, А.V.
Bogdan. Monograph: Nanoelectronics; Book1. Introduction
in nanoelectronics technology. Kiev-Sofia: Avers Publ.
House, 2010, p. 332 (In Russian).
[3] Kroto, H.W., J.R. Heath, S.C. O'Brien, R.F. Curl
and R.F. Smalley. C60: Buckminsterfullerene, Nature 318
(6042), 1985, pp. 162–163.
[4] Shmireva, А.N., G.М. Мladenov, V.М. Spivak,
Е.G.Koleva, А.V.Bogdan. Monograph: Nanoelectronics;
Book2. Materials and functional devices. Kiev-Sofia: Avers
Publ. House, 2011, p.394 (In Russian).
[5] Novoselov, K.S., A.K. Geim et al. Science,
Electric Field Effect in Atomically Thin Carbon Films, 306,
2004, р. 666.
[6] Mladenov, G.M. Nobel prize for physics in 2010.
Journal of Bulg. Acad. of Sciences, No 6/2010, pp.90-94.

10

[7] Moore, G.E. Cramming more components onto
integrated circuits. Electronics Magazine, 1965, p. 4.
[8] Mladenov, G.M. Electron and ion technologies.
Publ. House M. Drinov, Sofia, 2008, p. 388.
[9] Mladenov,
G.M.
Nanotechnology
and
nanoelectronics - The future starts today, Electronics 2008
Proceedings, 2008, pp. 9-14, (In Bulgarian).
[10] Mladenov,
G.M.
Nanotechnology
and
nanoelectronics. Publ. House M. Drinov, Sofia, 2010, p.
116 (In Bulgarian).
[11] Popov, А. Semiconductor materials for
nanoelectronics. University Publ. House, Sofia, 2007 (In
Bulgarian).
[12] Velchev, N. Nanoelectronics. University Publ.
House, Sofia, 2008 (In Bulgarian).
[13] Iijima, S. Helical microtubules of graphitic carbon.
Nature 354: (1991), pp.56–58
[14] Tseng, Yu-C. Monolithic Integration of Carbon
Nanotube Devices with Silicon MOS Technology. Nano
Letters 4 (1): 123 – 127, 2004.
[15] Loh, O., X. Wei, C. Ke, J. Sullivan, H. Espinosa.
Robust carbon-nanotube-based nano-Electromechanical
devices: Understanding and eliminating prevalent failure
modes using alternative electrode materials. Small
(Germany) 7 (1), 2011, 79–86.
[16] Singh, V., M.M. Deshmukh, Nanoelectromechanics using grapheme. CURRENT SCIENCE, V. 107, 3, 10
August, 2014.
[17] Gabriel, J.-Ch. Large Scale Production of Carbon
Nanotube Transistors: A Generic Platforms for Chemical
Sensors. Mat. Res. Soc. Symp. Procter. 762: Q.12.7.1.,
2003.
[18] Baibich, M., J. Broto, A. Fert, F. Nguyen Van
Dau, F. Petroff, P. Eitenne, G. Creuzet, A. Friederic and J.
Chazaelas. Giant Magnetoresistance of (001)Fe/(001) Cr
Magnetic Superlattices. Physical Review Letters 61, 1988,
2472.
[19] Binasch, G., P. Grünberg, F. Saurenbach and W.
Zinn. Enhanced Magnetoresistance in Layered Magnetic
Structures with Antiferromagnetic Interlayer Exchange.
Physical Review B 39, 1989, 4228.
[20] Thompson, D.A., and J.S. Best. The future of
magnetic data storage technology. IBM Journal of Research
and Development, v.44, No 3, 2000.
Corresponding member of BAS, prof. Dr Sc. On Phys,
Eng. Georgi M. Mladenov is from Institute of Electronics
at Bulgarian Academy of Sciences. He have activity in
physical electronics: electron and ion technologies, electron devices, nanoelectronics, electron materials etc.
е-mаil: gmmladenov@abv.bg
Received on: 16.10.2015

“Е+Е”, 11-12/2015

Comparison between circuits for charging and voltage balancing
over series connected elements for energy storage
Dimitar D. Arnaudov, Nikolay L. Hinov, Ivan I. Nedyalkov
In the following article two circuits for simultaneously charging and voltage balancing are
studied and compared. Simulation and experimental studies have been made. They show the changes,
which occur during the operating mode of the tested circuits, at charging series connected battery
cells. Characteristics were derived on the basis of the obtained results, which we use for evaluating
the qualities of the author-proposed circuits.
Сравнение между схеми за заряд и изравняване на напрежението върху
последователно свързани елементи за съхранение на енергия (Димитър Арнаудов, Николай
Хинов, Иван Недялков). В работата са разгледани две схеми за едновременен заряд и
изравняване на напрежението. Проведени са симулационни и експериментални изследвания, с
които са показани промените, настъпващи в режимите на работа на двете схеми, при заряд
на последователно свързани клетки на акумулаторна батерия. На базата на получените
резултати са построени характеристики, които позволяват да бъде направена оценка на
качествата на синтезираните от авторите схеми.

Introduction
With the development of the modern technologies
and the needs of ecological power supplying systems,
the photovoltaic power supplying systems are more
and more accessible. The generated energy is
necessary to be stored. Therefore, we need to use
elements for energy storage [1]. Such elements are
lithium rechargeable batteries and supercapacitors.
The benefits of these elements are known. One of the
main drawbacks of these elements is the low voltage
over one cell. For removing this drawback it is
necessary to connect the cells in series, thus we get the
desirable voltage. The problem, which appears with
this series connection, is the need of voltage balancing
[2], [3]. The unbalancing of the voltage, over the
series connected cells, leads to many problems like:
reduced operational life of the cells, incorrect loading,
possibilities of over charging and over discharging
and etc.
The elimination of these problems happens by
using additional circuits, which in most cases are
passive or active methods for voltage balancing.
For charging these elements, there are different
circuits and methods:
• Charging by using DC-DC converter: the
converter mainly works like current regulator
[4]. So the cells are charging with constant
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current. There are additional circuits, by which
the charge begins with constant current and after
that change to charging with constant voltage, for
the equalization phase. After the cells are
charged, the charging process stops;
• Charging with linear regulators: these circuits
allow both charging modes – charging with
constant voltage and constant current. The
drawback of these converters is the low
efficiency compared to the DC-DC converters.
Nevertheless which of the two charging techniques
we choose for charging series connected lithium cells,
it is always needed voltage equalization over the
separated cells. Therefore, it is necessary to use
circuits, which provide simultaneous charging, and
voltage balancing over the separated cells [5], [6].
1. Circuit for charging and voltage balancing
based on Resonant Inverter with Reverse
Diodes (RIRD).
Figure 1 shows the proposed circuit of charging
and balancing.
The circuit is based on RIRD with divided power
source. The circuit works in above the resonance
frequency mode [7], [8], [9]. The load is connected to
double - phase half – wave rectifiers, which charges
the cells of the lithium battery.
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Fig.1. Proposed circuit for charging and balancing.

1.1 Working principle
The working principle is the following. The
voltage, to which the separated cells are charged, is
the constant DC voltage side. The cell, charged to the
highest voltage, compared to the other cells, has the
highest DC voltage. Therefore, through this cell the
charging current is the lowest. Under certain
conditions, the charging current does not flow through
the cell and the relevant diodes are turned off.
Charging currents flows through the rest of the cells.
Through the cell with the lowest voltage, flows the
highest charging current. After voltages are balanced
and reach the value of the highest charged cell,
charging current starts to flow through it. This current
is equal for the three cells and so the voltages are
balanced.

represented with its equivalent capacity Ck and
voltage source Uck, which correspondents to the initial
value of the voltage, to which the capacitor recharges,
during the work of the circuit.

Fig.2. Equivalent circuit of the load.

The switching inductor is represented by Lk and
the voltage source ULk, which represents the initial
condition of the voltage over the inductor.

1.2 Equivalent circuits
Figure 2 shows the equivalent circuit of the load
circuit.
On the circuit, the resistors represent the internal
resistance of the following elements: internal
resistance of the rectifier diodes, internal resistance of
the transformer windings and internal resistance of the
cells.
Figure 3 shows the equivalent circuit of the power
circuit when one of the power transistor is on.
During the first cycle, the circuit is supplied by
the voltage source Ud/2. Switching capacitor is
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Fig.3. Equivalent circuit of the power circuit.
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1.3 Simulation studies
For conducting, the simulation study, a simulation
model of the circuit for charging battery cells, has
been developed. The model is created by using
LTspice [10].
Figure 4 shows the results from charging and
voltage balancing over the three cells.

Figure 6 shows the current through one of the
power transistors - Id(M2) and the voltage over it V(N002, N009). The used simulation model of the
transistors is with internal revered diodes.
In this circuit, there is zero current switching and
zero voltage switching, which is one of the advantages
of this circuit.
1.4 Experimental results
For verification of the simulation studies,
experimental studies, with two lithium cells, were
made.
Figure 7 presents the forms of the charging
currents through the two cells. One of the cells is
charged to a higher voltage than the other one.

Fig.4. Voltage equalization over the cells.

As we can see from the waveforms the three cells
are with different initial conditions – each one of them
is charged to a different voltage value. During
charging, the voltages over them are equalizing.
Figure 5 shows the forms of the three charging
currents, which flows through the energy storage
elements, before voltage equalization. As it was
described in 1.1, we can see the working principal –
through the cell with the highest voltage, initially
there is no current flow.

Fig.7.Charge current through the tested cells.

As we can see, the highest current is through the
cell with the lowest voltage. After voltages are
balanced, charging currents are also balanced. The
balanced currents are shown on figure 8.

Fig.5. Waveforms of the charging currents.

Fig.8.Charge current through the tested cells.

Fig.6.Current and voltage of one of the power transistors
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Figure 9 shows the current and the voltage of one
of the power transistors.
Figure 10 shows the form of the current in the half
– bridge.
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2. Circuit for charging and balancing based on
Resonant Inverter with Voltage Limitation
Over the Commutating Capacitor (RIVLOCC)
Figure 11 shows another circuit for charging and
balancing over series connected energy storage
elements. The circuit is based on RIVLOCC [11],
working in above the resonance frequency mode with
divided power source and limitation diodes. Due to
the limitation diodes, the circuit can provide limitation
of the voltage over the resonance capacitor Ck.

Fig.9. Current and voltage of one of the power transistors.

Fig.10. Waveform of the current in the diagonal
of the power circuit.

2.1 Working principle
The working principle is similar to the circuit on
figure 1. The processes that occurs in the load are
identical to the processes in RIRD – through the cell
with the lowest voltage flows the highest charging
current and through the cell, with the highest voltage,
in the beginning, there is no current flow. After
voltages are equalized, the charging current is equal
for all cells and flows through all of them. The
differences are in the processes that occur in the
power part of the circuit. This circuit combines the
working principles of the circuits with reverse diodes
and limitation diodes. The diodes, limiting the voltage
over a part of the commutating capacitor Ck, works
under certain condition and limit its voltage to ±Ud/2.
The energy transfer from the inverter to the
rectifiers happens, by using inverter transformer.

Fig.11. Proposed circuit for charging and balancing, based on resonant inverter
with limitation over the commutating capacitor.
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2.2 Equivalent circuits
Figure 12 shows the equivalent circuit when one of
the power transistors is on, without reverse diodes and
limitation diodes to be working.

Figure 15 shows the forms of the charging current
through the three cells. Here again the results are
similar to the RIRD circuit.
Figure 16 shows the current through one of the
power transistor and its internal diode - Id(M2) and
the current through one of the limitation diodes Ddoz1
- I(Doz1). According to the stage of charge, there can
be one of the following possibilities:
• Limitation diode turn on before reverse diode;
• Reverse diodes turn on before limitation diodes.

Fig.12. Equivalent circuit of the power circuit.

Figure 13 shows the equivalent circuit when
reverse
diodes
and
initiation
diodes
are
simultaneously on.
Ud/2

Fig.15. Waveforms of the charging currents.
Uck
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Uk

rd

rtr

rcell1

Ucell1
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rd

rtr

rcell3
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Fig.13. Equivalent circuit of the power circuit.

2.3 Simulation studies
A simulation model for charging battery cells is
developed.
Figure 14 shows the simulation results of charging
and voltage balancing over the three cells.

Fig.16.Current trough transistor and limitation diode.

Figure 17 shows current through one of the
transistors and its internal diode - Id(M2), and the
voltage over it - V(N002, N010). As we can see, the
transistor turns on by zero current and zero voltage,
which is one of the advantages of the circuit. The used
simulation model of the transistors is with internal
revered diodes

Fig.14. Voltage equalization over the cells

As we can see, the results are similar to those of
the other circuit, based on RIRD.
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Fig.17.Current and voltage of one of the transistors.
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Figure 18 shows the current through one of the
limitation diodes Ddoz1 – I(Doz1) and the voltage over
it – V(N006,N002). From the waveforms, we can see
that the voltage over the limitation diode is equal to
voltage over the resonance capacitor Ck.

Fig.20.Current and voltage of one of the transistors.

Fig.18.Current and voltage of one of the limitation diodes.

2.4 Experimental studies
For verification of the simulation studies,
experimental studies with two lithium cells are made.
Figure 19 shows the equalizing charge currents.

Fig.21.Current through transistor and limitation diode.

Fig.19.Charge current trough the tested cells.

Figure 20 shows the current through one of the
transistors and voltage over it. As it can be seen, the
transistor turns at zero current and zero voltage, which
confirms the simulation results.
Figure 21 shows the current through one of the
transistor and the current through one of the limitation
diodes. The turning on of the reverse diode depends
from the control system and the parameters of the
load. The moment of turning on the limitation diodes
depends on the parameters of the load and the
distribution of the capacities Ck and Ck1.
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3. Simulation studies of circuits for charging at
different values of the voltage over the battery.
For the assessment of the qualities of the proposed
circuits, a several simulation studies have been made.
By using the obtained results, characteristics are built.
By using these characteristics, the working regimes of
the converters, in charging mode, are studied.
Figure 22 shows the characteristic, which presents
the maximum current through transistor T1 for both
circuits, according to the voltage of the cells. The
currents are given in relative units, referred to the
maximum value of the current through transistor T1.
The value of this current is for 2,8V over the cell
(beginning of the charging).
The dotted line represents the current of the
RIVLOCC circuit and the solid line represents the
current of the RIRD circuit. As we can see in the
circuit with limitation diodes, the maximum current
through the transistor is almost constant and change a
bit, during charging
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Fig.22.Maximum current through transistor T1.

Figure 23 shows a characteristic, which presents
the changing of the maximum current through the
reverse diodes, for different values of the voltage over
the cells. The characteristic is given for both circuits.
The currents are given in relative units, referred to the
maximum value of the current through the reverse
diodes. The value of this current is for 2,8V over the
cell (beginning of the charging). The dotted line
represents the current through the reverse diode of the
RIVLOCC circuit and the solid line represents the
current through the reverse diode of the RIRD circuit.
Current through reverse diodes
1.2

Fig.24. Characteristics of the input currents.

Figure 25 shows the characteristic that presents
the changing of the maximum value of the charging
currents through all battery cells, for the RIRD circuit.
The currents are given in relative units, referred to the
maximum value of the charging current. The value of
this current is for 2,8V over the cell (beginning of the
charging). The solid line represents the current
through cell 1, the shredded line represents the current
through cell 2 and the dotted line represents the
current through cell 3. The characteristic presents how
the charging current changes, during the charging
process. After the cell voltages are balanced, charging
currents are equalized.

1

Charging currents RIRD

0.8

1.2

0.6

1

0.4

0.8

0.2

0.6

0
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3,8
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4

4,2

Fig.23. Characteristic of the current
through reverse diodes.

Figure 24 shows the characteristic that present the
changing of the source current, during charging, for
both circuits. The currents are given in relative units,
referred to the average value of the source current.
The value of this current is for 2,8V over the cell
(beginning of the charging). The dotted line represents
the source current of the RIVLOCC circuit and the
solid line represents the source current of the RIRD
circuit. As we can see from the characteristic, the
RIVLOCC circuit, which is characterized with
constant power charging, the consumed current is
constant, unlike the other circuit.
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Fig.25. Characteristics of the charging currents

Figure 26 shows the same characteristic like the
one on figure 25, but for the RIVLOCC circuit. The
currents are given in relative units, referred to the
maximum value of the charging current. The value of
this current is for 2,8V over the cell (beginning of the
charging). The solid line represents the current
through cell 1, the shredded line represents the current
through cell 2 and the dotted line represents the
current through cell 3.
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Fig.26. Characteristics of the charging currents.

Conclusion
1. Simulation studies of changing the working
regimes of the circuits during charging are made. By
using these studies, a comparison is made between
RIRD and RIVLOCC circuits.
2. Characteristics for evaluation of the properties
of the proposed circuits are made.
3. At the circuit with limitation diodes, because
of its capability of charging with constant power, there
are little amendments in the maximum current through
the transistors and the source currents.
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Computer modeling, simulation and model parameter extraction
of submicron integrated circuits using SPICE
Marin H. Hristov, Elissaveta D. Gadjeva
With the fast development of submicron technologies, the need of accurate modeling, simulation
and parameter extraction of RF microelectronic devices increases. The accuracy of the developed
models and parameter extraction approaches of the passive and active components plays critical role
in the RF microelectronic design process. The most used building passive components of RF chips are
the planar inductors and planar transformers. The development of accurate models of high-frequency
transistors (HBT and MOSFET) allows performing of adequate simulation during the design of RF
circuits. In the present paper, a rewiev of research achievements in the field of computer modeling,
simulation and parameter extraction of RF microelectronic devices is made. The possibilities of the
general-purpose electronic circuit simulators for computer modeling and simulation and for
computer-aided model parameter extraction of submicron RF devices are investigated: development
of parameterized models in the form of blocks and subcircuits, modification of the computer models in
order to increase their efficiency. The accurate modeling of planar inductors allows performing of
geometry optimization.
Компютърно моделиране, симулация и екстракция на моделни параметри на
субмикронни интегрални схеми с помощта на SPICE (Марин Христов, Елисавета
Гаджева). С бързото развитие на субмикронните технологии нараства необходимостта от
точно моделиране, симулация и екстракция на параметри на RF микроелектронни елементи.
Точността на разработените модели и на подходите за екстракция на параметрите на
пасивни и активни компоненти играе решаваща роля в процеса на проектиране на RF
микроелектронни схеми. Най-често използваните градивни пасивни компоненти в RF
интегралните схеми са планарни бобини и планарни трансформатори. Разработването на
точни модели на високочестотни транзистори (HBT и MOSFET) позволява извършване на
адекватна симулация в процеса на проектиране на RF схеми. В настоящата статия е
извършен преглед на научноизследователските постижения в областта на компютърното
моделиране, симулация и екстракция на моделни параметри на RF микроелектронни елементи.
Изследвани са възможностите на универсалните програми за анализ на електронни схеми за
извършване на компютърно моделиране и симулация и за компютърна екстракция на моделни
параметри на субмикронни RF прибори: разработка на параметризирани модели във вид на
блокове и подсхеми, модификация на компютърните модели с цел да се увеличи тяхната
ефективност. Точното моделиране на планални бобини позволява да се извърши тяхната
геометрична оптимизация.

The rising development of RF circuits requires
accurate, reliable and flexible tools for computer
modeling and simulation. The precise simulation of
passive and active components is a key problem in the
design of RF circuits and requires implementation of
accurate computer models for simulation and
optimization. Based on corresponding characterization
techniques and advanced passive and active
component models, a high level of accuracy can be
achieved when simulating basic RF/microwave circuit
designs. The computer-aided design and optimization
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of RF integrated circuits requires the development of
accurate, effective and simple computer models of the
basic RF building blocks.
The accurate models, analysis and optimization
tools of spiral inductors and transformers are of great
importance for the improvement and control of the
properties of these elements. The development of
accurate HBT and MOSFET equivalent circuits for
simulating the circuit performance plays important
role in the design of microwave circuits. The
availability of effective and systematic model
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parameter extraction procedures allows creating of
accurate and efficient computer models of on-chip
radio frequency (RF) transistors.
The advances in the field of computer modelling,
simulation, model parameter extraction and
optimization of submicron integrated RF circuits
using the contemporary PSpice-like circuit simulators
are considered in the present paper.
Computer PSpice models of spiral inductors
Many researches had been conducted on various
topics to improve or to control the properties of spiral
inductors and transformers. For this reason, the
analysis and optimization of these elements have been
of great importance. Considerable research work has
been done recently [1]-[26]. The majority of the
methods are based on numerical techniques, empirical
formulas, and physical models.
The geometry-dependent models use the simple πstructure and expressions for the series resistance
which are functions of operating frequency. Many
researches are concentrated on the development of
accurate expressions describing the spiral inductors
and transformers and on geometry optimization for
improving the Q factor. Scalable inductor models are
developed, which can be easily integrated into a CAD
framework. Parameterized computer macromodels are
developed for accurate simulation of spiral inductors
and transformers applying the standard circuit
simulator Cadence PSpice [17]. A verification of the
developed macromodels is performed by comparison
between the simulation results obtained using PSpice
and measurement data. The developed macromodels
are easy for implementation in the standard PSpicelike circuit simulators and can be used successfully in
the RF circuit design process.
The equivalent circuit with a π-structure of the
spiral inductor is used. The PSpice implementation of
the model is shown in Fig. 1. The model parameters of
the spiral inductor are Rs, Cs, Rsi, Csi, Cox, Ls.
The inductor parameters are defined in Table I.
The series resistance Rs is represented by the VCCS of
GLAPLACE type. It is frequency-dependent
describing the influence of the skin effect. The circuit
elements are defined by the following equations:
(1) Rs =

(

l

σwδ 1 − e

−t δ

)

; δ=

2
; σAl ,Cu = 1 ρAl ,Cu
ωσμ

Cs

3

1

4

OUT+
OUT-

Ls
2

G1

IN+
I NCox1

Rsi1

Cox2

GLAPLACE

Csi1

Csi2

Rsi2

0

Fig. 1. PSpice computer macromodel of the spiral
inductor.

Table 1
Input parameters for the inductor simulation
Inductor parameter
Outer diameter Dout
Number of turns n
Width of spiral trace w
Metal thickness t
Line spacing sp
Thickness of the oxide insulator
between the spiral and underpass
toxM1M2
Thickness of the oxide layer between
the spiral and substrate tox
Metal conductivity at DC
Substrate conductance Gsub
Substrate capacitance Csub
Permittivity of the oxide ε ox
Magnetic permeability of the free
space μ

(3)

Cox =

Name
in the model
Dout
n
w
t
sp
toxM1M2
tox
sigma
Gsub
Csub
Eox
mju

εox lw
C lw
; Csi = sub .
2
2tox

The inner diameter can be found using the
expression:
(4)

Din = Dout − 2  n ( sp + w ) − sp  .

The average diameter Davg can be found using the
values for the inner diameter Din and the outer
diameter Dout:
(5)

Davg = ( Din + Dout ) 2 .

2

(2)

20

ε nw
2
Cs = ox
; Rsi =
,
toxM 1M 2
Gsub lw

The length of the spiral can be found using the
expression:
(6)
l = 4 Davg n .
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The inductance Ls of the planar spiral inductor is
described using three analytical expressions in
dependence on the geometry parameters.
The first approximation is realized with the
modification of the Wheeler formula with K
coefficients:
(7)

Ls1 = K1μ0

n 2 d avg
1 + K 2ρ

,

G_Rs 1 2 LAPLACE {V(1,2)}={l/(sigma*w*
+sqrt(2/(sqrt(-s*s) *mju*sigma))*
+(1-exp(-t/(sqrt(2/(sqrt(-s*s)* mju*sigma))))))}
Cox = {0.5*@L*@w*@Eox/@tox}
Rsi = {2/(@L*@w*@Gsub)}
Csi = {0.5*@L*@w*@Csub}
Rs is presented by a voltage controlled current
source of GLAPLACE type (Fig. 2):

where K1 and K2 depend on the inductor layout. In the
case of square inductors K1 =2.34 and K2 = 2.75.
The second approximation is done using current
sheet approximation:
(8)

Ls 2 =

μ n 2 d avg c1
2

(ln(c2 / ρ) + c3ρ + c4ρ2 ) .

The coefficients c1 to c4 depend on the shape of the
inductor. In the case of square inductors c1=1.27,
c2= 2.07, c3= 0.18 and c4= 0.13. The third
approximation is given with the data fitted monomial
expression (α – coefficients expression):
(9)

α3
α1
Ls 3 = β d out
wα2 d avg
nα4 sp α5 .

In the case of square spiral inductor β=1.62 × 10-3,
α1=−1.21, α2 =−0.147, α3 = 2.4, α4 = 1.78 and
α5= − 0.03 [5].
The series resistance Rs is modeled according to the
input language of the PSpice simulator using the
element voltage controlled current source (VCCS)
GLAPLACE from the ABM.lib library. It allows to
include the Laplace variable s in the expression for the
controlling parameter.
As the frequency is not directly accessible for the
user in PSpice, the following expression is applied to
calculate ω from s variable:
(10)

ω = −s2

The macroses which are describing the
parametrized model of the spiral inductor in PSpice
are in the form:
Ls1 = {((@mju*@n*@n*@Davg*@C1)/2)*
+ (log(@C2/@ro)+@C3*@ro+@C4*@ro*@ro)}
Ls2 = {(@K1*@mju*@n*@n*@Davg)/
+(1+@K2*@ro)}
Ls3 = {@beta*pwr(@Dout*1e6,@al1)*
+pwr(@w*1e6,@al2)*pwr(@Davg*1e6,@al3)*
+pwr(@n,@al4)* pwr(@sp*1e6,@al5)*1e-9}
Cs = {@n*@w*@w*@Eox/@toxM1M2}
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Fig. 2. Modeling of the series resistance Rs taking into
account the skin effect.

Parameterized PSpice model

.PARAM Dout={Din+2*(n*(sp+w)-sp)}
Davg={Dout-n*(sp+w)+sp}
.subckt ind3 1 2 6 params: beta={beta} al1={al1}
+ al2={al2} al3={al3} al4={al4} al5={al5} L={L}
+ Dout={Dout} mju={mju} sigma= {sigma} w={w}
+ Eox=3.45e-11 toxM1M2={toxM1M2} tox={tox}
+ sp={sp} n={n} Gsub={Gsub} Csub={Csub} t={t}
Ls 1 3 {beta*pwr(Dout*1e6,al1)*pwr(w*1e6,al2)*
+ pwr(Davg*1e6,al3)*pwr(n,al4)*
+pwr(sp*1e6,al5)*1e-9}
G_Rs 3 2 LAPLACE {V(3,2)}=
+{l/(sigma*w*sqrt(2/(sqrt(-*s)*mju *sigma))*
+ (1-exp(-t/(sqrt(2/(sqrt(-s*s)* mju*sigma))))))}
Cs 1 2 {n*pwr(w,2)*Eox/toxM1M2}
Cox1 1 4 {0.5*L*w*Eox/tox}
Cox2 2 5 {0.5*L*w*Eox/tox}
Rsi1 4 6 {2/(L*w*Gsub)}
Csi1 4 6 {0.5*L*w*Csub}
Csi2 5 6 {0.5*L*w*Csub}
Rsi2 5 6 {2/(L*w*Gsub)}
.ends
Determination of S-parameters and quality
factor Q

Using the PSpice model (Fig. 3), S-parameters can
be calculated and visualized in Probe. The AC voltage
Vin =1V is applied by the source Vg. The voltage
sources V1 and V2 of value 0V (short circuit
branches) are introduced to measure the currents I(V1)
and I(V2).
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Fig. 3. Determination of S-parameters
and quality factor Q.

The S-parameters are obtained from the two-port
admittance parameters Y11 and Y12:
The quality factor Q is obtained in the form:
Y1=I(V1)/V(in)
Y2=I(V2)/V(in)
Y11=Y1+Y2
Y12=Y2
DELTAY=(Y11+Y0)*(Y11+Y0)-Y12*Y12
S11=((Y11-Y0)*(Y11+Y0)+Y12*Y12)/DELTAY
S12=(-2)*Y12*Y0/DELTAY
Q=Img(V(in)/I(Vg))/R(V(in)/I(Vg))
The magnitude and phase responses of S11 and S12
are presented in Fig. 4.

a)

b)
Fig. 4. Magnitude and phase responses of S11 and S12 .

Application of parametric analysis to geometry
design and optimization

The possibilities of the PSpice-like simulators to
define one or more independent variables as
simulation parameters can be effectively applied to
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geometry design of planar spiral inductors [13, 28].
Using the ABM blocks, the geometry and electrical
inductor parameters (Din, Dout, w, n, Ls, etc.) can be
defined, changed and investigated using behavioral
computer model of the spiral inductor.
The possibilities of the DC analysis for
simultaneous definition of independent variables using
DC Sweep, Nested Sweep and Parametric analysis,
can be used.
The dependence w = f(n) of the trace width w on
the number of turns n for a given inductance value Ls
is obtained. In order to construct this family of curves,
a DC Sweep is defined with a global parameter the
width w.
The number of turns n is defined as a global
parameter in the Parametric Analysis. The
dependence Ls =f1(w) with parameter n is obtained and
visualized in Probe.
In order to obtain the dependence w = f(n) for a
given Ls value, Performance analysis is defined. The
dependence w = f(n) for Ls=Ls0 is obtained using the
Probe function
XatNthY(V(Ls),Ls_value,1)

Similarly, the dependence w = f(n) for a given Q
can be obtained.
The optimal geometry parameters can be
automatically obtained using the PSpice simulator to
achieve maximal quality factor Q for a given
frequency fo. The monomial expression (9) is used to
model the inductance Ls.
The required inductance Lsreq, the frequency fo, the
technological parameters and the coefficients αi ,
i = 1,2,...,5, are introduced as input data using the
.PARAM statement.
The requirement for the minimal admissible values
of Q and fso , as well as the geometry limitations, are
included in the model :
(11)

Q ≥ Qmin ; f so ≥ f so ,min ; w ≥ wmin ; s ≥ smin

(12)

2
1 for Dout ≤ Amax
X =
2
0 for Dout > Amax

It is described by the dependent source of
EVALUE type:
EA X 0 VALUE {v(1)*if((Dout*DoutAmax)<=0,1,0)}
The dependences Qmax(Din), wopt(Din) , Dout(Din) and
n(Din) are obtained for the Din values varying in the
range [Din,min , Din,max] and for a given Lsreq. They are
shown in Fig. 5 for Lsreq=3nH. The optimal value
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Din,opt which maximizes Qmax(Din) is also obtained
from these graphs.

the parameter values of the elements of the model
shown in Fig. 7 can be obtained:

Fig. 7. De-embedded equivalent circuit of spiral inductor.
Fig. 5. Determination of the dependences Qmax(Din),
wopt(Din) , Dout(Din) and n(Din).

Development of computer-aided approach
to parameter extraction of spiral inductor model

Computer-aided extraction procedure is developed
in [26] for obtaining the parameters of spiral inductor
model. The procedure is of direct type and can be
easily realized using the possibilities of standard
circuit simulators such as Cadence PSpice and
graphical analyzer Cadence Probe. The computer
realization of the extraction procedure is performed
using macro-definitions in the graphical analyzer
Cadence Probe.
The comparison between the simulation results and
the measured data confirms the validity of the
developed extraction procedure, as well as the high
accuracy of the computer model.
The equivalent circuit of on-chip spiral inductor is
presented in Fig. 6. This circuit also represents the
parasitic elements associated with the bonding pads
and interconnect lines (parasitic elements outside the
subcircuit N). They are eliminated from the
measurements using de-embedding technique. After
de-embedding, the inductor model can be represented
as shown in Fig. 7.

(13)

Y = YR + jYI ,

(14)

YR =

(15)

YI = ω

Rs
,
R + ω2 L2s
2
s

C p Rs2 − L2s + ω2 L2s C p
Rs2 + ω2 L2s

,

Y 
Q = −  11I  .
 Y11R 
In order to take into account the skin-effect, the
series resistance Rs of the inductor model is assumed
constant up to frequency fo and then increases as f :

(16)

(17)

 Rso for f < f o
Rs ( f ) = 
.
 A f for f ≥ f o

Parameter extraction procedure for the simplified
model

In the simplified model (model M1) the resistance
Rs is frequency independent. The parameter extraction
procedure P1 consists of the following steps:
1. Introducing input data for the de-embedded
parameters YR and YI
2. Determination of Rs
(18)

Z =1 Y .

Rs is obtained from Re [ Z ] at lower frequency:
(19)

Rs = Re [ Z ] for f = f low .

3. Determination of Ls
Ls is obtained from Im [ Z ] at lower frequency:
Fig. 6. Equivalent circuit of spiral inductor

The extraction procedure is based on measured data
for S-parameters. After converting to Y-parameters,
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(20)

Ls = Im [ Z ] for f = f low .

4. Determination of Cp
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Cp is obtained
frequency:

from

(21)

Z RL = Rs + jωLs

(22)

Cp =

;

Im [Y − YRL ]
ω

Im [Y − YRL ] at

higher

YRL = 1 Z RL ,

.

Parameter extraction procedure for the full
model

In the full computer model (M2) the resistance Rs is
frequency dependent. In order to model the skin effect
more precisely at high frequencies, two coefficients
K1 and K2 are introduced to describe the frequency
dependence Rs(f):
(23)

Rs ( f ) = K1 f K 2 .

The extraction procedure P2 for model M2 is the
same as the extraction procedure P1 for model M1
except Step 2: determination of Rs. The coefficients K1
and K2 are obtained using the values of Re [ Z ] for
two frequencies f1 and f2:
f 2 = ( f low + f hi ) 2 ,

(24)

f1 = flow ;

(25)

R f1 = Re [ Z ] for f = f1 ,

(26)

R f2 = Re [ Z ] for f = f 2 .

* Step 2: Determination of Rs
Rf=R(Rm)
Rs =MIN( Rf*frequency/Flow)
* Step 3: Determination of Ls
Xm = IMG(Zm)
Lf=IMG(1/V(Yexp))/w
Ls=MIN(Lf*Frequency/Flow)
* Step 4: Determination of Zrl, Yrl, Yc and Cp
Zrl = Rs+jj*w*Ls
Yrl = 1/Zrl
Ycm = Ym-Yrl
Bcm = IMG(Ycm)
Cp = max( Bcm)/(2*pi*Fhi)
Step 2 of parameter extraction procedure P2 is
realized using the following macro-definitions in the
graphical analyzer Probe:
K1 = Rf1/pwr(F1,k2)
K2 = LOG(Rf1/Rf2)/LOG(F1/F2)
Rs=K1*pwr(Frequency,K2)
Accuracy
procedures

investigation

(27)

(28)

K2 =
K1 =

(

ln ( f1 f 2 )

R f1
f1K 2

),

extraction

(29)

Q=−

Im [Y11 ]

Re [Y11 ]

.

The values Y11m obtained from the measurements,
are introduced in the model using EFREQ elements.
The corresponding quality factor Qm is:
(30)

Qm = −

Im [Y11m ]

Re [Y11m ]

; Qmax = max(Qm ) .

The simulated quality factor Qs1 of the model M1
is:

.

The parameter extraction procedure for model M1
is realized using corresponding macro-definitions in
the graphical analyzer Probe. The following macros
are defined:
* Step 1: Determination of the lower and higher
frequencies of the range (Flow and Fhi),
determination of Y, Z, Re(Z) and Im(Z)
Flow = MIN(frequency)
Fhi = MAX(frequency)
w = 2*pi*frequency
wlow=2*pi*Flow
pi = 3.14159265
jj = sqrt(-1)
! complex number j
Ym = V(Yexp)
Zm = 1/Ym
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the

The quality factor Q is obtained by the equation:

Using (23), the following coefficients are obtained:

ln R f1 R f2

of

(31)

Qs1 = −

Im Y11, s1 
Re Y11, s1 

,

where Y11, s1 is obtained from Fig. 8 in the form:
(32)

Y11, s1 =

I1a
.
V1a

Similarly, the simulated quality factor Qs2 of the
model M2 has the form:
(33)

Qs 2 = −

Im Y11, s 2 
Re Y11, s 2 

,

where Y11, s 2 is obtained from Fig. 9 in the form:
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(34)

Y11, s 2 =

I1b
.
V1b
Cp
Ls
1a
5.6nH

1Aac

50.53f F
Rs
11.08

R1
175.57

I1a

C1
374f F

0

Fig. 8. Circuit for simulation the quality factor Q of
model M1.

The simulation results for the quality factor Q of
circular inductor of 4 ½ turns [8] are presented in
Fig. 10, where
− Curve 1: Qm - based on measurement data;
− Curve 2: Qs - simulated using model M1 with
extracted parameters applying optimization approach
[8]: Ls=6.31nH, Rs = 11.68 Ω , Cp=33.4 fF, C1 =374fF,
R1 = 175.57 Ω ;
− Curve 3: Qs1 - simulated using extracted
parameters for model M1 using the developed in [26]
direct extraction procedure;
− Curve 4: Qs2 - simulated using extracted
parameters for model M2 using the developed in [26]
direct extraction procedure.

PARAMETERS:
K1 = 7.1891
K2 = 0.0216
Cp
50.53f F

Ls

GLAPLACE

1b

I1b

C1
374f

R1
157.57

G2

IN+
IN-

1Aac

OUT+
OUT-

5.6nH

XFORM = {1/(K1*PWR(M(s)/6.2832,K2))}

0

Fig. 9. Circuit for simulation the quality factor Q
of model M2.

The resistor Rs with the frequency-dependent
resistance Rs(f) (23) is modeled using voltage
controlled current source G2 of GLAPLACE type.
The admittance Gs(f)=1/Rs(f) is described in the
attribute XFORM:
{1/(K1*PWR(M(s)/6.2832,K2))}
The corresponding macro-definitions in Probe for
determination of the quality factor Q are in the form:
*eqn. (30)
Qm =- IMG(V(Y11m))/R(V(Y11m))
Qmax=MAX(Qm)
*eqn. (31) and (32): model M1
Y11s1 = -I(I1a)/V(1a)
Qs1 = - IMG(Y11s1)/R(Y11s1)
*eqn. (33) and (34): model M2
Y11s2 = -I(I1b)//V(1b)
Qs2 = - IMG(Y11s2)/R(Y11s2)
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Fig.10. Simulation results for the quality factor Q
of circular inductor of 4 ½ turns.

The average relative errors εQs , εQs1 and εQs 2 of the
corresponding simulated Q factors Qs, Qs1 and Qs2, are
calculated for the whole frequency range [flow, fhi]
using the following macro-definitions in Probe:
DF=Fhi-Flow
EPS_Q = S(100*abs((Qm-Qs)/(0.5*Qmax)))/DF
EPS_Q1=S(100*abs((Qm-Qs1)/(0.5*Qmax)))/DF
EPS_Q2=S(100*abs((Qm-Qs2)/(0.5*Qmax)))/DF
The results are shown in Fig. 11, where:
− Curve 1: ε Qs - calculated using extracted
parameters in [8] for model M1: εQstot = 2.6% ;
− Curve 2:

ε Qs1 - calculated using extracted

parameters for model M1 using the developed direct
extraction procedure: εQs1tot = 1.96% ;
− Curve 3:

εQs 2 - calculated using extracted

parameters for model M2 using the developed direct
extraction procedure: εQs 2tot = 1.58% .
The measurement data [8] as well as the simulated
characteristics for YR(f) and YI(f) of the model M1,
obtained using the direct extraction procedure, are
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shown in Fig. 12 and Fig. 13 respectively. Curve 1
corresponds to the measurement data and curve 2 – to
the simulated characteristics.

The obtained results confirm the validity and the
accuracy of the developed parameter extraction
procedure and computer models.
Development of parameterized SPICE planar
inductor models
Parameterized computer macromodels of planar
inductors implemented in the PSpice simulator are
developed in [20]. Based on the LAPLACE statement,
the frequency dependence of the resistance and
inductance elements is accurately modeled. The
description of the models is presented. Effectiveness
improvement of the computer models is achieved by
reducing the number of nodes and model parameters.

Fig.11. Average relative errors of the simulated Q factors
calculated for the frequency range [flow, fhi].

Fig. 12. Measured and simulated characteristic YR.

Computer-aided parameter extraction of
behavioral RF inductor models
A computer-aided extraction procedure is
developed in [25] for obtaining the parameters of the
behavioral model. The procedure is based on
measured data for the S-parameters. The computer
realization of the extraction procedure is performed
using macrodefinitions in the graphical analyzer
Cadence Probe. The description of the behavioral
computer model in accordance with the PSpice input
language is given. The comparison between the
simulation results and the measured data confirms the
validity of the developed extraction procedure, as well
as the high accuracy of the computer behavioral
model.
Parameter extraction procedure

Based on the measured S-parameters of the RF
spiral inductor, the two-port Y-parameters are
obtained. The inductance value Ls ( f ) , corresponding
to the measured data, is calculated using the following
expression:
(35)

Ls ( f ) =

Im (1 Y11 )
2π f

.

Ls(f) can be approximated by the following
expression [42]:
(36)
Fig. 13. Measured and simulated characteristic YI.

The simulation results for the quality factors Qs,
Qs1 and Qs2 and the relative errors of circular inductor
of 7 ½ turns [8] are obtained. The corresponding
relative errors are: εQstot = 5.06% , εQs1tot =4.67% ,
εQs 2tot =4.85% .
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Ls ( f ) = Ls1 ( f ) + Ls 2 ( f ) + Ls3 ( f ) ,

where
(37)

Ls1 ( f ) = A1 + B1. f ,

(38)

 f1 − f

Ls 2 ( f ) = C.log10 10 c1 + 1 ,





−1
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(39)

f − f2


Ls3 ( f ) = D.log10 1 + 10 d1




.



The frequency range [fmin, fmax] is divided in three
subintervals: S1 = [fmin, f1], S2 = [f1, f2] and
S3 = [f2, fmax] (Fig. 14). The frequency fmax is near to
the resonance frequency fso. Each of the terms Ls1(f),
Ls2(f) and Ls1(f) dominates in the corresponding
subinterval S1 , S2 and S3.

extracted parameters match very closely to the
measurement data given in [42].
In accordance with the possibilities of the input
language of the PSpice simulator [40,41],
the
inductance value of the inductor cannot be described
as a frequency-dependent function. For this purpose,
the PSpice frequency-dependent behavioral inductor
model is realized using voltage controlled current
source (VCCS) of GLAPLACE type as shown in
Fig. 15.

Fig. 15. PSpice behavioral inductor model.
Fig. 14. Frequency-dependent inductance Ls(f).

In order to realize the parameter extraction
procedure, the equation (36) can be represented in the
form:
Ls ( f ) = L1 ( f ) + L2 ( f ) + L3 ( f ) ,
(40)
where
L1 ( f ) = A + B. f ,
f − f1 


L2 ( f ) = −C.log10 1 + 10 c1  ,
(41)




f
−
f
2 

L3 ( f ) = D.log10 1 + 10 d1  ,
(42)




C. f
C
A = A1 − 1 ; B = B1 + .
(43)
c1
c1
The inductance Ls(f) (Fig. 14), corresponding to the
measured two-port S-parameters, is used as input data
for the realization of the extraction procedure. They
are introduced tabularly using the graphical editor
Cadence Capture.
The frequencies f1 and f2 are defined for the
corresponding characteristic Ls(f). For spiral inductor
with trace width w = 6μm and number of turns n = 5)
[42] f1 = 13.4506 GHz and f2 = 17.281 GHz.
The parameter extraction procedure consists of the
following steps:
1. Converting the measured two-port S-parameters
to the two-port Y-parameters
2. Determination of the inductance value Ls(f)
3. Determination of the coefficients A, B, C, D, c1,
d1 .
The simulation results for the inductor model with
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As the parameter “frequency” cannot be directly
used in the input language of the PSpice simulator, it
is defined using the module of the complex frequency
s by the expression
(44)

f =

M ( jω) M ( s)
=
2π
2π

Using the extracted parameter values, the
controlling coefficient of the VCCS G1 is in the form:
1/(s*(A+B*M(s)/pi2+C*log10(pwr(10,(M(s)/pi2F1)/C1)/(1+pwr(10,(M(s)/pi2-F1)/C1)))+D*
log10(1+pwr(10,(M(s)/pi2-F2)/D1))))
where pi2 = 2π .
Computer-Aided Extraction of Small-Signal
Model Parameters of Heterojunction Bipolar
Transistors
The increasing market demand for RF
communication systems during last decade has
stimulated growing interests in the properties of highspeed heterojunction bipolar transistors (HBT’s). The
development of accurate HBT equivalent circuit for
simulating circuit performance is of significant
importance for the design of microwave circuits. The
availability of accurate and systematic model
parameter extraction procedures allows to create
accurate and efficient computer models of HBT. Over
the last decade, several methods were proposed for the
parameter extraction of HBT small-signal models.
Some of these methods use appropriate equations
allowing direct determination of model parameters
[29]-[35]. Another methods are based on optimization
techniques [36]. The main advantage of direct
extraction procedures is that a unique and physically
meaningful set of intrinsic parameters is extracted
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from the measured S-parameters for the whole
frequency range of operation.
An approach to automated parameter extraction of
small-signal model of heterojunction bipolar
transistors is proposed in [33]. It is based on
S-parameter measurements. Exact closed-form
equations are used for the direct extraction of circuit
elements. The method is characterized by its
simplicity and ease of implementation. The Cadence
PSpice simulator and the graphical analyzer Cadence
Probe are used to automate the extraction procedure.
The parameter extraction of intrinsic elements of the
model is realized using macro-definitions in Probe.
The corresponding macros in the graphical analyzer
Probe are presented realizing the proposed extraction
procedure.
The small-signal model of a HBT is shown in
Fig. 16. The intrinsic part N of the transistor model is
placed in the dashed box. Its parameters are obtained
from the measured S-parameters after de-embedding
the parasitic elements outside the box. The
determination of the parasitic capacitances Cpbe, Cpce,
Cpbc, parasitic inductances Lb, Le, Lc, and parasitic
resistances Rb, Re and Rc is described in [29]. The
transistor model parameters are the intrinsic
baseemitter resistance Rbe and capacitance Cbe,
intrinsic base collector resistance Rbc and capacitance
Cbc, intrinsic base resistance Rbi, dc transconductance
small-signal
transconductance
Gmo,
Gm = Gmo exp(− jωτ) and delay time τ .

5. Determination of Rbc , Cbc and Cbe ;
6. Determination of Ccx , Gmo and τ .
The extraction procedure is realized in Cadence
Capture and Cadence Probe environment. As a result,
the exstracted parameter values are automatically
obtained in Probe.
The magnitude and phase characteristics for the
simulated S-parameters S11, S21, S12 and S22 are shown
in Fig. 17, Fig. 18, Fig. 19 and Fig. 20 respectively.
The simulated S-parameters are compared to the
measurement data for the verification of the extraction
procedure. They are in a very good agreement with
the measured S-parameters presented in [29] over the
frequency range 1GHz - 20GHz. This confirms the
validity of the proposed extraction procedure in the
whole frequency range.

Fig. 17. Magnitude and phase characteristic for the
simulated parameter S11.

Fig. 18. Magnitude and phase characteristic for the
simulated parameter S12.

Fig. 16. The small-signal model of a HBT.

The direct extraction procedure consists of the
following steps:
1. De-embedding parasitic capacitances and
inductances fromthe measured two-port S-parameters;
2. Conversion of the measured S- to Y- two-port
parameters;
3. Determination of Rbe and Cbe ;
4. Determination of Rbi ;
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Fig. 19. Magnitude and phase characteristic for the
simulated parameter S21.
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sults are in a very good agreement with the measurement data which confirms the applicability of the
SPICE models. The implementation of the extraction
procedures in the graphical analyser Probe allows
reuse of the model parameter extraction.
Acknowledgements
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Fig. 20. Magnitude and phase characteristic for the
simulated parameter S21.

The simulated S-parameters are compared to the
measurement data for the verification of the extraction
procedure. They are in a very good agreement with
the measured S-parameters presented in [29] over the
frequency range 1GHz - 20GHz. This confirms the
validity of the proposed extraction procedure in the
whole frequency range.
A number of approaches to model effectiveness increasing are developed in [23]. The development of
accurate computer models of HBT allows to perform
adequate simulation of the frequency characteristics, as
well as stability investigation of RF circuits [37], [38].
Parameter extraction for simplified RF
NMOSFET equivalent circuit using SPICE
A variety of compact models have been of great interest and studied for deep submicron metal-oxidesemiconductor field effect transistor (MOSFET) simulation. The model parameters extraction intrinsically
characterizes properties of designed and fabricated
devices. A direct parameter extraction approach is
proposed for a simplified small-signal NMOSFET
equivalent circuit in [39]. The extracted parameters
are used to specify the equivalent circuit component
values. The general-purpose circuit simulator Cadence
PSpice is used for the computer realization of the extraction procedure. Verification of the parameter extraction methodology is made by comparing in the
graphical analyzer Probe the results obtained in
PSpice and the experiment.
Conclusion
The possibilities of SPICE simulators for computer
modeling, simulation and parameter extraction of RF
microelectronic devices have been are investigated in
the paper. A rewiev of the research achievements in
this field has been made.The specific features of the
input language of the PSpice simulator for description
of frequency-dependent expressions and for model
parameterization are considered. The simulation re-
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Transcranial direct current stimulation: complex protocol
and device for neurophysiological investigations
Tatyana Neycheva, Roumen Kirov, Juliana Yordanova,
Tsvetan Mudrov, Ivan Dotsinsky
Transcranial direct current stimulation (tDCS) is an emerging technique for noninvasive brain stimulation, which induces plasticity in the brain via application of relatively
weak currents through the scalp in humans. In the last years, the application of tDCS to treat
neuropsychiatric diseases has been explored increasingly. Further, tDCS can enhance
cognitive functioning. There is, however, a need to investigate tDCS parameters in large
scales. Following these trends, in the present paper, a complex protocol for tDCS application
is proposed. The protocol was implemented in a device allowing the generation of various
waveforms with parameters adjustable in broad bands.
Транскраниална постояннотокова стимулация: протокол и устройство за
неврофизиологични изследвания (Татяна Нейчева, Румен Киров, Юлияна
Йорданова, Цветан Мудов, Иван Доцински) Транскраниалната постоянно-токова
стимулация (ТПС) е нововъзникващ неинвазивен метод за мозъчна стимулация, който
индуцира пластичност в мозъка чрез прилагане на относително слаби токове през
скалпа на човек. През последните години се обръща особено внимание на
приложението на ТПС за изследване на когнитивни функции, както и за третиране
на невропсихиатрични разстройства. При това възниква необходимост от изследване
на параметрите на ТПС в широки граници. Следвайки тези тенденции в изследването
и приложението на ТПС, в настоящата статия се предлага комплексен протокол за
вариране параметрите на стимулацията. Протоколът е приложен в устройство,
което генерира набор от стимули с параметри, които могат да се настройват в
широк диапазон.

Transcranial direct current stimulation
(tDCS) and neural plasticity
Dynamic alterations of connections between
neurons are an important feature of the central
nervous system. These neuroplastic changes of brain
connectivity are the foundation of various cognitive,
motor, and behavioral processes. Moreover,
pathological alterations of neuroplasticity are involved
in various neuropsychiatric diseases. Therefore,
enhancing beneficial plasticity or modification of
pathological plasticity might be an interesting new
intervention.
Alterations of synaptic connections as a basis of
cognitive functions were first proposed by Hebb
(1949). In analogy to animal studies, plasticity can be
induced in the human central nervous system by noninvasive brain stimulation (NIBS) approaches via
long-lasting changes in cortical excitability.
Transcranial direct current stimulation (tDCS) is one
of the stimulation protocols. It induces plasticity via
generation of a sub-threshold, stimulation polarity-
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dependent alteration of membrane potentials
modifying spontaneous discharge rates. This results in
enhanced/reduced
cortical
excitability
during
stimulation, which can outlast the stimulation for over
1 h, if tDCS is performed in the range of minutes
(Kuo et al., 2008; Nitsche and Paulus, 2000, 2001;
Nitsche et al., 2003a).
Plasticity induction with NIBS has been shown to
have functional effects. Learning in different
modalities (Flöel et al., 2008; Kincses et al., 2004;
Nitsche et al., 2003b), working memory performance
(Fregni et al., 2005), as well as other cognitive
processes are modulated by NIBS (Guse et al., 2010;
Kuo and Nitsche, 2012). At present tDCS is applied
in the treatment of psychiatric diseases (depression,
addiction,
schizophrenia,
anxiety
disorders,
dementia), neurologic disorders (pain, tinnitus, etc.),
as well as for online or offline optimization of
cognitive functions in humans (Marshal et al., 2006,
2011; Kirov et al., 2009; Flöel, A., 2013; Woods et
al., 2015).
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Optimizing stimulation protocols
One critical aspect of the future impact of tDCS is
the optimization of stimulation frequency, duration,
and strength. It is not completely clear if the results of
cortex stimulation of one area can be transferred
completely to other cortical areas. Also, the effects of
intensity and duration of stimulation are currently
explored. For example, increase of stimulation
duration and stimulation intensity has been extended
in many clinical studies, as compared to the initial
protocols (Kuo et al., 2012). The results reveal a nonlinear relationship between stimulation duration,
intensity, and the direction of after-effects, which
limits simple extension of stimulation duration to
obtain stronger and longer-lasting after-effects.
Repetitive stimulation with different frequencies
(sub-delta, delta, theta, alpha, beta, and gamma) has
been demonstrated to efficiently change cognitive
abilities (Woods et al., 2015). However, optimal
applications of specific frequencies, rhythmic regimes,
foci of stimulation, correspondence of the frequency
of stimulation to the internal brain rhythms during
physiological states and conditions, remain to be
specified. Also, it has been shown that repetition of
stimulation can enhance the after-effects of tDCS.
Repetition regimes are however under exploration.
Increasing interest is focused to close-loop
stimulations when tDCS is applied after extracting
threshold values, i.e., in the real EEG signal.
The need for protocol optimization requires
stimulators, in which parameters of stimulation are
flexible and adjustable, rhythmic regimes are possible,
frequency, duration and modes of stimulation can be
adjusted to each specific experimental or therapeutic
goal and setup. For that aim, we developed, realized
and applied a tDCS device with broad range of
adjustable stimulation parameters.
Device for transcranial direct current
stimulation
After detailed investigation of protocols for tDCS
published during the last 5 years (for summary and
application guide see Woods et al., 2015), we defined
a set of stimulation waveforms with selectable
parameters, which may be used in complex
neurophysiological studies in a flexible and easy way.
The device was designed and realized in the Institute
of Biophysics and Biomedical Engineering, Bulgarian
Academy of Sciences.
Three basic sequences were implemented in the
device for transcranial electric stimulation (Fig. 1).
They are supplied by a precise current generator (with
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very high output impedance) supporting up to 5 mA
over patient resistance from 0.1 through 2 kΩ.

Fig. 1. Device for transcranial electric stimulation.

The current amplitude I can be selected starting
from 100 μA in steps of 20 μA.

Fig. 2. Three basic sequences for transcranial stimulation.

As shown in Fig. 2A, the first basic mode of the
device is a constant current stimulation. The
stimulation duration td is adjustable from 1 to 60 min
in steps of 1 min. This is also applied to the other two
modes. The edge durations te may be chosen with a
step of 1 s between 1 and 60 s.
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Figure 2B shows the second mode, which
comprises rectangular monopolar pulse generation
with 50% duty cycle in three frequency bands: from 2
to 20 Hz, from 20 to 80 Hz and from 80 to 1000 Hz at
intervals 0.1 Hz, 1 Hz and 10 Hz, respectively. In this
mode, as well as in the third mode, it is possible to
introduce pauses between bursts of stimuli, both of
them independently selected from 0.5 s to 5 min in
steps of 0.5 s.
As presented in Fig. 2C, the third mode generates
trapezoidal pulses with varying frequency F between
0.05 and 2 Hz selectable in steps of 0.05 Hz. The edge
durations te are equal to that of the plateau tp and
2te+tp=1/2F, thus the sequence consists actually of
asymmetrical (25% duty cycle) bipolar pulses shifted
up by a half amplitude.
Figure 3 shows the block diagram of the device. It
consists of a module controlling digital-to-analog
converter (DAC), electronic potentiometer for current
amplitude selection, voltage-to-current converter
(implementing the current generator) and electrode
detector and with amplitude limiter to 5 mA. The
latter provides for additional patient safety, although
the basic electrical safety is achieved by the battery
supply. The LSB of the DAC corresponds to 805 µV.
The 8 bits electronic potentiometer allows for more
flexibility in setting the patient current preserving in
the same time the accuracy of the high DAC
resolution.

parameters are substituted by their time equivalents.
As such, various values can be selected for all
frequency bands by automatic switching of the
corresponding steps.
The above mentioned parameters of the current
generator are the usually defined by the theory. In
reality, the 2 kΩ border value of the subject resistance
can be exceeded keeping the specified accuracy if the
selected current is lower than 5 mA. That is why, the
device checks in real time the stimulation by means of
an electrode detector. Whenever the current through
the subject deviates from pre-selected values due to
higher resistance of the tissue below the electrodeS,
the device generates a warning sound and an alerting
message on the screen.
The obtained frequency accuracy of the generated
sequences is extremely high, exceeding 99.8%. The
error of the amplitude is lower than 2% and below 10
μA for currents lower than 400 μA. This is achieved
by hardware tuning and additional software
calibration and linearization of the current. The total
digital code controlling the electronic potentiometer is
corrected if necessary by ±1÷2 LSBs, thus providing
for a higher accuracy of the generated output current.
Conclusion
The high performance parameters of the described
tDCS device satisfy the contemporary requirements
for NIBS investigations and the stimulator can be
successfully used in various neurophysiological
experiments.
Acknowledgement
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Fig. 3. Block diagram of the device.

The stimulations are set and carried out by means
of user-friendly program for mode and parameter
selection using an alpha numerical display for
interactive control by the operator (Fig. 1). For faster
processing of the frequency selection, adjustable
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Globalization and digital privacy
Radi P. Romansky, Irina St. Noninska
Contemporary Information Society proposes variety of opportunities for communication between
users (social networks & social media), different activities and services (cloud computing and mobile
cloud computing), sharing information and remote access to distributed resources (blogs &
microblogs, data centres, etc.). These functionalities are the fundament for the realization of the
contemporary globalized world, but they could have a negative effect on the privacy of the individuals.
It is a fact that before accessing any information it is necessary to upload required personal data, but
the following question arises: “Does these data correspond to the goal of personal data processing
and what kind of organizational and technical measures for data protection are implemented?”. This
is an important question which every user must ask him/herself before using any Web application. In
this aspect the article discusses some main principles of personal data protection (PDP), challenges
for the PDP due to the globalization and new regulations on European level for improving the
contemporary rules and measures for personal data processing in the digital world.
Глобализацията и цифровата неприкосновеност на личността (Ради П. Романски,
Ирина Ст. Нонинска). Информационното общество предлага различни възможности за
комуникация между потребители (социални мрежи и социални медии), за използване на услуги
при организация на дейности (облачни изчисления и мобилни облачни изчисления), за споделяне
на информация и отдалечен достъп до разпределени ресурси (блогове и микро-блогове,
центрове за данни и др.). Тези функционалности са основата за реализация на съвременния
глобален свят, но те могат да имат негативен ефект върху личната неприкосновеност. Факт
е, че за достъп до определена информация е необходимо създаване на профил с лични данни
(ЛД), но възниква въпросът: „Съответстват ли те на целта при обработка на ЛД и какви
организационни и технически мерки за защита са предприети?“ Това е важен въпрос, които
всеки потребител трябва да си зададе преди да използва дадено уеб приложение. В този
смисъл статията дискутира основни принципи при защита на личните данни (ЗЛД),
предизвикателствата на глобализацията за ЗЛД и новите Европейски регулации за
подобряване на съвременните правила и средства за обработка на ЛД в цифровия свят.

Introduction
It is well known that Information Society unites
many activities via the Internet. All communications,
information sharing and remote access to different
resources (including system functionality and distributed data) set up one fully integrated world [1] based
on contemporary information and communication
technologies (ICT) determining new point of view for
the world economy and public relations as activities
based on services [2]. All new opportunities of globalization could have a negative effect on digital privacy
and this is valid for all components of Information
Society as virtual environments [3], distributed and
online learning [4], [5], cloud computing [6], [7], [8],
mobile communications [9], [10], social computing
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[11], [12], [13], etc. Using and sharing distributed
information (audio, video, pictures, personal profiles,
etc.), exchanging data between users at different places in the world, accessing network resources (web
applications, sites, data centers, etc.) could cause risk
for the privacy and personal data protection (PDP) of
individuals.
The world legislation determines privacy as a fundamental human right uniting different forms for processing personal data, protection personal communications via post and the Internet, processing personal
profiles for social media, etc. In this reason the globalization changes traditional understanding for privacy
as “the right to be alone” and introduces a new paradigm “the right to be forgotten”. In this direction dur-
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ing last two years many activities have been proposed
by European Commission [14], [15], [16].
The purpose of this article is to summarize basic
aspects of PDP as a part of privacy which must be
discussed in the frame of globalization and access
rules to different nodes on the global network and
services, as well. In this aspect, section 2 discuses
basic activities in global digital world, section 3 presents main principles of PDP and finally section 4
summarizes some new PDP regulation rules at cyber
environment.
Network activities in globalized world
The globalization permits different activities in
network environment that concern mainly using and
sharing information to be performed. Since data and
information resources could be stored in computer
systems by two manners – intent on a fixed computer
for personal using and distributed for collective using
and sharing between a set of users, processing of distributed data could be centralized or decentralized as
shown in figure 1.



resource

Communication
environment



Fig.2. Permanent using of Internet in Bulgaria for 2014.


 

(a) Centralized processing

resource

resource

Communication
environment

resource

with analysis of optimal distribution. As a result several security control requirements for information
protection are defined.
All information resources should be regarded as an
integration of information (structured data) that are
supported by technological and technical units (computer equipment; program tools; meta-data for description of information objects; means for designing,
developing and managing; etc.). Globalization and
opportunities for distributed access to different information resources impose adoption of information
security (IS) policy and strong control over user’s
personal data processing. It is very important to be
done bearing in mind permanent increasing of Internet
using. For example the Bulgarian statistical institute
declare that percentage of Internet access is 56,7% of
household and 91,4% of enterprises in 2014. Another
statistics concerning Internet using by people of different ages is shown in figure 2.





The digital world permits accessing and using
components as web-sites, distributed resources, content, libraries, forums, social media, cloud services,
etc. Most people (individuals and employees) use
Internet to extend their knowledge, social contacts and
relationships. Social network, forums and blogs permits to contact with different users (figure 3). Another
research
of
Econsultancy
(https://econsultancy.com/reports/internet-statisticscompendium) generalized the social media using in
the world (figure 4).
2012

resource

(b) Decentralized (distributed) processing

67%

2013

71%

Fig. 1. Processing of distributed resources.

An important task for network world development
is optimization of information resources distribution
which is closely connected with information security
control. Various statements concerning different functions of information security control are considered in
[17]. It proposes six various formulations of this topic
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Fig.3. Social media using (Pew Research Center [13]).
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document gives rules for control of access to the
information resources.
Security Policy should be regarded as set of means
and methodologies for preventing incidents, detecting
attacks and restoring the system after successful
attack. It includes rules, procedures and tools used on
hierarchical layers (network, software, hardware,
physical and administrative).
IT Security
Policy

Fig.4. Regional using of social media.

Fact is that more employers visit social forums to
select possible employees for their companies. In this
case the users are not only passive participants, but
they could realize different forms of direct communications, uploading information and make access to
published information of other users.
Identical problems with data protection policy exist
in the fields of network communications, distance
learning, cloud services and other opportunities of the
digital world. This requires a serious risk analysis of
activities by using web applications and network
environments. For example, the using of cloud
services permits to increase the processing and storage
power without additional investments for a company.
This form of remote data processing uses virtual
machines and storages via Internet. The problem is
that the cloud collects more and more personal data of
individuals and information about institutions. All
these activities in the digital world require developing
an adequate information security policy and
improving personal data protection legislation.
Discussion about main principles and rules for data
protection organization at distributed servicing and
challenges of digital world for PDP is made in [18].
Organization of Personal Data Protection
The Data Protection Policy must be regarded in the
context of IT Security Policy as a part of Security
Policy (figure 5). The first standard for Security
Policy titled “Department of Defence Trusted
Computer System Evaluation Criteria (TCSEC)” is
accepted at 1985 in USA. TCSEC describes the
security policy as a collection of security rules,
standards, procedures, instruments and practical
instructions for regulation of the management,
protection and dissemination of the information. This
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Data Protection
Policy

Security
Policy

Legislative Layer
Administrative Layer
Physical Layer
Computer Layer

Fig.5. Data Protection Policy in the frame
of Security Policy.

Data Protection Policy should be discussed in the
frame of IT Security Policy and harmonization of data
protection with information security rules from the
security core (computer layer) to the external layers
(administrative and legislative) is needed. The
computer layer presents embedded instruments for
protection of personal data structures (hardware,
software, cryptographic, biometric). The physical
layer consists of technical instruments, means and
tools for unauthorized access blocking, separation of
LAN segments, recognition of legitimate users, etc.
The next two layers unite organizational rules,
instructions and procedures for administrative control
and legislative and normative documents.
European understanding for “personal data” is the
information that permits to identify a person directly
or indirectly, in particular by reference to an
identification number or to one or more factors
specific to his physical, physiological, mental,
economic, cultural or social identity. In this reason
any operation or set of operations with personal data
(using automatic or not-automatic means) is called
“processing of personal data”. The main participants
in this process are (see figure 6):
♦ “Data subject” (the owner of personal data);
♦ “Data controller” (determines the purpose and
the means of processing and it is responsible for all
procedures with personal data);
♦ “Data processor” (real processing of personal
data on the base of agreement with the data
controller);
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♦ “Receiver of personal data” (the giving of
personal data could be on the base of lawful reason
only).
Authentication & Authorization & Accountability

Consent for personal
data giving

Data
Processor

Data
Subject

Data
Controller

Access to the own
personal data
(Data Subject right)

D
R
M
S

Personal Data
Processing

Profiles
Personal
Data Integrity

System for PDP

Request
Data controller
Third Party

Access to limited pieces
of personal data

Fig.6. Relationships at personal data processing and
architecture of system for PDP.

Life cycle of personal data processing is proposed
in figure 7 and describes the traditional processing of
personal data.
Authorization
& Authentication
& Accountability

Preserving



Collection

Individual (owner
of personal data)

Transfer

Other
country

Giving

Third
person

Using
Archiving
Actualization
Destroying

Fig.7. Life cycle of personal data processing.

The purpose of the phases is listed below:
 Collection of personal data must be made based
on a legitimate reason only and with the consent of
data subject.
 Preserving of collected data should be realized
in the registers based on preliminary defined goal and
criteria.
 Using must be made by legitimate persons on
the base of principles of information security:
authentication (by using username, password, digital
certificate, personal identification number, and
biometric means); authorization (on the base of
developed digital right management system);
accountability (personalisation of the access to the
data structures and registration of users’ activities).
 Actualization – the personal data must be
correct, full and actual (integrity and content
management);
 Transfer to other country and the giving to other
person must be realized based on strong rules only;
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 Archiving could be made if it is required by law
but for a limited period of time only;
 Destroying of personal data must be made after
realization of the goal.
Problems of Digital World for Privacy and PDP
The contemporary network world causes different
problems for digital privacy. For example the privacy
in social media concerns with protection of user’s
information and securing the user’s rights. The media
must try to prevent different incidents with users’ data
as unauthorized access, viruses, illegal transfer to third
party, etc. Analogous problems could be detected and
at cloud services also because the cloud customers
need to be assured that providers implement adequate
security policy for data protection. A short summary
of common challenges for the privacy in the digital
world is presented below.
♦ Clear identification of participant’s roles in
PDP processes (“Data Controller”, “Data Processor”
and “Data Subject”) must be made. This will permit to
determine who is responsible for data protection
procedures (rules, measures, data subject rights, etc.).
According to the definitions of Directive 95/46/EC the
data controller determines purposes and means of the
processing of personal data. The problem in network
world is that the functions of customer, vendor and
provider and the relation between them could be
defined for concrete case only. The service providers
have no legal obligation to protect personal data if
they are not defined as controllers or processors. This
characterization will permit to ignore the data
protection obligations at the cases of personal data
outsourced or transferred to a third party for
processing.
♦ Data subject’s rights. Registration of the user’s
permits accessing any information, but sometimes
more personal data could be required during
registration and identification. For example, some
social networking sites collect extended personal
information in the page known as a “profile” (names,
birth date, address, phone number, social life, gender,
country, hobbies, relationships, etc.). These pieces of
data personalize the users in major level and this
disturb the privacy of individuals. Another problem
with the data subject’s rights is the impossibility to
revise, access, block or delete their personal data. In
other hand, the providers have a full access to the
customer’s data. Data controller must guarantee that
each user could define restriction for the own profile
accessing. This will prevent unauthorized access and
incorrect dissemination of personal information. This
action could be realized by making the profile private
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from the user by selection of these who can visit the
page and access to be after authentication.
♦ International data transfer – according to
Directive 95/46/EC personal data could be transferred
to third countries if the level of PDP is adequate to
those in the EU. The data transfer between different
service providers (social media) or data centers
(clouds) located anywhere in the word is typical
procedure. Each personal information that is uploaded
to cloud, social media, networking site, etc. must be
protected according to the Directive 95/46/EC and
users (data owners) must be informed for all transfers.
♦ Data deletion. If any user wants to delete data in
his/her profile he/she must be sure that these data will
be really deleted. In some cases, data could be
transferred to other service provider and a copy of
data could be stored in different places. Another case
is when the information that was deleted or removed
by the user is passed to third party before deletion.
Data protection legislation gives strong rules for
deletion of personal data in the traditional cases, but
for the social media this is not clearly determined.
♦ Shared information – all objects in the network
society (sites, social media, clouds) could be
accessible from different places of the world and the
sharing of information will cause Internet-related
security problems (loss of data, destroying the
integrity, problems with accountability, hackers’
attacks, etc.). For example, each user of social media
uploads information that will be shared between a set
of users and it could be disseminated to different
locations. In this case the data subject does not know
what policy and measures are used for counteraction
to eventual attacks. This problem is very important if
data are sensitive (medical status, for example).
♦ Technical and organizational measures for data
protection. Obligation for the data controllers is to
implement appropriate measures for IS as reaction
against all forms of destruction or loss of personal
data, to an unauthorized access, and to all illegal
forms of processing. Data controllers should guarantee
an effective protection of data integrity and data
availability, but it is known that such measures will
increase the cost of services and will reduce the
performance of the information processing.
New Regulation in Privacy and PDP
Modernization of data protection rules on
European level has been started by the document
“Proposed Regulation” of the European Commission
(January 2012) that proposes new rules to strengthen
online data protection rights. This document discusses
the paradigm “right to be forgotten” and data subject
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rights to data portability (transfer between different
electronic processing systems).
European Parliament has determined the frame,
architecture and fundamental principles of the data
protection reform for improving user protection and
security in cyberspace [15]. The conclusion is that the
further development and exploitation of cyber space
could not be realized without an adequate and strong
protection of the rights of individual users [16]. Four
pillars have been determined:
(1) “One continents one law”: requirement about
regulation and sanctions in private and public sectors.
(2) “Strong regulation of European digital
industry”: requirement for the non-EU, when offering
services to EU-consumers, to apply the EU rules and
level of PDP.
(3) “The right to be forgotten / The right to be
erased”: the right of an individual to remove own
personal data from the system if she/he no longer want
to use the online services or there is no legitimate
reason for keeping it in this online system. This
regulation will permit the individuals to control own
online identify and to require the personal profile to be
removed from the system.
(4) "One-stop-shop": regulation for the personal
data processing by controller or processor established
in more than one country of EU.
The new principles of regulation must extend the
PDP frame determined by the previously directives,
and to propose adequate solutions for all problems of
PDP in the digital world.
On the other hand users should undertake personal
measures to protect their own information and to
oppose attacks (see figure 8). The best practice say
“protect yourself” by using modern Internet security
solutions (antivirus programs, firewalls, tools for
browser protection, reputation-checking tools, etc.).
These tools must be regularly updated. An important
side of the protection is using effective policy for
authentication.

Fig.8. Most serious cyber attacks.
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It is not correct to use the same password at the access to different network resources. The visiting network resources must be deliberated and the reputation
and safety rating of websites before using must be
analysed. Finally, the main principle of users must be
“guard your personal data”. Users must publish limited personal and financial information in the Internet
(social media, Internet cafes, websites, libraries, forums, etc.)
Conclusion
Privacy in network world could be undermined by
many factors especially by incorrect using of personal
data. Therefore main obligation of providers or vendors which are data controllers that protect data is to
restrict and control full access to the user’s profiles by
implementation of adequate technical and organization measures. At the same time all possible threats
and vulnerabilities on the global network must be
analyzed for successful reaction against attacks.
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TELECOMMUNICATIONS SCIENCE

Single server queueing model with state dependent
arrival and departure rates
Seferin T. Mirtchev
In this article, a single server delay system with a state dependent arrival and departure processes is investigated. The generalized arrival and service flow with nonlinear state dependence intensities
is used. The idea is based on the analytical continuation of the Poisson arrival and the Bernoulli service process and the classic M/M/1/k system. Techniques based on birth and death process and statedependent rates is apply. The system M(g)/M(g)/1/k (by Kendal notation) with a generalized arrival
and departure processes – Mg is considered. The input and output intensities depend nonlinearly on
the system state with a defined parameter “peaked factor – p and q”. The state probabilities of the
system are obtained using the general solution of the birth and death processes. The influence of the
peaked factors on the state probability distribution, the congestion probability and the mean system
time is evaluated. It is shown that the state-dependent arrival and service rates changes significantly
the characteristics of the queueing systems. The advantages of simplicity and uniformity in representing both peaked and smooth behaviour make this queue attractive in network analysis and synthesis.
Модел на едноканална система с чакане при зависещи от състоянията интензивности на постъпване и на обслужване (Сеферин Т. Мирчев). В тази статия се изследва едноканална система с чакане при зависещи от състоянието процеси на постъпване и на обслужване. Използват се обобщени процеси на постъпване и на обслужване с нелинейна зависимост на
интензивностите от състоянията на системата. Идеята се базира на аналитичното продължение на поасоновия входящ и на бернулиевия изходящ процес и на класиката M/M/1/к система с чакане. Прилагат се техники, основаващи се на процеса на раждане и умиране и на зависещи от състоянията интензивности. Разглежда се системата M(g)/M(g)/1/k (съгласно означенията на Кендал) с обобщени процеси на постъпване и обслужване - Mg. Интензивностите на входа и на изхода зависят нелинейно от състоянията на системата с дефиниран параметър "фактор на неравномерност - р и q". Вероятностите на състоянията на системата се
получават чрез общото решение на процесите на раждане и умиране. Влиянието на факторите на неравномерност върху разпределението на вероятностите на състоянията, вероятността за загуби и средното време за престой в системата се оценява. Показано е, че зависещите от състоянията интензивности на постъпване и на обслужване променят значително характеристиките на системите с чакане. Предимствата на простотата и еднаквостта
при представянето на неравномерното и на изгладеното поведение правят тази система с
чакане атрактивна при мрежов анализ и синтез.

1. Introduction
Simple models like the classical single-server
queues can often be used to obtain comprehensive
results, e.g., to predict the global traffic behaviour.
When modeling network traffic, packet and connection arrivals are often assumed Poisson processes because such processes have attractive theoretical properties.
The basic characteristic of the traffic flows in the
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modern telecommunications networks is that they can
be smooth, regular or peaked. In these three cases, the
variance of the number of arrival packets is smaller,
equal or bigger than the mean value. The typical
transmission of the packets in the networks is in burst
(a large amount of data sent in a short time). The
burstiness is caused by the nature of the data being
communicated and it is lead to the peaked traffic flow
in the networks. That is why, there are many studies
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that describe complicated queueing system with specific behavior as long-range dependence, peakedness,
selfsimilar, heavy tail distributions. One why to describe this behavior is to generalize the queueing systems by state-dependent arrival and service rates.
Queueing systems with arrival and (or) service
rates depending on the system’s state arise in various
application areas. State-dependent features are present
in congestion control protocols in communication
networks.
In [3] a TCP-like linear-increase multiplicativedecrease flow control mechanism is presented. They
considered congestion signals that arrive in batches
according to a Poisson process. The service times in
the queueing model depend on the workload in the
system and the transmission rate cannot exceed a certain maximum value.
In [2] a continuous-time M/M/1 queueing system
is analyzed in which the server can serve at two different speeds. The actual speed of the server depends
on the state (empty or nonempty) of a fluid buffer.
Fluid flows continuously into the fluid buffer at a
constant rate, but is released from the buffer only during busy periods of the server. Hence, the contents of
the fluid buffer are in turn determined by the queueing
system. The queueing model serves as a mathematical
model for a two-level traffic shaper at the edge of an
ATM network. The stationary joint distribution of the
number of customers in the system and the contents of
the fluid buffer is investigated. From this distribution,
various performance measures such as the steady-state
sojourn time distribution of a customer is obtained.
A finite waiting Markovian single-server queueing
model with state dependent arrivals and retention of
reneged customers is studied in [12].
In [9] the burstness of the total arrival process is
characterized in packet network performance models
by the dependence among successive interarrival
times, dependence among successive service times
and between service and interarrival times. These
dependence effects are demonstrated analytically by
considering a multiclass single-server queue with
batch-Poisson arrival processes.
In [7] is developed an algorithm for computing exact steady-state blocking probabilities for each class in
product-form loss networks to cover general statedependent arrival and service rates. This generalization allows considering a wide variety of buffered and
unbuffered resource-sharing models with non-Poisson
traffic as may arise with overflows in the context of
alternative routing.
In [1] is considered a complicated state-dependent
Mn/Gn/1 queueing system. They allowed the arrival
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rate of customers to depend on the number of people
in the system. Service times are also state-dependent
and service rates can be modified at both arrivals and
departures of customers. They shown that the steadystate solution of this system at arbitrary times can be
derived using the supplementary variable method.
The feedback information on the buffer state provides the basis for the Transmission Control Protocol
(TCP) to regulate carefully the transmission rate of
Internet flows. To evaluate this behavior in [5] is considered a G/G/1-type queue with workload-dependent
arrival rate and service speed.
In [11] is introduced and evaluated a generalized
Poisson arrival process by state-dependent arrival rates.
The proposed single server delay system provides a
unified framework to model peaked and smooth traffic
and makes it attractive in network analysis.
In [4] is presented a queueing system where feedback information about the level of congestion is given right after arrival instants. If the amount of work
right after an arrival is smaller or larger than a finite
number then the server starts to work at two different
service speeds. In addition, they have considered the
generalization to the N-step service speed function.
In [10] an open Generalised Jackson network of
single server queues with the arrival and service rates
depending on the queue lengths is considered.
In [8] is discussed the analysis of a single server
finite queue with Poisson arrival and arbitrary service
time distribution, wherein the arrival rates are state
dependent which are all distinct or all equal, service
times are conditioned on the system length at the moment of service initiation. The analytic analysis of the
queue is carried out and the results have been presented in the form of recursive equations.
In the last few years, increasing interest in studying
queueing systems with various rules of vacation has
led to many extensions of previously existing results.
In [14] is investigated a single server queueing system wherein the arrival of the units follow Poisson
process with varying arrival rates in different states
and the service time of the units is arbitrary (general)
distributed. The server may take a vacation of a fixed
duration or may continue to be available in the system
for next service. Using the probability argument, they
constructed the set of steady state equations by introducing the supplementary variable corresponding to
elapsed service time.
In [6] is studied a single-server queueing system
with state-dependent arrivals and general service distribution, or simply M(n)/G/1/K, where the server
follows an N policy and takes multiple vacations
when the system is empty. They provided a recursive
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algorithm using the supplementary variable technique
to compute numerically the stationary queue length
distribution of the system. The computational complexity of the algorithm is O(K3).
In [13] is investigated the state dependent bulk service queue with balking, reneging and multiple vacations where the customers are served in batches with
quorum level “a” and when (a-1) arrivals waiting in
the queue, server will wait for some time (called the
changeover time), in spite of going for a vacation.
The queueing literature contains many studies
about queues with workload-dependent service
speeds. In these studies, it is usually assumed that the
speed of the server is continuously adapted over time
based on the buffer content. In many practical situations service speed adaptations are only made at particular points in time, like arrival epochs. For example, feedback information about the buffer state may
only be available at such epochs.
In this paper, queueing systems with adaptable arrival and service speed based on the amount of work
right after customer arrivals or departure is ciosidered.
Between these events, the arrival and service speed is
held fixed and may not be changed until the next customer arrival or depart. The classical delay queueing
systems to nonlinear state-dependent service rate is
generalized. The generalized arrival and departure
flows with nonlinear state dependence intensitis are
used. The idea is based on the analytic continuation of
the Poisson and Binomial distribution and the classic
M/M/1/k system. Techniques based on birth and death
process and state-dependent service rates is appplied.
This generalized model can be used to analyze the
stochastic behavior and performance of the telecommunication networks and systems.
2. Generalized single server delay system model
description
Let us consider a single server queue
M(g)/M(g)/1/k with a state dependent generalized
Poisson arrival process M(g), state dependent expo-

λ
0

μ

(1)

λi = λ ( i + 1 )1−1 / p for
μj = μ j

1− q

i = 0 ,1,2 ,..., k + 1
j = 1,2 ,3 ,..., k + 1

for

(2) Pj =

( j!)1 / p − q
1 / p−q
k +1
i =0 a i (i! )
aj

for

j = 0 ,1,2 ,..., k + 1 .

The average value of the state dependant arrival
rate is
(3)

λ=

k +1

 λ j Pj =
j =0

λ

k +1

 ( j + 1 )1−1 / p Pj .
j =0

The average value of the state dependant service
intensity is
(4)

μ=

k +1



j =1

μj

Pj
1 − P0

k +1

Pj

j =1

1 − P0

= μ  j 1−q

.

λ ( k + 1 )1−1 p

k+1

2
μ 2 1− q

,

where p is the arrival peakedness factor;
q is the departure peakedness factor.
With this two peakedness factors we define the
state-dependent arrival and service rate and generalised the arrival and service processes. The generalized
Poisson arrival processes are said to be peaked, regular or smooth according to whether p >1, p =1 or
p <1, respectively. The generalized Bernoulli
departure processes are said to be peaked, regular or
smooth according to whether q >1, q =1 or q <1,
respectively.
The finite state-transition diagram of the investigated single server queue with state-dependant arrival
end service rates is shown in Fig.1.
Applying the birth and death coefficients to the
general solution of the birth and death process and
using traffic intensity when the system is empty a =
λ/μ we obtain the steady state probabilities

λ 3 1− 1 p

λ 2 1− 1 p

1

nentially distributed service time M(g) and limited
waiting rooms k. This generalized queueing system
has the nonlinear state dependence birth and death
coefficients as follows

μ 3 1− q

μ ( k + 1 )1 − q

Fig.1. A state-transition diagram – M(g)/M(g)/1/k queue.
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The offered traffic is calculated by means of the
average arrival rate and the mean holding time
(5)

A = λτ = λ μ .

The carried traffic is equivalent to the probability
that the system is busy
(6)

Ao = 1 − P0 .

3. Performance measures
Blocking probability. The time congestion probability B describes the fraction of time that all waiting
rooms are busy
(7)

B = Pk +1 .

Mean number of calls. The mean number of calls
present in the system in steady state by definition is
(8)

k +1

L =  j Pj .
j =1

Mean system time. From the Little formula, we
have the mean system time
(9)

W =L λ.

4. Numerical results
In this section, we give numerical results obtained
by a Pascal program on a personal computer. The
described methods were tested on a computer over a
wide range of arguments.
Figure 2 shows the stationary probability distribution in a single server queue Mg/M(g)/1/k with a state
dependent arrival and service rates, 40 waiting positions, 0.8 Erl traffic intensity when the system is empty and different value of the arrival and departure
peakedness factors p and q. We can see that when the
both peakedness factors is bigger than one the probabilities can increase when the number of the calls in
the system increase.
Figure 3 shows the time congestion probability in a
single delay system Mg/M(g)/1/k as function of the
buffer size with the traffic intensity 0.8 Erl when the
system is empty and different value of the arrival and
departure peakedness factors p and q. . When the both
peakedness factor is bigger then 1 the influence of the
buffer size on the time congestion probability is negligible. In some cases the time congestion probability
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can increase when the buffer size increase.
Figure 4 illustrates the dependence of the arrival
intensity from the number of calls in the system and
different arrival peakedness factor q from 0.8 to 1.06.
We can see that when the arrival peakedness factor is
smaller or bigger than one the arrival intensity decrease or increase respectively when the number of
the calls in the system increase.
Figure 5 illustrates the dependence of the mean
service time from the number of calls in the system
and different departure peakedness factor p from 0.8
to 1.06. We can see that when the departure
peakedness factor is smaller or bigger than one the
mean service time decrease or increase respectively
when the number of the calls in the system increase.
Figure 6 presents the normalized mean system time
(W' = W/τ) as function of the traffic intensity when
the system is empty with arrival and departure
peakedness factor equal to 1.02 and different waiting
positions.
The presented figures show that the influence of
the peakedness factors over the performance measures
is significantly.
5. Conclusion
In this paper, a generalized Poisson arrival and
Bernoulli departure processes as a result of state dependent arrival and service rates are introduced. A
basic model for a single server delay queue
M(g)/M(g)/1/k is examined in detail. The proposed
model provides a unified framework to model peaked,
regular and smooth behaviour of the teletraffic systems.
The single server delay system with state dependent arrival and service rates can be used as a means for
controlling and smoothing the data flow into the telecommunications networks. This system can be used to
explain the behaviour of real traffic regulator as
“leaky bucket” and “congestion window”.
The importance of the teletraffic systems in a case
of state dependent arrival and service rates comes
from its ability to describe behaviour that is to be
found in up-to-day networks. It is the case in a general
teletraffic system, which is an important feature in
designing telecommunications networks.
In conclusion, we believe that the presented generalized a single server delay queueing system will be
useful in practice.
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Fig.4. Dependence of the arrival rate from the state of the system at different arrival peakedness factor.
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Fig.6. M(g)/M(g)/1/k normalized mean system time when the arrival and service processes are peaked.
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Analysis of the torque ripple of permanent magnet
synchronous motors with inset and embedded magnets
George Todorov
Analysis of the torque ripple of permanent magnet synchronous motors with inset and
embedded magnets (George Todorov). This paper analyzes with magnetic field distribution and
torque ripple of Permanent Magnet Synchronous Motors (PMSM) with inset and embedded magnets.
An analytical model of the motor has been developed. The model uses iterative procedure and Finite
Element Analysis (FEA) to obtain the stator windings flux linkage, direct-axis and quadrature-axis
inductances and phase shift between the quantities. Using this model the distribution of the magnetic
field produced by the permanent magnets and the magnetic field at operation with rated load have
been obtained and shown for both rotor constructions. The torque ripple has been calculated at
operation of the motors at rated speed and rated load. It was found that the motor with inset
permanent magnets shows smoother operation, while the motor with embedded permanent magnets
offers better opportunities for field weakening.
Изследване на пулсациите на момента на синхронни двигатели с повърхностно
вложени и с вкопани постоянни магнити (Георги Тодоров). В статията се анализира
разпределението на магнитното поле и пулсациите на момента на двигатели с повърхностно
вложени и с вкопани постоянни магнити. Разработен е аналитичен модел на двигателите. В
модела се използва итеративна процедура и анализ с метода на крайните елементи за
намирането на потокоспеплението на статорната намотка, индуктивностите по
надлъжната и напречната оси и дефазирането между величините. С него е определено
разпределението на магнитното поле създадено от постоянните магнити и на магнитното
поле при работа на двигателя с номинално натоварване. Изчислени са пулсациите на момента
при номинална скорост и натоварване. Резултатите показват, че двигателят с повърхностно
вложени магнити има по-плавен характер на изменение на момента, докато двигателят с
вкопани магнити е по-подходящ за регулиране на скоростта с отслабване на полето.

Introduction
Permanent magnet synchronous motors (PMSM)
have a series of advantages as high efficiency, high
torque per volume density and opportunities for
precise and wide range speed control. With the
increasing energy efficiency requirements, these types
of motors are more and more preferred when building
energy efficient and precise drives. On other hand this
increases the requirements in regards of the stable and
noiseless performance of the motor.
PMSM with magnets mounted on the surface of
the rotor have a typical non-saliency, just as the nonsalient pole electrically excited synchronous motors.
The equivalent air-gap is large and circumferentially
uniform, which results in a weak armature reaction
and
equal
direct-axis
and
quadrature-axis
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inductances. Rotor configurations with inset and
embedded magnets show a clearly defined saliency.
The air gap is small and the permeance in the
quadrature axis is greater than that in the direct axis.
This results in a lower direct-axis inductance
compared to the quadrature-axis inductance, unlike
the salient pole electrically excited synchronous
motors, where Ld > Lq. Reduced air gap creates
preconditions for a stronger manifestation of
additional effects disturbing the smooth and steady
operation of the motors. Different authors have
studied these effects and measures to reduce their
impact [1], [2], [3], [4]. The current paper presents
an analysis of the torque ripple of PMSM with inset
and embedded magnets (Fig. 1b and 1c) in steady
state operation at rated load.
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a)

develop the model of the motors in a rotor oriented
reference frame (d-q reference frame), transforming
the real three-phase quantities into two-axes reference
frame by using the Park transformation.
The procedure for determining the rated values of
the quantities is performed in the following sequence.
A preliminary design is done to assign the values for
windings wiring data and the cross section geometry
[8]. Using this data, a model of the motor is built
using FEMM software. The three phase currents are
taken for a moment of time where the current in phase
A is at the maximum and are assigned to the
corresponding windings (with the assumption of
sinusoidal distribution):

i A = 2.I 1. cos ωt
(1)

i B = 2.I 1. cos(ωt − 120°)
iC = 2.I 1. cos(ωt − 240°)

b)

A FEA is performed on the model. The flux
linkage of each phase is determined by using the
magnetic vector-potential A [5]:
(2)

c)
Fig.1. Rotor configurations of PMSM
a) surface PM; b) inset PM; c) embedded PM.

One reason for the occurrence of torque ripple is
the non-sinusoidal distribution of the air gap flux
density and the back e.m.f. Stator slot openings and
saturation of stator teeth deform the flux density curve
and increase the total harmonic distortion [1], [2], [3].
The higher order harmonics of the magnetic flux
create additional torques. These additional torques
superimpose to the fundamental harmonic torque and
result in a torque ripple. The torque ripples are the
reason for increased noise and vibrations, which
worsen the smooth performance of the motor and the
whole drive system.
Parameters at rated load
To analyze the electromagnetic torque it is
necessary to determine the quantities corresponding to
the rated load operation of the motor. It is suitable to
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Ψ = wc .


l m 
A.dS −  A.dS 


S z  Sz+
Sz−



where wc is the number of turns in a coil of the phase
winding, l m is the active length of the coil, S z is the
cross section of the stator slot occupied by the phase
winding, A+ and A− are the values of the vector
potential for the positive and negative sides of the
coils.
The Park transformation is applied for
transforming the three phase quantities into a two axis
d-q reference frame fixed to the rotor. The direct-axis
and quadrature-axis space vector components of the
stator current and flux linkage are determined as:
(3)

id =

2
2π
4π 
 i A . cos θ r + i B . cos(θ r − ) + iC . cos(θ r − ) 
3
3
3 

2
2π
4π
(4) iq = −  i A . sin θ r + i B . sin(θ r − ) + iC . sin(θ r − ) 
3

2
3

(5) Ψd =  ΨA cos θr + ΨB cos(θr −
2
3

(6) Ψq = −  ΨA sin θr + ΨB sin(θr −

3

3 

2π
4π 
) + ΨC cos(θr − ) 
3
3 
2π
4π 
) + ΨC sin(θr − ) 
3
3 

where θ r is the rotor position angle (the angle
between the d-axis and the magnetic axis of phase A).
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The flux linkage ΨPM of the stator winding due to
the permanent magnets (PM) is determined from the
demagnetization curve and the dimensions of the
magnets and it is used to calculate the direct-axis and
quadrature-axis components of the synchronous
inductance and reactance.
( Ψd − ΨPM )
id

(7)

Ld =

(8)

Lq =

(9)

x d = ω1 .Ld

Ψq
iq

,

x q = ω1 .Lq

The determination of the operating point of the
motor, corresponding to the rated load, is done by an
iterative procedure for defining the numerical values
of i d , i q ,.Ld , Lq , the current phase angle β and the
load angle θ . The procedure stops when such values
are determined, that balance the voltage equation
(10)

u s = E 0 + jω1 .Lq .i q + jω1 .Ld .i d + R s .i s

that is graphically depicted in Fig. 2.
The electromagnetic torque of the motor is:
(11)

Te =

(

3
p Ψd .i q − Ψq .i d
2

)

The torque has a constant value when the air-gap is
uniform and the distribution of the air-gap flux density
is sinusoidal. The slotting of the stator magnetic core
makes the circumferentially permeance non-uniform
and the saturation of the magnetic circuit deforms the

Fig.2. Vector diagram of PMSM motor at rated load.

flux density curve. This causes the occurrence of high
order harmonic components of the magnetic
induction, the electromotive force and the torque and
as a result the torque ripple.
Analysis of the torque ripple
To determine the torque ripple, the rotation of the
rotor is modeled at rated speed and load. This
corresponds to the rotation of the rotor reference
frame at an angle θ r with respect to the stationary
stator reference frame – Fig. 3.
The displacement angle between the rotor and
stator reference frames is θ r = ω r .t (electrical
degrees), which corresponds to rotation of the rotor at
θr
(mechanical degrees). When the rotor rotates with
p

Fig.3. Vector diagram with rotor reference frame at an angle θ r with respect to the stator reference frame.
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angular speed ωr all vectors depicted in the rotor
reference frame rotate at an angle θ r with respect to
the stationary stator reference frame.
The analysis of the motors torque ripple is carried
out by modeling the rotor rotation with the aid of
FEMM software for θ r = (0 ÷ 2π) with a step of 1
electrical degree. A FEA analysis is performed for every angular position to obtain the values of the synchronous inductances by (7) and (8) and torque by (11).
The analysis is illustrated for six-pole PMSM motors with inset and embedded permanent magnets. The
rated power of the motors is 2,2 kW and they use
equal rated current and thickness of the permanent
magnets of 4 mm.
The air-gap flux density distribution for one pole
pitch without armature current is shown in Fig. 4.

a)

b)
Fig.5. Magnetic flux distribution
a) motor with inset PM; b) motor with embedded PM.

Fig.4. Distribution of the air-gap flux density due to PM.

In the rotor configuration with embedded magnets, the magnets are fully surrounded by ferromagnetic material. This makes possible for a part of the
magnet’s flux to enclose through the bridge above
the magnet and not to cross the air gap. Because of
this, the average value of the flux density is much
lower than in the case of inset magnets. On other
hand, this ferromagnetic bridge increases the permeance of the flux path of the armature reaction and
increases the field weakening capabilities of the motor. This is clearly seen from the magnetic flux distribution at rated load of the motor with embedded
magnets compared to the motor with inset magnets –
Fig. 5 and Fig.6.
The deformation of the flux density distribution
caused by the stator slots and the armature reaction
leads to an occurrence of high order harmonics. The
torques created by these high order harmonics
superimpose to the fundamental harmonic torque and
result in a torque ripple. The comparison of the torque
ripple for the motors under analysis is depicted Fig. 7.
It shows that the inset PMSM offers smoother
operation at rated speed compared to the motor with
embedded magnets.
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Fig.6. Air-gap flux density distribution
for one pole pitch at rated load.

Conclusion
The torque ripple with high magnitudes and
frequency are a reason for noise and vibrations which
worsen the performance of the motor and the system it
is embedded in. It is of high importance minimizing
these ripples at the design stage of the motor.
Performing the design using models of the motor that
apply FEA combined with the vector diagrams and
Park transformations allows the modeling and analysis
of different PMSM rotor configurations with required
accuracy. The described methods allow the designer
to account for unwanted effects such as the torque
ripple and to increase the motor performance at the
design stage.
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Fig.7. Torque ripple of the motors with inset and embedded permanent magnets.

Rotor configuration has a great influence on the
flux density distribution and therefore on the
magnitude and frequency of the ripple. The analysis of
the motors with inset and embedded PM shows that
the motor with inset magnets demonstrates lower
vibrations and a smoother torque.
The configuration with embedded magnets shows
torque ripple of greater magnitude which is a premise
for increased noise and vibrations. Precautions have to
be taken for minimizing the ripple, such as skewing
the stator slots or magnets, design the rotor poles with
ununiformed air-gap or using ferromagnetic wedges
for the stator slots. The armature reaction of this
configuration has a greater demagnetizing effect and
makes these types of motors suitable for applications
where a wide range field-weakening speed control is
required.
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Study of power fluctuations and their compensation
in a hybrid system with renewable energy sources
Hristiyan Kanchev, Bruno François, Zahari Zarkov,
Ludmil Stoyanov, Vladimir Lazarov
This paper deals with the combined influence of photovoltaic and different wind energy
potentials and respectively the produced energy on the operation of an autonomous hybrid system.
The studied system comprises a PV generator, a wind generator and three micro gas turbines (MGT)
supplying power to residential loads. The installed power of the PV and wind generators varies for
each studied case. The solar energy distribution is identical for all simulations while three different
cases of the wind speed distribution are used. The system control is realized with planning of the MGT
power references for 24 hour ahead using dynamic programming. The objective is to minimize the
CO2 equivalent emissions by decreasing the MGT startups and shutdowns. The results analysis allows
determination of the optimal installed power of renewable generators taking into account the primary
potential and the load curve.
Keywords: hybrid system, renewable energy, storage, optimization, gas turbine
Изследване на флуктуациите на мощността и тяхното компенсиране в хибридна
система с възобновяеми източници на енергия (Християн Кънчев, Брюно Франсоа, Захари
Зарков, Людмил Стоянов, Владимир Лазаров). В статията е разгледано комбинираното
въздействие на слънчевия и вятърния потенциал и съответно произведената енергия върху
работата на автономна хибридна система. Изследваната система включва ФВ генератор,
вятърен генератор, три газови микротурбини и товари. Инсталираната мощност на
възобновяемите източници се изменя за различните изследвани случаи. Разпределението на
слънчевата енергия е еднакво за всички симулации, докато за скоростта на вятъра са
използвани три различни разпределения. Управлението на система е осъществено чрез
планиране на заданията за мощността на газовите микротурбини за 24 часа, използвайки
динамично програмиране. Целта е минимизиране емисиите на СО2 еквивалент чрез намаляване
на пусканията и спиранията на газовите турбини. Анализът на резултатите позволява
определяне на оптималните инсталирани мощности на възобновяемите генератори, вземайки
предвид първичния потенциал и товаровия график.
Ключови думи: хибридна система, възобновяеми източници, запасяване на енергия,
оптимизация, газови турбини

1. Introduction
Electricity generation and transmission infrastructure has a crucial importance for satisfying the global
energy demand and environmental objectives required
for ensuring our sustainable development. For over a
century, large-scale electrical systems had no major
evolution before the penetration of a considerable
amount of Distributed Generation (DG) with small
power. In the recent years a change is underway - the
classical structure of a hierarchical electricity generation, transmission and distribution system is being replaced by the concept of smart grid. This means an intelligent electrical system composed of conventional
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power plants, loads and a significant number of clusters of loads and DG that can operate autonomously or
connected to the distribution system and are able to be
dispatched as a consumer or generator and thus contributing in the overall electrical system optimization.
Each local cluster of generators (conventional and/or
renewable energy-based) and loads, supervised by local energy management system and being able to operate in autonomy or connected to the distribution
grid, can be called a Hybrid System (HS) or a microgrid. The Hybrid System Central Energy Management System (HSCEMS) has the functionality to optimize the operation of a Hybrid System for different
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criteria such as emissions reduction, optimal use of
the storage or optimal energy exchange with the rest
of the distribution system and also to be dispatched by
the distribution system operator. As already mentioned, nowadays the electrical transmission and distribution networks are still rather passive and centralized from a supervision point of view. This makes the
coordination of DG in the grid difficult and leads to
suboptimal operation of large-scale hierarchical electrical systems [1]. In order to coordinate power generation and consumption in an optimal way and to improve efficiency, power supply reliability and security, the grid organization should incorporate distributed
intelligence, autonomy and interactive communication
at all levels of the grid [2], [3].
The studied hybrid system (fig. 1) comprises a
wind generator, a PV generator, three micro gas turbines (MGT_i) with a nominal power output of 30kW,
30kW (with different CO2 equivalent emission characteristics) and 60kW and households following a typical domestic load curve with a peak consumption of
110 kW. Each generator is connected to the system
through electronic converters (LCS – Local Control
System). A similar system, but with only photovoltaic
or only wind generators as a renewable energy source
has already been studied in previous works [3], [4]
and [5].
The theoretical distribution of the solar irradiation
is well-known but in reality the weather conditions influence this distribution. However it can be predicted
with relatively good precision. In the case of the wind
energy its distribution can consist several peaks during the day and they can influence the control of the
whole system. The complementarity of both renewable energies is studied in previous authors’ work [6]
without taking into account the load curve.
The objective of this paper is a study of the influ-

ence of the wind speed distribution in time on the operation of an autonomous HS comprising micro gas
turbines, PV and wind generator, energy storage system and loads. The performance criteria are the CO2
equivalent emissions and the fuel consumed by the
micro gas turbines, taking into account the combined
influence of the PV and wind energy potentials during
a given 24 hour period.
2. Assessment of the primary potential
Three cases of wind speed variation over a given
time period are considered, while the solar potential of
the site is considered identical. It may be assumed that
the peak of the wind speed for the three cases of distribution is as follows (fig. 2-a):
• “Case 1” – the peak coincides with the consumption peak;
• “Case 2” – the peak coincides with the solar radiation peak;
• “Case 3” – the peak is after the maximal consumption.
On fig. 2-b is presented the on-site PV production
forecast for a PV installation with peak power
Pc=60kW and the load curve used in this study.
The model of Pallabazer [7] is used to determine
the wind generators productivity. The model is presented by the formulae:

(1)

0

 V 2 − V 2
cut − in
p= 2
2
V
V
−
cut − in
 nom

1

if

V ≤ V cut − in

if

V cut − in < V < V nom

if

V ≥ V nom

where Vcut-in is the cut-in speed of the generator, V is
the wind speed and Vnom is the rated wind speed of the
generator.

Fig. 1. The system under study.
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(4)

AM =

1
cos θZ + 0.50572 ( 96,07995 − θZ )

−1.6364

The coefficients of the model are empirical and for
the polycrystalline Si technology the values are:
p=15.39, q=-0.1770, m=0.0794, r=-0.09736,
s=-0.8998, u=0.9324 and h=0.026.
When the efficiency is determined, the produced
energy is calculated as the multiple of the panels’
area, the solar radiation and the efficiency. The
calculated power for the PV installation with a peak
power of 60kW are presented on Fig. 2b.
a)

b)
Fig. 2. a) Variation of the wind speed for the 3 studied
cases; b) Production forecast for a 60kW PV generator and
the load curve

The energy produced by the photovoltaic generator
is calculated on the base of data for solar radiation Gβ
and ambient temperature Ta with the Durisch’s model
[8]. The efficiency is calculated by:

(2)

m
 G
 Gβ  
β
η pv = p  q
+
 ×
 Gβ , ref  Gβ , ref  
u

Tcell
AM  AM  
× 1 + r
+s
+
 
Tcell , ref
AM 0  AM 0  


where the reference values of the solar radiation, the
cell temperature and the air mass are Gβref=1000W/m2,
Tcell,ref = 25°C and AM0 = 1.5, while the real values of
the cell temperature are determined from the ambient
temperature Ta with the Ross’ formula (3) and of the
air mass AM – with the Karsten’s formula (4) where
the zenith angle θZ is in degrees [8].
(3)
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Tcell = Ta + hR Gβ

3. Hybrid system management
The hybrid system central energy management
system assigns power references and other appropriate
control signals to all generators in the studied HS. The
requirements for the HSCEMS operation are:
• To supply power to the loads without
interruptions;
• To increase the use renewable generators in the
energy mix;
• To minimize the energy cost and the CO2
equivalent emissions of gas turbines by controlling
their power references following an algorithm for
minimal pollution and minimum start-ups and
shutdowns.
The nature of the Renewable Energy Based
Generated (REBG) power implies the use of gas
turbines to fulfil the load requirements because the
REBG power is rarely sufficient. There are different
strategies for the management of the gas turbines with
minimum start-ups and shutdowns. The operation
schedule and the energy management are complex
problem defined as a Unit Commitment Problem
(UCP). The small computation time of the dynamic
programming makes this approach preferred for
solving the problem [3], [4]. The management system
define the power references for all gas turbines and
for the energy storage device for 24 hour ahead. The
time step is 30 minutes. The algorithm calculates the
needed power to supply the load after the use of
forecasted REBG power and the charge level of
storage device. The power references for the MGT
ensure minimum of CO2 equivalent emissions (fig.3).
The needed power is compared with each MGT
and combination of MGT’s minimum and maximum
power outputs. All feasible solutions (power between
the minimum and the maximum power output) are
evaluated and HSCEMS chooses the optimal one
using recursion starting from time step 48 backwards.
To minimize the number of startups and shutdowns
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Start

Setting of power reference for the REBG
Calculation of the residual load that has to
be supplied by the MGT’s.

Assessment of all
possibilities to supply
the loads by using a
combination of two
Calculation of the load that can be covered
MGTs
by the energy storage devices.

Initialization.
Classification of the MGTs and
combination of MGTs, based on their
minimum and maximum power (kW)

Assessment of all
possibilities to supply the
loads by using a single
MGT

Choice of the option that
produces the least CO2
equivalent, taking in account the
start up/shutdown penalties.

Assessment of all possibilities
to supply the loads by using a
combination of three MGTs

End

Fig. 3. Framework of the power planning algorithm.

penalties are used if the state of the unit changes in the
period t+1. Thus the emissions are decreased and
MGT’s exploitation life is increased.
The optimization objective function, expressed as a
UCP is:
48

M

t =1

i =1

(5) SCO 2 (t ) =  (δi (t ).CO2 _ i ( PMGT _ i (t ), t ) + C pe _ co 2 i (δi (t ), t )
where CO2_ i (PMGT _ i (t )) is the characteristic of the CO2
equivalent emissions. PMGT _ i (t ) is the generated
power, which varies at each time step t, i is the unit
number.
During the system operation the forecasted values
of REBG power can change. In this case short-term
power balancing is performed in the local controllers
using primary voltage and frequency control.
4. The micro gas turbines and their fuel
consumption and emissions
Micro Gas Turbines consist of a small power
electrical generator (a high speed permanent magnet
synchronous machine with fluid bearings), driven by a
gas turbine. The high frequency output voltage passes
through power converters (a rectifier and an inverter)
in “back-to-back” configuration. Thus the MGT can
be connected to the hybrid system’s grid. The
converters are controlled by a local generation control
system which ensures the normal system operation.
The micro gas turbines have lower emissions than
a diesel generators and they are preferred for use in
the modern hybrid systems. Moreover the micro gas
turbines provide flexibility in the connection methods
(autonomous or grid-connected), the ability to be
arranged in parallel to serve higher loads. The MGT’s
have fast response and can compensate the
fluctuations of the REBG power in the hybrid
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systems. Because of their fast response the gas
turbines are used in large-scale electrical systems for
peak-shaving to reduce electricity generation costs.
The MGT’s fuel consumption is calculated from
the partial load efficiency characteristics. The
operational cost of the gas turbine is determined as a
function of the generated electric power P
(4MGT_i(t),
taking into account the cost of the consumed gas per
produced kWh [4]:
(6)

Ci = f ( PMGT _ i (t ))

The pollutant gases have different weights in the
CO2 equivalent emissions. The weights are related
with their global warming potential. The mass of the
exhaust gases (NOx, CO and CO2) are calculated in
kg/kWh as a function of the generated output power
[4], [5]:
(7)

mx (t) =μx EMGT _i (t) =μx PMGT _i (t) τ

where µx [kg/kWh] is the emission factor (or specific
emissions) for the pollutant to produce the generic
useful electrical energy output EMGT_i(t) and mx(t)is the
mass of the emitted pollutant.
The characteristic of CO2 equivalent emissions of
each MGT is expressed as a non-linear function of its
power output through a polynomial interpolation.
5. Case study results
The system operation is simulated using the system
model and control algorithm, presented in previous
studies [3], [4] and [5]. The operation is simulated
with three different wind power distributions shown in
fig.2a. The rated power of the wind generator in the
hybrid system varies from 30 to 60 kW with step of
5kW. The rated power of the PV generator in the
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0,04EUR/kWh. It is used for calculation of the fuel
cost.
The energy analysis for the different studied cases
is presented in Table 2. EPV and EWG are the energies generated by the PV and wind generator.
EMGT1, EMGT2 and EMGT3 are the energies generated by the micro gas turbines 1, 2 and 3 respectively.
On figures 4 and 5 are presented the powers generated
and consumed in the hybrid system in the wind speed
distributions “case 1” and “case 2” with PV and wind
generator having a nominal power output of 30kW
each. Fig. 6 presents the power flows in the system for
“case 3” wind speed with 55kW PV and WG power.
The CO2 equivalent emissions and the consumed fuel
can be used for assessment of the system performance. Analysis of the results shows that the most
economic cases on CO2 equivalent emissions and fuel

system is always the same as of the WG. The
following hypotheses are assumed:
•
The algorithm uses the average values of
powers in each time period of 30 minutes during the
24 hour power planning.
•
The PV and wind generators aren’t limited by
technological constraints.
•
The charge and discharge power of the storage
device and its capacity are without limits because the
device is idealized.
•
The initial and the final state of charge of the
storage device are identical (in the beginning and at
the end of the considered 24 hour period).
•
All simulations use the same load profile.
•
The HSCEMS cannot control the loads in the
hybrid system.
The simulation results are presented in Table 1.
The price of the natural gas is accepted to be

Table 1
CO2 equivalent emissions and fuel consumption

WG and PV
generator peak
power
30 kW + 30kW
35 kW + 30kW
40 kW + 40kW
45 kW + 45kW
50 kW + 50kW
55 kW + 55kW
60 kW + 60kW

Wind speed
case 1
CO2 eq.
Fuel cost
(kg)
(EUR)

Wind speed
case 2
CO2
Fuel cost
eq. (kg) (EUR)

Wind speed
case 3
CO2
Fuel cost
eq. (kg) (EUR)

1230
1095
1080
1112
580
0
0

828
995
613
513
361
0
0

473
381
391
172
909
0
0

79.3
62.6
42.2
21.7
2
0
0

96.2
79.8
60.9
40.74
21
0
0

86.4
67.9
49
30.7
10.5
0
0

Table 2
Energy analysis for the various cases with PV and WG
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WG and PV
generator
peak power

EPV
kWh

EWG
kWh

30 kW
+ 30kW
35 kW
+ 35kW
40 kW
+ 40kW
45 kW +
45kW
50 kW +
50kW
55 kW +
55kW
60 kW +
60kW

182

317

212

370

242

422

273

475

303

528

333
364

Wind speed
case 1
EMGT1
EMGT2
kWh
kWh
33
1.5h
0

EMGT3
kWh

EWG
kWh
228

380

Wind speed
case 2
EMGT1
EMGT2
kWh
kWh

EMGT3
kWh

EWG
kWh

79
3.5h
45
2h
23
1.5
11
0.5
11
0.5h
0

287
5.5h
271.8
5.5h
212
4.5h
161
3.5
59
1.5h
0

298

0

0

0

250
5h
257.
5.5h
159
3.5h
78
2h
0

581

231
14h
143
10h
118
9h
69
7.5h
16
1h
0

0

0

418

234
11.5h
175
9h
129
7h
83
5h
64
4h
0

634

0

0

0

456

0

0
0

266
304
342

Wind speed
case 3
EMGT1
EMGT2
kWh
kWh

EMGT3
kWh

546

168
7h
124
5.5h
94
5h
70
3h
26
1.5h
0

0

351
6.5h
288
5.5h
194
4h
114
2.5h
33
1h
0

596

0

0

0

347
397
447
497

22.6
1h
11.47
0.5h
11.5
0.5h
0
0
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Fig. 4. Power flows in the HS, wind speed “case1” and 30kW+30kW WG and PV generators.

Fig. 5. Power flows in the HS, wind speed “case2” and 30kW+30kW WG and PV generators.

Fig. 6. Power flows in the HS, wind speed “case3” and 55kW+55kW WG and PV generators.

cost are those with amounts of stored energy allowing
for the shutting down all the micro gas turbines during
most or even all of the time steps. At contrary, when
renewable energy is present but insufficient to supply
the totality of loads, the micro gas turbines are forced
to operate at a low power level (i.e. 5-10kW) with
much greater amounts of CO2 equivalent emissions
(see bolded numbers in Table 1).
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6. Conclusions
The paper presents a study of the influence of
combined solar and wind energy distribution on the
operation of an autonomous hybrid system with a
wind generator, PV panels, micro gas turbines and energy storage system. The system operation has been
simulated with wind and PV generators with different
rated powers from 30 to 60kW using 30-minute
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average values. All of the cases use the same load
curve, PV primary potential curve and three different
cases of wind speed distribution in time. The power
planning is done by an algorithm of unit commitment
with a dynamic programming-based optimization
procedure. Considering both the CO2 equivalent
emissions and consumed fuel, the following
conclusions can be made.
More renewable energy in the wrong moment
could result in more CO2 equivalent emissions and in
general less efficiency. This is due to the fact that
when available renewable energy power can’t supply
the totality of the loads, the micro gas turbines are
forced to operate at a low power level where their efficiency is not optimal and the CO2 equivalent emissions are much greater (for example in the “case 1”
wind speed profile with 45+45kW wind and PV
generators).
The wind speed distributions which have a peak
before or after the load curve peak lead to lower CO2
equivalent emissions because in certain periods the
energy from the storage device and the renewable
sources is sufficient to supply all the loads in the
system and to shut down some of the micro gas
turbines (example “case 2”and “case 3 scenarios”).
The results demonstrate that for ensuring an
optimal management strategy of a hybrid system, an
infra-hourly analysis of renewable energy primary
resource and the load curve can be of greater interest
than simply oversizing the renewable energy
generators and/or the energy storage devices while
using average daily energy values.
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