
1Volume 12  January/December 2018

B&
H 

El
ec

tr
ic

al
E n

g i
n e

e r
i n

g 12
Volume 12

January/
December

2018

ISSN 2566-316X

Bo
sa

ns
ko

he
rc

eg
ov

ač
ka

e l
e k

tr
ot

e h
n i

ka





3Volume 12  January/December 2018

PUBLISHER/IZDAVAČ
Committee for Bosnia and Herzegovina

International Council on Large Electric Systems - CIGRÉ
BH K CIGRÉ

Mula Mustafe Bašeskije 7/4, 71000 Sarajevo
Tel: +387 (0)33 227 036
Fax: +387 (0)33 227 037

E-mail: cigre@bhkcigre.ba
Web site: http://www.bhkcigre.ba

ISSN 2566-316X 

Editor in Chief/Glavni urednik
Tatjana Konjić, B&H

Deputy Editor in Chief/Zamjenik glavnog urednika
Sabina Dacić-Lepara, B&H 

Deputy Editors/Urednički odbor
Samir Avdaković, B&H

Salih Čaršimamović, B&H
Mirza Kušljugić, B&H

Alija Muharemović, B&H
Mustafa Musić, B&H

Editorial Board/Uredničko vijeće
Drago Bago, B&H

Elvisa Bećirović, B&H
Adnan Bosović, B&H

Vesna Borozan, FYROM
Aleksandar Cincar, B&H
Samir Čaušević, B&H

Josip Dolić, B&H
Izet Džananović, B&H

Šeila Gruhonjić Ferhatbegović, B&H
Mesud Hadžialić, B&H

Omer Hadžić, B&H
Mensur Kasumović, B&H

Vladimir Katić, SRB
Anes Kazagić, B&H

Lidija Korunović, SRB
Slavko Krajcar, CRO
Edin Lapandić, B&H

Vlado Madžarević, B&H
Ajla Merzić, B&H

Jovica Milanović, GB
Viktor Milardić, CRO
Kruno Miličević, CRO

Vladimiro Miranda, POR
Kadira Močević, B&H

Aljo Mujčić, B&H
Adnan Mujezinović, B&H

Saša Mujović, MNE
Srete Nikolovski, CRO

Srećko Nuić, CRO
Samir Omanović, B&H

Predrag Osmokrović, SRB
Senad Osmović, B&H

Jože Pihler, SLO
Koviljka Stanković, SRB
Nermin Suljanović, B&H
Gorazd Štumberger, SLO

Irfan Turković, B&H
Tarik Uzunović, B&H

Language Editor/Lektor jezika
Dušica Ikić-Cook, B&H
Marijana Nikolić, B&H

Technical Editor/Tehnički urednik 
Dejan Marjanović, B&H

Printing 350 copies
Account: Raiffeisen Bank B&H

16100000021500-16

CONTENTS/SADRŽAJ

Professional paper/
Stručni rad
Zoran Milojković, Mario Brčić, Ivan Brizar, 
Ante Marušić, Ivan Papak, Vinko Tomas
REFURBISHMENT OF GENERATORS 
IN RAMA HPP

REVITALIZACIJA GENERATORA 
U HE RAMA 57

Professional paper/
Stručni rad
Senad Hadžić, Husnija Ferizović
VOLTAGE CONDITIONS ANALYSIS ON THE 
TRANSMISSION NETWORK OF THE 
ELECTRIC POWER SYSTEM OF
BOSNIA AND HERZEGOVINA

ANALIZA NAPONSKIH PRILIKA NA 
PRENOSNOJ MREŽI 
ELEKTROENERGETSKOG SISTEMA 
BOSNE I HERCEGOVINE  68

Professional paper/
Stručni rad
Drago Bago, Ivan Ramljak 
TECHNO-ECONOMIC ASPECTS OF PV 
PLANT CONSTRUCTION FOR VARIOUS 
CONDITIONS 

TEHNOEKONOMSKI VID IZGRADNJE 
FOTONAPONSKE ELEKTRANE ZA 
RAZLIČITE UVJETE  77

Professional paper/
Stručni rad
Šeila Gruhonjić Ferhatbegović, Sead Spahić, 
Adnan Bosović, Nedžad Hasanspahić
DEVELOPMENT PROJECTION OF 
DISTRIBUTION ELECTRIC POWER NET-
WORKS OF PE ELEKTROPRIVREDA BIH 
D.D. – SARAJEVO 

PROJEKCIJA RAZVOJA DISTRIBUTIVNIH 
ELEKTROENERGETSKIH MREŽA 
JP ELEKTROPRIVREDE BIH D.D. 
– SARAJEVO  87

ABOUT THE JOURNAL   97
O ČASOPISU  97

TYPE OF THE PAPER  98
VRSTA RADA  98

DECLARATION OF AUTHORSHIP  99
IZJAVA O AUTORSTVU  99

PAPER WRITING GUIDELINES  100
UPUTE ZA PISANJE RADA  103

INITIAL JOURNAL CHECK LIST
FOR AUTHORS  106
INICIJALNI KONTROLNI SPISAK 
ZA AUTORE  107

CODE OF ETHICS  108
ETIČKI KODEKS  111

Original scientific paper/
Izvorni naučni rad

Aphrodite Ktena, Charalambos Elias, Christos 
Manasis, Yannis Koutsoubis, Enea Mele, 

Elias Constantos, Evgenia Tsalkitzi, 
Anna Tatsiopoulou, Christos Tatsiopoulos

GAMIFICATION FOR ELECTRICITY 
USE PROFILING

IGRIFIKACIJA ZA PROFILIRANJE UPOTREBE
ELEKTRIČNE ENERGIJE  4

Original scientific paper/
Izvorni naučni rad

Mahir Muratović, Dalibor Gorenc,  
Amer Smajkić, Mirsad Kapetanović

DEVELOPMENT AND TESTING OF HV SF6 
CIRCUIT BREAKER FOR MINIMUM AMBIENT

 TEMPERATURE OF -40  ̊C 

RAZVOJ I ISPITIVANJE VN SF6 PREKIDAČA ZA 
TEMPERATURU OKOLINE DO -40  ̊C  13

Original scientific paper/
Izvorni naučni rad

Nedis Dautbašić, Adnan Mujezinović   
MODELING OF THE 

ELECTROMAGNETIC TRANSIENTS 
ON THE GROUNDING SYSTEM 

MODELIRANJE ELEKTROMAGNETSKIH 
TRANZIJENATA NA UZEMLJIVAČKIM 

SISTEMIMA  23

Review scientific paper/
Pregledni naučni rad

Ajla Mehinović, Mirza Kušljugić, 
Džemo Borovina, Meliha Džizić

ANALYSIS OF ENERGY EFFICIENCY 
MARKET AND POSSIBILITIES OF ENERGY 

EFFICIENCY IMPROVEMENTS IN 
INDUSTRIAL SYSTEMS IN B&H 

ANALIZA TRŽIŠTA I MOGUĆNOSTI 
UNAPRJEĐENJA ENERGETSKE EFIKASNOSTI 

U INDUSTRIJSKIM SISTEMIMA U BIH  30

Review scientific paper/
Pregledni naučni rad

Samira Mujkić, Suad Kasapović
MASSIVE MIMO: DESIGN, APPLICATION 

AND CHALLENGES

MASIVNI MIMO: DIZAJN, PRIMJENA 
I IZAZOVI  38

Review scientific paper/
Pregledni naučni rad

Emir Skejić, Dženita Vejsilović
IMPLEMENTATION OF GEOMETRIC TRANSFOR-

MATIONS ON THE WEB USING CSS3 STANDARD

IMPLEMENTACIJA GEOMETRIJSKIH 
TRANSFORMACIJA NA WEBU PRIMJENOM 

CSS3 STANDARDA  47



4 B&H Electrical Engineering Bosanskohercegovačka elektrotehnika

Abstract: Over the last two decades we are witnessing an accelerating paradigm shift in electricity grids and markets. The power grid, 
enabled by technologies such as renewable energy sources (RES), microgeneration, telemetering and telecontrol, is required to move 
towards demand side management, under the pressure for energy saving and low carbon economy on the one hand and electricity 
market deregulation on the other. Demand side management requires the user to be an active agent interacting in real time with the grid 
and the markets rather than a passive consumer whose only interaction with the grid is paying the bill and reporting faults. Under this 
light, the majority of electricity users could be considered as technologically illiterate, lacking fundamental knowledge and skills, which 
hinders the uptake of technologies and distorts related policies. The gamified application presented in this work combines persuasive and 
serious game technologies to educate users in electrical energy consumption, production and markets and engage them in energy saving 
behaviour, relevant techniques and technologies, while, at the same time, enabling them to transfer the skills and knowledge acquired to 
the real world. To these ends, our application uses the cognitive approach to develop educational material for the users’ capacity building, 
gamification to motivate, engage and trigger users to form their own-shaped learning curves towards controlling their energy profiles, and 
SCADA technology to link the virtual to the real world. The proposed methodology can be applied to educational as well as commercial 
gamified applications.

Keywords: electricity user, behaviour modification, cognitive model, gamification, zero energy buildings

Sažetak: U protekle dvije decenije svjedočimo ubrzanoj promjeni paradigme u elektroenergetskim mrežama i tržištima. Elektroenergetska 
mreža, opremnjena novim tehnologijama kao što su obnovljivi izvori energije (RES), mikroproizvodnja, telemetrija i telekontrola, kreće se 
prema upravljanju potrošnjom energije (DSM), pod pritiskom energetske štednje i nisko-ugljične privrede s jedne, te deregulacije tržišta 
električne energije s druge strane. Upravljanje potrošnjom zahtijeva od korisnika da postane aktivan agent, koji – u stvarnom vremenu – vrši 
interakciju s mrežom i s tržištem, umjesto što je pasivan korisnik, čija je jedina interakcija s mrežom kroz plaćanje računa i prijavljivanje 
kvarova. U tom kontekstu, većina korisnika energije bi se mogla smatrati tehnički nepismenima, bez osnovnih znanja i vještina, što sprečava 
primjenu tehnologije i narušava povezane politike. Primjena igrifikacije, koja je predstavljena u ovom radu, kombinuje uvjerljive i ozbiljne 
tehnologije igre u svrhu obrazovanja korisnika o potrošnji, proizvodnji i tržištima električne energije, te ih uključije u sistem štednje električne 
energije, relevantnih tehnika i tehnologija, a istovremeno im pruža mogućnost da ta stečena znanja i vještine prenesu u stvarni svijet. U tu 
svrhu, naša aplikacija koristi kognitivni pristup razvoja obrazovnih materijala za izgradnju kapaciteta korisnika, igrificira u svrhu motivacije, 
angažovanja i navođenja korisnika da formira vlastite krivulje učenja u svrhu upravljanja vlastitim energetskim profilom, i pruža im SCADA 
tehnologiju u svrhu povezivanja virtualnog i realnog svijeta. Predložena metodologija može se primijeniti u obrazovanju, kao i u komercijalnim, 
igrificiranim aplikacijama. 

Ključne riječi: korisnik električne energije, modifikacija ponašanja, kognitivni model, igrifikacija, nulte energetske zgrade

GAMIFICATION FOR ELECTRICITY USE PROFILING

IGRIFIKACIJA ZA PROFILIRANJE UPOTREBE 
ELEKTRIČNE ENERGIJE

Aphrodite Ktena1, Charalambos Elias1, Christos Manasis1, Yannis Koutsoubis1, Enea Mele2, Elias Constantos3, 
Evgenia Tsalkitzi4, Anna Tatsiopoulou5, Christos Tatsiopoulos5

1TEI of StereaEllada, Greece
aktena@teiste.gr
2Intralot, Greece
Paper submitted: March 2018 Paper accepted: May 2018

INTRODUCTION

Over the last decades, the deregulation of electricity 
markets, the rapidly increasing penetration of Renew-
able Energy Sources (RES) and the advances in ICT 
technology have led to the smart grid and demand 
side management paradigm as opposed to the con-

ventional transmission grid and supply side man-
agement. In the new paradigm, the electricity user 
interacts in real-time with the provider, the grid and 
the markets. The electricity user behaviour must be 
therefore considered as an active agent in the future 
grid design and control as well as in achieving the EU 
energy targets [1].

Original scientific paper/Izvorni naučni rad

3SAICON, Greece
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Behaviour modification models and tools from the field 
of psychology may prove useful towards shaping savvy 
electricity end users. Gamification [2], which has found 
applications in the field of digital media and marketing for 
the last decade, is a technology that is being considered 
for behavioural modification [3]. It has already been ap-
plied in several educational environments such as e-learn-
ing platforms, or as a teaching method [4]–[7], as well as 
in commercial applications in order to emotionally commit 
and engage users [8]. As a relatively new tool, it has at-
tracted a lot of controversy, especially concerning its ap-
plication in the educational process [4]–[7]. 

In this work, we present the gamification methodology 
for developing an educational application for tablets and 
smart phones to train electricity users to their new role 
as active prosumers in the smart grid. This work aspires 
to provide the roadmap towards developing applications 
aiming to engage users in an interactive learning process 
which may also lead to behaviour modification, if this is a 
desired goal. 

Most existing energy related games or gamified appli-
cations aim at raising ecological awareness at relatively 
young ages or allow the calculation of the energy con-
sumption and CO2 emissions of appliances or devices. 
Certain applications, such as Electrocity or Energy Ville, 
are adult strategy games employing energy related nar-
ratives.

The proposed application aims not only at educating or 
entertaining but also modifying the behaviour of adult 
electrical energy users. To achieve this, the application’s 
content addresses the cognitive, emotional and social 
area of the user [6], [9]-[11]. The application is designed 
as a game of quizzes, simulation and role playing with 
educational content and a narrative of every day habits, 
chores and activities. However, it goes beyond the virtual 
game environment and enters the real world via a smart 
meter device that allows the user to relate and apply the 
acquired knowledge and skills to real life. 

The paper is organized in four sections. Section 2 de-
scribes the application’s architecture and building blocks. 
Section 3 presents the creation of our proposed meth-
odology used for the content development. Section 4 
discusses how the linking of the application with the pro-
posed methodology was implemented and last but not 
least in Section 5 the full gamified application is presented 
and its capabilities and limitations are discussed.

1. APPLICATION ARCHITECTURE AND BUILDING BLOCKS 

The application (Figure 1) consists of the following 
components:

Figure 1: Application architecture 

a) The gamification layer which consists of the front-end 
graphics and the back-office game components. 
- The game graphical environment is an application, de-
veloped for mobile devices running on Android and iOS 
as well as for desktop web browsers. The gamified con-
tent was developed using the UNITY game engine, which 
is the state-of-the art tool for 2D/3D graphics and video 
content for development cross platform games and sim-
ulation software.  The graphics, as e.g.in Figure 6, reflect 
the game narrative which is described in section 4. The 
interface is on purpose similar to that of social media and 
other web or mobile applications, e.g. Figure 4, allowing 
the users to interact, enter data or receive notifications in 
a manner they are familiar with. 
- The back-office consists of a content management sys-
tem (CMS) and a proprietary gamification platform. The 
CMS is that part of the gamification platform from which 
we import the content that is displayed in the applica-
tion. The gamification platform is the part which supports 
the game mechanics, described in section 4, and applies 
them to the content based on the users’ actions.

b) The SCADA layers responsible for the communication 
between the physical and the gamification layers. It con-
sists of a graphical interface and a Middleware / WEB ser-
vices layer that support the monitoring and controlling of 
the devices of the physical layer. It contains REST APIs 
that enable the definition of functions performing requests 
between the end user device and the cloud or internet 
and receive responses via HTTP protocol, such as GET 
and POST.
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c) The physical layer serves the ‘MyHome’ level of the 
game and consists of actual metering equipment installed 
in actual buildings. This layer is further described in sec-
tion 4. 

Figure 2 depicts the three logical nodes of the applica-
tion’s architecture. Node 1, represents the back office 
platform. It hosts the gaming subsystem which can be 
a proprietary one like the one used to develop the pilot 
application presented in this work or an open one with 
similar functionalities. The gaming subsystem has two 
user interfaces: a “standalone” and a “social” mode. The 
latter supports all the functionalities of the former as well 
as the social dimension of the game and related to me-
chanics such as leaderboards, communication with social 
networks, relevant virality processes etc.

Node 2, represents the software acting as middleware 
between the gamification platform and the “MyHome” 
component. This layer supports the necessary functional-
ities through which the users access real time statistics of 
actual buildings they monitor as well as the user-friendly 
graphical interface of web services offered for real time 
monitoring and control of these installations. 

In the absence of the necessary hardware, e.g. smart meters, 
necessary to monitor and control an actual installation, Node 
1 operates independently of Node 2.

Figure 2: Logical Architecture Diagram 

Node 3 represents the actual hardware components. 
These are assigned and used on a per registered user 
basis.  Each user may have more than one installation 
(home, office, or other) and each installation several sen-
sors for consumption measurement and actuators for load 
control, depending on the devices that need to be moni-
tored and controlled. A local micro controller receives and 
sends signals from and to the hardware following “com-
mands” received from Node 2 (the middleware layer), via 
web services. Therefore, Node 2 controls and reports 
usage, upon request, to the end-user, assuming, in this 

sense, the role of a small-scale SCADA-type system. Node 
3 can host any smart meter device with open architecture.  

The application may run on any client device, mobile or 
not, independent of the specific hardware and operating 
system. As for the gamification backend and the interme-
diate middleware platforms, these may reside in the same 
physical installation, servers, databases or be completely 
separated residing in a cloud-based type architecture.  

2. METHODOLOGY

A gamified application that targets the engagement of 
electricity users in actions and activities dictated by their 
role as prosumers in the new smart grid paradigm, targets 
effectively the modification of their behaviour. In our appli-
cation this modification comes as a result of education on 
electricity usage and markets and training on the capabil-
ities and limitations of this new role. 

Fogg’s behaviour model (FBM) [12] has been used for the 
design of the game as well as educational content. FBM 
has been chosen because it works well with gamification 
mechanics as well as with educational content.

According to FBM, for a person to be convinced to 
change his/her behaviour on an issue, he/she must satisfy 
three conditions: sufficient motivation, adequate capacity 
and efficient activation. The FBM plane (Figure 3) depicts 
the mechanism for leading an individual along a trajecto-
ry towards a desired behaviour. A person may be further 
or closer to the target behaviour and that depends on a 
variety of factors which fall under two orthogonal catego-
ries: his/her ability, A (depicted on the horizontal axis), and 
motivation, M (depicted on the vertical axis), for change. 
However, the required levels of ability and motivation are 
a necessary but not sufficient condition. At the right tim-
ing, when the individual is sufficiently able and motivated, 
the right trigger must be issued so that he/she actually 
implements change. According to FBM, the content of 
our application must accommodate simplicity factors for 
movement along the horizontal axis, core motivators for 
movement along the vertical axis and behaviour triggers 
at the right time. 

The capacity or ‘ability’ A for change is determined by the 
simplicity of the steps or the actions required to implement 
change towards a certain behaviour. It is a function of six 
variables: money, m, time, t, physical effort, pe, mental 
effort, me, social deviance, sd, and non-routine, nr:

A increases as long as the value of f decreases. Therefore 
the change in A depends on the decrease of any of the 
above factors, as long as the value of the rest does not 
increase significantly at the time of activation or triggering.

(1)nr)  sd,me, pe, ,t 1/f(m,=A
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In our application, we have decided to control users’ 
ability through education. Education reduces the mental 
effort, me, required for behaviour modification. A will be 
determined by me as long as the money, time, physical 
effort, social deviance and non-routine factors do not im-
pose a higher barrier. Even though a detailed analysis of 
the FBM use in our application is beyond the scope of this 
paper, we give below an example for illustration purposes. 

We postulate that understanding the electricity bill, monitor-
ing the electricity consumption of one’s house or evaluating 
the energy profile of an electricity user, are tasks that may be 
achieved through proper education and training. Let us now 
compare achieving these goals through a free mobile app or 
through attending a seminar with a registration fee. The app 
can be accessed through a mobile anywhere, anytime, while 
the seminar requires the physical effort of getting there as 
well as the respective time and money commitment. Fitting 
a seminar in one's programme means changing one's daily 
routine which may or may not be desired. Finally, the social 
deviance factor favours the app, especially in the case of 
younger people. In the above analysis, the ability of an indi-
vidual to attain the stated goals may be increased through 
education and training received by using the app.

Figure 3: Trajectories toward the target behaviour, for three users 
with different initial ability and motivation

In order to develop the necessary educational content, an 
educational methodology is also needed. The cognitive 
learning process, on which student -centered learning is 
based, can be readily applied to gamified applications. It is 
a non-linear process that requires the student to shift from 
being a passive knowledge receiver to an active partner 
in the process, employing actions, rational thinking, and 
interaction with others and the environment, in an effort to 
give meaning to the topics that he/she attempts to under-
stand or conquer. This process resolves the contradiction 
between what we know with certainty and what we think 
that others know on the one hand and what else we want 
to know or what we think we should know on the other. 
With carefully designed learning material and guidance 
through game mechanics, each user/student follows their 
own learning path. The learning material, reading and 
reference materials, quizzes, projects, etc., is organized 
according to Bloom's taxonomy [9]: know, understand, 
apply, analyze, evaluate, create.

According to FBM, motivation revolves around three di-
poles: a) the pleasure/pain dipole which has an immediate 
effect on the user b) anticipated hope/fear which has a 
long-term effects) social acceptance/rejection.

Triggers are categorized into: a) sparks for unmotivated 
individuals, e.g. messages triggering any of the three mo-
tivators described above b) facilitators for individuals of 
low ability, e.g. tips c) signals, for individuals of sufficient 
motivation and ability, e.g. notifications for the right timing.  

To implement the above in a gamified application, game 
mechanics, such as the narrative, levels, badges, awards, 
counters, leaderboards etc, are used. Game mechanics 
are necessary to increase the users’ engagement and 
keep them engaged and active, in a ‘flow state’, through 
gradual increase in skill or challenge, as postulated by the 
'flow' model [13], the indisputable model of most suc-
cessful games. Skill can be mapped onto FBM's ability A 
axis while challenge may be related to motivation M.

In the proposed application, ability A increases through 
learning and skill acquisition and motivation M increases 
with the help of game mechanics. The latter are also used 
in the development of the learning materials well as to 
activate the user through appropriate triggering. 

In developing the game's learning content, the major fea-
tures of student-cantered learning process are included 
making use of the above-mentioned game mechanics. 
In the virtual game environment, feedback to the user is 
offered in the form of counters, awards and notifications, 
and in real world, in the form of real time measurements 
and notifications from the application's SCADA system. 
The social dimension of the application is served by both 
user-system and user-user interaction, in the form of mes-
sages, invitations, interactive content development, etc. 
Self-competition is ensured in the form of achievements. 
Competition against the other users, is effected via the 
use of leaderboards, badges and social media. Pro-
gression is guaranteed through the transparent profiling 
of each user and well-defined intermediate and ultimate 
goals. Graphics, colour and a narrative pertaining to real 
world situations are used to attract the user.

Movement along the M-axis is assisted by the following 
dipoles: a) pleasure/pain such as gaining/losing of points 
in the virtual game environment or gaining/losing money 
or comfort in real life b) anticipated hope/fear such as 
moving towards/away from mastering a game or learn-
ing level, or decreasing/increasing energy usage without 
compromising comfort levels in the real world; social ac-
ceptance/rejection such as scoring high/low on the game 
leaderboard or the ability to take part in discussions, exer-
cise civil rights in the real world, etc.
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3. THE APPLICATION 

The potential users of the proposed application are all 
electricity users, regardless of age, race, sex, or economic 
background. Electricity users can be defined in the follow-
ing broad categories with specific traits in their attitude 
towards the use of electrical energy: 1) domestic users 
who are responsible for paying the electricity bill of their 
residence 2) domestic users who are not responsible for 
paying the electricity bill of their residence, e.g. children 
economically dependent on their parents 3) users at the 
workplace or school who are not responsible for paying 
the electricity bill of the facility, eg employees in an office 
or students in a classroom 4) users at the workplace who 
are responsible for paying the electricity bill of the facility, 
e.g. building managers. 

In our application, the target is to facilitate electricity us-
ers shift from being passive consumers in the convention-
al supply side management electricity grid to being active 
agents in the emerging demand side management smart 
grid and deregulated electricity markets. Using the archi-
tecture, building blocks and methodologies described in 
the previous sections, the proposed gamified application 
is a game of: a) simulation: because it simulates the con-
sumption and production of electricity based on actual 
building requirements (residential or professional) b) strat-
egy: because it requires the user to set objectives and use 
optimally the tools and resources provided to him c) learn-
ing & training:  because there is material provided for the 
user’s training to electricity issues through the application 
d) quizzes: because many of the 'tasks' of the application 
are multiple choice questions based on the above material.

The learning material is organized according to the 
Bloom’s taxonomy starting from simple definitions and 
tips and escalating to more complex explanations and 
tasks requiring deeper understanding and insight.
 
Feedback is continuously given in various forms: points 
earned from accomplishing a task, such as reading sug-
gested material or answering a quiz; personalized com-
ments on quiz results; badges rewarding successful com-
pletion of tasks; hints or tips on critical points along the 
user’s path navigating the application. The user may cre-
ate his/her individual path to the top, selecting the specific 
objectives and activities offered. 

The emotional content employs counters, badges (Figure 
4) and awards to motivate the user and issue appropriate 
triggering based on the three dipole FBM motivators. The 
‘Smartege’ leaderboard is called ‘Tesla’s Followers’ (Fig-
ure 5) and the user’s ranking in it depends on the points 
earned though the progress of the game. The leaderboard 
also appeals to the social area of the user since it displays 
the user’s ranking relative to others’.

Figure 4: Indicative Smartege badges: The Effective, the New-
comer, Gone... with the wind

Figure 5: The application's leaderboard TESLA’s Followers

The social content includes missions and tasks intended 
to shape the social profile of the user, to allow the user 
to form an identity, by triggering him/her to invite friends, 
share knowledge and tips, perform actions like “like” or 
“comment”. In a later version, the user will also be allowed 
to form synergies with other users and compete against 
other teams, thus emulating a competitive electricity mar-
ket where the application moderator has the role of the 
energy market regulation authority. 

Finally, personalized communication is used for higher user 
involvement. The personalized data needed for this is ac-
cumulated through the user’s actions as well as data en-
tered by the user at various stages during the game as the 
user enriches his/her profile upon appropriate triggering.

4. THE GAME MECHANICS, DESIGN AND ELEMENTS

The narrative of the game is the following. The avatar, in the 
form of a light bulb, is a prosumer that manages the electric-
ity consumption and production of a small apartment where 
it resides and an office space where it works. Both spaces 
may be equipped with standard electrical and electronic ap-
pliances and have the option of installing photovoltaics and 
wind generators. All of the above may be “purchased” from 
the “inventory” which offers a selection of such devices with 
specifications corresponding to actual commercial ones. The 
user is responsible for controlling the electricity consumption 
by scheduling the operating times of the consuming devices, 
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for deciding on the energy class of the appliances and the in-
vestment on electricity production units. The decisions made 
must be such that the electricity net consumption and cost 
are minimized while comfort is maximized. To make these 
decisions, the user will have to be educated, trained and 
informed by the learning material embedded in the applica-
tion. The learning material is organized in the form of a library 
containing definitions, equations, explanations, tips, news, 
and other reading material about energy, power, voltage, 
current, power factor, energy efficiency, billing, electricity use 
profile, energy generation, renewables, etc.  The reading ma-
terial is complemented by quizzes and other missions. It is 
organized according to Bloom’s taxonomy levels in such a 
way as to conform with the game’s levels. Throughout the 
game, the user is asked to answer a set of quizzes in order 
to accumulate points which are used for the ranking of the 
user. These points play also the role of the user’s accumu-
lated capital which can be spent on electricity use, energy 
upgrades of the buildings or micro-generation. The level of 
complexity and difficulty of these quizzes is increasing with 
the user’s progress in the application. If the user fails at such 
a test he/she is prompted to read appropriate educational 
material available in the ‘library’ and take the test again. 

The game has four counters whose values are related to the 
point rewarding scheme of the game, the leaderboard rank-
ing, the issuing of badges and awards, warnings, notifica-
tions, tips etc:

a) The ‘Wallet points’ increase when tasks and missions are 
accomplished. They decrease when they are invested in 
new higher energy class or energy generating devices and 
when they are spent to cover the use of electricity

b) The ‘Electrical Energy counter’ emulates the energy meter 
recording energy the net energy consumption, ie consump-
tion – production, in kWh. The energy consumption de-
pends on the usage of the electrical and electronic applianc-
es installed in the building managed by the user. The energy 
production is due to the photovoltaics and wind generators 
installed by the user. 

c) The ‘Green bar’ monitors the virtual building’s energy class 
according to EU regulations. The building is classified under 
category A+++, A++, A+ and B, according to its yearly net 
energy consumption.

d) The ‘Comfort bar’ monitors the level of comfort in the 
building, following the user’s actions, according to existing 
standards and design specifications [11]-[12].To urge the 
user toward realistic actions, it is important that the loss of 
comfort is penalized. It is therefore assigned a metric C cal-
culated on a daily basis as follows:

C is calculated as the weighted average of the ratios of 
the actual daily operating hours of the i-th device over the 
typical daily operating hours. The latter as well as their 
contribution Wi to a building’s electricity consumption are 
determined from statistics and international standards 
for energy efficient buildings. The users' main quest is to 
maintain the values of the last three counters at such lev-
els that the will be allowed to ‘unlock’ the next game level.
There are 4 levels in the application:

- The tutorial: The first level is a tutorial. It is intended to be 
engaging and activate the user since it serves as the first 
impression of the user and, because it addresses most of 
the issues to be dealt with later on, is of high educational 
value. At this level, the user is introduced to the applica-
tion’s environment and offered a virtual ‘tour’. The tutorial 
level is educational and therefore mandatory. It gives the 
user the opportunity to gain his/her first points, by the tak-
ing of the first set of quizzes. The user can move on to the 
next level only if he/she has completed a full tour of the 
tutorial at least once.

- The Flat: once the Tutorial Level is completed The Flat (or 
Residential) level (Figure 6) is unlocked. The user is called to 
select from the application’s “inventory” typical home electri-
cal and electronic appliances such as refrigerators, stoves, 
washing machines, dishwashers, TVs and computers, and 
position them in the Flat he/she is going to manage. 

As the user navigates through the Flat, tips and informa-
tion appear concerning the electrical characteristics and 
energy consumption of each device. With the help of 
appropriate triggering and educational material, such as 
recommendations, explanations and definitions, the user 
is led to schedule the operation of the selected appliances 
in order to optimize the electricity consumption as well 
as the comfort level in the Flat. The user may increase 
the energy class of all buildings under his/her control by 
replacing existing appliances and devices with others of 
higher energy performance. This costs ‘Wallet points’ 
which have been previously accumulated through the 
successful completion of tasks and missions. At this level, 
the user learns how to optimize electricity consumption 

Figure 6: The 3D graphic user interface of the Flat level(2)∑ 
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This hardware consists of commercial metering sensors 
and relay type actuators and a Linux based controller 
which communicates with the middleware layer and inter-
acts, via the graphical interface (Figure 8), with the user. In 

terms of WEB services, we consider this as an Application 
Programming Interface (API). The application’s SCADA is 
responsible for the input, management and output of data 
external to the system as well as the generated databas-
es. These data are coming from the metering devices and 
relays installed at the distribution panel of the building that 
is monitored remotely by the user via the application. A 
layer of middleware composed of WEB services and a 
central SQL based database are used to maintain contact 
with and receive information from all remote installations. 
The watthour (Wh) counters are installed in each appli-
ance or power line and transmit pulses according to the 
energy consumed. The granularity of the measurement, 
i.e. the number of Wh per pulse, can be set by the user. 
The pulses are transmitted wirelessly (IEEE 802.11b/g/n 
or XBee) or via Ethernet (IEEE 802.3).

The platform receiving the pulses can be “hosted” by any 
computing device provided that it is implemented in a very 
light way. The selected implementation, currently installed 
at the TEISTE Laboratory of Electrical Installations, is based 
on an ALIX.2D3 system, small enough to be wrapped in 
a cigarette size box, easily integrated into an apartment’s 
central distribution panel. The ALIX.2D3 unit supports the 
Linux operating system and the following software com-
ponents: a) Wire File System (OWFS), a software compo-
nent for the monitoring and control of the physical envi-
ronment of the 1-Wire sensors/counters; it uses dedicated 
bash scripts to switch on/off an electrical relay, read from 
a sensor, write to a file data from sensors etc. b) MySQL 
database, is the database required for the storage of the 
time series data from the sensors and the source for the 
graphical representation of these data c) PHP Engine, used 
by the server to execute specific queries to the database 
(e.g. show me electrical consumption for a specific period 
of time). The JSON format is used for all reporting.

without compromising comfort levels. Consumption is 
optimized through the shaping of the energy use profile 
and the energy upgrading of appliances and devices. 

- The Office: The third level is the Office (or Professional) 
level (Figure 7) and concerns the energy management of 
an office complex. It is unlocked after the user has man-
aged to reach A+ efficiency at the Residence level, utiliz-
ing the experience and knowledge gained so far. To attain 
the ultimate goal of net zero energy consumption build-
ings (nZEB), electricity micro-generation is necessary and 
therefore allowed from this level on. The user first learns to 
optimize the electricity use and consumption of all his/her 
buildings, residential or professional, and then is allowed 
to use ‘Wallet points’ to acquire and install electricity gen-
eration components. The concept of electricity produc-
tion is a very important one in the game, since it allows the 
user to think of electricity as a resource and not simply as 
a costly comfort enabler. The user is also given access to 
educating material concerning electricity generation and 
storage devices, such as photovoltaics, wind turbines 
and batteries, as well as the relevant legal framework.

- The MyHome: The next and last level is the ‘My Home’ 
level, through which the user is given two advanced op-
tions:

a) Emulate the electricity use of an actual building: the 
user enters the power characteristics of the appliances 
of an actual home or office and sets their operating times 
according to their actual operation. This way the user can 
simulate the energy profile of a building of his/her choice, 
calculate the cost and understand the electricity usage of 
his /her appliances.

b) Obtain hardware compatible with the application and us-
ing the SCADA like component of ‘My Home’, described 
below, to actually monitor and control the appliances of a 
chosen building in real time.

Figure 7: The 3D graphic user interface of the Office level

Figure 8: The 3D graphic user interface of the ''MyHome'' level

This way, the user controls the energy use of an actual 
installation with real time actions and representations in 
a user friendly graphical way.  The user becomes aware 
of the building’s energy profile, per power line and as a 
whole, learns to anticipate future electricity consumption 
and adjust behaviour accordingly.
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A survey was conducted on electrical engineering stu-
dents before and after the use of the application in or-
der to measure the intervention in the users' behavioural 
modification [11], [12]. The results were satisfactory but, 
given the built-in bias of the sample, they served only as 
an indicator for future work. The application tests revealed 
flaws in the point rewarding mechanism which has a con-
siderable effect on the 'flow' of the game. Current and 
future work involves the fine-tuning of the point rewarding 
scheme, the inclusion of more building profiles, develop-
ing a mechanism for extracting the profile of an applica-
tion user for more personalized triggering and allowing 
the collaboration of users into teams and the competition 
between teams.  

5. CONCLUSION

In this paper, we present a new pilot application for the 
training and behaviour modification of electricity users 
along the lines of the transition from the conventional to 
the smart grid. The application combines elements from 
the persuasive technology for behavioural modification, 
the cognitive model for the development of the applica-
tion's educational content and the 'flow' model for game 
development. The three logical node implementation al-
lows the user to manage and optimize a building's elec-
tricity consumption and production both virtually, via the 
game application, and actually via appropriate hardware 
and a SCADA like interface. The application offers the us-
ers the possibility to shape their own learning path to-
wards understanding, monitoring, controlling and shaping 
their energy profiles in an engaging way. The methodology 
developed for building the gamified learning content will 
be used in e-learning course content as well. 
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Abstract: In order to prevent the liquefaction of SF6 gas in circuit breakers intended to operate at very low temperatures, the filling pressure must 
be low enough. At certain ambient temperature, depending on filling pressure, the liquefaction of SF6 gas starts and the density and pressure 
drop sharply. This process will jeopardize insulation characteristics and breaking capability of the circuit breaker. In order to prevent the lique-
faction of SF6 gas down to -40  ̊C of ambient temperature, filling pressure at 20  ̊C must not be higher than 0.45 MPa. Lower filling pressure will 
result in lower pressure rise in heating chamber during arc quenching. This is the reason why breaking capability of the circuit breaker (live tank, 
123 kV 40 kA, manufactured by Končar) with lower filling pressure (0.45 MPa) must be proven even though the same interrupter unit has proven 
breaking capability (in GIS) with filling pressure of 0.65 MPa. The focus of the research was test duty L90 according to IEC 62271-100, which is 
considered as highly challenging for modern SF6 circuit breakers.
The simulations (performed in HV CB Simulation) of interruption process with starting variant of interrupter unit (filling pressure 0.45 MPa) re-
vealed that certain changes in the design and setting of circuit breaker are needed in order to satisfy existing empirical criteria in pressure of 
SF6 gas in heating chamber and in the distance between arcing contacts at instant of current zero. Proposed design and setting changes were 
evaluated through the estimation of breaking capability by using calculated parameters of black box arc model in Matlab model of test circuit. The 
circuit breaker with improved interrupter unit for minimum ambient temperature of -40  ̊C has successfully passed the test duty L90 in high power 
laboratory KEMA. During the testing, special current zero measurements have been carried out. The results of current zero measurements were 
used for additional verification of the method for the estimation of breaking capability based on calculated parameters of black box arc model.

Keywords: HV SF6 circuit breakers, short line fault L90, estimation of breaking capability, current zero measurement

Sažetak: Da bi se spriječilo utečnjavanje SF6 gasa kod prekidača namijenjenih za rad pri veoma niskim temperaturama, pritisak punjenja mora 
biti dovoljno nizak. Kod određene temperature, koja ovisi o pritisku punjenja, dolazi do utečnjavanja gasa SF6 kada naglo počinju opadati i pritisak i 
gustina. Tada se naglo gube i izolacione karakteristike i prekidna moć prekidača. Da ne bi došlo do utečnjavanja SF6 gasa sve do temperature -40  ̊C, 
pritisak punjenja na 20  ̊C ne smije biti viši od 0.45 MPa. Niži pritisak punjenja rezultirat će manjim porastom pritiska SF6 gasa u termalnom volumenu 
komore za gašenje luka. Zbog toga je bilo potrebno i pri tom pritisku izvršiti provjeru prekidne moći prekidača za vanjsku montažu 123 kV, 40 kA, 
proizvodnje Končar, čiji sklopni element ima dokazanu prekidnu moć u metalom oklopljenoj izvedbi pri prititsku od 0.65 MPa. Fokus istraživanja je 
postavljen na ispitni ciklus L90 prema IEC 62271-100, koji se smatra posebno zahtjevnim za savremene SF6 prekidače.
Korištenjem računarskog programa HV CB Simulation izvršena je simulacija rada prekidača s polaznom varijantom sklopnog elementa, koja je 
pokazala da su, za pritisak punjenja od 0.45 MPa potrebne određene izmjene u cilju dostizanja ranije uspostavljenih kritičnih vrijednosti pritiska 
SF6 gasa u termalnom volumenu i rastojanja između lučnih kontakata u strujnoj nuli. Predložene izmjene provjerene su kroz procjenu prekidne 
moći koristeći proračunate parametre black box modela luka u Matlab modelu ispitnog kola. Prekidač s poboljšanim sklopnim elementom za 
temperaturu okoline do -40  C̊, uspješno je prošao isitni ciklus L90 u laboratoriji velike snage KEMA. Tokom ispitivanja vršena su i specijalna 
mjerenja u okolini strujne nule. Rezultati tih mjerenja korišteni su za dodatnu verifikaciju procjene prekidne moći, koja je urađena na bazi pro-
računatih parametara black box modela električnog luka.

Ključne riječi: VN SF6 prekidači, bliski kratki spoj L90, procjena prekidne moći, mjerenja u okolini strujne nule

DEVELOPMENT AND TESTING OF HV SF6 
CIRCUIT BREAKER FOR MINIMUM AMBIENT 

TEMPERATURE OF -40  ̊C 

RAZVOJ I ISPITIVANJE VN SF6 PREKIDAČA ZA 
TEMPERATURU OKOLINE DO -40  ̊C
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INTRODUCTION

It is well known that SF6 gas due its specific physical and 
chemical properties is a dominant media for insulation 
and arc quenching inside high voltage circuit breakers. 

Pure SF6 is chemically and biologically inert, inflammable, 
non-toxic, colourless, tasteless and does pose any harm to 
the staff who handle it. However, it represents some incon-
veniences such as liquefaction at pressures lower to air or ni-
trogen, especially if it is used at high pressure as is the actual 
tendency in industrial practice [1]. 
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According to Mollier chart for SF6 (Figure 1), density of 
28.736 kg/m3 will prevent SF6 to liquefy down to -41 C̊. 
For the given density pressure of SF6 gas at 20 C̊ is 0.45 
MPa. Hence, rated filling pressure of SF6 gas for the cir-
cuit breakers (and other GIS compartments) for minimum 
ambient temperature of -40 C̊ must not be higher than 
0.45 MPa, excluding the use of heaters. 

Figure 1: Pressure/temperature/density characteristics for SF6 [2]

This paper presents the results obtained during research 
and development of high voltage live tank circuit breaker 
123 kV 40 kA 50 Hz for minimum ambient temperature of 
-40 C̊ (minimum pressure for insulation and for the inter-
ruption at 20 C̊ – 0.45 MPa). The starting variant of inter-
rupter unit for this circuit breaker (self-blast principle) was 
an interrupter unit of GIS circuit breaker (145 kV 40 kA, rat-
ed filling pressure – 0.65 MPa). The manufacturer, Končar 
Električni visokonaponski aparati d.d. (Končar High Volt-
age Switchgear Inc.) already has proved breaking capabil-
ity for the GIS circuit breaker [3]. Lower filling pressure will 
result in lower pressure rise inside heating chamber during 
arc quenching for the same short circuit current and arc 
duration (Figure 2). Since the main driving force for the arc 
extinguishing is the pressure of SF6 gas [4], the break-
ing capability (as well as dielectric performances) must be 
proven once again in case when the rated filling pressure 
is reduced, even though the design of interrupter unit is 
unchanged. The focus of research was test duty L90 ac-
cording to [5], which is considered as highly challenging 
for modern SF6 circuit breakers.

Simulation results given in Figure 2 show 0.7 MPa lower 
pressure inside heating chamber at the instant of current 
zero (short circuit current of 36 kA, arc duration of 20 ms) 
if rated filling pressure was reduced from 0.65 MPa to 
0.45 MPa. This confirms the above claim that lower filling 
pressure will have a negative influence on the breaking 
capability of high voltage SF6 circuit breaker. Reduced fill-
ing pressure show some influence on the contact stroke 
as well, but this has no significant effect on the breaking 
capability. 

Figure 2: Comparison of simulation results - pressure rise inside 
heating chamber and contact travel in case of 145 kV 40 kA GIS 
circuit breaker (manufacturer: Končar High Voltage Switchgear 

Inc.) for different rated filling pressure

The simulation results were obtained through high voltage 
SF6 circuit breaker simulation software – HV CB Simula-
tion (for the example of GIS circuit breaker 145 kV 40 kA, 
self-blast principle). HV CB Simulation is based on an inte-
gral-physical enthalpy flow arc model (Frost-Liebermann 
arc model [6]), and other models incorporated in HV CB 
Simulation are given in [7]. HV CB Simulation output re-
sults are validated on many circuit breakers with different 
ratings and working principles and from different manu-
facturers [7]-[11].

Since many test results and experimental measurements 
data were obtained in earlier phases of the current and 
other similar projects (pressure rise measurement during 
arc quenching, nozzle ablation and contact erosion inten-
sity measurement and current zero measurement), the 
aim was to exploit existing empirical and establish new 
criteria in order to analyze breaking capability of starting 
variant of interrupter unit with reduced filling pressure of 
0.45 MPa. Based on this analysis it will be known whether 
the design and/or setting changes on the starting variant 
are needed. This approach reduces (or in this case elim-
inates) the number of development tests in high power 
laboratory reducing the cost of the development of the 
new product.

1. METHOD FOR THE ESTIMATION OF HV CIRCUIT   
 BREAKER CAPABILITY

The characteristics of combined electrical and thermal pro-
cess in short time interval when current passes through nat-
ural zero will decide whether the current will be extinguished 
or not. This very complicated and extraordinary process de-
mands prior knowledge (from earlier development tests or 
test results from related projects) in order to estimate break-
ing capability of the subjected circuit breaker. The usual ap-
proach is to use knowledge and results from earlier tests to 
calibrate the simulation models and enhance the criteria for 
successful interruption of short circuit current [8], [11]-[14].
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Method for estimation of HV circuit breaker capability used 
in this paper is based on parallel use of the empirical criteria 
for successful interruption of short circuit current [11] and 
modelling of interaction between electric arc and test circuit 
(with black box arc model) [14].

1.1. Estimation of breaking capability based on   
 empirical criteria

The main performance indicator of the circuit breaker in 
the process of arc quenching is the value of pressure of 
SF6 gas inside heating chamber (or compression cham-
ber in case of puffer circuit breaker) at the instant of cur-
rent zero. In exceptional cases, insufficient pressure rise 
can be compensated, in terms of short circuit current 
interruption, by increasing the distance between arcing 
contacts [8] or by ensuring more favourable gas density 
distribution inside the main nozzle [13].

For the subject circuit breaker (and its variants) empir-
ical criteria is represented through the pressure of SF6 
gas inside heating chamber and the distance between 
arcing contacts at current zero instant (characteristic 
quantities at current zero). The critical values were es-
tablished based on the simulation results and an analysis 
of circuit breaker performances in more than 30 shots 
of short line fault (L90) current interruptions (5 test shifts 
– one live tank circuit breaker and four variants of GIS 
circuit breaker [15]-[19]. The criteria are: 2.82 MPa for 
the pressure inside heating chamber and 70.7 mm for 
the distance between arcing contacts at current zero. In 
case of increase in length of main nozzle throat there is 
additional criterion – gas flow cross-section through the 
nozzles (445 m2 for L90).

Obviously, before the empirical criteria can be established, 
HV CB Simulation output results (pressure rise in heating 
chamber during arc quenching, contact travel and speed, 
nozzle ablation intensity, etc…) for subject circuit break-
er must be validated. The validation of HV CB Simulation 
output results for the subject circuit breaker is given in 
[11].

1.2. Estimation of the breaking capability by taking  
 into the account the interaction between electric  
 arc and test circuit

The phenomenon of interaction between electric current 
and test circuit (power system) in short time interval around 
current zero explains current chopping, breakdown in 
thermal region and the challenge of test duty L90. One 
demonstration of the interaction between electric current 
and test circuit is that any capacitor placed in parallel with 
circuit breaker (parallel capacitor or capacitance from the 
rest of GIS) will delay the rise of voltage from the line side 
(a certain time delay already exist from the capacitance of 
the line itself). As a result, this will improve breaking capa-
bility of circuit breaker.

Other demonstration of the interaction between electric 
arc and test circuit is the change of the frequency. Change 

of frequency from 50 to 60 Hz demands more favourable 
conditions at current zero in terms of short circuit current 
interruption. Estimation of the breaking capability in case 
frequency or value of parallel capacitor has been changed 
is not possible based only on presented empirical criteria. 
In these cases, different approach to estimation of break-
ing capability is needed including modelling of test circuit 
with black box arc model. This approach will also elim-
inate any uncertainty regarding whether lower pressure 
inside heating chamber will be compensated with longer 
distance between arcing contacts in terms of short cir-
cuit current interruption. In order to preserve the correla-
tion between the design of circuit breaker and estimated 
breaking capability the parameters of black box arc model 
have to be calculated from output results of the HV SF6 
circuit breaker simulation.

Estimation of the breaking capability by taking into the ac-
count the interaction between electric arc and test circuit 
is based on black box arc model. Black box arc model 
used in this research is developed by high power labora-
tory KEMA [14].

Black box arc model

The development of KEMA black box arc model [14] was 
based on the classical approach to arc modelling (Mayr 
and Cassie arc models) following a great deal of work on 
arc modelling carried out by CIGRE WG 13.01. One of 
the challenges in the development of (fast) black box arc 
model was due to very different time scales of the physical 
processes during arc quenching. The modelling concept 
is based in the division of the whole interruption process 
into the periods of “slow” or “fast” phenomena prevailing. 
In the slow period, the interaction between arc and cir-
cuit is essentially weak and the current is imposed by the 
circuit. In the slow period, physical conditions (pressure 
rise, arc temperature, etc.) are set to determine the initial 
conditions for the fast period. In the fast period, some 
tens of microseconds before current zero, the interaction 
between arc and circuit is strong and time constants are 
small. Obviously, it has been assumed that the outcome 
of short circuit current interruption depends only on the 
energy balance inside the contact gap. Additionally, the 
third sub-model, for the intermediate processes, was in-
troduced to the composite black box arc model, Figure 3.

Figure 3: KEMA composite black box arc model
(i – current, g1, g2, g3 – partial arc conductivity,

           u1 + u2 + u3 – arc voltage) [20]

KEMA black box arc model has 6 parameters: 3 time 
constants and 3 constants related to the cooling power. 
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Research [20] has shown that there are 3 free parameters 
(τ1, P1 and P2), and the rest are calculated by using oth-
er three constants (k1, k2 and k3) which represent circuit 
breaker design:

1 2 2
1 2 3

2 3 3

; ; Pk k k
P

τ τ
τ τ

= = =

The values of the free parameters (as well for the design 
parameters) are evaluated from current zero measure-
ment data by software in a way that simulation results are 
matched to the measured ones.

Calculation method for the black box arc model parameters

The drawback of estimation of the breaking capabili-
ty based on evaluated parameters of the black box arc 
model is that any design change requires additional test-
ing with current zero measurement before it is possible 
to estimate the circuit breaker breaking capability. The 
method for the estimation of the breaking capability used 
in this research [16] overcomes this drawback by using 
a proven correlation between black box and physical arc 
model [8], [12]. In this case parameters of black box arc 
model are calculated from the characteristic quantities at 
current zero.

Based on the proven correlation between the measured 
value of the arc extinction voltage peak and simulated val-
ues of the pressure of SF6 gas inside heating chamber 
and the distance between arcing contacts at current zero, 
papers [8], [12] proposed a relation for calculation of the 
value of arc extinction voltage peak:

1
1 2 3peak au a l p a p aα β β += ⋅ ⋅ + ⋅ +

where: upeak – arc extinction voltage peak (kV), la – distance 
between arcing contacts at current zero (m), p – pressure 
inside heating chamber at current zero (MPa), a1 – coeffi-
cient, represents circuit breaker design, defines voltage of 
the arc between contacts (kV/mα/MPaβ), a2 – coefficient, 
represents circuit breaker design, defines increment of the 
voltage from its elongation due to gas flow (kV/MPaβ+1), 
a3 – cathode and anode voltage drop (kV), α, β – empirical 
coefficients.

Papers [8], [12] also proposed relations for the calcula-
tion of free parameters of the black box arc model (same 
symbols as in Figure 3):

1 1 2peakP b u b= ⋅ +

1
1

2a

c
l c

τ =
−

2 1 1 1P d P γτ= ⋅ ⋅

where: b1 – coefficient ((Aλ-1V3-λ)/kV), b2 – coefficient (A1-λVλ-3), 
c1 – coefficient (m∙s), c2 – coefficient (m), d1 – coefficient (1/sγ), 
γ – coefficient.

In order to use upper relations for calculation of black box 
arc parameters in this research it was necessary to prove 
strong correlation between measured values of the arc 
extinction voltage peak and simulated values of the pres-
sure of SF6 gas inside heating chamber at current zero 
for subject circuit breaker, Figure 4. Current zero mea-
surement were carried out on the subject circuit breaker 
during two development test (short line fault L90) in high 
power laboratory KEMA.

Figure 4: Correlation: measured arc extinction voltage peak – simulat-
ed pressure of SF6 gas inside heating chamber at current zero (CZ)

Figure 4 shows the correlation between measured values 
of the arc extinction voltage peak and simulated values of 
the pressure of SF6 gas inside heating chamber at cur-
rent zero for the subject circuit breaker and two circuit 
breakers from [8]. Correlation is practically the same for all 
three breakers (Pearson's coefficient of correlation 0.86 
for entire data set, assumptions of linear regression were 
tested prior to the calculation of Pearson's coefficient of 
correlation). Therefore, it is possible to use relations (2) 
– (5) for the calculation of the black box arc parameters 
for the subject circuit breaker. The empirical coefficients 
needed in these relations were found by matching sim-
ulation results with measured ones. The comparison 
between these empirical coefficients for subject circuit  
breaker and two breakers from [8] is given in Table I.

Coefficients a1 a2 a3 α β b1 b2 c1 c2 d1 γ
circuit breaker 
from [8, 12]

66 0.19 0.07 2 0.4 800 -500 0.06 0.1 0.0105 1.5

subject circuit 
breaker

100 0.5 0.07 2 0.5 800 -500 0.06 0.045 0.0105 1.5

Table I: Coefficients for calculation of black box arc parameters 

(1)

(2)

(3)

(4)

(5)
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Figure 5: Matlab Simulink model of KEMA test circuit for short line fault (blue – voltage circuit, green – artificial line, red – test object, 
circuit breaker)

Test circuit model

The current circuit is not part of the Matlab Simulink 
model of the test circuit. The symbols on the simulation 
model of the voltage circuit (Figure 5) are the same as 
in KEMA test report and it is simple to find the values 
of those parameters. Parameters of artificial line are 
calculated from artificial line data given also in the test 
report. 

KEMA uses this simulation model for the analysis of 
current zero measurement data. Parameters of black 
box arc model are evaluated from those measurement 
data, and simulation model from Figure 5 is used to find 
the limit value of arc current derivation near current zero 
SL in terms of short circuit current interruption. Hence, 
it is possible to determine safe margin in breaking ca-
pability (SL > S) or how far the circuit breaker is from 
success (SL < S). S is current derivation near current 
zero defined by circuit breaker ratings.

Test 
No.

SC 
current (kA)

Arc 
duration (ms)

Arc extinction 
voltage peak (kV)

Arc 
conductivity 

200 ns before CZ 
(mS) Sim

The outcome of SC 
current interruption

S/SL
Sim

Sim Test Sim Test

1 36 14.9 3.47 2.75 0.65 C C 16/21.5

2 36.4 16.6 3.69 4.23 0.53 C C 16/22.9

3 35.8 25.3 3.34 2.7 0.69 C R 16/21.7

4 36.2 15.2 3.92 4.8 0.45 C C 16/24.1

5 35.8 14.2 3.63 3.72 0.59 C C 16/22.1

6 36 23.1 4.31 3.45 0.29 C C 16/22.9

7 36 18.6 3.36 3.2 0.64 C C 16/22.1

8 36 18.4 2.99 2.83 0.85 C C 16/20.5

9 36 27.6 2.12 2.37 1.85 R C 16/15.7

10 36 18.2 2.08 2.09 1.87 R R 16/15.6

Validation of simulation results

Table II gives the comparison between simulation and the 
test results in the outcome of the short circuit current inter-
ruption (in the region of thermal breakdown) for the subject 
circuit breaker (145 kV 40 kA GIS) [18]. Table II also reveals 
good match between measured values of arc extinction volt-
age peak and simulated ones (with calculated parameters of 
black box arc model). Arc extinction voltage peak is also a 
powerful performance indicator regarding the breaking ca-
pability.

Figure 6 shows comparison in S/SL value from KEMA (eval-
uated parameters of black box arc model) and when param-
eters were calculated from characteristic quantities. Both 
ways show very similar trend revealing that in some shots 
test object was on the limit of its performance (S/SL ≈ 1). 
Observing the simulation results carefully, it can be conclud-
ed that in order to clear the current in the conditions of short 
line fault L90 following must be achieved: arc conductivity 
200 ns before current zero lower than 1 mS and SL larger 
than S by 3-4 A/μs (in order to minimize the effect of the sto-
chastic nature of the arc on estimated breaking capability).

Table II: Comparison between simulation (Sim) and test (Test) results (C – current cleared (no breakdown in thermal region), R – re-
ignition (breakdown in thermal region))
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Figure 6: S/SL values from KEMA (evaluated parameters of 
black box arc model) and when parameters were calculated 

from characteristic quantities, tests no. 4-10 from Table II

2. ESTIMATION OF THE BREAKING CAPABILITY OF  
 123 KV 40 KA 50 HZ CIRCUIT BREAKER FOR   
 MINIMUM AMBIENT TEMPERATURE OF -40 ̊C FOR  
 SHORT LINE FAULT L90 CONDITIONS

All simulations take into consideration the calibration by 
the high power laboratory (O with half short circuit current 
and O – CO with half short circuit current prior to the max-

imum arcing time shot). Also, simulations were performed 
in sequence according to [5] in order to preserve the cor-
relation between breaking capability and the wear of the 
nozzle and arcing contacts.

Table III gives the simulation results (HV CB Simulation) in char-
acteristic quantities at current zero for the starting variant of 
interrupter unit (filling pressure 0.45 MPa, 123 kV 40 kA, live 
tank circuit breaker).

Minimum arcing time (shot number 1 from Table III) was 
optimistically assumed (*) since empirical criteria was not 
fulfilled (but is very close). This value of minimum arcing 
time was preserved in this case because Matlab simu-
lation results (Table IV) reveal positive outcome (current 
cleared), but with narrow safe margin. According to the 
HV CB Simulation results, starting variant is not able to 
clear minimum arcing time (shot number 4 from Table III) 
in given conditions.

Further, the parameters of black box arc model were cal-
culated from characteristic quantities at current zero (Table 
III) and Matlab simulations were performed with simulation 
model given in Figure 5. Table IV gives Matlab simulation 
results in short time interval around current zero for L90 
conditions (these simulations are not applied in case noz-
zle throat is clogged by pin contact).

Simulation shows high arc conductivity 200 ns before cur-
rent zero and very narrow safe margin (S/SL) for minimum 
arcing time (shot number 1 from Table IV). As said before, 
it is possible this variant has longer minimum arcing time 
than assumed. Similar applies for medium arcing time 
(shot number 4 from Table IV) and having in mind sto-
chastic nature of the arc it is not likely this variant is able 
to clear the current in given conditions. Hence, starting 

Test No SC current (kA)
Arc 

duration 
(ms)

Arcing 
contact 
distance 

at CZ (mm)

Pressure inside 
heating chamber at  

CZ (MPa)

Gas flow 
cross-section 

(mm2)

The outcome 
of SC current 
interruption  

1 36 13 67.23 2.76 511 C (*)

2 36 12 62.7 2.39 368 R

3 36 22 75.36 3.05 672 C

4 36 17.5 75.35 2.52 695 R

Table III: Characteristic quantities for the starting variant for short line fault L90 50 Hz conditions (red – below the empirical criteria, 
C – current cleared (no breakdown in thermal region), R – reignition (breakdown in thermal region))

Table IV: Matlab simulation results for the starting variant for short line fault L90 50 Hz conditions

Test No SC current (kA)
Arc duration 

(ms)

Arc extinction 
voltage peak 

(kV)

Arc conductivity 
200 ns before CZ 

(mS)
S/SL

The outcome of SC 
current interruption     

1 36 13 2.9 1.38 16/16.5 C

2 36 12 closed-in arc R

3 36 22 3.4 0.78 16/20.2 C

4 36 17.5 2.8 1.21 16/17.5 C

The simulation and test results match in 8 out of 10 cases 
in the outcome of short circuit current interruption. Looking 
into the S/SL value (Figure 6) according to both, simulation 
and test results, the test object was on the limit of its break-
ing performance in shot number 9 (from Table II). Having 
in mind the extraordinary complexity of the modelled pro-
cess it can be stated that comparison between simulation 
and test results reveals a very good match. Therefore, the 
presented method could be used for the estimation of the 
breaking capability in case of the subject circuit breaker for 
minimum ambient temperature of -40 ̊C.

 calculated
 parameters

 evaluated
 parameters
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variant does not satisfy the referent values (arc conduc-
tivity 200 ns before current zero lower than 1 mS and SL 
larger than S by 3-4 A/μs).

Therefore, the design and setting changes are suggest-
ed. The new, enhanced variant of subject circuit breaker 
has 15% longer nozzle throat and longer contact travel 
and higher opening speed, both by 5%. Table V gives 
the simulation results (HV CB Simulation) in characteristic 
quantities at current zero for the enhanced variant of in-
terrupter unit (and circuit breaker). Strictly, this variant also 
does not fulfil empirical criteria for medium arcing time. It 

Table V: Characteristic quantities for the enhanced variant for short line fault L90 50 Hz conditions (red – below the empirical criteria, 
C – current cleared (no breakdown in thermal region), R – reignition (breakdown in thermal region))

Table VI: Matlab simulation results for the enhanced variant for short line fault L90 50 Hz conditions

Test No SC current (kA)
Arc 

duration 
(ms)

Arcing 
contact 
distance 

at CZ (mm)

Pressure inside 
heating chamber at  

CZ (MPa)

Gas flow 
cross-section 

(mm2)

The outcome 
of SC current 
interruption  

1 36 13 71.39 2.9 511 C 

2 36 12 66.44 2.54 368 R

3 36 22 81.28 3.18 672 C

4 36 17.5 81.09 2.62 695 C (**)

Test No SC current (kA)
Arc duration 

(ms)

Arc extinction 
voltage peak 

(kV)

Arc conductivity 
200 ns before CZ 

(mS)
S/SL

The outcome of SC 
current interruption     

1 36 13 3.1 1.04 16/18.1 C

2 36 12 closed-in arc R

3 36 22 3.7 0.55 16/22.7 C

4 36 17.5 3.1 0.89 16/19.7 C

has been assumed that longer arcing contact distance will 
compensate lower pressure inside heating chamber (**). 
Matlab simulation results (Table VI) are the argument for 
this assumption.

The Matlab simulation results (Table VI) reveal that the en-
hanced variant satisfies the referent values and it has been 
assumed this variant will pass the test (test duty L90). The pro-
totype of 123 kV 40 kA live tank circuit breaker (for minimum 
ambient temperature of -40 ̊C) was built based on enhanced 
variant and prepared for type test (short line fault L90).  

3. SHORT LINE FAULT L90 50 HZ TEST RESULTS FOR  
 123 KV 40 KA CIRCUIT BREAKER FOR MINIMUM  
 AMBIENT TEMPERATURE OF -40 ̊C

The 123 kV 40 kA 50 Hz live tank (enhanced variant) 
was subjected to type testing (test duty short line fault 
L90). In accordance to [5], circuit breaker (Figure 7a) 
passed short line fault L90 test. The ratings of subject 
circuit breaker are given in Figure 7b. Figure 8 shows 
the oscillogram (O – CO sequence) for the maximum 
arc duration test (short circuit current 35.7 kA, arc du-
ration 23.8 ms). Current zero measurements were also 
carried out during this test shift. Current zero measure-

ment results in case of maximum arc duration are also 
given in Figure 8.

Test results, including current zero measurements, are summa-
rized in Table VII. Table VII contains also the comparison of mea-
sured and simulated arc extinction voltage peak. Test results 
showed that minimum arcing time was longer than estimated. 
The reason is the early dielectric reignition in shot number 1 from 
Table VII (1.7 μs after current zero at 12.2 kV of transient recov-
ery voltage), Figure 9. Therefore, shot number 1 in Table VII was 
marked as “C” (no reignition in thermal region). Figure 9 shows 
the comparison between simulation and test results in short 
time interval around current zero for shot number 1, Table VII.

Test 
No

SC current (kA) Arc duration 
(ms)

Arc extinction voltage 
peak (kV)

Arc conductivity 200 ns 
before CZ (mS) - Sim

The outcome of SC current 
interruption Sim/Test

Sim Test

1 36.6 13.7 3.3 3.1 0.84 C/C (***)

2 36.7 14.9 3.6 3.1 0.52 C/C

3 36.6 23.8 3.6 4 0.58 C/C

4 36.7 19 3.1 3.2 0.85 C/C

Table VII: Test (Test) and Matlab simulation (Sim) results for enhanced variant for short line fault L90 50 Hz conditions
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Figure 7: a) Circuit breaker prototype (enhanced variant) during type test in high power laboratory KEMA; b) circuit breaker ratings [21]

Figure 8: Oscillogram of maximum arc duration (O - CO sequence) [21] 

 

Figure 9: Comparison between simulation (blue) and current zero measurement results (red) for shot number 1 from Table VII; a) arc 
voltage; b) arc current; c) arc conductivity

a) b) c)

a)
b)



21Volume 12  January/December 2018

Current zero measurement results clearly show the sud-
den drop (to the level of arc voltage) in the early stage 
of transient recovery voltage (early dielectrical reignition). 
Simulation results have no drop in the voltage (arc voltage 
turns in to transient recovery voltage) since region of di-
electric breakdown was not modelled.

Taking everything into the account, and especially the 
data given in Tables VI and VII, it can be concluded that 
estimated breaking capability of subject circuit breaker 
was consistent with subsequent test results.

4. CONCLUSION

This paper presents the results obtained during research 
and development of high voltage live tank circuit breaker 
123 kV 40 kA 50 Hz for minimum ambient temperature of 
-40 ̊C (minimum pressure for insulation and for the inter-
ruption at 20 ̊C – 0.45 MPa). It is evident that lower rat-
ed filling pressure will reduce pressure rise inside heating 
chamber during arc quenching process, thus it will reduce 
the breaking capability of circuit breaker. Hence, breaking 
capability of the circuit breaker with rated filling pressure 
of 0.45 MPa (filling pressure required for for minimum am-
bient temperature of -40 ̊C) must be proven once more, 
even though it is already proven for the same interrupter 
unit with filling pressure of 0.65 MPa. The focus of re-
search was test duty L90 according to IEC 62271-100, 
which is considered as highly challenging for modern SF6 
circuit breakers. It has been estimated that the starting 
variant of circuit breaker has no required breaking capa-
bility. By using presented method for estimation of break-
ing capability the enhanced variant of circuit breaker was 
defined. The circuit breaker prototype was built based on 
the enhanced variant and type tested (short line fault L90) 
in high power laboratory KEMA in accordance with IEC 
62271-100. The circuit breaker passed the test, i.e. circuit 
breaker has demonstrated required breaking capability. 
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Abstract: This paper deals with the mathematical model based on the transmission line (TL) approach for the simulation of grounding system 
behaviour at high frequency electromagnetic transients. This paper discusses the possibility of application transmission line approach, when con-
ducting electromagnetic transient analysis of grounding systems. These analyses are important for electromagnetic compatibility (EMC) problems 
as well as for lightning protection (LP) system efficiency evaluation. Within this paper transmission line model of grounding system with taking 
into account mutual interactions between grounding system segments is presented. 

Keywords: electromagnetic transients, grounding system, transmission line approach

Sažetak: U ovom radu predstavljen je matematski model za modeliranje visokofrekventnih elektromagnetskih tranzijenata na uzemljivačkom sistemu 
baziranom na teoriji prijenosnih linija.  U radu se razmatra mogućnost primjene teorije prijenosnih linija u analizi elektromagnetskih tranzijenata na 
uzemljivačkim sistemima. Ove su analize važne za razmatranje problema elektromagnetne kompatibilnosti kao i za evaluaciju učinkovitosti sistema 
za zaštitu od atmosferskih pražnjenja. Prezentiran je model uzemljivačkog sistema baziran na teoriji prijenosnih linija koji u obzir uzima međusobne 
utjecaje između segmenata uzemljivačkog sistema. 

Ključne riječi: elektromagnetski tranzijenti, uzemljivački sistem, pristup baziran na prijenosnim linijama

MODELLING OF THE ELECTROMAGNETIC 
TRANSIENTS ON THE GROUNDING SYSTEMS

MODELIRANJE ELEKTROMAGNETSKIH 
TRANZIJENATA NA UZEMLJIVAČKIM SISTEMIMA

Nedis Dautbašić1, Adnan Mujezinović1

INTRODUCTION

The purpose of the grounding system in the high voltage 
facilities is to provide the safety of the personnel and equip-
ment inside and outside the facilities during the short-cir-
cuit and lightning discharge [1]. Also, parameters of the 
grounding system of high voltage transmission lines have 
a significant impact on the magnitude of the lightning over-
voltage and insulation coordination [2], [3].  Knowledge of 
the grounding system behaviour under high frequencies 
phenomenon is essential for the electromagnetic com-
patibility studies within high voltage facilities as well as for 
lightning protection system efficiency evaluation [4], [5]. The 
grounding systems are performed by a system of uninsu-
lated galvanically connected conductors which are buried 
in soil. These conductors must be connected in such a way 
to prevent together with the surrounding soil all harmful ef-
fects that can be caused by high frequencies events such 
as lightning discharges [6]. 

When designing grounding systems of high voltage fa-
cilities, it is important to consider their impulse charac-
teristics, i.e. their characteristics when they are exposed 

to fast electromagnetic transients such as lightning and 
switching transients. Due to the predominantly inductive 
character of the grounding system at high frequencies, 
overvoltage in certain points of the grounding system can 
reach high values, which can impact the operation of the 
protection devices and communication systems [7]. The 
response of grounding system to the lightning current can 
be represented using impulse impedance [8], [9]. The im-
pulse impedance of the grounding system can be defined 
as a ratio of peak value of the voltage and current at the 
feeding point of the grounding system [10]. Therefore, in 
order to evaluate behaviour of the grounding system at 
high frequencies it is necessary to know the exact voltage 
and current values on the grounding system. 

High frequency excitation analysis of the grounding sys-
tem can be conducted by using different mathematical 
models based on the basic circuit theory, transmission 
line theory and full-wave approaches, based on the nu-
merical techniques such as finite difference time domain 
method, finite element method and boundary element 
method [11]-[13]. The grounding system transient anal-
ysis can be conducted in frequency domain [14] and in 
time domain [15].

In this paper, for the calculation of the electromagnetic 
transients on the grounding system, numerical model 
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based on the transmission line theory was used. The ap-
plication of the presented numerical model was demon-
strated on two simple geometry grounding systems taken 
from the literature.  

1. MATHEMATICAL MODEL OF THE GROUNDING SYSTEM

1.1. Calculation of the grounding system parameters

The mathematical model given in this paper is derived un-
der assumption that a grounding system can be subdi-
vided into a certain number of straight thin-wire elements. 
Each straight thin-wire structure represents one segment 
of the grounding system and can be modelled by con-
centric parameters using the corresponding equivalent 
scheme (π, Γ, T - elements). Figure 1 shows a division of 
the grounding system on the straight thin-wire elements 
and representation of the one straight thin-wire element 
by π element.

Figure 1: π equivalent circuit of the grounding segment [7], [16]

As can be seen from Figure 1, every π - element is 
composed of:

R – self per-unit length resistance of the grounding  
      element,
L – self per-unit length inductance of the grounding                
      element,
C – shunt per-unit length capacitance of the grouning     
      element, and 
G – shunt per-unit length conductance of the groundg  
      element.

When determining the π equivalent circuit parameters, it is 
necessary to take into account [7], [16]:

- geometrical characteristics of the analysed segment,
- characteristics of the surrounding soil,
- electrical properties of the analysed grounding 
 segment, and
- characteristics of the injected electric current.

1.1.1. Calculation of the π element per-unit length  
          parameters

For the calculation of the grounding segment’s self per-
unit length resistance and inductance it is necessary to 
firstly determine the internal per-unit length impedance of 
the conductor and its self  per-unit length impedance of 
the return path. The internal per-unit length impedance 
of the conductor is determined by applying the following 
expression [7], [17]:
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Zc – internal impedance of the grounding conductor (Ω/m),
r  – thin-wire segment radius (m),
ω – angular frequency (rad),
ρc – grounding conductor resistance (Ωm),
μc – permeability (H/m).

Self impedance of the return path through the ground, Zs, 
is given by the following expression [7], [17]:

where:
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Zs – impedance of the return path through the ground (Ω/m),
γ  – Euler’s constant (0.57722),
h  – burial depth (m),
ρs – electrical resistivity of the soil (Ωm), and
μs – soil permeability (H/m).

Therefore, the frequency dependent per-unit length imped-
ance of a grounding system segment can be determined 
by applying the following expression [7], [16]:

( ) ( ) ( )ωωω scT ZZZ += (5)

From the previous expression, it is possible to determine 
the frequency dependent per-unit length resistance and in-
ductance of a particular grounding system segment, where 
the per-unit length resistance of i-th segment is equal to:
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The per-unit length inductance of i-th grounding system 
segment can be determined by applying the following 
equation:

( ){ }
ω
ωT

i
Z
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ℑ

= (7)

The following relation can be used for the calculation of a 
per-unit length shunt conductance [7], [17]:

(8)

The per-unit length capacity can be determined by applying 
the following approximate equation [7], [17]:

where:

C  – per-unit length capacity of thin-wire segment  
   grounding (F/m),

l   – thin-wire segment length (m),
ε0 – free space dielectric constant (F/m), and
εrs – relative dielectric constant of soil.

(9)

1.1.2. Calculation of reciprocal coupling interactions of  
          grounding segments

Many authors, due to simplicity of calculation, neglect the 
interaction between individual grounding segments. Such 
approximation introduces the error in calculation and is 
permissible only when the distance between ground seg-
ments is large.

In order to obtain a complete picture of the behaviour of 
grounding system during flow of transient currents, it is 
necessary to take into account the coupling between the 
grounding system segments. Generally, coupling effects 
can be divided into three groups:

- mutual resistance,
- mutual capacity, and
- mutual inductance.

The illustration of the coupling between two grounding 
system segments (i-th and j-th segments) and the equiva-
lent electrical circuit is given on Figure 2.

First two types of a mutual coupling mechanism are asso-
ciated with the existence of potential difference between 
the grounding system segments, while the third, mutu-
al inductance is caused by the flow of current through 
the grounding system segment that creates the magnet-
ic field and couples the other segments [19], [20]. Also, 
when calculating the mutual resistance and capacity be-
tween two segments, it is necessary to consider that the 

Figure 2: Grounding elements coupling mechanisms and their 
representation [18], [19]

soil in which the grounding system is placed is considered 
as half-infinite medium. Therefore, image theory approach 
was used in this paper [21].

The per-unit length mutual resistance between the i-th 
and j-th grounding segments can be calculated using the 
following equation [21]:

(10)

where:

Rij – is per-unit length resistance between the i-th and  
   j-th segments (Ω/m),

Dij – is distance between i-th and j-th segments (m),
D'ij – represents the distance between the image of  

    the i-th segment located above the ground   
    surface at a height equal to the depth of burial of  
    the i-th segment and j-th segment (m),

k - reflection coefficient and is calculated as follows:
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where ρa is the electric resistivity of the air (Ωm). As the 
electric resistivity of the air is very high, the air can be 
treated as an ideal isolator. Then it can be written that 
reflection coefficient is k = 1 [22].

The per-unit length mutual capacities, which characterize 
the capacitive interaction between i-th and j-th segments, 
can be determined from the coefficient Pij given by the 
following integral equation [21]:

(12)

where kε is the reflection coefficient defined by following 
equation:
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as

ask
εε
εε

ε +
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where εa is the relative permittivity of the air (F/m).

From equation (12) mutual per-unit length capacity can be 
determined using the following equation:

ji
ji P

C 1
= (14)

When calculating per-unit length mutual inductance, unlike 
the previous cases of mutual resistance and capacitance, 
calculation is done without taking into account the reflec-
tions. This is due to the fact that soil permeability is equal to 
air permeability, therefore reflection does not exist. There-
fore, per-unit length mutual inductance between i-th and 
j-th segments can be calculated using the following equa-
tion [23]-[25]:
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Due to the nature of the magnetic field, there are no induc-
tive interactions between the vertical segments [23]-[25].

1.2. Current source modelling

High frequency transient currents caused by lighting dis-
charge can be modelled in several ways. Today,  literature 
offers different expressions for the modelling the lightning 
current, such as double exponential function, Heidler func-
tion, CIGRE function and many others [26]. Within this pa-
per, double exponential function was used for modelling 
of the lighting current. This function can mathematically 
be represented by the following equation [26], [27]:

( ) ( )tbta eeIti −− −= 0
(16)

where:

I0     – is peak value of the current wave (A),
a,b – are coefficients defining the slope of the front and  

       tail of the current wave. Figure 3: Geometry of analysed grounding [7]

Figure 4: Form of injected current wave

2. MODEL APPLICATION

In order to demonstrate application of the previously 
described model, calculation of the electromagnetic 
transients on two simple geometry grounding system 
was done. For the calculation of the grounding parame-
ters, a developed computer application has been used 
and the EMTP software package was used to calculate 
transients on the grounding system.

2.1. Horizontal grounding simulation

Previously described model is verified through the example 
of a horizontal grounding conductor of radius r = 6 mm, 
which was buried in the soil at a depth of h = 0.6 m. Spe-
cific electrical resistances of grounding system conductor 
(copper) and soil are ρc = 1.78∙10-8 Ωm and ρs = 65 Ωm, 
respectively. The relative dielectric constant and the rel-
ative permeability of the soil are εrs = 15 and μrs = 1 [7], 
[28]. The current wave is injected into one end of l = 
15 m long horizontal grounding conductor. The shape 
of the current wave is given by the double exponential 
function, given by the equation (16), where the current 
wave peak value is I0 = 36.5 A and coefficients a and 
b are 60000 s-1 and 6000000 s-1, respectively. The rise 
time of the current wave is 0.8 μs, while the time of 50% 
of the current is 12.5 μs [29]. Below, Figure 3 shows 
the geometry of the considered grounding conductor, 
while Figure 4 shows the shape of the injected current 
wave. Considered grounding system is discretized on 
straight thin-wire elements of Δl = 0.5 m length.

Overvoltage waveform at test points T1, T2 and T3 obtained 
by simulation are given in Figure 5.
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From the results given in Figure 5 it can be noted that over-
voltage peak values on the grounding system decrease 
with increase of distance from injection current point (T1). 
Also, time delay increases with increase of distance from 
injection current point.

2.2. Grounding contour simulation

Second analysed example of the grounding system is 
made of copper conductors of r = 7 mm radius and a 
side length of l = 10 m. The specific electrical resis-
tance of the soil in which the grounding is buried is 
ρs = 1000 Ωm. Relative dielectric constant and relative 
permeability of soil are εrs = 9 and μrs = 1, respectively. 
Depth of burial of grounding system contour is h = 0.5 m. 
The geometry of the analysed grounding conductor is given 
in Figure 6 [29].

The waveform of the current wave injected into the 
grounding system is described by a double exponen-
tial function whose amplitude is I0 = 1 A. The param-
eters a and b of the injected current wave are 27000 
s-1 and 5600000 s-1, respectively. The front time of the 
current wave is 0.36 μs, while the time it takes for 

Figure 5: Forms of overvoltage at the measuring points obtained by simulation (–– point T1, –– point T2, –– point T3)

Figure 6: Analysed grounding contour [29]

Figure 7: Form of the injected current wave

waves to reach 50% of the current value is 26.8 μs. 
The form of the injected current wave is shown in Figure 7 [29].

Overvoltage waveforms obtained by simulation in 
points T1 and T2 are shown in Figure 8.
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Figure 8: Overvoltage waveforms in points T1 and T2 (–– point T1, –– point T2)

The simulation results show a good match with the 
results of the simulations given in [29]. Therefore, 
following the previously presented analysis it can be 
concluded that the given model yields satisfactory re-
sults. It has also been demonstrated that the model is 
applicable not only to simple geometries, but also to 
complex geometries that are most commonly used in 
practice.

3. CONCLUSION

Knowing the transient characteristics of the grounding 
systems is of great importance for the analysis of the 
endangerment to power system facilities from light-
ning discharge and transitional phenomena caused by 
switching operations. Their determination presents a 
major problem due to the existence of a large number 
of influential parameters. The most important influ-
ence on the transient characteristics of the grounding 
system comes from the constructive characteristics of 
the grounding system, electrical characteristics of the 
soil, as well as the shape, amplitude and location of 
the current wave injection.

The paper gives an approach to modelling the ground-
ing system parameters during the flow of transient 
currents. By the proposed approach the ground-
ing system is divided into the appropriate number of 
straight thin-wire segments that are represented. Also, 
the previously presented mathematical model takes 
into account the mutual coupling between individual 
segments, which are represented by appropriate re-
sistances, inductances and capacities. 
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Abstract: The assessment of technical potential of energy efficiency improvement in industrial power systems in Bosnia and Herzegovina, 
which is particularly related to electric drive systems, has been presented in the paper. The analysis of energy efficiency market in industrial 
power systems including various types of industry has been shown as well. Based on analysis of weekly load diagram of selected customers, 
the assessment of savings when energy efficiency measures are implemented has been given in the paper. The results of techno-economic 
cost-effectiveness analysis of typical energy efficiency improvement measures in systems that contain electric motors have been given as well. 
Finally, the assessment of energy efficiency market in industrial power systems in the next ten years has been presented.

Keywords: supplier, energy efficiency, electricity market, emissions trading system

Sažetak: U radu je data procjena tehničkog potencijala poboljšanja energetske efikasnosti u industrijskim elektroenergetskim sistemima u Bosni 
i Hercegovini, što se posebno odnosi na segment elektromotornih pogona. Prikazana je analiza tržišta energetske efikasnosti u industrijskim pos-
trojenjima u Bosni i Hercegovini uključujući različite tipove industrije. Na osnovu analize sedmičnih dijagrama opterećenja odabranih potrošača 
data je procjena ušteda pri implementaciji pojedinih mjera energetske efikasnosti, odnosno dat je prikaz rezultata tehno-ekonomske analize 
isplativosti karakterističnih mjera poboljšanja energetske efikasnosti u sistemima koji sadrže električne motore. Konačno, prikazana je procjena 
tržišta energetske efikasnosti u industrijskim sistemima u Bosni i Hercegovini u narednih deset godina.

Ključne riječi: snabdjevač, energetska efikasnost, tržište električne energije, tržište emisijskim jedinicama

ANALYSIS OF ENERGY EFFICIENCY MARKET 
AND POSSIBILITIES OF ENERGY EFFICIENCY 

IMPROVEMENTS IN INDUSTRIAL SYSTEMS IN B&H 

ANALIZA TRŽIŠTA I MOGUĆNOSTI UNAPREĐENJA 
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INTRODUCTION

The oil crisis from 1970s was a stimulus to boost energy 
efficiency improvement in the economic sectors of many 
countries. The International Energy Agency (IEA) reports 
that oil price fluctuations happened in 1970. Therefore, 
energy guidelines were geared towards more effective 
control of energy demand growth unlike actual guidelines 
that have been implemented since 1990s, which are di-
rected to climate targets fulfillment. Today, the increase of 
energy efficiency is the priority of political agendas of all 
countries and besides numerous economic and ecologi-
cal factors it is related to the aspect of reliability of energy 
supply [1].

To support energy efficiency, many organizations work on 
developing referral and consulting platforms within iden-
tified priority areas. Each country chooses the ones that 
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best suit its orientation when it comes to energy efficiency 
as well as the unique economic, social and political situa-
tions. Despite the huge potential, energy efficiency faces 
a numerous of barriers, including inadequate access to 
energy efficiency investments, lack of information as well 
as other costs that are not included in the energy price. 
Additionally, the political commitment to maximizing the 
implementation of energy efficiency measures may be 
disturbed by the current economic crisis. Energy efficien-
cy programs must compete for funding with other priority 
issues such as employment, health and social security.

In the industrial context, energy efficiency implies a reduc-
tion in energy consumption per unit of industrial produc-
tion. The level on which the process, the company or even 
the country consumes energy is described as energy in-
tensity. Energy intensity is defined as energy consumption 
per unit of production and it is expressed as: 

(1)
RPN

ESPE =
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1. ANALYSIS OF ELECTRICITY CONSUMPTION AND  
 APPLICATION OF ENERGY EFFICIENCY MEASURES IN EU

Energy efficiency measures represent an instrument for 
obtaining sustainable electricity supply through reduction 
of greenhouse gas emissions, improving the reliability of 
electricity supply, reducing import costs as well as in-
creasing the competitiveness of industrial companies in 
the market. The European Council emphasizes the im-
portance of energy efficiency for electricity price reduction 
through its directives. The goal of European Union (EU) is 
to improve efficiency in each phase of energy chain, from 
electricity supply to end consumption. 

The results of energy efficiency measures implementation 
are visible from the fact that, in 2014, the countries of IEA 
achieved a decrease in imports of primary fuels of natural 
gas, oil and coal for at least 190 Mtoe, saving 80 billion US 
dollars. This avoided import of the German market surplus 
from 12% in 2014 and reduced market deficit of Japan by 
8%. In 2014, in countries of IEA the reduction in electric-
ity consumption caused by investing in energy efficiency 
increased by 10%, which is the fastest growth in the last 
10 years. In 2015, electricity consumption of the countries 
belonging to the Organization for Economic Cooperation 
and Development (OECD) was at the level of consumption 
in 2000, while the Gross Domestic Product (GDP) grew by 
26%, which indicates that the economic growth of these 
countries is separated from energy consumption. In addi-
tion, a significant reduction of greenhouse gas emissions 
can be linked to the results achieved by implementing en-
ergy efficiency measures. In the case of no investments in 
energy efficiency since 1990, IEA countries would issue 
additional 10.2 GtCO2 by 2014. Only in 2014 greenhouse 
gas emissions decreased by 870 MtCO2 [2].

Electricity consumption of industrial sector of EU amount-
ed to about 26% of total electricity consumption in 2012. 
In industrial intensive countries such as Austria, Germa-
ny, the Czech Republic or Sweden, the share of industrial 
consumption in total electricity consumption ranges from 
30 to 35%. In Finland and Slovakia, the share of electric-
ity consumption of the industrial sector amounts to over 
40% of total consumption.

Natural gas and electricity are dominant energy sources 
in the industrial sector with the share of 32% and 31% of 
energy market in 2012, respectively. Electricity had a rapid 

growth from 2000 to 2012 (Figure 1). A small part of the 
electricity market progress is related to the replacement 
the fuel by electricity, and if the share of the electricity mar-
ket was kept constant, electricity consumption would be 
9% lower than it was in 2012 [3].

The research shows a high level of justification for imple-
menting energy efficiency measures in industrial sector as 
evidenced by energy efficiency improvement indicators in 
the EU, where energy efficiency in the industrial sector 
increased by 30% between 1990 and 2009. The aver-
age annual rate of energy efficiency increase in the men-
tioned period was 1.8%, while the electricity consumption 
of electric motors decreased for 40% [2]. According to 
the EU-27, by 2020, electricity consumption in industrial 
sector is estimated at 1432 TWh or 859 TWh of industrial 
engine consumption, if certain measures will not be im-
plemented. If the EU succeeds to implement the planned 
energy efficiency measures for the reduction of electricity 
consumption of the engine (estimation of 31%), the result 
would be a yearly reduction of electricity consumption of 
270 TWh, which is equivalent to the total electricity con-
sumption of Spain in 2000.

2. ANALYSIS OF THE ENERGY EFFICIENCY MARKET IN  
 BOSNIA AND HERZEGOVINA

Bosnia and Herzegovina, on its way to gaining EU member-
ship rights, faces the transition of the power sector, which 
includes economic, social, and environmental aspects. The 
electricity market was opened on 1 January 2015, but it 
was officially preceded by balance market opening on 1 
January 2016. The analysis of electricity consumption of 
end customers indicates that there is a significant ener-
gy reserve in Bosnia and Herzegovina which amounts to 
even 30% of total electricity consumption and which can 
be activated by implementing energy efficiency measures. 
At the beginning of 2017, the Law on Energy Efficiency in 
FB&H entered into force (Official Gazette of the FB&H from 
24 March 2017) and it is expected that implementation of 
energy efficiency measures will be intensified in the forth-
coming period. The law prescribes the obligations of large 
consumers to carry out economically viable energy efficien-
cy measures, continuously monitor electricity consumption 
in facilities through information systems and carry out ener-

Figure 1: Energy mix of EU [3]

11 toe = 11630 kWh = 41870 MJ

where: 

SPE -  specific energy consumption,
E -  energy consumed for production,
Npr -  unit of product.
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gy audits. On the other hand, other actors in the electricity 
market, large suppliers and distribution system operators 
(DSO), are obliged to inform the end customers about the 
manner of electricity consumption and to provide energy 
services and energy audits to the customers at competitive 
prices directly or through other companies [4].

Electricity suppliers whose goal is to participate actively in 
the energy transition in their product portfolio include pro-
viding targeted services to the end customers in order to 
reduce their final electricity costs. The analysis of retail mar-
kets of developed countries suggests that a sales strategy 
based only on electricity prices is not a viable strategy in 
the long term. Bosnia and Herzegovina is characterized by 
a high-energy intensity of the industrial sector, so it is of 
particular importance to implement measures to improve 
energy efficiency in industrial power systems. The starting 
point for improving energy efficiency in industrial systems 
is recognition of benefits that the implementation of cer-
tain energy efficiency measures can bring to a company. 
The implementation of energy efficiency measures in in-
dustry, especially in energy intensive production, signifi-
cantly reduces energy costs, at the same time increasing 
the company’s productivity. However, there are numerous 
obstacles of technical and non-technical character in the 
implementation of policies aimed at increasing energy effi-
ciency in the industry.

2.1. The Questionnaire Results

In order to carry out a survey of the energy efficiency market 
and obtain information on the current level of representation 
of energy efficiency measures in the industrial sector of Bos-
nia and Herzegovina, a questionnaire was distributed to con-
sumers with installed power of 300 kW to 95 MW connected 
to 10 kV, 35 kV and 110 kV network. When selecting con-
sumers who participated in the research, it was considered 
that research involved different types of industry. The tech-
nological processes of analyzed consumers contain a large 
number of engines, ranging from 100 to 4292. The ques-
tions contained in the questionnaire were created based on 
literature review, which cited measures to improve energy 
efficiency of industrial consumers. Taking into account that 
the efficiency of industrial companies is reflected partly in 
the share of electricity price in the price of the final product, 
from the implemented research, it can be concluded that 
two companies of the same type of industry do not have the 
same share of the electricity costs per final product. Applied 
energy efficiency measures significantly influence the share 
of electricity price per final product.

Based on information obtained by research, the share of 
electricity costs in the total cost is the largest in the wood and 
metal industry ranging from 7.82% to 30%. The lowest share 
of electricity costs in the total cost was 0.4% in the automo-
tive industry, while in the chemical industry it ranged from 
1.2% to 10.5%. Any reduction in electricity consumption 
contributes to increasing the company’s profit. For energy 
efficiency measures implementation, it is important to iden-
tify the critical points within the plant that have large energy 
consumption, for which it is necessary to have the ability of 

monitoring the electricity consumption. In the implemented 
research, only 33% of consumers have the ability to moni-
tor consumption by individual parts of technological process 
that indicates that there is enough space for implementing 
the measures for energy efficiency improvement. From the 
applied solutions, electricity consumption monitoring is im-
plemented through Power Monitoring System, Poreg, elec-
trical energy meters installed on each larger consumer unit, 
Supervisory Control and Data Acquisition (SCADA) System. 
In one technological process, for real time electricity con-
sumption monitoring, electrical energy meters have been 
connected to the central energy-consuming system, mea-
suring power consumption on transformers that power indi-
vidual consumer groups. This has been implemented using 
the SIEMENS SENTRON PAC3200 network analyzer.

Due to Directive 2009/125/EC2, one of the questionnaire 
questions was referred to energy efficiency classes of the 
applied electric motors. The results show that small number 
of consumers have implemented energy efficiency motors 
and that the age of the applied engines ranges from 1 to 50 
years, depending on the age of the company. From the liter-
ature review, one of the characteristics of developing coun-
tries is the large share of engines older than 20 years in the 
industrial sector.

Almost a common question when older engines go bad is 
whether to replace it with a newer, more efficient one or re-
wind the existing engine. Although rewinding the engine re-
duces efficiency by 1 to 3%, developing countries are rarely 
replacing the old engines with new ones because of the rel-
atively low costs of engine rewinding. However, the literature 
states that for engines with a low number of hours of oper-
ation, quality rewind may be an adequate solution because 
the efficiency of the engine does not play a significant role in 
that case. The results of the research show that all compa-
nies rewind the old engines while two companies, in addition 
to rewind, purchase the new ones that are more efficient, as 
well. Based on the results of the questionnaire, the average 
number of rewinding during the life span of a single engine 
is obtained. There are 2-3 times of rewinding on an average, 
while in some companies there are 7-10 rewinding before 
replacing the engine with a new one. 

The proper selection of motors greatly influences its effective 
operation in drive. A common problem that varies depending 
on the type of industry is the oversizing of electric motors. 
Most of the engines operate in underload mode. In addition 
to this, idle engine operation regimes are common as well. 
Therefore, the questionnaire also contained the issue of en-
gine operating regimes. The results show that in 85% of the 
companies, engines operate in an underload mode, and in 
60%, the engines have intermittent operation.

The engine start and stop modes have a major impact on 
engine efficiency, since starting and stopping the engine re-

2Directive 2009/125 / EC from 01 January 2015 requires replacement 
of the engines nominal power of 7.5-375 kW with engines with efficien-
cy class at least IE3/IE2 equipped with speed controllers, ie from 01 
January 2017 all engines nominal power of 0.75 to 375 kW must be at 
least the class of IE3/IE2 with speed controllers
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sults in increased losses. For drives that frequently start and 
stop, it is important to reduce the losses during starting and 
stopping, which can be achieved by applying different soft 
start and stop devices. The research shows that in 50% of 
drives, starting and stopping are frequent, which indicates 
the possibility of achieving great savings by implementing 
appropriate start and stop modes, specifically using soft 
starter devices or frequency inverters if there is a need of 
engine speed regulation.

A very important factor influencing the energy efficiency of 
electrical motors is the way of maintaining, which in industrial 
terms implies maintaining a critical equipment for production 
in operational condition or restoring it to the operating state. 
The reliability, safety and productivity of the technological 
process in industry depend on applied diagnostic methods. 
By monitoring the condition of the motor, it is possible to 
predict failures and avoid unnecessary and sudden stopping 
of the drive, achieving great savings. Research results show 
that 58% of the surveyed companies pay close attention to 
the proper maintenance of the engine, which directly reflects 
the reliability and profitability of the company’s operations. In 
addition to corrective maintenance, preventive maintenance 
is also carried out. However, the results show a large rep-
resentation of corrective maintenance, which implies repair 
when a failure occurs, which directly reduces the efficiency 
of the company as a whole. It is possible to change the ap-
proach and make small investments that significantly con-
tribute to improving the efficiency of operation.

In order to carry out an analysis of the improvement of the 
energy efficiency market in the industrial sector, one of the 
issues of research referred to the question if the energy ef-
ficiency measures had been already implemented. Energy 
efficiency measures had not been applied in 33% of the total 
number of surveyed companies. The most commonly imple-
mented energy efficiency measures were the replacement 
of old engines with new ones and installation of frequency 
controls in order to regulate electric motors. Some compa-
nies also decided to make a step forward in terms of energy 
management and implemented the SCADA system. In ad-
dition to this, energy audits were carried out in some com-
panies and the standard EN ISO 50001 was implemented. 
One company carried out the peak load management and 
achieved savings of about 5%. In order to reduce the cost 
of over-taken reactive power from the system, most compa-
nies have built-in devices for reactive power compensation. 
The respondents point out the positive effects achieved by 
applying energy efficiency measures.

3. ANALYSIS OF LOAD DIAGRAMS AND ASSESSMENT  
  OF THE POSSIBILITIES OF ENERGY EFFICIENCY  
  IMPROVEMENT FOR INDUSTRIAL CONSUMERS IN B&H

For the purpose of analysis of the electricity consump-
tion of large industrial consumers, load diagrams of con-
sumers connected to the 10 kV and 35 kV network have 
been analyzed, including some consumers connected to 
110 kV network. The analysis involved 521 consumers 
and 736 measurement points. The analysis was carried 

out based on 15-minutes power readings from April 2016 
that included 2880 readings per a consumer. Weekly load 
diagrams are obtained in a way that load for each hour is 
obtained as an average value of load achieved at exactly 
specified hour of the day in week for the observed period.

In order to identify the customer classes in relation to the 
modes of operation and the business process manage-
ment, the consumers have been classified in 6 clusters us-
ing MATLAB program package. Clusters 5 and 6 represent 
exceptions, consumers who practically do not have any 
electricity consumption, which is the reason why they are 
being excluded from further consideration. Weekly load dia-
grams, normalized to maximum peak load, for clusters 1-4 
are shown in Figure 2. 

Cluster 1 includes consumers who work one-day shift per 
week, with a limited number of consumers that work with 
lower capacity on Sundays. The peak load usage  time for 
this consumer group is 255 hours on an average, while the 
share of consumption achieved in the period of higher daily 
tariff  is about 65%. Cluster 2 includes consumers who work 
in two-day shifts at approximately the same intensity every 
day of the week. The peak load usage time for this group 
of consumers is approximately 365 hours, while the share 
of consumption realized in the period of higher daily tariff is 

Figure 2: The result of the cluster analysis carried out in Matlab 
program package for the weekly load diagram
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3.1. Estimation of the techno-economic feasibility of  
 energy efficiency measures implementation for  
 electric motors

Electric motors make up for about 60% of the industrial 
electricity consumption (where asynchronous motors are 
the most commonly used, 90%) and about 15% of final 
energy consumption in industry worldwide (IEA 2007). 
The research shows great potential for improving the ef-
ficiency of electric motors with ROI of only a few years. It 
is estimated that the introduction of measures for ener-
gy efficiency improvement of electric motors can reduce 
world electricity consumption by around 7% (IEA 2008), 
[5]. Investment in increasing the energy efficiency of the 
engine in order to reduce losses is driven by economic 
and environmental considerations and legislation.

Electric motors belong to “Energy using Products” or 
EuPs. Purchase and maintenance costs represent only 
parts of the cost of a single engine life span. Increasing the 
cost of electricity at any time of usage the engine causes 
an increase in overall investment/consumption and fur-
ther increases the justification for the investment in energy 
efficiency. This is very important, both economically and 
ecologically [1]. Savings generated by an energy-efficient 
engine can be calculated according to (2):

where:

Savings - savings generated by energy efficient 
     motor (BAM),
Pn  - motor nominal power(kW),
ηS  - energy efficiency of actual motor,
ηE    - energy efficiency of a more efficient; motor,
t  - number of engine operation hours,
c  - electricity price (BAM/kWh).

In the case of the need to purchase a new engine, savings 
based on the electricity bill earned by a more efficient en-
gine should only cover the difference in prices of engines 
of different energy efficiency classes. In the simplest case, 
the budget covers only the annual electricity savings, as-
suming equal annual savings in the period of repayment 
of the investment as well as realizing the investment from 
own financial resources. Based on the aforementioned, 
the period of ROI in an energy efficient engine can be es-
timated as it is given in (3):

Based on the relations (2) and (3),annual savings obtained 
by decrease in electricity consumption that would be 
achieved by purchasing  IE3 energy efficiency class en-
gine instead of the IE2, for each of the clusters 1-4, were 
calculated. Energy efficiency of certain types of motor 
given in [6], the price of four-pole asynchronous motors 
nominal power 22 kW energy efficiency classes IE3 and 
IE2 given in [7] have been used for the purpose of the 
analysis. The results of the analysis are shown in Table I.

Table I: The results of calculation of ROI for purchasing  IE3  
energy efficiency class engine instead of the IE2 for clusters 1-4

 ROI (years)

Cluster 1 4.87

Cluster 2 4.07

Cluster 3 4.09

Cluster 4 4.98

Depending on the way on which the operations are being 
performed, the ROI of the purchasing motor of IE3 energy 
efficiency class instead of motor of IE2 efficiency class is 
4 to 5 years. The calculations also show that consumers 
who work a large number of hours per year often work 
in regime of idling and thus unnecessarily consume the 
electricity. Idle losses represent approximately 1/3 of total 
engine losses and it can be estimated due to relation (4):

about 56%. Cluster 3 employs consumers who work three 
shifts a week, where few of them work at lower intensity on 
Sundays. The  peak load usage time is around 305 hours, 
while the share of consumption realized in the period of high-
er daily tariff is about 53%. Cluster 4 includes consumers 
who have a peak load usage time of about 150 hours and 
mostly work one-day shift during work days while at week-
ends work at a higher intensity. The share of consumption 
realized in the period of higher daily tariff is about 67%. 

Energy efficiency measures can be applied by industry type, 
according to technological processes, taking into account 
the way in which individual companies operate, primarily 
thinking of working in one or more day shifts. Of course, for 
a more detailed analysis, nature of the technological process 
as well as analysis of technological process by its segments 
and identification the parts that represent large electricity 
consumers are needed to be taken into consideration.

It can be concluded that when assessing the feasibility of 
applying some energy efficiency measures and calculating 
the return on investment (ROI), it is necessary to know daily 
habits of a consumer, since the electricity savings through 
the price, which depends on the period of peak load usage, 
directly reflect on ROI. 

Consequently, it is necessary to carry out a techno-econom-
ic analysis for each characteristic group of consumers in or-
der to assess the potential for investing in energy efficiency 
as well as to determine the approach to raising the final con-
sumer’s awareness of benefits of energy efficiency measures 
implementation.
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where:

CostPO

 – the cost of electricity of engine working in 
                an idle mode,
Pn  – nominal power of engine (kW),
η  – energy efficiency of engine,
t  – number of hours per year in which motor works 

         in an idle mode,
c  – electricity price (BAM/kWh).

By replacing the engine with more efficient one, idle loss-
es and thus the cost of electricity are reduced. The sav-
ings, which can be achieved by replacing the engine with 
a more efficient one, can be calculated according to the 
relation (5):

where:

SavingsPO

- savings that is achieved due    
   to using a more efficient engine (BAM),
Pn - nominal power of engine (kW),
ηS - energy efficiency of actual engine,
ηE - energy efficiency of a new more efficient engine,
t - number of hours per year in which engine  
    works,
c - electricity price (BAM/kWh).

3.1.1. Application of frequency inverters for the  
 electric motors control

For drives that require speed control, investment in install-
ing a frequency converter that allows motor speed con-
trol by changing the power frequency of 0-fn is justified. 
The main role of the controlled electric motors drive is to 
control the energy flow between the energy source and 
the technological process. For power management, the 
torque and shaft speed are most closely monitored, with 
the regulation being effected by acting on the mechanical 
characteristic of the engine. The greatest savings in elec-
tricity can be achieved by regulated drive of centrifugal 
pumps, fans and compressors that operate under normal 
operating conditions relatively long time a year. As media 
flow is proportional to engine speed and engine power is 
proportional to the third degree of rotation speed, it can 
be concluded that if it is necessary to provide 80% of the 
media flow, only 51% of the nominal motor power is re-
quired which can be achieved by applying a frequency 
converter. In this way, it is possible to significantly reduce 
the electricity consumption as well as the costs for the 

final consumer. In order to estimate the ROI of the fre-
quency converter, it is necessary to analyze each case 
of application since it depends on the operation mode of 
the engine as well as the engine load characteristic. For 
a motor that drives a pump, nominal power of 15 kW, in 
the case of a need to reduce the media flow to 80% of 
nominal, the annual reduction of energy consumption is 
estimated on 49%  and, if the calculation is done for the 
customer from cluster 3, the results of ROI is 6 months.

3.1.2. Impact of energy efficiency measures   
 implementation on reducing greenhouse   
 gas emissions

Given the importance of CO2 emissions in the context of 
the global climate change struggle and in long-term sig-
nificant increase in CO2 emission costs, it is concluded 
that the savings in electricity generation through the im-
plementation of energy efficiency measures have a benefit 
in terms of contributing to the reduction of greenhouse 
gas emissions. The goal of the European Emission Trad-
ing System (EU ETS) at European level is not just reducing 
emissions in accordance with the established quotas. Ev-
ery unrealized tone of CO2 equivalent is associated with a 
certain financial value. Therefore, the whole process of im-
plementing energy efficiency measures must be observed 
through the market prism of both electricity and energy 
services and emission units markets.

In 2014, total electricity produced in power plants of JP 
Elektroprivreda of Bosnia and Herzegovina - d.d. Sarajevo 
amounted 7.403 GWh, with the ratio of electricity produc-
tion from hydro and thermal power plants (TPP) of 21.82%: 
78.13% [8]. The current specific emission of production 
units of JP Elektroprivreda of Bosnia and Herzegovina - 
d.d. Sarajevo is 1176 kg / MWh [9]. Taking into account the 
amount of electricity produced in thermal power plants in 
2014, the amount of emissions of 6801942 tCO2 was cal-
culated. If it is assumed that the industry represents 30% 
of the total electricity consumption of customers supplied 
by JP Elektroprivreda of Bosnia and Herzegovina - d.d. Sa-
rajevo, total annual emissions from electricity generation in 
TPP of JP Elektroprivreda of Bosnia and Herzegovina - d.d. 
Sarajevo obtained to fulfill the needs of the industrial sector 
is about 2040582 tCO2.

In [10] it is stated that by introducing carbon price sup-
port (CPS), up to 943 million tons of CO2 in the EU or an 
average of 105 million tons per year will be avoided. It 
was estimated that during 2017 electricity production by 
coal and lignite burning falls by 28% at EU level. The CO2 
emissions charge is estimated at € 23 billion (additional 
costs), which if it is transferred to electricity consumption, 
there is an addition to the unit price of electricity of 0.08 
ct/kWh. The average cost of reducing CO2 emissions is 
estimated at 24 €/tCO2, which if it is only applied to the 
reduction of annual CO2 emissions due to the application 
of more efficient engines to industrial customers supplied 
by JP Elektroprivreda B&H d.d. - Sarajevo represents an-
nual savings of 1.4 million BAM.
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4. CONCLUSION

Energy efficiency can be understood as a domestic fuel that 
plays a big but hidden role in strengthening the energy secu-
rity of a country. The results of energy efficiency improvement 
vary depending on the sector in which the measures are ap-
plied but each one increases the level of energy services per 
each energy unit. Investing in energy efficiency improvement 
reduces the amount of energy required to fulfill demand, 
even though demand grows with rising living standard.

To improve energy efficiency in industrial companies, the 
starting points are recognition of benefits that the applica-
tion of certain energy efficiency measures can bring to the 
company. As the profitability and competitiveness are the 
basis for survival of the company in the market, even small 
improvements in efficiency have a major impact on the com-
pany’s business. Reducing energy consumption is directly 
reflected in the reduction of greenhouse gas emissions, es-
pecially CO2 generated in the electricity production units, and 
it has an effect on local, regional and international levels.

In Bosnia and Herzegovina, there is a particularly low aware-
ness of environmental protection. Therefore, almost none of 
the companies that apply energy efficiency measures cor-
relate the achieved results with social responsibility, which 
would have a significant impact on the competitiveness of 
the company in a healthier environment. The underlying 
causes of the low level of energy efficiency measures ap-
pliances in the industrial sector of Bosnia and Herzegovina 
are the lack of resources and knowledge in the area of en-
ergy-efficient technologies, which is a consequence of the 
underdevelopment of awareness of the opportunities and 
ways of increasing the profit of industrial companies from the 
one hand, and the awareness of the consequences of global 
warming and environmental protection on the other hand. 

Raising awareness of energy efficiency, modelled on coun-
tries in the region and EU as well, could result in the estab-
lishment of an industrial energy efficiency grid that has an 
aim to connect electricity consumers, experts from the sub-
ject area, and representatives of state institutions. The main 
purpose of such functional networks is to exchange expe-
riences in order to improve energy efficiency and reduce 
energy consumption in broader proportions. Identification of 
industrial branches in which energy efficiency measures can 
be implemented through the installation of an energy man-
agement system and employee training through the organi-
zation of various workshops is of a great importance.
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Abstract: In this paper we present an overview of massive Multiple-Input Multiple-Output (MIMO) technology and its most important concepts. 
The concepts analysed in the paper include: beamforming, antenna parameters, pilot contamination and modulation. The paper provides the 
guidelines for achieving a good design of antenna array and beamforming, and proposals to address the challenges faced by the massive MIMO 
technology. The main advantages of the massive MIMO technology include significantly improved network throughput and lower latency, which is 
why the massive MIMO is expected to be used in the architecture of various systems. The paper presents examples of the application of massive 
MIMO technology.

Keywords: MIMO, Network throughput, Internet of Things, Application

Sažetak: U ovom radu dat je pregled tehnologije masivni MIMO i njegovih najvažnijih koncepata. Koncepti analizirani u radu su: formiranje snopa, 
antenski parametri, pilot kontaminacija i modulacija. Također, u radu su date smjernice za dobar dizajn antenskog niza i tehnike formiranja snopa, 
kao i prijedlozi za rješavanje izazova sa kojim se suočava tehnologija masivni MIMO. Glavne prednosti tehnologije masivni MIMO su znatno po-
boljšanje mrežne propusnosti i manja latencija, zbog čega se očekuje primjena tehnologije masivni MIMO u arhitekturi različitih sistema. U radu 
su prikazani primjeri primjene tehnologije masivni MIMO.

Ključne riječi: MIMO, mrežna propusnost, internet stvari, aplikacija

MASSIVE MIMO: DESIGN, APPLICATION 
AND CHALLENGES 

MASIVNI MIMO: DIZAJN, PRIMJENA I IZAZOVI
Samira Mujkić1, Suad Kasapović2

INTRODUCTION

Wireless communication has been revolutionizing every 
decade with a new standard, which has been fuelled by 
a combination of market demands and technology ad-
vancement. The new standard, the fifth generation (5G), 
is in the research phase, with its commercialization ex-
pected in 2020. 

5G technology will provide an innovation platform, which 
will be the basis for development of the new and improve-
ment of the existing technologies, such as the Internet 
of Things (IoT), which will become integral parts of our 
economy and lifestyle. The 5G network will spur innova-
tion across many industries, providing new features such 
as precise remote control, near-instantaneous communi-
cation, seamless connectivity, the use of autonomous ve-
hicles, remote controlled equipment, smart houses, etc. 
These innovations will improve the quality of life for the 
wider population [1]. 

Although various new technologies will be developed 
for the needs of the 5G standard, the massive multi-in-
put multi-output (MIMO) will be the most important of all, 
because it is precisely through spatial multiplexing and 
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beamforming techniques (the basis of massive MIMO 
technology), that it will be possible to achieve the required 
spectral efficiency of the new communication standard.

The massive MIMO technology (also known as Large-
Scale Antenna Systems, Very Large MIMO, Hyper MIMO 
and Full-Dimension MIMO), uses hundreds and more 
antenna elements on the base stations to direct signals 
to multiple individual users, which significantly increases 
system capacity and number of connected devices, and 
takes MIMO to an entirely new level. There are no strict 
requirements on the relation between the number of base 
station antennas and users, but the more antennas used, 
the finer the spatial focusing can be, making the dramatic 
increase in energy efficiency. This improved energy effi-
ciency enables massive MIMO systems to operate with a 
total output Radio Frequency (RF) power at two orders of 
magnitude less than the current technology. 

The use of large number of antennas at the base station is 
instrumental not only to obtain high sum spectral efficien-
cies in a cell, but, more importantly, to provide uniformly 
good service to many terminals simultaneously. An addi-
tional consequence to using large number of antennas is 
that the required signal processing and resource alloca-
tion simplifies signal processing and allocation of resourc-
es, owing to a phenomenon known as channel hardening. 
The significance of channel hardening is that the effects of 
small-scale fading and frequency dependence disappear 
when number of base station antennas is large [2].
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Some benefits of massive MIMO include: extensive use of 
inexpensive low-power components, accurately tracking 
of individual users, array gain, reduced latency, simplifica-
tion of the Medium Access Control (MAC) layer, robust-
ness against intentional jamming, coverage extension, 
spatial multiplexing, increase of capacity by 10 times or 
more and simultaneously improved radiated energy-effi-
ciency in the order of 100 times, etc.

Another advantage of massive MIMO lies in its potential en-
ergy efficiency compared to a corresponding single-anten-
na system. It is shown in [3] that each single-antenna user 
in a massive MIMO system can scale down its transmit-
ting power proportional to the number of antennas at the 
base station with perfect Channel State Information (CSI) 
or to the square root of the number of base station anten-
nas with imperfect CSI, to get the same performance as 
a corresponding single-input single-output (SISO) system. 
This leads to higher energy efficiency and is very important 
for future wireless networks where excessive energy con-
sumption presents a growing concern [4].

In order to meet the requirements of pedestal 5G, apart 
from the massive MIMO technology, it is proposed to 
work in a millimetre wave. 5G systems deployed in high-
er frequency bands such as centimetre Waves - cm-
Waves (6–30 GHz) and millimetre Waves - mmWaves 
(30–100GHz), large-scale antenna arrays will be a pre-
requisite for overcoming the poor propagation charac-
teristics in those bands [5].

In [6] combination of millimetre wave communications, ar-
rays with a massive number of antennas and small cell 
geometries are considered as a symbiotic convergence 
of technologies that have the potential to dramatically im-
prove wireless access and throughput.

Smart grid system is the upcoming power control sys-
tem working as an autonomous system by incorporating 
number of energy resources, two way wire and wireless 
communication. A reliable operation requires multiple, 
high-data-rate, two-way communications links among 
all communicative nodes of a smart grid network [7]. 
Therefore, in order to accomplish high speed two-way 
communications links, it is proposed to use the sys-
tem based on MIMO technology and recently a massive 
MIMO technology.

This paper analyses the design of SG communication ar-
chitecture with massive antennas, the advantages of im-
plementing massive MIMO technologies, challenges and 
proposals for overcoming them. 

In addition to the above mentioned applications, in this 
paper we describe the application of massive MIMO tech-
nology in systems that are already being established and 
the existing ones that will be improved and modified using 
this technology. 

While the concepts of massive MIMO have been mostly 
theoretical so far, stimulating much research particularly 

in random matrix theory and related mathematics, basic 
testbeds are becoming available [3], and initial channel 
measurements have been performed [8]. Huawei has de-
ployed massive MIMO sites in more than 30 Chinese cit-
ies for China Mobile. The partners have tested and verified 
massive MIMO in four main commercial application sce-
narios: high rise buildings, high traffic, high interference, 
and limited uplink [9].

Although the technology of applying a large number of 
antennas to the base station, the massive MIMO tech-
nology, is relatively new this topic has recently sparked 
a flurry of research activities aimed at understanding 
the concept, signal processing and information theory 
of massive MIMO system designs. In [8]-[10], massive 
MIMO systems are reviewed from various perspectives, 
including fundamental information theoretical gains, an-
tenna and propagation aspects, reducing internal pow-
er consumption, finding new deployment scenarios and 
transceiver design. The application of the massive MIM-
IO technology in small cells was analysed in [11], while all 
the aspects of application in millimetre wave is descried 
in [6]. 

Taking into account all the benefits of this technology, its 
importance for the further development of wireless net-
works, the possibility of using it in various existing and 
new systems that change our lifestyle, and the fact that 
there is a lack of practical testing are the reasons to mas-
ter all the concepts, challenges and ways of applying 
technology massive MIMO in various systems. 

In this paper, we provide a more comprehensive overview 
of the massive MIMO concept, design, challenges and 
application. In addition to reviewing these aspects, there 
are also guidelines on how to achieve a better design 
of antenna array and beamforming. The main challenge 
facing this technology is pilot contamination. The paper 
describes the methods, techniques and algorithms which 
make it possible to coordinate the use of pilots or adap-
tively allocate pilot sequences, thus reducing the impact 
of pilot contamination on system performance. And for all 
the other challenges of the massive MIMO technology de-
scribed in this paper, there are suggestions for solving or 
at least reducing their impact on the success of applying 
this technology.

1. BEAMFORMING AND DESIGN OF MASSIVE MIMO  
 SYSTEM

There are many interconnected design issues that need 
to be properly understood and solved before widespread 
deployment of the massive MIMO technology. This sec-
tion describes the basic characteristics and challenges of 
designing a massive MIMO system, as well as the con-
cept of beamforming techniques. 

Massive MIMO relies on beamforming which is a technique 
that enables transmission of different signals to different us-
ers simultaneously in the same frequency band, focusing 
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the signal from multiple antennas into one strong beam, 
minimizing energy in side lobes at the transmitter end. On 
the other hand, beamforming relies on the base station 
having good enough channel knowledge, on both the up-
link and the downlink. It is easy to accomplish good chan-
nel knowledge in the uplink because terminals send pilots, 
based on which the base station estimates the channel 
responses to each of the terminals. Problems with accom-
plishing this in the downlink of massive MIMO system are: 
amount of time-frequency resources needed for downlink 
pilots scales with the number of antennas which leads to 
100 times more resources than a conventional system. Ad-
ditionally, the number of channel responses each terminal 
must estimate is also proportional to the number of base 
station antennas. Therefore, resources needed to inform 
the base station of the channel responses would be up to 
100 times larger than in conventional systems. 

The advantages of multiantenna transmission depend on 
whether the channels from each transmit antenna to each 
receive antenna experience different multipath propaga-
tion (i.e., the signals travel different routes). The important 
thing is that the antennas are sufficiently separated to be 
able to observe different signal routes. The wavelength 
decides what is a good separation, and it is short when 
the frequency is high and vice versa [12].

Beamforming techniques are categorized into [10]: 

-  Fixed beamformers that employ fixed weights and 
phases to combine the signals without considering 
the properties of the received signals.

-  Adaptive beamformers that may steer the direction 
of the main lobe in the desired direction, adaptively 
minimizing interference.

Hybrid beamforming is a technique to partition beam-
forming between the digital and RF domains to reduce the 
cost associated with the number of RF signal chains. Hy-
brid beamforming combines multiple array elements into 
subarray modules, with one transmit/receive (T/R) module 
dedicated to a subarray in the array. A key challenge in 
hybrid beamforming design is to meet the required per-
formance parameters while constrained by the implemen-
tation cost [13]. Systems such as the one shown in Figure 
1 are complex to develop. You can use modelling tech-
niques to design and evaluate massive MIMO arrays and 
the corresponding RF and digital architectures needed to 

help manage their complexity. With these techniques, you 
can reduce risk and validate design approaches at the 
earliest stages of a project [14]. 

Optimal beamforming is a compromise between delivering 
the maximum power to an individual user, and reducing or 
eliminating the interference of the signal at the other users. 
With the Maximum Ratio Transmission (MRT) technique, the 
beam to the intended receiver is strong, but it is clear that 
the technique makes no attempt to prevent interference to 
the other receivers. The Zero Forcing (ZF) technique, on the 
other hand, is extremely successful in suppressing the signal 
to the other receivers, creating nulls around their positions.
By coherent processing of the signals over the array linear 
transmit precoding can be used in the downlink to focus 
each signal at its desired terminal and receive combining 
can be used in the uplink to discriminate between signals 
sent from different terminals [15].

Low-complexity precoding methods are mandatory and 
critical to minimize the computational complexity of the 
precoder [15]. Unlike the conventional MIMO, massive 
MIMO uses linear precoders, such as maximum ratio 
combining (MRC), matched filtering, conjugate beam-
forming, minimum mean squared error (MMSE) receive 
combining, and zero-forcing (ZF) [10].

In MRC, the multiple antenna transmitters use the channel 
estimate of a terminal to maximize the strength of that 
terminal’s signal by adding the signal components coher-
ently. MRC precoding maximizes the SNR and works well 
in the massive MIMO system, since the base station radi-
ates low signal power to the users on average.

ZF precoding is a method of spatial signal processing by 
which the transmitter can null out multiuser interference 
signals. In general, ZF precoder performs well under high 
Signal-to-Noise Ratio (SNR) conditions. Minimum mean 
squared error MMSE precoding is the optimal linear pre-
coding in a massive MIMO downlink system. This tech-
nique uses the mean square error (MSE) and balances 
between amplifying signals and suppressing interference. 
It was shown in [16] that under certain special struc-
ture of MIMO channels, employment of the mini-
mum-mean-squared-error (MMSE) channel estimator and 
a simple pilot assignment scheme can efficiently mitigate 
the pilot contamination effect in the large antenna regime.
The complexity difference between MR and ZF/MMSE 

Figure 1: Hybrid beamforming architecture
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is relatively small since the precoding/combining matri-
ces are only computed once per coherence block—the 
bulk of the complexity comes from fast Fourier transform 
(FFTs) and matrix-vector multiplications performed at a 
per symbol basis [15]. To study the behaviour of massive 
MIMO systems, channel measurements have to be per-
formed using realistic antenna arrays. This is so because 
the channel behaviour using large arrays differs from the 
one usually experienced using conventional smaller ar-
rays. The most important differences are that [8]: 

-  There might be large-scale fading over the array. 
-  The small-scale signal statistics may also change 

over the array.

Thus, antenna configurations for use in massive MIMO 
schemes for 5G should be investigated and analysed. For 
example, rectangular, circular, and cylindrical array configu-
ration could be studied in terms of their element numbers, 
resulting pattern beam width, gain, mutual coupling, and 
their effects on coverage, the received signal strength and 
channel capacity. 

Several antenna element types could also be used such 
as dipole, horn antenna, and printed antennas [17].

The compact circular array has inferior performance com-
pared to the linear array due to its smaller aperture [8].

Typical array designs include parameters such as array 
geometry, element spacing, the lattice structure of the ele-
ments, element tapering, and the effects of mutual coupling. 
By adjusting the design parameters, you can achieve taper-
ing of the rows and columns of the array to reduce side lobe 
levels. Achieving an optimal design thus requires combined 
models of the antenna arrays and beamforming algorithms 
to simulate their interaction and impact on system perfor-
mance. To achieve better beamforming control and flexibility, 
it would be ideal to have an independent weighting control 
over each antenna array element, with a transmit/receive 
(T/R) module dedicated to each element. But this is generally 
not practical due to cost, space, and power limitations [13]. 

A major impediment to using conventional multi-antenna 
transceivers in a massive MIMO implementation is the need 
to replicate multiple transmit/receive (TRX) chains, one for 
each antenna. Conventional designs would need propor-
tionately higher power consumption, chip area, input/output 
and control signalling, LO routing and distribution, and so 
on. This strongly suggests that implementation of massive 
MIMO transceivers will encounter a roadblock unless inno-
vative solutions are explored to share RF resources [6].

Other approaches exist for addressing the hardware require-
ments associated with handling massively parallel RF chan-
nels. One such approach based on the use of a discrete 
lens array (DLA) was recently constructed and experimental-
ly analysed in [18]. A planar DLA is used to generate narrow 
beams whose outputs are combined into a small number of 
digital channels via beam space processing. Other hybrid 
analogue/digital beamforming architectures have also been 
proposed that trade off signal processing flexibility (e.g., con-

strained or simplified precoding) for hardware complexity [6].
Another alternative is the use of parasitic antenna arrays 
[19], which actually exploit the presence of mutual coupling 
between active antenna elements and neighbouring pas-
sive ones. Such an approach could allow a small number of 
active antennas to achieve a higher degree of spatial mul-
tiplexing or beamforming gain by carefully controlling the 
coupling with adjacent parasitic antenna elements.

Innovative and highly integrated antenna and circuit archi-
tectures will be required that are power-efficient, resilient 
to mutual coupling, and effectively handle the massive 
multiplication of data channels. 

In [20] authors have analysed the far more realistic scenar-
io of having inexpensive hardware constrained massive 
MIMO arrays and the impact of such hardware imperfec-
tions at the base stations by studying an uplink commu-
nication model with multiplicative phase-drifts, additive 
distortion noise, noise amplifications, and inter-carrier in-
terference. Impact of hardware impairments at the Base 
Station (BS) vanishes as N -> ∞. 

Taking into account all the previously stated, the design 
guidelines for antenna array and beamforming are:

-  Use low-complexity signal processing -> linear pro-
cessing (linear combing schemes in the uplink and 
linear precoding schemes in the downlink).

-  MMSE precoding is the optimal linear precoding in a 
massive MIMO downlink system.

-  Carefully adjust antenna and array configuration and 
their elements and parameters (array size, total num-
ber of antenna elements, antenna element types, ra-
diation pattern, beam width, gain).

-  Separation between the antenna elements is an im-
portant factor affecting the array radiation.

-  Integration of the active transceiver unit array into 
the passive antenna element array -> active anten-
na system (AAS - can support adaptive electronic 
beamforming by controlling the phase and amplitude 
weights applied to individual antenna elements).

-  Reduce hardware complexity and signal processing 
(decrease the size of the antenna element -> working 
with millimetre wave antennas operating at high fre-
quency ranges, use electromagnetic lens antenna or 
parasitic antenna arrays).

-  TDD operation is preferable (channel estimation over-
head is independent of number of BS antennas).

-  Optimal design requires combined models of the an-
tenna arrays and beamforming algorithms.

2. CHALLENGES AND ISSUES OF MASSIVE MIMO   
 TECHNOLOGY

In order to use all the advantages and possibilities of the 
massive MIMO, it is necessary to consider the challenges 
and problems associated with this technology. If potential 
problems and challenges are well understood, it will be pos-
sible to quicker find the solution for them.
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2.1. Pilot contamination

For the successful implementation of beamforming on 
which the massive MIMO is based, it is necessary to know 
the information about the state of the channel (Channel 
State Information - CSI). 

CSI estimation in a massive MIMO environment pos-
es a serious challenge and significantly complicates the 
resource allocation problem. Ideally, the pilot sequenc-
es transmitted by the users to assist the BS in estimat-
ing the CSI of the users should be mutually orthogonal. 
However, accommodating a large number of users in the 
neighbouring base stations makes it necessary to reuse 
the orthogonal sequences among users, which creates 
interference and causes imperfect CSI estimation [21].

In [8] it was argued that pilot contamination constitutes 
an ultimate limit on performance when the number of an-
tennas is increased without bound, at least with receivers 
that rely on pilot-based channel estimation.

A detailed analysis of the research with the focus on the 
problem of pilot contamination; potential solutions for the 
same are summarized in [8], [10] and those are:

-  The allocation of pilot waveforms can be optimized - 
use a less aggressive frequency reuse factor for the 
pilots. It is also possible to coordinate the use of pi-
lots or adaptively allocate pilot sequences to the dif-
ferent terminals in the network. Some of the methods 
include:
o  Optimum Pilot Reuse Factor Methods: based 

on choosing a reuse factor greater than unity 
optimized in some sense. 

o  Pilot Sequence Hopping Methods: switch us-
ers randomly to a new pilot between time slots, 
which provides randomization in the pilot con-
tamination.

o  Time-Shifted Pilot Based Methods: based on 
insertion of shifted pilot locations in slots (or a 
shifted frame structure).

-  Clever channel estimation algorithms or even blind 
techniques that circumvent the use of pilots altogeth-
er may mitigate or eliminate the effects of pilot con-
tamination.

-  New precoding techniques that take into account the 
network structure, such as the pilot contamination 
precoding, can utilize cooperative transmission over 
a multiplicity of cells - outside of the beamforming 
operation - to nullify, at least partially, the directed in-
terference that results from pilot contamination. 

2.2. Channel estimation with hardware imperfections

Channel knowledge at the base station is a must for pre-
coding/beamforming and coherent detection. 

Discussion about the perfect channel estimation with 
hardware imperfections is impossible. The estimation 
accuracy is fundamentally limited by distortions for high 

SNR, coherence time and correlation of distortion noise 
for long pilot sequences. Hardware qualities of the User 
Equipment (UE) and the BS are equally important. The 
channel model largely impacts the estimation accuracy: 
Correlated channels are easier to estimate [22].

2.3. Channel Reciprocity

Massive MIMO systems exploit the reciprocity to estimate 
the channel responses on the uplink and then use the 
acquired channel state information (CSI) for both, uplink 
receives combining and downlink transmits precoding of 
payload data. Since the transceiver hardware is generally 
not reciprocal, calibration is needed to exploit the channel 
reciprocity in practice [15].

In [23] authors treat reciprocity calibration for a 64-anten-
na system in some detail and claim a successful experi-
mental implementation.

2.4. TDD and FDD Modes

Much of the present-day massive MIMO research is based 
on the Time Division Duplex (TDD) transmission mode 
due to channel estimation issues. Many of today’s global 
cellular bands are allocated strictly for Frequency Division 
Duplex (FDD). Therefore, according to some research, it is 
possible to enable FDD mode in massive MIMO systems.

One way is to design efficient precoding methods based on 
partial CSI [24] or even no CSI. Another way is to use the idea 
of compressed sensing to reduce the feedback overhead [4].

2.5. Modulation

To construct a base station with a large number of an-
tennas, low-cost power-efficient RF amplifiers are nec-
essary, and problems with high Peak-to-Average Power 
Ratio (PAPR) can impede good performance for Orthog-
onal Frequency Division Multiplexing (OFDM) [25]. In [4] 
this problem was considered and it was concluded that a 
single-carrier transmission is able to achieve near-optimal 
sum-rate performance at low-transmit-power-to-receiver-
noise-power ratios, without requiring equalization at the 
receiver and multi-user resource allocation.

2.6. Resource allocation

Resource allocation usually means that the time-fre-
quency resources are divided between the terminals, to 
satisfy user-specific performance constraints, to find the 
best subcarriers for each terminal, and to combat the 
small-scale fading by power control. Frequency-selective 
resource allocation can bring substantial improvements 
when there are large variations in channel quality over the 
subcarriers, but it is also demanding in terms of channel 
estimation and computational overhead since the deci-
sions depend on the small-scale fading that varies at the 
order of milliseconds. If the same resource allocation con-
cepts would be applied in massive MIMO systems, with 
tens of terminals at each of the thousands of subcarriers, 
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the complexity would be huge. Fortunately, the channel 
hardening effect in massive MIMO means that the channel 
variations are negligible over the frequency domain and 
mainly dependant on large-scale fading in the time do-
main, which typically varies 100–1000 times slower than 
the small-scale fading [15]. 

Everything above indicates that resource allocation can 
be greatly simplified in massive MIMO systems. However, 
there are various other factors that limit the performance of 
the system, such as: pilot assignment, energy efficiency, 
the duration of the training phase and the transmission and 
others that need to be analysed during resource allocation.

In [16] authors analysed joint pilot assignment and re-
source allocation for system energy efficiency (SEE) maxi-
mization in the multi-user and multi-cell (MU-MC) massive 
MIMO network.

In [26] authors investigated the resource allocation issue 
between downlink training stage and data transmission 
stage for the FDD massive multiple-input multiple-out-
put system from the viewpoint of energy efficiency (EE). 
Whereas, the training overhead for downlink channel es-
timation scales up with base station antenna number in 
massive MIMO FDD system, which will be unaffordable as 
the antenna number grows large.

In addition to the research problems listed above, there 
are still many more which include the following: Distribut-
ed massive MIMO, Optimization of CSI feedback, Hybrid 
Beamforming, MAC layer control, etc.

3. APPLICATION OF MASSIVE MIMO TECHNOLOGY 

Taking into account all the characteristics and advantages 
of the massive MIMO technology described in the previous 
sections, it can be concluded that this technology will have 
a wide and varied application and will be the basis for a 
digital society infrastructure that will connect the Internet of 
people and Internet of things, with clouds and other net-
work infrastructure. This section will describe the applica-
tion of massive MIMO technology in systems where trans-
mission speed, latency and energy efficiency are factors 
crucial for successful implementation and operation.

3.1. Internet of things (IoT) 

The Internet of Things (IoT) describes the coordination of 
multiple machines, devices and appliances connected to the 
Internet through multiple wired and wireless networks [27].

IoT is characterized by intelligent data analysis. It is be-
lieved that IoT will lead to changes in various branches of 
industry. Bottleneck for realizing the efficient IoT is created 
by transmission and processing of large amounts of data, 
as well as their security during transmission, which the 
current communication infrastructure is unable to support 
because of the increasing number of devices that have 
become part of the IoT.

Massive connectivity is a key requirement for future wire-
less cellular networks that aim to support IoT and ma-
chine-type communications (MTC). In a massive device 
connectivity scenario, a cellular base-station (BS) may be 
required to connect to a large number of devices (in the 
order 104 to 106), but a key characteristic of IoT traffic 
is that BS needs to dynamically identify the active users 
before data transmissions take place [28].

End-to-end reliability, latency, and energy consumption 
comprising both, up- and downlinks, can be enhanced 
in IoT if the new wireless communication standard, 5G, 
and its massive MIMO technology are used. A new trend 
in device-to-device communication (D2D) is the introduc-
tion of sensors and sensor-based system, while 5G can 
extend sensor based IoT capabilities by applying robots, 
actuators and drones for distributed coordination and low 
latency reliable performance.

3.2. Intelligent transport systems

Information system and communications technology are 
integrated to the transport infrastructure and vehicles to 
improve safety and reduce vehicle wear, transportation 
times, and fuel consumption etc. 

Performance (low latency) is a requirement for the quick 
reaction times needed for autonomous and semi-auton-
omous vehicles. As our automobiles become more like 
mobile devices on wheels, security will become an im-
perative to keep malicious hackers from creating danger-
ous situations on the road. And the automotive industry 
is interested in device-to-device capabilities to implement 
vehicle-to-vehicle, vehicle-to-infrastructure, and vehi-
cle-to-pedestrian communications to reduce crashes and 
improve safety [29]. This system represents a part of the 
IoT as it establishes the connection of cars with various 
other devices. All these factors that affect system per-
formance: latency, security, real-time local updates, path 
planning and the like, will be improved by applying tech-
nologies massive MIMO because Massive MIMO can in-
crease the capacity 10 times or more and simultaneously 
improve the radiated energy-efficiency and allow a signifi-
cant reduction of latency on the air interface.

3.3. Wireless sensor network

Wireless sensor networks (WSN) are a special kind of 
monitoring networks, aiming at detecting, measuring, 
monitoring certain physical phenomena, such as tem-
perature, humidity, pressure, vibration, etc. Each device in 
the WSN is termed as a node that exchanges information 
with its neighbour. All data will be poured into a BS node, 
or a sink, which in turn relays the information to an outside 
user, or a server to process it. WSN may be composed of 
hundreds or thousands of nodes to provide coverage on 
a large scale. Recently, several research efforts have been 
addressed to discuss the benefit of introducing a massive 
number of antennas at the BS, or the sink node. Multiple 
antennas at the BS improve the detection performance, 
the estimation performance, and energy efficiency, even 
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when using simpler algorithms, and linear receivers with 
partial CSI knowledge [10]. 

3.4. Unmanned aerial vehicles (UAVs) or drones

Several applications, such as surveillance, disaster man-
agement, and drone racing, place high requirements on 
the communication with the drones – in terms of through-
out, reliability, 3-dimensional (3D) connectivity, and laten-
cy. Existing wireless technologies, notably WiFi, that are 
currently used for drone communications are limited to 
short ranges and low mobility situations. A new, scalable 
technology is needed to meet future demands. Massive 
MIMO, a promising technology component of emerging 
5G cellular networks, has the potential to meet these 
requirements. Specifically, massive MIMO offers signifi-
cant range extensions, support for fast-moving drones, 
and the possibility to spatially multiplex entire swarms of 
drones communicating simultaneously [30].

Several 5G use cases for drones were identified by 3rd Gen-
eration Partnership Project (3GPP) [31]: broadband access to 
under-developed areas, hot-spot coverage during sporting 
events, and rapidly deployable “on-demand” densification. 

Features of massive MIMO described in this paper naturally 
make the technology suitable for drone communications. 
Ground station (GS) comprises a uniform linear or rectan-
gular array with a large number of antenna elements, while 
drones are equipped with a single antenna. The channel 
between each GS antenna and the drone’s antenna is 
characterized by a free-space path loss, a polarization mis-
match loss, an antenna gain, and a phase shift.

By virtue of the spatial multiplexing capability of massive 
MIMO, many drones can simultaneously transmit high-resolu-
tion imagery to the GS.  Compelling features of massive MIMO 
for this application include: high throughput, spatial multiplex-
ing, coverage extension and high-mobility support [30]. 

3.5. Smart grid

Smart Grid (SG) is a modernized electrical grid that uses 
information and communications technology for improv-
ing the efficiency, reliability, and economics of the tradi-
tional electrical grid [32].

In general, a SG communication architecture consists 
of a home area network (HAN), neighbour area network 
(NAN), and wide area network (WAN) [33]. 

Considering the components of the SG communica-
tion architecture, it can be concluded that the choice of 
communication technologies has a crucial role for the 
successful implementation of the SG. In [32] is analysed 
implementation of massive MIMO technique, which im-
proves the transmission reliability and system throughput 
for SG communications.

Taking into account the complexity of implementation 
of such a system for SG, a large number of antennas 

and higher power consumption, it is proposed in [32] 
i that the number of RF chains at the base station be 
smaller than the number of antenna elements to reduce 
the hardware complexity and high cost, and use appro-
priate antenna selection to preserve the gain provided 
by the large number of antennas. 

The smart grid is considered with new features and capa-
bilities such as high penetration of renewable energy source 
(RES), two–way energy demanding and demand-side-man-
agement (DSM) which clearly holds exploiting the potential 
of future in wireless communication. Toady’s challenge of 
smart grid system is track disturbance in real time which 
means power grid should be responsible, awake and com-
municative on every node. A practical smart grid models 
which coordinated with cellular networks are developed 
and work on energy efficient resource allocation, energy 
management, MIMO – downlink transmission, and trans-
mit-beam forming design for minimize the cost factor. A 
smart grid system by using MIMO concept enhanced the 
closed loop system within large geographical area main-
taining a high data rate transmission. Selection of active 
users in real time effectively provides the space for active 
control sensor signals. An intelligence smart grid system 
consists of a large number of sensor control signals which 
is acceptable by the MIMO configuration [7].

To improve reliability and performance in smart grids 
it is proposed to introduce hybrid wireless/powerline 
communication. 

Below is an example of a design an energy efficient (EE) 
massive MIMO system in a smart grid NAN scenario. 
Focus is on implementing a massive MIMO technique 
that improves the transmission reliability and system 
throughput for SG communications [34]. We consid-
ered an SG NAN (neighbour area network) consisting of 
a concentrator and a number of data aggregate points 
(DAPs), as shown in Figure 2. The NAN connects smart 
meters in a HAN (home area network), and interacts 
with a utility’s head-end system in a WAN (wide area 
network). In the NAN, the concentrator is equipped 
with an N-antenna and the value of N is large. The con-
centrator communicates with K single antenna Dual 
Antenna Positioning System (DAPs), and the commu-
nication is operated on a time division duplexing (TDD) 
mode with channel reciprocity.

Figure 2: SG communication architecture with massive antennas 
at a concentrator in a NAN
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We aim to use antenna selection to reduce the cost of 
too many RF chains and to improve the system EE for SG 
communications. Suppose that at the concentrator, the 
number of RF chains Nt is smaller than N. We propose 
to select Nt out of N transmit antennas based on the EE 
maximization criterion, as shown in Figure 3, using only 
LTCS (long-term channel statistics). The channel statistics 
normally vary with the antenna spacing, the single scat-
tering angles and the path loss, and thus may change 
very slowly. As a result, the proposed selection process 
does not change at each channel instance, but is updated 
when the channel statistics vary or new DAPs enter.
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Figure 3: Massive MIMO system with antenna selection 
for the SG NAN scenario

Figure 3 shows a block diagram of antenna selection for 
the NAN implemented with the massive MIMO technique. 
From a communications perspective, the concentrator 
comprises a baseband unit including a forward error cor-
rection encoder, a symbol mapper, a demultiplexer, and a 
precoder, Nt RF chains, an antenna selection and switch 
unit, and N antennas. In the antenna selection and switch 
unit, LCS is obtained and then used to select the best Nt 
antennas out of N antennas. The selection criterion will 
be shown in the following. The selected Nt antennas are 
connected to the RF chains and then used for transmis-
sion; and the selected antenna index is feedback to the 
precoder such that the updated Nr-by-K channel matrix is 
used for precoding.

4. CONCLUSION

The massive MIMO technology is considered crucial for 
the further development of wireless networks, and due to 
its characteristics and capabilities it represents the basic 
technology for achieving the requirements that are set for 
the 5G standard. In this paper, we have comprehensive-
ly described major elements of massive MIMO systems: 
beamforming, design of antenna array, precoding meth-
ods, resource allocation, pilot contamination and others 
challenges of this technology. 

This paper also gives detailed overview of some of the 
research efforts done in this area so far. However, there 
are still challenges ahead to realize the full potential of the 
technology and additional research is needed on a num-
ber of issues, and some of them have been analysed in 
this paper.

The described features, design concepts and challeng-
es of massive MIMO technology need to be known and 
mastered in order to achieve the successful incorporation 
of this technology in various systems, especially those 

where the current wireless communication networks do 
not offer satisfactory transmission speed, latency, energy 
efficiency, security and reliability.

In this paper we describe the scenarios of the applica-
tion of the massive MIMO technology in IoT, and its in-
tegration into SG communication architecture. With the 
massive MIMO technology concept of digital society, will 
become feasible as it will achieve mass connectivity that 
will connect Internet of People and Internet of Things with 
clouds and other network infrastructure and all due to 
higher speeds and lower latency. The application of mas-
sive antennas at a concentrator in NAN of SG communi-
cation architecture requires the use of antenna selection 
to reduce the cost of too many RF chains and to improve 
the system EE.
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Abstract: HTML (abbrev. of HyperText Markup Language) and CSS (abbrev. of Cascading Style Sheet) are the two key technologies to build Web 
pages. HTML provides the structure of the page, while CSS is responsible for its visual and sound layout. CSS3 is the latest standard for CSS, 
which is fully backward compatible with older versions of CSS. Most of the new features provided by CSS3 standard are implemented in modern 
Web browsers. This paper presents the implementation of geometric transformations on the Web by using CSS3 standard. The purpose of the 
developed HTML page was to give an overview of the capabilities that the CSS3 standard provides for handling geometric content on the Web. 
It has been analytically demonstrated that CSS3 as a descriptive language allows adding a variety of geometric transformations to websites, 
ensuring that the web site is visually attractive, well-designed and easy to navigate.

Keywords: web design, HTML, CSS3, geometric transformations

Sažetak: HTML (skr. od HyperText Markup Language) i CSS (skr. od Cascading Style Sheet) su dvije ključne tehnologije za izgradnju web stranica. 
HTML obezbjeđuje strukturu stranice, dok je CSS zadužen za njezin vizualni i zvučni izgled. CSS3 je najnoviji standard za CSS, koji je potpuno un-
atrag kompatibilan sa starijim verzijama CSS-a. Većina novih svojstava koje donosi CSS3 standard implementirana je u modernim web pregled-
nicima. U ovom je radu predstavljena implementacija geometrijskih transformacija na webu primjenom CSS3 standarda. Svrha kreirane HTML 
stranice bila je dati pregled sposobnosti koje CSS3 standard pruža pri rukovanju geometrijskim sadržajem na webu. Analitički je demonstrirano 
da CSS3 kao deskriptivni jezik omogućava dodavanje raznih geometrijskih transformacija na web stranice, čime se osigurava da web-sajt bude 
vizualno atraktivan, dobro osmišljen i jednostavan za navigaciju.

Ključne riječi: web-dizajn, HTML, CSS3, geometrijske transformacije

IMPLEMENTATION OF GEOMETRIC 
TRANSFORMATIONS ON THE WEB

USING CSS3 STANDARD 
 

IMPLEMENTACIJA GEOMETRIJSKIH 
TRANSFORMACIJA NA WEBU

PRIMJENOM CSS3 STANDARDA
Emir Skejić1, Dženita Vejsilović2

INTRODUCTION

In this time and age, when websites play a very im-
portant role in marketing and online sales, but also in 
all other areas of life (education, news, entertainment, 
etc.), it is important to have a site that will attract and 
retain the end user’s attention. For the appearance 
of the sites which can be seen on the Web today, 
we can give a credit to CSS, English abbreviation of 
words Cascading Style Sheets. The CSS standard 
introduced revolution to the web design world. The 
latest version of this standard, CSS3, was recom-
mended by W3C (from the World Wide Web Con-
sortium) in June 1999 and is an upgrade of previous 
versions. CSS3 is divided into modules, and each 
module has new, expanded features in relation to the 
features defined in the previous versions [1-3].
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Some of the advantages of using CSS in web design 
are:
- control of the layout/environment of multiple  

pages using only one CSS document,
-  greater precision in control of layout,
-  different layout for different types of media 

(screen, printing, etc.), and
-  many advanced and sophisticated techniques 

for shaping the appearance of the elements.

When websites already reached an admirable level of 
stylization by enhancing fonts and styles of different ele-
ments, there was a need to make the content on the page 
dynamic; for the elements to move and rotate; all for the 
purpose of making a better visual impression. In order for 
this to be achieved, CSS transformations and animations 
are used. CSS describes how HTML elements will be dis-
played on the screen, paper, or some other media.

Since the creation of HTML, there has never been 
a need for it to contain tags for the website’s style. 
However, when tags such as <font> began to be 
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used, and when in HTML 3.2. colour attributes were 
added, complications in web development have oc-
curred. The development of large websites, where 
each page needs to contain fonts and colour infor-
mation, has become a long and expensive process. 
To solve this problem, W3C creates CSS, which re-
moves page style formatting out of the HTML docu-
ment structure [4].

Style declarations are stored in an external .css file. 
With this approach, the appearance of the entire site 
can be changed by changing only one file. When a 
web browser reads a CSS document, it formats the 
HTML code according to declarations read from the 
CSS file.

CSS has been composed of a set of rules written 
within selector and declaration block [5]. The decla-
ration block contains property (attribute) and value. 
The text below illustrates an example of a declaration 
block.

h1 {
 color: blue;
 font-size: 12px;
}

- The selector is an identifier (HTML tag) that deter-
mines the HTML element to which the style is intend-
ed to be applied.
- Value describes how the web browser will present 
the element to the end user. Each attribute has a set 
of valid values, defined by formal grammar, as well as 
semantic meaning.

Setting the CSS attributes to specific values is the 
fundamental function of the CSS language. There 
are more than 100 different attributes and almost 
an infinite number of different values. However, all 
attribute-value pairs are not allowed. Each attribute 
has a defined set of allowed values. When a value, 
that is not valid for a given property, is used - the 
declaration is considered invalid and the browser 
will completely ignore it.

Today, geometric transformations on web pages 
can be effectively rendered using a CSS3 descrip-
tive web language which can be used within a sep-
arate file or can be implemented within HTML. In 
this paper, it is analytically presented that applying 
CSS3 standard enables adding a variety of geomet-
ric transformations and visual effects into web pag-
es. Following the introduction, the first chapter de-
scribes 2D geometric transformations. The second 
chapter introduces 3D geometric transformations, 
with an emphasis given to the detailed description 
of properties that play a significant role in repre-
senting objects in 3D space. The ability to incorpo-
rate geometric transformations into a website us-
ing HTML, CSS and JavaScript is presented in the 
third chapter of the paper. At the end of the work, a 

conclusion and an attachment with the code for the 
created web site are provided.

1. 2D TRANSFORMATIONS

1.1. Coordinate system

Each document displayed within a browser is in fact a 
coordinate system whose centre (0.0) is located in the up-
per left corner of the viewport. The value of x coordinate 
rises to the right, while the y value of the coordinate grows 
downward. In the case of 3D transformations, z-coordi-
nate represents the distance of the display window from 
the viewer. When it has a positive value, the object is clos-
er to the observer, and when the value of the coordinate 
decreases, the observer moves away from the object.

When the transform property is applied to the object, a 
local coordinate system is created on the object, with a 
centre in the object centre (50% width and 50% of the 
height of the object), as shown in Figure 1.

Figure 1: Local coordinate system

The centre of the coordinate system can be changed us-
ing the transform-origin property. For example, if trans-
form-origin: 50px 70px; is indicated, the centre of the 
local coordinate system is 50 pixels away from the top 
left-hand corner of the x-axis and 70 pixels per y-axis 
(Figure 2). Transformation of any point within an object is 
done in relation to the local coordinate system.

Figure 2: Change the centre of the local coordinate system of 
the element
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If you want the maximum compatibility on different 
browsers, you must not forget to use the specified pre-
fixes before each transform property. Currently, declara-
tions in the text below provide support for Internet Ex-
plorer 9 (“-ms”), Chrome and Safari (“-webkit”), Firefox 
(“-MOSS”), Opera (“-o”) and browsers that do not re-
quire a prefix, as Internet Explorer 10:
 -ms-transform: translateX(400px);
 -webkit-transform: translateX(400px);
 -moz-transform: translateX(400px);
 -o-transform: translateX(400px);
 transform: translateX(400px);

1.2. 2D translation

The translate() method moves an element from its current 
position by x and/or y axis for a specified number of centi-
metres (cm), inches (inch), em, %, or pixels (px).

The following versions of this method are used:
translateX(n) - to translate an element only by x-axis;
translateY(n) - to translate elements only by y-axis;
translate(m,n) - to translate elements simultaneously by x 
and y axis.

In the following example, the transformation translate(m,n) 
moves the element for 50px right (by x-axis) and 100px 
down (by y-axis):

div {
   -ms-transform: translate(50px,100px); /* IE9 */
   -webkit-transform: translate(50px,100px); /* Safari */
   transform: translate(50px,100px);
}

To make easier to understand how this transformation ac-
tually works, the text below lists the mathematical execu-
tion of the translation matrix.

If the transformation is:
transform:translate(50px,100px);
this means that the transformation matrix is:

Let the object to be transcribed has a width of 200px and 
a height of 120px. In this case, the edge points in relation 
to the local coordinate system of the object have the fol-
lowing coordinates: A(-100,-60), B(100,-60), C(-100,60) 
and D(100,60).

The final result is a translated rectangular, as shown in 
Figure 3.

Figure 3: 2D translation
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The transformation is applied to each edge point:
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1.3. 2D rotation

The rotate() method rotates an item clockwise (positive 
direction) or in the opposite direction of the clockwise 
direction (negative direction) for the indicated number of 
degrees.

The following example demonstrates the rotation of the 
<div> element in a positive direction for an angle of 45°.

div{
    -ms-transform:rotate(45deg);/* IE 9 */
    -webkit-transform:rotate(45deg);/*Safari*/
    transform:rotate(45deg);
}

(1)

(2)

(3)

(4)

(5)

(6)
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If the rotation of the element is desired in the negative direc-
tion, the negative value of the angle of rotation will be used.

The procedure for executing the final coordinates is sim-
ilar to the translation, except that in this case the rotation 
matrix is used in calculation, and the equation would look 
like this:
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Figure 4 shows the rectangle rotated by 45°.

Figure 4: 2D translation

1.4. 2D scaling

The scale() method increases and/or decreases the size 
of an element relative to the forwarded parameters for 
width and height.

The following versions of this method are used:
scaleX(n) - to scale the element width (by x-axis);
scaleY(n) - to scale the height of the elements (by y-axis);
scale(m,n) - for scaling and the width and height of the 
elements (simultaneously by x and y axis).

In the following example, the <div> element increases 
its width 2 times in relation to the original width, and the 
height 3 times in relation to the original height:

div{
    -ms-transform:scale(1.5, 1.5);/* IE 9 */
    -webkit-transform:scale(1.5, 1.5);/* Safari */
    transform:scale(1.5, 1.5);
}

In analogy to the above, the calculation matrix used for 
calculation is:
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Figure 5 shows an example of scaled rectangle.

Figure 5: 2D translation

1.5. 2D matrix() method

The matrix() method combines all 2D transformations into 
one transformation.

The matrix() method receives 6 parameters that allow the 
rotation, scaling, translation, and skewing to be performed 
over the element:

div{
-ms-transform:matrix(0.9, -0.05, -0.375, 1.375, 220, 
20);/* IE 9 */
-webkit-transform:matrix(0.9, -0.05, -0.375, 1.375, 220, 
20);/* Safari */
transform:matrix(0.9, -0.05, -0.375, 1.375, 220, 20);
}

When the browser executes the transformation transform: 
matrix(a, b, c, d, e, f ); it multiplies each point of the ele-
ment with a matrix:

















100
fdb
eca

which is for a given example:

If now this transformation is applied to the points of the 
considered rectangle, the effect will be as in Figure 6.
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Figure 6: The usage of the matrix() method

This method is good from the performance point of view, 
because matrix multiplication is performed only once for 
applying more different transformations to an element. 
However, the basic disadvantage is that the user must, 
in order to determine the desired parameters, multiply the 
transformation matrices in the desired order itself.

1.6. Multiple transformations

Each time transformation is applied to an element, its co-
ordinate system is also transformed. Therefore, the order 
of transformations is very important.

For example, let say it is given:
transform:rotate(45deg)translate(200px);
transform:translate(200px) rotate(45deg);

Using the above operations, two completely different 
transformed elements are obtained, as shown in Figure 7:

Figure 7: Multiple transformations

2. 3D TRANSFORMATIONS

Basic transformations in 3D are essentially an extension of 
the 2D transformations concept. However, there are some 
differences. Therefore, this section will provide detailed 
description of the properties that are of great importance 
when it comes to representing objects in 3D space [6].

2.1. Perspective

In order to give depth to the space, the perspective() 
property must be introduced and used. The perspective 
is actually the distance from the point z=0 to the observer. 
It can be defined in 2 ways:

transform: perspective(600px) or

perspective: 600px;

In the first instance, the perspective is given only to the 
specified element, while by applying the second mode 
the perspective it is given to all elements-children of the 
mentioned selector. The second way is mostly used to 
achieve the 3D space experience. Elements, for which 
the value of the perspective parameter is greater than 
zero (z > 0), become larger, while the elements with 
z <0 become smaller, i.e. they are more distant from the 
viewer. Part of the 3D element that is behind the viewer 
will not be displayed, when the coordinate of the element 
is greater than the value of the perspective of the element.

2.2. Perspective origin property

This property defines the position of the observer in re-
lation to the local coordinate system of the object. This 
point is by default positioned in the centre of the element, 
i.e. it is the point (0,0) of the local coordinate system of the 
element, or the perspective-origin(50%, 50%).

perspective-origin-x() – the position of the observer in re-
lation to the object on the x-axis;
perspective-origin-y() – the position of the observer in re-
lation to the object on the y-axis.

2.3. Backface visibility property

The backface-visibility() property defines whether the item 
is completely visible or not, when it is in the frontal posi-
tion (front) in relation to the observer. This feature is useful 
when we want to determine the visibility of element’s back 
(reverse) after applying rotation.

In Figure 8, we can see the usage of visibility properties on 
the cube with differently coloured pages.
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Figure 8: Application of different attribute values to a 3D object

Just as 2D transformations can be represented by ma-
trices, so 3D transformations can be written in the corre-
sponding matrix form. 3x3 linear transformation matrices 
in 3D space are represented by 4x4 matrices.

2.4. 3D translation

The translate3d(x, y, z) method translates elements along 
x, y, and z axes, for the values of the parameters specified 
in parentheses [7]. In addition to this method, individual 
methods for translating by particular axes can be used:

transform:translateX(dx);shortened from 
transform:translate3d(dx,0,0);
transform:translateY(dy); shortened from 
transform:translate3d(0,dy,0);
transform:translateZ(dz); shortened from 
transform:translate3d(0,0,dz);

The translation matrix reads:
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Figure 9 illustrates the result of the translation of the cube 
along all three axes using transform:translate3d(40px-
,20px,50px);

Figure 9: 3D translation

2.5. 3D scaling

The scale3d (x, y, z) method scales the element by x, y 
and z axis [8]. The input value serves as a multiplier of 
the existing value. This method modifies the size of the 
element. As the passed parameter is a vector, different di-
mensions can be scaled to different values. The transfor-
mation is characterized by a vector which tells how much 
the element is scaled and by which axis transformation is 
being performed.

In addition to this method, separate methods for scaling 
by individual axes can be used:

transform:scaleX(Sx);shortened from 
transform:scale3d(Sx,1,1);
transform:scaleY(Sy); shortened from
transform:scale3d(1,Sy,1);
transform:scaleZ(Sz); shortened from
transform:scale3d(1,1,Sz);

The scaling matrix looks:
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In Figure 10, the scaling result along the three axes is pre-
sented using method transform:scale3d(1.5,0.5,2);

Figure 10: 3D translation

2.6. 3D rotation

The rotate3d(x, y, z, deg) method defines a transforma-
tion that rotates an element around fixed axis without de-
forming it [9]. The rotation angle is defined by the input 
parameter, and if it is positive, the rotation is done in the 
clockwise direction, otherwise it is done in the opposite of 
clockwise direction.

The previous method allows the element’s rotation around 
an arbitrary axis that does not have to pass through a 
coordinate centre. The rotation axis is determined by the 
normalized values of the first three parameters. In addition 
to this method, methods for rotating around particular co-
ordinate axes can be used:

(11)

(12)
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transform:rotateX(a); - shortened from 
transform:rotate3d(1,0,0,a);
transform:rotateY(a);- shortened from 
transform:rotate3d(0,1,0,a);
transform:rotateZ(a); - shortened from
transform:rotate3d(0,0,1,a);

The rotation matrices around x, y, and z-axis, respectively, 
read:
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3. EXAMPLE

A static HTML page was created in order to demonstrate 
practical usage of the previously described CSS3 trans-
formations. The following technologies have been used to 
build this site:

- HTML – HyperText Markup Language is a presenta-
tion language for creating web pages used to create 
the elements, the basic structure and page layout;

- CSS – Cascade Style Sheet, a style sheet lan-
guage that allows you to give the proper look to 
the elements and perform the necessary transfor-
mations [7];

- JavaScript – a programming language that serves 
to manipulate the elements on the client side, after 
the web page is loaded. In this paper, it has been 
used to change displayed CSS selectors and apply 
different properties over them.

At the beginning, a cube is displayed, with the backface 
visibility feature turned on, which can be seen in Figure 
12.

Figure 12: Elements arranged in the shape of a cube, backface 
visibility set to value ‘visible’
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If a user wants rotation around all three axes within one 
property, he must create an appropriate matrix for this 
purpose. Method rotate3d (x, y, z, α) presents the com-
position of the rotation matrix around the x axis, then y 
axis, and then around z-axis. When these matrices are 
correspondingly multiplied, it is obtained:
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In Figure 11, a rotation result is presented using 
property transform:rotate3d(2,0.5,1,45deg);

Figure 11: 3D rotation

2.7. Method matrix3D()

The transformation resulting from the linear transforma-
tions composition can be realized by a matrix equal to the 
product of the matrix of the observed transformations in 
the composition. Matrix multiplication, and therefore the 
composition of linear transformations, is associative, but 
not commutative. So, for example, instead of writing:

transform: rotate3d(1, 0, 1, 45deg) translate3d(24px, 
25px, 100px);

these two transformations can be written as one using the 
matrix3d() property:

transform:matrix3d(0.85, 0.49, 0.15, 0, -0.49, 0.70, 
0.49, 0, 0.15, -0.49, 0.85, 0, 22.63, -20.32, 101-37, 1);

(13)

(14)

(15)

(16)

(17)
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In addition to the option of changing the shape of the 
main element (cube/ring), it is also possible to turn off the 
transparency of the element, i.e. that only elements that at 
a given moment face the user can be seen on the screen 
[10], [11]. This effect is achieved if the backface-visibility 
is turned off, and the ring then gets the appearance in 
Figure 14.

Figure 14: Elements arranged in the form of a ring, background 
visibility turned off

To create such an application, it was first necessary to 

create the appropriate HTML structure:

<div class="controls">
<h1>Animations, Transitions and 3D Transforms</h1>
<p>Click Toggle Shape to switch between nested cubes 
and one big ring.</p>
<p>Toggle the Backfaces Visible checkbox to turn back-
faces on and off using <code>-webkit-backface-visibili-
ty</code>.</p>
<div><button onclick="toggleShape()">Toggle 
Shape</button>
</div>

<div><input type="checkbox" id="backfaces" on-
click="toggleBackfaces()" checked>
<label for="backfaces">Backfaces visible</label></
div>
</div>
<div id="container">
<div id="stage">
<div id="shape" class="cube backfaces">
<div class="plane one">1</div>
<div class="plane two">2</div>
<div class="plane three">3</div>
<div class="plane four">4</div>
<div class="plane five">5</div>
<div class="plane six">6</div>
<div class="plane seven">7</div>
<div class="plane eight">8</div>
<div class="plane nine">9</div>
<div class="plane ten">10</div>
<div class="planeeleven">11</div>
<div class="planetwelve">12</div>
</div>
</div>
</div>

After the necessary elements were created, it was needed 
to put them in the right position and add them an ani-
mation which allows constant rotation, therefore CSS lan-
guage was used. The code for this application segment is 
listed in the Appendix.

Finally, any changes that are made on client site (each 
click on a particular button/option) are defined using the 
Java Script programming language:

<script type="text/javascript" charset="utf-8">
function toggleShape()
{
      var shape = $('#shape);
shape.toggleClass(‘ring’);
shape.toggleClass('cube');
} 

function toggleBackfaces()
{
      var shape = $('#shape);
shape.toggleClass(‘backfaces’);
}
</script>

The cube is presented as a combination of rotated and 
translated squares. Also, one small cube can be seen 
inside the main cube. Both cubes have a certain value 
of the backface-visibility attribute in order to better illus-
trate content that their pages are hiding. By clicking the 
Change shape button, the transformation of the elements 
gives the shape of the ring, as shown in Figure 13.

Figure 13: Elements arranged in the form of a ring, background 
visibility applied
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4. CONCLUSION

Within this paper, the CSS language concepts and its role 
in the development of websites were analysed. A detailed 
description of the way CSS transformations work is given. 
An example of the created web page presents some of 
the basic advantages of using CSS3 standards, such as 
simplicity, platform independence, easy way of change, 
rapid development, etc. The most important feature of 
CSS3 standard is the ability to improve the appearance of 
the website through the simple integration of 2D and 3D 
images, animations, and videos into web content.

The disadvantage of using CSS transformations on the 
web is that CSS transformations are still in the experimen-
tal phase, and therefore require a usage of vendor prefix-
es in order to enable proper work on different browsers. 
Consequently, if you want to have cross-browser appli-
cations, it is necessary to constantly check the vendor 
prefixes and test the application on different browsers. 

Today there are many incentives to add vendor prefixes. 
There are tools that allow developers to “paste” their own 
CSS code and get the code with the necessary vendor 
prefixes, which can then be added to a specific file. Also, 
there are many free scripts or plug-ins in the form of Ja-
vaScript files, which after being included in the code, after 
page loading, create new CSS files with specified vendor 
prefixes from the existing ones. However, this is not an 
ideal solution because it slows down the page loading 
process, and the problem remains with the inline and em-
bedded CSS code (code written within the style attributes 
and style tags in HTML files), because that code won’t be 
changed after the script’s execution, since it is not explic-
itly written in a separate CSS file.

Based on all of the above, it can be concluded that the 
advantages of CSS3 standard prevail over its shortcom-
ings. In this paper, it has been analytically demonstrated 
that CSS3 as a descriptive language allows the addition of 
various geometric transformations to web pages. Also, it 
is given an overview of the features this standard provides 
when handling geometric content. The designer is able to 
create simple, rich media content pages that are quickly 
loaded and have an impressive look. So if a web develop-
er wants to make the website look more attractive, CSS3 
transformations are the right choice. The next step in ana-
lytical scientific research is the comparative study of CSS3 
features for presenting more complex geometric shapes 
and improving presentation in different web browsers.

ANNEX

#container {
      -webkit-perspective: 800; 
      -webkit-perspective-origin: 50% 225px;
}

#stage {
      -webkit-transition: -webkit-transform 2s;
      -webkit-transform-style: preserve-3d;
}

#shape {
      position: relative;
      top: 120px;
      height: 200px;
      width: 200px;
      -webkit-transform-style: preserve-3d;
-webkit-animation: spin 8s infinite linear;
}

.plane {
      position: absolute;
      height: 200px;
      width: 200px;
      border: 1px solid white;
      -webkit-border-radius: 12px;
      text-align: center;
      font-size: 124pt;
      color: black;
      background-color: rgba(195,144,148,0.5);
      -webkit-transition: -webkit-transform 2s, opacity 2s;
      -webkit-backface-visibility: hidden;
}

#shape.backfaces .plane {
      -webkit-backface-visibility: visible;
}

#shape  {
      -webkit-animation: spin 8s infinite linear;
}

#shape.ring{
 -webkit-animation: spin 15s infinite linear;
}

@-webkit-keyframes spin {
      from { -webkit-transform: rotateY(0); }
      to   { -webkit-transform: rotateY(-360deg); }
 }

 /* ---------- cube ------------- */

.cube> .one {
      -webkit-transform: scale3d(1.2, 1.2, 1.2)   rotateX(-
90deg) translateZ(100px);
}
 .cube> .two {
      -webkit-transform: scale3d(1.2, 1.2, 1.2) transla-
teZ(100px);
}
 .cube> .three {
            -webkit-transform: scale3d(1.2, 1.2, 1.2) rotateY(-
90deg) translateZ(100px);
}
 .cube> .four {
      -webkit-transform: scale3d(1.2, 1.2, 1.2) rotateY(-
180deg) translateZ(100px);
}
.cube> .five {
      -webkit-transform: scale3d(1.2, 1.2, 1.2) rotat-
eY(-90deg) translateZ(100px);
}
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.ring> .eleven {
      -webkit-transform: rotateY(300deg) translateZ(380px);
}
.ring> .twelve {
      -webkit-transform: rotateY(330deg) translateZ(380px);
}
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.cube> .six {
      -webkit-transform: scale3d(1.2, 1.2, 1.2) rota-
teX(-90deg) translateZ(100px) rotate(180deg);
}
 .cube> .seven {
      -webkit-transform: scale3d(0.8, 0.8, 0.8) rotateX(-
90deg) translateZ(100px) rotate(180deg);
 }
 .cube> .eight {
      -webkit-transform: scale3d(0.8, 0.8, 0.8) transla-
teZ(100px);
 }
 .cube> .nine {
      -webkit-transform: scale3d(0.8, 0.8, 0.8) rotateY(-
90deg) translateZ(100px);
 }
 .cube> .ten {
      -webkit-transform: scale3d(0.8, 0.8, 0.8) rotateY(-
180deg) translateZ(100px);
 }
 .cube>.elven {
      -webkit-transform: scale3d(0.8, 0.8, 0.8) rotat-
eY(-90deg) translateZ(100px);
 }
 .cube> .twelve {
      -webkit-transform: scale3d(0.8, 0.8, 0.8) rota-
teX(-90deg) translateZ(100px);
 }

/* ---------- ring ------------- */
 .ring> .one {
      -webkit-transform: translateZ(380px);
 }
 .ring> .two {
      -webkit-transform: rotateY(30deg) translateZ(380px);
 }
 .ring> .three {
      -webkit-transform: rotateY(60deg) translateZ(380px);
 }
  .ring> .four {
      -webkit-transform: rotateY(90deg) translateZ(380px);
 }
 .ring> .five {
      -webkit-transform: rotateY(120deg) translateZ(380px);
}
 .ring> .six {
      -webkit-transform: rotateY(150deg) translateZ(380px);
}
 .ring> .seven {
      -webkit-transform: rotateY(180deg) translateZ(380px);
}
.ring>.eight {
      -webkit-transform: rotateY(210deg) translateZ(380px);
}
.ring> .nine {
      -webkit-transform: rotateY(-120deg) translateZ(380px);
}
.ring> .ten {
      -webkit-transform: rotateY(-90deg) translateZ(380px);
}
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Abstract: The paper describes the project and design features of the refurbished and old generators as well as generator design and its 
main components. Technical data of old and refurbished generators such as temperature rise of active parts, excitation data, reactance 
and resistance of armature and field windings, power loss data, and generator efficiency are given.

In spite of output increasing by 10 MVA, the power losses on refurbished generators are lower than on the old generators by 478.5 kW, 
excluding bearings losses. Also, the temperature rise is lower on refurbished generators, even at maximum continuous load, which is by 
21 MVA, or 23.3%, higher than the previous.

Keywords: refurbishment, synchronous generator, power losses, generator efficiency, reactances

Sažetak: U radu su opisane projektne i konstrukcijske značajke revitaliziranih i starih generatora te konstrukcija generatora i njegovih 
glavnih dijelova. Dati su osnovni tehnički podaci starih i revitaliziranih generatora kao što su podaci o zagrijavanju aktivnih dijelova, uz-
budni podaci, reaktancije i otpori armaturnog i uzbudnog namota, podaci o gubicima i korisnosti generatora.

Unatoč povećanoj snazi za 10 MVA, gubici snage na revitaliziranim generatorima bez gubitaka u ležajima, su manji u odnosu na stare 
generatore za 478,5 kW. Također, i zagrijavanja su manja, čak i kod maksimalnog kontinuiranog opterećenja, što je za 21 MVA, za 23,3 
%, veća snaga od prijašnje.

Ključne riječi: revitalizacija, sinkroni generator, gubici snage generatora, korisnost, reaktancije

REFURBISHMENT OF GENERATORS IN RAMA HPP  

REVITALIZACIJA GENERATORA U HE RAMA
Zoran Milojković1, Mario Brčić1, Ivan Brizar2, Ante Marušić2, Ivan Papak2, Vinko Tomas3

INTRODUCTION

Hydro Power Plant Rama is the largest plant in the Neretva 
- Rama system and the largest in the power system of JP 
Elektroprivreda HZ Herceg Bosna d.d. Mostar. Its con-
struction started in 1964 and was completed and com-
missioned in 1968. The plant is an accumulation-derivation 
type and uses the waters of the Rama River at a fall of 
325 m. The engine room is located underground, together 
with a transformer cavern, an access and drainage tunnel 
of approximately 560 m long. Two main aggregates and 
a household aggregate are placed into the engine room. 
The main aggregates are vertical design, comprising The 
main aggregates (two units) are vertical design, comprising 
Francis turbine (turbine T1: type F2.75/100-15/ 81, power 
output 78.8 MW, water had 285 m, water flow 32 m3/s, 
rated speed 375 min-1; turbine T2: type FvT-1.96/100-17; 
power output 95.7 MW, water had 293.61 m, water flow 
35.2 m3/s, rated speed 375 min-1), and two identical three-
phase synchronous generators, type S 4,758-16, rated 
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output 100 MVA, (111 MVA as MCR – maximum continu-
ous rating)), voltage 15.65 +10%/-5% kV, rated speed 375 
min-1, and frequency 50 Hz). The total installed power of 
the previous two units in HPP Rama was 160 MW (2×80 
MW), before refurbishment, and the average annual pro-
duction was 650 GWh.

The refurbishment of the generator started in 2011. For-
ty-five years since the old generator had been in opera-
tion, the first refurbished generator was commissioned at 
the end of 2013. At the end of 2014, the second refur-
bished generator was commissioned.

The power of the old generators was 90 MVA and the power 
refurbished was 100 MVA (MCR 111 MVA). Rated speed of 
rotation remained unchanged at 375 min-1 as well as 15.65 
kV voltage, voltage regulation + 10%/-5%, frequency 50 Hz, 
cos φ = 0.9, runaway speed at 660 min-1, and a flywheel 
effect 1560 tm2.

Old excitation systems (main and auxiliary exciter and 
generator with permanent magnets for speed control and 
amplidine drive) were replaced by static thyristor type ex-
citation system in 1996, which were upgraded during re-
furbishment of HE Rama (2013-2014). At the same time, 
in 1996, the electric braking system of the generator was 
installed.
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Old excitation systems (main and auxiliary exciter and 
generator with permanent magnets for speed control and 
amplidine drive) were replaced by static thyristor type ex-
citation system in 1996, which were upgraded during re-
furbishment of HE Rama (2013-2014). At the same time, 
in 1996, the electric braking system of the generator was 
installed.

1. REFURBISHMENT SCOPE

The scope of the contract was refurbishment of the tur-
bines, generators and online monitoring of aggregates 
and new step-up transformers of 111 MVA each. The 
contracted scope of deliveries and works includes the 
design of contracted equipment, the production of tur-
bine models, the manufacture of new equipment, the 
dismantling of old equipment with repair and refurbish-
ment of individual parts in the factory, delivery and in-
stallation of old and new equipment in the power plant, 
testing and commissioning, trial run in duration of two 
months, guarantee period of two years with two inspec-
tions of each aggregate.

As part of the refurbishment of the generators, complete 
stators were replaced with new ones. After the NDT tests 
have been carried out, replacement of the upper and low-
er brackets has been agreed. The existing poles of both 
rotors, including the pole windings have been retained. 
The pole windings were pre-insulated with modern insu-
lating materials with the application of modern technol-
ogy. Other parts on the rotors were retained. Along with 
the minor modernisation of the existing fan rings, new fan 
blades are installed on it. The size and shape of the blades 
differ from the previous ones on the old generators. There 
were 51 blades on each fan of the old generators, while 
59 small blades were built on refurbished fans.

The reconstruction of the upper combined, thrust and 
guide bearing was done on both generators. On the 
thrust bearing, new segments, 9 pcs, have been built 
with new supports and segment fixing brackets. There 
were 12 segments on the old generators. Recasting of 
the 12 existing segments was carried out. A new sup-
port for guide segments has been installed. All new 
seals are installed. The finishing of the bearing collar was 
carried out and the height of the oil pot was increased. 
Complete new cooling system was installed, including oil 
coolers that are located outside the bearing.

The complete system for high pressure lubrication on 
both generators was replaced by a new one.

In the lower guide bearing, on both generators, recasting 
of 12 existing guide segments was carried out. A new 
reservoir, a new cooling system, including an oil cooler, 
was built in.

On the generator - turbine coupling flange, on both 
generators, the existing holes were reamed to the 
first clean dimension and the installation of new bolts 
hydraulic clamping.

A new oil vapour drainage system was installed on both gen-
erators, which is used for both bearings, and a new oil filling 
and discharge device that is also used for both bearings.

The cooling system of both generators was reconstructed 
by installing thermo-regulating valves on the cooling sys-
tems of the bearings and the electromotor control valve 
on the generator cooling system.

On both generators, new instruments and devices for 
controlling and monitoring bearings were installed on both 
bearings.

On both generators, an on-line monitoring system is 
installed.

2. SHORT DESCRIPTION OF GENERATOR DESIGN

Generators are designed for direct, rigid coupling with 
vertical FRANCIS turbines. Generators are suspended 
design form (IM 8425, IEC60034-7), with a combined 
(thrust and guide) bearing above and a guide bearing be-
low the rotor. The generator lay out is shown in Figure 1.

The generator rotor consists of a single-piece shaft, rotor 
spider, rotor core, which is made as a package from the 
laminated segment sheets on the principle of the chain 
ring, the brake ring, the poles with a field and damping 
winding and the fans. At the lower part of the shaft there 
is a flange, made as an integral part of the shaft, intend-
ed for the connection with the appropriate flange on the 
turbine shaft. On the upper part of the generator shaft 
with a rigid connection, the shaft extension is provided 
for the installation of parts of the slip ring device. The slip 
ring device serves to power the generator’s field wind-
ing and consists of slip rings, brushes, brush holders and 
parts for their attachment and to the power supply of the 
field winding. The slip ring device is housed in a separate 
housing, ventilated by a separate fan.

The stator is fixed by bolts to existing base blocks (base 
plates) built into concrete that are further fastened with 
anchor bolts into primary concrete. On the upper side of 
the stator frame, the upper bracket is fixed on which the 
upper cover and the slip ring cap are supported. In the 
central part of the upper bracket, the upper combined 
bearing is placed.

The lower bracket is supported by the arms on the base 
blocks embedded in secondary concrete. The lower gen-
erator guide bearing is placed in the central part of the 
lower bracket. Generator brakes are placed on the lower 
bracket arms. 
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Figure 1: Generator longitudinal section 100 MVA, 15.65 kV,  +10%/-5%, 50 Hz, p.f. = 0.9, 375 rpm/ 660 rpm

Ventilation and cooling of the generator active parts is 
achieved by circulating the cooling air in the closed circuit. 
The air circulation is ensured by ventilation acting of the 
rotor (rotor, wheel and pole) and two fans, one mounted 
on each side of the rotor.

The generator is placed in a concrete barrel, on the up-
per and lower sides closed with the top and bottom cov-
er. The bottom cover, which is located below the lower 
bracket, closes the generator space towards the turbine 
compartment.

3. PRESENTATION OF IMPLEMENTING PROJECT   
 SOLUTIONS

In the process of designing of the refurbished genera-
tors, in the first step, the design of the old generators 
was analysed, their characteristics and operation experi-
ence during their utilization. Since the certain assemblies 

are retained and that some are replaced by new ones, 
all new assemblies should be adapted to parts and 
assemblies that will continue to be used. Also, all new 
parts and generator assemblies should be adapted to 
the civil structure and its conditions and to conditions on 
the delivery interfaces. New assemblies and generators 
as a whole should meet all requirements set out in the 
technical specifications of the tender documentation. 
While in the new generators there is complete freedom 
in the choice of main dimensions, in the refurbishment 
of existing generators this freedom is limited in all these 
aspects. Refurbishment from the aspect of choice of 
technical solutions and their economic valorisation is de-
scribed in [1]-[3]. In principle, if it is not necessary, the 
aim is to not change anything on the building.

Despite of the increase in power output compared to the 
old generators, from 90 to 100 MVA of rated output, or 
to 111 MVA of maximum continuous rating (MCR), the 
design of the generator frame and lower bracket enabled 
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them to be installed on existing foundations. To allow the 
stator to be installed on existing foundations, the outer 
diameter of the stator core remained the same as on the 
old generators, 4750 mm. The internal diameter of the old 
generators was 4000 mm and the refurbished 3991 mm 
because the air gap was reduced by 4.5 mm, it was 36 
mm and now it is 31.5 mm. The core height is the same 
as the previous 2300 mm. On the old generators, the ef-
fective length of the iron was 1930 mm, and on the refur-
bished generators of 2013 mm, which is 4.3% larger the 
effective length of the old core. Therefore, it is expected 
that, with this title, the induction in some parts of the mag-
netic circuit will be less by 4.3%, and the losses in the iron, 
with only that title, will be less 8.8%. Even if the iron space 
factor is added to the old generators, due to the greater 
thickness of sheet insulation and the worse flatness, less 
than 2% then iron losses, with the same specific loss-
es, are lower by 13.2%. On old generators, DL 37 has 
a specific loss of 3.7 W/kg, while refurbished generators 
are 2.5 W/kg, 22.5% lower specific losses. Altogether, 
iron losses on old generators are about 115.5%, or 2.155 
times higher than on refurbished generators. Having this 
in mind, as well as the changed winding diagram, and the 
larger cross section of the stator winding conductor, as 
will be more mentioned below, it is reasonable to choose 
a smaller number of coolant ducts in the stator core, 36 
compared to the previous 37 and smaller duct widths, 8 
mm compared to the previous 10 mm.

The poles are retained existing including the pole wind-
ing coil. The pole winding is reinsulated with modern 
insulating materials, and modern technology is used 
(pre-insulation and installation on existing poles).

There was effectively no freedom in selecting the stator 
winding slot number, because the existing poles with 
the existing damping winding were retained. Thus, the 
existing number of slots has been retained. For the 
number of slots 258, due to the possibility of matching 
the segmented sheets and to adjusted number of sta-
tor core key-bars to the number of segmental sheets 
in one layer, by means of which the stator sheets of 
the stator core to be fixed to the frame, all three stator 
segments are not completely identical in dimensions.

One segment differs from the other two. So it was on 
old generators.

The old generator winding diagram was analysed as 
well as possible diagrams with the same number of 
slots. After that, it came to the conclusion that the di-
agram needs to be changed because better generator 
characteristics are obtained.

An old stator winding diagram is based on a wave, 
two layers bar type. The winding pitch is on the drive 
side y1=16, on the non-drive side y2=16. The winding 
sequence relatively good damping of the 5th and 7th 
harmonics, the winding pitch should be approximate-
ly 85% of the pole pitch (for total damping of the 5th 
harmonic, the winding pitch should be 4/5, and for 

the 7th harmonic should be 6/7). Winding spread fac-
tor according to the diagram of the old generators of 
the base harmonic is smaller than for the diagram with 
equal and fixed phase zones, 60° el., but due to the 
variable phase zones it is smaller and is 0.934635, 
the spread factor of the 5th harmonic is 0.285148, 7th 
harmonic is 0.12517, 11th harmonic is 0.115776, 13th 
harmonic is 0.05583, etc. The winding pitch factor of 
all the first is 83747383. This sequence is repeated 6 
times. This means that the first 8 slots belong to phase 
A, conditional to the north pole, the other three slots 
belong to phase C’ (phase C to the north pole) followed 
by 7 slots of phase B (north pole), 4 slots of phase A’ 
(phase A under the south pole) 7 slots of phase C (un-
der the south pole), 3 slots of phase B’ (Phase B under 
the south pole), 8 slots of phase A and 3 slots of phase 
C’. For the aforementioned winding sequence, the fact 
that in the groups of coils whose slots are greater than 
6 indicates that the phase zone extends beyond 60 de-
grees el., whereas in the groups of coils whose slots 
are smaller than the 5, phase zone narrows to less than 
60 degrees el. Due to limited space, it is not possible to 
show a complete winding diagram.

We assume that this kind of winding sequence, extending 
or narrowing of certain phase zones or their overlapping, 
has resulted in the reduction of the number of connec-
tion bus-bars, which are only two and are relatively short 
lengths of 14 slots.

Since the pitch of y1 is very close to the pole pitch 16 
1/8, damping of the higher harmonics is very weak. For 
a 11 harmonics is greater than 0.99, only the 13th har-
monic is 0.9875. The winding factor for basic harmonic is 
0.934566, the 5th harmonic is 0.284606, the 7th harmonic 
is -0.12307, the 11th harmonic is -0.11473, the 13th har-
monic is 0.055634, etc.

The refurbished generator winding diagram is based 
on the winding sequence 65655655 and with the fixed 
and equal distribution of phase zones 60° el. The wind-
ing step is on the drive side y1=15, on the side of the 
joints y2=17. And by this diagram, the connection bus-
bars are also two per phase and also of relatively short 
lengths of 16 slot pitches.

The spread winding factor of the base harmonic, for 
the refurbished generator winding diagram is 0.955, 
the pitch factor 0.994, the total winding factor 0.9492. 
Spread winding factor for 5th harmonic is 0.1911, 7th 
harmonic is - 0.0137, 11th harmonic is - 0.087, 13th har-
monic is 0.0738.

The winding factor for 5th harmonic is 0.1631, 7th 
harmonic is 0.0983, 11th harmonic is 0.0311, 13th 
harmonica is 0.0107 etc.

From the presentation of the winding factor of the base 
and the higher harmonics, with the changed winding 
diagram, significant contribution to the improvement of 
generator characteristics is visible. The basic harmonic 
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winding factor is higher in refurbished generators for 
0.9492/0.934566, i.e. 1.57%. From this aspect, there 
was a bigger induction in all parts of the magnetic cir-
cuit on old generators for the same percentage. This 
means that there are larger excitation currents for a va-
riety of service conditions. Due to the iron saturation 
of the magnetic circuit, the increase in the excitation 
current is higher by more than 1.57%. Let’s say, if the 
induction in the stator core tooth of refurbished gener-
ators is 1.95 T, in the old is 1.98 T. The increase of the 
magneto motive force (increase in magnetic force drop) 
in the tooth will be due to the reduced winding factor by 
26% (290 vs. 230 A/cm). Due to higher induction, older 
generators have higher losses in iron and in copper of 
the field winding.

The winding factors of all the higher harmonics on older 
generators are higher than those on refurbished ones; 
5th harmonic by 74.5%, 7th by 25.2%, 11th by 267%, 
13th by 422% etc. These considerably larger of high-
er harmonics affect to generator losses and generator 
voltage wave shape. Losses in iron, and also in copper 
of stator windings due to considerably larger of higher 
harmonics are considerably higher in old ones than in 
refurbished ones. This can be seen from the data on 
additional losses in copper and iron. The voltage wave 
shape on older generators shows a greater deviation 
than ideal sinusoids than on refurbished generators, 
THD factor, THF factor and deviation factor are consid-
erably higher than on refurbished generator.

The cross section of the stator winding copper was in-
creased from the previous 497 mm2 to 583 mm2, an 
increase of 17.3%. The stator winding resistance on 
the old generators was 6.3 mΩ, and the refurbished 
5.05 mΩ, which is a 20% reduction. In the same value, 
will be reduced losses in copper, count for DC current 
at the same load. Due to the larger cross-section of the 
strands in the stator winding bars on the old genera-
tors compared to the cross section of copper strands 
on the refurbished generators, additional losses in the 
stator winding copper on older generators are higher 
than those on the refurbished, 44.6 kW on the old, 22.4 
kW on the refurbished at same power output - 90 MVA. 
So the stray load copper losses are cut by a half at the 
same output.

On the existing fan rings, with new adapters, new fan 
blades were installed. The size and shape of blades 
differs from blades on the old generators. On the old 
generators 51 blades were built on each fan, and on 
refurbished there were built 59 smaller blades. By this 
reconstruction of the fans, ventilation losses have been 
reduced, while the effect of cooling is increased, as will 
be seen in the text below.

The reconstruction of the upper combined, thrust and 
guide, bearing was carried out. On the thrust bearing, 
new segments, 9 pcs, have been built with new sup-
ports and segments fixing brackets. There were 12 
segments on the old generators. Recasting of the 12 

existing segments was carried out in the upper guide 
bearing. A new support for guide segments has been 
installed. All new seals are installed. Machining of the 
bearing collar was carried out and the height of the oil 
pot was increased. A completely new cooling system is 
installed, including oil coolers that are located outside 
the bearing.

The complete system for high pressure lubrication has 
been replaced by a new one.

In the lower guide bearing, recasting of 12 existing 
guide segments was carried out. A new oil reservoir, a 
new cooling system, including an oil cooler, was built in.

A new oil vapour discharge system is installed, which 
is used for both bearings, and a new oil filling and dis-
charge device that is also used for both bearings.

On both bearings new instruments and devices have 
been installed in purpose to control and monitor the 
bearings operation.

In addition to renewing of worn out of bearing white 
metal by new bearing design it is possible to change 
the bearing segments without bearing disassembly, and 
lowering of the bearing temperature, reducing cooling 
water consumption, and preventing oil leakage.

4. PROJECT FEATURES OF THE GENERATOR

After all analyses, the calculated values of the charac-
teristic features of the refurbished generator have been 
shown in Table I; magnetic induction for partial parts of 
the magnetic circuit, electric load, A/m, on stator bore, 
output coefficient – defined as volume utilization, KVA/
(m3×rpm) (Essons’ constant), Carter’ factor and current 
density in armature and field windings .The design data 
of excitation currents for no-load, short-circuit, rated 
load and load with voltage regulation, current density, 
reactance, resistances, time constants, losses, gener-
ator efficiency, ventilation and thermal calculation data 
obtained by analytical model are given in item 5 where 
they are compared with measured data and data mea-
sured on the old generators.

Figure 2 shows the no-load, short circuit and regulation 
characteristics, Figure 3 shows V-curves, and Figure 
4 shows generator capability diagram. Figure 5 shows 
efficiency curves based on calculated generator losses.

According to the generator thermal calculation results in 
all operation modes, the variation of the voltage +10% 
/-5% and the frequency of ±2% are within the thermal 
class B limits. According to the technical specifications 
of the tender documentation, nominal load permits the 
thermal of 80 K for stator and 90 K for rotor, and at the 
rated power with the voltage regulation of 90 K for sta-
tor and 100 K for rotor.
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Winding factors for basic harmonic (Spread / Pitch / Total) 0.955 / 0.994 / 0.9492

The basic harmonic magn. induction in the air gap, NL / RL / REGmax (T) 0.882 / 0.913 / 0.999

Magnetic induction in the air gap, NL / RL / REGmax (T) 0.768 / 0.794 / 0.867

The current stator line density on the stator bore RL (A/mm) 75.91

Volume utilization, (Esson’s constant), (KVA/(m3×rpm)) 7.279

Rotor peripheral  speed - rated / runaway (m/s) 77.1 / 135.7

Carter’s factor (Total) 1.058

Magn. induction in the stator tooth, NL / RL / REGmax (T) – at 1/3 of the tooth height (T) 1.58 / 1.689 / 1.919

Magnetic induction in the stator yoke, NL / RL / REGmax (T) 1.207 / 1.285 / 1.398

Magnetic induction in the rotor pole, NL / RL / REGmax (T) 1.42 / 1.69 / 1.812

Stator winding current density, NL / RL / REGmax (A/mm2) - / 3.16 / 3.4

Stator winding current density, NL / RL / REGmax (A/mm2) 1.56 / 2.94 / 3.07

 NL – No-Load, RL – Rated load, REGmax – Maximum values for voltage regulation

Table I: Characteristic values of the refurbished generator executable project

Figure 2: Design of no-load, short circuit and regulation characteristics

Figure 3: V - Curves
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Figure 4: Capability diagram for rated power, rated voltage and rated p.f.

Figure 5: Efficiency curve with calculated generator losses

5. COMPARISON MEASURED AND DESIGN VALUES

Heat runtests were performed on several occasions. In this 
paper data on the generator 1 of the tests performed on 
18.10.2013 and on the generator 2 of 10.12.2014 is given.

Load data of the old generator G1 at which the heat run 
test was heat run, protocol of 08.10.1971: 82 MW, 40 
MVAr, 3.3 kA, 15,7 kV, excitation current 1170 A.

The load data at which the heat run was test was per-
formed on generator 1: 100.2 MVA, 86.77 MW, 50.23 
MVAr, 16570 V, 3465.4 A, cosφ = 0.863 and on generator 
2: 110.4 MVA, 100, 9 MW, 43.6 MVAr, 16550 V, 3836.9 A, 
cosφ=0.908. Measured values are given in Table II. Based 
on the heat-run test for said load, the temperature rise 
of the field winding in all operation regimes are within the 
limits of insulation class B, including operation regimes for 
which temperature rise is contracted over class B.

If the temperature rise of the refurbished generators G1 
and G2 is compared with the temperature rise of the old 
generators, it can be seen that the temperature rises of 
all active parts, despite the increase in rated power for 10 
MVA, is lower; stator winding for about 15 K, stator core 
for about 13 K, and rotor winding for about 20 K.

As can be seen from the table, the temperature rise of 
refurbished generators is lower also at maximum contin-
uous rating (MCR).

To estimate the effect of the cooling system of the gen-
erator, it should be noted that the flow of cooling air and 
water on refurbished generators is considerably smaller 
than that of the old generators. This fact suggests that the 
efficiency of the ventilation and cooling system, which can 
be seen from the air and water flow, the temperature rise 
of the active parts, and the difference between the tem-
perature of the hot and cold air, is substantially improved.
The air coolers of the refurbished generators are also 
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greatly improved, which is confirmed by the temperature 
rise of the cooling air and the lower flow of water.

In addition to heat-run test, vibration, noise, geometric 
values, isolation resistances and other characteristic val-
ues relevant to the generator takeover, the recording of 
no-load and load magnetization curves was performed.

Table III lists the designed and measured values of exci-
tation data for refurbished generator. For comparison the 
refurbished with the old generators, the table lists the ex-
citation data also of the old generators.

Refurbished generators, despite an increase in power of 90 
to 100 MVA, which is an increase of 11.1%, have less ex-
citing currents and voltages, and losses in the field winding 
recorded by measurements (201 kW at 95°C versus 264.8 
kW at 95°C) is lower for 63.9 kW or for 24.1%.

Table IV shows the design and some of the measured values; 
armature and field winding resistances reactance and capacities.

If the same design was retained as it is on old generators, 
all reactances would rise linearly with output increasing, 
meaning 10/9 or 11.1%. Due to the reduction of the air 
gap from 36 to 31.5 mm synchronous reactance would 

Old generator 1 Revitalized generators

Temp. (ºC) Temperature rise 
(K)

Temp. (ºC)
G1 / G2

Tem. rise (K)
G1 / G2

Static winding 90 58 64 / 75.2 44.2 /53.4 

Rotor winding 101 69 82.6 / 89.7 62.8 / 59.6

Stator core 77 45 53.6 / 59.7 33.8 / 39.6

Cooling air warm/
cold

66 / 32 34
46.3 / 19.8
51.9 / 21.8

26.5 / 30.1

Table II: Load Warm-up test data (Heat-run test data)
G1 old: 82 MW, 40 MVAr, 3.3 kA, 15.7 kV, exc. current 1170 A
G1: 100.2 MVA, 86.77 MW, 50.23 MVAr, 16570 V, 3465.4 A, p.f. = 0.863
G2: 110-4 MVA, 100.9 MW, 43.6 MVAr, 16550 V, 3836.9 A, p.f. = 0.908

Excitation current 1174.9 A on G1 and 1195.4 A on G2
Water flow on old generators 73-74 l/s (Protocol od 8.10.1971.), 550 l/s (2001.),
Air flow 67, 4 m3/s (1971 y.), 55 m3/s (2001 y.)
Water flow on revitalised generator 1: 48.2 l /s, Air flow 46.1 m3/s
Water flow on revitalised generator 2: 35 l/s, Air flow 47.7 m3/s

Old Generator * Rev. generators

Design Test**

Excitation current for no-load (A) 677 581.1 575 

Short circuit excitation current (A) 589 654 636 

Excitation current for rated load (A) 1172 1082 1046 

Rated load excitation voltage (V) 248 207 192.2 

Maximum load exc. current at 105% Un and 
110 MVA (A)

- 1200 1195

Excitation power for rated load (kW)
250.34 (75°C)
264.8 (95°C)

224 (95°C) 201 (95°C)

Table III: The excitation current, voltage and power

* - The old generator - measured value, ** - Protocol of 8 October 1971

be further increased by 14.3%, which would be in total 
of 26.85%. Therefore, direct synchronous reactance, with 
reduced air gap, as expected would be 114.45%. How-
ever, as measured, 110.6%, and designed, 110%, it can 
still be argued that the new design has managed to re-
duce this reactance by about 4%, which is considered 
to be a certain improvement. What is the cause of this? 
In the author’s opinion leakage reactance and change of 
winding diagram contribute to this.

The transitional reactants at the old generators were 29.7%, 
the new ones should be 11% higher, which is expected to 
be 33%. The designed value of 32.2%, and especially mea-
sured 28.06%, is lower than expected, which is a certain 
contribution to the improvement of dynamic stability. 

Unfortunately the sub-transient reactances on the old gener-
ators were not measured so that they cannot be compared.

It should be emphasized that the operation of generators 
with the reactances taken from conceptual design of re-
furbishment was analysed from the aspect of transient 
and static stability and after that the tender documenta-
tion was made. All reactances, designed and measured 
on refurbished generators, comply with the requirements 
of the tender documentation.
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Old generators New generators

Measures in 2001 Measures in 2015

Rated Power (MVA) 90 100

Iron losses (kW) 400 185.6

Losses in copper of armature winding (kW) 267.7 (95°C) 266.8 (95°C)

Stray load losses in copper and iron  (kW) 201.2*** 111.25 (95°C)

Losses in field winding and brushes (kW) 267.2* (95°C) 203.1** (95°C)

Ventilation losses (kW) 344.4 232.9

Bearing friction losses (kW) 350.6i 451.2ii

Total losses for rated operation without bearinglosses (kW) 1480.5 (95°C) 999.56 (95°C)

Total losses for rated operation with bearinglosses (kW) 1831.1 (95°C) 1450.8 (95°C)

Efficiency for rated operation without bearinglosses (%) 98.205 (95°C) 98.90

Efficiency for rated operation without bearinglosses (%) 97.789 (95°C) 98.414 (95°C)

Table V: Losses and efficiency (for rated power and rated power factor 0.9)

* Excitation losses are converted to reference temperature 95°C from excitation current 1195 A, winding resistance 0.1854 (95°C) 
= 264.8 kW + brush losses 2.4 kW = 267.2 kW (Losses in Excitation system is not included).
** Excitation losses are converted to reference temperature 95°C from excitation current 1047 A, winding resistance 0.1854 
(95°C) = 201 kW + brush losses 2.1 kW = 203.1 kW (Losses in Excitation system is not included).
*** Stray loa losses are determined from measured load losses at rated load 468.9 kW - I2R = 201.2 kW
i PUKB = 220000 kp (generator rotor weight) / (220000 kp + 11100 kp (turbine rotor weight) + 150000 kp (axial water force)) × PTB = 
0.58 × 409.44 kW = 236.36 kW, PUGB = 59.43 kW, PLGB = 59.43 kW
ii PUKB = 2236.38 kN (generator rotor weight) / (2236.38 kN + 265 kN (turbine rotor weight) + 1050 kN (axle water force)) × PTB = 
0.63 × 480.158 kW = 302.38 kW, PUGB = 74.387 kW, PLGB = 74.387 kW = 2236.38 kN (generator rotor weight) / (2236.38 kN)

Characteristic data Old gen. Designed Measured

Static winding resistance at 20°C (mΩ) 6.3 5.05 5.05

The resistance of the field winding at 20° C (mΩ) 142.2 142.2 142.2

Short-circuit ratio 1.2 0.972 0.978 (0.964)

Synchronous directional reactance (%) 90.22 110 110.6

Transient directional reactance (%) 29.7 32.2 28.06

Sub-transient directional reactance (%) 16.1 19.2 19.47

Sub-transient quadrature reactance (%) - 19.98 21.7

Inverse reactance (%) - 19.58 20.54

Zero reactance (%) - 16.7 13.76

Leakage reactance (%) - 11 10.24 

Transient longitudinal time constant at short circuit (s) - 2.08 1.3

Sub-transient longitudinal time constant at short circuit (s) - 0.07 0.042

Time constant of armature winding (s) - 0.26 0.283

Capacity of stator winding per phase (μF) - 0.913 0.9635 (1.001)

Voltage wave deviation factor from ideal sinusoid (%) - 1.81* 09225

Total deviation factor of voltage wave shape (%) - 0.53* 0.3251

Table IV: Resistances, reactances and time constants

* - Deviation factor of voltage waveform from the ideal sine wave according to NEMA MG 5.1 is up to 10%
 - Total deviation factor according to IEC 60034 is 5%

Losses in the generator’s combined bearing during con-
tracting are based only on the friction losses of the sliding 
surfaces. Therefore, the table gives total losses with and 
without losses in the bearings.

Table V shows that losses, excluding losses in bearings, 
of refurbished generators compared to the old genera-
tors are lower by 480.94 kW, and when the losses of the 

bearing are calculated then the total losses are lower by 
about 380 kW.

Expressed in percentages, without bearing losses, losses 
are by 32.49% lower, and when losses in bearings are 
taken into account, the total losses are lower by 20.77%. 
It should be kept in mind that the temperature rise of the 
stator and the rotor winding is smaller in relation to the old 



66 B&H Electrical Engineering Bosanskohercegovačka elektrotehnika

generators, and the actual losses in the copper armature 
winding are additionally smaller by about 6% and in the 
copper of the field winding by about 8%.

6. CONCLUSION

From all results of calculated and measured values, it 
can be concluded that all generator characteristics have 
been improved: losses, efficiency, temperature rise, reac-
tances, noise, vibration, voltage wave form. Appropriate 
matching of calculated and measured values is evident, 
which confirms the accuracy of the applied algorithms. 
Some of the measured parameters are even better than 
the design, indicating that the production and erection of 
the generators are well done.

Total losses, without losses in bearings, on refurbished 
generators, despite increased power, are lower than the 
old generators at 480.9 kW (at the same reference tem-
perature of 95°C). It should be kept in mind that the wind-
ing of the stator and the rotor is smaller in relation to the 
old generators, and the actual losses in the copper of ar-
mature winding are additionally smaller by about 6% and 
in the copper of the field winding by 8%. The efficiency of 
refurbished generators in relation to the old ones, with no 
losses in bearings, is higher by 0.695% and with losses in 
bearings by 0.625%.

The quality of the electricity that is expressed, among oth-
er things, through the wave shape of the generator voltage 
is significantly better than is required in the technical reg-
ulation, but is better than the old generators. This last claim 
is based on the changed winding diagram in which the 
winding pitch from the previous 16 has been reduced to 15 
slots. The generator pole pitch expressed by the number of 
slots is 16,125. Only this measure significantly reduced the 
share of higher harmonics in voltage waveform.

The temperature rise of refurbished generators, despite 
of the increase in power by 10 MVA and the maximum 
continuous output by 21 MVA, compared with the tem-
perature rise of the previous generators are smaller. Tem-
perature rises are lower; stator winding for about 15 K, 
stator core for about 13 K, rotor winding for about 20 K.
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Abstract: Hourly measured high voltage values in power network 400 kV, 220 kV and 110 kV are presented in this document. Higher values of 
voltage in relation to nominal voltages, maximum voltages and their time duration have been identified in observed time period. Maximum voltage 
values are compared with duration of higher voltages for available time period of measuring from 2014 to 2016. This document presents the 
results for power flow analysis, charging of reactive power and voltage conditions on transmission lines. A review of the operational state of the 
power system in Bosnia and Herzegovina is given in specific maximum and minimum consumption regime. In addition, a comparison of voltage 
values being calculated and measured was made. 

Keywords: transmission network, overvoltage, quality of electricity, power flows

Sažetak: U radu su pokazane izmjerene satne vrijednosti napona u 2016. godini, u karakterističnim tačkama 400 kV, 220 kV i 110 kV mreže. Iz-
vršena je identifikacija povišenih napona u odnosu na referentne napone, maksimalne vrijednosti i njihova dužina trajanja u razmatranom periodu 
mjerenja. Data je uporedba maksimalnih vrijednosti napona i trajanja povišenih napona za raspoloživi period mjerenja od 2014. do 2016. godine. 
U radu se prezentiraju rezultati proračuna tokova snaga, punjenja dalekovoda i naponskih prilika, daje se osvrt na pogonsko stanje sistema za 
karakteristični maksimalni i minimalni režim elektroenergetskog sistema Bosne i Hercegovine, kao i uporedba izračunatih i izmjerenih vrijednosti 
napona.

Ključne riječi: prenosni sistem, povišeni naponi, kvalitet električne energije, tokovi snage

VOLTAGE CONDITIONS ANALYSIS ON THE 
TRANSMISSION NETWORK OF THE ELECTRIC 

POWER SYSTEM OF BOSNIA AND HERZEGOVINA 

ANALIZA NAPONSKIH PRILIKA NA PRENOSNOJ 
MREŽI ELEKTROENERGETSKOG SISTEMA 

BOSNE I HERCEGOVINE
Senad Hadžić1, Husnija Ferizović1

INTRODUCTION

The transmission system of Bosnia and Herzegov-
ina (BiH) is characterised by the specific structure 
of the power lines of 400 kV and 220 kV, which are 
mostly in under load condition, and it can be said 
that after the starting of operation of 400 kV grids 
there were some problems related to overvoltage. 
After the reconnection of the electric power system 
(EES) of BiH in October 2004 into the single electric 
power system UCTE (Union for the Coordination of 
Transmission of Electricity), which is presently ENT-
SO-E (European Network of Transmission System 
Operators for Electricity), there were some events of 
disallowed overvoltage, especially during low load-
ed regimes (spring, autumn, weekends, night hours). 
Standard IEC 60038 defines and specifies the val-
ues of rated voltages of the grid and of the highest 
voltages of equipment [1]. This Standard does not 
provide the highest and the lowest voltages of the 
transmission networks i.e. it does not list the allowed 
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voltage variations. In managing the EES the voltage 
limits are respected i.e. allowed voltage variations 
as provided by the Grid Code are respected [2]. The 
Grid Code defines that the highest allowed voltages 
for the transmission system of 110 kV, 220 kV and 
400 kV are 123 kV, 245 kV and 420 kV, respectively. It 
is particularly important to stress that voltages above 
the allowed limits, lasting for few hours or even days, 
have a bad impact on insulation level of equipment 
thus shortening its lifetime which is specifically im-
portant in terms of the power transformers. 

This paper presents the results of voltage measure-
ments recorded in hourly intervals in the period of 
one year. For a number of years now, the transformer 
stations of 220 kV and 400 kV have been recording 
the information on voltage, and they have recorded 
the highest number of hours with overvoltage thus 
confirming the continuous appearance of disallowed 
voltages. The stress is on the 400 kV grids which is 
mostly low loaded, below natural load of lines and, 
for the most part of the year, 400 kV power lines in 
the EES BiH generate significant amount of reac-
tive power. The same goes for 220 kV and 110 kV 
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power lines; mostly low loaded, below natural load 
of lines, which additionally generates reactive pow-
er and raise voltages above the allowed limits set 
forth by the Grid Code. The data shows that over the 
years there is a longer duration of exceeded voltage 
causing the danger of the insulation break, which can 
further result with outages of the system elements 
endangering the safety and supply of the electricity 
buyers. Therefore, it is necessary to identify values 
and duration of overvoltage, to analyse what causes 
them, to make calculations of power flows and power 
lines charging, to indicate the measures taken and to 
propose new measures to lower overvoltage in the 
transmission system.

1. OVERVOLTAGE IN EES BIH

The data on voltage values in significant connection 
nodes of 400 kV and 220 kV grids of the electric 
power system in BiH are taken via SCADA/EMS sys-
tem (Supervisory Control and Data Acquisition/Ener-
gy Management System) at the system operator for 
BiH by overtaking the data from the remote stations. 
These data have been continuously gathered from 
the year 2010 [3], [4] and [5] in a way that an appro-
priate archive of voltage values was made for every 
year; the same voltage archive was made for a time 
period from 1st January to 31st December 2016 (8760 
hours). In the respected period, an analysis of hourly 
voltage values in the transformer station buses (SS) 
listed in Table I was made.

Unlike the previous years, when at the SS 
400/220/110 kV Mostar 4 recorded the largest num-
ber of operating hours in higher voltages conditions 
in the voltage levels of 400 kV and 220 kV, in 2016 
the longest duration of overvoltage at both 400 kV 
and 220 kV voltage levels was recorded in the SS 
400/220/110 kV Trebinje. The given list presents the 
number of operating hours in 2014, 2015 and 2016, 
the respective stations at voltages above the allowed 
limits as defined by the Grid Code for 400, 220 and 
110 kV voltage levels. It also presents the percentage 
of overvoltage duration in the analysed years. The ta-
ble also shows the maximum voltage (Um) defined by 
the Grid Code and the maximum values of recorded 
voltage (Umm) in 2014, 2015 and 2016. 

It can be said that from 2010 there has been a con-
tinuous increase in duration of overvoltage at 400 kV 
and 220 kV voltage levels, but unfortunately the year 
2016 has the record not only in terms of the duration 
of disallowed voltages, but also in terms of maximum 
recorded voltage values at the 400 kV and 220 kV 
levels. Voltages on 220 kV side of the SSs, whose 
primary voltage is not 220 kV, in previous years most-
ly remained within the allowed limits, because the 
successful voltage control was achieved by changing 
the position of a tap changer of the transformer on 
load. However, in 2016, due to very long duration of 

disallowed voltages on the primary side (400 kV) and 
on the 220 kV voltage level there were long durations 
of high voltages especially in SS Trebinje and SS Mo-
star, which amounted to 37% of the operational time 
of the year with overvoltage.  

The table shows that at the 110 kV voltage levels the 
respective SSs were operating in disallowed voltage 
levels for small number of hours in the given year, and 
the maximum recorded voltages were only somewhat 
higher than the allowed border value of 123 kV which 
is defined by the Grid Code.

From the given SSs, the SS Trebinje 400 kV has re-
corded the highest voltage at 451.41kV. It was re-
corded on Monday, 13 June 2016, at 4:00 in the 
morning, and it presents the historical maximum of 
disallowed voltage value, from within the records tak-
en from 2010. The main reason for this high voltage 
on that day was a disconnection of a big consumer 
(around 70 MW) of Aluminium Plant Podgorica (KAP) 
from the transmission system. In addition, this SS 
recorded the total maximum duration of disallowed 
high voltages, at the 400kV voltage level it was 94% 
and at the 220 kV voltage level it was 37%. One of 
the reasons for this long duration of overvoltage in 
SS Trebinje is a low load of PL (power line) 400 kV 
Trebinje – Podgorica – Tirana – Elbasan. The dia-
grams in Figure 1 and Figure 2 serve for illustration. 
The diagram in Figure 1 presents the voltage change 
at 400 kV in SS Trebinje during 2016, it provides all 
hourly values in the respective period of one year and 
daily voltage profiles and periods of overvoltage can 
be seen there. The only period of the year when the 
voltage was within the nominal values was July and 
the first half of August 2016 which corresponds to 
the longest period of work of air conditioners in that 
region. Figure 2 shows that overvoltage in SS Trebin-
je at 400 kV voltage level lasted for 8293 hours.

In the last couple of years, the longest duration of dis-
allowed voltage at 400 kV voltage level was record-
ed at the SS Mostar. Figure 3 shows the duration of 
overvoltage at the SS Mostar for the time period from 
2010 to 2016. Various durations of the SS’s working 
under overvoltage conditions can be noted. One of 
the main reasons for occurrence of this long-lasting 
overvoltage is the influence of reactive power flows 
from Croatia, through 400 and 220 kV interconnec-
tion power lines. The maximum voltage value at 400 
kV and 220 kV voltage levels was also recorded in 
the morning hours on 13 June 2016.
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 Substations
Voltage level 

(kV)
Um 
(kV)

Number of hours 
when it U>Um

Number of hours 
in % when it 

U>Um

 Umm 
(kV)

20
14

Banja Luka 6
400 420 4686 54% 431,02

110 123 77 1% 124,71

Tuzla 4

400 420 4076 47% 435,21

220 245 199 2% 249,34

110 123 0 0% 120,08

Prijedor 2
220 245 1256 14% 250,64

110 123 220 3% 125,48

Mostar 4

400 420 7262 83% 441,58

220 245 2296 26% 252,9

110 123 0 0% 122,37

Sarajevo 10
400 420 5720 65% 437,4

110 123 152 2% 124,81

Trebinje

400 420 6113 70% 441,54

220 245 1138 13% 252,16

110 123 22 0% 125,55

20
15

Banja Luka 6
400 420 1242 18% 430,94

110 123 83 0% 123,88

Tuzla 4

400 420 2508 29% 431,25

220 245 116 1% 246,8

110 123 0 0% 120,47

Prijedor 2
220 245 1258 14% 251,36

110 123 272 3% 125,6

Mostar 4

400 420 6367 73% 441,42

220 245 1952 22% 253,59

110 123 4 0% 123,55

Sarajevo 10
400 420 3318 38% 433,62

110 123 30 0% 124,12

Trebinje

400 420 6319 72% 443,56

220 245 1066 12% 253,49

110 123 5 0% 123,75

20
16

Banja Luka 6
400 420 1838 21% 431,53

110 123 0 0% 122,56

Tuzla 4

400 420 4591 52% 435,23

220 245 550 6% 248,53

110 123 0 0% 119,37

Prijedor 2
220 245 2268 26% 252,21

110 123 27 0% 123,72

Mostar 4

400 420 7838 89% 446,43

220 245 3249 37% 255,57

110 123 30 0% 124,28

Sarajevo 10
400 420 5675 65% 436,36

110 123 79 1% 124,32

Trebinje

400 420 8293 94% 451,41

220 245 3276 37% 254,44

110 123 3 0% 123,44

Table I: Number of operating hours of SS at the voltage level higher than the maximum allowed
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Figure 2: Diagram of duration of 400 kV voltage at SS Trebinje during 2016

Figure 3: Diagrams of duration of 400 kV voltage at SS Mostar 4 from 2010 to 2016

Figure 1: Diagram of 400 kV voltage change at SS Trebinje during 2016
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Average hourly reactive power in 2016 in the 400 kV in-
terconnection power lines with Croatia, Montenegro and 
Serbia is presented in Figure 4. It indicates that the great-
est and constant injection of reactive power between 50 

and 100 MVAr during the entire year was at the PL 400 
kV Mostar 4 – Konjsko, and almost equal injection from 0 
to 50 MVAr at the PL 400 kV Trebinje – Podgorica and PL 
400 kV Ugljevik – Ernestinovo.  

Figure 4: Diagram of the change of average hourly reactive power at 400 kV interconnection transmission lines in 2016

2. DISCONNECTION OF POWER LINES AS A MEASURE   
 FOR LOWERING  OVERVOLTAGE

Measures used to reduce the overvoltage in the electric 
power system of BiH are: a change of generation, i.e. 
overtaking the reactive power from generators, voltage 
control by changing the position of a tap changer on the 
transformer and a change of the operating state, i.e. dis-
connection of 220 kV and 400 kV power lines with the 
purpose of voltage reduction. 

The greatest importance for maintaining the allowed volt-
age profile in 400 kV transmission system lies on the ther-
mal power plants (TPP) Gacko and Ugljevik and to hydro 
power plant (HPP) Višegrad, if operational at the critical 
period. The most important power plant in BiH for 220 kV 
and 400 kV voltage control, is the pumped-storage pow-
er plant (PSPP) Čapljina of 2x240 MVA installed capacity. 
PSPP Čapljina, depending on the situation in the EES, 
can be in a compensation regime where it can be in over 
or under excitation state of 150-160 MVAr per a machine. 
However, it is not used for this purpose [6]. 

Thermal power plants rarely lower injection of reactive 
power in the transmission system and almost never go in 
under excitation state upon a request made by a system 

operator which in this way tries to shorten the duration of 
overvoltage at least partially. 

By changing the ratio, i.e. the tap changer of the trans-
former, it is attempted to keep the wanted voltage at the 
low voltage side of the transformer. This process is mostly 
done automatically or by a remote control on the trans-
formers 400/115 kV, 220/115 kV and 110/x kV, which 
have the capacity of voltage control under load. In this 
way, the voltage at 110 kV is successfully kept within the 
allowed limit which is shown from 2010 in [7]. 

As the last protection measure of the transmission equip-
ment against continuously higher voltages, disconnection 
of appropriate power lines, primarily of 400 kV should be 
used, and this is regularly done by the system operator in 
BiH in coordination with neighbouring transmission system 
operators. 

This measure is undertaken at those power lines that sig-
nificantly contribute to reactive power generation due to 
insufficient network load and this measure is most often 
undertaken. At the same time this measure is constrain-
ing, because one must take into consideration the safety 
system of the EES BiH during the disconnection. In 2016, 
the most disconnected power lines were 220 kV Prije-
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dor 2 – Mraclin and 220 kV Prijedor 2 – SS Kakanj, and 
among 400 kV power lines the most disconnected were 
Mostar 4 - Sarajevo 10, while the previously frequently 
disconnected power line 400 kV SS Tuzla – Banja Luka 
6 has no longer been disconnected because of the en-
trance of TPP Stanari. Mostar 4 – Konjsko has also not 
been disconnected and its disconnection used to serve 
for the most efficient voltage reductions. There were 54 
disconnections of 220 kV and 400 kV power lines with the 
purpose to lower higher voltages in 2016.

3. ANALYSIS OF THE OPERATIONAL CONDITIONS IN THE  
 TRANSMISSION SYSTEM OF EES BIH

With the purpose of reviewing the voltage conditions in 
the transmission system of EES BiH during 2016, calcu-
lations were made of power flows and voltage conditions 
in specific regimes: maximum load regime registered on 
the 18th hour on 31st December 2016 and minimum load 
regime registered on the 4th hour on 23rd May 2016. The 
results of the calculations for the transmission system of 
400 kV and 220 kV, which were made in a program pack-
age PSS/E (Power System Simulator Siemens Energy, 
Inc., Power Technologies International) [8], are shown in 
Figure 5 and Figure 6, in the appendix. Modelling of EES 
for the respective regimes was done on the basis of daily 
reports of Independent System Operator in BiH (NOSBiH) 
for the 31st December 2016 and 23rd May 2016, and the 
load per connection nodes 220/x and 110/x kV was done 
on the basis of recorded load measurements in specific 
regimes of EES BiH during the year 2016. Model of EES of 
neighbouring countries were formed on the basis of DACF 
(Day Ahead Contingency Forecast) models for character-
istic regimes. The presented results suggest: 

● Maximum load regime 
-  the most loaded is PL 400 kV Ugljevik – Tuzla, 22,1% 

loaded in relation to allowed circuit load,
-  the most loaded is PL 220 kV Tuzla 6 – TPP Tuzla, 

54% loaded, 
-  the most loaded is PL 110 kV Trebinje – H.Novi, 

86,7% loaded,
-  all voltages in the connection nodes are within the 

technically allowed limits,
-  contribution to capacity power/injection from the 

transmission system is 899,5 MVAr. 
 
● Minimum load regime
-  the most loaded is PL 400 kV Mostar 4 - Konjsko, 

21,7% loaded in relation to allowed circuit load,
-  the most loaded is PL 220 kV Kakanj 5 – RP Kakanj, 

37,5% loaded, 
-  the most loaded is PL 110 kV Trebinje – Komolac, 

59,4% loaded,
-  all voltages on the 400 kV and the majority of the 220 kV 

nodes are elevated above the technically allowed limits,

-  contribution to capacity power/injection from the tra-
mission system is 986,2 MVAr. 

The presented calculation results indicate that the trans-
mission system of the EES BiH is low loaded, below 
natural load of lines, resulting with huge contribution of 
charging reactive power and with higher voltages. 

4. CONCLUSION

Historically maximum values of higher voltages and their 
longest duration on both voltage level of 400 kV (from 1838 
to 8293 hours annually) and of 220 kV (from 550 hours to 
3276 hours annually) were recorded in the transmission 
system of Bosnia and Herzegovina in 2016. The period 
under consideration was from the year 2010 to 2016 in 
specific transformer stations. Any voltage increase above 
the allowed limits has the accelerating aging effect on the 
insulation equipment and it affects the quality of electricity. 

By observing the voltage diagram, it was determined that 
increase in voltage above the allowed limits does not oc-
cur only in night hours, during holidays and weekends 
that is in low load regimes, but during the entire year. The 
main causes of the problems are low loaded 400 kV pow-
er lines which generate high amounts of reactive power. 
Another problem is the reception of reactive power during 
the entire year in the interconnection power lines of 400 
kV and 220 kV from Croatia and adverse effect from the 
EES of Montenegro upon entering into operation PL 400 
kV Podgorica – Tirana/Elbasan. The duration of higher 
voltages and their increasing values over the years can 
be expected in the future, which depends on the planned 
operations on the system elements, new generation and 
consumer facilities in the system and in neighbouring sys-
tems.  

When observing the single voltage levels it is seen that 
the most vulnerable connection nodes are those in 400 
kV grid followed by the connection nodes of 220 kV grid. 
It is important to underline the positive influence of the 
transformer 400/231 kV, 400/115 kV and 220/115 kV re-
gardless the fact whether those are regulating transform-
ers or transformers that have on load control switch. The 
transformers basically prevent spreading of voltage distur-
bance into the lower voltage networks. 

The measures for lowering higher voltages in the EES of 
BiH proved to be insufficient. The system should be im-
proved by installing appropriate devices therein, i.e. by 
constructing compensation facilities connected to 400 
kV or 110 kV network or by changing the Market rules 
and the procedures as to procure ancillary service to con-
trol voltage and reactive power by which the producers, 
mostly those connected to 400 kV network, would be 
stimulated for the work in under excitation. 

A well-known software package PSS/E was used for 
analysis of higher voltages in a stationary state. The pre-
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sented calculation results of power flows, power lines 
charging and voltage conditions for the respective re-
gimes showed a good match with recorded voltage and 
power flow values.

ANNEX

The annex contains Figure 5 and Figure 6 presenting cal-
culation results of power flows and voltage conditions in 
specific maximum and minimum operating regimes of the 
EES BiH. 
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Abstract: Photovoltaic plants penetrate rapidly in power system. They decrease CO2 gas emission and produce clean energy. Potential problems 
can be in their integration on power grid, but in literature that problem is clarified. But, to build photovoltaic plant for electrical energy production, 
some economic particulars must be clarified. Investors will construct PV plant only if it would make a profit. Profit can approve economic param-
eters that consider time, value of money: NPV (net present value), IRR (internal rate of return), PI (profitability index) and DPB (discounted payback 
period). These parameters can give opposite results but investor must choose referential parameters. These economic parameters can give an 
answer on size (rated power) of photovoltaic plant in terms of profitability. Today, photovoltaic plants are usually profitable only if they are in one of 
support scheme mechanisms made commonly by government. On the other side, decreasing of capital costs for photovoltaic plants construction 
has a great influence on economic profitability. In this paper, economic profitability of photovoltaic plants construction in Herzegovina region (Fed-
eration of Bosnia and Herzegovina) in case of valid support schemes and without support schemes will be analysed. Paper should give answers 
to investors about (non)profitability of photovoltaic plants construction in this region. Herzegovina as region has high potential for photovoltaic 
plants construction due to a large number of sunny hours on annual basis. Presented results can then be compared with other regions/countries.

Keywords: techno-economic analysis, PV plant, support schemes, economic parameters

Sažetak: Fotonaponske elektrane se ubrzano integriraju u elektroenergetski sustav. One smanjuju emisiju CO2 i proizvode čistu energiju. Po-
tencijalni problemi mogu javiti se kod njihova priključenja na elektroenergetsku mrežu, međutim, u literaturi je taj problem dosta opisan. Ipak, 
da bi se fotonaponska elektrana gradila, potrebno je zadovoljiti određene ekonomske parametre. Investitori će graditi fotonaponsku elektranu 
samo ako ista donosi profit. Profit mogu potvrditi ekonomski parametrima koji uzimaju u obzir vremensku vrijednost novca:  NSV (neto sadašnja 
vrijednost), ISR (interna stopa rentabilnosti), PI (indeks profitabilnosti) i DPB (diskontirano vrijeme povrata investicije). Ovi parametri mogu dati 
suprotan rezultat, ali je na investitoru da odabere referentni parameter. Ovi ekonomski parametri mogu dati odgovor po pitanju veličine (nazivna 
snaga) fotonaponske elektrane u smislu isplativosti. Danas su fotonaponske elektrane obično isplative samo ako su u nekom vidu poticajne 
sheme, određene obično od strane državne vlade. S druge strane, smanjenje kapitalnih troškova izgradnje fotonaponske elektrane ima veliki 
utjecaj na ekonomsku profitabilnost iste. U ovom će radu biti analizirana ekonomska profitabilnost izgradnje fotonaponskih elektrana u regiji 
Hercegovina (FBiH), koje su i koje nisu u sustavu važećih poticajnih shema. Članak bi trebao dati odgovor investitorima o (ne)profitabilnosti 
izgradnje fotonaponskih elektrana u ovoj regiji. Hercegovina je regija s velikim potencijalom za izgradnju fotonaponskih elektrana zbog velikog 
broja sunčanih sati na godišnjoj bazi. Dobiveni rezultati su usporedivi sa rezultatima drugih regija/država.  

Ključne riječi: tehnoekonomska analiza, fotonaponska elektrana, poticajne sheme, ekonomski parametri

TECHNO-ECONOMIC ASPECTS OF PV PLANT 
CONSTRUCTION FOR VARIOUS CONDITIONS  

TEHNOEKONOMSKI VID IZGRADNJE FOTONAPONSKE 
ELEKTRANE ZA RAZLIČITE UVJETE

Drago Bago1, Ivan Ramljak1 

INTRODUCTION

According to [1], at the end of 2016, 320 GW of pho-
tovoltaic (PV plants) in the world was installed. In China 
& Taiwan 26%, in North America 15%, in Germany and 
Japan 13%, in Italy 6% and in rest of the World 27% of in-
stalled power. Installed power of PV plants is around 400 
GW in 2017 and will be around 500 GW in 2018 [2]. In 
Europe, Germany is leader in installing renewable energy 
sources (RES). In October 2017, in Germany, 42.7 GW of 
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PV plants were installed [3]. They produced that year 38.4 
TWh, which presents 7.1% of the total produced electrical 
energy in Germany [3]. In the Federation of Bosnia and 
Herzegovina (FBiH), in April 2018, 11.28 MW of PV plants 
(data by Operator for Renewable Energy Sources and 
Efficient Cogeneration in FBiH) were installed. According 
to data collected and analysed by authors of this paper, 
annual production from PV plants in FBiH is around 3.5 
GWh. Other sources in FBiH produce around 13 TWh of 
electrical energy. It results with share of electrical energy 
produced by PV plants far under 1%. It is more interest-
ing that by 2018, only RES in BiH was the solar energy. 
Why is that difference in installed capacity of PV plants 
between countries (FBiH and Germany eg.)? There are 
many reasons for that. The most influential of them are 
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capital expenditures (CAPEX) and support scheme mech-
anisms. Those parameters are quiet different between 
countries. This paper analyses techno-economic aspects 
(parameters) of PV plants construction in FBiH (Herzegov-
ina region). Support scheme mechanisms, CAPEX, OPEX 
(operational expenditures), production of electrical energy 
on annual basis, lifetime of project and other economic 
parameters such WACC (weighted average capital cost), 
interest rate, cost/debt ratio and others were analysed. 
The goal is to find answers on questions about profitability 
of PV plants in FBiH (Herzegovina region).          

1. LITERATURE REVIEW

This section gives briefly literature review for parameters 
required for techno-economic analysis of PV plants con-
struction. Those parameters are already mentioned in 
previously section. One of the main profitability parameter 
for PV plant construction is implemented support scheme 
mechanism. Support schemes are probably the most im-
portant mechanism for achieving specified RES targets 
[4]. It is quiet clear because support scheme mechanism 
dictates investors cash inflow for produced energy of PV 
plant. Cash inflow causes profitability or not profitabili-
ty of PV plant. PV plants at their commercial beginning 
needed some support in financial aspect (to be profitable) 
[4]. Those financial supports through support schemes 
are defined. Those schemes vary dependable of country. 
But, they all are based on payment for electrical energy 
produced by PV plants. Support scheme mechanism 
(fundraising for payment of produced electrical energy by 
RES) is guided by country government (authorized insti-
tution). According to [4], most of capital (fundraising for 
RES production) usually incomes from power consumers 
(Croatia, Cyprus, Czech Republic, Germany, Lithuania, 
Portugal, Slovenia and UK). In Finland and Luxembourg 
that capital is provided by government. Capital for RES 
co-financing in France is obtained by taxes on fossil fu-
els. In last 15 years there were some changes in support 
schemes organization (depending on country), probably 
due to decreasing of CAPEX in RES construction. The 
other reason is increasing in quantity of RES construc-
tion. That increasing makes poorer budgets for support 
scheme mechanisms. There are wide differences across 
RES technologies and across countries too, in terms of 
support scheme mechanism. For example, in 2015, the 
weighted average support for RES ranged from a mini-
mum of 16.20 €/MWh (in Norway) to 183.82 €/MWh (in 
the Czech Republic). At the same time a weighted aver-
age across 26 European countries was 110.22 €/MWh. 
Similar values are for 2014, too. Another important fact 
is that in 2011, the highest support level by technology 
in EU was in the Czech Republic, 214.16 EUR/MWh [5]. 
It is higher around 15% comparing to 2015. In last sev-
eral years, in Europe, there are four main types of sup-
port schemes in exploitation: Feed-in Tariff (FIT), Feed-in 

Premium (FIP), Green certificates (GC), and Investment 
grants [4]. FIT schemes were in 2015 the most prevalent 
form of RES support throughout Europe (21 out of 28 
member countries) [4]. Today, FIT schemes usually remain 
only for smaller installations. FIP is becoming prevailing for 
new installations with greater rated power [4]. As penetra-
tion of RES is increasing, some new support instruments 
(such as tendering procedures) have been introduced by 
some European countries. This is mainly due increased 
expenses for electrical energy from RES. These expenses 
are becoming very important financial parameter in power 
sector. Some new support scheme mechanisms in near-
ly future will (must) be introduced. That is mandatory for 
RES sustainability. PV plant may/may not be in some sup-
port scheme mechanism. If it is not in support scheme 
mechanism, then it is market oriented or produces electri-
cal energy for self-consumption.    

CAPEX of PV plant construction is another one important 
parameter for techno-economic evaluation of PV plants. 
This parameter is time dependable because every year 
there is decreasing of CAPEX for PV plants. One of rea-
sons is in decreasing of expenses for modules of 400% 
in last ten years with further decreasing trend [6]. Accord-
ing to [7], in 2015 CAPEX were 1810 $/kW for PV plants, 
in 2017 1388 $/kW [8], and 1300 $/kW in 2018 [9]. In 
2025 expected CAPEX will be 790 $/kW [7]. CAPEX were 
2000-3000 EUR/kW in 2010 [10] and 1100 EUR/kW 
in 2014/15 [11]. Decreasing of CAPEX for PV plants in 
time line is present. That decreasing trend is continuous. 
CAPEX are dependable upon rated power of PV plant. 
In [8], CAPEX for roof-PV plants, depending on PV plant 
rated power are given. For rated power Pr≤10 kW CAPEX 
are 1770 EUR/kW, for 10 kW≤Pr≤20 kW 1580 EUR/kW 
and for Pr≥20 kW 1400 EUR/kW. CAPEX increase with 
lower PV plant rated power. CAPEX values depend on 
country, too. According to [12], in 2015 for 5 kW system 
CAPEX varied from 1620 EUR/kW in Germany to 2630 
EUR/kW in Spain. CAPEX are 1050 EUR/kW in Europe 
and in rest of the world 1220 EUR/kW [2]. 

OPEX have various values in literature survey. OPEX pres-
ent cost in percentages of CAPEX. It can be presented 
by specific money unit too. Surveying literature, OPEX is 
1% of CAPEX [10], [13], [14], 2% of CAPEX [9] and 1-3% 
of CAPEX [12]. Specific money unit for OPEX can vary in 
wide range of 10-50 EUR/kW/a. OPEX are 50 EUR/kW/a 
with increasing of 1.9%/a [8], 25 $/kW/a [15], 18 EUR/
kW/a [16] or 10 EUR/kW/a [11].  

Annual production of PV plant in kWh is parameter de-
pendable on micro-location of PV plant. Among all other 
parameters, this one is the only one which is very sensi-
tive on micro-location of PV plant. In this paper, annual 
production in kWh/kW unit will be presented. In [17], this 
parameter for some great European towns can be found. 
For Athens is 1827 kWh/kW, Ljubljana 1282 kWh/kW, 
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Berlin 1119 kWh/kW, Paris 1203 kWh/kW and for Wien 
1252 kWh/kW. In [10], average value for some countries 
is given. For UK 862 kWh/kW, Spain 1387 kWh/kW, Ita-
ly 1290 kWh/kW, Greece 1435 kWh/kW, Germany 911 
kWh/kW and France 1115 kWh/kW. It is visible that pro-
duction potentials are greater for southern oriented coun-
tries in Europe. 

Great influence on annual production of PV plants has 
modules degradation. It is technical parameter very im-
portant for PV plant production (annual basis). Modules 
degradation occurs generally due to material processes. 
Weather has influence on modules degradation, too. Deg-
radation has various results in literature. It varies: 0.25%/a 
[18], 0.3-1.9%/a [19], 0.5%/a [14], 0.7%/a [12], 1.12%/a 
[20] and according to [21] and [22] is 1%/a. Degradation 
is less than 1%/a [13]. 

WACC is another very important economic parameter 
which has great influence on payback period of PV plant 
construction. WACC considers debt/equity ratio. In this 
case it presents discount rate for economic analysis. 
According to [7], WACC is 3.5% in OECD countries and 
China. In other countries it is 10%. In 2013/2014 WACC 
was 3% in Spain [10]. WACC margins were 3-10% in 
2018, having lower values in development countries [9]. 
WACC of 5% for PV plants is sufficient in many countries 
to create great investments in PV plants [18]. Across lit-
erature WACC results are quite different.  There are two 
parameters which determine WACC value beside debt/
equity ratio. One is cost of equity and the other one is 
cost of debt. Cost of debt presents interest rate on debt. 
Cost of equity presents expectation of shareholders for 
certain return on their investments in a company. Interest 
rate varies between countries and between banks. There 
are various parameters which effect on interest rate. But 
generally, in countries with better economy, banks give 
cheaper loans than in less developed countries. It is main-
ly due to risk of loan repayment. Interest rates vary from 
0-10% and loan terms vary from 0-40 years for PV plant 
investment [21]. In [13], interest rate of 5% for Denmark in 
2013 was determined. In [18], interest rate of 2% was as-
sumed. In [12], interest rates for some countries in 2015 
for PV plants construction are given. For Italy/Germany it 
was 2.4%, UK/Spain 5,25%, Brazil 14.7%, South Africa 
8.7%, India 6.69% and Iran 15.4%. It is visible that there 
is a wide range of interest rates in literature review, from 
2% to 15%. Cost of equity for PV plants is hard to find 
in literature. In [23], this parameter has a value of 8% for 
Croatia and 11.25% for Serbia. 

Lifetime of PV plants is a parameter which is common-
ly uniform in most literature and there are no significant 
differences. In [16] (2006), predicted lifetime is 25 years. 
In [13] (2013) it is 25 years, too, as in [12] (2015). It is 
visible that in literature span for 10 years, lifetime of PV 
plants is equal. According to [10], [17] and [24] lifetime of 

PV plants is 25 years, too. Lifetime of PV plants is 20-25 
years [21], 20 years [14], more than 20 years [25], 20-30 
years [26] and 15-30 years [27]. The most common value 
for lifetime of PV plants is 25 years. There are some dif-
ferences in lifetime of specific elements of PV plants. The 
main elements are modules and inverters, which usually 
are the most expensive elements for PV plant construc-
tion. Lifetime of modules is 25 years and of inverters 10 
years [17]. According to [21] and [25], lifetime of inverters 
is 10 years. According to [28], warranty for inverter is 10 
years and from 100 inverters 10 of them must be replaced 
in 6 years. According to [29], warranty for modules is 25 
years for 80% of rated power. Modules lifetime is 30 years 
and inverter lifetime 15 years [27]. 

2. MATHEMATICAL MODEL

Economic profitability of PV plants is key issue in invest-
ment dilemma for investor. It is area of financial manage-
ment in economy. Generally, project is efficient if com-
pany’s goal in view of shareholders of the company is 
achieved. The goal is usually maximization of net present 
value of the expected future cash flows [30]. 

There are many methods used for techno-economic anal-
ysis. Usually, all of them are grouped in two categories: 
methods ignoring time value of money and methods that 
do not ignore time value of money. Methods ignoring time 
value of money are simpler than those considering time 
value of money. Methods which do not consider time val-
ue of money are easy to understand. Two popular meth-
ods for economic analysis of projects do not consider 
time value of money are pay-back period and average 
rate of return on investment [31]. Ignoring time value of 
money is usually not appropriate for project evaluation. 
That is because individuals prefer present versus future 
(i.e. 1 EUR today is more valuable than 1 EUR in future). 
There are several methods which are using time value of 
money in techno-economic analysis [31]. Time value of 
money describes the relationship between the value of 
money unit today and in future [32]. Compounding and 
discounting are two methods for computing time value of 
money. Compounding is a method for calculating future 
value of present sum of money. Discounting is on the oth-
er side, method for calculating present value of future sum 
of money [32]. The most used methods to determine eco-
nomic profitability (taking in account time value of money) 
of investment in RES are [12], [33], [34]: NPV, IRR, PI and 
DPB. They may not give the same result but the investor 
must choose which one give preference to.

NPV is a discounted difference between the net present 
value of project benefits and project costs. NPV requires 
discounting to the initial year of the project [33]. NPV of 
project is a present value of project through its lifespan 
minus by initial cash outflow. This method is popular and 
widely used for long-term projects analysis. NPV equation 
is given by:    
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where I0 is initial investment in year 0 (cash flow in t=0), 
GTt is expected net cash flow in period t, k is capital cost 
and n is time of project analysis. The goal is to obtain as 
a great NPV value as possible. If there are more exclusive 
projects, one must choose the one with highest NPV. If 
NPV≤0, the project must be rejected. This method is usu-
ally used together with IRR method to evaluate profitability 
of a project through lifespan of project [12].
               
Simply, IRR is a discount rate for which NPV=0. So, IRR 
must be greater or equal to project’s discount rate. If that 
is so, the project should be accepted. Otherwise it should 
be rejected [35]. The value of IRR is in percentage value. 
Greater IRR means better project. IRR equation is equal:
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where r presents IRR. If there are more exclusive projects, 
one must choose the one with greater IRR. 
  
PI or benefit-cost ratio of a project is the ratio of the pres-
ent value of future net cash flows and initial cash outflow. 
NPV equation defines these parameters. If PI≥1, the proj-
ect should be accepted. Otherwise it should be rejected 
[35]. PI indicates profit or loss level of project in certain 
time [12]. PI is given with equation: 
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DPB is a time period (in years) required for payback of 
initial cash outflow. This parameter gives number of years 
for investment return. Shareholders must define number 
of years acceptable for project payback period. If proj-
ect’s discounted payback period is less than that number 
of years, project should be accepted [35]. Otherwise, it 
should be rejected [35]. DPB is very useful method and 
easy to understand. DPB can be presented by:

y

S
p FC
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where Np presents number of periods before full expends 
covering, UEs uncover expends at start of the year and CFy 
cash flow in year of expends covering. Calculations take 
in account interest rate. This rate is difficult to determine 
and it can be different interpreted. In this case, WACC 
factor as discount rate is taken. It is because WACC (as 
factor) takes in account debt/equity ratio, interest rate and 
equity costs. WACC can be presented: 

)()( kpswpskvswwsWACC ⋅+⋅= (5)

where wws (%) presents share of equity, wps (%) share of 
debt, kvs (%) equity costs and kps (%) debt costs. 
       
Electrical energy production of PV plant is usually on an-
nual basis. It can be presented by:  

TPW ⋅= (6)

where W (kWh) is electrical energy produced by PV plant, 
P (kW) presents rated power of PV plant and T (kWh/kW) 
presents time of production of PV plant as specific pro-
duction of electrical energy per 1 kW of installed power 
(time equivalent). 

Income can be presented by:

where Income presents received money for produced and 
in grid delivered electrical energy (EUR) and c presents 
price for that electrical energy (EUR/kWh).

3. MODEL ADJUSTMENT AND DETAILED INPUT   
 PARAMETERS FOR HERZEGOVINA REGION

Mathematical model for techno-economic analysis for 
FBiH (Herzegovina region) must be adjusted. The main 
focus must be on input parameters for calculations. In 
Figure 1 global horizontal radiation of BiH is presented. 
Approximate positions for analysed towns in Herzegovi-
na region are given. Capital of this region is town Mostar 
(around 100000 inhibits of total 400000 in Herzegovina).

cWIncome ⋅= (7)

Figure 1: Global horizontal radiation for BiH
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On Figure 1 four towns (Mostar, Rama, Stolac and Čaplji-
na) are shown. Their position is in southern FBiH (Herze-
govina region). From Figure 1 shows great irradiance level 
on that area. All mentioned towns have more PV plants in-
stalled. For each town, data about equivalent work hours 
of those PV plants on annual basis for 2014 and 2015 
(data by Operator for Renewable Energy Sources and Ef-
ficient Cogeneration in FBiH) were collected.

Average equivalent work hours of PV plants for each town 
were calculated by equation:

∑

∑

=

==
n

i
i

n

i
i

P

W
T

1

1 (8)

where n is number of PV plants for each town. For each 
town several PV plants were analysed. Rated power of 
those PV plants varies from 10-150 kW (data by Operator 
for Renewable Energy Sources and Efficient Cogenera-
tion in FBiH). Time equivalent T (kWh/kW) was obtained 
as follows: Mostar 1329.060 kWh/kW, Rama 1324.709 
kWh/kW, Čapljina 1373.280 kWh/kW and Stolac 
1671.850 kWh/kW. It is visible that results follow global 
horizontal radiation for FBiH (figure 1). Mean of equivalent 
work hours for those four towns was calculated. Result of 
T=1424.724 kWh/kW was obtained. On basis of available 
data, this value presents average equivalent work hours 
for representative PV plant in Herzegovina region. Figure 2 
presents representative example of connecting of PV plant 
on distribution grid in FBiH. In this case, PV plant on low 
voltage 0.4 kV buses (PCC-point of common coupling) in 
transformer station MV/LV is connected. Electrical meter 
collects data about PV plant electrical production. Electri-
cal meter position is at the location of PV plant (Figure 2).

PV plant

Transformer

0,4 kV
Electric
meter

10 kV

LV lines

PCC

Figure 2: Example of connecting of PV plant on distribution 
grid in FBiH

If a PV plant is not in support scheme mechanism, pur-
chase price is average trading price of electrical energy 
traded in FBiH on annual basis, multiplied by 20% (data 
by Regulatory Commission for Energy in Federation of 
Bosnia and Herzegovina). These 20% present an incen-

tive factor for RES in FBiH. This factor is independent on 
RES type. This price had average of 50-60 EUR/MWh 
(data by Regulatory Commission for Energy in Federation 
of Bosnia and Herzegovina) in last few years, and in 2018 
54 EUR/MWh (data by Regulatory Commission for Energy 
in Federation of Bosnia and Herzegovina).     

If PV plant is in support scheme mechanism, purchase 
price has three support scheme classes. It depends on 
rated power of PV plants, as follows (data by Regulato-
ry Commission for Energy in Federation of Bosnia and 
Herzegovina):
- 277 EUR/MWh for PV plants with P≤23 kW,  
- 183 EUR/MWh for PV plants with 23 kW<P≤150 kW,   
- 157 EUR/MWh for PV plants with 150 kW<P≤1000 kW.

Conversion factor EUR/BAM=1.955/1.

For PV plants with rated power greater than 1000 kW, 
there is no support scheme mechanism. 

In each support scheme case, support lasts guaranteed 
12 years for investors (data by Regulatory Commission for 
Energy in Federation of Bosnia and Herzegovina). These 
support schemes are FIT schemes. 

For this analysis, three PV plants were analysed. They 
present three marginal cases for support scheme options. 
The selected PV plants were with rated power: 23 kW, 
150 kW and 1000 kW. 

The goal was to determine for which conditions these PV 
plants are economical for construction in Herzegovina re-
gion. Selected parameters for techno-economic analysis 
are presented. Regarding literature stats described in pre-
viously sections, selection of parameters was performed.  
Modules degradation of 0.5%/a was selected. It means 
that every year from base one, electrical production is less 
for 0.5%. This value is in accordance with literature values.

Lifetime of PV plant is 25 years, as usually stated in 
literature.

Economic analysis for period of 20 years is performed. 
Amortization percent is 8.5%/a (linear amortization 
model).

Investment in PV plants (CAPEX) includes procurement 
and installation of equipment (inverters, modules, ca-
bles, cabinet boxes etc.). CAPEX include grid connec-
tion expends too.

Grid connection expends are fixed and around 100 EUR/
kW of installed power (data by Public Electrical Utility 
“Elektroprivreda HZ HB” Mostar, BiH) for this region.
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Inv. NPV (EUR)
IRR 
(%)

PI DPB (Y)
Sup. 

scheme
1350 
EUR/
kW

-597924.7 0.74 0.56 >20

No
1150 
EUR/
kW

-407765.0 2.02 0.65 >20

1350 
EUR/
kW

357884.6 10.68 1.27 10

Yes
1150 
EUR/
kW

529474.8 13.51 1.46 8

Inv. NPV (EUR)
IRR 
(%)

PI DPB (Y)
Sup. 

scheme
1500 
EUR/
kW

-111081.6 -0.02 0.51 >20

No
1250 
EUR/
kW

-75426.7 1.34 0.60 >20

1500 
EUR/
kW

67752.1 11.31 1.30 10

Yes
1250 
EUR/
kW

99139.3 14.65 1.53 8

Inv. NPV (EUR)
IRR 
(%)

PI DPB (Y)
Sup. 

scheme
1650 
EUR/
kW

-8831.6 -0.65 0.46 >20

No
1350 
EUR/
kW

-5979.2 0.74 0.56 >20

1650 
EUR/
kW

11173 17.25 1.68 7

Yes
1350 
EUR/
kW

13739 22.19 2.02 5

4. RESULTS AND DISCUSSION

In this section results of described scenarios are present-
ed. Tables I-III present results of scenario 1 and Tables IV-
VI present results of scenario 2 for PV plants rated power 
1000 kW, 150 kW and 10 kW respectively.

Table III: Results of scenario 1 for PV plant 10 kW 

Table I: Results of scenario 1 for PV plant 1000 kW

Table II: Results of scenario 1 for PV plant 150 kW 

After market analysis of PV plants construction in FBiH, 
per unit values (including grid connection expends) of PV 
plants construction are in framework:

- 1350-1650 EUR/kW for PV plants with P=10 kW,  
- 1250-1500 EUR/kW for PV plants with P=150 kW,   
- 1150-1350 EUR/kW for PV plants with P=1000 kW.

Installation expends are lower as the rated power of PV 
plant is greater. Framework depends on construction offers 
by constructor. Lower values in EUR/kW present minimal 
specific investment and upper values in EUR/kW present 
maximal specific investment. Tax on profit in FBiH is 10%.

OPEX consist of expends of system maintenance, insur-
ance expends and operational costs. Expends of system 
maintenance are 7% of income/a with increasing 1%/a. 
These costs present all maintenance costs of PV plant. 
Insurance expends are 3% of income/a with increasing 
1.5%/a. Operational costs are 0.5% of income/a with in-
creasing 2%/a. These are the values that dominate in Her-
zegovina region for construction of PV plants.

Debt/equity ratio is usually 90:10 for PV plant construction 
in this region. Debt funds are for construction purposes. 
Other operational expends cover equity (documentation, 
permissions, grid connection). Debt lasts 12 years (as 
long as a support scheme lasts), with 2 annuities/a. Eq-
uity and debt costs for PV plants construction in this area 
were investigated. Equity cost is in framework 10-13% 
and debt cost is in framework 5-6%. 

After input parameters setting for area of Herzegovina, 
analyses can be performed.   

Two scenarios in this case (for three PV plants of defined 
rated power (23 kW, 150 kW, and 1000 kW) with/without 
support schemes) will be analysed:
1. minimum (min.) and maximum (max.) CAPEX for PV 
plants with max. equity and max. debt costs. Calculated 
WACC in this case is 6.7% and
2. max. CAPEX with max. equity (debt) costs and min. 
equity (debt) costs. Calculated max. WACC in this case is 
6.7% (WACC>) and min. WACC is 5.5% (WACC<). 

Various other cases with proposed model can be anal-
ysed. In practice realization of PV plants, chosen models 
are the most realistic for FBiH (Herzegovina region).
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Inv. NPV (EUR)
IRR 
(%)

PI DPB (Y)
Sup. 

scheme

WACC 
5.5%

-514864 0.74 0.62 >20

No
WACC 
6.7%

-597924.7 0.74 0.56 >20

WACC 
5.5%

491019.1 10.60 1.36 10

Yes
WACC 
6.7%

357884.6 10.68 1.27 10

Table IV: Results of scenario 2 for PV 1000 kW 

Inv. NPV (EUR)
IRR 
(%)

PI DPB (Y)
Sup. 

scheme

WACC 
5.5%

-98341.6 -0.02 0.56 >20

No
WACC 
6.7%

-111081.6 -0.02 0.51 >20

WACC 
5.5%

89857 11.22 1.40 9

Yes
WACC 
6.7%

67752.1 11.31 1.30 10

Inv. NPV (EUR)
IRR 
(%)

PI DPB (Y)
Sup. 

scheme

WACC 
5.5%

-7963.57 -0.65 0.52 >20

No
WACC 
6.7%

-8831.64 -0.65 0.46 >20

WACC 
5.5%

13149.72 17.17 1.80 6

Yes
WACC 
6.7%

11173 17.25 1.68 7

Table V: Results of scenario 2 for PV plant 150 kW

Table VI: Results of scenario 2 for PV plant 10 kW 

Figure 3:  Relations of chosen economic parameters for invest-
ments (PV plants 10 kW, 150 kW and 1000 kW) from scenario 1 

with included support schemes

Generally, from Tables I-VI it can be concluded:
- construction of PV plants without support schemes is 
non-profitable in any case for both scenarios,
- construction of PV plants with support schemes is prof-
itable in each case for both scenarios.

Figure 3 presents relations of chosen economic parame-
ters for investments (PV plants 10 kW, 150 kW and 1000 
kW), from scenario 1 with support schemes.

From Figure 3 is visible that:
-  NPV is the greatest for PV plant P=1000 kW,
-  IRR, PI, DPB has most requested values for PV plant  
    P=10 kW.

Figure 4 presents relations of chosen economic parame-
ters for investments (PV plants 10 kW, 150 kW and 1000 
kW), from scenario 2 with support schemes.

From Figure 4 is visible that
- NPV is the greatest for PV plant P=1000 kW,
- IRR, PI, DPB has most requested values for PV plant  
   P=10 kW.

Both scenarios suggest generally that NPV has greater 
value for PV plant with greater rated power (but initial in-
vestment is greater too). Other economic parameters 
(IRR, PI and DPB) have most requested values for PV 
plants with lower rated power. 

Figure 4:  Relations of chosen economic parameters for invest-
ments (PV plants 10 kW, 150 kW and 1000 kW) from scenario 

2 with included support schemes
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5. CONCLUSION

RES are playing an increasingly  important role in power 
systems. They are gaining a greater role in electrical ener-
gy production by the day. On the other side, there are dai-
ly challenges about their integration in power grid. Their 
penetration in power system is increasingly, mainly due 
to support scheme mechanisms and decreasing of con-
struction costs. This is in particular with PV plants. This 
paper gave some answers about profitability of PV plants 
construction in region of Herzegovina (FBiH).    

In this paper, profitability of PV plant construction with 
and without current support schemes was analysed. For 
investors in FBiH (Herzegovina region), considering NPV, 
construction of PV plant rated power 1000 kW is the best 
solution. If the rated power of PV plant is greater, NPV is 
greater, but initial investment, too. Considering IRR, PI or 
DPB, construction of PV plant rated power 10 kW is the 
best solution for investors. Lower rated power of PV plant 
means better results regarding IRR, PI and DPB. For ana-
lysed cases, DPB period in this area can be only 5 years! 
It is a quite profitable investment considering FIT period 
of 12 years. Investors should choose to which parame-
ter (NPV, IRR, PI or DPB) give advantage. In accordance 
with that, rated power of PV plant for construction must 
be chosen. Greater penetration of PV plants in this area, 
probably due to poor FIT budget is reduced. Construction 
of PV plants without support schemes for this area is yet 
non-profit.

Maybe, it is time for revision of the support scheme mech-
anisms for PV plants in FBiH. Revision is a necessity due 
to great differences in profitability of PV plants which are/
are not in support scheme mechanism. In this way, PV 
plants without support schemes will remain unprofitable 
for a long time. This is not in harmony with sustainable 
development policy and necessity of CO2 emission de-
creasing.  

Generally, these results can be useful for potential inves-
tors in PV plants in this region. 
Beyond that, these results are comparable with some 
other countries results in this area.
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Abstract: Distribution network planning is a regular business process for determining optimal construction and reinforcement in the distribution 
network of a particular area that all power distribution companies are concerned. It is conducted based on techno-economic analyses for pur-
pose of achieving the required safety and quality of power with minimum investment costs. The development of the distribution system should 
include all the needs of customers and electricity producers for the observed planning period. In addition, the development plan needs to be 
coordinated with the strategic directions of the development of the electricity distribution network. Among other things, this involves transition 
to direct transformation and one medium voltage (MV) level. In order to reduce losses and repair voltage conditions, interpolations of secondary 
TS and shortening of low voltage (LV) networks are planning. The paper presents some of the results of the research carried out in the study 
“Development projection of distribution networks of PE Elektroprivreda BiH, d.d. Sarajevo for the period 2015 - 2025”.

Keywords: development planning, distribution MV and LV networks, forecast of consumption/production

Sažetak: Planiranje distributivne mreže je redovni poslovni proces utvrđivanja optimalne izgradnje i pojačanja u distributivnoj mreži određenog 
područja, s kojim se susreću sve elektrodistributivne kompanije. Provodi se na osnovu tehnoekonomskih analiza sa svrhom postizanja zahtije-
vane sigurnosti i kvaliteta napajanja uz minimalne troškove ulaganja. Razvojem distributivnog sistema treba obuhvatiti sve potrebe potrošača 
i proizvođača električne energije za posmatrani period planiranja. Pri tome, plan razvoja potrebno je uskladiti sa strateškim pravcima razvoja 
elektrodistributivne mreže. Pored ostalog, tu se podrazumijeva prelazak na direktnu transformaciju i jedan nivo srednjeg napona (SN). U cilju 
smanjenja gubitaka i popravke naponskih prilika, planiraju se interpolacije sekundarnih transformatorskih stanica (TS) i skraćenje niskonaponske 
(NN) mreže. U radu su prikazani neki od rezultata istraživanja iz studije „Projekcija razvoja distributivnih mreža JP EP BiH d.d. Sarajevo za period 
2015 – 2025. godina“. 

Ključne riječi: planiranje razvoja, distributivne SN i NN mreže, prognoza potrošnje/proizvodnje

DEVELOPMENT PROJECTION OF DISTRIBUTION 
ELECTRIC POWER NETWORKS OF 

PE ELEKTROPRIVREDA BiH D.D. - SARAJEVO

PROJEKCIJA RAZVOJA DISTRIBUTIVNIH 
ELEKTROENERGETSKIH MREŽA 

JP ELEKTROPRIVREDE BIH D.D. - SARAJEVO

Šeila Gruhonjić Ferhatbegović1, Sead Spahić1, Adnan Bosović1, Nedžad Hasanspahić1

INTRODUCTION

In order to ensure the delivery of electrical energy to 
consumption of the required quantity, continuity and 
quality, it is necessary to plan an adequate operation 
and development of the distribution system. Therefore, 
the planning of the development of electricity distribu-
tion networks is one of the key operating processes of 
the distribution system operator (DSO). In accordance 
with applicable law, DSO is responsible for developing 
a distribution network to ensure long-term capacity of 
the distribution network to satisfy electricity distribution 
requirements. In recent years, more and more distrib-
uted sources have been connected to the MV and LV 
distribution network, so the development plan should 
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include the needs of the electricity producers for the ad-
equate distribution of generated electrical energy from 
distributed generators (DG). Sustainable energy future is 
also based on greater exploitation of renewable energy 
technologies and on the introduction of energy efficiency 
modules. The planning of the development of the dis-
tribution network and the organization of electrical en-
ergy distribution activities need to be harmonized with 
the current legislation in this field. For example, DSO is 
obliged to supply all customers with electrical energy in 
accordance with EN 50160, which is a significant chal-
lenge for the distributor. The development of the distri-
bution network is therefore necessary to plan in order to 
satisfy the provisions of this standard, which specifically 
refers to the correction of voltage conditions in the LV 
network [1] - [3]. In the PE Elektroprivreda BiH (EP BiH), 
in the past several years, several systematic studies have 
been carried out aimed at researching and analysing fur-
ther directions of development and distribution system 
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operations. Thus, a research was undertaken in terms 
of transition to one level of medium voltage (20 kV) and 
direct transformation [4], [5]. The development of elec-
tricity distribution networks and the increased presence 
of 20 kV networks as well as cable networks are accom-
panied by analysanalyses that consider the treatment of 
the neutral point at medium voltage. The analysis with 
this topic was carried out in the EP BiH, in the study 
“Neutral point treatment in distribution networks of PE 
Elektroprivreda BiH” [6]. Detailed analysis of the exist-
ing and expected conditions on the network, taking into 
account the requirements for new connections of con-
sumers and producers, create the basis for the develop-
ment of short-term and mid-term development plans in 
the distribution of electrical energy. In distribution activi-
ties yearly and three-year development plans are usual-
ly done. All planning documents must respect strategic 
directions regarding the development of power distri-
bution networks and systems. Such a process implies 
a rather broad and complex examination of the issues, 
which ultimately results in investments in the electricity 
distribution system and adequate development. It often 
happened, as a result of various influences, the urgency 
of resolving consumer or producer demands, the orga-
nizational structure of distribution companies and human 
resources, the available financial resources and current 
problems, that the operational planning process in the 
electricity distribution business was not a consequence 
of detailed elaborations with a clear vision of the distri-
bution system development. This was especially reflect-
ed in the non-systematic further development of the 35 
kV network and the delay in the development of LV net-
works. Such omissions, due to accumulated problems, 
can often be present in short-term plans. Therefore, 
there was a need for conducting a professional research 
which, as its final result, should contain a list of systemic 
electricity facilities that will be the subject of construction 
in a longer period of time (here it is the period from 2015 
to 2025). To make analyses of this type it is necessary 
to realize an increase in consumption/production for a 
certain period and make detailed forecasts [7]. This type 
of study should be the basis for future short-term and 
mid-term planning documents related to development of 
the electricity distribution system, with a clearly defined 
list of planned electricity facilities for construction, with 
a defined frame of time and cost estimate. In the pa-
per, some of the research results from the study “Develo 
projection of distribution networks of PE Elektroprivreda 
BiH d.d. - Sarajevo for the period 2015 – 2025” were 
briefly presented [8]. Here, the characteristics of glob-
al and spatial forecasts of peak power are elaborated 
according to long-term planning programs, and the 
proposed dynamics for the construction of new power 
facilities and the reconstruction of the existing ones. In 
accordance with the selected methodology of the study 
research, and in order to achieve as high quality projec-
tions of the development of the distribution networks of 

EP BiH for the period 2015-2025, the area under the 
competence of EP BiH is divided into several regional 
units. PowerCad and WinDis software packages were 
used for planning distribution networks. The systemic 
electricity facilities, proposed for construction, are classi-
fied into four different groups considering the reasons for 
their construction. Those are the construction of primary 
TS 110/x kV, the transition to unique MV voltage level (20 
kV), the construction of new MV lines, the interpolation 
of TS MV/LV in the aim of reducing the length of existing 
LV networks and bringing the quality of electrical energy 
supply to the prescribed level.

1. ANALYSIS OF CURRENT SITUATION AND   
 CHARACTERISTICS OF THE EXISTING NETWORK

The starting point in the planning of distribution net-
works is always the existing situation in the distribution 
network as well as the analysis of the possibilities of 
such a network in satisfying the needs of all consum-
ers/producers in a given period. If the analysis deter-
mines that the network cannot satisfy the set of aims 
or satisfy the prescribed limitations, then the process 
of planning the development and construction of dis-
tribution networks is approached. Analysis of the cur-
rent situation is also necessary because the equipment 
used has a relatively long life, so it is not only important 
for the object to be put into operation for a specified 
time.  It’s also important that the object fits into the 
existing system in a satisfactory manner over a longer 
period of time, as well as fits into the strategy of long-
term development. The basis for the development of 
multi-annual development plans are the studies of the 
long-term development of the distribution network. The 
network development studies elaborate in detail the ex-
isting state of the observed area and on the basis of 
the prediction of the burden of growth and the forecast 
of distributed production, in accordance with the ad-
opted criteria and approach to development planning, 
suggest the long-term development of the network. For 
example, the characteristic for the territory of EP BiH, 
is that the scope of the network at the voltage level 
of 20 kV is still not satisfactory, considering the time 
period in which the equipment adapted for 20 kV is 
being purchased and installed. Also, 35 kV networks 
and electric power facilities that include this voltage lev-
el are still significantly present. The total consumption 
at the 35 kV voltage level (industrial customers at 35 
kV) in the last twenty years has seen a significant drop. 
Existing customers at 35 kV voltage should be solved 
in accordance with the transition to direct transforma-
tion of 110/20 kV, so that these customers, depend-
ing on the required maximum power, are customers at 
110 kV or 20 kV voltage. The medium voltage network 
is mostly isolated, but with characteristics that earth 
currents have exceeded the recommended values 
for most distribution areas and operating conditions. 
Only a small part of the network of electricity distribu-
tion Sarajevo (ED Sarajevo) works with a neutral point 
grounded through a small resistor. The development of 
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the electricity distribution network is accompanied con-
stantly by the increased presence of the underground 
cable network in relation to the overhead network. This 
leads to a constantly increase in earth fault currents 
so that the option of an isolated MV distribution net-
work is no longer an acceptable solution. This means 
that the further development of the network should also 
consider the most favourable network operating condi-
tions and the appropriate treatment of the neutral point. 
Also, in recent years, the installation of a multi-purpose 
self-supporting cable or universal cable (UKB) is pres-
ent, mostly due to the inability to resolve property-legal 
relations for an adequate passage of lines. Considering 
the significantly higher value of the UKB’s permissible 
capacity, this also leads to an increase in earth fault 
currents. This fact, as well as the high cost and lesser 
bandwidth of the UKB, have led to the justification of 
using UKB only in exceptional cases. The transition of 
the network to the voltage level of 20 kV significantly 
reduces the losses of electrical energy and increases 
the throughput of the existing feeders, but also leads 
to doubling the value of existing earth fault currents. 
In the part of the LV network, it has been shown that 
some TS 10(20)/0.4 kV often belongs to the excessive 
length of the LV network. On the long LV feeders, volt-
age conditions are often threatened, so requests for the 
implementation of interpolation of new TS in order to 
shorten the network and reduce losses are made. In 
the existing overhead network of low voltage there are 
also problems of worsening of a larger part of the net-
work on wooden poles, a large proportion of conduc-
tors with a cross-section of Al/Fe 25 mm2 and lesser 
and a larger voltage drop. Therefore, for the part of the 
existing network, reconstructions need to be planned.

1.1. Input data and model of the existing network

In order to make a development projection, first of all it is 
necessary to dispose of up-to-date models of distribution 
network and objects. It is also necessary to include dis-
tributed resources. On models of the network, it is nec-
essary to set the profiles of existing customer loads and 
forecasted consumption/production. In the schemes pre-
pared in this way, the calculation of the existing and per-
spective states is done. In EP BiH, the basic data about 
network construction are available in the database of dis-
tribution electrical energy objects (DEEO), which has been 
in operation for several years. This database includes MV 
and LV distribution networks, transformer stations as well 
as scheduling of connection points. For the modelled MV 
network, energy analysanalyses were carried out in the 
PowerCad software tool. For the analysis of LV networks, 
the WinDis software tool was used. These software tools 
do not allow automated download of data from the DEEO 
database, so that only the updating of the basic network 
models is quite extensive work. Therefore, in EP BiH, the 
procurement of a software tool for network calculation is 
considered, which will be able to communicate with the 
database and automatically download changes on the 
network. For the purpose of balanced development of the 

electricity distribution network, a study survey defined the 
list of criteria for determining investment priorities such as: 
ensuring the undisrupted connection of all new customers 
and producers, fulfilment of requirements regarding the 
quality of electrical energy in terms of voltage conditions, 
reliability and security of electricity delivery. When plan-
ning the projection of distribution network development, 
it is necessary to anticipate permanent modernization, i.e. 
gradual replacement of individual devices with new and 
modern ones, and installation of modern devices that 
contribute to a more reliable distribution network oper-
ation and a better supply of its users. Here, apart from 
technical criteria, the economic principles of distribution 
network planning should be taken into account through 
the valuation of profits and costs of installation or replace-
ment of devices.  

1.2. Classification to regional units

In order to achieve a better quality of the development of 
the distribution networks of EP BiH, taking into account 
the specificities of certain areas, the research is based on 
the definition of regional units. Regional units have been 
selected in such a way that the application of appropriate 
criteria, for the projection of the development of the elec-
tricity distribution network, for the selected area, gives a 
clear and precise projection of the development of the ob-
served area. For each regional entity, the existing situation 
is examined in detail regarding the structure of the net-
work and facilities and the structure of consumption/gen-
eration of electrical energy. That is, when defining regional 
units, special attention is paid to the following specificities:

- 110 kV network topology and planned construction 
of new TS 110/x kV,

- representation, load and structure of existing supplied 
TS,

- topology and construction of MV network,
- preparedness of the existing 10 kV network for tran-

sition to the voltage level of 20 kV,
- preparedness of existing supplied TS for transition to 

direct transformation and voltage of 20 kV,
- treatment the neutral points of the MV network,
- consumption/production structure distributed according 

to download/injection sites in MV and LV networks,
- planned construction of new MV lines between significant 

power points or adjacent feeders,
- length of the LV network of individual TS 10 (20)/0.4 

kV, that is, the length and structure of the LV feeder,
- load of existing TS 10(20)/0.4 kV,
- current organization of EP BiH by ED sections and 

distribution units,
- spatial and geographical specificity.

Implementation of the previous items, the area supplied 
by the electricity distribution network of EP BiH is divided 
into 21 regions, which is shown in Table I and Figure 1.
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ED Region Municipalities 

ED Bihać

Region I
Bihać without Kulen 

Vakuf and Martin Brod

Region II
Cazin, Velika Kladuša, 
Bužim and Bosanska 

Krupa

Region III S. Most and Ključ

Region IV
Bosanski Petrovac with 
Kulen Vakuf and Martin 

Brod

ED Mostar

Mostar
Mostar and Nevesinje 

(part)

Jablanica
Jablanica and Prozor 

(part)

Konjic Konjic

ED Sarajevo

Region I
Centar, Stari Grad, Novi 

Grad, Novo Sarajevo 
and Ilidža

Region II Vogošća and Ilijaš

Region III
Hadžići and Trnovo (PJD 

Hadžići)

Region IV
Goražde, Foča-Ustikolina 

and Pale-Prača

ED Tuzla

Center Tuzla and Lukavac

North 
Čelić, Doboj Istok, 

Gračanica, Gradačac 
and Srebrenik

South 
Banovići, Kladanj and 

Živinice

East 
Kalesija, Sapna and 

Teočak

ED Zenica

ZDK North 
Tešanj, Doboj south, 
Maglaj and Zavidovići

ZDK Center
Žepče, Zenica and 

Kakanj

ZDK South 
Visoko, Breza, Vareš and 

Olovo

Basin of 
river  Vrbas

Bugojno, Gornji 
Vakuf-Uskoplje and Donji 

Vakuf-Jajce

Basin of 
river  Lašva

Travnik, Vitez and Novi 
Travnik

Basin of 
river  Bosna

Fojnica and 
Busovača-Kiseljak

Table I: A tabular overview of the defined regional units in the 
EP BiH area

For each regional unit, the following analyses have been 
made:

- analysis of power flows and voltage conditions,
- analysis of trends in the increase in consumption in 

the previous period,
- urban, regulatory and other plans of the observed 

area,
- current requirements for connecting customers/pro-

ducers,
- consumption/production forecast for the next ten-

year period,
- analysis of the number and length of interruptions in 

electricity supply (SAIFI and SAIDI),
- analysis of LV networks based on available data from 

the database of technical data DEEO and all other 
available information (measurements, end-customer 
complaints, analysis of connection conditions in the 
process of electrical energy delivery, information from 
relevant organizational units, etc.).

Based on the analysis of the current state and charac-
teristics of the existing network, as well as the forecasts 
of consumption and production of electrical energy, the 
projection of the electricity distribution network and facili-
ties development for the selected regions with determined 
dynamics of investments in certain types of projects was 
made. In addition, for each regional unit, unique criteria 
and methodology of planning were applied.
 

2. METHODOLOGY USED FOR PLANNING

For purpose of making a development plan for the elec-
tricity distribution network and the construction of new 
objects, it is necessary to make appropriate power flow 
calculations and to observe the voltage values in the dis-
continuity points of the power distribution network. When 
planning, the criteria of voltage constraints and thermal 
constraints should be respected. In most cases, back-
up supplies should also be planned. Modern methods of 
planning the development of electricity networks include 
several interrelated analysanalyses related to the safety 
and reliability of power supply, the “n-1” availability of the 
distribution network, the economic validity of investments in 
the distribution network. The purpose of the methodology and 
criteria for planning the development of the distribution net-
work is the establishment of procedures and rules and de-
fining guidelines that will ensure coordinated and efficient 
planning and construction in order to fulfill the long-term 
ability of the distribution network to fulfil the requirements 
for electricity distribution. Methodology and planning cri-
teria apply equally to all distribution network users. Since 
the development of the electricity distribution network is 
a long-term process, with concrete specifics and working 
conditions have to be respected, the chosen methodolo-
gy basically represents the application of general criteria 
and commitments, while adapting to specific conditions 
of design, construction, expansion, the current condition 
of equipment and operating modes in certain areas.
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Figure 1:  Geographical representation of defined regional units in the territory of EP BiH

2.1. Forecast consumption/production of electrical  
 energy 

Based on a trend analysis of the increase in consump-
tion in the previous ten years, the electricity consump-
tion forecast, for the projected period of 2015 – 2025, 
was made. When forecasting consumption, the impact 
of all customers and manufacturers who submitted the 
request for connection as well as those customers and 
manufacturers whose connections are expected based 
on regulatory, spatial and urban plans are taken into 
account. An aggravating circumstance in the develop-
ment of a load forecast was that not all municipalities 
had proper and reliable regulatory plans. In the Power-
Cad software tool for analysis of distribution networks, 
models of the entire MV network of EP BiH for the ex-
isting and perspective state were made. 

2.2. Strategic guidelines for planning the development  
 of power distribution systems  

For the development of the distribution network, the fol-
lowing key areas are identified as priority choices: tran-
sition to voltage level 20 kV, shortening of LV networks, 
introduction of intelligent measurement systems and 
automation with application of information and com-
munication technologies (ICT). Long-term strategy and 
plans should be directed to the aforementioned areas, 
with recommendations to consistently and systematical-
ly implement the strategy of transition the network and 
objects to the direct transformation of 110/20 kV. Also, 
the calculations have shown that it is necessary to be 
installed in a larger volume of TS 10(20)/0.4 kV of low 
power in the existing network in order to shorten the low 
voltage lines.
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2.2.1. Gradual replacement of the voltage level of 10 kV  
          with 20 kV

The gradual replacement of the voltage level of 10 kV 
with a 20 kV voltage level is essentially a long-term pro-
cess. In EP BiH, for more than twenty years, in the con-
struction of new and reconstruction of existing objects, 
equipment adapted for the voltage of 20 kV is installed. 
Completion of this process and work with the voltage 
level of 20 kV should first be realized in overhead net-
works and later on in urban cable networks. The reason 
for this is that, in overhead networks, the application 
of 20 kV voltage leads to significantly less losses and 
better voltage conditions and for customers on remote 
parts of the feeder. In addition, economically observed, 
it is easier to implement adjustments to the voltage of 
20 kV in overhead networks. Cable networks, even 
those with cables of older versions, have significantly 
better bandwidth than overhead networks, these net-
works are concentrated and in the event of an increase 
in load, the voltage conditions and increased losses in 
the MV network will not be affected. From the economic 
point of view, it is more demanding and expensive to 
adapt the underground cable network to operate at 20 
kV voltage. Under practical conditions, there have been 
cases when we have a significant increase in load and 
demands for new connections at medium voltage and 
that the construction of supplied TS is delayed. Some of 
these cases can be solved by transition to 20 kV voltage 
level, which is the best techno-economic solution.

2.2.2. Introduction of direct transformation and concept  
          of new TS 110/x kV planning

In the construction of new supply transformer stations, 
the transition to transformation 110/10(20) kV is pre-
ferred. In the first periods of the introduction of direct 
transformation in urban areas, the transformation of 
110/10 kV will be more presented, while transformation 
of 110/20 kV will be more presented in rural networks. 
Recommendation, based on analyses of electro-distri-
bution areas, in the first periods of direct transformation, 
is that simplified TS 110/10(20) kV with low-power trans-
formers (8 or 10 MVA) should be installed. It goes on 
gradually suppression of the voltage level of 35 kV and 
TS 35/10 kV. In case of the need for reconstruction of 
the existing TS 35/10 kV (although this situation should 
be avoided), the equipment for 20 kV is installed and 
plans for the subsequent upgrading of the 110 kV plant, 
that is, only a temporary 35 kV plant is planned. Trans-
formation stations 110/10(20) kV have the purpose of 
distribution or supply of end customers, while the previ-
ous TS 110/35 kV were in the function of transmission 
of electrical energy. Changing the basic role of the TS 
determines a significantly different approach to the lo-
cation selection. Also, the concept of direct transforma-
tion should lead to lesser technical losses of electrical 
energy. Figure 2 shows the concept of the distribution 
network with direct transformation and the concept with 
the 35 kV network.

Figure 2: Comparison of the distribution network concept 
with voltage of 35 kV and concept with direct transformation 

110/10(20) kV

2.2.3. Connection network 10(20) kV

The advantage of the 20 kV network in relation to 10 kV 
is the possibility of better connection and the provision of 
alternative power from the neighbouring supply TS. This 
is possible on overhead networks where transition to the 
voltage level of 20 kV provides better voltage conditions 
and the possibility, within the allowed voltage drops, to 
connect to the neighbouring source point. This will sig-
nificantly affect the security of the power supply and the 
better value of the reliability indicators. When planning 
the development of a distribution system, the criterion of 
permitted current load is the basic technical criterion for 
the operation of the network. The selection of cable and 
overhead MV lines in EP BiH is standardized and imple-
mented in accordance with technical recommendations. 
The medium voltage network should also be equipped 
with sufficient number of power line disconnectors con-
nected to the remote control and management system. It 
is planned to replace the existing voltage levels of 35 kV 
and 10 kV with one voltage level of 20 kV.

2.3. The concept of  LV network development

The existing low voltage network, especially in rural areas, 
is not optimally built. In EP BiH, the TS 10(20)/0.4 kV is on 
average connected to excessive length of the LV network, 
often a small cross section of the conductors. On the TS 
10(20)/0.4 kV, 3.37 km of LV network is connected on av-
erage. The development of the low voltage network should 
be directed so they have short low voltage feeders and sim-
plified TS 10(20)/0.4 kV with transformers of relatively low 
nominal power.  Short low voltage feeders are achieved by 
interpolating new secondary TS. Due to reduction of losses, 
repair of voltage conditions and increased reliability, a small 
section of conductors needs to be changed. Where possi-
ble, it is recommended to use self-supporting cable bundles 
in overhead networks. In the next ten-year period, it is nec-
essary to shorten the LV network to approximately 2.5 km of 
LV network by TS. In the forthcoming period, a correction of 
the LV network is foreseen in order to meet technical limita-
tions for the realization of remote measurement systems. 
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3. RESULTS OF THE IMPLEMENTED ANALYSIS

The study “Development projection of the distribution net-
works of EP BiH” provides a comprehensive projection of 
the development of the distribution networks of EP BiH 
for the period 2015-2025 [8]. For the illustration, sever-
al graphically unified research results are presented here. 
The conducted analysis showed that in the next ten years 
it is necessary to realize 1762 projects divided into four 
basic categories: primary electrical energy objects (EEO), 
MV lines, transition to 20 kV and secondary TS. There are 
many different needs of individual regions and ED parts 
depending on the investment structure and the amount 
of investment. As an example, Figure 3 gives a graphical 
presentation of the required investments by 2025 for the 
Electrical Distribution System of ED Sarajevo and the re-
spective regions. For example, it can be seen that region 
I needs the highest investment in supplied TS, while the 
needs of other regions for this type of projects are far less-

er. Figure 4 shows a graphical presentation of the required 
investments by 2025 for the regions of ED Tuzla. It seems 
that the largest investments in the new TS 110/x kV are 
needed for the area of the Centre region. The area of this 
region had a rather developed 35 kV network and here it 
should be gradually transit to direct transformation. For 
example, the area of the North region has a partially rep-
resented direct transformation and here more investment 
is needed in building a MV network and transition to a 
voltage level of 20 kV. Figure 5 gives a graphical represen-
tation of the investment to the type of project for the entire 
area of EP BiH. For example, the required investments in 
interpolation of secondary TS are approximately the same 
for the areas of ED Tuzla and ED Zenica. In ED Bihac, for 
the area of region II, the most necessary interpolations of 
secondary TS are recorded. For all types of projects, an 
appropriate year is also planned. For illustration, Figure 6 
shows the required dynamics of investment in the electri-
cal distribution network in the ED parts.

Figure 3: Overview of investment in EES by type of project for ED Sarajevo
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Figure 4: Overview of the investment in the EES by type of project for ED Tuzla

Figure 5: Comparison of investment in EES by type of project and regions
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Figure 6: Dynamics of investment in the electricity distribution network by ED parts

4. CONCLUSION

Research on this topic has shown that it is extreme-
ly difficult to define a long-term projection of the de-
velopment of the electricity distribution system in the 
current circumstances. First of all the reason is the 
absence of adequate official documents of social and 
economic development at all levels. Also, the devel-
opment of the primary electricity transmission network 
was completely stopped, for a time, by various block-
ades. This significantly influenced the existing practice 
of expanding the electricity distribution system to con-
nect new consumers/producers as well as to reflect 
on the projections of the future development of the 
electricity distribution system. The problem with long-
term planning may also be the incomplete database, 
especially for the LV network. The dynamics of reali-
zation of projects for transition the MV network to 20 
kV will largely depend on the dynamics of realization 
of investment projects in the primary TS. Therefore, 
in the initial years of the period from 2015 to 2025, it 
foresees the realization of projects for which there are 
already existent ones, or, in smaller reconstructions, 
preconditions in the primary TS can be created, while 
in the second period it is envisaged to realize projects 
whose realization depends on timely investment in the 
primary TS. By transition to the unique MV voltage 
level of 20 kV, in addition to the multiple savings and 
simplifications of the electricity distribution system, its 
capacity and accessibility to new consumers/produc-
ers is doubled. In the construction of new MV lines 
and secondary TS, the realization of the connection 
of new consumers and producers is a priority given 

the basic role of DSO, and in the following phases the 
construction of MV lines is considered for the purpose 
of achieving the “n-1” criteria or improving the tech-
nical characteristics of the network. It turned out that 
it is necessary to intensify the total necessary invest-
ments in the development of the electricity distribution 
system in the system areas, in relation to the previous 
period, if the DSO wants to fulfill all the goals and objectives 
defined by the laws and norms.
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About the Journal

B&H Electrical Engineering is the annual journal published by the Committee for Bosnia and Herzegovina International 
Council on Large Electric Systems – CIGRÉ. The Journal accepts English-language manuscripts, as well as manuscripts 
in one of the official languages of Bosnia and Herzegovina.

The aim of the Journal is to publish high-quality manuscripts in the field of electrical engineering (power engineering, 
electronics, telecommunication, etc.), as well as in the field of computing engineering and information technology. 

However, manuscripts in the field of technology, ecology, energy efficiency, industry applications, economy, management 
and other engineering and social science fields will also be published if they associated with the field of electrical engineering, 
computing engineering and information technology.

In addition to the original and review scientific papers, the Journal will also consider professional and conference pa-
pers. Manuscripts are at least double-blind reviewed. No fee is charged from the authors for manuscript accepted for 
publishing.

The editorial team is made up of experts in the fields treated within the Journal. 

The journal B&H Electrical Engineering has been indexed at the IET Inspec Direct database and the EBSCO database.  

O časopisu

Izdavač časopisa Bosanskohercegovačka elektrotehnika je Bosanskohercegovački komitet Međunarodnog vijeća za 
velike električne sisteme - CIGRÉ.
 
Radovi se mogu dostaviti na engleskom jeziku ili na jednom od zvaničnih jezika Bosne i Hercegovine.  Časopis se štampa 
jednom godišnje.

Cilj časopisa je publikovanje  visokokvalitetnih  radova iz oblasti elektrotehnike (elektroenergetika, elektronika, 
telekomunikacije...), kao i iz oblasti računarstva i informatike. Pored pomenutih oblasti radovi iz oblasti tehnologi-
je, ekologije, energetske efikasnosti, ekonomije, menadžemnta i drugih inženjerskih i društvenih znanosti mogu 
biti publikovani u časopisu ako su u korelaciji s elektrotehnikom, računarstvom i informatikom.

Uredništvo časopisa, pored naučnih i stručnih radova, prihvata i pregledne naučne radove, kao i konferencijske 
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TYPE OF THE PAPER

Original scientific paper is an original scientific work presenting new results of fundamental or applied researches. 
By a rule, it is organised following the IMRAD scheme (Introduction, Methods, Results and Discussion). The paper is 
consisted in the way to provide the following, based on the given information: a) reproduce methodological and com-
puting process and receive results of equal precision, or within the limits of free grading, as given by the author, or b) 
repeat the author’s observations and judge his analysis, or c) check the correctness of the analysis and deductions on 
which the author’s findings are based. 

Review scientific paper is a review of the newest works on a given topic, a work of individual researcher or a group 
of researchers with the aim to summarise, analyse, evaluate or synthesise already published information. It brings new 
synthesis which also involves results of the author’s own research. 

Conference paper - It can be published only as a holistic paper which was earlier referred to in a scientific gathering, 
and was not published as a whole article in the proceedings from the gathering. 

Professional paper - Contains useful contribution from the field and for the field of profession.

VRSTA RADA
Izvorni naučni rad je originalno naučno djelo u kojem su izneseni novi rezultati fundamentalnih ili primijenjenih is-
traživanja. Po pravilu je organizovan po šemi IMRAD (Introduction, Methods, Results and Discussion). Rad je sastavljen 
tako da se može na temelju datih informacija: a) reproducirati metodološki i računski postupak i dobiti rezultate s jed-
nakom točnošcu ili unutar granice stepena slobode, kako to navodi autor; ili b) ponoviti autorova opažanja i prosuditi 
njegove analize; ili c) provjeriti točnost analiza i dedukcija na kojima se temelje autorovi nalazi.

Pregledni naučni rad je pregled najnovijih djela o određenom predmetnom području, djela pojedinog istraživača ili 
skupine istraživača s ciljem da se već publikovane informacije sažmu, analiziraju, eveluiraju ili sintetiziraju. Donosi nove 
sinteze koje takodje uključuju rezultate sopstvenog istražvanja autora.

Izlaganje sa znanstvenog skupa - Može biti objavljeno samo kao cjeloviti članak koji je prethodno referiran na znan-
stvenom skupu, a u obliku cjelovitog članka nije objavljeno u zborniku skupa.

Stručni rad - Sadrži korisne priloge iz struke i za struku.



99Volume 12  January/December 2018

DECLARATION OF AUTHORSHIP 

I (we) hereby declare, under full moral responsibility and criminal liability, that my (our) paper titled:

„______________________________________________________________________________________________________________
______________________________________________________________________________________________________________“, 

accepted for publication in the journal “B&H Electrical Engineering”, issue____, year _________:

- presents the results of my (our) own research;
- does not violate other copyrights or proprietary rights;
- respects the rules of scientific methodology in terms of citing sources and allegations, as well as the “B&H Electrical  

 Engineering” standards as defined in the Paper Writing Guidelines;
- has not been published or commissioned for publication in another journal.

In:  ____________________    
Date: _____________________       Author(s)

_______________________________
_______________________________
_______________________________
_______________________________
_______________________________

Completed and signed Declaration must be scanned and sent by e-mail.
The paper shall not be published without the completed and signed Declaration of Authorship.

IZJAVA O AUTORSTVU 

Pod punom moralnom i materijalnom odgovornošću, izjavljujem/o da članak pod naslovom:

„______________________________________________________________________________________________________________
______________________________________________________________________________________________________________“, 

kojim konkurišem/o za objavljivanje u časopisu „Bosanskohercegovačka elektrotehnika/B&H Electrical Engineering“,
broj____, godina _________:

- predstavlja rezultate sopstvenih istraživanja;
- ne krši autorska ili prava bilo koje treće strane;
- poštuje pravila naučne metodologije u pogledu citiranja izvora i navoda, kao i standarde časopisa    

 „Bosanskohercegovačka elektrotehnika/B&H Electrical Engineering“ definisane u Uputama za pisanje rada;
- nije objavljen ili ponuđen za objavljivanje u bilo kojem drugom časopisu.

U  ____________________    
Datum___________________,        Autor/i

_______________________________
_______________________________
_______________________________
_______________________________
_______________________________



100 B&H Electrical Engineering Bosanskohercegovačka elektrotehnika

PAPER WRITING GUIDELINES
(TITLE IN ENGLISH - Times New Roman, Bold, 12pt)

UPUTE ZA PISANJE RADA (IN ONE OF THE OFFICIAL LANGUAGES
OF BOSNIA AND HERZEGOVINA – Times New Roman, Bold, 12pt)

Author 1 Name and Surname 
Company - Institution 

State
Email

Author 2 Name and Surname 
Company - Institution 

State

Abstract (in English): The paper describes principles, regimes, operational characteristics and methods of work. It is written 
under the title, as one column.

Keywords (in English): word 1, word 2, word 3, ...

Sažetak (na jednom od zvaničnih jezika Bosne i Hercegovine): Rad opisuje principe, režime, radne karakteristike i načine 
rada. Piše se ispod naslova u jednoj koloni.

Ključne riječi (na jednom od zvaničnih jezika Bosne i Hercegovine): riječ1, riječ2, riječ3...

INTRODUCTION
The author submits the manuscript to the Secretariat of the 
BH K CIGRE, in electronic format to the e-mail address (ci-
gre@bhkcigre.ba) or to the editor of the journal at email ad-
dress (tatjana.konjic@untz.ba). The start of the paper should 
introduce the title (in one of the official languages of Bosnia 
and Herzegovina and in English), names of authors, compa-
ny/industry, state and e-mail address of one of the authors for 
contact. Below that, abstract and key words in one of the of-
ficial languages of Bosnia and Herzegovina and in English 
are given in one column. The text of the paper is written in 
two columns, it contains introduction, chapters related to the 
described problems, conclusion, attachments, expression of 
gratitude and literature. A short biography for all authors is 
obligatory, and it is listed at the end of the paper. 

The author(s) are kindly requested to verify the allegations 
in the document titled Initial Journal Check List for Authors 
(http://bhkcigre.ba/images/casopis/inicijalni_kontrolni_spi-
sak_za_autore.pdf).

If the paper is written in one of the official languages of Bos-
nia and Herzegovina, the use of undetermined, pasive form is 
required (it is incorrect to use pronoun in the 1st person plural 
– we can, we calculate, we get, while the correct form is: it is 
possible, it is calculated, it is received). It is necessary to pay 
attention to the consistency of the language and not to use 
different terms for the same idea (e.g. science in western and 
eastern option, using both terms in the same paper).

The paper can also be submitted in English, but the abstracts 
and key words must also be written in one of the official lan-
guages in Bosnia and Herzegovina. The editorial will provide 
the translation of the title, abstract and key words for the pa-
pers submitted in English by authors who are not native in any 
of the official languages of Bosnia and Herzegovina.

Avoid abbreviations in the title of the paper. Each first intro-
duction of an abbreviation in the text requires its explanation 
given in parenthesis. The volume of the work should not be 
more than 10 pages, A4 format, including annexes. Minimum 
length is five (5) pages.

The papers are subjected to “blind” review (at least t wo review-
ers). If one of the reviewers states that the paper of same content 
has already been published, the paper will be refused. If one of 
the reviewers gives negative opinion, and the other gives positive 
opinion, an additional opinion of a third reviewer will be sought 
for. The final decision on publishing a paper is made by the edi-
torial. The authors are not informed on the names of reviewers. 
The authors will receive the conclusion of the review from the 
editorial, and they can respond to the editorial if they disagree 
with the review.

The publisher, BH K CIGRE keeps all rights for the papers 
published in the journal Bosanskohercegovačka elektrotehni-
ka, if not differently agreed. Responsibility for the authentici-
ty of the papers lies with the authors themselves. The authors 
authorise publishing of abstracts and/or full papers on the web 
page of the journal.

1. WRITING THE PAPER

Text should be written in Word, version 6.0 or higher. Times 
New Roman font is preferred. The text is typed with single 
spacing, in two columns. Size of font is 10 points.

1.1. The first page

The title of the paper should be written in capital letters, of 12 
points, bold. The title should be centred. Single spacing 
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should be used to write the title in English. Names of authors 
should be written with single spacing, under the title in En-
glish, with standard capitalisation, centred. Names of authors 
should contain their titles. The name of company or institu-
tion in which the authors are employed should be written be-
low the names of authors (without interval).

Abstract (in English): (up to 100 words), in normal capital-
isation.

Keywords (in English): Author(s) should state up to 8 key-
words to be used to identify the most important topics of the 
paper.

Sažetak: (do 100 riječi) pisati malim slovima. 

Ključne riječi: Autor(i) treba da navedu do 8 ključnih riječi 
koje će pomoći pri identifikaciji najvažnijih tema rada.

INTRODUCTION is written on the first page, without previ-
ous numeration. The introduction presents the start of the text 
and it is written in two columns.

1.2. Second and following pages

TITLES OF CHAPTERS should be written in capital letters 
(bold), and subtitles in normal capitalisation (bold).
TITLES and subtitles need to be started along the left margin.
The ordinal numbers of pages should be written in the bottom 
margin, centred.

1.3. Interspaces in the text

Between the title of the paper and names of authors, there
should be one line left.
Abstract should be written after two lines left, after the 
authors’ addresses.
Keywords are written with one line left, after the Abstract.
Sažetak are written with one line left, after the Keywords.
Ključne riječi are written with one line left, after the 
Sažetak.
INTRODUCTION is written with three lines left after the 
Keywords.
New chapters and subchapters are separated from text 
with one line left.

Three empty lines are left between the last line of a 
chapter and the title of the next chapter. Two empty lines 
are left between the last line of one chapter and sub-title 
(level 1.1).

2. TITLES AND SUBTITLES

Titles of chapters should be graded in decimal classifica-
tion, e.g.:

1. TITLE OF CHAPTER
1.1. Title of the second level of the chapter
1.1.2. Title of the third level of the chapter

2.1. Equations

Equations should be written in Microsoft Equation Editor,
or MathType addition (www.mathtype.com). The equa-
tions are added to the paper only in the following way. 
Insert | Object | Create New | Microsoft Equation or Math-
Type Equation. On the right edge of the text, in the line in 
which the equation is written, its number should be stated 
in parenthesis, starting with number (1), where it would be 
useful to use the right tabular.
In both equations and text, one should use the following:
–   variables marked with Latin alphabet italic (a, x, P1, ...),
–  variables marked with Greek alphabet regular writing
 (α, β, γ, ...),
–  functions and figures in regular letters,
–  complex numbers should be written with underlined
 Z, or Z bold,
–  marking of matrixes should use bold.

2.2. Figures, diagrams, photos and tables

Images, diagrams, photos and tables are positioned along
the corresponding text, cantered, without frames. Figures, 
diagrams, photos are numerated from 1 (Arabic numbers, 
Figure 1:), and tables are numbered from I (Roman num-
bers, Table I:). Numbers and titles of images, diagrams and 
photos are written under them (centred), and numbers and 
titles of tables are given above them (left justification). An 
image, diagrams, photo or tables needs to be divided from 
text with one empty line. 
If figures, diagrams, photos and tables cannot fit in one col-
umn, they are then positioned across the page (respecting 
left and right margins), at the beginning or at the end of 
the page. It is recommended to avoid formatting of figures, 
diagrams, photos and tables to less than one column width. 
Everything must be clear and sufficiently contrasted. All 
images, diagrams, photos and tables must be linked within 
the text, prior to positioning them in the text. 
If an figure has two parts, the title of the figure should 
contain parts (a) and (b) (Figure 2.a:, Figure 2.b:). Titles 
should not be a part of the figure. The title is not positioned 
within the frame linked to the figure. The figure should not 
have a frame. Abbreviations like Im., Fig. or Tab. are not 
used.

Figure 1: Example of image marking
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Figure 2.a: Example 1 Figure 2.b: Example 2

Table I: Example of table marking

GENERAL DATA
Dimensions 665/690/265 mm
Weight 64 kg
Operating tempature -250C to 600C
Own consumption overnight 1 W

Type Without a transformer
TECHNICAL DATA

Input power (cosφ=0) 15340 W
Max. input resistance 1000 V
Volume of resistance MPPT 360 V - 800 V/600 V
Maximal input power 33 A/11 A
Number of  MPPT 2

Efficiency
Maximum 98,2%
European 97,8%

A diagram (graph) must be clearly presented by visible 
markings on the coordinate axes. Coordinate axes should 
be marked with relevant size and unit, as shown in the 
Figure 3.

Figure 3:  I-U curve with the point of maximum power

3. UNITS
Units used in text should be SI or CGS (SI units are recom-
mended). British units can also be used, but in such case, 
they need to be placed in parenthesis, e.g.: 15 Gb/ cm2 (100 
Gb/in2), except when used as indicators of marketing prod-
ucts, e.g. „3 ½-in disk drive”. Combining of SI and CGS 
units should be avoided.

4. CONCLUSION
At the end of presenting the treated topic, a conclusion must 
be given, emphasizing the most important segments in the 
work, the importance of the work, and stating the possible 
directions for future research.

ANNEX
Title of the chapter is not numerated. Annex is text, equations, 
drawings, photographs, charts, graphs and their size should 
not be bigger than 17x24.7 cm. They need to be prepared in 
the same way as the previous part.

ACKNOWLEDGMENT
Title of the chapter is not numerated. In this part, the authors 
can than those who helped the presentation of the paper or 
conducted research, or those who supported it in any other 
way.

REFERENCES
Title of the chapter is not numerated. Reference is given in the 
order of appearance in text. The text refers to the reference 
using square bracket, just with a number, e.g.: [1]. For more 
than one reference, they are all given separated, bracket by 
bracket: [2], [3], [5]–[8]. List names of all authors based on 
the source and without the use of “et. al. “, except if there is 
more than 5 authors. An example is given below:

[1]  N1. (name, initial) Surname1, N2. Surname2: Title of
 the publication, where it was published / name of the  

journal, issue or volume of the journal, date, number  
of pages (from to)/ or conference where the paper  was

 published, date of the conference, number of pages  
(from-to) /or publisher of the book, year of publishing.

In addition to the given data, listing of e-sources requires
also stating of web page of the source with the date of
access.

BIOGRAPHY
Title of the chapter is not numerated. Short biography for each 
of the authors must be given. It starts with the name and sur-
name of the author. The biography of any author must not be 
longer than the allowed number of pages (10 in total).

I(A
)

U(V)



103Volume 12  January/December 2018

PAPER WRITING GUIDELINES
(NASLOV NA ENGLESKOM JEZIKU - Times New Roman, Bold, 12pt)

UPUTE ZA PISANJE RADA (NASLOV NA JEDNOM OD ZVANIČNIH 
JEZIKA BOSNE I HERCEGOVINE  – Times New Roman, Bold, 12pt)

Autor 1 Ime i prezime 
Preduzeće - Institucija

Država
Email

Autor 2 Ime i prezime
Preduzeće - Institucija 

Država

Sažetak (na jednom od zvaničnih jezika Bosne i Hercegovine): Rad opisuje principe, režime, radne karakteristike
i načine rada. Piše se ispod naslova u jednoj koloni.

Ključne riječi (na jednom od zvaničnih jezika Bosne i Hercegovine): riječ1, riječ2, riječ3...

Abstract (in English): The paper describes principles, regimes, operational characteristics and methods of work.
It is written under the title, as one column.

Keywords (in English): word 1, word 2, word 3, ...

UVOD

Autor dostavlja rad Sekretarijatu BH K CIGRÉ u elektronskoj 
formi na e-mail adresu (cigre@bhkcigre.ba) ili uredniku časo-
pisa na e-mail adresu (tatjana.konjic@untz.ba). Početak rada 
treba da obuhvati naslov rada (na jednom od zvaničnih jezi-
ka Bosne i Hercegovine i engleskom jeziku), imena autora, 
preduzeće/instituciju, državu i e-mail adresu jednog autora za 
kontakt. Ispod gore navedenog, u jednoj koloni piše se saže-
tak, ključne riječi, abstract i keywords. Tekst članka piše se u 
dvije kolone i sadrži uvod, poglavlja vezana za problematiku 
rada, zaključak, priloge, zahvalnicu i literaturu. Obavezna je 
i kratka biografija svih autora koja se navodi na kraju rada.
Mole se autori da prije dostavljana rukopisa prekontrolišu 
navode u dokumentu pod nazivom Inicijalni kontrolni spisak 
za autore (http://www.bhkcigre.ba/bosanski/ izdanja/Inicijal-
ni_kontrolni_spisak_za_autore.doc) Ukoliko se rad piše na 
jednom od zvaničnih jezika Bosne i Hercegovine, obavez-
na je upotreba neodređenog, pasivnog oblika (neispravno je 
naprimjer upotrebljavati zamjenicu u 1. licu množine - može-
mo, izračunamo, dobijamo, a ispravno je - moguće je, izraču-
na se, dobija se). Potrebno je voditi računa o kozistentnosti 
jezika i ne upotrebljavati različita imenovanja (termine) za isti 
pojam (npr. znanost i nauka; koristiti u radu jedan ili drugi 
termin).

Rad se može dostaviti i na engleskom jeziku, s tim da sažetak 
i ključne riječi trebaju biti napisani na jednom od zvaničnih 
jezika Bosne i Hercegovine. Autorima, koji dostave rad na 
engleskom jeziku, a jedan od zvaničnih jezika Bosne i Herce-
govine nije im maternji jezik, uredništvo časopisa će obezbi-
jediti prevod naslova, sažetka i ključnih riječi. 

U naslovu rada izbjegavati skraćenice. Svako prvo uvođen-
je skraćenice u tekst zahtijeva i njezino objašnjenje koje se 
navodi u zagradi. Opseg rada ne smije preći 10 stranica, for-
mata A4, uključujući i priloge. Minimalna dužina rada je 5 
stranica.

Radovi podliježu “slijepoj” recenziji (najmanje dvaju recen-
zenata). Ako jedan od recenzenata konstatuje da je rad istog 
sadržaja već objavljen, rad se odbija. Ako se jedan od recen-
zenata izjasni negativno, a drugi recenzent pozitivno o radu, 
traži se dodatno mišljenje još jednog recenzenta. Konačnu 
odluku o objavljivanju rada donosi uredništvo. Autori nisu 
upoznati s imenima recenzenata. Od uredništva autori dobi-
jaju izvod iz recenzije, pa im preko njega mogu i odgovoriti 
ukoliko nisu saglasni s recenzentovim komentarima. 

Izdavač BH K CIGRÉ preuzima autorska prava za radove 
objavljene u časopisu Bosanskohercegovačka elektroteh-
nika, ako drugačije nije regulisano. Za autentičnost rado-
va odgovaraju sami autori. Autori odobravaju objavljivan-
je sažetaka svojih radova i/ili kompletnih radova na Web 
stranici časopisa. 

1. PISANJE RADA

Tekst pisati u Wordu 2003 ili novije. Preferira se pismo Times 
New Roman. Tekst se kuca jednostrukim prore-dom u dvije 
kolone. Veličina fonta je 10 pointa.

1.1. Prva stranica

Naslov referata napisati velikim slovima 12 pointa, podeblja-
no (bold). Naslov treba centrirati. Jednim redom proreda pi-
sati naslov na engleskom jeziku. Imena autora pisati jednim 
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redom proreda ispod naslova na engleskom jeziku, malim 
slovima, centrirano. Uz ime-na autora ne stavljati titule. Ispod 
imena autora pisati naziv firme / institucije u kojoj su zapos-
leni (bez proreda).

Sažetak: (do 100 riječi) pisati malim slovima. 

Ključne riječi: Autor(i) treba da navedu do 8 ključnih riječi 
koje će pomoći pri identifikaciji najvažnijih tema rada.

Abstract (in English): (up to 100 words), in normal capital-
isation.

Keywords (in English): Author(s) should state up to 8 key-
words to be used to identify the most important topics of the 
paper.

UVOD se piše na prvoj stranici bez naprijed navedene nu-
meracije. Uvod predstavlja početak teksta i piše se u dvije 
kolone. 

1.2. Druga i sljedeće stranice

NASLOVE POGLAVLJA pisati velikim slovima po-deblja-
no (bold), a podnaslove malim slovima, podeb-ljano (bold).
NASLOVE i podnaslove započeti pisati uz lijevu marginu.
Redni broj stranice pisati na donjoj margini, centrirano.

1.3. Razmaci u tekstu

Između naslova referata i imena autora ostaviti 1 slobodni red.
Sažetak se piše jednim redom proreda ispod ispod Ključne 
riječi.
Ključne riječi se pišu jednim redom proreda ispod Sažetka.
Abstract should be written after two lines left, after the au-
thors’ addresses.
Keywords se piše jednim redom proreda ispod ispod 
Abstract.

UVOD se piše s tri reda proreda ispod Keywords.
Naslovi poglavlja i potpoglavlja odvajaju se od teksta jed-
nim slobodnim retkom.

Između posljednjeg retka jednog poglavlja i naslova drugog 
poglavlja ostavljaju se 3 slobodna retka. Izme-đu posljednjeg 
retka jednog poglavlja i podnaslova (stupanj 1.1.) ostavljaju 
se 2 slobodna retka.

2. NASLOVI I PODNASLOVI

Naslove poglavlja treba stupnjevati u decimalnoj klasifikaciji, 
npr.

1. NASLOV POGLAVLJA
1.1. Naslov drugog stupnja poglavlja
1.1.2. Naslov trećeg stupnja poglavlja

2.1. Jednadžbe

Jednadžbe pisati u Microsoft Equation Editoru ili MathType 
dodatku (www.mathtype.com). Jednadžbe se u rad dodaju na 
sljedeći način: Insert | Object | Create New | Microsoft Equa-
tion ili MathType Equation. Na desnom rubu teksta, u redu na 
kojem pisana jednadžba, u zagradi treba naznačiti njen broj, 
počevši od broja (1), pri čemu je korisno koristiti desni (right) 
tabulator. 
I u jednadžbama i u tekstu koristiti za:
–  varijable označene latiničnim slovima italic pismo
 (a, x, P1, ...),
–  varijable označene grčkim slovima regular (normal)
 pismo (α, β, γ, ...),
–  funkcije i cifre regular (normal) pismo,
–  kompleksni broj pisati sa crticom Z ili podebljano Z,  

za oznake matrica podebljano (bold).

2.2. Slike, dijagrami, fotografije i tabele

Slike, dijagrami, fotografije i tabele smještaju se uz odgovara-
jući tekst, u koloni, centrirano i bez okvira. Slike, dijagrami, 
fotografije numerišu se od 1 (arapskim brojevima, Slika 1:), 
a tabele od I (rimskim brojevima, Tabela I:). Brojevi i nazivi 
slika, dijagrama i fotografija pišu se ispod (centrirano), a bro-
jevi i nazivi tabela iznad tabela (s lijevim poravnanjem). Sli-
ku, dijagram, fotografiju i tabelu potrebno je od teksta odvojiti 
za jedan prazan red. 

Ako slike, dijagrami, fotografije i tabele ne mogu stati u jednu 
kolonu tada se smještaju po čitavoj širini stranice
(poštujući lijevu i desnu marginu), na početku ili kraju 
stranice. Preporučuje se izbjegavanje formatiranja slika, di-
jagrama, fotografija i tabela na manje od širine jedne kolone. 
Sve mora biti jasno i dovoljno kontrasno. Sve slike, dijagrami, 
fotografije i tabele moraju biti pozvane u tekstu i to prije nego 
se postave u tekstu.

Ukoliko se slika sastoji od dva dijela, naslov slike treba da 
sadrži (a) i (b) dio (Slika 2.a:, Slika 2.b:). Naslovi ne treba da 
budu dio slike. Naslov se ne stavlja u okvir povezan za sliku. 
Slika ne treba imati okvir. Skraćenice tipa Sl., Fig. ili Tab. se 
ne koriste.

Slika 1: Primjer označavanja slike
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3. JEDINICE
Jedinice koje se koriste u tekstu treba da budu SI ili CGS (SI 
jedinice se preporučuju). Britanske jedinice se također mogu 
koristiti, ali se u tom slučaju navode u zagradi, npr. 15 Gb/cm2 
(100 Gb/in2), osim u slučaju kada se koriste kao pokazatelji 
tržišnih proizvoda, npr. „3 ½-in disk drive”. Potrebno je izb-
jegavati kombinovanje SI i CGS jedinica.

4. ZAKLJUČAK
Na kraju prezentovanja tretirane teme obavezno se daje zakl-
jučak koji ističe najvažnije segmente u radu, važnost rada, te 
navodi moguće smjernice za dalja istraživanja.

PRILOG
Naslov poglavlja se ne numeriše. Prilozi su tekst, jednadžbe, 
crteži, fotografije, dijagrami, tablice, čije dimenzije ne prelaze 
17x24.7 cm, pripremljeni na isti način kao i prethodni dio.

ZAHVALNICA
Naslov ovog dijela se ne numeriše. U ovom dijelu autori se 
mogu zahvaliti onima koji su finansijski ili na neki drugi 
način podržali izradu rada ili prezentovanog istraživanja. 

LITERATURA
Naslov ovog dijela se ne numeriše. Literatura se piše redosli-
jedom kako se pominje u tekstu. U tekstu se na literaturu pozi-
va u uglastoj zagradi, samo brojem, npr. [1]. Više referenci se 
navodi svaka posebno u uglastoj zagradi, npr. [2], [3], [5]–[8]. 
Navesti imena svih autora prema redoslijedu na izvoru i ne 
koristiti ‘’et.al.’’, osim ako nije više od 5 autora. Primjer ispi-
sa literature slijedi:
[1]  I1. (ime inicijali) Prezime1, I2. Prezime2: Naslov pub-

likacije, gdje je publikacija objavljena /naziv časopisa, 
broj ili volumen časopisa, datum, broj stranice od-do,/ 
ili konferencija na kojoj je rad objavljen, datum održane 
konferencije, broj stranice od-do/ ili izdavač knjige, go-
dina izdanja. 

Za e-izvore pored navedenih podataka, potrebno je navesti i 
web stranicu izvora sa datumom pristupa.

BIOGRAFIJA
Naslov poglavlja se ne numeriše. Kratka biografija svakog od 
autora mora biti navedena. Potrebno je da počne sa imenom i 
prezimenom autora. Biografija svih autora ne smije da pređe 
maksimalno dozvoljen broj stranica za rad (10 stranica).

Slika 2.a: Primjer 1 Slika 2.b: Primjer 2

Tabela I: Primjer označavanja tabele

OPŠTI PODACI
Dimenzije 665/690/265 mm
Težina 64 kg
Radna temperatura -250C to 600C
Vlastita potrošnja tokom noći 1 W

Tip Bez transformatora
TEHNIČKI PODACI

Ulazna snaga (cosφ=0) 15340 W
Max. ulazni napon 1000 V
Opseg napona MPPT 360 V - 800 V/600 V
Min. ulazni napon 150 V/188 V
Max. ulazna struja 33 A/11 A
Broj MPPT 2

Efikasnost
Maksimalna 98,2%
Europska 97,8%

Dijagram mora biti jasno predstavljen vidljivim oznaka-
mana kordinatnim osama. Koordinatne ose treba dabudu 
označene pripadajućom veličinom i jedinicom kao što je 
prikazano na slici 3.

Slika 3: I-U kriva sa tačkom maksimalne snage

I(A
)

U(V)
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INITIAL JOURNAL CHECK LIST FOR AUTHORS

As you prepare to submit your manuscript, please print out this list and check-off each item as it is completed. Failure 
to conform to the format requirements will result in your paper being sent back to you, and a delay in review.

The paper must be written in the English language or one of the official Bosnia and Herzegovina languages.

The paper must contain the following sections: Title, Abstract, Keywords, Introduction, Body, Conclusion, 

References and Biography.

The title is in upper case letters and centered on the page.

Author’s name, company, country and e-mail address should be provided under the title.

“Abstract” and “Keywords” are flush left and set in boldface under the information about authors.

Headings and subheadings are flush left in the column and set in boldface. 

Headings are in upper case letters.

Numbering of sections begins after the section Introduction, which is given the number 1. (no Roman numer-

als) and it should be finished with the section Conclusion. A period appears after the number.

The sections Annex, Acknowledgment, References and Biography should not be numbering.

For subheadings, the numbers used are 1.1, 1.2, etc. If a subsection must be further divided, the numbers 

1.1.1, 1.1.2, etc. are used and the number and associated title are set in upper and lower case letters and 

in boldface.

Figure captions appear below the figure, are centered (no Roman numerals). When referring to a figure in the 

body of the text uses the entire word. For exemple, “Figure 1” (do not use abbreviations). 

Table captions are flush left and appear above the table in upper and lower case letters (no Arabic numer-

als). When referring to a table in the body of the text, use the entire word. For exemple, “Table I” (do not use 

abbreviations).

Equations are numbered (1), (2), etc. When referring to an equation in the body of the text, only the number 

enclosed in round brackets is used.

British spelling is adopted. Please pay particular attention to the spelling of “modeling” and “catalogue”.

Acronyms are spelled out at first mention, but not thereafter.

An acknowledgement section can be presented before the References, if desired.

References are numbered and listed in the reference section in the order that they appear in the text, NOT in 

alphabetical order by author’s names. Each listed reference has to appear in the body text. When referring 

to a source in the text, only the numeral enclosed in square brackets is used for identification (i.e., [1]). When 

referring to more sources in the text, each source is stated in square brackets (i.e. [2], [3], [5]–[8]).
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INICIJALNI KONTROLNI SPISAK ZA AUTORE

Prilikom pripreme rukopisa za slanje, molimo Vas da odštampate ovaj kontrolni slisak i označite svaku stavku kada 
je prekontrolišete. Ako Vaš rad ne bude u formatu koji je tražen, rad će Vam biti vraćen na doradu, što će dovesti do 
kašnjenja recenzije.

Ovaj rad mora biti napisan na engleskom jeziku ili na jednom od zvaničnih jezika Bosne i Hercegovine.

Rad se mora sastojati od slijedećih dijelova: naslov, sažetak, ključne riječi, uvod, tekst, zaključak, literatura i 

kratka biografija autora.

Naslov je pisan velikim slovima i centriran na vrhu stranice.

Ime autora, kompanija, država i e-mail adresa trebaju biti napisani ispod naslova.

“Sažetak” i “Ključne riječi” su poravnate ulijevo i napisane podebljanim slovima ispod informacije o autorima.

Naslovi i podnaslovi poglavlja su poravnati lijevo u koloni i napisani podebljanim slovima.

Naslovi poglavlja su pisani velikim slovima.

Numerisanje poglavlja počinje nakon Uvoda. Poglavlje nakon Uvoda numeriše se brojem 1 (numerisanje bez 

rimskih brojeva), a numerisanje se završava s poglavljem Zaključak. Nakon cifre staviti tačku.

Prilog, Zahvalnica, Literatura i Biografija ne trebaju biti numerisani.ing.

Za naslove podpoglavlja koristiti brojeve 1.1., 1.2., itd. Ako se podpoglavlje mora dodatno podijeliti, koristi se

numeracija tipa: 1.1.1., 1.1.2., itd. Povezani naslovi se pišu normalnom kapitalizacijom i podebljano.

Numerisanje i naslov slike se unosi ispod slike, centrirano (bez rimskih brojeva). Nakon cifre staviti dvotačku. 

Prilikom pozivanja na sliku u samom tekstu, koristite cijelu riječ. Npr. “Slika 1” (ne koristiti skraćenice).

Numerisanje i naslov tabele se poravnava ulijevo i navode iznad tabele normalnom kapitalizacijom (bez ara-

pskih brojeva). Nakon cifre staviti dvotačku. Prilikom povezivanja na tabelu u samom tekstu, koristite cijelu 

riječ. Npr. “Tabela I” (ne koristiti skraćenice).

Jednačine se označavaju sa (1), (2), itd. Prilikom pozivanja na jednačinu u samom tekstu, koristite samo broj

koji se nalazi u maloj zagradi.

Ako je rad pisan na engleskom jeziku koristi se britanski standard engleskog jezika. Obratite posebnu pažnju

na pisanje riječi “modeling” i “catalogue”.

Skraćenice se ispisuju u cjelosti prilikom prvog pominjanja, ali ne i dalje u tekstu.

Dio o izrazima zahvalnosti se može staviti prije Literature, ako se to želi.

Literatura su numeriše i navodi u poglavlju Literatura, na način kako se pojavljuje u tekstu, a NE alfabetski 

po imenu autora. Svaki navedeni izvor se mora pojaviti u samom tekstu. Prilikom pozivanja na izvor u tekstu, 

upisati samo broj u srednjoj zagradi (npr. [1]). Prilikom pozivanja na više izvora u tekstu, svaki izvor se navodi 

u odvojenoj srednjoj zagradi (tj. [2], [3], [5]-[8]).
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CODE OF ETHICS

GENERAL INFORMATION

(1) The Code of Ethics of the journal B&H Electrical Engineering (‘’Bosanskohercegovacka elektrotehnika) con-
tains moral principles and principles of professional ethics to be observed by the authors who wish for their 
paper to be published in the journal, and for reviewers, editors and the editorial board. 

(2) The Code of Ethics contains a number of provisions related to plagiarism, fabrication of results, copying and 
scientific forgery. 

(3)  The purpose of the Code of Ethics is popularising of specific and direct values of electrical engineering in a 
wider sense, as well as support to promotion of ethical behaviour and moral values contained in this Code, 
being an obligation for all participants in the journal's production. 

INFORMATION FOR AUTHORS

(4) Submitted manuscripts should be the original works of the author(s). Authors must be honest in presenting 
their results and conclusions of their research. 

(5) Authors submitting manuscripts for publication warrant that the work is not an infringement of any existing 
copyright and will indemnify the publisher against any breach of such warranty. For ease of dissemination and 
to ensure proper policing of use, papers and contributions become the legal copyright of the publisher unless 
otherwise agreed.

(6) Research misconduct is a harmful for knowledge. It could mislead other researchers. 

(7) Research misconduct can appear in many forms:
•	 Fabrication	involves	making	up	results	and	recording	them	as	if	they	were	real.
•	 Falsification	involves	manipulating	research	processes	or	changing	or	omitting	data.
•	 Plagiarism	is	the	appropriation	of	other	people's	material	without	giving	proper	credit.
•	 Other	forms	of	misconduct	include	failure	to	meet	clear	ethical	and	legal	requirements	such	as	mis-

representation of interests, breach of confidentiality, lack of informed consent and abuse of research 
subjects or materials. Misconduct also includes improper dealing with infringements, such as attempts 
to cover up misconduct and reprisals on whistleblowers.

(8) All those who have made a significant contribution should be given chance to be cited as authors. Other in-
dividuals who have contributed to the work should be acknowledged. Papers should include a full list of the 
current institutional affiliations of all authors, both academic and corporate. 

(9) Reproducing text from other papers without properly crediting the source (plagiarism) or producing many 
papers with almost the same content by the same authors (self-plagiarism) is not acceptable. 

(10)      Each form of plagiarism of papers and ideas is considered as violation of the Code of Ethics.

(11) It is unethical for authors to submit a manuscript to more than one journal at the same time. This includes the 
submission of manuscripts derived from the same data in such a manner that there are no substantial differ-
ences in the manuscripts. Exceptions are the review papers. 
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(12) Fabrication, manipulation or falsification of data is a violation of this publication ethics.

(13)  Authors may not present results obtained by others as if they were their own. Authors should acknowledge 
the work of others used in their research and cite publications that have influenced the direction and course 
of their study.

(14) Authors should use only citations that are relevant to their manuscripts.  Addition of references which are not 
relevant to the work is strongly discouraged. Irrelevant self citation to increase one’s citation is unethical.

(15) The primary responsibility for handling research misconduct is in the hands of those who employ the research-
ers. If a possible misconduct is brought to a journal’s editor, the editor will seek advice from the referees and 
the Editorial Board. If there is the evidence, the matter will resolved by appropriate corrections in the printed 
and online journal; by refusing to consider an author's future work, for a given period, and by contacting af-
fected authors and editors of other journals.

(16) The author has the right to complain on the decision on his/her paper. The claim is submitted to the Editor. 

INFORMATION, RESPONSIBILITIES AND DUTIES FOR EDITORS

(17) Editor in Chief ensure to:
•	 The	Editor	is	responsible	for	the	editorial	content	of	the	journal	–	themes	and	types	of	papers,	and	the	

content of the papers published in the journal. 
•	 Meet	the	needs	of	readers	and	authors,	improve	the	journal	continuously	and	maintain	the	quality	of	the	

material they publish.
•	 Enable	freedom	of	expression	and	keep	the	integrity	of	the	academic	record.
•	 Avoid	business	needs	from	compromising	intellectual	standards.	
•	 Publish	corrections,	clarifications,	retractions	and	apologies	when	needed.
•	 Inform	Readers	about	who	has	funded	research	and	on	the	role	of	the	donors	in	the	research.
•	 Publish	guidance	to	authors	on	everything	that	is	expected	of	them.
•	 Gives	instructions	to	reviewers	on	the	procedures	and	rules	of	revision	in	the	journal,	and	how	to	fulfil	

their two-fold obligation of giving constructive comments to the authors and advises to the editor
•	 Base	decisions	to	accept	or	reject	a	paper	for	publication	on	the	paper's	 importance,	originality,	and	

clarity, and the study's relevance to the remit of the journal.
•	 Publish	a	description	of	peer	review	processes	and	be	ready	to	justify	any	important	deviation	from	the	

described processes.
•	 Not	reversing	decisions	to	accept	submissions	unless	serious	problems	are	identified	with	the	submis-

sion.
•	 The	editor	passes	the	decision	on	the	paper	to	the	authors,	meaning	that	he/she	explains	the	decision	

independently from the remarks made by the reviewers, sent to the authors. 

•	 If	 the	reviewers	gave	converse	recommendations	on	 the	paper,	 the	editor	should	decide	and	tell	 the	
author which recommendations to follow. The editor can add his/her own recommendations and should 
make sure that the corrected paper complies with the rules of the journal on length and style. 

•	 The	decision	on	rejecting	a	paper	should	be	based	on	weakness	of	the	research	(unfit	setting	or	meth-
odology), lack of originality, importance or level of interest for the readers, and violation of the Code of 
Ethics.

•	 The	editor	should	clearly	explain	the	reasons	for	rejection.	
•	 The	editor	is	not	obliged	to	reconsider	each	claim	on	rejection,	regardless	of	the	persistence	of	the	au-

thor, but should do so if the authors give good reasons for possible modification of the decision and are 
ready to carry out modifications based on the reviewers’ recommendations. 

•	 The	editors	should	momentarily	 reject	a	paper	 if	 the	said	has	been	 resent	 to	 the	 journal	without	any	
modifications. 
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•	 If	the	editor	decides	to	reconsider	a	rejected	paper,	it	is	recommended	for	the	said	paper	to	be	reviewed	
by one of the original reviewers and one or two new reviewers. The editor can decide for such a paper 
to be seen as a new paper, and can send it for review by experts who had not seen the paper before. 

INFORMATION, RESPONSIBILITIES AND DUTIES FOR REVIEWERS

(18) Reviewers ensure to:
•	 Judgments	should	be	objective.
•	 Reviewers	should	have	no	conflict	of	interest	with	respect	to	the	research,	the	authors	and/or	the	re-

search donors.
•	 Reviewers	should	point	out	relevant	published	work	which	is	not	yet	cited.
•	 Reviewed	papers	should	be	treated	confidentially.
•	 Reviewers	should	not	show	the	paper	to	anyone	without	the	explicit	authorisation	from	the	editor.	
•	 Reviewers	are	obliged;	if	they	accept	to	review	a	paper,	to	carry	it	out	in	time,	within		 the	 deadline	 of	

three weeks. 
•	 If	they	state	so,	the	reviewers	are	obliged	to	inform	the	editor	with	any	violation	of	the	Code	of	Ethics.			
•	 Reviewers	should	be	polite	in	their	remarks	on	the	paper,	when	sending	them	to	the	authors.	In	the	

event of inappropriate comments, the editors can refuse to pass such comments to the authors and 
even omit to show all comments by the reviewer to the author. 

•	 The	reviewers	can	not	use	any	data	described	in	the	paper	they	review	in	their	own	research.	
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ETIČKI KODEKS

OPĆE INFORMACIJE

(1) Etički kodeks časopisa Bosanskohercegovačka elektrotehnika (u daljnjem tekstu Etički kodeks) sadržava 
moralna načela i načela profesionalne etike kojih se trebaju pridržavati autori koji žele objaviti rad u časopisu, 
recenzenti, urednik i urednički odbor.

(2) Etički kodeks sadrži više odredbi koje se odnose na temu plagiranja, izmišljanja rezultata, prepisivanja, te 
znanstvenih falsifikata. 

(3)  Svrha Etičkog kodeksa je popularizacija vrijednosti specifičnih i direktno vezanih za djelatnost elektrotehnike u 
širem smislu. Njime se želi  promovirati  etičko ponašanje i moralne vrijednosti sadržane u ovom kodeksu a koji 
predstavljaju obavezu za sve učesnike u realizaciji časopisa.

INFORMACIJE ZA AUTORE

(4) Dostavljeni rukopisi trebaju biti originalni radovi autora. Autori moraju biti iskreni u predstavljanju svojih rezultata 
i zaključaka istraživanja. 

(5) Autori koji dostavljaju radove za objavu garantiraju da rad ne predstavlja kršenje postojećih autorskih prava i 
da će obavijestiti izdavača o kršenju ovlasti. U svrhu lakoće distribucije i osiguravanja odgovarajućeg prava ko-
rištenja, radovi i doprinosi postaju pravno autorsko pravo izdavača, osim ako ne bude drugačije dogovoreno.

(6) Istraživačka povreda šteti znanju i može odvesti druga istraživanja u pogrešnom pravcu.  

(7) Istraživačka povreda se može pojaviti u raznim oblicima:
•	 Krivotvorenje	obuhvata	izmišljanje	rezultata	i	njihovo	predstavljanje	stvarnima.	
•	 Krivotvorenje	obuhvata	manipulaciju	istraživačkim	procesom	ili	promjenu	ili	izostavljanje	podataka.
•	 Plagijat	je	prisvajanje	tuđeg	materijala	bez	navođenja	izvora.
•	 Ostali	oblici	povrede	obuhvataju	nemogućnost	ispunjavanja	jasnih	etičkih	i	pravnih	zahtjeva,	kao	što	je	

lažno predstavljanje interesa, kršenje povjerljivosti, nedostatak obaviještenog pristanka i zloupotreba 
predmeta ili materijala istraživanja. Povreda također obuhvata nepravilnu obradu kršenja, kao što je 
pokušaj zataškavanja povrede i represije spram osoba koje upozoravaju na povrede.

(8) Svi oni koji su ostvarili značajan doprinos, trebaju imati priliku da ih se navede kao autore. Ostali pojedinci koji 
su na neki način dali doprinos radu, trebaju biti spomenuti. Radovi trebaju imati cijelu listu trenutnih institucio-
nalnih pripadnosti svih autora, kako akademskih, tako i korporativnih. 

(9) Reprodukcija teksta iz drugih radova, bez odgovarajućeg navođenja izvora (plagijat) ili kreiranje radova sa gotovo 
istim sadržajem od strane istih autora (samo-plagijat) se ne prihvata. 

(10)     Svaki oblik plagiranja radova i ideja smatra se povredom Etičkoga kodeksa.

(11) Neetički je za autore dostavljati rad u više od jednog časopisa istovremeno. Ovo podrazumijeva dostavljanje 
radova koji nastaju iz istih podataka, bez značajne razlike u radovima. Izuzetke predstavljaju revidirani radovi.
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(12) Izmišljanje, manipulacija ili krivotvorenje podataka predstavljaju kršenje izdavačke etike.

(13)  Autori ne mogu predstaviti kao vlastite  rezultate do kojih su drugi došli. Autori trebaju priznati rad drugih koji 
je korišten u njihovom istraživanju i navesti publikacije koje su utjecale na smjer i tok njihovog istraživanja.

(14) Autori trebaju koristiti samo citate koji su relevantni za njihov rad. Dodatne se reference, koje nisu relevantne za 
rad, ne podržavaju. Nerelevantna citiranja samog sebe, u svrhu povećanja količine vlastitih citata, smatraju se 
neetičkim.

(15) Osnovna odgovornost za tretiranje istraživačke povrede je u rukama onih koji zapošljavaju istraživače. Ako 
je to moguće, povreda se iznosi uredniku časopisa, a urednik će tražiti savjet od sudija i uredničkog odbora. 
Ako postoji dokaz povrede, pitanje će biti riješeno odgovarajućom korektivnom mjerom u štampanom i online 
časopisu, odbijanjem razmatranja narednih radova autorana određeni period, ili kontaktiranjem autora i ured-
nika drugih časopisa na koje se povreda odnosi.

(16) Autor ima pravo prigovora na odluku o ocjeni rada koju upućuje Uredniku. 

INFORMACIJE, ODGOVORNOSTI I DUŽNOSTI UREDNIKA

(17) Glavni i odgovorni urednik treba osigurati slijedeće: 
•	 Urednik	odgovara	za	urednički	sadržaj	časopisa	–	teme	i	vrste	radova	i	sami	sadržaj	radova	objavljenih	

u časopisu. 
•	 Ispunjavanje	potreba	čitatelja	i	autora,	stalno	poboljšavanje	časopisa	i	održavanje	kvaliteta	materijala	koji	

se objavljuje. 
•	 Omogućavanje	slobode	izražavanja	i	zadržavanje	integriteta	akademskog	upisa.	
•	 Izbjegavanje	poslovnih	potreba	koje	mogu	kompromitirati	intelektualne	standarde.	
•	 Objavljivanje	ispravki,	pojašnjenja,	opoziva	i	izvinjenja,	kada	je	to	potrebno.	
•	 Informiranje	čitateljstva	o	tome	ko	finansira	istraživanje	i	o	ulozi	donatora	u	istraživanju.	
•	 Objavljivanje	uputa	autorima	o	svemu	što	se	od	njih	očekuje.	
•	 Davanje	upute	recenzentima	o	postupku	i	pravilima	recenzije	u	časopisu	te	kako	ispuniti	svoju	dvostruku	

obavezu davanja konstruktivnih primjedbi autorima i savjeta uredniku.
•	 Baziranje	odluka	o	prihvatanju	ili	odbijanju	rada	za	objavu	na	osnovu	važnosti	rada,	originalnosti,	jasnoći	

i relevantnosti rada u odnosu na oblasti časopisa. 
•	 Objavljivanje	opisa	procesa	revidiranja	rada	i	spremnost	na	pojašnjenje	svih	važnih	odstupanja	od	opisa-

nog procesa. 
•	 Izbjegavanje	promjene	odluke	o	prihvatanju	dostavljenih	radova,	osim	u	slučaju	 identificiranja	ozbiljnih	

problema. 
•	 Urednik	prenosi	autorima	odluku	o	radu,	što	znači	da	treba	objasniti	odluku	nezavisno	o	primjedbama	

recenzenata koje se šalju autorima.
•	 Ako	su	recenzenti	dali	suprotne	prijedloge	za	promjenama	rada,	urednik	treba	odlučiti	i	reći	autoru	koje	

preporuke treba slijediti. Urednik može dodati i svoje preporuke, te treba osigurati da popravljeni rad 
zadovoljava sva pravila časopisa o dužini i stilu.

•	 Odluka	o	odbijanju	rada	treba	biti	zasnovana	na	slabosti	 istraživanja	(neprikladan	ustroj	ili	metodologija),	
nedostatku originalnosti, važnosti ili zanimljivosti za čitatelje, te povrede etičkog kodeksa. 

•	 Urednik	treba	autorima	jasno	objasniti	razloge	odluke	o	odbijanju.
•	 Urednik	 nije	 obavezan	ponovno	 razmotriti	 svaki	 prigovor	o	odbijanju	bez	obzira	 na	upornost	 autora.	

Iznimka se može učiniti ako autori daju dobre razloge za moguću preinaku odluke i spremni su napraviti 
preinake prema primjedbama recenzenata.

•	 Urednici	trebaju	odmah	odbiti	rad	koji	je	jednom	vraćen	autoru		a	koji	je			ponovno	poslat	u	časopis	bez	
ikakvih preinaka. 
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INFORMACIJE, ODGOVORNOSTI I DUŽNOSTI RECENZENATA

(18) Recenzenti se brinu da:
•	 Procjene	budu	objektivne.	
•	 Recenzenti	ne	bi	trebali	ulaziti	ni	u	kakav	konflikt	interesa	u	smislu	istraživanja,	autora	i/ili	donatora	is-

traživanja. 
•	 Recenzenti	trebaju	navesti	relevantna,	objavljena	djela,	koja	nisu	citirana	u	radu.	
•	 Revidirani	radovi	se	trebaju	tretirati	kao	povjerljivi.	
•	 Recenzent	ne	bi	smio	nikome	pokazati	rad	bez	izričite	dozvole	urednika.
•	 Recenzenti	su	dužni,	ukoliko	prihvate	 recenziranje	 rada,	dostaviti	 recenziju	na	vrijeme,	u	 roku	od	 tri	

sedmice.
•	 Ukoliko	uoče	nepravilnosti,	recenzenti	su	dužni	upoznati	urednika	o	povredi	etičkog	kodeksa.	
•	 Recenzenti	trebaju	biti	pristojni	u	svojim	primjedbama	na	rad	upućenim	autorima.	U	slučaju	neprimjerenih	

komentara recenzenata, urednici takve u potpunosti ili djelimično ne moraju prenijeti autorima. 
•	 Recenzenti	ne	smiju	za	svoje	istraživanje	rabiti	podatke	opisane	u	radu	koji	su	dobili	na	recenziju.

•	 Ako	urednik	odluči	ponovno	razmotriti	odbijeni	rad,	preporuka	je	da	takav	rad	pregleda	jedan	od	njegovih	
izvornih recenzenata i jedan ili dva nova recenzenta. Urednik može odlučiti da takav rad smatra novim 
radom i pošalje ga na recenziju stručnjacima koji ga nisu prije ocjenjivali.
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Notes/Zabilješke:
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