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TELECOMMUNICATIONS SCIENCE 

Definitions for disruptive innovation in  
telecommunication technologies 

Tsvetoslava Kyoseva  

Every industry at a given moment reaches its end of development, a tipping point where the 
saturation of the market by products, services and technologies is inevitable. This article analyzes the 
term innovation and its specific application in the telecommunication industry. The difference between 
the terms idea, invention and innovation is taken into consideration as a starting point for all the other 
researched definitions. Furthermore, not only the difference between most popular incremental and 
disruptive innovations was evaluated but also some other concepts were identified in order to add 
gradation in between. Some of the answers we're looking for were related to the innovation as more 
targeted search for changes compared to the post-factum result of a change? Can we say the 
innovation is more technological rather than business related activity? And finally, specific 
technological innovations are considered, which are expected to have a key impact on the industry in 
terms of identifying their destructive characteristics. The outcomes are grouped in different categories 
so that everyone can easily apply them in any innovation process. 

Keywords – Disruptive, Innovation, Radical, Technologies, Telecommunication. 
Определения за разрушителна иновация в телекомуникационните технологии 

(Цветослава Кьосева). Всяка индустрия в даден момент достига момент на своето развитие, 
където насищането на пазара с продукти, услуги и технологии е неизбежно. Тази статия 
анализира термина иновация и специфичното му приложение в телекомуникационната 
индустрия. Разликата между термините "идея", "изобретение" и "иновация" бяха разгледани 
като отправна точка за всички останали изследвани дефиниции. Нещо повече, не само 
разликата между най-популярните надграждащи и разрушителни нововъведения беше 
оценена, но и някои други концепции бяха идентифицирани, за да се добави градация между 
тях. Някои от отговорите, които търсихме са свързани с иновациите като целенасочен 
процес на търсене на промени в сравнение с това те да са резултат от случайна промяна? 
Можем ли да кажем, че иновацията е по-скоро технологична, отколкото свързана с различни 
бизнес аспекти? И накрая се разглеждат специфични технологични нововъведения, които се 
очаква да имат ключово въздействие върху индустрията по отношение на идентифицирането 
на техните разрушителни характеристики. Резултатите са групирани в различни категории, 
така че всеки да може да ги прилага по-лесно в който и да е иновационен процес. 

Introduction  
Nowadays, the telecom industry is one of the 

fastest growing in the ICT sector. Furthermore, the 
boundaries between this sector and its competitors in 
adjacent markets, like Internet providers, are 
becoming more and more indistinct. This forces the 
telecoms to implement different innovation programs 
for diversification and sustainable economic 
development. The topic becomes more and more 
within the agenda of telecommunication providers 
and even during their regular ITU meeting in 2013 it 

was clearly stated that a massive disruption in the 
industry has reached its point, where new models for 
radical shift that corresponds to the exponential 
technological and societal changes are needed [1]. 
But what kind of innovations really can contribute to 
these goals? 

There are not so many concepts that could be 
defined as hard as the concept for innovation. Since 
innovation can be used in different aspects, it may 
acquire different meanings. The term innovation may 
refer to the process of introducing new products, i.e. 
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the same invention can lead to a variety of 
innovations in its availability in the market. Also, 
innovation can have the status of organizational 
structure, especially the goal of a company 
department and cannot differ in meaning from the 
concept of managing the change. 

Idea, Invention and Innovation 
Last decades of the 20th century finally the 

scientific and technological progress approved to be 
one of the most important factors for economic 
development on companies’ competitiveness on the 
market and further impacted the industries and 
national economies growth. In the global economy of 
the future development and survival of organizations 
central role is assigned to innovation. Innovation and 
relations to innovative systems are assumed to be 
crucial for economic growth of the developed market 
economies. 

When it comes to innovation it is very important 
the difference between idea, invention and innovation 
to be clarified [2]. The innovation process always 
starts with an idea that someone is coming up with. 
But the idea itself does not directly mean anything 
related to innovation, because it has to be realized. 
Very important step in the realization is assigned to 
the invention. On the other side, it has to be 
highlighted that not every invention leads to 
innovation phase. In order an invention to be 
transformed into innovation, it has to be marketed in 
a proper way and accepted by the customers. Croslin 
in his book “Innovate the future” categorizes the 
types of terms, with which the consumers describe 
the difference between invention and innovation [2]. 
This distribution of wordings through the discovery, 
as well as the utilization among the invention phase, 
and incremental and disruptive in the innovation 
phase, is shown on Figure 1. His consideration is that 
inventions always happen with discoveries that lead 
to a new technology, designing a new methodology, 
and fulfill a perceived need at end of this step. 

When the discovery is seen as a potential value, 
the owners of the discovery could utilize their 
invention by creating a product or a process, and turn 
it into an intellectual property, like trademarks, 
patents, valuable assets, etc. Once the invention is 
realized and launched on the market, it still may not 
be considered as an innovation. The tipping point for 
becoming a true innovation is the customer 
acceptance of this new product, process, 
methodology, or functionality. Usually the 
underlying issue for acceptance stays in identified 
limitation like those in design or marketing specifics, 

while the invention still retains innovation potential. 
The transformable value that moves the invention on 
the other side of the border and turns it into an 
innovation is only after it has been used and accepted 
by the consumer and s/he perceives the original 
invention as an “innovative” product. 

 
Fig.1. Invention vs. Innovation, consumer definitions 

(Source: Croslin D., Innovate the future). 
 
Croslin also explains the different steps through 

an innovation lifecycle, which overview is presented 
of Figure 2 [2]. The sequences of different stages 
towards the innovation are considered to be as 
follows: 

1. Product invention always should start with 
identifying the perceived customer value and 
based on it to determine the market needs. As a 
result, the basic product is defined. 

2. Disruptive innovation would happen on the next 
stage only in case the consumer purchases the 
product, which could be as a result of a high 
enough transformative value. The highest is this 
value the highest is the market penetration of the 
new product. The lifecycle of the innovation 
could be very short due to an incorrect 
marketing campaign, which could destroy the 
consumer attitude before the launch. This could 
happen when the product fails to deliver 
subsequently the expectations that had been 
raised. 

3. Incremental invention is associated with adding 
new functionality or features to the initial 
product or process that had been realized as a 
disruptive one. It is considered that consumers 
may accept those improvements as positive 
transformable value till certain point.  

4. Positive incremental innovation could lead to 
extended transformative value only. 

5. The stages from 3 to 5 are repeated until 
transformative value is not possible to be 
increased anymore. 

6. Negative incremental invention appeared when 
continuing to add new functionalities or features 
to the foundational product till the level after 
which it is considered rather negative than 
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positive, as the product appeared to be too 
complex. Negative incremental invention could 
lead to commodized products. 

7. Stage 6 is repeated until transformative value is 
one and the same for all competitors on the 
market. 

8. Destructive inventions happen when any further 
activities trigger the decrease of the 
transformative value.  

 

Fig. 2. Innovation lifecycle and their business pressure 
(Source: Croslin D., Innovate the future). 

In general, the understanding about disruptive 
innovation is for a new product that creates totally 
new market or radical shift in the existing market. On 
the other side the incremental innovation is 
something that is usually preceded by disruptive 
innovation and adds inexistent value to an existing 
product or service.   

One of the first fundamental step in the study of 
innovation and its role in economic development has 
been made by the Austrian economist Joseph 
Schumpeter, which is also considered as a father of 
the theory of innovation processes in the modern-day 
interpretation. Schumpeter was also the first who 
explores the relation between the long waves and the 
scientific and technical progress, and set basis for the 
basic concepts of the innovation process. It also looks 
at innovation as changes in technology and changes 
in the management, as well as in new combinations 
of resource utilization. Schumpeter is the one who 
devotes considerable attention to the role of the 
entrepreneur in the innovation process, as it is the last 
link between the invention and the innovation [3]. 

On the other hand, Peter Drucker defines 
innovation as activity that provides new capabilities 
of resources for the production of goods. The basis of 
his reasoning is that innovation is not a post-factum 
result of a change, but a targeted search for changes 
that might be used by the entrepreneur. According to 

him, innovation has two functions: to innovate and to 
bring the innovations to the market, and all other 
activities exists to support them. He also proves that 
innovation is not only technological phenomenon, 
but a social as well. In his view, the most significant 
innovations in the last two centuries were social 
rather than technical. Also, they had been 
successfully realized, because their success was a 
result of joint work of all members of society, not of 
the inventor only. [4] 

In terms of different types of innovation, the 
theory categorizes two major ones: incremental and 
radical or breakthrough. It is considered that 
incremental innovations are minor improvements to 
the available methods, technologies, and products 
and processes. The other term that is used for this 
group of innovations is evolutionary or continuous 
ones. As a result, the products on the market are close 
substitution of the existing ones. This is possible only 
when product characteristics could be very well 
defined and customers know their needs. Quite the 
opposite is the definition of radical innovation. It is 
identified as so different and does not have any 
analog. These types of innovation are associated with 
entirely novel technologies, new products or services, 
and even can create new markets or industries. Other 
term that is popular for this type of innovation is 
revolutionary or discontinuous innovation. When it 
comes to the outcome of this innovation it includes 
huge changes of basic technologies usually done by 
people or companies that are outside of mainstream 
market. It is believed that for his type of innovation 
there is no need for listening and gathering marketing 
requirements, as customers are not able to assess 
what still does not exist. Usually all Research & 
Development (R&D) activities can contribute to this 
category and could lead to technology-push 
innovations. But sometimes these innovations could 
be developed in total disconnection of the real needs 
of their future users [4]. 

Looking at the types of innovation, in general four 
most common could be categorized - product, 
process, structural or organizational, and even 
innovation in marketing activities. Furthermore, last 
couple of years it is more common an innovation in 
business model to be considered as a result of 
deliberated process of innovation. The last category 
could be treated as disruptive as it creates non-
existing up to that moment revenue streams for the 
company, and could be based on significant changes 
in how the company working process are set. 

It also must be taken into account that there are 
different sources of innovation as well [5]. In this 
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regards any changes in industry, market structure or 
any kind of demographics are triggers and basis for 
an innovation. Once the innovation occurred, it has a 
different diffusion process and time of acceptance by 
it users. This is shaped by the so-called S-curve that 
indicates the different stages of innovation status on 
the market. In relation to it is the ability of company 
management to track the economic impact of the 
innovation. 

Definitions of disruptive telecommunication 
innovations 

Historical development of wireless technologies 
starts in 1980’s with First generation (1G) that was 
introduced as analogues systems for voice service 
only. After this period, almost each ten-years a new 
generation is released. 

The Second generation (2G) mobile 
communication system was launched in last years of 
1990’s and was a total shift to digital era. In addition 
to the main traditional voice service only SMS and e-
mail were offered to the end users.  

The Third generation (3G) systems were mainly 
focused on offering high-speed mobile access to 
Internet network with IP-based services like wireless 
web access, multimedia messaging services, email, 
and video conferencing, while customer experience 
for having Internet anytime and anywhere regardless 
the used device. This generation was commercially 
released in 2000’s [6].  

Only within next 10 years, in 2010’s, the Fourth 
generation (4G) was introduced to the 
telecommunication market where the primary 
services were moving more and more towards IP-
based communication with a really high-speed 
wireless broadband access. The standardizing body in 
the face of 3GPP pushed the industry towards LTE 
Advanced technology that is expected to provide 
same as fixed broadband experience to the users of 
mobile broadband [7]. What is very specific to this 
generation is the demanding requirement of the new 
products for Quality of Service (QoS). A totally new 
products and services had been developed like video 
chat, mobile television, high definition content and 
Digital Video Broadcasting (DVB) [8]. 

Last couple of years an intensive discussion about 
Fifth generation (5G) had been started. This 
generation is expected to be different than 4G with 
higher number of supported by the network devices, 
higher number of devices that are connected 
simultaneously, lower consumption of battery, better 
network coverage, lower latencies in the 
communication, lower costs for infrastructure 

deployment, higher scalability or higher 
communication reliability. But this is still not 
standardized generation and only initial steps towards 
it are taken [9]. 

In the communication world, nowadays not only 
mobile technologies exist but also they are coexisting 
with other wireless standards like ZigBee, Bluetooth, 
WiFi, etc. Hanrahan researched this link between the 
standards from the different communication sectors 
and summarized can be found in Appendix A [10]. 
As a conclusion, this means that in case 
telecommunication operators would like to offer one 
and the same services to different customers, they 
have to implement it simultaneous for different 
wireless standards. It has been studied that the 
operating expenses (OPEX) took considerably higher 
part of cost of ownership (TCO), ranging from 50% 
to 85% [11]. 

Furthermore, the telecom operators are upgrading 
or moving to the next new technology faster that they 
are able to get the maximum profit from all the 
previous technologies. Looking from the business 
cycle point of view, this reflects the shorter and 
shorter cycles compared to the speed of new-coming 
technologies. This accumulated with the time results 
in the necessity too many technologies to be 
supported simultaneously, which is directly related to 
the increase costs over the time. And it is quite 
normal the telecommunication operators to start 
either implementing different cost reduction plans or 
executing totally new innovation programs.  

Moreover, the network infrastructure of the 
telecommunication operators is facing the following 
challenges: 

• Every telecommunication infrastructure has 
geographical limitations, meaning the territory 
of the country for example. And at some certain 
point over the time it is not a completive 
advantage, while all the competitors have e.g. 
100% network coverage over the country. 

• Another limitation is coming, when the network 
architecture reaches it throughput limit. In this 
case the telecommunication operators have to 
add additional infrastructure so that the new 
extensions are to be supported. 

• Since that end users are paying fees for being 
able to use the services provided by the 
infrastructure providers, there is a strong 
dependence between the users and the 
infrastructure providers. 

• The number of devices that have to be supported 
by the infrastructure provider and their variety is 
increasing tremendously. Just in couple of years 
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ago, there were mobile phone and computers, 
but nowadays a totally different type of non-
existing before devices could be attached to the 
network, like tablets, e-book readers, etc. 

• Together with the devices usage of mobile 
applications like mobile social networking has 
over-exceeded the traditional voice services. 
The last one triggers a lot of issues on how this 
mobile data traffic could be supported in urban 
areas. According to GSMA the worldwide 
mobile broadband growth in terms of unique 
users are expected to grow from about 1.6 bn by 
2012 to 5,1bn in 2017 resulting in 26% CAGR 
[12]. 

All the issues listed above and the lack of 
adequate response from the telecommunication 
operators and the industry as a whole, resulted in an 
appearance of aggressive disruptors of traditional 
services like voice calls, coming from non-
telecommunication sectors. 

Christensen was the one that set the concept for 
disruptive innovation with the analogue disruptive 
technology with the meaning that the new developed 
outcome is displacing the existing market through 
implementing a totally new technology [13]. It has 
been also analyzed that successful network operators 
will change their main business model from 
switching, transmission, and operations systems to 
routing, transport, and network management [14]. 
Christensen also did analyses on VoIP as a disruptive 
technology and explains that the disruptiveness 
remains in the combination of packet switching, 
Internet and new business models [13]. 

However, today's successful companies could 
have trouble making the needed architectural leap 
because it requires discontinuous innovation. 
Continuous innovation is comparably easier as 
investment is predictable on the current 
infrastructure, but the new architectures call for 
significantly different ways of running the telephone 
and cable businesses. The radical model is to invest 
in the future by providing today's services more 
efficiently and effectively. With the more reliable 
network management in these architectures, service 
providers can reinforce the public’s perception of 
their quality service [14]. Infrastructure convergence 
for telecommunications and information services is 
the long-term objective of next generation networks 
(NGN). The evolution and migration to a single 
network with common transport infrastructure where 
the same service or content can be delivered by 
different types of infrastructures or media. In the 
future, it is expected the network to look more like 

the typical client-server computer network [14]. 
Different parts of the total infrastructure evolve in 

a loosely coupled way: core networks, access 
networks, service architecture and management 
systems. A modern ICT system relies on the 
coordinated use of different facilities to provide a 
service. Over time, facilities evolve and new services 
are developed from existing services, driven by 
changes in the environment. Technologies may 
encounter evolutionary dead-ends at different stages 
of their lifecycle as it has been analyzed by Hanrahan 
and presented in Appendix A [10]. A mature 
technology may not be able to take on more 
functions, as in the case of circuit-switched voice 
services. A new architecture may fail to gain 
acceptance [10]. This could be concluded as an 
unsuccessful attempt to introduce a new radical 
technology. 

The process of introducing new technologies to 
take over functions of legacy infrastructure is termed 
as migration. Another explanation of migration is by 
referring to the network transformation. Four 
categories of transformation are could be identified 
and are summarized in Figure 3 [10]. 

 
Fig.3. Migration categories as transformation towards 

innovations 

First of them is related to the change of operator’s 
business model, for example a voice service provider 
is providing a consumer information and 
entertainment services as well. 

Second, transformation could be associated to a 
packet network with the projection this network to be 
the only one future transport network. 

Third, when the service platforms and the service 
creation methodology had changed. 

Finally, the company operations’ support, 
business support and customer care systems are 
changed as well [10]. 

Notwithstanding, Hacklin et al identified the 
combination of incremental innovation and 
convergence that leads to a disruptive innovation 
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[15]. Three types of innovative disruptions based on 
convergence combinations between known and new 
technologies could be distinguished – application, 
lateral and potential, and the result of them is 
summarized in Figure 4.  

Application convergence, where due to 
combination of more than two existing technologies, 
the disruption resulted in a new added application 
value because of the innovator’s ability to mix the 
right technologies. 

Lateral convergence, where more than two well 
know technologies merged to a new one, leading to 
more appealing solutions to customers by bringing 
new features to existing solution. 

Potential convergence could appear when more 
than two new technologies are merged but in their 
basis, none of them have the potential to be 
disruptive. 

 
Fig.4. Types of convergence innovations based on used 

technology newness 

But the convergence is one of the several patterns 
observed in the evolution of ICT and its applications 
[10]. A second pattern of technology development 
was identified by Ferguson in the context of the 
development of transmission systems in three phases 
depicted in Figure 5. First one is the opportunity 
identification. During this phase, it is stressed that an 
opportunity for new service is identified but the 
existing technologies simply do not support it. An 
example that had been elaborated by Hanrahan refers 
to the Voice over IP service that uses Internet as a 
technological network, but the last one is not 
designed to support the delivery of a service in real 
time due to its best-effort character. The next phase is 
the adaptation of the existing facilities to 
accommodate the demands of the new service. 
Hanrahan also relates the Voice over IP example to 
the development of a new protocol, named Real Time 
Protocol (RTP) that in the Internet framework is able 
to improve the quality of the offered service. The 
third stage is to specify, design and implement 
infrastructure that provides proper support for the 
service [10]. The extension of the Voice over IP 
example resulted in a delivery of totally new network 

called managed network that incorporates Internet 
network as well. 

 

Fig. 5. Convergence patterns for development of 
transmission systems 

Furthermore, two types of disruptive technologies 
could be observed. One displaces an incumbent 
technology in a phase transition, during which users 
adopt the new technology over a period of time. The 
second type creates a new market or capability where 
none had previously existed. [16] Even more, the 
disruptive technologies are analyzed into the context 
of whether the displacements of old by new 
technologies or services are followed by the 
displacement of leading companies [17]. And it was 
concluded by Latzer that the communication 
networks are into a constant disruption because of the 
improvements into the component technologies [17]. 

As a business result for the disruptive technology, 
six distinct categories were identified and overview 
of them is categorized as follows [16]: 

• First type makes possible one or more new 
technologies, processes, or applications and is 
named “Enablers”.  

• Second is the so-called “Catalysts”, which alter 
the rate of change of a technical development or 
the rate of improvement of one or more 
technologies.  

• “Morphers” are the third category and could 
happen when a combination with another 
technology triggers the delivery of one or more 
totally new technologies.  

• The next group is named “Enhancers” and 
brings modifications of existing technology, so 
that interest could exceeds a critical threshold.  

• Another group renders the existing technology 
and exchanging it with a new one that is 
superior like better, faster, cheaper, or more 
capable and is named “Superseders”.  

• And the last group changes a fundamental 
understanding of nature or enabler and is called 
“Breakthroughs”. 

In addition, a disruptive technology could have 
the following characteristics according to [16]: 

• When a key element, like performance, cost, 
etc., is put against the time factor there is a 
discontinuity. 

Known 
Technology 
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New 
Technology 

New 
Technology 

2 

3 

Application 
convergence 

Lateral 
convergence 

Potential 
convergence 

Opportunity 
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Adaptation of 
existing facilities 

New 
infrastructure 

1 2 3 
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• The impact over other technology should be 
constant over time but not an incidental event. 

• When a cross-technology is targeted there 
should be a convergence of more than a single 
discipline. 

• Disruption should lead to a profit for the 
company but not to threaten the corporation. 

Boccardi does another analysis on future 
disruptive potential of still not standardized 
technology like 5G [18]. It summarizes the impact of 
new technologies and is grouped based on the two 
categories of changes, meaning architectural and 
component elements: 

• Design evolution, where very small changes on 
both categories exist. 

• Component changes only that results in 
disruptive changes in the design of component 
elements. 

• Architectural changes that have disruptive 
changes in system architecture. 

• Radical changes, which results in disruption in 
both architecture and network elements. 

However, this model originates from Henderson 
and Clark innovation concept for distinguishing 
between component and system, which has four 
innovation types [19]: 

• Incremental innovation; 
• Modular innovation; 
• Architectural innovation; 
• Radical innovation. 
The model is presented on Figure 6 and what is 

very important to be highlighted is that Henderson 
and Clark introduced two medium stages between 
incremental and radical innovation, namely modular 
and architectural innovations.  

 

 
Fig.6. Henderson and Clark framework for defining 

innovation 

Although the literature information about analysis 
on disruptive innovations is infinity, the executed 

overview is treated as quite enough to be a basis for 
defining patters for technological and business 
characteristics of disruptive innovations. 

Outcome and conclusions 
This article looked at the various definitions of the 

term innovation. The difference between idea, 
invention and innovation was analyzed. As a result, it 
can be summed up that innovation definition may 
have different meanings depending on the criteria 
used to define it. The consumer's perspective was 
also examined, namely what terms the end-user 
denotes the difference between discovery and 
innovation. It can be concluded that inventions 
happen through discoveries that lead to the 
emergence of a newer technology. Once the 
invention has been implemented and marketed, it still 
cannot yet be considered an innovation. 

A theoretical distinction between product 
invention, radical innovation and the emergence of a 
subsequent disruptive invention was studied in detail. 
An adverse effect point was identified, after which 
each subsequent upgrading innovation would have a 
largely negative impact on consumer attitudes, as the 
product turned out to be too complex. 

All the definitions discussed can be combined 
around the fact that upgrading innovations are small 
improvements to existing products, processes, 
methods or technologies. On the other hand, radical 
innovations are mainly associated with entirely new 
products, services or technologies, the root cause of 
emerging new markets or industries. In this 
connection, the life cycle of an innovation in S-curve 
shape was also considered. 

As a continuation of the theoretical overview, the 
term innovation was also addressed in the context of 
the telecommunication industry. Here, it can be 
concluded that all the models under consideration 
aiming at disruptive innovation are based on 
combinations of different elements. Such are the 
types of convergence as a combination of existing 
and new technologies. In general, this type of 
technological development can follow three phases: 
identifying opportunities for realization, adapting 
existing facilities, and the emergence of an entirely 
new network or infrastructure. 

Based on the relation between architecture and its 
components, a model with two intermediate 
milestones was introduced between upgrading and 
radical innovation, namely modular and architectural 
innovations. 

Finally, it should be noted that several key 
features of breakthrough innovations have been 

“Е+Е”, vol.54, 1-2/2019 7



 

identified, namely that the change of each key 
element should be matched to the time factor and that 
the impact should be purposeful and sustainable over 
time. They will be used later in defining a hypothesis 
for standards that identify potential disruptive 
innovations in the telecommunication industry. 
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On the spectra of scale-free and small-world networks 

Mircho Mirchev 

 
This paper reviews the most commonly used models of complex systems and networks - Erdos-

Renyi, Watts-Strogatz and Barabasi-Albert models. These models address different sets of properties 
and phenomena of real-life networks. Spectral analysis of the reviewed models has been made and 
also a dataset of Autonomous Systems (AS) links is been reviewed. Spectral analysis for the AS-links 
graph has been made and compared the spectra of the reviewed models. Based on this works, a new 
model can be developed, that better describes the unique characteristics of the biggest and most 
complex network - Internet. 

Спектрален анализ на scale-free и small-world мрежи (Мирчо Й. Мирчев). Настоящата 
разработка разглежда основните модели за изграждане на т.нар. комплексни системи и 
мрежи - модел на Ердьос-Рение, модел на Ватс-Строгац и модел на Барабаши-Алберт. Тези 
модели са създадени за описание на различни феномени наблюдавани в мрежите в реалния 
свят. Направен е спектрален анализ на представените модели, както и е изследвана базата 
от данни с връзките между автономните системи в Интернет. Също така е направена е 
съпоставка между спектралните характеристики на анализираните модели и мрежи. Въз 
основа на работата може да се разработи нов модел на изграждане на графи описващи една 
от най-големите мрежи в света - Интернет. 

 

Introduction 
Networks are at the heart of some of the most 

revolutionary technologies and businesses of the 21st 
century, empowering everything from Google to 
Facebook, and Twitter. Understanding network 
structure and topological properties will give us the 
understanding of the complex systems that are 
powered by these networks. 

The exploding interest in network science during 
the first decade of the 21st century is rooted in the 
discovery that despite the obvious diversity of 
complex systems, the structure and the evolution of 
the networks behind each system is driven by a 
common set of fundamental laws and principles. 
Therefore, notwithstanding the amazing differences in 
form, size, nature, age, and scope of real networks, 
most networks are driven by common organizing 
principles. Once we disregard the nature of the 
components and the precise nature of the interactions 
between them, the obtained networks are more similar 
than different from each other [1].  

Graph theory has always been used to represent in 
mathematical way real-life scenarios. As each network 
can be represented as a graph, it has very wide 
application in network science – to calculate the 
shortest one or to search for critical edges (bridges) or 

critical nodes, called articulation points, evaluate 
some topological parameters or even to predict future 
development of the structure. Until recently most of 
these tasks were accomplished algorithmically.  

In this paper we analyse the spectral properties of 
small-world and scale-free graphs, and then we 
compare these characteristics with some real-world 
network data [2], [3].  

Definitions 
As networks despite of their diversity are driven by 

a common set of laws and principles, there are models 
that can describe them. Small-world networks and 
scale-free networks are important complex network 
models with massive number of nodes and have been 
actively used to study the network topology of brain 
networks, social networks, and wireless networks. 
These models also have been applied to IoT networks 
to enhance synchronization, error tolerance, and more. 
However, due to interdisciplinary nature of the net-
work science, with heavy emphasis on graph theory, it 
is not easy to study the various tools provided by 
complex network models. Therefore, in this paper, we 
attempt to analyse the spectral properties of small-
world and scale-free network models as the spectrum 
of graphs gives a good evaluation on both local and 
global topological parameters of the network. 
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Small-world networks 

Recently, the “small- world effect” or “six degrees 
of separation” principle, which was first discovered by 
the social psychologist Milgram in [4] and 
experimented in real-life as in [5]. Then it was 
systematically studied by Watts and Strogatz in [6]. In 
small-world networks, by randomly reconnecting a 
small number of links in a regular lattice network, the 
average path length is reduced significantly [7], [8]. 
Both random networks as per Erdos-Renyi [9] model 
(ER) and small-world (WS) networks have 
homogeneous network topology where the nodes have 
approximately the same number of links. So the 
degree distribution is Poisson with mean the average 
degree (close to k, in the Watts-Strogatz model, which 
is dependent of the network). 

The small-world network model is based on 
starting with a regular lattice graph, where each node 
is connected to k of its neighbours and then each link 
is rewired with probability p. (Fig. 1) 

 

 
 

Fig. 1 - D. J. Watts and S. H. Strogatz, “Collective 
dynamics of small-world networks” Nature, vol. 393, no. 

6684, p. 440, 1998. 

Scale-free networks 

Barabasi and Albert have discovered that many 
real world networks such as world wide web (WWW), 
social networks, and metabolic networks are not 
random with node connection or edge distribution 
approximated by Poisson distribution but have power-
law distribution [10]–[13]. In contrast to the Poisson 
distribution, the power-law distribution has higher 
peaks and “fat” tails describing the existence of few 
nodes with massive links observed in real networks. In 
1999, Barabasi and Albert proposed the scale-free 
network that has edge distribution equal to power-law 

nature. The two main features of the scale-free 
network are that it is an evolving network with 
incoming nodes and that these nodes are attached 
preferentially to the existing nodes with a large 
number of links Fig. 2 

(1) 𝑃 𝑘 = 𝑐𝑘 , 𝛿 >  0, 𝑐 > 0.  

 

 
 

Fig. 2 - Random and Scale-free networks, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=646994 

This model relies on the preferential attachment 
rule where some already highly connected vertices are 
likely to become even more connected than vertices 
with small degree. This model (BA model) generates a 
power-law degree distribution [14] which is observed 
in real-life networks – Fig.3. 

Spectrum of graphs 

The spectrum of finite graph 𝐺  is by definition the 
spectrum of the adjacency matrix A, its set of 
eigenvalues together with their multiplicities. The 
Laplace spectrum of finite graph 𝐺  is the spectrum of 
the Laplace matrix L [15]–[17]. 

Since A is real and symmetric, all its eigenvalues 
are real. Also, for each eigenvalue 𝜆 , its algebraic 
multiplicity coincides with its geometric multiplicity. 
Since A has zero diagonal, its trace tr(A), and hence 
the sum of the eigenvalues is zero.  

Similarly, L is real and symmetric, so that the 
Laplace spectrum is real. Moreover, L is positive 
semidefinite and singular, so we can denote the 
eigenvalues by: 
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(2) 𝜆 ≥ ⋯ ≥ 𝜆 ≥ 𝜆 = 0  

The sum of these eigenvalues is tr(L), which is 
twice the number of edges of 𝐺 . Finally, also ℒ has 
real spectrum and nonnegative eigenvalues (but not 
necessarily singular) and tr(ℒ)=tr(L). 

In [18] the algebraic connectivity 𝑎 𝐺  of a 
(connected) graph is defined as the second smallest 
eigenvalue (𝜆 ) of the Laplacian matrix of a graph 
with n vertices.  

This parameter is used as a generalized measure of 
“how well is the graph connected”[19]. It has values 
between 0 and n (a fully-connected graph Kn has n). 
This eigenvalue is greater than 0 if and only if G is a 
connected graph. This is a corollary to the fact that the 
number of times 0 appears as an eigenvalue in the 
eigenvector of the Laplacian is the number of 
connected components in the graph. Therefore, the 

farther λ  is from zero, the more difficult it is to 
separate a graph into independent components. 
However, the algebraic connectivity is equal to zero 
for all disconnected networks. 

Fiedler vector is the eigenvector associated with 
the second smallest eigenvalue of the graph G – λ2. 
These eigenvectors of the graph Laplacian have been 
explored extensively recently, mostly in [20]–[27].  
The values of the Fiedler vector provide a good 
evaluation of the topology and the node significance 
in terms of global topology, e.g. to find densely 
connected clusters, to find poorly connected nodes, or 
to evaluate the global connectivity distribution of a 
network [28], [29].  

Also, the differences between the values in the 
Fiedler vector can give an estimation of distance 
between nodes in graphs [18], [30], [31]. 

 

 
Fig. 3 - Internet map, by The Opte Project  

[CC BY 2.5 (http://creativecommons.org/licenses/by/2.5)], via Wikimedia Commons. 
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Spectra of Small-world and scale-free networks 
The study of the characteristics of the spectrum of a 

random matrix by Wigner in 1955 [32] has increased 
interest in the behaviour of the spectral distributions of 
different matrices and graphs. Wigner introduced a law, 
known as Wigner’s semicircle law [32]–[34]. Accord-
ing to this, the distribution of eigenvalues of a large real 
symmetric matrix, with elements taken from a probabil-
ity distribution, follow a semicircle distribution. 

In our research we’ll investigate the spectra of WS 
and BA networks and compare them to the spectra of 
ER graphs. Since the spectrum of the normalized La-
placian matrix reflects global properties of the graph, 
and the spectrum of the adjacency matrix contains 
information about local properties of the graph, we’ll 
investigate both, and also including the Laplacian 
(non-normalized) matrix eigenvalues distribution 
(other properties of Laplacian matrix are dependent on 
the size of the network). 

While it is known that the BA network follows the 
power-law in its degree distribution, further structural 
properties are not so well known. When m = 1, the BA 
network forms a tree structure without forming any 
loop, but for m > 1, loops are formed, and network 
topology becomes much complicated. So it would be 
interesting to investigate the spectrum of the BA net-
work, because generally the spectrum of a random 
graph and corresponding eigenvectors are closely 
related to topological features of the random graph. In 
this section, we study the spectrum and the corre-
sponding eigenvectors of the adjacency matrix of BA 
networks, comparing spectral properties with structur-
al features. 

We have done spectral analysis of the following 
types of graphs: 

• Random G(n,p) graphs (ER) – based on the Er-
dos-Renyi model, where n is the size of the 
graphs, and p is the probability  for a node to 
create an edge. 

• Small-world G(n,k,p) graphs (WS) – based on 
the Watts-Strogatz model, where n is the size of 
the graphs, k - the initial neighbours that each 
node is connected to, and p is the rewiring prob-
ability 

• Scale-free G(n,m) graphs (BA) – based on the 
Barabasi-Albert model, where n is the size of the 
graphs, and m is the number of edges that each 
new node creates using the Preferential attach-
ment model. 

For spectra visualizations we use histogram plots 
of the Eigen values of the respective matrices – sum 
over 100 realizations, with 317 bins within the interval 
[𝜆 ; 𝜆 ]. The number of bins follows a very 

rough pattern of ten times the square root of the size 
of the network, which in overall gives best representa-
tion. Size of all networks is 1000 nodes. 

On Fig. 4 are shown the plots of spectra – histo-
grams of Eigen values – sum over 100 realizations of 
ER graphs with p=0.05 of (a) Adjacency Matrix; (b) 
Laplacian Matrix; (c) Normalized Laplacian matrix  

As expected the spectra are per Wigner’s law - 
semi circle. Later we’ll compare these spectra to the 
spectra of WS and BA graphs, and in next section to 
the spectra of the Internet AS links graph. 

 

 
(a) Adjacency matrix; 

 
(b) Laplacian matrix;  

 
(c) Normalized Laplacian matrix 

Fig. 4 - Spectrum of Erdos-Renyi (ER) random graph. 
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On Fig. 5 are shown the spectra of WS graphs (sum 
over 100 realizations) with starting lattice of average 
degree of 4 and rewiring probability p=0.3. For clarity 
in comparison, number of bins is the same (317) and 
size of networks is again 1000. (a) Adjacency Matrix; 
(b) Laplacian Matrix; (c) Normalized Laplacian 
matrix 

 

 
(a) Adjacency matrix; 

 
(b) Laplacian matrix; 

 
(c) Normalized Laplacian matrix 

Fig. 5 - Spectrum of Small-Network (WS) graphs. 

The spectra of WS graphs are quite different from 
the ER graphs. It is seen that the spectra are a lot more 
distributed. 

On Fig. 6, Fig. 7 and Fig. 8 are shown the spectra 
of BA graphs (sum over 100 realizations). The BA 
graphs are with different parameters, so that the 
changes in spectra can be evaluated. For clarity in 
comparison both with ER, WS and other BA graphs 
shown here, number of bins is the same (317) and size 
of networks is again 1000. 

 

 
(a) Adjacency matrix; 

 

 
(b) Laplacian matrix; 

 

 
(c) Normalized Laplacian matrix 

Fig. 6 - Spectrum of Scale-free (BA) graphs with m=3 
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(a) Adjacency matrix; 

 
(b) Laplacian matrix; 

 
(c) Normalized Laplacian matrix 

Fig. 7 - Spectrum of Scale-free (BA) graphs with m=4. 

 
(a) Adjacency matrix; 

 
(b) Laplacian matrix; 

 
(c) Normalized Laplacian matrix 

Fig. 8 - Spectrum of Scale-free (BA) graphs with m=5. 

It is clear from the pictures above that the m 
parameter only scales the spectra, while the shape is 
the same. 

Spectra of Internet AS links 
In this section we take real data from Caida 

Internet AS relationship [2] and make spectral 
analysis on the graph presented. We then compare 
these spectra to spectra of ER, WS and BA graphs, 
which parameters are derived from the AS 
relationship graph as follows: 

• Probability p for ER graphs is taken from the 
density of the AS graph which in the current 
dataset it is ≅ 6 · 10  

• Initial neighbours to connect in WS graph m, and 
degree of new nodes in BA graph m - both are 
the same and derived from the average node 
degree in the AS links graph as a rough estimate. 

 
First we can confirm the power-law distribution of the 
degrees of nodes on Fig. 9. From this we can derive 
that the closest model to the AS links graph is the BA 
model. 
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Fig. 9 - Degree distribution of AS links graph. 

In Fig. 10 is shown an overlay of the spectra of 
compared graphs (ER, WS, BA and AS-Links). From 
the picture is seen that the AS-Links graph spectra 
have shape that is similar both the WS and BA graphs. 
This is expected as Internet is considered as a network 
with both small average shortest-path lengths, as in 
small-world networks and with exponential node 
degree as in scale-free networks. 

 

 
(a) Adjacency matrix; 

 
(b) Laplacian matrix; 

 
(c) Normalized Laplacian matrix 

Fig. 10 - Spectra of ER, WS, BA and AS-links graphs 

Conclusions and future works 
In this paper we have reviewed the spectra of the 

most widely used today network models that can 
approximate the real-world networks, including the 
Internet. Then we compared the spectra of the 
Adjacency matrix, the Laplacian matrix and the 
normalized Laplacian matrices for Erdos-Renyi (ER) 
random graphs, for Watts-Strogatz (WS) graphs and 
Barabasi-Albert (BA) graphs. We derived the 
conclusion that for WS and BA graphs, the initial 
parameter doesn’t influence the shape of spectra. 

Then we made spectral analysis of a dataset of real 
network - the Caida dataset of AS Relationships as for 
Sept 2017 and compared these spectra to the spectra 
of ER, WS and BA graphs with similar densities. 

Future works on the topic are to propose models 
that incorporate properties from both WS and BA 
model, as the spectra of Internet incorporates elements 
from spectra of both models. Such models can better 
describe Internet and other real-life networks that have 
properties from several models and can be used for 
further topology analysis of complex networks and 
systems. 

This paper is reported in the XXV National 
conference with international participation 
TELECOM, Sofia, Bulgaria, 2017. 
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Algorithm for software realization of  
video observation system by means of remote control 

Lilijana Docheva, Ivo Dochev, Maria Pavlova 

 
The aim in the article is to present a software realization of video observation system by means of 

remote control. The system consists of two main components. One of them is a quad-copter and the 
other is the development module. The system requirements for the software are described. One of the 
system characteristics is the capturing images or recording video of the observed area. The software 
is responsible for the implementation of this task as well as the overall management of the system. In 
the article the software which is responsible of the system needs is presented. The problems during the 
research and the solutions for their resolving are presented too. The proposed solution can be used in 
ecology projects, sports events, energy sectors and etc. demands. 

Keywords – control system, remote control, image recognition. 

Алгоритъм за софтуерна реализация на дистанционно управлявана система за 
видеонаблюдение (Лиляна Е. Дочева, Иво Н. Дочев, Мария Ц. Павлова) Целта на тази 
статия е да представи решение за реализацията на софтуерното осигуряване на 
дистанционно управлявана система за видеонаблюдение. Системата се състои от два 
основни компонента: квадракоптер и развойна система. Разгледани са изискванията, които 
системата поставя пред софтуерното управление. Една от задачите на системата е 
заснемане на изображения или запис на видео информация на наблюдаваната област. 
Програмно осигуряване на системата отговаря за изпълнението на тази задача, както и за 
цялостното управление на системата. В статията е представен софтуерът, който отговаря 
на изискванията на системата. Проблемите по време на изследванията и решенията за 
тяхното отстраняване също са представени. Предложеното решение може да намери 
приложение в екологични проекти, спортни мероприятия, енергийни сектори и др. 

 

Introduction 
The technology revolution allows monitoring hard-

ly accessible places. One way to do this is using quad-
copter with development module. For such a system 
appropriate control software is needed. Each profes-
sional quad-copter has own control software for imag-
es capturing and video recording nevertheless for data 
transfer in real time an additional software application 
is needed. This software has some requirements: 

• Camera control needs to be integrated of the 
quad-copter control system. 

• Camera software should allow images capturing 
and video recording.  

• Data transfer to the remote station in real time 
must be provided [2]. 

Data capture algorithm 
The Raspberry Pi development system allows user 

freedom and convenience to implement unconven-
tional applications. There is a camera developed for 
this system that complements its capabilities.  

The following operating systems can be used [6]: 

• NOOBS - the Raspberry Pi operating system 
with Python programming language. 

• A LINUX operating system - Python or C ++ 
programming language can be used. 

• Windows operating system - Python or C ++ 
programming language can be used. 

Image capturing algorithm of the camera is shown 
in Fig. 1. The algorithm performs the following main 
steps: 

1. After program starting the connection between 
the camera and the Raspberry microcontroller 
is necessary to be checked.  
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Fig.1. Image capturing algorithm. 

 
2. The microcontroller - Raspberry Pi sends a 

signal to start capturing the video information 
[2]. 

3. There are some features that can be controlled 
before the video information is captured: 

• Video format; 
• Length of video stream; 
• Resolution.  

A file format, resolution or the length of the 
video stream can be programmatically deter-
mined.  

4. The received video information from the 
camera is saved on the memory. The video 
streaming can be seen in real time.  

5. The received video data are compressed about 
reducing and removing redundant video data, 
so that a digital video file can be effectively 
sent over a network. 

6. The next step is the compressed data 
transmitting to the work station using WiFi 
network [7]. 

7. The information receiving must be confirmed 
from the remote workstation. In the case of the 
connection failure and inability of data 
transition the data are recorded in the quad-
copter memory. 

8. The connection between the microcontroller 
and the remote station must be checked. When 
the connection is established the data are 
transmitted to the remote workstation. 

9. The video information that is stored can be 
processed according to the system tasks. 

Quad-copter control algorithm 
The modern quad-copters have remote control to 

manage their functions and behaviour. The quad-
copter controller has a possibility to control the quad-
copter flying by GPS module and sensors (fig. 2). The 
GPS module has got a core with MTK3339 and very 
high accuracy of situate also could track 22 satellites 
by 66 channels with very high sensibilities for signal 
receive (- 165 dB tracking) and built in antenna. This 
enables high speed and accuracy an object tracking. 
The GPS module has low power consumption - 20 
mA during navigation [6]. When the quad-copter 
overrides out of the remote control range the use of 
the quad-copter controller is necessary. One of the 
possible control algorithms is presented on figure 3: 

1. Connection between two modules checking will 
be made and after this navigation will be 
started.  

2. Location coordinates are provided from the  
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Fig.2. Architecture of the video observation system by means of remote control. 

 
workstation. The GPS data are transmitted to 
the Raspberry Pi.   

3. Once the quad-copter reaches the specified 
location, the algorithm can be started and the 
desired surface can be observed and video 
information for this surface can be recorded. 

4. Submission of new coordinates causes quad-
copter moving according them. 

Raspberry Pi development system can be used for 
additional image processing like object recognition. 

Research of the realized system 

One of the main problems in building a quad-
copter observation system is the system weight 
increasing. The development system with the battery 
together weighs 210 grams, which creates a problem 
in a quad-copter choosing. In the realization of the 
video observation system by means of remote control 
through CCTV, experiments were carried out with 
quad-copters with different resources, capacity and 
different flight times. The quad-copter selection 
should be made so that it could lift the development 
system together with the battery and could be able to 
cover a large perimeter of research area. Furthermore 

the quad-copter must can fly as long as possible for 
capture a larger amount of video information that in 
consequence to be processed or stored. The most of 
proposed quad-copters cannot lift a load larger more 
than 15 grams. One of them is shown on the fig. 4.   

For realization of the video observation system by 
means of remote control, quad-copter MJX BUGS 3 is 
chosen. It has the following features: 

• Weight: 485 grams 
• Camera: 1080p 
• Motor Type: Brushless Motors 
• Diagonal Length: 310 mm 
• Built-In Gyro 
• Battery: 7.4V 1800 mAh 
• Flight time: 18-20 mins 
• Control Distance: 300-500 m  
• The quad-copter can lifts loads heavy up to 

250 grams, without affecting its 
manoeuvrability during flight. 

It can be seen in figure 4 that the quad-corer easily 
lifts the development system together with the battery. 
His flight is stable, with no random fluctuations that 
would affect to the captured image quality. Flight time 
is sufficient to collect the necessary information. 
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Fig.3. Algorithm for quad-copter navigation. 

 

 
 
 Fig.4.The quad-copter flying under the observe area 

Conclusion 
In the current paper the following results are 

achieved: 

• An Image capturing algorithm for video 
observation system by means of remote control 
is developed.  

• Algorithm for quad-copter navigation is 
developed. 

• The implemented system has been investigated. 

• Using the developed system and the proposed 
algorithms, a database of over 34 GB has been 
collected. 
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ELECTRICAL ENGINEERING 

Some features for calibration of  
analyzers of electric power by power factor 
Plamen Tzvetkov, Krasimir Galabov, Ivan Kodjabashev 

 
In relation to the calibration of analyzers of electric power, the mathematical model of the power 

factor is represented by its dependence on the phase angle of voltage and current of the first harmonic 
as well as on the general harmonic distortion of voltage and current. A metrological analysis of the 
power factor deviation was performed, depending on the voltage and current parameters generated by 
the reference calibrator. 

Keywords – analyzer of electric power, calibration, power factor. 

Някои особености при калибриране на анализатори на електрическа енергия по 
фактор на мощността (Пламен М. Цветков, Красимир С. Гълъбов, Иван Н. Коджабашев). 
За целите на калибрирането на анализатори за оценка на качеството на електрическата 
енергия по фактор на мощността се анализира математическия модел на параметъра 
фактора на мощността и зависимостта му от фазовия ъгъл на напрежението и тока на 
първия хармоник, както и от коефициентите на нелинейни изкривявания на напрежението и 
тока. Направен е метрологичен анализ на отклонението на фактора на мощността като 
функция на параметрите на напрежението и тока, генерирани от еталонния калибратор. 

Ключови думи: анализатор на електрическа енергия, калибриране, фактор на 
мощността. 

 

Introduction 
One of the parameters for calibration and 

traceability of the metrological characteristics of 
analyzers of electric power is the power factor, which 
is a function of all the harmonic components of the 
voltage and current and the phase angle of the voltage 
and current of the first harmonic. It is interesting to 
define a mathematical model and evaluate the 
influence of the voltage and current parameters on the 
deviation of the power factor set by a calibrator. 

Calibration by power factor and mathematical 
model 

In calibrating of the electrical energy analyzer, 
referred further as the analyzer, the method of 
comparison of the measuring instrument with the 
traceable standard (reference calibrator, shortly - a 

calibrator), corresponding to the requirements of the 
traceability chain according to the block diagram of 
Fig.1 is applied.  

The calibration process determines the actual 
values of the corresponding power factor. In the 
calibration the relationships between the reading of 
the analyzer and the realized by the calibrator power 
factors are established.  

The mathematical model for the estimate of the 
actual effective value of the power factor (PF), 
according to [1] is the following: 

(1) .act cal et res calPF PF PF PF= −δ + δ , 

where: 
• calPF  - is the measured effective value of the 

power factor obtained by the calibrated analyzer, 
using in repeated measurements the estimate 

,
1

1 k

cal cal i
i

PF PF
k =

=  , determined as an average 

value of the individual observations 
(measurements) , ,n cal iU  

 
Calibrator Analyzer of 

electric power 
 

 
Fig.1. Scheme of calibration. 
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• k  - is the number of measurements, usually 
selected 10k ≥  

• i  - is the measurement index 
• .res calPFδ - is the correction of the measured value 

of the PF, due to the resolution of the calibrated 
analyzer 

• etPFδ - is the correction of the set by the calibrator 
power factor, which is generally due to different 
reasons such as: 

− .s etPFδ - a deviation of the set (generated) value of 
the calibrator due to combined effects of offsets, 
non-linearity, and other instrumental and methodic 
imperfections of the calibrator. This deviation can 
be determined from the calibrator technical 
documentation (while the calibrator is not 
calibrated) or from its calibration certificate as a 
correction of the calibration point ; 

− .dr etPFδ - a drift of the generated by the calibrator 
value, compared to the calibrator's last calibration 
(a drift since its last calibration); 

− .t etPFδ - a deviation of the calibrator value as a 
result from a change in the environment 
temperature; 

− .l etPFδ - a deviation of the calibrator value due to 
changes in the supply voltage; 

− .z etPFδ - a deviation of the calibrator as a result 
from the energy exchange of the calibrator due to 
the input impedance of the calibrated analyzer. 

In calibration of a particular analyzer only these 
components should be considered which have the 
most significant contribution to the 
correction etPFδ . 
The deviation of the calibrator set point value of 

the power factor of the calibrator .s etPFδ  is 
determined by the relationship 

(2) . ,s et PF etPF PFδ = δ , 

where: 
- PF  is the effective value of the PF set by the 

calibrator, 
- ,PF etδ  is the relative error of the calibrator. 
In calibration of the analyzer using a power factor 

by the help of the calibrator, the nominal effective 
voltage value of the main (first) harmonic 

1 230nomU V=  and an effective value for the 
corresponding (relevant) voltage, are set. This 
approach can be applied only if the calibrator has the 
ability to generate periodic signals of voltage and 

current, which is the sum of two or more harmonic 
signals, one of which is the main (first) harmonic with 
a frequency 50f Hz= .  

Mathematical model of power factor  
It is known that current, voltage and active power 

can be described by the following dependencies [2]: 
• for voltage  

( ) ( )
1

sin 2nm n
n

u t U n ft
∞

=
= π + ρ ; 

• for current  

( ) ( )
1

sin 2nm n
n

i t I n ft
∞

=
= π + θ ; 

• for active power  
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= ϕ = ϕ =





 

 

  

 

where nmU  and nmI  are the maximum values of 
harmonic voltages and currents 
- nrmsU  и nrmsI  are the effective values of 

harmonic voltages and currents,  
- f  is the frequency of the main harmonic  
- n  is the number of the corresponding harmonic  

- nρ  и nθ  are the initial phase angles of 
harmonic voltages and currents, 

- nϕ  is the phase difference of voltage and current 
respectively, 

- avrP  and navrP  are the active power of the load 
and the active power of the respective harmonics, 

- nS  is apparent power of the respective 
harmonics. 

The indexes avr  and rms refer to the average 
value and the effective value respectively. Then the 
active power can be expressed as 
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, 

The relationships of the total harmonic distortion 
(THD) with voltage and current are also known  

(4) 
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as well as the relationships between effective voltage 
and current values through the load 

(5)  2 2
1

1
1n U

n
U U U THD

∞

=
= = +   

and   

2 2
1

1
1n I

n
I I I THD

∞

=
= = +  

Thus, for the power factor [3], the following 
expression can be written 

(6)   
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Practice proves that in most cases the value of the 
active power P  is due only to the active power of the 

main (first) harmonic, i.e. 1P P=  and 
2

0n
n

P
∞

=
≈ . 

Then it can be written: 

(7)       

1
2 2

1 1

1 2 2

1 1
1cos

1 1

U I

disp dist
U I

PPPF
UI U I THD THD

PF PF
THD THD

= ≈ =
+ +

= ϕ = ⋅
+ +

, 

where:  
- 1cosdispPF = ϕ  is the power factor of the phase 

difference (phase shift / dephasing) of the current 
and voltage of the main (first) harmonic and 

- 
2 2

1

1 1
dist

U I

PF
THD THD

=
+ +

 is the power 

factor of the non-linear distortion due to the 
presence of harmonics. 

From the obtained expression (7) it can be 
concluded that the value of the power factor generated 
by the reference calibrator does not need to be set, but 
can be calculated from the set values 1cosϕ , UTHD  

и ITHD , i.e. the power factor is set indirectly. 

Note: In most practical cases 10%UTHD < , which 

means that 
2

1 1
1 UTHD

≈
+

. This leads to the 

simplified expression for the power factor 

1 2

1cos
1 I

PPF
UI THD

= = ϕ
+

. For calibration 

purposes, this expression is only applicable if the 
voltage consists of a main harmonic. 

 
Analysis of error in calibration using power 

factor 
In this case, it is interesting to study how the error 

is influenced by the error in setting the values of 
1cosϕ , UTHD  и ITHD . To determine their influence 

it is necessary to find the full differential of function 
(7). 

After differentiating of (7) the variable μ  obtained 
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From (8) the relative error of the reference 

calibrator is obtained 
 

(9)   
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where:  
- 

1ϕδ , THDUδ  and THDIδ  indicate the relative errors 
to setting the phase angle respectively of voltage 
and current of the first harmonic, of the total 
harmonic distortion of the voltage and of the total 
harmonic distortion of the current. 

- 1
аϕ , THDUа  и THDIа  - the coefficients of 
influence of the respective relative errors  

Using the expression (9) and the relationship (2), 
for the deviation of the power factor set by the 
reference calibrator it is obtained 
(10)   

( )

( ) ( )1

. ,

1 1

1 2 2

2 2

1 1 2 2

1cos *
1 1

* tan
1 1

s et PF et
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PF PF
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THD THD

THD THD
THD THD

ϕ ϕ

ϕ

δ = δ =

= δ + δ + δ =

 
 = ϕ
 + + 
 
 −ϕ ϕ δ − δ − δ
 + + 

 
Conclusions 
1. The parameters that determine the power 

factor setting error are 1cosϕ  of the main harmonic 
and the coefficients of total harmonic distortion of 
voltage UTHD  and current ITHD . 

2. The calibration by power factor can be 
combined with the calibration process by total 
harmonic distortion and cosϕ . 

3. If by calibration are used two periodic 
squarewave bipolar signal, respectively for voltage 
and current, the sources of error are limited to the duty 
cycle of voltage Uμ  and duty cycle of current Iμ  
and the error of setting the phase angle ϕ  of the two 
pulse series. 
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Improved wind turbine control using maximum torque per 
ampere control strategy taking into account the magnetic 

saturation  

Boris Demirkov  

 
This paper represents an approach for improving the maximum torque per ampere (MTPA) 

control strategy for permanent magnet synchronous generator (PMSG). The MTPA permits the 
optimization of the generator stator current for a given torque, which leads to lower winding losses. 
The machine parameters are used for calculation of the stator currents. These parameters vary due to 
magnetic saturation which affects overall system performance. The improved algorithm takes into 
account the magnetic saturation of the machine material. The effect of the phenomena over the control 
of the generator is examined and a compensation approach is proposed. 

Keywords – (field oriented vector control, magnetic saturation, MTPA, PMSG, wind energy 
conversion system). 

Подобрено управление за вятърна турбина чрез използване на стратегията 
максимален въртящ момент за ампер, с отчитане на магнитното насищане (Борис Т. 
Демирков). Тази статия представя подход за подобряване на стратегията за управление 
максимален въртящ момент за ампер (MTPA) за синхронен генератор с постоянни магнити 
(PMSG). MTPA позволява оптимизиране на статорния ток при даден въртящ момент, което 
води до по-ниски загуби в намотката. За изчисляване на статорните токове се използват 
параметрите на машината. Тези параметри се променят поради магнитно насищане, което 
влияе върху цялостната производителност на системата. Разработеният алгоритъм отчита 
насичането на магнитните материали. Изследва се ефектът от явленията върху 
управлението на генератора и се предлага подход за неговата компенсация. 

 

Introduction 
In the resent years, the permanent magnet 

synchronous generators (PMSG) are widely used in 
variable speed wind energy conversion systems 
(WECS). They are preferred due to their reliability, 
high power density, possibility to direct drive 
connection, lack of excitation and higher efficiency.  

The interior magnet machines are more interesting 
because their reluctance torque can be used to increase 
the efficiency of the machine while lowering the 
losses. That type of machines has inductance saliency, 
which means, the dq-axis inductances are not equal to 
each other. This difference produces an additional, 
reluctance torque. This means that the electromagnetic 
torque of these machines is a combination of the field 
torque, generated by the rotor magnets and of the 
reluctance torque. The torque of PMSG with saliency 
doesn’t depend only on the q-axis current iq, but also 
on the d-axis current id. The optimal combination of 

these two components generates the reference torque 
with minimum current is. Another way, this is the 
current vector which can generate the maximum 
torque with a constant magnitude. MTPA method is 
used for search of that current combination [1], [2].  

The classical MTPA currents are calculated based 
on the rated parameters of the generator [3], but these 
parameters are not constant because of the varying 
stator current, temperature and machine speed. The 
interior magnet machines have a relatively small air 
gap and therefore the magnetic saturation due to 
armature current reaction cannot be neglected. The   
q-axis and the d-axis inductances vary with the stator 
current, which affects the performance of the control 
[4], [5].  

In this paper, the effect of the magnetic saturation 
on PMSG control is examined. In the classical MTPA 
control algorithm, the saturation is ignored and the dq-
axis inductances are constants. The proposed control 
solution takes into account the nonlinear dependence 
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of the inductances and the stator currents. The goal is 
to compare the two control algorithms and to 
investigate the impact over the system efficiency. 

First, the mathematical model of the system, used 
in the simulations is presented. After the classical 
MTPA strategy is explained and next the inductance 
estimation method is given. The proposed control 
updates the inductances based on a predefined 
saturation curves, calculated via the finite element 
method (FEM).    

System modeling 
The studied system is a combination of wind 

turbine, direct driven salient pole synchronous 
generator and voltage source converter (VSC). 

Model of the wind turbine and MPPT 

The power extracted from the wind can be written as: 

(1) ),(
2
1 3 θλρ= pCAvP  

where v is the speed of the incoming wind, ρ is the 
air density, A is the turbine’s swept area, Cp is the 
turbine power coefficient, λ is the tip speed ratio and θ 
is the pitch angle of the blades.  

The operation at maximum power is achieved with 
Optimal Torque Control [6]. This algorithm calculates 
the optimum turbine torque at which the maximum 
power generation occurs. The wind turbine 
characteristics are studied in details in previous work 
[3]. In the chosen MPPT algorithm, the optimal torque 
Topt is calculated by the optimal coefficient kopt and the 
measured generator speed ωm using expression: 

(2) 2  moptopt kT ω=  

Model of the PMSG 

The studied generator is a multi-pole, permanent 
magnet synchronous machine with interior magnets 
and magnetic saliency. Its model is developed in dq-
coordinate system. In the model, eddy currents and 
hysteresis losses are not considered. In the developed 
model the magnetic saturation is considered. That 
means that the dq-axis inductances are non-linear 
function of the stator current. The machine voltage 
equations are: 

(3)

dt
di

iLiiLRiv

dt
diiLiiLRiv

q
sqrrdsdrqq

d
sdqsqrdd

)()(

)()(

+ψω+ω+=

+ω−=
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where vd and vq are the generator voltages on the d 
and q axes, Ld is the d-axis inductance, Lq is the the q-
axis inductance, R is the stator winding resistance, ψr 
is the permanent magnets’ flux linkage, id and iq are 
the stator current components on the d and q axes, is is 
the stator current and ωr is the rotor electrical angular 
speed of the generator.  

The electromagnetic torque Te can be expressed as: 

(4) [ ]{ }qdsqsdqrpe iiiLiLipT )()(
2
3  −+ψ= , 

where pp is the number of pole pairs. 
The drive train mechanical equation, without 

considering friction losses, is: 

(5) em
m TT

dt
dJ −=ω  , 

where Tm is the mechanical torque of the generator 
shaft, J is the total moment of inertia of the system 
and ωm is the rotor mechanical speed. 

Model of the converter 

In the WECS with PMSG, the converter is a full 
scale back-to-back type. This type uses two, three 
phase voltage source converters, connected to each 
other by a capacitor. They can transfer power in both 
ways, from the generator to the grid and vice versa. In 
the studied configuration, only the generator side 
converter is presented. It operates as a rectifier and it 
is responsible for the machine operation. The DC-link 
capacitor is replaced with ideal voltage source which 
receives all the power from the rectifier.  

Two types of converter models are used in the 
simulation: switched model and average model. The 
switched model is used for analysis of the transient 
process. In it the converters are represented using 
switching functions [7], [8]. The semiconductors are 
replaced by controlled voltage sources. The voltages 
are represented by functions of the DC-link voltage 
and the control signals for the transistors. The DC-link 
current is presented as a function of the three line 
currents (of the generator) and the control signals. 
Space vector pulse width modulation strategy is used 
for the converter’s control. 

The benefit of the average converter model is that 
it permits the observation of long periods of time. In it 
the switching functions are replaced by three reference 
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signals. They represent three average voltage sources, 
on the generator side. The current source calculation, 
on the DC-side, is based on the power balance by 
neglecting all losses in the converter. 

MTPA control strategy 

The machine is controlled by a field oriented 
vector control (FOC) and MTPA control strategy. The 
main purpose of this control strategy is to create 
maximum electromagnetic torque value in the 
generator with minimum stator current or in other 
words – to find the minimum current value that 
creates the required electromagnetic torque [9], [10]. 
This goal is achieved by choosing the right 
combination of id and iq currents. The id reference 
current is calculated based on its relationship with iq 
current reference, as follows: 

(6)
( )[ ]
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where iq ⃰ and id ⃰ are the q-axis and d-axis reference 
currents that will produce the required toque Te ⃰ . 

In the proposed model Ld. and Lq are updated in the 
formula after every simulating step, based on the 
previously measured stator current is. 

Estimation of the inductances Ld and Lq 
The generator is an interior magnet type. The 

magnets can be considered like air because their 
relative permeability is near unity. The effects of the 
magnetic saturation are larger in q-axis, because the q-
axis, effective air gap is smaller than d-axis gap. 
Therefore, Lq inductance is larger than Ld. The 
magnetic saturation of the steel laminations, changes 
the values of dq-axes inductances, and causes 
considerable deviation between analytically predicted 
and measured torque of IPM machines [1], [11]. 

To analyze the behavior of the machine under 
saturation, a 2D FEM model of the generator is 
created. It can be seen in Fig.1. The inductances are 
calculated using the software Ansys Maxwell.  

 
 Fig.1. FEM model of the studied PMSG. 

The finite element method is used to investigate 
the performance of the machine at rated load 
operation. In the analysis, the machine operates as an 
autonomous generator, separated from the electrical 
grid. The winding current and the induced voltage are 
shown in Fig.2. The generator produces 2 MW power 
with 2635 A winding current and has an efficiency of 
98.26%.  

 

 
 Fig.2. Winding currents and induced voltages of the 

PMSG. 

On Fig.3 is shown the magnetic potential vector 
and the magnetic flux density at full load conditions. 
It can be seen that the maximum strength of the 
magnetic field is in the stator teeth. 
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Fig.4 presents the output generator torque at the 
maximum power of the wind turbine. The 
electromagnetic torque is a combination of the 
permanent magnets’ torque, the reluctance torque and 
the cogging torque. They all contribute to the torque 
ripple but the cogging torque has an effect on the self-
start capability of the turbine, on the acoustic noise 
and on the mechanical vibrations of the turbine. In 
other words, it reduces the durability and the 
production of the entire system. The cogging torque is 
caused by the geometry of the machine, the interaction 
of magnetic field and stator slots. It occurs by the 
shaft when the rotor is rotated with respect to the 
stator [12].  

 
 Fig.4. Electromagnetic torque of the PMSG. 

The model of the generator is used for computation 
of Ld and Lq. The simulation is made for ten points of 
current is and applied MTPA control strategy. 

The obtained results for Ld and Lq are shown in 
Fig.5. They are used to create a look-up table. The 
search method is based on the measured stator current 
is. The table is based on ten values and for all others, 
an interpolation is used.  
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 Fig.5. Generator’s inductances in function of stator 
current. 

Generator losses 
The losses in the generator can be divided to 

copper (ohmic) losses, iron losses, stray losses and 
mechanical losses [13], [14]. The stray and the 
mechanical losses are considered small compared to 
the other types of losses and for that reason they are 
neglected. The copper losses are described as: 

 
Fig.3. Magnetic potential vector and the magnetic flux density of the PMSG. 
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(7) RiP scu
2

2
3  = , 

 The permanent magnet machines don’t have 
excitation coil, so there are no rotor ohmic losses. 
Therefore, the utilization of the MTPA strategy 
guarantees minimum copper loss of the machine under 
the given working conditions. For this type of 
machines, the iron loss below the speed of the flux-
weakening region is considered low compared to the 
copper loss and the angle variation of the stator 
current vector has small effect over it [15]. Moreover, 
the wind generator never operates above rated speed 
region because of the mechanical pitch control of the 
turbine, which limits the rotating speed. Therefore, the 
utilization of MTPA control strategy, which means the 
minimum ohmic losses, can be considered as the 
operating at maximum efficiency point.  

Torque and current control algorithm 
In Fig.6 is shown a flow chart of the step by step 

system control calculation loop. The system 
performance depends on the right estimation of the Ld 
and Lq inductances based on the value of the stator 
current is [16]. In each step the measured current is 
used for recalculation of the inductances using the 
look-up table. After that these values are used for 
calculation of the optimum current components, 
according to (6).  

yes

yes

no

no

MPPT
(torque calculation) 
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from lookup
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(
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Torque 
reduction

 
 Fig.6. Flow chart of torque and current selection 

algorithm. 

Torque control 

The reference electromagnetic torque is calculated 
from the MPPT, according to (2). If an abnormal 
condition occurs, a compensating algorithm is 
activated to reduce the torque reference. 

Current control 

For the current control loop, a proportional-integral 
controller is used. It includes decoupling 
compensation because the d-axis and the q-axis 
currents cannot be controlled independently by the 
inverter voltages. This is due to the cross coupling 
effect which becomes more significant with the 
increasing of the machine speed. The effect is 
removed by compensation in the controller. It is 
presented in Fig.7. 
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 Fig.7. Block diagram of the decoupling current controllers. 

The d- and q-axis current control loops can be 
linearized by the next decoupling current control. 
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where Kp and Ki are the coefficients for the 
proportional and for the integral term. 

 
During the transient process the voltage reference 

can exceed the maximum converter voltage. This 
situation occurs when PI controllers are saturated and 
they start affecting each other. The result is unstable 
current tracking. 

An anti-windup compensation is integrated in the 
controller which will prevent integration wind-up 
when the output is saturated. 
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Voltage compensating algorithm 

To protect the generator from overvoltage, an 
additional algorithm is integrated, Fig.8. It 
compensates the voltage, giving priority to current id. 
When the voltage vector passes the voltage limit circle 
during fast transient, it will be forced to go back into 
the circle limit. 

yes

yes

no

no

 
Fig.8. Voltage compensating algorithm. 

Simulation results and analyses 
 Computer simulation models of all components of 

the system are created in Matlab/Simulink 
environment. Simulation of the machine and the 
turbine was done with the parameter values listed in 
Table 1, in the Appendix. The diagram of the created 

model of the simulated system, with its control, is 
shown in Fig.9. 

The simulations represent a comparison between 
the classical MTPA and the proposed version of 
MTPA, where inductances are updated according to 
the machine saturation. In the first method, for Ld and 
Lq are taken the rated values, given in the Table 1.  

The purpose of the first analysis is to compare the 
performance of the traditional MTPA and the 
proposed variable inductance MTPA algorithm. 
Simulation result is shown in Fig.10 and it indicates 
the relationship between the stator current and the 
electromagnetic torque with different MTPA control. 
It is clear that the suggested MTPA control produces 
higher torque output at given current. 
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Fig.10. PMSG torque in function of the stator current. 

 
Fig.9. Diagram of the simulated system. 
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Next study, in Fig.11, investigates the dynamic 
performance of the system under the two methods. To 
see the system stability response, the wind speed is 
changed by steps in short periods of time. For this 
simulation the switched model of the converter is 
used. 

 
 Fig.11. PMSG stator currents under dynamic wind change. 

The results of the simulation clearly indicate that 
the suggested MTPA control can obtain optimal 
currents according to the actual working conditions of 
WECS, which means that the suggested system 
generates greater electromagnetic torque with less 
current and the proposed MTPA control is better than 
the conventional MTPA control for vector controlled 
PMSG. 

The final investigation is focused on the main 
benefit provided by using of the MTPA control 
strategy - reduction of losses and increasing of the 
extracted power. The proposed lookup table method 
was compared with the conventional method.  

The two systems are compared while working 
under the same conditions for one hour with wind 
profile, based on real data. There is no step changing 
of the speed. The results for the stator currents are 
shown in Fig.12a. and zoomed in Fig.12b. 
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Fig.12. PMSG tator current for one hour under real wind. 

The power losses in the generator’s winding are 
compared in Fig.13a and zoomed in Fig.13b. During 
the entire period, the proposed method provides less 
losses, due to the reduced stator current. As result, it 
delivers more extracted energy than the conventional 
method. 
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Fig.13. Power losses for one hour and real wind. 

Conclusion 
 In this paper, an improved algorithm for the 

MTPA control strategy is proposed, which considers 
the machine inductances Ld, Lq, variation in 
dependence on stator current. The dependencies of 
these parameters are extracted via FEM analysis of the 
generator. After that, the obtained results are directly 
included in the simulation model via look-up tables. It 
is shown that this new MTPA algorithm can reduce 
the generator’s ohmic losses up to 4.2% in the MPPT 
working region of the turbine and by 2.08% during the 

entire simulated period. That leads to an increase in 
the extracted power from the wind. The study 
concludes that if the variations of machine parameters 
are included in the control, the energy saving potential 
is increased. 
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Appendix 
Table 1 

Wind turbine parameters 

Rated mechanical power 2 MW 
Rated phase voltage 561.7 V
Rated stator current 2633.5 A 
Rated stator frequency 11.25 Hz 
Rated rotor speed 22.5 rpm 
Number of pole pairs 30 
Rated mechanical torque 852770 Nm 
Rated rotor flux linkage 6.62 Wb 
Stator winding resistance 0.73051 mΩ
d-axis inductance 1.21 mH 
q-axis inductance 2.31 mH 
Rated power 2.3 MW 
Cut-in wind speed 4 m/s
Rated wind speed 15 m/s 
Number of rotor blades 3 
Rotor diameter 71 m 
Rotor swept area 3959 m2 
Speed range 6-21.5 rpm 
Rated speed 21 rpm 

Kopt 1.598.105 N.m/rad2 
 

REFERENCES 
[1] Z. Li and H. Li. MTPA control of PMSM system 

considering saturation and cross-coupling. 2012 15th 
International Conference on Electrical Machines and 
Systems (ICEMS), Sapporo, 2012, pp. 1-5. 

[2] T. Sun, J. Wang and X. Chen. Maximum torque 
per ampere (MTPA) control for interior permanent magnet 
synchronous machine drives based on virtual signal 
injection. IEEE Transactions on Power Electronics, vol. 30, 
no. 9, pp. 5036-5045, Sept. 2015. 

[3] Z. Zarkov and B. Demirkov. Power control of 
PMSG for wind turbine using maximum torque per ampere 
strategy. 2017 15th International Conference on Electrical 
Machines, Drives and Power Systems (ELMA), Sofia, 
2017, pp. 292-297. 

“Е+Е”, vol.54, 1-2/2019 33



[4] C. Stancu, S. Hiti and F. Biais. Maximum torque-
per-ampere control of a saturated surface-mounted 
permanent magnet motor. 2002 IEEE 33rd Annual IEEE 
Power Electronics Specialists Conference. Proceedings 
(Cat. No.02CH37289), Cairns, Qld., Australia, 2002, pp. 
1667-1672 vol.4. 

[5] G. Kang, et al. A MTPA control scheme for an 
IPM synchronous motor considering magnet flux variation 
caused by temperature. In Proc. IEEE APEC, pp.1617-
1621, Feb. 2004. 

[6] S. Morimoto, H. Nakayama, M. Sanada and Y. 
Takeda. Sensorless output maximization control for 
variable-speed wind generation system using IPMSG. in 
IEEE Transactions on Industry Applications, vol. 41, no. 1, 
pp. 60-67, Jan.-Feb. 2005. 

[7] Byoung-Kuk Lee and M. Ehsami. A simplified 
functional simulation model for three-phase voltage-source 
inverter using switching function concept. IEEE 
Transactions on Industrial Electronics, vol. 48, no. 2, pp. 
309-321, Apr 2001. 

[8] B. Demirkov and Z. Zarkov. Study of two MPPT 
methods for high inertia wind turbine with direct driven 
PMSG. 2018 20th International Symposium on Electrical 
Apparatus and Technologies (SIELA), Bourgas, 2018, pp. 
1-4. 

[9] T. Bariša, D. Sumina and M. Kutija. Comparison 
of maximum torque per ampere and loss minimization 
control for the interior permanent magnet synchronous 
generator. 2015 Int. Conf. on Electrical Drives and Power 
Electronics (EDPE), Tatranska Lomnica, 2015, pp. 497-
502. 

[10] K. Bunjongjit and Y. Kumsuwan. Performance 
enhancement of PMSG systems with control of generator-
side converter using d-axis stator current controller. 2013 
10th International Conference on Electrical 
Engineering/Electronics, Computer, Telecommunications 
and Information Technology, Krabi, 2013, pp. 1-5. 

[11] P. Rizov, T. Stoyanov, R. Spasov and V. Spasov. 
Analysis of permanent magnet synchronous machines used 
for hybrid vehicles. 2017 15th International Conference on 

Electrical Machines, Drives and Power Systems (ELMA), 
Sofia, 2017, pp. 374-378. 

[12] E. Muljadi and J. Green. Cogging torque reduction 
in a permanent magnet wind turbine generator. 2002 ASME 
Wind Energy Symposium, Aerospace Sciences Meetings 

[13] N. Urasaki, T. Senjyu and K. Uezato. Influence of 
all losses on permanent magnet synchronous motor drives. 
2000 26th Annual Conference of the IEEE Industrial 
Electronics Society. IECON 2000. 2000 IEEE International 
Conference on Industrial Electronics, Control and 
Instrumentation. 21st Century Technologies, Nagoya, 
Japan, 2000, pp. 1371-1376 vol.2 

[14] I. Boldea. Synchronous generators. United States 
of America: Taylor and Francis, 2006 

[15] T. M. Jahns et al.. Design and experimental 
verification of a 50 kW interior permanent magnet 
synchronous machine. Conference Record of the 2006 
IEEE Industry Applications Conference Forty-First IAS 
Annual Meeting, Tampa, FL, 2006, pp. 1941-1948. 

[16] S. Morimoto, M. Sanada, and Y. Takeda. Wide-
speed operation of interior permanent magnet synchronous 
motors with high-performance current regulator. IEEE 
Transactions on Industry Applications, vol. 30, no. 4, pp. 
920-926, Jul/Aug 1994. 
 

M.Sc.Eng. Boris T. Demirkov received the M.Sc. 
degrees in electrical engineering from the French Faculty 
of Electrical Engineering of the Technical University of 
Sofia, Bulgaria. The master thesis was developed in 
Laboratory of Electrical Engineering and Power 
Electronics in Lille, France. He is currently working 
toward the Ph.D. degree at the Doctoral School of the 
French Faculty of Electrical Engineering, Technical 
University of Sofia.  

His main research interests include advanced wind 
turbine converter control, power converters, advanced 
renewable energy based generators, renewable energy 
based power systems, power system analysis and control. 
e-mail: demirkov@tu-sofia.bg 

Received on: 26.10.2018 
 

34 “Е+Е”, vol.54, 1-2/2019



Analysis of the risks imposed on UAVs in outer space missions 
Vasil Vasilev, Emil Vladkov 

 
The article represents an overview of the different hazards for the operation of Unmanned Aerial 

Vehicles (UAV) in particular spacecrafts due to the environment in outer space. After a brief history 
overview of the human inventions related to building aircrafts and spacecrafts a deeper exploration of 
the environment in outer space is conducted. The focus falls mainly on the temperature differences in 
space and the difficulty in equipment cooling resulting from this situation. So necessary the question 
for a qualification of the different energy generation system arises. Solar panels, thermoelectric 
generator and nuclear generators are considered. Main hazards for the spacecrafts due to ionizing 
radiation, micrometeorites and cosmic dust are discussed. Special attention is paid to the Van Allen 
radiation belts around the Earth as a source of ionizing particles. The influence of the different outer 
space factors on the spacecrafts on-board electronics are explored. The article focus is on future 
manned and unmanned spacecrafts expeditions to the planet Mars.  

Keywords – ionizing radiation, micrometeorites, outer space, spacecraft. 

Анализ на рискове на БЛС в космическите мисии (Васил Василев, Емил Владков). Тази 
статия е обзорна и представлява преглед на различните опасности при експлоатация на Без-
пилотни летателни средства (БЛС), в частност космическите летателни апарати породени 
от условията в космическото пространство. След кратък преглед на историята по изобретя-
ването на технологията обвързана с изграждането на летателни и космически летателни 
апарати се извършва по-задълбочен анализ на обстановката в откритият космос. Фокусът 
попада главно върху температурните разлики, които могат да се наблюдават там, както и 
трудността по-охлаждането на оборудването поставено в подобна среда. От тук се пораж-
да необходимостта от квалификация на различните системи за генериране на енергия. Опи-
сани са слънчевите панели, термоелектрическите генератори и ядрените реактори. Обсъдени 
са също основните опасности за космическият летателен апарат като йонизиращи лъчения, 
микро-метеорити и космически прах. Специално внимание е обърнато на радиационните ко-
лани на Ван Алън, намиращи се около планетата Земя, като източник на йонизиращи високо-
енергийни частици. Представени са влиянията на различните космични фактори влияещи на 
бордовата електроника. Статията е фокусирана на описването на различните препятствия 
и проблеми, които един летателен апарат може да срещне при бъдещи експедиции на Марс. 

 

I. Brief history of the development of mankind 
build aircrafts and spacecrafts 

From ancient times mankind has been watching the 
skies wondering, what where those small lights every 
night, how they are functioning and how they were 
moving. Different civilizations explained them by 
creating tales about Gods and how they created every-
thing all around us, starting with the heavens above. 
Only in the beginning of the last century mankind was 
able to make his long lasted, dream come true and to 
observe the Earth from an orbit, realizing how small 
and insignificant we appear compared to the vast uni-
verse, and get a little bit closer to those mysterious 
stars inspiring many authors and scientists imagining 
what will be like going there. Unfortunately, the idea 
and the development of the necessary flying vehicle 

started during the Second World War. In Nazi Germa-
ny one engineer called Werner von Braun was ob-
sessed with the idea of space travel and to achieve his 
dream he developed one of the most powerful weap-
ons in the German arsenal – the rocked “V2” [1]. It 
was not manned guided and it was capable to travel 
325km at 88km attitude and deliver 910kg of explo-
sives causing great damage to its target. His invention 
leaded to the deaths of thousands of English and Bel-
gian citizens. After the end of the war the two super 
powers the USA and the USSR have not divided the 
technological achievements of the Germans equally. 
The USA recruited their best scientists, one of which 
was Werner von Braun. The USSR on the other hand 
relied more on the research of the captured “V2” 
rockets. The progress of understanding how the en-
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gine worked was faster in the Soviet Union compared 
to the USA and on 4th of October 1957, they sent the 
first artificial satellite into orbit around in the Earth – 
“Sputnik 1” [2]. This event started the beginning of 
the so called “Cold War”. A time where the two super 
powers raced each other for space technological supe-
riority, because back then everyone were terrified by 
the idea of the enemy country to launch and detonate 
nuclear weapon from a spacecraft. Thanks to all the 
tests and progress made by the USA and the USSR for 
very short amount of time scientists were able to un-
derstand and learn about one very different environ-
ment compared to the one here on the surface – the 
space. All of the research and development done be-
tween 1958 – 1969 created the foundations of our 
modern world – communications, astronomy, comput-
er science etc. 

II. Environment in outer space 
When we hear about space most of us are imagin-

ing pleasant and graceful feeling of weightlessness 
and tranquility. In reality space is filled with different 
hazards – ionizing radiation, gamma bursts and mi-
crometeorites. Also, this is an environment that is 
considered as an absolute vacuum, meaning there is a 
lack of atmosphere. For an unmanned spacecraft the 
lack of pressure is not such a big problem for it to 
function correctly. The main thing that needs to be 
considered when it is in the developing stage is when 
there is a lack of atmosphere heat transfer can be done 
only by two means – thermal conductivity (conduc-
tion) and thermal radiation. Every system in a certain 
spacecraft can operate in specific thermal range. Un-
fortunately, in space the temperature can vary drasti-
cally. If the spacecraft is lit by the Sun the temperature 
can reach for a very short amount of time values of up 
to 100̊С - 150̊C, and when it is in shade it can reach 
nearly -129̊С - -160̊C. For example, on the interna-
tional space station there are two external cooling 
contours, in which ammonia is circulating, which is 
passing through a couple of large radiators cooling all 
the equipment and people who are conducting exper-
iments in a microgravity environment [3]. Using the 
law of Stefan-Boltzmann it can be calculated what can 
be the theoretical heat dissipation from a radiator 
made from oxidized iron, with area of 10 𝑚 :   

(1)  𝑞 𝜀𝜎 𝑇 𝑇 𝐴  𝑇  - absolute temperature of the hot body (373K) 𝑇  – absolute temperature of the environment (109K) А  - area of the hot body (10m ) 

𝜎 – Stefan-Boltzmann constant =5,6703 . 10 𝑊/𝑚 𝐾  𝜀 – emission coefficient (for an absolute black body = 1, 
for the example 0.64) 

It turns out that such a system can dissipate 6,8kW. 
This example applies if the spacecraft is in near Earth 
orbit. To operate such a system electrical energy is 
necessary. 

III. Systems for generating electrical power 
There are three methods of generating electrical 

energy in use: solar panels, radio-isotope thermal gen-
erators and nuclear reactors.  

Solar panels are used for many decades. The way 
they work is to generate a photoelectric voltage on a 
PN junction if they are illuminated, which is caused 
by the photo galvanic effect (internal photo effect). 
Photo elements are actually photo diodes with a larger 
PN junction. They are generating constant voltage in 
constant light conditions. The spectra of the Sun is 
composed of ultraviolet, visible and infrared light. The 
Sun’s spectra is in the region (0.22 - 3) µm with max-
imum at 0.55µm and intensity (10-90) % from its 
maximum within the range (0.4-1.7) µm. On each 
square centimeter (𝑐𝑚 ) on the equator the flux of the 
emitted optical power is 100𝑚𝑊/𝑐𝑚  when the Sun 
is on its zenith. In helioenergetics there are specific 
designations for the Sun’s influence: AM0 – Sun’s 
influence in space; AM1 – on surface of the Earth, 
when the Sun is in its zenith; AM2 –on the surface of 
the Earth when the Sun is at an 30̊ angle from the 
horizon; AM1,5 – on the surface of the Earth when the 
Sun is at 45̊. For AM1 is accepted to be characterized 
with flux power of  0,1 𝑊/𝑐𝑚  around the equator, 
compared to AM2 – 0,075 0,080  𝑊/𝑐𝑚  (for 
our geographical latitude). In order to power the 
spacecraft, the solar panels need to be large, because 
they have low efficiency (Si 20%  𝑎𝑛𝑑 𝐺𝑎𝐴𝑠 22%) [5]. On Fig.1 is shown new more efficient type 
of Solar cell that is going to be used with the new 
generation of Neosat telecom satellites.  

 
 Fig. 1. Solar cell with 30% efficiency  

(Developed for the European Space Agency) [4]. 
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Solar panels on the International Space Station for 
example have near 408𝑚  and they can generate up to 
120kW [6]. On January 2004 NASA sent on Mars the 
rover “Opportunity” (Fig. 2). More than 5000 days 
have passed since the rover analyzed the Mars surface 
to prove the existence of water in its ancient past. 
During the night “Opportunity” experience tempera-
tures reaching -105ºС. But no matter what the outer 
space conditions are, the rover must keep its batteries 
always above -20ºС during the discharging phase and 
at 0̊С during the charging phase.  
 

 
Fig. 2. Image of Opportunity exposing its solar panels [7]. 

In order for its electronics to be in working condi-
tion “Opportunity” has 8 small 𝑃𝑢  tablets that are 
placed inside platinum-rhodium metal casings, and 
also possesses electrical heaters. If there is not enough 
electricity for keeping the working temperature of the 
batteries in order the rover will stop to function. Dur-
ing the Marsan day the solar panels can generate up to 
140W, where 100W are needed for its normal opera-
tion. The scientists expected that there will be dust 
piling on top of the solar panels because of the dust 
storms there. Fortunately, the small vortexes created 
by the wind called “dust devils” had an opposite effect 
and acted as a cleaning mechanism. Otherwise “Op-
portunity” would have been lost long time ago. Many 
of the space probes sent through our solar system are 
using solar panels, with which they are powering all 
of the electronics, heaters and measuring equipment. 
But even if near the Earth orbit the solar energy is 
around 1300𝑊/𝑚 , around Jupiter the light intensity 
drops 25 times and it is around 52 𝑊/𝑚 . This is due 
to the fact that the intensity of the light decreases with 
the square of the distance. That is why the probe 
“Juno” had three 9m solar panels which are composed 
of 18698 solar cells (Fig.3).  

 
Fig.3. “Juno” spacecraft with its solar panels [8]. 

If the probe was near our planet it would generate 
around 14kW, but on Jupiter it was able to generate 
around 500W. “Juno” was the first probe, which was 
using such system for power generation so far away 
from the Earth. All the others were using radio-isotops 
or thermo-electrical generators. “Voyager 1” had three 
such generators (Fig. 4), which worked on the 
principal of the thermoelectrical effect. Its source of 
heat were tablets of 𝑃𝑢 (with a half-life of 87.7 
years), and the cold side is the outer space.  

 
Fig.4. The thermoelectric generator of Voyager 1 [9]. 
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In the beginning of the mission “Voyager 1” was 
able to generate around 470W of electrical power. 
These generators are working more than 40 years 
now. It is considered that in near future its generators 
will not be able to release enough energy and the 
probe will turn off its transmitters. That type of power 
generation can be used for deep space exploration 
missions, but it has its disadvantages. First of all, such 
system that are using sources of ionizing radiation for 
heat or electricity generation operate with radioactive 
material which are extremely toxic and dangerous. 
One of the reasons of the “Cassini” was burned up in 
the Saturn’s atmosphere was to avoid the scattering of 
dangerous nuclear material on the surface of Titan 
(one of the Saturn’s moons) so there will be no 
damage to the ecosystem and the eventual life forms 
there. Another drawback is that the radioactive decay 
can affect the measuring equipment or the electronics 
onboard of the space vehicle.  

Another way for the space vehicle to generate 
electrical power is using nuclear reactors. They are 
using highly enriched 𝑈  (above 90%). The 
radioactive fuel is placed inside of a core, which is 
cooled by liquid metal, that is comprised with highly 
temperature resistant moderator mixed with hydrogen. 
Generation of the electricity is done by thermionic 
converter. This method of powering can reach high 
power outputs as evident by the fact that several 
Russian satellites were able to produce up to 5kW of 
electrical power. 

IV. Ionizing radiation in outer space 
Another big obstacle for a spacecraft is cosmic 

radiation. It can be generated either from the Sun or 
from other very distant stars. Depending on the type 
of mission it is important to choose the necessary 
electronic components which must be resistant to the 
environment in which they will be used.  

In 1958 “Explorer 1” was launched on the board of 
Jupiter C rocket, which was designed by Werner von 
Braun (Fig. 5). The main instruments on the board of 
the probe were intended for measuring ionizing 
radiation around the Earth. It turned out, that around 
the Earth there are two radiation rings (Van Allen 
radiation belts – named after the scientist that 
discovered them), which are mainly constructed from 
captured charged particles (protons and neutrons), 
generated from the Sun (Fig. 6). The size and the 
activity of the belts is affected significantly from the 
solar activity as well from the cosmic radiation [10]. If 
a satellite passes through this region of space it could 
be damaged from the intensity of the radiation field.  

 

Fig.5. Measured radiation around the Earth  
with Explorer 1 by James Van Allen. 

 

Fig.6. Different section from the radiation belts  
measured by “Pioneer III”. 

The inner belt starts from around 800km to 
10000km. It is constructed mainly from protons and 
neutrons and a small portion consists of electrons with 
energies starting from a couple of keV and exceeding 
100MeV. It is believed that the protons residing there 
can exceed 50 MeV energy levels near Earth orbit, 
because of a beta decay of neutrons generated from 
cosmic radiation. It is believed the source of low en-
ergy protons is due to changes in the flux of the mag-
netic field of the Earth. Because of the proximity of 
the inner belt to the geomagnetic center of the Earth 
there is an anomaly called “South Atlantic anomaly”.  
This is a region in which significantly more particle 
events can be observed (from around 200km from the 
surface). The outer belt starts from 13500km to 
58000km above sea level. It is influenced significantly 
more by the solar activity. It is comprised mainly from 
electrons captured from the Earth’s magnetic field. 
Electrons located in the outer belt are constantly 
blown away by the solar wind. The electron flux can 
decrease drastically near the outer layers - around 
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1000 times for a 100 km, forming the so called geo-
magnetic “tail”. During 2014 it was discovered that 
inner end of the outer belt was like a shield for elec-
trons with energies greater than 5 MeV, which is not 
yet well understood why. Between the two belts there 
is a zone free of ionizing radiation – the so called 
”safe zone” [11], [12], [13]. The radiation levels there 
are not so extreme. In the journal “Scientific Ameri-
can” published March 1959 on page 47 Dr. James Van 
Allen writes: “Our measurements show that the max-
imum radiation level as of 1958 is equivalent to be-
tween 10 and 100 roentgens per hour, depending on 
the still undetermined proportion of protons to elec-
trons. Since a human being exposed for two days to 
even 10 roentgens would have only an even chance of 
survival the radiation belts obviously present an ob-
stacle to space flight.” [14] 

In order to better understand the workings of the 
radiation belts in 2012 Van Allen probes were 
launched. They gave more detailed information of 
how the particles accelerate and transport ions inside 
of the belts. These charged particles are the engine for 
the northern lights (Aurora borealis). When the 
charged particles reach the upper regions of Earth’s 
atmosphere, they start colliding with the atoms there 
and give away their energy which leads to light emis-
sions. Interplanetary space is also filled with radiation 
hazards and solar eruptions are one of the biggest 
threats there. They are sudden increase in the Sun’s 
brightness where more powerful ones are accompa-
nied with coronal mass ejection. This actually is an 
ejection of electrons, protons and heavy ions acceler-
ated near light speeds. When they interact with the 
outer hull of the spacecraft secondary emissions is 
created with energies in the x-ray region, which addi-
tionally increase the radiation background inside of it 
[15], [16]. In order to guarantee the successful opera-
tion of the spacecraft it is necessary to choose the 
correct electronic elements. Requirements imposed on 
the electronic components in space missions are ex-
tremely high. They need to withstand large thermal 
stresses and be resilient to ionizing radiation. Long 
term exploitation is one of the most important princi-
pals when such systems are developed. This type of 
electronic components is hard to produce, because the 
technology that they are based on is very different 
compared to that used for the mass user market. One 
such project that incorporates all of the requirements 
mentioned above is Radiation Hardened Electronics 
for Space Environments (RHESE) that is used in the 
NASA’s program “Constelation”. This project in-
cludes development of new materials, new designs of 
integrated circuits, and also researches for new tech-

niques for a re-configurable hardware. Initial focus of 
the program is to develop improved FPGA (Field 
Programmable Gate Arrays) and FPAA (Field Pro-
grammable Analog Arrays) by using reconfigurable 
architectures. The main goal here is to make these 
electronic devices withstand temperatures from -
180ºC up to +125ºC while simultaneously accumulat-
ing doses around 3kSv for a period of 1000 working 
hours [17]. The main problem of today’s technology is 
that microprocessors are made by photolithographic 
methods with dimensions around a couple of nanome-
ters. This means that if there is a high energy, high 
velocity particle (produced from the Sun or a distant 
Supernovae explosion) collision with the core of the 
microprocessor a lot of free electrons will be created. 
This will result an error and may cause a damage to 
the current calculation or even worst – it can destroy 
part of the microprocessor. That is why scientists want 
to use architectures that are capable of reconfiguring 
the internal structure if a failure occurs inside of the 
silicon structure. 

V. Micrometeorites and cosmic dust 
Another great threat for people and space probes 

and crafts in outer space are micrometeorites and the 
space dust. They present serious challenge for long 
term research missions. Mainly they are generated by 
left over material from comets and also from colli-
sions with meteorites. The particles can vary from 
50µm to 2mm. Interplanetary space is filled with such 
particles and in small number they are not so danger-
ous, but when “Mariner 4” collided with a cloud of 
them, they almost pushed the craft away from its orbit. 
Luckily none of its systems were damaged. Microme-
teorites can travel with extremely high speeds (around 
10km/s) and they can do serious damage not only to 
the craft but also to the crew. Fig.7 show how the hull 
of the NASA’s satellite “Solar Maximum” looks like 
after a collision.  

 
Fig.7. Damage on the hull of the satellite “Solar Maximum”. 
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Until now the only way of protecting the space 
craft is to place additional material on top of the outer 
shell of the craft which must be light and tough 
enough (ceramics, cellar, etc.). But the most difficult 
task is to build a protection against medium size 
micrometeorites (1cm to 10cm), which are hard to 
track and can lead to catastrophic failures to a space-
craft. Currently scientists are working on materials 
which are “self-healing” [18], [19]. 

VI. Summary 
In the near future human expeditions are planned 

for the planet, which from hundreds of years has cap-
tivated astronomers with its mystery – Mars. Before 
that can be achieved many experiments need to be 
conducted so the best landing spot can be defined 
where the basecamp can be established for the future 
astronauts. In our modern history most of the new 
discoveries in space first are made by unmanned vehi-
cles. Using all the knowledge and experience we pos-
es from 1950’s till now we need first to understand 
what will be the most likely conditions that the craft 
will be put through. So the answers to the following 
questions need to be clear. How much time it will pass 
till its final destination and how far it will be from the 
Sun? (This will determine what type of power source 
will be used). What will be the worst space conditions 
that the craft need to endure (extreme temperatures, 
ionizing radiation effects, etc.)? (Depending on the 
answers the design of the electronic equipment and 
internal structure will be established). What will be 
the path of its travel? (This will specify what shields 
will be used for protecting the craft and all of its in-
strumentation from space dust and micrometeorites). 
Understanding how we can protect them and what are 
the environmental hazards is the key for their long life 
of exploration giving us more information about the 
vast mysterious universe.  
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