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Драги Читатели, 

През последните години ние отбелязахме няколко заменателни събития - 110 
години  от рождението на проф. Иван Попов (стария) – 1900 – 1958г., основател на 
катедра „Електрически машини”, съосновател на Електротехничския факултет на 
ТУ – София и 95 години от рождението на проф. Иван Попов (младия) – 1907 – 2000г. 
Навършиха се също кръгли годишни от рожденните дати на техните последователи 
проф. А. Ангелов и проф. Д. Димитов. През 2011г. отбелязахме 70 години от закона 
и указа от 28 май 1941г.,  в който е предвидено създаването на катедра „Електричес-
ки машини”.  

На тържествено събрание на 20.12.2012г., с решение на Aкадемичния съвет за-
ла 12114 на Електротехническия факултет на Техническия университет – София бе-
ше наименована на двамата професори Иван Попов. 

Този специален брой на списание Е+Е посвещаваме на всички преподаватели 
от катедрата, работили в нея през годините, а също така и на нейните възпитаници - 
стотиците електроинженери от Електротехническия факултет, отдали своята енер-
гия за растежа на българската промишленост. 
 

доц. д-р Владимир Лазаров  
Ръководител на катедра „Електрически машини” 
Електротехничски факултет 
Технически университет - София 

 
 

Dear Readers, 

During the last few years, we have celebrated the anniversaries of several significant 
events – 110 years from the birth of Prof. Ivan Popov the elder (1900 – 1958), founder of the 
Department of Electrical Machines and co-founder of the Faculty of Electrical Engineering 
and 95 years form the birth of Prof. Ivan Popov the younger (1907 – 2000). We also 
celebrated the notable anniversaries of the births of the students and followers of the two 
Professors Popov, Prof. A. Angelov and Prof. D. Dimitrov. In 2011, we marked 70 years of 
the publishing of the law and the decree from 28th May 1941 which envisaged the 
establishment of the Department of Electrical Engineering. 

On the 20th December 2012, the lecture hall 12114 within the Faculty of Electrical 
Engineering was re-named after both Professors Popov following a decision of the 
Academic council of the Technical University – Sofia. 

We would like to dedicate this special issue of the E+E Magazine to all who have taught 
and graduated from the Department of Electrical Machines over the years, particularly the 
hundreds of electrical engineers from the Faculty of Electrical Engineering, who have 
devoted their energy to the growth of Bugaria’s industry. 
 
Prof. 2-nd class Dr. Vladimir Lazarov 
Head of the Department of Electrical Machines 
Faculty of Electrical Engineering 
Technical University – Sofia.   
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ELECTRICAL MACHINES  

The Department of Electrical Machines in the 21st century 
Vladimir Lazarov 

 
The paper aims to present a brief history of the Department of Electrical Machines, which is 

germane to the development of education in engineering in Bulgaria. It also seeks to honor the foun-
ders of the Department, the namesakes Professor I. Popov (1900 - 1958) and Professor I. Popov (1907 
- 2000) whose biographies are presented in brief alongside the biographies of some of their followers. 
A review is presented of the evolution of the research and development activities of the Department 
and of the prospects for its future – the study of electrical machines alongside their environment, i.e. 
electricity conversion systems, and specifically, their integrated design, electrical drives, renewable 
energy sources, use of new materials and components, etc. 

Катедра Електрически машини в 21-ви век (Владимир Д. Лазаров). Статията  пред-
ставя накратко историята на катедра „Електрически машини”, тясно  свързана  с развитие-
то на инженерното образование у нас. Отдадена е почит, като са представени са накратко 
биографиите на основателите на катедрата проф. И Попов (1900 – 1958) и проф. И.Попов 
(1907 – 2000) и някои техни последователи. Направен е преглед на развитието на изследова-
телската и развойната дейност на катедрата и перспективите  за нейното развитие - из-
следване на електрическите машини съвместно с тяхната околна среда, т.е. електроенергий-
ни преобразуващи системи, а именно  интегрираното проектиране,   електрозадвижванията, 
възобновяемите източници на енергия,  използването на новите материали и компоненти и др. 

 

The Beginning   
The name of the department is mentioned for the 

first time in the Act establishing a Higher Engineering 

School in 28 May 1941. Until then, the development 
of the Bulgarian economy and energy industry is de-
pendent on engineers who received their education in 

 
Fig.1. Copy of the act from 21 May 1941. 
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the developed Western countries. 
The Faculty of Civil Engineering and Architecture 

is the first one to open its doors following the adop-
tion of the Act. The Faculty of Mechanical Engineer-
ing started after World War II following the publica-
tion in 1945 of the Decree amending the Law for the 
Higher Technical School. With this Decree, the 
Higher Technical School was renamed the State 
Polytechnic. Its structure, with minor modifications, 
remains largely the same to this day. 

The Founders 
The development of the Department  of Electrical 

Machines is associated with the person of Prof. Ivan 
Popov (the elder of the two Popovs), who joined the 
State Polytechnic in 1947, founded and led the De-
partment until his death in 1958, and Prof. Ivan Popov 
(the younger), who joined the Department in 1949 as 
an Associate Professor. It should be noted that both 
are full namesakes, but are not related. 

 
Prof. Ivan Nikolov Popov (1900 – 1958). 

Professor Ivan Popov (1900 - 1958), founder of 
the Department of Electrical Machines 

Ivan Nikolov Popov (the elder) was born on 19 
December 1900 in Plovdiv in the family of an army 
officer, whose roots went back to the historical town 
of Kotel. His father was killed in battle during the 
Balkan Wars. Popov had three brothers, two of which 
graduated from the military academy, eventually 
reaching the rank of generals. Popov and his other 
brother pursued their engineering studies in Germany. 
Ivan Popov graduated in electrical engineering from 
Berlin-Charlottenburg in 1925 and Boris Popov 
graduated in mechanical engineering. Later both were 
selected for full professorships at the State Polytech-
nic in Sofia, respectively in the subjects of Theory of 
Electric Machines and Theory of the Internal Com-
bustion Engines.  

For a short time upon his return to Bulgaria, the 
young and extremely hardworking and confident en-

gineer Ivan Popov ran a small hydro power plant in 
Bansko (1926-1927). He was subsequently appointed 
director of the Plovdiv Municipal Enterprise for Elec-
tricity and Transport and worked there from 1928 to 
1940. 

Ivan Popov developed the project to supply the city 
of Stara Zagora with electricity (1929) and co-au-
thored the project for the construction of Plovdiv’s 
first tram (1930). 

During the next few years Popov was director of 
the State Enterprise for Electricity Supply “Vacha” 
(1940-1945), which after its nationalization in 8 May 
1944 and until 1948 is renamed Water Syndicate 
Power Plant "Vacha". 

During his 17-year stay in Plovdiv, Popov worked 
systematically and tirelessly and grew as an entrepre-
neurial electrical engineer and a technical and mana-
gerial leader of the electrification of the Plovdiv re-
gion. The thousands of electric pumps, which were 
installed on both banks of the Maritsa River to irri-
gated orchards, were largely his legacy. 

I. Popov, along with the famous hydraulic engineer 
Ivan Mavrov, was a pioneer in the construction of the 
Beglik dam (later V. Kolarov dam). Although not an 
expert in irrigation and civil engineering, in 1945 
Popov took over and organised the construction of our 
first high altitude dam. This was the first step towards 
the future Batak hydroelectric waterway. 

In 1947, I. Popov was elected full professor in our 
very young Polytechnic. Here too, he worked self-
lessly to educate hundreds of electrical engineers, who 
were so necessary for the intensive industrialisation of 
the country during the second half of the last century. 
He headed of the Department of Theory of Electrical 
Machines from its foundation to the end of his life 
(1947 to 1958) and was a founder father of the scien-
tific field of electrical machinery in Bulgaria. He pub-
lished four volumes of seminal textbooks on electrical 
machines and was Dean of the Faculty of Mechanical 
Engineering and then the Faculty of Electrical Engi-
neering (1951-1953) and Vice Rector of the State 
Polytechnic (1950-52). 

Key areas of research and teaching: general elec-
tro-technology (essentially the theory of electrical ma-
chines), theory of electrical machinery, electrical ma-
chinery (general course). Popov created a course of 
lectures on electrical drives, which were given for the 
first time in Bulgaria under his initiative in 1950. The 
course was designed to reflect the development of 
automation in manufacturing and the trends in Bul-
garia’s industry at the time. Popov extended the re-
search scope of the department and in 1956 it was re-
named Department of Electrical Machines and Appa-



“Е+Е”, 11-12/2012 5

ratus. In 1964, the Department was ultimately divided 
into a Department of Electrical Machines and a De-
partment of Electrical Apparatus. 

The extraordinary professional and linguistic 
scholarship of Prof. Popov, his knowledge of German 
and French, allow him to maintain an extensive net-
work of contacts abroad. Unfortunately, his publica-
tions are exclusively printed in Germany and have 
reached us mainly through the references by various 
famous experts and professors. 

I. Popov was a member of the International Or-
ganisation for Large Electrical Networks (CIGRE) 
and was the first president of the section "Electrical 
Engineering" in the Scientific and Technical Union 
(1957-58). 

His early death precluded the full development of 
his multi-faceted talent. His work, however, remains 
and it is a testimony to his achievements that his stu-
dents call him "the Master of the Electrical Engi-
neers". 

 
Prof. Ivan Nikolov Popov (1907 – 2000). 

Prof. Ivan Popov (1907 - 2000) 
Ivan Nikolov Popov (the younger) was born on 8 

December 1907 in Veliko Tarnovo. He graduated in 
mathematics from University of Sofia "St. Kliment 
Ohridski" in 1930. In 1933, he also graduated with a 
gold medal from the Higher National School of Elec-
trical Engineering and Hydraulics in Toulouse, 
France, majoring in electrical engineering. Ivan Popov 
was a polyglot and spoke all main European lan-
guages, enabling him to easyly communicate with 
prominent foreign scientists. 

He started his career as an engineer at a number of 
factories in Paris (1933), where he was credited with 
inventions and patents. After his return to Bulgaria, 
Popov founded an enterprise for household appliances 
and radio equipment in Sofia (1934). In 1941, he be-
came a research engineer at the factory "Agro Lux-
ury" in Budapest, Hungary and from 1945, he was a 

design engineer and Technical Director of factories 
"Ganz" - Budapest. In 1949, he was appointed Direc-
tor of the newly established Power equipment plant in 
Sofia. He was subsequently Director General of the 
Association "Elprom" (1951-52). He is one of the 
founder fathers and organisers of the electrical indus-
try in Bulgaria. 

Teaching positions 
Assistant Professor in advanced analysis at the 

University of Sofia "Kliment Ohridski" (1930). Asso-
ciate Professor in the Construction of Electrical Ma-
chines at the State Polytechnic, Sofia (1949). Profes-
sor at the Department of Electrical Machines and Ap-
paratus at the renamed Polytechnic - the Institute for 
Mechanical and Electrical Engineering (IMEE) - Sofia 
(1957). Vice Rector of R & D (1956-58) and Rector of 
the IMEE ( July 1962 to 1 September 1962). 

The main focus areas of Popov’s research, engi-
neering and teaching were: 

Constructions and design of electrical machines, 
power transformers, organisation and planning of the 
electrical industry, electrothermal technology, electri-
cal welding, electrical materials, electronic computing 
machines. He was one of the founders of the research 
activities in design and construction of transformers in 
Bulgaria. He was the author of many publications, 
including monographs and several patents. His scien-
tific papers have been published in Bulgaria, Ger-
many, Russia, France, Hungary, etc. 

Leadership and managerial pursuits 
Director of the Research Institute for Electrical 

Testing of High Power - Transformers in Berlin 
(1958-62). 

Chairman of the Bulgarian State Committee for 
Science and Technical Pogress (1962-71). In this po-
sition Popov dramatically strengthened the practical 
focus of research conducted at the Bulgarian Academy 
of Sciences and at its universities. He was responsible 
for steering Bulgaria’s industry towards high tech-
nologies which included the enhanced development of 
electrical engineering, electronics and computing, as 
well as cooperative ventures (licenses) with leading 
foreign companies. 

Popov was Minister of Machine Building (1971-
73) and Deputy Chairman of the Council of Ministers 
(1971-74); Deputy Chairman of the State Council 
(1974-76); Chairman of the Central Council of the 
Scientific and Technical Unions in Bulgaria (1977-
89). Popov devoted much of his creative energies to 
the elevation of the prestige and to the improvement 
of the activities of the Scientific Unions and to the 
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strengthening the role of scientific and technical intel-
ligentsia as a driving force in the Bulgarian economy. 
Ivan Popov was a high manager during controversial 
times and in a planned economy. However, all his stu-
dents agree that he was an unusual statesman for his 
time. 

Honours: 
• Corresponding member of the Academy of Sci-

ences (1961).  
• Honorary member of the Association of German 

Engineers (1962).  
• Honorary member of the Academy of Science 

and Arts in Toulouse (1966). 
• Both professors Ivan Popov, “raised the bar" for 

those who followed in their footsteps, through: 
• Their qualities of great professionalism, their 

prolific achievements and large-scale thinking; 
• Their ethos which places greatest value on qual-

ity performance and actual results; 
• Their ability to uphold European standards of 

quality and behaviour which perhaps continue to 
eluded us today. 

 
Fig.2. Lecture Hall 12114,  

named after both professors Ivan Popov. 

It should be noted that in the late 40s, Prof. Ivan 
Popov (the elder), together with Prof. Jordan Tsankov, 
created the "iconic" Laboratory of Electrical Ma-
chines. The laboratory was remarkable because almost 
all electrical specialties in Bulgaria began their devel-
opment there and for a long time it was a "calling 
card" of Technical University. 

On 20.12.2012, on a formal ceremony following 

the decision of the Academic Council of the Technical 
University – Sofia, Lecture Hall 12114 was named 
after both Ivan Popovs. This paper summarizes the 
presentation made by the author there.  

 
Fig.3. The laboratory of electrical Machines (1998). 

The Disciples/Followers 

Professor Angel Angelov (1927 - 2010) 
Prof. Angelov graduated from the State Polytech-

nic with specialism in electrical machines and appa-
ratus in 1952. He defended a PhD thesis entitled 
"Study of a single-phase shaded-pole asynchronous 
motor" (1957). He was a doctoral student of Professor 
Ivan Popov (the elder) and became the first "doctor" 
in Electrical engineering with a PhD from a Bulgarian 
institution.  

 
Prof. Angel Metodiev Angelov (1927-2010). 

Professional experience: Assistant Professor 
(1958), Associate Professor (1961), Professor of 
Electrical Machines (1973-94). Head of the Depart-
ment of Electrical Machines (1964-89). Deputy Dean 
of the Faculty of Electrical Engineering (EF) (1962-
66). Dean of the Faculty of Electrical Engineering 
(1979-87). Chairman of the Scientific Council for 
Electrical Engineering at the Higher Attestation 
Commission (1978-91).  
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Major areas of research and teaching: large electri-
cal machines, special electrical machines, linear elec-
trical machines, theory and design of electrical ma-
chines. He was the author of over 80 articles and 5 
inventions.  

Textbooks: "Electrical Machines”, parts 1 & 2 
(1976, 1987); "Electrical Engines with Low Power 
"(1962); "Windings of Electrical Machines" (1962); 
"Special Electrical Machines in Automatics" (1964). 

Prof. Angelov was a member of several editorial 
boards and scientific councils. 

With its soft and at the same time demanding char-
acter Prof. Angelov managed to lead the department 
for almost 25 years, enabling the growth of many 
eminent specialists. 

 
Prof. Dimitar Aleksandrov Dimitrov (1932 – 2002). 

Prof. Dimitar Dimitrov (1932 - 2002) 
Prof. Dimitrov graduated from the IMEE - Sofia in 

1954, majoring in electrical engineering. His doctoral 
thesis was entitled "Study of electromagnetic processes 
in asymmetric modulated three-phase induction ma-
chines" (HIMEE - Sofia, 1970). After working a chief 
engineer for state plant from 1954 to 1961, he joined 
the IMEE - Sofia as a lecturer in the Department of 
Electrical Machines and Apparatus (1961). He became 
Associate Professor in 1969 and full Professor of elec-
trical engineering in 1980. He was Deputy Head of the 
Department of Electrical Machines (1974-89) and De-
partment Head (1989-92); Chairman of the Academic 
Council of the Technical University - Sofia (1991-92); 
Head of the Department of UNESCO (1995); Rector of 
the Technical University - Sofia (1992 to 1999). He 
was also Chairman of the State Commission for Energy 
Regulation (1998 - 1999) and Government Minister of 
Education and Science (1999 - 2001).   

Major areas of research and teaching 
Electrical machines, theoretical problems in 

studying large electrical machines, induction ma-
chines with asymmetrical windings, speed control of 
asynchronous motors, electromagnetic calculations, 
design optimisation, autonomous asynchronous gen-

erators and micro-hydroelectric power plants; author 
of over 120 scientific publications and 13 inventions. 
He was a member of numerous scientific advisory and 
editorial boards. Prof. Dimitrov headed the 
Department and the University with confidence and 
tact during a politically complex period and managed 
to give a vital boost to valuable initiatives during a 
difficult transitional period for science in Bulgaria. 

Subsequent Heads of the Department of Electri-
cal Machines:  

• Prof. Dr. Sc. Emil Sokolov: 1992 – 1999 
• Prof. (IIcl.) Dimitar Sotirov: 1999 – 2011 
• Prof. (IIcl.) Vladimir Lazarov: 2011 – present 

Members of the Department of Electrical Ma-
chines who have been Deans of the Faculty of 
Electrical Engineering:  

• Prof. Dr. Ivan Popov (the elder): 1951-1953 
• Prof. Dr. Sc. Venzislav Dinov: 1972 – 1979 and 

1993 – 1995  
• Prof. Dr. Angel Angelov:  1979 – 1987 

Research and teaching areas in the Department 
of Electrical Machines: 

Form the 1960s until 1980s the Department pur-
sued a number of research areas including: 

• Design of large electrical machines and new 
technologies - Prof. Dr. A. Angelov, Prof. Dr. D. 
Dimitrov, Prof. Dr. Sc. E. Sokolov, Prof. (II cl.) 
Dr. G. Todorov, Prof (II cl.) Dr. J. Dimitrov and 
others. 

• Design of Transformers (including optimal) - 
Prof. Dr. St. Genov, Prof. (II cl.) Dr. T. Toshkov, 
Assist. Prof. I. Donev, etc. 

• Linear electrical machines - Prof. A. Angelov, 
Prof. (II cl.)  I. Vaklev, Assist. Prof. M. Stoyanov 
and others. 

• Electric Micromachines - Prof. Popadiyn (Dep-
uty Minister of Electronics and Electrical Engi-
neering for several years, created the eponymous 
section of the IEP), Professor Dr. Sc. 
G.Bozhilov, Assist. Prof. J. Bananov, Assist. 
Prof. G. Georgiev, Assist. Prof. A. Ivanov, Prof. 
Dr. (II cl.) N. Nikolaychev and others. 

• Electrical machines with electronic commutation 
- Prof. Dr. V. Dinov, Prof. (II cl.) Dr. D. Sotirov, 
Prof. (II cl.) V. Lazarov, Prof. (II cl.) C. Trenev, 
Asist. Prof. I. Ignatov and others.  

• Informational electrical machines - Prof. V. Di-
nov, Prof. (II cl.) V. Lazarov, Prof. (II cl.) D. 
Sotirov etc. 
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• Introduction to the finite element method in the 
study of electrical machines -Prof. Dr. Sc. E. 
Sokolov, Prof. (II cl.) Pl. Rizov, Prof. (II cl.) V. 
Spassov and others. 

• New methods for measuring and reliability - 
Prof. Dr. Sc. E. Sokolov and others. 

• Noise, vibration and diagnostics – Prof. Dr. Sc. 
G.Bozhilov and others. 

In recent years 
In the past 15 years the department has opened it-

self to specialists who were edicated and trained out-
side of TU-Sofia. Prof. Dr. E. Ratz and Prof. (II cl.) 
Dr. M.Mihov have brought a new fresh perspective to 
our teaching and research. 

In 2000, the Department, together with EF, it was 
moved to the newly constructed modern 12th block of 
the TU. However, this resulted in the "fragmentation" 
of the Department’s laboratory into smaller labs. In 
2011-2012 with the generous help of donors the labo-
ratory facilities were upgraded. 

 
Fig. 4. One of the actual halls of the laboratory  

of Electrical Machines (2012). 

The Department uses more and more often devices 
for automatic measurements and visualization from NI 
and dSPACE system for control. 

 
Fig.5. Screenshot with National Instruments devices. 

 
Fig.6. Screenshot of dSPACE control panel. 

The existing scientific topics have been preserved 
and we are actively working on new ones: 
1. Computer Aided Design (CAD), integrating 

electromagnetic, electrical, thermal and mechanical 
aspects into unified computer products. 

2. Electrical drives - scalar and vector control of 
electric machines 

3. Renewable energy sources - computer and 
physical modelling of photovoltaic and wind power 
generators, storage systems. 

The figures from 7 to 10 illustrate some of the on-
going research; the names of the directors are cited 
first, followed by the names of the team members. 

• Machines and their systems; 
• Greater use of new materials and components 

including those obtained by micro- and nano- 
technologies; 

• Integrated computer aided design. 

The Future 
The development of scientific directions of the 

Department must follow the 21st century trends in 
science and technology: 

• Continuing our intensive work along the direc-
tions described above; 

• Designing and testing electrical machines (within 
their environment), electronic converters and 
microprocessors, i.e. electro-conversion systems; 

• Monitoring and diagnostics of electrical ma-
chines and their systems; 

• Greater use of new materials and components 
including those obtained by micro- and nano-
technologies. 
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Fig.8. Vector control of induction motor and automatic coil machine – Prof. Dr. Sc. E. Ratz,  

PhD students and students.  

 
 

Fig.9. CAD design of hand electrical tools – Prof. Dr. Sc. G. Bojilov, Prof (II cl.) M. Mihov,  
Assist. Prof. A. Ivanov, PhD students and students.  

 
Fig.7. CAD design and P_Q diagrams of synchronous generators – Prof. (II cl.) D. Sotirov, Prof. (II cl.) P. Rizov,  

Prof. (II cl.) Dr. M. Mihov, PhD students and students.  



“Е+Е”, 11-12/2012 10 

The figure 11 highlights the areas which, according 
to the author’s vision, must be developed in the de-
partment. 

Of course it all development depends on the eco-
nomic situation in the country and the overall indus-
trial development and government policy for the sci-
ences. In any case, scientific research should be ahead 
of our time and should seek innovations. 

Conclusion 
The article presents a brief history of the Depart-

ment of Electrical Machines, which is inextricably 
linked with the development of higher technical edu-
cation in Bulgaria. The paper further presents in brief 
the biographies of the founders of the Department and 
some of their followers (as described both in the lit-
erature and in the memoirs of their contemporaries). A 
review of the development of the research activities of 
the department is undertaken and the prospects for its 
development are outlined - integrated design, testing 
of electrical machines with their environment, i.e. 
electricity conversion systems - drives, renewable en-

ergy sources (electrical aspects),  integrated electronic 
converters and microprocessors, monitoring and diag-
nostics, micro- and nano- technologies, using new 
materials, components and more. 
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Magnetic field analysis of wound-rotor induction motor 

Emil Sokolov, Bojidar Milanov 

 
The destruction of magnetic slot wedges causes failure of a 4000 kW wound-rotor induction 

motor. By the repair a decision about the usage of magnetic wedges or their replacement with normal 
ones must by taken. The modeling of magnetic field aims comparison and estimation of the motor 
parameters with both types wedges. The FEM analysis comprises steady state conditions of no-load, 
rated load and starting. The air-gap flux density pulsations are investigated for the cases of magnetic 
and non-magnetic wedges in the stator slots. An approach for supply of the models which provide 
correct space position of the stator and rotor mmf waves at rated load and start is proposed. A 
quasistationary complex solution of the field problem is applied by simulation of standstill. The 
current density functions in the rotor bars are determined. 

Анализ на магнитното поле в асинхронен двигател с навит ротор (Емил Соколов, 
Божидар Миланов) Разрушаването на магнитни канални клинове причинява повреда на 
асинхронен двигател с навит ротор с мощност 4000 kW. За ремонта трябва да се вземе 
решение за използването на магнитни клинове или за замяната им с обикновени. 
Моделирането на магнитното поле цели сравнение и оценка на параметрите на двигателя с 
двата вида клинове. Анализът с МКЕ  обхваща случаите на празен ход, номинално 
натоварване и пускане. Изследвани са пулсациите на магнитната индукция във въздушната 
междина при магнитни и немагнитни клинове в статорните канали. Предложен е метод за 
захранване на моделите, който осигурява правилно пространствено положение на вълните на 
мдн на статора и ротора при натоварване и пускане. Определени са функциите на токовата 
плътност по височината на роторните пръчки при пускане. 

 

Introduction  
Recently in the manufacturing practice of large 

synchronous and induction machines the application 
of magnetic wedges has been assumed [5, 6, 7, 8]. 
This trend is especially emphatic by the machines 
with open stator slots. The introduction of magnetic 
wedges affects the reduction of the stator slot 
harmonics and as a result – lower additional losses 
and core heat. Also the vibration and noise behavior 
of the machine is improved. The ampere-turns for 
producing of the fundamental magnetic flux are also 
reduced. These effects appear strongly in the 
machines with smaller air-gap and slots in both stator 
and rotor. 

Moreover, the efforts for technology development 
have been oriented to rise the reliability. A specific 
opinion claims that modern vacuum-pressure technol-
ogy for manufacturing of electrical machines wind-
ings (VPI insulation system) provides higher degree of 
reliability in the constructions with magnetic slot 
wedges. 

Despite of the achievements in this direction yet 
there are suspicions for the risk by employment of 

magnetic wedges [3]. In some cases of the practice 
after certain operating period the material destruction 
of the magnetic wedges occurs. We observed such 
case at a 4000 kW wound-rotor induction motor 
whose stator winding was produced by VPI 
technology. After an operation of about 8000 horses 
we established falls-out of magnetic wedges from the 
stator slots, their pulverization and finally – failure of 
the winding. 

For the repair of the motor we had to answer the 
following question:  do we have to close the stator 
slots with magnetic wedges or to replace them with 
normal ones. This answer is determined first, from 
look angle of the reliability and second, from neces-
sary quality guaranty and requirements of the user for 
unchanged motor performances. Many comparative 
computations with both type wedges have been re-
quired by the resolution of the above problem. 

Combined analytical and numerical methods were 
used for the study of the complicated nonlinear 
problems [1, 2, 4]. The finite element models were 
realized by software package FEMM [9]. 

The object of research in this paper is six pole 
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wound-rotor induction motor with rated power 4000 
kW. The stator voltage is 6000 V and the rotor voltage 
is 3200 V. The frequency is 50 Hz and the speed at 
rated load is 992 rpm. The stator and rotor have rated 
currents 464 A and 775 A, respectively. The air-gap is 
3 mm. The windings of motor are: lap winding of the 
stator and wave winding of the rotor. 

Models and results of the study 
The air-gap flux density function at no-load is 

shown in Fig. 1 for normal wedges and in Fig. 2 for 
magnetic wedges. The relative magnetic permeability 
of the magnetic wedges is 3=μ r  (a typical value is 
assumed because the original value is unknown). The 
functions are obtained for the same magnetic flux per 
pole corresponding approximately to identical 
voltages. 
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    Fig.1. ( )αδB  at normal wedges. 
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Fig.2. ( )αδB  at magnetic wedges. 

The flux density pulsations have amplitude 0,42 T 
at normal wedges and 0,24 T at magnetic wedges, 
respectively. The no-load surface losses are 
proportional to the square of the pulsation amplitude 
hence there are about three times higher at normal 
wedges. But under rated load the difference between 
the amplitudes of pulsation is smaller: 0,59 T for 
normal wedges versus 0,48 T for magnetic wedges. 
This is due to the difference of the stator currents – 
only 4 %. Therefore, the increase of the additional 

load losses by normal wedges will also be lower. 
Moreover, the stator winding leakage reactance at 
magnetic slot wedges increase with 16 % compared to 
that at normal ones. 

The application of magnetic wedges improves 
several characteristics of the motor. However, the 
insufficient strength and disturbance of the fixation in 
the slots may lead to destruction of the magnetic 
wedges due to the stress under action of vibration in 
the motor. Because of that, in every particular case a 
balance between the positive effect and the risk for 
failure of the stator winding with magnetic wedges 
should be made. Further, the modeling of the 
magnetic field aims comparison and estimation of the 
motor parameters at rated load and starting with both 
version wedges. 

Fig. 3 shows an actual stator slot with leakage flux 
lines and the current density dependence along height 
of the conductors at 50Hz and rated current 
(maximum value). The effect of eddy currents is 
apparent only in the top wires. Besides, at rated load 
the slip is 0,8 % and the rotor frequency is low – 
0,4Hz. The current displacement in the rotor bars is 
very small. Therefore, the use of a magnetostatic finite 
element model is permissible for rated load condition. 

For a precise analysis the correct space position of 
the stator and rotor MMF waves in the model should 
be defined. We offer the following approach. In the 
model the axis of uniform stator and rotor phase 
windings coincide. The phase angles between the 
EMF phasor and the current phasor 1ψ ( 1I&  lags 1E&−  
by 1ψ ) and 2ψ ( 2I ′&  lags 2E′&  by 2ψ ) are found by 

(1)    
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In Eq. (1) the phase angles are represented by the 
slip and the parameters of equivalent circuit. The 
current 2I ′  is referred to the stator by rated rotor 
current and transformation ratio. At rated load of the 
motor with non-magnetic wedges we determine 

0
1 8,23=ψ  and 0

2 6=ψ . 
The instantaneous values of the currents in A stator 

phase and a rotor phase in moment of time 0=t  are 
expressed by    
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Under balanced condition the currents in the rest 
phase windings are displaced on 0120± . In a 
magnetostatic model the stator and rotor slots are fed 
by the instantaneous values of current density. 

The flux plot at rated load of the motor with 
normal wedges ( 1=μr ) is shown in Fig. 4. From the 
results of the nonlinear numerical solution the air-gap 
flux and electromagnetic torque are obtained. The 
modeling with magnetic wedges ( 3=μ r ) in the stator 
slots is performed in a similar manner. Essential 
difference between the torques was not ascertained.  

At starting the magnetostatic model is inapplicable 
for the rotor. In standstill the slip is unity and the 
frequency of the rotor current is 50 Hz. Due to eddy 
currents in the solid rotor bars the field is 
quasistationary and a complex form of the solution 

should be found. Each phase winding of the rotor can 
be represented as a series circuit connected to a 
current source. 

The wound-rotor motor starts with external 
resistors which provide current limit and a given 
starting torque. In the considered case an external 
resistance based on initial current which reaches about 
three times rated value is selected. 

For the finite element model at s = 1 the starting 
currents of the stator (1509 A) and the rotor (2325 A) 
are defined according to the traditional design meth-
ods. The angles 0

1 2,23=ψ  and 0
2 19=ψ  are com-

puted from Eq.(1) with parameters of the equivalent 
circuit for 1=s . The instantaneous currents for 0=t  
are obtained with the help of Eq.(2). Their values are 
applied to the series circuits of the three phase rotor 

  
Fig.3. Stator slot and current density along height of the conductors. 

 
Fig.4. Magnetic field at rated load. 
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winding. The complex solution in the rotor is carried 
out by frequency 50 Hz assuming an effective 
permeability in the ferromagnetic regions of the core. 

The flux lines in the cross section of the motor 
with non-magnetic wedges at 1=s  are shown in 
Fig.5. Now in the upper and lower layers of the rotor 
winding under the effect of slot leakage flux eddy 
currents are induced. They cause a non-uniform 
distribution of the current in the bars. The current 
density functions in all slots have similar form but 
their maximums depend on the current magnitude in 
the slot. 

The distribution of the current density along height 
of the wires is shown in Fig. 6 (for the fifth rotor slot) 
and in Fig. 7 (for the nineteenth rotor slot). The 
current density module is sum of two components – 
current density of the source and eddy current density. 
In the same way the approach of calculation is valid 
for any other value of the slip.  

Conclusion 
The analysis and comparison of the results from 

the investigation of the 4000 kW wound-rotor 
induction motor with magnetic and non-magnetic 
wedges revealed that the manufacturing of the stator 
winding with normal wedges in the concrete case does 
not lead to a considerable difference in the 
performances by starting and loading. On this base by 
the repair of the motor a decision for the use of normal 
slot wedges has been taken. At such construction the 
risk for the reliability that exists by implementation 
with magnetic wedges is prevented. 

For the purpose of the study two finite element 
models are developed. By the first magnetostatic 
model, the no-load and rated load conditions are 
analyzed. In a second model quasistationary complex 
solution of the field problem is applied for simulation 
of the starting. The current density functions in the 

 
Fig.5. Magnetic field at start 1=s . 
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Fig.6. ( )khJ  for rotor slot No 5.                                       Fig.7. ( )khJ  for rotor slot No 19. 
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rotor bars at standstill are determined. An approach 
for supply of the models which provide correct space 
position of the stator and rotor MMF waves at rated 
load and start is proposed. 
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Study of the leakage magnetic field in the end zone  
of the hydro-generators at Belmeken PSHPP, Sestrimo HPP  

and Momina Klisura HPP  

Stoyan Batashki  

 
This article presents a study of the leakage magnetic field in the end zone of the synchronous 

hydro-generators which are in operation at Belmeken PSHPP, Sestrimo HPP and Momina Klisura 
HPP, taking into account the influence of the armature mmf at rated active power and under-excited 
mode. These modes are used for grid voltage control and especially when units operate in an island 
mode or energize a power line during restoration of the power grid after heavy breakdowns having led 
to a power grid collapse. 2D models in the FEMM medium have been used for obtaining quick and 
qualitative results for evaluation of the leakage field magnitude in the end zone of the hydro-
generators. 

Изследване на магнитното поле на челно разсейване на хидрогенераторите на ВЕЦ 
„Белмекен“, „Сестримо“ и „Момина клисура“ (Стоян Г. Баташки). Тази статия представя 
изследване на магнитното поле на разсейване в зоната на челните части на синхронни 
хидрогенератори, работещи във ВЕЦ „Белмекен“, „Сестримо“ и „Момина клисура“ с 
отчитане влиянието на реакцията на тока на котвата при номинален активен товар в 
режим на недовъзбуждане. Тези режими се използват при регулиране на напрежението в ЕЕС 
и особено в случаите на работа на ХГ на остров или в коридор при възстановяване на ЕЕС 
след тежки аварии, довели до разпад на системата. Използвани са 2D модели в средата на 
FEMM, позволяващи с достъпни средства да се получат бързи качествени резултати за 
оценка на големината на полето на челно разсейване. 

 

 
Leakage field study mоdel   
Thе method applied in the study is described in [3] 

and [4]. The leakage field study model is based on the 
fact that the leakage field is formed by the interaction 
of the magnetic-motive voltage of the field winding 
and the armature mmf, especially its longitudinal 
component. A review is made with respect to the 
maximum value of the axial component of the leakage 
field which is positioned on the “d” axis of the 
generator, and it is assumed that at such a moment the 
“d” axis coincides with the middle of the stator tooth. 
Since the longitudinal component of the armature 
mmf acts along the “d” axis, the study model is a 
longitudinal section of the generator through the 
middle of a stator tooth against which the middle of 
the rotor pole is positioned. In order to close the 
magnetic field, the 2D models provide artificial 
closure of the magnetic field through an additional 
magnetic core with a very high magnetic conductivity 
so that it would not influence the study results. Fig.1 
shows a study model made on the basis of the actual 

dimensions of one of the generators at Belmeken 
PSHPP, type HV742782/12 SKODA. The stator 
magnetic core consists of separate laminations divided 
by radial cooling slots, and the end stacks are step-
wise beveled towards the air gap. Similar models have 
been made for all the hydro-generators subject of this 
study. The stator core is presented by a core which 
generates magnetic-motive voltage of the transverse 
component of the armature mmf, as the longitudinal 
section of this winding is positioned at a place which 
corresponds to the place of the end zone of the real 
unit. Current runs through this winding in the model 
and the current’s magnitude corresponds to the 
magnitude and the direction of the longitudinal 
component of armature mmf. Current runs through the 
field winding and generates a magnetic flux of the 
generator. In order to achieve conditions for leakage 
flux development in the area of the end stacks of the 
stator core in the model in fig.1 equal to the same 
conditions in the real unit, the excitation current in 
fig.1 is defined on the basis of equal values of 
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magnetic induction in the teeth at a level of 1/3 of the 
slot height hslot in the model and in the real unit. For 
that purpose a transverse model of the generator is 
created in the FEMM medium, and the value of the 
magnetic induction is defined in the air gap and in the 
teeth at a height of 1/3 of the air gap. In order to create 
such models, it is necessary to know not only the 
geometry of the stator and the rotor cores, but the 
winding scheme, too, as well as the xd and xq 
reactances. For consideration, usually a time moment 
is taken when IA has a maximum value, and IB and IC 
are equal to 0,5 of the current effective value. In order 
to define the spatial location of the rotor towards the 
stator winding at the time moment when the currents 
are set, the angle ψ is defined (the angle of current 
phase shift towards the generated voltage E0) in the 
vector diagram of the unit. 

It is calculated by the equation [1] 
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where U* is the hydro-generator voltage, in relative 
units; 
 I* is the hydro-generator current, in relative 
units; 
 х*qн – saturated value of the reactance along 
the transverse axis, in relative units; 
 φн – current phase shift angle towards the 
hydro-generator voltage in the defined loading mode. 

The spatial allocation of the rotor “d” axis in the 
model is defined by the spatial allocation of the 
vectors of the armature mmf Fa1, of the magnetic-
motive voltage of the field winding Ff1, and the 
resultant magnetic-motive voltage Fδ, as shown in [3] 
for the time moment under consideration at no load 
and in the respective loading mode of the hydro-
generator. In accordance with the winding scheme and 
the chosen time moment, the sign and the magnitude 
of the current in the active parts of the winding are set. 
At no load the currents in the stator winding are equal 
to zero, and the rotor is so located that the “d” axis of 
the rotor poles is positioned at an angle of π/2 electric 
degrees to the axis of the А phase. At loading the “d” 
axis of the rotor poles is shifted towards the direction 
of the rotor rotation at a geometric angle of (π/2+ψ)/р 
to the axis of the А phase.  

In the model, the actual stator and rotor currents 
are presented as current density which is set in an area 
almost corresponding to the cross-section of the active 
part of one stator conductor positioned in the slot. 
Thus, the total current of one slot layer has the same 
value as the total current of the real unit. Based on the 
set area and the total current which are used for the 
calculations, the current density set in the models is 
defined. 

Fig.2 shows a cross-section model of a hydro-gen-
erator at Belmeken PSHPP, with designations of the 
phases to which the active parts of the rods in the slots 
belong, as well as the sign of the current in them for 

 
Fig.1. 
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the particular time moment and the loading mode un-
der consideration. Such models are made for all stud-
ied operation modes of the hydro-generator. The stator 
currents effective values and the respective values of 
the excitation currents for the model in fig. 2 are either 
measured or calculated. In this case data are used from 
measurements of the hydro-generator in modes at no 
load, rated active load and reactive power equal to 
zero, rated inductive and maximum capacitive power. 
The cross-section model provides curves of the spatial 
distribution of the magnetic induction in the air gap 
for hydro-generator loading modes under considera-
tion.   

Fig.3 shows such the curve of a loading mode with 
rated active and capacitive reactive power of a hydro-
generator at Belmeken PSHPP. 

 

 
Fig. 3. 

The curves of magnetic induction spatial distribu-
tion in the air gap in the studied loading modes of the 

hydro-generator define the value of the magnetic in-
duction along the “d” axis of the generator and the 
model in fig.1 defines the picture of the magnetic field 
in the area of the end stacks.  

Study of the leakage magnetic field at the end 
stacks of hydro-generator type HV742782/12 
SKODA, at Belmeken PSHPP 

The study has been carried out by applying the 
following loading modes: 

Table 1 

Quantity No Load Active 
Load 

Active 
Inductive 

Load 

Active 
Capacitive 

Load 
P, MW 0 75,0 75,0 75,0 
Q, MVAr 0 0 32,0 -21,0 
cosφ - 1,0 0,92 -0,963 
U, kV 10,5 10,1 10,4 9,9 
I, A 0 4366 4533 4486 
If, A 336,0 514,7 689,1 427,8 

 
Fig.4a shows a picture of the leakage field in the 

area of the end stacks in case of active-inductive load, 
and fig.4b shows a picture of the leakage field in the 
area of the end stacks in case of active-capacitive load. 
When inductive load is applied, the armature mmf has a 
demagnetizing effect and weakens the leakage field, 
and when capacitive load is applied, the armature mmf 
has a magnetizing effect and strengthens the leakage 
field. The structure of the pole and the end stacks 
strongly influences the leakage field, as it can be seen 
in fig.4. A special feature of the examined structure is 
the significantly shorter pole’s body, compared to the 
length of the stator lamination; respectively less total 

 
Fig. 2. 
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length of the pole with the rod and a deep groove along 
the whole periphery of the rod outside the stator core.  

 
a) 

 
b) 

Fig. 4. 

This structure leads to a significant decrease of the 
end zone magnetic flow that can be clearly seen by the 
curves of magnetic induction along the active part of 
the unit in different loading modes of the hydro-gen-

erator. Since the groove along the rod’s periphery is 
shifted from the end of the stator core to the inner 
stator laminations, there is a decrease of induction in 
the end stacks compared to the induction in the inner 
stator laminations, respectively. This can be clearly 
seen in figures 5 and 6, which show the spatial curve 
of magnetic induction distribution in axial direction in 
case of active inductive and active-capacitive loads.  

 

 
а) In the air gap 

 
b) In the tooth next to the air gap 

 
c) In the tooth next to the bottom of the slot   

Fig. 5 Active-inductive load. 

Figures 5 and 6 clearly show that the magnetic in-
duction in the teeth of the end stacks next to the air 
gap is lower than the induction in the teeth of the inner 
stator laminations; and in the section of the teeth next 
to the bottom of the slot there is an increase in the 
teeth of the end stacks and the induction value there 
reaches and even exceeds the induction value in the 
base of the teeth of the inner stator laminations. This 
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is more apparent when active capacitive load is ap-
plied. It is due to the fact that the magnetic flux in the 
teeth of the end stacks is the sum of the radial 
magnetic flux (operating magnetic flux) and the 
magnetic flux in the end zone. When reaching the slot 
bottom, the magnetic flux in the tooth section 
increases on the account of the component of the end 
zone flux, and the component of the radial magnetic 
flux actually remains constant. 

 
а) In the air gap 

 
b) In the tooth next to the air gap 

 
с) In the tooth next to the bottom of the slot  

Fig. 6. Active-capacitive load. 

When capacitive load is applied, the component of 
the end zone flux is relatively bigger and the increase of 
the tooth’s base induction is bigger than the result when 

inductive load is applied. In this case serious 
constructive measures have been taken in order to 
restrain the end zone field, therefore the tooth’s base 
magnetic induction slightly differs from the induction 
in the teeth base of the inner stator laminations.  

Fig. 7 shows the curve of the axial component of  
magnetic induction of the end zone leakage field 
along the tooth height when capacitive load is applied. 
Because of the measures for restraining the end zone 
field, the induction values are definitely low. 

 
Fig. 7. 

Study of the end zone leakage field at the end 
stacks of hydro-generator type HV792792/18 
SKODA at Sestrimo HPP 

The study has been carried out by applying the 
following loading modes: 

 
Table 2 

Quantity No 
Load 

Active 
Load 

Active 
Inductive 

Load 

Active 
Capacitive 

Load 
P, MW 0 123,7 123,5 123,0 
Q, MVAr 0 0 42,9 -30,4 
cosφ - 1,0 0,95 -0,971 
U, kV 10,5 10,5 11,0 9,9 
I, A 0 6941 6971 7500 
If, A 528,0 865 1168 701 

 
Fig.8 shows the curve of spatial distribution of 

magnetic induction in the air gap when active capaci-
tive load is applied, and fig.9 shows a picture of the 
end zone leakage field at the end stacks. The figures 
show that the already established regularity about the 
influence of the longitudinal component of the arma-
ture mmf is clearly expressed. At the examined struc-
ture, the length of the pole’s body is equal to the 
length of the stator lamination, and the rod has a rela-
tively shallow groove along the whole periphery out-
side the stator core. 
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Fig. 8. 

 
а) inductive load 

 
b) capacitive load  

Fig. 9. 

 
а) In the tooth next to the air gap 

 
b) In the tooth next to the bottom of the slot  

Fig. 10. Active-inductive load 

 
а) In the tooth next to the air gap 

 
b) In the tooth next to the bottom of the slot  

Fig. 11. Active-capacitive load. 

Such a structure leads to a relatively low decrease 
of the end zone flux, which can be clearly seen by the 
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curves of magnetic induction along the active part of 
the unit in different loading modes of the hydro-
generator.  

These results in a significant increase of the induc-
tion in the teeth of the end stacks compared to the in-
duction in the inner stator laminations, as shown in 
figures 10 and 11. Besides, the considerable fluxes in 
the end zone lead to transferring part of the flux of the 
end stacks teeth to the teeth of the inner stator 
laminations, as well as induction increase is observed 
in the second and the third end stacks. Usually such a 
phenomenon is observed at turbo-generators where 
the end zone leakage field at the end stacks is clearly 
expressed.  

Study of the end zone leakage field at the end 
stacks of hydro-generator type ВСГ 535/166 - 20 at 
Momina Klisura HPP 

The study has been carried out by applying the 
following loading modes: 

Table 3 
Quantity No 

Load 
Active 
Load 

Active 
Inductive 

Load 

Active 
Capacitive 

Load 
P, MW 0 61,0 60,1 60,6 
Q, MVAr 0 0 30,6 -15 
cosφ - 1,0 0,89 -0,97 
U, kV 10,5 10,1 10,9 10,3 
I, A 0 3489 3590,6 3538,1 
If, A 471 629,7 893,8 578,8 

 

Fig.12 shows the curve of the spatial distribution 
of magnetic induction in the air gap in case of active 
capacitive load, taking into account the armature mmf,  
and fig. 13 shows a picture of the end zone leakage 
field at the end stacks.   

 

 
Fig. 12. 

   
а) Inductive load 

 
b) Capacitive load 

Fig. 13. 

The figures show that the already established 
regularity about the influence of the longitudinal 
component of the armature mmf on the end zone 
leakage field is clearly expressed. This is due to the 
end zone structure where, in this case, the length of 
the pole’s body is bigger than the length of the stator 
package, and the rod has a relatively shallow groove 
along the periphery of the rod outside the stator core. 
Such a structure leads to a relatively low decrease of 
the end zone flux, which can be clearly seen by the 
curves of magnetic induction along the active part of 
the unit in different loading modes of the hydro-
generator.  This leads to a significant increase of the 
induction in the end stacks compared to the induction 
in the inner stator laminations, as it can be seen in 
figures 14 and 15. 
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а) In the tooth next to the air gap 

 
b) In the tooth next to the bottom of the slot  

Fig. 14. Active-inductive load 

 
а) In the tooth next to the air gap 

 
b) In the tooth next to the bottom of the slot  

Fig. 15. Active-capacitive load. 

Conclusions 
The studies that have been carried out make it pos-

sible to evaluate the influence of end zone structure of 
the hydro-generators, especially the poles structure, on 
the magnitude of the end zone leakage magnetic field 
and then to evaluate the possibility of hydro-genera-
tors operation in an under-excited mode (capacitive 
load). Obviously, the poles structure of hydro-gen-
erator type HV742782/12 SKODA at Belmeken 
PSHPP meets best the requirement for decreasing the 
end zone leakage field. The other two hydro-genera-
tors operate with significantly higher end zone fluxes, 
which results in considerably bigger magnetic losses 
in the teeth of the end stacks compared to the losses in 
the inner stator laminations. These conclusions have 
been subject to tests by measuring the overheating 
values of the teeth of the end stacks, which have the 
highest values at hydro-generator type ВСГ 535/166 - 
20 at Momina Klisura HPP, and the lowest values at 
the hydro-generator type HV742782/12 SKODA at 
Belmeken PSHPP.  
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Problems caused by thermal expansion of the stator magnetic core 
of large hydro generators, methods and means of solving them 

Ivaylo Panayotov  

 
This article provides an overview of the impact of the forces generated by the thermal expansion 

of the stator magnetic core on stator body of large hydro generators. Two of the basic design 
decisions are compared for strengthening of the magnetic core of the stator body - the use of clamping 
pins and guiding bars (parallel) located on the back of the stator core or the use of bars guiding with 
dual dovetail located on the back of the core and clamping pins close to the average diameter of the 
magnetic core. It is made an analysis of the advantages and disadvantages of the described structures. 
Presented are the results from the measurements on machines with over thirty years of service in our 
power energy system, detected changes from the impact of thermal expansion forces. Proposed 
solutions are constructive change in performance, so that to avoid the harmful effects of the forces 
generated by thermal expansion in uneven heating on stator magnetic core and stator body. 

Проблеми, породени  от топлинното  разширение на  статорния магнитопровод на 
големи хидрогенератори,  методи и средства за решаването им (Ивайло Панайотов) Тази 
статия представя преглед на влиянието на силите, породени от топлинно разширение на 
магнитопровода върху статорното тяло на големи хидрогенератори. Разгледани са две от 
основните конструктивни решения за укрепване на магнитопровода към статорното тяло – 
използване на притягащи шпилки и направляващи греди (паралели)  разположени по гърба на 
статорния магнитопровод или използване на направляващи греди с двойна лястовича опашка 
разположени по гърба на магнитопровода и притягащи шпилки близо до  средния диаметър на 
магнитопровода.  Направен е анализ на предимствата и недостатъците на описаните 
конструкции.  Публикувани са резултати от измервания на машини с над тридесет годишна 
експлоатация в нашата енергетика, констатирани промени от въздействието на силите на 
топлинното разширение. Предложени са решения за промяна в конструктивното изпълнение, 
така че да се избегне вредното въздействие на силите, породени от топлинното разширение 
при нееднакво загряване на  магнитопровода и статорното тяло. 

 

Introduction 
General climatic changes make increasingly 

significant the share of clean energy production. The 
average annual production of electricity from hydro 
and mini hydro power is up to 3200 GWh/year, which 
represents approximately 85% of the production of 
renewable energy. 

Hydro generators (HG) are a major producer of 
green energy in our energy system. Basic facilities 
were built in the period from 65 to 90 years of the last 
century.  In the past decade was made a rehabilitation 
of the major part of the working in the Bulgarian 
energy system HG. Part of volume of repairs is the 
replacement or the repair of the existing stator 
magnetic cores. For the measurements made before 
the repair are noted  significant deviations in the 
geometry in the inner diameter of the stator and 
supporting system, it is expressed mostly in the 

change from cylindrical shape to elliptical [3], [4] and 
[5]. Generators, which observed a deformation of the 
stator, are built in the design shown in Fig.1 [1].  The 
displayed figure shows that the stator magnetic core is 
strengthened the housing with n number parallel keys 
4 cross-section shaped dovetail, which are welded on 
the inside diameter of the stator body to the radial ribs 
of the hull 5. Tightening the stator magnetic core is 
provided with a number of m-tensioning retractors 2 
studs located in the gap between the body and the 
magnetic. Tightening in the area of the stator teeth is 
achieved by tensioning the bolts 1 located on the 
periphery of the press plates 3. 

As a hallmark of this design scheme can be noted 
that it does not provide degrees of freedom of the 
stator magnetic core within the housing. During the 
work process of the generator the magnetic core gets 
headed by the losses in the electrical steel and the 
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stator winding, while the housing remains much 
colder (it is getting hot only by the heated cooling air, 
which is much colder than the magnetic stator). In the 
process of the generator is heated by magnetic losses 
in electrical steel and stator winding and housing 
remains very cold (it heats only the heated cooling air 
that is much cooler than magnetic stator). This leads 
to a significantly higher thermal expansion of the 
magnetic core within the housing, causing the 
appearance of additional internal tension in the 
tightening bolts 2 of the extension stator core in the 
axial direction and in the radial direction occurs a 
tension in the radial ribs of the housing 5. An 
additional disadvantage is the fact that they require the 
staking of magnetic body to be done without gaps in 
the support system (dovetail area) that produces 
technological problems. 

An alternative to the presented structure is 
described in Fig.2 [3]. In the shown structure are used 
keys with double dovetail to provide a degree of 

freedom in the expansion of the magnetic core, while 
providing a stator body against the scrolling. This is 
achieved by a bilateral gap in the channels of the 
dovetails, permitting a linear expansion in the radial 
direction without an increasing of the mechanical 
tension stresses. Tightening rods of the magnetic core 
are located close to its average diameter, provided 
with special spring washers, which absorb the   axial 
thermal expansions of the magnetic core.  The bearing 
structure includes a main bottom plate, part of the 
construction of the body, on which is stacking the 
magnetic core and the upper clamping plate is 
composed of separate pressing plates fixed with 
screws in the stator yoke.  

This structure in terms of the supports can be 
characterized as unilaterally locked. The magnetic 
core is flange mounted to the bottom plate, which is 
an integral part of the stator body and takes most of 
the torques arising under normal operating modes and 
also in transients (sudden short circuit). The upper 

 
Fig.1. Example of a stator supporting structure with stacking keys and pins on the  back of the core [1]. 

 
Fig.2. Supporting structure of stator core with double dovetail bars on the back and pins into a middle diameter [3]. 
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pressing plates are radially and axially free to the body 
of the stator and allow the free thermal expansion of 
the stator magnetic core in the axial direction. The 
free radial expansion is provided by the gaps provided 
at the bottom of the grooves of the dovetail. A 
significant advantage of the design is that the lower 
supporting plate is the main structural element, 
assuming the stator torque at normal operating modes 
and transients, which are transmitted to it by the 
magnetic core using forces of friction. 

Structures of the type shown in Fig.1 have one 
major drawback consisting in obtaining plastic 
deformations in the stator magnetic core and the stator 
body and stress cracking, even breaking the welds on 
the frame construction of the body, due to the uneven 
heating of the stator and the magnetic core body and 
the rigid mechanical connection between them [2], [4] 
and [5]. 

Results 
To illustrate the described problems in Fig. 3 is 

shown a picture of the inner surface of the stator 
magnetic core, recorded with thermo vision camera in 
conducting internal factory tests of a newly 
manufactured stator magnetic core to determine the 
losses in the electrical steel with a Core Ring Flux 
Test. 

 
Fig.3. Stator core deformation from thermal elongation. 

The test specimen is a hydro generator with full 
capacity of 50MVA, with an internal diameter of 4530 
mm and the stator is implemented in the design 
scheme shown in Fig.1.  The displayed image clearly 
shows the appearance of stator magnetic core waves. 
This is due to the difference in temperatures between 
the magnetic core (average heated to 50 0C) and the 
stator body (at 10 0C). The warmer magnetic core 
widened, but the cold body retains its size close to 
nominal, forces are arising caused by thermal 
expansion, which are not sufficient to increase the 
diameter of the body. At the same time  the upper and 

lower pressing plates are not firmly linked with the 
body and are held  only by tightening bolts, due to the 
large forces from the thermal expansion is displaced 
"Wave" and  the observed waves appear by  difference 
in the temperatures   of the body and magnetic core. 

The Bulgarian hydropower system is mainly used 
to generate peak power at times of a peak system load. 
Therefore, they are started most often twice a day,   
wherein the thermal expansion of the stator magnetic 
core occurs cyclically during the operation of the 
generator to two or three times a day. This leads to the 
occurrence of fatigue in welded joints of the body, 
cracking and even breaking, also to the occurrence of 
plastic deformations, it also has a negative impact on 
the stator winding by loosening the wedges channels, 
additional friction rods into the walls of the canals and 
etc. 

As a result of the deformation increases and the 
level of vibration due to uneven air gap. Table 1.1 
shows the linear extension in millimeters of the 
diameters of the stators with different overheating. 
Particularly sensitive to this physical phenomenon are 
generators with large dimensions. The table shows the 
values of the linear extension of the stator magnetic 
cores of two generators operated in the country more 
than 45 years. They are made with the scheme of 
strengthening the stator magnetic core according to 
Fig. 1. By the rehabilitation of these generators was  
found that the stator bodies of these two generators 
had received a deviation of their magnetic core 
cylindrical shape from -3 mm to +5 mm for HG1 and 
2 of PSPP "Orpheus" and +8 mm for HG 1, 2, 3 and 4 
of HPP "Studen kladenez". 

 
Fig.4. Linear thermal expansion in different base lenth. 

The magnitude of a linear thermal expansion of 
steel can be calculated by the following formula: 

(1) TLL Δ=Δ α , 

 Where: ΔL, m - linear extension; L, m - length of 
the segment; α = 13 * 10-6 1/K coefficient of linear 



“Е+Е”, 11-12/2012 27

extensibility of steel; ΔT, 0K - overheating.  
Fig.4 shows a family of curves of a linear thermal 

expansion for various values of the internal diameter 
as a function of the overheating. The figure shows that 
structures with an inner diameter of about two meters 
are insensitive to this effect. A notable effect of the 
thermal expansion occurs on machines with internal 
diameters greater than 3 meters. 

An important element in the development of the 
design is to provide a similar-sized amount of heating 
of the magnetic core stator and the stator body.  

This provides the similar-size geometric 
dimensions of the housing and the magnetic core with 
deviations in the limits of the gaps of the cold and 
long working HG. This can be achieved completely 
mainly for the described construction in Fig.2, the 
described structure in Fig.1 is subject to the 
occurrence of internal stress in the presence of 
overheating between the body and the stator magnetic 
core. This is confirmed by the experience in the 
operation of HG in our electricity system. In the 
housings of all HG, which are implemented in the 
design scheme of Fig.1 for repair or rehabilitation was  
found cracks in the welds of the casing and as a rule a 
deviation from the cylindrical shape of the inner 
surface of the stator magnetic cores. 

Table 1 
Value of linear expansion at different overheating 

∆T, К 30 50 70 90 110 
 thermal expansion ∆L, mm 
HPP „Three 
Gorges“, China. 
Din=18.5, m [3] 

7.2 12 16.8 21.6 26.5 

HPP „Itaipu“, 
Brazil. Din=16, m 
[3] 

6.2 10.4 14.6 18.7 22.9 

PSPP„Orfeus“, 
Bulgaria.  
Din=5.23, m 
HPP“Studen 
Kladenez“,Bulgar
ia. Din=5.25, m 

2 3.4 4.8 6.1 7.5 

 
Table 1 shows the numerical values of the linear 

elongation due to the thermal expansion under a 

different overheating of some of the largest generators 
in the world and relatively larger HG in our country. 

Conclusions 
The previewed comparing of the design concepts 

for the implementation of the supporting elements can 
be determined clearly the impact on the magnitude of 
the stress in them, due to the linear extension of the 
magnetic core due to a thermal expansion. 

There is a real alternative to the construction used 
in working HG in our country that can protect them 
from the negative effects of the thermal expansion. 

The processing of the construction can be 
combined with the optimizing and the expanding of 
their ability to work in a leading power factor. This 
can be achieved, when the new pressing plates get 
filled with non-magnetic materials to replace the old 
ones made of ferromagnetic steel. This will reduce 
their losses from these flows of butt distraction and 
will help to optimize the total thermal background. 
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Static torque of synchronous reluctance motors   
with distributed winding 
Dimitar Sotirov,  Miho Mihov 

 
The presented research is focused on the investigation of a synchronous reluctance motor with 

distributed stator winding, which, according to the literature, in the event of the use of a vector 
control, may enable the achievement of higher performance characteristics compared to those of the 
classical induction motor [1]. A model has been created for the study of the static characteristics of 
the motor in the development environment of FEMM. The study is realized for a motor, made on the 
basis of a standard induction motor but the short circuited rotor is replaced with reluctance rotor. It is 
presented calculation of the dependencies of the torque from the angle of rotation of the rotor  
M=f(α) in the supply of one or two phases. The exactness of theoretical research is verified by 
experimental taking of these characteristics. It is obtained good matching between the experimental 
and theoretical results. 

Статичен момент на синхронен реактивен двигател с разпределена статорна на-
мотка (Димитър К. Сотиров, Михо П. Михов). Обект на изследване е синхронен реактивен 
двигател с разпределена статорна намотка, който при използване на векторно управление, 
съгласно литературата,  позволява да се постигне коефициент на полезно действие по-висок 
от колкото при използване на класически асинхронен двигател [1]. Разработен е модел за из-
следване на статичните характеристики на двигателя в програмна среда на FEMM. Изслед-
ването е направено за двигател, изработен на базата на стандартен асинхронен двигател, на 
който накъсо съединения ротор е заменен с реактивен ротор. Изчислени са зависимостите на 
въртящия момент от ъгъла на завъртане на ротора M=f(α) при захранване на една и две фази. 
Коректността на теоретичните изследвания е проверена чрез експериментално снемане на 
тези характеристики. Получено е добро съвпадение на експерименталните и теоретичните 
резултати. 

 

In the papers [2] and [3] are proved the advantages 
and preconditions for development of synchronous 
reluctance motor with distributed stator winding 
(SRMDSW) - an idea proposed in the paper [4] in 
1923. Afterwards, this idea has been strongly enforced 
in recent years [5] due to the rapid development of 
power electronic technique, used for both frequency 
and vector control of asynchronous classic drives, as 
well for those reluctance motor. 

The basic characteristic indicator of these motors 
quality is dependency M = f (α) of the machine M`s 
static torque to the angle α between the axis of excita-
tion - in the case of the anchor magnetic field axis and 
rotor axis in the direction of its greatest magnetic con-
ductivity, i.e. magnetic axis d. The subject of this pa-
per is to investigate the dependence experimentally 
through physical and numerical models. 

Data for the research object   
The physical object of the presented study is 

SRMDSW with stator of three-phase asynchronous 

motor type AO-021/4 data: U=380/220V, Pn = 250W, 
2p = 4 and a reluctance rotor cross geometry as shown 
in fig. 1. This construction of the rotor, consisting of a 
transversally installed plates, is referred to as TLA 
(Transversally Laminated Anisotropic). 

 
Fig.1. Stator of AD type АО-021/4 , reluctance rotor type 

/TLA/ – on the left, square cage rotor – on the right.   
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The sizing of rotor notches is made in accordance 
to the requirements for achieving maximum differen-
tial permeability of the axes d and q, as well as pro-
viding the necessary mechanical strength. The choice 
of the number of poles 2p = 4 is not accidental. Stud-
ies have shown that in this case is realized an optimal 
ratio of the motor parameters. The required rotational 
speed is achieved by the vector control unit. 

The rotor show in fig.1 is designed and produced at 
the Dept. of Electrical Machines. 

Theoretical model of SRMDW developed with 
FEMM software  

It is developed a motor model with geometric di-
mensions corresponding to the described engine [6], 
[7], [8]. In stator slots are located conductors of stator 
winding, according to its scheme. The coil is double-
layered, so that each slot can have a conductor with one 
or two phases. The rotor is positioned in order at the 
beginning of the calculations d-axis coincides with the 
axis of the magnetic flux created by M.M.F phase 
during which the current flows. The calculations are 
repeated for each step the rotor rotates one degree until 
reaching 90 electrical degree angle between the axis d 
and magnetic flux. Picture of the field for two positions 
of the rotor and the power supply of a single phase are 
shown in Fig.2 and Fig.3. In the figures is also shown 
the geometry of the rotor, stator and rotor arrangement. 
The angle between the axis d and magnetic flux torque 
is zero, which can be seen from the symmetry of the 
flux field to the poles of the rotor, and the angle of 900 
electrical moment is maximum, therefore the 
asymmetry of the magnetic field lines is maximized.  

 
Fig.2. Picture of the magnetic field when the axis d  

coincides with the axis of the magnetic flux.  

 

Fig.3. Picture of the magnetic field at an angle of 900 el. 
between the axis d and the axis of the magnetic flux.  

Using the model described above were calculated 
static characteristics for different values of current in 
power supply of one or two phases.  

The stator winding wiring diagram connected to a 
power source with a constant voltage in the theoretical 
and experimental studies of single phase and two 
phase coil power is presented at Fig. 4.   

   
  а)       b)  
Фиг.4. Power scheme of the phases a) single phase;  

b) two phase  

Calculation result of static characteristics 
Calculations are performed in static characteristics 

of a power supply stage in the scheme, presented at 
Fig.4a with a constant current values 0.369A to 3.39A 
and for supply of two phases at diagram in Fig.4b with 
current values 0.427, 0.854, and 1.2A. The static 
moment graphs of a single-phase power supply are 
shown in Fig.5. Due the acceleration the stator and 
variable magnetic conductivity of air gap the currently 
curves have accelerating character.  
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Single phase supply:  I = I max
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Fig.5. Curve of the static moment in the case of  a single 

phase supply. 

The dependence of motor current maximum torque 
is presented in Fig.6.  
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Fig.6.  Dependence of the static torque on the current. 

As it is shown at the graphs, when the current val-
ues are smaller and around the nominal, the magnetic 
circuit is lower saturated and torque depends on the 
second rate from current. For larger values of current 
magnetic circuit is saturated and depends linearly 
from the current in practice. Below are given three 
curves that are built on values of time around the theo-
retical maximum (450 electric), taking account of 
curve local extreme due to the toothing of the stator. 

In Fig.7 is presented a graph of two phase static 
moment with power supply. In this case, resulting 
M.M.F. of the stator winding is a geometric sum of 
M.M.F. in two phases. In reluctance motor torque is a 
function of the second degree of the resultant M.M.F. 
Taking into account that the power supply of stator 
winding with three-phase symmetrical voltage resul-
tant M.M.F. is 1.5 times one phase M.M.F. is obtained 
that two phase power supply results are consistent 
with operation at three phase power supply because 
the geometric sum of M.M.F. in two phases is also 1.5 
times M.M.F. one phase. Thus, when passing through 
the two phases of current, equal to the nominal, it can 
determine the maximum value of the time of the 
SRMDW at nominal speed. In vector control (using 

sensors position feedback of the rotor and sensorless 
control) SRMDW works in the area of maximum 
moment in any loading mode. This allows us to use 
the results he static moment to determine the timing 
power of the motor in any operating mode. 

Two phase supply:  ia = - ib ; ic = 0
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Fig.7. Curve of the static point in the case of a two phase 

power supply. 

Experimental determination of the curve of the 
static moment 

Measurements shall be made under the scheme of 
the experimental set given in Fig.8. The shaft of the 
tested engine is mounted on a stationary disk with a 
slot on the periphery, into which the cord, fixed to the 
disc. At the one end of the rope is attached weight W. 
Before the disk is located a scale graduated in degrees, 
at which recognizes the angle of rotation of the rotor θ 
when loaded with weights W. The torque M applied to 
the motor shaft is determined as the product of the 
radius R of the disk by gravity W, 

(1)              M=gRW,[Nm], 

where in W is in kg, R in m, g is the gravity accel-
eration. 

 
Fig.8. Test configuration. 

The resulting curves of the static moment for sin-
gle and two phase power supply are given in Fig. 9. 
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Fig.9. Experimental curves of the static torque. 

The dependence of the maximum value of the 
moment of the stator current in single phase and 
two phase power supply is provided in Fig.10. 
Clearly   is quadratic dependence of the torque of 
the stator current. 
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Fig.10. Dependence between the maximum static torque 

and the current. 

Comparison of theoretical model and experi-
mental curves М=f(α) 

To evaluate the accuracy of theoretical model for 
the study of SRMDW, is made comparison of the 
experimental theoretical readings static characteristics. 
For this purpose, a common coordinate system are 
constructed for the experimental and the calculated 
curves M = f (α) for a single phase shown in Fig.11 
and for two phase power supply shown in Fig.12. 
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Fig.11. Theoretical  and experimental curves of the first 
space harmonic (n = 1) of the static torque with a single 

phase supply.  
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Fig.12. Theoretical  and experimental curves of the first 
space harmonic (n = 1) of the static torque with a two 

phase supply.  
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The dependences of static moment, presented at 
Fig.11 and Fig.12 show good show a good 
coincidence of theoretical and experimental results, 
which allows inferring the correctness of the 
theoretical model for the study. The deviation of 
theoretical and experimental results is due to a set of 
factors like the inability to take into account the 
friction torque of the bearings in the experiment, 
difficulties with experimental determination of the 
torque in presence of tooth space harmonics, 
deviations of the geometry of the motor during its 
production, etc. 

Conclusion 
The results show a good coincidence between 

theoretical and experimental studies and enable the 
application of the presented theoretical model for op-
timization studies of this reluctance synchronous mo-
tor structure. This will allow the development of 
structures of SRMDW, which at the same weight and 
dimensions levels may have better performance than 
conventional asynchronous motors. 
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Overview of the systems for On-line partial discharge monitoring 
for large generators and motors 

Plamen Rizov, Valchan Georgiev, Adrian Ivanov 

 
On-line monitoring of partial discharges (PD) in the insulation of high voltage rotating machines 

is performed with pre-installed sensors. They are mounted in the terminal box of the motor and 
generator or switchgear-end. Two types of sensors are preferably used for measuring and monitoring 
of PD - high frequency current transformers (HFCT) and high voltage coupling capacitors (HVCC). 
They provide high impedance for low frequency signals (<10MHz) and low impedance at high 
frequency PD pulses (> 10MHz). PD measurements of stator winding insulation of rotating machines 
can be made without interruption of their work. Eventual isolation failure can be diagnosed earlier by 
the help of PD monitoring system, preventing that way long operational breaks.  

Преглед на системи за on-line мониторинг на частични разряди в големи 
електрически двигатели и генератори (Пламен M. Ризов, Вълчан Т. Георгиев, Адриан П. 
Иванов). Он-лайн мониторинг на частичните разряди (PD) в изолацията на въртящи се 
машини за високо напрежение се извършва с предварително инсталирани датчици. Те се 
монтират в клемата кутия на двигателите и генераторите или в разпределителната уредба. 
В практиката се използват основно два вида датчици за измерване на частичните разряди – 
високочестотни токови трансформатори (HFCT) и високоволтови куплиращи кондензатори 
(HVCC). Те осигуряват висок импеданс за нискочестотните сигнали (<10MHz) и ниско 
съпротивление на висока честота на PD импулси (> 10MHz). Използването на датчици от 
посочения по-горе тип позволява PD измерванията на изолацията на статората намотката 
въртящите се машини да се направят без да се налага прекъсване на работа им. От гледна 
точка на получаване на добра чуствителност най-добре е датчиците да се монтират в 
изводната кутия на двигателите и генераторите. Но когато това е невъзможно, те се 
монтират върху края на силовия кабел в разпределителната уредба. 

 

Introduction 
The systems for On-line partial discharge (OLPD) 

monitoring has been used for over 20 years as a means 
to determine the condition of the stator winding 
insulation in high voltage stator windings in motors 
and generators. Partial discharge (PD) is a symptom of 
loose windings, overheated insulation and 
contaminated windings – Fig.1, Fig.2 and Fig.3. 
Various methods have been developed to measure the 
PD activity in a winding [1, 3, 5, 11]. The most 
popular methods, for large motors and generators are 
those where the measurement of PD level can be done 
during normal operation of the machine. Since noise is 
mixed with the PD signals from the stator winding, 
each measurement must usually be analyzed by an 
expert to ensure that the quantitative peak PD value 
can be reliably determined. The requirement for an 
expert for each measurement increases test costs. 
Furthermore, the continuous measurement of the PD 

can be used. In research conducted over the past 15 
years. PD measurement methods have been developed 
which make an on-line PD test easier to perform and 
interpret [15, 16], allowing non-specialized plant 
personnel to reliably perform the monitoring.  

 

 
Fig.1.Winding end Isolation destroyed. 
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Fig.2. Isolation destroyed of AC motor. 

 
Fig.3. Isolation destroyed by the end of the stator winding 

in turbo generator. 

The methods depend on specialized sensors which 
are resistant to electrical interference. Once the PD is 
separated from electrical interference, standard 
electronic pulse counting techniques can be used to 
determine the magnitude, number and phase position 
of the PD. The specialized sensors have been 
permanently installed in hydro-generators, turbine 
generators and high voltage motors.  

The elimination of the need for an expert to 
perform a PD test, together with recent advances in 
computer technology, has made it feasible to develop 
a commercial grade system which automatically and 
continuously monitors the PD activity.  

This paper introduces some of the technical aspects 
of on-line PD measurements including the PD sensor 
options and the measurement techniques which are 
employed to detect, diagnose, locate and monitor PD 
activity in cables, plant and rotating machines. All on-
line PD measurements of in-service HV plant requires 
an effective way to differentiate any PD activity from 
the often high electromagnetic (E/M) interferences 
(‘noise’) which can be observed in the field [8, 13, 
14]. These noise sources can include switching noise 
from frequency converters, noise from variable speed 

drive motors[11], interference from surface discharges 
on the outside of outdoor insulation and also ‘cross-
talk’ of signals from neighboring plant and equipment 
[4, 7]. 

Advantages of continuous PD monitoring 
The main benefits of using OLPD technologies for 

monitoring of large rotating electrical machines are: 
• Increasing the reliability of operation of the 

rotating machines by pre-identifying the 
locations of the fault in the insulation resulting of 
PD processes, before they broke down. 

• Providing data for the status of insulation, 
providing early warning and alarm against 
emerging problems and faults in the insulation. 

• Preventing unplanned outages and minimum 
stopovers in the process of work. 

• Providing information and data for status of the 
rotating machines, this allows preventive 
replacement and development of programs for 
repair. 

• Providing information that could serve as a basis 
for the decision of extension of the operating life 
of the rotating machines 

OLDP monitoring system consists of the following 
components: PD sensors, devices for measurement 
and analysis, SQL server, SCADA system, Entranet 
and internet equipment, communication equipment for 
communications between different components of the 
SCADA. 

PD Sensor Options  
Testing rotating HV machines (motors and 

generators) on-line for PD activity is quite similar in 
many ways to the PD testing of other items of high 
voltage plant [2, 6, 18]. There are several notable 
differences however, which need to be taken into 
account by the user. The special circumstances are as 
follows: 

• A Calibration is normally needed to get accurate 
results of the PD levels in pC (pico Coulombs).  

• The conductors are normally carrying large load 
currents which has an impact on the sensors 
used, (Air-Cored CT’s (Rogowski Coils) or High 
Voltage.  

• Capacitive Couplers are preferred for very large 
machines 1000A+ as they do not saturate whilst 
Ferrite HFCTs saturate at around 1000 Amps). 

• The PD information for each winding of HV 
machine is important so sensors should be 
attached to each phase. 

• Access to the windings is usually very restricted 
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and some ingenuity may be required to get good 
measurements.  

• It is now becoming increasingly popular for the 
owners of Generators and Large Motors to fit 
Capacitive Couplers and Air-Cored Rogowski 
coils permanently to their machines to enable on-
line PD testing.   

• The machine is normally directly attached to 
switchgear via solidly bonded cables which can 
be used in some cases.  

A number of PD sensor options exist for the 
measurement of PD in HV Machine insulation 
including built-in High Voltage PDA Capacitive 
Couplers, permanent High Frequency Rogowski 
Current Transformers (FRCTs) and Portable, Split-
Core Ferrite HFCTs.  

Table 1 

  
High Frequency Current 

Transformer 
(HFCT) 

High Voltage Coupling 
Capacitor 
(HVCC) 

Machines with load 
currents up to 1000 A 

Machines with load 
currents of 1000 A+ 

 
On the high-voltage motors and generators with a 

rated voltage of 10.5 kV or more a separate cable for 
each phase is generally used. This allows individual 
measurement of partial discharge with a HFCT sensor 
connected around each phase of the supply cable. In 
that case it is possible to identify discharges involving 
both phase-to-phase insulation and phase-to-ground 
insulation. [9, 12]]  

Machines with rated voltage within 3.3 - 6.6 kV 
typically have a three-wire cable, and partial discharge 
testing is accomplished by setting the transmitter 
HFCT around all three cable cores. In this case, the 
system will recognize only the discharge pulses 
between phase and earth. The detection of phase-to-
phase discharge pulses can not be made but 
measurement of the overall PD magnitudes as part of 
a PD trending analysis is still possible. 

High Voltage Coupling Capacitor Sensors  

A typical installation of three HVCC sensors, one 
per phase in a generator terminal box is shown in Fig. 
4. These sensors require a galvanic connection to the 
HV terminals of the machine and provide the greatest 

measurement sensitivity of all the PD sensor options 
when installed here. HVCC sensors of different 
voltage and capacitances are available  -  from 6.6 kV 
to 36 kV with typical capacitance ratings available of 
80 pF, 500 pF, 1 nF and 2 nF. High voltage coupling 
capacitor sensors are recommended for PD monitoring 
of larger rotating machines (e.g. 20 MW+ at 11 kV) 
and are now widely employed to monitor PD activity 
in HV generators and larger HV motors. A limitation 
in the use of these sensors is sometimes seen with 
smaller motors (<5 MW) supplied with concentric 
neutral, 3-core triplex cables as it is sometimes 
difficult to fit the HVCC sensor in the smaller cable 
boxes on these machines. In such cases HFCT sensors 
are preferred as they require less space to fit. 

 

 
Fig.4. Permanent On-line High Voltage Coupling 

Capacitor installation in an large 10.5 kV Generator 
Terninal Box. 

High Frequency Current Transformer Sensors 

Permanent HFCT sensor installations such as those 
shown in Fig.5 are also now becoming more popular 
with HV plant owners for the application of PD 
monitoring of smaller rotating machines (sub 10 MW) 
due to their ease of installation and lower cost 
compared to the more conventional HVCC sensors. 

The HFCT sensors are installed inside the terminal 
box and are installed to intercept the PD current on the 
conductor of each phase or the PD current on the earth 
drain/electrostatic shield Another advantage of the 
HFCT sensor is that they have a suitable low 
frequency response (down to approximately 100 kHz,  
whilst also being capable of detecting high frequency 
PD signals (up to approximately 30 MHz). Due to this 
wideband frequency response (from 100 kHz to 30 
MHz), the HFCT sensors are suitable for permanent 
installation within either the machine terminal box or 
switchgear cable box. Installation of these sensors at 
the switchgear cable end enables remote PD 
monitoring of rotating HV machines to be made as 
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they are able to detect the lower frequency PD pulses 
that have travelled down the HV cable from the 
machine. 

 

 
Fig.5. Permanent On-line High Frequency Current 

Transformer installation in an large 10.5 kV Generator 
Terminal Box. 

 

 
Fig.5. Measurement range for an HFCT sensor connected 

at the switchboard cable end for the three main cable 
insulation types (PVC, PILC, XLPE) Terninal Box. 

HFCT sensors can be used to monitor PD activity 
in the stator windings of rotating machines by 
connecting the sensor at the central switchboard at up 
to 2.5 km from the rotating machine under test in 
XLPE cables, as illustrated below in Fig. 6. Effective 
measurement range for PVC cable - up to 1 km, for 
PILC- up to 1.5 km and.  

Rogowski Coil Sensors  
Air-cored, RC inductive sensors have been used in 

power generation, oil and gas and petro-chemical 
industries to monitor PD in rotating machines for 
many years.  They are normally permanently installed 
in the cable boxes of the motor or generator and are 
located on each phase, around the HV cable cores. 
Whilst proven to have a very low spark-risk, the main 
drawback to the RC sensor is that it has a low 
sensitivity to PD signals, typically around 30 to 100 
times less than the HFCT and HVCC sensors 
respectively. This means that only very significant 
levels of PD activity are detectable by the RC sensor 

with the early stage detection of PD activity more 
difficult due to the poor signal-to-noise ratio of this 
sensor. 

HV motors and generators PD monitoring  
For the successful testing of high voltage electrical 

motors and generators with a rated voltage of 3.3 kV 
and above one of the techniques shown in Fig.6. can 
be used [6], [7], 9]. If the motor does not have built-in 
sensors of PD, this test can be carried out using a 
sensor HFCD split core, setting it around the power 
cables on which the motor is energized, and to analyze 
the use of pulses of partial discharge tester with 
specialized software application. It is recommended 
that the measurements are made as near to the motor 
as possible with short BNC co-axial cables to avoid 
any large signal attenuation along the measurement 
cables. As further away from the electric motor the 
sensor is placed and as closer the point of 
measurement is to the other high-voltage equipment, 
as higher electrical interference introduced to the 
measurement will be. If it is easier, or because of 
other constraints it is decided to work near to the 
switchgear end of a motor supply cable, it is 
considered prudent to check the signal level for 
attenuation and interference at both ends of the cable 
using a tester unit before commencing on regular 
testing from the switchgear end of the cable that is 
feeding the motor. This allows the user to take into 
account any attenuation of PD, which can occur in 
high-voltage cable.  

 

 
Fig.6. Diagram of a rotating HV Machine showing the PD 

Sensor Options. 

In some cases, the length of the power cord can 
reach several hundreds of meters. To supply power 
from the switchgear for electric motors rated for 3,3 - 
6,6 kV three-core power cable with common shielding 
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is typically used. Thus, the measurements using a 
single HFCT, installed around the three cable cores 
will only see a discharge pulse between the phase and 
ground for all three phases simultaneously. This does 
not allow observation of discharge pulse between the 
phases, but this measurement is normally sufficient if 
only the magnitude of the partial discharge to the 
motor has to be determined as a part of the partial 
discharge trend analysis. However, if the phase where 
the large partial discharge occurs has to be defined the 
separate access to each phase must be obtained [10]. 

On 11kV motors it is normal practice to use 
separate-cored cables for each phase of the motor and 
therefore it is possible to make a separate 
measurement for PD on each phase of the motor. This 
is achieved by attaching a split-core HFCT sensor to 
each phase of the supply cable and it is thus possible 
to identify discharges involving phase-to-phase 
insulation and phase-to-ground insulation. If it is 
decided that an HV machine will be tested regularly 
for PD then consideration should be given to fitting a 
suitable PD sensor (HVCC or HFCT) as a permanent 
feature of the motor with the current signal brought 
out to a suitable point of easy access.  

With 3.3kV motors with belted cables it is then 
possible to fit the transducer on each phase and 
observe PD on a phase by phase basis as per the 
separate-cored cables typical of higher voltage motors. 
Fig.7 shows a typical installation of the HFCT inside 
the cable box of a motor. This is the preferred place 
for installation of these devices as they are out of the 
way and hence protected from the outside 
environment. An external connection box is however 
required to get access to the data from the HFCT via 
the output BNC cable.  

 

 
Fig.7. Correct placement for HFCT Transducer inside 

cable box - for both earthed and unearthed cables. 

An important aspect of the sensor HFCT is that 

through the center of the sensor should only pass 
current in a conductor (not the current in the ground). 
If HFCT passes through the sensor, not only the 
current conductor, but ground current sensor will not 
work, since these two currents cancel each other (one 
is positive and the other negative, resulting in a sensor 
fails HFCT no current). 

The organization of grounding of the cable shield 
has to be studied when PD sensors will be installed. If 
the shield of the cable is grounded at just one point, 
measurement is OK. However, if the cable is earthed 
at two or more points, a reduction in sensitivity should 
be experienced. Multiple earthing of the supply cable 
shields can cause problems since it provides a path for 
other high frequency currents that can be detected by 
the HFCT transducer.  

 

 
Fig.8. Correct placement of HFCT outside the cable box 

cables. 

PD measurement and analysis equipment  
The latest solutions for the complete on-line partial 

discharge monitoring of medium voltage networks, 
including cables, switchgear, transformers and 
rotating machines in the voltage range 3.3 kV – 36 
kV. The monitoring system is designed for long- term, 
safe, continuous PD monitoring, providing an early 
warning of incipient insulation faults, without the 
need for an outage. The monitoring system comprises 
of one or more modules installed in the MV 
switchgear room. Each module hosts up to 16 
HVCC/HFCT electromagnetic PD sensors, and up to 
16 Airborne Acoustic sensors installed within the 
central switchgear line-up. The system is capable of 
complete monitoring coverage of the entire MV 
network, providing an early warning against insulation 
degradation within the switchgear, cables, and 
connected Motors, Generators and Transformers. 

The monitoring system features include: 
• continuous, (24 hours/7 days) on-line PD 
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monitoring technology for monitoring each 
phase of the MV power rotating machine and 
transformer; 

• local and remote access to data via  web 
interface; 

• 16 sensor channels for HVCC/HFCT/TEV 
sensors, suitable for monitoring 4 machine 
feeders; 

• economical network PD monitoring for detection 
of incipient faults and PD trends; 

• measures and logs PD Peak Level, cumulative 
PD Activity and PD Count to provide a measure 
of the PD Criticality; 

 
PD signals are measured sequentially from the 

attached HFCT and HVCC sensors and are processed 
with the PD analysis software. PD measurements per 
channel are made at regular time intervals -typically 
every 20 minutes with the PD data captured at a high 
sampling rate. This allows the PD pulses to be 
analyzed and classified based on their true wave-
shapes. The system works by acquiring a single 
50/60Hz power cycle of data at the high sampling rate 
and the impulsive waveforms within the power cycle 
are then extracted by the unit’s software. Pulses are 
then separated automatically by the knowledge-based 
pulse analysis software into the following three 
categories: 

• PD signals in the frequency range of 100 kHz – 4 
MHz from the cable or cable accessories; 

• high frequency PD signals in the frequency range 

4 MHz – 80 MHz from the local switchgear or 
plant; 

• Noise - switching noise and RF radio 
interference; 

Logged data in time can then be viewed and 
indications of rising PD trends, intermittent PD 
activity and incipient faults detected. The monitoring 
systems have an HTML user interface that can be 
accessed via the unit’s web browser. The same user 
interface can also be accessed remotely if the device 
has a network connection either with the inbuilt LAN 
or USB GPRS modem - shown in Fig.9. Warning 
messages are generated when critical PD levels and 
activity are detected. The systems warning signals can 
also be integrated into a customer’s SCADA system 
through simple. 

In order to carry out fully diagnostic PD testing in 
the field it is necessary to apply wideband PD 
diagnostic test and continuous PD monitoring 
technology [19], [20]. This requires PD measurements 
based around wideband (0 - 400 MHz) test units, 4-
channel synchronous data acquisition which can also 
provide high high-resolution Analogue-to-Digital 
conversion of a minimum of 100 Mega-Samples per 
second (MS/s) for monitoring and up to 500 MS/s for 
diagnostic testing and PD site location. Such high 
resolution A to D hardware allows for entire 50/60 Hz 
power cycles to be sampled synchronously on all three 
phases of the HV machine at once to an accuracy of 1 
sample per 2 ns with all channels synchronous to 
within 2 ns. 

PD 
Measuring 

Fig.9. 
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Conclusion 
Permanent on-line observations that can be easily 

integrated into large HV motors and generators have 
proven their efficiency in support of the stator and 
rotor winding insulation systems. These systems 
enable plant maintenance personnel to easily identify 
which stators and rotors need attention, and to 
evaluate the effectiveness of corrective maintenance. 
Utilizing such an automated continuous system will 
also allow links to expert system diagnostic software. 
The measurements can be remotely triggered at 
selectable motor or generator load points and data 
stored for processing by analytical software. 

Continuous PD monitoring using multiple sensors 
is an indispensable tool for assessment of insulation 
conditions in MV and HV equipment. This technology 
can be easily applied to rotating machines, switchgear 
and dry type transformers. Such systems make it 
possible to capture and ultimately correlate the 
changes in PD levels to specific operating conditions 
as well as repair activities.  

Continuous PD measurements assist equipment 
owners and operators in making informed decisions 
about effectiveness of maintenance procedures 
performed on their assets by simple measured-
inspected-confirmed-repaired steps. Furthermore, 
remote monitoring adds significant value to asset 
management by providing accurate and instant 
feedback on assets performance. The collected data 
can also be very helpful to designers, manufactures 
and repair shops to improve their service quality and 
reliability. Finally, the collected data will aid in filling 
the remaining gaps in understanding the physics of 
partial discharge and its impact on insulation life 
expectancy. 

Up to now a system for оn-line partial discharge 
monitoring for large generators and motors is not 
implemented in Bulgaria but such a systems are about 
to be commissioned in large power plants. Such a 
system could be very useful for monitoring in 
pumping stations of gas mains and chemical industry 
where the environment is fire and explosion 
hazardous.  

The system is also applicable for оn-line partial 
discharge monitoring of powerful power transformers 
used in power networks 220 and 400 kV.  
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Magnetizing current monitoring and analysis for  
detecting turn-to-turn short circuit in transformer  

Georgе Todorov, Gantcho Bojilov  

 
The internal short circuits are very often reason for transformer outage and electrical supply 

interruption. The paper presents study of current into the short-circuited loop and the reminder of the 
winding when turn-to-turn short circuit occurs. It has been analyzed the interturn short circuit in the 
primary and in the secondary winding of a three-phase three-legged transformer, assuming an 
internal  fault in one phase while the two other phases are trouble-free. The analyses have been 
performed for open circuited secondary winding to separate the fault phenomena from the 
superimposed load current. Calculations of the terminal current and the current into the short-
circuited loop have been done for different rate of the fault – from 1 up to 25% of the number of turns, 
to show the trend of the fault development. Experiments with simulation of an internal fault have been 
done with a laboratory model for verification the analytical analysis. Both analytical and 
experimental results show that existence of relatively high negative sequence currents is an indication 
of internal fault.    

Мониторинг и анализ на намагнитващия ток за установяване на междунавивково 
късо съединение в трансформатор (Георги Тодоров, Ганчо Божилов). Вътрешно-
намотъчните къси съединения много често са причина за тежки повреди на трансформатора 
и прекъсване на електрозахранването на консуматорите. В статията е представено 
изследване на токовете във външната верига и в накъсосъединения контур в случай на 
междунавивково късо съединение в намотката. Анализирани са токовете при възникване на 
късо съединение в една от фазите на първичната или на вторичната намотка на трифазен 
триядрен трансформатор, като останалите две фази са изправни. Анализът е направен при 
отворена верига на вторичната намотка, за да се избегне наличието на товарна съставка в 
първичния ток и се отчете само влиянието на повредата. За да се покаже тенденцията при 
възникване на повредата са изчислени стойностите на токовете при различен брой навивки в 
накъсосъединения контур – от 1 до 25 % от броя на навивките. За потвърждаване на 
аналитичните изследвания са проведени експерименти с лабораторен модел за симулиране на 
междунавивково късо съединение. Аналитичните и експерименталните резултати показват, 
че наличието на високи стойности на токовете с обратна последователност е индикация за 
вътрешнонамотъчен дефект.  

 

A study of transformer breakdowns showed that, 
barring the on-load tap changer faults, more than 70 % 
of failures grow up in the windings due to the reduced 
quality of the insulation system. This type of failure is 
amongst the most costly faults in distribution 
networks since it produces both transformer outage 
and electrical supply interruption.  

The reason of reduced insulation quality could be 
mechanical damage during production, transportation 
or repair process but most often it is due to the gradual 
aging process. Under operation the transformer’s 
winding undergo thermal, electrical and mechanical 
stresses that cause degradation of the insulation and 
reduce its dielectric and mechanical withstand. At 

overload and transients the operating stresses 
considerable increase and weaken some points of the 
insulation.  Turn-to-turn short circuit may occur at 
such points of adjacent turns. Regardless of the 
number of turns in the short-circuited loop, the current 
raises up to extremely high value, causes local 
overheating and the problem develops into serious 
fault or even damage of the winding.  

Duly diagnose of such fault is of major importance 
for reliable and secure operation of the transformer 
and for uninterruptable electrical power supply. It is 
common practice to perform test of the windings prior 
connecting the transformer to the network. Traditional 
measurements have been done of the winding’s 
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resistance and the transformer’s ratio. Both methods 
require utilization of high precision and expensive 
meters but nevertheless they could not provide certain 
diagnose whether the winding is trouble-free. More 
reliable and simple method was proposed in 1961 
from Doble Engineering Company [5]. It is based on 
measuring the magnetizing current of the transformer. 
According to this method a single-phase low test 
voltage is applied consequently to each phase of the 
unconnected transformer and the magnetizing current 
is measured. If interturn fault exists in a winding the 
value of magnetizing current will differ from those of 
the trouble-free phases. An important advantage of the 
method is its ability to detect different faults – brake 
of the phase winding and interturn short circuit with a 
small number of turns in the short-circuited loop as 
the magnetizing current is very sensitive to the 
number of turns. Its application is simple, cheap and 
safe since requires single-phase low voltage (e.g. 
230V AC), regardless of the power of the transformer 
under test.  

Monitoring of the magnetizing current of 
transformers connected to the network could also be 
used to detect interturn faults, generate a signal for the 
protective relays and prevent serious damage of the 
transformer. It is necessary to analyze the nature of 
the fault in order to develop a reliable protective 
relays capable for quickly trapping the problem. A 
study of the current in the short-circuited loop and in 
the reminder of the winding is described in the paper. 
The analysis has been done for open circuited 
secondary winding of the transformer and thus the 
current at the terminals is the transformer’s 
magnetizing current. This allows eliminating the 
influence of the superimposed load component of the 
current and enhances the effect of the turn-to-turn 
short circuit. 

Turn-to-turn short circuit in the secondary 
winding 

For a single-phase transformer we may consider 
this fault as short-circuit mode of regular transformer 
with small number of turns in the secondary winding 
(transformer with high value of the turns ratio). 
Denoting the relative part of the turns of secondary 
winding involved into the short-circuited loop with 
“p”, the transformer’s turn ratio becomes: 
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Two models are possible for analyzing this mode – 
with accounting the magnetizing branch (Fig.1) and 
simplified model, without magnetizing branch (Fig.2).   

Previous numerical analysis has been done for sev-
eral transformers and it shows that the difference be-
tween the results from these models is negligible [2].  

 
Fig.1. Model with accounting the magnetizing branch. 

 
Fig.2. Simplified model.  

At the three-phase transformers internal faults 
usually occur in one phase and generally involve 
small number of turns. This is a case of a typical non-
symmetrical mode. The results of experiments done 
[6] show linear relationship of the currents into the 
short-circuited loop and in the primary winding from 
the supply voltage and so the symmetrical components 
method could be used for its analysis [4], [11].  

Consider symmetrical three-legged transformer 
with wye (Y) connected primary winding and short 
circuit in one phase (for instance phase A) of the 
secondary winding, while the two other phases are 
trouble-free and unloaded. According to the 
symmetrical components method we resolve the non-
symmetrical current system of the secondary winding 
into components with positive, negative and zero 
sequence. The amplitude of each component is equal 
to one third of the current in the short-circuited loop 
and the sum of the symmetrical components for the 
unloaded phases is zero.  

Positive and negative components in the primary 
winding correspond to these components of the 
secondary winding but there is not zero sequence 
current in the primary winding as it is wye (Y) 
connected without neutral wire. Hence the zero 
sequence current in the secondary winding is not 
balanced with a relevant primary current and it acts as 
a magnetizing current for the transformer. It produces 
zero sequence magnetic flux which is equal in 
magnitude and coincides in phase for all three legs. 
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For three-legged magnetic core it is a leakage 
magnetic flux which crosses mainly path with 
relatively high reluctance - air (oil), transformer’s tank 
and lid.  

The equivalent circuit for the zero sequence 
components is given in Fig.3.  

 
Fig.3. Equivalent circuit for zero sequence currents. 

The magnitude of zero sequence magnetic flux and 
the value of the zero sequence magnetizing impedance 

0Mz  depend on the construction of the transformer. 
According to [3],[10] 0Mz  is several times bigger than 
the short-circuit impedance 21 zzzK ′+=  , while [9] 
distinguishes its value between small and large 
transformers and gives 0Mz = 0,1÷1,24 per unit.  

The zero sequence impedance is  02 Mos zzz +′=′ , 
where 2z′  is the secondary winding impedance, 
transferred to the primary winding, and 0Mz  - the zero 
sequence magnetizing impedance.  

The rms value of the symmetrical components, 
transferred to the primary winding, is [3], [4] 
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where U1 is the phase voltage of the symmetrical 
three-phase power supply of the primary winding.  

The current in the short-circuited loop is 
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Theoretically, if the magnetic circuit for all legs is 
symmetrical and equal, the current in the primary 
phase winding A (with a short-circuit fault in the 
secondary a) is shifted at 180° and is twice bigger 
than the currents in the phases B and C. This means an 
existence of negative sequence currents with quantity 
equal to the direct sequence currents or that the 
unbalance coefficient is 100%. 
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In case of short circuit in a loop of p.w2 turns of the 
secondary winding the impedances to be used in 
equations (4) and (5) are:  

2
2

2 xjp
rz ′+′=′ ; ( )21

2
1 xxjp
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Analytical analysis has been done for two small 
power three-legged transformers to calculate the 
terminal current (magnetizing current) and the current 
into the short-circuited loop versus the rate of the 
fault. The per unit magnetizing current of the phase 
with interturn short circuit in p.w2 turns of the 
secondary winding versus the rate of p is shown in 
Fig.4 for transformer 10 kVA, 380 V, 15 A and in 
Fig.5 for transformer 1600 VA, 220 V, 2.42 A . 

 
Fig.4. Magnetizing current of phase A - 10 kVA transformer 

with internal fault in the secondary winding. 

 
Fig.5. Magnetizing current of phase A - 1600 VA trans-

former with internal fault in the secondary winding 

The analysis shows that for small number of turns 
involved into the short-circuited loop (that is the case 
generally occurs) the magnetizing current in the phase 
with fault is not too big compared to the rated current, 
but it is twice bigger than the magnetizing current in 
the other two trouble-free phases. If the protective 
relay of the transformer is adjusted to detect only 
overcurrent it will not respond to this difference and 
wouldn’t disconnect the supply.  

In the same time the current into the short-circuited 
loop is extremely high – Fig.6 for 10 kVA transformer 
and Fig.7 for 1600 VA transformer. It will cause a 
local overheating, insulation damage and development 
into serious fault. 

 



“Е+Е”, 11-12/2012 44 

  
Fig.6. Current into the short-circuited loop of the 

secondary winding - 10 kVA transformer 

 
Fig.7. Current into the short-circuited loop of the 

secondary winding - 1600 VA transformer 

In fact for the symmetrical trouble-free three-
legged transformers the magnetic circuit for the inner 
leg is different from these of the outer legs and the 
magnetizing currents are not equal. For high power 
transformers this difference is relatively small but for 
small transformers it is more perceptible. 
Experimental data for number of trouble-free 
transformers with different power up to 33000 kVA 
show existence of negative sequence currents between 
12% and 30% in the magnetizing current. 

 The oscillogram of magnetizing currents for the 
10 kVA transformer in Fig.8 shows this difference and 
states negative sequence currents of approximately 
30%. 

 
Fig.8. Magnetizing currents of trouble-free  

10 kVA transformer. 

Experiments have been done with a 1600 VA 
laboratory model to simulate internal fault in 8 turns 

in the secondary winding (3,2 % of turns or p=0,032), 
located on the outer and inner core. The supply 
voltage used is 13% of the rated value in order to limit 
the current into the short-circuited loop, because with 
full voltage supply this current would be 
approximately 130 A (see Fig.7). Results of the 
experiments are shown in Table 1.  

Table 1 
Phase with 

fault IA , A IB , A IC , A Current into 
s.-c. loop, A

A (outer) 0,38 0,16 0,22 17,9 
B (inner) 0,19 0,32 0,13 17,7 
C (outer) 0,18 0,17 0,35 18 

 
The experiment confirms that in case of internal 

fault involving small number of turns the terminal 
current for all phases (including that with an internal 
fault) is weak and the traditional protection is not 
sensitive enough to detect it, but the current into the 
short-circuited loop rises many times over the rated 
value.  

The current into the phase with fault has value 
approximately equal to the sum of the other two 
phases. Applying the symmetrical components 
method to the non-symmetrical current system it could 
be seen significant increase in the negative sequence 
currents – its quantities become between 82% and 
100% and indicate the existence of disturbance.  

Turn-to-turn short circuit in the primary 
winding 

The analysis of the magnetizing current of 
transformer with an internal short-circuit in the 
primary winding could be performed using the 
traditional equivalent circuit for open circuit mode of 
the transformer. To do this the parameters of the 
primary winding and magnetizing branch should be 
changed as follows: 
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Here r1p, x1p are resistance and reactance of the 
short-circuited loop; r1*, x1* - resistance and reactance 
of the remained (trouble-free) part of the primary 
winding; rm*, xm* - parameters of the magnetizing 
branch. 

Another approach of analysis is to consider the 
fault as a short-circuit mode of an autotransformer 
where the short-circuited loop is considered as a 
secondary winding [2]. It was found that both 
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approaches give approximately equal results. 
The calculated values of the per unit terminal 

current of the phase with interturn short circuit in p.w1 
turns of the primary winding versus the rate of p for 
transformers 10 kVA and 1600 VA are shown in Fig.9 
and in Fig.10 respectively.  

 
Fig.9. Terminal current of phase A - 10 kVA transformer 

with internal fault in the primary winding. 

 
Fig.10. Terminal current of phase A - 1600 VA transformer 

with internal fault in the primary winding. 

  
Fig.11. Current into the short-circuited loop in the  

primary winding - 10 kVA transformer. 

 
Fig.12. Current into the short-circuited loop in the  

primary winding - 1600 VA transformer. 

Compare to the results for the internal fault in the 
secondary winding it is seen that turn-to-turn short 
circuit in primary winding cause quite bigger increase 
in the terminal current. Its values are excessively high 
when big number of turns is involved into the fault 
and the overcurrent transformer’s protection could 
detect it. If the protective relay is not quick enough the 
current into the short-circuited loop will damage the 
winding because of its extremely high value – see Fig. 
11 for 10 kVA transformer and Fig.12 for 1600 VA 
transformer.  

Experimental verification confirms the significant 
increase in the terminal current of the phase with fault 
and the current into the short-circuited loop and also 
shows a rise in the negative sequence currents of the 
non-symmetrical magnetizing current’s system. Turn-
to-turn short circuit of 3.2% turns in one phase has 
been simulated with a laboratory model. The results of 
the experiments done with several values of the 
supply voltage between 6 and 8.5 % are shown in 
Table 2. 

Table 2 
Supply 
voltage,

% 
IA , A IB , A IC , A 

Current 
into s.-c. 
loop, A

Negative 
sequence 
current,%

8.5 0.51 0.25 0.29 9.4 67 
7 0.41 0.21 0.23 7.3 63 
6 0.32 0.17 0.18 5.6 60 
 
It could be seen, just like in the case of internal 

fault in the secondary winding, that together with very 
high value of the current into the short-circuited loop 
the negative sequence currents rise more than twice 
and could be used as an indication of turn-to-turn 
short circuit.    

Conclusion 
Internal faults usually occur in one phase of either 

primary or secondary winding and involve small 
number of turns. They cause relatively low increase of 
the terminal current and the traditional transformer’s 
protection couldn’t detect them. At equal level of the 
internal fault the turn-to-turn short circuit into the 
primary winding cause increase on bigger scale 
compared to the internal short circuit in the secondary 
winding. In any case, regardless of the winding where 
the internal fault occurs and regardless of the number 
of turns involved, the current in the short-circuited 
loop reaches extremely big value and will cause the 
turn-to-turn short circuit to evolve into more serious 
one, if the protective relay is not capable to detect 
such low level faults. 
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 As the turn-to turn short circuit usually occurs in 
one phase, it increases the unbalance in the 
magnetizing current’s system. Theoretical and 
experimental analyses show that the value of negative 
sequence currents rises two-three times - from 
12÷30% for trouble-free transformers, up to 
approximately 100% for a transformer with an internal 
fault. This allows concluding that the existence of 
relatively high negative sequence currents is an 
indication of a fault and should be used to detect low 
level turn-to-turn short circuits. 
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Vibration based rotor speed estimation in diagnostics  
of a high speed sensorless induction motor drive 

Emil Ratchev, Radka Krasteva, Kristo Kristov  

 
This paper presents an approach for determining the speed of the motor by vibration in the 

motor, measured by electret microphone. The described approach is applied to measure the rotational 
speed of the motor in freewheel stopping and receiving mechanical and ventilation losses of the motor 
in its diagnostics. The manner for speed sensing described in the article indicates excellent 
performance at high rotational speeds, as measurements were performed with an induction motor at 
speeds up to 28000 min-1. 

Оценка на скоростта на ротора, базирана на вибрации, при диагностика на 
високоскоростно безсензорно задвижване за асинхронен двигател  (Емил Рачев, Радка 
Кръстева, Кръстю Кръстев). В статията е представен подход за определяне на скоростта 
на електродвигател чрез вибрациите на корпуса на машината, измерени с електретен 
микрофон. Описаният подход е приложен за измерване на скоростта на въртене на двигателя 
при самоспиране и получаване на механичните и вентилационните загуби на двигателя при 
неговата диагностика. Описаният в статията начин на измерване на скоростта показва 
отлични резултати при високи скорости на въртене, като са проведени измервания с 
асинхронен двигател при скорости до 28000 min-1. 

 

Introduction  
Obtaining correct speed information is an 

important aspect in motor drives. Problems with speed 
sensing become particularly relevant for high speed 
electric drives [1]. In motor drives electromechanical 
and optical sensors are usually used for speed 
detection, which however provide speed information 
to about 12000 min-1. Speed sensing solutions for 
higher speed are magnetic sensors, which can be used 
up to 30000 min-1 [1]. At still higher speeds, however, 
the problem of speed detection with commercially 
available sensors for position and velocity remains. 
Last but not least, it is the problem of the sensor 
fitting, reliability at high speeds and increase of the 
gauge. To eliminate the necessity of a speed sensor, 
serious consideration has been given to sensorless 
approaches in the last two decades. [1]. In determining 
the computing speed strong sensitivity of the machine 
parameters and the accuracy of the measured electrical 
parameters create a number of problems when closing 
speed feedback. 

It turns out, that the speed can be obtained easily 
by measuring the mechanical vibration in the motor 
using a suitable sensor. It is possible to use a suitable 
accelerometric sensor [2], but with regard to cost 
substantially cheaper solution has been proposed in 

[3] with the use of a suitable piezoelectric sensor. The 
characteristic of simple piezoelectric sensor is shown 
in Fig. 1. 

 

 
Fig. 1. Characteristic of a piezoelectric sensor. 

The main advantages of this approach are very low 
cost, easy installation, and the ability to measure high 
speed easily. The disadvantages are mostly related to 
obtaining reliable information at low speeds (below 
3000min-1). At low speeds, the amplitude of vibration 
is reduced and special measures are needed to increase 
the sensitivity of the sensor. Apart from the purely 
physical reduction of the amplitude of vibration at low 
frequencies, also the sensitivity of the sensor 
decreases due to the natural damping of its 
characteristics - Fig.1. In relation to the resonant 
frequency (Fig. 1), even the simplest sensor with a 



“Е+Е”, 11-12/2012 48 

frequency of about 3kHz is ideally suited for 
measurement of a wide range of velocities [4] and 
specialized sensors allow measurement frequencies up 
to 10000 kHz. Another disadvantage is that the 
method does not report the direction of rotation, by its 
nature. It is not a significant problem, because the 
approach is aimed primarily at getting correct 
information at high speeds. 

 For the particular application described in this 
article, as regards sensitivity, an electret microphone 
generally designed for sound recording, proves to be 
the appropriate sensor [5]. The low cost, durability, 
convenient design that allows easy installation of the 
motor housing, the high sensibility and adequate 
frequency response make the electret microphone well 
suited for measuring the frequency of motor 
vibrations. Furthermore, the market offers so called 
ultralinear electret capsules which have high 
sensitivity and linearity in the range up to about 
20kHz, and significantly better performance at lower 
frequencies, compared with the conventional piezo-
plates. 

The purpose of this study is to verify the 
possibility to measure the speed in a high speed drive 
with an asynchronous motor up to 28000 min-1 and to 
use a sensor for determining the losses of the motor.  

Measurement of high-speed sensorless electric 
drive 

Fig. 2 shows a scheme of the experimental setup. 

The object of study is the induction motor type ATF 
80 E4 IM B3, 2p, 4.4 kW – “ELPROM – Harmanli”. 
The machine is powered by an inverter for control of 
induction motors at high speeds. After inverter, with 
additional measurement module with current and 
voltage sensors, the instantaneous values of stator 
currents and voltages are scanned with the DAQ 
module USB-6212 of National Instruments. The data 
is displayed and recorded to a computer using 
software product LabView of National Instruments. 

From the point of view of correctly receiving a 
signal at the frequency of oscillation of the motor, the 
place of the mechanical contact of the electret 
microphone with the motor housing is important. Also 
not without significance is the galvanic isolation and 
electromagnetic interference from the inverter. The 
microphone body is made from electrically conductive 
material, usually connected to one of the terminals – 
Fig.3. 

The electret microphone has a built in field 
transistor (JFET), and therefore could not be used 
directly without external power supply. A significant 
problem is the effect on the electromagnetic signal 
from the microphone, especially at speeds below 
4000min-1. The reason is that a speed of about 
3000min-1 corresponds to the oscillation frequency of 
50Hz and a combination of the effects of 
electromagnetic interference on the network can lead a 
significant inaccuracy in the measurement. In 
combination with the natural decrease of the 

 
Fig. 2. Scheme of the experimental setup. 
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sensitivity of the microphone at low frequencies and 
reduction of the amplitude of the motor vibration the 
accuracy at speeds below 4000min-1 is becoming a 
major problem of this method. For this purpose a 
number of measures can be taken, such as suitable 
shielding and compulsory use of a differential 
amplifier as close as possible to the microphone. The 
amplifier should be properly shielded to reduce the 
impact of low frequency noise from both the network 
and the basic harmonic voltage after the inverter. 
When using a symmetric differential amplifier, a good 
solution is to mechanically remove the factory 
connection from one terminal of the microphone 
signal to the body - Fig. 3. 

 
Fig. 3. The simplest scheme of power electret 

microphone. 

High frequency noise is a less significant problem, 
since it is easily filtered out, even with the simple RC 
filter, because the maximum operating range 
microphone is certainly lower than the frequency of 
the PWM of inverter, which inevitably brings 
interference in line to the measuring system or signal 
processor, if the sensor is used to control [3].  

From the viewpoint of the mechanical connection 
it is appropriate to use a suitable damping material 
between the metal housing of the motor and the 
microphone, for eliminating the parasitic vibrations. 

Program part for measuring the results of the 
experiment in LabView is shown in Fig. 4. Induction 
motor line-to-line voltages, line currents and 
microphone frequency are measured with 40kHz 
sample rate. Apart from onboard filters on the 
hardware measuring module, low-pass digital filters 
are used for cutting high frequency noise. 

The main virtual instruments that are used in 
LabView are “DAQ Assistant” for management and 
infusion of the analog inputs of the module, “Tone 
Measurements” to obtain the frequency of the first 
harmonic of the microphone signal and of the stator 
voltage and “Write to Measurement File” for 
recording and further processing of the data and the 
ability to compare with software model of the system 
motor-drive in the environment Matlab/Simulink. 

 

 
Fig. 4. Program part in LabView for measurement and processing of the results of the experiment. 
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The visual part of measurement in LabView is 
shown in Fig. 5 and Fig. 6. 

Measured speed, stator currents and voltages in a 
common operation of the electric motor and driver are 
shown on Fig.5. Fig.6 also shows the frequency of the 
microphone signal, a waveform with and without a 
digital filter, and the motor speed, taking into account 

(1)   60r micn f= , 

where nr is the rotational speed of the motor, fmic is the 
frequency of the microphone signal.  

An optical tachometer is used to verify the motor 
speed, measured using the electret microphone. Also, 
in freewheel stopping, motor speed can be obtained by 
generated voltages due to the residual magnetism of 
the induction machine. On Fig. 6 the stator voltages 
generated in freewheel stopping and their frequencies 
are visually illustrated. The frequency of the field is 
two times greater than that of the vibration of the 
housing taken from the microphone, because the 
motor is four-pole.  

On Fig.6 are also noted the occurrence of 
harmonics in the signal from the microphone during 
deceleration. The influence of low frequency noise at 
speeds below 3000 min-1 is stronger and decays the 
accuracy of measured speed. Speed measurement in 
the system with additional vibrations from external 
sources may create additional problems. This is the 

main disadvantage of the proposed method for speed 
measurement. At high speeds over 6000 min-1 
vibration amplitude is greater and reading the speed is 
without problems - Fig. 7. 

 
Fig. 6. Visualization of the measured speed and the 

generated voltages in freewheel stopping 

 
Fig. 7. Signal from the sensor on reading high speeds. 

 
Fig. 5. Visual display in LabView for measurement of speed, current and voltage. 
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Determination of the friction losses at high 
speed 

Determination of the parameters of the motor is an 
important aspect in the control of asynchronous 
motors [6]. The question of determining the 
parameters of the electrical replacement circuit of the 
motor was seriously considered in the literature, but 
when it comes to defining the parameters of the 
mechanical equation of the motor 

(2)  rmec
r e r rmec T

dJ M F M
dt

ω ω= − − , 

usually the friction coefficient Fr is assumed to be 
constant, which generally gives good results at low 
speeds of rotation up to about 3600min-1. In equation 
(2) Me is electromagnetic motor torque, wr is the 
angular velocity MT - load torque, Jr – inertia moment. 

When Fr = const, the torque of friction increases 
proportionally with the speed and the model gives 
satisfactory results only at lower speed compared with 
the experimental results. Equation (2) can be 
represented in the form 

(3)  rmec
r e m T

dJ M M M
dt

ω
= − − , 

where Mm is the load torque due to friction in the 
bearings and ventilation.  

In this particular case, the engine has not ventilation 
vanes due to the high rotational speed and there is no 
ingress of air into the engine. At no load, when MT = 0, 
Mm may be found by the method of freewheel stopping 
[7], [8]. Then torque equation is valid 

(4)  , [ ]rmec
m r

dM J Nm
dt

ω
= , 

Corresponding mechanical power is 

(5)  , [ ]m rmec mP M Wω= , 

and the friction coefficient is 

(6)  , [ ]m
r

rmec

MF Nms
ω

= . 

Equations (4), (5) and (6) are implemented in 
Matlab/Simulink model, shown in Fig.8.  
Experimental data is recorded to a file in LabView, 
and is used as an input file in SIMULINK model 
(Fig.8). The value of inertial moment is previously 
known. 

The measured speed at freewheel stopping is 
shown on Fig.9. Calculated power losses, torque and 
coefficient of friction are shown on Fig.10. 

 
Fig. 8. Model in Simulink to determine the friction losses. 

 
Fig. 9. Measured speed at freewheel stopping. 

During the test maximum motor speed is around 
28000min-1 and a measurement range is from 26000 
min-1 to about 1500 min-1 - Fig.9. 

 
Fig. 10. Mechanical losses, torque and friction coefficient 

determined by the method of freewheel stopping. 

While the lower limit is tied and depends on the 
sensitivity of the sensor and the measures taken in 
order to obtain a correct signal, the upper limit in this 
case is determined only by the ability of the tested 
electrical drive. The method will also work perfectly 
at considerably higher speeds, because the sensitivity 
of the sensor and the amplitude of vibration are 
increased.  
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Conclusions 
The described approach is suitable for speed 

detection in diagnostics of high speed induction motor 
drives. Low cost, easy installation, high sensitivity 
and reliability at high speeds are the main advantages 
of the proposed approach. The disadvantages mainly 
concern problems at low speeds, which can be 
reduced with the introduction of special measures 
concerning noise immunity and suitable place of 
installation. In the case however, the goal of the study 
is to obtain friction and ventilation losses at high 
speeds where the correctness of the data is sufficient. 

The analysis shows that the coefficient of friction 
is amended significantly in research range. Resulting 
dependence of the friction coefficient as a function of 
velocity allows modelling the engine at high speeds, 
which is not possible with conventional models with 
Fr = const.  
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ALTERNATIVE ENERGY SOURCES  

Theoretical and practical problems of the modeling  
of wind-power generators  

Vladimir Lazarov 

 
The paper considers the modeling of a wind power generator. The modeling of the whole circuit 

of energy conversion is presented to enable identification of the dynamic characteristics of the power 
system, comprising a generator – synchronous or asynchronous with wound rotor and power 
electronic converters. Theoretical and practical conclusions are presented based on the experiences of 
the author and his team. One of the practical conclusions is remind of the assumptions made for the 
determination of machine equations in accordance with the generalized theory. Ignoring these 
assumptions frequently leads to false interpretations. An important conclusion is the one relating to 
the sign of the voltages in the electrical machine equations presented in the generalized theory of 
electrical machines. Typically, the equation systems are presented in motor convention. In order to 
realize generator models, the literature recommends the introduction of minus sign before the stator 
voltages. If the drive train equation is included in the model of the electrical machine, it is not 
necessary. Therefore, to reflect the change of the operation mode variation, it is sufficient to inverse 
the input torque sign. The paper also presents the results of modeling with a requirement of constant 
output power. Those results are important in the cases when it is necessary to maintain constant 
power at wind fluctuations. This is possible only when the required power is equal or smaller than the 
maximal possible power.   

Теоретични и практически проблеми при изследването на вятърни генератори 
(Владимир Лазаров). В  статията е разгледано моделирането на вятърен генератор. 
Проследено е  моделирането на  цялата верига на преобразуване на енергията, за да могат да 
се откроят динамичните качества на електрическата система състояща се от генератор – 
синхронен или асинхронен с навит ротор и елeктронни преобразуватели. На базата на опита 
на автора и ръководения от него колектив са направени теоретични и практически изводи. 
Към практическите изводи е напомнянето за предпоставките при които са изведени 
уравненията за машините в обобщената теория. Често пъти тяхното пренебрегване води до 
грешни интерпретации. Важен извод е този относно знака на напреженията в уравненията 
на електрическата машина записани с обобщената теория на електрическите машини. 
Обикновено системите уравнения се извеждат в конвенция двигател. За реализирането на 
модели на генератори в литературата се препоръчва поставянето на знак минус пред 
статорните напрежения. Ако уравнението за механично равновесие присъства в модела на 
електрическата машина това не е необходимо и за да се отрази промяната на режима на 
работа в уравнението за движение е достатъчно да се промени знака на входящия момент. 
Представени са още и резултатите от моделирането при изискване за постоянна мощност 
на изхода. Тези резултати са важни в случаите когато трябва да се поддържа постоянна 
мощност при колебания на вятъра. Това е възможно, когато поддържаната мощност е по-
малка или равна на максималната. 

 

Introduction 
The correct modeling of a wind power generator 

requires modeling of the whole cir-cuit of energy 
conversion: turbine - generator - power electronic 

converters. Only in this way the necessary 
characteristics of the whole wind energy conversion 
system (WECS) and of its individual elements can be 
determined. This article was adopted the approach to 
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model the whole chain, whereas to the turbine and 
electronic converters, references are provided to other 
articles. The author has set a task to interpret the 
theoretical and practical aspects of the equations of 
the generator, prepared in accordance with the 
generalized theory of electrical machines.  

The article demonstrates also the production of a 
constant output power system. 

Modeling wind generator system 

Wind turbine model 

The wind turbine model determines the mechanical 
power at the generator shaft. It depends on the wind 
power and the power coefficient of the turbine. One of 
the main problems in the wind turbine modeling is 
how to determine the power coefficient for a given 
rotor rotation speed and wind speed, because the wind 
power is easily calculated. There are two different 
approaches. The first one is the use of predefined 
curves which are interpolated to determine the power 
coefficient. The second method is based on the 
coefficient modeling with analytical expression, 
where it is a function of empirical coefficients, the 
pitch angle and the turbine tip speed ratio (the ratio of 
the blades peripheral speed and the wind speed). 

Once the mechanical power is determined it is 
possible to calculate the mechanical torque, which 
participates in the drive train equation of the electrical 
machine entrained by the turbine. It is important to 
notice that the generator rotor speed is used because 
the mechanical torque has to be referenced to its value 
after the gearbox (if it is present) [1]. 

Generator model 

Synchronous machine model 
The electrical machine models in the generalized 

theory of electrical machines for the study of transient 
processes are made with the following assumptions: 

• The magnetic circuit of the machine is linear; 
• The iron losses are neglected; 
• The mechanical losses are ignored; 
• All rotor variables are referenced to the stator 

side; 
• The machine works in parallel with an infinitely 

powerful grid. 
Ignoring these assumptions frequently leads to 

false interpretations. 
The classical electromagnetic model of 

synchronous machine in d-q reference frame, which 
turns with the rotor, is composed by two equation 
systems – one created by the application of 
Kirchhoff’s laws and a second one, binding the flux 

linkages and the windings currents [2], [3], [4]. Those 
two systems are well known to researchers in this field 
and will not be repeated here. The realization in 
Matlab/Simulink of both systems in their classical 
form is not possible. It is necessary to express one of 
the two state variables – currents or flux linkages. If 
currents are chosen there are the following advantages 
[5]: 

• To study a synchronous machine the knowledge 
of the generator stator currents is necessary. With 
this model the currents are calculated directly. 

• The flux linkages equation system is directly 
replaced in the equations of Kirchhoff’s law. 

Nevertheless, this approach has a disadvantage 
mainly because of the significantly more complex 
nature of the coefficients in the differential equations. 

In the literature, the second possible approach has 
established itself – the use of flux linkagess as a state 
variable [5] [6]. That is why the latter approach is 
used in this research and is presented in detail.  

First the currents are expressed from the flux 
linkages system. We obtain 
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where id and Ψd are the projections on the direct axis 
of the current and flux linkages space phasors, iq and 
Ψq are their projections on the quadrature axis, if and 
Ψf are the excitation winding current and flux 
linkages, ikd, Ψkd, ikq and Ψkq are the currents and flux 
linkages of the damper winding components on the 
axes d and q, Lσs, Lσf, Lσkd and Lσkq are leakage 
inductances respectively of the stator winding, 
excitation winding and the components of the damper 
winding on the axes d and q, Ψmd and Ψmq are flux 
linkages of mutual induction determined by 
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where LMD and LMQ are equivalent inductances of 
parallel connected inductances on the direct and 
quadrature axis 

(3) 
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where Lmd and Lmq are magnetizing inductances 
respectively on the axis d and axis q. 

Thus obtained equations for the currents are 
replaced in the voltages equations system. Then the 
flux linkages derivatives are expressed to obtain the 
modeling system with 5 differential equations 
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where Ud and Uq are stator voltage components on 
both axes, Uf excitation winding voltage, RS – stator 
resistance, Rf – excitation winding resistance, Rkd and 
Rkq – d and q axes damper winding resistance. 

The solving of this system of differential equations 
allows the calculation of the flux linkages of mutual 
inductances by (2), and then the calculation of the 
currents, necessary to study the operation of the 
synchronous machine according to (1). 

The advantage of this approach consists in the 
simpler differential equations, but its use in studies of 
synchronous machines imposes the calculation of 
additional equation systems to determine the currents. 
Given the current development of computing 
equipment, this disadvantage does not prevent its use 
in different studies. 

Both equation systems allow the study of the 
processes in the synchronous machine at a constant 
rotor rotation speed. For wind generators this case is 
rare. This is why the drive train equation is added 

(5) addrDm
r

p
e TkT

dt
d

p
JT +++= ωω

, 

where Te is the electrical machine electromagnetic 

torque, J – the rotor inertia moment, pp – pair poles 
number, Tm – external (turbine) mechanical torque 
(referenced to the generator side), kD – damper 
coefficient, Tadd – additional torque, due to the 
mechanical and ventilation losses. In the practice 
mostly the damper and additional torque are neglected 
because their exact determination is difficult. 

The systems shown above are most general and 
can be used for study of synchronous machines with 
electromagnetic excitation and damper winding. If 
there is no damper winding in the machine, the forth 
and fifth modeling equations are removed taking into 
account their elimination in the equations of the flux 
linkages of mutual inductance.  

The synchronous machine excitation can be 
realized by permanent magnets. In this case the third 
equation of the modeling systems is eliminated. 
Furthermore those machines rarely have damper 
windings, leading to the elimination and the fourth 
and fifth equations in the system. However, it is 
necessary to take account of the permanent magnets 
influence. To this end, they are presented as an 
equivalent inductance Lpm and an equivalent 
magnetizing current ipm, both referenced to the stator. 
The equivalent inductance corresponds to the magnets 
recoil slope. 

The model of a synchronous machine with 
permanent magnets excitation in state space with flux 
linkages as state variables is given by the following 
system differential equations 
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After the determination of the flux linkages we can 
calculate the stator currents components on the axes d 
and q 

(7) 
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The electromagnetic torque of the permanent 
magnet synchronous machine presents an interest. In 
coordinate system, connected with the synchronous 
machine rotor, the torque is determined by 

(8) ( ) qpmpmpqdqdpe iiLpiiLLpT  
2
3

2
3 +−= , 
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In this expression we observe that the 
electromagnetic torque of the permanent magnet 
synchronous machine has two components. The first 
one is the reactive torque, due to the difference in the 
d and q axes inductances. The second component is 
created by the magnetic field of the permanent 
magnets. If the machine has a damper winding in (8), 
a third component is added corresponding to the 
produced by her asynchronous torque. 

Asynchronous machine model 
The approach in the considering the asynchronous 

machines does not differ in essence from that of 
synchronous machines and the same assumptions are 
made. The difference consists in those machines 
where it is possible to obtain constant equation 
coefficients in coordinate systems that are not 
connected to the rotor. The coordinate system can be: 

• Immobile, connected with the machine stator  
(α, β); 

• Turning, connected with the machine rotor (d, q); 
• Turning, connected with the stator field (x, y); 
• Turning with arbitrary speed (u, v). 
Between the listed four options, the last one is the 

most general because the other coordinate systems are 
particular cases. The names of the coordinate system 
axes listed above are not mandatory. Often in the 
literature the coordinate system is named (d, q) 
independently of its rotation speed. 

As for synchronous machines, the classical model 
consists of 2 equation systems and again there are two 
possibilities for state variables [7], [8] with the same 
advantages and disadvantages as for the synchronous 
machine. In the studies a model with flux linkages is 
used as state variables in a coordinate system turning 
with synchronous speed (with the stator field). The 
equation system with currents expressed in function of 
the flux linkages is (9) where iSu and iSv are the stator 
currents components on the coordinate system axes; 
iru and irv – the components of the rotor currents; ΨSu 
and ΨSv – the components of the stator flux linkage on 
both axes; Ψru and Ψrv – components of the rotor flux 

linkage on the coordinate system axes; LS – stator 
winding inductance; Lr – rotor winding inductance; Lm 
– mutual inductance. 

(9) 
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Thus obtained currents are replaced in the voltages 
equations. Four differential equations for the flux 
linkages determination are obtained (10),where USu 
and USv are the components of the stator voltage on 
the coordinate both axes; Uru and Urv – both 
components of the rotor voltage; r1 – stator winding 
resistance, r2 – rotor winding resistance; uω  – the 
coordinate system angular speed. 

The calculated flux linkages are replaced in (9) to 
obtain the asynchronous machine currents which are 
useful for the asynchronous machine studies. 

The shown equation systems are generally valid 
independently of the coordinate system and state 
variable choice. They allow the study of the 
electromagnetic processes in different types of 
asynchronous machines at constant rotation speed. If 
the rotor rotation speed is variable, then the drive train 
equation is added.  

The modeling systems for synchronous and 
asynchronous machines shown above are in motor 
convention. For the realization of generator models 
the literature [3], [4] requires the introduction of a 
minus sign above the stator voltage components. This 
is true at constant rotation speed and respectively 
absence of drive train equation in the model. If the 
equation for mechanical balance participates in the 
electrical machine model, it is not necessary a 
transformation in the systems because the operation 
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mode is considered according to the sign change of 
the mechanical torque value. At motor convention the 
positive stator power corresponds to the power 
consumption and the negative one – to the generator 
operation mode. Sometimes for convenience the 
presentations of the power graphics may be taken with 
positive sign. 

The models shown are for equivalent machines 
with two-phase windings. Transforming matrices are 
used to change from three-phase variables to two-
phase and the reverse (11). 

Those matrices are the object of numerous studies 
and commentaries and different variations have been 
obtained over the years [9]. One of them consists in 
the sign before the sinus in the matrix. When this sign 
is negative, the axis v is in advance of the axis u. 
Alternatively, the minus is replaced with a plus. 
Another variation is due to the fact that the inverse 
matrix is not equal to the transposed one. The so 
called modified Park transformations are introduced to 
change this, where above both matrices there is a 

multiplier 
3
2 . 

Power converter model 

The used model of the power converters 
determines the three-phase voltage, which depends on 
the switches’ states and the DC link voltage [8]. The 
electronic switches are considered as ideal without 
losses. 

Simulation results 
The presented models are realized in the Matlab 

Simulink environment in motor convention for both 
systems – a synchronous generator with back-to-back 
structure in the stator (Fig.1) and an asynchronous 
generator with back-to-back structure in the rotor 
(Fig.2). The control systems for maximum power 
point tracking (MPPT) and constant power point 
tracking (CPPT) are also realized. The MPPT control 
is presented in previous work [10], [11]. Here the 
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Fig.3. WECS with synchronous machine and back-to-back structure model. 
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CPPT uses predefined curves for the stator power 
reference in the aim to maintain the whole system 
output power at given value if the primary potential 
allows it. 

The models are validated on experimental 
benches with small generators with 1.5 kW rated 
power. The results are presented in Fig.3 and Fig.4. 
The first figure shows the comparison of the simulated 
and experimental power injected into the grid by the 
system with a small synchronous generator. The 
generator speed follows wind variation. The power 
from the experiment (solid line) is smaller than the 
simulated one because the model does not consider 
the losses in the power converters.  
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Fig.3. Synchronous machine model validation. 

The second figure presents the simulated and 
experimental stator powers of a doubly fed induction 
generator. The experiment is conducted at an 
undersynchronous speed. The reactive power is fixed 
to zero to avoid a reactive power exchange with the 
grid. The active power reference decreases from -700 
W to -200 W with a ramp at time 2.5 s. At time 6.7 s 
the reference returns back to its original value with a 
step. We observe that the control systems of the DFIG 
respect the power references in both experiment and 
simulation. A difference is observed only in the 
transient process where the simulation is faster than 
the experiment because of the system’s inertia. 
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Fig.4. Asynchronous machine model validation. 
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Fig.2. WECS with doubly fed induction generator model. 
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Once validated, different simulations are made 
with the models. The wind energy conversion system 
with a synchronous generator and BtB is simulated 
with data from a big generator with permanent 
magnets, nominal power 2 MW and direct drive. Its 
rated frequency is 11.25 Hz for 30 pole pairs. The 
nominal line to line voltage is 690 V. The system 
inertia is much greater than that of the small wind 
generator and the transient process duration is longer. 
The limited calculation power requires the creation of 
an averaged model of the power converters. Through 
this method, the simulation step can be increased. The 
presented simulation results (Fig.5) illustrate the 
operation of the generator in CPPT and MPPT. The 
wind speed (subfigure 1) is constant at the start of the 
simulation and in time 15 s it starts to vary simulating 
a wind. The second subfigure shows the variation of 
the power injected into the grid in both operation 
modes. The reactive power (dotted line) is fixed to 
zero to avoid exchange with the grid. The active 
power at maximum power point tracking (solid line) 
follows the wind speed variation. The changes are 

smoothed because of the system inertia. When a 
constant power reference is imposed we observe that 
the power respects the required value of 1.2 MW 
(dash-dotted line) regardless the wind speed variation. 
The last subfigure shows the power coefficient 
variation in both cases. In the MPPT operation mode 
cp is at its maximal value (solid line). The wind 
stochastic variation causes small changes dues to the 
system’s inertia. When the system operates at constant 
output power the power coefficient has a lower value 
and the wind causes greater variation because of the 
turbine characteristics which differ a lot for different 
wind speeds at high rotor rotation speed (dash-dotted 
line). 

The WECS with doubly fed induction generator is 
also simulated with big generator data. As the DFIG 
structure is less efficient than the synchronous 
generator with back-to-back [12], it is used for wind 
turbines with smaller output power. For our 
simulations 750 kW induction generator is used with 4 
pole pairs and rated line to line voltage 690 V. As for 
the PMSG, the input wind speed is constant until the 
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Fig.5. Simulation results for permanent magnet synchronous machine (2 MW). 
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15 s point and after that it varies simulating a 
stochastic wind (Fig.6, subfigure 1). The second 
subfigure below shows the system output powers for 
maximum power point tracking and constant power 
point tracking. The reactive power reference is fixed 
to zero and is respected (dotted line). The solid line is 
the active power at MPPT which follows the 
smoothed wind variations. The system operator 
requirement is 300 kW and this requirement is 
respected by the generator (dash-dotted line). The 

stator and rotor powers are presented in the third and 
forth subfigures. We observe that the operation point 
for MPPT mode corresponds to zero exchange 
through the rotor except when the wind speed varies 
stochastically. In the case of constant power 
requirement the speed increases and the generator 
injects power into the grid through both stator and 
rotor. The last subfigure presents the power 
coefficient for both operation modes. We observe a 
smaller influence of the wind variation because of the 

0 10 20 30 40 50
8

10

12

W
in

d
sp

ee
d,

m
/s

0 10 20 30 40 50
-800 
-600 
-400 
-200 

0

O
ut

pu
t

po
w

er
,

kW
 o

r k
VA

r

0 10 20 30 40 50
-800 
-600 
-400 
-200 

0

St
at

or
po

w
er

,
kW

 o
r k

VA
r

0 10 20 30 40 50
-200 

-100 

0

R
ot

or
po

w
er

,
kW

 o
r k

VA
r

0 10 20 30 40 50
0

0.5

time, s

c p, -

 
Fig.6. Simulation results for permanent magnet synchronous machine (2 MW). 
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much smaller system inertia – the generator rotor is 
not with salient poles and the turbine is connected to 
the generator through a gearbox. 

Conclusion 
In its consideration of the modeling of a wind 

power generator, the paper analyses the modeling of 
the whole circuit of energy transformation in order to 
enable identification of the dynamic characteristics of 
the power system, comprising a generator – 
synchronous or asynchronous with wound rotor and 
power electronic converters. The theoretical and 
practical conclusions which have been presented are 
based on relevant experience of the author and his 
team. 

The practical conclusions stress the importance of 
conditions under which the equations in the 
generalized theory have been derived. Frequently, 
ignoring these assumptions may lead to false 
interpretation. 

One important conclusion relates to the sign of the 
voltages in the electrical machine equations presented 
in accordance with in the generalized theory of 
electrical machines. The equation systems are 
presented in motor convention. The literature 
recommends the introduction of minus sign before the 
stator voltages in order to realize generator models. 
This holds for a constant speed of rotation and in the 
absence of a motion equation in the model. If the 
equation for mechanical equilibrium is present in the 
model of the electric machine, it is necessary that the 
sign of the input torque changes in order to reflect the 
change in the operation mode. 

The paper also presents the results of the modeling 
under the requirement of constant output power. The 
results are important in the cases when it is necessary 
to maintain constant power during wind fluctuations. 
This is possible only when the required power is equal 
or smaller than the maximal possible power. 
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Strategies for output power control of photovoltaic systems 

Vladimir Lazarov, Zahari Zarkov, Ludmil Stoyanov, Hristiyan Kanchev 

 
This paper presents three control strategies for grid-connected photovoltaic (PV) systems – 

maximum power point tracking, constant power point tracking and limited power point tracking. The 
first one is widely used while the latter two are proposed by the authors to fulfil system operator re-
quirements. In some cases, when there is an excess of generated power, the distribution system 
operator may disconnect some grid-connected PV power plants. The limited and constant power point 
tracking strategies, proposed in this paper, allow the system operator to limit the PV system output 
power and to avoid disconnecting the whole system from the grid. A photovoltaic system with a PV 
array, a boost converter and a three-phase inverter with its control systems is modelled. The PV array 
model was validated in previous authors’ works. Fuzzy logic and model-based lookup tables are used 
for the proposed strategies controllers’ realization. The system behaviour with the application of the 
developed control strategies is illustrated with three examples. 

Стратегии за управление на изходящата мощност на фотоволтаични системи (Вла-
димир Д. Лазаров, Захари Ж. Зарков, Людмил С. Стоянов, Християн Ч. Кънчев). В настоя-
щата статия са представени три стратегии за управление на фотоволтаични (ФВ) инстала-
ции, свързани с мрежата – следене на точката на максималната мощност, работа с посто-
янна мощност и следене на точка на ограничена мощност. Първата е широко използвана в по-
вечето ФВ инсталации, другите две са предложени от авторите с цел да могат да се 
изпълняват изискванията на оператора на разпределителната мрежа. В някои случаи, когато 
има значителен излишък от генерирана мощност, операторът на мрежата може да поиска 
изключване на някои фотоволтаични централи. Стратегиите за работа с постоянна 
мощност или ограничена мощност, предложени в тази статия, позволяват да се намали от-
даваната в мрежата мощност, без да се изключва цялата инсталация. Моделираната сис-
тема е съставена от ФВ поле, повишаващ постояннотоков преобразувател и инвертор със 
съответните системи за управление. Разработеният модел на ФВ система е валидиран 
експериментално в предишни трудове на авторите. За реализиране на разработените стра-
тегии са използвани управляващи повърхнини и контролер с размита логика (fuzzy logic). 
Поведението на системата с прилагането на разработените стратегии за управление е 
илюстрирано с три примера. 

 

Introduction 
The volume of installed power of photovoltaic 

systems connected to the grid has increased exponen-
tially over the past decade [1]. On the one hand in-
creased PV penetration helps reduce the CO2 emis-
sions, but on the other hand it causes problems for the 
system operators because of the stochastic character of 
solar radiation on the Earth’s surface. In some cases, 
when there is a large excess in generated power, the 
distribution system operator may disconnect some PV 
power plants in order to preserve system stability or 
ask them to switch off some PV arrays to limit the 
power output. Thus, in these particular cases, the con-
trol of the PV system becomes a conflict between its 
owner’s profits and the stability of the electrical grid.  

The authors’ aim is to study some different control 

strategies that can be applied to PV systems. In addi-
tion to traditional operation with maximum power 
point tracking (MPPT), two other operation modes are 
proposed and discussed. The first one has constant 
power point tracking (CPPT) and the second one has 
limited power point tracking (LPPT) [2]. Both 
operating modes allow a smooth decrease of the 
output power instead of switching off PV strings or 
the whole system. Those two strategies are more 
profitable for the distribution system operator and the 
PV system owner, instead of cutting the whole 
potential revenue for several hours or whole day. 
These strategies could become more and more actual 
with the increase of PV systems and other renewable 
energy-based generators in the grid.  

The studied PV system includes a PV array, a 
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boost converter and an inverter. The control strategies 
are implemented by the boost converter using current 
control instead of more common voltage control. The 
controllers are realized using fuzzy logic or lookup 
tables. The system components and their control 
systems are implemented in Matlab/Simulink taking 
into account the whole energy conversion chain. The 
presented simulation results illustrate the correct 
implementation of the control strategies in the studied 
photovoltaic system. 

PV system control strategies 

A. Maximum power point tracking (MPPT) 
This control strategy is the most widely used in the 

photovoltaic systems. Here the power converter 
maintains the operation point in the photovoltaic I-V 
curve knee (Fig.1), where the power is maximal. The 
aim is to extract the maximal available power from the 
PV panels and thus increasing the power injected to 
the electrical grid. This way the investments return 
period decreases and the PV system is more profitable 
for its owner. 

 
Fig.1. Photovoltaic I-V curves at different solar radiations 

G and constant cell temperature. 

Howewer, this operation mode does not avoid the 
power generation fluctuations which can under certain 
circumstances cause grid stability and power quality 
issues.  

Numerous MPPT control algorithms have been 
proposed in the past decades [3], [4], [5] and [6]: 
perturb and observe; open circuit voltage; pilot cell; 
incremental conductance; parasitic capacitance etc. By 
now, the most commonly used algorithm in 
commercial PV inverters is the Perturb and Observe 
method (P&O) [5]. However, researches demonstrate 
that the incremental conductance method reaches re-
sults similar to the P&O, so it is difficult to say which 
one is better [4], [5] and [6]. 

There are numerous studies on implementation of a 
fuzzy logic controller to track the MPP of photovol-
taic arrays [7], [8], [9] and [10], but they use a voltage 
control on small PV systems. 

B. Constant power point tracking 
One of the main problems of photovoltaic systems 

is the power fluctuations and a possible solution is the 
use of storage devices to compensate power variations 
and maintain the output power of the PV system 
constant [11]. In this paper the authors propose a 
strategy without additional storage. The method 
involves moving of the photovoltaic operation point 
on the I-V curves in order to maintain the output 
power constant if the solar radiation is sufficient to 
respect the output power reference. Otherwise, the 
converter controller operates in MPPT mode until the 
primary resource can assure the required output 
power. 

C. Limited power point tracking 

This control strategy is applied when the system 
operator requires that the PV installation reduces the 
generated power with a given percentage. The limited 
power point tracking (LPPT) strategy can be illus-
trated using Fig.2 where the P=f(V) curves of the 
photovoltaic panel are plotted for different solar radi-
ations. Those curves correspond to the I-V curves 
shown on Fig.1. 
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Fig.2. The limited output power concept. 

Тhe P-V curve for given solar radiation has a 
maximum power point. Thus, there are two possibili-
ties to reduce the photovoltaic output power – to the 
left of the maximum and to the right. The side choice 
depends on the control system of the power converter 
after the PV panel/string/array. It can be controlled by 
a voltage or current reference. In the first case the 
points on the curves on the left side of the power 
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maximum will be used because the voltage variation 
is more significant. On the right side the curves corre-
spond to a distinct change of the current. Thus the 
operation points on those curves will be used for con-
trol based on the current reference. Once the reference 
value is determined, it is imposed on the power con-
verter control, which fulfills it and the operation point 
is fixed such that the power output is set to a given 
percentage of its maximum value. This control uses 
only electrical means and is not accompanied with any 
panel/string/array switch off. 

PV system modelling 
The studied photovoltaic system (Fig.3) is com-

posed of a PV array, a current controlled boost con-
verter and a grid-connected inverter. 

PV array Boost Inverter Grid

 
Fig.3. Illustration of the studied system. 

A. PV array model 

The modeling of the photovoltaic array is based on 
an assumption of identical meteorological conditions 
for all modules in the array. Thus the PV array current 
is equal to the product of the parallel connected 
strings’ number and the module current. The PV array 
voltage is equal to the product of the number of seri-
ally connected modules in one string and of the mod-
ule voltage. 

The panel model is based on the one-diode equiv-
alent circuit (Fig. 4). The model uses the manufacturer 
data for the module – peak power, short circuit current, 
open circuit voltage and cells number in parallel and in 
series. They are converted in cell nominal parameters. 
Then the cell operation parameters for the concrete 
meteorological conditions are calculated – the cell 
temperature (using the solar radiation and the ambient 
temperature), the short circuit current (using the solar 
radiation), the open circuit voltage (using the cell 
temperature and the rated cell parameters), the thermal 
voltage (using the cell temperature) and the series 
resistance (using the rated cell parameters and the 
thermal voltage). Finally the module operation 
parameters are determined and used in the panel current 
equation. The original model [12] is improved by the 
introduction in the modeling equation of terms which 
takes into account the influence of the connecting 
cables resistance RS,CC  and the shunt resistance Rsh. The 
whole model is discussed in details in [13]. 
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Fig.4. Equivalent circuit of the PV cell. 

The PV panel model uses as input variables the 
solar radiation, the ambient temperature and the mod-
ule voltage VM to calculate the module current IM : 
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where IM,SC is the module short circuit current (func-
tion of the solar radiation), VM,OC is the module open 
circuit voltage (function of the ambient temperature), 
RM,S is the module series resistance, VM,T is the module 
thermal voltage and Rsh is the module shunt resistance. 
The model algorithm is illustrated on Fig. 5. 

Panel rated parameters:
•Maximum power (PM,max);
•Short circuit current (IM,SCr);
•Open circuit voltage (VM,OCr);
•Series and parallel cells number (NM,s, NM,p);

Cell rated parameters calculation:
•Maximum power PC,max=f(PM,max,NM,s,NM,p);
•Short circuit current IC,SCr=f(IM,SCr,NM,p);
•Open circuit voltage VC,OCr=f(VM,OCr,NM,s);

Cell operation parameters calculation:
•Cell temperature TC=f(Ta,Ga,C2);
•Short circuit current IC,SC=f(Ga,C1);
•Open circuit voltage VC,OC=f(VC,OCr,TC,C3,TCr);
•Thermal voltage VC,T=f(m,TC,k,e);
•Series resistance RC,S=f(VC,OCr,IC,SCr,PC,max,VC,T);

Panel operation parameters calculation:
•Short circuit current IM,SC=f(IC,SC,NM,p);
•Open circuit voltage VM,OC=f(VC,OC,NM,s);
•Thermal voltage VM,T=f(VC,T,NM,s);
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Fig.5. PV model algorithm. 

B. Boost converter model 
The boost converter is used to increase and stabi-

lize the inverter input voltage to ensure its correct 
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operation. The boost circuit is shown on Fig. 6. In 
practice the switch can be realized by different tran-
sistors. In this study a perfect switch is considered 
with instantaneous reaction and zero internal re-
sistance. 

LiL

Vdc

D

S C

iinv

Vpv

 
Fig.6. Boost converter circuit. 

The DC-DC converter equations for the inductor 
current and the capacitor voltage are [14], [15]: 
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where iL is the boost input current (equal to the PV 
array current), L is the inductance, VPV is the converter 
input voltage (equal to the PV array voltage), d is the 
switch duty cycle, Vdc is the boost output voltage, C is 
the capacitor and iinv is the inverter current. 

The boost converter model uses the input voltage 
VPV and the output current iinv as input variables and 
the input current iL and the output voltage Vdc are cal-
culated. 

C. Inverter model 
The studied photovoltaic system is connected to 

the grid using three-phase inverter with the aim to 
apply the fuzzy logic to a powerful PV generator. 

The inverter model is based on the voltage source 
converter (VSC) circuit, presented on Fig. 7. 

The aim of the inverter model is to determine the 
voltages on the alternative current side Vs1n, Vs2n and 
Vs3n and the DC current iinv [15]. Inverter branches 
states γi ( [ ]3,1∈i ) and the inverter input DC voltage 
Vdc are used for calculation of the voltages: 
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where V0=0.5Vdc. 

 
Fig.7. Three phase inverter circuit. 

The branches state γi is equal to 1 when the odd 
switches are closed and -1 when the even switches are 
closed. The γ signals are determined by the inverter 
controller.  

The output alternative currents is1, is2 and is3 are 
expressed using the difference between the inverter 
AC voltages and the grid voltages (Vs1, Vs2 and Vs3) 
and the output filter parameters:  
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where Ls is the filter inductance and Rs is its re-
sistance. 

Once the alternative currents are known, the input 
DC current is calculated using the inverter branches 
states: 

(5) 332211 sssinv iiii γ+γ+γ= , 

Control systems 
The studied system has 2 controlled power con-

verters – the boost converter and the inverter. Both 
control systems are discussed below. 

A. Boost control system 
As this converter is directly connected to the pho-

tovoltaic array, its function is to define the operation 
point of the PV installation. In this study the boost is 
current controlled. Thus the boost converter control 
system is composed of two subsystems – one that 
defines the current reference value and another that 
ensures the following of this reference. 
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1. Strategy controllers 
The controller goal is to provide the appropriate 

strategy required by the system operator. We’ll con-
sider the 3 possibilities. 

a. MPPT controller 
When the grid allows the maximal electricity pro-

duction by the PV system this control subsystem 
maintains the operation point in the knee of the I-V 
curve. Two possibilities to realize the maximum 
power point tracking are proposed in this paper – us-
ing fuzzy logic and using control surface. 

The fuzzy logic is a form of many-valuated logic. 
It deals with reasoning that is approximate rather than 
fixed and exact. In contrast to traditional logic, it can 
have varying values. Fuzzy logic variables can have a 
truth value that ranges in degree between 0 and 1 
(completely false and completely true). This makes it 
far more flexible than the binary logic, where sets 
have two-valued logic: true or false. 

A basic application of fuzzy logic might charac-
terize sub ranges of a continuous variable (for exam-
ple PB - Positive big, PM - Positive Middle, PS - Pos-
itive Small, ZE - Zero, NS - Negative Small, NM - 
Negative Middle and NB - Negative Big). 

The MPPT fuzzy logic is used to search for the 
maximum power of a PV array under changing solar 
irradiance and temperature. A fuzzy logic-based 
MPPT is robust and with simple design. This method 
does not require exact knowledge of the PV-array, in 
other words, the same MPPT controller could be used 
for several different PV arrays [7], [8] ,[9] and [10]. 
The main parts of a fuzzy logic controller (FLC) are 
fuzzification, rule-base, inference and defuzzification 
(Fig. 8). 

In the studied system, input variables of the fuzzy 
logic controller are the change in array's power ∆Ppv 
and change in the array current ∆Ipv. The output of the 
FLC is the magnitude of the change of boost converter 
current reference ∆Iref. This reference is the command 
for controlling the current drawn from the PV array.  

The fuzzy logic rules are presented in Table 1. The 
variables are fuzzificated using linguistic values. The 
proposed algorithm is a variation of the P&O method. 
It perturbs the PV array current reference with a small 
value ∆Iref, observing the change in PV array's power 
∆PPV. If a positive perturbation is applied in Iref and 
the variation is positive (∆PPV>0), the FLC will con-
tinue increasing Iref until ∆PPV  becomes zero. On the 
other hand, if an increment in Iref results in a decrease 
in PV power, the FLC will "step back" the PV array 
current reference until the derivative of the array 
power is zero, thus the MPP is reached. 

 

Increment in refIΔ  

Initialization 

Measurement of PVPΔ    

Fuzzification   

Rules set   Inference   

Defuzzification 

refrefref III Δ+=    

 
Fig.8. Flow chart of the proposed FLC. 

Table 1 
Rules of the proposed FLC 

Rule no. If ∆PPV and ∆IPV Then ∆Iref 
1 PB P PB 
2 PM P PM 
3 PS P PS 
4 ZE P PS 
5 NS P NS 
6 NM P NM 
7 NB P NB 
8 PB ZE PB 
9 PM ZE PM 
10 PS ZE PS 
11 ZE ZE ZE 
12 NS ZE NS 
13 NM ZE NM 
14 NB ZE NB 
15 PB N NB 
16 PM N NM 
17 PS N NS 
18 ZE N NS 
19 NS N PS 
20 NM N PM 
21 NB N PB 

 
The second possibility is the model-based MPPT 

using lookup tables. It uses a model of the photovol-
taic panel, which determines the curves of the power 
in function of the current for different global radia-
tions and ambient temperatures. The maximum power 
points are extracted from those curves and they form a 
control surface. Thus, the current reference value for 
the actual meteorological conditions is determined in 
real time with a precision that depends directly on the 
PV model precision. The control surface in this study 
represents the current at the maximum power point as 
a function of the measured ambient temperature (Ta) 
and global solar radiation (Ga) (Fig.9). This surface is 
calculated using the PV panel model presented above. 
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Fig.9. Control surface of the proposed model-based MPPT. 

b. CPPT controller 
This controller provides a constant power output 

that is under the maximal possible PV plant power 
production. If there is not enough primary resource the 
constant power point tracking controllers ensures an 
operation at maximal output power. 

In this study the authors propose a fuzzy logic 
based CPPT controller. Its block diagram is presented 
on Fig. 10. The system operator sends a power PCPP 
reference that has to be executed by the controller. 
The power reference is subtracted from the PV array 
measured power PPV and then the difference is ex-
pressed as a percentage of the PV array measured 
power (0÷100%). This is the input variable of the 
fuzzy logic controller. The output of the FLC is the 
change of boost converter current reference ∆Iref. The 
variables are fuzzificated using linguistic values: PB - 
Positive Big, PM - Positive Middle, PS - Positive 
Small, ZE - Zero, NS - Negative Small, NM - Nega-
tive Middle and NB - Negative Big. 

Fuzzy logic      
controller       :   

    P  C PP ∆   P(%)         ∆  I ref     

+      
-       

P  PV          
     

Fig.10. Block diagram of proposed fuzzy logic CPPT 
controller. 

The proposed algorithm changes the PV array cur-
rent reference with a certain value ∆Iref in function of 
the difference between the PV array actual output 
power and the power reference PCPP. If the difference 
is positive, the PV array power is greater than the 
demanded limited power. In this case the FLC de-
creases the PV current reference (∆Iref<0), in order to 
obtain less output power from the PV array. On the 

other hand, if the difference is negative the PV array 
current reference will be increased (∆Iref>0), to obtain 
exactly the demanded power output from the PV ar-
ray. The rules of the proposed fuzzy logic CPP con-
troller are presented in Table 2. 

Table 2 
Rules of the proposed CPP FLC 

Rule no. 1 2 3 4 5 6 7 

If ∆P PB PM PS ZE NS NM NB 

Then ∆Iref NB NM NS ZE PS PM PB 

c. LPPT controller 
The limited power point controller is used when 

the system operator requires a percentage of the avail-
able power. The percentage is respected although the 
primary power varies. The controller has to allow also 
for the operation at maximal power if there is no sys-
tem operator requirement. 

The proposed limited power point tracking control 
is model-based. As in the MPPT case, controller uses 
predefined lookup tables presenting the PV array cur-
rent in function of the ambient temperature and the 
solar radiation. The LPPT controller can operate pre-
cisely only with predefined power limitations which 
are included in the lookup table. When the operation 
point is between two surfaces the algorithm does an 
interpolation to find the current reference. In this case, 
a little error is possible because of the interpolation 
between the nearest two surfaces. As an example the 
Fig. 11 presents the surfaces for 80%, 50% and 30% 
of available power limitation. The control surfaces are 
calculated using the PV panel model developed by the 
authors and presented above. The choice of the control 
surface depends on the system operator requirements. 
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Fig.11. Control surfaces for LPPT control  

with lookup tables. 

0 200 400 600 800 1000

0 
20 

40 
60 

0 

1 

2 

3 

Ga, W/m2 
Ta, °C 

C
ur

re
nt

, A
  



“Е+Е”, 11-12/2012 68 

2. Boost duty cycle control subsystem 
The aim of this subsystem is to ensure the following 

of the current reference by the boost converter. In the 
studied system, the boost current iL is equal to the PV 
array current. This allows us to realize the 
MPPT/CPPT/LPPT control. The block diagram of the 
DC-DC converter control is presented on Fig. 12. The 
current reference iLref comes from the strategy con-
troller. The measured input current of the DC-DC 
converter is subtracted from the reference and the 
difference is passed through a PI-controller. Then, the 
converter duty cycle is obtained using pulse width 
modulation (PWM) with a carrier frequency of 10kHz. 

P   I  
controller  

i   L  

PWM  i  Lr   ef   
+  -  

d   P   I  
controller 

i   L  

PWM  i  Lr   ef   
+  -  

  

 
Fig.12. Boost converter control system scheme. 

B. Inverter control system 
The inverter control determines the inverter 

branches states γi with the aim to provide the currents 
to be injected to the grid. This system has two sub-
systems. The first one is the DC voltage controller 
which maintains the voltage Vdc to a given reference 

value V*
dc that ensures the normal inverter operation. 

This controller defines the reference for the active 
output current component id. The inverter control is 
implemented using Voltage Oriented Control (VOC) 
method in dq reference frame. The reactive current 
component reference i*

q is defined by the system op-
erator in function of the reactive power needs of the 
grid. The second control stage compares the real cur-
rents id and iq with their references and determines the 
reference values of the AC inverter side voltages 
components on the d and q axes (Vds123n and Vqs123n) 
using the formulae: 

(6) 
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where Vds123 and Vq123 are the components on the d and 
q axes of the grid voltages and ωs=2πf is the angular 
velocity of the mains voltage. 

The inverter voltage references are converted in in-
verter branches states by a PWM generator. The control 
system block scheme is presented on the Fig. 13. 

Simulation results (demonstration of the PV 
system operation in the 3 strategies) 

The models and control systems presented above 
are implemented in the Matlab/Simulink environment. 
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Fig.13. Inverter control system scheme. 
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Fig.14. Matlab/Simulink model block scheme. 



“Е+Е”, 11-12/2012 69

The obtained model is illustrated by a block scheme 
on Fig. 14. 

The inverter model and its control system are al-
ready validated in previously realized studies of a 
doubly fed induction generator [16]. The PV array 
model has been validated in our previous researches 
[13].  

A comparison of the two MPPT approaches (with a 
Fuzzy logic-based controller and with a control 
surface) and the PV array maximum power point from 
its P(V) curve is presented in table 3.  

First, there is a good agreement between the 
maximum power points determined by the two MPPT 
strategies and the maximum power point from the 
P(V) curve. Moreover, the fuzzy logic and the model-
based controllers give similar values and it can be 
concluded that the difference of a few watts is due to 
the estimation of the PV panel model parameters and 
not to the realized MPPT controllers. The power, 
injected into the grid PINV is less than PPV_MPPT due to 
the losses in the electronic converters. 

Once the model is validated, we will illustrate the 
operation of the proposed controllers. All simulations 
below use an artificial variation profile of the solar 
radiation and the ambient temperature. The aim is to 
test the capabilities of the controllers to follow the 
required power point (maximum, constant or limited) 
under sudden, deep and artificially imposed changes 

of both meteorological parameters (i.e. solar 
irradiation changing from 1000 to 250W/m² in under 
0.5s and then rising back to 800W/m²; ambient 
temperature decreasing by 15 degrees for 0.5s). The 
profiles are shown in Fig.15. 

Fig. 16 shows the produced power by the PV array 
and the inverter power output when a maximum 
power point tracking controller is used. As can be 
seen, both controller realizations follow the MPP with 
good precision despite the variations in weather con-
ditions; after the changes they succeed in tracking 
down the new operation point with maximum power. 

The simulation with constant output power limita-
tion is presented on Fig. 17. At the time t=0.5 s the 
system operator requires the PV system to produce 
exactly 4 kW if it is possible. Otherwise the system 
can operate at MPPT. The first subfigure shows the 
PV array and the inverter powers. The system operator 
requirement is respected when the available power 
allows it. The power drop between 2.35s and 3.75s is 
due to insufficient solar radiation (see Fig. 15). In this 
time interval the PV system operates with maximum 
possible power (MPPT). The transient processes in the 
array current and voltage (subfigures 2 and 3) on the 
interval boundaries are caused by the switching of the 
control strategy from constant to maximum power 
point tracking and vice versa.  

The last simulation results are presented in Fig. 18. 

Table 3 
Comparison of the two MPPT approaches and maximum PV power from the array P(V) curve 

 PPV 
(Fuzzy logic) PINV PPV 

(Control surface) 

PPV_MPPT 
(From array  
P(V) curve) 

Ga= 950 W/m², Ta=35 ºC 6084W 5951W 6086W 6088W 
Ga= 700 W/m², Ta=35 ºC 5331W 5215W 5333W 5336W 
Ga= 280 W/m², Ta=35 ºC 2548W 2470W 2549W 2550W 
Ga= 800 W/m², Ta=20 ºC 6658W 6515W 6662W 6666W 
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Fig.15. Solar radiation and ambient temperature variation. 
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Here a power limitation to a given percentage is con-
sidered. At time t=0.5 s the system operator imposes 
to the PV system to operate with 80% (as an example) 
of its maximal possible power. The first subfigure 
shows the produced power (solid line) and the maxi-
mal power (dash-doted line). The system operator 
limitation is applied to the PV system regardless of 
changes in the meteorological conditions.  

The other two subfigures present the variation of 
the array current and voltage. The current follows the 
variation of the global radiation (Fig. 16) and the volt-
age change has an opposite direction. This voltage 
behavior is opposite to this one at constant output 
power (see Fig. 18). As mentioned above the power 
limitation of the current controlled boost converter 
with lookup tables moves the operation point at the 
right side of the I-V curves.  

This opposite behavior shows that the limitation at 

constant power using fuzzy logic moves the operation 
point to the left side of the I-V curves. The ambient 
temperature reduction causes an increase in both 
variables – array current and voltage. 

Conclusion 
The paper deals with the control strategies for grid-

connected PV systems. Three strategies are discussed 
– traditional maximum power point tracking and two 
new proposals: constant power point tracking and 
limited power point tracking. The new LPPT and 
CPPT strategies use electrical means to control the PV 
system output power below its maximum value when 
the system operator imposes a limitation. The novelty 
is that this is done without switching off any PV 
strings or using storage devices. 

The mathematical models of all system compo-
nents and control blocks are presented taking into 
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Fig.16. Simulation results for a three-phase system with two different MPPT controllers. 

 

0 1 2 3 4 5 6 7 

2000 

4000 

6000 P,W 

 

0 1 2 3 4 5 6 7 
0 

10 

20 

0 1 2 3 4 5 6 7 
300 

400 

500 

time, s 

PPV Pinv 

IPV,A 

VPV,V 

 
Fig.17. Photovoltaic array power, current and voltage for constant power requirement (CPPT). 
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account the whole energy conversion chain. The 
MPPT controller is realized by two means – fuzzy 
logic and model-based lookup tables. The fuzzy logic 
is also used in the case of CPPT, while the LPPT con-
troller uses predefined control surfaces. An advantage 
of the CPPT strategy is that it can set the PV system 
output power to a precise value. 

The developed strategy controllers generate a 
current reference for the current controlled boost 
converter. The simulation results illustrate the correct 
operation of the controllers with the proposed control 
strategies at different deep variations of the 
meteorological conditions. Moreover the system 
operator limitations are respected with precision when 
the primary resource allows it. 

The developed methods give the possibility of a 
smooth and precise output power control of grid con-
nected PV systems, thus enabling their further pene-
tration into power systems without the risk of system 
instability due to excess power generation. 
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