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| FOREWORD

The entry into the new century of the Politehnica University of
Timisoara is very well intertwined with the new century of electrical
engineering studies in our university. This first century means
modernization of the city or region, a lot of opportunities for
development local or regional companies, attracting important
funds for developing or preparing human resources for the industry
in Banat, Romania or all over the world.

My thoughts on this double celebration go both to the teachers or administrative staff
who in this first century of university or faculty have managed to ensure a higher technical
education here and to the whole generations of graduates or students who understood
that they are the representatives of a prestigious institution, which contributed not only
by providing highly trained engineers to the regional socio-economic environment, but
also by its important roles played in the research area or academic community.

We are ending a century of existence at the university level or at the faculty level looking
back with pride and, although the period is not very favorable, looking forward with
confidence. A trust that requires a lot of work, creativity, innovation, but having as main
asset a human resource aware of the important mission it has. If this period is a little
different, it offers us a series of opportunities that will materialize through essential
transformations in education, pedagogy, research and our university must be prepared to
face these changes, as Romanian society used to do in this first century.

How will the new century look like for our academic community? Will we have at our
home big screens through which we will participate to classes anywhere in the world? Or
will we have glasses for this? Will we use cars or will have autonomous vehicles? We know
now but, it is obvious that our knowledge and our power of innovation will have a central
place in our world's future, Therefore, | finally-want to thanks all for their efforts in building
over the first century a strong faculty in our university and to wish to the entire academic
community of the Faculty of Electrical Engineering good health, as many achievements as
possible and:

“Happy anniversary!”
Timisoara, 11.11.2020

Associate Professor Florin DRAGAN, PhD, )

Rector of Politehnica University of Timisoara
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. INTRODUCTION

1.1 Remember: Education in Banat. The Polytechnic School
of Timisoara

Higheer education imstitutions are of averwhelming impartance for thisr contribution to
ther development af the education, knowledge and scientific progress af a saciety. The
bereritieth centuy's Banat land wis o region developed industrially and cooroamically, with
highyintellectual potential and diversity in the craft lields, 81 the beginning of this century,
thie histarical Banat met all the conditions far the estabdishrment of a Higher 3chaod inorder
o stirmul ate its progeress,

This auspicious time allowed the mayor of Tirmisoara, Caral Telbise, to send areport 1o
thes Humgarian gaverrment on anats Nowember 1906, proposing the establishement of a
Pobytechnic Schoal in Timisoara, the second largest of this type after Budapest. The
Husgari ar government s angwir came andy in 1977 and it was not fvor sble, The letiers were
constanthy sent until 1912, when the City Council sddressed Dr. Kormel Zelovich, fram the
Budap=st Polytechnic, the reguest o supporn thee establishement of the Pehtechnic School in
Timisosra, On 26 July 1918, he wrote a document and sent it to the Monicipal Councl, The
repaort wias then sent by the Municipal Council ta the Budapest governimaent. New attermgns
e comwinee the Hungarian government were continued in the Tollowing year, but the
besgirmirsg of the wesld war pot anend 1o all these efforns,

After the establishment of the RBomarian administration in Banat in 1919, the idea of
Taunding & Palyvtechnic School in Timisoars Became amajor concern far thae intelligen pan
of society within Banat and decisionmaking bodies. In the autumn of 1919, “Banat’s
Culvural Association”™ was Tournded, having Bishop Miron Cristea as president, and Traian
Labescw ard Cormel Cornean, 88 vice-presidents, The main objective of the Association,
which grouped the most impa rtant personalities within Banat, was the establishment af a
Pedytechnic Scheal in Timisoara, One of the main supporters of the Bamanian culture,
Emanuil Ungureanu, is the one who made the first steps in this respect, The Mayor of
Tirmigomra, Stan Vidrighin, joined this endeavor, being supported By the emtire City Council,

The request of the intellectuals in Banat received efficient support and cormplets
urderstanding fram the Governing Coundl, within which the Cule Division was bed by
Valeriu Braniste, Together with Stan Vidaghin and Emanuil Ungureanu, Valeru Branigte
wrate a Memorandum and subsmitted itve the Governing Council on 27 Febroaryg 1920, in
which the need for the esablishment of the Polytechnic Schaol in Timisosrs was
motivated, "the city being an important industrial center, having a developed economac
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life, superior to other urban centers and, in this respect, na other city in the Greaster
Roenania could be likened teit” [2], A brosd publshing support sccompanied these efforts,
throwsgh articles published by the Rormanian intellectesals, such as Traian Birdesou, Ascaniu
Crisar and Traiam Lalescu,

After the dissalution af the Governing Council on 10 April 1920, Valeriu Braniste,
Cnisifor Ghibo amd Alexandro Busw drafted a Wil stating: “the congistent pursait of the
study program started by us wntil its full completion represents a holy obligation to the
natian, toour hormelamd and to the humanitg” [2].

Alldecuments regarding the establishrmenit of the Polytechnic Schood in Tirmisoara were
subrnitted by Mayor Stan Vidrighin to the Ministry of Public affains, which gave a favorabde
FESPONSE On 24 September 1930,

O 16 Octobeer 1920, under the chaimmanship of the General Secretary of the Ministry of
Pubslic Affairs, Eng. P. Panaitescu, the councl asuthodizing the establishrment of the
Podytechnic Schaaol in Timiscara conversd, Amang the participants were 5, Vidrighin, T.
Lakesow, G, Panait, A& Beles and C Teodoresow In accordance with the Deoree-Law of 10
Jurws 1920, 4 Law on the arganization of the higher techinical education decreed by King
Ferdinard |, on 21 October 1920, the Romanian gaverrament appraved the establishment
of thie Polytechric schoal of Timisoars, a decision puldished on 22 October 1520, in the
Journal o, 3197 aof the Coundl of Ministers of the Greater RBormania,

The Discree-Law signed on 17 Movernber 1920 by King Ferdinamd | stated: “We hereby
approve the establishrment of the Polytechnic School of Timigoasa on 15 Movember 1930,
which will operate in accordance with the provisions of the Decree-Law o, 2520 of 10 June
1920 an the establishment and organization of palytechnic schools in Bomania®, Thus, the
drearm of the peaple within Banat was socomphished after 15 years of endless effors,

King Ferdinand 1is also remembered For the famous serntence be said Later, during bis
visit o the young Polytechnic School:

"It is not the walls that make a schoal, but the spirit that reigns in it".

The rews of the establehment of a Palytechnic Schesl in Timisosrs had a great impact
on the country, On 2 Decemiber 1920, in the "Country” newspaper, the wiited Camil
Petrescu wrote the following: “The news that, o last, Timisoara will Bave a higher
edducation school meant 1o give an academic vike to the capital of Banat, was received with
profound gratitude by all of owr society layers. It is undenialbe that this schoal, through its
highy cultural level, will contribute a lo e make Timigoara the intellectual center we all
want it i become”,

The first Becvor af the Pelytechnic School of Timisoara was Professor Traian Lalesou, His
first and Forermost concerns were related wo the gathering ol furds needed 1o carmy owt thae
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activity and the foundation of alibrary. Being inechaed in too many sctivities, in the secand
year of school, between 1927 and 1922, Praf. Traian Lalesou resigned fromm the rectorate,
Professor Victor Valeovic becoming the new rector. There wene two specializations in
thase wears: rmane-metallurgy and electromechanicsl engimeening, with 117 students, B9 in
the first year and 28 in the preparatory year. In the first scademic year, apencd on 29
Mavermnber 1920, the teaching s1aif were chosen with great care from among the heading
intelbectusls froem Banat Prof, T. Lalescw, Eng. © Teadaresou, Col. Gh, Buichu, Architect
Wictar Wlad, © Stdncesou, PhiD, Eng., © Chndea, PR, A, Kaldor, Prof, Sug Coman, Mibai
Popesou, Mihai Vasiliu and others [3].

Irs thie meantirne, the necessary documents were prepared in order 1@ boikd a Univversity
Technical Center. Thie general plan was draswnoup by the architect Victor Viad, requesting
the assistance of Prof, A, Ruster fram Charlottenborg and of Architect Krauss, Prof, from
Viennda, In Seprember 1922, Architect Duiliv Marcw started the construction of the
Wiechanical pavilion, completed and inauguested on 11 Movember 1923 4], Today, this
building is declared & national heritage site.

Ir 1933, the Electromechanical Engineering and the Mine-Metallurgy Engineering were
creatsd. On 28 January 1937, the Polytechnic School board approved the Regulation for
conferring the "PhD” degree. The first PhD degree was awardied to engineer Stefan

Macdigan, in 1939,

In the first decades, a significant number of intellecouals ol within Banat have
cormributed to the establishment of the Pelytechnic Schood af Timisoara, enthusiastically
participating in the building of a higher sducation institution o & Curopean bevel and
becoming thus its Toumders. Some of them are mentioned here Vicwor Vied {architect),
Kiarin Bandrescu (thermal machines), Pormpilio Micalaw (hydraalics and hydvaulic plams),
Valeriu Alaci imatbematics), Plautius Andromescu {ehectratechnical engineeringl, Cormeliu
Miiklosi (modern welding technolegies), Koloman Bakery imaterials wechnology),

The period of the Second Warld War alse marked the activity of the Polvtechnic School
of Timisoars, which comtinued its education under the leadership of the Bector Plawtius
Ancramesow, wiho fought daily for the survival of the schoal, Durirg thase troubded yeans,
thee Faculty af Civil Engimeering was founded, in 1947, and after the eduecation relarm of
1948, the Faculty of Electromechanical Engineering splt into two distingt Tacultics: the
Faculty of Mechanical Engineering and the Faculty of Blectrotechnical Enginsering. The
Faculty af Industrial Chemistry Engineering was also established during that Grme, The
Podytechnge Schoal was renamed the Palytechnic Institute of Timigoms, comprising four
Tacultses Mechanical Engineering, Electratechnical Engineering, Civil Enginecring and
Inclustriad Chemistry Drgineering. In 1962, the Faculty of Agricultural Mechanisation
Enginearing was also added 1o the sy being transferred froem Craiova.

In 1270 - fifty years since the fourndaticn af the Pabaechnic Institute - the institution was
already made up of 5 faculties and 24 specializations. The same year, it was named *Traian
Wuia®, i the mermorny of the werld svistion picneer.
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1.2 One hundred years of electrical education in Timiscara

Thie beginnings of the eleciratechnical higher education in Timisoara coincide with the
beginnings of the Polytechnic School of Timisoara, 15 Movember 1920 is the date of the
establishiment of the Polytechinie Schoal in Timisoara, which started its activity with the
traininig of engineers in the specializatons of Blectromechanical Engineering (Mechanics
and Electricity! and WMine and Metallurgy, respectively, At the beginning, the higher
education institution incleded 15 members of the academic stall and 117 students,

In 1925, the Department of Ebectricity was estabdished, its leader Being Emeritus Professor
Plautius Andronescu, who had returmed fram Switzerdand, where be worked as o private
teaching doctar at the Polytechnic of Zurich. Professar Plautius Andronesou introduced
the Polytechnic of Timisoara to the madern way of presenting the theoretical basics of
Blectretechnics course. In 1928, Professor Plautivs Andronescu set up the first elecirical
[aborstory in the Folytechnic 5chool, squipped with maodenn squipement and instromsents,
which was locsted for several years in the pavilion of the Faculty of Mechanical
Engineering. In 1952, the laboratory was slmost entirely transferred and developed inone
I atior bedonging to the Faculty of Ekectrical Engireering, in the Horatio Squane,

In 1927, Renus Bazilivs Riculey graduated from the Pelytechinic School of Timisoara,
later beceming a member of the Bamanian Scademy and the President of the Imernational
Electrotechnical Comemissian.

In 1933, a5 the number of students and academic stall in the Palytechnic School of
Timisoara had increased, two faculties were established, namely, the Faculy of Mechanical
Engireering and Elkeciricity [Electromechanical Engineering! - which coordinated the
training of engineers in the specalization of elecwomechanical engineering, and the
Faculty of Mine-Metalleigy Engineering, which ersured the training of engineerns in the
apecialization af mine ard metallurgy.

An imipartant step ahead in the development of the Polytechnic School ook place in
1948 wien, throwgh the edecation refanm, the Poltechnic School of Timisoara became
the Palytechnic Imstitute, comgrising four faculties, namely: Mechanical Engineering,
Elecoretechnical Engineering, Owil Engineering and Industrial Chemistry  Ergineering,
surmiming up 12 specializations, with an initial acsdemic duration of four yesrs and, then,
ol five years,

At the beginning, the Faculty of Electratechnical Engineering included the Tall owing
departrments: Furdamentals of Clectrotechnical Dngineering, Electric Machines, Uses of
Electrical Energy, Electrical Measurements,

Since 2002, the Faculty of Electrotechnical Engineering has changed ils name into the
Faculty of Electrotechnical and Electrical Energy Engmeering, Currently, the facully consists
of o depantmentss the Department of Electrical Engineering and the Department af Pavaer
Syslems Engineering.
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The fownders of the Palytechnic School of Timisoars considered that a university
teachier should be kept up-to-date with the news of science in the field and should canry
ot i addition ta thae teaching activity, 8 contineos scientific activity, With this objective
in mind, since 1925, the scentific bulletin entitled “Bulletin Scientifique de |Ecole
Palyvtechnigque de Timisoars™ has been published, incuding articles where the resulls of
the scientific research of the academic stafl were presentied. This bulletin was pubdished
annually. Prof. Plautius Andronescu, PhiD, Erg., was part of the editornial stalf of the 1943
wclition, as wice-president.

Starting with 1948, the bulletin was renamed: “Bulletin Scientifique & Technigue de la
Pobytechmigque de Timigoara”, Amang the members of the editoral committee was also
Prof. Rermus Raduletr, PhD, Erg., of the Faculty of Elecwical Engineering. From 194%, the
Balbetin was callied: “The Bulletin ol Scence and Technology of the Polytechnic Institute of
Tirmisoara™, Since 1956, this bulletin bas started to appear i the “New Series” adition, with
Tt issues per year, Fram the Faoulty of Blectrotechnical Dngimeering, Acad, Cormeliu
Wiiklogi, Prof, and Prof, Alexandru Regojan, PhD, Eng., were part of the editarial board. The
first scientific and technical bulletin of the Palytechnic Institute of Timisoara, the
electratechnical specialization, appeared in 1970, the editorial weam being made up of
Wiibai Bragavan, PRI, Eng. - sditor-in-chief, Pral. loan Movac, PhiD, Eng. - deputy editor, Prof,
Micalae Bogoevici, PRD, Erg., Pral, Owvidio Crisan, PhD, Ermvg., Prol, Toma Dordea, PhD, Eng..
Feader Tiberiu Muresan, PhD, Eng.. Profl. Alesardre Bogajan, Phil, Eng., Prof, lacob Suciu,
PhD, Eng., Reader Viad Vaeddutear, PhD, Eng. - ecitorial secretary,

It should be mentioned that, since 2000, the Scientific Bulletin of the Palytechnic
Urnaversity of Timigoara, the elecwotechnical engineering section has been publshed in
bweas series: the "Energy” series and the "Jourmal of Elecrical Engineering” series, the [atver
representing the first Bulletn of the Polechnic University of Timisoara published in
electranic form. The editarial Board for the Energy series cansisted of A, Baia, M, Biriesou,
A, Butta, 1 Bucatario, W, Duga, 1 lenel, S5 Kilyeni, B, Lustrea, M, Memes, A, Pand, F, Surisnu,
A Vasilievic, | Vetres, For the series publishaed in the electrenic farm, the editorial board
was misde up af Prof, lon Boldea, PRD, Eng, - director, Pral. Micolae Muntean, PhD, Eng.
editor-in-chiel: Prol, Dumitre Radu, PRD, Eng. - Deputy Chiel Editos: PHD student Sever
Sericdon - secretany.

Pastgracuate training was eroued theough a PhD stage The first PhD diploma n electhcal
engineering wis swarded in 1961 1o engineer Gheorghe Reuse, wha, under the supervision
of Acad, Corneliv Miklosi, Pral, defended the thesis entitled "Electic Drives in Mills",

Srarting with 19990, within the Faculty of Electrotechmical Engineering, engineers have
been rained in the fundamental field of engineering saences, including the fields of
electrical engineering and power Sysiems engineering, respectivily.
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1.3 Founders of Timisoara's School of Electric Drives

1.3.1 Academician Corneliu MIKLOSI, Professor
Acad Cormeliu Miklosi, Prod, was a rernarkalzle teacher of the Faculty of Electrateshnical
Engirerireg of Timisoars, who marked for decacdes the rechnical and scientific Fife of the city.
He wis borm on 5 March 1887, in Covasant, Arad caunty. He was the son of the Crthodax
pricst kan Miklogi and of his wife Melania, He had a brother, Emil,

He first attercled the primary schoal in his hometown and, then, the ane from Arad,
Between 1857 and 19035, he continued his studies at the "Moise Nicaara® high school in
Arad, im the clssical sectian, receiving the “remarkable” gradie a1 the baccaloursate exam,
ir 1905, With the: perseverance that characterized bis entire life, be has managed 1o speak
semeen modern languages and to perfectly master two classical languages, Latin and Greck.

Durirg 1905 - 1906, he was errolled at the Facully of Electratechnical Engineering of
the Karkrube Polytechnic and, then, obtaining a Gojdu scholarship, he continued his
university studies, between 1906 and 1909, at the Faculty of Mechanical Enginesring at the
Technical University of Budapest, where e received the bachebor af scence degree,
rnajaring in mechanical engirering, with the “with honors® distinction, in 1909, Fe joined
the faculty a3 & lecturers, being chosen by the remarkable Professor 8. Rejrd, During his
rmilitary service, Fe wrete his PhiD thesis, which he defended in May 1912, being conferred
thus the PhD scientilic title in technical sciences with the "with honors™ distinction, based
an the dissertation: "Observations an Testing the Materials for Transmission Belts”

He returned inta the educational field in 1916, waching the cowrse of Mechanical
Technalogy at the Technical University of Budapest,

In 1918, he submitted his habilivation thesis entited "0n the Farmation of Allays”, and,
in 191%, he received the highest degree of peaching dactor,

Altheugh with a brilliant siveation ard beautiful prespects in his wniversity career, after
the Act off the Unian of 1 December 1918, Corneliu Miklogi returmesd B0 his country, joining
Trown Decernber 1919 1o March 1920 the Depeot of the Romanian Railways in Arad, In March
1920, he was sppeinted as chiel engineer and then director of the Municipal Tramways in
Timisoars, which, rom 1922, merging with the Blectrical Factory, would form the
Electromechanical Enterprises in Timisoara, led by the professon for 300 years, His miain
Concerng a5 a director revolved sround the modernization and the economic efficiency of
Lhv coompuany. Thus, inarder 1o ensure a civilized pulblic warpan, he modernized the tram
park throwgh designing and executing way of the rnew models ol bogie tams, he made
autamatic trarm switches, he introduced, Tor the st time in the country, in Timisoara, the
trolleybus, better known in the region & lircbus”. Among the achievements af the
director Comeliu Miklogi, it is warth maentioning the supply of the city of Timsoara with a
network of electric chocks, mounted in all the main crossroads of the city, the "mother”
clack being in the director's office, controlled by his Swiss chranameter, He inftiated and
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desigrizd - for the purpose of modernizing the ehectrical netwark - the operating freguency
of 42 He to the current one of 50 He be also installed comverters for the tram network
supply and the list can ga on.

Berween 1925 and 1930, he was 8 Professor at the Pohaechnic School of Timisoara,
teaching the cowse of Mechanical Technology and ndustrial Alleys and, st the same time,
between 1927 and 1928, at the Technical University of Budapest, whine b taught the
course of Metallography, it is werth noticing that, in 1924, at his retirerment, Professor A,
Repd recommended Comeliu Miklosi e his successor to the chair, althaugh Cormeliu
Miklosi had already lef Budapestin 1919,

Proemoter af madern technologies, be established in Timisoara, in 1938, the “Centre for
thee Support of Welding™, a research and teaching center in the field of wekding, establshed
in collaboration with the Palytechnic School of Timisosrs, A special achievernent in the field
of welding was, in his timee, the construction, in 1936, of the boiles’ room of the Eleciical
Factory of Timisoars, initisted and desigried by the acadermnician C. Mikkosi, Professor

Ir 1947, he retwrned 1o the academic life and led the Deparoments of Electricity and
Webding until his setirernent. Corneliu Miklosi bas taeght several specialized courses an the
Faculty of Electrotechnical Engineering: Applicatorns of Electricity, Electric Drives, Rolling
Stock, Electric Transportation, Paver Stations. Far all these courses, e wrobe course books,
which were published by the Palytechmic Institute of Tirmisoars, the said courses being of
great help for the students in order to prepane thedr exarms, They are a5 follows: Production,
Distributicn and Applcations of Clectriciy (voal 1 amd 11 in 1999, Course on Power Plants
Jval. | i 1949, wel, Win 1951), Course on the Applcations of Electricity in Industry (val. 1in
1952, val, I in 1953}, Bhectronechanical Bguiprment for Industrial Coterpeises [Dicdactic and
Pedagogical Publishing House, Bucharest 196 7], Ebec tric Trarmsportation - in collabaration
with Prafl, C. So0a - {Dadactic and Pedsgogical Publishing Heose, Bucharest 1961],

A teadcher, Academician C Miklogi, Professor was a model of scientific competence,
sersouiness in work, punctuality and fairmess wards students, A good arganiser, he laid
ther Toundations and led the works Tor designing and equipping the electric drive
Iabrarararies at thee Pobytechnic Instioute of Tirmisosrs,

Academician O Miklosi Professor was the first professor of the Facuhy of Electrotechnical
Engineering who received the right 1o supervise PRD theses, In this activity, be was able 1o
contfibute 1o the bigher education ol some engineers, who later bBecame Lineless
rescarchers and teachers, among whom we can mention Prol, Aurel Mana, Profl. Mibai
Bragorvan, Prol, Traian Slagean, Prof, Toma Dordes, Prall Eugen Seracin, Prol. loan o,

His scientific research activity has been extremely froitful, His first scientific concems
werne related 1o the field of mechanical technedogy, stedving the influence af the
deforrmation speed on the characteristics of the militany posts determined by the split nesy;
then he studied the wear of the gears, designing a machine 1o imestigate these uses, the
riesults of the study being published inBerlin and Budapest: the method recommended by
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hirm was subsequently adopted by Physikalich - Technische Reichanstalt in Berlin, Other
problems pursued weere the transmission of the rotational rmation throwgh Bels and gians,
thie wear of brake pads, the study of the chassctenistic of cast iran Tor shoes, the quality of
thes coal wsed in ponwer plants, the Tinandial and economic problems related o electricity
pricing, et

A special original scientific contribution is browght by . Miklogi, PROL in the field of
welding, research in this field starting after the First World War. The semi-autamatic
irs tallaticn for welding the Taurus® rail type, patented in Bomania and Switzerland and
e available upon reguest for Germany and China, is ariginaly designed by engieser C,
Miklosi. Professar © Miklosi alse foowsed on the application of law-requency curents o
webkding, which brought significant improvements in electricity savings and power Tactor
ITmErawemenits,

Acadernician Correlio Miklogi, Professos, PhiD, was & man with a high moral reputation,
whe diedicated his entire life o the research in the field of wechnical and technolagical
scienciss, combining his interest in technique with a love for cullture, thinking and deep
rmeditation regarding the human exdstence and the suprerme human values,

Thie appeeciation of his scientific sctivity and his contribution v the develapmient of the
medern techmnalogy led, in 1955, wa his election as a full member of the Rormanian
Academy, Academician Comeliu Miklogi, Professor, died on 10 August 1963,

1.3.2 Emeritus Professor Mihai BRASOVAN, PhD, Eng.

Ermweritus. Professor Mihai Bragovan, PRD, Eng., was bBorm in Banat in 1908 He billiantly
graduated the Faculy of Electramies hanical Enginesring at the Palytechnie School of Timisoa
in 1934, continang a5 a0 assistant at the Department of Fundarmentals of Clectrical
Engireering. From 1934 umtil bis retirerment, Professor Mihai Bragovan worked  at the
Palytechmic Instinute of Timisoard, successively cocupying the pesitions of assistant, lecturer,
resader ang, simce 1963, the position of full pralessor st the Department of Applications of
Electricity. In 1962, e disfended his PRD thesis st the Polytechnic nstitute of Timisoaa ard, in
thie sarm wear, bie was alsa head of the Departrment of Applications of Eectricity.

The way in which Professor Mihai Brasovan fullilled bis teaching, scientific and
cducational tasks over the vears, a5 well as his personal conduct, attracted great
apprecistion from both his fellow reachers and bis stodents, Professor Mibai Brasowan
distivguished himsell throwgh the kigh level and the clarity of bis lectures. During his
alrnost 40 years of activity, he taught several subpects, such as: Electromechanical Drives,
Uses of the Electrical Energy, Ebecrric and Thermal Phenomena, Ebectric Drives, for which
b had weritten and published many course books, guides and collections of probibems that
are well-known dee e his concise presemation style and 1o the wery clear and
scientifically-praven cantent. Whenevers the appartunity arcse, the foarmer students, who
woere guided in their training sctivity as engineers by Professor Mihai Brasovan, expressed
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their gratitude far the valualbe scienific and echnical knowledge gained from their
Tarmier teacher, Furthermore, his remarkable sciemtific, teaching and educational activity
browgit birm the esteem of all his collaborators, who considensd him as one af the most
valuable scientists and teachers in the higher edoucation in our country.

The sarme tireless work in the field of scientific research characterized Professor Mibai
Brasovan during his four decades of activity, completed by numeraus publshed papers,
protocals for collaborative work with the industry, and contrsces, all highly appreciated
and very valuabde for both the design field, a5 well as for practical reasons, Hs research
activity was mainly oriented towards the elecwic dives field, whene Emaeritus Professor
Mihai Bragavan, PhD, Emg, has made significant contributions to establishing new design
rmethiaids for the electric drives and 10 introcducing modern systems for the electric drives
in the irdustry.

Prafessor Wihai Brasovan has also contributed o the field of the electrification of iy
and wielding.

Do e s cutsranding work, Professar Mibai Brasovan received the rght to supendse PhD
thieses in 1963 and many valuable engineers defended thieir PhiD theses under bis leadership.

A a high appreciation for the long and valuabske activities be carried out, in 1970, Professor
Mihai Brasovan, PhD, Eng., was awarded the tite of Emeritus Professor.

From an administrative paimt of view, between 1963 and 1976, he held the position of
head of the Department of Application of Electricity and of Vice-dean of the Faculy of
Elecretechnical Engimeering in Timisoara, He died in 1576,

1.3.3 Professor Eugen SERACIN, PhD, Eng.

Professor Eugen Seracin, PRD, Eng., was boen an 28 Navember 1928, in Dvobeta Turr-
Severin, In 1952, he gradusted the Faculty of Electretechnic al Eraineering ot the Palyte:hnic
Irstitute of Timisoars, He defended bis PR thesis in 1970, obtsining the PhD degres inthe
samie year, During his prestigiows teaching activity, he taeght many courses such as: Electric
Drivies, Daesigr of the Cecic Drives, Bectromechanical Bquipment for industral Enterprises,
Applications of Clectricity, Electric Transportation, Lighting, Electramechanical Drives,

The tesching and pedagogical mastery of Professor Ewgen Seracin i attested by the
nurneraus classes of students who attended his very clear and precie cowrses, The corstant
concers of Professor Evgen Seracin were both the content of the courses and the way of
trarslerring the knowdedge o the students, with an emphasis an the usderstanding of the
concepts and their practical uses, Thse concerns ane refllected in his 12 electric drive books
andd manaals, published by the most prestigious pubdishers in the country,

Prafessor Eugen Sesacin also distinguished himsell in the Beld of scientific research
thecugh more than 80 papers published in the country and abroad and 33 research
contracts, their focus being on the experimental confirmation of the theoretical reseanch
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and on their consistent application into practice, The mests of Professor Eugen Seracin
also extended to the fiekd of National Electric Drives Conferences, a beautiful tradition of
thee Rornanian School of Blectric Drives, by organizing a lawkess conference in Timisoara,
in 1987, and by havirg an important contribution o all the other editions of the
conference The scientific prestioes assigned to him was ako highlighted by his position of
PhiD theses supervisor, guiding with great competence a large number of specialists from
the faculty ard the industry. The Professor is abo well-known through his different
professional schievements in the field of optimal computation of cecric drives
depending an the operating service, electnic drive systems with linear machines used an
redling beidges and news design methods for the electric drives.

Professor Eugen Seracin also maintained in the department a breath of academic ar,
characterized by cooperation and peer harmany, based on respect and exigency. i tme,
bis rmadesty and horsesty, as well a8 the gratitude shiown to his forerunners, Scademician
Cormeliu Miklogi and Professor Mihai Brasovan, who represented bis role models in his
entine sCtivity, were also noticed, Last but not least, his kave far nature and spons should
be appreciated. He dedicated memorable moments 1o those hobbies and remarkably
educated the students in the spirt of Wens Sana in Corpore Sana”, teaching them 1o
worship the mourntaing, in general, and the Carpathians, in particular, Between 1968 and
1972, he weas the Vice-dean of the Faoulty af Electratec hnical Engimeering in Timigoara, He
it i 20713,

The present monograph s intended ta be a praise brooght o the School of Electric
Drives of the Faculty of Elbectical and Power Systema Engineering, o valuable link of
Politehnica University of Timisoara, through the achievements of the teachiers and of the
research thar have served for @ century in this feld. Inoorder te Be g really useful wark Tor
studenits and specialists in the field, the manograph treats the eleceric drive systems in
thveir compdexity, focusing on the problems related 1o starting, braking, speed variation
arvd reversing, as well a5 on the possibility of an optimal eperation and energy recowvery,
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STARTUP, BRAKING AND SPEED CONTROL
IN CLASSIC DC ELECTRIC DRIVES

2.1 Introduction

The newadays industrial performances rely beavily on the progress in making flexible,
riliabbe and especially casy ta operate dlectric drives. The wse of comventional DC machines
in electric drives was due 1o their ability 1o allow easy and wide speed regulation, At the
same timie, the autamatic regulation systems for this type of machines use the principle of
cascade regulation which has the sdvantage of being able to mit the armasture cursent,
thwis ensuring the protection of the drive, At the same trme, static AC-0C conmverten were
developed, making possible the dmost exclusively use of these machines in sdjustable
electric drives,

Thrawghout this pericd, DC excited electric drives have developed both technically and
econamically, The rapid progress recarded by the power electronics Tield, namely of the
DC-AC conmvertirs, has made possible the replacement of the DC drives with AC drivves,
initially, with asymchronaus motars [1]

It is, henweer, difficule te draw a clear dividing line between the DC electric drives and
AC ones, in both cases, doe tathe large and varied nomber of adjustable drives. & relatively
simpler sconomic fector and the nowadays control equipment’s advocate the facr that DC
drives as being fovared, The efficiency of the CC electric drives is relatively bigh 2]

The increase of the electric drives qualitative requirements and of the magrietic and
electre-insulating materials performances, wgether with the development of power
electranics have led te a DC moter re-launch, And this i dee 1o the sdaptability of D
machines inovarious elecirc drives types, These machines continee 1o be wed invanous
applications, such as industrial robots, numerical contrel machines, computer peipherals
and scientific and acrospace applications,

Ir this chapter, the main aspects related 1o ebectric drive systems, consisting of
corwentianal DU mators with electromagnetic excitation, will be synthetically presented,
There will be probdems related 1o the mechanical charactenstics, starting, braking and
apeee] variation. The mdin comertens types used Tor powering the machines, will also be
presented synthetically, namely the &C-DC ones and the DC-DC, respectively, The
achieverments obtained in this fiekd by the eaching stalf of the Deparment of Electrical
Engirseering will also be highlighted.
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2.2 The DC motor mathematical model

The analysis of the motos operation & based on the equations deduosd in various
situations ardd an the simplifying assumpticns, & DU moton with separate electromagnetic
excitation will be taken inta consideration in what follows (see Fig. 2210

Q

Fig. 2.1 DC mator with separate electromagnetic excitation.

The mischine behavior in moter egeration made is described by the following
CEuations:

d
=R —(L ,
ue e le+dt( e le)
u,=R, ia+i(La-za)+e,
dt
€=k'¢'Q, LI1:I
m=ke-i,
m—-m,—m,=J——, m, +m =m,,
$=1(0)

wheere: B, and B, are the excitation winding total resitance and the armature crouit
total resistance, respectively; Lo L, ane the excitation winding total inductance and the
armature total inductance, respectively; o and w, are the instantaneous values of the
valtages a1 the excitation winding tenminals and armature winding terminats; L and § are
Ehve crrent instamanesus values through the armasture winding or excitation wainding: & is
the magnets motive force induced by the excitation fickd,

Whenowriting the relaticnships {2.1), the transient electromagnetic regime that Lakes
place inside the machine windings (escitation + armature), due te the varation aof curents
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and Muzes o3 well 3 the mechanical transient regime of the machine rater due 1o the
angular velacity varation were considersd, The brushes were considered 1o be placed in
the newtral axis,

The first two eguations are the result of applying the electramagnetc induction law
along the armature and excitation windings crouits, When the brushes aee placed in the
peutral axis, there & o mutwal inductance between the excitation winding and the
arrnature winding,

Bothy L. arvd Ly were introduced, bur as derivatives, a3 they are variabbe with the boad, o
A conseoguence al the mac hine saturation variatian,

Thie total flux ¥=Li {chained 1o the excitation windings turns) has bwo components:
thie dispersion comipanent L., i and the main companent %, that penetrates the ratar and
i proparticnal to the polar lux ¢, 1t can be written as:;

‘//e :Le'ie:l//ea-H//eh :Lecr'l.e+Leh 'ie {2.2)
L, i,=C-¢ {2.3)

wheste L is the main inductance L, = 8 and © is the proportionality constant,
Since L, generally varies within the restricted limits, itcan be admirted that L=ct and
therefone,

AL, i) . di

= La —a 4

dt dt 4
The third and fourth equations represent the expressions of the magneto motive foree
incluced by rotaticn and of the electromagnetic tonque, respectivehy, In these relationships,

k is & naredimensional constant that depends on the machine construction:
p-N
-2a

k=

{2.5)

wheesre prepresents the number of pair poles, ¥ is the nomber af terns and #is the pairs
rmber of the winding poths,

The fifth relation represents the fundamental motion equation, where 5 is the mament
of inertia for the maching tegether with the waorking mechanism related 1o the machine
shaft, amd ms is the ol instantaneous terque that can be decamposed inla twa
Codrpanents: the viscous riction wague m,=F00 and the tergue, independent of speed, m,

The DC micnors have two operating rodes:

4} the canstant lux regirme [(I) = CansLl

b the constant armature valtage reginmee (L, = ConsL),
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2.2.1 The armature control of the DC motor

Thie armiature control af the DO mictor is charscterissd by a canstant excitation fus. In
ther cose of steady-state regime, by customizing the relatian (211 the egquation of the
rmechanical ¢haracteristic is abrained:

K K
m:_ua__Q:kMua_F;Q ﬂﬁ:l
Ra Ra
whesre Ksksp[WE] the machine constamt {for motors withe separate and  parallel
excitation, decanst)
KZ
The amplification voltage-torgue cocflicient R£ and F, = i k, K  the
a a
electric wiscous friction cosflicient, characterzse the behavior of a particular mator, The
limearity of the charscueristics [26) is important far the operation of the drive system.
Extrermety impartant is also the minirmuarm value of the valtage control U, for which the
rmctor is idling.

For valtage walues <., the motor does not respond 1o s control signal, the physical
causes being the friction in the bearings, the rotor preferential position due o electrical or
mecharical machine imbalances, e, For guality moters, U, <3 % from the maximum
control voltage, The contral characteristics, the dependence me=ful with speed parameter
ari: shown in Fig. 2.2 and should be as linear as possible. The developed effective power
can be written as

P, =mQ=(kyu, - FQ)Q 2.7

It 5 howbed b meted than the effective power is 2ero durirg startup £=01 and idle (m o= 0)
arvd has a maximurm deducred from:

dt 2F 2

Um Uam b
Fig. 2.2 The contrel characteristics of the DC mators with centred on the armature
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The variation characteristic is depicted in Fig. 2.3 and shows thar the matar's critical
Erararmeters ane thae riaximam starting torgue My, the maxirmum developed poweer Py, and
the idling webacity 02, corresponcing 1o the maximum cantrol signal Uy, without alsa
specilying the nomminal paramieters such as power and speed,

My
Ry
MPN. M=f(a)
Fi_.:f(n.)
|
|
|
|
0 | _
1’2.00 .Qo 0

Fig. 2.3 Variation of the effective power based on the speed.

Iry the dyraamic mcde, the relationships (2,10 can be directly entered into the operation,
conaidering thal, in general, Csb=s &), where 8 is the position angle of the mator shalt

e(s)=K-s-6(s)
u,(s)=K-s-0(s)+R,(1+sT,)i,(s)
m(s) =Ki, (s)
m(s)=F,(1+sT,)s0(s)+m,(s)

(2.9

where TaslH, — s the time constant of the armature circuit, and  T=0E- is the
electramec hanical constant af the motes and the losd,

By eliminating the current in the first three relationshigs in (2,97 and by intreducing ke,
and . it can be written that:

_R7.M“ (5) K sO(s)  k,

= u,(s)

F,-s6(s)
1+sT. R, 1+sT, 1+sT, '

1+sT

a

14.10)

and intraducing the last relationship in (2.9], it yields:

kM
1+ST; ua (S) mr (S)

__Fk
1457,

l+%(1+sTm)(1+s7;) s6(s), {zam
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relaticrship that allows the presentation of the motor transfer function throwgh a block
disgrarm a5 depicted in Fig 2.4.48.

!-m.-(s)
Uals) kM 1+sTg 9(52
1+sTq skl1+ E—(hﬂm(hsTu)]

d
-y (s)
Ugls) K é 1(Fp + Fe) B (s)
e o LAL RS
s(1+sTm )
b.

Fig. 24 Bleck diagrarm of the DC maton: a) complete schermie; b simplified schermae

If Ty Ty in the relatiorship (2.1 1), some simplifications could be made and therefose,
the sirmplified Block scherme in Fig 248 is obrained. In the absence of a static torgque, the
sirnglified trarmsfer function obtains the forme

_00) . ky
Gm(s)_ua(s) _F-s(1+sTm)'

{2.12)

wheere: FoFeF, which shiows that the DO matar with controlled armature behaves
dynamically as a set of twe elements, an aperiodic imerial one, with the time constant T,
arvd an integrator. This micclel can be used in rost cases (3],

2.2.2 The DC motor with controlled excitation

This motes is encountered in many sitaations due to the reduced power of the control
circuin, which represents few percentages from the armature cantrel power. Fora constant
supply vealtage of the armistune, U, = o, the control of the excitation lesds wo inappropriate
mechanical charsctesistics, By specifying the relationship (2.1} Tar the steady-state regime,
the fallowing equations are abtaimsd:

U,=e+R,,
u, =R, 1213
e=k Qi

the last relationship being written asswming the lincarzation of the magmetizing
charactenstic d=fil Taking into account the expression of the electromagnetic torgue
ik il the expression of the mechanical characteristics of the DT motor with control on
excitation, At a constant rotor voltage, is deduced:
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' 2.2
_kUu, ku; o

"TRR RR el

It is ricated that the starting torguee, term which is independent of Q , varies with the first
order of the contral voltage a1 the sarme time with the characteristc slope with the second
orcder of this voltage, Fig. 2.5 shaws two characteristics illustrating a situation incom patibde
with a drive systerm, namely that beeo diffierent values for the contral voltsge carrespond
Lo thee Samie operating point.

My

Fig. 2.5 Mechanical characteristics of the DT motar with contred en excitation
AT L % % %
i

T -

L

L TTT

Fig 2.6 The Bowcherot scherme for feeding the armature af the DT monar,

The commard Tar the excitation becames interesting and s used when feeding the
rotor rodn & constant current source,. see Fig. 26, Since a constant voltage sowrce is
generally characterized by a very law mmpedance and a constant cutput voltage in a given
variation range of the supplied current, the camstant current scurce is characterized by a
very high impedance and a variablde output voltage in the same range, In addition, if, for a
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constant valtage sowce, the most favorable operation mode is the no-load one and the
micat unfavorable is the short circuit o Tor the constant current source is the opposite
way: the shart circuit is favorable, and the no-lcad mode is vsually ot wlerated. The
conatant curment source is based on the Boucherot type circuit, Fig, 2.6 15 built using an
electranically conralled semiconductor power plant

Iry b steady state, it can be written:

" u
m=ki=k—<=k,u {2.19)
e R MTe

e

Im Fig. 2.7.a, the regquiation characteristic is shown, with the observation that, in the
upper zon, due 1o the saturation, it devistes from the lire. In Fig. 2.7.b. the mechanical
charactenistics show stiffriess because £, = 3, which is a minor disadvantage compared 1o
thee armature contral method because the improserment of the stationary regime can be
oz by mmeans of & negative speed feedback, assuming a linsar magretizing chanactemstic,

WM& Mﬂ
Mp Ve
Mp

P 0.75U¢

05U,

0.25Uq

U: n:
a. Ve b.

Fig. 2.7 Characteristics aff DO motors with controd an excitation: 31 contral characteristics;
bl rrvechanical ¢haracteristics.

The major disadvantage of the method is that the excitation circuit bas a much larger
tirmwe constant tham the anmatwre circuit and, therelore, from a dynamic point of view, the
aysterm has lower performances than the armature contral.

2.2.3 The DC motor with series excitation

The DC matar with series excitation i used o position loads that requine large starting
torgques and where linear mechanical characteristics are not absclutely needed, The DC
seres mobar has a draswback dwe 1o the inability 1o sense the sign change of the cormmand
signal. This incomvenience B constructively solved as depicted in Fig. 28 with twe
excitation windings and a diode so that, regardbess of the current direction, the excitation
flux has the same path,
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Assuming lirear lield operation, the equations in steady-state ane
u,=i (R, +R)+e; e=k i, Q; m=ki ¢=kii (218

Fig. 2.9 shows the mechanical characteristics evidentiating their nonlinear character,

Considering the mator runmirkg at low angular speeds arcund the pause position (B0, the
haracteristics can be approximated by a straight line, soitcan be writterr

m=ki,=M, —F e=kQ {217

and similar to the DC armatere-controlled motor, for a low static torgue carmpared 1o
thee starting one, the transfer Turction with canstant coefficients B deduced-

1

k

G,(s)= = : {218
w(5) {

1+I;’”(s+s7;)(1+sTm)

e

whesre Fo=k (R +R.}is the slope of the nearized mechanical characteristic:
Tlr ':L-u"lilr.llﬂ.ﬁq U er.l'

Excitation

4—
——*—

Fig. 2.8 The D series motor scherme

m
m=f(I)

N

k)
I\
PR m=f(Q)
I ,,/

AQ Wit

Fig. 2.8 Characteristics of the DO series mator

2ISTARILR, HRAKING AKD SFEED CDMTRM. M CLASSE [ ELECTRE [RRVES i




2.3 Physical characteristics of DC motors

There are situations where a moee accurane model is needed, one which also considers,
Tar exarmphe, the variation of soeme parameters, the induction reacion, the Brosh voltage
dnog, e,

For a micre accurate DO mator madel, the relationsbip (2.7} can be written o

u, =+ R (1)1, L, (1) 2

+€(ia,ie)+Aup (i,)

e-i =e0+g(iu,ig).i

; {219
Q Q

e0=k¢0Q; ¢0:f(ie); m=

szd—Q-i-mr +F,(Q)-Q
dt
ir which B, represents the brosh valtage drap, F, is the mechanical fricians depending
on the speed and € is the decrease of the dlecirometive farce due 1o the armatune resction
For the DC matars with electramagnetic excitation, the srmature fescion is imponant,
wspecially for high excitation currents, and for thase DC motors with permanent magners

excitatian, the effect of the armature resction can be neglected,

The variations afl the brosh valtage drops are nan-linear, depending on the laad current,
For good guality brushes cases and currents greater than 30% of . this valtege drop can
be approximated by 1[V],

The rotor resistance deperds an the winding wermperature and, therefore, indirecthy, on
thee loaed current It can be simply determined by knowing the coefficient of the torguee
resistivity variation with temgerature, knawing that a variation af the rotor temiperatune
froam 25 'Ol o 155 [°C] leads to an electric resistance inorease of 5050 [33],

Alsa, the rotar cincuit indu ande & nol constant and varies with the lasd corrent more
fear & D rotor with electromagnetic excitation and bess for those with permanent magnets,

L4

Gelse) H

"""~ ""
|
I
|
l

_ Ua R
[¢] N "B?T'g

‘Ias

2 b.

Fig. 2,10 a) S1anic roegque characteristic; b the corresponding stractural scherme of the DC motor
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Far rratars operating in & very wide speed range (between 1 and 5000 [rpm), the Bock
disggram in Fig. 2.4.a is not appropriate, especially for wery small rotations close m 2ero. At
these speeds, the most important companent of the resistive torgue is the static friction
toague, wehich has a ronlinear relay type characteristic, & depicted in Fig. 2.10 &

Thie rvachine equations, (2.15), are custarmized as:

. di
u,=Rji,+L,—*+e
dt

e=kQ {2.20
dQ

m—m,:kl(ia—ias)ZJ?

in which iy, represems the current correspanding 1o the static torgue m,. They all
together lesd 10 the block diagram in Fig, 2.10b, in which Gs.e) represents the speed-
dependent trarefer function between the current cormespanding o the static worgue and
the elec tromotive voltage. For the furcion ta be linear, it is necessany for the pulse of the
excitation sigral, in the case of & frequency analysis, t fulfill the condition:

1
o {— (3w i
<T ( {2.21)

m

which is cquivalent to the fact thar the systerm's cutting pulse O = T_ is berween the

Tirst amd the third harmonic of the @, response, Knowing the static weque m, and using the
relationship m=k -k, it 5 possiole o determing the minimom ourrent required for the
mschine starup. In case of a periodically disturbing signal, this curremt has the sllure
shenwm in Fig. 217, Given the particular form of this current, it can be decomposed inte
Faurier series ard, considering anly the first harmmonic, it resulis:

i, (1)= %Ias {2.22)

For each value of & there can be found a G, transfer factor correspanding 1o the first
harmicanic,

G,(e)=—= [2.23)
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which has a hyperbolic variation of &, 1, being canstant. Thus, considering $7.>>1, with
the determined Guds, &) in Fig, 2000 b, the equivalent system of the intermupted contour
becomes:

o |
ias
e ias
las
0 oo
T 2m wt
~las

RU
T 1 1
H(s)=——sn = : {224
1+ SI;:Z 'Gsl (e) GSl (e) 1+132Tm(e)
m a sl

arvd the block disgram of the servormator becormes as depicted in Fig, 2,02, where the
product 8,0, (e} depends of the machine minimum staring voltage,

R,-G,(e) _4 s {2.25)
e
N 1+s5.TA GS] “Smm

Fig. 2. 2 Block diagram fes the linearzed model

It is Fownd that, a1 3 very bow speed. the factor T70,0e) is very small, whichis equivalent
te Breaking the loop an the direct path, A decresse in the electromechanical time constant,
& decrease which must Be taken imte account when choosing the paramelers of the
coptreller s also noted, From the presented model, there s a need for adaptive
regulators 10 ersure the comect operation of the motors in & wide speed range with
medifiable parameters depending on a slow variable, 2.g. the average rotation speed.
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Evern in stationary mode, for a well-filtered continuaus supply, the slectrormagnetic
Todgpue is nat constant, but exhibits a variation as in Fig. 2,13 due w the switching, due 1o
thve variation of the magnetic reluctance in the shots, ete. A very low speeds, these torgue

ripples are ranifiested imthe losd oscilllating speed, being extremiely difficult 1o remose themn,
Therefore, a torque ripples cosflicient is used o determine the quality of the DC motors,
Mmax — Mmin
k, =—ma—min {2.26)

Mmax + Mmin

which has walues =1 = 2% for motoes inoa contral range = 1: 10000 [rpm). For this
purpose, canstrective solutions such as the inclination of the rotor slots and the inorease
of the mumber of commutatar segments are used, et

m |

Figu2. 13 Time varying eleciremagrelic iorgue

In comclusion, it is noted that the B maotors. perfomrmances related o torgue, spaeed,
heat, ete, can be fownd in the special catalogues of the bailding metom companies.,

2.4 Static converters feeding DC machines

2.4.1 Converters with natural commutation
Thies group of converters includes an extremely vast solution based on natural

Cormmutation. As the netwark or the machine can supply the switching veltage, three
raajor classes of applications ane distinguished:
o comverters with commutation fram the network, eperating in rectifier and inverter
rracscle;
o Treguency comverters with direct network cammutation [Cycko-convertens);
o coryertirs with commutation from the load, usually aperating in the inverter modee,

Iry this paragraph, the group of rectifiers and inventers with network commatation is
ayrithetically rested. The approach i based on the vast expenience and work accomplishments
achieved by the Department of Electrical Ersgineering [£]

2ISTARILR, HRAKING AKD SFEED CDMTRM. M CLASSE [ ELECTRE [RRVES -




The rectifiens convert the energy from &C into BC, They can operate in one, two or four
quadrants, These variants ogether with acles delimitation of the quadrams in the voltage
and current space coordinates are represented in Fig, 2,14 Due o the wnidirectional
current conduction propery through the thyristars, the current at the rectifier sutput can
have andy one sense, As it will be shown mest, it is, bowever, possible for a continued
variation of the voltage from @ maximun positive value 19 a negative masimum valoe by

changing the control angle.
Uag
s

_H_
a ¥

Ugj

an

bl

Figu2. 14 Cornvertins with direct retwork cormerutation, the raain types: a) rectifiors with a single-
spuacdrant (semi-detse hed or unedecked ); b vwo-gquadrant rectifiens; o four-gquadrant rectifens

c.

For the inverter cperation mode, however, there is an important condition to be
satisfied: the load moust be active, 2 it has an elecrromotive voltage, This & the cnly way
iry whach the curent could be maintained positive through the valves, while the load
vallagee s negative,

The four-guadrant canverers ane obtained by seting v two anti-paralle] two-gusdrant
corwertirs and by allewing the reversal of bath the sutput voltage and the curent.

2.4.1.1 Two-guadrant conwerters

This caregory consists of & series of schemes that are widely used in power electronics,
providing both voltage polarities and one sense fon the current, Rectifier operation means
faze @ tgs @ wihile wy <0 g2 Ocharacterioes the imverter aperation mode.
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Thie icdeal theory of these canverters is presented below and it supposes to neglecte the
commutation and 1o consider that the overlspping intervasl st the anode is negligible and
that it does not infleerce the progress of the phenomena, The valves are also corsidened
a5 ideal components.

A, Single-phase converter with rull

e of the mast used rectifier schemes is that of the midpoint rectifier ar null, &5 showm
in Fig. 2.15.
Thie twis thyristors are conmected in the secondary of the mona-phase tramsformien with

a median paint, the load being connected between the thyristors cathodes and the
miedian paint,

i i ;
O > > ” ld,
O O T1 R
USI
~Up .
Us, Udg +
v . Y-
|
52.'.: H

T2

Figu2.13 Single-phase converter with null

For the twe-guadrant operation, the load must have an electromative valtage (usually
4 DC machine or a batery).

It s assurmesd that the losd circuit bas a stoomg inductive character, L — oo, which means
that the lesd current can be considered constant ebect With the motations fram Fig. 2.1 5,
Lhve vallages expressions in the primary and secondary of the ranslenmers ane:

u,=U,, -sinwt:\/E.Up - sin ot
: . 12.27)
Uy =-u, =U,, st =\/5'Us -sin wt

By priming the thyristors, the secondary of the transformer is conmected 1o the lasd. The
rectified voltage is obrained by sequentially controlling the two thyristors on a half period
af the supply valtage, where the continuous voltage presents by pulses,
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Thie thyristars cananly be primed if they are polarized directly, The natural amiortization
paint is at the beginning of each half pericd, Fig. 2,06 a, Thus, the aperation is identical 1o
that of an uncontrallsd (diode) rectifier, 1t yields to that the diode schemes are particular
operation cases ol those containing thyristons,

I Ehve Blescked state, the voltage drop on the thyristor is:

Us sy Us2 Usy 5
renilislliiincoenilizalians«niiiliilns sk}
N ~— S~

el Figunanin BN

SN ITYSINENEE T 4N -

Fig. 206 Vedvagees and currents variations st single-phase corverter with null: a) o =0
dnatural prirning); Bl o = 452

Iy the Blocked state, the voltage drop on the thyristor is:
Up =u,—u,=2-U,, -sinwt {2.28)
having a maximum value of;

U, =2-U {229

max sm
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If & prirming at s command angle o= 0° & considered, Fig, 2.16.b, the rectified voltage is:

u,=u,=U_ -sinot, a<wt<rz+a (30
u,=u,=-U_ -sinot, t+a<wt<2r+a

Anincrease in the control angle o causes a diecrease in the rectified sversge voltage
and, a1 the same time, the Tundamenal of the ransformer's primary corrent will deviate
Troem thie supply mains voltage lo, = ol

The rectificd average voltage of the comeerter is:

T+a . 2 2 2
. I U, sinot-d(ot)y=—-U_, ~cosa=i-Us -cosa =U ,,-cosa {231
: bia b4

U,=

N [=

wheisre Uy, represernts the maximom ideal rectified voltage.

It can be seen fram the relationship (2.31) that for o =907, the average value af the
rectified woltage i null and for o > 90°, the rectified average voltage Becomes megative
and the corverter operates in the imeerter mode, In this sitwation, the koad must maintain
th sense af current throwgh thyristors, which is possible anly il ehas reversed its polarity
and if @ > U In this situation, the energy is transferred from the losd o the source., Il the
ladd is represented by a DC machine, it will be driven rarm the autside, in reverse dinsction,
at a speed that causes an electromaotive voltage greater than the average value of the
rectified voltage: in other words, the DC machine will operate as 3 gereratar, The current
rmust therefone satisfy the ineguality in all the ciroumstances:

U,-e
R

with the abservation that, due to the assumiption that L — oo, thae filter inductance does
rik appear in the relationship {2,320,

1, =

>0 {2.22)

It means that, in the rectifion mode, the inegualities ane valid:

U,>e>0
12.33)
pP=U,-1,>0
and in inverter operation mode:
U,<e<0
12.34]
P=U,-1,<0

Far the tansformer sizing, a sefies of uselul design relstionships can be deduced,

Considering the tansfarmation ratio, in general, to b
k= {2.35)
NZ
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whesre My and N ane the total number of turms in thie prirmary of the transformer anc Ball
turng im the transformer secondary, respectively, and, also, considering for simplificatian

that k= 1. thee following expressions are obtained:

12.36)

T

j -d(ot) = J’
0
The apparent power of the transformer results as an average value of the apparent
paweers in the primany and secondary of the transformer:

l-(Sp+SS)=1-(UP-Ip+US-IS)=
1237

1 - —— ——

T5E Y IE

It is moted that, ar the sngle-phase carwerter with noll, the pewer transfarmer s
oversized by 34% in comparison with the power in thie DC circoit due to the fscr that it is
paorly used, Indeed, the secondary windings operate only for a hall-period.

The apparent power absorbed from the mains s
S =8 U, -1, z1.11-P
r P 2\/_ do d do

Thus, ks than that for wehich the transfonmes is io be dimensionsd, Incanclusicn, the
achwermie can anly Be wsed at low powers, which do net exceed the KW ordir, due to the

) Uy 1,=21.34-F,

1238

translormer's cost and gaug,
Generally, for the grid-conmected converters, the shape factor kand wave factar K. are

defined xs:
Udef . k Udef ulzg:

wheere Ly is the average value of the rectified vollage, Ueris the effective value of the
rectified woltsge and U s the effective value of the rectified voltage alternating

Cormponent and:
A/Ujef U2 = / —1=k,-U, {240)

de/

Thesesizes qualitatively charscterize the rectified voltage.
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b Single-phase bridge converter

This converver is wsoally preferred o the null converter Because it can be connected
directly to the network, withouwt using a transformer, Even il the transformer is still used,
this is done very efficienth. The operation of the bridge comerter is based on the disgram
im Fig. 2.7, The comverber is comprised of bwo converters with null, the load being
cormected between Fand M, In a half-period, the thyristars T, and T lead, and inthe otber
half period, T.and T, lesd. Considerning a reference null, it can be notiosd that the rectified

valtage is:
Uy =Uy —Uyy
P_id
T T3
i ig * lUﬁP L
=
b 1 D
stN I
UgN
¥ ¥ e
N

Fig. 217 Single-phase bridge converter

Thie awverage wollages anes
rra
1 "1 . U
— I —-U,, sinotd(wr)=—"-cosa,
o b 2 T
U
Uy =——"-COSUy
V4
Uy =Upp —Ugy =

12211

12412]

In the case of o symmetrical commaned, almost exclusively wed, o, = o= o and the

average rectified veltage:

2 22
Uu,=—-U,,-cosa=——"U_ -cosa=U, -cosa
r r

1243
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The waveforms are shown in Fig. 2.18.

The voltage at which the thyristors are required to enter in conduction is half of the null
converter voltage.

The apparent power of the power transformer is:

T

22

1
StZE'(SerSS):Sp:Sx: U,-1,=1.11-P, (2.44)

therefore, it is oversized by only 11% of the maximum useful power.

The apparent power absorbed by the mains is equal to that of the transformer:

§=§,=5,=111-E, (2.45)

oL =135°

irt'iTzr M- (-
- [T, frrls et
Ty -1 . ;

[snignnmus [T ot

Fig. 2.18 Variation of voltages and currents in the single-phase bridge converter for a=135°

The essential difference between the bridge and the null schemes is that the bridge
circuit always closes the current through two thyristors located in the two parts of the
bridge and, therefore, at the symmetrical command, two commutations of the same
voltage switching take place simultaneously.
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. Thrise-phase converter with rull

Thie use of the three-phase voltage system allows an increase in the nember of pulses:
3. 6 and multiphes, The converters are supplicd with ordinary or special trarsformiers with
varicus wiring connections, The three-phase neutrsl converter is a three-pulse comwenes,
Fig. 2.19.

n % _Ysi
R
052
S
<53
.

Figu2 19 Three-phase reutral comerter.

The three thyristars lead successively by connecting each phase wath the losd enly once
over a period of 213,

The converter valtages and currents waveforms are shown in Fig. 2.20.
Thie raasirmurn veltsge that aceurs on a lacked wyristor, pelaized directly or viee versa is:

U, =3-U, =6-U [2.46)
that is equal o the maxirmarm value of the line voltage.
The rectified average voltage has the expression

Uu,=U,, -cosc

3.6 12.47)
U, :i.US
27

The rectified voltage decreases a5 the command angle increases; for o > o6, in the
rectified voltage waveforms, megative electric arcs appear in the voltages from the
aecondary of the wransfarrmer, and for o = S /6 (1507 the rectified voltage reaches only
regalive Portians,

The thiee-phase neotral converter allews the corent 1o Mew in the tansfarmers
aecondary in one direction, its average value being:

1 27/3+a [

LI 7]
Lonea =5 I La(o) == {2.48)

[24
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]
|
[T [1d  cof
o= 101 -
] ‘f'l:ﬂ‘u
Fig. 2.20 Variation of valtages and currents for o three-phase neutral converter:
a] o= 07 {natural primingl; b) o =45% b o =150°

The apparent power of the transformier s

(3S +3S)—1 3 2&’_? 32\7_ B

which means an increase of 35% of the maximum power P The apparent power
absarbed by the mains transformers is 5, = 5, = UL ~ 1.27 Fa.

The threephase neutral scheme has the disadvantage of oversizing the transfosmer
e 1o thee poor use of the secondary windings, which limits the pawer obtained with these
corverters @ the eeder of lkws] [£]

2).U,,-1,~135-P, {249

d.  Three-phase bridge comeerter

The impravement of the rectified voltage shape and af the transfarmer pover Factor is
dane by wsing the three-phase bridge conmverter depicted in Fig. 2.27. This is eguivalent 1o
two three-phase newtral converters connected in series. P oand M. In this case, the
tramsformer’s rall is not used, and thene is also the possibility of removing the transformer
il the grid voltage matches the load requirements, The rectilied voltages wdP and udN
relare o o virual null. The operation of the three-phase bridge corwerter impose Lo the
bwer thyristors (o be incondection in esch mament, one of the P growp and one of the N
graug, but obwioushy from different phases, The value of the rectified voltage &:
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cosa, +cosa,,
udzudp—uszUdo-f {2.50

usually considering o, = o, = .

R
Uﬂ l.
 J e
Fig.2.21 Three-phase bridge converter,
The expression af the maximurm rectilied volisge is
Udozﬁ-Usmzﬁ-Us {251
T T

Examining the waveforms in Fig. 2.22, itis noted thae:

o the rectified voltage reaches its maimurm irstantaneous '3 U, if o < 307 ar o >
1507

o the rectified valtage has cnly positive values if 0 o <607 and only negative values
if 120 o <180%

o the rectilied voltage, for which the thyristars are in the blocked state, represents the
line valtage and appesrs each tme an the blocked wvalve, either in reverse of direct
paolarization,

Here, too, the current is cancelled for oo = 507 bwice in & pericd and coutions shaukd be
taken Tor paming. n essence, the command pulses must lase longer than 16 of a period,
of the thyristors receive double pulses having a phase-shilt of 60° betwisen them.

The phase current of the ramsformers secondary winding is composed af all the
currents through the valves on the same phase and does not have a contineooes
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companent. The current in the transfommer's primary winding is identical to the cne in the
secandary one. Considering £t = 1, the siging's characterizing the ransfommer ares

4r/3 5 {50
1,=1 \/ jﬁ a’(a)t)z\/;-ld

With these sizes, the apparent power of the transformer is:

T 2
St:3'UP'[P:3'US']S:ﬁ.\/;'UdO'IdEl'OS'PdO 12.53]

It is naticed that the wansformer is properly used, its appanent power being anly 5%
higher than the maximen wseful power Py When the transfarme s windings are star
conmiecbiod, the sam value for its apparent power i obtainesd,

It can be concluded that the three-phase bridge scheme is the most efficient scheme,
with such cormeerters having a wide spread of up o hundreds of kKW,

| AT | L | LT | LT ||
! ] I
e,

g1 2ip1

5272

is3=1p3
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Fig. 2.22 Variation of valteges and currents for a bi-phase bridge converter: a o, =0"
dnatwral prirning); B o =45% ¢) o =1 35°

e Convernter schemes with an increased rumber of pulses

In practice, in the high powe static comeerters Bield, ather schemes that have the
number of pulses > 6 are also used.

Fig. 223 shews a B-pulse comerter with midpoint M& 7 30, where the star-conmedted
traralormer's seconday windings form a hexagonal system. This scheme is nat identical
b the parallel conmection of twe of the three-pulse carverter schemes, i1 performance
bedng similar to the three-phase bridge comvener in terms of continuous valtage
wirveforms, One of its drawbacks is similar to the ane of the other median point schermes,
i inefficient operation of the transformer, In other wards, it is cversized,
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Fig.2.23 Gpulse converter with mid-paint.

Fig. 2.24 6-pulse comverter and absarptian coil

Ansather variant i the diagram in Fig. 224, Here, the twe sections of the convener
aperate in parallel through an inductive voltage divider, Basically, it is an induction cail
with & mid-paint socket, called an absorption coil, whose compuling power is relatinely
amiall, Because there is no cortinuouws Aus in it
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The absorption coil scheme bas the advantage that the curent trarsition time
cormesponds 1o 1207 and affers a bemer use of the valves and of the ransTarmer,

At very high powers, two G-pulse comverters ane conmscted in parallel through an
absarption coil, abtaining a 12-pulse comerter, Fig. 225,

yrY rry

Fig2.25 12-pulse comerter with throe absarption coils,

Il & high continuous voltage is required, which implies a bigher number of vakoes
cannected in series, the 12-pulse converter would represent the solution, as depicted in
Fig. 226, It uses bifurcated bridge comarters, Only one transformier having two secondaries is
necded. This means that the phase shift between voltages is 30°

Ly L
JL
oo

Fig. 2.26 12-pulse comeerber that uses two Bridges conpected in e

D vo the serial conmection instead of a paraled connection, the absarption coil is
eliminated [2]
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2.4.1.2 One-quadrant converters

There are many power receivirs thar require unidirectional DT current and voltage,
these camverters operate in one-guadrant, This category, which is a panticular case of the
twramguadrant comverters, includes comverters for which several thyristors ane replaced by
dicdes, In general, & mains dirsct commutation comeerter could operate in one-qusdrant
il in containg at beast one dicde inits strocture, Operation in one-guadnant is alo spedific
b thes tveo-auadrant coneerters that fesd passine load, e without its awn electromaotive
valtage, Particularly, for the ane-quadrant converters that can aperate ondy in rectifier
rmcde, the narme “rectifier” is appropriate for them.

A, Single-phase half-controlled bricge rectifier

This cormerter can be built in two variants, a3 an asymmetrical or syrmmetrical badge,
depending on thae lacation of the diodes.

The asymmetrical bridgeis <howrin Fig, 2,27, We can consider the rectifier comipased
of twe rull carverters, of which P is ordered and Nis ot ordered. The voltage uy consists
af wgp and v rmeaswred in relation with the fctitious null. The reladonships (2.41}) and
12420 rermain valid, with the remarks that the contral angle g = o for the P side and oq= 0
for the diodes side,

~“Up Us —_— e —

—_—
c
w
2
—
&
=2
—
L]

Fig. 2.27 Single-phase rectifier in asymimeniical bridge

The lasd volrage valueis null if two valves on the same vertically side al the bridge drive
sirrmltaneously, The rectified voltage contains anly pasitive portions and can be modified
ARG
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ud:&~(l+cosa)=Udo~l+cﬂ {2.54)
V4 1
Basicaly, the contral angle o cannot reach 180" because for this to happen, it woukd
rman invohving the applicaton of & reverse voltage on the interval £ = g Tar Blocking the
thyvistar. W &, < L. there may be a chamce for the bridge wo lip-flog, e the blocked
thyristar tare-enter the canduction without being controlled, resulting ina riseof the load
valtage and, impdicitly, in a forced current occurence, Fig, 2.28 shows the variation of

currents and valtages for the symmewicsl bricge.

oL =45°

12 '

- m 'IIIII_[I[l[Iu]I'l Ig ot

lm!_l- !KI:I.IIIHIH{. L7 Ig ot
Upipiipy | PTUs % 1

I

& |
e P
" LTI T
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Fig. 2.28 Currents and valtages for an ssymmetric bridge with o =45"

T avaid the rectilier tipping ard Lo trigger operation at valtages U = 0, 4 freewheeling
diode completes the diagram, absorbing the load cument from the valve pairs T, - 0, and
T: = Dy respectively, ewery time the voltage Uy becomies 0,
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The semi-controlled symmetrical bridge., Fig, 229, comtaing thyristors and disdes on
the sarme side, and, thus, the fast diode is no longer needed, becaose the diodes take over
its robe togetker,

~“Up Us —_—— —

Fig. 2.29 Single-phase rectifier in symimetrical bridge

Mane of the halt-bridges, Poor M, is fulby-corrolled by the neutal comverters and,
consequenthy, the rectified aversge voltage is determined over a hall-period,

U l1+cosa
7;’" ‘(I+cosa)=U,, — {2.55)

1 7 .
u, :;'.[UW sinot(dot) =

Figg. 2.30 sheaws the variation of currents and voltages for the semi-controlled symmetrical
bricge. It can be seen that the shape of the rectifice valtage & the samee as for the asyrmemetrical
brichge, but there it a major difference in the duration ol canduction of the thyristars and
dicdes, The thyristers are in conduction on - o and the diodes onn + o

The voltage demand i the same for all vales,

The phase-shilt between the commanded fundamental and the translfomer voltage is
sirmilar 1o the ane in the asymmetrical bradge ¢, = /2.

Alsa, in the syrmnetrical semi-contrelled bradge, there is no tlting danger due 1o the
inverse polarization of the thyristons over avoltage semi period, the dicdes also taking ower
the rede of & fast diode alvernatively.
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Fig. 2.30 Variation of currents and valtages for o = 453 Tor the sermi-controlied
symimetrical beicge

b Thrse-phase rectifier in sermi-controlled bridge

By replacireg the thyristors in ane pant ol the diode bridge, 5 semi-controlled three-
phase rectilier is ebrained, Fig, 2,31, This rectifier can be cansidered a8 consisting of twe
newtral three-phase convertens, one cammanded (P and ane non- commanded (M)

The diodes are apened at the natural preming paints joy = 00 and the thyristors ane
prirmed in pairs by the command angle.

Fig. 2.32 shows the variation of the currents and the voltages for three-phase rectifier
with hadl-comrolled bridge. It is noted that, for o < 607, the rectified instantansouws valtage
is nat cancelled, the vahoes in the two parts switching ot differem times. For o = 607, the
priming moments far the thyristors and diodes coincide and the instanthy rectified voltage
g is cancelled theee times over 8 pericd, For o =607, valtage Breaks ocow and the greater
o s, the lenger they are, During the cancellation of the rectified voltage, Fig, 2.32.b, the
valves pairs on the same side, T-0y, T-Dy To-Ds, ensure the discharge of the iy current,
playing the role of a fast diode, On these time intervals, the current absorbed from the
i is rull,
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The rectified valtsge i computed by using:

_3.\/3 I+cosa

Uy =Uy, — Uy -us(1+cosa)=Ud0-T {2.58)

sirmilar to {2,551, but Wy has the value of (2,525

s

Uy u
R — == 1”.19 R
s e I
T 1";]"
h B 4 €
mT A DA
N

o =120°

Fig. 2.32 Variation of currents and vallages fora) o = 30% blo = 1207,
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Al the ather considerations, shawn at the three-phase controlled bridge cormverters
regarding the valves” maximum voltage, the currents and voltages in the primary and
secandary trarafarmer’s windings are its sizing, remain valid bere, too, Thens is a phase-
shift bBetween the fundamental current phase of the rransformes and valtage of ¢, = 2.
In this case, the rmaxirmum contral angle canmot reach 1807 due o the bridge swinging. To
rernicy this, there are two solutions: using a fast dicce or supplying the Bridge froem the
translarmer's secondsry cirowit with different voltages [4]

. Fastdiodes rectifiors

Installing & fast diode prevents the imerter from tipping at high command angles.
Irs talling & fast dicde 1o the teeo gquadiants comeerters provides it with the possibility o
operate only in rectifier mode, which actually means aperation in ane quadsant, The fast
dicde enters in conduction mode by shior-cincuiting the load whenever the rectified
valtage uy becormies negative. Practically, the Tast diode “cuts” the negative portions of the
rectified woltage, cancelling them, For this reason, this diode is alse keown in the literature
#% the nul dioda

The single-phase bridge rectifier with mull diode is shiown in Fig. 2.33. The currents
arvd voltages can be seenin Fig. 2.34,

—>
U
i‘.,T
T1 Ta
——— 71
N E! T
I D; iof
P » N
) —
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Fig. 2.33 Single-phase rectifier with null diode bridge
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Fig. 2.34 Currents and veltages for a single-phise contrelled bridoge with null diode

The requests are the samee, but on the diode conduction periad, the thyristars ane
polarised inversely at the voltage w2, For the remaining half-period t-o, the vohsge u. is
applicd to the blocked thyristor,

The single-phase rectifier with null and fast diode, Fig. 2.35, comaing onky Tew valves
arvd has varistions in currents and voltsges similar 1o the previous schome,

Iy

Ud e

Fig. 2.35 Single-phase rectifies with null ared Tast diode
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The weaveforrms af currents and valtages are shown in Fig, 2.36.
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Fig. 236 Variation of currents and voltages for the angle-phase rectifier with null and fast

diode, for o = 45"

The three-phase rectifier with null and fast diode, Fig. .37, is characterizesd by the
fact that the dicde enters in conduction enly il ed <0, which alse means that Tar contrel
argles oo = 6, For angles o < /6, the Fast diode Bas mo robe, the wavelonms of currents
arvdd voltages beirg sirmilar to the three-phoase canverter with noll diode, For o > 7 /6, the

variation of curents and valtages is shownin Fig, 238

R i Y, Us1 T -
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Fig. 2.37 Three-phase rectifies with il and Tast diode,
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Thearetically, the maxirmurm control anghe is ome = 516, because the range in which
Uy O between the natural paming rmoment do = 01 and the moment when o, is cancdled,
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Fig. 2.38 Variation of currents and veltsges far the three-phsse rectifier with null diode
fear o = 75"
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Fig. .39 Three-phase bridge rectifier with nul diode
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The null diode bridge three-phase rectifier, Fig. 2.39, has the particularity that the
rid| dicde has, narale for angles o < /3, the shape of the currents and voltages being the
samie as for the cammon three-phase bridge, If o > &2% doe o the null dicde entering the
conduction when the voltage ug becormes rull, the rectified woltage is cancelled stintervals
ol 703 - o Thyristor contral pubses must be repeated ina period @ retreve the load current
freem thie DF dicde and penmanenthy enswre the curent closing path.

Fig. 240 shawrs the variation of currents and voltages for o = 75% I is noted thar the
dicde Ovis in conduction six timies during one period.

n's i nfy T3 nf3 pTs r"s i ::T1 A ot
1
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Fig. 240 Variation of currents and valtages for o = 75"

Rz

The veltage on a blocked thyristor is obrained either from the corresponding line
valtages or from the fast voltage, because when the null diode leads, the thyristor is
subjected to the fast voltage. The voltage on the blocked diode is always equal and
apposite @ the ectified voltage uy
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2-4.1.3 Four quadrants converters

Rewversible elecric dives [5] use four-quadrant converters, abtained by coupling two
twramuadrant converters, one for each current direction The four-quadrant convertens
allow the operation of the D machine in any mode and quadrant, without any ather
awxiliary elements,

Thie twea two-gquadrant canverters A and B, Fig. 241, are contralled with the angles os
and o, the diodes in the Fig. showing the direction af the current, The current through the
drive is:

I =1,—1, {257

m

Where fa and e are the average current values for the canverters A and B The serse
of thie current thraugh the machine is determined by the result of this relatonship, The
conwertirs being mownted in antiparallel, it reeans thar the voltage ar the machine
Lermminals is:

u,=U,=-U, {2.58)
where the rectified average voltages U, = —U_ are:

u,=U, cosa,
Uy =U, cosa, 1259

o, +o, >180°

Froom the relationships (2.58) and (2.5, it resuls thar, between the cantrel angles of the
bweas cormeirbers A and B, there must be the relationshipe

a,=oa, =180 {2.60)

By neghecting the mackine and converters’ losses, each operating quadiamt of the comerters
cormeapands va a machine operating quadrant, in valtage snd ourrent coordinates.

The faur-quadrant cormerters, according to the aperating mode of each compaonent
corwerter, are classified in

o without circulating currents, in which case the charscteristics of a gquadrant ane
abtained by the operation of 3 gngle converer, the other converter being blocked;

o with circulating currents means the simultaneows operation of both comverters
riegardless of the quadrant,
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Fig2 41 Four quadrants cormeerters: a) schema of principle: B command chaacteristics;
) operating modes of the fed machine

4. Four-qusdrant comvertens without ciroulating ourrents

The mast cammanly wsed scheme is presented in Fig, 242, wihere two beidges are
conmectod in antiparallel, are being in conduction and the other blocked. The locking of
one of the converters can be done in two ways:

o suppressing the cammand pulses:
o medifying the phase of the command pulses in such & way as 1o avoid the
oocurrence of the circulating currents,

For the second way, the next condition must be met:
a,+a,>180 {261

which invobees the occurrence of an instantaneous rectified voltage opposing to the
current Mow between the twe comverters, The converters withaut Circulating currents are
prisferred ot high power, due to the law numbser of circuit elements 11is necessany, at the
carmmand of these convernes, e notice the lasd pea- crassing cuments in order o decide
which cne of the teo converters will enter inta canductian and which ane will be blocked,
respectively, There ate bwo possibilities for deding this. The first ane is to track the curent
Trowm the D side and, after the zera-crossing, the two companent comeerers to exchange
places, IUis necessary Tor a dead time to lock the valves of the converter that was in the
conduction and then o prime the other ene. Anather variant follows the variation of the
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current an the alternativg cuwrrent side and, at the sere-crossing of one phase, triggers the
procedure of blocking the conduction of the canverter and theen the priming of the other
o, The dead time is approx, 10 ms in Both situations.

POSITIVE MEGATIVE
® CONVERTER lua p CONVERTER

oA T - L -
e
§* * * § Udﬂn* ﬁ i.ﬂ/
o— ! : °

154" " lryy
N g

Fig.242 Fowr-guadrant convermer without cinculating currents; = mono-phase;
three-phage —

Thie fowr-quadrant mon-current comeerter Bas another advantage. Becsuse one of the
COMMPOnent converters is always [ocked, their power supply can be done from the same
secandary ransionmer,

Far the four quadrant of the Uy, §, coordinate system, the operation takes place as
shicwr in Fig, 2.43.

by
BLOCKED INVERTER RECTIFIER BLOCKED
P(+) Im<0 P(+) 120
lga>0
- Uaax0 [ 7 7
- ~ ~ =
A e W v A
' - p
Uge<0]| U.>0 A B U,>0
la=>0

NE) N

BLOCKED RECTIFIER INVERTER BLOCKED
P(-) 1,<0 P(-

1,550 lya=0
A 4a>0 e
- .+ ", .
AN e
U,,<0 A B
lgp>
N(+} N+

Fig. 243 Operating modes of a DC machine fed by a feur-guadrant comeerter
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Ievcquadrant |, the comventer B is Blocked, The comverter & will weork a5 a recrifier withe

l,=1,>0
{262
u,=U,>0
Far the machine, this implies:
Q>0 M>0 1263

i the machine works as 8 motor,
In gpaadrant I, the comeerter A i blocked and the converter B acts a8 an inverern:

ly=-1,>0
u,=-U,<0
and:
Q>0 M<0 12.64)

whic v s that the mschine works a6 o powser gereratorn, pushing energy o the retwork.

Iry gquasdrant L the converter B works as a rectifier, the comverter A is locked and the
miachinge works &8 a reverse moton

lp=-1,>0
Up=-U,>0

12.65)

aniel
Q=0 M<O0

Iry qquadeant IV, the converter & a018 88 an inverters, the conventer B s locked and the
miachine 3c1s a% & generatorn:

I,=1,>0
Uu,=U,<0

m

12.66)

and:
Q<0 M>0
the energy ransier being rom the machine o the network.

The proper operation of the four-guadrant canverter poses problems with loe laads,
whesre a discontinuous conduction may appear with a current break [5], [6).
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b Four guadrant comverters with circulating cuments

The drawback of the discontinuous conduction, aoourring in the comnverters withaut
circulating currents can be eliminated if both two-gquadrant converters are simultaneaushy
commanded insuch a way as 10 provide o corrent flow between them, This current kesps
the canverters in permanent conduction aver the entine operating range. The linear
systerm aperating the contnal system is muoch simplified.

The cormmand of the two converters & and B, Fig. 2474, 15 dome in such a way thar,
between Pand N, for cach canverter, the same average voltage is achioved. As the two
corwerters ane cannected with different polarities, it means that each time 8 comverter
wiorks as . rectifier and the other a5 aninverter, In this case, the relationship (2.60; & rigorously
reespected. Althouwgh the equality bebween the sverage voltages is naticed, the irstantanceous
vahues of thee voltages are not equal, v # v The difference between these instantaneous
valtages determines the circulating curients between the two comeerters and muast be
limited by the inductors placed between the two corwerters, The voltage difference has a
sinuscidal variation and forces a circulating current iC with a pulsating variation:

Uo = Uy — (Ftp) =ty + 1ty e

arl

Zh
iy

¢

.

Fig. 244 Four-guadrant convertirs wath circulating currents: ab - antiparallel assemblhy;
b = cross assemibiby
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The assemblics vied for the four gquadrant and circulating currents canverters are
showm in Fig, 2.44.

The antiparallel assembly has converters connected 1o the same altermating voltage
saurce, in which case two circulating cumrents @ ared (7, are established and four Locoils
ane reqquired, Fig 244,45,

Thie built-in cross assembly has convenens conneoted T o separate sources, ar 1o the
samie transformes with vwa galvanically separated secondary windings. In this case, there
is anly one crculating curent i which reguires only two L coils for being limited,
rncaritied on the same side of the dircwit, a5 shiown in Fig. 2.44.b.

2.4.2 Forced commutation DC converters

These camperters, knawn in the iterature sko a8 DC voltage variators, [7], ransfer the
electricity directly between a D, sownce ard a DU consumern, or vice wersa. The conversion
takes place directly withaut anintermasdiate AC circuit,

2.4.2.1 Common schemes of DC voltage variators

1.4.2.1.1 Functioning principle, classification

The simplest DC waltsge variation scherme is shown in Fig, 2.45 and it consists of a static
awitchirg elerment O that connects and discormects the load o the voltage source,
periocdically, generating the voltage pulses. The switching ebement can be any electroni
device: an bipalar wansistar, an MOSFET or 1GBT, a GTO dhyristar or an ordinary thyristos,
5 rmagor applications ane in the electical traction Tield far contrelling matars on electric
viehicles and precise adjustment of parameters (Currents, voltsges) to cansurners fed into
thver D, I the DO voltage converter is made with thyristors, they must be equipped with
extinguishing circuits,

Itis neated that the diade D allaws the losd cument to close when the switching elemem

Qs blocked, The absence of this dicde, also called a diode, causes dangerous overvaltages
o b thae staned magretic energy occurming when thie mductive load is dsconnected abriptly.

The cantred fregquency and the duration of the load connection at the source ae variabbe
depending an the aperating mode, Usually, the operation is periodic with the fregquency
Fo 70T, s Fig 245k During the time 1, O is also closed and the losd & fed with the
valtage U, ard on Uy O is apen and the valtage on the load is null (sctually, itis equal to the
valtage drap an the diode 0, while being in conduction),

Average load valtage can be caloulated with:

1] t
umed:E.[Udm?l'U:aU {2.68)
0
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in which we hianve noted the nor-dimensional ratio t T, which is also called the relative
duration of conduction

Q
o—/ ' u
L
t
T
D R _
e o
L] 1’2 t
o ‘
a. b.

Fig. 245 DC voltage variator: a) principle diagram; bl variation of voltage and current
ACross the load

Thie elassification of DC comeerters with forced commutation can Boe done alter the ratio
between the output valtage and the supply veltage,

In the case of & circuit 35 the ane depictedin Fig, 2.45, the average output veltage is less
thar or equal to the supply voltsge, the relation (2.68] Such & commerier in series with the
lad is krown as the step-down [or buck) converter.

A converter in parallel with the load provides an cutput veltage greater than or equal
te the ingut voltage. In the literature, it is known a4 the step-up (or boost) converter.

Based an the two basic ty pes, combinations of converters such as the buck-boost and
Cuk corwerters can be made and will be presented inthe following parsgraphs,

It shawiled slso b poted that D voltsge variables can work, pust like the sbovermentioned
correertirs, in a sngle quadramt, or two o four guadrants, in addition, as it will be showm,
multiple pulse schemmes can alie be designed o redece the cantent of higher harmonics,

2.4.2.1.2 The series DL voltage variator

Thie sehmatic diagram for this cormerter is shown in Fig, 245, Based on the relationship
{2.58), the average voltage over the [oad chamges linearly with the relative conduction penod.

Thyrister DC valtsge variatons are charsctenized by the appearance off an catinguishing
Circuit that locks thes static switch, There is o wide variety of schemess that currently have a
e limited use due o the use of power ransistons.
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The woltage switch with the extinguishimg circuit in parallel w the main thyristor B
showr in Fig. 246, The thyristor T is blocked by the extinguishing circwit composed of £,
Te Lane [

ol in
c'I'] ic]|
=T0s) D2 Rsg
U TZ ITZ D
|D LS
Dy L is

Fig. 246 DC wolrage variator with parallel extinguishing circuit

Thie wavefarms of the variatar with parallel extinguishing cirouit are shown in Fig, 2.47.
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Fig. 247 Wavilarrms for the variaton with parallel extinguishing cireuit

The operation of the practical schemes is slightly different, in the sense that, in the
electric traction, particularky, the circuit presents aninductance of the supply line, between
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the valtage source and the variatos, & shown in Fig, 2 48 a. The operatian of the variator is
aflected as it accurmulates energy whien the capacitor discharges through the path
consisting of O, L, Oy, € and the source. I the line inductance L, is to be cansidered, the
dicde [ is replaced by the thyristor T, that will be cammanded simultancausly with T,

)
Lo -,
+ o o L T
€ Rg -
(== Rs
b o
!
D u
x| " u
Ls
L —-H—-—
T
3 oot
a.
b.

Figy. 2.48 Variarts of the scherwe in fig, 2.46: a3 scheme with thrse tyristors for annibiilsting the
influence of the source inductance; b cirouit with susiliary capacitor far the crcuit recharging
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Fig. 249 Variator with a thyristor: a) scherme; b) waveforms
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Thie period for the capacitor recharging deperncs on the laad current. Under law losd
conditions, this process expands unacceptably, making the scheme operation difficul In
order torecharge the capacitor independenthy of the load circuit, the disgramin Fig. 248 b
i weisd, 10 which the By, Ly assembly is sdded. IFwe consider the capacitor © charged with
thie shiowen polarity, ot the priming of T, © s discharged over the losd, but alka aver thae
ascillatineg circuit La, D C, the last ane being o pricly,

A particular case is the singbe-thyristor wariatar havirg the scherme shown in Fig, 2.49 a.
In parallel e the thyristor, thene is only ane cacillating cirouir LT, The charging of the capacitor
O at the walue U is done through a damped oscillation, through L, © and the load with the
palarity shwawr in the below Fog 2459, Then, the scheme will be ready for operation

In Fig. 2.50, other vasiants for parallel extinguishing circuits are prssented, The scheme
in Fig. 2.50.8 uses a5 an extinguishing cirouit the schemme in Fig, 249 In fact, the Blocking
of the thyristor T s done in two steps: first, by priming T., C & discharged through T, and
thien, this is blocked when the current crosses zero, The ascillating process cantinues with
th secomd step closing the current of the ascillating creuit thraugh L, T, Gy, T, and thus
blockirg T, The repolarization current of C is then chosed throwgh the load, & capacitor
discharge over the source is prevented by the By diode, which allows the current to flow
in only one direction,

The scheme in Fig, 2500 uses, for the capacitor repalarization, a bridge ol thyristors,
which are commanded sequentially ted by teoe T, and To, and T, and Te. respectively,

T Ty
T2 T3
0 Ty e e
U 0

u b] L
— L

L +C- T s R
R

a. b

Fig. 2.50 Variants of parallel extinguishing circuits: a) with a thyristor and an oscillating
circuit; B with Briclge capacitor.

Other schemes use the extinguishing circuit in parallel 1o the source or o the load. Fig,
2.57.a shows a circut diagram of the extinguishing drcut in parallel to the source, whickh
i% sl ki a5 an e xtinguishing circ uit on the cathede, The principhe of the extinguishing
af the main thyristor T, is based on incressing the potential of the cathode that becomes
“rnare positive” relative b the anode, By connecting the scheme o the voltage source, the
capaciton C is oscillating charged by Lamd Do The LT circuil must be dimensiondsd in such
4 way that the capacitar Cis charged at a voltage w=U {eg. v, = 1.5 UL in which case the
0 diede is blocked and the circuit is ready for operation,
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Fig. 2.51 Variator with extinguishing circuit on the cathode (paralled extinguishing circuit):
a) schwernatic diagram; by wavelarma,

The extinguishing circwit can be placed in parallel to the load as in Fig. 2.52. Hire, too,
for the capacitor there is an oscillativeg charging a1 a valusge higher than the supply voltage
thwis Blecking the thyristor T, a1 the priming of T,

T1

D, T

\J

- O > 8-

Fig 2.52 Variator with extinguizhing circuit in parallel wo the koad.
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2.4.2.1.3 The parallal DC voltage variator

The principle diagram for the parallel GO voltage variator is shown in Fig. 2534 The
Iad valtage should be always bigher than the supply voltage, otherwise the diccde O
would be open (the capacitance s large encugh 1o keep the boad voltage canstant,
When Tis apen, the dicde is locked and the boad is salated from the source and C is
dischiarged oover Fe I this situation, the source suppies enengy 1o the inductance L During
the: blacking period of T, the lbad receives ernergy from both the inductance and the
saurce. The inductance L gives to the supply power sowrce a character of current
gerweratar, while the koad has a resistive characoes, In addition, the variation of the curremnt
through L couses a voltage at s werminats to make termingl &, more pasitive than & (Fig.
2.53.a), Comsequently, the valtage at the lead terminals will be higher than U and the
capacitor T will be charged ta this value. The erergy accumubated in the inductance in the
t, peviod, which represents the conduction interval of T, is transfemred 1o the laad in the 7-
by period. In steady-state, the load voltage stabilizes ar Oy value, The capacitance C value
determines the valtage pulsation AUL,

t
I:mmh =Als

t

b.
Fig. 2.53 Parallel voltage variater: o) principle diagram; bl current wariation.

IF ALY <= U is corsidensd, the variations all the currents wavelorms are shown in
Figd 535, Duiing a continuous conduction, the voltsge value U is determined by putting
an ecpuslity candition between the current wariatians fal mcreasing or decreasing) througbaut
the inducrance L Finally, the expoession [4] is abiained:

U
U =—o {2.68)
l-—a
where 4 is the relative conduction duration, a=1, /T,
IF the elernents in the scherme are assumed without kosses, the input and cutput powers
are: eoqual, resulting in:
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Uu 1
—="=1-a {269

At the limit of the continuows conductian, the current | has the allure in Fig. 2 54,4,
The masimum current is:

U-t
I.= T‘ {2700
ard the sverage current value 31 the conduction limit continues:
lelzj_'zl=(1_C;)"gs'tl=2I.JSL-(1—a)-a-T {271
Thie maxirmum average corrent value st the conduction limit s
L = v.r {272)
8-L

and is abtaired for & = 0.5, The average value of the current 1 at the conduction limit is
obtained from (2.69) and (2.71)

u,
2-L
Thie discartinusus conduction mode appears for lasd current 1, values higher than g

Thie rsaxiorurm current b at the comtinuous conduction limin is clained far a = 173 and
has e waluse:

(I1-a)-a-T {2.73)

I, =(1-a)1 =

AL {2.74)
dlmax 27L :

Thi currents vaistion | and L, or differemt average canduction times, is shown in Fig. 2.545b,

) lulpL
UL ) o) R
a i
________________________ : 1
max . P i !
" in iy o oUE Lenomuls ;
)/ | 270 |l !
(, | ! j
0 u b No
t K | 7 ! : |
‘——-1 : 1 :
1 N P B
0l o) 02 03 o4 05 06 Q7 08 09 1 @
a. b.

Fig. .54 Explanatory for the currents at the limit of continuous conduction: a) current
variation; b} average values for | and L depending on the current variation from point ak
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A proger operation is the one of continuaus conduction [no cument break) The losd
voltage pubse decreases with the increase of the controd frsquency and thee time constant T,
thus inereasing the capaciton value £

1.4.2.1.4 The Buck-Boost Converter

This cormverer can operate cither by lifting o lowering the voltage and its masin
application relers o the switching pawer sowrces. Here, the output voltage may be higher
o bosweer than thie input voltage. In addition, it i also possible 1o output & negative palarity
relative o the input reference wermingl, The principhe scheme, which consists of the
connection between the two comeerters, buck and Boost, is shown in Fig 2554 The
operating mode depends on the conduction period provided by T, and T, The buck
converter (T, Oyl is connected in series with o boost converter (T. Bol T and T, ane
commanded simultanesowsly. I the period ©, wihen T, and T, are closed, i i and the
incluctance L sccumulates magretic energy, By opening the switches T, and T, the diodes
0 ard O enber inte canduction mode ard this magnetic enengy is transfemmed 1o the koad
by discharging the inductance L iy = &, The current variation through inductance L s
showm in Fig. 2.55.5.

i

4O

Ipy

u D,
_o

BUCK

t 017 1 a

b. C.

Fig. 2.55 Buck-Boost Converter: af principhe diagram; b} inductance current L €] valtage
variation according o point a)

The load voltage aver the duration of conduction has the expression:

u-=-"“2u {2.75)

' 1l-a
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The relationship (2.75) shows that Tor

o 4 {l 5] Lk e {0 ) - the converter reduces the voltage;
o -acil5 1] Ly »U-the converter raises the voltage, Fig 2.535.c.

By reducing the switching elements with one and the number of diodes as well thus
rearranging the elements as in Fig. 256, the practical schemes become simpler. The
operation is identical vo that of the converter in Fig. 255, but the [oad voltage and the
saurce voltage have opposite signs. In the deduction of the Tollowing relationships, this
reversal af the output voltage is not taken into account becsuse it does not cause any
substantial changes, In the comtinwous conduction micde, when all the circuit el aments ane
ideal, the input and cutput powers are equal,

+ /T‘ . m

U

(1)

WA
o
f—y
| S
— -
e
v
7
I
I
I
>
i
I
|
|
|
1
|
|
\:
1

3

D
- ]
L * 1 |
L] (N — .
|
i ) 0 [
s NS TR (O

Fig 2 56 Practical Buck-Boost Converter: a) principle diagram; Bl inductance curment L

AL the limit of cominuous driving, the current il thraugh the inductance L Bas the allure
depicted in Fig. 2.56.b,

Miacirmue and aversge currents ot the driving limar:

Uu.T
I, =(-a) =
Smed ( ) 2L
12.76])
-T
ISmax:US—
2-L

2.4.2.1.5 The Cuk converter

For this cormerter, namad after its inventor, the capaciter C plays both the rele of energy
atowage and of tansfer Between input and autpat, just as For the Buck-Boost comwertes the
inductance plays the same, These converters can transfer energy between two sources of
thee same types the Buck-Boost converter between two voltage sources and the Cuk
corverter Between & curient generator and o current receiver. The scherme is shown in Fig.
2.57.a. The Land Ly incluctons give to the source and to the lead the c haracten of & generator
and afl @ receiver, respectively, This shauld be understood as, Tor one periad comparable
1 the contred pericd T, the sowrce currents and losd currents do not change, but they ane
constant. The capaciter C is condidered (o be charged with the polarity shown in the
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Fig.2.57.a, BT is closed for a tirme ©,, the capacitor is discharged across Lo £, while diode D
i blocked. The wavelorms are shown in Fig. 2.57.b.

l*]s

Yr

Fig. 2.57 The Cuk cormwerter: a) principle diagram; bl wsveformes

Ug
Rs

The capaditon valtage varaions across the two periods are egual, Au, = A, which smplies:

1277

I the elesmints of the scheme are assurmed net 1o have losses, then the iverage input
and cutpul powers ane equal and, consegquently, the relation (277 can be extended o the

average voltages:

Y
U

124.78]

i’ 2ISTAEIIR, BRASING AMD SFEED CONTROL IM CLASSE [ ELECTRR [RIVES




2.4.2.2 Reversible DC voltage varniators

The schemes presented in the previcoes paragraph are characterized by a wnilateral
ponwer Mo, from source 1o load, camsponding 1o the operation in ome quadrant. However,
there are situations that requine aperation in two or even four quadrants. This kind of
corwerters will be examined next.

2.4.2.2.1 Two guadrant DL voltage variators

Thiese wariatars perform the reversing of either the voltage or the currend, The reversibbe
valtage variators provide a voltage =0 and a load corrent kol the same sense, by
operating in quadrants | and IV, Fig. 2.58. The reversibbe curment varistors provicde th sanmse
U valtage, while the load current can be £, operating in guadrants | and 11, Fig. 260,

Fige 2.58 shows two different topologies of voltage variators, But operating the same.

Fig. 2.58 Reversible valtage variatars: a) with transistors; b with GTO thyristors,

T, and T, are simultaneausly commanded both in conduction and blacking modes,
During the conduction of T, and T, the O voltage is applied to the load, When T, and 75
ari: Blocked, 0, and ) are in conduction and the veltage -4 is applied to the lasd, The
sense of the current rernains unchanged. The wavelarms ane shown in Fig. 2.59,

Thie average woltage acrass the lood is

t (T-t¢)
U=LU-~—>U=Q2a-1)-U T
=7 7 ( ) {2

Itis riotisd thar for a= 0.5 U= 0, which means that the variator is operating in quadsant
I, Fig. &.20.4, and for a <0.5 WL <0, corresponding 1o the aperation in quadrant IV, Fig. 2.59.b.

The reversibbe current variatar has the principle disgrarm shawn in Fig, 260, Switches T,
and T,y b transistars o thyristars, The scheme consists ol twe vaniants, ane in series
{T, D5} and the other orve in parallel [T, D)}

For positive load currents is > 0, the variator generates a voltage U, =a.L,
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Considering the circuit elements ta be ideal ones, the input and output powerns are
wgpual and consequenthy:

{2801

b

Figu2 59 Wavelonms in the case of areversible voltsge variator: a) operation in quadrant I;
b} operation in quadrant 1V,

Dy

Fig. 260 Reversible current vanator

2.4.2.2.2 Four gquadrant DC voltage variators

Changes of additions 1o the two-gqusdiant schemes vield 1o four quadrant canverter
schemes, & shown in Fig. 261, In Fig. 2604, the lead is cannected with cne end at the
median socket of the voltage source, Depending an the voltage at the load verminals, the
current is absorbed from the upper or lower hall of the voluage source,
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Fig. 261 Four-quadrant variators: ap the median scherne; Bl the bridge scheme,

The bricge scheme, Fig 2610, no langer reguires access to the source median socket
arvd Extends the contral range soross the entire supply voltage range, For this reason, the
variant in Fig. 281 b is used mone freguently and itwill be presented mest The T, T T, amnd
T valves can b eithwer thyristors or transistors, contralbed for batk the priming and locking
rmcdes. However, due 1o the diodes conmected in the antiparallel with the valves, a
distinction has o be made Between the valve comimand and the valve's ability to take over
Lhee lesded Current,

I & valve is contralled, it can drive lor ot the load current acconding ta s switching aff
direction, by means of its antiparallel dicde, It is known thar the valve is in condwction
rmade anly iF it “drives” the current, Cn the same vertical circuit branch, the two valves
canmol be simultaneaushy in cenduction inarder ot te short-circuit the souwnce. There ae
e cortrod strategies for the four-guadrant wollsge variators from Fig. 267k

o The hipolar wvoltage comtral in which T, T. and T, T, respectively, ae
simultanecusly contralled both in conduction and Blocked modes voltage
rmodulation;

o  The unipolar voltage contral, in which the valves on cach vermical branch are
contrelled independently of each other [double voltage modulation).

In the case of a bipolar valtage contral, the current and voltage waveforms are shown
ir Fig. 262, The average voltage across the load is obtained withe
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Fig. 262 Wawelonms of the average voltages across the lood in two casses: a) a=1,,T = 0.5;
hja <05,

The bipolar command has two major inconveniences, The main one is the doubiled
number of commutations in one period, due o the simultaneous cormmand of the two
vahoes, which leads 1o incheased losses, In addition, Because the output valtage “jurngs’
fromm L7 10 -0 the ripple in the load curent wavelorm is higher. Foar these reasans, a
urripcdar woltage control is used, Fig. 263, which reduces the number of commutations
while one of the two valves in sevies is maintained in conduction,

Far a first quadrant operation ), T,is maintained in conduction, T, is pulse- cantrolled,
amd T, and T, are bBlocked, Operation in the second quadrant () is also perfarmesd by T,
bedng inconduction mode and T, being pulse-controlled, T, and T, are blocked, Inthe third
dpaadrant [0, T is rmaimained in conduction mode and the pulse contral is perfommed by
To Ty amd Ty are Blocked. Finally, in the founh quadrant (V) Ta s in conduction mode, T, is
pulse-controlled, and T, and T, are Blocked

Chaosing the inverter contial requency is o matter of comprormise, On one hand, the
frequency should be as lange &5 possible to ensure minimum pulsations inthe losd current
wirveform, but an the other hand an increased fregquency yields v higher switching losses
in the valves, For the nowasdays transistors, the control frequency exceeds 20 kHg,
eliminating the specific acoustic noise from the operation.
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Fig. 263 Unipolar command wavefanms

2.5 Motion control of DC motor drivers
2.5.1 Starting in DC motor electric drives systems

2.5.1.1 DC rvavtor drives with parallel and separate excitation
The resistance and inductance af the armature circwit Bave bose valees at low machine

speeds during start-up, which lesds o high curmems. & cwrrent thar is too high has
urdesirable effects on the operation of the entire drive systern:

o the destruction of the machine windings insulation due e the released hear;

o the inappropriate switching and the possible eccurrence of the circular fire at the
collector;

o ik high stress of the brushes and of the bending on winding canductars;

o the large tarque values that can cause inadmissible mechanical stresses;

o the increased dermand for the supply equipment

Therefare, measures are required to Bmit the starting current 1o admissible values,
determined slse by the star-up times, In terms of the resistive torgue, the start-up can Lake
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place as falkows: at o losd, an balll load, o ncmingl lead and a1 a losd bigher than the rated
lead, The influence of the inertia on the transien processes’ duration B emphasioed by the
irvertia Factor defined as follows:

(JM+JTL):1+ﬁ

IF = ,
Sy Ju

{1.B1)

where Iy is the machine inentia moment and I is the inertia moment aff the other
mevable parts reported toothe maschine shaft (8]

Iry practice, the fallowdang start-up methads are used [9):

o direct cannection 1o the main supply;
o attaching acditicnal resistors in serics with the anmature circuit
o yariation of the supply voltsge without using a starting rheastat,

a4 Start-up by direct conmection o the main supply

It i% a wery sirmple and cost-effective start-up method, But, the very high starting curment,
o = (8.5 = 13,8k, &t no losd and with15-33 % higher at norminal losds o higher, make it
suitable for low power start-up spplications, powered by fised voltage networks [10]

B Stan-up using ressiors

It is a simyphe methed w implement, but presents the disadvartage of the losses in the
starting rhecstat wiich has the role of limiting the cument 1o an admissible value, The
resistance changes in steps, so thot the current could vary Between o limits: fn. = (1.5-
25N o fog = (1T-1.20

For example, Fig, 2.64 shows the diagram of a three-stage rheastar £, £, and o and Fig,
265 shows the evalution af the operating point in the impedance of the rheostatic start-
up process in the C-M plane,

U
At peint A, with (1 =0 and L=l .resus B, + R = T The machine accelerates as
max
leng as the developed tongue M>Mg &), when the cumrent Beconms L=l the resistande
Bo=Ry-Ry 05 removed from the aemature circuit by closing the contact Kx. In this way, the
operating point mawes into paint B on the charaotenstic corresponding 1o the ., current,
The resistance R; is determined by

U-K-Q
R )

I

max

R, {283

wheere K is the maching canstant.
The caleulation of the ather resistors is similar 1o the ene presented above,
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Ir the case of & rmstart-up steps, the relation betwemn the armature resistance 5, the
value af the i step of the resistance R, and the cuments e and fyy, is given by the relation:

R,+R) (1.
( aR n):(lmaxJ :ﬁ" {I.Eq']

a

min

R Ri R,

- - -t -

./ / /
K3 K> K4

i B
Rz

[
| ot

y

A
y

R

-l
-

Fig. 264 The main scheme during the rheostatic start-up
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Fig. 265 Explanatory to the star-up using resistors
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o Start-up by increasing the supphy voltages

This miethad, inwhich the increase of the supply voltage s dore from 3 kow o zero voltage
value 1o the naming voltage value, eiminstes the dsadvantages of the previows methods,
The supply valtage can be chamged automatically so that the current stays corstant during
thies start-ups, resulting in @ minimal posser corsurmption, 4 low start-up Gime and in no shacks,
Fig. 266 presents: a, the principle scheme af such a drive system; b, the phesomena
evalution an the static characteristios: <. the transient process graphical diageram,

Q41 Oy
Im‘
Ima: 'y
- )
I / 8
0 g \
o a a a S
Q , | e,
- A B i A B
0 M, M 0 t, t
a. b, [

Fig. 266 Start-up by modilving the vohage

The ted stages of the start-up can be observed: 8], the torque is constant, the speed is
ir reasingg lirwsarly aver timee By the orque decreases linearly on the static characteristic,
e welecity incmsases exponentially owver time and the curren decreases exponentially
aver timee (B8]

A coscade speed contrel scheme that can perform a start-up a1 current |y const, is
presented in Fig, 267 [17], The scheme is provided with a suatic comverter, either a rectifier
or 8 DC voltage varistor, The regulators are of proportional type and saturablbe,

R § T

DCG
* Uia U | = o
0 Ra Ri. el = = —”—

[¢) Speed Ui Currant
Controller Contraller

Fig. 267 Cascade speed control scheme that can achigwe Constant current stam-ugp,

The current transduces in the armature circuit can bBe of the Hall ype, The scherme
COSUNES AN SUTLamatic start-up st corstant current up o the impesed stationary speed 077,
which significantly reduces the star-up time and reduces the Jouke losses since only the
R, rErmains in the circui.
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2.5.1.2 Electric drives equipped with DC machines with serial and mixad

excitation cirowit

The lirmitation of stresses, the processes and the start-up times in berms of resistive
torgue are similar to those of the U machines with separate excitation case,

The start-up with resistors is caleulated so that the current varies between a maximum
frse liEwit @ned & sinimam iy imit. The phenomenon as well as the electical seherme are
sirnilar 1o the case of the DO machine with parallel excitation,

The start-up can also be realized by continuous or step by step voltage changing. &3
an example, we present the case of vehiches with multiple drive mschines, whose start-up
is done by switching fram the serial connection o the parallel connection Tallowing a
certain algarithm, The electrical scheme and the connection sequence of the contacts are
shicwr in Fig, 2,68,

Qs |
R
Q,
Q" Position
Contact
| 1l 1l v v V|
q, Q1 X X
Q2 X X X X
3 X X X
Q4 X X
/ Q4 Qs X X X X X X
a. —_— b.

Fig. 2,68 Start-up by charging the valtsge in two steps; a) the electrical scheme; bl the
CoRnECLion Seguence

2.5.2 Braking in electric drive systems equipped with DC machines

2.5.2.1 Electric drives aquipped with D{ machines with separate and parallel

excitation cirowit

The braking phenomena can be explained by refering o two widespread working
rmichanisms: the ramslation mechanism, chasacterized by the resctive tergue, and the lifting
riischanism, charactenzed by the sctive torque. Three cdassic braking rmethaods. are koowe in
Lhiee liveranure: the regenerstive Braking, the dynaamic Braking and the electromagretic brakireg.

4. The regenerative braking

Let us consider the case of a vehicle cperating in the mator regime at point & on the
ratural characterstic of quadrant | 35 shawnin Fig. 2.6% IMthe route tils 20 that the vehicke
descends without the belp of the ebecric machine, its speed will rise above the value of
the idling speed 0. and the operating paint wall mcve to B.
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Fig. 269 Explanatory ta the regenerative braking

Ursder these conditions, the value of the dectromotive voltage | E | = K becames
greater than the voltage at the terminals U = KL and the Tollawing relationship:

K-Q-K-Q=R -1, {2.85)

highlights the change of the armature's current direction and thus of the ergue
direction M, which becomes a Braking teegue, Thus, the energy taken from the descending
vehicle & ransmirted w the grid by the electric machine operating as a generator,

Altbegh it is the most cooramical braking methad, the regenerative Braking can only
b applicd ot higher speeds than (1, The regenerative braking range can be extended 1o
lower speeds by feeding the 0O electric machine from a variable voltage source. 5o that
the welocity (1 changes, for example 1o 9, oblaining the operating point B on
charactenstic 2 for the same torgue, Similarly, for the reverse rotation direction, the
regenerative braking operation peints B, and B, are obrained.

The characteristics having the allure 2 or 3 are chiained, for example, by feeding the DC
electric machine from the three-phase network via a conventer comsisting af two thyristor-
controlled rectifiers G, and G, as shownin Fig. 270,

nRAR g

Fig. 2.70 Electric scherme in the case of the regenerative Braking of a three-phase power-
fesed edectric drive
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When operating in the motor made in gquadrant |, the drive machine 8 is fed through
the rectifier G, ard G is Blocked or operates a5 a currenthess imverter, When operating as a
regenerative brake inguadrant 11, the current direc tian changes, sothat the machine i will
supply power 1o the grid via G, which will operate in the inverter mode, while G, will be
locked ar will operane a5 a currentless rectifier,

I thee case of a DU power source supply, continuous voltage variators ane used bo
recaver energy at different speeds, see Fig, 2.71.

* P
Vi

+90 L
.

* IDI Y
v Lo

Fig. 277 Electric scherme in the case of the regenerative braking af a DC power sowrce-fed
electric drive.

1
]
E—

In e mictor operating mode, the machine M s fed By W, while V. is permanently
e ks, Wihen W is blocked, the current circulates theough the dischanging diode By, When
aperating as a brake, V, is permanently locked, Whaen W, drives, the current increases at a
rate determined by the inducrance L and the enengy received at the machine shaft is being
stored i the cail L as magretic energy, While V. is blacked, the slectramotive voltage of
ther machine M, to which the induced coil valtsge B added, excesds the vallage of the
saurce and the disde 0. opens amd the current |, changes it direction, Under these
conditicns, the energy receivied 51 the machine M shalt and the magnetic energy stored in
the coil will b transmitted v the power source,

Far the lifting mechanisms, the regenerative braking ecours at the weight dip. For thig
purpose, the voltage U is reversed, The torgque direction remains the same Tar both the dip
ard thee lifting cases, The operation is stabilized in quadrant IV at s velocity 0 <D and | 0=
| 0% |, respectively, in point B, Fig. 2.69 [8).

b The dynamec irhecatatic} braking

ey thee linerature, this methed i mastly known under the name of dynamic braking. It
is done by disconnecting the armature from the grid and connecting it to a resistar, on

which the machine dissipates the energy by operating as a generator. During this time, the
CRCILation remains conmected o the netwark, as shown in Fig. 272
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Fig 2.72 Clectric scheme in the case of the dynamic irhweostatic] braking of & DO power
source-fed elecic drive,

Thie grid voltage becomies U = 3, and thus the mechanical characoeristic eguation is:
Q=-[(R,+R)-M]/K’ {2.86)

The mwschanical characteristics are represented in Fig, 273,

QA
R T |
1 B A
: o—_
Ry n I 1
D_= et @ C
R N
3 5 E
o
R=0 MR |V|___
Ri>R,>Rs -Mg 0 T
“-\-
i v I
H

Fig. 2.73 Mechanical characteristics far the rheastatic braking case

The case ol o vehicle that meves Bodizentally is considersd inowhat Tollows, When
braking for vehicle stopping, the operating point switches from the point A coresponding
o the motor mode operation to the point B coresponding 1o the gemerator mode
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operation and then wavels the broken BODEFD Ene ondil it stops. The braking effect
decreases proportianally with the deceleration. Therefore, in order to maintan the torgues
between the boundaries defined by the BODEF rajectary, the exermal resistance B must
be reduced in steps, resulting the braking charscteristics of the B, B, and By resistars, If the
vehicle is ta be lawered by braking onan inclined plan, the operating paint shall stabilize
in G, wiere Mo= - Mg The characteristic with the most poseerful braking effect carresponids
e thee mimimum walue of the wotal resistance, R, e B o= 00 To abtain zemo spesd, a
rmechanical brake is required.

Brakireg wehien knsering s weight corresponds o the operation in quadrant IV, In equation
Z.BA, the torgque is inserted with a positive sign, e.q. the H point on the characieristic,

Usirig the electric circuit diagram in Fig, 274 a, the braking curent variation lirmit may
be so close that it remaing almaost constant or varies sccarding to s particular law, The
farced commuotated V1 comverter acis as a static contactor and thus the high braking
resistance B s intermittertly short-circuited, This resistance behaves a5 a variable
resistance that depends on the conduction ead] duration g or an the blocking duation t,
of the min switching device from the W, convertes, During the current G, the current
increases exponentially by W and inthe 1, the pulse decresses exponentially through R, o
seenin Fig 274 b,

+— b,
- 4
L I
L
Re
I
ik —
@
Vi t
-, | -
t t Y 1,
a. T b.

Fig. 2.74 Rhostatic braking using th static comaerer V,

Iy caarclusicon, the rheastatic braking has the sdvartage of the simplicity of the electric
circuit. A disadvamage is represented by the [osses in the braking resistance [8]

. The ebectromagnetic braking

Iry the literature, this braking method s also known a2 braking through opposing
connections, electric braking or simply braking. Its feature consists of the fect that the
clectromotive force has the same sende as the voltage ar the werminals, their sum
determining the current in the armature circuit which needs 1o be limited,
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The electromagnetic braking is practicsd in two ways:

i In the case of ifting mechanisms, characterized by the sotive targque, for example, if
M=, an additional resistance Ry is insened imo the armature circut, dimensioned so
that te stabilioe the operation at megative speed - O and the operating paint @ ravel
alonig the rajectory ARCD, presented in Fige 2,75, inorder to get on the charactedstic 1in
the T braking area;

bo I the case of ranslational mechanisms, characteriaed by a resctive torque, for
exarmple, for Ma=#:, the voltage poldaity at the terminals is reversed and an By resistance
is inserted inta the armature 1o limit the current so @s 1o abstain 3 negative torgque an
characteristic 2, in the FG braking area. U is either stopping the vehicle scoonding o the
EFG irajectory or reviersing it according 1o the EFGH trajectory, if o] = M|, in which case
the aperation stabilizes in the motor aperation mode in point H.

B o the relsticn 2.1, comespanding tothe cases an and b, we con witie the relationships:

U+E,=(R,+R,) -1, - forthe case a)

A7
-U-E.=(R,+R,) 1, -forthe caseb) “

Frown (2,870, the registance oo the current | can be detenmined,

N

-My Mg c Mp M

Q

Ra+FRf B
F

Ra+ Ry

Fig. 275 Electromagretic Braking.

The braking effect s strong even at low speeds, However, there is a danger of
urdesirable reversal, the stiffness of the characteristics is reduced and the losses are high
44 the power taken fromm the grid through the machine shaft dissipates in the resistors [8]
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2.5.2.2 Electric drives equipped with DC machines with serial and mixad
excitation circwit

A, The regenerative braking

Ir the case of electric drives equipped with DC machines with serial excitation circwit,
the regenerative Braking cannot be applicd as it is useally done for the other types of DC
machines, because the natural mechanical charscteristic does not travel the gquadramt 11
(s Fig, 2,90 Oni solution is to bingd the excitation separately 1o the networdk, However,
barge kosses in the current limiting the resistance ol the excitation circwt oo, In the
electric drives with more identical machines, a mare favorable solution is 1o bind the
CHRCILALIoN CRCUits in Series wsng a single resistance, & more cost-tfective selution is touse
the paver supply fromm a separate low-valtage source,

Anathwer econamical soluticn for the braking is achieved by using continuous vol tage
variaters, An extensive study of this prabdem was caried oot in the Depastment of
Electrical Emgineering of Politehnica University of Timisoara, The technical salutions
obrained in the stedies [12, 13, 14, 15] are sumenasized below,

Far thee resgenerative braking, the DU voltage variator is connected in paralbel wthe drive
rmachine (see Fig, 2,760

Dy
LOo—id—e
I I .
Il
C
Dy
u h 2 Vi Vs
L
Y
O *

Fig. 2.76 Regenerative braking using a DC volage wariator

When the thyristes W, drives, the machine is short-cinouted and the current increases
and when V1 is blocked, the curment is switched to the scurce and decreases, The kinetic
energy of the dive is converted into electromagnete energy inside the machine and, at
the opening of the diode 0y, a part of iLis sent 12 the source, In this process, the machine
incluctance plays animportant redi, Thos, the inductance is charged with electramagnetic
energy when the curfent increases and V1 s primed and the inductance B discharged
when O is in conduction. Therefore, for the analytical study of the regenerative braking
process, the elements of the machine circuit such as the resistance, the inductance and the
electromotive voltage must be Tully tsken into sccount.
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In principle, there are good erergy recovery possibilities with this schermee for both cases
of series and separate excitation DC machines, In the D machine with seal excitation,
however, sdditional measures mwst be taken in oorder 1o excite the machine at the
besginnineg of the braking process. The easiest way is the partial exciternent af the machine
with a second separated excitation cincwit, similar vo the self-excitation circuit specific
thie B miachines with mixed excitation: The scherme in Fig. 2.77.a shiows how itis possible
1o excite by using an sdditional voltage source G via the diode G, When the excitation
process is prined and the corrent in the machine circuit reaches its nominal values, the
valtage drop on the excitation winding becomes greater than the voltage provided by the
saurce & and it is disconnected by blocking the diode D, Instead of the voltage source, a
shocking excitation can ako be used, by discharging a capacitar through the excitatian
winding. In the scheme in Fig, 277.b, a resistor K is connecied between the excitation
winding and the source, thus providing for the thyrdtar W, priming a higher current than
the one nesded for machine maintenance and excitement, The diode D, blocks the current
throwgh the rotos ard resistance R With this procedure, the machine self-excitemsent
already occurs at approx, 10 % of rated spewed at a carrect dirmensioning of thae resistance,
After the braking process has bien started, the resistance is disconnected.

| I @
é u Vi
Dy D,
N\

R
—
J S|

b.

Fig. 277 Excitation of the DT machine with serial excitation an braking: ap from an
additicnal source; b froam the voltage source,

Anather Bsue thal reeds to be sddressed in the case of the regenerative braking of the
DC machine with serial excitatian is o avoid instability a1 high speed aperation, which may
oocur when the machines electromotive voltage becomes greater than the source
valtage, which keads o the direct polaization of the diode D). In this case, the braking
process can ne anger be contralled by the continuous veltsge variaton & stable cperation
can be provided by additional resistance, a8 $een in Fig. 278 a.

ey Lhvis cade, the stability is ensored at the expense of o part of the recowvery energy that
is dissipatied over the stabilizing resistance, When lowering the speed below a certain limit,
the resistance B may be shor-cincuited, 1L is possible to remove the instability withaout
additional leases by modifying the regenerative braking scheme according to the one
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prizsemed in Fig. 2.78.0, which results in the automatic field weakening at high speeds, In
order for the fickd weakening o take place, the scheme reguires an expansion af the
variator contral band in correlation with the excitation dnouit time constant, especially at
I frequencies, which complicates the contral and Tilering pars

e

Dy

. >

u
“ o
R /&

b.

a.

Fig. 2.78 Rermaving instability: ab using an additional resistance; B) thraugh lus weakening,

" 2 i (¥ § i
o -
v A Y t t
— Uk u
u = ¢ [ — - i Uernan
R \ /\ /\
- ' t i t v

Fig. 2.79 a) Regenerative-rheostatic Braking; B recovered current variation (shaded anea)
arnd L, waltsge,

An essential condition for the machine’s proper operation during the regenerative
braking mode is the possibility of the power supply netwedk o fully take over the
recavered energy. 1 this energy is not Tully absorked, then, in few openation periods, it
accurmulates in the extinguishing capacitor, producing severe consequences Tar the
semiconductor elements due to their stress at much higher valtages than normal ones,
O way of svoiding this stuation is 1o use mixed, regenerative and rheastatic braking, as
shewwn in Fig. 279, The braking resistos is connected in parallel and is insemed into the
thyrister W circuit, As long as the voltage on the power supply capacitor's filter does not
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exnceid the value L, g, the regenerative brake 5 inhibited. I the voltage rises above this
value, which rmeans that the recovered energy canmat be fully ransmitted o the grid, the
resistance K is conmected,

It should e noted thar the thyristor ¥ does mot reguire an extinguishing circuit, Being
tur e alfl by priming the main thyristor in the continuous vollsge variston,

B Therheostatic o dymamic braking

This miethod is especially wed in the case of the DT machines with serial excitation
circuit by Binding the excitation ower a rissistor B, acconding 1o Fig. 2,80, 5o that the current
direction through the excitement winding remains the same in order o avoid the
demagnetization of the pales, The machine self-excitation ocours due to the remaining
rmagreetic fielkd. in the case of a vehicle braking, the speed keeps its semse and the direction
of the armatune current chamges according o the relation (2.1 written for U = 0

—E=R_+R)-1, {2.88)

Fig. 280 Dynaric braking scheme

The equation [2.88) highlights the machine requirernent. te develop friction tongue, to
dissipate the current over the rsistance B, respectively; the exstence of the operating
paint P an the characterstic shawn in Fig 281 an the intersection of the characieristic
E=iil) of constamt speed 0, with the straight Bne (8, + B = KL, For a speed £, <0, the
twor charactenistics na longer intersect. Inarder o obtain a braking torgue, the resistance
miust be reduced to §7<R, resulting the reew operating paint P,
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Fig. 281 Characteristics corresponding o the rheostatic braking method,

The dissdvantages of the method ane the losses in the resistance and the cancellation
of thee braking targque ot 03 = O For a firee adjustrment of the braking system, the diagram
presemed in Fig, 2282 is recommended,

2 IO

Fig. 282 Rhwsostatic braking using a sLatic contacton

€. The elecrromagnetic braking

Thie method is specific 1o the DU machines with parallel excitation circuit. The ebecirical
seheme i shown in Fig. 283 a, while the characteristics in Fig. 2.83 b,

Fig. 283 Electremagnetic braking: a) connection scheme; b) characternistics.
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2.5.3 Speed change in electric drives equipped with DC machines

2.5.3.1 Electric drives equipped with DC machines with parallel and separate
excitation circwit

A, Speed change throwgh resistors

The method is easy to accomiplish; howeser, it presents the dsadvantage of losses in
thve resistance, In case the resistance is serially inberleaved, soft mechanical characteristics
of the samee speed 0. are obtained. IF the resistance is mounted in parallel with the
incluctance, it is also possible ta modily the idling speed Q.

b Speed changing throwgh fiekd weakening

The field weakening is accomplished by the implementation of the schermes shiown in
Fig. 2.84.

-

11

y QGN AQ
', >0,
AQ'>AQ
) L. ‘ ' 1, @ i
a. b, <.

Fig. 284 Specd variation through fiekd weakening: 8} and b} electrical schermes;
chmechanical characteristics,

The lesses in the resistance R are srmall ar practically null for the scheme presented in
Fig. 2.84 b,

The equaticon of the mechanical chanscteristic is:

U (R-M)
(k@) (kD)

12.89)

The previous relatien shows that 01, and AC increase with the Mux decreasing. The
methed is advantagsous Tor achieving speeds abowe the raed speed, noting the
acvantage of the possibdlity af a continuous command in a low pawer circuit, especially
when vsing controlled rectifiers. In industrial applications, the method s often used
combined with speed changing thraugh medifying the armature voltage, providing a
great speed-changing range,
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o Speed varaton through valtage changing

The veltage change is made st the armature terminals in order 1o recdece the speed,
while maintaining the excitation constant. Therefone, the methiod does nat apply o the
B machine with parallel excitation The equation of the mechanical charscteristic:

U (R-M
Q:__# {,I.EEIJ
K K
shcrws that a1 M = const, Oy decreases and AC remains canstant,
a B0K=00,=A0,=00;
Uy - Uply =gy |
& _‘___'_h‘“"—‘—-—-—-_.______ Inn..
U
[ -
U.
o .
Y |
L —— 80,
0 o ™

Fig. 285 Mechanical characteristics for the case of the anmature voltage change.

The mechanical characteristics are parallel to the natural charsceriste, providing the
best possibilities for speeding up o wide and coonarmic limits, Thus, with small losses,
sarmeetirmes even megligible, the method is widely used in practice,

uyg
v 1 U,
- -
+
I PP VR - t
u; D - L -
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u |
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Fig. 286 Speed variation threugh voltage pulses: a) schenme of principle; Bl ourrent and
vl tage variation,
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One wiary of changing the speed between 0 and the rated speed is to power supply the
maching with a pulse train. It5 schematic diagram is shawn in Fig. 286, The machine &
powered camstantly by a constant voltage for a period 1, followed by a period 15 in which
the valtage at the machine werminals is null.

Thie devices used Far the machine powe supply with pulses are the continuous veltage
variaors [18, 17 The valtage vaators wilth power tansistors (see Fig, 28741 are basically
simple, the command being performed by the alternating saturation of the transiston W,
fior the V) to conduct and of the transistor Ve respectively, for blocking the transistor
Hote that the voltage source = U must be galvanically separated from the main cirouit,

The thyristor woltage variators Bee Fig 287 b operate by altermnating cantrol of the
thyristars W, and ¥,

Fig. 287 Cominuous veltage vamators, a) using transistars; bh using thyristors,

The mean value of the valtage supplied by the variable voltage converter i:

t
uz(t—l)-Ulzat-U1 {201

P

whasie 4 is the relative driving time, The valtage change is perfomed by acting an 1
and 1 [cammand parameters) as follows:
o for variable 1, and constant U - freguency control;
o for conatant 1, and variable t, - pulse width medulation coemtral;
o for vy and 1, varialde - a5 in the case of bi-positioning current contiol,

2.5.3.2 Electric drives equipped with D} machines with sarial excitation circuit
8 Speed variation wsing resistons

Thi: methad is easy to accamplish, but presents the disadvantages of kosaes in resistances,
saft operating characteristics and walirmited idling speed. By binding a resistance in paralld
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with the armature, mare favorable operating characterstios ane obtained, eliminating the
danger of matar packing atidling.

b Speed varation through fickd weakening

Iy b case of electic drives equipped with DU machines with serial excitation, the fiokd
weakenirg is implemented accesding 1o the scheme presented in Fig, 2.68.a and Fig
1EB.b

——

Fig. 288 Speed variation thraugh field weakening: aj and b scheme variants

Thie degree of field weakening is characterized by thae ratio:

a=—<1 a2
I 12

a

Fig. 2.88.b shows the undesired oscillations of the current L, which cannot be prevented
[18], The methad is cost-effective, the losses are small, but it only allows for thie speeding
up [11]

o Speed varaton through valtage changing

This methad is the most cost-effective one, because the osses are being very [aw., 5till,
its practical implementation is mone complicated. At a given corrent, the speed changes
almost proportionally with the veltage st the rerminals, Thus, the speeds (7 and [,
corresponding ta the voltages at the vermanals O and LU, are in the range of

Q,_(U.-R,1)

X

Q (U-R,1,) 9

Thie absove redaticnship shons that the spead changes 1o a greater degres than propational
L the woltage [11]

2.5.4 Automatic speed adjustment control systems

Changing the speed means changing it frarm one value wo another accarding to the
reguirements of the production process or unwanted drive parameters variation, The
speed control invalves the eperation of maintaining a speed at o certain prescribed value
based on a required opersting programene, Thus, if the speed modification can be
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achiewed in both the drive systems and the controd systems, then the speesd contal s
achiewed anly in the auramatic contral systems by the intervention of the reaction, which
i their fundamental feature.

Fig. 2.8% shows a cascade speed contral system using DT machines with separate
excitation circuil,

n: - k ia:- ﬁ

Speed fa Current
Q controller controller

Fig. 2.89 Cascade speed control syitem

Thee contral system allows maintain the preseribed angular speed O regardlsss of the
rmachime load. The command voltage o, is the result of the errar % - § processing by the
contreller P The magnitedes a1 the input of the current contraller come freem the wupper
higrarchical loog: i* is the prescribed walue and 7§ is the messured value, The imposed
value i, %is the result of the speed errar processing, £ - £

2.5.5 Automatic positioning systems

2.5.5.1 Limear positioning systems

In gereral, the position control reslized with DC maotors is done with specialized
eqquiprment and a greatest radition in this Geld can be testified. The most cormmanly used
methed B the cascade contral, meaning that the current loop is subordinate o the speed
[eop and the speed loop Lo the position loop, respectivedy. In this way, the reference for
ther current boop is the outpet of the speed controller, and the autput of the positian
cartreller is the reference speed for the spesd loop.

Ug
contr. | Y Contr. | U Contr. | Final .
+ 1 [ R o |7+ | = | Amplif. Trad,
- - - I 1
Krl !
K0 Trans,
Q
!
IRed
VB
1
VK8 |

Fig. 2.90 Scheme of cascade position laop contral
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The schermatic diagram is presented in Fig. 290 The limitation of the speed and current
variation through the armatures is done at the autput of the regulators through special
lirmiting circuits cantaining Lener diodes.

For the control schieme computation, the corrent, speed and position loops are
successiviehy comsidered in the block disgrasmin Fig, 297, Here, vou can clearly see the filver
tirme cordtants an this corrent and speed loops, which mainly cannot be cormpensated,

A, The current loop

The external ranafer function of the loop, having o8 autput the armature current and as
it the armature valtage B (see Fig. 2975

i) R, +s-L, _ F+s-J {2,949
u,(s) |, K’ (F+s-J)-(R,+s-L)+K"
(F+s-j)-(R,+s-L,)

[k,

kil Lo

Fig. 291 Systern block diagram.

Fig. 2,928 shaws the bBlock diagram of the current leog, in which the rarsler function
of the current regulator o be determined has been noted with ¥qsl For the conventional
DO metors, it can be considered that £ = 0 and, once the cascade regulation is often used
irsuch motor types, the relation (2.4} can be rewrittern:

s-T,/R, I/R, _ 1/R,

Y, (s)= - = ~ {2.95)
l+s-T, +s T, T, 1 Fl4seT, 1+s-T,
s-T,
5 5 § J'R — a i &
in which it was noted: T = K—za T, = R and it was taken into account that

a

Tw25>Ts
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Fige 2.92 Currert loop: a) block disgrasm; bl current regqulaton PI

It i chefirned:

ko k I

Y (s)=Y, (s)- =
axl() zU() l-I-S'T; Ra (1+S'T;)'(1+S'T;)

12.96)

The current regulster is chosen acoording to the module's eriterion, impasing 1o the
currenit loop an optmal structere described by

1
§:2-T,-(1+s-T})

Yo (8) = {297

in which T represents the sum of the small time constants, mainly uncompensable in

the loop, Ty = T,. The transfer function of Pl cantroller type is obtained from:

Y, (s .
o) R, 14T, Ky {298

Y (s)=
AT Tk s T

where it was notad:

Rd‘]-:l La
k = =
P k2T 2k-T, -
X 2
ky = ——=
2.T -k

The schema of the contraller is shown in Fig, 2926 and its adjustment ssumes the
choice of values for By, B 3 © such as:
1

k,=1+—2; k,=ﬁ {2.100)
1
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Thee loop optimization being made acoonding o the module citerion, it means that, at
a step signal variation at the input of the loog, the response B defined Based on the
relation [2.97 ) with an overshot of 4.3 % and a set time of .72 Tr withowt oscillations after
this time ard a stationary eoar (3],

b Thespeed loop
The spazed loop scherme, in which the subordinate corment loop is included, optimized

accarding 1o the modube criterion, is shown in Fig, 293, The intermal curment lbop &
assirnilated o an element having the optirmal ransfer functian:

Yy o () 1
Y (s5)=—23 = o1
o (5) 14+ Y0 () 142:T-5+2-T7-5° i
L‘:.‘ Yra U - Yopti Ia: K I - ':_J -
“[ua
Jo_ |
1+45T, o
Fig. 293 Black scherme af the speed boop
Similar o the relation [296), for the speed loop, the Tallowing results:
Yo(s)=Y,,(s): * & R, -k, /k {2.102)

s~1.l+s-TQ :s~Tm~(1+s-TQ)~(1+2~7;-s+2~7}2~52)

and considering that T, , =T, + T, is the surmn of the srmall iretrievable time corstants,
thie external trarsier function is approximated by

R -k /k
Y (s) a2
wa(8) ST (s T {2.103)

The spaeid contreller & ¢hosen accarding o the symmetry criterion, implying thar the
lesiap is cptimnal for & ramp input sigoalk

I+s-4-T, 2
s 4T, s-(I+s-Ty)

Yo, ()= {2.104)
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causing an optimal variation of 43% overshoating, no-oscillation reversal and zero
stationary error at ramg sigral, The speed contraller bas the transfer function:

VAN ) 1+5-4-T,
Y. _ d opt — 2Q E'I |:|5:|
O ) Rk 2 Ty
k-T,
being also of Pl oype (Fig. 2292 b, having the constamts [3]:
2:k-T k-T
k,= k= {2.106)
! Ra'k2 Rak28‘7;129

o Thee position loops

If the previows regulstors operate correctly, there is no stationary erorn, the pesition
contreler can be selected as being of proportional type [19] There are sorme parnicul anties
in the position loop because, in practice, no overshooting & allowsd in reaching a
priscribed podition. Therefore, the ideal feature of a position controller should be as
shown in Fig. 254, a5 & saturation parabola, better said, with variablde amplification factor
and, in addition, with very high amglification at very low deviaticns.,

Ao Au

¥

a. h. €

Fig. 254 Charscteristic al the static position contraller: a) ideal; B) real.

A=1imZe = 1im 5 — o {2.107)
&—0 < e—0 ,\/z

Such a centraller cannet be implemented and is replaced by the proporional type
cartredler, as shewn in Fig 2,546, Ancaber Bsue of the koop position, 1o which the previcus
mentioned loops subordinate, accurs when a variable prescription is given, X=ab. It can
b dernanstrated [20] that, at such s prescription, 3 stationary eror accurs when, > oo,
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U, =-- {2.108)

kg is the global open leop amplification, &5 this amplification does not have an infinite
value, it results thar this statianany errar is finite and itcan be appreciabed as a quality factor
Tar the drive systems, Inorder 1o compensate it, a correction factar ke a3 showen in Fig. 2395,
is introduced in parallel to the speed controller,

] []1

X, u -— o
S R, X Ra > = -

3
Y

-
-+

Ko

-~

Fig. 295 Structure of & positioning system with correction

The cascade regulation still has s dsadvantage, narmely that the respanse is eween slower
a5 thiere are several subordinate loops. it can be shown [19] that the time constant
equivalent @ the loop is multiplied by 3 factor greater than two for each additional
resction laop, Therefore, it is preferable, cxcluding the positioning  systems with
carwentional drive motars, which need 1o be protected, to give up 1o the current loap, a8
in presented in Fig, 295,

2.5.5.2. Non-lin2ar positioning systems

Positian contral systems having ot least ane non-linesr behsdoral element are called
non-linear systess, The mast widespread norelinear element is the one haing the melay-
g Tearure, In varows applications, the valves positioning o contral the debit use the
single pasitian leop system shown in Fig, 296,

The grid contral device GUD together with the grid switching converter, all have a nan-
lirvear charscter, in general, This is dane wsing the contral scherme in Fig, 297 a, which is
prart of the GID, The u, errar signal s intradeced inta a nonelinear element consisting of
daubbe comparatar (CLE 2711], a Schrmitt tigger [ODE 413), a logic block and & transistor
Tar the seme establishment, The feeding of the armatere B dene by bwo antiparallel
thyristors that compase a Bidirectianal half-wsve rectifien the cormmand for ane or the
ather sense being obtained by closing the contacts L 0 via the signals provided by the
legic Bleck, shown in Fig. 22974 The voltage comgaratar and the trigger farm a nan-linear
elemaent with the “window-type” characternstic represented in Fig, 2.98.4,

{1, u>U,, u <U,

O, Ucz < uca Ucl > uc‘ 1.1] u'g:l
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Fig. 236 Schematic diagram of the nondinear position leop system of a DC mctor drive

U.jé*:’

+

Bias
£ o=
U:Z-

Cantroller

=

Schmitt | P -
= Trigger Logic
§_ |Block D

%EI I T_f/l

b.

Fig. 2.97 Positioning scheme af a DL motos drives a) the command; 12 the power feeding,
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AUg {\ua
1 L [
logi
0gIc l.lc2 uc1_=:
ucz ucl uc
-U,
a b.
Fig. 2,98 Nandinear characterstics: a] comparaton: 3] sense; o assemblage.
N L
[
B ¢ v | o Ua Kn 0
-k{B - 5(1+ST.J
kl

Fig. 259 Simplified block scheme of the systerm.

Thie element setting the sense has the charscteristic from Fig, 2.98 b, and the two logical
signals u. and w, provide the logical functions:

r=r-5 {2.110)
D=P-S
The function w, = fu.) of the armature voltage scoording to the command is non-linear
andd can b written as:

Ua’ uc > Ucl
u,=4 0, U,>u >U, {Z111)
-U,, u. <U,

arvd is represented in Fig, 2.58.c Considering the ather elements of the systerm as being
linear, the block diagram of the system in Fig. 2.99 i obtamed, in which the inductance af
thes rnoter was neglected. it cantains both the non-liness element N and the lineas
element correspanding to the maching, The system response is shown in Fig, 2.100, The
existence of the insensibility theeshold causes the systems 1o exhibit o statonary enor £,
due 1o thee Fact that w, ranges between <UL, and the motor is practically disconnected and
operates uncontrollabdy, By accepting a maximum eror of £, , the relationship between

thes L1, thieshald and the error is:
U,=k, &, {2.112)

wheere kg is the global smgdification factor,
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Fig. 2,000 Systern response o a steg (ideal) signal input

It is niated that the reduction of U, or the increase in smplification has & resolt the loss
of the systemm stability, That is why this issue meeds 1o e further studied, The stability study
can be carried out starting frarm the wransfer function of the closed-loop system,

N(,)-Y,-

Y(s)= {2113)

1+ N(u,)-Y, —k

U | =g | =

The salution of the equation that cancels the denominator in the complex plan is:
Y -k 1

s N@,)

arvd gives systern instability points. The two members of the eguation will be

reparesertid in the plare Y by msking s=jw, For the linear part, replacing the Y., tramsfer
function of the motor, it results:

kl.Ym kamkl . kmkl

L T R T o e

{2.114)

and for the non-linear part, being a real function, it will eccupy in the plane Y the
negative part of the neal axis starting with the abscissa,

L—— Y, 71 {2.118)
N . U '
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where N, represents the minimum sonelinear function. The representation of the
relaticnships {21130 and (2.116) & shoswnin Fig, 2007 & The system is clear stable, there is
neo intersection between the two curves. I the inductance (&, is taken into accaunt, the
prabdem i complicated by inserting an additional pole on the direct loop by camplicating
thie Yo tramsfer function, The curve &, ¥o/5 also tmavels the quadrant 11, as shosen in Fig, 2,100 b

|m$ I, A

wﬂ *Aﬂc
'Km. Tn,l kl 'Ucllua - =
— O \w =% [ ?—bm i
-1/N Re -1/N/-Uc/U, Re
Kj_'Ym/S
a. b.

Fig. 2,107 Explanatory to the stability study: L, = 0 b L#=0

The twa curves intersect through peims that can be determined analytically or

1
graghically, To bring the systemn to the stable anea, either ﬁ mmowves to the beft o k, v

mcves 1o the right 1o avoid their intersection. The problem is solved by sdpsting the
Lramsrmission ratio k, o the L, threshedd,

2.5.5.3 Incremental positioning systems

The incremerntal positioning featune is that the programmed distance is obtained based
o a risgquired speid profile. For this reason, incremental positioning schemes are speed
contrel systems with an additional position loop for positioning oycle termination. The
principle of such a positioning system is shown in Fig, 2102, When applhying & starting
irnpulse, the system receives a voltage U, the masimum deviation u, and the DC motor
accederates to the speed 0, During this time the motion transducer praduces a number
of pulses counted by the counter, When the regquired distance is reached, 3 stop impulse
cancelling the reference value U s given. The deviation B less than 0 and the machine
Brakes until it steps, Between the stam and stop pulses, the positian leop is disconneted,
with andy the speed contred being pedarmed. The diplacement obtained is:

1
BL:QL-[E-(QH/)HM} {2.117)
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whesre the ratations are those in Fig. 2,102, Consideration must be given to the additional
mcvermient during braking. This displacement generates & nor-cumulative eror that is
part of this shaded area of the spiesd profile (3ee Fig. 210261

The positioning emror is, herefone, proportional 1o the braking movement:
0,=—-Q, 1, {2118)

Ir crder o redece & as much as possible for a given spesd £, 7 is necessany o reduece
thes braking duratian, which reguires the vse of a low inertia and & maximom allowable
currenit D mater, 1t i further assumed that the load is & wagon having the radios r the
peripheral speed v, the friction orgue M, and the tatal moment of inertia 2 The distance
travelbed during braking s

J v
S, = S T {2119)
' M +k-—

a

being deduced from the motion equation. The influence of w M, B U, parameeters
variation aver the distance 5, is irvestigated, based an the known relationship from the
errars caloulation:

as, as, as, as,
AS, =—=-Av+——-AM, + ——- AU, + —-- AR, {2120
ov oM, ou, OR,

After performing the partial derivatives, it resolis:

2 . 21
AS, = - 2 o Av Y o ~(—AM,—k~&+k lszR] 12121)
2\ M otk o (M, +k-2)° . R

a a

The parameters Uand 8, have the greatest imfluence on the 5 variation and, therefore,
constant current contral [orgeel during the trandient process s required. An
irngraverment in sccuracy is obtained if the speed contrel B subordinated 1o the pesitian
contiel, 35 shown in Fig. 2,103, The system pedformd a positioning following a trapezoidal
speed profile. Once the motor i stared, the counter countdawn beging, IS cantent is
corwertisd 1o a cantinucus CAN signal, giving a signal propodtianal o the content af the
Counter, fepresenting 1He dnaloguoe position deviation, AL the beginning o, - o, = riax and
ther motor scoelerates in response 1o a step signal.
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Fig. 2102 Incrermental pasitioning systern of a DC raotar drive: a) principhe scheme;
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Numerical
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Fig. 2103 Incremental positioning system with trapecoidal speed profile for s DC motor
i

By decreasing the cownter, the u, decreases and, therelone, the speed, voo, All this time,
the gate on the position loog is blacked. When the counter réaches oero, the coarse
peditionmg is cormplited, the gate opens and the reference for the spesd loop is connected 1o
the position transmitter, which emits a simusaidal signal, The motor speed reaches oo,
cormespanding o the balance position Laero voltage) of the positioner - fine positioning.
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SCALAR CONTROL OF INDUCTION MOTOR
DRIVES

3.1 General considerations

Thie mediernization of wechnokgical processes, the massive implementation of automation,
robatics and rew generations of pragrammesd machine toals in all industry branches,
reguine the wse of rapid, accurate and ecomomically efficient dectric drive systems, in the
conditions of an optimum functional bebavior,

In the comtext of an acceberated technical progress, electnc car drives must pravide a
high peformance ot starting, braking, reversing, and speed change and cantrol, and a
conrelation of the movements between mechanisms of the same plant all these techmical
reguirerments have created the premises for the development of comphex drives, mainky
by using s1atic comerters with semiconductor companents, which ensune the automdatic
contrel of the production processes with low energy consurmption [1].

Nowadays, variable speed drives, electronically powered in Both the bard and the soft
circuits, are ane ol the most imgartant [evers o boost the echnical progress in a modern
industry, The recent evolution of power electronics as well as the rapid dynamics recorded
ir thve mvicrocontralber field, the digital sigral processors (DSP] fiekd, and the digital signal
cortrellers ID5C) feld, which & actually 3 combination of the first twa, make the use of
variable speed electric drives Bbecorme mare attractive than ever,

Taday, the variabbe electric drives involve Both DC and AC machines,

The DC electric machines weere the first electric machines e be wssd and their electric
drivie systems, especially the ones with variable speed, dominated the field of elecric
drivies for more than a century [2) The increasing qualitative requirernents Tor the
autormated contral systems and the develepment of power electranics have resulbed ina
cantinusus use of the DC matars, The adaptability of the DC maters in different electric
prowed drive systerms shoukd Be highlighted. Derved or separated DC electric drives are the
micat used in practice due 1o thar good capabilities of: changing and varying sped,
ALarting, reversing, econamical electric braking and autematic diiving.

Despite all undeniable sdvamages these mated types have, ther e in todays drive
aysterms is, somehow limited by 3 few drawbacks, Thas, in the DC, the powes is transmitt ed
1 the rotor by the dipping comtacts of the brush-collectos system, which limits their
rcaminal power 1o 10 - 15 MW, The rated voltage, and hence the speed, is limited {(maximum
1500 V) by the maximwrm allowable voltage between the two calkector lamellas, which
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cannct exceed J0-24 ¥ due to switching considerations, The presence af the collector also
leads vo an increase in the cost price of the DC car, reducing its reliability in comgarisan,
Tar exarmphe, with induction motons with a short-circwited ratar, In addition, the existence
of the Brush-collector” mabile contacts is directly respomsitde for the wear af bath the
collector and the brushes in time, These phenomena make the functional paramerens of
Ehwer DR it evvoree sy fromm the nominal, optimiste anes,

Rernavirkg the negative aspects associated with the switching: wear, spark and
electomagnetic maise, it often inmolees comiplex comstruction of GO motars by intraducing
of a comarutation winding (sometimes even of a compensating swinding) and by achicving
& precise brush positioning, with negative consequences on the cost price.

The three-phase induction motors bave expeienced a rapid and widespread expansion
in the electric drives and the reascns - wery well-known fram the itersture - ane the
Talbowirg [2]:

o the distribution af the ebectricity is currently dome by wsing a three-phase alternative
valtages systemm, this being the most economical syster law-power asynchranous
rmotors can be coupled @ a direct mebwork without using intermediste elements;

o ircluction motors fespecially those with a shorm-circwited rotort are characterized by
4 simple and robust construction, being also recognized as the most relisblbe elecric
meters,

Comnpared Lo the 0O motors, shor-circuited rotor asynchronous maotors are distinguished
by numeraus sdvantages, - briefly presented Below -, which make their wse in electric
drivies attractive,

Thus, by removing sensitive components (=g, the colliscter-brush system], shom-circuited
rotor induction mators ane sale 1o operate, having a virtually constant rotational spesd at the
given kaad and ineria marnents of the maving parts (it} lover 1o those of the DT rmators.
Thiy can operate ab higher spesds for lang periods withaut mantenance, reguining oty AC
provever supphy, The value of the stator voltage is not lrmited by the commutation,

The advantage of the induction maters ever the DC motars s also due 1o ecanarmic
reasons, The price of shon-circuited rotor asynchrormces motors is moc b lower ithe ratie of
pavers [k weight [kel is practically double as opposed o that of the DC motoss),

Do 1 the b hnvical and econamic sdvamtages mentianed above, the induction mdian
is cuirenitly being widdy wsed in easy drive systems, which is the reason why it has been
built inte & wide range of pawer angl speed. The use of these motars in variable speed drive
dysterns has, however, been limived until recently, only because of the difficulties
concerming the contral and the cost of static frequency converters,

Riszeent achiewsments in the fiekd of tuning techaology, the development of power dlictronics
ingeneral and of microelecirenics, particul sy, bave made the shon-circuited roter asynchronos
T B g a0 increased interest in the demanding contrel systoms anea,
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Modern controd, scalar or fiekd-odented performance techniques ane curently used
bedng as control strategies for comeerters built using semiconductor dlements (GBT o
WS Lramsistors),

As g conchusion of the above-mentioned facts, itcan be stated that the Geld of variable
electric drives, inechving induction machines fed directly by static frequency comertens,
reparesents an important subgect for the industry specialists due to th technical-economic
acleamages they may provide,

3.2 Functional equations and mechanical characteristics

3.2.1 Equations in phase coordinates

The eguations in phase coondinates will be established for a wound three-phase
ireluction mae hine, tewhich both the stator and the ratar have cylindrical symmetny. The
aymmetrical cage rator can be reduced 10 8 symmetrical three-phase winding, Next, the
inedices A&, B, C for the three statos phases and a, b, ¢ for the rotor phases will be used.

In Figg. 3.7, the model of the considered machine in phase coordinates is represented,
The reference axes of the statar 8, and of the rotar £, were considensd (o be super pased
to the axis 4 of the stator and to the axis a of the roter, respectively. The rotor has the
angular speed in electrical 1erms, s position being indicated by the angle measursd
between the axes 8 and 8.

Fig. 3.1 The physical mode of a wound three-phae induction machine.

The assumed hypotheses ane the neglect of saturation and iron losses, the constant air
gap and the consideration of the magnetic field distribution alang the air gap a5 being
sinuscidal. By respecting the sssociation of the positive senses corresponding to the
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receiver, the valtage equations and flux equations in instantaneous quantities can be
written in & matrix form as follows [3]:

d
[u]=[R]-[i]+—[v] 3.1
dt
and
[v]=[2]-[1] (2
whesre the voltages matric and the ourrents matrix forme
[, ] i, ]
Up Iy
Uc Ic
(== =, B3
ua ia
u, I,
L uc . L lC .
aned thee resistances matrix
R, 0 0o | 0o 0 0 |
0 R, 0 | 0 0 0
|
0 0 R, 0 0 0 {3.4)
[R]=|--- —=—= ——= === ——— ——— ———
0 0 0 | R, 0 0
0 0 0 | 0 R, 0
| 0 0 0 | 0 0 R, |

I (340 R is the phase resistance of the stator winding and &, is the phase resistance of
thee rater winding. Machine symmetry allows the corsideration of B = 8 = B and 8, = 8,
= H., respectively,

The inductances matrix (L7 5 then determined.

The real inductances that characterize the physical model of the considered machine
are: the total inductance comesponding 1o 4 stator phase L. and o a rotor phase L, the

rrtual imductancs bebeien two statar phised Le and Bebween teo rator phaset L the
miustual inductance between o stator and a rotor phase L, respectively,
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The total inductances of L and Ly, can be writhen as

Ly=Ly, +L,, {3.5)
res pictively:

L = LGCIO' + Laau H'ﬁj

aa

Where Ligs and Ly ane the leakage inductances of the statar and rotor phases, and L,
and L, are the main inductances of a stator phase and ol a rotor phase, respectivishy,
These main inductances refer to the case of single-phiese power supply and are defined
based on the main ficld passing through the air gap. Therefore, it can be written that

LAAu = AAh ﬂl"l-d Laau :Laah H?:I

wheste Lo and Lo dre thie main inductances of a stator phase and of a rotar phase inthe
case ol singbe-phase power supply, respaectively.

Berween the total machine own inductances of the stator and rotor phases there are
thwe relaticenskips:
L,=Ly=L.. {3.8}

L = Lbb = Lcc HE:I

aa

The fallowirdg relationships define the mutual inductances between two windings
disposed and on the stator:

L,= LABo- + LABu ' 13.10)
arvd on the roted, respectively:
Lab = Labo‘ + Labu 13171}

Whatter Lo, Lao are thae mutual leakage inductances between two statar and rotor phases
and Las, . Lasy are thee mutual main inductances between bwo stator and rator phases,

Taking inta account the cylindrical symmetry of the machine, the relationships can be
WTLET

2
For o, = 3—T {the conter angle between the stator phases),
p

L

‘AAh

2

27
Lp, =Lge, =Ley, =Ly COS? =- {312

5 FECALRE CONTIRIL O 1N LCTHIN RUTTOH DRIVES -




And for iy = 4—-1-:

3p
4z L
Ly, =Ly, =Leg, =Lyy, COST = _% {313
res pectively.
Far the rotar, similar relationships ane obtained. Thus:
2ar
for o = 3— { center angle betwesn rator phases),
D
2 L
Labu = Lbcu = Lcau = Laah Cos?ﬂ- = _%h ] {3""4]
andd for e = 4—T .
3p
4 L
Lacu = Lbau = chu = Laah COSTH = _a?‘h . {3"'5]

Taking into scoount the relatianships (3.12), (3.03), (3.04) and {3.15), the relationships
{100 and (17} can be written down as follows:

1

Lyp=-L,;p, — ELAAh ' 13.16)
1

Lab = _LabO' _Laah a {3'- 17

Thie stater-rotar miutual indoctances are defired according to the relationships:

L, =Ly =L,=L,cosO {3.18)

2
L,=L,=L.=L, cos(d+ T) {319

2
L,=L,=L.=L,6 cos(d— ?) {3.200
L,=L,=L.=L, cos(—0)=L, cos@ {3.21)

4 2

L,=L,=L. =L, cos(-0+ Tﬂ) =L, cos(e + Tﬁj {1.22
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4 2
L,=L,=L,.=L, cos(-0+ ?ﬂ) =L, cos[@ + ?ﬁ) {3.27)

Iy b absowe relationabips, Lm represents ths masdmom muiual inductance between a
stator phase and a rotar phase, when the aos associated 1a the two wirkdings coincide.

The equation syatem (3.0 )i nanlinear because both curments amd inductances vary over
time, deperding on the position of the roton, which complicates the study, The
linearization of the system can be sccomplished by using appropriate trarsfarmations in
arcler to obtain a set of equations in which the inductances are na longer dependent an
thie retior pasitian or ime.

3.2.2 The transformed equations of the three-phase asynchronous machine.
The dgo model

The trarsition froam the machine model in phase coordinates 1o the dgd medel of a
three-phase asynchronous machine is Based an the Park trarsfarmatian.

The dgl system is thus, placed at a moment in time when the d-axis i phase-shifted
with am angle 8, to the axs & and with an angle 8 1o the ass 8 (See Fig 3.2) 3]

Fig. 3.2 Turnirkg frarm the real machine model to the equivalent machine maodel,
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The direet traraformation matrix (Taal has the form in (3.24) and its inverse (Ta T is

expressed in (3.25).

cos b, cos(@ 7—j cos(eﬁ%j 0 0 0
—sin 6, —sin [QY ——”j —sin[@ +—”j 0 0 0
L
2
[quo] :5.
0 0 0 cos 6, cos| 0 _ cos(0,+2 )
3 3
0 0 0 —sin 6, —sin| 6, -2 | —sin 9,+2—”
3 3
0 0 0 1 1 1
L 2 2 2 J3.24)
cos 6, —sind, 1 0 0 0 |
27 . 27
0, ——| -—sin| 6, —— 1 0 0 0
eof0-2) —sn{o-2)
cos[&s +2—”) —sin(é’Y +2—”] 1 0 0 0
t3 T3
[7an]=
0 0 0 cosé, —siné, 1
0 0 0 cos| 6. i —sin| 6, i 1
3 3
0 0 0 cos(&, +27”j —sin[ﬁ, +27”j 1
L J{3.25])

The trarsition from the sctual {phade) quantities o the equivalent quantities dgd is

darne using the relaticnships:

13.26)

i’ 5 PSCALRE CONTIERDL OF 180 DCTHR AUITOH DRIVES




After performing the operations and grouping, the relationships establshed for the
valtages and fuxes, for the equivalent machine the fellowing system of egqustions is
obrained [35

d
uds = Rsids + st - a)bl//qs ’
. qu
u, =Ri + 7 +ow,
d
uos = Rsios + l/jﬂs >
dt
. d
udr = erdr + l//d" (a)b - a)r )l//qr >
dt
dy
_ . qr
u, =Ri, + = +(o, -0, )y, ,
d
uor = Rrior + h >
dt

l//ds = leds + Lsrldr H

v =L i (327}

or“or ?

a5 well &5 For the electrormasgretic borgue:

3
m="p (v,i -w,i,) {3.28)

arvd Tor the rmotion eguation, iespaed el

13.29)

Mg is the resistant targue kaad,

In (3.27), B and B represent the resistances of the windings corresponding to the two
armatures, L, and Loare the wal inductances of the stator and of the rotor windings,
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respectively; and L is the motual inductance between the stator and the rotoe, L, Loand
Ly aiz the cyclic inductances, representad by the windings in the resulting fiekd, L, and L,
ari the zera sequence indoctances of the stator and of the rotor windings, respectively.

The relationships between the equivalent paramcters. and the actusal physical phase
parameeters is shown below. Thus, the resistances can be written as:

Ry=R,amd R =R, {31.3m

The total inductance of the stator winding is composed of the main inductance L
{oyclicl amd the leakage inductance L {oyclicl:

L =L +L,, {3.313
wihwre;
Log=L,, +L,, . {332
3
L, = 5 L. {1.33

Lio 1% the main inductance af the machine stator phase when the machine is three-phase
Ted, unlike Loy, which represents the main indoctance af the stator phase in the case of
single-phase voltage supgly. Both indectances are defined based an the main fiekd passing
through the air gap [4) Introducing (3.32) and (3.33) inte (3,31} yields:

3
Ls = LAAO' + LABo- + E LAAh {3.24)

The rwtual imductance Between the stator and the rotor is also defined Based an the
rrairs fielcl:

3
L, =L 1.15)
ST 2 m {
Thie hosmepolar mductance of the stator winding is intrecduced based on the nelstions bips:
L =L, +2L,, {3.36)
Lirnilarly, the follawing roted equations are obrained:
Lr = LO'r + Lhr = Laao‘ + LabO' + %Laah {3'3?:'
Lor = Laaa + 2Labo‘ {3'-33:

Relationships (3.27) receive different shapes of expression depending en bow the
reference systerm is chasen,
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Thus, if the reference system is fixed v the rotos, then we = we and the Tallowing
relaticrships result in:

dy
us:Rsis+ ds_a)rl//s’
d d dt q
dy
Z’lqs = Rsiqs + qu + a)rst >
t
d
uos = Rsios + V/OS ’
dt
d :
udr = erdr + Vldr > 2
dt
dy
U, =R, Tqr ’
d
Uy = Rrior + ﬁ
dt

IF the reference system is fised tw the stator, then w0 and the following expressions
are oitained:

. d
uds = Rslds + l/lds ’
dt
dy
uqs = Rs iqs dtqs )
d
Z'los = Rsios + l//os E
dt
. d
Uy = erdr + l//d” + a)rl//qr > .
Ve
u, =Ri, ” -0y, ,
d
uor = ‘Rrior + h
dt
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Far the syrchranous reference system, when =, Synchroncus angular velocity,
the fallowings results are abtained:

. dl//dv
U g :Rslds + t _ws!//qs 4
dy
_ . qs
u, =R, +7 +oOY .
d
uas = Rsios + !//as 2
dt
. d 140
udr = erdr + !//d’ - (a)s _a)r )l//qr 2 :
dt
dy
_ . qr
uqr - erqr + 7 + (a)s — @, )l//dr >
d
u, =Ri + Yo
dt

3.2.3 The phasor model of three-phase asynchronous machines
Thie ecquations are written starting froem thie model in the phose coordinates,

By rmarking the statcr phase Muaes with %, %, W and the rotor phase Nuxes with ¥,
W, S the spatial phasors of stator flux 9, of retor lux % and of statar cumremt 7 and rotor
curment i, respectivly, are introduced with the following re atiomships [3]:

v =§(V/A tay,+a'y.), {3.42)

v =§(y/a +a-y,+a'y,), {3.43)

i =§(z’A +ai, +d’i) {3.49)
Y

i =§(1a +ai, +d’i,). {3.45)

The Mux fram a certain stator phase of the machine is defined by beth the three-phase
aranor and the rotar currents system, Thus, Tor the Mues of stator phases A, § and C, the
falbowing relationships can Be written [3):

2 2
v,=Lgi,+il, cos@+il, cos(9+ ?ﬂj +ilL, cos[é’ —?ﬂj {13.4a)

i’ 5 PSCALRE CONTIERDL OF 180 DCTHR AUITOH DRIVES ‘




Wy =L, +i L cos(@—%} +i, L, cosO+iL, cos(0+ 2?”) {347

2 2
we=Li.+ilL, cos[@ + ?ﬂj +i,L, cos(& - ?EJ +iL, cosO {1.4m

The spatial phasar of the statar resulting fuxis obtained by computing the fluxes of the
three-stator phases given by the relationships (3.486), (3.47) and [3.48] using (3.42] and
tikireg into account (3445
l//s = LS zs + Lsr zreje {3.-1'3:

Sirnilarly, for the spatial phasar of the resulting rator Aue, the fallowing relationshi ps are
obtained:
v =Li +L,ie” {3.501

The equations of stator and rotor valtages, written with the aid of the spatial phasorns
have thie following shape [3)

d
u =R +Ls {3.51)
dr
d
u =R+ {3.52)
dt

The equaticn (3,515 valid in the stator coordinate systern, while the relstionship (3.52)
is valid in the coordinate systerm relative to the rotating rator, whose real axis coincides
with the a phase ads, The analysis of electric machines wses & comman axis system for
btk the stator and the roter variables assuming that the dyg coordinate system rolates
with the angular welocity (see Fig, 3.3)

Fig. 3.3 The dg coordinate systerm asseciated with statar and rator windings.
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By transposing equations (3.51) amd 13.52) into the oy coordinate system, their
independence from the angle 8 which determines the position of the rotar relative 1@ the

-d od
stator, is ensured. The following nmalmrﬁ.usq,zs y BT da ufq,zrq and Erq ane used for

defining the spatial phasors ol both the stator and the rotor voltages, the currenits and the
Tluxes in the new coordinate systeme After performing the caloubations, e following
results in [3]:

w dt// ., d0 “ dw
u =R +_+JW ' —=Ri +—+ja)1// ,
' dt — dt dt
13.53
dq d d‘//, dy d(es - 9) dq dl//jq dy
u =Ri +——+jy =R1i @)y
t dt t -
“—_L i+l i
- {1.54)

The index "dg™ can be neglected becasuse the Farm ol the diffesential equations indscstes
the coordinate systerm o whach the varabdes are weitten, This gves a simplification of the
writing, relatcnships (53) and [54) becoming:

dy
u =R +;S+ja)bw )
‘ Cdr -
{3.55)
dy
u =Ri +——+j(o, -0 )y,
dt =
ries pectively,
l// :Lszs +Lsrzr
o {31.56)

l//r =Lrir +Lsris'

By considering appropriote particwlar values for wy, squations (3.55) can be translated
inte any desiced reference syslem.

Thius, fear why, =0 i waltics. o ustons in the relerence syanerm foed o the stater are obtained:

13.57)

oy
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IT the refesence syster is fixed with the roton, then we = s and the equations (3.55) become

. d .
u =Ri +— tjoy

13.58]

13.59)

And for the torgue, some equations highlighting the representative phasors ol the
Tluxes and currents can be esablished. Thus:

ngpRe[lesg':}zgp‘ lexis {3.60)
ar,
ngpRe[—jt/_/rg':]zgp g'rxt/_/r‘ {361

where and are the complex phasars conjugated 1o and, respectively,

Mext, the real rotor is replaced by an eguivalen roter used Tor computation. Equations
{3550 and (3.56) take the following shape:

v
u, =Ri +—+ joy ,
K] s =5 dt J bws {IEI]
R 4 |
=R,i, +—+ j(o, - o,
Zr rir dt .]( b r)w
and
l// :Lszs +th
. o 13.63]
v =Li +L i
respactively,
wibwere,
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L =L _+1L, {3.64)

L =L, +L, {3.65)

The variables marked by " correspond o the equavakent rotar wsed for computation.
By introducing rotor quantities in poo, the mutual cpclic inductance L, is replaced by the
rnain cychic inductance L This shoubd be writter as follows:

Io=1 +i {3.66)
The rvainy machine Mux becarmes:

v, =V, =L,(i+i)="L,i, (267

Between the variabdes relating 1o the rotor in poo, and those relating to the real rotor,
there are relationships, swch s

R =K KR {1.68)
L =KKL {1.69)
L =KL {3.700
u =K u {3713
1 .
L =—1, {372
Ki
v =Ky {3.73)

i ke abeve relationships, K & machine coments ransfosmation ratia, and K represents
Ehw vaaltages iranslonmation ratic.
IFin 1362} the Mux derivatives are elimminated, the Tollowing voltages equations ane
abtained, (with p=didi]:
lis :R.vzs +pLo'szs +pLhr£m +ja)bl//s’
, o co . . ~ 13.74)
u, =R, +pL,i +plLi, +j(o-0)y.

O
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These equations corresporkd 1o the equivalent scheme presented in Fig, 3.4,

is jox, Ws R« L Los Usr 2 R} j(wp-wr)W:

Cr 2 =
Fig. 34 The equivalent scheme of the induection machine during ransiens,
3.2.4. Mechanical characteristics of three-phase asynchronous machines

It is further considered thar the machine is supplied by & symmetrical sinusoidal
valtages systermn. In these conditions, the stator and rotor curents also form symmetrical
sinusaidal systems and the resulting air gap rotating Geld is circular,

Tao put it sirmply, thie motation 77 s used for the stator and 27 Tor thie roror, Thus: L
Ligs Lo @ Ly, By = By 0 £, = Ky Therefore, the steady-state equations of the asynchronous

rmachine ane
Ql = Z1 £1 - (_]el

U,=-2,1,+U,,
13.75])

U,=-JX,,Ly

!01 =1, +12

whsere
Z =R +jX, ., X =al,
, R, .
Z,=K K Z,=—+ jX,
S

R =KKR, , X,=KKX,=KKolL, {3.76)

it i

X o L

1m = 1"hs
X Being the magnetizing reaction corresponding to the main magoetic machine field,
The machine slip 57 is defined by the relaticnship:
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§=——" {377

I R R
& ,1 —L
1-s
[]jTR’z
U,
Y
o

Fig. 3.5 The wsual T eguivalent scheme of the three-phisse asynchrenous machine

In steady state, the electramagnietic mator torgue M has the eapression

}L;U2
3p s
M=—: , 13.78)
a)l RZ 2 'N2
(R +C, 7) +(X, +CX,)

X
where C) = 1+ — = machine constant.

1m

aM
The eritical slip s, s determined by the condition e = 0. Ivyiekds vo [&]):
S

C.R,

5, = {3.79)
\/Rf +(x, +cx,)

el

3pU’
M, = : {1.B0)

20,C [RI +\/Rf +(x +Cx, )J

respiactively.
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Fig. 3.6 shows the mechanical characteristics of the three-phase asynchronous machine
a5 follows: for vasious rotor resistances and, in Fig. 3.7, the mechanical characteristics of
the three-phase asynchronous machine for various supply valtages,

M

0 3 s

Fig. 3.6 Mechanical characteristics of three-phase asynchranaus machines far various
FOLOF PESISIONS

M

M

Fig. 3.7 Miechanical characteristics of three-phase ssymchronous machines far different
supply voltages.

3.2.5 The mathematical model of the three-phase induction machines in

steady-state

This paragraph represents the synthesis of the theoretical and experfimental resean bhes
cardied out in the Department of Electrical Engineering of the Faculty of Electrical
Engirering and Power Systems Engineering of Timisoara, The alsjectives al the study
woere mainky focused on the behavior of the induction machine in the presence of a
defarming inon-sinmscidal} regime. Actually, they cansist af analytically determining a
raathematical wadel associated with shor-circuited rotar three-phase asynchionous
mischines insteacy-state and fed thoowgh static lreguency canverters, bnwhiat Tollows, the
medel ardd the influence of the corwerter's robe on the machine parameters and
characteristics is presented (3], [7], (8. [9).
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IF thie induction rmachine is fed throwgh a converter, & series ol higher harmonics will be
foaurcd in s suppdy valtage wavelarm, vielding o the difference of both its parameters and
fur tional characteristic quantities from those of sinuscidal suppling case, Thise higher
harmionics of odd Gme will resultin a Seforming regime in the mschine, with generally
unfaverable effects inins operation,

The fallawing corsiderations are based on the simplifying assumptions:

o anly the fundamental space hanmonic of the winding is considered;

o saturation is neglected, il we take into consideration the fact that the machine
pararmaeters are not influenced by the saturation phencmenon depending on the
Iad, so there are mo time quantities theowgh it

The above-mentioned mesearch has shown that, under non-sinuscidal feeding
conditions, the three-phase indoction machine can be associated with an sguivalent
scheme corresponding to all the harmanics that occor, The scheme works ot the
furdamental fregquency £ and is presented in Fig, 3.8, The influence of higher larmanics
is fourd i the particular parameters valoes, valid fon s given [oasd.

liny  Runv Xainv Sinv Xainv
i -
I[llinv
X
1mINV [] Ry
Sinv
Riminv

o

Fig. 3.8 Diagrarm of the three-phase asynchranous machine fed theoogh an inverter

Acconding Lo this scheme, it can be formally considersd than in the case of the machine
Teeding theough the comerter (the parametens carresponding to this situation ane rmarked
with the index "INV} behaves as if it would be fed through a sine wave voltage system ol
furdamental frequency, e

u, = \/EUI(INV) sin ¢,

. 2r

U, = \/EUI(INV) sin(a)lt + 27”)

wibwere,
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Ui = Ulz(l) +ZU12(v) {31.82)

v#l

Uy, 1& the phase supply voltage corresponding ta the time harmonics of order 1.

Thie equavalern parametbers of the scheme were caloulatisd for the furdamental frequency,
takirsg it sccount all the igher odd tme Barmonics present in the supply voltage,

Thus, the eguivalent resistance ol the stator winding Buss . carmesponding o all the
harmonics including the fundamental, is determined by the condition that the resistance
[E55E% Py ane the samie a5 wihen considering all the "™ resistances cormesponding to
the harmaonics, R (v). This eguivalent resstance B has the value:

Rl(inv) = Rl(l) =R 13.83]

ard is tranversed by the current:

Laxy) = [Ty +Z:4112<v> 13.54)
V#

The stator winding resctance cormesponding o the fundamental X, , determined far
the fumd armenital frequency By and the statar winding reactance corresponding to the
higherr harmonics X o deteomined for the frequencies e = ol L is replaced by an
eguivalent reactance, X determined for the fundamemal frequency. This equindalent
reactance, raversed by the currenit g requines the same reactive power Oy, e ds the
V® reactance Xq. each determined at . and ravelled by the curent . Following
eguivalence is abtained:

Xl(CSF) = kxle {3.B5]

2 2
1 1 U
1+z.[ J [ Y
k var V f;rxsc Ul(l)
. (U} 13.B6]
1 1
1+ Z . ( . j . [I(V)J
vt V 1Y U1(1)

« X
In (3.86} x = ~Z is the reparted short-cirewit impedance coresponding to the
M

whaere

frequency o= L lusually, £, = 50 Mz X = X + X'2 and f =i 1 is the fundamental
1L
frequency at which the reactances X, and X, were detenmined),
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similarly, far the rotor phase, the equivalent resistance and reactance relative o the
stator, determined for the fundamemal frequency, which cormesponds 1o all the
harmvonics, i luding the base, the following expressions are obrained:

RZ(CSF) = kR'2 R, {3.87

XZ(CSF) = kx'2 X, 13.B8)

where £, and k. are defined by the following relationships:

kr(CSF) + R2i i

k. = k. 'ch . {189
R R, 1
14220,
RZC kr

kx(CSF) " X%,» L

k. = k. ,ch k. {1900
z Xy 1
1+ 220~
XZC kx

In the above relationships, R, is the resistance of the rotor phase winding laid in

notches and relative to the stator idetermined a1 fundamental frequencyl; R, is the
resistance of the retor phase winding with negligibde film effect and relative o the stator
{determined at fundamental frequency); X, is the reactance of the rotor phase winding

laiet in notches and relative to the stator, in which the film effect is manifested; X, is the

reactonce of the ratar phase winding in which the film effect can be neglected; Ko and
Koo ane thie equivalent ghobal factors of resistance variation, of the rowe winding
reactance corresponding 1o all the harmanics, including the fundamental, respectively; k
arvd K, are the increasing fscwar of roter resistance and af the reducing Factor of the rator
reactance in the sinuscidal supply conditions, respectively,

In order 19 determine the equivalent magneization resistance R it should be
nated that this i determined only by the ststor feromagnetic core losses, which are
directly coversd by the statos pawer.

By rraking the Lyl wn dpprosamation for B the fallowing results are obrained:
P +P.

Z1(CSF) J1(CSF)

R

1m(CSF) — 13.91)

2
3[/J(CSF)
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whisre Py dnd Pwes ane the overall kasses ecourring in the stator teeth ar in the stator
yake due o the supply of the servamotor through the converter, The determination of
thiese losses is widely reparted in [10],

When determining the toral magnetization curment Less, the effect of the supemposition
principle is applied (the ferromagnetic care is considered linear, Finally, the following
relationship is cbrained (17}

_ [ > _
Ly = 1/1;:(1) +leu(v) =1,

Wheere B and B represent the magnetising windings corresponding 1o the
Turdamental and 1o harmanics of arder V|, respectively, The S, and 8L, Computation is
prisemed in [17]

13.92)

The equivalent magnetization resctance, corresponding to all the  harrmanics,
determined at the magretizing base frequency G, s abtained from the exprossian:

2
U, 2
~ (CSF)
le(CSF) = I— - (RI(CSF) + le(CSF)) 13.93)
#(CSF)
i 5 ; RZ(CSF) f Bk P
The determination of the ratio ———— is dare by writireg the Law aff Canservation of
S
(CSF)

Active Pawers: thi squivalent active power correspanding to all the harmanics, including
thie Tundamental, received by the equivalent roetor in the condition of Feeding the machine
throwsgh the converter is egual to the sum of the active power comrespanding o the
Tursdamental and the sctive powers cormesponding 1o each harmanic Vin part. After the
calculations ane made, the following is obrained-:

s, R I
T JUSSCLR et
R R vel S, 21 21
vy _ Ry v) (1) _ (1) (3.9
Savyy S I
1+>° )
v#l 12(1)
wheere the slip cormesponding ta harmonics of V s
Sy = 1518 {3.95)
v v

The ™ +7 sign pair (located o the tog) correspondds ta the wave that rotates in the
direction of the main wave, whibe the "+ =" bamam pair comesponds 1a the wave that
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rotates in the coonter serse, Thus, sl the parameters of the equivakent scheme of the
three-phase nduction machine were determined in the condition of its feeding through a
static fregquency converter. For further details, bibliographies are recommended [SL [12],
[13]. [14]

3.3 Static converters fed induction machines

31.3.1 Introductory elements

I thee case of electric drives, the static frequency commrter plays & orucial role in
obtaining quick and accurate dynamic responses. The wie of three-phsse induction
rmachimes requires the existence of appropriate power converters generating a three-
phase valtages system of variable amplitude and frequency. Most applications use satic
inclirect frequency convertens,

Static indirect frequency comwerters are characterized by a double corwersion of the
electrical erwergy congisting in a transfarmation of the altemating grid voltage (of comstam
amplitude and fregquency) imo s continuows voltage by using a rectificr with two o faur
quadrants, followed by the inverse transformation of the continuows veltage fram the
intermediate Circuit into an alernating voeltage, single-phase or three-phiase {of variable
ampditude snd Mreguency) by using an inverter,

The static frequency comverters with DO intermediate cireuit consist essentially of three
blocks: & rectifier, a filver are an inverter, The Block diagram af such a converter is shown
in Fig. 3.9,

Main
Suplly

©O— _ —0

Fig. 3.9 The black disgram of & static frequency comaerler with DO intermediate circwit

Filter Load

Y
Y

By thve matware af the Rlver in the DC intermediate cirouit, there ane two categodies of ndirect
corverters: with mtermediate comtinuous valtage and intermediote continuous current,

The indirect static conwverters with continwvous voltage in the intermediate circuit
ari: characterized by a DC voltage supply working in voltage generator made - voltage
souree - doe 1o the presence of a capacitgr with C — oo in parallel with the sowree. This
is the resson of naming the imserter 8 voltage inverter, In this kind af comverters, the
valtage B switched 1o the cutput circuit, which has a rectangular shape, The current is
determined based on the laad nature,
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In Fig. 3,100 ared 1000 are presented bwo basic topalogies of indirect canverters with
continuous woltage in the intermediate cirouit, in use nowadays.,

Thie black diagram of Fig, 3,008 corresponds 1o a device consisting of & valtage inverter
and @ passive rectifier, which is often used for low power drives applications, Since the
rectifier B ot cantrelled, far the machine gemnerstor mode, the enengy cannaot be passed
1o the grid, s0, a dissipative elerment - the power resistance § - is connected o the
intermediate circwit ar the filter capacitor tenminals, and if needed, it could be alsc
conmected with a static switch 55 [a bipalar or IGET transistor,

n +c -

F 5 |

Fig. 300 Static indirect corwerter with intermediate DO valtage: &} a circuit diagram witk
valtage inverter anel 8 passive rectifier; B) o scheme that alkows recuperative Braking,

The scheme in Fig. 20000 sllows energy recovery back to the 8C grid. In this case, the
rectifier being & controlled ane juses sctive companents in its strocturg], in the braking
operation mode of the indwction machine, it operates a5 an inverter, 1S topalogy can be a
twwdlewel ore or a mlti-level cne, The three-level imvener shiows asigmificant reduction of
harmanics, withaut increasing the switching frequency for this purpase, Itis used in high
poweds and valtage applications,

The indirect static converters with continuows current in the intermediate circuwit
is characterized by & DC source, which operates a5 3 current generaton mode due o the
presence ol a large inductance Lin the sowrce cirouit, This provides the intermediate ciroui
with a current source nature, the inverter being knewn as a current inverter, The basic
topalogies of indirect static comverters with DU current in the intermediate cincuit,
currently encountened in practice, are shawn in Fig. 2.10.a and Fig. 211k,

Curnently, the scheme in Fig. 3.0 1a s freguently used, where both the rectifier and the
irneerter are built-in using comventicnal thyriston in thiir stucture. The disgram allows the
power 6 crculste in both directions even though the curent in the imemediate crcun
rietaing the sense. For an induwction machine operating in mataring mcde, the grid-side
conwerter works a5 a rectifier and the load-side comverter works a3 an irverter. When the
machine is operating in o recuperative braking mode, the converters change their role the
grich-side cormener works as an inverter and the load-side comerter works as a rectifies. For
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the supply case af sninduction machine, o battery of condensers is typically sttaschied tw the
e hare termanals, provicing thas the reactive energy reguined far lasd switching off,

R L —

= LI 32

=== C

s~ v®

b. ===

=== C

Fig. 3.11 Basic wopalogies of indirect commverters with DU intermasdiate circuit: ah Rectifier -
inverter aperating mode with comventional thyristors; b rectifier - inverter operating
rmicede with GTO thyristars,

Thve diagram shower in Fige 3,106 wses GTO thyristors in the strocture of the tea converters.,

The fallowing is a briel cverview of both valtage and current inverters 1wopologies and,
for further details, please refer te the liverstwee [15) [16]

3.3.1 Three-phase voltage inverters

The three-phase voltage inverters cansist of three branches B, 5, T, specific o the bridge
conmection, Fig, 3.2 shows the principle ol o voltage inverter, It can be noticed thar, anthe
termminal points B, 5, T, a syrometric three-phise voltage system is obtained, which can be
described by the relationships:

Ip tig+ip=0sup +ug+u, =0; up +ug, +u, =0 {1.96)

Fig. 3.12 Cisgram of the voltage inverter
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Im thes simplest case, the valves are contredled in such way that a 1207 phase-shift
between the valves from group P oo the other ones from group N is ensured, but the
conduction af esch valve can last only 1200 o 180°, Eniowsing which valves are conducting
at each moment, the potentials of the peints B, 5 and T can be deduced and thas the
valtages wavelorms, o, In all the applications, the three-phase ebectric machines haone an
il tive-resistive ¢ haracter, which will resultin currents phase shifting, As o result, when
the current of a phase has the opposite sign of the same phase valtage, it will fow thraugh
the comespanding rum-off disde. This B why the valves conduction tirme is actually less
than 1207 and less than 1807, respectively,

For an inductive-resistive [oad, the corrent waveform back phase-shifted companed
with the valtage wavelorm; therefore, the switching between the bridge legs occurs at the
same rmamerts 137,607, 1207 and so ond, Within each 60° range, havaever, there is o switch
between a run-off diode and the comesponding valve on the samee leg, The valve will
receive the priming signal as for the resistive losd case, iz in advance, but will drive less
than 1R, Consequently, thire is a change in the voltages” wavelarms e o and b a5
showminFig. 3.13.a The siteation is sirnilar for the 1800 conduction case, whose wavelorms
arie showm in Fig, 3.13.b [3], [16).

3.3.2.1 Inverters with low loss transistors

For small and rmedium power applications, MOS ard BT transistors are wsed for
buildirg these imverters, With the emergence of bigh-perfarmance transistors, the thrse-
phase imerter techoigue bas changed substantially. Firsthy, the switching frequency has
imcreased, which Bas led o the improverent of convertens performances in terms of
dynamic respanse, reduction of harmanic content, reduction of sCoustic noise, @1,
Switchirgg frequencies to about 15 kHz for KGETs and 20 kHz for MOSFET trarsistors are
viery common, Under these circumstances, the anly facter limiting the switching
Treguencies is the dynamic losses of commutation, Reducing the losses is possible by soft
switchirg a1 rero valtage (2] or zero current (20, by sdding o the valves resonating
elements, as shownin Fig, 3,14,

The dissdvantage of soft switching is the high voltage or current stresses fior the valves,
Adding the characteristic of the resonant shements LT o a three-phase vallage inverter,
the diagrarm in Fig. 3.15 yields. The resonant circuit couses an cacillatan in the inlermediate
citcuit Between zero and nearly doulbibe the supply valtage L. AN vahses in the imerter wall
be switched 1o 2V when the capaditor voltage C reaches 0, Dwe 1o the high voltage stress
o the valves, it would be recommended an active cireuit 1o fix the valtage peaks on the
brichge valves 1o more reddonsble values of (1.2-1.500, The disgrarm of such an invemner is
showaninFig. 3,16, Here, in crder 10 precisely determine the zene crossing of the intemmediate
circuit voltage, the losses in the resanant circuit are compensated, resulting in a vanation
different from the ideal ane. This is dore by providing the coil Lwith an initial curent,
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A mose refined version of the scheme presented in Fig. 3,15 is shown in Fig, 3,17, The
bwo bisdirectional awdliary vabves A, and &; allow the supply woltage of the cacillating
circuit tor b cancelbed whenever the bridge valves have to switch. These will be switched
1o ZW and the two auxiliary vabees at 20, The S-valve warks st the inverter switching
Tregquency and all the available posser is passed through it
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Fig.3.13 Vieltages ard currents produced far an inductive-resistive losd: a) 120 blde 1807

o
1l
1l

o

=

Fig. 3.14 Configurations for selt swatching: a) Zv; bl Z0
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Fig. 3.15 Threes-phase inverter with resonant intermediate circuit,

s T

o wh ok o)
—|L’11: ~“S—Hz.: "'—“uﬁ:

Fig. 3.16 Three-phase rescoant solive imeerter

A J

Eac b tirme the voltage in the intermediate circuit becomes zere. all the inmserter elements
ane briefly short-circwited by the S-valve, causing aninitial currentin the coil L Then, a new
awitchirg cyele starts and a new resonant cyele beging. The Bi-directional nsture of the 5-
vahme is emphasized,

: 2]

Fig. 317 Active resenant circuil inverter and ausiliary valves
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There are ako diagrams that use a series of LU elements in the intermediate circair,
thase being added to 4 current source canverter (see Fig. 3.08), Here, all the valves are
switched on when the current in the intermediate cirouit passes through zena, (20, The
disadwantage here s the corrent demand for the valves, Here, for an accurate
determination of the current zero passing morment, an initial voltage compensates the
losaes across the capacivor, Each time the current becames zerain the intermediate cirouir,
all the vakes lock wp, which yiekds an initial voltage on the rescmant capaciton.,

A44 vy

L
L

-

A

— 9
FIEEY vy |l

Fig .2. 18 Rescoant LT sedies canerter

Undike PWh-controlled inverters, soft-switching invertens are contralled Based on the
caormect detection of voltage curment) zero passing in the intermediate circuit, using
specific strategies [17]

3.3.2.2 Multi-leval inverters

The mwltidevel valtage inverters generate & stairs waveform ol the voltage, which
providies o beter approsimation of the simewave voltage, resulting in a signilicant inone as.e
in thie fundamental and a sigrificant reduction in the higher harmonics in the alternating
valtage produced. On the ahernative voltage side, theee or more voltage levels are
generated, For this purpose, a1 least two DC voltage sources are used, There is although a
disadvantage, narmety the large numiber al vahees, which makes therm suitalale cnly For bigh
power applications, where the valves wsed are GTO thyristars. Fig. 3.9 shows a simplified
representation of amulti-level inverter: the switching element on esch phase (Fig. 3,195,
conaists of four controlled valves and six dicdes Tor three voliage levels, The genedated
valtage frarm the valtage Block contral is shown in Fig, 3,790 There are twielve tranditians
and esch valee is tarn on only once within a period of tirme. This is the reason why this
achwerne B also known as the scheme with twedve steps Switches), The potential of the
neutral L, containg the zeno sequence voltages, which da net accur in the voltage at boad
termminets, thus reducing the harmonic vollage Con et

The valves contral mode is based on the angle o, Frg 319, o an applying the pulse
width madulstion 1echaigque (PWIWD incase of aiming at s superion performance [3], [16]

il 5 PSCALRE CONTIERDL OF 180 DCTHR AUITOH DRIVES ‘




5 ‘Ir g o
1/2ud (A &
10y M yad® Y a D oz
? = s—zE - 0 a @ .
yud® | @ L
l ) | Q@ @
iail ib‘l) iey L2
@I (®)oe
i L1 2 13
b.
112|3|&|5]|6]718)9110IMpn2
e =3
o L
“n ';u‘,’,
ud O '
!.IL3f 0
g 64
3Ud |
0 i
o ape
! L
} o
Up & —
| j any
0
R m e &
ot —
c.

Fig. 3.19 Three-phase multi-level innserter: af the simplified scheme: b the switching
elerments in detail; ¢} the obtained wavelfonms
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3.3.3 Three-phase current controlled inverters

For these kind of inverters, the valves are bi-directionally used in the voltage and
wradirectionalin the current doe to the current of the intermediate cirouit. The valves used
can be antiparallel diode-lree thyristors,

3.3.3.1 Current inwverters with autonomous turning off
These inverters we an auxiliary bridge af thyristars (see Fig, 3,20

o

o
t T1a Tz& T.!a* T & Tz* Ta&
c1 L R

T
Tha T’z.¥ T’3.¥ T % Ti¥ T‘a%

Fig. 320 Current inverters with autonomous tuining off

The prirmving of cach auxliory thyristor causes the lock of the corres parnding main thwrstor,
The load is embedded in the switching circuit, Each extinguishing capacitor serves two
vahees fram the samse bridge leg, Thos, for example, to block T, T, must be primed, The
capacitar C; is discharged Between T, and T, Upon completion of the switching process,
L capacitar Ceis recharged and resdy 1o block the thydstar T, & variam of this scheme,
shown in Fig. 3.2, is using a sngle capaciton, provided that all commutations take place
at different sequences and thus avoiding overlapping

[+]
L A
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Fig. 321 Current inverters with autanamaous turning off and only one capacitor.

?
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Here, thie auxiliary thyristors 7, lesd the capacitar current to the valve that bas to be
blocked, and T, and 7. control the capacitor's polarization with the polarity required o
block the thyristars of the group P or N 0 this scheme, the capacitor is charged and
discharged six times aver a period of gme [3], [16].

3.3.3.2 Autonomous current inverter

This inwerter substantially reduces the numiber of valves, using only six thyrstors {see
Fig. 3.22). The separation dicdes, Dy, placed in sedes with bridge thyristors, ane designed
te prevent the discharge of the extinguishing capaciton through the koad, Assuming that
thes Ty amd T, valves are in the conduction mode, the capacitor O is charged as shown in
Fig. 322 To lock 7,7 i% turm one & discharge of the capacitor O between T and 7,
immediately follows and, then, T, s blocked, Due w the losd’s inductive noture, the
current i switchied from O, (the path that includes 7.0 10 0, {the path of 1) only after the
capacitor C; recharges with the opposite polarity, The recharging crcuit is T, phase 5,
phase Rand T,

Lf ie
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G
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|
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Ti Té Lk
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Fige 3,23 Auvtanamous curentinerter

Current inverters can be cantrolled in pulse with width modulation, PWM, as voltage
irneerbers, But it is imgartant 1o keepin mind that shar-circuiting of the load (considered
44 4 voltage source] or unlosd the power supply are forbidden, At one point, there muost
be a P-yabe and another M-valve, not on the same phase, in conduction mode, In addition,
the valves must have controlled both the priming and the locking [3], &)
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3.3.4 Control of the three-phase inverters

3.3.4.1 Pulse width modulation {PWM) for three-phass inverters

The purpose of the modulation techrigues is to determine a set of three-phase voltages
of varying amplitude and frequency, starting frarm a constant input voltage constant. In
orcder for the three voltages 1o be symmetrical, the same triangular voltage must be
cormpared to three reference sinusoidal veltages that are offset by 1207, a5 in Fig. 3.23.4,
whesre my is the frequency modulation ratio defined a5 my = G, where = the
frequency of the trizmgular sigrmal and the fregquency of the carrier; £ s the frequency of
the fundamental valtage generated by the inverter - modulating frequency

From Fig. 3.23.b it can be seen that the same continuous companaent is present in the
L arved pigs woltages, measured at the negative voltage supply pobe. In the line voeltage
wirvelarm, this component disappears in the same way as in the single-phase bridge
inverter, In fact, for the thissphase inverters, only the harmonics in the ine valtages
presend interest,

Conskdering the harmonics af the my arder and the harmonics of an odd multiphe order,
the phase difference betwesn the hanmonics ol the my order in the G, ond the U, is (120
x gt This phase difference becormes zero if myis an odd omber and a multiple of 3, 85 5
consequence, af the harmanics of my order disappear from the U waveform, The same
et T the harmonics for the odd multiples of my i Tacw this is the reason for choosing
i b be an odd nomiber and a maltiple of 3. 10 this way, & whole series af harmonics Trom
ther theeephase line voltage cam be eliminated by choosing rmy accordingly. i can be
concluded that:

o far low values of my, a synchronized moedulation technigue (the trianghe and the
cormmand signal are synchrenized] muest be used in order 1o eliminate the
harmonics, my must e an add number and a multiple of 3;

o 1hi asynchronows modulation techmigue can be practiced inthe range of m, = 27
because the amplitude of the subharmonics due te this process is small. In this
contral made, the frequency all the triangular signal is kept constant and only the
freguernicy of the cammand signal is changed, The resultis thar my can have values
that ari e langer integer numbers, However, the pracess shoukd be aveided il the
output frequency is of & Tew bertz due to the subharmonics that can cause the
appearance of sighificant currents of low frequendies;

o wsing the overmodwation technigue |, = 1), regardless of the value of my , the
behaior is the same as the one for kow my Cases,

cm

i, is the modwlation ratio in amplitede defined as m, = . where L, is the

Tm
armplitude of the reference voltage and L. is the amplitude of the rangular sigral, that is
generally constant.
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In thie lirear regicn (my = 1} the fundamental content in the output voltage varies
lirizarky with .

Secing that the amplitude aof the fundamental is given by the relationshipe

(0,), =, % m, <1 {397

whasre Ugis the voltage of the intermediate civcwir, the fundamental cantent of the liree
valtage is:

V3 V3

Uy = ﬁ(qum )= ﬁmaUd ~0.612m .U, 13.98]

The harmaonic camponents of the line woltage are presented in Table 300, aking into
account the fact that the harmanics are presented as effective values,

0'?\ n:‘lT\._ﬂguT-T\\ux:‘nc"quu b
1 ™ Nmge2d 2™ (2mpen) 3N Nr3mge 2)

c.

Fig. 323 Pulse wighth madulation in three-phase inverters: a) compansan between the
triangular carrier and the moedulating sinusaidal wvoltages; b the praduced line voltage; <
harmonics spectium

In the overmoddation zone, the spikes in the command veltages wavelforms may
exceed the voltage wiangular waveforms, In this mode of operation. the content of the
fundamental voltage waveform does not incresse proportienaly with m, This can be seen
in Fig. 3.24, For large encugh values, the modulation turms into a recrangular waveform,
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Table 3.1, Thee reported walue of barmonics in Bne voltacge Tor o lange, odd and multiple of 3m;

m, 0.2 0.4 0.6 0.8 1
fundamental 0122 0245 0.367 0490 ne12
myt 2 oo nnaz? 008 0135 0195
m:+ 4 000 oo
2met1 0116 02 0227 0132 0an
2t 5 n.ona 0020
Im+ 2 0027 nnas 0124 n.o0g nozg
Im:+4 n.ong o2 0064 n09E
Am+ 1 0.0 D096 0o n0Ad 004z
Am+ 5 o221 noal 0073
Am,+ 7 Do L
M. 0.2 0.4 0.6 0.8 1
Uiy
Ug
%8 -qz8f - ——— -
' I
1
=0 612} - [
| |
1 |
! |
| |
I |
] i
\ |
] ]
I |
I i
i i
I i
o D)
Im¢ =15) "

Fig. 324 The repomed Tundamental content U UL a3 Turnction of my, Tor the three-phase
irerLer

Iry the overmedulation zone, comparing (o the linear one (my = 1 there are several
lateral harmonics centered on the Barmanics of the marder and thein multiples. Hossener,
the: dominant harmonics may not bave a magnitude a5 large a5 in the case of m, = 1
Therefore, it is found that, depending on the charge characrer and the switching
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Treguency, the losses due 1o these hammonics may be smaller in the overmadulation area
thear in the linear zone of the FWM [3]. 113]

3.3.4.2 Closed Loop Pulse Width Modulation (PWM)

For the three-phase converters fed AC machines, the generation of pulse width
rncdulation ocours in o closed loop based oncurment or Pux. In Tact, the curent and (o)
flux are state variables that can be measured or observed in the control loop,

Thie black disgrarm of a bysteresis current contraller is shiown in Fig, 3.25.a. To be noted
that there is one control block on each phase thar causes the current error on the
respective phase 1@ be maintained within the width of the hysteresis band, 24,

There is mo cormelation between the three controllirs, which is a disadvantage. Itis also
noted that the current errar is mot strictly limited as situations where all the valves ane
blocked and the cument is determined by the mation induced voltage may ocowr (See Fig.
3.25.b), Howeever, the eror canrot excesd 24, [18]-1115] Thus, in Fig. 3.25.b, with * 17 is
marked the situatiaon in which the signal excesds the hysteresis sone. This can bappen if
thee zera vectar is active (see Fig, 3.27.c) while the victor cormesponding to the motion
incluced woltages opposes the previows state of conduction The masimum excesdance B
24, . The high-fregquency switching cycles that may occur are marked by 27, This kimd of
contrallers work ar high switching freguencies, thus, compensating for the quality of the
micdulation,

A carvier-based modulation brings. improverments to the previous scheme. Fig, 3.26
shows & mare elabsorate scheme. & Pl (proporonakintegrall controller provides the
valtage reference for the width modulator. This voltsge reference is filtered and at the
samie time, the influence of the load motion induced voltage is compensated,

Difficulties ray anse if the reference excecds inamplitode the rangular signal (see Fig,
3265, in which case the valves are blocked,

The wector contral is based an the voltage vector, which can be determined from the
principle scheme shown in Fig, 3.27.a, generating the voltages from Fig. 3.27 b, Based on
thie relationship:

2
us=§(ua+a-ub+az-uc) 13.99

whete g=¢""" applied to the voltages in Fig. 3.27b, the six voltage vectors (U, .. L}
represented in Fig 3.27.c can be devermined.

When applying pulse width modulation [PWM) vector contral strategios, thene sne two
PO eCtons, v and o, These sire vectars are assaciated wath ane of the tea invernter states
wheen all the valves P are closed (1], vy ard whien all the vabes N are closed, v, respectively.
The existence of the two zero vectars brirgs new possibilities for the PWI vector controd
atrategies [3], [16], (18]
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Fig. 3.25 Modulation based on current hysteresis: ah Pringiple schemae: B One phase
Current variatian
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Fig. 3.26 Modulation with triangular command signal: a) principle scheme; B) the
comparison between the triangular signal and the reference signal
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Fig. 327 Generation of voltage wectars: a) inveres principle scheme; bl rectangular
wavefarms; o) valtage vectors with equivalent code

3.4 Scalar speed control of induction machines by change of voltage /
current supply frequency

3.4.1 General Elements

Despite its simple and robust design, the motion contral of the three-phase induction
oS must take nta account the complexity of the nan-liness dynamic and tme-varving
el amd the Fact that the phosical parametess afl the machine are not always known with
greal precision, Under these conditions, mation cantral invalves speed control andiorn
position control and torque control, respectively. The faster the torque response is, the
e efficient the speed control is,

Basically, there are twio contral strategies:

o the scalar cantial;
o L wescrar contngl,
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The scalar contral can be performed inan open or clased speed contral loop and can
be achiewed with the relatiorships existing between voltagedcurrent magnitudes and
Treguency, Tar examphe o, = G50 ar &= G0 10 is wsoally necessary 1o keep the stator fux
caratant and equal tothe naminal el @, = @y, = corst) This strategy is based on asimple
el af the induction machine in steady-state, The adwvantage of the scalar contral lies in
the simplicity of the contral circuits, but presents the disadvantage of generally abtaining
variabile speeds with low accurscy, the dynamic performand e of the systerm being also ko,
Satisfactory results are obtained, but only when the maschine is working at stationary
speeds for lomg periods. INthere ane valtage Aucouations or load disturbances orif the drive
syt requines rapid acceleration or deceleration, the open loop contral is unsatisfactony,
Ta irmgrave the dynamic peformance af the drive systems, dosed-loop control schemes
with external speed rsponse and intermal responses of one o more variables, such o
valtages, currents, magretic Tux are adopted. Sometimes, algorithms are wied 1o
optimizs parameters such as power fector, efficiency, distortion level, etc. The control
eguipment can be analogue ar analogue-to-numic in systems where the performance
or thie rumerical perforrmance is not required, vsing large-scale integrated circuits, e.g.
micracomtrollens, The we of dedicated microcontrallers, with micreprocessors or digital
signal processors {DAPs), provides complete control of the dive system by producing a
large rurmber of furctions such as PWM inverter contral, adjustrment of contral algarithms
tor load wype, imterfacing for communication with the local operstor and with contral
systerns, diagnosiics, protection, etc. In conclusion, it can be stated that the
implermentation of the scalar cantrol, despiteits sirmglicity, is lirmvited by the accwrscy af the
mmachine speed and torque responses,

The vector contral it based on the dynamic madel of the induction machine 1t has
been developed a5 a dosed-loop speed J torgque contrel method and is used when the
dynamic system respanse and the motion control precision ane imponant. The weotar
cortrel restones ame of the advantages ol the DC drive systerns, the separation of spesd
and varguee loops, The promoters of vector control are K. Hasse and F, Blaschke, There ane
inclirect and direct vector control strategies in the terque. From a practical point of view,
vectar contral systerms can be grouped into:

o anmaleg systerms, Built with integrated cincuts and transistons;

o dligital systerms, built wilh digital signal processers DSPS, milcroprocesson amnd
computer interfaces;

o hiybrid systems, where the contrel circuits are both analog and digital,

Anather classification of the control methods can be made by the way kirermatic
maghitudes are meadured, Thus, ane can distinguish:

o ymotion contral using transducers for the Kinematic magninedes;
o contiol withaut maotion transducers.
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Cantral methads using transducers for kinematic magnitudes [position and speed) are
used for applicatons in an extended range of speeds [1: 1000; 1: 100008t should be
highlighted that ransducers are generally cxpensive, senditive o disturbances and
termperature variations, while incressing the weight and gauge of an electric drive,

Crriwinig weithaut using mation ransducers, kncwn in the Erglish literature & “sensarkess
control®, reguires an alvernative to the first strategy, Being necessary to reduce the Bard
part af the drive systems a6 well a5 o incresse the operational safety. This applies 1o
systerns characterized by a moderate speed rarnge 11:100). In this situstion, the kinematic
magnitudes are estimated and the system state observers use cumrent and voltage
miEasUnEmerts at terminals,

A stated abave, for induction machine drive systerms with low dynarmics demands, the
pasiticnhing of the spatial phasor of the stator voltages or af the rotar currents is dispensed,
Iy this situation, only the frequency of the veltage generated by the converter is contrallsd
Troem thee outside, All these methods of contralling the voltage ar current feeding of the
rmachinie form together a separate category of scafar control methods [19]

The scalar contrel of induction machines has been implemented based on their steady-
atate equaticns model, The big advarmage of this strategy is given by the simplicity of the
control circuits, But its drawibsck is the modest dynamic perfarmance,

The scalar contred miethod of the induction motor speed is known in the literature as
the "W = const.” contred or the "WHe" principhe. This is the only classic speed control
methed which is alsoin use newsdays, Albough considened as an elficient contral method
only in the staticnary mode, it can also be used with good resulis in the dynsmic regimes
il & scheme with magnetic e and electremsgnetic tosgue intermal resctians is sdopted
o if thie machine & pravided with slip compensatian.

Iy teromrs af [osses. the process of changing the induction motor speed by modifying the
Treguency is the mest econceical ane, in the sende that the extra kosses occurring in the
rachine doe to the fregquendcy medolation system are relatively srallif cormpared witk the
o obtained for operaticn at the rated requency and voltage [20].

Based on the relstionships that define the induction motor mathematical mesdel in
ateady-state [see paragraph 3245 it results thar the synchronous speed changes
propoianally with the freguency and the electromagnetic tongue changes propomianally
with the reactances, respectively, IF the supply frequency 1 is not muoch different from the
o nicemingl frequency, the expression of the critical toaguee in relationship (3800 can be
written in a simples form, neghecting the stator resistance with respect 1o the dispersion
FEaClances:

m pU? Uy
M, = o —A[ l 3.100)
dmf z +C X C

1
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whesre A 15 a canstant that includes all the constant elements, to highlight the critical

Sn

U,
torgue dependence on the square of the o — |, e sgqual 1o . IF thiis ratio is nat

1 In
kept constant and, for examgle, 1, decreases, while O = const, then, based on the
rilaticons hip:

Us = Ues = E'}(i]vll'i"ls = Cf;-l;‘ Hllu]:l

\/5 s

in which @, is the amplitude of the wotal stator flux and “C is a conatant, yvields to 3 flux
inw rease wihen the requency decreases, Increasing the @, flux causes the core saturation
arvd thus the increase of the magnetization current. Increasing the frequency while O, =
corst, the machine Mus decresses, which results in the deorease of the developed torgue.
If the: stator fux can be kept corstant, the bebavior af the induction motor contralled in
Treguency i similar 1o that af the DC machine with separate excitation in the voltage
control mode,

Us'Mki

Us
UsNt

Mk

/

fN f1
Fig. 3 28 Veltage dependence an requency Tor the inductian servomator,

The expression af the critical slip [3.79) shows that 5, is inversely proporions ta the
Tregquency, which means thar, with the diecrease of £, the mechanical characteriztics will
b slightly mese inclined ar leaner,

Fig. 3.28 shows that the supply voltage U, and the frequency § should be
interdependent. For walues bess than rated frequency, the maching Mux @ kept canstant,
which determines a condtant critical torgue, At low frequencies, the stated resistance has
high values, while the dispersion resctances have low values; therefore, it cannot be

U
neglected i in the relationship (3.100) Thus, the critical torque decreases il the — ratio
1
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U
is constant. Therefore, the variation of the — ratio will be chosen as in the Fig 3.28 and
1

thus the effect of the stator resistance ot low fregquencies is comipensated, Abowe the rated
freguency, the supply woltage remains constant, U, = Ui, and as a resulr, in this anea, the

critical torque decreases due to the fllux reduction sehile the maximum active power
FEMMAINS Canstant,

Q |
Q
2

0.6f
0.4y

il

M‘.:
My

i

Fig. 329 Characteristics of inducticn actuatar an frequency change,

The situation is smilar @ the DC machine contral under Rekl weakening, Mechanical
characteristics in pu. values abtained by changing the freguency ane shown in Fig. 3.29,
Basically, the wransition from cne stable peint of cperation o another, on the drawn
haracteristics, is possible in two ways: maintaining a constant flux by medifying the ship,
and keseping the slip constant by modifying the Tux, respectively.

Faor the motorn, considered ursaturated, 1o operate providineg the same efficiency, power

factor and critical torque, under the conditions of frequency changes, it may be necessany
L wae the relationship:

U _f M
— == {3.702)
u, f\M

Whene U s and M correspond o the regquency , relationship which shows the same type

U
of torgue dependence on the — ratio as the relationship [3.100).
1

5 FECALRE CONTIRIL O 1N LCTHIN RUTTOH DRIVES -




Im case it B necessary o keep the overdoad capacity unchanged, based on the
rilatiomships {31000, the ratio of the critical oegues w o different speeds must be equal
1o thee ratio of thae resistive ongques, e

' N N 2
%Z%Z(ﬂ.i) (3.103)
Mk MR Us fi
or
U "M,
A My {3.104)
Us fi MR

sirnilar ta (3.102), Relationship (3.104) shaws that the optimal way of changing the voltage
whesn speed rmodifies, by changing the frequency, is similar 1o the relationship expressing
thie torguie variation mode,

The contral systems wsed for the scalar speed contral of the induction motors are
divided inta two categories, depending an the absence or presence of the external spesd
contrel leop in:

o apen loop contraf systems;
o closad loop control systems.
It is generally based on the relationships existed between the scalar magnitudes: w, =
) or i = AL It is wsoally necessary o keep the stator Tux constamt and equal te the
norminal ane @, = @ s oot

Based on these theosstical nations, there are soeme basic schemes for perforrming the
induction mators’ scalar control,

3.4.2, Open loop control systems

I the configuration of these control systems, the machine speed is not used as
Teedback for determining the command, but there can be imenmal contral laops with
Teedback 1o some controlled quantities such & voltages, curtents, targue, slip.

3.4.2.1 Control systems without internal reactions

This control systerms categody, with no leedback froem the controllsd speed or other
riachine parameters, has the simplest scalar speed control structure,

In rnany variabile speed diives inowhich a small variation af the machine angular specd
with load is allowed, the open-loap scalar control without mtermal resctions uses the w, =
I at @, = corsd with & compenssticn of stator resstance efect at low Fedguencies [See Fig30),

The diagrarm in Fig. 3.30 implements the linear voltagefrequency characteristic shown
i Fig, 3.31. The characreristic *1° in Fig. 3.31 s nonlmear. The stator veltage U, s
proportional to the frequency £ inthe bigh frequency range, butin the low frequency arnea
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a compensation of the stator resstance effect is regquired o keep the critical targues
constant (see Fig, 3.28) The linear charscberistic in Fig. 3.30, on which the control of the
systern is based, is defired by the following eguatian:

U, ,=U,+kf {3.105)

whesre U represents the constant statar voltage component and & is the slope of the
charsctenistic. The two magratudes are chasen in such & way that the valtage reguired 1o
compersate Tor the effect of stator resistance is applied to £ = OHzand for £ = G, U = Uy,
is obtaired. Inother wards, the U, voltage compensation is dores by injection of the vollage
U which can decrease as the frequency inoneases, or it can be set o the minirmam vabee, U

%

e

Fig. 3.30 Scalar open-loop comtrol with ws = (1) ot @, = cansd, and compensating the
stator resistance effect at low frequencies

Us 4
Usn

Uo

fin  fy

Fig. 3.31 Explanatery 1o the inear voltage § frequency charscteristic wsed by the system
of Fig. 3.30
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The contral frequency of the inverter s generated by the oscllater controlled by the
OOT valtage based on the machine speed reference value, 07 {rotation frequency £, This
magnitude directly determines the O, contral waltage,

Anather possibility v implement the scalar contral without intermal reactions is shown
in Fig. 3.32.

i

NT

LF

Y
L

Fig. 3.32 The scheme disgram of the scalar speed control system without resctions.

The scheme allows abtaining the dependence w, = 510 at @, = const, by mplementing
ther previous voltsgedrequency linedr characteristic scheme in Fig, 337, The NT block,
prowiding the waltage bevel con be easily implemented analogously ar numerically. The
rarnp-limiting Block cn the LF contral signal enswies that the accelermion-deceleration
sloges are limited. In both schemes, the cammand Being made in an open loop, protective
elerments ol the rectifier-imverter assembly are wsed 1o pratect the drive System.

3.4.2.2 Control systems with intemal voltage and current feedbacks

To pravide extra precision Lo speed regulation, open lop contred Systems use intermal
valtages and curments feedback boops, These intermal feedback signals are especially
necessary for the scoeleration / deceleration of the contral slope. The signal required for
the voltage feedback is usually abtained by the intermediate circuit voltage and the signal
reguired for the current feedback is obrained by the cumrent measured an the inverer input
of outpul., In many cases. the DC corrent i preferied B0 be 2ot as being the feedback
current signal. The advantage of its chaice is that this current is no langer te e rectified
and filtered, and is particularky uselul Far diagnaosing and rapidly protecting the inverter in
case of malfunctian,
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The principle scherme of such & drive system using a PR inverten is shawn in Fig. 3.33,

The Lirmitation and Pratection Block (LPE) is desigred talimit acceleration / decderation
slopes and ta achieve efficien protection sgainst excesding current limit values in case of
internal faults, When the machine is operating in the motor moade, i 6 rises oo fast
compared 1o machine speed, then the slip and therefore the stator current will incneasse
rapiclly. Te limit the maximum acceleration slope so thar the current Aowing through the
inverter and moter does not exceed a limin valee L the instantaneous ourrent value is
compared 1o this it and the eror aces through @ current controller © 1o reduce the
acceleration rate 1o s maximum admissible valoe, The corrent response warks similarky
wheen the machine is in braking operating mode, limiting the deceleration rate w a
permissible limit valee,

A

NT f
PLB >

Fig. 3.33 The principle diagram of an opendoop drive system with intermal veltsge and
current feedbacks,

Irs braking mode, the voltsge at the capacitor terminals in the intermediate circwit must
b kept below a certain limit value, For rapid deceleration, this veltage mmay iise above the
lirmit Lhym. The vollage respores acts similarly 1o the current in arder te limit the machine
deceleration rate. In modern deives, where  microprocessons  are used  Tor  the
implesnentation of contrallers, in some cases, choosing the optimal acceleration J
deceleration rates imvalves advanced contral technigues o elements specific 1o artificial
intelligence,

Current and voltage respondes can also be wsed 1o compensate the maching slip, The
above diagram negheos the slip variation, The imposed machine stator fregquency was
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considensd 1o be approximately equal @ the machine rotation spesd. & torgue variatian
at the machine shalt beads to s change in slip, Under these circumstances, in arder (o
Fmainitain canstant speed, it is neoessary 1o also keep the slip corstant, preferably a is
naminal walue, The slip is propartional o the machine clecromagnetic torgue and, in
orcher W deterrmine its value, an acourste targue estimation is needed, Ina first approximation,
thie tarcgue can be estirmated By rmeasuring the power in the intermediate circwit (D), Thus,
the edectromagretic power Poan be cakulated, from which the electiramagnetic tomue M
arvd thae slip (slip frequency) & ane determined acconding 1o the Following relationships:

P p

M=—~==2U,1 e
Ql a)l dc™ dc ﬁ :I

M
=5/, = oz
=5 0 {3.107)

The principle scheme of a slip compensation actuator is shawen in Fig, 334,

|
!

Fig. 3.34 Principle scheme af the open loop contred system with slip compensatian

3.4.3 Closed loop control systems

I open leap oontiel systems. the speed is dependent an thie load torgue unless action
is taken to compensate for the slip, which is influenced by the voltage variations. Their
dynamic pefosmances are also modest IF greater speed sccuracy is required, then closed
[ spesidd comtral B needed.

A closed loop contral scheme of the fux and torque is shown in Fig. 3.35 [20] At the
autput of the torgue cantraller, a signal proportional o the dip £ s generated, which, in
addition 1o the machine rotation frequency £, generates the contral frequency £, The
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rmgchine flux can be kept comstant, as in the DU machine with separate excitation, o
programmied depending on the developed electromagnetic torque, There is aba the
possibility of bi-pasitioning the current of the machine i the paramieter estrmation block
allows the generation of a three-phase system proportional 1o the currents of the machine,
The diagram <laims high  dynamic performances. because it only has a high
clectramechanical time canstant that can be annibilated in the control process,

Fig. 336 shows a control scheme in which the speed conmral is made ina closed loop,
while the slip is alsa controlled. The difference between the required speed £ imachine
rotating frequency and its measured valoe supplied by the TG tacho-generator is appliced
at the input of the speed controller, ts owtpur signal is the regquired valoe of the rotor
freguency £ {slip frequency]. This signal is sdded to the rachomgenerator signal, ebtaining
thus the regquired value of the stator feed freguency . In sddition, this signal is also applied

U
ter thix input of the function generatar FG - {—= }, which prescribies the imposed value for
1

the stater voldtage U, amplified at low operating frequendes so that the air gap fluxis kep
appraswimately canstant. Under these conditions, the motor torgue i progortional 1o the
alip and the ship control loop eperates subordinately to the targue contral loap.

Q

&

v

HH

Flux
o E:nth:ller u, .
+ A _|
05 m* . . fz fl
* Al Torque ' f 1
m Controller

k+
m, i @ 1
.M.
o
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Wheen @ sudden increase in machine speed is recuired, the speed controller limits the
alip Trequency, which leads o the development of a dynamic targue for a rapidly reach of
the prescribed speed.

Wi hiree speed control can alsa be done using the contral scheme in which the inverter
part af the static equency comeerer B a current source and the rectifier part is a
controlled one. The intermediane circuit has in this case a DU cument source nature, The
Current source inverbers produce a current having the waveform as shown in Fg. 3.37,
which causes avervoltage peaks overlapped over the sinusoidal ternating valtage due to
thie current variation in thae switching range,

- Speed fi [+
fr Controller '

Fig. 3.36 Closed loop scalar cantral of speed and slip.

The current saurce inverter is self-extinguishing, the priming of a thyristor cawsing the
Tarmier e leck in the conduction. Thas, & switching process takes place te ransfer the
current from ane machine phase 1o another over a perod, determined by the size of the
current, the condensator capacitance and the mator inductance. A5 the machine
incluctance depends on saturation, the switching process could increase the machine flux
abene its nomingl value,

For this inverter particularly, the machine flux supervision is also Tavorable for the

inverter operation. Due to the high inductance of the coil in the intermediate crcuit, for
each value of the current fg in the imermaediate circuit, the maching current is lead
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indeperdent. The mechanical characteristics for different currents reported ar the
rmachime naminal speed, for the same feed regquency, are showm in Fig, 338

If the: induction matar operates at the rated corment, on characteristic * 17, the starting
torgue developed by the machine is very small, compared 1o the one given for the nominal
valtage supply dwe to the reduced flux correspanding o the machire short-cirouit
impedance, As the speid increses, the valtage increases at the machine terminaks dee 1o
the increase in impedance and thus of the machine flux and torgue inonease, respectively,
If saturation is neglected, the torgue would rapsdly increase o a high value (the
discontinuous lined and would quickly Tall 1o zere at synchronous speed,

¥

' S
213

Id 4

\ /l wt

“z__

Fig. 3.37 The current and voltage af the induction servarmates fed theough a current
source imeerter ki becomes ldc

Uneder the influence of saturation, the magimurn torque is reduced, For comparison, the
rmechanical charactenistic corresponding 1o the nominal valtage 77 is shown, The
intersection of the twe mechanical charscteristics determines the point & which, on the
charactenistic 27, is urstable, On the same chasacteristic “2°, the machine can develap the
samie torque value alsoin the paint B, which is stable. At point &, the machine flux is the
poeninal one becavse the point A is alsa pant of characteristic =17, while in B, the flux s
sonmewhiat Bigher snd the satwration causes additional iron losses and torgue ripgles. n
tenms of losses in copper, the stator ones are equal in & and B, and the rotor ones are
slightly larger in A than in B, However, it is desirable 1o operate st point A on the Fig, 3.38,
a4 this paint correspands to the naminal fux value, which can be achiewed only in
autormatic contral due te the instabiliny existent al that poit of operaticn A (200, & cantral
achwerme, in which the ship is constant and the speed is modified by the prescribed currem
in the interrmediate circuit, is shown in Fig. 3.39, The scheme recalls for the characteristics
in Fig. .38,

The prescribed value of the slip is chosen on the unstable poction of the mechanical
characteristic, as shown above, When prescribing speed £ {rotation freguency), the
machine accelerates and thus a high value for the current in the intermediate circuit
riesults, which finally develops a propomicnal vorgue lesding in the end 10 process being
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stabilized at the reguired operating point. The disadwvantage of the scheme B that the
rachine flux varies grestly for the various operating points imposed to the machine,

Aornore refined scherme is shown in Fig. 340, where Both the machine speed and the air
gap Mux are cantralled, The electromagnetic torgue is contralled by the prescribed curment,
A Tar thwe flux, thas is provided by a funcional block that ensures the dependence between
the varcquee and the Tux by maeans of slip with the £ = Fig) Tor adeguane machine operatian,

al

MR H—_
Fig. 3.38 Characteristics of mduction actuator * M-chaacteristic comesponding 1o the

naminal valtage; characrenstics "2° + “5° cormesponding o feeding by the current source
et "2 = ol by "3l 05 L TS - an 1.5, 5T - an 2L,

_ﬂ Speed - Current

Controller Controller

fr

Y

% f
ra —

Fig. 3.39 Black diagram for conatant slip spesd contral
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Fig. 340 Black diagram for the cantred of the induction sersomotar with current source
i

The cperation inthe Mux weakening area is possible onby for machine speed ranges over
ther naminal value speed, by preseribing the speed when the active rectifier resches i
maxirnum voltage allowance, b this particular siuation, the flux becomes inversely
proporticonal to the speed. Neither of these control procedures, as in the case of the stand-
alone irwerber with veltage source, fast controlled processes can be achieved because of
thee ineertia introduced by the inductance in the intermediane circut [20)

Fig. 341 shows a wery robust scalar canrel scherme in which the static frequency
imverter is transfarmed inta a corent source by the command vsing hysteresis curmnt
controllers, The maotar speed is set by the function @ = G et @, = corss

The value af the mschine rotation freguency Cirotation speed] meassured by the tacho-
gereratar (TG) is compared taits reference valoe £, the dilference being applied 1o the
Pltype speed contraller, At it output, the reference value af the roter requency 17, which
is applicd to the input of the function generator §, - f, is obtaired. It prescribes the
imposed armplitede of the statar curment, maintaining the constant statar Mux @6, =0 as
long as UL s less than or equal 1o U, and F s less than or equal 1o G

IF the starar voltage U, messured by the valtage transducer excoeeds the prescrilbed limit,
Ui it the veltage cantreller output the valee @< 6,7 s applied o the min value of DFY-
mmin. This limdts the value of @, which becomes equal 1o ;7 In this way, the induction
mmaching will work with weskened stator flux
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Fig.2.41 Scalar control of the induc tian servamatar with current-controlled imerter

The sinsaidal stator currents obrained at the cutput of the three-phase gererators

0 k% *

isa’isb’isc are propgoricnal to the presoribed value of the stator current iS giver by DFV-
min and their frequency is £, the value imposed on the statar frequency abilaired by
rreaswring £ measured) and £ {imposed).

The imverter is controlled so that the inverter awput curremt is maintained an the
reference value In the case of the presented schermes, this is done with the help of three
hysteresis curnent contralbers, The disgram illustrates the indirect contrel of the stator flux
by contralling the statar currernt,

As a conclusion 1w this parsgragh, it can be said thar, doe to advantages such as
sirmglicity, high rliability, low cost af the contral systems, the scalar speed control methiod
of the induction machive s the maost suitable methed for gemeral use vaiable elecie
drives, where ne demanding dynamic performande is reguired.
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VECTOR CONTROL OF INDUCTION MOTOR
DRIVES

4.1 Introduction

Modern electric drive systems use induction o synchronous machines supplied by
power dlectronic canverters that are digitally comtralled by advanced microprocessars, &t
present, the induction machine (8] is the predominant electric machine emplayed by
electramechanical conversion systerms in the vast majority of the industrial applications,
IMs have & simpbe and robust construction, are reliable and easy 19 maintain, can be
operated in dificult emdrcnments, and are inexpensive, The cage-rotar IMs cover & widhe
paweer range, from urder T00W o 10 8%, while weound-rotor 185 can handle even higher
paweer levels, When supplied by power comeerters, 185 can be efficienthy operated over a
wide range of speed, torgue. and power, and have a good overloading capability. IMs are
less expensive than synchronous machines, but they have a lawer power density, are less
efficient, and rum with a kawer power factos. The IN wis independently irmoentid by Nikola
Texsla ared Galibea Ferranis in the ke ninetesnth century [1].

Corvertional IM drives that are supplied from the industrial power grid at constam
valtage and Trequency are limited 1w driving losds which require nearty canstant retor
speed or, At best, several disorete speeds, Operating a grid-tied 10 at other speeds than the
riabed speed is difficult and imaalves. a substantial degradation of its efficiency, The problem
has been overcome by wsing variable voltage-frequency power canverters that allaws four-
quadrant operation ot variable speed and sne able w adjust the motes torgue in a
continuous fashion, An elecwic system compased of an electic machine, & power
electranic converter, 8 dedicated contral systern, a mechanical load, and other related
equiprment forms an sdjustable speed drive (500 Historically, ane of the first 5058 using
DC mwtars was patented by Harry Ward Leonard in 1891 [2).

Miaderm ASDS employ bad majod technigues for mation control: scalar control, knswn
a4 woltage-Tregquency cantral, and vecter contral, alse known as lield-okented control,
Whereas the valtage-Trequency comral B a simple feedlonsard-type open-loop scheme
that delivers a relatively modest performance, the vector contred is a closed-loap Teedback
scheme that offers Tt and accurate speed and tongque contral. Accurate motion Control
(orguie, spieed, and position control} with s is a challenging thearetical problem, as the
IM dynamic model s nonliness and time-variable, roor currents are most often non-
mieasurable, and electrical parameters are variable or imprecisely known,
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Recemt research efforts have been aimed at developing high performance sectar-
contrelled schemies that provide fast, robust, and accurate mation control without using
rmction sensors, To this end, sdvanced state abservers are used as replacements far
rmechanical sensors in what is named motion sensorless control, Cbservers allow stal:le
operation aver spisd ranges of abave 1000, and these drives are more relisbbe ard less
expendive. However, the very low speed operation B stll a challenging prabdern, ard only
a few sersorless schemes are capable of superior performance,

This chapter is dedicated o the miost advanced vector contral techmigues employed for
AS0s with IMs, Three cormventional schemes, direct vector contrel, indirect wector control,
and direct torque contral are discussed in what follows, Several modern schemes based
an limear cantrol and sliding mode control are also described, A subchapter is dedicated
b IM state-space modeling, while another ane describes several state-of-the-art alsensers,
Most af the cancepts are supported by expeimental results performed by the authar in
the mction control laboratary at University Palitehnica of Timiscana.

4.1.1 Space-vector definition

The carcept of camplex space vectors is a powerful tool used for the anabsis, madeling,
and contral of three-phase systems, A space vaolar provides s compact notation, alkows
algebraic manipulations based on the complex numbers algebra, bas simple graphical
interpretations, and affers a logical understanding of concepts thar are mare difficult o
handle using real variable analysis,

Consider & threephase electrical system represented by instamaneous values of a
three-phoase variable, fos instance the three valtages (u,, uy. u b of the industrial grid, This
systern can be uniquely described by a comples space vector u, and 8 sero-seguende
COMparent w,, defined as

u =2 (uq +au, + a?u) f4.1)
uo = 5 (g + 1y + 1) 4.2)

whiste a = /273 and a = e™/2™/3 are unity vectors that define the three-phase axes,

In general, the space vector i a complex variable, u = u, + jug. which represents the
instantancous three-phase varables in the twe-dimendional complex plane, The real and
imaginary components aie delined as

Ug = g — 5 (g +up + 1) 4.3)

ug = j—g(ub —u,) 4.4)

& PECTOR COMT RO LG8 IHEUCTIEN AT DA DRIVES -




Irv &l practical situations when the system is symmetrical the zero Component B seno,
uy = 0, and the real component is equal @ the phase-avariable, u, = u,. Itisuswal for Bs
1o attach the reference frame of the comples plane to the physical stator, with the real ases
aligned along the magnetic axis of the phase a. This frame is stationary with respect 1o
graund and it is called the “stator reference frame”,

It is pessibale to define revolving reference frames that ratate with an arbitrary angular
speed w, = dO,/dt. The space vector u can be represented in o rotating frame as u® =
Ug + jug. where superscript “e” denotes the frame name, and “d” and “g” are names of the
real and imaginary axes lnitials of “direct” and “gqusdratune”), The transformation from the
statar wa ratating fram is

1_16 =u- e—j@e {4_5]
Uq = Uy cos(6,) + ug sin(6,) {4.6)
Uy = —ug sin(8,) + ug cos(6,) 4.7

The irwerse tranaformation froem the ratating o the stator frame is

u=us-el% {4.8)
Uy = ug cos(6,) — u, sin(6,) {4.9)
ug = ug sin(6,) + u, cos(6,) 14.10]

Eqpuations (4.7} o (4900 apply to sl vaisbles in an electric machine, ie 1o voltages,
currenits, Tux linkages, and MMES, In this case, the space weorors represent guantities than
arivariable in space and in time, The revalving magretic field is sinusaidally distributed in
space along the air-gap, and travels with finite speed from one phase to another when the
stator currents are modified, Therefore, the MMEF is 3 rue space vector Because its spatial
direction and polarity can be determined at edch time instant,

4.2 State-space models of induction machines

Albeugh the 1IN has a very siple structure, it owns the most comphex dynarmic model
when compared 1o other ebecric machines and it proves to be the moast challerging in
Lerems of contral engiresering and state estirmation. The steady state, per-phase equivalent
circuit §3.75) i inadequate when dealing with fast dynamic processes encountered in
A50s. Advanced control systems and state abaervers require dynamic modeling of the 18
behavion in order to run aL any aperating paint in the speed-torque plane,

IM mricdelirsg and analysis can be perfarmed wing physical three-phase gquantities, By
analyzing the machine structure and wsing Maowell’s elecrramagnetic fiekd theory, the
theee-phase real-variabibe model can be obtained, as shown section 3.2.2. In this case, the
IM elecrremagnetic model consists of six circuits with an extersive amount of coupling
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between them, Inall the situstions in which the fundamental polyphase symmetry is
retained, the analysis can be carried ot inovector Farm ard the I8 modd is reduced 108
compact secand-order compler-variatde model, The order reduction permits a corssderable
simglification and it is valuable in the constant speed analysis when the otherwise
monlirizar I model becomes a linear tme-invariant dynamic systerm.

Thie I modeling is based on the following simgdifying asswmptions [31-7]

A, The sir-gap is uniform, and the machine B symmetrical fram an electro-magnetic
perspective, This assumption is troe for sl s,

B The stator and rotor windings have a sinusaidal spatial distribution along the stator
imner periphery and the rotor cuter peripheny. This assumption implies that the
magretic fux density bas a sinusoidal distribution along the air-gap.

. The space harmonics and other effecrs caused by the placement of the actual
conducton in the discrete shots are neglected. The windings can be visualized as
being of negligible depth and located in the air-gap,

d.  Magnetic saturation and iran losses are neglected, The permeability of the stator
ard rotor iron cones is assumied 1o be infinive

. Theend winding effects, the magretic anisotropy effect, and the skin effect ane all
neghected,

4.2.1 The space-vector general model

Congider an 1M supplicd in the stator by a Balanced veltage systerm U, Ug,. Ugch with
short-circwited rator, The IM electromagnietic model in th stator reference frame is

1_15=Rs£s+%£s 40
0= Ryiy + -1, — jo, P, {4.12)
Y5 = Lgiy + Ly, {4.13)
WYy = Lyby + L 4.14)

whisre ug = ug, + jugg 16 the stator voltage vector, i = iy, + jise is the stator curent
VRO, [, = iq + jiyp i the rotor current vector [stator referredl. g =Yg, + jibgp is the
atator flux linkage vecton, . = ¥, + jib, g is the rator flux linkage (stator referred) vector,

arvd w,. is the electrical rotor speed, IM electrical parameters are: the statos and rotar {statar
refermed) resistances, Rs, and Ry the magnetizng indoctance, Ly, the stater inductance,
L = L, + Loy, and the rotor inductance (stator-relerred), L, = L, + L., whene Lgs, and
Lrs are the stator and rotor leakage inductances, For the vast majority of practical
applications it i sufficient 1o consider all IM parsmetens as constants. In reality, resistances
change slowly and substantially with the tempersture, while inductances change with the
IMagetic saturation.
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The actual three-phase circwits of an I are shown in Fig, 4000 and the space-vecton
Circuit, squivalent 1o the electramagnetic model (4.0 1)-4.145 is illustrated in Fig, 4.1 b,

stator

Rs L Lro R-

Us

—jm,gr

I

F =

c (a) b)

Fig. 4.7 Incluction machine (@ phoysical three-phase statar and rotar drcits and (Bl the
SpacE-vec ol egquivalent crowit in the stator reference frame.

The electromagnetic tworque prodeced by an W is the output power divided by the
mechanical rotar speed, It can be proven that the torque is proportional with the veotor
procuct berween the stator curnent and staor lux vectors, as

3 ~ . % 3 . .
T, = Zpym (Esfs) = Ep(lpsalsﬁ - 1/153 Isq) {415}
The torgue can be expressed using other quantities, a5 in the Tallawing equations.,
3 Lm o~ . * 3 Lm . .
T, = EpL_er (Esfr) = ;p:(lpnxlsﬁ _wrﬁ‘lsa) 14.16)
3 ~ . 3 . ,
T, = Eme (frlr) = Ep(lprﬁlra - wralrﬁ‘) 417
3 o~ N _3  Lm
T, = EmeJm (fsfr) = Ep Lsl,o (lpsﬁlpra - 1/)50:1/)1”,8) 1418
The mechanical subsystem tha describes the matian of the rotor is
Jd B
;Ewr+;wr=Te—TL 14.19)

whiere T, is the load worgue, [ is the total inertis of the system referred to the mator shalt,
p is thex ING number af pale pairs, and Bis the damping (friction] coefllicient, The mechanical
rotor speed s w, = o, /p. Taking inta sccownt the targue and speed squations, the entine
1M el s & Fifth-order cross-coupled nondineesr systerm,

I Frcst practical situstions the electrormagnenic tme constants ae much smaller than
the mechanical time constant, and the system can be frequency-separated into two sub-
dyaterns: & fadt electromagretic sysoem (4.1 114414} and a slow mechanical system (4.19)
The eleciramagnetic system becames linear time-variable i all parameters are assumed as
bedng constant and the roter specd is regarded as 3 slowly-variable parametes. The

mechanical system is abways liness snd the torque equation [4.15) is the only nonlinear
COnnECtion between these two subsyitems,
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Eqpuations i4.13) and (4,14 are algebraic canstraints relating currents o fluxes, and can
b used ta eliminate ome or bwo variables, By resmowing the ratar current betwesn (4.131-
14041 and solving for the stator and rotor Muses, one ablains

L

Ys = ¥y + Lol 4.20)
W, = L1 — =g {421}
- m— m

whete o = (LgL, — L2))/(LsL,) isthe leakage coellicient

The electromagnetic model can be generalized for any reference frame, which rotates
with am arbitrary speed, o, = d0,/dt. Using the transformation (4.8) for sl variabls in
14114140 one obtaing the most gemeral IM model

US = Ryif + P8 + jorhe {4.22)

0 = Ryif + ¢ +j(w, — 0,)pf {4.23)
Y5 = L5 + Ly {4.24)

Yy = Loy + LIS {4.25)

Matice that madel (4.22)-14. 23} in the rotating frame can be obrained from the mode in
ther stator framse by substituting the differentistion operatos d/dt with d/dt + jo,
Algebraic relations, such as the torque equations (4.1 5]-4.18}, are the samee inall reference
Trames. The equivalent circuit for this model is dlustraved in Fig, 4.2,

Depending on the contral system regquirements, the reference systam can be antachied
b cne of the comples vectors in the machine, either the stator Ao, the rater Tlux, or the
srator corrend, In this case the o axis is aligred along the direction of that vecter and the
Trame rmaves synchronously with it The stator fux orientation is abstained when the ramse
is aligriee] with the statar Mux and ivs speed is equal with the speed of the staver Tux vector,
We = Wy Simikarly, the retor Aux arientation is obtained when the frame is aligned with
thee reter Alux and it speed is equal with the speed of the roter flux vector, o, = Wy,
Regardless of the reference frame, the B madel = nonlinear and contains cress-coupling
between the real and imaginary sguations,

Rs Lso Lrs Ry

i JOeWs J(®e=m)yr i
) A
T /A

Fig. 4.2 Incduction machine eguivalent circuwit in arbitrary reference Tramae,
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The dimination af two comples variables using the algebraic equations (4.013)-4.14; is
a simplification that produces state-space models, For squirrel-cage IMs, the rotor Current
is not accessible, itis not cantrodled, and can be rermayved fram all equations. The stater
current is always measured and appears either a3 a state variable and/or &% an output. In
gereral, wehen stator flux contral is desived, the rotar Mux s eliminated, and the "statos us
mmodel”is obtained. When rotor flus contral is desired, the statar fluxcs eliminated, and the
“retor fux meodel” is oinained, IF both stator and rotor Meees ane retained a5 state varables
arvd thee statar current s outpat, then the “Tux model® is Tound. The us mesde is useful
wheen saturation effects are considered, Model including the magnetizing fux and
rmEgretizing curent may also be developed but are not Turther discussed.

4.2.2 The stator flux model

The statod Tux model contaims as state variables the stater current and the statar Aux
linkage wectors, x = [i;,]7. The stator voltage and the rotor speed are inputs and the

ALAtor Current is cutput, v = i This model is obtained by solving (4.24) far the rotor
current and then substituting this current and the rotor flux from (4,25} into (4.23),

Thie 1N statar s model inan arbitrary reference frame is
. Regs . . 1 1 . 1
Git == (2t jwe—wp)is + 5 (T o)W+ Sus 1426

SPE = RIS — jwoop¢ +us {427

where T, = Ly /Ry and T, = L, /R, arethe stator and rotor time constants, and R, ,; = R, +
R, Ly/L, i% an equivalent resistance for [4.26), Equation (4.27) is the samae as (4.22).

The stator Nux madel s a second-order time-variable nonlinear system. It becames
lirvear for operation at constant speed.

Us 1
> Lo
Stator model Rotor model
Us Ws 1 Is
T 4 "| LTo [ g
K T
jwe | »> i(i)(; j(we-w) |
ot o |
Is
R; =

Fig. 4.3 Structural block diagram of the induwction machine stator Mux medel.
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The structural black diagram, where all vasiables are space-vectars, is shownin Fig, 4.2,
Thie equation (4.260, known & the roter model ar the curment model, s represented as a
first-arder transfer fumction H(s) = K/(Ts + 1) with gain K and time canstant T, bath
specified below the block. For this model the gain and the time constant are equal, K =
T = Ls0/Reqs. The equation (4.27), known as the stator model or the voltage model, is
represented by anintegrator block,

Assumingg constant or slowly-varisble speed, the state matrix is

A= (Reqsﬂ(‘” w,)) LSLO'(T%_ij) {a.2m)
—Rg _jwe

The faur eigrevalues of A are spesd-dependent and have a remarkable propery: they
always add @ a constant real value that is independent of the rotar speed [30,

Iy b statar reference frame, with o, = 0, the stator flux model is

Tie= (=2t jo) bs + 1 (7o) s + U {4.29)

Lso

S = —Ri; + U {4.30)

The simple voltage model (4.30) is speed-independent and farms the basi for 5 fTamily
ol simipde stavar Mus estrnators implemented in the stator frarmie,

For statar flux orientation, the model is ransformed o the stater Tus reference framse
that rotates with the stator flux speed, o, = ;. In this case the o has real component
anly, Y5 = Pgq {superseript °s" denates the stator flux frame] aned the madel is

a . Regs . 1 1 . 1
== (s o) 8 + 5 (F—j )y + w1431

Ezs = —RyiS _ijpS£§s +us {4.32]

Thie model is mostly vsed for the stator flux orientation and contral in dinect vector
contrel and indirect torgue control schemes,

4.2.3 The rotor flux madel

The retor Aux model contains as states the statar cufremt and the ratar fus linkage
vechars, x = [g,%]T. The stator wildtage and roter speed are inguts and the rotor Mux B

autput. y = Y. The IM roter flux madel in an arbitrary reference frame is

Lie = (Les‘" +jw, ) I8 + - o (l — joo, ) W + ot {4.23)

S =mis = (24w — 0)) vE {434

where R, = R + R, L2, /L7 is an equivalent resistance for the stator model (4,33,
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Lm 1 . -— ()
- - —jo
LerU r j " .

Stator model Rotor model
Us 1 Y | :’ Is L | :‘ Yr
. i .

&) A r

K T T: T:

j(.l.)e - j((.\)e'wr) 0y

Fig. 4.4 Structural block diagrarm of the induction machine rotor flux medel,

The rotor flux model is a second-arder ime-vanable nonliness system, which becomes
lirmear for constant speed operation. The Hock disgram, with all space vector variabdes, is
showmin Fig, 4.4, Bath equations are represented as first-order transfer functions, The gain
ane time canstant of the stator model are K = T = Lyo/R,q,. The gain and time constant

of the rotor model (434 we K =T =T,.
Assuming constant o slowh-variable spesd, the madel is linear and the stane matrix is
Reqr . Lm 1

- (Ls—a +jo,) Ly (; ~ja)

m _(Tlr-l'](we _wr))

Ty

A= {4.35]

Iry b stater reference frame, with w, = 0, the rates flux model s

Gi= (R R (T o) u 436

LsLyo

d Lm . .
a¥r =Tk (T—r —jo,) ¥y 437
This madel is maosty wsed o implement speed-adaptive rotar ux chservers,

Far rotar Mus crientation, the model s represented in the rotor Tus referemce framee that
rotates with the rotor flux speed, o, = . The rotor flux has real component anly, 7 =

Yyq Buperscript v demotes rotor fux frame), and the model is

Lir=- (eqr+]a)¢r)l +LM(1 —joo, ) Y7 o {4.28)

Elpr = _rl - ( +J(w1pr - wr)) Yr 439

This model is extensively used for rator fux erientation and cantral in conventional
direct ard indirect vector contrel schemes. The current model (4.39) is wsed for rotes flux
andl ship speed estimation. Taking into account that ¢, = 0, the slip speed is caloulated
frowm the irmsaginary part of (4.39) a5

L i
Wy = Wy = @y = TE- {4.40)
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4.2.4 The flux model

The Mux model Stavor fux and rotoe lue model) is abtained sdhen bath currenits are
salved fromm (4245 and (3250 and then substituted into (.22 and (4.23). This model s
the stator and roter flux vectors & states, x = [, ﬂr]T Buperscript T denotes rmatrix

transposition), The statar voltege and rotor speed are inputs and th stator current is
autput, y = L. The IM Bl model in an arbitrary reference frame is

d 1 . L
el = = (o o )+ +us 441
d L 1 .
S = g — (55 (e — @) {4.42)
. 1 L
i€ = Ls_agse — —LsL":a Vs 4.43)

This model was obtained by salving (4.24)-4.256 for currents and substituting therm in
14224230 The output equation (4.43) was abtained by finding the current fram (4,20}

Eqpuaticn (3471} is the stator model and (4425 is the rotor model. The stroctural block
divgram of the lux model, with space vector variables, is shawn in Fig. 4.5, Dynamic
pararmeters are K = T = Tyo for the stator model and K = T = T,.o for the rotor madel,

Thi state space matrix is

1 . Lm
—\-tJjw,
A= (TsaLm ) ) Lt«Tsa {4'44]
LsTro h (Tr_a +Jj(@e = wr))
Iy L stater reference frame, with o, = 0, thae fux model is
d 1 Lim
s = _Ts_afs + L, Tso Yrtus 14435
d Lm 1 ,
o E
Lm | ¥
L:Tso -
Stator model Rotor model
is X s L W L - L
—p(“)—P - L.T.c = Lil,o
To Two Te To
- - e ®
Jw [ Jlwe-wy) r
1
| Lo

Fig. 4.5 Structural black diagram of the induction machine lux maodel,
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Far stator flux arientation, the Mux madelin the staar Mox frame is

d 1 . L

el == (o +ous) Y + 2w 447
d L 1 .

Lpp =y - (TTG + j(@ys — wr)) s {4.4m)

Far rotar Mux arientation, the Tua medel in the retor Mus frame is

d 1 . L

G = = (5 ey ) W+ 4 (449
d L 1 .

SO = el — (i g — ) ¥ {4.50

Irv il thie cases the cutpuot equation is the same a5 3.430L Only the lux linkages are
prsert in this madel, wehich is anadvantage whien the saturation is taken inta account.

All stare-space models are time-varisble and specd-dependent, regardless of the
reference systerm. This is an incormvenience in sensordess IM drives where lux sbserners ane
needed but the rotos speed is unknown, Mastof the I state obsersers ane speed-ad aptive,
i, they simultaneowsly estimate one or both Muses and the speed.

Mare of the state space model diescribed to this paint containg the rotor current 35 3
state variable, since in most cases the rotor current is not available for measuremaents,
Henwewier, when wound rotor mators are used dor example in dual-Teed wind generatons),
the roter current can be measured and similar models using the rotor current as state can
b develaped in the same way,

4.2.5 The mechanical model

The state-space dymarmic model of the mechanical subsystem has a5 states the rotor
apeed o, and the otor position 0, both electric, x = [w,, 0,]7. The electromagritic
toagpuiis the contral input and the boad targue is an unkrown perturbaticn kaown as kad
perturbation),

12, =—§wr+Te—TL 451
Lo =w, {4.52)

For a drive system composed of an IM with rotes inertia fyand 3 losd with mass mament
of imertEa L, conmsoned by o gear box with gear ratio N, the tatal mament of inertia referred
1 the miotos shaft is

J=Ju+N?*, {453

The mechanical systerm is linear and its poles are s; = 0 and s, = —B/J. Themechanical
time constant T = J/B is much larger than the elecrrical time constants Ts and T, Thus,
the meechanical dynamics is much slonver than the electrical dynarnics and the two modek
ari: separated in frequency and can be independently anabyzed,
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Fig. 4.6 Block diagram of the mechanical maodel of an induction machine,

Contrallers for mechanical and electrical quantities can abo be separately designed, In
rmany situations, the friction coefficient is neglected, B = 0, and the mechanical mosdel
becomies a double integratar with teo zero poles, Figure 46 shows a block diagram of the
mechanical model with the rotar position and speed 85 autputs,

4.3 Direct vector control

Vector control or feld-oriented condrod (FOC) is & modern technique that allows
inddependent contral of the elecromagretic torgue and the magnetc Tux of AC motors., It
is intenided Tfor AC mictor drives that reguire continuous teague fand speed) control and it
invalves & coordinated manipolation of the current and Mo vectars. The cancept of fiekd
orientation wis proposed by Hasse and Blaschke in 1972 [8] and since then it has beoomse
& de-facto standard of most AC motor drivves. [3]-[100,

The fundamemal principle of field ofentation is simple: rmake the 1 emulate a DO
mmachine with separate excitation, in terms of wrgue and flux contrel The torgue eguation
of a DC motar is of wnrivaled simplicite: the torgue is proparicnal with the product of a
flux angd a current. The Tux is produced by the field currend, i is stationary, and is aligned
along the direcr axis of the stator, The armature current, i, circulates in the rotar and
produces a space vector that is always orthegenal o the Mo, e it is aligred with the stator
guadrature axis. This spatial canstraint ensures that the torgue praduction is optimal, as it
gives the highest rorque Tor a specified current. The fiekd and armature cwrrents Tow in
separate circuits and do not interact with each athwer, Therefare, the tworque and the lux
can be independently contralled by modifying these currents.

Stanclard s ane supplied in the stabor, and the statos current and voltsge vectorns ane
the only variables available fos contnol. The instantanecus contiol of stated currents and
valtages governs the spatial crientation and magnitude of the revalving magnetic ield in
the: machine, which has led o the namee of field-orented contral

There are three regquirements Far any vector contred scheme for AC madhines:
1a) an independently contralled current sccounting for torgue praduction;
b} an independently contralled or 3 constant value of the hield fus and
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) an independently controlled spatial angle between the Mux axis and the magneto-
mmotive foroe axis,

IF these requirements are met at ewery rmorment, the torgue will instartaneously Tallow
thve torgquee currert aned thee 1IN can be contralbed in the same way a3 8 separately excited
T metor. If these conditions ane anly maet for steady-state conditions, only steady-state
torgue contral will ke achieved. I0is difficult @ visvalize aod implament separated tosgue
ard Mux caontral in the stotor frame, where all varialbes are sine-waves. The key for ield
arientation B to use s reference frame thatis attached to- and rotates in synchranism with
o of thie flux vectars, either the rotor ar the stator Mk, The ratar spaeed cantrod is not part
of the field orientation and it is implemented separately when necessary.

4.3.1 Rotor flux orientation

The tergue praduction in s is governed by any of the oaguee equations (4.15)-(4.18],
which are sums of products between fluxes ard corrents, In the stator Trame, it is diffioult
1o identify a field current and a torgue curment. Consider the rater flux orientation whene
the direct axis of the reference frame is positioned along the rotor flux vector and bath
rotate with the rotor flux speed, oy, = d6,, /dt, whese 8, is the flux vector position with

respict to the stator alpha axis. The torgue equation 4.6 can be expressed in the rotor
flux frarme as

3 Ly , .
T, = EpL_r (wrdlsq - lprq lsd) 14.54)

Ir this frame, the rotor Tux wector has anly real camponent, equal with the fox
magnitude, Y7 = P, and has zero imaginary compenent, Y., = 0. Thus, the torgue
equation becomes similar 1o that of & DO mctor

3 Ly ,
Te =50 Wraisq {4.55)

The quadrature companent of the stator current, i;,, contrels the torgue and plays the
same rale a5 the armiature current ina DT motor. This current is called the tergue current,
A long as the roter Tlux magnitude is kept constant, the torgque reacts instantly and
identcally te all changes in the wargue current

Consider the rotar Mux model (4.381-4.39) in the rotor Tux rame, By tansfarming Lo
Laplace domain and rearfanging, this model can be expressed o

(Lsos + Reqr) i = uf = jwy,Leo i + 72 (1 — jo, T,) Y {456)
(TTS + 1) fr = ng _j(wlpr - wr)Tr frf 1457
where the standalone symbsal *s” is the Laplace operator and R, = R; + R, L5, /1.
The rovor fux magnitude can be obtained from the real part of (457) a5

Lm .
Yy = 1 lsa = HI,[JT(S)LSd 14.58

Trs+
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The transfer function Hy, (s) from the stator curnent ta the rotor flux magnitede is firse-
arcler linear with time canstant T = T, It falkowes that the fux can be controdled by the
direct companent of the statar current, i, which is called the Tus current. This plays the
rode of & field current in a GU mator, Moreover, the targue current has nainfluence an flus,
i, the flux is decouphsd from toague.,

Sobving the torgue current from (4.55) and substituting imo the imaginary part of (4.57),
o oltains the slip speed, which is proportional with the targue
Wy = Wy — Wy = 3;’;%‘1 -T, {4.59)

It fellows that the rotor speed, o, = 0 — w5, changes linearly with the torque, in the
same way &% for a DO machine Equations 4.55] and 14.59) show that thene is a substantial
sirnilarity between o separately excited DT motor and an 1M in rotor flux orientation,
However, the current model (4.56) and the Mus model (4580 are differemt than the
arrnature ard field squations of 3 DC motor,

The direct vector control is a feedback contral system, which uses the estimaned or
measured sotar Mux position ta achisve the field odentation. The rypical scheme af the
direct wector controd ermplovs rotor flus arkentation ard rotor Mus contral, and it is shown
in Fig. 4.7, This scherme wies chosed-loop contrel of all important varialshes,

Flux control Current control
ll.fr" : i isd” : | i L‘.sd‘___ u.m'__ | I_|
A _A
A , )
Wr Isd eioyr SVM D Vsl
wr | . Hs\q"-_ UQB-__
_A
n . n &
Wy Speed control isq O
f..s'n' ‘ S
51| Flux and | Vic
s
W, | speed ica |
| observer [ <D
oy < ish >

Fig. 4.7 Divect wectar control with rater Mux arsentation and rotar Nlux comtral,

The direct andd gquadiature currents are controlled By the inmer loops, while the rotor
Mux masgritude and speed are controlled by the outer [oops. The block diagram contains
& stave observer for estimating the rotar speed and the rotar flus (estimated variables ane
dencted by ahat, "4, This is the most popular contral system for sensorless drives,
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One af the key companents in all vector control schemies s the current cantreller, This
togic is very broad and, inctime, a mualtitede of corrent regulatars Bave been developed for
this task. Figure 4.7 shows the simplest salution, realized with standard proportional-
integral (P1F contralbers in the rator lux frame as

usg = (Kp + K2 - (i3q = isa) 4,601
. I
Usq = (Kp + K; ;) : (lsq - lsq) {4611

where ug, and ug, are reference voltages for the two axes, i, and 5, are reference
currents, and Kp and K, ane positive gains.

The reason for using Pl contrallers is thar baoth o and o corrents are B in steady-state
operation and the stator model of an W s of first-order, However, the stator equation is
different than the srmature equation of a DC motor, which complicates the current cantrol,
Lo somme extent & number of advanced current contrel schemes are described in section
4,32, For naw, it is sufficient to say that the current control is able @ respond fast and 1o
accurately track any practical reference. By propedy tuning the F1gains, the dynamics of
the current control kbop rom reference to sowal corrent) can be redeced o a first-order
or secand-order transfer function with very small time condtants - the wpical curremt
respose Hme is ane or few milliseconds. Therefore, in order to simplity the design ol the
Tux and speed loops, itis acceprable w meglect all tme constants of the current loop and
assurmae thar the current Follows its reference instantly, thatis i7 = i7",

Thie ratar flux magnitude is controlled by & simple Pl compensator that autpurs the flux
current reference
30 = (Kpy + Kip D) - Wia = ra) {4.62)
whiste 7, is the flux refesence and Kp,, and K, ane positive gains,
Irv orcler b fingd the dyoamics of the flux control leop, assurme instantanesus curmet

contrel and substitute i, for i, in the rotor eguation (4.58) The clesed-loop transfer
funetion is second-order linear,

Yra _ _ Lm(KpyStKiy)
Yrq  Trs?+(LimKpy+1)s+LmKpy

Hy(s) = {463)

Selecting Kpy, = Ky T, the controller zero cancels the motor pole and the transfer
function becarnes first-order with bandwidth w, = L,, Ky

LmKy
S+LmKpy

Hy(s) = {4.64)

Iy reeguilar operation the roter resistance changes with temperature and perfect pale-
Zere cormpensation cannot be achieved with constant gaing. The Pl gains are designed by
aelecting a bandwidth, w, and a damping factor, £ for transfer functian (4.63). Matching
Hy,(s) with a standard second -order system, the gains are
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KI = Trwﬁ/Lm lﬂﬁd KPII} = (ZB(UOTr - 1)/Lm {4.’55]

The retar flux referencoe is set canstan for operation at and below the rated speed and
is rmodified ininverse propation with the speed Tor operation abawe the rated speed, This
way, the drive can develog the rated targue for the entire speed range below the rated
speed, knanem as the constant torgue range, and it can develop the rated poweer above the
risted spied, & zoee knonwn a8 ths Constant poser range.

A block diagram of the rotor Nux controd system for ratar flux orientation is shawn in
Fig. 4.8, Thee flux comroller (4621 has the tansfer function Kpp, (s) = Kpy + Kpy /s, while
the process is modeled by the rotor flus transfer function Hy, (s) in (4.58). The current
contrel [oop is reduced to a first-order lew-pass filter with a me constam T; = Lo /Kp

The ronar speed is contralled by & Pl compensator that cutputs the torque reference, in
ther most general case. For the vast majority of IM drives, the rotor Mue is constant or

changis showdy, ard the tomgue instantly follows the worque current, Therefore, it is
suffficient ta design a speed controller that outpurs the orgue current relerence as

isg = (Kpw + Kiw ) - (0] — ;) {4.66)

wheere ) is the speed reference and Kp,, and K, e positive gains,

Kpny(s) Current control Huyx(s)
W | j Isd” [ Isd :— 'y
Key Ky 1 T Lm Tr

Wr

Fig. 4.8 Rotor Mux contral system far vector controd with rotor Tus orientatian.

Ty
Kpiu(s)
(l)r‘ j l:.';q‘t ‘ :' I 5 | i Wy
®, Kro K 1 Ti Hinec(s)

Induction Machine

Fig. 4.5 Speed contral system for vector comtrolled 1M drives,

A block diagram of the speed contral systerm is shown in Fig. 49 The specd contraller
is denoted by o P rrarsfer function, Kp,(s) = Kp,, + K /. The speed equation (451} is
rncdelled by a first-arder ransfer function, H,,..(s) = p/(s + B), in the rightmeat Block.
The vargque is T, = Krig,, whire Kr = 1.5pL,,, /L, is the torgue constant.
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Assurming instantaneous current cantrad (T; = 0}, the trarsler function of the speed
control loop is obtaired by analyzing the closeddoop system in Fig. 4.8, as

_ _KrKpi($)Hmec(s)  _ Kpw1S+Kiw1
Hw (S) N 1+K7Kp1(S)Hmec(s) N Js?2+(Kpw1+ B)s+Kjw1 1467
where Kpyy = pKrKp,, and K1 = pKp K, are gains scaled by pK.

Thie gaing can b desigred by sebecting a bandwidth, o, and a damping factos, S for
this tramsfer function. Equating it with a standard secomd-order system, the gains are

Kp,1 = 2Pwy] — B and Ky = Jwi {4.68]

Wheen the rotor lux is madified, all charges can be accounted for by updating Kz In
this weay, the actual gains can be made fux-adaptive when calculated back fram (4685

The losd torque acts a5 a load disturbance for this system. The transfer furction fram
load vorogue v actual speed is koown as the laad sensitivity functian,

S(s) = ——mec® ___ _ L {469

1+K7Kp1(S)Hmec(s)  Js?+(Kpgw1+ B)s+Kjw1

The sensitivity function indicates that the integral gain is a measure of disturbance
rjection at frequencies lower than wg. Large values of K, are necessary 1o reduce the
sensitivity and o sttenuate the specd wansients ar loading, However, oo large integral
gains (and oo small proporional gainsh cause overshoors and oscillations following step
changes of the speed reference. There ane three possibile solutions thar are abke to avoid
oscillateny resporses: (a) increase Ky, inorder o sdd damging, (B use ramp or S-shaped
spieed references with no step changes and (b) shape the input-outpur response By using
& leedicrwand cantrol that adds 1o the feedback contral. The simplest response shaping
solution is a first-order law-pass filter applied o the speed reference o), before it enters
thie fesdback loop dn series e the reference input of Fig. 4.9}

A variant of the vector control schweme in Fig 4.7 is obtained when the lux contreller is
repalaced by a decoupling netwerk. & decoupling network is 8 feedionvard function that
calculates the reference curents using actual Mux and vorgue references. The reference
Current vector can be obtained fram [4.58] and (4.55) as

Trs+1

2L
TR gk FEk * ; T *
57 = lsa +Jisg == —W¥ratJ

3pLmipyq ¢

{4.70]

Eqquation (4.70) describes the decoupling network for the rotor flux orientation. As this
aperation invalves the flux derivative, the rotor fux reference is not allowed to change
abruptly, The current and speed cantrollers are unchanged,
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4.3.2 Current control

This section describes four praciical current controd schermes used by vector-controlled
drives, The analysis B based on the rotor flux model for the rator flux orientation, and it
can be easily extended w statar lux arientation by using the statar fux miodel,

Recall the regular PLourrent control described by (4600 and (45615 In regular operation,
the irwerter output voltsge vector s eqoal toits reference, e ul = ul*. The wansfer
Tunction H; (s) af the current control loop irom reference current to actual current} can be
obtained by substivuting ul™ = ug, + jus, Tor uf into (4.56),

T
Hi (S) — is Kps+Kj

i Lsas?+(Reqr+Kp+ jwyrLso )s+K|

14711

A choser inspection of the stator model (4.56) reveals the presence of & cross-coupling
between the o and g corrents, caused by the EMF term joy, Looif. The loop transfer
Turcticn (4,713 inherits the cress-coupling term and it is dependent on the synchronous
apased. Even thaugh the lux and torgque are decoupled, the currents are not, and simgle
corrcdlers, ke those in (@600-4.67) cannot eliminate or compensate this coupling. &n
extensive analysis in [11] shows that the real zero of a simple P controller with constan
gains i unable to cancel the motor comples pobe, and the transient response of the drive

is significantly degraded at high spaeed operatian.,

A bBetter dymamic response and pole-zero cancelation can be obtained if Pl controllens
with cress-coupling decoupling are used. These can be descrilbed in vector form as

wr' = (Kp +K,2) - (i — i) + jowoy, Loi 472
whesre the last term s the same a5 the crass-coupling term in (456}
A Block diagram ol the curent controllers with cross-coupling decoupling is ilustrsted

in Fig. 4.10.
k u.vd‘

Lsﬁ@)¢;'

f..'.'d

i s

Lsﬁww

k qu)v

Kp Ki
Fig. 4.10 Pl cument contred with cross-coupling decoupling for roter flus orientation.
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Substitutireg again ul* for ul into (4.56), the coupling term vanishes and the eguatian
of the current cantral loog is

(Lsos? + (Regr + Kp)s + K,) il = (Kps + Kil* + ;—";ru —jo,T)s Py 4T

Thie cleseddoap transfer function for the current contral is second-order linear,

i Kps+K;
" Lsos?+(Reqr+Kp)s+K|

H;(s) = 474

Thie Pl gains can b designed by selecting a bandwadth, o, and & damping facvar, S for
this tramsfer function. Equating H; (s) with a standard second-order system, the gains are

Kp = 2Bwolso — Ry and  K; = Liow} {4.75)
Moreover, if the gains are selected so as 1o satisfy the constraint K;L;o = KpR, g, then

the controdler zero carcels the motor pale amd the closed-loop trarfer function becames
A first arder lowe-pass fes with bandwidth o, = Kp /(L;0)

Hy(s) = =P

Lsos+Kp

{4.76]

The lase term in (473 can be regarded a3 a slowdy-changing perturbation, & both the
rotor flux and the speed change mone dowly than the curment, Thie current cantroller must
b desigred with a fast responae, in order 10 compensate for this perturbation.

FAssurmireg 4 corstant rotos Mus magnitede, the sensitivity function o speed is

Ri(s) = £ :

oy Lsos?+(Req+Kp)s+K]

Pra 477

The integral gaininfluences the sensitivity at frequencies lower than g, and inarder o
increase the rabustress during speed transients, the integral gain must be large,

An alternative way of schieving the pale-zero cancellation is by using & space-vector Pl
controller that has frequency-adaptive complex gains [17]. This controdler has a complex
zera and can be feemuolated in the space vectoar farm s

ust = (KP + (K; +jw1erP)§) AU Lr) i4.78)

Substituting ul* Tor ul into (4.58), the ransler function of the closeddeop current
cantied is second arder with camplex coelicients

Hi(s) ==

=
Ls

<

KPS+KI+]'L0-¢,7-KP

{4.79]

-

T Leos2+ (Req+Kp+jweprLso)s+K+jwy,Kp

If the gaing are selected as to satisfy K/ L;o = KpR,,. then an exact pobe-zero
cancellation happens and the deseddoap transier function is reduced 1o (4.76),
A block disgram of the current contraller with cormplex gains is shown in Fig. 4.11.

Whereas both schemes deliver identical performance, the ane shown in Fig. 410 is the
micat popular and it has became a de-Tacto standard Tor vector-controlled drives,
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Fig. 411 Fl current cantrollier with comglex gains for rotor lus erientation,

Slicling-mede contral (M) is a nonlinear technique suitable for controlling systema
affected by perturbations, uncertainties, variable parameters, or modelling errors [12].
SN works with fast switching of the contral gquantity for schieving a robust and scourate
operation of the closed loop systerm. It works with Binite-time corvergence But during
steady-state operation it produces high requency oscillations (krown as chattering) of the
cantrelled variabdes, Applied to AC drives, SMC provides excellent rebustness and superics
dynamic performance for o wide range of speeds [12].

Iy wector-controlled drives there are some mperfections thar degrade the robustness:
{a) variable orinaccurate parameters, such as the stator resistance and rotor Gme constant,
i) imperfect ficld oriemation caused by estimation and  measurement errars, (o)
simglifying assumptions such as the constant flux operation, and {d) uncompensated
cross-coupding terrms. The SMC has the ability 1o maintain robust operation during large
apeed and torgue trarsients, in the presence of all ervers, if they are bounded.

A practicsl sliding mode corrent contredler for rotar llus orientation is
ul = (Kp + K,2) - sign(i7 = 17) + jwy,Looil {4,801
wheere signl-}is the sign Tunction and its argument, S = 7% — 7, is the sliding function,

In order 1o redece the chattering in the contredled current, the sign function may be
replaced by a soturation function, satl(-}, with a parfow linear zone i, defined as

1 ifx=h
sat(x) =<4x/h if —h<x<h {481
-1 if x <-—h

The saturstion bare can be selected in the range of 2-5% the rated cuwrrent, Inside this
lirzar zone the chattering is substantially reduced but the robustress is also diminished,
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Fig. 4.1 2 Slidirg miode current cantroller far rotor lux orentatian.

The closed boop systerm is stalde ardd reaches the current reference in finite time if the
proportiaonal gain is selected linge enough, inorder to compensate for perurbations and
micdedling eros. The decowpling term is not part of the shiding mode algarithm and can
be absent, & block diagram of the sliding mode contraller is shown in Fig, 412

A simipler form af this contraller is propased in [12], with oero integral gain, K, = 0. at
the expense of using large proporacnal gainsg - in this case K, must be K, > 2V,./3in
order o entingly use the valtage capability of the V51, However, nonzera integral gains ane
benclicial as they allaw wsing smialler Kp for redeced chattering, provide faster dynamic
respoise, and increase the robustness o bow frequencies. In general, the PLgains should
b barger than the gains of a linear FIcontroller far the same drive,

Super-twisting sliding mede (STSM) cantred 5 8 modern scheme that belongs 10 the
farmily of high-order slicing maodes [14], In particular, the 3T5M s a secand-order S0
algarithem designed for systems with relative degree one and it has two advantages: (a)
provides fimite-time convergence (o zerd of the sliding variable and i first derivative, and
{b) produces a comineows contral signal that ensures the sliding mode operation and
reduces of climinates the chamering.

The 5T5M cument cantredler far rator Mux arientation is desigred as [14]:
wly = (Kp - 1Sa17 + K, 2) - sign(Sy) — jwy, Leoisg {482}
* r 1 . . .
g = (Ko |So" +K,2) - sign(,) + jwyr Leoisy {483
whete exponent ¢ s a positive constant, 0 < r < 1, and the sliding Tunctian o and g
COMpPonents ane thie current ermors, Sy = i3, — i and S, = i, — ig,.

Parameter rdefines the controller behavios and shapes the closed-loop resporse. Ifr =
0, the proportional companent is discontinuous and the controller becomes the same S
described by {430), As ¢ spproaches zeno, the sliding-mode efect is stronger and the
controller behaves like an SMC, with low overshooting and incressed chattering.
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Fig. 4.13 Super-twisting shiding mode current contraller for vector-Controlled drives,

If r = 1, the proportions companent & linear with the current error, and (4.821-4.83)
turn inte asymptatical PLocantrodlers, When ¢ moves towands one, the operation
approaches that of & linear Pl contrallern, the chattering vanishes and larger overshoating
may coour. Practical walues far 5T3M current contralless for low amd mediom power 1M
drives are r = 0.3 — 0.6, with atypical value r = 0.5 [14]. This way the rebust sliding mode
operation is retaired and the current ripples are very low.

The closed boop systerm is stalde for large positive P gains, In general, these gains can
be sebected equal with or lnger than the gains of a linear PLoanteslier for the samee system,
a4 specified by (4.75). Figure 4.3 shows a block disgram of the STSM curment controller
{without decoupling terms),

4.3.3 Stator flux erientation

Consider the stator flux orientation where the direcr axis of the reference framae is
positioned alang the stator flux vectar and both retate with the stator fux speed, o, =
a0y /dt, where 0, is thie flux position with respect to the stator alpha s, In this frame,
the stator flux veeter has a direct component equal te its magnitude, Y7 = g, and has
oo quadrature component, Yy, = 0. The tofque squation (4.15) can be transformed Lo
Ehve sranes o frame using (4.5] as

3 . . 3 .
T, = Ep(l/)sd lsg — wsq lsd) = Eplpsd lsq {4.84)
Targue contral can e realized wusing the quadrature companent of the stator current,
I5qe Marned the torgue curfent, and the torque reacts instantly to any changes of this
current, Usually, the fux rmagnitusde is kepr constant o is slawhy modified.

The flux contral B based on the stator equation (4.332) in the stator flux frame, s real
Component gives the dynamic model for the stator lux magnitude
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d .
Elpsd = Usg — Rslsd {4.85]

This equation is simmilar tothe field egquation ol a DT matar and indicates that the stator
Tux cam be cantralled by the direct companent of the stator voltage,

Iy corcher 1o obaain the transfer functions for the stator Aux control, consider the stator
Tux rrvschel §4.311-(4.32) expressed in the Lapdace domain

(Ls0S + Roge )is = us — juLgais + (7 = o, ) 2 {4.86)
sf = uS — Ris — joys P {487

whiste w, = wys — o, 1% the ship speed for the stator lux, and R, = R + R, Lg/L,.

Substitutirg the stator voltage fram (4.37) into (4.86), the stator Mux dynamic model
14,88} is abtained, after sorme manipulations,

(Tps + 1+ jw,T,) Y5 = Ly(T,05 + 1 + jw,T,0) i {4.88)
The stater flux magnitede can be solved from the real part of {4.88) a3

_ Tros+1 . _ LsTro .
1/)511 - Ls Tys+1 lsa Wy Tys+1 lsq {4.89]
The wransfer function from the direct current to the fux magnitede is alag element with
minimum-phase and time canstamt T = T,,,

Tros+1
S Tps+1

Hy(s) = If—; =L {4.901

The stator Mux control can be realized wiing the divect current, i Mux current, and the
srator Mux reaces faster than the rotor Mux due to the presence of & perd in (4,900, The Last
tere in (BT is seen a8 a Tast-changing disturbance and o complex decaupling necwork
s te be applied in order to cancel the influence of the torgue current. The slip speed with
respect b the stator Musx can be solved from the imaginary part of {4 88} as

w0, = Ls(Tros+1)

27 T (Psq-Lsoisq) 9
The stater Mux and the ship speed depend on both currents, a netable disparity with

Fespect o s DO moator, The stater ux orientation allows separate contral of the torque and

the fux magnitude by manipulating the current vectarn, but it requines a more invalved

decoupling nerwark than that for ratar flux orientation. The advamage is that an socurate

estimation of the stator Mux is easier than the estimation of the rator Aux,

{4911

Direct vector contral fod stator fux onentation is implermented wsing Pl controllers for
all varisbdes invobeed, in the same way as for rotar flux aientation. Figure 4,14 shaws the
block diagram of & typical sensorless 1M drive with stator flux arientation and stator flux
cantrel In this scheme, the obserer estimates the stator flux and the rotor speed.
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Fig. 4.14 Direct wiector control with stator Nux orientation snd stator s control,
The current contredler with cross-coupling decoupling is expressed in vectar form as
us' = (Kp + K,2) - (15" = 13) + jw,Lyoi3 {492)
whsre the last term is the same as the cross coupling in (4.86), i07 = 05, + jis, is the curent

reference, and Kp and K; ane positive gsins

Assurming an ideal imverter and substituting the voltage wS* for u$ inte (4.86), the
coupling term vanishes and the equation of the corrent contral loop is

(Lsos? + (Regs + Kp)s + K;) i5 = (Kps + KDis" + (= — joo, ) s {4.93)

Thee cleseddoop transfer fumction far the current control is similar to 4. 745,

_ s Kps+Kjp
Hi(s) = i Lsos?+(Reqs+Kp)s+K]

©

{4.94)

Selecting gains that satisly K, L;o = KpR, g5, the contraller zero candels the mator pobe
and the closed-loop ransfer function becomes a low-pass filter identical wo {4.78), The
barclwidih i set by selecting a propartional gain Kp = woLgo. The last termy in (493} i a
alendy-changing perurbation, and Ky must be large enowgh o carmpensate i,

Al current controllers alreacdy described in section 4.3.2 can be used fod this contral
acheme, and Al design details and block diagrarms remain the same. The single difference
is in the decoupling terma: the statos Tux orientation wes the slip speed, while the rotor
flux oriemation uses the rotor Mux speed, Motably, the stator Aux orientation is less
sersitive 10 oross coupling because the slip speed [4.97) 05 alwans o small quantity.
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The stater flux s contridled by a PLregulator that cutputs the flus current refensnoe
L% 1 *
lsa = (Kpy + Kpy D) - (Y5a — ¥sa) 14.95)
whesre g, s the flux reference and Kp,, and K, doe positive gains.

Assumingg instantaneous current contral and taking into account (3,500, the closed-loap
dynamic model is a lead-lag transfer furction

H¢(s) _ sa _ Ls(Kpys+Kpy)(Tros+1) {4.96)

Vig  (LsTroKpy+Ty)s2+(LsTro K pyy+LsK py+1)s+LsKy
Selecting Kpy = Ky, T, the controlber zero cancels the motor pole and the closed-loop
trarsher function becomes a frst-order [3g compensator.

Hl/; (S) _ LsKpy(Tros+1)

(LsTroK pyp+1)s+LsKpy

{4971

The cuteff frequency is wo = LK,y (LsT,0K;y, + 1) 7. For large integral gains this
Turtion appraachies unity and the flux fallews a reference with a very small delay,

Anather practical selection is Kpy, = 0, in which case the ransfer function becomes
second order with bandwidth defined by w, = LK, /T,

Acconding 1o (4.89), the torgque current is a perturbation inpat for the lux control leap,
The disturbance rejection can be impraved at bow Trequencies i large integral gains are
wsed. Howener, & F1controller with reasonabhy large gains is ot able to fully compensate
this sensitivity at high Frequencies and the stator flux will change each time when large
torgque steps ocour, & better solution is extending the P controller with s feedforwand
compensator, ko as decoupling netwerk.

Starting with a reference Alux magnitude and a reference torgque current, i3, (produced
by the speed controller), the direct current reference can be solved Trom (4.69) &

Trs+1 Tro

I * ™
i = +w,——1 4,981
SAFF ™ | (Tyos+1) Psa 2 Tos+1 54 i

This eguation deseribes the decoupling network for the statar flux orientation. s
oulpul can be seen a5 the deal eperating curent needed Tor producing the fux and
torgue references. The towal reference current produced by the avugmented fux controller
is the sum of the P controller cutput [4.95) and the fecdforsard current [498), i3 = i3, +
i;dFF'

The spazisd camtral Tor stator llux orientation s the same 34 for rotar lux okentation
the speed controdler is (46680 with gaing selecved as in (468 AN al the detign
consicerations, the ransler functions, and the Block diagram depicted in Fig. 4.9 remain
thee samm, There are only o minor differences: the current refere noe is representsd in the
atator flux framie and the torgue constant 8 K = 1.5p) .

In condlusion, both arientation schemes allow smultansows contral of the torque and
flux by positioning the stator current yector with respect o either the statos or the rotor
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flux wector, in swch a way that it direct companent cantrods the Tux and its quisdrasture
component controks the tomque, The desired currents ane imposed  wsing current
contrallers, pulse width modulation, ard voltage source inverters, This way the imverter
becomes a controlled current source. The rotor flux orientation allows a simple
implermentation wsing Pl comrollers Tor all variables, whereas the stator flux arentation
benefits fram emplaying very simple stator flux estimators, bot requires & decoupling
network. The air-gap Nux orentation and comred can be implermented inos similan way as
the: stator flux orientation. since the air-gap flux is defined a5 Y, = Y — L1

4.4 Indirect vector control

The fmdgirect vector contred s a strategy that oses fesdiorwsard contral of the flus
magnitude, implemented a3 a decoupling network, and feedfarwand cakoulation of the shp
speed, The stator currents are contralled in the sarme way a8 for the direct wisctor contriol,
by ane af the methods described in section 43,2, The rotar speed can be either measured
or estimated. Figure 4,15 shows s block diagram of the indirect vector comral, erngloyed
for generic field orentation.

The main raticonales behind using a feediorward cantrodler is o avoid the design and
implementation of Hux and speesd observers, which were congidensd computationally
intensive and less precise. In this case, the sbsence of an observer rigquines using expensive
and sometimes unreliable mation sensors, such as incremental encoders or resolvers, in
arder te measure the rotor position, & shown in Fig. 4,15, Becently, the advent of fast and
irxpensive microcontrellers enabded the developrmient of sdvanced state sstimators that
can reliahly replace motion sensos,

7‘-|"r‘ . isd” Usd" Usa'
—— Decoupling = - L= s
network
and slip Current e b swm =Y sl
g control —/
T spee is" Usg" U
—» reference »- i -

i sl

Encoder

Figure 4,15 Indirect wectar cantral far I8 drives,
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The decoupling metwork for rotor flux ofentation is described by the very simple
wgpuation (4700 This has the reference fux magnitede and tongue a5 inputs, and requins
the ewaluation af a flux derivative, which camn be easily calculated by finite differences, To
avoid large curent peaks, it is semsible to change the fux reference using ramps rather
than steps. Thee ship speed o, is calculated as in (3.59), wsing reference values for the flux
ard the torque, Then, the slip angle is obtained by integrating the slip speed. Finally, the
Tield position 0, is computed by adding the slip angle 0, 10 the rotor position

0,=0,+0, {4.99)

This way, the field position B & sum of a fecdback quantity, e the measured rotor
position, and a feedforward ane, the slip angle, This apprasch has the sbility to maintain a
stable operation of the drive in all regirmes and at all speeds,

The stator Mux orientation requires a mone involved network - the direct current is
salved from (4E9) and the quadrature currentis calculated fram (4.84) wsing references for
thie flus and the torgue. The decoupding netwark is described by

Trs+1
Lg(Tros+1)

Tyro
KT T os+1

lpsd
whaere K = 1.5py;, is the torgue constant,

=il i = T; +]—T* {4.100)

The dip speed o, is calculated o in (E.97) wing reference values for Mo snd cument,
This inwvalves calculating the current derivative which is sensitive 1o noise and can be
apprasimatesd by a bigh-pass Gilver, The slip angle is obtained by integrating the ship speed
arvd then the figkd position is produced by (4.99).

The indirect vector contrel is koawn for its simplicity and its ability 1o provide stable
operation in all stwations, a1 the expense all using an encoder. However, the direct vector
contiol is also stabde when pained with a position sensor, A disadvantage of the imdirect
cantrel s its dependency on motor parameters, which change with the wemperatune and
magnetic saturation, In particulsr, the rotor time constant and the slip spesd depend on
e roter resistance that is temperature-sensitive, The magority of IM drives uses direct
vesctar conbral ar direct tongque controd, and the indirecr contral became less relevant,

4.5 Direct torque control

The direct targue cortrel (DTC) is & strategy that deparns from the similarity to DO
mictors and s hieves simultaneous Mus and 1ergue control by taking intoe account the 14
ricsdel and the V1 eperation. In particulsr, OTC does not divide the curfent vector inta a
Tux amd & torgque current and it does ot wse current controllers or curremt decoupling
networks, As the main objective of any maotor drive is te control the flux and torgue, DTC
employs specific controllers for the fus and the tosgue. This technigue was develaped in
1985 as a fast and robust torgque control strategy for IM drives [15], Since then, the methaod
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was generalioed for all AC motor drives, and was recogniced as a8 viable alternative 1o
vector contral [16],

The operating principle of the DTC may be specified as follows: a simultaneous control
of the targue and the stator Tux magnitude s achieved by directly adjusting the stator
valtage space-vector, On the basis of the rorgque and flux errors, the algosithim directly
computes the reat valtage wector o be applied o the motor, ar the next imeerter state,
The cantrol methods used ta achieve this chjective can be freely chosen by the designer .
I gerweral, the states Ausx orientation is emploved for this scheme [150-[23]

In tirne, DT has evobeed fram a single controller ta a brosd concept. There are two DTC
Tamilies: the classical line that dinectly ermplays the instantanecus voltsge vectors available
in a ¥al, and the modern lie that uses PWAL In conventional DT, successive veltage
vectars are selected in such a way that the torgue and lux errors are maintained within
predefined limits, This scherme produces a sequence of active and zeno voltage viectars thst
drive the statar lux vector on a quasi-circular rajectony. PYWM s not used, But the wector-
awitchirg operation matches well the Tast-switching nature of 3 V31 Modern DTC schames
wse targue ard flux controllers that produce space-vector valtage references, which ane
gererated by PWA,

DT effers several important advantages: [8) it provides a fs and robust dynamic
resporse for the tergue contral, () it is well-matched 1@ the dscrete nature of Va1, (chit is
robuwst with respect 1o moter pardmetes detuning, and i) it is an inherently sensorless
contrel & it does not reguire any mechanical infarmation fram the moator shalt The
classical DTC has soeme disadvantages: (a) it works with a high tergue and curent ripple in
the steady-seate, (b) the WAl switching frequency & variable and it is much lower than the
contredler sampling regquency, €] it produces scoustical noise and vibrations, and (d) it is
not cagable of directly comrelling and limiting the current,

The most effective way 1o nedoce the targue snd coment ripphe is @ inonease he time
density of the voltage vectors by running the algorithm ae high sampling requendcies.
Classical DTC should operate at fregquendies four ta six tmes higher than the sampling
frequency of PWK-based contrallers in arder to preduce comgarable torgue ripphe, High
sampling frequencies might be eocessive for mairstream microcontrolless, But with the
advent of hylbrid FPGA-micrecommaller systems, OTC drives running at high-lreguencies
are practical. However, the Wal switching requency is variable as barg as the classical DTC
scheme is used.

Anather sirmple way 10 deorease the osque ripphe B @ inorease the time resalution of
thie weltage vectods by using PWM-based contralbers, In a sampling period the PWR creates
aequences of Tawr oF six wictors with sdjustable duration Tor each wector, which
substantially incresses the control precision, Moderm DTC schemes wse either linear o
nonlinear controllers and run with low torque and current ripple and with constant
awitching frequency for the WsI[18]-[24],
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Compared to FOC, the DTC offers a similar performance, each scheme with advantages
ard drawbacks: OTC is very robust, responsive, and is sdeguate for applications with fast
dynamics, but the rabustness is obtained ar the cost ol a higher torgue and current ripgles.
FOC is able o achiewe fast and accurate current and tomue contral, But it is sensitive o
mictor parameter detuning and itis more complex,

4.5.1 Torque and flux control principles

Crirect tosque control is a strategy based on the stator Mux crientation and the stator Musx
control., The I stator equation (2221 ard its real and imaginary camponents can be
expressed in the stator flux frame, rotating at a speed o, = Wy, a5

L3 = —Ryis — jwys s + {4.101)
da .

i ¥sa = Usa — Rslsq {4.102)

WysPsa = Usq — Rylsq {4.103)

Thie real eguaticn (4. 102] is similar to the field eguation of 3 DC mator snd indicates that
the flux magnitude can be comralled by the direct component of the stator voltage - a
positive voltage increases the Mux, while a negative one decreases the Tux, The resistive
valtage drap is & perturbation inpot for (4.102] ard in most situations it is very srmall and
can be neglected. 11 is abvious that using the valtage o contral the flux is a mech simgler
and direct solution than using an intermediate current controller as in FOC, The veotor
contial of the stator flux is based on the comples equation (4885 recall that the
perturiation in (4.83] cannot e neglected and a decoupling metwork is necessary,

The tongue equation (4.15) can be expresded in the stoter fus Frame as

3 .
T, = Epll)sdlsq 4.104]
Sobving the curremt frcem (4.103) and substituting into (4.004), the targue beoomes
3
T, = ﬁlpsd (usq - wI/JSl/)Sd) {4.105)

This relation indicates thar the torgue can be contrelled by the quadrature companent
ol the statar voltage - a valtage larger than thi EMF produces a pasitive torgue, 4 voltage
amaller than the EMF or pera produces a negative targue,

The 1M torgque production is wnderstood a5 an interaction between the stator and th
rotar Tux vectors, Based an the torguee equation (4.18). This can be expressed as o product
af magnitudes of the stavar and rotor fuses, denoted by [Y, | and [, &

T, = =3P Yoa Vg = ;P s Il | sin(8) 4.106)

L Lyo
wheere 8 is the angle between the retor and statar Nlux vectors known as the targue angle.,

The torque can be modified by changing the relative position of the stator lux vector
with respect to the rotor flux vector - the targue is positive when the stator flux leads the
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rexton flus, and it is negative when the stator Tlus trails thae rotor Tux, According to the stator
rmcdel 4175 the stator Mux is the tme-sntegral of voltsge GF the resistive drop s
neglected) When a voltage vectos is supplied, the statar Tux s driven along the direction
of that voltage vector, at aspeed proportianal o it amplinede,

According to the rator fux dynamic madel (4.48), the rotor flux fedlows the stator flus
with a time corstant T = T,.o, implying that the stater fuxis alle wo rotate faster than the
rotor flux, Therefore, s large quadrature valtage moves the stator lus away fram the rater
flux increasing the torgue angle and the tongque, while a small o zera voltage shows dowem
or stops its motion, decreasing the torgque angle, In this way, u,, is able to control the
torgque, while wgy contrals the Mux magritude,

4.5.2 Conventional direct torque control

The cormeentional BTC eoploits the fact that the stator flux vector maves in the direction
of the stator valtage vector, By supplying an adeguate sequence of discrete valtage
vectars it is possible 1 drive the flux along & quasi-circular trajectory at o desired speed,
Ta this end, DTC uses the eight voltage vectors available in two-level VI,

Figure 4,16 shows thie trajectory of the stator flux wector when a sequence of three Val
valtage wvectons is supplicd - V. for a duration &, V. for &, and again Vs Tar 6. The Tux has a
Zigzag trajectony - initially it was positioned a1 (¢). during time £ it meves by Vst, and
reaches Y (¢ + ty), during & it maves by V, t,, and during & it maves by Vs t;, reaching the
final value g (¢ + ¢, + t; + t3). Thevector Vi has a large g compaonent that ratates the flus

fasner, ncreasing the torgque (decreasing the Tux magnitudel, whille the vectar V, has a
large doomponent that increases the Mux and sows dawn the rotation.

Fig. 4.16 States flus trajectory when three WS voltage vectars are supplied.
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Fig. 4.18 Cornventional direct tergue contral for I8 drives,

The eperating principhe af classical DTCis illustrated in Figure 4.7, For this example the
atater fux veotor is located in the vicinity of the veltage vector V), in sectar 5 (Secion are
delimated by dashed lirses and are marked 5, and 5.1 Far this case it is obwvious that voltage
vecters Vi, Ve, and W have poditive real parns and ane sble 1o incresse the M, while vecnors
Ve, Vo and Vi have negative real pans and can decrease it Mareswer, vectors Vo and W have
positive mmdginary pacs and aee able 1o increase the torgque, while wvecars Vand W, have
miegative iraginary parts and can decrease it For this sector there are four noneens vollage
vectors that can be employed far controb: Vo increases the targue and the lux, V, deoresses
bath, ¥, increses the torgque and decreases the llue and W, decreases the torguee and
irereases the Mux, The bwd seno vectors, Vo and Ve, can be wed to decrease the torgue and
ter keep the Aux almost corstant, inall situ ations,
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In order o contral the Aux vectar during a complete retation, the complex plane is
divided inta six circular sectoss, each one sisty-degree wide having a VS valtage vector as
bisector - see 5 and 5 in Fige 4.7, The same analysis that wis described for 5 applies
whesn thee flux is located in any secton Far each sector there are two nonzero soltage
vectars that increase the torgque and other two that decrease it There are also two vectons
that increase the lux and other two that decrease i

A black diagram of the conventional DTC for sensorless IM drives is shown inFig. 4,18,
This scheme contains two switching contrallers with hysteresis, ane for the rarque and ane
foar the flux, which decide when the orgue and thie lux are 1o be increased or decreased,
The hwsteresis bamds hawe the rale to limin the switching reguency when the controllens
ane implermented at 3 very bigh samping frequency, For regular digital impdementations
rurning at moderate sampling frequencies (tenths of kHz) the hystenesis bands are ot
needed and the comrallers are simple comparatars.

The torgue controlles is a three-evel comparator thar owtpars the tesguese signal Sz..
1 if T;=T,>h,
Spe =40 if hy <T; =T, <h, {4.107)
-1 if T,—T,<h,
where T, is & torque reference, and h, and h,, are the positive and negative threshalds,
The typical selection for thresholds ishy, = 0 and h,, < 0 when the field speed is positive,
wys > 0. and hy, > 0 and h,, = 0 when the fiekl speed is negative, o, < 0. In arder to

avoid demagretization, rero vectors shoukd mot be used st speeds bower than 5% rated
speed, and these thresholds shoubd be very small or zefa, b, = h, = 0.

The flux controller is a twodevel comparator that autputs the fux signal S,

SI/JS = sign(Ysq — Ysa) {4.108)

The "CTC swinching strateqgy” block in Fig. 418 contains the valtage vectorn selection
strategy described in Fig, 4.1 7, 1t receives & inputs the torgue and flux signals and selecs
Lhve vaaltage vector that sirmultaneously decreases the M and orgque errars. This switching
atrategy is implermented a5 a table with three inputs: Sy, and Sy, and the secror S, where
the Tlux is located, Tabde 4.1 gives the iypical switching strategy for the DTC It contains the
vector selection fod ol af the six sectors and is valid Tor operation a1 both pesitive and
negative rotor speeds,

A e wictar, sther Vo Ve, is selected in all sitsations when the torgque emos is small
and the targue absalube value must be decreased, Le whenewer Sz, = 0. Zero vectarn stop
e stator Mux rmction and, a5 the rator Mux continees 1 rotate, the twoeque always
decreases, Active vectors are selected in all other sibuations, when the toegqoe must
Increase of decrease, Whenever an W operates at low speeds the stator valtage is low and
Zera veclors are applied for long time periods. &n extensive use of 2ero weclons Causes a
gradual decrease of the stator Mux and eventually the koss of magnetization.
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Table 4.1 Switching rable for Direct Torque Control

Flux sector S1 S2 S3 S4 S5 S6

St =1 Vi LE W4 L L] W1

Sys =1 Sre =0 V7 Vi V7 Vi L W
S = =1 L L LE Wd L]

S = 1l V3 W4 L Wi W1 V2

Sys =—1 Sre =0 LI Vi V7 L] L
Spe = —1 L L W1 L W3 Wa

Therefore, using oero vectars a1 very low speeds for bong time intervals s nat
recammiended, for two reasons: [a) vo avoid deoneasing the statar lux and 1B to schieve a
fast torque response for falling torque steps, & simple salution that snoids using zero
vecton is setting the zero-vector band {defined a8 hy = by, — h, ) o zeroie b, = h, = 0.
for kawe speed operation, In this case the torque controdler is & tworlevel comparator, Sq, =
sign(T; — T,). Practical walues for ho ane Fror five to teemy percent the rated targue, with
amall values av bow speeds. To accommodate all situstions for & wide speed range
operation, e wegue threshalds can be adapbed in real-tirme,

The torgque relference is produced by a P speed controller
Te = Kpo + Kiw D - (0F — ) 4.109)
wheere ) is the speed reference and Ky, and K, e positive gains,
Assurming instantaneous torgue contral, the speed contrel block disgram is similar 1o
the arwe shawm in Fig, 4.9 far FOC, and the closed-loop tansier function is
H,(s) =

KpwS+Kie
Js2+(Kpw+ B)s+Kjq

{41105

The gaire are designed in the same way as explained in relstion (o esquation (4.68),

I is remarkable that the comventional OTC seheme can be regarded a5 a variable
atructure camtral systerm designed 1o take advantage of the eight-state disorete nature af
the W51 [12], The stability conditions for this controller are: (a) the available quadratune
voltage must be higher than the back-emf, in abselute values, [ug, | > |0yspeq | and i)
Ehwes lesded arvgles must be less than ninety degrees, |5] < /2.

Figures 4,19 to 422 shaw experimental results for direct teorque and MNux contral of 2 1.1
kW sersoress drive that wses s squirrel-cage 1M supplied by a 2.2 kVA V5L with the bleck
diagram in Fig. 418, The 18 nameplate data B Py = 1.1 KW, Uy = 380V, by = 277 A, rig
1410 rpm, 5= 50 He and Ty = 7.5 M This experiment illustrates the torgue step response
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with the drinee running at 2ere speed, the torgue relerence s set 1o 12 Nm [ 160% rated
torgue) at tirmae §= 10 ms, while the flux reference is constant,

20 T T T . 1

HP A AN et N i g

T_ [Nm]

] 0.02 0.04 0.06 0.08 01 0 0.02 0.04 0.06 0.08 01
Time [s] Time [s]

Fig. 4.9 Girect torgue ard flux contrel for 12 Mm torque step refemmnce at constant stator
T, with 10 kHz DTC sampling frequency; T, - tosgue, g, - stator fus msgritoce,
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Fig. 4.20 Enlarged view ol the tarque and Tux wavelforms in Fig. 419
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Fig. 4.21 Direct torgque ardd Tlux contrel for 12 Mm torque step refemmnce at constant stator
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Fig. 4.22 Enlarged view ol the torque and flux wavelforms in Fig. 4.21.
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Fig. 4.19 shows the estimated tosgque T, ardd stator flux magnitude Y., when the DTC
algaritham rums at 10 kHz sampling frequency, Fig 4.20 is a detail af the samie wavelarms,
which zoams-an on the torgue response - the torgue rippke is 5 Nm and the acteal vector
switchirg freguency is 5 kHz or less, Fig. 4.2 1 shows thee torgue and statos flus magritude
whesn the DT rund a140 kHz Fig 4,22 shows an enlarged view of the same wavelorms, The
benefit af runming at kigher freguencies B clean: bath the torgue and the flux ripples are
significantly smallier than thase for 10 kHz operation. Maotabdy, the orgue résponse tme is
Iess tham ane millisecond and the contral is extrermady robust, in all situations, This
rEs poese Hme increaes to theee milliseconds whien the drive rons at the rated speed.

The adaptation of the sero-vector band s also illestrated in Figs. 421 and 422 - an
speeds below 30 radss the zero-vector band is zero, hy, = hy, = 0, the torgue ripple is abaout
1 M. and the actual vector switching frequency is 7 kHz, As the speed increases, the
algarithm switches 1o a nonzero band thy = 2 Wm at tirme = 17.5 ma), the ripple reduces
b 0.4 Wm, and the vector switching freguency becomes 15 kHe

4.5.3 Torque and flux ripple
The 1M worgue model can be abtaired by differentiating the tosque equation (4.18]
After substituting the Mux derivatives fram (4411 and (4.42), the torque dynamic model in
the stater Aux frame, with voltages wg, and ug, as inputs, B nonlinear,

d Ts+Ty
ETe + ;Te = kT(lprdusq - lprqusd) - kTwrlpsdlprd 411 1]

TsTyo

whare k. = 3pL,,/(2LsL,.0). The torgue tines canstant, T, =T, T, o / (T, + T,.). is smialler
than cre millisecand, and it can be neglected For all practical punpeses,

The terue respanse depends on the rates speed which sos as thind inpar for (40111
Al low speeds, the speed-dependent term in (40170 s negligible and the woltage term s
very lorge, wherewer an active voltage vector is appliedd, Therefene the torgue ing reases
very fast. Conversely, when a zero-valtage vector is applicd, the RHS af (4.111) becomies
viery smiall and the torque decreases dowly. This behavior is visible in Figs 420 and 422
Ehw Rorcquee i reases Tast in just ane sampling pedod and then it slowly decreases during
seviral subsequent periods, 81 high speeds, the speed-dependent term is large and the
apposite behavior oocurs - when an active voltage vector is applicd both the BHS terms in
14.011) have large magnitudes and the 1orgue increases slowly. When a zero wecton is
applied the last weom alone causes a fast deciease in the Tonguee.

The stater Mux dynamic response s govermed by (4.102) or by (2470 For medium- and
high-speed operation the voltage drop on the stator resistance can bBe neglected and the
fluxis anintegral of the direot valtage ug,. As the Valvaltage vectars are fixed and the lux
rotales, ug, is variable along one sector. Therefore, the lux slope changes as the ux vector
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moves within a sector, a fact visibbe in Figs. 4.9 10 422, However, the Mux dynamic
resporse does nat depend on speed,

In dligitally-controlled systems, the DTC & implemented on a per-samiphe basis. During
wach sampling period the algorthm finds a voltage vector that s supplicd 1o the matorin
the et samipling period. Each voltage vector is activated for an entire samphing period
without using PWE, This way, the vector switrching frequency frequency at which the
valtage vectors are opdated) is at most equal 1@ the sampling frequency. Inreality, the
vectar frequency is smaller than the sampling frequency for aperation an law speeds, whilke
thve twees tend Lo Decame exqual at medium and high speeds,

A simvple and very effective way 0 reduce the tarque ripple is t© increase the vectar
Treguency by ranming the DTC algorithm at higher sampling Tregquencies, This method
prizserees all of the DTC advantages bot due to very short sampling times imeoheed, it
requires fast microcontralbers ar FPGAS for implementation. The tergue ipple reduction of
this approach is significant, & confirmed by Figs, 4.21-4.22, where the algorithrm runs on &
dual-tore 32-bit laating-paint micracantroller,

Anather way to increase the vector density is by applying sequences of several voltage
wectars in one sampling perod. For this approach the sampling period is divided into three
equal intervals and combinations of three valtage vectors with egqual duwratians are
applied. The DTC algorithm selects the bBest combination of these wecton by using the
basic DT principles outlined in section 4.5.1, This method, called discrete space vector
rcsdulation, is further descrilaed in (170 Testresuls presented in (177 showr that the tongue
ripple is reduced by hall with respect e the corventional DTC and the WS switching
frequency is stll variable,

4.6 Linear direct torque control

Al OTC sehermes Based on the principles af the comventional DTC suffer froas the fact
that all valtage vectars have the same time duration regardless of the error magnitedes,
and that tirne is predelined and uncontrelled. An additionsl degree of Treedam can be
added if the time resolution is increased, ie if the duration of each vector is controlled
with a finer time-step. & similar reasoning as Tfor the infinitesimal caloules applies: the
classical DTC runs with large ripple as it uses anly ane vector in cach sampling pericd, The
tergue ripple B redoced when the sampling period is divided inte three imenvals, and
thee vectors ane applied, The pencd can be forther divided inte multiple of subintenals
and the ripple will gradually decrease when mone vectors are used. Eventually, a guasi-
linear space with a bigh time resedution can be abtaimed, and the torgue will exhibit an
asymprotical ripple-free behavion, It follows that an asympretical contraller fellowed by a
pulse width modulator can be designed 1o control this system.
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Fig. 4.23 Linear direct torgue and ux controller for I drives,

The fimsar direct tovgue condrod (Lineav-0TC) approaches the DTC idea from the
perspective of linear cantral = it replaces the lysteresis controllers with linear controllers
and the switching tabde with & PWHK that has high time-resclution. This scheme employs
twa Pl controllers, one Tor the torgue and one for the flux, and a simple decaupling
companent, all implemernted in the stater Mux reference frame. A block disgram of the
Linear-0TC controdler is shown in Fig, 4.23. This schevne was proposed in [18].

Ao inclicated in section 4.5.7, the stator veltage components in the stator Mlux frame Bavwe
thie absility te contral the flux and the terque, Therefane, the Mux controller produces the
direct voltage reference ug, . while the wargue contraller preduces the guadrature woltage
reference ug,. Mo current contralbers are used for the Linear-0TC

* 1 *
Ug = (Kpy + Kiy D) - Whsa = ¥sa) {4112)
Usq = (Kpr +Kir 5) (Te = To) + wysPsa {4.113)

whiere Kpy. Kpyo Kpp, and Kip ane pesitive gains, pg, is the stator flux reference, and T, is
thve tovrquie reference

The last termin (4.113] i a decoupling that comgensates for the similar e, Berm in
(4.005), IF the 181 stator resistance is lange, then anather tern that decouples the resistive
valtage drop Ryigy can b added vo (41121 In most cases this is nol necessary, as the P
contioller has the ability to compensate that, The LSt step is o trandfarm the reference
voltage vectof, us™ = uy, + jus,, to the stator frame wsing the estimated stator flux
position, ul = us*e/%%s. This reference voltage is produced by regular PWM ar space
vector madulation (SYME in the same way as Tor vector contral, A high time-resolution af
the vectar durations is obiained in this way [18], [19],

Assuming an ideal imverter and substituting i4.112) for the direct voltage into (3102},
and neglecting the stator resistance, the dosed-leop transfer function for Nlux contral is

— ¥sa _ _KpyStKmy
Hy(s) = = kst kry 4014
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If the desired bandwidth for the Nlux controller is o, and the desired damping factor s
LS. then the gains can be selected as

Ky=w} and  Kpy =2Bw, {4.115)

Practical bancwidih values for law-power IM drives are in the range of 20 10 100 rad /s,
ard damiping factors should be langer than unity, Anather design possibility is to sehect a
amall or zero integral gain proportianal cantradler), in which case the transfer function
becomes first order with bandwidth o, = Kpy,. & first-order response is comvenient at flux-

startup o avaid over-currents during the magnetization process,

The simglicity of the ramsfer function 4114 B remarkable. it does not depend an
mctor parameters and it is simpler than the stator Mo dynamic model (4,961 that was
obtained for vector contral using flux and currem contrallers. it can be concluded that a
current contralber for the direct axis is not needed when the statos lux control is desined,

Substituting (#0113} for the quadrature woltage into (4.105) and Esuming & constant
flux magnitude, the closed-loap transfer fumction for the torgque contral is

Hy(s) = ;— = ke —prst K {4.116)

- T(1+KPT)S+kTK[T
whaere ky = 1.5pY /R, i% assumesd constant.
A fivst-grcdder bransfer function is obtained with sere proporionasl gain Gntegral tomgue
contraller], in which case the terque bardwidth is 0, = kpKp. Conversely, an almost

instantaneous respanse can be obtained i the proportional gains large, In any case, the
torgue control knop works with zero steady state error, unlike the dassical DTC

Flux control
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Fig. 4.26 Enlarged view of the torque and fux wavelforms in Fig. 4.25.
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Fig. 4.27 Targue reference tracking with Linear-0TC comtrol; Te - tesgue, §, and @,
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Fig. 4.28 Speed reversals at naminal speed with Linear-0TC controd fos a 005 W drive; m,

rotor spased, Te - torgue, O, and W, - stater and rotar lux magnitudes,
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I carcher for the torguee loop to operate linearly, the statar flus must be corstant or slowly
varigblie, IF this condition is satisficd, then a fast and decoupled torque control can be
achievisd withowt emnploying current contral of decoupling networks, This is the main
rzason for which the fux contrsd laop must e fast and robuost.

Figu 4.24 shonws the typical block diagram of & sensorkess I drive that uses Linear-0TC,
Apart from the targue and Nus controllers, located in the central area, this disgram
contains 4 Plspeed contraller, a 5VM Block, and a state estimatar for the Nus, targue, and
speedd, The speed controller aperates in the same way a5 i1 was described for the direc
vectar control. Assuming an instantaneous torguee control, the dosed-leop transier
Turscticn for the speed comral is (467 with K = 1, and all of the design consideratians
rermain the same,

Expermnental results with Linear-0DTC are presented in Figs. 4.25 1o 4.28 for the samais 1.1
KW 1M dirive used for DTC Bath, the sampling frequency and the VS| switching frequency
are 10 kHe Fig. 4.25 shows the response of the torgue and lux controdlers to step
riferences during starup = Tirst the e reference is set o], = 0.95 W and then, 40 ms
later, the targue elerence s set o T, = 12 N C180% rated torque). Fig, 4.26 shows an
enlarged view of the sarme waveforms - tosgoe, stator us, ard rotor fux - at the time
whisn a torgque step s applied. The lux controller gains are Kp,, = 140 and K, = 1600 for
a bandwidth o, = 40 rad/s and damping 8 = 1.75. The wargque controller gaing are Kpp =
40 and K,7 = 60000, for & step-respanse tirme af ane millisecond, with 0.6 Mo overshoot
and 2.5 ms settling time, The response time is the same as for the classical DTC (Figs. 4.20
arvd 4.22], ard thee steady-state operation is ipple-lree,

Fig 4.27 illustrates the reference tracking performance of the torgque controller. The
torgue reference is 3 irapezoidal ligure with s ramp of 40 Nm/s between 28 Nm levels. The
mctor torgue perdectly racks this reference, proving a practically instantanecus control
For this test, the I8 s loaded with g reactive speed-prapartional load, 1o prevent an
excessive increase of speed. Fig, 4.28 illustrates the operation at high speeds and reversals
of 3 0.5 kW drive, For this test the motor is reversed between £1500 rpems (250 He stator
Treguencyt once per second and the torgue limit is secto 3 M rated tongue is 3 Nm), The
Tux and wergue cacillations during large speed and tosque transients sre doe 1o estmation
errars and 1o imperfect deceupling betwaeen targue and Mux axes. These oscillations
denote s reduced robustness of the Lingar-0TC

The Linesr-0TC has soeme specilic features and sdvantages compancd 1o the classical
DT {a) the wargque nesponse me is as fast a5 the one produced by DTC and it is tunabibe,
by it has asymproticsl operation withouwt tesgque, Mux, and current rpphes during steady-
atate, (c] the V3l switching frequency is constant and contrallable, (d} uses PI controllers
that can be easily tuned via standard procedurnes, The main disadvantage is that the Linear-
DT is less robust than DT,
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4.7 Sliding mode direct torque control

4.7.1 Conventional sliding mode DTC

Slicling Mode Comtral [5MO) or Variable Strocture Control {VSCh is a nondinear cantrol
rrethiod wsed for @ wide range of problems and dynamic systems, including nanlinear,
pertorbed, and uncertain systemms, Va0 s able of maintainieg stability and consistent
perfarmance in face of detorbances, madelivg imprecisions, and unmaodeled dynamics. s
moat impartant feasture is the ability 10 produce very robust, in many cases, invariant
cantral systems [12]-14]

S is a nonlinear contraller that changes the dymamics of a system based on a set of
pricdefined control criteria, named switching functiomsl, The control law contains a
rrechanism that switches fromm one dynamic structure to another and drives the system
states on s specified rajectory in the state-space, called thee “shiding surface”. This surface
is located ot the operational boundary between the two cantred stroctures. Once the
alicling swrface is reached, the wajectory of the systerm is permanently restricted on thast
surface, The evolution of this system as it slides along the sliding surface represents the
desired system dynamics and is called “sliding mode”

The synthesis of & shiding conroler irmsalves two steps: (o) design of 3 switching function
that defives o desired dynarmic response and (b) design of & control law that specifies the
switching rules and enforces the shiding maode,

Thie variabie structure direcl targue corrod (VSC-0TC) i a schemie based on the stator
Tux orientation and stator Aux control and it has a epology similar 1o Linear-0OTC, It
employs two sliding made contrallers, cne for targue and one for Tus, implemented in the
stator fux frame. A block disgram of a VSC-DTC controller is shown in Fig, 429, The
rmethiod was proposed in [20] and [21],

s eys ‘ i Usd' .
Ws : Jr L= > " Usa
Ws sat(sq) Kew Ky
o ifys
mws
N €Te Us ' *
Te - Jr [ ‘C 4 - 1
sat(sy) Ker  Kn r
Tg eqbs

Fig. 4.29 Sliding mede direct torgue and Mux contreller Far I drives,

The switching function contairg bad components coual 1o the torgue and Mux erroes,
S=sq+]jsqg =Yia —Ysa+jTe —Te) 4.117)
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This selsction af this sliding function relies an the facr that both the lux model (347
and the worgue madel 0170 have relative degree ane. The sliding surface is defined by
the egquation S = 0, and is reduced 1o just two points in the state space.

The flux and 1orque contrallers ane Pl compensatars with discontinuaus inputs. as for
the Linear-0TC, the former produces the direct voltage ug,, whibe the Later produces the
quadrature voltage ug,.

Ugg = (Kpy + Ky f) - sign(sg) {4.118)

Ugg = (KPT + Kir i) : Sign(sq) + Wysisa 14.119)

whiere Kpy,, Ky, Kpp. 80d K are positive gains.
The reference voltage vecton, ud™ = ug, + jug,. is transformied o the stator rame using

the estimated stator flux pesition, w? = u$*e/%%5, Then, this voltage is the reference input
Tar a space vector maodulatar that autpuns the V51 switehing signals.

The clesed-oap system is stable if S - % < 0. Assuming a constant reference for the flux

controller and substituting (4.118] for the ug, valtage in (4.102), this condition is satisfied
if Kpy > |Rsisql. The proportionsl gain mast be larger than all disturbances (R,ig, is seen
5 s disturbance) and ather modeling errors thar may be present. & similar condition can
b obtained for the targue loop teking inte scoount (40111 Large gains imgrave the
dynamic performance and increase the rabustness in face of perurbations and modeling
errars, However, too large K gains cause large torgque and flux ripples, and an adeguane
trachecdl between low ripple and high gain reguirerments should Be found,

In crdker 1o reduce the ripple chatteringd associated 1o the SMO operation the sign
Turscticn can be replacesd by the saturation functics (@81), & shown in Fig. 429 4
bBourndary layer is created in this way and inside this layver the contraller becames a Linear-
DT with high gain, The black diagram of an IM drive with VSC-DTC contral is the same as
the ane in Fig. 4.24, where the PIHIux and woegue controllens are replaced by the sliding
contrellers (4,113 and (4.119),

Experamental results with VSC-DTC e presented in Figs. 4.30 1o 4.33 Tar the sarma: 1.1
kA I e wsed For DTC, The sampling frequency and the VS| switching freguency are 10
kHz Fig 430 shows the response of the torgue and lux contrellens 1o step references
during startup - Tirst the Nux reference is set 10095 Wh and then the tergue reference is
el ta T, = 12 N Fig, 4.31 shows an enlarged view of the same wavefarms - Losgque,
atator flux, and rotar flux - at the time irstant when a toogue step is applied, The flux
cantroller gains are K, = 40 and K, = 600. The 1arque controller gaing ane Kpr = 20
and K;; = 12000, which give a step-response time of five milliseconds,
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Fig. 4.31 Enlarged view af the torque and fux wavelforms in Fig. 430
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Fig. 4.32 Torgue reference wacking with VSC-0TC T, - tongque, g, and g, - states and rotor
flux rmagnitudes,

20
_ 1o} —
£ £
E of { z
(. @
= L
“lof
20 . i ; i 0 . i ; i
20 . " . . . " . .

n, [rpm]
{=]
L l|:\.|'\|'1:|]
tn

20 I I L L 0 I I L L
0 2 4 6 8 10 0 2 4 5 8 10
Time: [s] Time [s]

Fig. 4.33 Speed reversal a1 6 rpem with VSC-0TC; A, - estimated speed, n, - measwned
speed, T - estimated torgue, g, and @, - estimated stator and rotor Mo magnitudes,
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Compared to Linear-0TC the respanse time is longer and & 0.5 Nm ripple is present, Fig,
4,32 illustrates the reference racking peformance of the torgue contraller, The samse
trapezoidal reference as for Linear-DTC was used and the motor toengque perfectly tracks
this reference, For this test the torgque gains ane smalker ard the ripphe is also smaller, Fig,
4.32 provies the WSC robustness - the stator flux coantrol is sGif, without any oscillaticns,
urilike Fige 427 where thie fuxis sersitive 1o torgue transients,

Fig. 4.32 demanstrates stable operation as mator and generavar, a1 very low spissds,
While running at & rpm (0.2 Hz stator fregquencyl, the machine is loaded with raved torguse
ard thien it reverses to -6 rpam in the generator maode, Stsble operation ar seno speed is
also possible, The main sdvantage of YSC-0TC over Linear-0TC is its strang robustress,
while its disadvantacge is a longer respanse time and the presendce of the tesgue ripple.

4.7.2 Linear and sliding mode control

Thie finear ard variable strucfure divect lorgue control (Linear+WSC) s a superposition of
twa contrallers, a Linear-0TC and a VaC-0TC This scheme was proposed in [22] and it takes
acleamage of the best features of the two strategies.

The switching function isS = s, + js; = Py — Wsq +j (T, — Te). the sarme as for V5L~
DT, The Linear+VsC contred law is the sum of a sliding maode conrmalber and a linear
cartredler, bath implementsd in the stater Mux framse,

g = Kpy + Ky D) - (50 + Koy - sign(s,)) 4.120)

uly = (Kpr + Kip2) - (54 + Kor - sign(s,)) + wysthsa {4.121)

whiere Kpy,. Ky Kpro Kip. Koy, 8nd Kgp are positive gains.
Figure 4.34 shows the block diagram of the Linear VS0 contraller,
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Fig. 4.34 Linear and sliding mode direct torgque contraller for I drives,
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Fig. 4.36 Enlarged view of the torque and fux wavelforms in Fig. 4.35.
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This contraller is simphe ared versatile, It combines in a convenient way the livear and
discominuous aperation. During transient operation, the torgoe and Nux erroes are [arge,
and the contral effort of the linear component is daminant, Thus, the lines companent
contrels the transient behavior and the P gains define the resporse time. During steady-
state operation the errars are almost zero, the PL contribution is small, ared the
discontinuous mode becomes dominant. Thus, a rabust switching operation and a vac-
like Behaviar prevail in the steady-state,

Thie P gaing are selected in the same weay as for Linear-0TC, using (@.0015) and 14.118}
The: sliding mode gains, Kgy, and Ko, provide a degree of freedom for tuning the sliding
mcde befiavios, When these gairg are Llarge encugh the system operates in shiding mode,
sirnilar toa VSC-OTC, while a small or zero K leads 1o gquasi-liness operation with wery low
ripple. There is a separation between the two functional modes, which can be easily
balanced by modifving the sliding gains.

The block disgram of an B drivve with Linear+vSC control is the same as in Fig. 4.24,
whesre the P lux ard torgue controllers are replaced by the shiding contralless (4,120 and
14.121). Experimental results with LineartVSC are presented in Figs, 435 to 438 for the
samie 1.1 kW IM drive used for Linear-DTC, Fig, 4.35 shows the response of torgue and flux
controllers to step references during startug - first the fux reference is set w 095 Wb and
theen thee torque reference is set to T, = 12 Nm. Fig, 4.36 shows an enlargesd view of the
sarmie wavelonms - toogue, stator fux, and rotar e - at the time instam when & sorgue
step is applied, The fux controller gaing are Kp,, = 40, K, = 400, and K, = 1. Thae
toague controller gains are Kpp = 40, K;r = 40000, and Ko = 0.2. During transients the
torgue exhibivs linear behaviors, sirmilar o Linear-0TC, The torque reaches 12 M in ome
millisecend, the same time as for OTC In the steady-state the torque has a bypical V2
bebavios with very small ripples.

Fig. 437 illustrates the reference tracking performance of the worque controller. The
samie torgue reference a for Linear-0TC was used, and the motor targue perfectly tracks
this reference. The Mux contral 5 insemsitive w worgue ransients, ke ¥sC-0TC, Fig. 4.38
shiows aperation s zera speed followed by acceleration 1o 1500 rpm., The lus magnitude
is corstant during large speed tansients, which tells that the LinearaWSCis rakust,

4,73 Super-twisting sliding mode control

The super-twisting shiding made (STSM] i an dgarithm developed in the comtex of
high-order sliding maodes [14]. These cantrallers force the switching of the higher-order
tirme desivatives of the sliding varable, while its first defivative is continuous, 5TSM i a
second-order shiding comraller desigmed Tor dymamic systems with relative degree ane.
Dwaring the slidireg rode, bath the sliding Tunction and its first derivative ane driven o zero
and the contrel variable cormeerges to the eguivalent contral,
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Fig. 4.39 Supser twisting shding rmade dinect torque contraller for IM drives,

The switching function is defined based on torgue and fux errors a8 S = s, + js; =
Yoa — Ysa + (T —Te).
The 5T5M contral law cormgutes a valtage referende in the statar flus frarmse

Usg = (pr “1S41m + Kpy i) - sign(sq) {4.122)

* rq 1 .
Usq = (KPT ’ |5q| + Kir ;) ) Slgn(sq) + WysPsa (4.123)
whiere Kpy,, Ky, Kpp. 80t K are positive gains, and the exponents are 0 <7, < 1.

The reference veltage is translated o thie stator framse using the estimated stator Mux
pasition, ul = ud*e/O%S. Then this voltage is input to o SV module that contrals the VS,
A block disgram of the ST50 cantroller is shawm in Fig. 4.39. The block disgram ol an 1M
drive with T30 contrel i the <ame as in Fig, 424, where the lus and torgue controllers
are replaced by the STSM controllers (4.122) and (4.123),

The fiest term of esch contraller employs the magnitude of the sliding function raised
a1 power r. These expanents modify the static and dynamic bebavior of the system in a
substantial way, When r = 0, the first component is discontinuous, Kpsign(s), and the
controller becomes identical o o VSC-0TC deseribed by (47184119, Whenr = 1, the
first teerem is propotional with the erran, Kp s, and the camtroller becarmnes similar 1o a Linear-
DT, A mvis of these situations is obtained when the exponents ane changsd between zero
and ene, The sliding mode efect is strong and the appanent gain & large as r approaches
gera, The lincar effect is dominant and the operstion becames asyrnptetcal as r
approsches one, A typical valee recomemended in [14] 8 r = 0.5, Practical values Tar lew
paweer drives are 1, = 0.1 — 0.3 far the flux contrad and 7, = 0.4 — 0.5 for the 1orque
control, The Nux bas low ripple doe to laeger tme canstants, and the flux contraller can be
tuned mare towards the shiding mode operation, with benefits in robustress,
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Fig. 441 Enlarged view of the vorgue and MNux seaveforms in Fig, 4.40,
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Fig. 443 Speed reversak st naminal speed with ST38 contral Tor a 0.5 kW drives m, - rotor

speed, Te

towgque, U, and g, - stator and rator Mux magnitudes,
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Fig. 444 Tarcgue reference rracking with 5T50 cantrol; Te = torgue, §, and g, - stator and
restor Mus rsdgnitudes.

Thie Plgains are designed based on the desired dynamic performance, using (4.115) and
14.116) a5 guidelines. Changing the Ke gain is the mest effective way 10 contral the
resporse tirme Tor both the tergue and the o, while the K gain influences the control
accuracy insteady-state, In general, STSM responds dightly slower tham a Linear-0TC,

Experimentsl results with 5TSM control are prssented in Figs. 440 to 4,44 for the same
1.0 KW drive and 0.5 kW drive wsed for Linear-0TC, Fig, 4.40 shows the response of the
toagpue and fux contrallers ta step references during starmug - Tirst the flux reference is set
1o 0035 Wiks andd then the torgue referemce s setwa T, = 12 N, Fig, 4.41 shows an enlarged
vigw el the sarme weavelarms - torgue, statar Tus, and retor s - a0 the time instant when
& torgue step is applied, The flus controller gains are Kp,, = 60. K}, = 400, and r;, = 0.1.
The targque controller gains are Kpr = 30, K = 30000, and 7, = 0.5, Fig. 4.42 shaws how
the behavior changes when the torque exponent i 7, = 0.4 and 7, = 0.7, The sliding
rmcde Behavior amd chattering appear in the former case, and quasi-asymplotical
operation in the latter, The step response time is 2.5 ms for all the tests,

Fig. 443 illustrates the operation at £1500 oy ard Tast reversals of the 0.5 kW drive.
Compared @ Livear-0TC in Fig. 4.28, no oscillations ane present in the Tux and tosgue
wirvelorms during speed vansients. This proves the excellent robustmess af the STSM
controller, Fig, 444 shows the wrgue reference tracking perfarmance far the 1.7 KW drive
A for other shiding controdless, the tacking is perdect and the lux control B irdensitive 1o
Lesepue 1Fansents.,

The 5T5M DTC was proposed in (23] and has two sdvantages for M drives (a) delivers a
alicling mede operation which is wery robust and runs with low torgue, Tux and current
ripples and (b provides finite-time comengence and the responde time is tunable, O the
Taur controlers presented in this section, the STSM and LineartVSC provide the best
performance and dre practical for sensorless IM drives,
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4.8 5tate observers for induction motor drives

Modern control strategies for AC drives require accurate knowdedge of the mator state
variables, at each mament. I mainstream sensorless drives only the statos currents ane
rreasurisd, while the statar or retor flus, the ebeciramagnetic tenque, and thie rator speed
ane estimated by state observers, High-perfarmance or mission-critical drives wse mation
sensors 1o measure the speed, while the flux and torguee are estimated.

A state abserver is a real-time model of & real process o dynamic system. which
produces an approximation of the state vectar of that system, and whose characteristics
ane somewhat free 1o be determined by the desioner [251 The observer inguts are the
inprats and the aailable cutputs of the real process whose state is 10 be estimated, The
observer state wector is composed of all quantities that have to be estirmated. In mation
drives, state observers are employed a3 sensor replacements and are mare reliable and
rmoee affordabbe than the sensars they replace.

There are two classes of observers in 80 drives: (8l obsensers based on fundamental
excitation, which assume a sinuscidal distribution of the fue density slong the sir-gap, and
estimate the fundamental or the low-fregquency harmonic components ol the fus; ()
observers that vse high-freguency signak injected into the machine in order 10 detect
magretic anisouopic popenies and/or the magnetic saturation al that machine As INs
ari: rmagretically symmetric, thee first type is practical for IM drives. Inteoms of complexity,
IM observers can be full-order or reduced-orcder, and adaptive or inkierently sensarless,

4.8.1 Speed-adaptive observers

Specd-adaptive observers are full-order Luenberger obsersers desigresd wsang the 1M
state-space madels described insection 4.2, A Luenberger observer has the same mode
and structure as the observed system, and has an additianal input that accourits for the
mismatch bevsween the measured and estimated output of the system, Such an observer
can have arbitrary dynamics arel it is stalle if the pracess is completely observable [25).

The rotor spased appears in all 1M models in section 4.2 a5 3 time-variable parameter, IF
thie speedd is comstant o slawh-variabbe then all models becomae linear tme-invariant, The
adaptive observer design invehees two steps: () design a linear abserver for the lux and
thws current, s sumirsg a linear I model where the speed is known and constant, and (1)
design a speed observer and then update the speed value Tor the lux sbseroer. The speed
update forms a so-called adapration locg, In some cases, the Statar resistance of the retor
tirme constant may be estimated and adapted by another koop,

Consider first the rator Mux model in the stationary reference Trame (4,36]-4.37] where
Lhvi staton vesltage is a koown input and the s1ator carment is & measured output 7 he stator
Curnent is estimated, then an observer can use the error Between measured and estimated
CLrrenits in order 1o correct the estimation. An adaptive observer for the ratar flux and the
atator current, irnplemented in the stator framae, is [26], [27]
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d Regr L 1 .~ ~ 1 . a

Tho= =T 4 (i, ) e + s + K (6~ ) {4.124)
d o Lm A 1 .~ ~ . a
2 ¥r =T—’;‘5—(T—T—Jwr)£r++l(z(£s—£s) {4.125)

whesre Ky and K, ane the observer gains, and symbal bat *4" denotes estirmated variables,

Figure 4.45 showrs a block diagram of the adaptive rotor flus observer, where the gain
ane tirme canstant af the current estimator are K = T = Lyo /R, g, The estimated speed i
shown as an input, but the messured speed, if avalable, can also be used. The last terms
i (4.924) and (4125 are functions of the current errors and represent the corrective
feedback, shown on the bottom side of Fig, 4.45.

It is prossitle to design a shidirg mode abserer, in which case the carrection terms are
proportional with the sign of the current error [12]

d . R N L 1 .~ ~ 1 . . ~

ab= Tkt (TT —Jwr)zr U K sign(iy — 1) 14.126)
d Lm ~ 1 .~ ~ . . ~
Eﬂr = T_Tfs - (T_r _]wr) fr + KZ : SIgn(LS - ES) 4.127)

The observer gairs are desigrisd 20 that the observer is stable, IF the speed is assurmed
constant, then (4.1 245-(4.125) is a linear systerm and the classical stability analysis for linear
systerms can be wsed, By subtracting (4.124]-(4.125) from (4.36-4.37), the abserver state
matrix can be faund 04 E = A — KC, whvisns A is thie I8 state matrizin (4.35), K = [K, K,]7.
and C = [1 0] is the output matrix, The observer pales are eigenvalues of Eand they must
be sebected with reegative real parts in order to ensure stability.

A possible chodce is 1o make the observer poles, p, ,, propartianal ta motar poles, m, ,
{the motor is always stable), thatis, p, , = kmy,, where k > 1 is a constant [26]

| 1
LiLo | T, 1"
Us Y i - .
—h% —(O— E - ’;’f‘ ‘ { W,
'S ‘k r
. K T —
B -
€is
K = > K>

Fig. 4.45 Addaptive rotar Tux observer using the redor Mus radel in the staror Trarme.
With Lhis selection, the abserver gains ane

K =(k-1) (ﬁ +=—ja,) {4.128)

Tro
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Ky = (k2 = 1) 82— (o — 1) 2 (T ) + (k- =2 “Cj5,  (4129)

At high speeds, the pole imaginary parts Becorme tao large and cscillations may ocour,
Therslore, Ky and K, must b kepr constant for high spesd operation.

A better choice is o select the observer pobes with the same imaginary parts as the
mictor poles and with smaller real companents (efr-shifted in the comgles plane), that is,
P12 = My, — k,where k is a real positive constant [28]. In this case, the gains are

Kl = 2k ﬂﬁd KZ = k(azz - a11 + k)/a12 1_4.] ]ﬂ]
whesre a4, aq,. 8nd a,, dre elements of the matrixd from (4.35), with o, = 0

This miethod produces a fast and well damped response at all speeds, including very
low, at the cost that K, must be caboulated in read tme, Another practical selection is to
make thie chserver gairs s peed-adaptive using a scheduling function [29], [30]

Ky = (kyr + jky; - sign(w,)) - z(w,) {4.131)
K, = (kyy + jky; - sign(w))) - z(w,) {4.132)

where z(w,) = min(lw, |/wg, 1) is the scheduding function, and ko, kq;, ko, and ky; ane
positivie constants, A simgle and effective choice sk, =k, and k; = k.

Al speeds below a threshold speed o, the gains change in prepartion with the speed,
while they are canstant atspeeds above o, This speed is selected o) = (0.3 — D wrqreq-
Anathwer practical possibility is 1o keep zconstant Tor all speeds, all these choices produce
woell damped observer dynamics with low camputational efio,

The speeed estirmation and adaptation are designed a5 2 P compensator with canstant
gains, driven by an input proportional with the torgue erfor

~ 1 ~ =
Wy = (KPw + Ko ;) : (wraeiﬁ - lprﬁeia) {4.132)
whetee; = e;, + jez = i — I is the current evror, and Ky, and K, are positive gains.,

This P estimatos can be seen as a PLL observer, where the P input is a phase emor
propostianal with the imsginary curfent errae in the rater ux frame.

The statar resistance changes with temperatune and it can be estimated and sdapred
by an integraton with very showe action [a Pl can also be used)

R - RSO + KRs (lsalsﬁ lsﬁ’ isa) {4.134)

where Ry is the cold-state resistance and Ky, is a srmall positive constant,

The error variabde that is driven to zero by (41341 i proportional with the estimated
imaginary current, in the current reference frame, i — Tipise = Lsqlis] -
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Fig. 448 Adaptive statos lux obsereer using the statar Mo mmcded in the stator framse,

Consider now the stator Mlux model in a stationary refierence Trame (4.29)-(4.300, where
the stator woltage is a known input and the stator current is a measured output. An
aclaptive observer for the stator Ml and the stater curment, in the stator frame, is

b= (240 b+ = () s + s+ K- 1) (4135)

dat=S Lso

d +~ . . a
s = =Ryl +us + K, (i — &) {4.136)
wheere K, and K, are the observer gains to be determined so that it is stabbe,

Figure 4.46 shows a block diagram of the stator fus observer, where the gain and the
time canstant of the current estimator are K = T = L;0/R,qs. The last terms in (4135
14.136) are propartional with current errors and represent the correc tive feedbac ke

A% for the rotor lux observer, a sliding mode stator flux observer is [32]

d a Re S .~ ~ 1 1 .~ I 1 . . ~
2= (—Ls—‘f,ﬂwr)gs +LS—J(T—r —Jwr)zs to U+ Ky sign(is —1,) {4.137)
S = —Rgis +u, + K, - sign(is — &) 4.138)

The gains are selected in the same way, using equations (41300 w (4.132), with the
rermark that a;,, a,,. and a,, s elements of the matrix A frem (3.28L with o, = 0

Specd estimation and adaptation are desioned a3 a Pleompensator with constant gains,
driver By the torgue érroe

~ 1 ~ ~
&, = (Kpo + Kio 2) - (bsai — Popeia) {4.139)
where Kp,, and K, 8 pesilive gains,
The stator resistance is estimated by (4.1 34) or [4.140), both producing similar resulis,

~ 1 ~ ~
Ry =R + KRs; : (Lsaeia - Lsﬁeiﬁ) {4.740)
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Fig. 447 Acceleration from peno to 1500 rpm with LincarVac and rotar flux sdaptive
observer; A, - estimated speed, n,. - measured speed, &, - speed estimation errar, T,
tergue, Y, and g, - statar and rotor lus magratedes, o, - current estimation enmor,

Anathaer possibility is vo design an adagtive cbserver by wsing the fux made in the
stator frame, or in the rotos frame [281-[30]. The speed is estimated by cither (4.133) or
14139, Kalrman filter observers can alse be desigred usng the same models [311

Figure 447 shows experimental resolts with the 1.0 EW I drive using the rotor flus
adaptive chserver and Linear#VsC contral, The drive runs a1 zero speed for two secands
and then it accelerates 1o rated speed with & 12 Nm torque. The bottomrmest wavelorms
are the speed ermor e, = n, — A, and curent magnitude erar e, = [i] — |5 It is
apparent that the P speed estimator works well doring constant-speed operation, but
prowides modest resuls andd evroes during fast speed transients,

4.8.2 Inherently sensorless observers

Ancimberently sensorless observer 5 a Nux and current observer that avosds using the
estimated speed o the estimated rotor position, in any way. The lack of an adaptation
Teedback is seen a5 an advantage becawse the estimated specd is affected by érrors that
can prepagate back into the Mux estimation

I eligital sysperns that aperate sequentially, the speed is estimated in the last step of the
algarithem, after the ux s estimated, Usually, an estirnated speed comainsg a certan
armaunt of noise and ather errors, and it is time delayed. This erronecus estimate is fed
back 1o the flux obsener in subsequent sampling periods and s ermors alffect the Mux
estimation. Although adaptive obseners are stable, undesirable effects, swch as limit
cycles, high semsitivity 1o noise, and phase delays, may occur and may deteriarate thae
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averall performance of a drive systerm An example is Fig, 347, whsre the estimated speed
it clelayed with respect o the sctual speed during starup.

Theidea thar facilivates the design of sensorless observers is 1o use two reference framaes
instesd of a single Frame 18221 & close inspection of the state-space madels in section
4.2 rewveals that resither the stator equation in the stator frame, nor the rator equation in
the rotor frame comains the rotor speed, Mareower, thee rotor equation in the retor fus
frarme contains only the slip speed, which is related to the ongue.

Congider the Mux model (4.211-14.435 A dual reference frame observer can be desigried
with thee stator equation in the stanoe frame, a5 (2455 and the rator equation in the ratar
Mlwx Framee, as (4500 & sensorless observer based on (4.45) and (4,501 is

a + I Lm . R
il = =+ e s+ K (i - 1) {4.141)
Ell)r _LTalljr (_+jw2)£17:+1(2(_';_§§ {4.142)
ok el {4.143)

whesre w, is the slip speed given I:q.rtMﬂ}, and K, and K, ane oliserver gains,

Assurmireg & correct orientation of the rotor lux rame, the rotor lux has enly real
component, P! = g and (4,142} separates into

%wrd = L:%l/)sd - TrLo.l/)rd + Re (KZ(_.}; - g)) 1.4-]4‘“
%lprq =3Jm (KZ(_I.TSF - g)) 14.145)

Hone of these eguations contains the ratar speed and the obsesver is semsorless, The
rotor flux pesition needed to implement 14.142) is evaluated as 8, = arctan(y5; /95, ).
where (S is a separate rator flux value estimated with (4.1461 in the stator frame.
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Fig. 448 Inherently sensorless abserver (1747141, 143) wiing two reference frames,
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ol {4.146)

Figure 448 shonws a block disgram of a sensarless observer imglemented with (1.141)-
11.148). The gains can be caloulated by any designomethod described in section 481, For
example, equatians (4,13711-4.132), with constant ar variabhe £ and with k,, <0, are a
practical and effective chaioe,

A slightly improved scherme can be obtained if the stator eguation (4200 is vsed 1o
estimmate the stater fux, whike the rotor flus is estmated in the same way as before, from
{4.50), Thee sensorless observer based on (4.30) and (4,50 is [19]

d -~
25 = —Rls +us + K (i — &) {4.147)
= - ( ) br + K, (iF - %) {4.148)
b= d - 1)

The rator fux equation {(4.748) i implemented in e rotar Mus frame with (4.744)-
14.145), wehile all other equaticns ane in the statos frame, I arder o improve he sccwacy,
the measwred current is wsed in (4,147 o calculate the veltsge drop on R, The gains are
desigried using equations (4.131]-4.9325 with k,,. < 0 amd, possibly, k; = 0.

Figure 4.4% shows a block disgram of the sensorless observer deseribesd by (4.147)
14,1491, The rator flux pesition is estimated as 0, = arctan(P5p /5, ). where P is an

additonal rotor Mux evaluated with (4.148], as showrin the upper pan of Fig. 449, In arder
tox awaricd & trarsformistion, the compensation term in (4,738] is implermented in the stator
frame, ie, it is added o the stater Tox verm before ransiomming e o-g frame,

is Wr

= e (s, Is) wlarctan(yeq /yrd)
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Fig. 4.4% Inherently sensorless abserver (1.148)-(1.148) with dual reference framee,
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Fig. 4.50 Inherently sensorless shiding mode abserver with dual reference frame.

Al low speed operation all observers are Sensitive 10 medsurement errors, in particula
b low-frisquency and D errons, known as offset. Inorder to reduce this sensitivity, a small
integral comgensation can be added ta the stator equation,
d 4+ . . N . a
s = —Rels + ug + K, (i — &) + Ky [ (i — &) de 4.150)
wheere K is a small positive gain, vseally K, < 25.

A majer source af errors B the variation of the IM parameters due 1o temperature and
saturation. Dewuning of the stator resistance causes large erors ot low and medium
speeds, and R, should be estirmated with (4.134) or (4.140).

Both of the sensarbess schemes can be redesigned as sliding observers [200-[22]. Ta this
end, the linear compensation terms, K, , (i — ;). are replaced by terms proportional with
the error sign, K, , - sign(i; — ;). & block diagram of a sliding mode sensorkess observer
that uses the stator equation is shown in Fig. 4.50, where v = sign(i; — £).

In general, sliding mode observers are mone accuraste argd robust than similar linear
observers, B sliding observer with large encugh gains can compensate, 1o same extent, for
parameter errors and measurerment offsers [33] However, sliding mode observers are
sergitive 1o s1abor resistance detuning and the resistance adaptation is recormmended at
lew ared miedivrm speeds, whenever the maotor & losded [33) Al the experimental results
reported in sections 4.5 to 4.7 have been obtained using either the sensoress observer in
Figu 449, or the shiding cbserver in Fig. 4.50,

Anather approsch 1© dedign sensorless observers is to consider the rator speed a4 an
unknown perturbation. Recall that both equations of the rotor Mus medel (4.381-4{4.37]
contain the back-EMF term jo, . A shiding mode sensorless observerin the stater frame

is coratructed ignaring the back-EMF terms [33],
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4 = _Reary +L—mlﬁr+iﬂs_ bm_, {2.151)

dat=S Lso =5 ' TyLgLyo X s LsLyo—
d -~ Lim A 1~
—, =10, —— v .
dtﬂr Sy ﬂr +v {4.152)

whesre the correction temm is implermented as 3 Ploampensator with gains Kp and K.

v= (KP+K,§)-sign(§s—§S) {4153}

Slicling mode operation enforces the equality of currents, [, = L. Comparing (£.151)
14.152) with the rotor Mo mcdel it follows that the eguivalent component fequivalent
control) of the comection term approximates the back-EMF, v, = jo, ;.

Anathaer possibility is to design the compensation wsing integral sliding rmodes,

v =K -sign [(1 + K; i) (is — L)] {4.154)

whesre K and K, are large positive gains,

All gains in (4.153) and (41541 must be laege inoorder 0 enforee diding modes at all
speedds and lood conditions. In particular, the sliding gain £ in (4,054 must be larger than
the rated woltage magritude. Such large gains cause severe charering and the estimated
rotor Mus tends o be noisy, The saturation functicn (4.81) can be wsed instesd of the sign
Tursction o attemuate the chattering.

4.8.3 Reduced-order abservers

Feduced -order abservers estimate ondy the stator or rotor Aus and do not estimate the
current A% the stator current is always measured, it i not necessary 1o cakulate it and the
observer can be designed with first-order (complex) dynamics,

A farniby of simphe first-order absereers can be constrocted using the IV stator model as
the rmain vehicle for the stavor Aux estimation, This approach is very practical Tor vector
cortrel schemes that use statar flux erientation and cantred, and for all DTC methods.

The stator lux vectar can be found by integrating the stator equation {4300 However,
thee pure integrator & marginally stable ard it amplifies the DC offses, 8 practical solution
that provides stability and bas finite CO gain is to substitute the integratos with a low pass
filver (LPF) with a sroall cutalf frequency

a » A .
2 s T w5 = Us — Ryl {4.155)
where w, = 21 f, is the LPF cutall freguency.

This estanator pravades an appraxmation of the imegral when the statod Tregquency is
several tmes larger than £, At stator frequencies equal and lower than f) the LPF causes
severe phase and amplitude erors, Therefore, the cutefl frequency should be very small,
uswally fj = 0.5 — 2 Hz, and the drive operation s restricted 1o frequencies above 3-5 Hz
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Animprovement is o correct the LPF phase and gain errors at the Tundamental stator
frequency, w, = 2nf,. The compensated LPF is

Sebe + 0o = (s — Res )V wZ + wéﬁe‘f"’ {4.156)
wheere the phase cormection is g = /2 — arctan(w, /w)-

An LPF reduces the offset problern but it does not aiminate it In order to totally cancel
all affsers a bard-pass filler (BPF) wopology can be used. The statar lux observer B
constructed as an integrator with Pl feedback

%ﬁs = Us — Rols — Kpth — K; [ hdt {4.157)
If the BPF central frequency is fo = 0.5 — 2 Hzand w, = 27 f;. then the gaing ane
Kp = 2w, and K; = wj {4.158)

A Tor thi LPF estimators, the drive must cperate at freguencies several tdmes larger than
fo- Phiase and magnitude corections can be applied a2 in (4.156). Animproved scheme s
obtained if an additional compensation proparanal to the fux reference (rom an existing
Tlux controlles) is added ro (4.157) [34],

LPF and BPF estimators are simphe amd relatively robust as they depend on the stator
resistance anly, They are practical for low-cost drives that run an speeds above 10% the
risbed speed ard far drivies than de nat reguine the rotar e estimatian.,

Reduced-order abservers can also be designed wing the rotar lux model (4.36)-{4.37]
First, thie stavor valtage is estirmated frarm (3.368) using the micasured current and then the
valtage error is usisd o estimate the renor Nus from (437} [27]

~

o d . . Lm (1 .~
Us = LSO-EES + Requs - :(T_r _]wr) Yy {4.159)

d + Lm ; 1 ~\ .7 1 ~
;fr=T—r£s—(T—r—1wr)£r+KLS_a(u_s—U_s) {4.160)
Substitutirsg (41590 inte (41600, the reduced-order abserver with gain K is

K= (70 (K = 1) + (B - K ) i+ K Sue (4161)

LsLyo

The variable x = 1, + Ki, is obtained by integrating (41611, and then the fux can be
dalved knawing lhl:{_l.rrl‘.'ﬂt. Iri this way & calculation af the current derivative is avaided.
The gain is desigred a8 a speed-dependent function that changes fram sera ok,
K = jkg - sign(w,) - min(|w,|/w,, 1) {4.162)
where kg is positive and w, is the ransition band, usually 5-20% of the rated speed,

This is a first-order speed-adaptive cbserver. L is somewhat simpler than a full-order
abserver, but it produces less acourate results ot low speeds,
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4.8.4 Speed observers

Accurate speed estimation is the mast difficult wask in AC drives and the quality of the
speed estirnaton is decisive for the overall perfarmance of the entire drive system, The
classical approach is to estimate the speed from measured voltsges and cumemts, that is,
1o e thee machine itsell as a speed sensar. This is a challenging task due w the presence
of wariable pararmeters and the nonlinearity of the W dynamic model

The retor speed af an 1M s a difference between thae revolving Teld speed and the slip
speeed. Inomost sitvations, these are estimated separately: the fiek] speed as the angular
webocity of the rotor flux vectar, oy, = do.,,./dt, and thi slip speed from the torque and
Tux magnitude, using (4,535 This spprosch works well 31 mediom and high speeds, while
at low speeds the estimaton accuracy is lower due 1o the ratar resistance detuning and
urdccounted inverter nonlinearities,

A particular situation ocours at sero statar fregquency (00 supply) where the back-EWF is
zero and the stator Mok Becomes DO Tollows from (4070 that u, = R, i and the stator
currenit is exclusivily governed by the stator voltage, The current is the main variable used
for state estimation butin this case there is no feedback from the rotor side, and the speed
does not infleence the current in any way, Therelare, the spesd is unobservable a1 zero
Treguency and persistent sensedess operation is not possible [35].

A very simipde and effective wiy o estimate the speed is by an open-leop computation
of the field speed, The derivative of the s position is evaluated s

~  _d Yrp\ 1 d d
By = Sractan (32) = z(l[)m L g = rp ) {4.163)

where 2, =7, + 17, is the squared flux amplitude.

The flux derivatives in one sampling period can be approximated by finite differences

da 5
3=V = (Yrio) = Wraen) )/ Te whese gy and P, are values from consecutive
sampling periods, k-1 and k, and T, is the samplivng tme, The rotor Tox can be estrmated

by any miethod described in the previous sections (for simplicity, hat symbels are omitted
Fiere]. The estirmated ux speed becames

~

1
Wy = T2, (1/)ra(k—1)1/)rﬁ(k) - 1/)rﬁ(k-1)1/1ro¢(k)) {4.164)
2

The slip speeed is estimated by (3400 or (359} and then the rotar speed s
@Oy = Dy, — B, {4.165)
This method produces sccurate and naisy results because the fux derivatives armplify
the noise, In practice, the flux should be filtered before being used in (4.164), while the
apeed produced by (4.063] can also be flvered by a second-order LPF. All LPFs introduce

phase delays that redwce the speed contreller bandwidth and a tradeclf betwesn noise
and dynamic response must be found,
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A advanced method for spessd estimation is bosed on chosed-loop observers that
befae sirnilarky with phase locked loop (FLL) systems. PLLS are nonlinear absersers used
Tar phase and frequency detection in various grid-conmescted systems.

Consider the mechanical model (4514520 with B = 0. & simplified second-order
observer for the rotor speed and position, with gains K, and K, is [332]

da

59} =&, + K¢ {4.166)

a ~
@ = Kye {4.167)
wheste & is thi phase error, to be specified.
While the speed can be obtained by integrating [4.167), a better estirmate is the right-
hard side of (2.1681, which produces the spesd at the cutput of a P controller
Do = B, + Ky = (K + K, 2 e {4.168)
This equationis the typical formulation for 8 PLL freguency estimator and (4,166)-{4.167)
describe 8 PLL loog filver. The PLL phase detecior produces the phase error
e = sin(6,) cos(8,.) — cos(8,) sin(8,) = sin(6, — b,) {4.168)
where 0, is the actual rotor pasition, measured o estimated by another method,
Maoreover, the phase efror can be e = 0, — 8, which makes a linear observer,

In sensorless drives, the phase erres is defined in rel ation o the Tux observer, The speed
estimmation for adaptive observers is performed by (4.033] or (4.139], which have the sanmse
faarem as (4,168} and can be seen as PLL estirmators, In this case the lux observer plays the
rode of o phase detector and produces the phase eror,

Speed estimation for systems with senscdless observers is based on (4165 and s
executed a5 a separate process. In this case the Mux ebserver provides the Tus, and the
pasiticn abaerver (4,068 is modilied 1o estimate the rotor lux position

d

— 0y = 0, + @, + Kpe {4.170)
The PLL phase errar is defined as the rotor Nus position error
&= sin(GW) cos(éwr) - cos(@wr) sin(@wr) {171}
As most of the tirme the rotor Nuxes are sine waves, this can be refonmulated as
e = 7 (g c05(0y,) ~ e 5n(0,)) @172

whete Y. =P, + jib,p is a rotor flux vector estimated by any flux ohserver,

Itis also possible o define a linear phase error, ¢ = 6., — éwr. wehere the Mux position
is calculaved as 0, = actan(y,g/P,q)- Clwiously, the two solutions are equivalent for
small errors and they produce similar results,
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Fig. 4.51 Third-order PLL specd observer for I8 dives,

The rator speed can be estimated either from (4.067), a5 @,.. or from (4,168}, a5 @,,;. The
batrer provicles a better dynamic perfonmance, bBut it is noisier,

Considerinng a linear phase errar, the tramsfer function from the actual position @ the
estimated pasition is obtained from (4.067) and (4.170) as

Ho(s) =3 = ot {4.173)

s2 + Kis+ K>

Selecting two stable poles, p, and p,. the gains sre K, = —p, — p, and K, = p;p,.

Second-order PLL observers provide madest results during spaeed transients. [as shown
i Fig. 4.47) Comparing equations (4.067) and (4.51), it is evident that the orhue wis
ignored and the spesd observer was designed on the assumption of 3 constant speed, jo
equation (4167} s based on s “constant speed model”, do, /dt = 0.

A third-order PLL abserver Tar the rotor speed ard position can be designed with the
{estimated] shp speed and targque as inpuis

SOy = 0, + @y + Kye {4.174)
S0, = 2T~ T,) + Kye {4.175)
d ~
LT, = Kye {4.176)

The phase error is either nonlinear, as in (4172}, o linear, e = 6, — 91,”. The tergue is
eatimnatisd with (4.15) or (4.18) and the slip speed is (4.59) The lase equatian provides an
approsirmation of the load torque, T,, assuming a canstant load torgue, Itis also possible
to estirmate the speed by adding ta @, the last term of (4.174), &, = &, + K, €

The characteristic equation of this obserser is s3 + K 5?2 + Kys —p K3 /] = 0 and the
gains can be designed using the pale placement method. Selecting three stable poles, p;,
D, and p,, thee gains are (K, and K, ari pasitive, K is negative)

]
K, = —py —p, — s K; = p1p2 + p2ps + P3pss K; = P1P2P3; {177)
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Figure 4.57 shows the block disgram of the third-order PLL observer,

0 1 2 3 :1 5 "o 1 2 3 :1 5
Time [s] Time [s]
Fig. 4.52 Startug to 1500 rprm with third-order PLL speed observer; 7, - estimated spaeed,
n, = measured speed, ., - speed estimation error, T, - estimated toegue, g, and g,
atatar and rotar flux magnitudes, &, - Curment estimason emor.
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Fig. 4.53 Wery low speed operation with PLL speed observer; A, - estimated speed, n,
mieasursd speed, T - estimated torgue, P, and g, - stator snd rotor Mo magnitudes,

This achemie was proposed in [32] and it provides excellent results Tor the steady-state
and for the ransient operation. A similar third-order observer can be desigred Tor speed
adaptive observers [28].

Experimentsl results with the third-order PLL obderver ane presented in Figs, 4.52 and
4.53 for the 1.7 KW I drive comtrolled by the Linear +WSE DT (Fig, 4.34), Figure 452 shows
the starmup transients and aperation at 1500 rpm (50 Hzl, Curing startup the speed emor,
Enr = Ny — A, 1% AiEgative, meaning that the estimated speed is slightly anticipated with
respect to the actual speed, Compared o an adaptive observer which uses a Pl speed
estimator [results are shown in Fig, 4475 the speed evrors are smialler, despine of the fact
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that thee current estimation is noisier in Fig. 452, Figure 4.53 shows persistent aperation at
3 rpem (V1 M) weith full load (7 Wmk A sliding mode sensorless observer (Fig. 4.50) that
employs the offset compensation {4.150), the statar resistance estimation (4,140}, and a
rotor resistance estimator was used for this resy.,
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SCALAR CONTROL OF PERMANENT MAGNET
SYNCHRONOUS MOTOR DRIVES

5.1 Introductory elements

The permanent magnet synchronous motors (PMS8s] have recently experienced
increased dynamics, especially due te the superior energy performance of the new
magretic materials, becoming thus & mone anrsctive variant than thie inductian motars.

The first permanent mageet excited machines were built in the nineteenth century.
Thus, the achievemients of T. Davenport and B, HL Jacobi (1], (2] have 1o be highlighted.
The first pratotypes used ough, poos quality magnetic materials that led o discouraging
results, The ideds of permanent rmsg st Excitation was resurmaed in the carly 19305, with the
invention af magnets made of AINCo. The dynamic performance of permanent magret
rmachimies has been substantially improved by the oocurmence of rare earth magniets,

Thie use of permanent magrets for the eacitation af synchronous metors Bas a numker
ol advantages:

o Phis allawy Far a simple construction 1o be obtained By elirminating the excitation
winding and the shiding contacts and, thus, for 3 reduction of the machine gauge
furder the same loading conditions on the machine shaft, the valume of & SPMSM
can be reduced by up to 40% all & DC engine (35

o eliminating the dectrical losses fram the excitation winding and, at the sarme timee,
the acdditional power sources, yiekds 1o an increassd machine efficiency:

o 4 higher value of the electramagnetic torgque reported 1o the valume unit s
achiewed and bagher dymamic performances are obtained compared o the
electramagretic excitdtion synchronous machines (greater mageetic induction in
the air gap

o aarnplilied maintenance, an increased relialility and a relatively lowe-cost price for
sonmee machine types ane achieved,

The PMSM: can aperate at iated load at unitary or even capacitive power Tactor, being
characterized by superion power factor and efficiency compared 1o other AC motors. By
assaciating them with static converters, these machines are used in high-speed variable
apeed drives with a maximum specd ratio of mare than 1210000 and an sceeleration of
o than 20,000 rad/<* [4]

From a corstructive point of view, the PMSMs' stator is simillar to thar of asynehranous
machines having in the slots a bi, three or poly-phase winding system. Far low power
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rmachimes, windings can be concentrated and, depending on the chasen construction
salution, they can be arranged in various geometries.

The comstruction of the machine’s rotor, sing permanent magnets, presenis two
Solutiors:

o cylindrical rator and rackal air gaps;
o diss ratar anc axial air gap.

The PMSMs can present different rotor configurations, welding 1o machines
charscterized only by an excitation electromagnetic torgue ithe fundamental torguel, at
which the longitudinal and tramsversal syrchronous inductances are equal Ly = L
imachines with prominent pales) or @ machines with a reluctance targue reactive), ac
which Ly # Ly {mdchines with hidden poles),

Froem thie construction paint of views, the rotar has two parts: the permanent magners,
arranged in & Certain geoemetry, creating a certain number of poles and the rotar cge.

The permanent msgrets must gemerate the machine exciting magretic field and rmost
ensure the stability of this field in the cae of disturbing action of various Tactors:
demagretization Muxes, shocks, wermperatunes, el

The ronor cage must perfam thae following fune tions:

o to erisure an asynchronous starting when suppldang the machine ar a canstant
Treguency;

ot darmp cermain rotar ascillations when distuibances ecour;

o i ermure the shiclding of permanent magrets fram the acourrence of
dhermidgretizing ransient magretic fields.

If the PMSMs are powered throogh invertes, the stating cage & generally not
necessary, because the source Trequency is synchronized with the rotor fregquency. The
prsence of the cage in this situstion might be impesed by the need of the other
perfarming functions,

Far the development of the mathematical model of these machines, the Tallowing
simplifying hypotheses ane sdopred [5]:

o the case al the synchronous machine will be treated with permanent magnets
located in the roted [with prominent poles], PS8 (nterion permanent msgnet
aynchronous moterl, The mathematical model of the machine with full poles,
SPMSM, is considered po be a particular case of this medel [&);

o itis consdered that the stanor wirkdings Baee a sinusociclal distribution, i.e. th uarmiber
of potches on the pole and phase g2, o this siestion, the magnetic field in the
mmachine's interior has a sinuscidal spatial distribution, It is also ssswmed that the
atator windings are identical, having a spatial phase gap af 120° between them [7];
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o the temperature vamation of the stator resistance and th permanent magnet is not
taken into account [B

o the effect of the magnetic satwration, which intraduces barmonics into the Nux, is
neglected [3);

o thwr case of permanent magrets CAINICo or Ferrites) is considered, Inthis case, the
rmachimies require the presence of a damping cage and shielding [10]

In wehat Follows, different mathematical madiels for the permanent magret synchronous
rrcrtoas will b presented, Then, the scalar contral methads will be staved, They ane divided
inte two main categonies: the open-loop and the choseddoop ones. The difference
between the two categories is the Fact thar, for the closeddoop contral case, it is necessary
for the speed o be maeasured and vied a8 a Teedback in the control, The main concerms
regarding the Wil control are thee systerm instability and the speed oscillaticns, In order 1o
rernove them and, thus, wo improve the W control, one or two stabsilizing loops can be
added [117 + [17).

The simulation and experimental results were abtained by the research team at the
Deparvmient of Electrical Engimesering of Politebnica University of Timisoara [18] « [23]

5.2 General equations of PM5M. The dynamic model

5.2.1 Themodel in phases coordinates

For the development of the mathematical model in the stavor reference phases
coordinates, an IPMSM, represented in Fig. 5.0, is considered. The magnetic axes of the
stator phases &, 8, C are denated by A, B, O, ared the rotor is considensd a5 a magnetic
Brarrier so that vwo different magnetic circuits can be consdered after the two perpendicular
axes denoted by dand g, respectively. The squations of the statar voltages are:

i
e e 'ff,/-"\ Stator
Cin A winding

distribution

Fig. 5.1 The PS8 model in phases coardinates,
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dy,

u,=Ri, + 7
d
u, =Ri, + Z;B,
{5.1)
d
u. =Ri.+ ZZC.

whesre: s, w1 - represent the statar phase voltages, &, i, i - are the stator phase
Currenns, A is the stater phase resistance (considered By = Be =F. =8 and - ane the total
Tuxes of the stator phases,

The magnetic Mluxes correspoending to the three magnetic ages can be determined
considering the connection bebween the stator currents aned the flux gererated by the
perrmanent masgret in the rotar a5 follows:

w,=L,i,+Li,+L, i.+y,cosb,

2
We=Lg i, +Lyi,+Li.+y, cos(@ - —ﬂj,
3 {5.2}

2
We=Loi, +Legiy+Loci. +y, 005(6' + ?ﬂ] .

where: La, Lss, Lo - are the inductances of the stator (armature} phases; L, L . Lec
Law o Loa o Log = B the motual inductances between two stator phases; represems the
armpditude of the permanent magoet lug seen from the stator referencer; 8- the electric
argle Between the rotor and the statar phase 4.

In case the magnetic saturation is neglected, berween the inductances with permioted
irelices, the fallowing equality is walic

Lyp=Lg;; Ly=Leys Lpe=Leys {5.3)

A Tor the determination of the pemrmanent magnel synchronaus machine's mathermatical
rrcded, an IPMSM {interior permanent magret synchroncus motor] was considered, e, a
machine with prominent pobes, s air gap is ot uniferm and, thus, its own and mutual
indductances are dependent on the ratar positien and then, the follawing relationships can
be written it is cansidered that the three phases of the machine are identicall:
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L,=L_+L,, + thp co0s26,

Ly=L +L,,+ thp cos(Z& + 2%),

2
L.=L,+L,, +thp 005(20—%),

hsp

1 2
L,=——L,,+L, cos| 20 ——”j,
2 3 {5.4)

hsp

L, :—%LhS0+L cos| 260 +2—ﬂj,

1 2
LAC = _ELhSO + thp cos| 260 + Tj,
1
Ly = —Etho +L,, cos26.

- s the dispersion indectance and Leand L., - are the inberent inductances These can
alse be caleulated according to the geometrical dimensions of the machine as follows:

L, :lLO(L+Lj:lLO(L_;}
2 g min g max 4 g min g max

1 {5.5)
L = g,uOstﬂ'dl .

whiere: - is the magraetic permeability of the air, o - is the inside diameter af the
mmsching, - represents the stator length, N, - is thie number of stator windings, Gesy, -5 the
mimimum value of the machine's sir gap, whil® ga.. represents its masimuom value,

The IPMSM valtages equation in the phases coordinates can alko be written in the
rmatrix farme
) d
[uABC] = [RABC]'[ZABC]_FE[V/ABC]’ {5.6)
wheere, the magnetic lux is

[l//ABC] :[LABC] [iABC]+[l//E][COSABC]‘ {5.7)
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In thee abave relaticnships:

cosd
Uy Iy Va 2
[MABC] =|Up ;[iABC] =1y ;[WABC] = Vs ;[COSABC:I = 005(9 - Tj s
e le Ve '
cos| @ +—
3
1 2z 1 2z
L +L +L,, cos(26) _ELM +L,, cos(26 - ?) _ELM +L,, cos| 20+ T
LAEC = 1 2 2 1
-=L +L, cos| 20——| L +L  +L cos| 20+— -—L,+L, cos(20)
2 3 3 2
1 27 1 2 |15.B)
-=L,, +L, cos| 20+— -—L, +L, cos(20) L +L +L, cos(20——)
B 3 o, Sp o ¥l T Ly, 5]

5.2.2 The model of spatial phasors

A simple mathematical model of the PMSM, casy 1o manipulate algebraically and
freguenthy used for the analyss of the commal systems, is represented by the spatial
phasors model, Using this model, the machine's irstantaneous values of the currens,
valtages and fuxes can be represented by the spatial phasos, Firstly, a fixed onhogonal
systern relative to the stator that has a5 its real axis the axis of phase 4 is considensd. In
these conditions, the fellowing relstionships for the spatial phasors of the siator voltages,
currents, and magrietic Muoes can be written in the phases’ coordinates:

2
Uy +aug+au,

U 4p5c

. . . . 2.

i ipc =3 i +aiy+ad’i. | {5.9]
P

V sc Yytayg+ayc

wibwire;

j%” 2 .. (2x
a=e 3 =cos| — |+ jsin| — |;
3 3

15.10)
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Thus, the followirg mathematic sl relationships can be written:

ae’’ =c0s(6’+2?”)+jsin(9+2?ﬁj,

; 4 . 4
a*e’ = cos[n9+ Tﬁj + jsm(é’ + Tﬂj

The comjugate of the woltage, current ared magretic Aux phasars in the phases
coordinates are expressed as

15.11)

U pe u,+a’u, +au,
k . 2. .
Lipc | = z I, taig+ai.
3 (5.12)
3 2
+a +a
V e vy Vg Ve

Corsichering the relatiorshigs (5.7}, (588 and (5.9, the magrietic Tux phasor can be witten as
S 20 e 2L i ™ o
Y isc =| o +E ns0 |E4BC +E wplasc€  TWge . {5.13)

From the relationships (5.1) amd (5100, the equation of the stator voltages phasons
rizsuls:

. %ABC
Upe =Rl e + g {5.14)
The relaticnships (5.93) and (5.14) represent the IPMSM mathematical model writben

using th spatial phasars in the phases” coordinates,

Mote: The coeflicient used in the relationships (5.9) guararntees that the amglitode of
thee spatial phasor is equal to the smplitude of the symmaetricasl three-phase rmodel (see (510

5.2.3 The generalised orthogonal mathematical model of the machine

The IPMSM mathematical model in the phases’ coordinates has the disadvantage of the
dependence of the magnetc Mus an the rotor position. The implementation of such a
rcded Tar acantrol sysbem point ol view is quite difficult, so thal the existence of a mackhine
mathematical medel in an orthogonal reference system that rotates tawards the stator s
imposed. For it implementation, the machine mathematical model in the phases’
coordinates, presented in the previous paragraph, represents the starting peint
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Fig. 5.2 shaws both the three-phase statar system ., By, O and the athogonal sy
system, which rotates at an arbitrary angular electrical spoed w,, Thire are teo particular
cases of the generalised onthogonal madel, as presented below:

o ithw sinwiticon inwhich the ratation angular speed of the orthoganal system sy is
=048, =01, the arthoganal system being noted with o

o the situatian in which the erthogonal system xy rotates in solidarity with the
rmachine rotar wh, = ., {8, =8, the orthoganal system being noted with og

Fig. 5.2 The thres-phase statar axes 4., 8., Oy, the erthagonal sy axes, the anhogonal
chey axees and the orthogonal e axes, respectively

IFin i wisbueed 1o represent the quantities of the three axes Arm, Bren Crminto s generalised
orthogonal system sy which rotates. with an arbitrary angular speed, the Tollewing
relaticrships can be written:

d = %[as cos (—Gx ) +b, cos (—HX + 277[) + ¢, cos (—Ox + %D, {5.15)

d, = %(a sin (6, ) +b, sin (—ex + %”} ¢, sin (—HX + %ﬂn {5.16)

Iy the sbove relationships, the sign (-8 appears because the rmagnetic axis A is behind
the x-axis of the orthogonal system, The quantities a,, b,, ¢, can be any of the three-phase
Atator quantities [voltage, current o fux),

To achiewe the complete wansformation from the three-phase model into the
arthogonal model xp o homopelar component given by the belaw relationship is deflined-

do=%(as+bs+cs)- {517

il 5 SLANLAE CONTEDL OF FEFRMAMENT MAGREN S HCHAORDLE AITOR CRIVES




Froem (5.15F and 15.16) relationships, the spatial phasorn *F inthe generalised coordinates
can be written as:

2 _ip j(—9x+zij j(—ﬁx#—ﬁ
f o =d +jd ==|ae’ +be e Yl sam

Thie abowe relationship can be sewritten by taking into sccaunt the relationship (5101,
a5 being:

2 .
f =—e"Hx(as+abs+a2cs)=e"6xf .
xy 3 Z_A4ABC

15.19)

The relation (5.9 describes the trarsfarmation of the spatial phasors into a gerneralised
rodaticnal system,

Multiplying the relationship {(5.24) by &, it results that:

dy
—jOx __ . —JjOx -jOx — I_ABC
U pc€ =Ri zce +e - - {5.20)
dt
or
. dy . e’™) _
el " = Rijpee =2 joy e 2

Considering the relationships (3.9} ard (5.27], the machine's volt-amp equations in the
gereralised arthegenasl model can be written as beimg:

dy
EW:RSzW_’_?;y-'_ja)wgw‘ i5.22)

The magnetic fuxin the generalised orthogonal model is written as being:

—jOx 3 . —jOx 3 L i2(6—0x i(0-0x
y =e 7 _(Las +5th0le303 7 +5thplABceﬂ(g ) ‘H//Eej(e ) {5.23)

i Zapc
Therefore, the below relaionship gives the magnetic flux in the generalised
coordinates:
3 . 3 o i2(0-0x) J(6-6x)
Ve =( Lo T35 Lo | 1g ¥ Lap e e T (52

In comphex, the relaticoships of the valvage, the current and the flusx, respectively, in the
generalised orhogonal model can be written as:
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U, =u,+ju,, {5.25)
i, =i, +ji, {5.261
V=V, {5.27)

In the above relationships o, o gy represent the stator voltage, the ststor current and
the rmagnetic Mux slong the x - aeis, while o, @ g, represent the stator veltage, the stator
current, and the msgretic flus alorg the y- axis, respectively.

Thus, the IPMSM solt-ampens equations an the two axes, the real and the imaginary
oz, in the generalised coardinates systerm, ane given by the relationships:

d
u =Ri + c";* ~o.y,, {5.28)
. 4
u,=Ri, + dty +oy,. {5.291

Thie raagnetic Nux along the real and the imagirany axoes, in the generalised coordinates
Sy, con be written corsidering the relationship (5.22);

v, = (Lm + E(tho +L,, cos(2(t9— Hx)))jix
2 (530

+%thp sin(2(l9—9x))iy +y,cos(0-6,)

3
Vy= [Las * E(tho — Ly, c0s(2(0 -0, )))jly
15.31)

+%thp sin(2(0-0,))i, +y,sin(0-0,)

Also, thie relationships (5.1 55 (5.068) and 5.17) can be written in thee matrix form:

cos(-0,) cos(—é?)r + 2—”) cos(—@x + 4—”]
3 3
d. a,
. 2z . 4r
2| sin(- 0+ g7
d, -2 sin(—0,) sm( 0.+ 3] sm( 0.+ 3) bl 53
o 1 I
2 2 2
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res pictively:

cos (—0,) sin (-6,) 1

2l(a

a x
2r . 2r) 1
2 — - = | =

b, -3 cos( 0 + 3) sm( -0 + 3) 5 d, (5.33)

“ 4 4 1 4
cos (_QX+_”J sin[ -0, +—ﬁj -
3 3) 2

The generalsed mathematical model of the machine being given, the comples
insLananEous appanent power can be written as:

3
2xy

s = Zy ;(u Io+uyl )+j%(uyix—uxiy)=p+jq. {5.24)

Froem {5.34), the relationships for the irstantaneous active power poand the
ins LAranEous reactive power o, respectively:

p= %(uxix +ul, ), {5.315)
3/, :
q =E(uyzx —uxzy). 15.36)

5.2.3.1 The orthogonal mathematical model in the stator reference frame

From Fig. 5.2, presented in the previous paragraph, it is chserved that if the rotation
angular speed of the orthogonal system sy is wy, =0 (8, =01, the particular case of the
orthaganal system in the stator reference frame, noted with of | is obtained, In this case,
thes o - axis of the orthoganal system coincides with the magnetic A, - axis of the three-
phase Starar systedn,

Unsder these conditions, the valt-ampene equation (5,232 can be written in the matrix
farm, in the stator reference frami, a3 follows:

=R,z + ; {537

wheere (Gee the relation [5.249))
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3 3.
Vo (L +2th0]’ 2 L g™ " {5.38)

Mext, the equations for voltage, curent or flux relationships in the stator reference
Trame can be weritten as being:

U,y =U, + JUg, {5.39
lyp =1, + Jig,, {5.40)
Y =Va + Wy {541}

Ureder these conditions, the maching volt-ampere equations, in stator reference frame,
alorg the twa o and 5 - axes {the real and the imaginary axes), are given by the
relaticnships (See (5.28) and (5.29)):

u,=Ri +%, {542)
dt
dy
u, =Ri, +—=. A3)
; A 5

The magnetic Muxes along the real and imaginary axes can be written considering the
relaticrships (5.29) and (5,300 in the o

v, = (Lm + ; (L +L,, cos(29))]ia +%thp sin(20)i, +y, cos(0), {5.44)

Wy =(Lm +%(th0 L, cos(26’))) + ;L sin(260)i, +y, sin(6).{5.45)

In the case of the oahogonal madel in the staror reference frame, w, =0 {8,=0), the
relaticrships {5.32), (5.33) are written as being:

IR S §
d, 2 2 a,
3 3 15.46]
dp :E 0 £ _£ b, |,
3 2 2 ‘
@) 11 1 (e
2 2 2
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oo L
a, 2 d,
1o {547
|22 2 2 2|4
s 3 B
o) oL B,
2 2 2
The rmatris
. oo L
2 2 2
BB 1 B 1
200 5 "5 | L 207 55 {5.48]
[Taﬂojzg 2 2 ’I:Taﬂo] :E 2 2 2
1 1 1 B
2 2 2 7 2 2

i aluo knoawn a4 the direct Clarke transformation or the inverse Clarke transformation.
With its help, th transition fram the thoee-phase madel in the stator phases’ coardinates
1o the srthogonal model in the machine stator reference framee is possible, and the imeerse

tramsition fram the critbogonal model in the stator reference frame 1o the three-phase
rmaded in the stator phases’ coordinates, respectively, is also possibbe,

In the sivuation of the crthogonal mathematical model in the stator reference frame of
and taking into account the relaticnships (5440, (5.45], 15 48, the instantansows apparent

powed, the instantaneous sctive powsr ard  the  inslantaneous reactive  pawer,
riespectivedy, are written as follows:

3 s 300 . 300 . .
Sap =5 Uaplap =5 (Uala + g1y )+ 55 (1gh ~Ualy) = Pap + g 1549
paﬂ=%(uaia+uﬂiﬂ), {5.50M
9up =%(uﬂia—uaiﬁ). {5.51)

Condidering the relationships (5427 and (5431, the expression of the instantancous
DT o Can be writen as being:

3 2oy, dy, o dy
p,=—| R\i +i )+i +i — | S
5 2( ( ﬁ) di " {5
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By subsstitutireg the relationships (5 44) and (5.435] inthe relatonship{5.52), it reswls that:

3 (5 2\ 3 3 di
p =—R i+ )+=|z +={2 +L cos(20)|])i | Z+wi
aff o s\a f 2 os o\ hsO hsp al 4 rp

3

di

3

+—L sin(Zﬂ)i —'Bfa)i +| L +—(L -L 005(20)) 15.53)
2 hsp al 4 ra os o\ hsO  hsp

di
3 3
i —'B—mi +—L sin(26’)i L e +—w (l// i -y i )
Bl dr ra 2 hsp B\ ar rp 2 r\ ap pa

Anakysing the relationship {5.53) the fellowing can be determined:
o theacopper lossas, Papcss

Papcu = %Rs (i2 +i3)- {5.54)

o theaelectromagnetic POWer, Papae

Paopeim = % @, (l//siﬂ ~ Vsl ) {5.55)

e thaincrease of the stored magnetic power, Pape:

3 3 C(di,
Papm = E[(LGS + E(L}”O +L,, cos(2¢9))jza (E + a)rz/,J

di
+§th sin(20)i,| —2 - w,i,
2 dt {5.56)

di,

3 . .
+ [Lo's + 5<th0 - thp COS(ZQ))j lﬂ [z - a)rla ]

3. o (di,
+5thpsm(29)zﬂ(E+a)rlﬂﬂ.

From the electromagnetic power equation, the exprsssion af the electromagnetic
tedgue in the machine stator reference frame can be detenmined a5 folkoes:

PanP _3 . .
Moy === 2 (Wi =V ) (557

”

wheere: p-represents the number of the machine pale pairs.
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5.2.3.2 The arthogonal math cmatical model in the rotor reference frame

Anathaer particular case can b abtaired from the generalised orthegonal mathematical
rnceded, inwihich the orthogonal system ratates solidarity with the machine rotor 8,8 i,
il {50 Fig. 5,21, In this case, the xy- axes of the generalised orthaganal system ane noted

by da.

Far this particular case, the volt-ampers eouation is written a5 folkoes:

dy
_ . Zdq .
Uy =R, + I tjoy ., {5.58)

Thie msgretic Mo in the crthoganal medel in the rotor reference Trsme is:
3 P 3 K50 j0
qu =| L, + ELM Tdg +5thpgdqe +ye’. {5.5%

The relationships for the voltage, current, ardd flux phases, respectively, in the rotor
reference frame dy . are as follows:

Ugy =Uy + U, {5.60)
Ly =1+ Ji,, {5.61)
V=Vt iV, {5.62)

Thus, thes machine volt-ampers equaticns slong the two axes (real and imaginarny] in the
roton reference frame olg , are given by the relationships:

dy
u,=Ri, +—L -y , {563
d std dt rl//q
u,=Ri, + 2 toy,. i5.64]

Similarly, the magretic fluses along the real and imasginary axes can be wiitlen
considering the relationship {562), &5 being:

3 .
Va= (Las + E(tho +1,, )]ld Wi {5.65)

3 .
v, = (Lm +5(th0 -L,, )j i. {5.66)
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In thie case of the IPMSK micdel in the rotor rference frame, the relationships (5.3.2) and

2z 4r
cos(-0) cos(—6+—j cos(—6+—j
3 3
sin(—@) sin(—9+ 2—”) sin(
3

15,330 can be rewritten as

QU

By

QL

<

Y
W | o

res pictively:

& i rwated

1

2

1

2

cos (-0)

2r
cos [—6’ + —)
3
4z
cos (—6’ + —)
3

cos(—6) cos(—@ + 23

sin(—6) sin(—@ + 2%] sin(—& +

1
2

cos (—6)

cos [—0 + 2%) sin (

1
2

sin (-6)

) 2r
s1n(—«9+—)
3
) ( 47[)
sin| -0 +—
3

1
2

sin (—6’)

_e+2_ﬂ.j
3

47r)
0+ —
3

N = N =

N | =

1
2

d, | {5.68)

15.69)

15.70)

= = N~

cos [—6 + 4?7[) sin (

The ratrices from the above relationships are known in the specialised iterature as the
direct and the inverse Park transformations, By using them, the transitian from the
thiee-phase madel in the phases’ coordinates 1o the onhogonal medel in the rotor
riference frame or the inverse transition Trom the orthogonal maodel in the rotar relenence
frame o the three-phase model in the phases’ coordinates the natural madel),
respectively, can be schieyed.

_0+4_ﬂ.)
3
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If nted:

3
E(LM ~L,,). {5.71)
ther inductances according 1o the of - axis and - axis, respectively, in the rotor relerence

Trarme, can be weritten a5 folkows:
L,=L_+L L =L +L {5.72)

‘ad >

3
L, =3 Z(Lyo + L,

ad sp

)iL,,

In this casae, the relationships (5650 and (5.66], can be written a5 fallows:
Wa =Ll ¥ i5.73)
v, =L, {5.74)

Considering the relationships {5.73) and §3.74), the machine valt-ampere squations in
the rotor reference frame become as follows

: di, .
ud:Rsld +Ldg—a)rlquq, 15.75])
d.
u,=Ri, +L — v +(0(L zd+t//E) {5.76]
¢
oar
o di
u, =Rsld +Ldz—a)rl//q, 15,77
o di
=Rslq +Lq;+a)rl//d. {5.78)

Iry ke steady state, thie curments iy = iy = comst, i = &= covul and the derivatives of the
currenls in tirme B sero. Under these conditions, the volt-ampere equatons in the retor
reference frarme receive the Torm:

U,=RI,-wlL]l, 5.79)
U,=RI,+o (L1, +y,). {5.80)

where: Uy, U and by, L represent the valtage and the currents, respectively, along the
f and g - axes, in the sveady stave, and whis the electric angular speed o the rotor electric
pulsatian.
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Comsidering the rdationships {5.34), (5.35) and (5381, the expressions of the apparent,
active and reactive instantancows power in the rotor eference frame can be determinsd as
fealbvers:

3 0« 3/ . . 3. : .
Sdg = Uy Lag zi(ud’d +”q’q)+]§<“q’d _“d’q):pdq T 44> 1580
3, . .
D4 :E(udld +uqlq), {5.82)
3, . .
9y ZE(”qld —”dlq)- {5.83)

I thie ewpressions (5,771 and (578} are used, the instantancous power squation resuls:

_ 3 2 2 Ld dij Lq diqz i i
Py, —E[Rs(ld +’q)+7;+7;+a’r(%’q Vi) |- 554

Analysing the relagonshig (384, it results thar:
o thacopper losses, Pagc., 458

3 2.
Pageu =5 R, (i3 +i). {5.85)

e thaincreased magnetic power stored, pa. 1%

3(L,d L,di
e P B B N ) {5.86)
Pagn 2(2 dr 2 di

o the electromagnetic power, Pague . i5

Pagetm = %(w (l//dl'q —W,i )) {5.87)

Frasn the electrarmagnetic power, the expression of the electremagnetic targue in the
mmachine rater reference frame can be determined:

my, === =2 p(w,i, —v,i,)- {5.88)

wheere, p- is the number af the machine pole pairs.
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Mote: When determining the elec tromagnetic torgue from the elecromagnetic power,
the connection between the mechanical angular speed and the ekectric angular speed was
considered:

o, = pQ, . {5.89)

whesre wh e ~ 15 the rotor dectrical angular speed and £, - is the ratar mechanical

argular sped.,

Within the onthoganal mathermatical model in the rotor reference rame, the expressian
of the electromagretic torgque of the IPMSM can be written accarding to the inductances,
based on the relationships (5.73) and (5.74):

3 . ..
my =3 (i, + (L, L, )ijiy ) {5.901
Mote: In the steady state, the expression of the electromagnetic torgue (5 .50} becarmes:
3
M, :517((//15](1 +(L,~L,)1,1,). {591
A
ldg Al
luq i-'—“ il '-g wdq
:
e Lydg d
. — L -
Id wd me

Fig. 5.3 The resulting fux and the resulting current in the case of an othogonal model in
the rotor reference frame

Frown thie analysis of the relationship (5,900, it con be abserved that in the expression of
the electromagrenic torguee, there are two Lerms, narmehy:

My p = % Y i, - which represents the component of the electromagnetic targue

praduced by the permanent magoet Mo
o mdqre,:%p(Ld—Lq)idiq. which s the component of the reluctant

electromagnetic trgue, given by the inductances difference,
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In gerweral, = 0, such thar the reluctant torgue is pesitive only if La= L,

The current companents alang the o - axis and the g - axis can be written according 1o
ther amplitude of the rssulting current and the angle & (see Fig 530

=1, COS 5, {59201

ld dq

i, =i, sino. {5.93)

Thus, the chectromagretic couple given by the relation (5.90) can be rewritten as
3 . 1 2
My =3P y/Equsm5+§(Ld—Lq)qu sin(26) |. {5.94)

Considering the relationship (5.94), the variation of the electromagnetic torgque can b
graphically represented according 1o the angle & | for & given value af the curent
armplitudhe, Fig. 54 shows the variation af the electramagmetic torgue (M, of the torgue
prowided by the permanent magnet lux (mad amd of the reluctant torque (Mo
respectively, according o the angle & for a given value of the currert amplitude,

m My,

Fig. 54 Thi variation af My, fue: and M, depending on the angle & for & given value
of the current amglitude

Thie Mumes along the of - axis and o - ads, respectively, can be rewitben corsidening the
relaticonabips (5,73 and (5.74) as well a5 the amplinsce of the resulting fux ¥, (See Fig. 53]

W, =y, cosa=Li, +y,, {5.95)

v, =¥, sma=L]i,. {5.96)
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In e case of the orthagaonal mode in the rotar reference frame, the elecramagnetic
torgue can akso be written depending on the amplitude of the Muoes, the inductance skong
thee f - amis, the inductance alomg the o - axis and the angle o, espectively:

3 |y, sina ) v, (Ld —Lq)sin(Za)

m, =—

"2 L, 2LL,

1397

5.2.3.3 The connection between the orthogonal model in the rotor reference
frame and the orthogonal model in the stator reference frame

Considering the relations (377} and (3.72) the following relationships can be written:

1 1
Lh.s‘O = S(Lad + Laq ) = g(Ld + Lq - ZLO-S )’
) 1 15.98)
thp = E(Lad - Laq ) = g(Ld - Lq)
T rivascgrietic. M. af the anthegonal moded in the stator reference frame ee relations bgs
{5441 and {5.45)) are written acoording to the inductivities Ly and L, a8 follows:

" 2[(Ld +L,) (L,-L,)

L —-L
5 + 5 cos(26’)]ia +¥sin(29)iﬁ +y, cos(8),{5.99)

y 2((Ld +L,) (L,-L,)

L,—-L
P cos(29)jiﬂ +¥sin(29)i{x +y, sin(6).15.100)

The relationship [569) can be rewritben as:

L
d, cos@ sinf 2 2 a,
d, |_|-sin@ cos@|2]|0 ﬁ —ﬁ b, {5.101)
1 0
% oo |©
2 2 2

Considering the relaticnship (348L the relationship, which makes possible the
transition frem the orthogonal model in the stater reference frame inte the anhegonal
micdel in & rotor reference frame, has the following matrix expression:

S ISCALRR OONTROL O PRl MAKENT MEHET 5 ROHRC RS BUOTOR G R VES i




d, cos@ sind\(d,
d, |=| —sin@ cosb | d, | {5.102)
d, 1 0 d,

Froem (3. 102), the irverse transformation that does the transition fram the arthegonal

el in thae rotar reference frame inta the oothogonal micdel inthe stator reference framse
has the following matnix expression:

d cos@ -—sinf)\(d,

a

dﬂ =|sin@ cos@ dq . {5.103)
d, 1 0 d,
It i roted that:
cos@ sind cos@ —sind
[7,]=| —sin@ cos@ [;[T,]" =| sin@ cosé | {5.104)
1 0 1 0

The transforrmatan from the erthogonal madel in the machine's stator reference Trame
inta the orthoganal maodelin the machine's rotor reference framee, respectivety, the imerse
trarslarmation fram the arthaganal model inthe machine's rotos referenc e Mrame inta the
ormhogonal model in the machine’s states reference frame & possible by wing the two
matrices. Considering the relaticnship (5.103) and the relationships (5599 and {5100,
respectively, the magretic Muges of the erbogonal madel in the stator relerence framae
can also be written as:

W, =Li;cos0—L i sinf+y, coso, {5.105)
ws=Lyi,sin0+ L, i, cosO+ysin. {5.106)
5.2.3.4 The motion equation

The ration equation can be written accending to the IPMSM mechanical angular speed
a5 belowr

Q
Jddtr =m—-K,Q —m,. {5.107)

wheere: - represents the inertia moment ol the ratar tagether with the driven load and
related o the machine shalt, m - is the eleciremsgretic torgue developed by the IPMSM,
i1, - FEpresents the resistant targue component, which is independent of the spesd, K- s
thes viscous friction coefficient and [2.- s the machine's mechanical angular speed,
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5.2.4 The mathematical model in p.u.

Wheen analysing the steady state and the dynamic regimies of the IPMSM as well as i
contrel stirategies, the equations in pou, ae freguently used in order to abtain results with
a higher degeee of generality, independent of the machine's power. Therelore, a
dirnensionless model is abtained. The advantages of using the equations in pou, ane

o abtaining a higher degree of generality,

o simnplifying same mathematical relationships,

o easily implementing the madel in the digital signal processors (D5Ps) or digital
sigmal microcontrodlers (DSCs).

All the sizes will be related to the values of the nominal operating point, which will be
noted below with the index "n®, The basic sioes are:
o the base current. /, = \/Eln . where 1 - represents the nominal value of the
rmachine phase current;
Mote: Il the pou, representation in values smaller than one is desined, the maxirmum
value af the current allowed by the frequency inverter is chasen te be i,
¢ the base voltage, U, = \/EUn. whwere U, = represents the nominal value of the
rcbor's phase woltsge;

Mote: I the pu, representation in values smaller than one is desired, the mazimum
value of the voltage that can be provided by the reguency inverter 8 chosen o be U IF
Lhver motor aperates in the feld weskening area, itmost also be taken into accaunt that the
base valtage is greater than the indeoed valtage ar, in other wards, the Mux produced by
the perrmansent magrset in po or the machine inductances in po, will be less than one,

o thebase electrical speed,. ©, = 27rfb. ik, — is thie base ebectrical speed; [ - represents
the rcevirad edectric Treguesscy or the maxirmum electric freguency al the moton

. @,
o thebase mechanical spaed, O, = —:
p

o thebase flux, |/, =t :
w,

b

o thabaseimpedance, Zb =—t.

e N w~|Q

o

e thebaseinductance, [, =
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3
o the base electromagnetic torque, 7, = Ep!//b]b':

e the apparent base power, S, :%Ublb;

o thebasatime, /[, = ®,7;

2
J

o theinertia cnnanH=—(&j .

» \ P

With the help of the basic definitions from the abave, IPRSM, the orthogonal model in
the statar or rotor reference rames in po, is mtroduced below,

5.2.4.1 The orthogonal model in the stator reference frame in p.u.
The valt-ampere equations, (542 and (5431, in g, can be written as

dy,
— : pu
uapu - rpulapu + dt > {5.108)
b
Uy, =r, i, + W
Bpu — " pu”Bpu dl‘b : {5.709)
whaere:
uaaﬂ .7 id,ﬁ . l//aaﬂ . R
U ppu :_Ub Lo ppu :_[b Wappu = —l//b >V pu :Z_Z’ {5.110)

The msgoetic fuxes along the real and imaginary axes (See relationships {5.44), (5451,
in ., e the follawing expressions:

3 .
l//apu = (Zaspu + 5(1}1501114 + lhsppu COsS (29))j lapu

{5.111)
+ %lhsppu sin(260)i,,, +V,, cos(6),
w30 20)) i
‘//ﬂpu | tospu +E( hsOpu — “hsppu COS( )) lﬂpu
{15.112)
+ %lhsppu sin(260)i,,, + ¥, sin(0).

wibwire;
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LO'S,hSO, hsp _ l//E

lo‘s, hsO, hsppu ~— L >¥" Epu . 15.113)
b b

Im pu, the imstantanecus apparert power, the instantaneous sctive power and the
insLartaneous reactive power (See relationships (5495 (5.500 and (5,511 are rewrinten as:

Qaﬁpu :(uapulapu +uﬂpulﬂpu)+](uﬂpulapu _uapullgpu)

. {5.014)
= Poppu T Iappu>
paﬂpu :(uapuiapu +uﬁpuiﬂpu)’ {5.015)
Qaﬁpu = (uﬂpuiapu - uapuiﬁpu ) {5.116)
wheere;
) P q
ap ap . af
Seappu = o 2 Poppu =g Dappu = ¢ {5.117)
fp afip app
Sb Sb Sb

The copper lossas in P, Pepoues (500 relationship (5545, are given by the relationship:

Popcupu =7 ( Lopu T lﬂ ) {5.118)

The increasa of the magnetic power stored in pull., Papees (500 relationship {5550, s

3 ) di,,
paﬁmpu = (laspu + E(ZhSOpu + lhsppu Cos (29))j lapu ( dt + a)rpulﬂpu j +

b

+ Elhsppu sin (20) i, [d—t: — 0,0, ., ] +
3 di {5.1189)
. lﬂ U .
+ (lmpu + E(lhsopu — Ly €OS (29))) . (d—tp —®,,i,., j +
b

3 : [ diy,
+ Elhsppu sm (29) l,b’pu dtb + a)rpu Ppu

The alectromagnetic power in p.u., Papanps S0¢ relationship (5566, 5 writlen as
fealberwws:

paﬁelmpu = a)rpu (l//apuiﬁpu - l//ﬁpuiapu )5 1,,5 II'IZI:|

wibwire;
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paﬂCupu - S 7paﬁmpu _S—7paﬁelmpu - S > rpu :j-ﬁlll:l
b b b b

_ Popeu . _ DPopm . _ Papeim » o,

The elactromagnetic torque in pou., mgg (5 relationship {5.57]), is

maﬂpu = l//apulﬂpu - l//ﬂpulapu s {5.122)
wibwre:
m = —T“ﬁ
afipu ) {5.123)
T,

5.2.4.2 The orthogonal model in the rotaor referencea frame in p.u.

Thie volt-ampene cguations in the rator reference frame in po. (see relationships
15630 (564]) are whthen as:

g d Y dou B
Ui = Vpulapu —a’l‘b rpou¥ qpu s {5.124)
dy
. gpu
Ugpu =T pulgpu + dtb + a)rpuV/dpu' {5.125)

Thee fluses alarg the o - axis and & - axis, respectively, in o see relationships {5.24),
{5.850% have the expressions:

Wi = Lapibipn T Vi {5.126)
y/qpu - qpulqpu' {5.127)
wihire,
= =3 =L =2 1
»qp Ub »qp ]b 5q,Lp l//b »qp Lb

Taking inte consideration the relationships {5.124), (3.125], (5.126) and {5127} the
phase diagram of the arthagonal mathematical model in the rotos reference frame in pas
is represented in Fig, 5.5, below:
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A
Tagpu '
lqpu
Ydgpu
1 Yapu
w
Fauifdqou} Wopu dapu
w Wy
w Waonu
8
-t b H: .u I'Uvalilw E_
Udpu idpu Wy, Wepy

Fig. 5.5 Phase diagrarm of the orthogonal matbematical madel in the roter reference
Travmiee i puu

In the case of the erthogonal madel in the stator relference frame, the instantanesous
apparent power, e instantaneous sclive powwer and the reac Live instantansous power in
pou, fsee relationships (5811 (5.82), (5.83]] have the following exprissions:

S dgpu :(udpuzdpu +quuquu)+] (quuzdpu —udpuquu):pdqpu t J4 gy » 151290

pdqpu = (udpuldpu + quulqpu )’ {5.130)
qdqpu = (quuldpu o udpulqpu ) {5.131)
whasre:
_ Saq

gdqpu - S s
b

p _ pdq

dapu S, {5.132)
q _ qu

Pk

qpu Sb
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The copper losses in Pk, P (500 relationship (585005 have the capression:

_ -2 .2
pquupu - rpu (ldpu + lqpu ) {5.133)

The increase of the magnetic power stored in pul., Puagep. ee relationship {5.86]), 5

2 2
, B / dpu dzdpu Lipu Qi 130
de - . .
w2 dy, 2 dty

The electromagnetic poOwWer in P, Pugeimps (500 relaticonship (5871, is written as:

P dqgelmpu = a)rpu (V/dpu lqpu - l//qpu ldpu )) {5.135)
wheere:
_ pquu . _ pdqm . _ pdqelm
pquupu - S ’pdqmpu - S—’pdqelmpu - S : {5.136)
b b b

The electromagnetic 1o rgue in Pk, Mue. See relationship (5 BB, corresponds wo the
CRErESSIN:

Mg =Y apuapu — ¥ gpulapu- {5.137)

The connection between the mechanical angular spesd and the electnic angular speed
in thee o, is given by the relationshipe

a)rpu = Qrpu : 1*5'] I-E:I
whsre,
mdq w Q
m, =—;:0 =—:;Q =—", 139
dqpu mb > rpu a)b 2= Zrpu Qb 1.5 :'

The relaticnship {5900 af the electromagnetic leagque, in the rator reference of the
permanent magret synchronows motor with apparent poles, has in pa. the expression:
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mdqpu = l//Epu lqpu + (ldpu o lqpu ) lqpu deu : {5.740)

The relaticnships of the current alang the o - axis and - axs, respectively, depending
o the amplitude of the resulting corrent and on the angle & (See relationships (5.92) and
{5.93)) are written in po, a5 follows:

L = Lo COS O, {5.141)

i

apu = Ly, SINO. {5.142)

Cansidering these conditions, the eleciromagnetic torgue, given by the relationship
15,1041, becarmes in g

. . 1 . .
Mg =V syl SIS + E(ld”” ~Lp ) g 510 (25). {5.143)

The redaticnships {5.95) and {5.98), which express thie fux alang the d-axis and g-axis,
respectively, depending an the amplitude of the resulting flux and on the o angle are
WL i o, a5 Tollows:

WL i o, a5 Tollows:

deu = qupu cosa = ldpuidpu + l//Epu > {5.144)
Wapu =W 4, SN0 = Lapulgpu- {5.145)
whisre,
l)”dq . ldq
= —-:1 = —
l//dqpu > “dgpu ’ {5.146)
¥V, ¥V,

The ehectromagnetc torque given by the relatonship {5971 s réwritten in o, as
Tallows:

_ WEpul//dqpu Sil’l a l/qupu (deu - lqpu )Sin (2&)
O " 2, ] L s

dpu dpu” qpu
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The twa components of the magnetc lux on the aof axes of the crthogonal stator
referencer (see relationships (5.99) and (3.100H are written in pa depending on the
incluctivities b and i respectiviely, o follows:

(ldpu + lqpu) (ldpu “lp

. ) cos(20) |i

l//apu = 2 + 2
( ) {5.148)
ld u _l U
+22 5 22510 (20)iy,, +W g, c0s(0)
(Idu+l u) (ldu_l u) .
l//ﬁpu: P 2 qp _\a 2 qap COS(2(9) lﬁpu
{5.148)

ld u _1 u : ; 1
M&n@&)lalm TV bpu sln(l9).

The relationships (5905 and (5.106] in p.a Becomies
Yoapu = ldpuidpu cos — lpu i sin@ + W Epy €OS 6. 5150)

W :ldpuidpu SiNO+ 1,1, cosl9+pru sinf. 5151

5.2.4.3 Maotion eqguation in p.u.
Iy b casie of the mathematical medel in pa., the motion equation [5.017] is written as:

H A2y _ m Y —LHQ,, , {5.152)
" T Lo
ar
Ho, B Lo gy Qs {5.153)
dt, L Lo
wheere:
Mo, —% o =%. {5.154)
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5.3 V/f control methods

Fig. 5.6 shows the WT contral approach Tar a PMSK. &n imponant advantage of the
PRSI dirive is that the rotor speed is dependent only on the machine excitation frequency
arvd it does not requing ship oompensation as does the induction machine drive, Controling
thie PMSKS in open boop is quite a difficult job due te che fact thar the machine does no
guarantee the synchronization between the AC sxcitation frequency and the rotor
Treguency, Furthermare, the system can oacillate or it canmot even be diven, Thus, the
instability, the ascillatory power and the difficulty ol achicving fast dynamic responses,
associated with the open loop schemes, represent their most important dissdvantages.
The contral system fram Fig. 5.6 does nat allow the damping of the targue and speesd
ripphes, which represents an important deficiency. These  incanveniences can be
withdrawm il the PMSMs have a roter with cage windings, but this supposies
supplementary costs ard losses [13).

+<|llc 3
. [ 1 1
v (" Vo p,
O i Ve | SVME PWM |y
v Dead Time -A=Cn'rtr e
:E NS L Compensation e of ~OMVERET
S
ry

&

S, the standard VT conbrol is mainly used in applications such as purmps or Tans that do
miot risguine fast dynamic respanses, Alermatively, a desed-loap control scheme could be
developed in order te withduw this disacdvantage and to allow the schieverment of a more
accurate machine control,

Fig. 56 The standard apen loop Wi contnol

Furthermone, in the specialized liverature, there are contrel methods based on the
standard clesed loop VT control, but at which stabilizing loops are attached [17]. Fig. 5.5
presents s contral system that wses a stabilizing loop sdded 1o the frequency presoriptian,
The correction is performed by analyzing the variation of the inverter DC-link corrent o
thie activee paweer variatian.

The cantrol systenms wsing either one of the stabilizing loops o even two ol them can
be proposed. Howeyers, there is an important difference on bow the stabilizing loops are
designed. Depending on the chosen strategy, in some cases, these comections lead to
amall improvements by reducing the pulsations in the speed wavelorm specific to the
atandard VT contral or, in ather cases, they could even impeove the results achiewved with
the vector control.

This paragraph intredwces a stabilizing loop 1o cormect the reference frequency in onder
bes irmprcrve this standard VT cantrod of the SPMEMs.
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At a super high speed (above 30,000 rpenl, the SPMSMS drives cantrol is hampered by
the shortness of the online camputation ceche and by the limited switching frequency in
thee IGET power converters, This is the reason why the W and the 1-1 control with a
stabilizing koop has been proposed (4] o (1611 instead af the vector control, which
irnglies & starting sequence in the rotor coordimates [13)],

Thie dq model of the swriface permanent magnet synchroncus maotar (SPEMT in the
rotor reference frame & based on the one presented in the previows paragraph for the
IFBASM, with the mention that now Le=L

Thie salution shawr in Fig, 7 [15] uses a stabilizing loop, which depends onthe DCink
Current ar power perturbations. The carrection is perfarmeed by analyvzing the variation of
theinverter DC-link current arof the active poser variation This solution claims 1o operate
up to 200 radfs,

‘ DC-link
. Calculation . - —i—
f [|Accel] f V. |Generation
— »of tl Itag .

Decel the voltage of inverter [—{ VSI

“ - [+ i
command drive | @ 14 /PMSM
signals [

(SVM)

ag

Ir A, I

| | Derivation of Am, I :

| Stabilizing loop |

_ e e — e —

Fig. 5.7 The W contral with ane stabilising leop [15]

5.3.1 The digital simulations results
The digital system simulations have been processed in MatlabySimulink for an easy
translation into the dspace 1103 platforrm, The motor data are given in Table 5.1,

Fig. 5.8 and Fig. 5 illustrate the performances of the standard for dlassical] Vi control
and the VT cantrol with DC-link power oscillations cormection [oop, respectively. While for
th stancard WA control, the speed oscillations incorease with the losd as no damping is
provided, in the case of the W contral with ene stabilizng loop, the speed oacillatians
decrease under similar circumstances,

I the first case, the speed s ramged to 80000 rpm and the standard VT apen-loap
cantiel was apglied (Fig, 581, with a step load worgue applied at 1=12 sec. The machine
Fernaing in synchrenism, meaning that it ascllates sround the prescribed speed with 100
rprn At Mm torgue koad and with 300 rpen at 004 Nm losd torgque,

The compensatian loops wark en limiting the eecillations under losding conditions, as
it can be seen in Fig. 5.9,
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Bath sclutions have high speed and worgue oscillations at 80,000 rpen, which can be
unacceptable for some apphications, The futune work will concentrate on develaping a
contrel system which can damp the oscillations almeast completely. This can be achieeed
by inroducing additional stabilizing loops.
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Fig. 5.9 The W contral with DC-link power oscillations comection laog (e, the WY
contrel with one stabilizing loopl: the speed, the tarque and the phase current
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Tabile 5.0, The specifications of the SPRSM wsed in sirmalation

Mumber of pole pairs (pl

Rated power

Rated spaeed
Rated frequency

Rated tarque
Rated phase 1o phase voltage
Rated phase current
Stator resistance per phase (R,)
dhais inductance (L)
qraxis inductance (L)
Reatr perrmanznt - msgret (Rl
Inertia af the rotating systern ()

WViscous friction coeflicient (B}

5.3.2 Experimental results

1
kW
80,000 rpm
1.333 Hz
0358 Nm
B WIrms)
20 Afrms)
06 Q
1 mH
1 mH
0031 v s rad!
10 kg

10 * M rad

The experimental setup was Built-up in the Intelligem Motion Comeel Lab st the
Cespartment of Electrical Engineering of UPT, with the intended purpose of proving that
thie biigh speed PMSM-simulated control metheds previcusly presented are really working.

The schematic principle of the test bench setup is presented in Fig. 10,

p(d‘-link
L

g{; START
De STOP ol v
']

VSl SPMSM

dSPACE DS 1103

Rectifier

Load

=

Matlab & dSpace ControlDesk
T =
- .
=

Fig. 5.0 The s¢heme aof the experimental system setup for the high speed SPMSM

The setup consists of two identical 08 KW, 20,000 rpm, 4 pale SPMSMs with sinusoidal
back-emfl, which are mechanically coupled (see Fig, 5111
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Fig. 5.1 The high specd SPMSM used in experiments

The mator data are presented inFig, 5.0 2 A 50V £ 3008 MOSFET imverter feeds the motor

with 20 kHz switching frequency,

The encoder has 500 pulses-perrevalution and provides the acteal rotar position and

i,

The contred algorithms, using 10 KHz sampling frequency, are developed in Matlab-
simulink and implemented on a dSpace platform,

Table 5.2, The real SPMSM specifications

Humber of pole pairs (p1}
Rated spased
Rated frecquency
Rated targue
Rated phase to phase voltage
Rated phase current
Stator resistance per phase (5,
Incluctance (L)
Rl e rrmame - msg e L
Inertia of rotating system ()

Wiscaus friction coeflicient [ #.)

4

20,000 rpm

667 Hz
0.4 Mrm {an 200000 rpm)
39 Wirms}
29.5 Alrnrsh [an 20,000 rpam|

nnaiQ

00425 miH

0.00635 Varad '
40710" kg

10 "M rad

The experiments using the VT control with s stabdizing loop for a high speed SPMSR
werne performed for different loads and at various speeds

o o load start-up at 10000 rprm (see Fig. 5125
o i o] start-up at 10000 rpr folkowed by kaading at B0% of rated worgue see Fig 5035
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o iy hacd start-up at 15,000 rpen and loadivg at B0 of rated torgue a0 08 & (see Fg. 5.4

o oy lowad start-up at 2000 rpm, loading at 0% of rated tworgue at 006 5, reversse
apeed fram 2,000 rpm o -2000 rpm at 1.2 s rpen and boading at 30% of rated
torgque (soe Fig 5.15).

The results are depicted in the Fig. 5. 12 + Fig. 513 bebaw ard it can be concluded that
they are a5 expected, proving the results cotained by simulatian.
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10000

,.“V<F<

8000 , e fe e R Lol b en

6000 F

4000

Encoder speed [rpm]

_________________________

2000

0 0.2 0.4 0.6 0.8 1.0 1.2

5}
s
o
o
o
%)

60

Y e G e
1
|
i
1

40

20 b-- - - - -1 - - — - —— -~ - N - - - -~ -~ -

20 -

Phase currents [A]
(=3

Er) DA A SRR R SR SRR e

-60

|

|

|

i
0 0.2 0.4 0.6 038 1.0 it
b. Time [s]
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5.4 Conclusion

The approach of this chapter was the scalar control af the permanent magnet
symichronous mators (PGS

Firsthy, differen mathermatical modeks for the permanent magnet symchronous motors
werne prissented and, particularly, for the imerion permanent magnet symchranaus motos
{IPMaMSs), for which Ly # L,

Then the scalar comtrol methods were stated, They aee divided inma beo main categories:
the cpereloop and the closed-loop ones, The main concerms reganding the VT contral are
thee system instability and the specd oscillations. i erder B remove them and, thus, 1o
imprave the W control, one or tao stabilizing loops can be added,

It weas dermanstrated through simulations results done in MatlabSimolink ermviranment
that thee Wi with ane stabilizng loop has better resules than the standa rd W control, Bath
ol therm operating in open-loap,

The digital sirmulations weere then cormpared swith the experimental results, obnained by
usirng the dspace real-tirme hardware in the loop ool and thus proving the semulaton results,

Al the results, provided either by simulation ar by experiments, have demonstrated
acceptable performances, taking imto accaunt that they are operating in apen-loop,

The online computation effer it is believed wa be less intensive than far the vector
control, especially due to the missing part of the P regulators” cascade,

Thie e work will concentrate on develeping a cortral systemy which can damp the
ascillations almost completely. This can be achieved by imroducing additional stabilizing loops,

The results were abtained by the reseanch team at the Department of Electrical
Engirssering of the University Palitehnics Timisoara [18] « [23]
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SENSORLESS VECTOR CONTROL OF PERMANENT
MAGNET SYNCHRONOUS MOTOR DRIVES

6.1 Introduction

It Rast two decades, the permanent magret synchronous metos (PWSWs) became
the preferential motors for the deive systems over the induction mators, due to their high
efficiency, high targue toinemia ratio and high - power density. Applications like raction,
apindles and home appliances require wide speed range drives, where all the features
rmentioned before sare needed. &3 the price of the permanent magoet tends 1o decrease
and the price of iron and the prioe of copper tend t increase, the choice of PMSM for
electric drive systems becomas imanent. Also, the use of PMSM may further eliminate the
need of a gearbox. Mearmwhile, the price for digital signal processons (DSP) for meotaor
control applications has been decreased, thus, the chaice of vector control of PRISA drive
systern became rmore attractive, sspecially for low power applications. Thenefore, the use of
variable speedd PISM drives for kaw power applications incneases the energy efficiency and
the peerformance of the system and may further eliminate the need of & gearkbo.

Thie IPRESM Ginteriar perrmanent magnets syochronows mctors) and the surface permanent
magnets synchronous moetors (SPMSMs) belong ta the permanent magnets synchronous
rckcrs (PRMSMS) cotecany, Therelare, they are machines with permanent magrets that have
distribted or concentrated stavor windings, Tor which the number of shats per pole per
phase is fractional, so that the mation indwced valtage has a sinusoidal ar gquasi-sine
wavelorm, The permanent magriets are locsted on the peiphery of the rotor, thus resulting
Lhver SPRSNE (or Tull-pale PMSMEE Tor which Ly = L, or inside the rotor, resalting the IPMSs
{ar praminent-pale PMSMa), o which Lo # L, As already mentioned, from the point of view
of the ehectromagrietic tordgue production, thie SPMSME reguing sttic sinusoidal currents, so
that a1y given timae all the three stator phases of the SPMSM are sctive, resulting in a
rione carmplen control systerm than in the case of rapezoidal PMSMs cantral systems, The
higher pulses in the electromagnetic toague produced by the rapezoical PMSME and the
reduced performance in the fisld weakening area, &5 well a5 the acoustic noise produced
riake SPMSMS 1o be prefered ovir rapezoidal PMSMS in imast apphcations whede o wide
apeed range is required. Ingeneral, the cantral systerm of the SPRMSME s mare complic ated
than that of the trapezoidal PMSMS, 3 more accurate knowded ge of the roter pasition being
riegquired. The SPAS8L are 3 good choice in competition with the mduction machines, The
SPMSM contrel systems appeared in the 70% and, due 1o the possibility of achievirng
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efficient control systems they are increasingly used in different applications, nowadays
representing a good alternative for the home appliances,

PRSI cantrel systems can be classified a5 apen loop cantreld system, scalar control
systermn, field-orented vector control system, direct targque and lux contral systerm.

The fiekd-oriented vector control system s an efficient methiod in vanable speed
PRSI applications whsre the torgque varies rapidly in a wide speed range, including in the
ficld weakening area, The basic principle of the field-onented veowor control system
consists of decoupling the deive in two parallel contral loops, one for the clectromagretic
ifast] vorgue contral, represented by the reference cumrent @, and the ather ane Tor the
Tlux contred (slower) represented by the relference curent %, When wsing this control
Systerm, i is necessary to use the mathematical model of the PMSM in the retor reference
Trame, The campanents of the stator current of the mathematical model of FRSMn rotor
reference frame are aligred with the rotor flux,

Faor the calculation of the currenits on the "o ar "g" axis, knowing the phase currents
Fars fbga Bo B0 P% PIBCERSAryY 10 know the pasition of the rotor, Due to the use of the PRSK
rnathiemiatical mosdel in the rotor reference, the contral system is relatively simple and &
sirnilar to that of the DC machines, A schematic diagrarm of a fiekd-onented wector control
gyitem is shown in Fig 6.0, In there, it can be observed thaot the output of the speed
cortredler is the reference wrgue T s the driver for the contral of 8, respectively wh
Depending cn the value of the reference torque, and on the rator speed, respectively, the
reference currents values i, % can be determined. For example, if the ratational speed is
lower thon the base speed (mot in the area field weakeningd, the following contral
strategies can be used: the contral strategy maintaing f=0 the maimum torgue control
atrategy for & given current, the unity pawer Factor control strategy, the constant resultant
Tux contral strategy. In the fickd weakening area, for determining the reference current
values (%, 1%, the contral strategies specilic to the lfield weakening are used. These cantral
strategies will be presented in the next paragraph.

In the shewn control system, applving 1o the measured curents @, i, & the Clarke
trarslarmation and the Park transformation, respectively, the real values of the currents @
and i can be obrained. The ermors af the currents along the 1w dxes ae processesd using
thver current regulatons resulting in the reference voltages v, v Then, using th inwerse
Park transformation, the reference voltage values in the stator reference frame v, v®zcan
b abytairisd, These valtages are then used as input values for the WM generation module,
The field-oriented vector contral systerm of Fig. 8.1 has as reference the rotational speed af
the rmater w® and as feedback the measured rotor position 8., the measuned rotar speed
i, and the currents of thie motor respectively, iy, iy, i ond 38 output quantities the
reference vilee of the voltage in the statos coordinaties v, vz The disturbance quantities
ari: the koad wwrgue, the inverter supphy voltage, the motor lemperature, the magnetic
saturation and the mament of ineria,
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Figg. 6.1 Gereral block diagram of 8 PRSM field-orented vector contral systerm,

I the proposed control systern, all the three motor phase currents are mesuned,
Another variants would be te messure only tea currents or the reconstruction of the
mmotos currents from the value of the current in the D voltage circuit, In gemeral, in the
case of field-oriented weotar control systems, for applications within powers ranges up 1o
1.2 KW, a position transducer with bigh resolution is needed, even in the case ol using tea
serdars, Hall type sensors are providing good performances, in general.,

For the field-oriented veotor caontrel system implementation, a relatively bigh valurme
of comiputation is reguired, therefare, the use of the 16 [bitl microcontrallers or digital
sigmal processors is reguined. This adjustment method & applied in industry © a large
pwmber of electric drives, ensuring a fast dymamic resporse,

Iy gevveral, the tendency for the PRISMS contred systems, in applications within a power
range up o 12 kWL s o eliminate the mation sensors, so thar the rotor position and speed
ari: estimated from the measured dectrical quantities (ourrents and stator voltage),

The acvantages of eliminating the motion sensors would be:

o the costs reduction of the comtral system fin the case ol househald applications, in
general, enly the current sensors are used, the voltage being calculsted using the
continusus valtage in the intermediate circuit of the imverter, and the wuse of a
ratbeermatical model for modelng nor- linearities of the iverter and the dead-time);

o the reduction af the contral system weight, eliminating the necessary winng
bBetween the contred system and the motion sensors;

o the elimination of the dectromagrietic disturbances that may appear in the case of
recslican Sensors;
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o the elimination of the mechanical problems that may arise in pasitioning the
sensors of absalute position value:

o ther elimination af the economic problems that may ocour i the chain of
proc urermeni-storage-assembly-maintenance of mation sensors as an additional
benchmark that intereenes in bad analysis ol the contral systems with PMSMs,

The problems that may arse when estimating the rotor position and the speed,
respEctively, from the measured elecirical quantities (the stator currents and voltages) ane
thve follewing:

o the determinatian of the initial position of the rator when startineg;
o ke estimation ol the rotor position and spesd at low speeds;
o theinfluence of the PMSM parameters in determining the respective position of the
apeed,
The miethods based on (1] are generally used o estimate the ratar position and speed
Trowm thee stator currents and valtages of the PMSMa:

caleulation of the mation induced voltages
caleulation of the toral magnetic fux;
calculation of the stator inductance;

o injection al high frequency signals.

In general, 1o determine the rator positon and the spesd, respectively, Trom the
rmeasursd currents stator valtages, respectively, estimators are wused. By using the
mathematical model in the stator coordinates or the erthagonal mathematical madel in
thee stator or rotor reference frame, they can estimate the following:

o thirduced eloctric valtage - whickis deperdent on the rotor pasition and the ratational
spnsed;
o kv testal masgreetic flusx - dependent on the rotar position;
o kv stator imductance - dependent an the rotar position;
o thie reter pasition by injecting high frequency signals.
It can b seen from the sbove that the estimated electrical guantities are, in general,
dillicult to be measured and require sdditional costs,

Iy gervzral, the estimators can be classified in [2):

o estimators without reaction, that later will be called estimators and which for the
determination of the sforementionsd guantities are using caly the mathematical
mmadel of the PMSM;

o AsyrElalic of reaction estirmatars, that will laer be called sbservess; in the case of
observers, the mathematical model of the PMSM bas the same inputs (eg voltages)
a4 the physical system, and the outputs {eg, currents) of the systerm are cormpared
with the measured guantities of the physical system, resulting thus resulting in an
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estirnation errod that is used as a reaction in the rmathermatical mesdel 1o corect the
estimated quantities. Using this method, a faster convergence and  greater
robustress in paramieter estimation can be achieved,

A classification of the methods for estimating the rotar position and speed using
observers would be as Tollows [2]:

o thie classical masthad of wsing the observers

o the predictive obseners

o he Kalman filter:

o the phisse mounted obsereers;

o ke observers using the extendesd model af the motion induced volusge;
o the sliding mode observers;

o ke aclaptive observers,

Firaally, it can be said that, for the control systems wsirg PMSMs, there are different
salutions to estimiate the rotar position and the rotor speed. Unforiunately, these solutians
ar ot widely applied in practice. Currenitly, there is a growing interest in the develaprment
of P contral systems withaut motion sensors, due o the evalution of prices for the
micracantrollens and digital signal processons,

This study proposes two novel control methods, developed by the team within the
Electrical Enginearing Department from UPT, which are next presented.

6.2 Novel Method for Flux Weakening Control of PM5Ms

6.2.1 Introaduction

Wiary PMSM contal methads able 1o generate the d and q axes reference currents
in the constant terguee area and in e Que-weskening areas have been investigated so far
in the liverature (e.g. (3], [41 5], [E) [7]. (8], (91 D100, (v1], D121 (V310 In [4] and [5) the
mathwematical medel of the PMSM s used to generate the d-axis reference current, which
i% sensitive ta the motar parameters variation (due o the emperature and the saturation
effect). O the atbier hand, the lux-weskening methods proposed in (6], [71. [8], [9] are not
pararmeters serditivie, Im 6], the d-axis current is adjusted sceording 1o the curment érmor in
the g-axis. In [7l, the g-axis voltage emror is used 1o adpst the d-axis curent and in [B] the
valtage error is used ta adjust the dhaxis and graxis currents, A voltage control method is
proposed in (91 providing the d-axis current In (100, (7], (2], [13] & leok-up table methed
is presented, but it s moter parameters dependent. Different metheds of carmier-based
pulse width modulstion (PWML I avermadulation region ane imvestigated in [14] and [15],

The method progesed in this paragraph (see Fig 6321 starting with the mathermatical
rmadel of the PMSM [with salient-pole or nonsalient-pale] in pu, is used to compute the
aptimal reference currents on the d and grazes, in the constant torgue regian and in the
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field weskening region, The existing corstraints for the aperatian in the fiekd weakening
regicn are the W51 maximom autput voltage and current or the maximam permitted
current of the PM3M 161, 171

By wsing the overmedulation method, the capacity of the W51 B used efficiently and the
dynamic and steady-state cantral system performances would Be improved becawse of
the borweer arder harmonics and of the reduced switching losses,

The proposed camrol method presents the following sdvantages:

o the contral of the mator is sirmples it does nat need any leok-up tables far the o and
OIS DEFErRrE CUrreEnis;

o thw direct limitation of the maxirmum g-axis current for the whale speed ramge;

o the flux-weaskiening area is well exploited;

o the comtrod sradlility in the cvermodulation regian.

™1

Fig. .2 Block diagram of the proposed vector control.
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6.2.2 System Limitation

6.2.2.1 Dymamic model of PM5M

The PMSM mathematical medel in po., in d-g retor reference Trame, can be wiitten i
falbowes (see chapter 5

Va’pu _ Tpu +s Idpu _a)rpulqpu idpu 0 1)
quu a)rpuldpu r pu +s lqpu iqpu a)rpuV/PMpu -
tdqelmpu = l//PMpu lapu + (ldpu - lqpu )lqpuldpu {6.2)
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whesie: e, i5 1he elecrical angular velacity in pu., . fe are TRE rmature Currents in
pru. o the o and 5 axes, Vi, . Ve one the erminal voltages inpou, onthe o and g axes, r.,
i the armatune fesistance in P, b, fe are the dand g ases inductanoes in po, on the d
and 5 axes, e is the permanent magoet Tux inkage, Lo s the developed electric
tergue in puu. and 5is the differential operator in po.

Iy Lhe case of nonsalient-pole PMSM, the relaticnship between the indectances
o thee e and gaxesis L, = .. while in the case of salient-pole PMSM, the relaticnship is
rd'w"‘m.-u—

6.2.2.2 Voltage and current limitation
In this study, all variables are inpou.

Iy crdder 10 do not exceed the inverber maximum curment, the PRSM magmum current
st e restricted by limating the g-axis current, which is the torgque proaducing
component, while the d-axis coment must be unaffected. Regarding the maxirmuom
valtage, this is dependent on the inverter DT -link valtage, Thus, the limitation conditicns
Tar the maximum current and voltage are:

, 2 2
gpu < /Imx i~ ldpu {6.3)

2 2
Vapu Vapu S Vax pu {6.4)

where: Ve 15 the masirmum voltsge magmitude in par, fuee 15 the masimoem current
AR i P, . e 008 The aomatore currents in g, on the o and g ases and v,
Wy 008 Lhe terminal veltages in g, on the o and & axes,

6.2.2.3 ODperating conditions of PM5M

Thie analysis of the PRSM in different operation regicns could be done usirg the circke
diograms in thes -t plane, Assurning thar the stator resistance of the PMSM is neglected,
thie current limit in the L-f plane is represemted by a circle, with its center in the arigin,
while th veltage limit in the & -4 plane is an ellipse, with the center in the point of (-fam
{F, or ), 1) coordinates (see Fig 6.3,

1 Ehe comstant tongue region, the d-axis refersnce current in pa, is generated wusing the
rdxirnem Borgue-pe-amgede control methad (MTPAJ (see relationship (6.5}, In this case,
the: operating points are on the curve A0) or on the curve MOT {see Fig. 630

1 the Mus-weakening these dre bwe operating regicns [3] Bee Fig. 635

o the flux-weakening region I where the operation is limited by Vi and L.
{area DACFH in Fig. 6.3.58, or OMOT in Fig. 6.3.bj
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o theflux-weakening region I, whene: the operation i limited by W, (CFH aseain Fig.

6.3.4)
1 A
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Liaxpu Cirele
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1
Power
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b.

Fig. &3 Cycle diagrams of PRSI drive sysbern,

The aperation of the PMSM drive system in the Nueweakening region | is possible anly
if thee current Charactenistic fom = (P i) 18 1685 ThEN e (the center of the voltage
ellipae §F in Fig. 6.3.8) is inside of the corrent limitl. In this case, theoretically, there is mo
apeed lirmit and the contral needs 3 maximum torgue per voltage control srategy. An
ecxample of Mux-weakening contral trajectosy inregicn Ilis presented in Fig 6.3, line OFH,
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G.2.2.4 Current reference caloulator

The proposed current reference caloulator & presented in Fig, 6.4 and, as it can be seen,
ther cutput of the Pl speed contraller is the amplitude of the graxis current in pa. (Faek
Based on the speed region leg. on eithier the constant-torque region or the Fus-
weakening regian] and an (Fed e dhaxis current and the limit Tor the grasis coment can
b determined.

1 gpue X Wy )J'

0

4 z N
Vspu + P Ydearpu +7 Ldtepu
N 1dCar '+ -
v S dpu
preom  — L =,
‘;ﬂpu
‘ldma'upu
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fqpu Re]i“{ﬁ_ 3) i :
Lookup Table .[Sqn(‘,l‘l-w xpue el L pu )"di'c'j‘pu
4
{gmaxpu
N L gmax, minpu N
sign (@, - )

Tgminpe

Fig. 6.4 Bleck disgram of the proposed cantrol msthod,

I tha constant-torgue region, the masimum eegue-per-amgene ATPA} controd method is
wsisd aned, thwas, thee a-amis reference current in pa, can be compoted as fiollowing:

2

g Yy Ypumy *
g = = o +i {6.5)

2(1dpu —quu) 2(1dpu —quu) i

In the case of nonsalient-pole PMSM, the d-axis reference current is:

inu =0 {6.6)

The lirmit for the g-axis elerence ourrent is:

* #) )
lopu = \’Imax pu " Ldpu {6.7)
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The MTPA cantral trajectory is imglementisd by a leokup table or it can be calculated
usirg the relationship (6 8) or (6.9

Iry thae Mus-weakening region |, the d-axis reference curment ingp.u. is computed cither by
usirg the relatiomship {r., = O

2
K _ WPMpu 1 Vmax pu 12 KD
Udpu =~ Tl T | T lapulapu

(6.8}
ldpu ldpu a)rpu

ar, in the case of nonsalien-pale PRGR, By using thie fallowing relationship {rpu =00

® l//PMpu + Vmax pu k)

— i {6.9)

ldpu_

ldpu ldpua)rpu
while, thee limit for the g-axis reference ourrent, in the Nus-weakening regian |, is using
the sarme relations hip {6.7).

Iy the Tus-weakening region I, the d-axis current reference in poa is computed either
by wsing the relationship (rpu = 0):

2 2
S VP 2 8Vmax pu (ldpu - quu )
lipu = _4 l ll’“ l 4ldpu _3lqpu - lqpu + I 16,10}
( dpu — qpu) dpu DrpuV PMpu

or, in the case of nonsaliem-paole PSR, By using the fallowing relatiosship:

* l//PMpu

deu -

{68.11)
ldpu

The graxis referendce current in Mux-weakening region I1is pravided by the relationship
A=l

2
i 1 Vmax pu Jx 2
Lapu = il_ (0— - (ldpuldpu + ¥ PMpu ) 614
qpu rpu

For even more acourate relationships of the reference currents on the d and g-
axas, the saturation and the cross-saturation must be also considerad,
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6.2.3 Description of the proposed control method

The proposed control method, for wide speed range PMSM drives, can be aasly
integrated in a well-known vector control (3ee Fig. 6.3), where the currents on the chaxis
and thie g-axis ane the main control varablis,

The black named “Current limit and iy reference calculator” (3ee Fig. 5.3 and Fig. 6.4)
is providing the limits of the speed cantreller and the aptimem value for the d-axis
reference current in a wide speed range, This control method is suitable For the P@WM-VSI1
working in overmodulation regian. For the constant tergue region, the "PlidCor™ contraller is
mot active (the positive limit of the controller is zeraf and the d-axis reference current s
calculated wsing the relation (53] or (5.9) (see Fig. 6.31, by taking ima account the: required
value for the q-axis current. In the lux-weakening area, the d-axis reference current is
prowided by the P eoltage cantraller, named "PlldCor®, whose limits being (0, e 10
conclusion, with the proposed control method, a fast dynamic responde and a srmaoth
trarsition between the bwo operating regions can be achieved, Thos, the minimom d-axis
reference curtent can be calculated using the Following relationship

max pu ’lf lqpu wrpu <O

idminpu maX pu’lf i qpu rpu >0 and Icarpu = [maxpu 16.13)

(6.10) or (6.11), if i, @, 20 and Iy, < Lynas

carpu

I s ™ P s s 2 Bsm s - thie PRSM operates in the Aucweakening region | isee Fig
6,360 and the maximum d-axis corrent and the maximuom g-axis curment can be cormgputed
in the rmator mcde and generator mode But, il fu e Lo the PRGN aperates in the fux-
weakening region | and the Nue-weakening region 1{see Fig, 83,80 ard the lirmit for the -
axis current canbe computed using the relationship (6.10F ar (6.11) or using a look-up table
that associates the maximurm d-axis current with the acteal motos speed. The values of the
[epak-up table can be evaluated either snalytically (6,13} or experimentally, when the model
is ot accurately known,

I s < Bpramen - W0 eF-amis Current is limiated at this value, and the g-axis current will be
reduced using the relationship:

2 2 .
Lgmminma pu = ST, (+\/ImaXpu bkt pu —ldtczpu) 6.14)

WA fapy ppns DO Fopenpe, €0 b compuated using the following relationship:

. |ldtcpu if Litepu 2 Id min pu - FCE101 I
Litelpu = . .
|Id min pu | if Larepu < Id min py - FCE101 i {6.15)
_ 0,if i dtepu 21, in pu - region |
i —
dtc2pu ips .
ldtcpu - Id min pu |° if ldtcpu < Id min pu "~ region II
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The degree of the overmadulation can be determined By the relationship:

2
v, ==KV pu {6.16)
T

max puom
It car be concluded that the d-axis reference current and the g-axis current limit ane
influenced by the modulation index and that the proposed control method is relatively
sirmgle to be implemented,

6.2.4 Carrier-based PWM-V5| Overmodulation Strategy

The PWA-YSE gaes into the owermodulation region sehen the reference voltage is
et outsiche the inmer circle. The overrmodulation region is subdndcded inta two regions: the
avermisdulation region |, where the avermodulation factor K is between 00907 <K< 0952
(et Fig, 6.5.4) and the overmiodulation region 1, where the cvermodulation factor K is
between 3551 < &< 100 (5 Fig, 6.5.6) [14]. In the svermodulation region |, the magnitude
of the reference valtage vectar changes, while the angle of the reference voltage vector
does not change, In the overmodulation region 1, both the magritude ard the angle of
the reference valtage wector are manipulated by the preprocessar,

Reference voltage vector 4 Medified voltage vector

a. Overmodulation Region |

Reference voltage vector " Modified voltage vector
ﬁ- Y
, o
) LY
L]
! 5
.l" .
)
L]
[ ]
[} 1]
] !
!
L] [
A [
. r
LY L4
~ o
) ,
-
Hold Period % =% -

Fig. 6.5 Trapectory of the voltage vector ine a) Dvermodulation Region §; b) Ceermodulation
Risgion .
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6.2.5 Experimental results obtained by implementing the proposed

control method

The experimental test results af the sersarless vadant of the propesed contral method
o a PRMSM drive is presented in Fig. 6.3, The maotar contral methiod was implemsented
using a V6 [bit] rmicrocontroller on a1 KW PRSE and the performance of the system wis
tested with a dynamameter. To simalate the same inertia as far the real application ol the
drive system an additional weight B added 1o the matar shaft, Ta verify the sdvantages of
the prapased contral methos vsing a PWM-VS1 operating in the overmodulation region,
different accekeration, braking and steady-stabe tests weere perdormed. The experirnental
results both in constant-tongue region and Aux-weskening region, are shown in Fig. 66,
Fig. 6.7, Fig, 6.8 and Fig. 6.9,
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Fig. &6 Acceleration with 0.03 poa, gradient: &) the reference and actusl speed 0.,
Pzl the reference and actual d-axis cument (M, i) and the reference and actual -
IS COrrEnt (P deds B the reference and actusl spesd (0 pee, Al the regulated
atator vodtage (Vo and the maximum terminal voltage (Vo=
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Acceleration performances arc shown in the Fg. 6.6, Fig, 6.6.4 shows the reference
currenits an the o and graxes, gerwerated by the progased cantral method, with 0.03 p
acceleration gradient, in the constan t-tongue region and alsain the Teld weakening regian
I and 1. Fig. 6.6k shiows the armature voltage reference Vo, and the imertes maximuom
termirial voltage |Vt

Because the imverter Bas na regenerative onit, in the case of regenerative braking, the
CCAink voltage is lirmited by wsing the proposed control method, if the regenerative
energy is supposed to be dissipated in the PMSM.
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Fig. &7 Brakireg operation gradient 002 pos o) the reference and actusl speedd (0,
Fleesds U2 reference and sctusl d-axis cument (M. fed 808 the reference and actual o-
DS CUFFERL (o e B0 e relferernce ard actusl s peed 1o, Meaeal, the regulated DC
lirik waaltagge [ Vi

If the deceleration gradient & 100 big, the roter speed of the PMSM s not capable of
falbowing the reference speed. o this case, the deceleration performance of the
propesed control method & shownin Fig, 6.7
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The regenerative braking performance is limited by the storage capability of the
PRMISIS stator resistance where ths regenerative erergy is dissipated., Fig. §.7.a shiows the
gererated reference curment on the o amd graxes in the regenerative mode, While the o-
axis reference current is kept atits maximmuem value, thie g-asds reference current is rsduced,
dhue 1o the DO - link voltoge lmitation (Vi
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Fig. &.8 Motor overmodul ation performances: 8] the Vo e 0md Vo, . the referemce and
actual caxis Curremnt 1P, b ard the reference and actual g-axis corment i, ek

b the reference and actual motes spisd (e, fad ond the regulated D link power
{Paceuaens Patesuls

The Figy. 6.8 showes the performances of the current controllers in the overmodulation
region and the macimum generated voltage according to the D <link voltage in the
casa of using the proposad control mathod. The benefits of operation in owermvodulati on
region are shown in Fig. 620 In this case, the maotor is sccelerated using the VS in
avermodulation region [npueom, Pdepuom} and then wing the W81 in the linear region
{npu, Pdepu) under the same power Emitation (see Fig 6851 A bemer acceleration
perfarmance in the case of the Va1 with the evemmodulation region is abserved,
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Fig. &3 With or without avermodulation motor perfarmances in steady-s1ate: the (e,
Fred 8010 Wb D6 ik Pronwer § Paceuane, Pl vOrsus mator speed,

The advantages of the operating in the overmodulation region in steady-state dre
prizsemed in Fig, 5.9, The experimentsl eesolts shaw that the regquired motor Cument §§ .t
and the power consumplion | Peaee in overmodulation region sre lower than the
redguired motos current (el and the power consumplion (P in linear modulation
regicn for the same losd valwe I is, therefore, confirmed that the operation in

aovermadulation region B mose effective. Moreover, by using the proposed control
method in the overmodulation region, the stability of the system is not
compromisad,

Thie camier-based P& valtage during overmodulatan is shawe in Fig, §.10, Tor the case
of K = 0,98 {see (6.19]).
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Fig. £.10 Carrier-based PWM valtsge aperating in the avermodulation region.
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6.3 Optimal Current Referencers for Four-Quadrant Operation
of PM5M Drive Systems

6.3.1 Introduction

An accuate fickd-onented vector control is considered to be that conrol appropriate for
the operating conditicns and the wpe of the PMSM used, The comral supposes the
prisence of current sensors and of the high-reselution position sensor such as a rotary
encoder or a resclver, which has a lot of disadvantages, such as cost, machine sioe,
reliablity andd noase immunity. Therefore, an intense effort bas been made in discovering
piewy teschinicpues for the rator pesition sensor elimination tormprowve thus the reliability and
1o reduce the cost of the drive,

There are many position sensorless drive systems Tor synchroncos motars applications
in the taday iterature, menticning in bere only few (18] « [47]. The reed of the current
serdars, in order © estimate the rotor position and spesd, B crucial for a position
serdarless drive system, In (18] = [31], the proposed sersorless drive systerm uses high-
resclution position sensars, In [32] + 471 the currents are estimated wsing thie motor
mathematical medel and, thus, become inacourate with parameter drifts due 10
ternperature ard saturation effecrs,

Iry this parsgraph, an impoved field-ariemed contral for the PRSM drives, where the
classical current sensors are elirminated and ondy two Hall-effect position sensces are used
instizad of a high-resalution pasition senaor, is presented, The bigh performant current contral
it schieved by use of 3 state observer fon the currents” estimation. Mareoves, a movel cantrel
rmethiod 1o generate the optirmal d- and g-ases currem refierences in differen operating
riegions and the limits of the speed controdler (., me, Leesd are proposed in here,

The proposed comtrol schemss may be wsed for waction applications amd home
appliances,

6.3.2 Drive system design
6.3.2.1 Speed control system desoniption

The black diagrarm of the proposed speed control PMSM drive is presented in Fig 6,11,
This rucnveel cortrod erethaod uses the PMSM mathern atical ok inpa & 16 [bit] microcontroller
wias wsed for it implementation The speed contral uses a Pl controller, whose output
represents the anmsture current i
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Fig. 6.11 Block disgram of the proposed speed contral drive system using a state
observer for the current estimation and twa Hall-sffect sensors,

The blocks used in sbove Fig5.07 ane next presented,

6.3.2.2 Dynamic model of PMSMs

Iy thie PRISK model inopow, inrotor reference frsme, by choosing as state variables the
curnents on the d-and g-axes in g the PRSEM dynamic micdel can be reseritten as follows:

dipy, )
= Alpu + vau + KPMpu
dt,
. Tdpu Vdpu
1 = Vv =
pu : pu
l‘]Pu quu
1
T 0
ldpu
B= Kpppu = PrpuV PMpu .17
/ lapu
L qpu
— "pu wrpulqpu
ld u ld u
A= v v
B wrpuldpu _ "pu
L lqpu lqpu
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whisre: w, is the electrical angular veloacity in o fa ., Gy, a0e The Srmature currents
orn the o ard Gaxes in P, e, e, are the o and g-axes terminal valtages in po, re, is
Ehwe armatune resistance in pa., G, are the o and graces indoctances in po. and wee, is
the permanent magret o linkage. Ino the case of the norsalient-pale PMSM, the
relaticrship between thie o and graxes inductances is L = L, whilein the case of salient-
pale PMSM, the relaticnship between the - and grases inductances is fy, # b

65.3.2.3 Current observer

Assumirgg an ideal invertern, e the cutput power of the inventer is egual with the input
power af the inverter, the following relationship can be written:

3 3 . .
Pdcpu = Vdcpuldcpu ~ 3 gpu = E(Vdpuldpu +quu’qpu) {618

whiere Vi, is the DC-link valtage in pu and L. is the OC - link current in pu. Thus, the
relaticrship (6.8 can be rewritten as

Ligepu = Clipy, {619
whasre;
v v
= 2| Y Vopu {6.20)
3 Vdcpu chpu

Considering the relationships (6.17), 16.18], a typical Luenberger state observer can
b basilt:

di,
dfb

~

= Al + BV + K pags + L Ly = Ttepn ) 6.21)

whire: fpu is thex martris of the estimated armatune currents inpou. on the d- and g-ases,

I depu 15 thee stimated DC-link current and L is the abserver gain matrix. The unknewn
observer gains of the matria L (L, L) can be caleularsd wsing the relationshipe

sI—(A—LCT )‘ =0 16.22)
wheie: 105 the dentity matrix,
The chardcterstic equation [6.22) can be expressed o

(S—p1)-(s—p2)=s2+a1d+a2 {623

wheere: py o ane the pales of charsoreristic equation,
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The desined pole location are given by the relationship:

Pra =0t jog =Em, + jou1- & {6.24)
whesre: £ is the damging ratio, and w. is the natural frequency.

For determining the values for £ and w,, the desired values for the rise time, settling
tirmee and maximum avershoot 1o be choasen as foll owing:

1.8 I

. 4.6 Ji-e?
f=—=06s 1 =—"x265 M,=e V"¢ 210% 625

o, $m,

The coefficients afl the gain matrix can be determined from the relationships (6.2.2) and
16,231, Finally, the estimated currents in o, on the o and graxes, using the state observer,
can be caleulated wsing the following discrete equations:

r /
2 _ pu 2 qpu »
Ldpuk = 1__tb Ldpuk—1 +_tba)rpuqupuk—1
Ldpu Ldpu {6.26)

1 A
+ / Vdpuk + lltb (1 depuk — 1 depuk )
dpu

. ron e » .
? _1_"pu > _‘dpu 2

lqpuk {1 lpu ! bJ’qpuk—l Ly (o Prpukgpuk-1 16.27)

Y PMpu I, 7

- W Dk + qupuk + lltb [I depuk — 1 depuk j

wbseres £y, i the e Lire,

The DCAink current [, is deduced fram the estimated values of the armature currents
on the o and g-axes using the relation (618}

6.3, 2.4 Current reference calculator

In the block diagram from Fig, 6.17, the P speed contreller cutput represents the
ampditude of the armature curent inpo, () Based an this value (7. and on the speed
reggicn [constant-longue of Mux-weakening region), the curment relerences on the o and g-
axes can be computed, 10 the canstant-1orgue operating region, the o and g-a%es Current
references in pa. sre computed using the maxiemum torque- per-amgene contral method
ard thus, yielding teox

2
i* _ l//PMpu l//PMpu n lspu 16.28)
dpu — - .
4(ldpu - lqpu) 4(Idpu - lqpu ) 2

-] G SENORLESS VECHIR COMTROL DF FEESIARENT MACNET 5H DHEDRARLE. AUTTOH DRI VES




or, il

*

Lipu = Lgpu = igpy =0 {6.29)

Gk ko) Ry
igpu = \Tspu ~ dpu {6.300

Ir the field-weakening operating region, the anmature voltage and current in go, ane

lirmiteed by the invertern
V _—«’Vz +V2 <V 16.31)
spu dpu qpu max pu '

2 2
spu :‘\Vdpu +quu SImaxpu 16.32)

1

whiere: V. e is the magdmoem voltage magniteds in pu. and L. .08 the magirmam
Current rmagnitede in po.

In the Aus-weskening region, thene are two operating regions (175
o theflux-waakening region L wihiere the operation is imited by Ve eoonid e
o the flux-waakening region Il where the aperation is limited by the V...
The operation ol the PRMAA drive system, in the Aus-weakening operating region 1, is
passible only il baw = Wi ! b = b go, Mzaning that the center of the voltsge ellipse is

inside af the cument limit, In the Tuce-weskening cperating region |, the d- and g-axes
current references in pou. can be calculated as follows:

V'
2 max pu 2 *2
] I 2 VpMpu — +quulspu
x Y PMpu dpu 3 ¥ PMpul dpu Orpy

tdpu = 2 2 2 2 - 2 2
4(ldpu _lqpu) (ldpu _lqpu) (ldpu _lqpu)

{6.33)

of, iF{ Ly = lopy &

2 V'max pu 12 k)
Y PMpu — + qpulspu
’ O 6.34)
Loy = '
Ipu
2'//PMpuldpu

* [x2 _*
lpu = \ispu ~ dpu 16.35)

Iy the Tux-weakening cperating region I, the current references in pa., on the d- and
g-dzes, can be calculated wing the following relationships:
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2 2
Y PMpu 8V "max pu (ldpu - lqpu )

xo _ _ 52
ldpu = (] ; / 4ldpu 3lqpu lqpu + > 2 16.36]
( dpu — qpu) dpu OrpuV PMpu
of, i1 gy =lopu i
. Y Py
i =~ l i 637
dpu
2
Jk 1 V'max pu ¥ 2
lqpu :il ” _(ldpuldpu —H//PMpu) {6.38)
qpu rpu
Ir {6.33), §6.33), (6.36} and (6.3BL ther Vi o Can be computed as Tollows:
V'maxpu = Vmaxpu - rpu[spu 16.29)
2 2 2 52
V max pu — Vmax pu 2”'pi,tpdqpu + rpulspu {640

whesie: Py, i% the slectrical output power al thae inverter in poa.

Taking inta sccount the abowe considerations, rmany methods te generate the current
referenices on the o and g-axes in the differemt operating regions could be found (18], [17],
Im here, the propesed control method, is capable 1o generate the current references on the
- and -axes in the different operating regions and alse the limits af the speed contraller
(s mome Do rade FO0 @lesctric drive operation in all four guadrants [see Fig. 6920 In the
Constant-tomque operating region, the d-asis current reference is caloulated vsing e
16.28), and the output of the voltage Pl controller, called "PI_IdCar”, is zero. In the flux-
wiakening cperating region, the output ol the voltage P controller, callad “Pl_IldCor”,
is added o the d-axis corrent reference caloulated using [6.28).

The inguts of the voltage Pl controller, called *PI_ldCor”, are V., and V..

There sre power converters that do not have any regenerative unit due 10 cost reasans.
Iy this case, in the proposed control method, the valtage PLeontioller, called “PI_SVWCar", is
designed 1o increase the d-axis corrent reference and decresse the g-axis relerence
currenl, onky il Viee, < Vi fregenerative braking). Vi is the maxirmurm allowed DO -link
voluage,

6.3.2.5 Voltage reference caloulator

In the retor reference frarme, the curremts an the o- and q-ases became DC values in
ateady state and, therefore, bwao Pleontrollers can be used, These Pl controllars contrad the
d- and g-axes independently, by decoupling the rotor cross coupling. The block for
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the valiage reference calculator & presented in Fig. 6.3, the values of e, fe indductancoes
are cxperimentaslly established, considering the saturation effect. These values are then,
implermented ina table as function of d- and g-axes curment,

Vllm!pw
| Victpu
5 v : =0
Tt Pl + "Mn ~
SVCor L fisrm =0
fniw | — v = V.u-
= " & ;
L s+ winsr,., Ve = Vg T Ky, RN
. W et
1 ¥, I, =
z r‘ - N s ;M
oz PI + 1 =0
1dCor L T
Y T =T £
fansy, =0 —
f.-in.s‘:'__ ==1L5%
g = (1)
‘Fmrm
2% _
e . L "J'w-v = Fhig 'S’Eﬂ@le
=l *sign(l,,,)
f!Erl‘H'Il

T = g

7 g = g

¥ 't
[ - Rl L =
¥ pulim _ifv-u| L piimin = = pulim

Fig. &12 Black diagram of the proposed corrent reference calculator.

K

o % TN (e
P (Antiwindup) F -

,quWu
o
I dpu (fdpu )
Eoull
i qpu Gﬁff’“ )
destpu

i &*L T |V 4 .
T (Antiwindup) Al "N :

Fig. .13 Black diagrarm of the voltage reference calculator in rotar refenence framie,
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6.3.2.6 Compensation of the D voltage ripples and of the inverter nonlinearities

Thve DCAlink violtace & mat corstant, ts variation will cause variations in the statar valtsge. A
cortiol method {in stator reference framie) 10 salve this issoe s proposed inFig 6.4,

Vﬁm i -
Pikmwu
A..
2 ‘{lt‘l’ﬂl!ﬂﬂ'
Voo 1
V‘hﬁm"r;m == Vu.[i compu =]

Fig. &14 DC-link valtage ripples compensatian.

Thv irmverter ranlivkearities ane caused by thie dead-tirme amd by the voltage draps on diodes
arvd ETS. The woltage drops are compensated using thie fallowing relaticnships [22):

2

1 1% VdcpuCTZb . VdcpuCTZb
- T depu®m - 2 H la,b,cspu <-

c la,b,cspu tm

2
Au - Li i <_V‘1"1”‘—qzb {6411
cna,b,cpu a,b,cspu a,b,cspu

2C:2,T,

m

i f— decpuCTZb . > VdcpuCTZb
T depu®m 2l H a,b,cspu t

c a,b,cspu m

W At b e 5 1e corrected valtage for the phase a, B cin po, L, s the desd-time,
Cris the capacity of IGET and T, is the SV periad.

6.3.2.7 Rotor position and speed astimation

For the PMSM drive system position and speed estimation, two Hall-effect sensors ane
used, Their resalution & only 30 electrical degrees. The signals measured by therm are
ahicwr in Fig, 6.15.

The average speed between two Hall-offect sensor signals can be caloulated with
Lhwe Following relationship:

— — — f;imer
a)ravpu - a)rpu - a)rmpu - 2 f v 16.44)
b" ctimer

Whatre: fme, 1% the Bmier frequency, Vi, is the counted value,
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Thie rotor positon can be estimated vsing the: fallowirg relationshipe

grpuk = grpuk—l + a)rputs 16.43)
whsres 8 is the sampling tirme,
Wrmpu
T [ (|
Hall 1 H H H H-Hal2
d.
Hall 14 Ormpu Hall 14 Drmpu
| |
L] | | |||
Hall 2 4 Hall 2 i
9]“ ;er

0 90 180 270b0 90 180 270  -180 -90 0 -270 -180-90 0 -270
A c:

Fig. .15 Hall-effect position sensor signals,

Relvtomship (6.42) is valid anly il the rotor speed is constant, In ordisr 10 improve the
eslimated rotar position between the signals of twe Hall-effect semsors, the rotor speed
can be caleulated with the fellowing relatian:

rpu. cu=spu-s

wbseres #,, i5 § test value,

6.3.3 Experimental results of the proposed drive system of PMSMS

The proposed speed control drive system was implemented  using a 16 bt
micracontreller snd & 2 EW PRSI mator, For the experimental tests, a dynamameter was
wsed. Performances of the proposed contrel method in both the constant-tergue and the
ux-weakening regions ane shown nest

The control system performances analysis in the ficld-weakening area is done by
accelerating the motor fram 5560 rpm Lo 16400 rprmowith a gradient of 460 rpomy's, while the
tedgpue lawd from the motor shaltis T, =0 o 7,2 @

For the contral system pedfarmances presented in Fig. 816, the generation of the
rieference currents is dome firsthy froem the PASM pararmeters, whibe for the ones presented
in Fig. 6,17 and Fig. 818, the reference currents are obtained from the variation of the
reference voltage when the output af the speed controller is I7and 7, respectively.
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A it can be observed, the speed dyamics are very good, The imverter wsed has no
regenerative unit, but, despite this, the curent references provided by the proposed
contrel method ane limiting the DC-link valtage in the case of regenerative braking,

18000 3

©
Current [A]

=5

Speed [pm]
. % 88 8§ B

18000 i 250
16000
— e — -
14000 +
12000
} 150
10000
£ s
¥ o : §
£ 100
o
6000
4000 v = 50
2000 = 1
=i
o ' rome s o
0 5 10 15 20 2% 30 35

Time [s)
b. [ net ™= nel™ s+~ vmax|

Fig. £.16 Performances of the proposed speed contral Tar the PMSM drive systerms during
acceleration when for generating the reference currents the PMSM parameters are uied:
"i}nel'nZl‘ i;;' i;* b} nZl‘ Neys Vs*' Vinax-
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Fig. 817 Pefermances of the proposed speed control for the PMSM drive systems during
acceleration when the valtage reaction V., is used 1o generate the relerence curments
anel the output of the speed contralberis 152 al ng. ngy, 15,05, Bl ng. n5, Ve Vg,
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Fig. &18 Perermances of the proposed speed control far the PMSM diive systems during
acceleration when the voltage reactionVmas is used to generate the reference currents
andl the output of the speed contralber is i: 8l ng. ngp. 05, (0. Bing,. ng Ve Vigy.
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Fig. 19 Performances of the proposed speed control far the PRSM drive systems during
deceleration when the valtage reaction V.., is vssd bo generate the reference curents
and the output of the speed contralber is 5 al ng. ng,, (5.0, Tor a gradiem of 560 rpmds,
b ngp 5y Vi Vs Tor a gradient of 360 rpm/s, € ng,. gy, i5.00, for a gradient of 1120
rprmds di g, o Ve Vi, Tor a gradient of 1120 rpms,

The deceleration performances of the PMSM drive system are depicted in Fig. 6.9 and
Fig. 5.20, for two cases: when the vollage reaction is wsed 1o generabe the reference
currents and the cutput of the speed controller is and, respectively, in far two gradients:
o of 560 rpmy's and the secoand, of 1120 rpmys,

It can be noticed tha, i the deceleration gradient is wo high, the PMSM speed will not
b capable of following the reference speed (see Fig. £13), Generally, the regenerative
brakirg pedormance is irmited due wa the DCink voltage rmitation. Parsoullary, by using
thie proposed control method, the BC - link voltage will be limited at the masimuonm valoe

Viomai

-
-
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Fig. &20 Perfermances of the proposed speed control for the PMSM drive systems during
deceleration when the valtage réaction V., is used i generate the referene curents

andd the output of the speed contralber is i: alng, ngy. 05,0, for agradient of 560 rprvs,
Bl ere 50 Ve Vingy Tior @ gradient of S60 rprmis, € ngy, ny, ig.0g, for a gradient of 1120
rprmds, di g 15 Ve Vi Tor a gradient of 1120 rpmds,
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Iry crcler ta Furtheer prove the superiarity of the proposed control system perfarmmances,
ancther test has been perfarmed in the case of acoelerating the PRISE from O rpn to 14000
rpen, with a 1680 rprmds gradient, when the losd torgque is Ty = 3.2 Nm {see Fig. 6.21.4, b),
arvd in the case of acoelerating the PRSM from O rpem o 162400 rpm, with a 1680 oo
gradient, when the load torgue 8T, = 2.2 Nm {see Fig. 6.21.c d)L respectively.
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Fige §.21 Control system performances during acceleration far the thiee control stratigies
far currents determination i), if} o and B pedormances during acceleration fram G o

14000 rpam with & 1680 rpeis gradient, and the resistent torgque of T, = 3.2 Nm;c) and d)
performances during acceleration frorm O 1o 16 400 rpm with & 1880 rpmys gradient, and

thes resistent torque of T, = 2.2 Nm.
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I whiat Follenas, the comtrol system anabysis will be perfonmed in the constant torgque anea,
whaere the speed of the motor & tied o be maintained constant at 560 rpmashie the loaed
borcue wariess from 0 Mm 1o 28 Mo for one second, In Fig 6322 the variation af the speed (the
spesd wanies n,, = 560 £ 60} in the case of changing the lead torgue can be obsered,

Ir Fig §.23, the: measured and estimated variations of the DO corrent and of the d- and
draxes currents are presented for the load torgue varation from O Mm 1o 28 Mm for ane
second [y and yqq respectively iy, ig. lgese. g: g lgese-
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Fig. .22 Speed control performances in the canstant-tongue operating region when the
torgque vares T, = 0 - 28 Nmin 15 a) . T; B] Pa, Preee
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Fige 6.23 Cantrol system perfommandces in the Constant-tongue operating region when the
torgue varies T, =0 - 28 Nmoin 1 8 af Iye o Lgeeset bl 5. ig. gese. a0 05, igeqe, ige

respectivedy.
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6.4 Conclusions

This study, carfied ot by the research team within the Electrical Emgineering
Cegartment from LUET, in the first parsgraph, has presented a novel control method o
PRSI drives fed By PWR-VS1 operating in the overmodulation region inoa wide speed
range, This FRSK, crive system is apserating in generator mode, using the proposed control
rmethiod, The PWR-WSD S equipped with & regererative unit t supply the ac power from
thie rmains, IT the PFWM-VS1wasnt equipped with a regenerative unit, the generator mode
operation of the PMESM would be avoided, by limiting the makimoem g-axis curment. The
proposed contral method provides a smooth transition inte and owt of the field-
weakening regian over a wide speed range, Mareower, the method is not sensitive to the
mictor pararmeters and it is relatively simple to implement using a 16 [bit microcontrolles.
Thie PMSK drive dynamic and steady state performances ane improved by wsing the Wslin
the evermodulation region, while the switching losses in the power module will be
reduced, This contred is stable in the overmodulation region and itis capable of Tollowing
the BCAink variations. The experimental results have shown the benefits ol wsing the
prapasee cantral method,

The experimental resuli obtained with the second proposed contral for o PMSM drive
systern, have also shown good dynamic performance of the propesed curment obsereer
ard also a good dyramic spesd response, In general, in order 1o estirmate the o- and o-
axes armabore Cwrrents, the DC-link voltage and current need 10 be measured. For that, a
fast analogue to digital converter can be wed, The propesed control method could be
implemented vsing & 16 [bit) microcontraller, For the proposed speed regulation drive
syiterm, the cumrent sensors are eliminated and only two Hall-effect sensons for position
arvd speed estimation are used, Therefore, the cost all the drive is reduced, i the proposed
drive system, the nflluences of the imeerter nonlivearities, the CC-link weltage and the
saturaticn effect ane eliminated, Maoreover, this secand novel cantrol rmethesd & capable of
calculating the current references on the d- and graxes, in a wide speed range, Tor s drive
operating in all fow guadrants, even il the power converter is not provided with a
regenerativie wnit.
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SENSORLESS - VECTOR CONTROL OF PM -
ASSISTED RELUCTANCE SYNCHRONOUS
MOTOR DRIVES

7.1 Introduction

MWawadiys, thene is continuous demand for better performance, lower emissions. and
irnproved fuel sconomy in today's vehicles. Therefore, the manulacturers ane investigating
Al kircls of features felectic power steening, ekecrromechanicsl valves, etc) for this punpese,

In crcker to meet this need for poweer, a pracical idea is taken into consideration - the
replacerment of the starter and of the alternator in @ vehicle with an electronically-
controlled and very competitive electrical machire Swch a machine, mounted an the
crankshaft, offers & wery compact package and & wery fast resporse regarding the
trarsmission of the targue te the shalt,

Thie PM-assited Reluctance Synchronous Machine can be used for this purpose. The
need for & good efficiency in & very wide power-speed range of 61 in s hybrid elecwic
vehicle con be sccomplished by using this kind af machine when it operates st high fux
densities [18].

The variable speeed perrnancnt magret syrichronous maotors’ IPRMSIs) drives bead to the
falbaveirsg scvantsges: a high efficiency, the elimination of an additanal power supply, the
high values of the elecromagretic torque per valume unit, the possibility of high
performance contral system schiovement, the possibility 1o oblain applicaion-specific
drives [19] + [22]

The PMSMs are charscterised by a superion power factor and efficiency if compared 1o
other AC machimes, The PMSM manofactorers choose 1o use a particular wpe af
permanent masgiet {PMY, depending an the parameters imgosed on the machine, on the
PM pedormances, an the procurement conditions, and, particularly, on the PM cost [1].
Maow, the rare-carth permanent magiets and Ferrites are the mostly used types, Rare-earth
permanant magrets (PM) are the best technical salution for the PMSM, The Samaiom-
Cobalt PM has the sdvantage of a high residual magnetic indection, high-energy density,
limear demagnetsation curve and a very good thermal stability. The lower maximum
aperating temperature (~250°C] and the high price can be presented as a drawback, The
P of necdymium-iran-baran have the highest residual magnetic induction, the highest
energy density and a high coercive field strengthe The drawdback is the low value for the
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magirmnum working temperatune (~ 150000 and the oxidation passibility, Due to their
chiaracteristics, o PSS with law weight due 1o the high enwergy density [8], 1], [5] could
b buih.

In canclusion, rare-sarth magnets (SmcCo, Nd Fel) are a good alternative 1o the PMSM,
bt they clairm a rapidly rising price wend in the last years; therefore, in the literatune,
during the past decade, differemnt design solutions for the PMSM using Ferrites 1o
arvercormie this prabderm were presented. Ferrite PV s an alvermstive i the PRSM built, due
1o their lows price and the face that they are casy 1o be prodeced. Ferrites have a linear
magnetisation curve, 8 moderats maximem operating wemperature (~350°0), but the
resicual magnetic lux density is low (6], The result is a Bigh volurme and weight macbine.,

synchranows reluctance matars (SynBME are apparent-pole syncheonous machines
with large saliency ratio. They are referred toin the literature a8 the reactive synd heonious
machines or the variable reluctance synchronous machines with a passive rotor. A lange
saliency ratio can be schieved by both the axially and the transwersally Lsminated rotor
structures, The process of the electromagnetic torque productian in a SynBM is baded an
thie anisatropy shape, which charscterises the machine. In the lastdecad e, the transversally
[arnimated rotor strecture is prefermed, since the axislly lamdinated rotor structure has somwe
drawbacks, fram the mechanical paint of view. The rotor has differem construction
variants [6], 170 Generally, sl these types sirm st obiaining different magretic perm eances
on e o and graxes, necessary 10 produce the reluctance woeque neactivel. The
acleamages af these machines ane:

o the smplicity of the wechnolagical process,
o b len-roat,
o Lhe low moise and the robustress [11, 61 [71. 18], [17].

The main disadwantages ane related 10 the low value of the developed elecramagnetic
torgue, the kow value of the power factor and the bow efficiency.

SyniPAM electromagnetic charscreristics can be improved by creating a rotor having both
the permanent magnets and the variable reluctance, obtaining thus the permanent
magnet assisted synchronous reluctance motor (PM-RSME In Fig, 7.1 and Fig, 7.2, the two
types of permanemt magnet assisted synchronous reluctance moter (PM-RSM) are
presented, Fig, 7.0 shows a tramsviersally laminated P-RSM. Fig. 7.2 shows a four-pole PM-
RSM. Such & construction schiewes an imprevement of the magretc charactenistics such
44 power versus internal torgue angle, power Tactor versus mechanical power and
efficiency versus mechanical power [90. To achieve superior performances with this new
topalogy, & PM-RSM optimisation procedurne is reguired, Many valuable papers are dealing
with this subject, such as [10] + [16].
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Fig. 7.1 Tranawersally laminated PM-RSWL

Fig. 7.2 A four-pole PM-R5M.

Sy under closed-loop contral can easily be controlled and eperated, due wa the
completely new possibilities through the developrmem of power electronics-based drives,
Thus, the drawback of this machine urder direct operation and supply, especially stability
arvd start-up tergue, can be overcome, Both feld-oriented comrol and DT and similar
mietheds have been presented inthe literature for the SynRl operation. It has been shown
that thie SynAM umder closed-loop contrel has some advantages caompared 1o the
ircluction mabor, which is the powerful industrial competitar of the SynBM, when varable
apeed operation with high efficiency is demancled, The simplicity and adaptability in
prococ o and operation, the highers efficiency and tosgue density, the higher averdosd
capacity and the lower temperature are sorme of the SynRM advantages in com pansan te
thve invdcticsn mmachine, The main advantages of the SynRb ane the fallowing:

o the pessibility of starting by the direct connectian ta the grid, due o the squirrel
CHGE N & rotor;

o the very simple construction and manulacturing technalogy;

o the lew manufacturing costs.
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G the ather hand, the construction of the SynEM has many dissdvantages:

o ihw low walue of the developed elecramagnietic torgues;
o ithe low walue of the power factor and the low efficiency;
o the rated output i lower than the rated power of the induction machine,

A far as the mation contral of the PM synchronous machine is concermed, it reguines
accurate position and velocity signals to realise the field obentation. In general, these
Teedback sigrists come Trom devices mechanically coupled 1@ the rotar, 1o elscrormagnetic
resolhvers, resobers ar optical encoders. However, these additional sensors, connectans and
wiring mcrease the cost of th system and decrease its reliabilivg [19].

The recluction in the mechanical robustness and the cost af the sensors makes the
elimination af these devices very desirable,

In thie last decsdes, there hive been numeraus publications of methods to eliminate
the position sensors on electrical machines, Most of these wechniques are based on
tracking the back-EMF, which limits the maching's law speed operation and its sensitivity
b thee machine parametens’ estimation, such & the stator inductance or resstance,

It has been found that PRSM reacts in different ways o the high frequency (400-
1.0008z) phase volage injection depending on its rotor speed and position. The
irregularities in the rator structure generste cacillations in the current amplitude due o
the high frequency carrier, which are proportional 1o the rotor pesition. A1 the same e,
thie fresquen cy of these amplitude madulations is proportion al ta the machine's speed, This
is due o the charge in the magnetc path when thie stator slors appear in different
pasiticns with respect G the oo iron stroctore or to the PM pasition, A Tast Fourier
transform (FFT) analysis of the phase currents reveals spectral components st the
Treguency related ta both the rotor speed and the numiber af slats, Therefore, the miotor s
emploved as a kind of resolver, due o the charge in the magretic reluctance that can be
aclvamagecusly considered for the position estimatian.

Twi basic methods for the initial position are used - the pulse signal injection or the
sinuscidal carrier signal injection. The pulse signal injection methods are often based an
estirmatireg the minim inductance location using a caloulated gt oblained during sarme
Tarm off itefative square wave woltage injection 1o arbitrary axis such a thar in [20]+[24]
and can be applied 1@ both the sedace [20, 21, 22 24] and the interior permansnt
aynchronous machine [23]+(24].

The motion-sensoress control methods of PMEM Tall into twe main categories: 1} emd
tracking based on the fundamemal model, that fails a0 zero and very low speed, and 2
signal injection methods, which work Tram standstill But should be dropped at a cerlain
lew speed in favour of the emil tracking methesds,

The PRMSM is blessed with the d-g saliency, which is wracked Tor the rotor position
estimation. Persistent high-frequency carrier-valtage (£ = 300-1,000 He, V. = 1-10 V)
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[19]«[24], ar discrete woltage pulses [20] can be injected in the machine for the rotor
position tracking, The resulting carmier-Current hanmonics cantain the rotar positian
infarmation. While & low pass filter (LPF) separates the fundarmental cument, a band pass
filter (BPF] in a specific reference sehects the targeted carrier-current harmonic, The BPF is
commplemented by o phase-locked loop (PLL wacking observer that extracts. the rotor
speed and position.

In thiis research study, the weam at the Department of Ebectrical Engineendng of UPT his
proposed, firsthy, two new low-cost ferrite ¥ permanent magnets asssted synchonous
reluctanee rotor geamenies (VPM-RSM), The first proposed rotar geometry has one W lux
barrier {1WE while the second one bas two V M barriers (2V5 The Mux barriers used ane
made from Ferrites in order 1@ improve the motor perfformances. For the extreme cases
fwhich is also the case presented herel, these NMux barriers will be completdy filled with
Ferrites, so that the rotor configuration is alsa known in the literature as the interior
inclined W permanent magnet syrchronous motor. Secandly, the reseanch team has
proposed a rew rotor topalogy with flux concentration [PM-RSM-FC) made of ferrite
FMEgres, &% an alternative to the FASM made of rare-sarth magoes, wo, All the studied
soluticrs aim at & much cheaper altermative 19 the rre-canth permanent magnet
aymichronous matars,

Ir the second part of this chapter, the vectar contral is used for the mation semsarless
implementation of 3  tansversally  laminated  PM-RSM O (PM-assisted  reluctance
aynchranaus motar], The space vector madulation (SYME s applied toir

After Biaving reviewssd the saliency-tracking estimatons [2004[22], [24] and the mirnor-
phase estimator (51 a simplified estimator with enly one D-medule vector filber (compansd
with twe in mirrar-phose] is used 1o estimate the reter position & speed [15).

A borbid voltage-current model closed-loap Mux abserver takes the roton position into
ity current model a1 low speed, and uses anly the valtage medel at rmediom-high speed,

A detailed presentation ol the proposed dawve, incloding the experimental results, is alse
prisemed here,

7.2 PM-RSM design aspects

Mainly, the purpose of this reseanch is te stwdy the pefformances of the mater having a
novel geometry, cbtained by combining the stator of an insered tangential NdFeB
permanent magnet synchronow motor with the proposed rotod geametries. The
proposed roter gecmetries must be optimally designed in order to achieve the same
TodEpUe P Currenl ratio in the constant teegue area and the same torgue capability inthe
Tielel woeakening region as Tor the PISM with NdFeB having the initial rotor geometry, The
main challenge of the rotor design using Ferites is the small space available for the PM
arvd the Mus barriers,
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The proposed ratar design is based on the existing 12 stator slats with concentrated
windirngs, having an inner diameter of 30 mm. The staton kength is 37 mm. The winding
scheme s presented in Fig, 7.3.

Thie raewr rotar hias the same number of pales and the same outer diagmeter of 43,3 mm,
thve sivrme a5 for thee imitial rotor, The permanent magret wsed for the new proposed rotars
i & strontivm ferite Fs-4 with the following magnetic properties: S, = 04T, H. = 223
ks and (BH) e = 27.2 Kim®

AdA

T A

R|S|T|Y

Fig. 7.2 The machine statar-wirding scheme,

7.2.1 The design method for the PM volume
Feor thie calcubation of the requined permanent magnet volamie, the Below sguation was used:
2 kw-kad(1+g)
7% fs kyn ki B, H,. 1, cosg,
where: ky - s the shape coafMicient of the pesmanent magnet Tield, K, - is the air gag
rndgrenc reaction coefficient, ¢- is the motor excitation degres, - is the stabor Meguency,
Kom = is the coefficient of permanent magrels use, fy, - is the efficiency and cos ¢, - is the

rrcbor peweer Tactod, Ta. - is the rated tarque, Dy - is the mechanical speed and K, - is the
rrctod cverboad factor, and it can be caloulated by using the belaw relationship:

Ver ko Ty - QA7)

{7.2)
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7.2.2 The design method for the inductances Lyand L,

The design of the proposed rotor was carmied out using the two-dimensional finite
clement software Veotor Felds OPERA, which wakes into consideration the magnetic
nonlinear behaviour of the materiaks, which plays a key role in the mator performance
prediction. The back EMF, the cogging torgue and the torgque ripples caused by the
permeance varnatons are considensd by the movement of the rotor aver the stator slat
pitch. For the sirmudation of the d- and grases inductances, a standstill method wsing the

FER saftware is proposed here For a nanlinear magnetic material, the inductance
depends onthe cumrent level,

Fig. 7.4 shows the variation af the o and graxes magnetc Mus versus the current on the

of- anid graxes, The indectance in a certain poim "k can be caloulated using the Tollawing
rielaticnships:

d\Psd,qk

7.3
dl, 73

Ld,qkt (Id,qk )=
gk

The d arvd cp-axes stator Mux linksges can be caloulsted using the follawing relaticnship:
Voggh = [ Uiy = R*iy (el 7.4)

Vsd, q,

S
Vs ql < A‘t‘_

wsd, gkt

Id,qk

Fig. 74 Manlinearity of the d- and graxes inductances,

Lagl Lig

7.2.3 The design method for the rotor's different geometries
Iy carcher Lo cabstain the desired rotar gearnetry, many patented rotor geametries, exsting
already in production, were studied, From the beginning, the desired geometry was & new

transwirssl rotor geometry that can be implemented by o series production, There were 2
variants proposed, as illustrated in Fig, 7.5 [17].
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As it can be seenin Fig. 7.5, there ane 7 variants of variabbe reloctance ronors assisted by
permanents magnets (numbered as 2, 4, 5 6 7, 8 and one variant with rotor flux
concentration [numbser 3],

plastic
- bronz

_PM.
- steel

* shaft

Fig. 7.5 The propased rotor type vanants for the PM-RSM.

Irv comclusion, the scope of this research was 1o design all the rotor geometries
presented in Fig, 7.5, fram which three variants: the variant with one V N barrier (1),
with two W flux bBarriers (2V1 and a variant with flux concenteation (PRM-R5M-FC) made of
Ferrites, a5 an alternative 1o the rase-carth magnets, were extracted for o deeper anakysis,
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7.3 PM-RSM rotor’s geometry varnants

In wehat follows, three tepes of rotor geamietries for the PR-RSM case are presented. They
were all developed by the research tearm an the Departrment of Ekectrical Engineering of UPT,

7.3.1 The VPM-RSM with One V Flux Barrier - 1V

The first variant proposed here B the VER-RSM-1V rotor geametry, o shown in Fig, 7.6,
The permarent magnet volume value Ve = 29387.37 mm® was determined osing the
eduations (742 amd (7435

As Fig, 76 shows, the ferrite reguired wolume s high, viekding 1o a flux barrier
adjustment acoonding o the magret volume; in which case, there are not so many
possibilities vo optimise the shape of the flux barries. The width of the lux barrier is 5.7
rmrn. In Fig. 706, thae permanent magnet Tux plots on the d-amd g-ases are depicted, The
P flux density distribution in the air gap, obtained by simulation, is shown in Fig. 7.7,

Fig. 7.6 Owe W Mux barrier rotar geometry: 8] the PR Nus plors ancothe oF-axis, B) the PM ux
plots o the g-axis.

Thie pisk values of the PM lux density distribution in the air gap are 055 T and 04 T,
res pectively, Fig, 7.8 shows the shape of the back-EMF and the shape of the cogging 1omue
a1 750 rpm, This figure allews the determination of the back-EMF peak value (£, = 16 V)
ard al the cogging tergue peak value (T, = 0045 Nm). The permanent mageet Mo
limkage value is yey = 0051 Wh, The inductances Ly and L, curves versus the L amd 1
currenits, resulted fram simulation, sre shown in the Fig. 7.9 They wene abtained using the
FEM and the methed describisd above by the relationships (7.44) and (745), Fod the
incluctances on the d- and q-axes, the next vaslues were obtained: Lyl = 2380 mH, L{4a]
= 17,1 mH, wehich mveans that the saliency ratio 8 L', = 1,39, Fig. 7.10 presents the Loogquee
variation caused by the permeance vanations at 5 A in the constant torgue area, In this
case, for the proposed YPM-RSM-TV retor geometry, a1 5 A, the average torgue is 7, = 7.3
M and the rgque ripphe 5 T = 26 %
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Fig. 7.7 The PM Ml density distribution: a) on the dhasis, Bl on the g-axis.
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Fig. 7.8 a) The back-EMF, B The cogging tarque,
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Fig. 7.9 a) The Lyinductivity curve versus the & current and b) The L inductivity cume
viersus the Lourrent.
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Fig. 7.10 The torgue varistion a1 5 &

7.3.2 The VPM-RSM with Two V Flux Barriers - 2V

Irv this parsgraph, the second proposed rotor geametiy (VPM-RSM-2V), with two flux
barriers, filled with Ferrites is presented, Fram the peint all view of the topology and of the
material characteristics, the stator remains wncharged comparing with the first proposed
variant. In this case, for the rotor geometny with twe Tux barsiers, actually twa different
variants are proposed here see Fig, 7.77.4, and b

o ihwe finst variar (2W) has two Nux barriers with the same width (2 mm} and the
permanant masgret velume is Vg o= 29,325,004 rmm?;

o the secand variant (WL has alsa twa fux Barress, but the width of these twa Mux
barriers B different (7.2 mm and 1.27 mml, and the permanent magnet volume is
Vi = 24,335 78 mwn® {17 o less valume than in the first wariant).

Far Both wariants with 2 Mux barriers, ot least 26 % less permanent magnet valurme is
used, by comparsan with the previous varmant 1V, In this case, the simud ation of the P
ragretic Mux density distribution {on the d-asxis and c-axis), in air gag, demonstrates the
samie shape as For the vanant 1V, The peak values of the magnetic Mus density in the air
gap, an the o and grases, resulted Trom simulation, are in this case higher with about 25
% than in the case of TV robor gearmetry wariant,
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Fig. 707 The Twea W lux barriers rotor geametny: ab with same width of flux barriers 2v;
b} with different widths of the ux barriers 20,

Back EMF [V]

200
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100

-100

Fig. 7.12 The Back-EMF a] for the 2V variant; b) for the VU0 variant,
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Fig. 7.13 The cogging torgues a) for the 2V variant; b for the 2V variant

The curves for the Back-EMF and the cogging targue, obtained thraugh simmilation,
ahiown in Fig. 7.02 and Fig 7.03, will be further analysed, The 2V rotor geometry varant,
with e egual width Barriers, is characterised by a back-EMF peak value of £, = 24V,
thwis, an increase afl 33 % comparing it with the TV rotos geometry varant, while the 2vU
rotor geometry variant has the peak value of the back-EMF £, = 22 V. The permanent
mmagret Mux linksge has the following values e, = 0076 WE and ey, - D070 Wi,
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respEctiviely. Thee cogging rargque peeak value for the teo proposed varams, sith two fus
brarriers, 80 Taogee, = 00012 Wm and Tapee = 0045 Nm, respectivety,

Fig. 7.04 presents the L and L inductances curves versus ipand G corrents for the 2 flux
brarriers. IV rotor geametry variant, being very close to the ores for the ZVU rator geomstny
variant, not presentisd in this section, Far the g- and grazes inductances, the nest values were
obtained: LA3a) = 2375 mH, L4341 = 15.8 miH, resulting in a salienoy ratio of L'l = 1.5,
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Fig. 7.14 a} The Lyinductivity curve versus & current and Bl The L inductivity curve
viersus y current in the case of the VPR-RSM-2V.
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Fig 7.15 presents the tongue vanation cavsed by the permesncs varations a1 3.6 &, in
the canstant teagque area, for the proposed YPM-RSM-2V rotor variant at 3.45 &, the
average torgue Being Ve = 1.9 Nm ard the torgue ripple being T, = 26,3 %,

a4 —

M [Nm]

200 I 200 I 400
alpha_mec [grd]
Fig. 7.15 Tosgque variation ot 3,45 A,

7.3.3 The PM-RSM with the Flux Concentration Rotor (PMSM-FC)

The third rew cptirmised variant, intreduced by the research tearm at the Departrmaest of
Electrical Engireering af UPT, is the permanent magnet synchranaus motar with fux
concentration (PRSM-FC). This variamt {presented in Fig. 7.06), using alsa Ferrives,
represents an alteonate solution 19 the PRMSN Built with rare-canh PMs, inowhich case, the
srator rermaing urnchanged. The wolume of the permanent magret Viey= 26,481 72 men® has
been calculated using the equations (7421 and (7430 & volurme reduction of 9.7 % in
cormparisan with e YPV-RSM-2V variant and an increase of B [%) in camparison with the
variant VPM-REM-2VU, can be noticed, The simulation result of the PM flus density
s tribiution in the sir gap is shawn in Fige 7.07, The peak valees of the simuolation resulis of
the o arved e-axes msgretic Mux density in the air gap are greater than 0.6 T, Fig. 7.18 shaws
the shapes of the back-EMF and of the cogging torque at 750 rpm. From Fig. 7.18 a,, the
pesak value of the Back-EMF (£ = 22 V) and the peak value of the cogaing torgque | T, =
0,021 M) can be determined, By analysing the results, it can be condluded that a deciease
of the Back-EMF of B.33 %in comparison with the YPM-RSM-ZV variant and the VPM-RSM-
DU vadiant is achieved. In the case of peak values for the cogging torgue, the varant with
the flux concentration robor (PR-RSM-FC) has an increased value af 75 % in comparsan
with the VPM-R5M-2V variant and a dirminution of 114 % in comparison with the YPM-R5M-
VU wariant.
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Fig. 7.16 The PA-RSR with thee Mux concentration (PM-R30M-FC),
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Fig. 7.17 Flux density distribution: a} on the d-axis, B} on the g-axis.
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Fig. 7.18 a) Back-EMF, b} Cogging torgue,
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The sirmulation curves of the L and Ly inductances versus the & and { currents ane
shicwm in Fig, 7.9
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Fig. 7.19 a) Lyincuctivity curve versus & current and B L inductivity Curve versus i
current
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The inductances curves an the d- and g-axes were simulated wsing the FEM and the
rrethiod dhescribed by the relaticnships (7.44) and (7.45), For the inductances on the o and
ig-amxes, thie following values were obrained: L4A) = 17 76 mH, L4380 = 1591 mH. Fig. 7.20
presents the wegue variation cavsed by the permeance variations at 5 &, in the constant
torgue ared, In this case, for the proposed PRI-RSM with the rotor flux concoentration at 5
A, the average tOrgue B Ty mwee = 7.2 Mim and the torgue ripple is Taee s = 26.3 %,

Torque [Nm]
3.0

2.5

20

200.0 250.0 300.0 350.0
Mechanical angle [deg]

Fig. 720 Targue variation st 5.0 4,

The sirudation results of the propesed rotar geometry solutions are listed in Takle 7.7,

Tatsel 7.0, Simulation resulis

Rotor Type

Concentrated flux

Ve [mim) 26,421.72 29,325.04 24339.78  39,587.37
Lo 4A) [rriH] 17.76 23.75 ~213.75 2380

LoA4A) [rriH] 15.91 15.8 ~15.8 17.1
Lol 08 1.50 ~1.50 1.96
e [Wh] 0.070 0076 0070 0,051
Tool | NP ApK] 7.2/45 1.9/3,45 ~1.5/3.45 2.3/5

Towwte [%] 26.3 26.3 ~16.3 26
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7.3.4 The experimental results
Thiz PR-RSM-FC rotor, shownin Fig, 7.21, was manufactursd by the Dlectromotor Comipary,
in Tirnigoara. The experirmental results were compraned with the simulation nesalis,

Thie mweasured values of the PM-RSM-FC maotar paramieters are listed in Table 7.2
Tabel 7.2, The measured PM-R38-FC motor parameters

R [ 1 Ly [mH] L, [mH] pm [MWD]

T65 19.14 14.98 B8O

The muweasured values of the inductances on the o and graxes are different from, the
simulation values and the L SLratiois better for the measured values case. This difference
can be cxplained by the fact that the pole geometry was modified for a better lixation of
the magrets, The difference between the simulation values and the messurements is that
Ehe P Tlus Binskage is smmall andd, thus, the sirulation results have been validated by the
expermental cnes, The elisined protaty e was ako tested on the dynamcameters, The PM-
REM-FC electrames hanical performance [the mator carent versus the tergque and the
efficiency versus the targue] are presented in Fig. 7.22 and Fig. 7.23.

Motor current vs Torque at 550 rpm

Towasafirn]

—

Fig. 7.22 Motor perormances: the matar current versus the targue,
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Motor efficiency vs Torque at 550rpm
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Fig. 723 Motar perfarmances: the motor efficiency versus thie tongue,

7.4 Implementation of a PM - RSM motion sensorless vector control

7.4.1 The PM-RSM experimental setup

A photograph of the: PR - BSM prototype used Tor the motion sensorless vector control
implermentation is presented in Fig. 7.249.0, wget hes with it roter lamination configuration
{se¢ Fig. 24.bj, [18].

Fig. 7.24 a) The PR-RSM prototype uwsed in the experimental setup af the mation
sersarkess control Bl the retar lamination configueation af this PRI-RSAL
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Thie pratotype’s main specifications ane presented in Tabde 7.3,
Tabel 7.3, Pm-Rsm Specifications

Rated pawer T50W
Rated spaeed 1,500 rpm
Rated frequency 50 Hz
Rated targue 6.3 Mm
Rated phase 1o phase voltage I2 v irms)
Rated phase current 50 & (s
Murmber of pole pairs () Fi
Stator resistance per phase (§,) I EFNS)
Stator resistance per phase 0065 Q
including wires resistance (£,
df-axis inductance (i) 25 mH
{saturated value)
eg-0is incductance (L) 0.5 miH
Permanent magnet flux { YPM ) el
Total inesrtia () 1316 * kgm?
Viscous friction coelficient (H) 110 Nm &/rad
i [

A Bidirectional
Current sensors | ipyerter

|
PWM Iy
»

.) Dspace sz} 8V

%\. 1103 PWM3> inverter
v EN o
Ld

Fig. 7.15 The averview of the experimental setup: 8] the control black scheme;
bj the contral real mplementation
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The experimental setup contains a belt tansmission 10713 kKW {1,500 7 3,000 rprm) and
an induction mater driven by an ACS §00 inverter (see Fig. 7.23). This experimental setup
was carried out in the Intelligent Maotion Contral Lab, Faculty of Ekectrical Engineering,
Tirmisoara, Romania.

7.4.2 The mathematical model of the PM-RSM including magnetic saturation
effects

Thiz FM-RSM i rather a good saliency imterior PM rotor synchronous maching, The Phs
are placed on the graxis, while the d-axis shows higher magnetic permeance {1, > Lk

Ir general, in the syrchronows machine model, the Aus-current relationship is linear
with the constant inductance, But, because of the magnetic saturation, the lux cannot be
expressed as a function of the indectance,

5o, the magnetisation function represents the llus-current function wy (i) = Lg(ig)ig
Therefore, the general PM-assisted reluctance synchrenous machine maodel, including the
rmaEgrienic samaration effecs, is comprised of the following expressions:

_ - d _
VS :RS 'is +%+J@r 'l//s {?5]

W =Lyg(g)-ig+j(Ly iy =¥ppy) {7.6)

T =%'P1 [ Werg + Lalin) = Ly) i iy Z%Pl ‘Re(j -y -is) {77)

Where Vs the stabor voltage, i, is the statar current, &, is the statar resistance, L, L,
are: the dyg axes inductances, ¥, is the stator Mux, Py is the P MNux linkage, 7. s the
electramagnetic torgue, w.is the electrical rotor speed and . is the number of pole pairs,
The msgrelic saturation is comsidered cnaly inthe cdhaxis Lot o depicted in fig. 7.26, with
L constant.

I practics, & rmernorised look-up takle with linear interpolation betwse poins was used.

o

i
1d [A]

Fig. 7.26 The magnetic saturation curve Ly(ig) .
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7.4.3 The sensorless vector control system

Fig. 727 illustrates the proposed vector control system for cantralling the FR-RSM,
whesre the stator current is controdled in the rotor reference framee,

A in the case of the usual vector cantral, the two Pl current controd loaps hsve been
implemented inoa rotating oy reference frame for better perfarmance than statianary
Trame regulators, s they aperate on DO quantities.

The design of the contrallers emplays the following rd ationship:
k,(1+ E) {7.8)
S

Ir thee case of PRERSM, & high @ current is required in ander e cancel the graxis Mus,
while the iy cwrrent component is use for the tonque cantrol over the speed range.

Thie raxirmurm value for @ e Corrent is 22 A, experimentally dedved. Stronger magnets
worild allowe larger i qu. Thus, over the entire speed range, the i; max Current is kept
constant at a value of 22 A,

The system command is given by the speed, The estimated speed o, = cbwa is used as
q
feedback signal in the PI speed cantroller,

A~

The estimated anghe 6, = éwa +
q

N3

wias used for supplying sl vector ransfommations

between the abe and gy frames,

V.
. AN
PI anti £ Kpig Ky S,
_O windup) I - vV v, SVM \Y
~ T4 |/— Voltage dq_| i | af & S5 | PWM
& Y decoupling [ | Jead Timg ¢ |Inverter|
. :_‘ !d oM, -
Bl q IJ4 mr' (Jl.-,-r i
5
il . i
e L
e _I - STATE . =
w, OBSERVER L= I

Fig. 7.27 The sersodess wictor contral system.

The camprehensve state observer frarm Fig, 7.27 includes the retor speed and position
abservers and the stator flux obserner
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7.4.3.1 The speed and position observers using the signal injection method

For low speed operation, & speed chserner osing the signal injection has been
implermented as shawen in Fig. 7.28, A rotating canier-vallage V.= V. exp [jo 0 with V= TV
ard o, = 500 Hz is mpected in the stabor superimpaosing on top of driving fundamental
stator-voltage V. The resulting stator current £, moadulates by the position dependent
inductances with magnetic saliency, contains carmer-current harmonics with the rotor
position information 0. Uswally, the negative 17 arder seqquence carmier harmonic Ly = Ly
explil— 0. + 26, + 1aji with 6. = .t [25] is sebected Tram the measured statar current.

Two schermes have been tested: 1) Observer with synchronous low-pass filter ILPF] in
carrier reference jupper part of Fig, 7.28.4) [27] 21 Nowel observer with wector filver in G-
rmodule in stator reference as band-pass filter (BPF with central frequency o, and phase-
sign discrimination (lower part of Fig. 7.28.aL Both abservers seliect the L, harmanic, A
phase-docked loop (FLL) tracking abserver shown in Fig. 7.28.0 extracts the estimation of

the roar speed 03r and the pesition é, from the phase of ¥, harmonic in the carrier

reference, with FLLerror o~ 24.,{16,— 6, — é, ). During the experiments, it was noticed that
bath obsersers in Fig. 7.28.a have similar behaviour, with very robust estimation, almaost
inclependent of the machine parameters,

Thie inatial rotor pasition éro is cormecthy idemtified an standsill by Both abservers in the

range of (-2, 72 racdians, For full angle range, an uncertainty of 7 racdians appears, and this
is discrirninated by the magren polarity detection using the 2™ order harmanics [25], [26].

D-Module Veetor [~ 9 £ > 0,
y —>| el L—b )
Filter ¢ o,

1“] T=
F(3)=«a+ =
s’ +as+a,
a.
k=100 O,

IC : k=50 é >
Aen
— xIm g o Iﬁ - |4 —

Y PLL—

—j(:ﬁ,-{—:ll.f:.’,] <t

e
b.
Fig. 7.28 Speed and position obsereers with signal injection: a} Obaervers with

aynchronous low-pass filter and with vectos filter in D-module: b) PLL used in .
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7.4.3.2 The spead estimation from the stator flux aobserver

For the medium-high speed operation, above 50 rpm, the signal infection is disabled
b reduce lasses, and thius the associated speed and position observer from Fig, 7,285 also
inhibited, Mow, sdditional speed estimation is required, with a smcoth transition between

thie twe of them. The proposed solution estimanes the rotor speeed c?)r froam thae estimiated

stator flux vector ¥ -

Dy _ di,,
dt ‘ dt

&, =0y, + {7.9)

where @, 9% are the estimated speed and position of i’s in ap-stator eference,
which is given by the stator flux observer presented in the Fig. 7.29 below; éwq is the
estimated position of i’s in og-rotor reference [Fig 7290

The statar flux observers cambine valtage-current maodels (Fig, 7.290: the current model,
including the magnetic saturation, prevails at kow speed, while the voltage model prevails
a1 medium-high spesd with a smooth ransition between thern depending an the spaeed.
It contains the voltage model in the stator reference conmected in parallel with the current
mcdel in the rotor reference frame, wsing 3 Pl compensator driven by the lux estmatian
error, Both models are enclosed within the correction loog, The Pleormection loop endloses
only the valtage rodel, while the current model is open leop operated,

PI k=10
compensator K k=10
v'S
oy - e
- - O
Voltage model 4 1—P
=
=s - -
> o »| Fig.2 »| ol —=
b Y
A Current model A —si
I

T

Fig. 729 Stanes flux obsener with combined valtage-current models,

With an accurate stators flux estimation and measored currents, the torque estimation s
simply calculated in the of-stater reference as

T.=3/2p(¥,1,~7,1,). {70
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The ratar position estimation é’, is required in the current maded within the flus chbserer
bt anly at low spisisd, below 50rpm, becawse at medium-high speed the voltage model
becomiess dominant and the signal injection fwhich gives ér} dEconimuation does mot
praduce a notable influence an the lux abserver. The rotor specd astimation c?)r in the
whale speed range & required in the Alux {and wrquel referencer, and acourmely - in the
speed controller,

The 1" main campenent of the rotor speed in (7.9], e, 65% is extracted rogether with

9% Troam the fs phase by a PLL abserser sirmdlarly as in Fig, 7.28b, The 2™ componendt,

livirng andy in ransient regimes, is obtained from the dectnic torgue expression thar can be
derived xe

3 PV s 3 w21 1. 4
ezzplL—qqcosewdq_FEpl > L—q—E sin26,, - {7an

The angle éy,dq(f;,ﬁs) is extracted from a kook-up table with linear interpolation
based an (7,111 using Te {710} and ‘ﬁs froen Fig. 7.29, with an average value for Ly because
thee magnetic saturation is not so important. Then, dé,,,dq /dt s ealeulmted 1o finally

decide @ in{7.9)

7.4.4 The motion sensorless vector control experimental results

The results obtained by the real implementation of the PM-RSM moetion sensorless
vecbor control are presented in what follows 271

Fig. 7.30 presents the 50 rpm speed reversal and back wa 50 rpem using the sensorless
vectar control system.

A it can be observed in the estimated specd wavelenrm (see Fig, 7.30.a) with the
exnception of a single spike during start up, the dynamics are very good (ks than 0,25 )
during the speed reversal, A5 in the previous case, hede sgain the encoder speed is not as
good a5 the estimated speed s In Fig, 7300, the errar between the encoder and the
eativnated speed is 120 pa during the speed reversal.

In this case, the position error [see Fig. 7.30.0) is better than in the 30 rpem case (2] rad
faar 50 rpm and 0.25 rad For -50 rpm during Lhe steady state).
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Fig.7.30 £ 50 rpm speed reversal using the sensorless vector control system; froen top
te battam: a} encoder speed; b eror Between the encoder and the estimated speed,;

) angle ratar pesition (actual and estimated [Blue)l d) eror Between the actual and the
estimated angle ratar position ¢ phase currents,

The second experiment was performed at 1,000 rpm, a8 depicted in the below Fig. 7.31.
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Fig. 7.37 Start up at 1,000 rpm fellowed By a step torgue load a5 s wsing the sensarless
v bor contral systerm; fram tep te botam: a) estimated speed; b) eror between the
encoder ard the estimated speed: ¢ eror between the actual and estimated angle rotor
pasition; di Iy, Iocurrents; e} estimated torgue; 1 estimated stator flux.
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The speed respanse is indecd quite slow and with a large overshoar, But, since the
purpose of thi research was not 1o obtain high machine dymamics, it B considernsd
satisfactory, Also, the estimated specd has a negative spike at stamup, but this & favouratde
because the reference targque will Be a bit higher (Fig. 7.31 .40 However, the position error
is wery good, below 0.25 rad (see Fig. 7.301.cL

As it was prescribed, the 7, current is kept constant, while the 7y carent increases

ardy during losding when the necessary torgue has o be developed (see Fig. 7.31.d)

This is also the case of the estirmated stator Bux, whiich at steady state is maintaimed ot a low
value falmest permanent magret lusxd and then, during leading, itincreases (see Fig. 7.31.0).

It Fas e Be poticed that significant Ioading aperation (up o the maximum awvasilable
toagpues was not possitde for speeds below 400 o due o the low perfonmance of the
bidirecticnal irmerter drivirg the kaad machine at kow speeds,

Hote: The PM-RSM prototype has rather high magnetic saliency ard four flux
barriers/pale, which is krown to make the rotar position tracking mone difficudr than for
thee inset IFSSA.

7.5 Conclusion

Throwghoul this research study, the weam st the Depastment of Elecirical Ergrearing of
UPT propases thoee different law-cost ferrite salutions: the first one is the ane V permanent
mmagriet assisted synchronous reluctance rator (VPM-RSMD, the second ane is the two
permanent magnet asisted syncheonous reluctance rotor and the thind one s a
permanent magriet synchranous maotar with a flux concentration rator (PR-RSM-FC), all
built & am alternative solution e the tangential inserted rare-canh permanent msgnets
synichronous motor PSR,

The fimite element (FEM] approach has been used to highlight te performances of the
suggested rotor geometries. The PMSM-FC rator was rmanufactured and the simulation
resuls have been validated through experimental results, All the rotor geometries
suggested here, with flux barriers or flux concentration and Ferrites, are stiractive
alternative salutions to reduce the cost of the retor by changing the type of the PM.

Irsthe second part of this chapter, & vector control system wis develaped for the maotian
aensorless implementation ol a trandversally larminated PM-RSM [PM-assisted reluctance
aynchronous matord, IS operation and its rated speed have been studied while using it

A detailed presentation of the suggested drive a5 well as the experimental resuls
related to it were also discussed hene,
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. SWITCHED RELUCTANCE MOTOR DRIVES

8.1 The switching reluctance motor. General presentation

This introductory chapter [37] is intended a5 an overview of the switching reluctance
rmachires (SRR, highlighting in the samee e their place wathin the drive rmotars used today,

Electric drives with current varisble speed electric mators are builtwith the mest variced
Ty, Thaey comprise classic DC matars, induction mators and single-phase elecinic maotors
with permanent magrets, DO and synchranous a5 well a2 symchranaus reluctance motars
{with prominent poles o Mux Barriers),

A it is woell-known, the first ebectric drives wene made with varable speed DC motors
with series excitation due to their mechanical characteristic and the easily adjusterment of
speeed by changing the induced voltage, However, these motors have some disadvantages
linked to the presence of a mechanical collectos, which limirs the peripheral speed of the
reton and decreases the reliability due to the brush-colkeemge comtacts,

Thus, aver time, DO maotors with series excitation were replaced by AC matars, which
are rmare reliabike,

In the competition between DO motors angd AC motors, & are encouraged by the
progress in the electronic contrel devices and in the cammand and control strategies, The
quality of power dlecronic components with the pessibility of gate contral, the
micraprocessans with simple technology snd dedicated peripherals, the inroduction in
thie irdustrial applicability of field-onentsd contral and superior dynamic performances
Ieans increasingly thie balance in favour af the AC motoss,

Thie AC drives are of tw Lypes: induction mators and synchronous motars,

Incluction  motors, compansd o classical synchronous motors  jelecuomagretic
excitation or permanent magnet) have only one advantage: they are mooe ralaust, having
a shor-circwited roted, Instead, the electrical performance, especially the efliciency, s
weaker, The reactivation of the reactive synchronous motors, both of thase with
distributed statar winding and with concentrated stator windings, eliminates this
drawback of the induction motars,

Alsa, Fer permanent magret syndhranows motars, the tme during rominal tergue that
i reachied is much lower because the magnetic flux is inherit This makes the permanent
magnel synchroncus motors 10 be used whiere 3 very Fast targue response is required.

The SEM, known Tar mare than 100 years, entered in the variable speed electric drives
due 1o the modern technalogy of semiconductors, It can be abserved that, without a well-
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desigried and devised cantrol strategy, SRR cannot be used propedy. An electnic drive
that cantains an SEM must be consicered together with the cantrad system.

synchranous servamotors with electromasgnetic excitation powersd by power
correerters are, in facy, DO motors with static switching, thus having an electronic switch
that replaces mechanical switch,

These types of synchronous motors are known in the lireratune onder various names
(sl ooaitredled synchronows moton Stromeichitermatos; mateur Symchirone a commutatian
clectraninuel.

Al the beginning of bis book [26], Prof. TALE. Milker makes & briel analysis of the werms
used 1o designate this type of moton Thus, in the USA, it is preferred as the “Variable
reluctance maotor” fvariable reluctance motor, which has the disadvantage that it may be
confused with a stepping mator type, The name Switched reluctance motor” was first
wsed by Prof, 58, Nasar to deseribe a rodimentary mator with variable reloctance in 1969,
The widespread use of the name *Switched reluctance maton® Switched reluctance motor)
is urdaubtedly due 1o Prof, P Lawrenson and his colleagues from Switched Reluctance
Drives Lid, It is wnderstood thar itis net the reluctance that is switched, but the currents
Tlowing through the motes phase windings [22], Another name that is osed is the
“Brushless Reluctance Motor® to emphasise the fact that the motor in question has mo
brushes, One of the maost accurate names i the "Clectrenically Commutated Reluctance
Micton”™, but this can also create confusion with the permanent magnet motoss, Havaeser,
the marme that was imposed in English and is now used i maost scientific anicles is the
"switched Reluctance Motos® (SEM].

Thie 5EM is actually & high-power resctive stepper moton with pararmeters optimised by
thve coamiredling tomgue and current in the windings sccording te the rotor pesition relative
1o thie stator, Both the stater and the retar Bave praminent poles, the rumber of the stator
poles is different than the number of the rotor poles, Fig. 8.1 represents schematically a
cross-section through a comventional 3-phase SEM, with & stator pales and 4 retor poles,
Thus, in the statar, the concentrated excitation windings are placed on the salient poles
and the rator is withaout windings or permanent magnets. The numbser of the stator and
rotor pales bas & key role in eptimising e machine perfarrmance. IEis recessany o eadite
4 single phase 1o abtain a torgue in the direction of the rotation, regardless of the initial
prosition of the ratar relative te the statos, The torgue produced By the maching is obtained
by the sequential supply of the phases of the stater with a DC voltage by 4 power
carwerter, 11 should be noted that, threugh the windings, the curfent Mows in the same
direction, which simplifies the static power cormeerter used to power the mdotar,

The SEM has a number of notsbde perlfonmances, ameang which:
o the passibility of averlosd witheut additional wentilatian;
e the high efficiency {75-85%);
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o IMEINTAINIFIG & Constant torgque over 4 wide speed range;

o the rotational speed may reach Bigh values (up wo V00000 rpm), beng limited only

by the bBearings and the iran lesses;

o the coverage of a sweessful low rpm range, resulting in the elimination of
rmechanical gearbioxes,

Fig. 8.1 Diagram of a cross-section of an 6/4 SR,
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Fig. 8.2 Static power carmverter for a three-phase SRM.

The stator phases are pawered through power devices conveniently arranged and
connected 19 8 D pawer source, & type of the power cormeerter wied for contralling the
SRM i shawen in fig, 8.2, althowgh other types of SRMs and approprisle power comertiers
have been proposed, those shownin fig. 8.1 and 8.2, respectively, are the mast used.
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The electromagnetic torgue is of & magnetic type. cormesponding to the reluctant
electramagoetic torgue of the synchonous machine with salient poles, When feeding a
phase af the machine, the rotor is oriented in such @ way that the nearest rotar pales 1o
the stator pobes of the phase fed to the stator pobes lie in the extension of the powened
phase, This is the principhe of the minimuom relectance,

The sequential comtrol of the power devices is performied by the control system, which
takes the information eceived from a position encoder mounted on the motor shaft

Fig. 8.3 and 8.4 [32] show the variation of the current Nowing throwgh one phase of the
paweer converter of the SR ana rotaticn speed of 5,000 rpm ancd 300 rpm, respectively,

Figu 8.5 and B.6 [32] shaw the tatal electromagnetic tongue chart of such a motos, under
the same conditions,

Al[A]

— ¥

0 /6 /3 /2 2n/3 o[°
Fig. 8.3 Losd current of the SRM a1 bow spaeed,

AlMA]

v

0 /6 /3 /2 27/3 o[°]

Fig. 8.5 SRAM targue at low speed,
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Fig. 86 SR tarcue at high spased,
Y 4

iM 1max i
Fig. &7 The magretic co-energy of the SHM.

It is neated that these four chars are the smulation resuls of the behaviowr of an SEM
existing in the Special Eleciric Machines Laboratory at Poditehnica University of Timisoara,

Fig. 8.7 shows the varistion of the magnetic co-energy of the SEM.

Ins figg. 8.8 - 817 [33], thee awverage terque, the Tus, the weegue dpples and the moml
valtage for seven types af motors are campared. The netations are as folkows:

] Ireduc ticin ddatar (IM);

SREL Synchronous Beluctance Maotar;

SRM Switc hed Reluctance Motor;

SPMAL Surface Permdnent Magnet AT Matar;

SR Surface Permanent Magnet Brushhess DO Maotor;
IPAA Interion Permanent Magnet Mator;

PRAC Permanent Magnet DC Commutator Motor,
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Ta symechronous motors with excitation windings, clectromagrnetic or permanent
magnet, these types of motors have cdlear Benefits, which donat segquire any arguments,
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Fig. 8.8 Comparison of the average torque for 7 iypes of motars [33).
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Fig. 8.10 Compariscn of the tergue ripple for 7 types of motors [33].
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Fig. 5.11 Camparison af the magnetamative valtage for 7 tepees of mators [33],

A commipared to the inductian motors, the following advanteges are provided: ine reased
apecific poweer (P /G, W 7 kgl and high ratio af the torque at the mament of inertia

Cther sdvantages af the SR are:

o i low Tailure rate;

o aperating at high specds;

o an effective speed chamge;

o areduced cost

The muin applications of the SRR cover:

o ihe aeroapace industry:

o the autometive industry;

o ke machines inclustry.

Thie SRR b limited functionality without extermal current contral, which is mot possible
withaut appropriate power electronics and sutarmatic contral,

Miany papiers describe the various sspects of the SEM design (9], These approaches refer
e & chetailed analysis Trom finite elements o complex nonlinear mades for magnetic
Cireuits,

8.2 Design considerations of the SRM

Electric moters syrchrencus, induction, DC} have been estensively studied in recent
decades. The design is well-known and well-documented. The design methods of the
corventional machines cannot be applied in the systems with vamable reluctance, doee 1o
the camplications arsed from the different ramber of phases and poles. The poawer
convertes, which is the power supply of the switched reluctance motor, is the most
important element that intraduces complications inte the design,
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Far the design of this type of machine, one must distinguish between the caleulation of
a coratant speed motor powered by a sinuscidal voltage and the computation of a
variable speed motor, powered by an electronic converter, 1o the later case, it will be
corsidensd that the motor operates ina wide torgue and speed ranges, which envolaes
ather kind of issues, such as cooling.

8.2.1 Classification of the design methods [15]
IF tie oo i o the rmator construction, itcan e o

o o ar miore eeth per pob

o NI Ar MG packiges;

o thecylindrical rotor or the disc rotor arcd the radial gap snd axial gap;
o theimermal or externial roton

o thu rentaticon of Bricar mowernent;

A dheficiency af the constructive design methods & that they do not Righlght thie inkbenent
desigrof the machine,

Mcares wes Tl wonbed b the classific ation:

o lirwear rmethods;

o miowi-linear rrethods:

o thue finite demrent wrsthod appbed o the magretic Feld, o method thar lesds vo a direct
estwnation of the pedommance and pararmeters CompuLatian

8.2.1.1 The linear design method

WH, Kach is one of the first researchers who used this methad on a three-phase
rmachine with 6 stator pales and 4 rovar pales, He considered that the remaining M had
bigh values at every disconnection. & cosficient is used in the design process based on
thie rermaining Mux o shaw Biow the machine geametry must be chosen for different kaad
charscreristics, Sinceiron was corsidered a5 anideal envirenment (- oo} and the analysis
was made without mentioning the effects of the current conduction during the period
when the inductance decreases, the resulis were ot conclusive,

The design difficulties encowntered by Kach were avercame by WE, Ray and LWL Davis
by using & simple apgraximation for the derfvative of the current wavefarm in the motar,
This may lead o the values of the comverter companents. The caleulations depend on the
indluctance linearsation, but allew the valtage 1e switch at any point during one cpcle, In
this cose, the method was intended mainky for the conwerter sizing.

TAE Miller took inte consideration the phase current with the wop landing in
developing the design method. B, Erishnan has also used this method, althaughouseful for
some given conditions, this analysis can be spplicd only with restrictions, taking inte
accaunt the fact that the variation of the phase curdent wavelarm is one af the SEM

o haracteristics,
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8.2.1.2 The nonlinear meathod [37]

Thve saturation phenomenon in the AR is important and inevitable. Both local and onal
saturation effects highlight the phenamienon’s compledty, It cannc be compensated just by
wsing a saturation factor as in the case of the inductian motor,

Host researchers dealing with the SEM diesign use various types af nonlinear methods,
Iy Ehvis resgard, wee can mention the contributions of LE. Unnewehn - design of a rotor disk
mictor, FL. Vallese - design of a three-phise matar with teo-wine winding, B. Thormton
design al haisting motars, £ Amina - design of traction motor and C. Polleck - analysis of
o largie phase number system.

LM, Kamerbeek compares the SEMs with other pes of electric mators of differsnt
dirmensions and poweers, condcuding that they ane superion to sl rmotor types within the relatrecy
|y P,

Th saturation in thie magretic cirewit, orginally proposed by 1, larrett, weas the argurment of 1V
Byrewe in Bis work, They masce a special cantritution w the fickd of modelling, the simuation in
desigrireg saturated egmes from the rmotor and the determination of the relatanship between
the torgque andd the angle, The & gap st be as small a8 possibhe (© ensure an optimal moton
O aEtion in saturated regemies.,

AJE. Bakhnisen shows that the considerstion of the ron saturation, solated froem the rest of
the riachine, leads to fvorable resuls, PJL Lawrenson [231 an the cantrary, condudes that
intreducing macretic restrictions is ot helpful,

There is a superfical similarity between the SEM and the stepper maotor, many researchers
Favvirg considored the matar with more weeth per pode Inehis case, disign technigues ane based
o the ratics Bvervwsees e lergih of the airgap and the width ol the tooth, Inthis thesreticsl wark,
thie papers of M. Harris aned LB, Brtan are distinguishied as well as the completed practical waorks
of HL Birsch, B wielburr and LW, Finch, The Latter apgliced 3 valid method Tor the systermn with
e beeth per poli,

Thvere is & group af suthors wh desoibe seire kess used configurations and rmethods for the
SR modelling. For esamiple, FUR, Bolton and CO Chan (10] approach the method of mmimum
peser - o cost for & single-phase rmoton with massive iran estermal rator, G, Franoesebini
approaches the rmethod based on determined anghes and LH, Lang by e applications.

The emergence of the new generstion of computens made it possible o solve diffiouh
proflems related o desian. You can write peogrammes that sebee sets of equations impesed by
arny desigre Thi question is what ecuation ane should use,

WML Fulto and TOE Milker have different approasches of the desigen metbaod, although based
on the same analytical rethod of cakoulating the matars performance, Fulton wuses a classic
rigeronss apprcach, which leads 10 a detsiled bur complicated resuls, aking into accaunt Bath
the machine geometry and the parameters of the power comesrtern, The accuracy af the methad
wits Checked over the years on a grest number of different sioed poseers, speeds ard voltages,
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Milber introduced an editor- Basesd interactive programime, which uses several default pararm ctes
b debenmine the motor's performance,

The aralysis method must Be chosen before starting the designe LED. Pickup and P.T.
Blemkirsop use nonlines differentisl equations that reguine the evaluation of the differemial
coeflicients and imit the accuracy of the computation, LWL Stephberson pubished a rmethos] that
s rot use differentisl coefficients; slthough it reguines fewer inputs, itis mone socurate,

1. Faiz proposes, far the prefiminary cakulaton of the SR8 perfarmances, a methed based on
thie wsa el the magnetisation charactenstic in the cme of aligned and non-aligred poles. The
wstablishrrent af & formula for the phase Bux linkage af themator based on thie excitation curent
arvd the angular position of this rotor & essential Inoan esting maotor lus, values can be obtained
by a stanic test ard a whole setof charactesistics can be cvaluated by simulation

In orcler to obtain a Gy of excitation fuxowrent charsclerstics, Faz proposes the use of
b rrethcsdls: the interpolation method and the permeances miethod.

I thae interpelation rethod, the following Torrmuka 2.7] is wsed far the excitation curment
1-cos(6)
2
The depeendence onrator position & given by the angle Band the dependence on thie flus by

ther cument values iy feasresponding to the digned poles) and iy fcomespanding to the non

aligred polesh I the case of an excitaion ourrent vadation betwesn 1 and 10 & o family of
characteristics s obitained a8 showen in Figues 512 a and b,

i=i,+(i, —i,) {8.1)

In the case of permeances method, itcakoulstes the penmsances vahoes relsted 1o a straighit sir
gap and a deeper rotch, for differentrotor andgbe values Tor s 12700 poles SEM. Finally, itevaluates
ther error Between the calculation and the measurement, thus resulting the superionity of the
permearsies methaod, For the saturated vahues of the current, s static tongue is obeained, as shown
in Fig.BL13,
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Fig. 8124 Flux variation versus current for the SEM case
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Fig. 8.3 Static targque variation ol the SR for differen current values,

8.2.1.3 The Finite alament analysis method [31]
Given the increase in computing power and the sccessibility in the use of compuber
L hrvalagy, the analysing method using a finite element becarme reality for designing a

SR H. Bausch, B Arurmugan and G.E, Dawson have the mest impartant contributions in
this fiekd,

Currently, there are industrial business units using finite element software packages 1o
irvestigate performances of the 5EM they produce,

Arurraigan used the finite elemnt soltware package o design a three-phase SEM with
ane 10oth per pole; mare precisely, Dawson used it to design a three-phase SRV with two
teeth per pale. They ako cdoulated the dectramagrictic torgue developed by thee motor wsing
this rwethiod
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A, Simkine appled the fnite element method o s typical SEM structure, a5 a planar
profalem [hwo-dimensionaly and spatial probdem (hree-dimensianal),

Although the wse of the finite element method brings significant progress, there are
alse many difficulties that might be overcome, detemmining the rotor angle, which
intraduces field unbalances, ete. The need 1o provide space solutions (three-dimensianal)
leads toa substantial complication regarding the computing regquirermernts,

054

Torque [Nm]
=

28

0a 20

Angle [Rad]

15
Current [A]

Fig. 814 Spatial distribution afl the current and tosgque scoording to the rotar positian.

To study the elecrramagnetic field in electric motons [13] the finite element softwane
packages desigried fer this purpose, such as Flux 20 iMulticad Sistemias ¢ Computadones),
magrets (Infalytical, Ansys - PC/ Magnetic [Swanson Analysis Systems) Ansait, PC Opera
Iecter Fiekds), Cosmos /M (Structural Research and Analysisl, can be used, & comman
twea-dimiersional problem invalves the solving of an approcimately 5000 cquations wien
a space problem reaches 30,000 - 200,000 nonliear equations, Therefare, 1o solve the
problem in a plane is over 10 times faster than in the space. Space programmes are
effective in commplicated geomietries, Dsing such a progeamme, a distribution of the tergue,
a4 shown in Fig 814, is cbained. Within the Electrical Engineedng departrment, the
behavior af an SAM with the bl of inite element was studied. The seas t be specified
ane the fellensing:

1. parts that are made of feromagnetic material, the stator and the rotar of the imachine.

They are constructed wsing sheet metal, Baving the magnetization curve specified in
FigB.18;

2. Tree zones, whire air has Been delined a8 material, and comprising the ax gap and
the rest of the space between the statar and the rotor, obvicusly excluding the space
occupied by the stator coils, including the space outside the motor;

3. states windings, on which copper was defined as material, These were supposed to
be constructed of solid copper, which has an area eguivalent te the sum of all section aneas
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ol all the conductors that farm a coil. I this case, the density of the direct current passing
throwsgh the copper section was also specified;

4. thir rmachine shadt, which is rsde of solid steel. For simplicity, it can be assumed that the
rmachire statar ancl rotor are long encwgh so that the end effect can be eghected.

Torgue [Nm]

20 40 60 a0

Rotor position [deg]

Fig. 815 Tarque [Nm)] = firotor position [degl) for different corments (054, 104, 1.548, 204,
258, 3048, 354 400, 4 54, 504, 556, 604, 654, 7.04)
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Fig. 8.16 Flux [Wh] = flzurrent [A] for different rotor positions [0-45 deg).
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Fige 8.18 Magnetizing curve for an sccepted remanian material BIT] = f{H [A/m)D.

B.2.2 Design considerations of the analytical methods [20)

W, Jufer, W Crivii and P, Palfiet have vsed a caleulation model, which takes into sccount
the saturaticn, the hysteresis ksses and the eddy curment losses 1o determing the static
and dynamic ¢harscteristics of the SRM. On the Basis of this model, & CAD programme has
beseen developed 10 be vsed 1o optimize the geometric dirmensions of the motor in order
1 obtain the maximom teegue and efliciency. The programme alse allows the caloulatian
af the matar charactenstics during the seli-switching regime.
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Acl
1

Fig. B.19 M5PP- magnetic eguivalent scheme of power converter,

The model is based cn the magretic eguivalent scheme of the motos that allows the
flux distribution throughour the whale motor, Fig. 8.9 presents the equivalent cirouit for
calculating a three-phase motor with 6/8 pale,

The schwmie was established with the following assumplions:

o e magmetic material is homageneous in all divections;

o the magnetic circuit is divided into small areas so that the magnets Tux densty is
Froemogenaeous in every clement;

o the airgap is divided inte constant surfece Nus wbes so that the magretic Mo
density could be uniform in each ke,

The deseribed assumplions allowed the division of the maotor gearmetry into saturable
elerments firon) and unsaturated elerments (i,

Thie air-gap permeance was determined by spproximating the Tield lines with straigh
lires and arcs, From the harmanic analysis of the permeance, the permeance curve and
Lhwi firs 10 ha mcnics have been calculyed, considering a 1000 paints per teeth step.

The permeance of & satwrated element was caloulated taking into account the
magnetsation curve of the iron spprosimated by analytical relationships:

_a-H3+b-H2+c-H'
H>+d-H+e
+P-(H+H,);, HzH_, {8.3)

H<H

B lim {8.2)

B=B

lim
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where [Bim. Him] is the saturation limit point The coellicients a b c o and e and the
slope P are determined using the magnetization curve of the material,

Thie assessment ol the iron losses in the SEM s very impartant for the calculation of
beating, especially at high speeds. The iron loss can be calowlated mose accuntely
kncrevinng the induction of each of the saturated elerments,

Thie hysteress losses are determined by caloulating the inmer surface ol @ hysteresis
cycle abtained by powering using unipolar pulses, The analysis of the effects of the eddy
currenits shiowes that the sheet plate flux is rot uniform at a high frequency. Thus, it can be
considered thar the permeability of the iron decreases with fregquency as a result of the
induced currents,

¥, Bweorn and K. Reichert [21] cansider the saturation of the magnetic held in the SR8
wsing palymormial and exponential functians, partly liess interpolations in abalar fom,
aplime polynarmial and exponential functions with cosfficients given by the Fourier series,
The latter were checked and it was Tourd thar they modelled the real phenomenon by
cormparnireg the measured data with sirmulated ones,

Thie flux lirkage in the SEM was anabytically modelled based on experimental resuls
with the redationship:

W(i,0)=a;(0)-(1-e*2D1) 1 a;(0)-i {8.4)

The paper 19 presents three types of synchronows motors with electronic
cormmutation: the DC brushless maton, the stepper mator and the SEM. Far each motar
type, many different geometries ane possible, In these ciroomstances, in arder the makse
the best chaice for an electric drive can be a difficult task, The Swiss Federal Institute of
Technalogy in Lausanne has developed a complete packsge of desion methods and
programmies, 3l based on the same procedure and using the same material resources, The
rmain programaries for each motor type ane: the design pregrammie, the determination of
sratic characteristics (orgue and inductors) and a dynamic prograrmme fincluding the
operation and the control]. The paper 19 presents the typical resuls, the design
methodology and the modelling methods,

A ned insigraficant Tact for the SEM design is represented By the desired output power
of toddue, Somehow, whien it comes 1o 8 small motor Case of power up o TEW the isssues
rright eccur regarding its design appear Lo be atherwise Tor a large mictor case of power
upr 1 hundreds of KW, This can be seen from the comparative study of e motors of
different power ranges.

The first one [35] was published in 1991 and deals withithe design of variable reluctance
machines with power below 1 EW. The suthors, &, Weller and P, Trawinski, provide simple
farmwilas For the caloulation of the main parameters for a motor with & stator poles and 4
rotor pobes, One thing 1o note is that, althowsgh the formulas used for the calculation e
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sermicmipinical, a5 the authors themsehees call them, thiey take into sccount e saturation
of thie magrietic core relative permeability g using (B]. D to their simplicity, the forml as
are el wery acourate, but they can be used for the guick calculation of the performance of
such & machine. Finally, an optimised motor can be achieved by expermental
determinations and by using more sdvanced computer programmes, Alsa, using finite
elermenm modelling pragrarmimes, the static torgque on the ratar position and phase curment
can calcubated, The dynamic bebaviour of the mator reguines mare comgle simulation
ErOGr A,

For motors with powers of hurndreds of kKW, the problems arise in s different way, &
significant wark in 1his respect & the one published by Fereira and Richierin 1993 [14],

A detailed design of a motor 7 generator SEM with an output power of 250 KW for
aircralt motors has been conducted  under the coordination of General Blectric
Corporation and Sunstrand Aerospace, The ultimate goal was o demonstrate the
Teasibility of such amaching.

The detailed design of such a machine lies on the following stages:

o the definition of reguirernents and corstants imposed from the outside;
o ihw electromagneti anabsis;

o b thaErrial analysis;

o the mechanical caleulation and the contral anakysis;

o e mechanical design and the final classification.

The purpose of the clectromagnetic analysis is to sebecr the optimal 1opokogy and
configuration resulting & minimal weight for a mazimom efficiency. This refers © the
rarmber of stator and roter pobes, the number of turrs per pale in the stater winding, the
type of material for the magretic core, the power losses and the statar winding
configuration. The machine design is simphe,

Sratar windings ane independent of each ather, bath phwsically amd magnetically. The
simpBcity of the construction gives 1o this type of motor & greater reliability, As far as the
desigris concerned, the avtention showkd be given ta the cooling of staton winding and Lo
the roter geametry, The losses in the statar windirg are composed by the continuaus
companent 1R and the sddy curremt component, which is proportional to the elecirical
aperation frequency.

A an example, the total losses in the windings for a 250-kW moted vary between 12 kKWW
ard 13.8 kW, depending on the motor spesd, In additian, the magnetic fiekl distribation
in the stater windings is irregular, The conductors near the sir gap ane exposed ta a higher
rdgretic Mux density, In this case, the conductar clasest e stator pale bas the highest
power lods,

The solution sdopted for high and very high-powered motars is a Muid cooling system
far the stator winding wsing a tubulsr copper canductor for these cails,
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Artention should also be pasd 1o the rotor geometry design. The rotor consists only of
rodled sheer plates, resulting in & robust configuraton, suitable for high speed motors. &
key part af a robust mechanical design of the rotor is 8 corect caboulation af the
eclectramsgretic losses in the rotor,

Thie SRM has leakage losses due to the non-sinuscidal rotar flus, The Bysteresis losses
arvd thee eddy currents reach spprodmately &5 KW at Tull lesd operation,

Thiese losses are obtained in the rotor laminations an bigh temperatures, The mechanical
strength of the material froem which the laminations ane made decreases with temperature,
This prablem can be sobved by using a sheset with a minirmum waste of the material, e.g
cobalt-vanadium steel,

The theermal analysis was conducted e determine the emperature disribution of the
atater and rator leminations imade fram magnetc material) and the one in the stator
windimgs, The first slep is 1o estimate the wmperature of the hollow copper conductons
Trown thee stator winding, The temperature for thee hottest wire may reach 250 degrees, The
secand step is the cakoulation of the thernal distribution in ratar and in stator magnets
imaterials.

For these kinds of motoes, an impestant place is occupied by the mechamical
cormputation, developed using finite element analysis. The shaft and bearing caloulation
et b carefully dome,

8.2.3 Estimated losses of the SRM

The caleulation of the motos lasses plays a very impartant role in the design process of
& SRM.

Losses consist of core kosses Py, and losses in the statar windings P F, are proportional
Lo the sgguare of the effective current value, and Py, are Based an the excitation reguency
and on the flux density,

The current waveform is mot sirusoidal and depends on the operation conditions, This
moter usually operates o1 varying degrees of saturation and this complicates the cone
[esss estimatian.

Theus, the paper [25] deseribes a method of determining the lasses in a machine operating
urgder saturation conditions, General expressions are presented For the Bow rate in different
parts of the machine core Itis shown that the number af frequencies lundamental) in the
o at the same tiie is accodding ta the rurmber of motar phases; thierelore, losses in
the core of the machine are a function of the excitation current and speed.

Thie paper shows that mast kosses. oot in the rotor cone. The Faurier analyss is apglied
separately to the fundamental components lesses and harmonics, This analysis was used
Lo ddeterming the spectrum of the fux harmanics in different parts of the core. It shows thar
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there ane harmanics of all orders, which have asignificant influence, especially an the rotor
Core kosses,

Thie iron loas increases with the increase of excitaton and speed, For low excitations,
the core losses are griater than the copper losses,

8.2.4 Design example of the 5SRM

In wwhat follows, an examiple of 8 switched reluctance motor design conducted in the
Special Ebecrrical Machines Laboratary of the Faculty of Ehectrical Engineering in Timisoaa
[4]. (5] i briefly presented.

Thie desigr was done using & Computer prograrmem written in Turko Pascal 6.0,

After analysing the topologies of the SRS a three-phase, 4-pole rotor and & stator pale-
mictor was chosen, Two reversible speeds for the motor have been selooted ; 390 mpm and
2.B0G rpm.

Thie average power requined by the electric drive is about 300W at a rotation speed of
ZB00 rpm. An air gap ol 0.4 mm has been chosen far the design considerations, The mator
has been designed far an uninterrupied operation mode,

Since the design programme has as inpuat the machine nominal torgue valwe and the
machine is designed for variable wrgue and power according 19 the speed, the naminal
torgue is caloulated such as the metor has an outpur power of about 300 W an a speed of
LBOG rpme

P-M-Q = M-L
Qn

300 {B.5)
Mn—m—l.OZ Nm

60
It is, therefone, corsidered thar the mschine noeminal torgue was M, = 1 Nm.

The equivalent torgue was chosen 1o be equal to the imposed losd torgue M, = M, =
1 M,

A nominal machine operating current off L, = 2.2 & is requared. The equivalent current is
alvo considered equal to the rated current Loy, = |, = 2.2 &,

Falbowiryg some aptimisation bests for the efficiency, weight and cost af active materials,
respectively, the following results were cbitained (65

1. At LEDD-rpam ratation speed:

o imcase af efficiency optimisatian, the sirgap induction of Bs= 1,740 Tis cbiained;
o i Lhee case of weight optimisation, the airgag induction of Bs = 1498 T i cbtained;

2. AL 390-rprm ratation spesd
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o im the case of eficiency optimisation, the airgap induction of Bs = 0830 T is
obtained;
o im Lher case of weight optimisation, the airgag induction of Bs = 1493 T is cbtained:

Since the mator operates mosthy on a speed of 2,800 rpm and the motor operates
optimally in the satwated regime, it is considered that the air gap induction of Bs = 1.5 Tis
the ingut walue,

With thesse comsiderations in mind, the input guantities list is the following:

o M, = 1 Nmw naminal targue;

o the rated current = 2.2 A;

o therindduction inthe air gap Bs = 1.5 T,
o ihw air gap & = 0.4 mim;

o b currenit density )= 3.5 87 mm

o theratioh=/D=12

o the numibser of stator phases: m = 3;

o the numbier of rotar poles: e 4;

Thie ecquations characterising the behaviowr of the SRM are
a¥

U=R-1+— {B.6)
dt
A
Y=L-1 8.7
Trow wihich the fallawing differential equation is obtained:
ﬂ:#. U—Rl—Qlé {E.E:I
d L-Q do

The elecirical magnetization corve of the electric steel sheet was given from point 1o
paint with a step of B = 001 T. Corsidering that there are quite a lot of points, the
approximation between two successive paints has been done by a straight line,

Taking into cordideration the induction in the sir gap B a5 a parameter that can vary
betwoeen cortain limits imposed in the intial data by the desigrer, vanows varants can be
obrained for the aptimal mackine

The aptimisation loog with B a3 & pacsmeter stans with the computation of the
edjuivalent trgue equal 1o the aominal torgue,. The equivalent current of the madchine wall
b equal to the raved current and the duty cvcle of the continuous operatian is redquined,
Hext, the number of turns will be calouated and the geometrical sizes of the machine will
be determined, Depending on the required current density needed o calculate the
digmeter of the conductor section used for the winding, the standasrdised size immediately
b theem will be taken inta considesation.
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It weill furthier determine the total ampere-turns, calcuating the valtage drop on esch
rmaEgretic portion The equivalent current is recalculsted based an the results obrained.

In determining the permeance expressions of the stator and rotor polies, two situations
were considered: the misaligned poles (Fig. 8.200 and the aligned poles (Fig. 8210

Fig. 8.20 Misaligned poles.

B I
d% |
¥ ]
A .}‘n

Fige 8.21 Aligned podes,

For the case of misaligned pales, the fallowing expression is obrained:

A=ﬂ-lm-[1n otaa +1n5+‘”’} {8.9)

a o+a-(a—x) o+a-x

A Tar the aligrned poles:
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m

x 1 o+a-(a—x)
A=yl | =+—In—""" BI10)
Fo {5 a5 } :

whesre:;

o = 10

& = the machinge air gap

by, = thee machine lemgth

a = the wiclth of the stator poke

b = the width of the rator poke

a1 = coifficient dependent anthe rotor positian

x = RB, where:

R = radius of the rotor machine

& = argle that takes inbo accaunt the relative podition of the polies,
Thie variation of the inductance is spproximated by a Fourier series as follows:

50
a .
L=Lct+70+ 2.aj-cos(4-j-0) {8.11)
j=1

The mvachine torgue was caloulated with the Tarmula:

m=L.2.dk 81D
2 do
arvd thae average torgue:
Mned = [M(6)-d6 {8.13)

Firkally, thie kasses, the weight of the active materiak and the machine efficiency will be
calculated,

The aptimization design software has three possibilities:
o the aptimization of machine’s perfonmance;

o the aptimization of active materials’ weight

o the aptimization of active materials’ costs,

The Figures 822 - B.25 present the SRM pratoty pe designed at the Faculty of Blectrical
Engireering in 1994 and built by the Electromotor company in Timisoara,
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Fig 8.24 The rotor of the 6/4 SEM designed at UPT.
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Fig. 8.25 General view of the 674 SEM designed at UPT.

8.3 Power converters for switched reluctance machines

Since thie stator windings are energsed with unidirectional cumrents, the power Comerton
used in thie SREM are simple compared 1o those uwsed ininduction and synchronows machines,

The ravain dliffererce between Uhe SEM power converter and the induction machine power
corwerter is when the converter has independent circuits for cach stator phase; the irmerters
use & bricdge conliguration, normally biphasic,

Thie rest cormvenient power soarce is & battery or an AC source rectifier,
Thie st comimon type af power corverters used Tor thie SRR is with two switches per
phase (g, 8.26),

According to Prof, TLE Miller [26], this circuit allows miasimurm fexibilitg with minimuom
COMipanents,

©
+

Dk +Ta [Pz Tib | Dich Tic | D1adh Tid

Uy == l u, l Up l u, l Ug

T2a AD2; 2b KDy T A Dy 2d 4 Dag

I l l . l
Fig. B.26 Pawer coneerer wilh bwo power switches per phase Tor the SAB.

I, the current reguilation can be done with a single rransistor i soft chopping ar with
both ransistors thard chopping). The disconmection of the phase is always done by blecking
bath transistars af the respective phase, That means that the reverse voltage from the poswer
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supply is applied to the respective phase. Also, the ransistons can enter in the conduction
state and can be locked at any anghe. The scheme can be completed o power n-phases, but
its rmain disachrarage is that it has higher costs since it uses two transistons Toreach phase,

Cruse o the unipalar current, the possibility 1o use power convertess with mare than two
switchies per phase might occurs, For single-phase matoes, it is necessany o1 keast ane switch,
Bt for tworphase motos, two switches per phase are necessary. Thie two-phase msions can
work with a single switch per phase if the second stage is connected in seres with o diode, A
mctar waths three ar mane phases requires a power converter with a simghe switch per phase
1 ersure § full Texibilivy of the control,

IF poweer is supplcd from a DO sowoe, the switch must be fully controlled (Gipalar
transistor, MOS, 1GET or GTO thyristan dwe o the reguirements of valtage reversing a1
procise rotor position ard Mux decreasing st cach switching on and off. Thenefane, Tar the
rmctars with the number of phases m< 3, the nomber of switches per phase oscillates
berween 1 amd 2,

The Culton schermie is showr in g, 827, This circuit bas been used in the well-known four-
phase motor dives, with 1GBT and GTO thyristors, The scherme has thie advantage of allowing
thie woltage reversal to decrease the fow, Another advantage is that of warking with a singhe
switch on a phase without adding other passive components or sacrificing any al the
control’s flesibility or order. The DC voltage provided by the power supply is divided wsing
capacitons, The main disadvantage of the scheme is that it does not allow vou 1o soft chap
and the balance between phases most Be maintained carefully, &y failure increases the
valtags an the cagacitors, Ancther dissdvantage of the scheme is that it uses anly ball of the

supphy voltage, because the phases are powered with %

lo,
T1 I Dl
— Phase 1
—— l Phase 2
DA T,
o

Figg 8.27 Cultan type pawer Convener
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Irs Figg, 8.28, the types of power canverters wsed wsupphy the SRR, using ondy ane switch
peer stage, are presentisd, The diagram shows a single phise, bot it may be generalised to e
phases

Thie circuit Trom fig. 828 a [24] does not allow the valtage reversal scross the windings.
The decrease of the flux thus depends on the valtage scross thie diode and an the winding
resistance. The switching is only possible for a high resistance, which is imefficient. Smother
rethod for switching is the carly blacking of the switch, which keads 10 poor energy
COIWETSION,

Thie circuit in Fig, 828 b ouses an extermal resistance to kead toa decrease reversal) af the
windimgs voltage This & again ineflickent because the volage decresse implies a current
decrease, a decrease of the falling slope of the inkage Mux and an increise of the the
switching angle, which may lead 1o a lower efficiency,

e, [ [o T
R D,
o N §
D,y
DZl
Lt T in 1 AD;
o [o le

a. b. C. d.

Fig. 8.28 Other converters for powering the SRM.

The circwit in Fig 8.28 ¢ uses & Zener diode 1w maintain the voltage at a high value during
Ehwe resturs of energy.

The circuit of Fig 8,28 d 171, [29] i used in a bifilar-wound motar, When the tamsistor B
blacked, the current is ransfered 1o the secondary winding and returns through the diode
This eircuit allows the reverse af the whale valtage, but does not allow the soft switching
because the zerc-voll condition does not et The peak valtage on the ransistor is twice
the supphy voltage phus b rangient voltage value due to the imperfect coupling between the
prirnary and secondany windings of the power supgly.

Fig. 8.2% shaws anather disgram for the schme, wath the mention that the switching
elermients represented by the contacts are power electronic devices: Bipolar tramsistons, MO5,
IGET, thyristars or GTO thyristors,

This pattern is a specific vanant for four for rmultiples of Tour} phases of the SEM, all using
anky one switching dement per phase, The midpoint of the poswer suppldy is not accessilble,
Bt & wound uses the entire vollage Vs,
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Fig. & 29 SEM-power converter for 4 o o multiphe of 4 phases

Fig. 830 & [18] shows a power comerter Tor a three-phase SEM, using four switching
elements, This power comverter requires a forther switching  element, working
permanenthy, in addition vo the n power devices dedicated o the nphases, and thenefone,
the phases energization is done using an unigque pulse inan additional switching period,
This circuit may obvicushy be used for matars with twa or four phases,

A commanly wied scheme is shawn in Fig. 830 b, which uses ane extra ransistor per
atages pair in the case of machines with an even nuember of phases.

I the commmon ransistor is connected w phases 1 and 3 or 2 and 4, all phases may
Benefit from the rmaxirmorm reverse valtage during Blocking.

e

TJ Dll Dzl D:&

L

*Phase 2

!hasa 3

Ir r ¥

a.

Ty DiA Di& B D&
!hase:l !haseS
D& D
e 3 A
b.

D4

Phase 4

Ta

Fig. 8.30 Power converter with sdditicnal switching element a) comman 1o all motaor

phases; B comman o twe phases of the maotor
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Fig. 331 shaws an H diagram, chiained by remowing the diodes connected in seres
[

Tl—l: Til:

]
T
: N

Fig. 831 H power converter,

o

tag
Phase 1| Phase 2| Phase3
— D
T = —
2
D

e

Figu 8.32 Power comerter with arn additional swirching element [17]

The comemon ransistor O s aperating all the time, while the phases switching tansistons
is cperating anly Tar o third af time (in the case of a three-phase motonh. Cordegquently, the
awitching and the canduction lasses, the current average and effective values thraugh the
cemmimen transister will be greater than in the switching ransstors, The use of & comman
transister destrays the main acvamtages of the machine, namely the filure talerance, In this
case, the phases are not independ ent of each other,

A free-wheding circuit can be used instesd of 3 common power rarsistorn, 251t can b
agen in Figuee 832, All three phases use the sarme dumg capacitor Ty The laad charges the
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Uy capiacitor and the voltage is controlled to an averasge value ol sbout 2V, by & step-down
corwerter consisting of Q, Ly and D, In general, the comverter camponents, including the
capacitor, do not have srmall values, Moreoyver, the Tailure af the dump circwit allows the
charging of the capacitar up 15 an incontrallable value, which may lead 1o catastrophic
results, Generally, there are diflicubies regarding the torque ripple issue, which have made
this comverter 10 be adapted for the sinusoidal current modulation, The shapes of the
torgue wsvefarms versos their position are approximately sinusoidal and, by wsing the
relaticnship:

sine’ (8} + cos’ (8 =1
thxy are abde to reduce the tarque pubations 10 a bewel of 25% of the rmean value, usirg an
apen loap.

The dissdvantages of this scheme are represented by the stresses of the switching
devices [2Vs], the additicnal cirewit elernents and, therefore, by a greater complexity af the
ayiterm ard af the control circwins,

By anahming all of these schemes, it is noted that these power conwverters are
distirguished by the number of phase switching devices used and their configuration, ie.
thve prossibvility of the energy recowery from the switching phases by various processes,

Lo, 1 e J\\A"\\r
B PY B 110
+h KL LT +*n Kn K
s, O
a. b.

Fig. 8.33 The SAEM power supply unit af voltage: Bl current,

Al the s heaes disoussed so far have been supplied By the veltage source [Fig. 8335
is possible, Bowever, 1o uwe a curfent power sowce (Fig, 8,33 b). The Current power supply
sauree is favourable w motars operating ot very low spesds when the tongue ripple st
B very low. The valtage power supply is preferred for eperation at high rotational speeds,
thvr electric eamd valtage is impostant and it is difficul to maintain a constant current.

Iy any case - power from a voltage $ource or 3 Current Source - it is necessary 1o have a
Compromise between the switching time and the switches” surge stresaes,
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Thie SRk is able to work continuously and a5 a generator, This is passible with all the
above circuits, which may feed each phase winding to the imeerse of the power supply. it
should aka be possible for the power supply circuit 1o be able to take or dissipate paver,

The SAM con operate as a generatar by retarding the tarreon angle so that the
conduction period starts whien the poles are aligred.

o
D
—_— > 0
—_— Out
T
o 0
Fig. 8.34 Boost converter

o 0

I — Out

+T

I
I
\ A

o
Fig. 835 Buck comverter

It is prassilale o separate the excitation circuit of the output circuit & showr in Fig. 8.34,

The scheme shows a boost comeerter in a wellknown operation mode, The only
essential difference is that the inductance is nat canstant bBut waries with the rator pastion,
The autpul veltage excesds the input valtage, The prablem occurs bere if the machine
operates ot low speeds when the Mo News thesugh a phase oo quickly, thus reducing the
Energy conmvirsion kop.

This disadvantage is eliminated by using the circuit shown in Fig, 835, IUis based on s
Buck-type converter, The cutput voltage is lower than the ingut voltage and the energy
corwersion loopis reduced.
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8.4 Control structures and strategies for SRM drives

Thie aspects reganding the SEM contral systems were limited during 1980 - 1985 in arder
1o appdy the efficient control scheme on the four quadrants, but all of them vsed the
classical elements commaon to other control structures or sensors mounted on the moetos
shaft {[27] and [12]).

The classical contred system is shown in Fig, 8,36, whaere the control elerments are setup
im an analogic manner o with a dedicated hardware, implemented with discrete
COMpPonents,

The gaals of the performances achieved with the topology described in Fig. 8.36 wene
b ohrain a bow tongue ripphe and @ low level noise, But the use of direct contral methodds,
eipecially in low power applications, increases the price bevordd acceprable limirs, and
Turther reduces the relisbility of the systerm, miaking it sensitive to an environment with a
rmoee pronounced degree of viksration,

-] T STATIC Pos
RECTIFIER POWER RM —| LOAD
] T | CONVERTER S sens
] Position Speed Torque
regulator regulator regulator

Fig. 836 Classic contral scheme of the SRM.

The combination of these deficiencies with somee limits on both volome ard weight
imposed by the applications in aerospace and other areas where the development of
critical mass paramsiters and the abandon of the classic strectune have became neceisay
Tar most classes of applications that requiresd SEMs and certainly in the case of low power
and lows Cost anes,

The centrol vechmigues trying Lo eliminste the menticned drowbacks, mainly gave up.
The pesition senser maunted on the machine shaft has the Tollowing robes

o todetermine the rater position by using sensors placed on the machine statos poles
(8)

o o inclirectly determine the rotor position by observing a phase inductance
variation:

o tommanitar thi current wavelorm for rotor position detection (similar 1© the methad
applied for stepper moters with variable reluctance).
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Alsa, the appearance of power semiconducton devices wath integrated current sensons,
developed structures that msde possible the elimination of discrete currem ransducers,
resistive bypee ar Based on the Hall effect, compacting the cantral sehemae 1o a higher kel

8.4.1. The 5RM experimental setup

Fig. 837 showes a block diagram of an electrical SAM drive using the theee position
sensors and a speed sensorn,

In the schieme below, the SRM s presented as a block whose inputs ane the each phase
currenit and the cutput is represented by the torque, &n examphe of o controdler is shawm
in Fig. 8.38. This is called LMBIDDSK and is an experimental circuit manufactured by the
Mational Semmi-conductor in collaboration with the SPEED Laboratosy,

spead
transducer
reference current torque
speed = == |
SR
controller SRM |- LOAD
+
speed

Fig. 837 A control Block diagram using the SRM's speed and pasition sensars,

The speed errcr amplifier produces s train of pulses whaose pericd is proportional to the
speedd error, and this is used 1o lock the power transistons an a fixed requency. The
adpistrment is on the voltage rather than the current, but the corrent limit is still required
and is compared with the sigral from an extermal sensor in order 1o block the pransistor
wheen the current eoceeds the prescribed value,

Power Vs
g e | -
Speed
sensor rotor Ph 1 Ph2 Ph3
Position
sensor -
e e | T | ¥V 3 ). A

G R | e

PWH Current
limit
Speed

reference

Fig. 838 Scheme contraller 1003 LMEB
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8.4.2 The control of a four-phase SARM with position sensors mounted on

the stator poles

Fig. 5.39 [8] shows the contral diagram and the placement af the optical position
sensors for o SAM geometry with 4 stator pobes pairs and 3 rotor poles pairs

Fig. 839 Converter and placement of the optical position semsors for a four-phase SER

The cortral systern needs to perfarm the Following tasks:

o contradling the speed and torque in a closed loap;

o initialidging the system;

o contradling the connecting sequence 10 erdure the desinesd direction of rotation;
o controlling the motars aperatian mode (motor, gererstor, brakel,

o ensuring the energy reconvery stored in the inductances oneasch phase

There are four optical sensons far the rotor position identific ation, the contral segquence
arvd the discrete current sersors for the dosed loop torgue control,

The aptical sensors are mounted on the rght cormer of each pair of stator poles
providing the signals, whase wavelorms are shewn in Fig. 2440,

| | 1
R S N i N

Opto 2 | L

I
I
[
T
Electrical angle 0 90 180 270 360

Mechanical angle o 415 30 45 &0
states 1 3 2 0

Fig. &40 Signals fram the optical position senscrs

The signals that are 157 out of pabse Troam each ether (this angle depends on the number
of statar and rotor pobes pairs) are curmulated inte a pulse train then generated, by dividing
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ancther set of signals 025 through a dedicated hard schemie, In order © achieve a
command of canmecting the necessary phase 1o create the required direction of rotation
on the slope corresponding to the increise of the phase inductance [positive slope with
an advance angle 8, and the disconnection at the moment 8, 20 thar the angle of the
interrupted curnent B, does not extesd mone an the negative inductance slope, an angle
contraller is required by four counters, are for cach phase, warking as down counting
They are programmied with the numerical sequences 8. = 8, + 8, and 8; = &0° - &,
contairsd by the v bualfers (the pulse width cantrel and the delay control).

Both counters have the clock cormesponding o 0,257 that for the delay generation is
validated an the transition 1 — 0. Each counter is independent and can be programmed
with seguences between 0° and 607, which is essential to comral the drive inall Tour
dpuadrants,

A synchronisation procedure is essential 1o ensure the motor staring up from any
pasition, For the forward rotation, the phase curment shaulel be set i the range 0° - 187 and
for the turm in the oppasite dinsction, the corrent pulse should be on the negative slope of
the inductance, in area 33° - 607, generated by the coupling of signals frorm adjacent
serdars, The result is & power dissipation, carmesponding to the area 9% which exgpresses
the difference between the delimited sone and the desired zone 43° - &0F, but the
energetic phenomencn is negligible,

The targue and speed control loops are created together, with the aim of impraving the
speed response of the motos & high gain [oop lieariaes the system, makes it robust and
allows large gains within the speed loap, limited By the stability,

All the controd and command functions that are critical in terms of time showld be
performed by the software written in the sssembly language, while the passing from one
atate o anather (switchingh can be done in other languages,

Fig. 841 shows an example block disgram of 3 control systerm for an SEM wsing pasitian
sensors, The speed and current [oops are implemented numerically on a microcontrellers
or DaF.

velocity torque to
controller,
orque current current controller

speed

dC i iemd
cumm:in ¥ Pl o (T, P |—m PwM INVERTER —m» SRM
K- i
commutation

F 3
current
angles
position

advance | position | edges OPTO position
angle calc. [ estimation [ COUPLERS

F 3
DC bus

voltage

+¥

velocity
estimation [*

Fig. 8.41 The bleck diageam of the contral system using position sensons
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8.4.3 Determination of the rotor position indirectly by observing the

variation of a phase inductance, Elimination of the current sensors

The complexity of the hardware solutions containing discrete Comiponents, noise and
dedays introduced by the analogue 1o digital conveners in comparison with the simplicity
af thie SEM, eliminates the general opticns for the inductance calculation in real tme
conditions,

The paper in [28] describes a contral solution that avoids the cakowlation of the
imcuctance estimator a5 presentad by WO, Harris and JH. Lamg or the ome resulted by
applying the method imposed by PP Acarnly 3], This contral solution has the following
performanes:

o ithespeed can be estimated and sdjusted;

o toaguie controd keop and a phase curment controller can be implemented:
o therne might be a switching phases and a system initislisatian;

o i Touwr quadrants operation is vishhe

o the discrete current and position sensors coubd be removed

The msin advantage of this method i the bighly degree of magnetic independence far
thie phases aned the stramg variation in the phase inductance deperding on the rotor
peositicn (Fig. 8.42),

01204 LIHI

0100
0080
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00401
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Fig. 842 Inductance varation with rotor position Tor the SEM
Th arncwnt af worgue is controlled by changing the phase current and the direction aof the
bearcuuee By the right placerment of the sctive phase with respect 1o the rotarn pesition (Fig, 8430
IF thie curfent rernaing constant, the torgue developed by the SAMis:

M

[§

1 .2 d
=§-I ~£L(e) 18.14)

wheire:
|- phase current;
B - rotor pesition angle;
L {80 - orwe phase inductance,
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Fig. B.43 shows an ideal inductance variation depending on the anghe 8 The following
aspects can be distinguished:

o the SEM operates as motar - wheen the phase curents through the anea Z—; > 0 ard

thee roter poles - stator pales ane appraaching the aligned position;

o ik SEM aperates a5 generator (beaking torquel = when the activation of the phase
is an the au-aj—; < 0 and the statar - the ratar poles mowe away from the aligned
peasiticn,

At high rotational speeds, the emd. induced valtages opposing the change in phase

current increxse, decrease), are requinng the phase connection in advance, in order 1o
kesep the maxirmum ercgue walue. The carlier disconnection ol the phase, before the rotor's

alignment, prevents the generation of the braking torgue during the desired maotar
operation period.

Motor

Brake

Fig. 843 SAM operation as motor and as brake.

Im the Fig, B43, it can be observed that there is an interval when the phase is not
supplied inorder o praduce the torgue correspording to the required operating regime,
This tiemz it is wsesd by the conproller to determine thae rotor position,

The rator pasition determination is done by obuaining the statar phase inductance
variation depending on the rotor poles position relative o the stator poles ane.

For astater phase, the eguation is:

dl d
V=I-I‘+L(e)d—6+0)'l'£L(e) {8.15)

The indwcrance value is abrained by applying short DC voltage polses and it can ke
approximated by

Al
VL — B.16)
© 5 i
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Za, the current resulted by applying the vohage pulses is mwersely proportional 1o that
phase inductance, Sinoe only the rotar's position nseds 1o be detected, the obtained &l is
comparsd to a threshald value (Fig. 8441 1B important to note that the voltage pulses
are equally applied o the energised phase, only the application period s different
Therefore, thene is mo need for an additional pawer source,

Wheen the phase © produces the torque, the phase Bis fed with short messuring pulses
to detect the moment of the phase A feeding, The phase supplied in order to produce
torgue Can be advanced o delayed by increasing it theeshald value, The phase switch in
order ta achiews the desired operation mode, e, the rotation direction, is performed by
treating the system as a finite state contraller whose states disgram is shawen in Fig. 3.45.

Lo A B c
0.8 +
0.61
0.41
0'2 H THRESHOLD
0.0+— X T T T T LA
0 20000 40000 60000 80000

Fig. 844 The SRM rotor positian determination [8]

Fig. 845 The states chart of the SEM [28]
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There are 19 possible states that can be described. The algorithm provides a different
atate for each switching period (three for the three-phase S5EM) Tor each elementary
switchirg abkgorithen {31 for Tarsard and backwand (2], plus a state for the stant-up.

The finite contraller is syncheonised by a clock of 5 kHz generated by a chip-timer, thus
prowiding a resclution angle of 1.2° a1 a rotation speed of 1,000 vev £ min, The 5 KHz clock
is processed bo generate a 5 ms interval reguired 19 resume the controller's software
furctions, which determines the controller's structure, The contral  algorithm s
implementied by the software executed in s standard Intel 8751 micracontraller,

The hardware of the power contral also ensures the elimination of discrete current
sensors (resistive o inductivel, because power switches [MOSFET) are wsed with
integrated corrent sensors, Each current sensor is an isolated structure from the power
sermiconductor element, haing s separste power saurce and providing an cutput current
propostianal to the current thraugh the switch, The usual proposticnal factar is 1: 1000,

If ther switch is blocked, these is no current throwgh the integrated sensar. For this
reason, cantral strategies o the hysteresis-type curent controller by camparison with the
rarng signal, can no langer be achieved. The contral strategy in Fig. 846 is recammended;
the swvitch is off for & time period given by the "OFF trimimer a8 socn as the comparatar
has reached a prescribed curent value, The contraller switches ta “ON" alter the "OFF
pediod and the process B repeated, Since the switching neise is introduced on the
integrated current rransducer, the elimination of the Talse signals is provided by the "ON°
Trirmemer Circuit,

Armong the two switches feeding one phase, only ane of them must be of the type
described, havirg an integrated curment senson.

o

N
%

Fig. 846 Control strategy of the SEM [ZB].

The practical results obtasined using the SEM scheme and the contral strategy presented
were wiry good at high speed lewels (speed reversal of £ 2000 rey /S ming, but the minimum
speed that has been controlled was only 150 rev £ min.
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Thie wide-spread variety of current seraors and switches (KBT] and thesir availabiliny for
an approximately 1 HP application establishes the entire range of applications where the
parameters size over weight ratios are imponant.

8.4.4 The sensorless control method using the Kalman filter

The structure of an obserer is shown in Figure 847, To achiewe this, it is necessary 1o
determine the discrete machine madel in the tme domain, The input variables af the
rrictod ane the msasured voltages and the cutputs ane the currents, caloulated on the basis
of the machine model matrices A, B and C.

Ymees | !-’??8-!3 |

Xy

z” CE,) [ ®

B(,)

i) f

_______________________________________

L(z,)

Fig. 847 The structure of an ehserver for the SRM contnal

The calculated curent is compared with the rmeasured corents, the errors being

reimtraduced into the control system by the matrix L . The rotor position is included a5
bezirvg an element in the vector X and it will be estimated by the observer.

Im this case, in order to siemplify the solutions, the inductanee is considered o be
independent of current.

8.4.5 The presentation of a sensorless control method based on the estimated
flux [36)

The contral system is designed on the structure of a sensorless algorithm, which &
based an the Nux contral in the motor. &8 show in Fig. 848, the contral System consists
of five main modules: 3 sensorless commutation algorithm, an outer boop 1o control the
rotation speed, aninner loop to contral the machine's phase current, a serial contral Block
and a slope controller,
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Fig. B.48 The SEM algarithm Ffor the SRS sensarless contral

Tha sensorless switching algarithm and the spead update

The essence of the sendodess contral algorithrm is the switching regulator, which
contains & fux estimator, a reference Mux generatar and a logical decision block. [deally,
thie lagical decision block should execute the mator phases switching whien the rotor poles
and e stator pobes are nearly aligned in position. In this algarithm, the Mux in the active
phase winding is comparned with a reference Mus, which is a scaled Nux valoe inthe aligred
position, The logical decision block will decide an the active motor phase switching when
thie Mlue through this phase will exceed the reference Mus, Mone specifically, the motar will
be switchusd whaen:

A> a.l,. 817

Where A is the estimated flux in the active phase wanding: @, is a scalar betwesn 0 and 1
that is eorresponding 1o the cenduction angle; h, is the Mux in the aligred position. The
awitching condition is shawn schematically in Fig. 849, As it can be seenin B9 817, the
cornect caleulation of the moment for phase switching depends on the best estimation of
the flux in the active phase winding. as better knowledge of the magretisation curee for
the aligned position and the careful selection of the turm-on angle,
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Fig. 8.4% Provided switc hing stages for the SRM

The Flux Estimator

As it can be seen in the block diagram presented in Fig. B.48, & is generated by the fux
estimation block, which calculates the flux based on the duty evcle of the pulse width
rrcsdulation and the current inthe sctive phase winding. IS principhe of operation is similar
tex that of a classic Mux estimatar and wses thie fallowing law of recurrence:

Anpl =hp +Vp -iply 1818
%f_/
VEMF

b integrate the e, woltage induced in the active phase winding, In equstion 8,18, v, is
Ehve woltage scross the mator, i, 1S the current fowing thraugh the coil, r, is the resistance
of a phase windirg, Howewer, unlike 3 classical Mux estirmator, which reguires the
rrcasurament of the terminal voltage and the current through the coil, this modified
estimator rsgquines only the corrent measorement, Instead of Being measured, the terminal
valtage is spproxmated by the relationship:

Vo ® Vpyusdn _Vtrans(in)_vdiode (in) {819
that takes inte accournt the voltage drop alomg the active swite b af the voltage imverter. In
the equiation 3.19, V., is the supply voltage, d, is the Gl Tactar, Yoy 5 the voltage drap
acrass the power Fansstor and vy is the voltage drop across the disde. It should be
ricrted that, in equation 819, it is assurmed thar the power supply is strang and stable and
that also the pover switches char s bernisties v - i are known. Substituting the equation B.19

e the arginal recurrence Tormula, the relationship for the calculation of the new Mux
b cmizs:

Aol =rn + Vousdn — Virans (in )_ Vdiode (in )' inty {8200

VEME
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For simplicity, the voltage drop across the power transistors, the diode and winding
resistande are combined into a single term called voltage drop, thersby allowing the
equation 5,20 to e written in the following form:

Apsl =Ap + Vpyuedy — Vigss (in )

VEME

where

Vioss = Vtrans(in ) *+ Vdiode (in )+ inty 18.21)

With thie voltage loss tabled according te the current, the update may be performed by
bwra add aperations, a scalar multiplication ard a rescing of the table,

The aperation at low speed

As the ratational speed of the rotor decreases, the update rate is made © decraase the
freguency and, a5 a result, the bandwidth of the speed loog suffers, IF the matoris suddenly
Ieaded at s low speed (<400 rprm), the speed loop integrator may nat be able 1o respond
in a srmall encugh time, that is, befose the rotational speed of the shalt wo fall Bbelower the
value where the stop detector acts. To help improve the bandwidth of the loog in these
conditions of speed operating below 400 pm, the switching algorithm introduces a
special low-speed operation. Thus, the speed opdate rate is doubled by estimating the
speed bwice during each switching cycle, As shown in Fig, 8.50, this is dome by adding a
secand Mux threshold, which gives aninterrupned signal only if & speed vpdate has been
performed,

A
i

Fig. 850 Pravided switching stages for the SAM ot low spieed

Just as before, this second theeshold is a scaled value of the rotor flux in the aligoed
position, Due to the shape af the fux wavelorm, by setting a scaling coeflicient a, = a./ 2,
the second update will be made abowt the middle of the switching pericd. To mplement
the update speed and medium time of the switching perod, o secard timer needs 1o be
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e up o count the number of sampling periods Between two conseoutive intersections.
This averlapping of measurement intervals allows a double update rate, Using this method
of computing. the low speed range of the motor can be contralled and can be bowened
Trowr 300 to 150 rpam, It is also necessary that the exclusion zone could prevent that noise
Troem the current waveform Lo bead o anupdate of the ratation speed of the machine shaft
At an urwanted mosment

8.4.6 Other methods for determining the rotor position without the use of

discrete sensors

Froe the above presented result, the endency to eliminate the position sensors placed
o the shaft or on the SEM palies and the rotor position estimation of the phase inductance
variation analysis during the alignmem af the pales was clear, P, Acarlay indicated the first
similarity between the SREM amd the stepper maotar with variable reluctance in this regarnd
ard recammended the use of cantrol technigues that have been successiully spplied to
steppEr motors monitoring the current variations through the fed phases or real-time
calculation of the inductance of an nan-energised phase) [3], [16].

Thie phase equation usimng instantansous values ks

V=R-i+L~g+i-£ {8.22)
dt dt

whiere L= theinductance instantansous value
Sobving the above equation, the fallowing reswlis:

_(-B+A-Ly)-¢e 4B
A

A= (EJ 71 and
dt

B-Y_R
1

L

{8.23)

whaere

LD = the imductance value during the measurement interval,
The bigagest problems these strategies raise e the Tellowing:

o the long time for computing [which reduces the dynamic perfarmances of the
control system);

o the sensitivity 1o noise;

o the analogue-to-digital conversion dilay,
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A rew concept has been developed by the University of Texas Power Electranics
Laboratery using a modulated requency camverter (FR which generates a voltage whiose
amplitude is propotional to the imstantaneous indectance, This analoguee signal cantains
the information an the rotor position and is subsequently processed 1o alstain the
switching tirmes [11].

The basic concept aff FM B generating a pulse rain whose frequency is proportional 1o
the instantaneous inductance of a phase, The block diagram of the cirouit is shown in Fig,
B.51. & special thing about this sobution is that an FM converter is able wo operate in the
riarg of 0-100 KMz

The fregquency modulsted sgnal of the phase inductance can be demodulated by
applying it to a controller and measuring the regoency oF using an inverse frequency-
valtage converter which provides alineas relationship Between the inpat and the outpur.,

A\
Figu 8.51 The block disgram of a control cirouit.
Control
signals
A Conv Conv Micro i Control
F-U U-F controller pulses

Fig. 8.52 Thae cantral systerm using amicrocantredler

A special thing about this salution is that an FM converter i able to operate in the rangs
of 0-100 KHe Throwghout this field, the rotor position can be determined with high
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accuracy, eliminating thus the shorooming of the previous scheme, ie the inability of
operating below 150 rew 7 min,

Thie schwmie of such a oommand structure is presented in Fig. 852,

Thie phases testing and states abgorithm is similar to previows cases, the only difference
conaisting in the perception af the phase inductance value,

8.4.7 Advanced control structures of the SRM

8.4.7.1 The automated control system using the sliding mode

I systems with variable structure theory, the greatest attention was paid to a specific
typre of contral law, causing o shding mode in the system, In the sliding mode, the system
structure changes / comenutes with a theoretically infinite frequency (in practice, this
Treguerncy is limited by the dynamic characteristios of the switching elements).

The clearky shiding adjustrment mode was entered in the field of the SRM drives.

Iy thiis semse, & work of the ltalian researchers [7] i worth mentioning, wiho haoe applied
the sliding mode comtrol of the enengy recavery in the C-dump converter for the switched
refuctance motor drive,

o b a
Ls -
fi
Vde L

4 B == é ) D
ac Cs Sk lin )
" <«—| Db
o i L»chC

AN C==VC _{ _{ _{

Fig. 8.53 Scheme of the SEM powsered by a posser converter with a C-dump capaciter

The nan-rigerous cantral of the enefgy recawery comerter Can cause the resonande
bBetween the elements of the corwerter and the mator windings, Fig. 853 shows the
achwermatic of an SAM fed thraugh & converter with a dump copacites,

This paper progoeses o new contral strateqy for the energy recovery commeerter based an
thes sliding micde, This allows the achievement of & continuaus corverter autpul curfent,
with smiall peaks of current through the semiconductor devices and small Tlustustions in
the capacitor valtage,

-] B TCHED RE I TARCE BOTOR DRIVES




Fig. 854 is the block diagrarm of the sliding regulator voltage on the capacitor,

The fluctuations sccurring in the bow frequency cumrent i and the voltsge on the
capaciton are due 1o the variations in the mean value of the converter input current, caused
by overlapping of conducting phase ranges. These fluctuations have an armplinede that
changis with the speed and torque, but is stll limited in each case. They disapgpear
completely if the mator warks with the rotor blocked

* +| YC

VC g

K u

O~ =0T D

i Ao

STO

1 + STO

i | FAN
Lmax

Fig. 854 The block diagram af the sliding rmode regulatar

8.4.7.2 The fuzzy logic controd in the SRM

A comwentional controld systems comects the system parametess based on & sen of
dilferential egquations that represent the dynamics of the process model,

In & fuzey controller, these corrections are msde through an expert system based on
some ndes, which i a legical madel of human behasvioor, The advantages bBraught by the
intraduction af a fuzey cantreller are important (301, Amaong them, are mentioned the
falborwinig:

1. Desigring & fuzzy logic contraller does not require an exsct model of the system. LS
very appreciated in applicatons with an elecric metos drive systerm with or without losd,
whase behaviour is described By a system of linear oF partially unk newn equations,

I A Tuzzy logic-based controller wially proves best results in comparison with a
corventional contraller, especially in terms of the responde time, the settling time and the
redusLruess,

3. 8 Tuzzy controller can be designed based on the linguistic information received from
thr expent process ar can be designed by the expernt process itsell, This is an important
advarage especially for the speed and position leops, which are quite sigrificantly
irfluenced by the lead behaviour
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Returnirg to the specific case of the SRM, the main advantage of using a fuzzy logic
cortrcller is that, by proper design, it can optimize the corment shape supplied o the
mmachine in order wminimize the torgue pulsations,
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Fig. 855 The shape ol the tonguee and the speisd obtained with the fuzoy controller
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Fig. 856 The current waveform obtaireed with the fuzey controdler
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Fig. 857 The current wavefarm abtained with the fuzey controller (derail

In this sense, Figure 8.55 shows the shape af the speed and the torgue variation of such
& rnachine is exemplified by 3 no-lead starting and then by machine lsading. Fig. B.SE
shiows the variation of the current shape Tor this case. Fig. 857 pravides a detailed form for
the chamgee in the current in order te abbain the minimum torgue ripple.

The representations shown in the above ligures have Been msde taking inte account a
rmotid with & stater pales and 4 rotor poles, with a rated corrent of 18 & and arated speed
who= 200 rad / sec

8.4.7.3 The implementation of the newral netwaork to a fuzzy logic controller [34]

The performance of & contral systerm based on & Mluzey bogic contialler can be imgraved
by settineg the approprste parameters, In maost Cases, this is a pretty complicated thing te
accamplish. The ebjective al the algorithm is o set pararmeters ol varation te reformulate
the functions of the contral variables in order 1o obtain the best response from the system,

Irn orcler to o Lhis, vou can use a meural network, Ooe of the most imponant propeies
af neural networks, for the purpese of designing & command system, is the ability 1o
prowide sn wnknown arbitrary map output enly by collecting the data set and the
Appropriate earming strategies.
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8.5 SRM control systems developed at the Faculty of Electrical Engineering
of Timiscara

B.5.1 The Sensor-based control system

This paragraph deals with a current control method of an 8% Switched Beluctance
Wiotor wsing & DSP TMSIZ0C 240 The power comverter used in the experiments was a
classic o, with two trarsistors per phase, In the scheme from Fig. B.58. the current s
sensed using two sensor resistances, one for each phases pair, The current is measured
orly if the two transistors of the same phsse are on, The current control loop & perlormeed
using a PWM with a flioed regquency and a varable duty-ratio. & propartional cantraller has
beer used toregulate the phase current. & P1oontroller has Been wed to regulate the mator
speed

o
. u| | .
4 Taq ¥ W] Ta1 Do db Toq Dp2
Aq Jﬂl.z C1 C2 B1 Bg D1 Dz
Vous| Daq Tazl® Deq Dp1 Te2|%  Dpq Tan:]
Rarc Ren

.

Fig 8.58 Power carwerter for an 356 SAM

A disocdvantage of this type of power converber is 1hat the current can be measured andy
if bath wransistors cormesponding o the same phase ane conducting. IN coe of the e
trangistars is off the current thraugh the sensar resistance Taws in the other sense, whickh
rreans that the measured value cannot be taken inte account, This problem can be salwed
through an appropriate software, which alleaws the measurement anly if both ransistars
AP o,

Opto 1
Opto 2

Slotted disk
Rotor shaft

Fig. 859 The placerment of the position sensons
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Fig. 860 Electrical signals from sensors,

The experimental results ot bagh speed and low speed are presented in fig. 881 a and ke
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Fig. 861 a} Current wavelform and pasition signal at law speed, b} Curent wavelonm and

position signal at high speed
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8.5.2 The Sensorless control system [36]

The inberent vulnerability to mechanical failures, the extra cost and the size associated
with the external position sensors such as the aptical encoders and the Hall serdars have
mictivated many researchers to develop sersarkess cantral technigques for the SEM drives,
Irv this paragraph, a fux linkage method and a dual lager comreller are developed 1o
estimmate the rater position and the speed of a low-voltage Switched Reluctance Motor
{SRM) drive,

The basic concept of this application is that of a sensorless speed clased bop with an
inner current leop using a flux linkage position estimation. The valtsge drop on the poser
devices is more significant in the case of the low voeltage than in the case of the high
valtage drive, This voltage drop meeds 10 be consgdered inthe algorithm

The simrulaticns and the real-time experimental resuls given in this paper show that the
proposed positian estimation method can provide scowrate and contineous position
infarmation over a wide range of speeds, sven inbow speed applications, To ensure J sure
operation, & start up algarithen is alsa included,

The proposed method was implemented and tested by using a digital signal procesor
SEFEOTEVM from Freescale Semiconductor Company and an 8% switched reluctance
rmatar coupled with a broshless DO mator a5 lead, The saltware has been developed inthe
C language,
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Fig. 8.62 Block diagram of the sensoress control
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Fig. 864 Dynamic behaviour of the SRR
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Thie dynamic motor specd at sersorkess operation has been studied by rapid changes
in speed and load torque. Figure 364 a shows the dynamic behavior all SRR, When
switchirng from 300rot 7 min @ 200 ¢ min the load orque changed rapidly from its
PR waloe e zeno, [point 10, In point 2, 8 rew orgue change sas made from zero (o
it% maimum vilee, The mator continued to rumat full load

The signal apglied 10 the engine contral was of the step type, Inthe two graphs there
are three marked areas where:

Ir the Figure 564 b the motor starts with no losd at &00rat S min, after a tme © = GEs
the speed changes to 700rat S min, for & very short time ©s= 0,35, the speed drops 1o 6001
Jroin arsd rises again to 700rat / min, ALt = 15 the motor speed reaches S00rpm and at the
marked ared 1 the magmom koad torque is applied. The motor continues 1o run and at -
1.35 it rises to & speed of 600 rp, In zane 2 the load torgue decreases 10 0, the motor
continmes 1o run and rises ta F00 rpm whene it loads with maxirmurm torgue value During
Icading, its speed shifts to o new speed of 600 rpm.
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Fig. 865 The speed trajectary in both directians

The figure 365 shows the speed trajectory in bath directions. During this test, the SRM
drive Operating as a motod, stars in a cdockwise directicn and, after & certain number of
reveluticns, it stops for 0.2 ms and then staes in the oppesite direction. This test bas been
perlonrmied at 350 rpan o highlight the perfommance al the system atlow speeds, The delay
L i necessany Tor Lhe ratar Lo establish it positicn, The spesd information was colleted
usirg an external speed sensor an the DC metor load and NIBDOS for data acquisition, The
SR drive systern has performed this action with a high reliabilivg and congistency, Figuie
BA6 presents the SAM test stand froa the Departrment of Electrical Engineering, University
Peditehnica Timisoara,
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Fig. 866 Gerweral overview of the vest stand

8.6 Perspectives on using the SRM in electric drive systems

The general vend in the electric motar contral is to design control systems with the
lowest possible cost and the highest energy efficiency and relisbility. Cbwiously, it relates
b emotars with a bow production cost and a high efficiency as an example SEM can be, It
also created the need o implement more effective control strategies in oeder 10 incorease
the peerforman ce and © reduce the overall size of the drives,

The diginal signal processor (DSP) TMSI20C240 equipped with an sdvanced cortral
algarithen fully meet these requirenments,

Having this in mired, the SRM is & natural chaice for the electric drives systems, taking
it accownt the fact that cormently it is ane of the cheapest elecromechanical erengy
COPWRISION SysLema,

Control using digital signal processors [1], [2]

A far as the electric deives are concerned, the SEM has significant advantages. Due Lo
its simple mechanical canstruction, high efliciency, torque / speed characterstic and low
ragintenance cost, the SEM is becaming ane of the most wsed electromechanical erergy
Corverlers,

Traditionally, SEM control systems were designed with quite cheap analoguee
cormponents, The first disadvantage is inberent in any analogue components: aging and
ternperatune changes make the system need regular adjustrments; moreovers, he System
reliability decreases while the nurmber of its companents increases, and flinally, any
impravements 19 be made to the system are more difficult © achieve, & second
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disadwantage lies in the limitation of the effectiveness of the analogue comral structures,
such as, for example, the impossibility toimplement adaptive cantral algorithms,

Al thise problems are sobved by using digital cantral structunes, I Fact, digital systems
offer mamy more advantages than the analogue systerms, Deviations ane eliminated primarily
because the functions are sobved numerically, the improvements can be made easily by
makirg changes in the programme and the number of companents is redeced because
thie cliggital systerms may porfarm several furdctions by integrating thiem in a singhe capsube,

The perfarmance of the SEM depends Liegely on its control, Cigital signasl prooessons
allow the wse of real-time algorithes and serdorless control Al these advantages
cormbimed lead ultimatehy toe the cost reduction of the whole systerm.

A digital sgnal processor has the following advantages:

it reduces the cast of the entire system throwgh efficient controd ower the entine
apeed range, sllowing a correct sizing of the power circuits;

it has the ability 1o execute perforrmam algorithms o reduce the torgue ripple,
resulting in the reduction of the wibration and the increase of i1s e tire;

it allowes the reduction of the harmamics content by using performant algorithms;
this leads o the reduction of the cost of the filters;

it allows the elimination of the position o spesd sensors by implementing
algarithms withaut sensors (sensorkess algarithmal;

it recluces the number of lookup tables: this leads wo the reduction of the reguined
IETHY;

it haas the sbility 1o generate optimal prafiles in real-tirme, resulting in an imgrawied
performance;

it can gemerate pulse width modulated outputs [P with a high resalution;

Ehver @rvtire contral system is incorparated in a singhe capsube,

For adwanced contral systems, the digital signal processor can perfon the following:

it alkawes the contred of carmples multi-vanasble systems using filvering methods such
a5 newral networks and fuzey bogic

it allows sdaptive controls, Digital signal processors have a high encugh speed
necded at the same Lime Lo menitor the system status and to contral it A dynamic
carted abgorithm adjusts itsell in real time to the changes inthe system'’s behaviour;
by observing the iesquency specirum of the mechancal vibration, eror modes of
the behaviour can be avoided,

Fig. 867 presents a control syatem vsing a digital signal processos,

Given the facts presented sofar, creating an SEM efficient drive can be schieved anly by
using a digital signal processor,
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Fig. 867 Cantrol system wsing a digital signal processor,

Fallaweirg, wee will take inte consideration the TM53 200240 processor manulactured by
Texas Imstruments, € is a processor that is specifically designed and optimised for use in
cortred drives with electric mators, Among it featunes, we can mention: working in fixed
paint, allewing the gemeration of pulse width modolated signals TPWM) and consisting of
an analogue 1o digital conmeerter,

The dedicated digital signal processors allow the SRM contral bath in a position and
apsed sensor-based contreld and senscrless contral. In order to svoid the orgue Apphe,
which is one of the main disadvantages of this wype of machine, the implementation of an
aclvanced contral structure wsing fuzoy logic shoukd Be taken into consideration,
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POWER FACTOR CORRECTION IN SINGLE-
PHASE SWITCHING POWER SOURCES USED
IN ELECTRICAL DRIVES

9.1 Introduction

This chapter deals with the analysis and evaluation of the main topoelogies and salutions
for the simghe-phase power factor correction [PFC) comvwerters for the 230V mains voltage
existent in the literature, The research team within the Department of Electrical
Engirssering of the University Politehnica of Timisoars carmied out th study, The research
team sigeed in 2003 an international contract for research-development and consultancy
with Diehl Company from Germany. The conract name i "Anahsis and Evaluation of
Current Topologies and Salutions for the Single- Phase Power Factor Correction (PFC) for
Grid Tied Inverters’, The goal was to anabese all the relevant single-phase power factor
carmection {PFC) wepologies existing in the lileratune up o that mament, The power range
ol the investigated cirouits ranges Trom 1 kW o 4 KW,

Iny paticular, the follawing wopologies are the subject of this analysis: the passive PFCs,
the low-Trequerncy active PRCS, the high-Trequency active FRCS - known a5 the dassical
topalogies, the interbeaved anes, the bridgelss ones, the anes based on the soft-switching
techniques (Zero Voltsge/Current Switching ZVS/ZCS, Lero VoltageCurrent Transition
ENT/ZCT). For all these ropologies, their specific advantages and disacdvanmages are
highlighued in this chapter,

Their evaluation bas been dane with regand 1o the electramagretic compatibility (EMC]
reguirements, including radic reguency interference (RFL, which is very impoartant in the
residential ambient, Only the inverters with capacitive intermesdiote DC bus are
consiclered; that means that the PFC rectifier bas to feesd o DC bus capacitar ol about 380-
400V raminal valtage,

The criteria of sedecting the relevant topologies are low component costs, high energy
efficiency, casy 1o scale povwer levels (1.5 KW, 2.2 KW, 4 kW) with the sarme platfoom (PCE),
high quality, high reliability, compact design (kW dm?).

Thius, in conclusion, the target was & low cost and a high-eMicient design.

A decisional matrix has been prepared for different topologies based on the aboyve-
rmentioned criteria. As the power density has a low priority, the passive and low Ireguency
active PFC topologies (100 Hz) were also taken inte sccount within the decisional matrix,

il FIINAVER FRLCTOR COREECIIOMIN SIHGLE -PHASE TORTTOS MG POMNER SHIBCES USHD IR ELECTREAL DAIVES




Far thee faur most pramising topalosgies, the effickency versus the cutput pawer caloulation
arvd filter reguiremient analysis (BFI (radio frequency interferencel and THD (total harmanic
distortion) (EN 61000-3-211 has been done in crder 1o obiain an accwrate decision base. For
the=e Tour topologies, the semiconductors lesses (conduction and switching losses) and
the possive components kosses (of the inductors losses, the capacitors losses and the EMI
filver components kasses) have been caloulated,

9.2 The Power Factor definition

Thie power Factar | AL gives a measure of the distertion of the line valtage and current
and this phase shift between these two waveforrns. Poor power Tactors are typically dueto
ther effect of inductive or capacitive loads, The power factor can be leading ar lagging
deperding onwhether thie losd is predominantly capacitive o inductive mnsturne, In general,
a pawer factor ramges fram zerc (03 to wnity {15 usually being between 0.8 and 0.95,

The power Tactor is defimed as the ratio Betweon the active pawer Pand the apparent
power 5

- PV
S[VA]

9.1

Far sinusoidal valtage and currem wavelonms, the classical definition is obrained:

PF =cos¢ {9.2)

whiere cosgis the displacemient Tactor af the valtage and current, Thus, in the classical way,
ther PEC method represents a campensation method for the “deplacement Tactos”,

Gererally, the line current s non-sinusoidal due o the losd non-linearity, Fos the
sinusoidal waltage and the non-sinuscidal current, the PF can be expressed as

Vrms .]1 rms Il rms
PF=V—’-COS¢: I, -cos¢p =K, -cos¢g

I (9.3}
K, =%,KD €[0,1]

rms
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Where Ko is the distortion factar and it describes the harmaonic content of the cument
with respaect 1o the fundamental. Hence, the power Tactor depends an bath the harmmionic
content and the displacement factor,

The toral harmonic distortion factor Ko e is defined as:

ilrirms
THD, =12 {9.4)
1,rms
Hence, the relation betveeen Ky and TH0D, is:
1
K,=——— (9.5}

J1+THD’

The IEC 1000-3-2 standard sets limits on the harmonic content of the current, but does
not specifically regulate the distortion facter Kxor the watal harmaonic distortion of the line
current. The values of Ky and Ko Tor which compliance with IEC 1000-3-2 is achieved
depend on the poser level. For low power level, even s relatively distorted line current
ray camply with the standacd, but it does not guarantes a bigh- power factor (Ksclose 1o
uriity, but low cosgl And, an the ather hand, a high-power factar can be achieved even
with a substantial harmonic content

The sdvantages of using power factor cormection cirouits are the electricity wanff savings,
the avoidance of penalties for low power factor, the reduced losses, the reduced power
droowny from distribution systems and, thus optimising the sizing of the electrical
infrastructure, the stabilised site valtage levels by reducing the inductive effect of the
connected losd,

The dusdvantages of low #F are the increased EVA rating of the electrical equipmiens
vielcirig am increased sze and cost al the equipaent, the increased sioe af the conductor
due to the Bigher current in order B ramsmit the same amaount of power 310 low power
factor gt constant woltage, the increase of copper losses of the equipment, the poor
valtage regulation due to the grester valtage drog in alternators, transformers and
transmission lines, caused by the current at low lagging posver factor,

9.3 Actual publications for single - phase PFC

9.3.1 General aspects

I arder o maximise the real power available from the mains, the powe factor
correctian shapes the input current of variows nan-linear kads, deally, the losd emulates
A pure resistorn, inowhich case the reactive power dranwn by the device is zero and the
current is a perfect replica of the input voltage (usually a sine wave] and is in phase withit
Iy this case, the current drawn from the mairs has an optimum {minimem) value for the
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rizal poweer required too perform the meeded work, and this minimises kosses and costs
associated not only with the distribution ol the power, bur also with the generation of the
powes and all the egquiprment invobeed in the process,

The harmonics absence aka minimises the clectramasgretic interference (EMI; with
aother devices being powered frorm the same supply source, Anather reasan o employ FFC
iry rmary of today's posser supglies B to comply with regulatory reguirerments, Nowadays,
electrical equipment in Euroge must comply with the Buropean EN §1000-3-2, or [N
G1000-3-4 standarcds, These requirements apply mostly to the dlectrical appliances with
imput power of 75 W oor greater, and it specifies the maximom amplitude of the
lire—frequency harmonics up to the 39% harmonic (1], 12], [3], (4],

In thie last decades, a grean deal of research in the power electranics field has been
devated wa finding mone sophisticated ways of improving the input corrent wavelanm
while sirmultarecushy svoiding phase displscermaent.

There are several solutions to achieve the Power Factor Correction [PFC). Deperding on
whether the sctive swinches icontrollable by snexternal controd input) ane used or not, PRC
salutions can be categorised a8 passive or active, (10, (2], [3], (47

o Passivie PFC: anly passive elerments are used in addition ta the dicde badge
corwerter, o improve the shape of the line current, Obicusly, the output
vialtage is ret controllsble,

o Active PFC: active switches are wsed in conjunction with resctive dements in
order 1o incresse the effectiverness of the line current shaging and 1o cbain
controllalle cutput veltage.

The switching frequency Turther differentiates the active PFC solutions inte bwo classes:

o In law-frequency active PRC, the switching 1akes place st low-order hanmanics
of the line-frequency and is synchronised with the line voltsge.

o In high-Treguency active PFC, the switching Tregquency is much higber than the
lirie fresquency.

Thie rain dlrawebacks, related e the PEC cincwits, ane

o additanal losses, thus reducing the overall efficiency;

o theirirease of the EMI, doe tethe high-Trequency comntent of the input curment;

o theincreased compledary of the circuit, with negative effects an the reliabiling of
Lhve cquiprnent a5 weill 35 Gn s size, weight and cost

The gerweral airm of this study B 1 investigare the PRC wopologies and their contral
miethods, which would annul seme of the sforementioned dravwbacks,

A gereral <lassification of small power single-phase PRC cirouits s done in Fig. 9.1, (10 2], (2]
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PFC

Fig. 2.1 General classilication of the PR circuits
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9.3.2 Passive PFC circuits

The passive PFC conveners use additional passive components to the diode bridge
corwerter topology. The schematic diagrams and their correspanding line voltsges and
currenits are presented in Fig, 3.2- Fig 999, [1]-[4]. An overall presentation of the passive
PFC comwierters is given in Table 9.0, (1],

350V 354
4D, 4D, 200v| |/ / i 28
I'l I'o | |
# AL 0
e )
i 2007 20
i D’} DN
-3V | . i - == = - 1.0
" o 5ms  10ms  15ms  20ms 25me Oms  35ms  40ms
a b.

Fig. 9.2 Converter with AC-side imducton: a) schematic; bl line voltage and line current
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Fig. 9.3 Comverter with DC-side inductor: af schematico b line voltage and line curent
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Fig. 94 Corvernter with seriss-rescnant band-pass filter: a0 schematic B line voltage and
lirwe eurmint.
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b line weltage and line curent,
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Tabile 2.0, Overall presentation of the passive FRC methards
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Table 9.2, The sdvantages and disadvantages of passive PFC circuits

- reactive components are heavy and balky due 1o line
frequency opsration;

- simpliciiy; « pir CyMamic TBsponGEe;
- reliability; - lack veltage regulation;
- rugpgedness:

- the shape of the input cumrent depends on the koad;

- gyan (i the line cument harrmonics are reducead, the
- generation of HF-EMI; fundamental component may show an excessive phase
-0 HF switching losses shiffi that reghices the power factor;

- possibility of parallel-resonance at different freguencies,
which can amplify other harmonics

- insensitive o noises and surges;
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9.3.3 Active PFC canverters

Ancactive PFC comverter nepresents a power ebecironic cirouit contraling the amount of
penwer driner by o load in order to obrain a power factor & <hose as possible to the unity. In
mical apglications, the active PRC canverter controls the input curnent of the load so that the
current wiavefanm is proporicnal to the mains waltage wavelarm {8 sine wae, in genersl ),
Active switchis are usid 1ogether with the reactive elements in onder o increase the
effectiveness of this line current shaping and also to abtain controlable autput valtage.

Thee switching freguency further differentiates the active PRC cormrters into twa classes:

o the b frequency active PFC converters - the switching takes place an law-order
harmvanics of the ine-frequency and is syrdchronised with the line voltage.

o thi high freguency active PFC cormeerters: - the switching frequency s much higher
than thie line frequency.

Thie preferable type of PR is the active PRC since it provides a theoretical power factor
of ower 85 %, up 0 9% % The Active Power Factor Correction also diminishes the atal
harmwonics distartion (THD), automatically comects the AC inpot valtage and is capable of
& full rarsge of input voltage.

9.3.4 Low-frequency active PFC circuits
A active low Meguency PEC can be implemiented up to about 1.0 KW 1],

Three representative solutions are reparted and presented in Fig. 9.10- Fig. 2.2 0], [2],
[3]. [19). The phase-comrelled converter & shown in Fig. 9000 It is derived Trom the
cormeerter with a D side inductor, where diodes ane replaced with thyristors, This solution
offers cantrollable autput valtsge, is simple, reliable, snd uses lowe-cost thyristoss, On the
negative side, the cutput voltage regulation is slow and a relatively large inductance Ly is
atill regyuired,

Even il the ssond-order switching comventer is mainly used ar high switching
frequencies, it is also possible to use it an low switching frequencies, oo, The second low-
frequency switching solution, namely the Conventional PRC Boost Conwverter is shawm in
Fig. 9.0, Thee active switch S is wurned ON for the duraton Tow a8 ilustrated in Fig, 3.1, so
a4 1o enlarge the conduction interval of the converter diodes, 1is also possitde to have
ratiple switchimgs per hall ine-cycle, at low switching frequency, in erded o mprove the
shape of the line cwrrent, Nevertheless, the line corrent has a consederable rpple. The third
lwe-Trisquency  switching solution, e the Buck Comverter, is shown in Fig. 902,
Theoretically, the inductor current is constant far a near-infmite inductance L, The switeh
i turned OM for the duration Tay and the OM-lime intervals are syrmmetrical with respect
1o the zero-crassings of the line valtage, The line corrent is square with adjustable duty-
cycle For a 35 lower harmonic cantent of the line current, multiple switchings per line-
cycle can be used, However, the required inductance Ly is large and impractical.
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Fig. 9.12 Buck Corwertir.

Im comclusion, the law-freguency switching PEC offers the possibility to contred the
output woltage in cemain limits. In such circuits, switching losses and high-freguency EMI
are misgligible, However, the resctive elerments are Lege and the regulation of the cutput
voltage is slow [1], (2], [31, (31, [10), (1],

9.3.5 High-Frequency Active Buck-Boost PFC Converters

Ir e rexl shep,  reviesy of the high-pedformance, state-of-the-art, active pawer-facton-
carmectian (PFCH techniques Tor high-pawer, single-phase applications is presented. At
higher possr levels, the continuaus-current-mode (COM) Boost Comeerter is the prefemed
tepalagy for implementing a front end with power-Tactor correction (PRCL

A% A result, inorecent years, significant eforts have been made o improve the
performance of high-power Bogst cormerters. The majority of these development efforrs
have been focused on reducing the adverse effects of the reverse-recavery characteristic
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of the Boost Comerter on the conversion efficiency and electremagnetic compatibility
{EMCL Generally, the reduction of the reverse-recoveryrelated bosses and EMC problems
reguires hat the Boost converter should be "softly”™ switched off by controdling the twm-
off rate of its current.

S0 far, a number of soft-switched Boost comverters and their variations have been
proposed, All of thiem use additional companents 1o fomn a passive snubber or an active
snubber circuit that controds the tern-off difde rate af the Boost comeerter, Generally, the
passive snubber approsches use only passive components such &8 resistors, capacitars,
imductors and corverters, whereas active spubber approaches also employ  sctive
switchilesl, The main feature of the active approaches B thar they either offer zero-vallage
switching [ZVSH of sero-current swatching (203) of the Boost switch besides the soft
switching of the Boost Comeerter,

The miarly unity power Tactor can be obrained with the “high-Treguency switching
active PRC” il a switable contral methosd is wsed o shape its input current or if it has
imherent PRC properties,

The converters can operate in Continuous Current Mode = COM, where the indwctor
current never reaches zero during one switching oycle or Discaminecas Curment Maode -
DM, whisre thee inductor cumrent i 2ero during intervals of the switching cpche.

Thie basic types af DC-0C canvertens, wihien operating in discentinuous current mode
DCM, have sell power Tactor comection (PRC) property, e, if these converters ane
conmectod o the rectified AC line, they hawve the capability 10 give a higher power Tactor
by the naturee of their tepolegies. The input current feedback s unnecessary when these
cormeertirs are employed o improve the power Tactor, Inthis chapter, the Basic types of
-0 converter topologies are studied to investigate ther self-PFC capabilities [1].

The Convertional PFC Boost Comwerter bias an imperdect “inberent” PEC property. s
input resistance changes throughout the ine-cycle, but the variation decreases and the
inherent PRC propaerty improves when the ratio V0 is inoreased, Taking into account the
Tact that the Bre corrent does not have cressaver distorions, the compliance with the
standard is achicved comfomably, Because of the abowve reasans, the Corventional PFC
Boost Comverter is comparably supericr o most of the other converters when applied 1o
da the PFC 1], (20 Henwewer, it shoold be noted that the Comventional PFC Boost Comeerter
can operate propery only when the output voltage is higher than it input voltage, When
o woltage output is needed, a step-dawn DC-0C comerter must be cascaded,

There st many neasans why the Convemtional PRC Boost Converter has became the
topolegy of chaice for a PRC front-end in many applications. s many sdvantages inglude
Lhe Telleawing 121, [13):

o |t achievis very low THD, offering probabdy the best possible P&
o High output voltage—valumetrically efficient energy-storage capacitons, good
hald-up;
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o Thie lowe-sicke boost switch alkowes easy gate drive and switch current serse;
o The direct farward path from the AC input to bulk storage capaciton cases the
lightning swrge managerment;

The Conventional PFC Boost Canverter ala b some limitations and drawbacks, same
of which are simply the corollary of its advantages:

o The output woltage must always be higher than the instantaneous AC input
valtage—Tar the universal ar high-line &2 input up o 264 Vol the bus voltage
st e sel ot abour 400V,

o It requires a subsequent high-valtage primary regulationdisolation stage o step
down ta practical valtage levels reguired by most electronic loads,

o Thi high bus woltage causes a higher level of carmman mode (CW) EMC noise;

o N inrush limitaticon at start-up {this is the flipside of the sorge advantage listed
warlier), &0 8 potentially dissipative or casthy inrush limiting mechamism is required,

o A cansiderable drop inefficiency at low line because of the high valtage differential
between the AC input voltage and the bus voltage and the consequent effect an
thie PR choke design.

The Buck-Boost Converter, shown in Fig, 913, can operate either a8 8 step-down or 45 5
step-up canverter, This means that the output voltsge W, can be higher ar lower than the
armplitude v, of the ingut valtage, which gives. frecdom in specilfying the output veltage,
The operation is possible throughout the line-cycke and a sinusoidal line current can be
obrained, However, the output voltage & imverted, which ranslates into a higher valtage
stress for the switch, Moreawer, similaly to the Buck Cormvertes, the input current is
discaminuous with significant high-frequency cantent, a8 illustrated inFig. 903 (2],

| S D}
| ! R
+ I 1+
A QR e [] 2
R T 1
v

Fig. 9.13 The schemwe of the high-Trequency switching Buck-Boost Canverter,

Because the output voltege of the the Buck-Boast Canvernter can be either larger or
smaller than the input valtage, it demonstrates strong availability for the DCM input
technique 1o achicwe power factor cormection, Therelore, theoretically, the Buck-Boost
Converter is a perfect candidate, Unfortunately, this topology bas twe limitations:
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o The palarity of its output valtage is revessed, i.e, the input voltage and the output
valtage do not have a comman ground; and

o It needs a floating drive for the power switch, The first limitation circumscribaes this
Circuit into a very narrow scope of applications. A3 & result the Buck-Boast
Converter is not widehy used.

The main advantage of wing switching converters operating in DCM for PRC
applications is the simplicity af the contral method. Since there is o need 1o continuowsly
adjust the duty-cychke d to perfarm the PRC, only 8 voltage loop is necded o regulate the
valtage scross ths storage capacitorn, Thie Bandwidth of the valtage laop has o be law (2.
10-15Hz}, imorder 1o filter cut the autpet voltage ripple at twice the line-fregquency.

The simple contrel of converters with inberent PFC makes them antractive fos law-cost
applications. But the main disadvantage of uiing switching comaerters operating in DO
far a PFC applicaticn is that the input current is nonmally @ train of riangle pulse with a
mearly constant duty ratio, As aresult, the high-freguency EMIis very high, Inthis case, an
input filter is rescessary for smcothing the pulsating inpur corent inte s continuous one,

The high-power quality achievement & increasingly regquired for the power supply
aysterms in order 1o comply with the international standards such as, IEC 61000-3-2 or EN
&1000-3-2, For this purpese, and especially for the single-phase low power applicatians, the
Powwer Factar Corneetion [PFC) cincuits ane diesigred in order 10 enswne a high-power factor ot
thie rvains side and to ermulate 3 purely resstive operation of the diode bridge-based front-
erid comverter. Amang the comentionally used PRC conmverters, we can Tind the Boost and
the Boost-Buck topologies,

The basic Baost-type topolagy is shown in Fig. .14.a 1 presents o smacthly varyinginput
curreEnt fdue va the presence of a filtering inductor ot the imput pot, But a relatively bigh DC-
bus woltage (sl keast the peak value of the source voltagel that may cause high voltage
striesses on the devices, In sddition, the front-end diode bridge operates in continuous
currerd mode st the mains frequency {50 or 60 Hz) and, therefore, the presence af a high-
Trequency filter ar the AC-side is not necessary amymorne, [0 order 1o avesd the canal
detuning problem that oocurs b zero crassings of the source voltage, the asyrmietnic hall-
bridge Beost PEC is presented in Fig. 9145,

Thie Boost-Buck PRCS can pravide nan-pulssting ourrents st the ingut and cutpur stages,
with a redeced level of the cutput voltage, which make them highly suitabbe for such
applications. Several simgle-stage topologies of Boast-Buck combinations Bave Been
irtrecuced in the Breratwee, Inthe two-stage wpology depicted in Fig .04.c, which corsists
af & series connection of Buck and Boost conwertens, 3 smooth input current is olitained at
the expernse of 3 twice number of switches,

Migre corwenient and efficient woluticns that ersure a smooth input current By wsing a
single switch are the cascaded Boost-Buck Comverter Fig, .14, the Cok Converter Fig 5,146
and the Single Ended Primary Indectance Converter (SEPIC)H Fig, 2040 The Cok and SEPC
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topokagies have similar charactenstics in the PFC applications. and suffer both from the
comtral detuning phencoenon that apgesrs at very lows values of the input voltage (which
would correspond tothe sevo-cressings of the AC source voltagek they differ, however, froem
wach ather a1 the owput stage, where the ree-wheel diode and the cutput inductor ane
perrmaatated, and thie polarity of the cutpat voltage is invermed (ahich, in practice, may cause
sarme problemns if the output stage is not isolated from the input onel.

L
>

: :‘,. T ‘

,,
=

ol HN

I'_
a b.
o L o e i -
] a ]
AL
[
sy a= | [» u C]- PR T
o, [yb, ¢
ke
0 FL o
c. d.
. L c I - - B c D .
=y b e o
D, D, o, o,
™ i e p o= K o i e LII &= *
o, o, o, o,
) a
SEPIC
e. f

M L & .
P o pr— |
b, b, . 0.‘{ D, o, ) Q.'i z:
m B, I I B, s i e
o)

Figg. 9.4 PFC topologies: &) Basic Corwentional PRC Boost Comerter, Bl asymmetric half-
bricloe Baost Carvertin, ©) bwo-stage Boast-Buck Converter, df cascaded Boost-Buck
Canwerter, ¢f Cuk Converter, 1] SEPIC, gl conventional Sheppard-Taylor Canverter,
arvd ) rvodified Sheppard-Taylor Comeerter [14], (151 [16].
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Thie detunineg probler in these lamer PFCS s avoided by the we of the Sheppard-Taylor
topology presented in Fig %040 where the single active switch B replaced by twe
ayr hronised ones, However, the reversed polanity Teature Betwaeen the inpat stage and the
ot pant St sl edsts {as in the Cok wpology).

Iy crcler te avaid this lacter probles, & modified Sheppard-Taylor converter thal wses the
SEPIC cutpat stage. a5 depicted in Fig. 2040, & proposed, where two techoical benefits of
this newly developed wepelogy over the farmer one were highlighted: first, for a same
aperating point, the voltage stress across the intermediate capacitor i lower and, secand,
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foor & samie operating cone, the outpat voltege can reach higher values and, thus, lies within
o lwger range loped and presented [14), [15], [16].

The advantages of the high frequency PRC circuit ane as folkoes:

o This circuit has anly bwo on-switches: at any irstant, losses can be reduced. And it is
appropriate for mediom and high-power applications;

o Sinde switches 5, and 5. are referenced to the same ground, the gate driving circuit
is wery simpde and the isalation is ot needed,

o The lacation of the BOOAT inductor Lon the AC side comnributes to the redwctionin
Lhe EMIinterface.

9.3.6 The Bridgeless PFC

49.3.6.1 The Bridgealess PFC Boost Converter Topology

A rentioneed Before, the comventional Boost topoalagy is the most efficient for PFC
applications. It uses a dedicatesd diode bridge wa rectify the AT input voltage to D, which
is then followed by the Boost sectian.

This approsch is good for a low o medium power range, As the power kel increases,
the dicde bridge becaomes an important part of the application and it & recessary for the
desigrier to deal with the prablem of how to dissipate the heat in a limited solfsce srea.
The dissipated power is important from an efficiency point of view.,

The Bridgeless configuration tepology aveids the reed for the canverter input bridge,
vl rmaintaing the classic Boost topology. This is easily done by making use af the intrinsic
body dicde connected bevween the drain and the source of power MOSFET switches, &
sirmglified schermatic of the Bridgeless PRC Boost Corverter configuration is shiown in Fig
2.15017).

g
I
1
Skl
g

o’
Mr {:Ii——l%} Mz

| Controller | -

Fig. 215 A simglified schematic of o Bridgeless configuration [17].
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Ir the traditional PR wopology, the curent flows through veo of the bridge dicdes in
series. In the Bridgeless PFC Boost Carwenter condfiguration, the current Nows throwgh only
o diode with the power BMOSFETproviding the retum path. To analyse the circuit
OPErAtion, it is recessary 1o separate it inla teo sections, The first section operates as the
Boost stage and the second section operates as the returm path for the &C input signal

Compared 1o o comventional Boost PRC wopology, the kasses due 1w the bridge Camnnerter
arg eliminated, but the body diode conduction of the inactive BOSFET is carveyed 1o the
cod current, Cherall, there is only one diode conduction koss far a Bridgeless PFC Boost
Corverter compared 1o the conduction loss from twa diodes in a conventional Boost PFC,
whach can improwe the efficency to diminate the valtage drop of one diode in the line-
current path, Fig 9.6, [18],

w Bride Ve Bridgeless
14.000
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11.000

10.000
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5.000

4.000 |

3.000
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1.000

a

0.0007
Bride Bridgeless

Fig. 9.6 Power Loss Camparison Between Conventional PFC and Bridegeless PFC Boost
Converter, [19]

Despite many acdvantages of a Bridgeless PRC Boost Converter, there are somie obatadles
that need w be overcome [19]:

o Because the line is Boating compared ta the PRC stage ground, simple cirewitry is
nal able of sensing the inpul voltage. Nosmally 3 low-requency ransformer oF
optical coupler is used o perform the input voltage sensing.

o Far the corventional PFC, the current semsing is easy Lo monitor by simply inserting
& Shurt Sensing ressear ot the retum path of the inductar current. Hoveever, for a
Bridgehess PFC Boost Converted, the current path does not shane the same ground
at each hal-line cyche & sensing-power MOSFET and dicde current are meeded,
which make the Bridgeless PRFC Boost Converter's current sensing complicated and
difficult te monitor,
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o Thi EMI redise is another issue, For o Bricdgeless PRC Boost Corwerter, the owtput
valtage ground is ahways Noating relative tathe AC line input, Thus, all the parasitic
capacitance incleding the MOSFET drain o earth and the cutput terminals to the
warth ground contribute to the common made {CMW) noise, This large dwdt at sach
phase's switching node leads to an increased cormman mode noise that is difficult
1o filver, Fig. 9,17, [61. [7], [8].

] 13
_Elcdgfﬁ_r c.f Ca_

LI ]
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Fig. .17 Parasiic capacitimoes that comribute vo cormmon rmodis noise (207,

9.3.6.2 EMI and CM Maise Reduction

To solve the EMI noise issue, & rew EMI naise reduction circuit for the Bridgelss PRC
cirewit is introduced, The circuit schematic & shown in Fig. 218, Camparing with the
original Briclgeless PFC Bocst Canverter circwit, the circwit adds twa capacitons in the cirouit
b create & high Mreguency path between the autput veltage to the inpot AC line,

In [21], vwes approackes @ minimise te O noise in Bridgelss PRC Boost corverters ang
proposed and compared, One approach is ta modily thie tepology 1o achiee total symmiery.

D A D:

Fig. 9.8, &n improved EMI perfarmance Bricdgeless PRC Boost Cormverters ciroun [20]

The CM noise modd & deived w0 model the symmetnic topology and impaortant
parasitic that affect topological symmetrny are studied. By achieving syrmemnetry in topology,
thes O neise can Be minimised,
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The ather approach is to implement the Balance techinigue in the Bridgeless FRFC Boost
Carverter, In arder to apply the balance techniguee. a modification in topalagy is needied
1o reduce the OM naise for the sehobe line oyche. Cxperiments are done o validate the teo
apprasches and it is shown that both can effectively redoce the CW naise 1o a very low
ez,

Ta immglement thie balance techmigue in the Bridgeless PRC Boost Comve mes Lo manimise
ther O nisise, the balance condition shauld be satished in both halHine cycles. & small
incluctor and o diodes ane introduced 1o help balancing Both hal-line cycles, a5 showm
in Fig. 2.9, In the positive hali-ine cycle, Ly is in parallel with L, while inthe negative half-
line eyl Ly is in parsllel with L, [21]
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Fig. 9.19 Bridgeless PFC Boost Converter wsing the balance techmigue [21]
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9.2.6.3 Soft Switching Techniques

The Bridgeless PFC Boost Comverter can reduce the conduection loss, but it has no
cantribution 1o reduce switching losses. In order 1o reduce switching lasses and device
avness, restrict dv/ce amel disd during switching wm-0M and turm-0FF, several soft switching
circuits have been proposed in a Bridgeless PRC Booast Corwerter, There are two main
methods te implement soft switching: the active mode and the passive mode. The active
el realises thie solt switching by adding an suxiliary switch and 3 comespoending control
circuit, The padsive mode uses the resonance of the inductor and a capacites 1o decrease
an overlap area af switch valtage and cuwrrent and realise the solt switching. The passive
loasless snubber circut is one type of pasiive soft switching method. The inductor and the
capacilonr have ne energy consumglion: therefore, the passive soft switching is a good
rmethod to realise 3 high efficiency in the Bridgeless PRFC Boost Converter [17],[22], [23].

There are many soft switching Bridgeless PFC Boost cormeertens reported, These PRC
CONYErLers use an extra switch to prepare the soft switching condition for the main
awitchwss, Therefore, the complexity of the control circwit and switching losses are
incrisased, [24], [25], [26].
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9.3.6.4 Advanced Typeas

9.3.6.4.1 The 5iC Technology

The recent advancements in the develapment of the silicon carbide (5iC) technobogy
that have made 50 comeerters commercially available are completely redefining the
Boost-Canverter design optimisation priorities, Since 5iC canverters virtually have no
reverse-recavery charge, active snubibsers to cantrel the teen-off rate of the comventer are
urnecessary, which greatly simplifies the circuit design, However, a5 the switching
Treguency of the PFC boost cincuit with the SiC converter is increased to minimise the sioe
of the Boost choke, some additional circuitry for oreating saft switching conditions of the
Boost switch miay bae requined, [25].

Thie Bridgeless PRC Boost Corwverter implemented with SiC camverters and DSFP control
may becarme the mairstrearn PRC technology for the next generation of high-perdarmance
front-end converters [27],

Silicaon Carbide (5iCh based power devices exdhibit superior properties such as very low
awitching losses, Tast switching behavioor, improved reliability and high temperature
operation capabilities, These properties contribute towand the ability 1o increase the
awitching frequency, to decrease the sice of passive components and switches and 1o
reduce the need for cooling, making thus the devices an excellent candidate for the ACDC
pawoer supplies [18])

9.3.6.4.2 The Bridgeless SEPIC

I (19, thee nesw Bridgedess PREC Boost Converter's circuit, based on the SEPIC wopalogy,
is introduced, Unlike the Conventional PRC Boost Converter, the SEPIC and Cuk comertens
offer several advantages in PFC applications, such as the easy implermentation of the
transformer isclation, the infierent inresh curent imitation during statup and overkoad
conditions, the lewer input current ripple and the less decromagnetic interference [EMI
adsociated with the DCM ropalogy.

The proposed Bridgeless SEPIC Corwerter is shown in Fig, 9.20, The proposed converter
utilises 3 bidirectional switch and two fast diodes. However, the two power switches,
narniely, 5T and 52, can be driven with the same PWI signal, which significantly simplifies
the implementation of the cantral circuit. Mobe that during cach swatching cyele, there is
either one of two sermsconductons in the Mowing curfent path: bence, the condaction
lesses a5 weell as the thermal stressses an the semiconductar devices are further reduced
and the circuit efficiency is improved companed with that of the Bridgeles PFC Boost
Converter, Another sdvantage of the proposed comerter s a reduction in the
aemniconductor wvoltage stress a8 companed with that of the conventional SEPIC PRC
Converter, The voltage stress s reduced 1o 8 level that is comparable with that of the
Conventional PFC Bagst Converter, On the other hand, the companents’ current siresses
ari: camparable with their counterpants in the cormentional SEPIC,
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The proposed canverter structure utilises three inductars, which are often described o
o diadvantage, However, the theee inductas can be coupbed on the same magnetic core,
allowing consideratde size and cost reduction, and additionally, the “near-zero-ripphe-
current” corgdition at the nput port of the comeerter can be achieved withaut
compreamising performance,

The mweasured THD was 2.5% with power conversion efficiency close to 32 %

| >

— P
e

L1 e L=
LYYy i ——c 3r
-
AC

Fig. 9.20 Proposed Bridgeless SEPIC PFC [29),

9.3.6.5 Performance Evaluation

The Bricgeless PEC Boost carverters, slso called the dual-Boost PFC converters, comp ansd
b the Conventional PEC Boast converer, gererally, improve the efficiency of the front-end
PEC stage by eliminating ane diode forward-voltage drop in the line-corent path, Today,
T topokogies can be considered as attractive for the practical implementation: Bridgeless
PFC Boest Comverter with the bidirectional switch [27] and the Semi-Bridgeless PFC
{Conventional PFC Boost Converter with two DCSDC boost dircuits) [25].

Irs [28], & systematic review of the Bridgeless PRFC Boost Comverter implementations that
hawe received the maost attention is presented, The pedormance camparison between the
Comentionsl PFC Boost Converter and 8 representative member of the Bridgeless PFC
Boost Comverter Tamily is perfosmed. The boss analysis and the experimental efficiency
evaluation far both continuous- conduction made (COM] and discontinuous-conduction
rrcsdie (DEMCTM Boundary operations are provided, Talde 9.3,

It can be concluded thst only twe Bidgeless PRC Boost Comeerter topalogies ane suitable
Tear the practical implementation: Bridoekess PR Boost Cornerter with the bidirectional switch
{positian 2) and Seimi-Brickpeles PRC Converter, with twa DOTC Boost crguis (position 3),

Irs [251 armather systematic review of Bridgeless PFC Boost Conventer family is presented;

conduction keddes and comman made {CM) EMI performances are analyied comparing
with the corventional Boast PFL,

Table 5.4 gives the semiconductor numbers in the curent flaw path of each PFC
topalogy during the line paositive AC pericd, Where, OROFF means OM time and OFF time
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of MOSFET; DF symibsolises fast diode; DL symibolises line fregquency diode; Mis for MOSFET
ard DM is the body diode of MOSFET. It shows that the Bridgeless PRC Boost converters
respEctiviely have lower sermiconductor numbers comparing with the conventional Boast
PFC, whiich will brirng Benefits on decreasing the conduction losses of the whole systems.,

Tabke 5.3, Comparative evaluation of the Bricdgeless PRC Boost Comverter configurations [28],

L) o=

Basic Bridgaless PFC v |
Thee basic Briclgeless PFC o
1 Besost Conwerter is not a c= &%

practical solution because
it has significantly larger j
coanman mode noise ?E-'} _sE:l
than Comeentional FFC
Boost Comverter,

Bidiractional Switches
Boost PFC

The common-source
node of switches s
disconnected from the
outpul grownd. The D'JE o
diodes D, and D, are fast- RRd s T~
recovery diodes, whereas &
diodes D, and D, are slow- " oL o
recovery diodes. During a - T "3
pasitive half-line cycle,
the AL source is
connecbid to the output o: A\ o A
graund through slaw-
recovery dicde D, and
during a regative halHine
cycle, the AC sonce is
connectid w the positive
terminal of the outpat
theowgh slonw-recowery
diode D;.
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Semi-Bridgeless [Two-
Boost] circuit PFC
In additon 1o diodes O o o:
and D, which are show N
recavery diodes, a
second inductor is alse A ] L
i added, resulting in two A "2
DD Boost Cincuits,
Py
1]

o for exch half-line
cyche The drawback of
this circuit is thar it . Y
recguines two inductars.
It shvcsuld alsor be noted
that twea inducton
cormpared 1o a singhe
imcluctar have & better
therrmal performance,

Pseudo Totem-pola
FFC
Because of the position o 28 o ‘EL—\
of switches, this v ik
topology is called g
paeudo totem-pole f Rg
Bridgeless PFC Boost
Canvernter, I requires &
miene camphex contral A —Ej} o
andl drive cireuit and, *
consedquenthy, itis less
attractive for the
practical
irmplermentation than its
Counlerpant in pos. 3,
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Tatem-pole PFC
% cabtained frarm the
basic Bidgeless PFC
Boxost Coreerter, by
excharging the position J:Jﬂ ok

of diode D) and switch L P
52 Because of the (% [
AC

pasition of the two
5 switches, this topology
is called the toterm-pole

Bridgeless PFC Boost i
Carwerter. —&Eﬂ of
It can anly wark in CCM
drd at DOMACCM
baundary, and requires
A complex contral and
dirive Circuir,

Fig. 9.21 shows the efficiency columms of six PRFC wopologies based on simulatian resulis
when only the conduction losses are taken into account. The Tetem-pale PRC, the Twao-
Boostcircuit PFC and thie Psewda Totem-pole have better efficiency comparing with other
tepologies

Table 9.5 gives the O EMC and efficiency compansan among canventional Bacst PFC
and five BLEFCS, From this tabde, it comies 1o a conclusion that the Twa-Boost-circuwit PRC
shows higher efficiency and lower EMI performances, which is worth for industrial
application and further improvement.

Table 9.4, Semiconductor numbers in current fow pathin the six PFC topalogies [25]

N L] 1
Besgst FFC i L] i
(] 1 0
n 1] 1
Dl Bacat 0 i y
PFC Off 1 0
Biclirec tical On 0 0 I I 3
Switchwes PFC Off 2 0 0
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Two ~Boost On 0 i 1 1 s
Circuit PFC Off 1 0
Peeuda Totem on 0 I
1 0 i
- pale PFC Of 1 0
Tatem - pal an 0 1 ! a 2
e
O 0 1
99.7
99.2
98.7
g 98.2
oy
§ 97.7
=3
W o72
96.7 o=
85V 110V 230V 265V
Input voltage (V)
¥ Boost PFC ¥ Dual Boost ¥ Bidirection boost
¥ Two Boost « Pseudo Totem - pole .. Totem - pole

Fig. 9.21 Efficiency comgarison only for conduection losses amang six PFC topologies
based o simwlation, [25].

Table 2.5 EMC and efficiency camparisan among six PFC [25]

Besgst FFC 6 1 1
Dual Beoest PRC 4 5 5
Biclinis: il 5 5 5
Switches PFC
Twe ~ Boost 1 1
circuit PFC 4
Pseudo Totern 3 3
Circuit PRC
Tatem - pole 1 3 3
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9.3.7 Interleaved active PFC circuits

Ir Bigher power applications, to fully utilise the line, the power Tactor correctian (PFC)
is a necessity, Passive solutions were developed first, which required bulky inductors and
capacitons. To reduce the valome of these bulky solutions, an active PFC using a Boost
topalogy was developed, The active soluticns had higher power dersities than the passive
solutions,

Interbeaving PFC sclutions is the next step in increasing PFC converter power densities,
reducing the overall valume af the design, Interleaving will reduce the magnetic sohime
ard has the added benefit of reducing the BMS current in the Boost capacitor,

The interleaved Boost PRC Converter bis many advantages in increasing thie power
density, reducing the input current ripple and the BMS corrent of the Boost capaciton,
reducing the filter valwme and cutting down the cost of materiak.

The single-phase two-channel interleaved PFC control systern in [27] uses a FAWM
rmcdule set in the independent output mode, penmitting the generation of twao 1807
phage-shifted P&M signals in center-aligned configuration for all power switches ol the
peawer $1He,

The inductor ripple current cancellation allows the desigrer 1o redece the Boost
incluctor magnetic volume, This is due 1o the energy storage regquirerment of the twa
interkesved inductors being hall that of the single stage pre-regulator designed for the
samie power level, switching frequency and inductance, The reduction in the erengy
storage does not directly translate into magnetic velume reduction, A desigrer coulkd
expech o osee up 1o 25 % reduction in the magnetic volurme gaing fram a single-phase
PFC pre-regulator 1 s dual phase intedeaved PFC, Interleaving PFC pre-regulatars, if done
in this fashion, will not increase the sice of the EMI filter, A cammion design practice is 1o
select the switching frequency of the power converter belaw the EMI kawer limit of 150
kHz Thie second harmonic of the switching frequency would Be twice the fundamental
arvd will most likely be in the EMI band and would need 1o be filtered 1o meet the
specifications. Imerdeaving twe preregulators will cause the input 1o see 3 switching
fregquency that is twice the switching freguency of a single phase. This maans that the
Tursdamental switching fregquency of the comvertes will mast likely be pushed into the EMI
bard snd will be at the second harmonic of an individual stage’s switching frequency.
Henwever, the input ripple current at this frequency will be reduced by a factar of two, This
ahiould mot put any additional constraints on the EMI Tilter, The designer alsa has the option
of running the interbeaved pre-regulator ot a lower switching Tregquency and increase the
Beost inductance slightly o redwce the input ippde current. I this B dene correctly, the
designer could decrease the size of the EMI filter withouwt increasing the sice of the Boost
incluctor velume compared 1o a single stage pre-regulatar apprasch. The desigrer may b
able to reduce both the EMI filter as well as the Boest inductor if the corverter's switching
fregquency s nod reduced oo much, This reduction in the BMS curent will reduce the
electrical stress in the cutput capacitor and improve the comverner's reliability.
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Compared o a single-phase comeerter, & three-phase system would reduce the sioe of
the EMI filter, This is because the inducter dpple curment in a universal design is at it
maxirnum at the peak of the low line, wdhich has a duty oycle of around 65 %6 AL this point,
the ingut ripple current would be 10 % of the inductor ripple current. The reduction i the
input ripgle corrent should resultin a redection of the sioe of the B8 Filver. The four-phase
systerm has almost o ripple current when the converter is operating at 25 %, 50 %, 75 %
of the duty cyche.

Lach irclividually added phase will continue o reduce the S curent in the Boost
capacitor, However, the amaunt of the reduction decresses with each additional phase.

Interbeaving and paralleling power converers can increase the efficiency of the power
corwerter as long as the inductor ripple cuments are kept within reason. The
serniconducton switching kasses will remain roughly the same. The losses should be
reduced with each additional phase, Howeser, if the inductor cumrents have excessive
incluctor riggple, the higher RMS currents will cause greater conduction losses driving down
efficiency. Alko, at lower power levels, where the switching losses dominate, the
interleaving will net shaw a drastic improverment in efficikency.

Table 96 summarises the advantages and disadvantages of the four topologies:
Camventional PFC Boost Converter, Bridgeless PFC Boost Comverter, Interleaved PFC boost
converter and Bridgeless Intereaved PEC Baost Comverter (BLILY

Table 9.7 provides a surmmary of the camponent ¢ument stresses fos the Conventional
PFC Beost Converter amd the Bridegeless PFC Boost Converter,

Table 98 provides & summary of the companent curremt stresses Tor the Boost
interbeaved Comerter and the Bridgeless intedeaved Boost Corverter,

Tabke 2.6, Comparison of the four AC-0DC PFC comverter topalogies: Corventional PFC
Boost Canverter, Bridgeless PEC Baost Carverter, Intedeawisd PRC Boast Converter and
Bridgehess Interheaved PRC Boost Comverter.

EMI / Moo Fair Pt Best Fair

Capaciton Higgky Higgks Low Low
Ripple

Inpaut Main High Higgky Low Low
Ripgple
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Widgrwstic Large Wiedivm Smiall Small

Sioe
Efficierncy Posar Fair Fair Best
st Low Wiedivm Wiedivm Hisgky

Tabile 2.7, Comparison betwesn Conventional PR Boost Converter and Bricgeless FFC
Boost Conwerter

Ineluctor 97 P, 97 P,
RMS Current JT8 Vo 48 Vi
Input Bricege
. 2 P
Diode S Not Applicable
Average T Vg
Current
e A L2,
Current Vo o
MOSFET P, J3ff(3V§x +4V2) — 64V, ¥, P f:s:z(3v,3,,r + 4V2) — 64Ve, Vi,
RMS Current 77 ™ N n
MOSFET
Imtrinsic 1P,
Body Dicde Nt Applicable 2V
Avesage ’
Current
Cutpt
Capacitos VZP, V2P,
RMS Ripple >V 2 v
Current (L o o
Frisguency)
Cautput
Capditon £ 3Pt — 2p2 ﬁ 3p2 —2p2
RMS Hipgple 717 Rk VN e
Current
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labile 9.8, Comparison between Interleaved PFC Boost Corwerter and the Bridgeless
Interbeaved FFC Boost Comerter

Inductor 5 P, 5 P,
RS Current 4\/§K 3 Vex
Input Bricege

Diode 2P _
Average 7 Vpy Mt Applicakle
Current

Fast Diode P, 1P,

Aerge -

Current 2.% 4V

MOSFET P, '3;:(31.*,3,, +4V2) — 64V, Y, P [3T(3VZ, +4V2) - 64V, V,
RIS Currernt 2VeVonVi p oVl p.

MOSFET
Intrinsic Bod, . ch_n

Diocle Averag Mot Applicable 3V,
Current

Ctput

Capacitor V2P, VZP,

RMAS Hipple —_— 2
Current [Low 2V, 2V,

Frequency)

Cautput
Capaciton
RMS Hipple Pn |16V, F P, {16V, Pf

Current V, |67 Voy P" V, |61 Ve P‘e

{High

Frequency)
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As it can be noticed, in both the Bridgeless vopology and the Bridgeless Imerleaved PRC
Boost Comerter topology, a new loss has been inroduced in the intringic bady diodes of
thex MOSFETS, but simce ingut bridge comverters were eliminated, there is some efficiency
gain far these topologies. In addition, the low frequency BWS ripple current through the
outpul capacitars is corstam —independent of interleaving, Hawever, the high frequency
ripple current is reduced significanthy. Finally, it is absened that for the constant cutput
paweer, i the input weltage increases, the high frequency ipple reduces.

9.3.8 Methods for the EMI reduction

A s presented in (3], the high-freguency ripphe of the input curment in the switching
corveertirs generates the differential-mede EMIwhile the commion-mode EMI B a result of
secandary, usually parasitic effects. Typacally, the differentiab-mode EMIS domminant belaw
2 WMz, wehile the comenon-mode ENI is dominant above 2 MHz [1], [2). The high-fregquency
moase st be fltered out inorder 1o comphy with the EMI standards,

The differential-mode EMI can be eliminates by introdecing an EM filter between the
AC supply ared the diode bridoe converter, The additional losses will be reduced by using
saft switching techniques such as =2vs", “ZC5" and “2VT",

A high-fregquency active PFC stage significantly increases the differential-mode EMI,
typically by 30 dB vo 60 dB, and an EMI filver miust be used o comply with the EMI
standards, There are three main regquirements concening the design of the EMI Filter for a
PFC stage, (1], [2]):

o Firsh recuiremicnt:

The first reguairernent faor the EMI filver is to proside the reguired amtenuation in order to
ensure compliance with the EMC standards,

o Levand recuirermert:

Assurming that the voltage drop across the filter inductor i very small a1 the mains
frequency, then, only the filter capacitar intreduces a displacerment angle & between the
rmaires input current arel valtage, which degrades the power factor, This leads 1o the
secand reguirement for the EMI filter: the displacement angle @ must be kept lew, Henoe,
Lhwee filter capaciter is upper limited,

o Third requirerment:

The third requirerment is related o the averall stabilivy of the systerm, When the EM Gilter
is added, instabilities can arise inthe system due 1o the interaction betseen the filter and
thes coanviertes [2].

Irv [6], the design of 3 500 W Boost PFC, complying with the EMC standards for the
conducted EMin the 150 kHz = 30 MHz range, is presented, Different drouit design and
layout salutions are taken inte sccount and their effect on the conducted EMI behavicur
of the converter is expedimentally evaluated, Common-mede and differential-node
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switchirg noise, wgether with the input filvers design and topalagy and with the printed
circuit bosrd [PCR) layout design (in terms of track length and spacing, ground and
shielding planes, ete] are the key aspects which have been considened, In partoular, the
paper reports the comducted EMI measwerments for different Giter capacitar placements
arvd values, different power switch drive circuits, together with several ather provisions:
ther resduction of the wire lengtis for the current retwen paths and for the kigh circait
brane hes, together with the reduction of the areas embrsced by high loops, which have
turnied aut 1o be decisive in reducing the canducted EMI level of the corverter, The paper
also shows that the application of the theoretically derivable EMC basic design rules,
which, in principle, should guarantes the lirmitation of the EM in a switching power
CONMETTET, fiay, N Some cases, become partially ineffective becawse of second-order
effects jeg., resonances, Companent parasitics, Connections).

Thie D8 naise is uswally averlapped with the input curment waveforrm. The DR, noise is
dependent on the way the Boost indector is made, thus, on the inductor impedance.
Considering an idesl induciar, it represents the high impedance for the noise; hawever,
the resal inductor presents parasitic capacitances, which represem a low impedance path
1 the D moise,

Another problerm that has directinfluenoe an the DV noe & the neverse recavery Curmem
Tram the Boost diode. This current ciroulates thraugh the switeh durireg the diode tom-off,
causing high Freguency oacillations, thos, acting divecthy an the D8 conducted noise,

I [31], & salution o reduce the EMI generated by PEC converters is proposed and itis
based on combinations between vanous IGATS snd new hyper-fast stealih dioces, rated st
600 W, with fast and soft recovery characteristics.,

In [32], a straightforsard guideline for a simphfied differential mode [DM) EMI inpaut
Tilber chesign has besen given. In the first step, s law e caloolate the design requency, which
is reeded for the input filter design, is introducesd, In s second step, 3 volume aptimisatian
of the DM EMI filter Based on valurmetric parameters of the filier indectances and
capaciton s giver. The resulting filver volume mainly depends an the amensation, the
design frequency, the delivered power, and finally, the number of filter steges, The
optimwm nurnber of filver stages has Been evaloated exemplanly Tor different power levels
{100 W, 300 W, and 500 W) and detign requendies (200 and 400 kHz) in dependence on
the recpuired atternuation in the range of 0-150 4B,

ey [30], the effects of the Boost inductons cn the DM noise have been investigated. Bath
th theoretical analysis and the expeimental fresults shawed that the impedance ol the
Beost inductor significantly affects the DM noise of the Boast PRC conwvertin, Theoretically,
thie rivain Sweite b can be modelled a5 o noise voltage source, The Righer the impedance, th
leawer thae DM noise &, 85 8 resolt, the impedance of the Boost indwctar is determined by
the: comverter design at low freguencies. AL high frequencies, the parasitic, such as the
windirg capacitance of the ind ucter, determines the impedance of the inductar, Reduwcing
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the effects of the parasitic 5008 wincrease the impedance of the inductor is akey to reduce
thes HE DM moie, I is verified that a higher HF impedance, which is due o the smaller
parasitic and higher lass, leads o a lower HF DR roise,

[31] has praposed a balance technigue to reduce the camman made (M) noise of the
PFC comerters. It is simple and effective compared to other CM ncise reduction
techragques, The high frequency madel is proposed Tor the balance technigoe o predictins
O nicise ernission. Guidelines ane providied o achieve 3 TV noise reduction up to 10 8Hz
With the balance technique, the O choke size can be reduced by 88 % and the total EMI
filter sie (ine huding both O and DM Tilter) can be redueced by 200%.

The Bridgehs=ss PRC Boost Converter i one of the most attractive FRFC topologies, which
achieyves high efficiency by eliminating the line-voltage bridge convertern, Howewer, this
topolagy emits much bigher conducted common made (O EMI noise than the
Corventional Boost PFC converters, Significantly, larger C6 chokes ane needied in onder 1o
mieel the EMC standards, [32] proposed two methods to reduce its OW noise, shile maintsin
its high efficiency bemefit,

One miethod is 1o make the topology totally symmmetric so that the CW nedse is cancelled
inside thee comvertern. The atbaer methosd st apply the Balance technigue o the topology.
The first rmethod can achieve better O noise reduction while the secend method is
sirngler in implementatian,

[32] has irwvestigated the benefit of interdeaved multiphase PFC on the EMI noise
reduction. With the praper interleaving phase angle, Both the differential rmode (D8] and
the comman made {CM) EMI neise canbe reduced, The CM naise al the interdeaved muli-
phase PFC converter can be further reduced with the balance technigue, By adding ane
twrn on esch Boost inductor and by adjusting the parasitic capacitance, the CW noise of
the multi-phase PFC comwerter can be minimised, The EMI filver for the converter can be
reduced. One extra berefit of the interdeaved multi-phase PEC converer is its phase
shedding abilivy. At light boad condition, cne or more phases can Be shut dawn o achiee
& higher light losd effickency. Hewewer, the cornerter will lese thae Benefit of the EMI noise
reduction. With the balance technigue, the OM noise of the converter remains low with
phase shedding.

Irn [33] anved [34), & comparative analysis of the EMI produced by high-Trequency single-
phase PFC converters s done. Three opobogies were considerad and investigated:
Conventional Boost PEC, Interleaved PFC Boost and Bridgebess PR Boost commerters.

O the ather hamd, the O noise crculates thraugh the grounding conductor and it
uses 85 path the parasitic elements present between the dircuit and the eguipment
graunded chassis,

The Serni-Bridgeless PRC Carverter has a source of CW corducted noise higher than the
Boost and the intedeaved Boost comverters, This happens because the cutput ground of
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this cormerter B connected to the AC sowce only in the positive half cycle, while, during
the megative half cycle, the cutput ground is pulsed in relation o the AC sowrce, with a
high freguency and with an amplitude equal o the cutput voltage, As an altermative 1o
reduce its conducted CM noise source and 1o make it similar o the CW noise of the
correentional Bocat it is necessary o change the topalogy, in order to provide a path of
[ impedance between the AC scurce and the positive or negative cutput terminals. This
is clone throwgh the insertion of tea other diodes cannected between the autput graond
arvd thas inpat sowce, This keads to a higher complexity and cost

The conducted EMIcontrol is made through the Blockage of the existing naise through
thee use of flters, The topology of the most used flter 1o contral the conducted EMI is
krovwen a5 the m filter, I is comipact, because it anly uses one magnetic core, and effickent,
because it has action on both noise types, the DR and CW conducted moises. The inductars
ane cawpled on a single core in order o provide low impedance 1o the DM noie, bur bigh
impedance 1o the TR noise,

o B 0% S W
D
Diff D: 7K L |
AC L
i sE L e RE:
o T R2
Dafh Ds i
& &}
a. Conventional Boost PFC b. Bridgeless PFC
o of ¢ % S
YT — 3
L g F
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se7} %)
Ds i D« I 6k i
d. Semi - Brigeless (Two - Boost Bridgeless) PFC

. Vridirectional Switches Boost Bridgeless PFC
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Ls Zt slgﬁ JJ;—_I% o 2
MM 4 o 8 |
AC %‘ vlfwl | 1 5 %

X 8 ] 1
Ds I\ 4@ Ds 4 —E':Ij o I

S

. Pseudo - Titem Pole Bridgeless PFC . Totem Pole Bridgeless PFC
Fig. 322 Schematic of the PFC converters investigated in [35].
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In [35], & systematic review af the Bridgeless PRFC Baost Corverter (BLPFC) family is
prizsemed; the conduction losses and the common mode [CM) EMI performances are
analysed compared with the conventional Boast FFC,

Thee PFC corverers investigated in [35], Fig, 3.22, ane

the Camentional Boost PFC;

the Bridgeless PRC Boast Converter;

the Bidirectional Switches Boost PFC

thie Semi-Bridgeless (Two-Boost Bridgeless) PR
the Paewda-Totem Pale PFC;

thie Toterm-Poke PFL,

simulation and experimental results shaow thar low EMI and high efficiency can be
rizalised by the Two-Boost Bridgeless and Pseudo-Torern Pole Bridgeless PFC topologies.

An overview af the classification and the comparison of the conducted EMI mitigatian
techinicues used in switching pawer canverters is dose in [36], Fig. 9.23, Itcan b condluded
that the interleaving approaches represent feasible solutions 1o redece the conducted M
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Mathods
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Symmeskric
| | Balance Topelogy
APRICRG Wheatstone Bridge
Balance Condifion
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& Flacement
Optimization
Popular
— EMC
Solutions

Grounding

Shialding

Fig. 323 LM rmitigation methods o canverter poweer section [36].
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9.4 Evaluation of the relevant publications

9.4.1 Design of the decisional matrix

The targer of the study dane by the research team st the Department of Electrical
Engirssering was to buikd a decisional matria able to proside the best topology choice with
respict to the desirsd regquirerment,

The criteria the decisianal matrix was built an are low component casts, high emergy
efficiency, casy 1o scale power levels (1.5 KW, 2.2 kW, 4 kW) with the same platform (RCE),
high quality, high reliability, cormpact design (W dm), As power density has alow priority,
also passive PFC and low-fregquency active topologies {100 Hz) were considerad in the
Mmalrie Compositian,

The selection of the twopologies has been done being also based an the evaluation of
the rumber of switching devices and passive components, which has 1o be as low as
passible in arder to minimise th size and the cost

Comparable topologies have been selected in crder to fulfill the reguirerments,

Regarding the calculations, a fair value of 0.95 for efficiency has been chosen, far all the
variants

The decisional matrix prepared Tor different tepologies Based on the above- memioned
criteria is preseted in Table 9.9,

Tatale 9.9, Decisional matrix

Ertl Best Fair Gaod Pesar Fair Fair Fair  Fair Pesar

":‘::::‘:' Fair  Good  Best  Good  Fair  Good  Fair  Fair  Fair

Capacit L Good Best Good Good  Best  Fair Fair  Fair
or Cost
. 30 - = 30 =M1 =M
e TR ok S W Mhr  wpp LM
PF Poor Good Good Geod Geod Geod o 0  Good
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Artive

Switch 0 1 Fi F F 4 F 1 F
Briclge
Caode
Guantit 4 4 4 F F F 4 4 4
¥
Fast
Diode 0 1 Fi 0 4 F F 1 4
Efficien  poor  Poor  Far  Fair  Fair  Best 0 P®  pogr
oy or o
Provelsr = = = = = » = = =
Rating . 1000w  osow  moow 200w soow o R joo0w

pESEAE S e i Senall  Med La small L0 L0,

ic Sizge  lage g - Lange ; e

The design of the decisianal matrix shown in Table 98 ok inta acooun the following
considerations:

o Theefficiency can be optimised by attention o several derails, Switching lasses can
be minimised by choosing not anly a fast power switch, but by wsing the lowest
possible gate drive resistor in accordance with the current capabilities of the drive
Citcuit. It B necessary 1 ensure that the drive circuit Bas sufficient local capacitance
1 provide the needed current, Selecting the fastest diode possibde will alsoimprowe
efficiency, but at increased cost; a compromise in dicde speed may be reguired o
mieel Cost targens.,

o Thers are two types of noise problems e contend with: the conducted and the
radiated EMI o the outsices world, and self interference from the circwit, The first
issue is a5 much @ system prablem as 8 PR design problem and is nommally
addressed by wsing power line filvers and proper shiebding. The fast switching of
valtages ard currents in a rulti-kilew st PEC yields 1a orippling interfensnce 1o the
circuit isell, it is necessary 1o pedarm a careful layout e minimise the proximity of
the cantrel circuitry 1o high curent paths, vo minirmise high corment leop aneas and
T use generous graund planes,

o The proper design of the inductor is the key 1o long term reliability in a PFC, The
iran pessder cones bypically used in o PREC sulffer from thermal cone aging iT apsersted
at a too high remperature, The circuit will function properly for several hundred o
several thousand howes, wherewpan it will Tail ragidly. It important o evaluane
when the core loases exceed the copper losses or when a fan is needed; it is very
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wasy far the intemal core temperatures 1o exceed masimum ratings. It is preferable
b droga 1o & lower permicability core material that provides lawer core losses, even
through the winding ksses will inorease due to the incrsased mumber of the turms
reguired.

o Boost Inductors play a critical robe in the Boost type PFC comverters, Onone Band, it
affects the spstem efficiency through incresing or reducing semiconductor and
rmasgretic losses depending an its value, On the ather hand, assuming a fixed
energy stone, in the optimised design, the maxemom lux density and the winding
factor of the core are both on the boundary of limitations; and the solume af the
imcductor, which dominates the power density of 3 PRC, will be determined by the
incuctance Facing the biggest challenge in the PRC design moday - high eficiency
va. high power density, it is necessary 1o imestigate the PRC inductor's operating
haracteristics and find out haw it affects the syster's efficiency and power density,
Howewer, this Bas Been difficult all the time, due 1o the lack of an effective way for
desigriers toevaluate the overall performances of the PFC inductons,

o The magnetic design is always a critical and complex part of the PRC converters, A
properinductor desgn will ot only increase the efficiency of the whale systermn, but
give & mone compact and relisble PFC, Haweyver, the method for the inductor design
bas been ambigueus for 3 long tme due te the leck of an effective way o evaluate
th cverall performances of the PEC inductors.,

o ris wrdl-krevwn that the inductor losses come Troam core lasses and winding losses.
In crdier o preclicr the inductor losses, the first step is the cone selection. & good
core for the Boost inductor must have bigh flus sanerate Emitation, low core losses
and an acceprable price.

o [Lis werdl-krvovann thiat, in all the rmagmetic cares, the aperation temperature reeds
be controlled in erder o retain its magnetc properties and limit the osses. The
switchirg frequency amd the input coment Appke values have impartant inflluence
i such lesses, Therefare, there ane values of the switching frequency and of the
input cusrent ripple where the advantage of the inducter valume reduction is kst
due to the excessive temperature rise. Furthermare, the switching Frequency also
has effect on the commutation losses and on the EMI filver requirements. The
current dipple also has effect an the commutation losses, on the conduction losses
arvd o the EMI Gilter regquirements. A Righer ripple tends 1o increase the AMS
current in the main switch, and hemce, can increase the conduction losses if a
MOSFET is being used,

o The ratings of the decisional matrix result frem a comparison done for a reference
pver of P = 1000 W,
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9.4.2 The Matlab/Simulink model implementation of the most relevant

chosen single-phase PFC converters. Simulation results

Thi airm of this researc b study was to sebect the four relevant sivgbe-phase power factor
carmection (PFC) topologics for the power range of 1.5 EW up 1o 4 EW and 1o analyse and
evaluate them, The evaluation has been done with regard 1o the electromagretic
compatibility (EMC reguirements, which are crucial for the residential ambient. The
investigated topologies are the Conventional PFC Boost Converter, the Bridgeless PFC
Boost Conwverter, the Boost Interleaved PFC Boost Converter and the Bridgeless
Interleaved PFC Boost Conwverter.

Before proceeding with the performance anahysis of the four comverterns” palogies, the
fialborwvirng assumptions were made

o Thi wnity porwer Factor schiewement, rmisaning that the input line current is in phase
with the input Bne valtage, and has a sinusoidal waveform;
o Thi autput voltage regultion, with minimum ripple.

To solve the EMI noise issue, an EMI noise reduction circuit shoukd be inraduced.
Infarmation abouwt the EMI model buikding of Boost and Bridgebess PFC circuits are also
given in [37], Based on the EMI requirements and miethods met in the literaoore, the EMI
filbeers for the simulation models have also been developed, The schematic of the comman
rmade and the EM Bilvers is depiced in Fig, 9.24 and the parameters used for madeling the
filvers are presented in Table 310

The passive elemernts that built ug the 33 Filber and the EMI filter were desigresd using
the equations below [38].

V.
9. in_|_
A p=20 log( _6} V4Bl {9.6)
10
g
1 1
[+ T <1 T P
) ] Or— —
. % 0% ) T 1
U k]
I
ué ué oM 2 TO CONVERTOR
B al axy o ]
| ] T o+
. % . % 1
Connt Canrd o ' C’:“
= ¥ = B f’
a. b.

Fig. 9.24 a) Matlab/Simulink Implementation af the Common Mode and B) EMU filvers,

97 ICANER FACTOR COREECTION N SINGLE -PHASE TATTOA MG POWER SURCES USHD PR ELECT RK AL [RIVES i




Tabshe 9,700 A B EM Filters Parameters

R 50 Q ¢
R, 50 Q G
R 50 Q Cs
R 50 Q G
C 10 pF G
'’ 0.1 uF L
Cs 10 uF L:
s 0.1 uF L.

LIt 50 mH L

“fa™ N

wihsere:

A, 0% e reguired stemwationg

[ i thwe swatching frequency;

Leis the filter inductor;

O id the filler capacitor;

Ly i the damping of the capacitor;

R is the damping of the resistor

1.5 uF
1.5 uF
0.47 uF
4.7 nF
4.7 nF
3.3 mH
3.3 mH
3.3 mH
3.3 mH

9.7)

(9.8)

(9.9)
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49.4.2.1 Boost PFC Converter Topology Matlab/Simulink Implamentation

The hardware irmplementation of the Comventional Boost PFC Converter tapology, Fig.
9,25, as well a5 of i controlber design was carried out in the Mataby/Sirmulink environment,
by the rescarch team at thie Department of Electrical Engineering of the University
Poditehnica Timisoss and is depicted in Fig, .26, The resonant flters used ta diminish the
cormman-mode EMI noises are also ermployed (e filters indoctances are all squal 1o 60
pH, while the capacitances are all equal to 22,7 nF)L s functionality is described below.

The measurcd DC bus voltage is compared with the prescibed voltage valve, The
reesulting woltage erar & then fed into the B volage contraller for 2era error DC bus vohage
regulation. The cutput of the controller s, then, taken a8 amplitude of the reference
curnent and is fed inte the inner contraller,

An analogue multiplier is vied for sending the indectance current, which is then
subtracted from the reference current. The inner controller is chosen to be a bysteresis
control type with 0.1 & width,

Acconding 1o this contral techmigue, the switch is turmesd on when the indector current
decreases below the lower reference and is wrned off when the inductor currentingreases
above the upper reference, givirkg ise ta a vaiable regquency control,

To achieve smalker rippde in the inpot current, a narow Bysteresis band is needed,
Howewver, the narmawer the hysteresis band, the higher the switching frequency. The
hysteresis control scherme provides excellent dynamic performance because it acts
quickly, To ensure 3 high stability of the control system, the auter [oop is disigned Lo be
slewer encugh Han the inner ane,

Dy
YL hl/xll

DR DA

R
Vac é €S

|_.
ok ox s
|.,

Fig. 925 Boost PFC comverter topobogy.

ir
AAA
VW
1S+

The follewing operation conditions ard parameters were set from the beggining: the
irput AC voltage s seb o 230 WV {RMS) the switching frequency is 48 kHz the DC link
capacitor voltage is contralled by a PItype controller to sround 380V, the DC capacilance
Cis set wa TED pF, the magnetically coupled inductances L = 108 uH, the resistive laad is
e 1o 5776 01, the parameters of the Pleontroller ane: kp = 0.545¢-3, ki = 00073 and the
hysteresis band is 001,
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The simulation results, obtained for operation at P = 2.5 kKW are presented in wwhat
folbows (see Fig. 9.28 - Fig. 9.32),

The amulation results, for different load valves in order for the efficiency wersus the
pawoer curve 0 be drawn, are a5 depicted inFig. 933,

Thie Fast Fourier analysis of the input current wavefarm, of the input voltage waveform,
respectively, is presented in Fig 9.34- Fig 937, The curent measored between the DO
capaciton C ared the grownd is also analysed ard its Fast Fourier analysis is depicted in Fig,
9,38 and in Fig. 939, respectividy, The analysis was damne for 25 cycles of the selected signal
ard for two frequency ranges: from O ta 1 kHz, and from 1 kHz 1o 150 kHz, respectively,

Talole 9,10 presents the BMS and average values for the MOSFET cumrent (e, diocle
cumrenit {loeel ared inclucrance curment |l

The losses for the simulated Conventional PFC Boost Cornverter miodel, a5 presented in
Talbale 9.1 1, weirre commputed-based on the catalogue parameters for the MOSFET, diode and
inductance devices, a8 follows: Rygeerer = 0,38 [0, Ao = 0.98 03 and Re g per = 0075 {1, Pramper
ey DN Prgerrer s Stand for the conducting bosses and far the switching losses, respectivety,

= 83

VI T S

2= v 5 3k
1

wre &
b S

s 2 in i by k)
ko] :

Fig. %27 Zosowm on the input voltage & input current wavelarms for the Canverticnal
Boost PFC Converter tapolagy.

e

>3 = Fr) ia 3
Toapu '

Fig. 3.28 Zoom on the indectance current waveform for the Comventional Boost PRC
Convener wopalogy.
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BT Cumn of

Fig. 3.29 Zoom on the capacitor current wavelorm for the Comeentional Boost PFC
Convernter wpalogy

'
o

Fig. 9.30 Zoor on the diode carent waveTarm for the Coarventional Boost PFC Canverter
topalogy

WRRNETN

e

r L
0¥ 3] ] 04%5 = (= [

Fig. 9.3 Zesorm on the MOSFET current wavelorm for the Comventional Boost PFC
Canverter lopology
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Fig. 9.32 Vedtage cutput weavefonm for the Conventional Boost PFC Comverter topalogy.
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Fig. 233 Cificiency versus power curee for the Comventional Boost PFC Corverter
Topalogy.

Sigedl 10 anayze
Oty smactet wyred © Otey YT W
FFT wmndow 1 of 26 cyches of snlectod sgnal
T ey T T T
wf- > o \\\_
ok B
S
€0 N ’
i " " g s
oxR wan 024 0 0 on om 05 0% LI
Time &)
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T T T T T
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Fig. %34 FFT af the input cwrrent range from @ 10 1 kHz for the Conventional Boost PRC
Convener wopalogy.
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Figg. 935 FFT for the inpat curent range frarm 1 kHz to 150 kHz for the Camnventional Boast
PFC Canwerter topalogy.
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Fig. .36 FFT far the voltage measursd after the EMI Tilter within © and 1 kHz range
Tar the Conventianal Boast PRC Converter tapalogy.
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Fig. .37 FFT for the veltage measured after the EMI filtes within 1 and 150 kHz for the
Conventional Boost PRC Converter topalogy.
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— Signal to analyze
Cisplay selected signal @ Dusplary FFT wandowr.

¥ 10? FFT window:. 1 of 25 cycles of selected signal
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Fig. 9.38 FFT for the cument measured between © and the ground within O amd 1 kHz for
the: Conwentional Baost PFC Comvener 1opalogy.

Signal to analyze
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Fig. 239 FFT for the current Between the capacitor © and the graund within 1 kHz and
150 kHz far the Conventional Boost Converter topalogy.
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Table 2,11, BM5 & Avg current valwes [A]

Irrer [A] 7.063 4.2m
lewsce [A] 0546 6.263
L [A] 976 0.005468

Tabale 9,12, Losses breakdown ar rominal load W]

10.75 18.95 2.743 10.55 2438 2702

49.4.2.2 Bridgeless PFC Boost Converter Topoloegy Matlab/Simulink

Implementation

In the Bridgeless PR Boost Converter configuration topology, the meed for the
cormeerter ingut bridge is avoided, yet thie classic Boost topology is maintained, This i done
by miaking use of the intrinsic body diode connected between the drain and the source of
ther MOSFET switch, & simplified schematic of the Gridgeless PFC Boost Conwverter
configueation is shawn in Fig, 940, while its implementation in MadabSimulink, by the
research tearm at the Departrment of Elecwical Enginecring of the University Polivehmica
limisoars, is depicted in Fig, 947, A% for the Boost PFC case implementation, here, also,
resonant filvers are being used o suppress the common-mode EMI nodses (the filters
incluctances ane all egqual vo 63 wH, while the capacitances ane all squal 1a 22.7 nF).

1]

L +
Ve .

Fig. 40 Bridgeless PFC Boost Converter topology

-‘ FIINAVER FRLCTOR COREECIIOMIN SIHGLE -PHASE TORTTOS MG POMNER SHIBCES USHD IR ELECTREAL DAIVES




In thwe traditional Boost FFC Converter topalogy, the current flows through tea of the
bridge dicdes conmected in series. In the Bridgeless PFC Boast Comverter, the cumrent Tows
throwgh enly ane diode with the BMOSFET switches prosiding the return path,

The gate commands for the two switches are pravided by the lagic signals wehich are
gererated by comparing the current errar signal with a triangular carvier of 48 kHz, The
1607 phase-shift is obtaned by comparing the farmier resulted signal with the measwred
AL valtage signal.,

Compared to s comeentional Boost PFC Converter topology, the losses due o the bridge
conyerter are eliminated, bur the diode of the inactive MOSFET must be taken into account
Tar the Bridgeless PFC Boost Comverter configuratian,

Thus, in a Bridgeh=s PR Boost Converter topology, there ane only thie conduction losses
Tram ane dicde to be waken imo sccount, As a conclusion, there B some efficiency gain Tor this
topalogy, if compared with the Boost topalogy, by eliminating the valtage drop of ane
dicce in the line-current path, Similar operation conditions. and paramieters a8 for the
Carventional Boost PR Converter case are alio assurmed here, with the only mention that
mow the induectances L and L are 300 pH each, The parameters of the PLcontroller are: kp
= 00503, ki =001,

The waveforms of the inpat voltage, of the input current through one inductor () of
the Boost current through one diode (e, of the sensed current through cne MOSFET
it {hacererd dnd the DC bus voltage of the converter are provided in Fig, 342 + Fig, 2,48,

The reference and the regulated DO veltage are shawr in Fig. 9.47.
The efficiency versus the power corve of the simulated model is depicred in Fig, 9.48.

A Fast Fourier analysiz af the input current wavelfosm, of the input voltage wavelorm
ard of the curent measured Between the DO capacitar © ard the ground is provided o
depicted in Fig 949 - Fig, 9.53, Similar conditions far the FFT were ernployed: 25 cpches of the
setected signal and pwo freguency ranges: fram O 1@ 1 kHz and frorm 1 kHz o 150 KMz
respectively, wene taken into consideration.

Table 292 presents the RS and the average values for the MOSFET, the diode and the
irductance currents,

The kosses for the Bridgeless PRFC Boesl Converted model, as per Table 913, were
cormputied based on the same catalogue parsmeters a5 wsed in the prevows paragraph:
Besorper = (L3B ﬂ.- Fimice - 098 {1 anl R ey = OLDTS el Prosfer comi andd Prsrrer ;-.ui!n]l‘llﬂ fosr the
conducting losses and Tor the switching losses, respectively,
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Fig. 241 Bridgeless PFC Boost Converter model implementation in MatlabSimulink
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Fig. 542 Eoorm an the inpat veltage & ingut current wavelonms for the Bridgeless PFC
Boost Converter opology.
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Fig. 943 Zoor on the inductance current wavelfonm for the Bridgeless PRC Boast
Converter topalogy.
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Fig. 944 Zoors on th capacitor current wavelorm for the Bridgeless PRC Boost Canverter
Topalogy.
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Fig. 945 Zoom on the diode carent wavelorm for the Bridgehess PFC Boost Converter
Topalogy.

L i $1:
=] =3 [E] 0%6 [ET 03 (&3
T (5]

Fig. 946 Zeomy on the MOSFET current waveloem for the Bridgebess PEC Boost Carnverter
Topalogy.

=

\

\
-~ \ AR ARAL AR IA R AN AN AR
\[\, AR AR A ARAARAAARARY

i V\WJ 1
i

o L 1 | 1 i il 1 i L
a o [X] oS a3 (5 as [t o1 [ a%
Tove (3]

Fig. 347 Voltage cutput for the Bridgeless PR Boost Corserter tapalagy.
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Fig. 948 Efficiency versus power curve far the Bridgeless PFC Boast Converter topobogy.
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Figg. .49 FFT for the input cument within 0 sed 1 kHz range Tor the Bricgeless PFC Boast
Converter lopalogy.

Tagad e wnalyn

Gy et gn @ rpy T v
FET amo | 9135 eyows of awmcted sgnl
P ~ &
0 >4 —
o ~
&l > L
=
O T T — S D r— STE0 et W
s wx2 024 [ > oo on am B2 o o2
e ()
T anstpus
w* sl el (0H ) o 17 00 ThiDoe 5 20%

’
.
s

£
gl
2
'
® 2 4 © L] Q "

Franonnty 010 ad

Fig. 250 FFT for the input cwrrent within 1 kHe and 150 kHz range for the Bridgeless PFC
Boost Convertes pology.
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Fig. 9.51 FFT for the voltage measured aftes the EM filver within 0 and 1 kHz range for the
Beridgeless PFC Boost Converter topology.
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Fig. 9.52 FFT for the woltage measured after the EMI flter swithin 1 kHz and 150 kHz rangs
for the Bridaeless PR Boost Convwerer Topogy.

ECC Y
by won sk @ g T e

a0
Fumen o)

Fig. 9.53 FFT for the cument measured between the capacioor C and the grownd withind
and 1 kHz range for the Bridgeless FFC Boost Converter topology.
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Signal to analyze
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Fig. 954 FFT for the current measured between capacitar © and the grownd within 1 kHz
arvd 150 kHz range for the Bridgeless PFC Boost Corwerter topalogy

Table 2.13, BM5 & Avg current valwes [A]

lascnrer [A] 5.458 026
leocine [A] 6956 3447
1..[A] 9.5 001249

Talale 9,14, Logses breakdown st rominal load (W]

5715 10.5 2341 561 2576 2737

9.4.2.3. Interleaved PFC Boost Converter Topology Matlab/Simulink

Implementation

The Interleaved PFC Boost Converter, ilhstrated in Fig. 355, consists of two Boost
conyerters in parallel, operating with a 180 phase-shilt, The input current is the surm af
P incdu Lef Curfents,
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Fig. 955 Imterkaved PFC Boost Converter topalogy.

It s thi advantage of parallel semiconductans, It also reduces the cutpur capacitor high
Treqquency rippbe, But it still has the problem of heat rmanagemient for the input diode bridge.,

To evaluate the benefits of interleaving o phases, the Interleaved PFC Boost
Corverter was implemented in the MatlstySimulink enviconment, as depicted in Fig. 9.56.
The resanant filters used o diminish the comman-mede EMncises are also emploed [the
filvers inductances are all sgual to 60 wH, while the capacitances are all squal 1a 22,7 nFl.

It5 contral, up @ o point, is the same as for the Comventional Boost PFC Carverter,
The exception is that here, the reference curent is compared with two riangular carriers
of 48 kHz {1807 phase-shifted from each ether, and, thus, the gate commands for the O,
angd far O MOSFET devices are generated,

Similar operation conditions and parameters as for the Boost PRC Canverter cise are also
assumiesd here, with the andy mention that now the two inductances L = Ly, = 150 uH, The
parameters of the Fleontroller are: k, = 006e-3, k= 001 and the hysteresis band is + 0.8,

The sevulation resulis showirg the Imerlesved PFC Boost Corwerter perlonmances are
preserted as follows (see Fig. 957 - Fig, 90600, They wene abtained for aperation at P= 2.5 kW,

The efficiency versus the powers curve is shown in Fig, 9.60,

A Fast Fourier analysis of the input curmtent waveform and of the input valtage
wavelonm, respectively, is dome, 88 presented in Fig. 961 - Fig. 9,64, The current measuned
between the DC capaciton C and the ground is also analysed and its Fast Fourker analysis is
depicted in Fige 365 ard in Fig. 966, respectively. Thie analysis was done for 25 cycles of
thv sedected signal and for two frequency ranges: fram O o 1 kHz and fram 1 kHz te 150
kHE, respisctivedy,

Talble 9.4 presemts the BMS and the average curdent values far one MOSFET (el
on dicde (keeed and one inductance {1

The lassis for the simulated Conventicnal Boost PRC Camerter meadel, a5 per Table 9,15,
wene computed based on the catalogue parameters Tor the MOSFET, diode and inductance
devices, an Tolldws: Fagerser = 03B 0, Reweps = 008 1 and Reopees = Q0TS {1, Pracsrer cosb aned
Proazen oy Stand for the conducting losses and for the switching losses, respectively.
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Fig. .57 Zoom on the input voltage & input current wavelorms for the Interleaved PFC
Boost Converter tapalogy
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Fig. 9.58 Zoorm on the inductance current wavelorm for the interleaved PFC Boast
Corverter lopalogy
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Fig. 9.59. Zoom on the capacitar current wavelarm Tar the nterleaved PRC Boost
Convener wopology
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Fig. 260 Zoom on the diode curent wavelonm for the Imterleaved PRFC Boost Canverter
tepalogy

Fig. 961 Zeoms on the twa MOSFETS currents weaveforms far the Inmereaved PFC Boost
Converter lepology
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Fig. 362 Voltage cutput for the Imerleaved PRC Boost Canverter tapolagy
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Fig. 963 Eificiency versus power curve for the Interleaved PRC Boost Canwerter tapology.
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Fig. 984 FFT far the input current within O ard 1 kHz ramge for the Interleaved PEC Boost
Corverter iopalogy.
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Fig. 365 FFT for the input current within 1 kHe and 150 kHz range for the Interleavesd PRC
Boost Convertes pology.
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Fig. 966 FFT for the voltsge measured afters this EMI filter within 0 ared 1 kHz range for the
Inteerbeaved PRC Boost Comverter tapalogy.
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Fig. 967 FFT for the veltsge rieasursd after the EMI Blter within 1 kHz and 150 kHz range
Tar the Interleaved PFC Boost Converter tapsalogy.

Sranl 1 analyzs
Dageag sehictu v @ Danse L wrdow
FFTwirdiw 10l 10 ¢rcioe of nedected sigmal
T T T T

[30) 0152 o 0w [ 016 oz o 1166 [
T

Time {3}
FFT andysis

vi® EOHz) = | D1 303 THD

% 10 0 0 T e ) E) w ETIT]
Fiemimcy (i)

Fig. %88 FFT current measured Between the capacitor © and the groand within 0 and 1
kHz range for the Interdeaved PFC Boost Corwerter topology.
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Fig. 969 FFT current measured between the capascitor C and the ground within 1 kHz and
150 kM rarsge for the Intedeaved PRFC Boast Converter tapalogy

Table9.15, BMS & Svg current valwes [A]

bsscizeer [A] 4,084 D226
Mowicee [A] 043593 0.3881
I..[A] .68 0007598

Talale 9,16, Logses breakdown st rominal load (W]

n.o22T7 6.345% 207 6.85 2474 2705

9.4.2.4 Bridgeless Intarleaved PFC Boost Converter Topology Matlab/Simulink

Implementation

The Bridgeless Imerdeaved PRC wopology, wed in the front-end AC-DC, cormeerter
applications, is shewn in Fig, 970, Two more MOSFETS and two mone Tast diodes are
inserted replacing the four slow diodes used in the input Bridge of the Boost Interleaved
PRC Converter, IE retains the same semicenductor device count a8 the Booat Interleaved
PFC Converter presented in the previows paragraph.
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Fig. .70 Bridgeless Interbeaved PFC Booat Comverter topakogy.

5 contral condists of two controd [oops: & slow outer control keop B wed 19 regulate
the autput voltage ¥, 1o a constant reference voltage and (o generate a reference current
sicpial for the Tast imner current Control loop with similar waneform shape as of the rectifed
it valtage, s MatlabSimuolink implementation was done by the research team at the
Ceprartmient of Electrical Engineering of the University Politebnica Timisoasa and is shown
in Fig. &.71. The filters indwctances used baere are all egqueal to 60 M, while the capacitances
an all squal vo 22.7 nF,

Further, thie current error signal is companed with o triangular cardier of 48 kMHz and the
resulted sigoal is then compared with the AC voltsge signal, providing the gate cammands
Tar Gy and Q. MOSFET devices. The gate commands for the ather two switches Q., and for
the O respectively, are generated by comparing the cument enar signal with a second
triangular carrier af 48 kHz, which is 180° phase-shilted rom the firt one,

Sirmilar operation conditions and parameters as for the Conventional Boost PFC
Comerter case are also assumed bere, with the only mention that new the four
incluctances Ly = Lo = Le = La o 300 pH. The paramieters of the PLoontreller ane k, = 005e-3,
k=001,

Wavelforms al the input valtage, the input current, the current through one inductar,
ther corremt per one diode, the sensed cument per one MOSFET device and the DC bus
valtage of the converter are provided in Fig, 972 - Fig. 9.78.

The reference and the regulated D veltage are shawn in Fig. 9.97.

The efficiency versus the power curve of the simulated model of the Intereaved PRC
Beost Converter is depicted in Fig, 378

A Fast Fourier analysis of the input current waveform, of the input voltage wavelorm
and af the current messured Between the DC capacitor © angd the ground is provided as
depicted in Fig 9.79 - Fig. 2.84. Similar conditions for the FFT were emplayed: 25 opches of
the selected signal and two freguency ranges: from 01e 1 kHz, and from 1 kHz 1o 150 kM,
respectively, were taken into consideration.
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Table .16 presems the RS and average values for the MOSFET, the diode and the
incluctance cwrrents, The losses for the Bridgeless Interleaved PR Boost Converter mode,
a5 per Table 917, were computied based on the same catalogue parameters for the
MOSFET, the cliode and the inductance devices, as used in the previous paragraphs Recrer
= 03B {1, Roece - 0.98 00 and Feope = OO75 {3 Pugsrer cosn 908 Pracerer o Stand for the
conducting losses, and for the switching losses, respectively,
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Fig. 9.72 Zosorm on the input voltage & ingut current waloams for the Bridgeless
Interheaved PRC Boost Comverter tapalogy.
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Fig. 9.73 Zoom on th indectance current waveform Tor the Bridgeless Interlesved FRC
Boost Convertes pology.
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Fig. 9.74 Zoom on the capacitor current wavelfonm for the Bridgeless Interleaved PRC
Boost Converter tapalogy
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Fig. 9.75 Zocm on the diode cument wavelorm Tor the Bridgeless Interleaved PRC Boast
Converter topalogy.
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Figg. 2.76 Zocm o the MOSFET current wavelarm for the Bridgeless Inerlesved PR Boost
Converter lopalogy.
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twithin 0 and 1 kMz range for the Bridgeless Intedeayed
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Fig. .80 FFT far the input current within 1 and 150 kM range for the Bridgekess
Inteerbeaved PRC Boost Comverter tapalogy.
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Fig. 9871 FFT far the voeltsge measursd after thae EMI Bilter within 0 ard 1 kHz range
Tar the Bridgeless Inted eaved PFC Boost Converter tapology.
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Fig. 9.82 FFT for the voltage messuned after the EMI filter within 1 kHz and 150 kMz range
far the Bridgeless Inted eaved PRFC Boost Converter topology.
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Fig. 983 FFT for the cument measured between the capacitar © and the ground within 0
ard 1 kHz range for the Bridgeless Inerleaved PRC Boost Converter topokagy.
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Fig. %84 FFT for the cumem measured between the capacitor © and the ground within 1
kHz ard 150 KMz range for the Bridgeless Imedeaved PRC Boost Canvernter tapolagy.
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Table 217, BM5 & Avg current valwes [A]

luacinrer [A] 5.335 1.482
| [P—Y] 6229 1535
.. [A] 9.88 00202

Tabale 9,18, Losses breakdown ar rominal [oad W]

4.578 964 1412 5.178 2538 2730

9.5 Conclusion

Irs this paragraph, firsthy, a study of the existen PFC topalogies has been done by the
research team at the Deparmwent of Elecirical Eagineering ol the University Palitehnica
Tirnisoara, The result of the study indicated vhat four tapologies seemied to be the suitable
for power application ranges up t© 4 KW and, thus, they have been chosen to be further
investigated, These topologies are the Boost PR converter, the Bridoeless PFC Boast
Canverter, the Intedeaved PRC Boost Converter and the Bridgeless Interleaved PRC Boost
Corvernter,

The mext step in the research dealt with their design implememation of Both the
hardware and the cantrel parts in MatlabySimulink sirmalatian enviccnment and, finally,
with thewr performance evaluation and the EMI Fast Fourier analysis,

The family of Bridgeless PRC Boost converters has been widely used since it allows
considerable reduction in conduction losses providing increased global efficiency of the
cormeertir strocture, In terms of the contral principle and implementaticn, the Bridgeless
PFC Beost Converter is equivabent to Canventional Boost PFC Converter,

The simulation results, run for the same operation mdade, show that the input current is
i phase with the input voltage and that its shape is nearly perfectly sinusoidal, as
expected. This was the case Tor all the Towr topalogies,

It can also be seen that the RMS and the average values for the current through the

oulpul capacitar are constant—independent of the topalagy (either for the Boost ar For
the Bridgeless PFC Boost Converter configuratian).

Alsa, it can be noted that, in the Bridgeless PRFC Boost Converter topology, a new loss
has been intreduced in the intrinsic bedy diodes of the MOSFETS, but since input bridge
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correerters were eliminated, there is some efficiency gain for the Bridgelsss PFC Boost
Corverter topology in comparison with the Boost topalogy. This feature makes the
Bridgeless PFC Boost Converter mone useful in high power applications.

For the interleavesd topologies, the inpot current is the sum ol twa inductor curents for
the Interleaved PR Boost Comverter opalagy and the sum of four imductor currents for
the Bridgelesst Interleaved PR Boost Converter topology, respectively, Far the Interleaved
PFC Boost Comvener topology, the curremts lowing throogh the twe inductars are 180°
phase-shifed, Thus, the tatal input current has sraller rippbe than in esch individual
inductor,

Interleaving, if is done corectly, could decrease the size of the EMU filver without
irw reasing the siee of the Boost inductor volume comparsd 10 a single stage presregulator
apprasche A cammon design practice B o select the switching fregquency of the power
corwerter below the EMI lower limit of 150 kHe

Comparing the efficiency versus power curves for all fowr ropokagies, it results thar for
the Bridgeless Interlerved PFC Boost Corwerter tapalogy there 5 a slightly gain in
efficiency. 50, in conclusion, interleaving and paralleling power conventers can incneass
ther efficiency of the power comwertes; as long as, the inductor Apple currents ane kept
within resson. The semiconductor switching losses will rermain roughly the same,

Another reason @ employ PEC in mary of today’s powers supplics is @ comply with
regulatory requinements, Mowadays, in Europe, the electricsl eguipment must comply with
Lk Eurespiean EM & 100032, ar EN &1000-3-4 standards, This requirement applies tomost
of the electrical applisnces. The harmenics absence is desired, thus, minimizsing the
eclectromagnetic interference [EMID with other devices being powered from the same
SOUFCE,

Cheasing the right parameters af the cammeon maode ard EMI filters, based on literature,
is also provided, a5 well as their implementation in MatdabySimulink, Simulation resules
shenw that all all four wpologies are compliant with the intermational standards,

From the comparison between the Interlesved PRC Boost Corverter and the Bridgeless
Interleaved PRC Boost Corverter [t cgual poseer ), it resuluesd thar the reduced ripple in the
ingrut curment for the Bridgeless Imerdeaved PRC Boost Converter decreases the canducted-
EMI roise and helps reducing the EMI filver size,
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