[image: image1.png]



Andrius PETROVAS

Dynamic models of tHree phase induction motors
Summary of Doctoral Dissertation

Technological Sciences, 

Electrical Engineering and Electronics (01T)

1390
Vilnius  [image: image2.png]o
LEIDYKLA
TECHNIKA




  2007
VILNIUS GEDIMINAS TECHNICAL UNIVERSITY
Andrius PETROVAS

Dynamic models of tHree phase induction motors
Summary of Doctoral Dissertation

Technological Sciences, 

Electrical Engineering and Electronics (01T)

Vilnius  [image: image3.png]o
LEIDYKLA
TECHNIKA




  2007

Doctoral dissertation was prepared at Vilnius Gediminas Technical University in 2003–2007.
Scientific Supervisor 

Prof Dr Habil Roma RINKEVIČIENĖ (Vilnius Gediminas Technical University, Technological Sciences, Electrical Engineering and Electronics – 01T).

The dissertation is being defended at the Council of Scientific Field of Electrical Engineering and Electronics at Vilnius Gediminas Technical University:

Chairman

Prof Dr Habil Algirdas SMILGEVIČIUS (Vilnius Gediminas Technical University, Technological Sciences, Electrical Engineering and Electronics – 01T).
Members:

Prof Dr Habil Danielius EIDUKAS (Kaunas University of Technology, Technological Sciences, Electrical Engineering and Electronics – 01T),
Prof Dr Vygaudas KVEDARAS (Vilnius Gediminas Technical University, Technological Sciences, Electrical Engineering and Electronics – 01T),

Prof Dr Habil Romanas MARTAVIČIUS (Vilnius Gediminas Technical University, Technological Sciences, Electrical Engineering and Electronics – 01T),

Assoc Prof Dr Teodoras ŠIMKEVIČIUS (Šiauliai University, Technological Sciences, Electrical Engineering and Electronics – 01T).

Opponents:

Prof Dr Habil Steponas GEČYS (Kaunas University of Technology Technological Sciences, Electrical Engineering and Electronics – 01T),

Prof Dr Habil Algimantas Juozas POŠKA (Vilnius Gediminas Technical University, Technological Sciences, Electrical Engineering and Electronics – 01T).

The dissertation will be defended at the public meeting of the Council of Scientific Field of Electrical Engineering and Electronics in the Senate Hall of Vilnius Gediminas Technical University at 10 a. m. on 21 June 2007.

Address: Saulėtekio al. 11, LT-10223 Vilnius, Lithuania.

Tel.: +370 5 274 4952, +370 5 274 4956; fax +370 5 270 0112;

e-mail: doktor@adm.vgtu.lt

The summary of the doctoral dissertation was distributed on 21 May 2007.

A copy of the doctoral dissertation is available for review at the Library of Vilnius Gediminas Technical University (Saulėtekio al. 14, LT-10223 Vilnius, Lithuania).

© Andrius Petrovas, 2007
VILNIAUS GEDIMINO TECHNIKOS UNIVERSITETAS

Andrius PETROVAS

TRIFAZIŲ ASINCHRONINIŲ VARIKLIŲ

DINAMINIAI MODELIAI

Daktaro disertacijos santrauka

Technologijos mokslai, elektros ir elektronikos inžinerija (01T)

Vilnius  [image: image4.png]o
LEIDYKLA
TECHNIKA




  2007
Disertacija rengta 2003–2007 metais Vilniaus Gedimino technikos universitete.

Mokslinis vadovas

prof. habil. dr. Roma RINKEVIČIENĖ (Vilniaus Gedimino technikos universitetas, technologijos mokslai, elektros ir elektronikos inžinerija – 01T).

Disertacija ginama Vilniaus Gedimino technikos universiteto Elektros ir elektronikos inžinerijos mokslo krypties taryboje:

Pirmininkas

prof. habil. dr. Algirdas SMILGEVIČIUS (Vilniaus Gedimino technikos universitetas, technologijos mokslai, elektros ir elektronikos inžinerija – 01T).

Nariai:

prof. habil. dr. Danielius EIDUKAS (Kauno technologijos universitetas, technologijos mokslai, elektros ir elektronikos inžinerija – 01T),

prof. dr. Vygaudas KVEDARAS (Vilniaus Gedimino technikos universitetas, technologijos mokslai, elektros ir elektronikos inžinerija – 01T),

prof. habil. dr. Romanas MARTAVIČIUS (Vilniaus Gedimino technikos universitetas, technologijos mokslai, elektros ir elektronikos inžinerija – 01T),

doc. dr. Teodoras ŠIMKEVIČIUS (Šiaulių universitetas, technologijos mokslai, elektros ir elektronikos inžinerija – 01T).

Oponentai:

prof. habil. dr. Steponas GEČYS (Kauno technologijos universitetas, technologijos mokslai, elektros ir elektronikos inžinerija – 01T),
prof. habil. dr. Algimantas Juozas POŠKA (Vilniaus Gedimino technikos universitetas, technologijos mokslai, elektros ir elektronikos inžinerija – 01T).

Disertacija bus ginama viešame Elektros ir elektronikos inžinerijos mokslo krypties tarybos posėdyje 2007 m. birželio 21 d. 10 val. Vilniaus Gedimino technikos universiteto senato posėdžių salėje.

Adresas: Saulėtekio al. 11, LT-10223 Vilnius, Lietuva.

Tel.: (8 5) 274 4952, (8 5) 274 4956; faksas (8 5) 270 0112;

el. paštas doktor@adm.vgtu.lt

Disertacijos santrauka išsiuntinėta 2007 m. gegužės 21 d.

Disertaciją galima peržiūrėti Vilniaus Gedimino technikos universiteto bibliotekoje (Saulėtekio al. 14, LT-10223 Vilnius, Lietuva).

VGTU leidyklos „Technika“ 1390 mokslo literatūros knyga.

© Andrius Petrovas, 2007

General Characteristic of the Dissertation

Scientific problem. Development of controlled induction drives requires to elaborating dynamic model of induction motor. For modelling of unconventional motors, such as linear motors or motors with saturated magnetic circuit the electrodynamic motor model can be used, but it requires a lot of computer resources. Therefore the model, describing asymmetrical motor dynamics adequately is required. The calculations speediness of that model should not be much greater than that of motor model in transformed linear frame.
Aim and tasks of the work. The aim of dissertation is to develop mathematical and computer models of induction motor in phase coordinate system at various ways of stator windings connection, transform this model for investigation of dynamics of linear induction motor, and carry out computer models for investigation of frequency-controlled induction motors.
The tasks for achieving the aim:

1. Ascribe a motor by system of ordinary differential equations, with no requirements for symmetry of electric circuits.
2. Derive differential equations for all stator windings connection modes of induction motor.
3. Elaborate computer models according to derived differential equations.
4. Investigate transients at motoring and generating modes of induction motor with carried out model.
5. Develop computer model of scalar controlled electric drive on the base of carried out induction motor model, simulate performance of that drive.
6. Develop model of induction drive controlled by current channel on the base of elaborated induction motor model in phase coordinate system; examine operation modes of that drive.
Scientific novelty of the work
1. Elaborated mathematical and computer models of asymmetrical induction motor in phase coordinate system.
2. Carried out mathematical and computer model in phase coordinate system of symmetrical induction motor, witch are applicable to investigate motors with non-symmetrical.
3. Carried out induction motor model at various motor windings connection way.
4. Elaborated computer model of non-symmetrical induction motor matched with Simulink system witch can be easily used for investigation of complex mechatronic systems.
5. Developed universal program model of induction motor, witch is applicable for specialized mathematical software.
6. Developed model of non-symmetrical linear induction drive.
Methods of investigation. Methods of mathematical and computer modeling, numerical solution of ordinary differential equations and functional as well as object programming methods are used.
Practical value of the work. Developed model of induction motor can be used at designing ad investigating controlled induction drives, where consideration of non-symmetrical electric circuit is desirable.
Dissertation proposes
1. Mathematical and computer models in phase coordinate system of non-symmetrical induction motors with all possible connections ways of stator windings.
2. Results of simulation of non-symmetrical linear induction motor.
3. Model of scalar control of linear induction drive and results of simulations.
4. Simulations results of overvoltages in the direct current bus of frequency converter.

5. Model of induction drive controlled by “current channel” method and results of simulation.
The scope of the scientific work. Dissertation comprises introduction, for chapters and conclusions. Reference consists of 122 sources. The volume of dissertation is 103 pages.
Introduction
The first induction motor was designed in 1888 and since that time process of their investigation and improvement continuously moved forward. It is possible to state, that conventional induction motor is investigated quite well. Application of obtained knowledge results in successfully design, control and modeling. Therefore since 1888 construction of motors and control methods also were in progress. Linear induction motor with non-symmetrical electric circuit was designed and modern control methods with frequency commutating processes often cause saturation of their magnetic circuit. Therefore at investigation of dynamics of linear induction motors many non-solved problems appear.

Some kinds of dynamic models of non-symmetrical induction motors at present are used. The most popular are models in transformed reference frame and electrodynamic models. The first of them employs Kirchhoff's laws, the second one – Maxwell equations. The main shortcoming of model in transformed reference frame – it can not be used for simulation of motors with non-symmetrical electrical circuits. In this case the number of differential equations becomes so large that specialized methods and a lot of computer resources should be used.

Therefore it is desirable to have model of induction motors, witch could be used to investigate dynamics of non-linear or non-symmetrical induction motor and more effectively use computer recourses, than electrodynamic model, i.e. it should be free of the main shortcoming of electrodynamic model.

The dissertation discusses with such mathematical and computer model. On the base of this model, the computer models for investigation of controlled drives are developed.
1. Models of Induction Motor
The simplest and the oldest model of induction motor is so called “T” model. The main his drawback – it is inapplicable to simulate dynamic modes. Just models in transformed reference frame and electrodynamic model are applicable to simulate dynamic modes.
Model in transformed reference frame is based on electric circuits. Differential equations of composing model are being derived with application Kirchhoff’s laws for motor windings. Assumptions about symmetry of electric and magnetic circuits allows to simplify equations and get a set of non-linear first order differential equations, which can be solved by applicable numerical methods. 
Models in transformed reference frame are widely used to investigate transients of induction motors. The many control methods, for example, vector control, are employing these models. The set of model equations comprise three first order differential equations, and the methods, used to solve that are not complex, therefore simulation is speedy.
The main imperfectness of transformed reference frame model – it is inapplicable for non-symmetrical motors. This shortcoming matches the assumption of symmetry of motor electric and magnetic circuits.
Electrodynamical model is based on electromagnetic field theory; witch mathematical background is Maxwell equations. In order to carry out electrodynamic model, all electromagnetic processes are described by Maxwell’s equations. This way of problem solution has some advantages and disadvantages. 

The main shortcoming is related with Maxwell’s equations mathematical nature. From a view of mathematic, they are nonlinear partial difference equations. Analytical solution of these equations is possible just for simplest cases where used assumptions simplify the problem. In most cases finite element methods or finite difference methods are used. It should be noted, that solution of this type of equations by numerical methods requires a lot of computer resources.
The main advantage of electrodynamical model is its universality. It is applicable to investigate dynamic processes in symmetrical and non-symmetrical as well as saturated motor.

One of advanced model is neurons network model of induction motor. It is applicable to investigate dynamic processes in symmetrical and non-symmetrical motors with great speediness. The main shortcoming of this model – it is developed on the empirical links, not deterministic.
2. Model of Induction Motor in Phase Coordinate System
Proposed in the dissertation model of induction motor in phase coordinate system is applicable to solve discussed problems. Comparison of elaborated model with models in transformed reference frame or with electrodinamic model gives possibility to form model directly according to non-linear differential equations of induction motor with assumption about non-symmetry of electric circuits. From the view of mathematics, mathematical model in phase coordinate system comprise nonlinear differential equations. Numerical methods, such as Runge-Kutt, Adams and other can be applied to solve that.
These methods do not require great calculation resources, as finite difference or finite elements methods. Therefore elaborated model is free of transformed reference frame or electrodinamic model shortcomings.

The windings of simple pole pair induction motor are shown in Fig 1. Electrical parameters, characteristic a winding, such as inductance of winding L and resistance R are denoted at each winding. Each parameter of phase winding is supplied by indices, showing its dependence to proper phase winding. Stator phase windings are denoted with indices A, B, C and rotor – with a, b, c. All motor windings, shown in Fig 1, are coupled magnetically. Influence of developed magnetic field to other windings is denoted by mutual inductance.
Mutual inductance of windings x and y is denoted as Mxy, where x and y are indices of windings. As Mxy = Myx, therefore further in formulas indices are written in order with Latin alphabet and the capital letters will be written before uppercase that. 
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Fig 1. Windings of three-phase single pole pair motor
Mathematical model in phase coordinate system comprises these sets of equations:

1. KVL for motor windings;

2. Equations of entire magnetic flux;

3. Equations, describing mechanical rotational movement of rotor or translational for linear motors.
Equations of the first and second items depend on connections way of motor windings and have the different form for each connections. 

Dissertation proves that developed electromagnetic torque does not depend on way of windings connection. It can be calculated by expression, derived by author:
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(1)
where Mem is electromagnetic torque.

Expression of equations of movement or the Newton’s law depends on type of motor. Movement of revolving motor rotor is ascribed by main low of rotational movement. For linear induction motor conventional form of Newton’s low is applied. In the dissertation is presented the system of equations, derived for induction motor at star connected stator windings with neutral wire as this:
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(2)
where ω is angular speed of rotor; M(t) is matrix of 8×8 elements of time depending coefficients; ∑M is sum of external torques, applied to rotor; uA, uB, uC, ua, ub, uc are instantaneous values of phase voltages.
Coefficients, entering matrix M(t) in Eq. 2 are harmonic time functions, resulting to consider set of equations (2) as set of first order nonlinear differential equations and requiring to solve that by numerical methods. Expression of matrix M(t) and equations of model in extended form are presented in dissertation. 

Model, described above, is applicable to consider non-symmetry of motor, because no assumptions about symmetry of electrical circuit were made and any parameter of motor, for example, as winding resistance, inductance can be chosen individually and independently from others. 
3. Computer Models of Induction Motor
Equations of induction motor, derived in phase coordinate system, can not be solved analytically, therefore computer models are requested, where those equations being solved by numerical methods.

In dissertation development of computer model is shown in Matlab software. Universal algorithm of computer model is presented in Fig 2.

Developed and presented in Fig 2 algorithm is applicable to solve equations of induction motor, derived in phase coordinate system, by numerical methods integrated in Matlab system. Algorithm for calculation derivates of state space equations is proposed. All equations, mentioned in Fig 2, are given in dissertation. 
[image: image8.png]3. Skyrius. Asinchroninio variklio kompiuteriniai modeliai
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Fig 2. Universal algorithm of programmed motor model
According to differential equations of discussed mathematical model, objective Simulink motor model is developed. It is not universal and change with different way of windings connection. Models, developed for symmetrical motor are presented in dissertation.
4. Models of Controlled Electric Drives
Adequacy of model is verified by simulation of controlled and non-controlled performance of symmetrical induction motor. Possibility to model electric motor with non-symmetrical electric circuit is verified by simulation of operation of linear induction motor.
Construction of linear induction motor, as non-symmetrical kind of induction motors is considered. Consideration of non-symmetrical of electric circuit is assumed by reducing values of mutual inductance of windings placed at different ends of induction motors is considered. Considerations of non-symmetry of magnetic circuit is assumed by reducing values of mutual inductance of windings placed at different ends of inductor and secondary element, i.e. MAC = αMAB; Mac = MCa = αMSR; Mac = αMab, where α = [0,5; 0,6; … ; 1].
Developed motor model in phase coordinate system is applied at designing of motor, controlled by frequency converter model, i.e., simulation of system frequency inverter – motor simulation. For simulation of motor is used in Matlab programmed model, and frequency converter is modeled by program changing of motor phase voltages according to control low. 

Because stepwise changing of motor supply voltages model is nonlinear, therefore simulation time is divided into short intervals, during which values of voltages of frequency converter are constant and simulation of motor performance in each interval is fulfilled separately. Algorithm of this program is given in Fig 3. 
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4.3.2. Sistemos inverteris-variklis modelis [32, 40, 41]

Daznio keitiklio, pavaizduoto 4.20 pav., jéjime jjungtas trifazis tiltelinis lygintuvas,
taciau ten gali buti jjungta bet kuri kita lygintuvo schema, pvz. vienfazis tiltelinis
lygintuvas ir kt. Konkrecios schemos parinkimas priklauso nuo daugelio veiksniy, tame
tarpe ir leidziamos pulsacijy lygintuvo iséjime amplitudés [30]. Tais atvejais, kai lygintuvo
iséjime galima nepaisyti pulsacijy ir nenumatomas pavaros veikimas generatoriniu rezimu,
4.20 pav. pateikty lygintuvas—inverteris—variklis mechatronine sistemsg galima pakeisti is
nuolatines jtampos saltinio maitinama inverteris—variklis sistema. 'Tokia sistemai tirti
yra sudarytas imituojancios programos algoritmas ir programa.

Is 4.3.1 skirsnio matyti, kad daznio keitiklio iSéjime signalas néra tolydus ir Suoliskai
keiciasi rakty komutavimo momentais. Taikant daugelj skaitiniy diferencialiniy lygciy
sprendimo metody reikalaujama, kad funkcija buty tolydi ir diferencijuojama visame
laiko intervale [104]. Todél visg imitavimo laika reikia skaidyti trumpais intervalais,
kuriy metu rakty padeétis nesikeicia ir variklio veikimg kiekviename tokiame intervale
imituoti atskirai. Tokios imitavimo programos algoritmas pavaizduotas 4.21 pav.
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4.21 pav. Sistema tnverteris—variklis imituojancios programos algoritmas

Pradiniai programos darbo duomenys yra imitavimo trukmeé ¢, , pradines sglygos
variklio diferencialinéms lygtims spresti ir modeliuojamo variklio duomenys. Visas imi-
tavimo laikas skaidomas j T'/6, ¢ia T — daznio keitiklio generuojamo signalo periodas,
trukmeés laiko atkarpas, kuriy metu nevyksta rakty SWI1-SW6 komutacija. Kiekvieno to-
kio trumpo intervalo metu modelinojamas variklio darbas. Variklio diferencialinés lygtys
sprendziamos naudojant modeliavimo aplinkoje integruotus skaitinius diferencialiniy lyg-
¢iy sprendimo metodus, o pradinés salygos, kaip tai pavaizduota 4.21 pav., kiekvieno n+1
intervalo pradzioje prilyginamos pries tai buvusio n — ojo intervalo pabaigos salygoms.
Rakty padeétys kiekvienam intervalui randamos is 4.3 lentelés ir pagal jas pakeiciamos
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Fig 3. Program algorithm to simulate system inverter-motor
Simulation of system inverter-motor is fulfilled for frequency inverter, controlled by 180° algorithm at control law U/f =const., giving constant breakdown torque.
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Modeliuojant priimama, kad yra galimybe sklandziai keisti 4.20 pav. pavaizduota
inverter] maitinanc¢ig jtampa, kuti lygi filtro kondensatoriaus jtampai Uq. Pasirinktos
sios Ug ir f vertés: Us =300V f =30 Hz, U =540V f =50 Hz ir U =760 V; f =
70 Hz.
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4.22 pav. Rotoriaus grei¢io pereinamieji procesai

Kokybiskai lyginant pereinamuosius paleidimo procesus maitinant variklj is trifazés
itampos tinklo (zr. 4.1 pav.) ir daznio keitiklio (Zr. 4.22 pav.), jokiy didesniy skirtumy
nepastebima. Didesnius Svytavimus pereinamojo proceso pradzioje bei pabaigoje gali-
ma sieti su didesne 4A100L2 variklio rotoriaus inercija. Dél didelés rotoriaus inercijos,
pasibaigus grei¢io pereinamajam procesui, néra jokiy pulsacijy.
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4.23 pav. Statoriaus A fazés srovés pereinamojo proceso pradzioje

Statoriaus A fazés srovés pereinamyjy procesy pradzioje grafikai pateikti 4.23 pav. Is
ju matyti, kad statoriaus srové paleidimo proceso pradzioje pasiekia maksimalias vertes.
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Fig 4. Starting transients of rotor angular speed
[image: image11.png]4. Skyrius. Valdomy elektros pavary modeliai

signalo dazniui. Rotoriaus grei¢iui didéjant, tiek amplitudé, tiek daznis mazéja, taciau,
skirtingai negu 4.1.1 skirsnyje aprasyto is trifazio tinklo maitinamo idealaus asinchroninio
variklio atvejui, pasibaigus grei¢io pereinamiesiems procesams, nesumazéja iki nulio.
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4.26 pav. Elektromagnetinio momento pereinamieji procesai

Elektromagnetinio momento pereinamieji procesai pateikti 4.26 pav. Saltinis [?] sitlo,
atsizvelgiant j slydimo vertes suskaidyti elektromagnetinio momento pereinamajj procesg
] tris etapus:

1. s & 1 — sustabdyto asinchroninio variklio darbo etapas;
2. sp < s <1 — variklio jsuka iki kritinio slydimo s;;
3. 0 < s < s — variklio grei¢io nusistovéjimas.

Pirmajame etape veikiantis variklis gali buti prilyginamas transformatoriui. Tuo me-
tu sukuriamas magnetinis laukas, o variklio rotoriaus apvijos nejuda statoriaus apvijy
atzvilgiu. Siam etapui charakteringi dideli elektromagnetinio momento perreguliavimai
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Fig 5. Starting transients of electromagnetic torque
Figures 4 and 5 indicate the control law U/f=const resulting constant breakdown torque and possibility to change speed continuously.
Elaborated model in phase coordinate system is applied in developing of system rectifier-inverter-motor model. While rectifier does not transfer current back to supply network, in this system at operating of motor in regenerative mode, current charges on filter capacitor.

Model of system rectifier-inverter-motor has changeable structure and differs and discussed model inverter-motor, in which, during short intervals of simulation time, voltages of frequency converter had constant values; here the conditions of switching on or off rectifier diodes should be considered, which are not determined in advance. Algorithm of this program is presented in Fig 6. Speed transients at different rotor speed are presented in Fig 7.
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skaidomas j trumpesnius intervalus, kuriy metu sistemos busena, t.y. rakty SW,, SWp,
SWe padétys ir diodo VD laidumo busena, nesikeic¢ia. Sistemos veikimas imituojamas
kiekviename tokiame intervale atskirai. Kiekvieno vélesnio intervalo pradinés salygos
lygios ankstesniojo intervalo galutinéms sglygoms.

Pagrindinis ir esminis skirtumas tarp lygintyvo-inverterio-variklio ir inverterio-variklio
sistemy modeliy yra tai, kad inverterio-variklio sistemos buseny kaita yra is anksto de-
terminuota, t.y. sistemos busena kinta tik pasikeitus 4.20 pav. pavaizduoty SWI-SW6
rakty padéciai, o jy persijungimo momentai bei tvarka is anksto zinomi. Sistemoje
lygintuvas-inverteris-variklis nejmanoma pries imitacija nustatyti, kada diodas VD bus
atviras ar uzdaras, nes tai priklauso nuo (4.6) sistemos sprendiniy. Todél Siam uzda-
viniui spresti pageidautini specialus diferencialiniy lygciy sprendimo metodai, kuriuose
galima suprogramuoti lygciy sprendima stabdancias funkcijas. Daugelis moderniy ma-
tematiniams skaiciavimas specializuoty pakety turi sig galimybe. Pavyzdziui, sudarant
uzduotis Matlab pakete integruotoms diferencialinéms lygtims spresti skirtoms funkci-
joms galima sukurti specializuotas funkcijas, [103] jos vadinamos anglisku zodziu Events,
kuriose nurodomos sprendimo stabdymo salygos. Panasiai, kaip nurodo [45], sprendimas
stabdomas ir Octave pakete naudojant dasrt tunkcija.
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4.28 pav. Programos algoritmo schema

Programos, kurioje naudojama galimybeé stabdyti diferencialiniy lygciy sprendima,
strukturiné schema pavaizduota 4.28 pav. Nuo 4.21 pav. pateiktos ir inverterio-variklio
sistemai modeliuoti skirtos programos pastaroji skiriasi tuo, kad is karto po diferencia-
liniy lygciy sprendimo tikrinama, ar imituotas visas laiko intervalas tarp rakty SWy,
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Fig 6. Algorithm of program to simulate system rectifier-inverter-motor
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4.3.5. Sistemos lygintuvas-inverteris-variklis imitavimo rezul-
tatai

Siame poskyryje pateikiami sistemos lygintuvas-inverteris-variklis sudétyje veikianio
4A100L2 variklio imitavimo rezultatai [42]. Imituojant sistemos veikima, gauti greicio
bei jtampos filtro kondensatoriuje pereinamieji procesai, esant skirtingiems pradiniams
rotoriaus grei¢iams.

Sistemos lygintuvas-inverteris-variklis modeliavimui naudojamas 4.3.4 skirsnyje apra-
Sytas kompiuterinis modelis. Nuolatinés jtampos Saltinio Up,, (7r. 4.27 pav.) jtampa lygi
540 V, inverteris valdomas pagal 180° algoritma, o filtro kondensatoriaus talpa priimta
5 pk.

Kaip jau minéta 4.3.4 skirsnyje, sistemoje lygintuvas-inverteris-variklis varikliui dir-
bant generatoriniu rezimu, galimi dideli virsjtampiai filtro kondensatoriuje C' [86]. Ais-
kinantis vykstancius procesus imituojamas neapkrauto variklio paleidimas, esant skirtin-
giems pradiniams rotoriaus grei¢iams wy: wg = 0 ir wg = 1507.
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4.30 pav. Rotoriaus grei¢io pereinamieji procesai

GreiCio pereinamieji procesal pateikti 4.30 pav. Abiem atvejais sinchroninis sukamojo
magnetinio lauko greitis vienodas ir lygus 1007, todél nusistovéjusi grei¢io verté irgi vie-
noda. Paleidziant variklj, kai pradinis greitis wy = 0, didesne pereinamojo proceso dalj
jis veikia varikliniu rezimu, ir tik pacioje pereinamojo proceso pabaigoje, kai rotoriaus
grei¢io perreguliavimy metu akimirkiné greicio verté virsija sinchroninj, galimas trumpa-
laikis veikimas generatoriniu rezimu. Kai variklis paleidziamas virssinchroniniu greiciu,
t. y. kai jo pradinis greitis wy = 1507, didesniaja pereinamojo proceso trukmeés dalj
variklis veikia generatoriuniu rezimu. Veikiant generatoriniu rezimu, elektromagnetinis
momentas, nukreiptas pries rotoriaus sukimosi kryptj stabdo pastargjj, todél jo greitis
mazéja, kai sukaupta mechaniné kinetiné energija verciama elektrine.

Pereinamieji procesal jtampos filtro kondensatoriuje C' pateikti 4.31 pav. Asinchro-
ninei masinai veikiant varikliniu rezimu, pereinamojo proceso pradzioje, kai t < 0,1 s,
didesniy virsjtampiy nepastebima. Siame laiko intervale atsirandantys vir§jtampiai, kuriy
amplitudé sudaro tik 2% U, vertés, yra aiskinami komutacijos procesais. Pereinamojo
proceso pabaigoje, kai t>0,1, rotoriaus grei¢io verté trumpai virsija sinchroninj greitj, va-
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Fig 7. Transients of speed at regenerative mode

Starting transients of filter capacitor voltage at different rotor speed are presented in Fig 8.
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4.31 pav. Pereinamieji procesai jtampos filtro kondensatoriuje

riklis persijungia | generatorinj rezimg ir kondensatoriaus jtampa pasiekia 20% U,,, verteés.
Rotoriaus grei¢iui nusistovéjus ir varikliui vél pradéjus veikti varikliniu rezimu, konden-
satorius issikrauna létai, nes visa varikliui tiekiama energija sunaudojama tik aktyviosios
galios nuostoliams padengti.

Kai asinchroniné masina paleidziama virssinchroniniu grei¢iu, t. y. wp = 1507, ji
is karto pradeda veikti generatoriniu rezimu. I$ 4.31 pav. matoma, kad jtampa filtro
kondensatoriuje didéja labail staigiai, o virsjtampio amplitudé pasiekia kone 60% U,
vertes.

Projektuojant daznio keitiklius, tenka atsizvelgti j virsjtampius filtro kondensatoriuje.
Ypac tai aktualu paprastesniems ir pigesniems daznio keitikliams, nes taupant lésas, jie
daznai konstruojami be greicio grjztamojo rysio, o inverterio komutavimo daznis tolydziai
didinamas nuo nulinio iki nominalaus. Todél, jei keitiklio jjungimo momentu variklio
rotoriaus greitis nelygus nuliui, pvz., pakartotinio variklio jjungimo atveju, kol rotorius
dar nesustojo, gali atsitikti taip, kad variklis bus paleidziamas virssinchroniniu grei¢iu
ir pradés dirbti generatoriniu rezimu. Todél dazno keitiklio instrukcijos draudzia jungti
keitiklj, jei variklio rotorius nesustojes.

Yra keletas budy isvengti virsjtampiy. Pats akivaizdziausias jy — 4.20 pav. pavaiz-
duotame keitiklyje prie tinklo prijungtg nevaldomg trifazj lygintuvag pakeisti valdomuoju
konverteriu. Taip patobulinus konstrukeijg, generatoriniu rezimu veikianc¢io variklio tie-
kiamag elektros energija galima grazinti j trifazj tinklg. Tokio patobulinimo trukumas —
reikalinga schema konverteriui valdyti.

Kitas budas isvengti virsjtampiy daugiau tinka tik avariniams darbo rezimams, t. y.
ji reikty traktuoti kaip apsauga nuo virsjitampiy. Lygiagreciai 4.20 pav. pavaizduotam
domas raktas. Rakto valdymo signalai formuojami pagal virsjtampio amplitude. Kai
virsjtampis pasiekia nustatyta verte, raktas jsijungia ir kondensatorius iskraunamas per
varzg. Sis budas tinka tik trumpalaikiams mazos galios keitikliy avariniams rezimams,
nes pagrjstas kondensatoriuje sukauptos elektrinés energijos keitimu silumine.
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Fig 8. Transients of voltage across capacitor
Results of simulation of system rectifier-inverter-motor gives possibility to observe overvoltages across filter capacitor appeared at regenerative mode of motor. The most dangerous situation happens at starting motor with initial rotor speed exceeding synchronous. At this situation overvoltages exceed about 40 % the rated voltage.
Elaborated objective Simulink model is applied at developing model of drive controlled by current channel method. The block diagram of that model is presented in Fig 9.
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4.32 pav. Valdymo srovés kanalu funkciné schema

Relés histerezes kilpos plotis lemia apkrova tekancios srovés nuokrypio nuo nustatytos
vertés dydj. Nuokrypj pageidautina turéti kuo mazesne, bet histerizés plotj riboja tokie
faktoriai kaip maksimaliai galima rakty greitaveika bei sroves matavimy paklaidos.

Modeliuoti inverteris-variklis sistema, kai inverteris valdomas sroveés kanalo metodu,
jmanoma naudojant tiek programinj, tiek objektinj variklio modelius. Taciau naudojant
programinj modelj, ypac jei jis aprasomas procedurinémis programavimo kalbomis, sude-
tinga suprogramuoti reliy veikima. Dar vienas programinio modelio trukumas — butinybeé
naudoti specializuotus diferencialiniy lygcéiy sprendimo metodus, t. y. tokius, kuriuose
yra galimybé stabdyti sprendimo procesa, susidarius salygoms relei persijungti. Objekti-
nis modelis neturi siy trukumy, todél srovés kanalo metodu valdomai sistemai modeliuoti
tikslinga pasirinkti butent objektinj variklio modelj.

Simulink objektinio modeliavimo terpei sudarytas modelis pavaizduotas 4.33 pav.
Modelj sudaro variklio modelis, reguliatoriai, srovés stiprio fazése nustatymo saltiniai.

pw - u_A l_A

i A ref. Reg A

Fdxbj > u B i B
i B ref. Reg B

Fﬂ¥v7 > u C i Cr—
i C ref. Reg C Motor model

4.33 pav. Valdymo srovés kanalo metodu Simulink schema

Sroves stiprio nustatymo saltiniai, 4.33 pav. tai i A nust, i B nust ir i C nust
blokai, nustato srovés verte kiekvienoje fazéje. Srovés kitimas fazése aprasomas (1.8)—
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Fig 9. Block diagram of model if drive, controlled by current channel

The subsystem Motor model in Fig 9 comprises a model of induction motor in phase coordinate system. It is formed to use phase voltages as input signals and phase currents as outputs. Three reference blocks as i_A_ref, i_B_ref and i_C_ref determine changing stator phase currents by sine law, and nonlinear regulators Rer_A, Reg_B and Reg_C whose hysteresis loop width corresponds to current channel width. The main results of simulation are presented in Fig 10 and Fig 11. Stator current at the beginning of transient process is shown by solid line. The limits of channel are presented by dash lines.
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nyje sie efektas aiskinamas pertektliniu reliniy reguliatoriy skai¢iumi. Kadangi variklio
apvijas sujungus zvaigzde be nulinio laido, lieka tik dvi nepriklausomos srovés, todel tik-
rai butini yra tik du sroves valdantys reliniai reguliatoriai, kuriy iséjimo signalai valdyty
ne fazines, bet linijines jtampas. Priesingu atveju sroves efektyviai apribojamas tik ,,is
virsaus®.
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4.35 pav. Statoriaus srové pereinamojo procese pradzioje ir pabaigoje
Is 4.35 pav. pateikty grafiky matyti, kad pereinamojo proceso pradzioje srove efekty-
viai apribojama kanalo ribomis, kurios uzrasomos reiskiniu: iz = 35sin(1007t) & 10 A.
Taciau, kai pereinamieji procesai pasibaige, o variklis neapkrautas, srovés stipris kanalo

viduje neislaikomas. Visas statoriaus A fazés srovés pereinamasis procesas pateiktas 4.36
pav. I$ 4.36 pav. matyti, kad srovés verté neislaikoma kanale, kai £>0,3 s.

40

miii

10 {

0

Sroveés stipris, A

1
—_
o
—

1
[\~
o

|
o
o

i
S

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

Laikas, s

4.36 pav. Statoriaus A fazés srovés pereinamasis procesas

89




Fig 10. Stator current at the beginning of transient 

process (0<t<0.04) and end of that (0.96<t<1)
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4.37 pav. Rotoriaus A fazés srovés pereinamasis procesas

Rotoriaus A fazés srovés pereinamasis procesas pateiktas 4.37 pav. Panasial kaip
ir statoriaus sroveé, pereinamojo proceso pradzioje rotoriaus srovés stipris apribojamas.
4.37 pav. aiskiai isskiriamas momentas ¢ ~ 0,3 s, kada statoriaus srové iseina uz kanalo
riby. Pereinamojo proceso pabaigoje, neziurint to, kad variklis dirba tuscigja veika, o
rotoriaus greitis lygus sinchroniniam, rotoriaus grandinémis teka sroves, kuriy maksimali
akimirkiné verté siekia apie 3 A. Sios srovés atsiranda dél komutacijos procesy statoriaus
grandinése.
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4.38 pav. Elektromagnetinio momento pereinamasis procesas

Elektromagnetinio momento pereinamasis procesas pateiktas 4.38 pav. Pereinamojo
proceso pradzioje paleidimo momentas yra apribotas. Dél to mechaninés sistemos dalies
nebeveikia smuginés dinaminés perkrovos. Kai statoriaus srové sumazéja ir iSeina uz
kanalo riby, elektromagnetinis momentas tampa nekontroliuojamas, ir stebimi dideli jo
pokydiai.

90




Fig 11. Transients of electromagnetic torque at control
by current channel method

Results of simulation of frequency converter controlled by “current channel method” indicate, that block diagram of drive, given in Fig 9 limits just maximum value of stator current, therefore at the end of transients process the current of non-load motor decreases and is not hold inside the channel.
Analysis of rotor speed transients shows that control by current channel method effectively limits overshoot of speed in the beginning, nevertheless at the end of process, when the current is not hold inside channel and non-controlled process of current begins, the speed overshoot reaches about 50 % of rated value. Therefore current channel method is recommended to apply together with other methods, for example, vector control.

General Conclusions
1. Analysis of commonly used mathematical models of induction motor indicate that at present there is lack of elaborated effective model to investigate dynamics of asymmetrical induction motor
2. Developed model of induction motor is phase coordinate system on the basis of generalized differential equations of motor without assumption of linearity and symmetry electrical circuits is applicable to investigate dynamic modes and performance of motor, controlled by frequency converter.
3. Mathematical models developed in phase coordinate system for the motor comprise the set of ordinary nonlinear first order differential equations; therefore they could be solved by numerical methods with elaborated computer model.
4. Number of state-space variables of the motor model in phase coordinate system depends on motor winding connection way and is equal to six, at Y connection without neutral wire and eight, at Δ connection or Y connection with neutral wire.
5. Non-symmetry of electrical circuit is described by different parameters of stator or rotor windings. Developed model allows setting up parameters of each winding individually, therefore elaborated model is applicable to simulate non-symmetrical motors.
6. On the base of developed motor model, models of controlled by frequency converter drive were carried out. Motor controlled by frequency converter operates in transient mode. Steady-state current amplitude at no load 4.7 times exceeds the amplitude of rated current.
7. Elaborated model to control frequency converter by current channel method indicate reduction of torque and speed overshoot of starting transients. Limitation of current amplitude at 40 A results in increasing of speed transient time about twice.
8. Developed model witch changeable structure of system “rectifier-inverter-motor” gives possibility to simulate filter capacitor overvoltages appeared at starting or regenerative breaking mode. An overvoltage exceeds 40 % the rated voltage at set up lower value of speed, while rotor rotates with speed exceeding synchronous speed.
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TRIFAZIŲ ASINCHRONINIŲ VARIKLIŲ DINAMINIAI MODELIAI

Mokslo problema. Konstruojant valdomas asinchronines pavaras būtina turėti dinaminį asinchroninio variklio modelį. Netradicinės konstrukcijos, tokių kaip tiesiaeigio, arba įsotintos magnetinės grandinės asinchroninių variklių dinamikai modeliuoti gerai tinka tik elektrodinaminis variklio modelis, tačiau pastarasis labai reiklus skaičiavimo mašinų resursams. Todėl būtinas modelis, kuris ne tik adekvačiai aprašo nesimetriškų asinchroninių variklių dinamiką, bet ir kurio greitaveika nebūtų daug mažesnė už tradicinio transformuotų koordinačių modelio greitaveiką.
Darbo tikslai ir uždaviniai
Darbo tikslai: sudaryti trifazio asinchroninio variklio matematinį ir kompiuterinį modelius fazinėje koordinačių sistemoje esant įvairiems variklio apvijų jungimo atvejams, adaptuoti gautą modelį tiesiaeigio asinchroninio variklio dinamikos tyrimui, sudaryti modelius tirti dažniu valdomiems asinchroniniams varikliams.
Siekiant šio tikslo reikia išspręsti uždavinius.
1. Aprašyti variklį tokia paprastųjų diferencialinių lygčių sistema, kuriai nebūtų taikomi elektrinių grandinių simetriškumo reikalavimai.
2. Užrašyti diferencialines lygtis visiems trifazio variklio apvijų jungimo būdams.
3. Pagal diferencialines lygtis sudaryti variklio kompiuterinius modelius.
4. Sudarytus modelius pritaikyti tiesiaeigio variklio modeliavimui.
5. Naudojant asinchroninio variklio modelį fazinėje koordinačių sistemoje, ištirti variklinį, generatorinį bei reversinį variklio darbo režimus.
6. Naudojant asinchroninio variklio modelį fazinėje koordinačių sistemoje, sudaryti skaliariškai valdomos asinchroninės pavaros kompiuterinį modelį, ištirti tokios pavaros darbo režimus.
7. Naudojant asinchroninio variklio modelį fazinėje koordinačių sistemoje, sudaryti srovės kanalu valdomos asinchroninės pavaros kompiuterinį modelį, ištirti tokios pavaros darbo režimus.
Mokslinis naujumas
1. Sudaryti nesimetriško asinchroninio variklio dinamikos tyrimams tinkami asinchroninio variklio fazinėje koordinačių sistemoje matematinis bei kompiuterinis modeliai.
2. Sudaryti simetriško asinchroninio variklio fazinėje koordinačių sistemoje matematinis bei kompiuterinis modeliai, kuriuos tikslinga taikyti tiriant simetriškos bet netiesiškos elektrinės grandinės variklius.
3. Sudarytas variklio modelis pritaikytas visiems nesimetriško asinchroninio variklio apvijų sujungimo būdams.
4. Sudarytas Simulink sistemai tinkamas kompiuterinis nesimetriško asinchroninio variklio modelis, kurį paprasta naudoti modeliuojant sudėtingas mechatronines pavaras.
5. Sudarytas universalus programinis nesimetriško asinchroninio variklio modelis, kuris taikytinas darbui matematiniams skaičiavimams specializuotuose paketuose.
6. Sudarytas nesimetriškas asinchroninio variklio modelis pritaikytas tiesiaeigio variklio modeliavimui.
Tyrimų metodai. Darbe taikomi matematinio ir kompiuterinio modeliavimo, skaitiniai paprastųjų diferencialinių lygčių sprendimo ir funkcinio bei objektinio programavimo metodai.
Praktinė vertė. Sudarytas asinchroninio variklio modelis gali būti naudojamas projektuojant ir tiriant tokias valdomas asinchronines pavaras, kuriose įvertinami variklio elektrinės grandinės nesimetriškumai.

Ginamieji teiginiai
1. Matematiniai ir kompiuteriniai visiems trifazio variklio apvijų jungimo atvejams pritaikyti nesimetriško asinchroninio variklio modeliai fazinėje koordinačių sistemoje.
2. Matematiniai ir kompiuteriniai visiems trifazio variklio jungimo atvejams pritaikyti simetriško variklio modeliai fazinėje koordinačių sistemoje.
3. Tiesiaeigio nesimetriškos elektrinės grandinės variklio imitavimo rezultatai.
4. Skaliariškai valdomos asinchroninės pavaros modelis ir imitavimo rezultatai.
5. Viršįtampių, atsirandančių dažnio keitiklio nuolatinės įtampos grandinėse, imitavimo rezultatai.
6. „Srovės kanalo“ metodu valdomos asinchroninės pavaros modelis ir imitavimo rezultatai.

Disertacijos struktūra
Disertaciją sudaro įvadas, keturi skyriai ir išvados. Disertacijoje remiamasi 122 šaltinių. Darbo apimtis 103 puslapiai.

Pirmajame skyriuje analizuojami dažniausiai naudojami dinaminiai asinchroninio variklio modeliai, jų privalumai ir trūkumai.

Antrajame skyriuje išvedamos asinchroninio variklio matematinio modelio fazinėje koordinačių sistemoje lygtys visiems variklio apvijų jungimo būdams. Išvestos lygtys užrašomos skaitiniams metodams tinkama forma.

Trečiajame skyriuje pateikti pagal matematinį modelį sukurti kompiuteriniai modeliai. Sudarytas Matlab programai pritaikytas universalus, t.y. tinkamas visiems apvijų jungimo atvejams, asinchroninio variklio kompiuterinis modelis. Variklio modelis pritaikytas ir dinaminių procesų modeliavimui skirtam Simulink paketui.
Ketvirtajame skyriuje asinchroninio variklio kompiuterinis modelis fazinėje koordinačių sistemoje pritaikytas nevaldomų ir valdomų pavarų imitavimui. Taipogi pateikti nesimetriško asinchroninio variklio paleidimo imitavimo rezultatai. 
Darbo išvados
1. Dažniausiai naudojamų asinchroninio variklio matematinių modelių analizė rodo, kad šiuo metu nėra efektyvaus modelio nesimetriško asinchroninio variklio imitavimui.
2. Pagal apibendrintąsias asinchroninį variklį aprašančias netiesines diferencialines lygtis, nepriėmus jokių elektrinių grandinių simetriškumo sąlygų, sudarytas asinchroninio variklio fazinėje koordinačių sistemoje modelis, tinkamas asinchroninių variklių dinamikos ir darbo režimų, valdant jį iš dažnio keitiklio, tyrimams.
3. Variklio modelį fazinėje koordinačių sistemoje sudaro pirmosios eilės netiesinių diferencialinių lygčių sistema, todėl ji sprendžiama tik skaitiniais metodais, sudarant kompiuterinį variklio modelį.
4. Variklio modelio, sudaryto fazinėje koordinačių sistemoje diferen-cialinių lygčių būsenos kintamųjų skaičius priklauso nuo variklio apvijų jungimo schemos ir lygus 6, kai apvijos sujungtos žvaigžde be nulinio laido, ir 8 –  kai apvijos sujungtos žvaigžde su nuliniu laidu arba trikampiu.

5. Variklio elektrinės grandinės nesimetriškumai apibūdinami skirtingais atskirų statoriaus (rotoriaus) apvijų parametrais. Sudarytame modelyje kiekvienos apvijos parametrai nustatomi individualiai, todėl gautą modelį galima pritaikyti nesimetriškiems varikliams modeliuoti.

6. Asinchroninio variklio modelio fazinėje koordinačių sistemoje pagrindu sudaryti valdomų elektros pavarų su dažnio keitikliais kompiuteriniai modeliai. Imitavimo rezultatai rodo, kad maitinamas iš dažnio keitiklio variklis visą laiką dirba pereinamųjų procesų režimu. Variklio tuščiosios veikos fazinės srovės amplitudinė vertė 4,7 kartus viršija nominaliosios srovės amplitudinę vertę.

7. Sudarytas srovės kanalo metodu valdomos asinchroninės pavaros modelis. Taip valdant keitiklį, apribojamos statoriaus srovės bei momento vertės paleidimo metu. Apribojus srovės amplitudinę vertę    40 A, greičio pereinamasis procesas tęsiasi dvigubai ilgiau.
8. Sudarytas kintamos struktūros „lygintuvo-inverterio-variklio“ kompiuterinis modelis, leidžiantis tirti viršįtampius filtro kondensatoriuje. Imitavimo rezultatai rodo, kad paleidžiant variklį viršsinchroniniu greičiu višįtampis siekia 40 %.
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