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ABSTRACT

DEVELOPING A NEW LINEAR INDUCTION MOTOR DRIVE
WITH Z-SOURCE INVERTER USING A DSP

SUSLUGGLU ETOGLU, Berrin

Ph.D. in Electrical & Electronics Eng.
Supervisor: Assist. Prof. Dr. Vedat Mehmet Karsli

March 2011, 186 pages

The main focus of this thesis is to develop a lineduction motor drive hardware
and software control system with Z-source inveN#ithin this framework, the study
involves the analysis and Matlab/Simulink compugienulation of the mathematical
representation of the linear induction motor inahgd end-effect, direct thrust

control, and space vector modulation technique&fsource inverter.

This thesis proposes an improvement in flux esimnaalgorithm by taking into end
effect. Improved accuracy of the estimated flukdige is shown to obtain a more
accurate electromagnetic thrust model using ditectst controller. To estimate the
stator flux and thrust correctly, a discrete forintloe low-pass filter including
magnitude and phase errors compensation termsdiostead of a pure integrator

to prevent the integral instability.

The real-time experiments have been carried outhbyuse of Texas Instruments
TMS320F2812 digital signal processor and “Code Casep Studio” software tools.
The recently developed Z-source inverter provideway of boosting the input
voltage, a condition that cannot be obtained inttaditional inverters. It also allows
the use of the shoot-through switching state, whatiminates the need for dead-
times that are used in the traditional invertersatwoid the risk of damaging the

inverter circuit.



The results obtained from the simulations and erparts conducted in this study
illustrate that it has been possible to increasaritierter bridge voltage about 90%
above the input dc link voltage by controlling stsoot-through period.

Keywords: linear induction motor, end effect, direct thrashtrol, z-source inverter



OZET

EMPEDANS BESLEMEL i INVERTERI OLAN YENI BiR LINEER
ASENKRON MOTOR SURUCUSUNUN DSP KULLANILARAK
GELISTIRILMESI

SUSLUGGLU ETOGLU, Berrin
Doktora Tezi, Elektrik-Elektronik Mihendigii
Tez yoneticisi: Yrd. Dog. Dr. Vedat Mehmet. Karsli
Mart 2011, 186 sayfa

Bu tezin hedefi Z-beslemeli evirici ile @ausal asenkron motorun sdrtcu sisteminin,
donanim ve yazilim kontrol sistemini ggéilimektir. Bu gergevede, ¢aina, ug etkili
lineer asenkron motorun matematiksel modeliningrddan itme kuvveti kontrol
yonteminin ve Z-beslemeli inverter icin uzay vektdoduilasyon tekg de dahil

olmak Uzere analizlerini ve Matlab / Simulink bdgiyar benzetimlerini icerir.

Bu tezde dgrusal asenkron motorun ug etkisi géz oOniine alinaak tahmini
algoritmasinda iyilgme onerilmgtir. Akl tahminindeki iyileme itme kuvveti
tahmininde iyilameye de sebep olgwr. Stator aki tahmininde integral
kararsizlgini 6nlemek icin buyuklik ve faz kompanzasyon téghmeklenmg alcak
geciren dijital filtre kullanilmgtir.

Gercek zamanli deneyler Texas Instruments TMS32DF28ital sinyal glemcisi ve
"Code Composer Studio" yazilim araclan kullankanrgapiimstir. Yakin tarihte
gelistirilen Z-beslemeli evirici ile dc bara gerilimindgeleneksel eviriciler ile elde
edilemeyen arjl sgzlanabilir. Ayni bacaktaki anahtarlama elemanlariayni an
kapali olmasina izin veren bu topoloji sayesindéergeksel eviricilerde evirici
devresinin bozulma riskini 6nlemek i¢in kullanimaraniu olan 61t zaman ihtiyacini

ortadan kaldirir.

Elde edilen benzetim ve deney sonuglarinda kiseedaresi kontrol edilerek evirici
geriliminde, girg dc gerilimine oranla yakisk %90 arty elde edilmgtir.

Anahtar kelimeler: dogrusal hareketli asenkron motor, @odan itme kuvveti

kontroll, ug etkisi, z-beslemeli evirici
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CHAPTER 1
INTRODUCTION

Linear induction motors (LIMs) are recently usednmany industrial applications,
including transportation, conveyor systems, maltdréandling, sliding door closers,
etc., with satisfactory performance. The most obsiadvantage of linear motors is
that they have no gears, and require no mecharotaty-to-linear converters. The
other advantages of LIM are reduction of mechanicss$es, silence, high starting

thrust force, and easy maintenance, repairingrepldcement [1].

A linear induction motor is a kind of special elemdl machine that converts
electrical energy directly into the mechanical ggerof linear motion. The
construction of a LIM is similar to a rotary indiget motor (RIM) with cut open and
rolled flat; with RIMs stator viewed as the primayd its rotor as the secondary for
LIM. Therefore, LIM keeps on having both non-lineame varying, coupled model
of RIM. As distinct from RIM, LIM has an open magieecircuit. When the primary
of a LIM moves, the eddy currents are formed ondtdace of its secondary to
resist a sudden increasing and disappearing fluXdgs non-uniform flux
distribution further complicates the modeling, gspeeontrol and parameter
determination of LIM. To resolve the end effect ljean, speed dependent scaling
factors are introduced to the magnetizing brancthend-axis equivalent circuit of
RIM [2]. Moreover, a thrust correction coefficiemiay also be introduced to

calculate the actual thrust [3, 4].

The driving principles of the LIM are similar toghraditional RIM, but its control
characteristics are more complicated than RIM duend effect and the difficulty in
parameter determination. Field-oriented control @F@f LIM in [5-7] achieved
decoupled torque and flux dynamics leading to iedejent control of the torque and

flux as for a separately excited DC motor. Howe#C requires magnetizing



inductance and secondary resistance and inductaAitbeugh the parameters of the
simplified equivalent circuit model of a LIM can beeasured by no-load and locked
secondary tests, due to limited length of the madta realization of the no-load test
is impossible. Hence, the conventional method #&dcudating the equivalent circuit
parameters of LIM is limited. In order to measunese parameters, application of
the finite element method has been proposed i®][8Another proposed method is
removal of the secondary of LIM [10]. The first orequires complex calculations
and the second one has mechanical hardness fudteritnis not practical also.
Moreover, even if the steady-state equivalent dingarameters are found with one
of these methods, the estimation of the secondae resistance and inductance
parameters are more difficult since they may chasgéme varies due to the change

of operating conditions, such as speed of moveramgerature.

In the last ten years, the applications of inteltig methods to the LIM control
system take attention. Neural network, fuzzy andegie algorithm based control
algorithms have been employed for this purposel{]1-

Compared with FOC and intelligent methods, diréctugt control (DTC) for LIMs
has been less researched. DTC was applied to LINMpyiO- 41] as the Direct
Thrust and Flux Controlin contrast to field-oriented control, DTC requirtdse
accurate knowledge of the stator resistance, #terdlux and thrust estimations. For
the reasons mentioned above, while selecting theeater method, only the primary
voltage, current, winding resistance and speed rdbgpe method, direct thrust
control is preferredDTC uses motor electric torque and stator flux digd directly
as control variables, whether traditional fieldeoted current vector control uses
currents as control variables to indirectly influenon the electric torque of the
machine. The main advantage of this method is stoaljue response time [35].
Furthermore, coordinate transformation from rogatneference frame is not used
which will decrease the complexity of the controheme and save the operation of
the DSP. However, it suffers from initial value add offset problems in the flux
linkage integration. The flux estimation techniquas be classified mainly in three
groups: model reference adaptive (MRAS) based &l observer-based [16] and

back- electromotive force EMF based [17-19] estorsat



The first category is based on model reference tadafMRAS) techniques, which

uses a speed independent model as the referencel mod a speed dependent
model. The error from the two models is forced éoozby an adjusting mechanism,
which gives the estimated speed. The second esiimtgchnique is based on the
linearized state-space model. The states of the,dmcluding the rotor speed are

estimated by comparing variables in the model aoich fexperimental data.

The first two techniques are computationally intemsand difficult for the

implementation in a low cost fixed-point DSP's.tlis thesis, the emf based flux
estimator is used. Due to the problems of puregnater, the stator flux is estimated
by using low-pass filter (LPF) approach. The stdlox compensation method in
[18] is also adopted for gain and phase errorsRF.LUn the thesis, flux estimator of
LIM is improved by considering the end effect is flux linkage equations and

discussed in chapter 4.

Another problem normally associated with DTC drigethe high thrust ripple.
Ideally, small torque hysteresis band will prodsoeall torque ripple. However, for
DSP-based implementation, if the hysteresis bamdoismall, the possibility for the
torque to touch the upper band is increased. Highicing frequency can be
selected to prevent incorrect voltage vector seledhence torque ripple reduces.
There are numerous techniques proposed to redec®rtpue ripple such as, Space
Vector Modulation (SVM) [20], fuzzy logic control2]l], [22] and by using
multilevel inverter [23]. Most of these operaticar® complicated than usual. In such
situations, the overall performance and the efficieof the fixed point DSP-based
motor driver system may be deteriorated. For thason, in thesis, in contrary to
classical DTC, the duration for the applicationtloé voltage vector is determined

according to the conditions of the flux and thrisbrs to reduce thrust ripples.

The voltage-source (v-source) inverter based aalplestspeed drive system has
certain limitations and problems. Obtainable outpmitage is limited quite below the
input line voltage. To avoid short circuiting ofrdaging dead time is allowing which
provides a delay time between gating signals boauses waveform distortion. The
Z-source inverter (ZSl) is an alternative topoldgst can boost the dc link voltage
using passive components. It uses a Z-shaped L@&damze network for coupling

the inverter circuit to the power source, whichyides a way of boosting the input
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voltage. This is the condition that cannot be ot#diin the traditional inverters. It
also eliminates the need for dead-times that aeel us the traditional inverters to
avoid the risk of damaging the inverter circuitsairce inverter based LIM drive
was not dealt with before in the literature. THisdis presents the z- source inverter

based LIM drive system.

1.1 Scope of the Thesis

This work aims the analysis, the design and theldmpntation of a LIM drive

system with Z-source inverter based topology uginQSPTMS320F2812. At first,
the dynamic modelling of LIM with/without end effers developed and simulated
with MATLAB/SIMULINK. Next, DTC of LIM is mathemattally investigated,

modelled and simulated by using MATLAB/SIMULINK SkPowerSystem Toolbox.
Then, a new flux estimator for DTC is proposed onsidering the end effect
phenomenon of LIM. DTC using the proposed estimigttinen simulated to show its

effectiveness.

The steady state mathematical analysis of z-soumgerter is derived. The
Matlab/Simulink model of a modified space vectordulation technique for z-
source inverter is developed and the related Milatulink simulation is carried
out. The z-source inverter based LIM drive systeam beveral advantages that are
desirable for many drive systems; producing anyreésoutput ac voltage even
greater than the line voltage and the increaseadbikly of the inverter due to
needless of dead times.

A prototype hardware LIM drive system including theth power circuit and
isolation circuits is designed and constructed @st the control algorithms. The
experimental realization for the investigated alipons is developed on
ezDSPTMS320F2812 using C coding.

Finally, the experimental results for the develoggdtem are presented. With the
developed z-source inverter based on V/Hz contnel AC voltage applied to LIM is
no longer limited and is boosted 90% which is belydhe limit achieved by

conventional v-source inverter.



The contributions of this thesis may be summareagtbllow:

* Flux estimator of LIM is improved by consideringetend effect in its flux
linkage equations. It is verified by wusing MATLABRULINK
SimPowerSystem toolbox.

* An experimental set-up is developed to study LINe&system

e The realization of z-source inverter based spea diystem is developed to
boost up the supply voltage

1.2 Overview of the Chapters

A brief review of the contents of this thesis igagi as follows:

Chapter 2: Dynamic model of a linear induction motor is giveAlso,
MATLAB/SIMULINK modeling of LIM is presented.

Chapter 3: This chapter explains the direct thrust controlegatities. Furthermore
MATLAB/SIMULINK modeling for direct thrust controlof LIM is given. The
performance of direct thrust controlled LIM drivethv different hysteresis band
amplitudes for thrust and stator flux is simulataéth MATLAB/SIMULINK and the

obtained simulation results are shown.

Chapter 4: Dynamic model of a linear induction motor includitige end effect is
introduced. The performed simulations concernirggethd effect problems are given.
Direct thrust control of LIM is improved by consitleg the end effect in its flux and

thrust estimator parts and the related simulasolts are presented.

Chapter 5: It mentions about the problems that may be encoedten
implementation of DTC. These are pure integratiosbfems due to the presence of
noise and dc offsets, stator resistance variatidead time effects, current limiting

and thrust ripples.

Chapter 6: Z-source inverter operation stages, mathematicahlysis and

dimensioning of passive elements are mentionedlslb presents the modulation
model for z-source inverter. Matlab/Simulink dynanmodeling is also performed
and a control structure in closed loop is propdsed.IM and the related simulation

results are given.



Chapter 7: The developed experiment set-up is described byngiwetailed

information of each hardware components.
Chapter 8: The brief explanations of the developed softwatg@ms are given.
Chapter 9: The experimental results and the problems encoechizte given

Chapter 10: The results an@ontribution of this study for linear induction noot
drive system are summarized. Furthermore, the rewnmdations for future research

are presented.



CHAPTER 2
LIM BASICS

The history of linear induction motor (LIM) goesdiato the 19th century. The idea
of linear induction motor was patented by Charlelse@tstone in 1845. In 1905, a
new project is described for traction purposesl945 Westinghouse Company of
America built a aircraft launcher, called as “Etepult”, by constructing a flat,

single-sided LIM with a moving primary [24]. Afte950, there have been rapid

advances in linear induction motor technology.

There are few researchers in literature, whose gatm&k to LIM study.

E.R.Laithwaite is the first one. He analyzed ling@atuction motors according to
their configurations and associated applicationd poblished them in his 1966
book. Yamamura and Poloujadoff studied the themaktspects of LIM in detail,

especially the influence of end effects. Both wogke primarily concerned with
theoretical analysis of single and double-sideédminduction motors. Nasar and
Boldea also did extensive research on especialblesisided LIMs. The most recent
book on LIMs, by Gieras, covers all aspects of ldibject, including constructional

features, applications, electromagnetic effectsfrotler and design.

Nowadays, the linear induction motor has been wideted in a variety of
applications especially in transportation, but ailsoconveyor systems, actuators,
material handling, pumping of liquid metal, slidimpor closers, curtain pullers,

robot base movers, office automation, drop towalesjators, etc. [1,24]

Linear induction motors can have various configorst according to its air-gap
geometry which may be flat or cylindrical. They damalso single-sided or double-
sided with either the primary or the secondary ¢peive mover. This thesis concerns

about the control of a single-sided LIM having arshmoving primary and flat air-

gap.



The operation principle of a single-sided LIM isetlsame as that of a rotary
induction motor. It is basically obtained by openithe rotating squirrel cage
induction motor and laying it flat as shown in Figw2.1. In LIMs, as in rotary
induction motors, the armature constitutes the arymand the field the secondary.
The primary usually contains a three phase windmghe uniform slots of the
laminated core. The primary windings are distriduseich that, when excited by a

three phase supply, they generate a travellingutineagnetic field.

a ¢ b a ¢ b
primary | (=) (=) (0 () ) (+) |
T
I |
secondary
c-axis a-axis b-axis c-axis
A A A r 3

a ¢|b alc b

Figure 2.1. The linear induction motor configuratiend its flux distribution

The secondary of the LIM, or rotor, which is anmiloum sheet or copper, with or
without a solid back iron plate completes the mégneircuit and creates the
magnetic flux linkage across the air gap. This umtinduces a voltage on the
conductive part, which generates an eddy curretitarconducting outer layer of the
secondary. The interaction between the eddy currand the changing
electromagnetic field generates electromagneticstion the plate.



LIMs operate at a constant velocity from zero tb lhad, and the speed is frequency
driven. The cheapest model is a moving short pymaad stationary long secondary

because of the expensive copper windings in thegrgi and cheap secondary.

Apparently the LIM operates as its rotary countdrgies, with thrust instead of
torque and linear speed instead of angular spesddoon the principle of travelling

field in the airgap.

However, in reality there is an important differeretween linear and rotary IMs. It
is the open magnetic circuit of LIMs at the endspécially for short primaries (with
2, 4 poles), this result in the non-uniform magnétix distribution. There are also
current asymmetries between phases due to thehatcbne phase has a position
closer to the middle [24, 26].

The differences of LIM come out the following maidvantages and disadvantages
[27]:

Advantages:
Direct electromagnetic thrust propulsion with neahanical transmission,
*Ruggedness; very low maintenance costs,
*Separate cooling of primary and secondary if nesglji
*All advanced drive technologies for rotary IMs mag applied without

notable changes to LIMs.

Disadvantages:
*Due to large airgap, the power factor and efficietend to be lower than with
rotary IMs. However, the efficiency should be comggawith the combined
efficiency of rotary motor including its mechani¢einsmission counterpart.
Efficiency and power factor are further reduceddmy effects. Fortunately,
these effects are notable only in high speed lole pount LIMs. Therefore,

they may be limited to some extent.

2.1 Basic Principle of Operation of Three-Phase Ligar Induction Motor

The operation principle of a three phase inductiwotor is based upon Faraday’s
Law and the Lorentz force on a conductor [28]. Bayes law of electromagnetic

induction states that if the flux linking a loopri&s as a function of time, a voltage is
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induced between its terminals. The value of the:ced voltage is proportional to the
rate of change of flux. Lorentz force on a condudtates that when a current-
carrying conductor is placed in a magnetic fields isubjected to an electromagnetic
force. When three-phase voltage is applied to thegry copper windings, a

magnetic field is created. If a secondary condecpilate is placed near this primary
magnetic field, a traveling magnetic flux is proddc which constitutes an

electromagnetic thrust. The traveling magnetiafi@hd developed thrust are shown

in Figure 2.2

Travelling magnetic field

Y Eddy Current

@0@7& O@O Thrust
Inverter @\/W@(/

Stator

Figure 2.2. Traveling magnetic field and thrusiateel when primary is energized

The traveling wave of flux travels continuously rfrcone end of the stator to the
other. The flux moves from left to right and cuté at the edges of the stator, but it
builds up again at the left. The traveling fluxvieés at a synchronous speed given by
equation (2.1).

Gs

T
2”:7—7_0)5 (21)

vs=%:21f =2r

wherevs is the linear synchronous speed (mtdjs the width of one pole pitch (m),
andf is the frequency (Hz).

It is important to note that the linear speed fisrection of the frequency and the pole
pitch and not the number of poles as in a rotaduation motor. Therefore it is
possible for a 4-pole LIM to have the same syncbusninear speed as that of a 6-

pole, provided that they have the same pole pitch.
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2.2 Mathematical Modeling of Linear Induction Motor

The derivation of the mathematical modelling of Lis necessary for developing
LIM drive system. Model equations are derived onaaalogy between RIMs and
LIMs.

According to the Kirchoff's Laws, the voltage edqoas of the magnetically coupled
stator and rotor circuit of RIM can be written as(R.2) and (2.3) [29, 30] with
reference to Figure 2.3.

bs-axis

Or
0
+* .,_‘5
v@

br-axis
N‘JS L
vbs

Or

as-axis

cs-axis

Figure 2.3. Axes of three-phase induction motor
Stator Voltage Equations:
. d
Vas - IasRs +a‘/las
. d
Vbs - IbsF\)s +awbs
. d
Vcs = IcsRs +d_l//cs (2-2)
t
Rotor Voltage Equations:
. d
Var = IarRr +a‘/lar
. d
Vor = Ierr +awbr

. d
Ver = Ichr +awcr (23)
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In matrix notation, the flux linkages of the statord rotor windings, in terms of the
winding inductances and currents, may be writtenmactly as in (2.4).

pe] [ e 24
wsabc L?Sbc Lzrirbc i ;’ibc
bc _ T bc _ T
Whefellfs ¢= (‘//as,‘//bs‘//cs) "//? ‘= (‘/Iar,‘/lbr,l//cr)
. (- . Y . s . YT
Isbc - (Ias,lbslcs) ' I?bc - (Iar,lbr,lcr)

where the superscript T denotes the transposeedrtiay.

The sub-matrices of the stator-to-rotor and roteretor winding inductances are
shown in (2.5).

Lls + Lss Lsm Lsm
12°=| Liw Letls  Lan
L Lem  Lis * L
L, +L, L, L, |
2= L. L +L, L (2.5)
L., Lm Ly +Ly

where_hs is the per phase stator winding leakage inductdncis the per phase rotor
winding leakage inductancesdis the self inductance of the stator winding,i& the
self inductance of the rotor windinggnh-is the mutual inductance between stator
windings, L, is the mutual inductance between rotor windingsl B is the peak

value of the stator to rotor mutual inductance

However, the mathematical model based on equati@23 through (2.5) is very
complex. This motor model in abc axis is describgdsix first-order differential
equations. These differential equations are coufgleshe another through the mutual
inductance between the windings. In particular, pinenary-to-secondary mutual

inductances are dependent on the mover positidimesovary with time.

Using the d-q axis coordinate transformation prepldsy R.H.Park which is given in
Appendix A, the analysis of LIM modeling becomesren@onvenient [31]. The
basic idea is the translation of the three-phaséery variables onto the orthogonal
two-axis d-q frame by using simple matrix calcwdas [29, 30]. This transformation
can facilitate the computation of the transientioh of the above linear induction
motor model by transforming the differential eqoai with time-varying
inductances to differential equations with constadtictances.
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The two commonly used reference frames in the arsbyf induction machine are
the stationary and synchronously rotating frame8].[¥or transient studies of
adjustable speed drives, it is usually more corem@nto simulate an induction
machine and its converter on a stationary referefraene [29]. Moreover,

calculations with stationary reference frame args leomplex due to zero frame
speed since some terms cancelled. In the statior@gating reference, the dq
variables of the machine are in the same framaa@setnormally used for the supply
system. Furthermore, the stationary reference maehore suitable for DTC

method. Considering the mentioned advantages, thgorsary reference frame
modelling of LIM is preferred in this study. Thewd$oped LIM motor model in

stationary frame is shown in Figure 2.4.

While the mathematical model of a LIM is createdhgsthe aid of electrical and

mechanical equations, the following assumptionsraade:

* only the fundamental harmonic of MMF exists
» there are no end effects

» the airgap is uniform

* magnetizing circuit is unsaturated

» the primary windings are symmetrical

* LIMis connected to an infinite bus.

g-axis T

-—vr Yqr
\ Rs Lls I-Ir ¥ r .
LV g QUG ) AN
— «—
+ +
L,
Vgs m Vgr
d-axis
L I_ '?VI‘ \{qu
R, Is Ir R )
' aan N Aap( > A
H %
+ +
Vds L Vdr

Figure 2.4. Equivalent circuit of a linear indwetimotor in the stationary frame
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The corresponding model equations are given by (r6ugh (2.9).

Electric formula

Primary side d-q voltage equations:
Vigs = R Sds +%l//sds
Vsqs = Rsl qu +%l//sqs (26)

Secondary side d-q voltage equations:

. 7l d
Vsdr = R,ISdr +7Vr¢/sqf +a¢’sdr
S _p;s 7l s d s
Vigr = R gr _?Vrl// dr +a¢/ qr (2.7)

where the subscript s corresponds to stator, espands to rotor, d corresponds to

direct axis, g corresponds to quadrature axisprresponds to flux.

Thrust formula

3nP . .
Fo= oo (Wi v (2.8)

where P is the number of poles.
Mechanical formula:
F-F =J%vm+|3vm (2.9)

where K is the electromagnetic thrust, 5 external force disturbance, J is the

mechanical inertia, B is the natural damping apt\the mechanical speed.

2.3 Matlab/Simulink Modelling of LIM

Matlab/Simulink model of LIM is developed by using2.6)-(2.9) and

SimPowerSystem Toolbox. While modeling these equati the derivative is not
used. Since some signals may have discontinuitidstiaat would result in spikes
when differentiated. Instead the integral form isferred. The simulation model is
formed by choosing flux-linkage as a state varialkber than currents. Since the
easy way of successfully solving this system isige the flux-linkage as the tool.
What remains is to find the currents from the flunkages. By this way, the

dynamics of LIM can be expressed as a combinatiofoarth order electrical
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differential equations and a first order mechanidiffierential equation. The final
equations used in implemented model are shown.1®)2

lﬂsds = % (Vsds -Ri Sds)
Yias = 1 (Vsqs -Rd qu)
p
wsdr = %(Vsdr - er Sar _I?TVrl//Sqrj

1 : Ui
Yiar = B[Vsqr ~Ri%ar "‘?V#’Sdrj

_1( P _
Vi _B(Z (Fe FL )j (210)

where 1/p stands for integral operation.

The simulation model used to evaluate LIM modelsists of a three phase LIM
block and a three phase voltage source. The maSkadlink model is given in
Figure 2.5. In the developed model, the inputsufghoLIM are three-phase voltage
and the load torque. On the other hand, the outprdsthree-phase currents, the
electromagnetic thrust and the mover speed. Thengecy is short circuited in the
model. The open model used for simulation of th®l li$ shown in Figure 2.6. In
this model, three-phase voltages applied to thetiape converted into d-q stationary
reference frame voltages. Once d-q phase voltab&sned, using the equations
associated flux and current are calculated and &ipgtied to electromechanical and

mechanical torque equations to obtain torque-spesabnses.

2.4 Summary

The operation principle of a single-sided LIM inding its advantages/disadvantages
is briefly explained. Since LIM operates as itsargtcounterpart does, with thrust
instead of torque and linear speed instead of angyleed, based on the principle of
travelling field in the airgap, LIM mathematical o equations are derived on an
analogy between RIMs and LIMs. The ideal motor nhaesl@lescribed by six first-
order differential equations, one for each winditkdpwever, these differential
equations are coupled to one another through thiahinductance between the
windings and the coupling terms are time variede Tdrthogonal two axis dq

transformation makes easier the modelling of thetomdy transforming the
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differential equations with time-varying inductasc® differential equations with

constant inductances.

Dynamic model of LIM in stationary reference fransepreferred due to its less
complexity and convenience for DTC. The open formh tbhe developed

MATLAB/SIMULINK modeling of LIM is also presented.
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Figure 2.5. LIM masked model in Simulink
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CHAPTER 3
DIRECT TORQUE CONTROL PRINCIPLES

In the 1980s, an advanced control technique ditejue control (DTC) was
introduced by Takahashi [32] and Depenbrock [33]Voltage-fed PWM inverter
drives as an alternative to field-oriented conf8dl]. DTC technology was first used
commercially by ABB in 1995, and rapidly became taeorite control method for
AC drives, especially for demanding or critical kpgtions [35]. Compared to the

field oriented control, DTC method has the follogieatures [34].

* There no current control loop, the current is colfgd indirectly.

» Coordinate transformation is not required.

* Itis not sensible to machine parameter variatixoept the stator resistance.

* Response time for torque is small.
The driving principles of the linear induction mot@LIM) are similar to the
traditional rotary induction motor (RIM) but its mwwol characteristics are more
complicated than the RIM [36]. High performance tcohof LIM by vector control
mostly carried out in secondary flux oriented schdmas been presented in many
works [37- 40]. However, field oriented control (EPis complicated and requires
machine parameters. Compared with RIM, DTC for LilMse been less researched.
DTC was applied to LIM by [8, 40- 41] as the Dirddtrust and Flux Control. In
contrast to field-oriented control, DTC requires ticcurate knowledge of the stator
resistance, the stator flux and thrust estimatidrige control algorithm of DTC

makes it practical to implement on a microcontrofimbedded in the drive.

The chapter is organized as follows. At first, thesic principles of voltage space
vectors for 3-phase voltage source inverter (V&) given. Next, the principles of
the direct thrust control are introduced. Then,tep sby step Matlab/Simulink
modeling of the direct thrust controlled LIM drive shown. Finally, simulation

results and some conclusions are presented.
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3.1 Mathematical Model of VSI Using Space Vector Agroach

Representing three phase quantities as space sastparticularly useful for power
electronic applications [30, 44]. Essentially tmsethods defines a three phase

system with a single unity vectar=1+ a + a*, where a=exp(@3).

] s1 4@83{@85

Voot o
q s4 4K}364K}32 I
="

Figure 3.1. Three phase voltage source inverter

In Figure 3.1, the voltage vector representingtthpet v1,v2, v3, can be drawn by
summing three vectors (length proportional to atagk) directed as three 120°

shifted axes (a, b, ¢) as shown in Figure 3.2.

Figure 3.2. Vector representation of inverter otiymltages
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By using the space vector transformation defined\ppendix A, the three-phase

axes are defined by the unity vectors 1,2anhere a=exp(@3)

V=2, +av, +a’V,) (3.1)

wIiN

The voltage source inverter topology given by FegBrl imposes some constraints:

- Switches 1 and 4 (leg 1), 3 and 6 (leg 2) or 5 anteg 3) should not be

simultaneously on at the same time since the doeatdre shorted.

- The output of the inverter must not be opened dudst inductive load.

Therefore at least one switch in each leg musideed at any moment.

By the above constraints, there exist eight vakdch combinations for the inverter.

These states are shown in Figure 3.3.

Six out of these eight topologies called non-zexiye) switching states produce a
nonzero output voltage. The remaining two topolsdgi@own as zero switching

states produce zero output voltage hence zermaclirrent.

Assuming the switching states for the VSI, (3.1) ba given by (3.2).

Vs(t) = gvdc(sa +a§ +a’s) (3.2)

where (t), S(t) and $(t) are the switching functions of each leg of ¥8l, such

that, when upper switch is o &is 1; when lower switch is on,§.is O.

Conceptually, a set of three phase waveforms caepresented by a single rotating

vector with angular speed as given by (3.3).

V, = %VDCBEJ 3 with (k=1,...6), V,=V,=0 (3.3)

20



L L + ~ + = ~
i I a Voo 0T & b VMpoo— 4 i
Voo ¢ b P i — - C = ) |5
= s c S . S~
| ] | |
V1g100} b Vo
C S S K . ~
* ; Woea— a Wpot— a
UEC____ = B = E':-- b o EC“ - (&) af—=
e ) e ] )
[ | | | |
V4011 V3 (01} Va(1o1)

oL, s EEL

h =
o I c— b c—
e S o

V1) VE(000)

Figure 3.3. Possible states of three phase thireeinverter

Table 3.1. Possible switching vectors of three phsee wire inverter

k [SA[ SB[ SC] ¥ Vb Ve | Vq Vg
1100 23| -¥3| -3 23 0
2 1] 1] o] 3 V3 | -23 | Jye | Jv2
3/ 0| 1] o -3 2/3 | -3 | -Jy6 | y¥2
41 0] 1] 1|-23 y3 | y3 | _-J73| O
5] 0| 0] 1| -¥3 | -13 2/3 |~ Jij6 | -Jy2
6| 1| 0| 1| ¥3 | -23 | ¥3 | fij6 | -u2
711 1] 1] o 0 0 0 2
8 0 0 0 0 0 0 0 0

Positions of the six non-zero voltage vectdrs-Vs) is presented in Figure 3.4. The
tips of these vectors form a regular hexagon shbydotted line. It is defined that

the area enclosed by two adjacent vectors, witlerhiexagon, as a sector. Thus there

o]
are six sectors numbered as 1-6. Each vectorrlidsei center of a sector of 60ith

named as S1 to S6 according to the voltage veotontains.
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Figure 3.4. Output voltage space vector of theetlplease three wire inverter in d-q
coordinates

Considering the last two states in Table 3.1, it b& seen that the output line

voltages generated by this topology are given psWy=V=0. These are represented

as vectors which have zero magnitude and henceefeged to as zero-switching

state vectors or zero voltage vectors. They asghm@osition at origin in the-p,

plane.

3.2 Principles of Direct Torque Control

The basic idea of the DTC method is coming fromaBay’s induction law in the
calculation of the motor flux linkage vector. Theduction law gives a connection
between the voltage vectors and the flux linkaggareby using (3.4)[30].

W, = | (v, -i,R)dt (3.4)

This equation is also known as "the voltage moaélthe motor. Assuming the

voltage drop on the stator resistance small, @a#)be rewritten as in (3.5).

AP, =vs At (3.5)

From equation (3.5) and Figure 3.4, it can be gbanhthe inverter voltage directly
force the stator flux to trace the required stéitot locus by choosing the appropriate

inverter switching state.
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The idea of the torque control in DTC is basedlanftact that the rotor and air gap
flux linkages have quite long time constants. In analogy for RIM, the
electromagnetic thrust in three-phase LIM is detigs in (3.6).

_3nP L,

RREREIEE ne: 3.6
Zor2iL, L lsniema) (3.6)

where the subscript s corresponds to stator, espands to rotor.

According to (3.6), at any time, the thrust is pnal to the magnitude of the
stator and the rotor fluxes and the sine of angleveen them. The rotor flux is low-

pass filtered form of the stator flux with a rotime constant. Therefore, a quick
change in stator flux is traced very slowly by timor flux due to its large time

constant [30, 42, 43]. The rotor flux can be asslimenstant as long as the
switching time is very smaller then the rotor tiomnstant. By using this assumption;
if the stator flux magnitude is kept constant, tile@ electromagnetic thrust can be
controlled by changing the angle between stator taedrotor fluxes. The angular
speed of the stator flux can be changed by chodbimguitable inverter states. This
Is the tangential component of the applied voltagetor that determines the angular

speed of the stator flux.

A general approach for selecting the right voltagetor is determined by using
Figure 3.5. According to this figure, the stataxfvector lying on the sector k can be
increased by selecting Wi.+1, Vk-1. Whereas it can be decreased by the Vi3, Vi,
The zero vectors short the machine terminals anebkethe flux unchanged
neglecting the voltage drop on the stator resigtaibus, by selecting step by step
the appropriate stator voltage vector, it is thessible to change the stator flux in
the required way as shown in Figure 3.6 [30].

In reference to Figure 3.5, if the stator flux weclies in the k-th sector, then the
electromagnetic thrust can be increased by setpaiin, vi+2: Whereas it can be
decreased by the.y vi.». The states ofpandvy.; are not considered because of their
effects can change depending on the stator flukippost the same sector [44].
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Figure 3.5. Stator flux vector with different pdssi switching vectors

Figure 3.6. Stator flux-linkage vector trajectosydpplying the proper voltage vector

A stator flux vector trajectory given in Figure 3Hfows the stator and air gap flux
vectors rotating in counter clockwise directionaat angular frequency ab. The
dotted lines denote the hysteresis band for thierdlax vector magnitude. Although
it couldn’t be shown in the figure, the torque l@s0 its own hysteresis limit. The
selection of the voltage vector is made to resthet flux and torque error within
their respective flux and torque hysteresis bawodshtain the fastest response and
highest efficiency at every instant [30]. When tpper or lower hysteresis limit for

thrust and flux is reached, a new voltage vectapiglied. Assumed that flux vector
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lies in sector one and it is integrated with thtil the lower limit is reached or the
torque reaches its upper limit. If these cases éammultaneously, they are kept

inside the hysteresis band by using the voltageoves.

i 7
Q}\ .

wmin wm ax

Figure 3.7. A stator flux trajectory with selectamltage vectors in DTC

All the switching possibilities for the above memted selection procedures can be
tabulated in the switching table given in Table. AR every modulation instant, it
selects the most suitable voltage vector to meet ftax and torque control
requirements relative to the stator flux linkageeotation. In the optimal switching

table, there is no unnecessary switching take place

Table 3.2 Switching table for DTC

Sector 1 2 3 4 5 6

Flux Thrust
hee =1 V2| V3 |V4|V5|V6 |Vl

hy =1 he.=0 | V7 |VO|V7|VO|V7[VO
he.=-1|V6|V1|V2|V3[Va|Vs
heo=1 | V3| V4 | V5| V6 |VL|V2

hee=0 | VO | V7 [VO[ V7 [VO]|V7
hee=-1| V5| V6 | V1|V2|V3]|Va
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According to Table 3.2 and Figure 3.8, the required hysteresipamator for thrust
is a three-valued and for the flux is a two-valued. The thruselgg@s comparator

output h., can take (-1, 0, 1), flux hysteresis comparator outputan take (0, 1) as

given in Figure 3.8. The meaning of each output is given acaptdithe following

cases:

Ta Nf\ A
+1

g Cithrust Ctlux
o -hy 0 hy

\j

Figure 3.8. Hysteresis comparators for thrust and stator flux resgegcti

he, = —1: the actual value of the torque is higher than the reference araf the
defined hysteresis limit; the torque must be reduced,;

h, =1 : the actual value of the torque is below the reference and tha bfsteresis
limit; the torque must be increased;

hee =0: the actual value is inside the hysteresis limit.

h, =-1: the actual value of the flux linkage is above the reference andfdhe
hysteresis limit; the flux must be reduced;

h, =1: the actual value of the flux linkage is lower than the refereand out of

the defined hysteresis limit; the flux must be increased.

3.3 Modelling of DTC for LIM

A simulation for conventional direct thrust control of LIM drivsedarried out using
Matlab/Simulink simulation package. The developed direct tlomstrol scheme is
shown in Figure 3.9. The drive model is implemented by fiannblocks: LIM
model, inverter model, thrust and stator flux estimator, speed dentrart to obtain
thrust reference value and finally hysteresis controllers to obtain aegesgtching

state. The following subsections briefly explain the details of bbuxk.
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Hysteresis Controller LIM thrust and flux estimatpr

Figure 3.9. Matlab/Simulink model of a DTC LIM drive

LIM Block:

LIM is a voltage controlled system. The Matlab/Simulink mbaglof the LIM was

given in Figure 2.5.

Inverter Block:

The inverter applies three-phase voltage signals to LIM determaiceatding to the

switching states. The developed Simulink model for therteves shown in Figure

3.10. For modelling the three-phase, three-wire inverter (3.7) is used

V, =Vpe 25%-5-35)
3

25 -S,-S

Vy, =Vic @5, 3 )

v, B57878)

where \b¢ is dc link voltage.

Figure 3.10. Matlab/Simulink model for inverter
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Stator Flux and Thrust Estimator Block:

LIM mathematical model in stationary reference frame is used to estithmatstator
flux and the electrical thrust. From the VSI state and havingvéthée of dc link
voltage, the voltage in each phase can be deduced. Oncetdges@nd currents are
obtained, they are transformed in d and g components by mdarfzark
transformation. In reference to equation (3.4), having the staistamse value, the

stator flux components are expressed by (3.8.a) and (3.8.b).

wsd :J.(\_/sd_Rsi_sdjdt (388.)
T =| (Vsq- Rsi'sqjdt (3.8.b)

The stator flux linkage magnitude is given by (3.9).
|‘73| =W s+ sq (3.9)
Finally, the thrust estimation is obtained by using equgB8atD).

3nP - -
l:e = E?E(wsdlsq _qulsd) (310)

whered corresponds to direct axis, g corresponds to quadrature axis.

The overall Simulink model for stator flux and thrust estimata@hiswn in Figure
3.11.

q444><:>44444444F'1S >
(2 )—Wac -
b e
1/s — N Thrust

|_abc

Figure 3.11. Matlab/Simulink model for stator flux and thesttmator
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Speed Controller Part:

The speed control loop uses a proportional-integral (P1) controllerouce thrust

reference for the controlleQutput of Pl controller has been limited.

Controller Block:

The block diagram of the hysteresis controller is shown in Figdr2 There are two
loops corresponding to the magnitudes of the stator flux andtthifbe reference
values for the flux and thrust are compared with their actual vaduesthe resulting

error values are fed into two and three-level hysteresis blocks resphect

IFsl
1) »(+ mie
Fs_ref Fs error
M
> > 3.DTIK] 2-D TIK]
2 e ‘ = > —»double > 1)
Fe error ? Sk
=
17
Look-up Tables
Fs sector
Fs

sector selector

Figure 3.12. Hysteresis controller and switching vector selbtiok

Sector selector block calculates the position of the stator flux veat@sponding to

the six regions of voltage vectors.

The outputs of two hysteresis blocks, the position obtator flux are used as inputs
of the three-dimensional look-up table. Switching table is erndzkdd three-
dimensional look-up table. The number of the appropriate voltaggenis the input

through the two-dimensional look-up table, while switchiegter is its output.
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3.4 Simulation Results

All simulations are done in Matlab/Simulink using SimPowst8mn Toolbox.
Linear induction motor parameters used to test the DTC stratedyNbare given
in Table 3.3.

Table 3.3. LIM parameters

Number of poles 2

Primary resistance-Rs 2.82
Secondary resistance-Rr 4844
Primary inductance-Ls 0.0452 H
Secondary inductance-Lr 0.0301 H
Magnetizing inductance-Lm 0.0262 H
Pole pitchs 0.06 m
Moving mass 0.5 kg

Simulations are carried on for three cases by selecting the differentelsysteands

for stator flux and thrust as shown in Table 3.4.

Table 3.4. Simulated hysteresis band width for flux and thrust

Case | Case ll | Case lll

HB, | %0.03 %0.003 | %0.003

HB., | %0.001 | %0.001| %0.05

In all case, a step change of thrust command is applied at 0.Jddemwnzero to 60
N.m. At the same time, the triangular wave speed reference withtadepbf 5.85
m/s and the stator flux reference with amplitude of 0.96 Wb areedpia the LIM
drive. Closed loop performance of the direct thrust control ndefihiothree cases are
compared in terms of thrust response, speed and stator flux referencegtrélakin
trajectories, stator currents and phase-a stator voltage that are rgivgyuiie 3.13,
Figure 3.14, Figure 3.15, Figure 3.16, Figure 3.17 and €igLir8 in respectively.
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Figure 3.13.c. Thrust response of the DTC in LIM for case llI

31



3
time (s)
Figure 3.14.a. Speed reference tracking of the DTC in LIM for case |

(s/w) paads Jeaun

(S/w) paasds reaur]

3
time (s)
Figure 3.14.b. Speed reference tracking of the DTC in LIM for case Il

(s/w) paads reaur

©

- | | | |

== | | | | |

J | | | |

T | | | |

| | | | |

| ¥ | | |

| | | | |

| | ~l_ | |

| | | < | |
[T 7 T T T N o

| ! | | |

| | | | |

~ | | | |

= | | | | |

., | | | |

| | | | |

| | | | |

| T | | |

| | | | |
T o S e <

| | | s | |

| | T | |

| - | | |

= | | | |

= | | | |

- | | | |

T | | | |

| | | | |

| - | | |
\\\\\ T T S A St Eetin A0

| | | |

| | I | |

| | | |

| | | | |

| T | | |

~ | | | |

= | | | | |

| | | |

| | | | |
\\\\\ -t - -4 --———4---—-4-----«

| | | |

| | | | |

| | e | |

| | s | |

| | | |

| | | |

1 | | | |

=T | | | |

| | | | |
\\\\\\\\\ e e A - - - =

| | | | |

| | | |

| | | | |

| | | | |

| | [ S | |

| | I | |

| [ i | |

| = | | |

e =" | | |
g B N R | o
© [Te} < ™ N — o

)

time (s
Figure 3.14.c. Speed reference tracking of the DT@Mrfdr case llI

32



B
£
Wm, |
WW, | |
WW, I I I
mw, | | | |
WW, I I I I I
lw, | | | | | |
WH, I I I I I I I
WMF | | | | | | | |
mw,\\v I I I I I I I
WM, ,\\\, I I I I I I
WW, I ,\\\, I I I I I —
WW, I I ,\\\, I I I I
Wm, | | | ,\\\, | | | QL
Wm, I I I I ,\\\, I I I
Wm, I I I I I ,\\\, I I I
mm, | | | | | | | o M ! ! !
mw, I I I I I I I - -4 I I I I
Wm, I I I I I I I I = I I I I |
W"A\\, I I I I I I I I I I I | I
W|, A\\, | | | | | | c ! ! ! ! ! ! !
WW\, I \,\\\, I I I I I = \u” ” ” ” ” ” ” ” |
WM, I I ,\\, I I I I R
B i o O S L o
&= I I I I ,\\, I I _1 _
=& - - = | | ,\\\, | | | | | -
WW” | | | | | | \”\\” () | | | . | | | | M“
== | | | | | | | 4 -- | | | | ,\\\, | | | (O] MW,
== | | | | | | | | Q< D) | | | | I ,\\\, I I =
= | | | | | | | | < [ [ [ [ [ [ - [ g |
Ww, \4\\, | | | | | | - | | | | | | | ,\\\,\ MW, | |
== | T- | | | | | | Y— | ! ! ! ! ! ! ! - M mm, | | |
= | | -7 | | | | | (@] \‘_”, I I I I I I I I S5 WW, | | | |
= -7 E A\\, | I I I I I I = | | | | |
WW” ” ” ” | \4,\ ” ” ” o MW, A\\, I ! I I I I W, | | | | | |
5= | | | | | -7 | | m mw, ! \,\\\, ! ! ! ! ! .n mm, | | | | | | |
mw, | | | | | | \4\\, @ = | | | ,\\\, | | | | m \mWF | | | | | | | |
= T ! ! ! ! ,\\\, ! ! ! MM,\\\, | | | | | | |
MM” | | | | | | | I \\3(\ m I I I I I O I I = = bo-1 | | | | | |
WW+ | | | | | | | | m — ! ! ! ! ! ! ,\\\, ! D mm, | ,\\\, | | | | |
S= - _ = _
I TJ, ” ” ” ” ” ” S ° | | | | | | | | SRR e ” ” ” TL ” ” ”
- - -+ LE ! | | | | | | | | < () =} | | | | ,\\\, | |
Ww, I I ! I I I I O g B
= | | | + | | | | uA\\, ! ! ! ! ! ! ! e MN, | | | | | | _d |
WM, | | | ,\\4\ | | | c = ! 4\\, I I I I I I = = | | | | | | ,\\\,
mw, | | | | | -+ - | | (O] E ! | 4\\, | | | | | Y— Z! | | | | | | | -
= | | | | | | -+ - | e = ! | | 4\\, | | | | o) \xm|, | | | | | | | |
mw, | | | | | | | - - ...n_hv F ! ! ! 4\\, ! ! ! MWA\\, | | | | | | |
Mm, | | | | | | | | -9 N <5} ! ! ! ! ! 4\\, ! ! (@) W, \,\\, | | | | | |
WW+ | | | | | | | | - ! ! ! ! ! ! 4\\4, ! .n mm, | \,\\\, | | | | |
WW - | | | | | | | __ — = | | | ,\\, | | | |
-3 4\\% ” ” ” ” ” ” x o b b b T ) S WW, Lo | L Lo |
| | ,\\+ | | | | | m \_.m, | | | | | | | | [l c WW, | | | | ,\\\, | |
| | | ,\\# | | | | frm— — + — | | | | | | | | m N ._W, | | | | | ,\\\, |
| | | | ,\\# | | | o ! \+\\, ! ! ! ! ! ! = fra} MW, | | | | | | ,\\\,
-— | | + - | | | | | | E=] B | | | | | | | —
” ” ” ” ” ” ,\\L, ” m = | I I -t I I I I I Q | = | | | | | | | |
| | | | | | | ,\\L [40] = ! | | | \4\\, | | ! [S] WMA\\, | | | | | | |
| | | | | | | | ,\\\l + ! ! ! ! ! 4\\, ! ! c MW, 4\\, | | | | | |
— | | | | | | | | | S ! ! ! ! ! ! 4\\, ! ()] | | 4\\, | | | | |
<)) | | | | | | | | | | | | ! | ! 4\\, — _ | | | 4\\, | | | |
o © | | | | | | | a | | | | | | | | 4o _..nb mm, | | | 4\\, | | |
o ™~ | | | | I I ) H I ! I I I I I I I QN o) ww, | | | | 4\\, | |
o © | I I I I Lo -+ - ! ! ! ! ! ! ! ! et m.lw, I I I I I 4\\, I
o n | | | | — ! -+ - ! ! ! ! ! ! ! W, | | | | | | 4\\,
o < | | | . | | -+ - | | | | | | < MW, | | | | | | | —--
o [} | | (o] | | | -4 - | | | | | S \mm, | | | | | | | | b
o N | | | | | — 4 - | | | | =] MW+\ | | | | | | | |
o — (D) = | | | | | — 4 | | | — wm, 4o | | | | | | |
o ° = = | | | | | | — 4 | | o) Mm, | T | | | | | |
=) I I I I I I I — - | = = | | . | | | | |
D I I I I I I I I - - © W, | | | \4\\, | | |
[T | | | | | | | | | - +— = | | | | 4\\, | |
1 L I I I I I I I I wn = I I I I I i\\, I
N o,o ! ! ! ! ! ! ! ww, | | | | | | iwwi,
L ! ! ! ! ! ! : = | | | | | | | _
© ~ L I I I I I Q \M_W, | | | | | | | | B
© % & I I I I To) B - | | | | | | | |
) L ! ! ! ml, -4 | | | | | | |
o M & | | n”_u MW, | R | | | | | |
L | mm, | | — 4 | | | | |
o N = MW, | | | 4o | | | |
© o ()] = | | | | - | | |
o © = HW, | | | | | R | |
> E I I I I I | \L\\,
H|U “W, | | | | | | | 4
IW, I I I I I I I I -
LL l“, | | | | | | | |
2 | | | | | | | |
o © | | | | | | |
o ~ | | | | | |
o © L | | | |
o n | | | |
o N | I I
o ] | |
o N |
o —
o

(W
Xn|4
107e)!
S
(G

) Xn|4 Jorels
(aw
xn|4

loye

1S

.3
time (s)

Figu
re3
.15
C. S
tato
r flux
refe
rence tracki
the
Dina
M f
or ca:

33



06

02

0
d-axis rotor flux (Wb

02

24 02 0 02 04 06 08

06

)

Wh)

d-axis stator flux (

Figure 3.16.a. Stator flux and rotor flux trajeatsrof the DTC in LIM for case |

02

0
d-axis rotor flux (Wb)

04 02 0 02 04 06 08

06

)

d-axis stator flux (Wh

Figure 3.16.b. Stator flux and rotor flux trajed¢srof the DTC in LIM for case I

ST N R T

d-axis rotor flux

b)

(i

d-axis stator flux

Figure 3.16.c. Stator flux and rotor flux trajeatsrof the DTC in LIM for case Il

34



|
= T | T T e b =
[ e | [
=T | [ |
Lol == R O +=_
=t __ 1 | —T = —— _ _|
— — 1 1 =T
e e I b
=TT T — - AT
T L o o - T T | 0 =
| =___ 1 ____ T o
== —_ 1 =
= | | [ iy me e |
R — 1 | | =
=l L [ I -
e —t T T o — L] —
T h— o1 T T s
[ —=— [ e e ey Sy W I
T R i S B ==
=== | T —+— 7
[ e I e | | =
= _ | | T T r o e |
=t - — 1__ | | | ==
|

=t = el i K
==_ - I |
o= T T |

== | =i

! —_— ==
N B e e
S— — 9= J- o =r=—— B e e
e e— L A — T T L
=T L e I R
T 1 | T s
= - L L =L —

|
| —
n o [To) o [Te) o
i = - N

10-F - -

(V) swaund Jorels

3.14 3.16 3.18 3.2

3.12

3.04 3.06 3.08

3.02

time (s)

Figure 3.17.a. Three-phase stator currents of fh@ I LIM for case |

(v) sjuaund Jorers

3.12 3.14 3.16 3.18 3.2

3.1
time (s)

06 3.08

3.04

3.02

-phase stator currents of fhé d LIM for case Il

Figure 3.17.b. Three

! ! I T E==d=—=7__
T e L T A B S
=T | | o= =7 |
[ e il | | | =
-1 | 1 T — |
= I

= | | _TP==r—=_ _ |
1 = | | | o=
= - - —H -t -t ==mmF IR 4 —
|

L
W
|
[
|
|
[
|
|
#
|
L
3.16

3.2

3.18

3.12 3.14

3.1

3.06 3.08
time (s)

3.04

3.02

() sjuaund Joreis

Figure 3.17.c. Three-phase stator currents obDfh@ in LIM for case Il

35



|
3.1

time(s)
time (s)

\
L
3.08
1
3.08

|
3.06

!
3.06

3.04

e e ol o o o g e;l]l s » »» - |

!
3.02

Figure 3.18.a. Phase-a stator voltage of the DiMAM for case |
Figure 3.18.b. Phase-a stator voltage of the DITOM for case |l
]

Q o

60C

400~ -
0

200

(N abeyjop e-aseyd (n) abBeyjon e-aseyd (A) aBeoA m-ome g

3.12

3.1
time(s)

36

04

3.
Figure 3.18.c. Phase-a stator voltage of the DTAOM for case Il



As presented in Figure 3.14, for all cases, thesomea and the reference speed are
very close to each other.

For all cases, the stator and rotor flux vectol®woa circular trajectory as shown by
Figure 3.16.

Comparing the Figure 3.15.a with Figure 3.15.l;ah be said that increasing the
stator flux hysteresis band results in ripplestaics flux. Furthermore, Figure 3.17.a
and Figure 3.17.b show that the current distoritmmeases with increasing the flux
hysteresis band width. On the other hand, as tine lilysteresis band width is

increased, the switching frequency decreases whishown in Figure 3.18.a.

Comparison of Figure 3.18.b and Figure 3.18.c shibasthe switching frequency is
strongly decreases with decreasing the thrust re@te band. However, thrust,
speed, stator and rotor flux ripples increase$aws in Figure 3.13.c, Figure 3.14.c,
Figure 3.16.c. Furthermore, by comparing Figur& 8.5nd Figure 3.17.b, it can be
said that stator currents get distorted with desirggthrust hysteresis band.

According to simulation results small hysteresis#or flux should be chosen to
reduce the current harmonics for considering thatihg effect of harmonics and
small hysteresis band for thrust should be chosereduce thrust pulsations, with
using high-speed switching devices and processors.

3.5 Summary

In the chapter, the main principles of DTC is ekpda and direct thrust controlled
LIM drive has been modelled. The performance ofdhect thrust controlled LIM
drive with different hysteresis band amplitudestfoust and stator flux is simulated
and compared using Matlab/Simulink. Simulation hssuerifies that the width of
the hysteresis bands may influence the drive paidoce in terms of flux and torque
ripples, current harmonics and switching frequentythe power device [45-48].
Hysteresis band for stator flux mainly influencks stator current on the other hand
hysteresis band for thrust mainly affects the svitg frequency.
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CHAPTER 4
DIRECT TORQUE CONTROL of LIM INCLUDING END-EFFECT

The linear induction motor operates as its rotamynterpart does, with thrust instead
of torque and with linear speed instead of angsfaed. In a LIM, the primary
winding corresponds to the stator winding of a npiaduction motor (RIM), while
the secondary corresponds to the rotor. The mdiereince between RIM and LIM
is the finite length of LIM’s primary. As the primaof LIM moves, a new flux is
continuously developed at the entry of the primsige, while the existing flux
disappears at the exit side [24, 48, 49]. This aoifierm distribution of airgap flux
causes flux and thrust attenuations. This phenomencalled ‘end effect’ and it was
proved experimentally in [50]. The end effect pehlbecomes more severe as the

speed increases.

In literature, most researchers used magnetic fleddry to analyze the end effects.
However, the magnetic field approach is not su@ali modeling and vector
controller design of LIM. To resolve the end effgegbblem in LIM control, the

speed dependent factors are introduced into thenetiaghg branch of its d-axes

equivalent circuit [4, 5, 48].

Although the driving principles of the linear indiomn motor are similar to the
traditional rotary one, its control characteristen® much more complicated than
RIM owing to its end effect problem. In literatut@gh performance vector control
of LIM mostly carried out in secondary flux oriedtscheme [5, 34, 37, 39, 51].
However, field oriented control is complicated aeduires accurate knowledge of
the motor parameters. In contrast to field-orientedtrol, the traditional, direct
torque control (DTC) does not require the informatiof the inductance only
requires the stator resistance of LIM. The coragbrithm of DTC makes it suitable
for practical implementation for LIM drive systenss compared with RIM, DTC

for LIM has been less researched.
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In the papers studying Direct Thrust Control (DTiG) LIM [7, 40, 41], the end
effect was included in the form of thrust correntmpefficient. The thrust correction
coefficient was obtained by using the finite elemanalysis in starting conditions
considering only the static end effect. However,this thesis, flux and thrust
estimations are improved in a simple manner to gedhe error caused by the end
effect by using the equivalent circuit model of LIMther than using Maxwell

equations.

4.1 LIM Mathematical Model Including End Effect

As the primary of LIM moves, a new magnetic fielohtinuously is formed in the
secondary around entry region but the existinglfiisappears at the exit region.
Lenz Law states that, these sudden field chang#sbeiresisted by the rapidly
growing eddy currents in the secondary side. Hetiee reduction field at the exit
end will face a sudden increase in flux and th&dfiacrease at the entry end will
lead to a decrease. The decay speed of the edigntis dependent on secondary
time constants, whereas the growth speed is refatéte sheet leakage time constant
[48]. Since the leakage time constant is very sntial eddy current at the entry end
grows very rapidly in respect to the primary cutresusing flux to be more distorted
at the entry region [5,48, 52] as shown in Figufe 4

, primary

~_ secondary  exit rail
eddy current  secondary sheet back iron  eddy current

Eddy current
by the end effect
)

Motor Length

|
|

Airgap average flux

Motor Length
|

I
D

v

‘0

Figure 4.1. Eddy Current generation and air gay fiitofile of LIM due to end effect
[5]
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First, Duncan [48] developed the per phase equivalecuit of LIM considering the
end effect by modifying the magnetizing branchred equivalent circuit of the RIM

shown in Figure 4.2.

Figure 4.2. Duncan’s equivalent circuit of lineaduiction motor [48]

Duncan’s model was transformed into d-q model sym@achronous frame by [5, 40,
51, 52]. To resolve the end effect problem, speepeddent scaling factors are
introduced to the magnetizing inductance and seressstance in the d-axis
equivalent circuit of RIM. To study the dynamic beglor of the linear induction

motor both under transient and steady state comditithe existed model for LIM is
adapted into the stationary reference frame in thesis. Figure 4.3 shows the
developed d-q equivalent circuit of the LIM incladithe end effect in stationary
frame, in which only the magnetization branch iaxis equivalent circuit is different

from RIM model.

ids Rs L|5 Llr Rr idr
—2oy e
AMA— (W
+ T +
er(Q) ‘_,[—Vl' \qu
Vds Vdr
Lm[1-f(Q)]

d-axis equivalent circuit

'gs; Rs L|s Llr Rr ¢ |gr

+ +
—vr Yyr

Vqs I-m g Vqr

g-axis equivalent circuit

Figure 4.3. d-q equivalent circuit of the LIM inding the end effect in stationary
frame
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The speed dependent factor to express the endt effemagnetization branch is
related to a function given by (4.1) [5]. This ftoa is inversely proportional to the

motor speed.

1-e @

f =
Q) 9

(4.1)

whereQ = PD% L D is motor primary length.
r-=r

From the d-q equivalent circuit of LIM shown in Big 4.2, the primary and
secondary voltage and flux linkage equations irtisgstary reference frame are
developed by (4.2), (4.3) and (4.4), respectively.

d-q axis primary voltage equations:

Vao = Riige + R (Q)igs +igr) +%wds

, d
Vqs = Rslqs +a‘/lqs (4-2)

d-q axis secondary voltage equations:

. 7l . . d
Vdr = erdr +?erqr + Rr f (Q)(lds + Idr) +a¢/dr

. 7l d
Vg, = Rig ——V, +— 4.3

qr Rr qr T rwdr dt‘/lqr ( )

where the subscript s corresponds to primary, responds to secondary, d
corresponds to direct axis, q corresponds to qua@raxis, B R, the primary and
the secondary resistancess pole pitch andnis the electrical speed.

Flux linkage equations are given by (4.4).

l//ds = Llsids + Lm (1_ f(Q))(lds + idr)

l//qs = I-Isiqs + I-m(iqs + iqr)

l//dr = I-Iridr + Lm(l_ f(Q))('ds +idr)

Yo = Lilgr + Lin(igs +ige) (4.4)

where L, L, Ly refer to the leakage inductance of secondary, leakage inductance of

primary and magnetizing inductance, respectively.
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The thrust force is calculated by (4.5).

= _3nPbP

e” 5 75 (wdsi as quids) (4.5)

The LIM motion dynamics is expressed by (4.6).

d 2 2
Fo-FL=J——=V,+B—V, 4.6
T A (4.6)
where P is the number of polesg, i the electromagnetic thrust, i5 the external

force, J is the mechanical inertia, B is the natural damping.

4.2 Direct Thrust Control Modelling of LIM Including E nd Effect

The DTC for LIM can be analyzed in the same way as that for Rtvlthe good
performance of DTC, the accurate prediction of the thrust and statoridlu
important. One problem in the case of LIM with end effect is thaew speed
dependent resistance and inductance parameters are included in tretizaign
branch. However, it cannot be ignored since the end effect influencdsuke and
flux characteristics of LIM. This makes it necessary to modify the 8nd thrust
estimations. The developed Matlab/Simulink modeling for DTCUM including
end effect is given in Figure 4.4.

The drive model is implemented by five main blocks: LIM mod®lerter model,
thrust and stator flux estimator, speed controller part to obtaisttheference value

and finally switching vector selector to obtain necessary swigchkiate for the

inverter.
set flux
[ — LIM with end effect
set speed Fs_ref thrust and flux estimator
E_,Vx Sa wva 2B
= VFe* ] Fe_errar |_abe #|_abc  Thrust—
" + Skisf—»{Sb  wb »B
speed controller Fs I W_abc  IFlux
5S¢ we -
i vy ol Flux
_ Inverter E—.Hoad
Switching Vector end effect
Selector Load »l
o |
|

Figure 4.4. Block diagram of DTC for LIM including end effect
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The measured input values into the DTC control are the motor spaeents and
voltages. The input reference values are the linear speed and théuaagf the
stator flux. The PI type speed controller is used to produeethtust reference
command for the drive. The end effect factor f(Q), voltage and cungamls are
inputs to the flux and thrust estimator block, which produlkces/alues of stator flux
and thrust. Thrust and flux hysteresis comparators compare the eaiuwes of the
thrust and the flux with their reference values. Depending on tipeitsurom these
comparators, the switching table logic directly determines themapti inverter

voltage vector and inverter switching directly controls the motordhuk thrust.

The application of the traditional stator flux estimation prirecipbr LIM that
considers voltage drop only on the stator resistance causes errorg andlthrust
estimations. Due to end effect property of LIM, it is more accuaigsé equation

(4.7) for primary flux estimation including with the speed dependeefficient.

Yids = J‘ (Vsds - R Sds — R f (Q)(l Sds +1°dr ))jt 4.7)

It is reasonable to ignore d-axis rotor current due to its uneaent difficulty and
less effect on the flux estimation. Then, flux estimate is obtdiged.8) considering
partial end effect.

@i = [ (v00s = Ri%os = R T (Qias it 4.8)
The thrust value considering end effect is estimated by (4.9).

3nkP o - I
Fe = E?E L (_ f (Q)Idslqs +@1-f (Q))Idrlqs - Iquds) (4.9)

4.3 Simulation Results

The simulation study consists of two parts. In the first pagjmulation study of
direct-on-line starting both under no-load and load is presentedhtov the

application of the dynamic model of the LIM.

In the second part, the validity of the proposed thrust amxdetimators is examined
and also, the closed loop performance of DTC employing this wegrthrust and

flux estimator is shown.

43



Throughout the simulation study, linear induction motor pararsaised to test the
DTC strategy for LIM are given in section 3, in Table 3.3.gnulations are done

in Matlab/Simulink using SimPowerSystem Toolbox.

4.3.1 Simulation results of LIM modeling includingend-effect

For the first case, at standstill, LIM is connected to a 38 Hz supply. The
simulation results of free-acceleration characteristics are plotted umeF4g5 and
Figure 4.6.

80 —with end effect
— without end effeat

Thrust (Nm)

2% 1 2 3 4 5 6
speed (m/s)

Figure 4.5. Free-acceleration linear speed versus thrust characteristic

S J —with end effect | |
/ — without end effect

Speed (m/s)
SR

A
L

% 01 02 03 04 05 06 07

time (s)

Figure 4.6. No-load speed characteristic
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From the Figure 4.6, the end effect has a reducing effect on peak thrust.

In the second case of the simulation study, a step change of tomsnand is
applied at 0.6 second from zero to 40 Nm. The plots of thattlgainst speed and
the speed against time are given in Figure 4.7 and Figuree$@ectively. Thrust
response with end effect is smaller than the thrust response wghdwffect and
the difference between them is the required end effect compensatian. lie seen
that when the load is added the speed drops and the requirechtoatd dan be

generated successfully.

100

— with end effect
80 —without end effeat

Thrust (Nm)

1
N

time (s

Figure 4.7. No-load thrust versus linear speed characteristic

— with end effect
—without end effeq

SL
RN
~

»

Speed (m/s)
w

N

time (s

Figure 4.8. No-load linear speed characteristic
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The d-axis magnetizing inductance versus speed graph is shéigure 4.9. At 0.1
second, at which the speed is around 4-5m/s, noticeable rediscbbserved in this
inductance which proves that the end effect increases. Furthermorguied #il10,
the unbalanced three phase currents are observed even under the bdleseced

phase voltage conditions resulted from the unbalanced inductatrdeudien.

0.0264 ]

—Lm(1-f(Q))

o
o
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(o2}
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0.026

0.0258§

0.025¢

Magnetizing Inductance (H)

0.0254

0.0257

01 02 03 04 05 06
time (s)

Figure 4.9. d-axis magnetizing inductance characteristic at no-load
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Figure 4.10. Three-phase primary currents of LIM
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The influence of the seconder resistance on the end effect is presehigdre 4.11
and Figure 4.12 by reducing its rated value to its half and latés tone fourth,
respectively. According to these figures, it can be said that, tier lealue of the
seconder resistance strengthens the end effect. To reduce the end effseg¢hefu
a thin seconder conductor sheet is proposed but this resultetiuation in motor

performance and causes in mechanical weakness.

15 o

— without end effeqt
100 —with end effect .

Thrust (Nm
S

=% 1 2 3 4 5 6
speed (m/s)

Figure 4.11. No-load speed characteristic with Rr= 24.42
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N
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=
Z 100-
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2
- 507
|_
O,
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3
speed (m/s)
Figure 4.12. No-load speed characteristic with Rr= 1Q2.21
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The influence of frequency on the end effect is also simulated @&ndirttulation
results for the frequencies of 150 Hz and 300 Hz are presented i g8 and
Figure 4.14, respectively. From the simulation results,dbifirmed that working at

the high frequencies increases the severity of the end effect problem.

o5 —without end effedt |
| —with end effect
20y |
5 ] |
'g 'MMWWWWWWW (T i
£ 10 | i Wi i
‘ ‘w i
5 | il I \\““ i Ui
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Figure 4.13. No-load speed characteristic with f=150 Hz
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Figure 4.14. No-load speed characteristic with f=300 Hz
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4.3.2 Simulation results for DTC of LIM including end-effect

In this part of the simulation study, a step change of tlwarsimand is applied at 0.4
second from zero to 30 Nm. The applied stator flux reference has thdualapmf
0.96 Wh. The performance of the estimators without consideringefadt, with
fully considering end effect and with partially considering end effecobserved in

Figure 4.15, Figure 4.16, and Figure 4.17, respectively.
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Figure 4.15. Estimated thrust and flux waveforms without cenisig end effect
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Figure 4.16. Improved estimated thrust and flux waveforms witii éonsidering

end effect

In Figure 4.15 and Figure 4.16, the thrust and flux estonatshow satisfactory
results. However, without considering end effect, thrust estimdbes not reach the
expected value as shown in Figure 4.13. The results will becamngewvith the

increase of speed.
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Figure 4.17. Estimated thrust and flux waveforms with partiedigsidering end
effect

The closed loop performance of DTC strategy with given improvenseriso
examined by putting a step change of thrust command at 0.4 skocondero to 30
Nm, when the triangular wave shaped speed reference with amplit@de rofs and
the stator flux reference with amplitude of 0.96 Wb are applied tbiMalrive.

Figure 4.18, Figure 4.19, Figure 4.20 and Figure 4.2ivghe speed, thrust, flux

linkage trajectory and three-phase primary currents, respectively.
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Figure 4.20. Primary flux trajectory of the DTC in LIM
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It can be seen from simulation results that direct thrust cosysiem follows the
imposed references with high performance and fast response. Accordihg to
simulation results, it is important not to ignore the end effieciux and thrust
estimation part in DTC strategy for LIM. To achieve good respotige thrust and
flux estimator for DTC of LIM is improved by taking into accowend effect. The
given improvement is validated by the simulation results. mbthod used has been
found satisfactory and can be applied in real situation usingRagystem. However,
the improved flux and thrust equations require the primary and sagoresistance
values. Furthermore, the simplicity of the conventional DTC ptettomes with the
disadvantage of thrust ripples. Researchers can choose modifiethgesEDTC for

reducing thrust ripples [53].

4.4 Summary

The LIM mathematical model with end-effect is developed in statyoreference

frame and the developed model is simulated by using MATLABISIMIK. The
detractive influence of the increased supply frequency, the decreased seconder
resistance on thrust is shown by means of simulation regultsethod for better
flux/thrust estimation for DTC is proposed in consideringehé effect phenomenon

of LIM and its viability is proven by using MATLAB/SIMUINK.
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CHAPTER 5
PROBLEMS COUNTERED IN REALIZATION OF DTC

This chapter mentions about the problems that encountered implementation of
DTC. These are pure integration problems due to the presdénceise and dc

offsets, stator resistance variations, dead time effects, current ¢naitid torque

ripple.

5.1 Stator Flux Estimation Problems

DTC performance is dependent on how precisely the stator flux nstrocted.
Practically, flux estimation algorithm that has been developed uaear conditions
does not work well and must be modified to work on a real syfsdrd7]. Stator
flux estimation is related to the voltage drop on the stator aesist At high speed
region, the voltage drop on the stator resistance can be neglectedricanwith the
stator input voltage. Consequently, the estimated torqueeisdme as the actual
torque and DTC switching table can output a proper voltagewnedn the other
hand, at low speed region, the voltage drop on the statorares#sis comparable
with the stator voltage. Therefore, it becomes difficult to estintagestator flux
correctly. The lower stator flux brings about a lower value of iedutorque.
Besides, the open-loop integration based flux estimation suffers ifmetability
problems. In real world, especially at low speeds, these problgsed@m a variety
of factors including noise in measurements, digital approxima&tiors, dc offset in

the measurements.

Initial value problems and the dc offset in measurements causeamemtegral to
give erroneous results. They can be analyzed mathematically as follthwing.
Let’'s say a signal X is fed to an integrator and then the oaignal Y is obtained by

this integration process as shown by (5.1):

Y = j Xdt  whereX = A_sinfwt) (5.1)

Y = % (—A, cosfwt) + A, cos@wt)| _) (5.2)
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As indicated by equation (5.2), the initial valumlgem at t=0 results in an error. This
error is simulated in Matlab/Simulink and the résdlflux trajectory with non-zero

initial condition is shown in Figure 5.1. As seanFigure 5.1, there is a drift in the flux
trajectory.

drift due non-zefo
initial condi}ion N

g-axis flux
o

-0.2-

P

_058.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
d-axis flux

Figure 5.1. Drift in the flux trajectory due to naero initial condition of integrator

If the input signal has an offset represented by) @en the output signal is obtained by
(5.4).

X = A, sinfwt) + A, (5.3)

Y= (- A, cosp) + A, ) +1A, (5.4)

In equation (5.4), there is an additional termg{fAvhich is increasing with time related

with input offset. This offset value causes thepatito be ramp function looking. Figure

5.2 shows the integrator output with 1 % small fisat is added to its input.
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Figure 5.2. Integrator output with and without ihpa offset
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Whatever how small the offset available in the ipghe ramp signal will eventually
drive the integrator into saturation with time asgented in Figure 5.3 which is obtained

by Matlab/Simulink.
1

g-axis flux
=

-1.5¢

8.5 0 0.5 1 1.5 2 2.5 3 3.5
d-axis flux

Figure 5.3. Flux trajectory due to dc offset

As a result, the stator flux estimation based onleage model with open loop integrator
is not capable of achieving high performance esfigat low speeds. To overcome this
problem, some researchers used theoretical apmedite extended Kalman filters
[59], and nonlinear observers [60]. The other opeserred low-pass filter instead of
pure integrator [54-58] and some others incorpotiageadvantages of the both voltage

and current model to improve the stator flux estioma[62, 63].

In current model, at first, the rotor flux linkagguation (5.7) is obtained from the flux
linkage and voltage equations of the rotor giver(h) and (5.6). Then the stator flux

linkage equation (5.8) is derived.

@, =L, +Lj, (5.5)
0=Ri, +~, + |, (5.6)
7 = [ L.~ 7,)- )t 5.7)
/8 =%Z/7r + L, (5.8)

2
whereLs =L, —LLL is the stator transient inductance.

r
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Notice that, equation (5.7) represents a close@-lmbegral that causes the current
model to be more stable than the open loop voltagelel since the offset errors
naturally diminish. However, the current model ispdndent on the inductance
parameters of the motor model and rotor speednmdtion. If they are erroneous, they
will cause magnitude and phase errors in rotor festimation so in stator flux

estimation. Especially, at high speeds, numerigabre in measuring speed and

deviations in inductance parameters of the motstodi the estimation accuracy.

In this thesis, among the above mentioned metHodspass filter based voltage model
is preferred to estimate the stator flux. The sampkethod to remove the dc component

caused by the pure integration algorithm is to regnloy a high-pass filter, as shown in
Figure 5.4 wherey, . =V, - Ri_is back- emf,Z7*" is the estimating fluxs, is the cut-

off frequency. By combination of the pure integrddtock and high-pass filter block in

Figure 5.4 together, a low-pass filter is formedya®n in (5.9).

est 1 —
= v 5.9
ltl—l_s S+ emf ( )

C

\T/J \ysest
Vemf | lPs S lPs ’

4
S 5+Wc

Figure 5.4. High-pass filter of flux linkage

As shown in Figure 5.5, the estimated flux can bguaed by simply getting the back

emf through a one-order low-pass filter.

Vemf N 1 lPse S;

s-l-wC

Figure 5.5. Low-pass filter of back emf
By using equation (5.9);
g (s+ @)=V, - IR (5.10)
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Digital implementation of equation (5.10) can betten by (5.11).

1
1+T.w,

WS(k)eSt = (V.- ILR)T, +17/_s(k—1)95t) (5.11)

if aw <<, (westands for the frequency of the stator flux) offsmhoval capability of

LPF is reduced. Selection of an appropriate cuieifuency is done by experimental

trials; the values in the range of 2-3 Hz are sifit.

Amplitude and phase response of the one-order sg-filter are expressed by (5.12).

GainJPhase= 0 -tan*(ay/w) (5.12)

1
Vo' +a
Equation (5.12) shows that when the frequency ef dhator flux is very high, the
amplitude attenuation and phase shift are not itapgrand the flux can be estimated
accurately, thus the expected motor operation bhehas achieved. But if the motor
operates at low speed, the flux amplitude attennasind phase shift become serious
which leads to inaccurate estimation of flux andederation in DTC performance.
Therefore, the amplitude and phase of the flux nbestompensated during low speed

operation.

5.1.1 Compensation of the stator flux estimation

In thesis, the amplitude and phase errors of tire distimation are compensated based
on the fact that the back emf is orthogonal tostiagor voltage [54].

The stator flux estimation under sinusoidal stesidye condition can be written as,

7, = Voo LR (5.13)

jw,
In (5.13), it is clear that the stator flux is lagg the back emf by 90 electrical degrees.
By using LPF approach, the equation (5.13) becomes:

go=Ys TR (5.14)
a)C + Ja)e
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Figure 5.6 shows the phasor diagram of the actudlestimated stator flux basing on
(5.13) and (5.14).

y

Jw

Figure 5.6. Phasor diagram for steady state operati induction machine showing the
actual and estimated stator flux based on LP fiét

By equating (5.13) and (5.14), the actual statox i obtained as,

es . CLC es
g =g - =g (5.15)
we
According to equation (5.13), other thaa, >>«_, LPF approximation requires

magnitude and phase compensation which is detednipeising (5.16).

est
Y pgei-g=—_% Dg—tan'l(a)e/a)c) (5.16)

2 2
¥ V@ + @

where > = **06° and ¥, =16

From equation (5.16), it is clear that the estimattor flux leads the actual stator flux
by an angle depending on the selected cut-off hadstator flux frequency. In addition
to this, its magnitude is always smaller than tttei@ one. This causes the magnitude of
the actual stator flux becomes larger than itsregiee value during DTC which may

result in saturation.

The estimated and the actual stator flux vectorgaren in the d-q reference frame by

Figure 5.7.
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Figure 5.7. The estimated and the actual statanfictors given in d-q reference frame

The d-g components of the actual stator flux imterof the d-g components of the
estimated flux, cut-off frequency of LPF and théatimnal speed of the stator flux are
given by equations (5.17) through (5.23) [54].

Yus = €086~ ) (5.17)
where y = % —tan ™ (w,/@.)
Assuming y = tan ‘(w,/w.) ,then,

Wee =W, SINBy+y) (5.18)

By using trigonometric relations;

est est
qu C()c + [/jds we

Was = (— o ) (5.19)
R N
W’ +w’
wherey =Y == ¢ ™
a)e
es CL es
wds :[/Iqs tzc +wds t (520)
Similarly, for q axis;
[/qu = _ws COS(Hest + y) (521)
P SN 7S
Vs =0 = Jw?+ @’ ’ Y \/w2+w2) 622
es ac es
l//qs = _l//ds t; +l//qs t (523)

e
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By using equations (5.20) and (5.23), the perfoceaaf the flux estimator can be

improved by compensating for the magnitude and @ba®rs.

The position of stator flux space vector is caltedaby (5.24) using the stator flux

representation on d-q frame:

93 = tan—l(qu/wds) (524)
Then, the synchronous speed is obtained by takiagl¢rivative of (5.24). The resulted

expression related to the frequency of stator iBugiven by (5.25).

w.qswds - w.ds qu

d d,
w, =—6,=—tan = 5.25
e dt s dt (qu/wds) l//dsz +quz ( )
Digital implementation of equation (5.25) can betten as:
Mo = wds(k—l)‘//qs(k) _‘//ds(k)‘//qs(k—l) (5.26)

(l:”ds2 +l//q52)Ts
5.2 Stator Resistance Variation

The stator resistance is the only parameter ugeithéowell-known voltage model stator
flux estimation. Its measurement is much easier aodurate than the inductance
measurement and the only variation is due to chamdgemperature. In literature, the
effect of stator resistance variation on the DT@gyenance was investigated [63-64].
According to [64], it is possible to use the statarrent to track the change in stator
resistance. The error between the measured statm@nt and the reference current is
processed through PI controller to compensate tlaage in stator resistance until the
error in current becomes zero. The reference cuisaderived from the reference torque
and stator-flux information. In this thesis, Pl tofler based complex stator resistance

estimation is not preferred, since it cancels tinerent simplicity of DTC.

The stator resistance is updated according toettng@érature variation. This technique is
simple and straightforward assuming that the teatpez dependency of the stator

resistance is given by (5.27) [65].

R =R,1+a(T-T,)) (5.27)
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where R, is the stator resistance measures at the roometramupe To andy is the
temperature coefficient (=0.004041 for an copperaetor) of the conductor material.

For a class A motor, the maximum winding tempertigr specified as 105°C [66].
When the winding temperatures rise up to maximumpgrature, Rs differs by up to
35%.

5.3 Current Limiting
By using equation (5.8), the stator current isredi by equation (5.28).

el -
IS—L.S(B/; L &) (5.28)

2
whereLs = L —LLL is the stator transient inductance.

r

According to (5.28), the stator current dependdaoth stator and rotor flux. Therefore,
an important difference between the stator androber flux causes the increment of

stator current rapidly.

Regarding that the stator time constant is smalan the rotor mechanical time
constant, even the selection of tangential voltagetor to reduce the stator flux
amplitude may result in a fast variation of the@taurrent.

In DTC, while following the flux and torque set corands, the stator current magnitude
can exceed the upper limit of IGBTs of the invertéonsequently, current limiting is
necessary for both flux and torque forming stageso different strategies were
proposed to limit the stator current for DTC [6Ir] the first one, the zero voltage vector
is applied so that the resulting stator flux andjte reducement lower the stator current
amplitude [68]. In the second one, a non-zero geltaector V., tangential vector is

chosen in sector k to reduce the stator flux mageitand so does the stator current.

During DTC implementation for current limiting puge, at first stator flux forming
stage is completed then the torque set-up is. Pipéeal procedure is given in Figure
5.8. At starting, considering the rotor mechangmaistant, V1 is applied until the stator

flux attains its reference value. During this pdrid the stator current approaches its
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limiting value, zero voltage vector is applied teetinverter. After completed the flux
tuning, the torque is tune-up. To increase theu®rgk+1 is applied until the current

limit is reached. After then M, or zero vector are selected to limit the current.

qa

Ref. Thrust
Forming Stage

Ref. Flux ‘C.un',c,nt ‘
‘Forming Stage: Limiting’
: -with VO :

Figure 5.8. DTC starting procedure with currentiting

Furthermore, in realization, ramp looking referersettings for flux is preferred.
Therefore, the possibility of occurance of overeatr condition is alleviated by

gradually increasing the flux.

5.4 Dead Time Effect

In an ideal situation, the states of two switchean inverter leg are allowed to change
simultaneously from on to off and vice versa. Hoere\any type of power electronic
switch has finite turn-on and turn-off times, inaptice. Therefore, it is necessary to
include a protection time to avoid a short cirénithe DC link even with the fastest type
semiconductors. A dead-time (blanking time, lock-tmne) should be included in the

software before the turn-on of the other switch [69

The dead time effect for one phase leg of an ievestshown by Figure 5.9. According
to this figure, the dead-time counts from the timgtant at which one semiconductor

switch in a leg turns off and terminates when thpasite switch is turned on.
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Figure 5.9. Dead time effect for one phase legahaerter

Consequently, the time duration of real drive sidaaupper transistor gets shorter than
ideal signal and for lower transistor gets longeant ideal. During the dead-time
duration, since both switches in each leg are m dff-state, the output voltage is
dependent on the direction of the output currerst.aAconsequence of this, when the
phase currenyaq is positive, the output voltage is reduced, andrnive currentgag is
negative the output voltage is increased. Since ihirepeated for every switching
operation, these effects become significant in lgitching frequency operation. This
is a temporary loss of DTC. One another consequefhdrcluding dead time is the
appearance of undesirable harmonics [70, 71]. Tinduminimize the adverse effects of

the dead time, it is selected as small as possildeftware implementation.

If the applied stator voltages are calculated fthmvoltage vector demand and the DC
bus voltage measurement, the obtained voltage Isigma not exactly equal to the real
voltages applied to the motor. Because they are frem dead time effects and

harmonics. Instead of this method, the stator gelta measured directly through signal

conditioning and filtering circuit.

5.5 Torque Ripple Minimization

The hysteresis based direct torque control hagligedvantage of the torque and flux
ripples [34]. The usage of small hysteresis bartlragh switching frequency with a fast
processor are solutions. However, if the hysterbaisd is selected as too small, the

problems of overshoot/undershoot occur. Whereasitjie switching frequency causes

64



increased switching losses leading to worse effyeand increased stress on inverter
switches. The selected voltage vector is appligdtffe entire switching period in the
conventional DTC. In Figure 5.10p Theans no more torque is needed and thus the zero
voltage vector should be selected. Then, the agtlak of the torque falls slowly until
below the value TrefAh. After that, an appropriate voltage vector igstd in order to
increase the torque. If the stator flux vector lresector k with a magnitude greater than
its reference value, then the voltage vect@r,\6 selected to increase torque. While
during this stage, the actual torque value getsecto its reference so there is decrescent
torque error. By applying the same selected voltegetor for the whole switching
period, assuming it is not small enough, may céluse@lectromagnetic torque exceeding
its reference value before the end of the switclpagod. This process goes on with

high torque and current ripple.

\ 7 / / ;rei + Ah
\// /‘ / / Tref - Ah

To

Figure 5.10. Hysteresis control of torque wheref 13 torque reference and Te is actual

torque and hb is hysteresis band

In order to overcome torque ripple problem, a nundfenethods are proposed. In [72,
73], adaptive hysteresis band comparator is dedignaintaining constant switching
frequency. There are some methods to reduce tlgueoripple by removing the
hysteresis comparators, such as fuzzy logic [74],[predictive control [76]. Another
approach is to use space vector modulation (SVEHrigue to synthesize the desired
stator voltage. In [20, 34, 77], a conventional S\¥Wused. Nonetheless, there exist
other solutions, involving complex calculations d@hdse will increase the complexity of
the DTC drive. This defeats the purpose of the d@&TC philosophy of simple
implementation. In contrary to classical DTC, insthhesis, the duration for the
application of the voltage vector is determinedoading to the conditions of the flux
and thrust errors to reduce these ripples. Durivgy dapplication of the zero voltage
vector, no power is absorbed by the machine sordiak and torque are only decreased

slightly. If the selected non-zero voltage vecwapplied for a portion of the switching
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period and the zero voltage vector is applied fa ttest of the switching period then
these ripples can be reduced. The portion of the hamed as duty ratio is determined
according to the decrease or increase in the fhuk thrust errors for example if the
thrust and flux errors are increasing, then the datio is set as big rather than small as

shown in Table 5.1.

Table 5.1. Duty ratio selection according to theist/flux errors

Thrust Error| Positive, | Positive, Negative, | Negative,
increasing | decreasing| increasing| decreasing
Flux Err
Positive, %55 %75 %75 %55
increasing
Positive, %75 %95 %95 %75
decreasing
Negative, %75 %95 %95 %75
increasing
Negative, %55 %75 %75 %55
decreasing
5.6 Summary

In this chapter, an analysis of the effect of tba-idealities on the DTC implementation
and their solutions are mentioned. The effect édetfand gain errors in the measured
current and voltage signals are analyzed. Theyecansrror in the estimated stator flux
linkage hence in thrust estimates and, further cnoming to the characteristic
properties of the control system. The flux estioratbased on low-pass filter approach
including the stator flux magnitude and phase ameglters compensation is effectively
eliminate the errors in calculated flux. Under tligicture, a better flux correction gives
an effective improvement for a motor’s output terqd’he current limiting algorithm
while following the flux and torque set commandsalso mentioned in this chapter.
Finally, the method for achieving torque ripple mmization is suggested by arranging
the duty ratio of the selected voltage vectors ddpwy on the torque/flux error status
for every sampling period. This can be accomplistbdusing fast digital signal
processor TMS320F2812.
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CHAPTER 6
Z-SOURCE INVERTER

The traditional pwm inverter has been widely used adjustable speed drives,
uninterruptible power supply applications [30]. Hower, it has some limitations.

Obtainable output voltage is quite below the inme voltage [78, 79]. This problem is
mostly solved by using a dc-dc boost converter aithextra cost. In 2002, Peng F. Z.
proposed a new type of power inverter. To diffant this new inverter from

conventional voltage source inverter (VSI) and entrsource inverter (CSl), the author
called it as impedance source (Z-source) inverES3l)( The main circuit and its

operating principle have been described in [80].

In the traditional 3-phase voltage source inve(¥§l), the shoot through states in
which both switches in a leg are in the on state,sé&rongly forbidden. However, miss-
gating from EMI can cause shoot-through that Igaddestruction of the inverter. The
dead time that is needed to avoid shoot-througtchvireates distortion and unstable
operation at low speeds. However, in the case sduzee inverter, in addition to the
eight vectors of traditional VSI, one more vectserdefined which is called as “shoot
through zero vector”. The z-source inverter malsssaf this vector to boost the DC link
voltage without using a boost DC/DC converter. Mwes, it reduces harmonic current
[82]. To utilize these advantages, ZSI was applethe adjustable speed drives, fuel
cell applications, UPS systems [78, 79, 82- 84].

Figure 6.1 shows the general structure of the Vi&eld Z-source inverter. Although
DC/AC conversion is the most common applicatiothef Z-source topology, it can also
be applied to AC/DC and AC/AC power conversions- 8. The X shape impedance is
the Z-source network which is composed of two indigcand two capacitors to provide

a coupling between the DC source and the inveridgé.
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DC Source Z Netwark VSlI

AC Load

»>

Figure 6.1. Block diagram of VSI based Z-sourcesiter
6.1 Steady State Circuit Analysis

The ZSI has two operating modes: non-shoot threugtle and shoot through mode. To
perform the circuit analysis of ZSlI, the equivalencuit models belonging to these
modes are constituted by looking from the dc limttesin Figure 6.1. Figure 6.2(a)
shows the equivalent circuit of ZSI in non-shoatotlgh mode, while Figure 6.2(b)
shows the equivalent circuit in shoot through m{8®@]. As can be seen from these
figures, in the shoot-through state, the Z-souretvark is shorted and in the active

state, the Z-source network sees the load voltage.

+ VYu

Vi G

Ve © v, =0
_ Ve,
T oV 7
(b)

Figure 6.2. Equivalent circuits of ZSlI: (a) Non—shthrough mode (b) Shoot- through

model
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For simplicity, the inductorsand L, and capacitors £and G are assumed as to have
the same inductance L and capacitance C, resplcti@8]. As a result of this
assumption, the Z-source topology becomes symraétgizing rise to the following
equation (6.1).

V1 =Ve2 =Ve Vi1 =V =V (6.1)

The inverter bridge is assumed in the shoot-thrauglde for an interval of gf and in

the non- shoot-through mode for an interval g§, @uring the switching period of Ts.

Ts =Tsh+Thsh (6.2)

Mode 1: shoot through mode
In mode 1, the energy transferred from sourcedd kequals to zero. From Figure 6.2(b),

the inductor voltage and the input voltage of tineerter can be written as:

VL :VC VDC = ZVC Vi =0 (6.3)

Mode 2: non-shoot through mode
In mode 2, real energy transfers between the samdeload. From Figure 6.2(a), the

inductor voltage and the input voltage of the ineecan be written in (6.4).

VL =Vpc V¢ Vi =Ve -V =2/c -Vpc (6.4)

Since the average voltage of the inductors overswitching period should be zero in
steady state, the inductor and capacitor voltagesdarived as in (6.5) and (6.6),

respectively.

TV +T -V,
V|_ :\_/L - IVLdtz shvVC nSh(\/DC C) =O (65)
0 Ts
Ts-T.
Vo =—S_ shy 6.6
C Ty -2rg, O (6.6)

As can be understood from equation (6.6), the gtestate capacitor voltage is only
dependent on the shoot through time. However, ¢tetionship between them is not
linear as shown in Figure 6.3. This nonlinearityyrdateriorate the transient response of

capacitor voltage especially when the shoot thrdirgl duty ratio is bigger than 0.4.
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Figure 6.3. Relationship between the capacitoragatand shoot through time

Similarly, the average dc link voltage across theé¢ phase inverter can be found by
(6.7). The average of the dc link voltage is eqodhe capacitor voltage.

N _ _
_ Tsh0+Thsh(@Vc ~Vpe) _ Ts —Tsh Vpe =Ve (6.7)

Viz\_/i:.[vidt T T oT
0 s s~ #lsh

It can be understood from (6.3) and (6.4), theink-koltage of the inverter has a
pulsating nature. The peak value of the pulsaticdirnk voltage is expressed in (6.4)

and it can be rewritten in steady state as give(6L8).

T

T _82 T Voo =BV, (6.8)

Vo=V -y =

Notice that, the boost factor denoted by B in eiguat6.8) is always bigger than 1 and
can take any value between one and infinity.

6.2 Improved Z-Source Converter

In traditional type of Z-source inverter, at stap; the capacitors are charged to half of
the input dc voltage over the free-wheeling diodesnubbers of IGBTs immediately.
This phenomenon results in surge current and weltaghe filter inductors as shown in

Figure 6.4 by using Matlab/Simulink.
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Figure 6.4. Current and voltage waveforms of amator with traditional topology

These problems can be overcome using series ZSthwiki proposed in [91]. The
modified topology is given in Figure 6.5 in whichet X-shaped LC network is

connected in series with dc voltage supply andhhee-phase inverter.

A
1 HHGH
Tomotor V

Figure 6.5. Improved Z-source inverter [91]

With the modified topology, the surge current thglauhe filter inductor is obtained by
using Matlab/Simulink as shown in Figure 6.6. Ologly, it is considerably smaller

than the one with the traditional topology.
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Figure 6.6. Current and voltage waveforms of amabor with modified topology

In principle, the improved Z-source inverter hasoatwo operation modes; the non-
shoot through mode and the shoot-through mode@srsin Figure 6.7.

+ Vi - + Vi -

Figure 6.7. Equivalent circuit of improved Z-soumceerter [91]
(a) shoot-through mode. (b) non-shoot-through mode.

In the shoot through mode, the diode is open drdyithe inductors are charged and the
capacitors are discharged.
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VL =Ve+Voe e =i i, =20 vi =0 (6.9)

When in the non-shoot through mode, the energyaissterred between the dc supply

and the load, the inductors are discharged andapacitors are charged.

VL= _Vc \ :VDC - 2VL :VDC + 2vc (6.10)

Assuming sinusoidal steady state conditions, tltiétor and capacitor voltages are

derived as in (6.11) and (6.12), respectively.

T

S

VL - \—/L - .[VLdt - Tsh(VC +VDC) +Tnsh(_VC) =0 (611)
0

T

Vo=, 6.12
¢ T,-2m, °° (6.12)

As can be understood from equation (6.12), thedgtetate capacitor voltage is less than
the the capacitor voltage with the traditional Z8lrthermore, it is zero when the shoot
through time is zero. Figure 6.8 shows the ratithefcapacitor voltage to the dc supply

voltage with respect to the shoot through dutyorédr both topologies.

4
\ T \ T . \ T
!
!
35f / / -

K
/
3+ ""/ / -

—— with improved ZSI y /
—— - with traditional ZST 7 / -

Ve /Vde
-
N
L

1 1 I I 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 045
shoot through duty ratio

Figure 6.8. The ratio of the capacitor voltageh® dc supply voltage with respect to the
shoot through duty ratio for both topologies
With the improved topology, the capacitor voltagyess is less than the traditional one

as expected. Notice that, the boost factor denbie® in equation (6.13) is always

bigger than 1 as in the case of traditional topplog
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. v, =8BV,

DC
Ts = 2T, (6.13)

Vi =Vpe + 2V =
The modulation scheme and the voltage boost capyalasle the same with the
traditional topology but with reduced cost duedw loltage stress on the capacitors and

lower inrush current.

6.3 State-Space Model of Improved ZSI

A state —space averaging technique is widely usenhadeling of power converters.
Since power converters are high frequency switchiimguits, in a well-designed
converter operating in Continuous Conduction MAd€N), the switching ripple is low
and the switching frequency is much higher than tiaural frequencies of the

converter.

Hence, a possible simplification of a power comsennodel could be obtained by
ignoring the switching ripple and averaging thecuir waveforms over the switching

period.

For a z-source inverter operating in a continuausdaction mode, there are two circuit
states one state corresponds to a shoot-througéd atel the other one to non-soot
through state. During each state, the linear diisullescribed by means of a state vector
consisting of the inductor current and the capacititage. Equations (6.14) and (6.15)

constitute the state space model of the improveouzee inverter.

M1 0 0 0 O0llin| [0 0 01 0 Jiu| [1]

0 L2 0 0 Ofli,| |0 0 10 0i,| |2

0 0 CL 0 Of|yy|=[~1 0 00 0 |y,|*OV,

0 0 0 C2 O0fly,| [0 -100 0|, ||O

(0 0 0 O LJjj | L0 000 =R, | |0

Kx(t) = Ax(t) + Bu(t) (6.14)
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1 0 0 0 Oljiu| [00 -1 0 O Jiu | O]
0 L2 0 0 Olli,| |00 o0 -1 0 |i,] |0
0 0 CL 0 Of|yy|=/1 0 0 0 =-1|y,|*OV,
0 0 0 C2O0l|y,|/ |01 0 0 -1},.|10
(0 0 0 O LJ|j | 00 1 1 -RIJ; | [1]

K x(t) = AX(t) + Bu(t) (6.15)

Using the state space model, the model can be geraver the switching cycle
provided that the natural frequencies of the camveare much slower than the
switching frequency. This is called the state spaeraging and the results of it are the
state space equations of the equilibrium (or stesae) and the AC small signal model
[92]. The state space averaged model that desdhleasonverter in equilibrium is given
in (6.16).

0=AX+BU

(6.16)
where the averaged matrices are
A=DyA + @- Dsh)Az B=D,B + @- Dsh) B,
—O_ i 0 0 DSh _1 DSh 0 ) I L1 _DSh }
0 0 0 D Dy, -1 0 iL2 Dgn
0 -2Dg, +1 0 0 0 Den =1 ye, [0 V_
0 0 -2Dg, +1 0 0 Dy, -1 Vs 0
LY L Jio L d
(6.17)

The equilibrium dc components are X:equilibrium)(dtate vector, U: equilibrium (dc)

input vector. Solution for X=-ABU is given in (6.18).
1-D 2\@ | = 1-D }Voc
' \1-2D) RI

1-2D) RI (6.18)

Ve = —= Ve ILz[
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6.4 Dimensioning of Capacitors and Inductors

During the design of the z-source inverter, theeeination of the inductance and
capacitance values are challenging. These valumddsbe determined according to the

selected boost factor.

The purpose of the inductors is to limit currepipte through the system. During shoot-
through mode, the inductor current increases dumg-shoot through period it
decreases. The average current through the indoatorbe defined in terms of total

power P and the input dc voltage as shown by (6.19)

s (6.19)
VDC

For an 10KVA system with 350V input dc, the averagerent is about 30A. The

maximum current through the inductor is maximumshoot through. In the design

procedure, 30% peak to peak current ripple thrahghnductors was chosen. Therefore,
the allowed ripple currentA{.) is 9A, the maximum current through the inducter i
about 35A.

Assuming the capacitance value as high enoughdp ke as constant during changing
states, the inductor value can be expressed b§)(Bi2on-shoot through state in which
the inductor current decreases and by (6.21) iotstiwough state in which the inductor

current increases.

L - (l_ Dsh)VC
f (AN, (6.20)
L — Dsh(VC +VDC)
f I, (6.21)
_ Dy

where ©7qop °°
S

(6.20) and (6.21) show that the current ripplénesgame for both state.
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With ZSI operating at 15kHz with 0.23 shoot througlode duty ratio and 350V dc
input voltage, to keep the ripple less than 9Ae, ibguired inductance should be no less
than (6.22).

D, (1- D)V
L>_—sh sh)_ToC_ = 085mH
(1-2D,) Of [Di, (6.22)

where f is the operating frequency of the ZSI.

The main purpose of the capacitors in the z-linfoiBmit voltage ripple and also absorb
the current ripple. The voltage ripple across tapacitor can be roughly calculated by
using (6.23).

C (6.23)
whereAt is the shoot period.

To limit the capacitor voltage ripple to 3% at pgaswer, the minimum value of the

required capacitance is given by

(6.24).

300023
> =103IF
1500([15C (3% (6.24)

6.5 Modulation of the Z-Source Inverter

Although other than space vector pulse-width madthia(SVPWM) techniques like
sinusoidal PWM, hysteresis based modulation caruded to realize the z-source
inverter modulation [87, 88], in the thesis, SVPWM preferred because of lower

harmonic content and more efficient use of supplyage [89].

As mentioned in section 3.1, the eight invertertslwng vectors, six of them called
active vectors and rest of two zero vectors, ardus SVPWM. The objective of
SVPWM is to approximate the reference voltage veloyoa combination of these eight

vectors.
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To implement a SVPWM, first, the desired three phasltages at the output of the
inverter in the abc reference frame is transfornmtd a vector in the stationary d-q

frame. In this way, it could be represented by gnivalent vectorV . The mean

desired reference voltage vector that is defineat avsufficiently small switching period
can be considered approximately constant duringwitching period (¥) [89]. If this
reference vector is defined between the vectoMand .1, the reference vector can
be written in terms of these vectors and the zeabors as given in (6.25) [89].

—»
Vit

/,

Vre f

7 _»
/ Tkvl
U\"‘ >/Ts k+1

—» g
T —»

¥ V,

‘ =

Figure 6.9. Decomposition of the reference voltigeector k

TO TO —+T, To +T +T, Ts
k k k+1 7 -
jvrefdt— jv dt+ j Vdt + j V., dt+ [V, dt (6.25)
o, 10 7, T
2 2
T+ T+ T =

whereT, denotes half the on-time of vect\i[ andT,is half the zero-state time.

Since V,and V,are equal to zeroV,is assumed constant an , V,,are

characteristically constant vectors, ( 6.25) takesfollowing form:

T
Vier—S 5 S =\, T +V,,, T, (6.26)
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Splitting this vectorial equation (6.26) into itsat and imaginary components, (6.27) is

obtained.
COS—(k — 1)7T COSk—IT
(Vref ,d ]L - EVDC k _31 k3 ( Tk ] (627)
Vref,q 2 3 Sin( _3 )7T Sin_7T Tk+l

By using (6.27), each switching time interval céted as follows:

.k krr
Tk — \/_31-5 Sln? - COS? Vref d
Tk+1 2\/DC - Sin (k _1)7T COS(k _1)7T Vref ,q
3 3
_Ts
0~ ? T~ T (6.28)

Based on the above conventional SVPWM techniqué&#ditional VSI, a shoot through
duration should be added for ZSI. Figure 6.10 sh&&WM patterns for both
conventional VSI and ZSI, respectively [84].

Figure 6.10. SVPWM implementation for VSI and Z&i $ector 1 [84]
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As can be seen from Figure 6.5, these shoot thretagbs are evenly and symmetrically
located in each phase, without changing actives dtates T and k+;. The zero vector
time limits the shoot through state time. Everhé tic link voltage can be controlled by
adjusting shoot through time, the maximum shoobubh time is restricted by zero

vector duration depending upon the modulation index

6.6 Matlab/Simulink Modelling of SVPWM for ZSI

The block diagram of the developed model of SVPV@KASI is given in Figure 6.11.

Vref l S sector
VReference  Vd —{ Valpha Sector B sector T0 > -
Valphat P Valpha
Frequensy — Vol—BVbeta  ypoi > Vosta Tk Ly Tk S1,52, 3,34, 85, 36— 1 )
fset — pulses
d-q doltage transformation ~ Sector determination Vde Tk+1 o Tke1
Time calculation Tsh

Switching pattern generator

Vde
shoot through
factor

Figure 6.11. Block diagram of the developed SVPV¥KASI

Modelling of the SVPWM technique involves three msaiages:

= Determining the sector of reference space vector:

) —foomm o>

o— 2]

Sector

Figure 6.12. Modelling of the space vector seceednination
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One of the features of the modelling shown in Feg@.7 is the ease of sector

?

determination which is determined by two sign chacll one comparison,,\=0, Vg >

0 and~/3\,|<\V,|. The obtained numerical values are stored in lgpkable to find the

sector number.

= Calculating the time intervals:

By using (6.28), the necessary time intervals ateutated as shown in Figure 6.13. The
detection of a reference vector outside the hexagaiso done by checking the sum of
Tk and k+1. If the sum is greater than the half of the switgtperiod then the reference

vector must be scaled back to fit within the hexago

seCior
selecion

Vapha \f:-e'a ° idc

Figure 6.13. Modeling of finding time intervals
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= Switching pattern generator:

The switching pattern of SVPWM of ZSl is generabgdusing the Table 6.1 [84]. Note
that, when the shoot through time duration (Tsh¢dsal to zero, the switching time

durations are the same as that for the traditigsdl

Table 6.1. Switching time durations in each sector

Sector S1, S3, S5 S2, S4, S6

1 S1=T1+T2+ Tsh +T0/2 S4=TO0/2
S3=T2+ T0/2 S6=T1+ Tsh+T0/2
S5=TO0/2-Tsh S2=T1+T2+2Tsh+ T0/2

2 S1=T2+T0/2 S4=T3+Tsh+T0/2
S3=T2+T3+Tsh+ T0/2 S6=TO0/2
S5=TO0/2-Tsh S2=T2+T3+2Tsh+ T0/2

3 S1=T0/2-Tsh S4= T3+T4+2Tsh+ T0O/2
S3=T34+T4+Tsh+ T0/2 S6=TO0/2
S5=T3+T0/2 S2=T3+Tsh+ T0/2

4 S1=T0/2-Tsh S4= T4+T5+2Tsh+ T0O/2
S3= T4+ T0/2 S6= T5+Tsh+T0/2
S5= T4+T5+Tsh+T0/2| S2=TO0/2

5 S1=T6+T0/2 S4= T5+Tsh+ T0/2
S3=TO0/2-Tsh S6= T5+T6+2Tsh+T0/2
S5= T5+T6+Tsh+T0/2| S2=TO0/2

6 S1=T6+T1+Tsh+ T0/2 S4=TO0/2
S3=TO0/2-Tsh S6 = T6+T1+2Tsh+T0/2
S5=T6+TO0/: S2=T1+Tsh+TO0O/

The developed model for this part is given in Fegarl4.

sector
1

Tkl Outt
Tk —— 1,82, 53, S4, 85, 56
»Tk1 Outt > < ]
Tkl Outt -

Tk1 Out1 —
Tkl Outl —a

Figure 6.14. PWM generation
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6.7 Simulation Result:

In order to verify the boosting performance of td8&I, simulation study usin

Matlab/Simulink is carried out. The applied contneéthod is based on measuring

capacitor voltage which equals to the average vafuine inverter input voltage, al

from this measurement estimation of the necessary hadist [90]. The simulate

system consists of a dc voltage source, a diodes-phase zource inverter and a LI

as shown in Figure 6.15 and the system paramateigaen in Table 6.2
ST E CURRENT INJECTION SYSTEM
g 1 Converts Simulink signals
Diode L R g le— _ Scopel into currents
i J_ é&ltg | |_'| A
s T T N c r—=|B currents
T DE Votage Source Universal Bridge ¢
R
£ & & R
—HE g B wvoltages -
- s
Volage Measurement c

Al

¥

»B1 is1

Saturafion
Ramp  Safuralon? Transport

Delayl foet
@J’ SVPWM

Vref*

Figure 6.15Matlab/Simulink block diagram for voltage contrdl45I

MEASUREMENT SYSTEM
Converts voltages into
simulink signals

Constantd
.
o H = REFAC

Table 6.2. System parameters for simule

DC supply voltage 400V
L1=L2 3mH
Ci1=C2 2250uF

Reference peak output volt: | 120V

Sampling period ims
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During simulation, a ramp change of capacitor \ggt@ommand is applied starting at
0.55 second from 400V to end with 700V at 0.7secéiglure 6.16 shows the transient
response of the capacitor voltage with %57 boostipgration. The capacitor voltage
finally reaches its desired boost value after @d delay.

80C ‘
700 /\

600" Y -

—actual

500- _ N reference 7

400~ 7

Ve (V)

300 7

200 :

100 :

GO 0.2 0.4 0.6 0.8 1 1.2

time (s

Figure 6.16. Capacitor voltage versus time

Figure 6.16 shows the transient response of thpea& output voltage magnitude. It
follows its reference value of 120V.
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)
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O [ [ [ | | [
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Figure 6.17. Peak phase voltage versus time
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To achieve the necessary voltage boost level, tagimum shoot-through time is
increased gradually starting from 0.55 sec. tosge@. As can be seen from Figure 6.18,
after 0.8 sec. the maximum of the shoot througty datio is kept constant since

reference capacitor voltage is kept constant #ifisrperiod.

0.3

o o

e

g g W
I I I I

Shoot through duty ratio

o
B

o

o

L
Il

L L L
O0 0.2 0.4 0.6 0.8 1 12

time (s
Figure 6.18. Shoot through duty ratio

Figure 6.19 shows the PWM signals of six power dwés while boosting the dc link

voltage.

Pulse Durations

2 T T
s1 1 —‘
ol _
I I I | I I
-1
0.9877 0.9878 0.9879 0.988 0.9881 0.9882 0.9883 0.9884
2 T T T T T T
sa 1 .
0
1 I I I | I I
0.9877 0.9878 0.9879 0.988 0.9881 0.9882 0.9883 0.9884
2 T T T T
S3 1
ol i
1 I I | I I I
0.9878 0.9879 0.988 0.9881 0.9882 0.9883
2 T T T T T
s6 [ ]
0
1 I I I | I I
0.9877 0.9878 0.9879 0.988 0.9881 0.9882 0.9883 0.9884
2 T T T T T T
s5
ol _
1 I I I | I I
0.9877 0.9878 0.9879 0.988 0.9881 0.9882 0.9883 0.9884
2 T T T T T T
s2 [ i
0 I
1 | | | | I I
0.9877 0.9878 0.9879 0.988 0.9881 0.9882 0.9883 0.9884
time (s)

Figure 6.19. Six PWM signal during shoot-throughtest
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The simulation result related to the phase A irerecurrent is shown in Figure 6.20. It
suffers from switching ripples due to low switchirffgequency selection during
simulation study. They are suppressed by seleetisgitching frequency above 15 kHz

and well designed inverter output filter.

; \ | vaCtl‘JaI
| | I | | | |—fundamenta
IR
g | “ ‘ l “ \““ M“ “ “‘ “‘\ “\ i |
s \4\' | ‘l“ ‘ h !W il Il { \ \[u. )
o || - | A |
8ol [ || - RN .
s v W W W W W W
E oW J VY
o) \ \ i \“ | \ ‘\“ UH\ “ \‘ \’H v \ ’
‘ \ | l‘ ‘ | It ’ | M
09 092 094 09 098 . 1() 102 104 106 108 11

Figure 6.20. Phase A inverter current together watfundamental part

Figure 6.21 shows the line-to-line voltage of theerter and its fundamental component
during normal duration. Notice that, the peak valfithe fundamental part of the line-
line voltage is square root three times of therdefireference voltage of 120V. Also the

peak value of the line-line voltage is equal tdidk voltage of 400V.

Similarly, Figure 6.22 shows the the line-to-lin®ltage of the inverter and its
fundamental component during boosting period. Ag#ie peak value of the
fundamental part of the line-line voltage is 207/expected. However, the peak value
of the line-line voltage swings between +1000Mslbecause of the pulsating nature of

the input voltage of the z-source inverter satisbiy equations (6.4) and (6.5).
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Figure 6.21. \g line-to-line voltage
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Figure 6.22. (g line-to-line voltage during voltage boosting stage
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The simulated ZSI control system follows the immbseferences with acceptable
performance. After doing the necessary design noadibns like z-source component
selections, suppressing the switching ripples amdtihg ac voltage distortions, it is
applied in V/Hz control of LIM using a DSP system.

6.8 Summary

This chapter is related with mathematical analysisl simulation of the z-source
inverter. First, a brief introduction for the z-so@ inverter is given. Then, the steady
state relations are derived and boost factor isrghased on the simplified circuit of the
z-source inverter. Next, the z-source inverter eenpared to its series connected
modified version. The dimensioning of the inductarend capacitance values are
mentioned. Then, a modified space vector modulatiechnique and the related
Matlab/Simulink model are explained. In modellindpe shoot-through states are
distributed among the traditional space vector netthn pattern in such a way that the
active states are kept the same. Following that,stmulation results obtained with z-
source inverter based LIM are presented. The stiouolaesults verified that the dc link
voltage can be boosted to any value irrespectivaepaft voltage by changing the shoot-
through period of z-source inverter. It is conclddieat the LIM drive is suitable for this
topology as a step up converter in the dc link Whgonverts the input dc voltage to a

higher output dc voltage for three phase invertelge.
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CHAPTER 7
INTRODUCTION TO LIM DRIVE HARDWARE

LIM drive hardware is formed by two main parts: mowcircuit part and interface
circuits part. The interface section contains hé tow voltage, high speed logic and
signal conversion electronics, whereas the poweticseincludes the high voltage and
high current power semiconductors. The overall sete diagram of the experimental

set-up is given in Figure 7.1.

TMS320F2812
DSP board

Opto-coupler 380 V rms, 50Hz
program Isolation Circuit

[ | _[ome
I = = >
— ,.-_- interface download on-chip GPIO
= awnioa AD Driver Circuit
converter on-chip
| l l l
Voltage&Current L
Measurement Rectifier and
Circuit IGBT Inverter Filter Unit
A _ Snubber Circuit _

—{ encoder |—

Linear Induction Motor

Z

Figure 7.1. System block diagram of the experimesggup

The interface circuit part involves the voltage aodrrent measurement circuits,
input/output optocoupler isolation circuits, gatever circuits, fault detection circuits
and digital signal processor (DSP). The power dirpart is composed of ac reactor,

rectifier, its filter unit, the IGBT inverter antkisnubber circuit.

The interface circuits communicate with the powecuwt by the signals flowing

between them through DSP.
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7.1 Power Circuit Part

The power circuit part can be divided into five mgroups:
* Mains choke

» Three-phase rectifier

* Dc link inrush limiter, dc link filter

» Three-phase inverter & snubber.

The overall power circuit diagram is given in Figut.2. From left to right, the AC line
choke, the three-phase bridge rectifier, the dc Whmich is composed of the pre-charge
resistance, inductance and capacitors, and theté@mwehich is composed of six IGBTs
with diodes are shown.

Diode Rectifier DC Link PWM Inverter & Snubber
_____ q i - il lictiay
s T = KPR ERREY
IR BB T R ﬁl 'LEJ 6
Wi ! |
v, | L !
Ve —frren |
SRR | oo
| I i | |
[reteiene e oAl i s — r '_‘_TT'_'_'J

id i i
| Interface Circuits l

Figure 7.2. Power circuit diagram with snubber

The mains choke also called line reactor is coratert series to the mains side. It limits
any current peaks caused by surge currents ortsngi@perations. It also reduces the
harmonics and increases the lifespan of the DCdapacitors hence the lifespan of the
inverter. Since 3% line reactor is enough to previline buffering [93], the
commercially available the line reactor of 1.85 iskhosen in reference to (7.1).
Va1 380/ )

= = 138mH (7.1)

3%L
’ S 27  (10KVAP2750

= 003xL,,.,= 003X

linereacto
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In order to obtain DC link voltage level for theverter, three phase line voltage, 380
Vrms is converted to DC by using standard 3-phasmnirolled bridge rectifier with

filter capacitor and inductor to eliminate its \agje and current ripples.

The mean voltage on the DC bus is 1.654 times tlansnphase peak voltage.
Therefore, a diode bridge rectifier will produceanes14V DC bus voltage when the
input AC line to line voltage is 380V. Uncontrollddidge rectifier used in the power
circuit of LIM drive is selected as SKD 160/12 betSemikron Semiconductors having
a rating of 1200 V, 160 A. The voltage range issdmwell above the maximum dc link
voltage, since the voltage across this device duum-off will be much higher than the
DC bus voltage due to stray inductances in thauttir@his design point is specified in
[93] as “..Under worst case conditions, the amggtwf the reflected voltage pulse can

be 2 to 2.5 times the inverter DC bus voltage”.

Before the filter unit, charging resistor should ibeerted between the rectifier output
and the capacitor to limit the inrush current whmmwer is first applied [69, 94-95].
When power is switched on for the first time, tmergy storage capacitors are initially
fully discharged; it is practically a short circuwithout using a current limiting circuit,
the storage capacitors will draw a large amourhairging current from source which in

turn may give harm to the rectifier.

There are two main approaches to solve the probfanrush current:
» Using pre-charge resistors, with a bypass contaettbrer on AC side or DC side
of the AC/DC rectifier bridge
» Preferring a controlled AC/DC bridge rectifier ieatl of an uncontrolled ones
[94].
The first method, shown in Figure 7.2, is the mashmon and the practical method.
The resistor used to prevent the inrush currestating is specified at the worst case
conditions. The worst case occurs when the rectiieconnected to the supply at its

maximum voltage. The worst-case inrush currentbsaastimated from (7.2) [95].

V- (7.2)

Iinrush = Rs + RE
ec SR
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where Recis the equivalent resistance looking from thesfarmer secondary andegk
is the equivalent series resistance (ESR) of ttegifig capacitor.

The Maximum Allowable Surge Current (IFSM) ratinfitloe employed diodes is 1600A
for an interval of 10ms. IFSM rating of the empldydiodes must be higher than the
inrush current. Assuming the ESR of filtering cafmcas zero, minimum 0.8 Rinush
resistor should be added for controlling inrushrent.

The LC filter which is used after the rectifier wdssigned in order to minimize the
ripple on DC link. Harmonic representation of réetiwith LC filter is given in Figure
7.3 whereV,(hw) is a harmonic voltage source andis the harmonic order of the
rectifier output voltage at the filter terminal<]9

L
IANA R

Xi=jnawls
R
Vafne) G) I ;T)C' = Cr
fi .'!" I_

Figure 7.3. Harmonic representation of rectifiethwiC filter [95]

The dominant output voltage harmonic number isr@licee-phase bridge rectifier [95].
For good filtering, the impedance of the load sHobk larger in comparison to the
impedance offered by the filter capacitor to Gth harmonic voltage harmonic. The
equation using this assumption is given in (7.3).

_ 10
6w,/ R? + (BWL)>

C, (7.3)
Using the voltage divider rule, the rms value of 6ith harmonic voltage across the
load is given by (7.4).

1

Vg =
% (6w)L,C, -1

Vg = RFXVjye (7.4)
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\%
where RF is the ripple factorve(:1.654w3£5J is the dominant output

V2
harmonic voltage rms value and,. (= 1.654Vpeak(phase) is the output voltage mean

value.

Assuming RF as 0.05, it is reasonable to use 1rdHcitor and two capacitors connected
in series each has a rating of 4700 uF, 600 Vimimhte voltage/current ripples in DC
link. In addition, a resistor of 47k 15W is connected across each capacitor to balance
the voltage on them. The lower the value of theisbaesistor is the better the sharing
and the smaller the discharging time of capacitaitk be, but this will also increase

drive losses.

The three phase inverter was designed to drivé/ [ifkear induction motor with 535V

DC link voltage. Hence the maximum peak line t@ limltage achievable is 535V.

Assuming motor power factor is as 0.5, the peaketuiis calculated in (7.5).

\/gvrms(””e‘”ne) Xl i ms(iine) X0.5 = 7000V
_ 535

rms(line-line) — \/E

=215A
=30A (7.5)

V, =378/

line(rms)

l line(peak)

In the design, the considered maximum current vedaelGBT can carry is about 30 A
(peak). However, the current rating was selecteila& because of the consideration of

100 % safety margin. This margin has been seldotetbnsidering thermal safety.

During switching of IGBTS, the stray inductancesl aapacitances in the circuit may
cause resonances. These resonances can causd Q® % voltage overshoots during
the worst case condition. Therefore, it is wissdtect IGBT voltage ratings as 1200V.

According to mentioned demands, the co-pack IGBihwin ultra fast soft recovery
diode IRGPS60B120KD is used to build the inveridre voltage rating of this IGBT is
at 1200V, while the switching frequency is up tokd{.
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Snubber circuit design is very important in driwstem, especially for applications of
high current and high stray inductances. When aiTl@& suddenly turned off, trapped
energy in the stray inductance of the circuit issghated in the IGBT causing voltage
overshoot across the switch. The magnitude of @lage transient is proportional to
the value of the main circuit stray inductance #melrate of fall of turn-off current of

IGBT. The situation gets worse for higher switchsmeed of IGBT. Snubber circuits
can be used to protect fast switching IGBT’s frdra bvervoltage transients. They are
available in various configurations, RC snubbecuitt RCD charge-discharge snubber
circuit, RCD-clamp snubber circuit as shown in Feggd.4.a, Figure 7.4.b and Figure

7.4.c, respectively [95].

—. —.——
b
[
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T T T :
L ———) — 0O O
T gR g
J i | iy
a) RC snubber circuit b) Chargd discharge c) Discharge suppressing
RCD snubber circuit RCD snubber
circuit

Figure 7.4. Snubber circuits [96]

In the developed prototype inverter, RCD-clamp smulzircuit is used since it is more
suitable in high current applications [97]. At toff, the snubber diode is forward
biased and the snubber is activated. The energgdsio stray inductance is absorbed by
the snubber capacitor. The diode block oscillat@amd the snubber resistor consume the
energy of the snubber capacitor. During turn-onstingober capacitors are fully charged
to the dc bus voltage. Their discharge path isigeal/through the free-wheeling diode,

IGBT and the snubber resistor.
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Care should be taken to choose the appropriate vdlR and C to optimize the snubber
performance. Normally, the calculation of R andiowdd be based on the property of
the physical circuit. The energy stored in theystr@luctance should be absorbed in the
snubber capacitor by (7.6).

%Lmyi 2<2CV? (7.6)

A
N

S

The snubber capacitor computation was based onital iestimation value of circuit
stray inductance as 250nH, an acceptable oveneflagtuation as 22V, peak current
as 30A as shown in (7.7).

C - Lstray I

SoAav? P

-9 2
2 _ 250.102 30° _ 047 LF (7.7)

As G larger, the peak power and the switching loss lalllower. However, largersC
causes greater loss on the snubber resistor, sieceenergy stored in the snubber
capacitor should be discharged over a snubbertoessnother criterion is the time
constant produced by the snubber capacitor withstheber resistor. The RC time
constant of the snubber should be small compareitheéoswitching period but long
compared to the voltage rise time. Given the timestant of the snubber is equal to
(RsxCs ) and the initial capacitor voltage is equal 1@, V¥he voltage must fall to 0.1V dc

within the time period ton [97] as shown in (7.8).
t,, > 23R.C, (7.8)

RCtime constant should be at least 1/3 of the swtgluycle(t =T/ 3 =1/3f). A smaller
value of the resistance requires a higher withstgpgdower but serves a faster discharge
and a more effective snubber. If the snubber m@sistchosen as too low, the snubber
circuit current will oscillate and the peak currefitiGBT at turn-off will increase. Rs

calculation is given in (7.9).

1
6C, .1,

where {,~20kHz and G=470nF

=470hm (7.9)

Rs:
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Irrespective of the resistance, the power disopdtissPrsis calculated as follows.

Prs = % LI 2 fg, = %250.10‘9 307 20.10° = 225V (7.10)

The designed snubber circuit schematic is givefigare 7.5.

VDC >
91 D1 D2 SIZ D5
——<VDC DSEI120-12A DSEI120-12A DSEI120-12A
o <> CGND
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+c 3 L c2 #  Lcs 32
J2 470nF 470nF 470nF
= |
iceTl S 2 §1] %8% . R4 R3 R6
O <1 FGND1 FGND1 32 FGND2 32 FGND3 32
J3 X7 D4 XZ D3 XZ D6
o1 <] SC3 DSEI120}12A DSEI120{12A DSEI120}12A
IGBT3 o2 < SG3
o2 < FGND2
— C4 —C3 — C6
J% . < SC5 470nF 470nF 470nF | FGND1: . ‘E
IGBTY o= < SG5 FGND2<pe——2 16
O <1 FGND3 <De o
L= CGND FGND3<w$
To LIM Phases
‘% 1 <] SC4 vbee
el o 3% IGBT1 IGBT3 IGBTS
L] % ) IRGPS60B120KD IRGPS60B120KD % ) IRGPS60B120KD
SG1 SG3 SG5
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o1 <] SC6
IGBTH| g g <1 SG6
o T & FGND2 FDs
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IGBT2| 2 IGBT4
ST <4562 % ) IRGPS60B120KD
— SG4 SG6

IGBT6 IGBT2
IRGPS60B120KD % ) IRGPS60B120KD
SG2

Figure 7.5. The designed snubber circuit

<D
CGND

The chosen snubber diode has a low transient fdrwaltage, short reverse recovery
time and a soft recovery.

The leads in the DC-link between the input filtapacitor and the power semiconductor
devices have stray inductances. These inductanegscause voltage spikes on the
power semiconductors and huge peak output curespescially at turn-off of IGBTs. To
reduce this stray inductance, connections betweeimverter and the dc link should be
as close as possible.
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7.2 Interface Circuits Part

The main purpose of the interface circuits is todpice the gate signals (PWM) which
are required for controlling IGBTs in the powerccitt. The main part of interface
circuits is the software which is embedded into B microcontroller. The interface
part of LIM drive follows the primary currents audltages of LIM, dc link voltages and

currents, fault signals from protection cards andlfy motor speed continuously.
It is developed in six main stages as given irfollewing:

* Measurement and signal conditioning circuits,

» Fault detection circuits,

» Gate drive circuit,

* Input/output opto-coupler isolation circuits,

* Power supply circuits.

» DSP board, using TMS320F2812 DSP Controller,

» Embedded control software running on TMS320F281P bé&ntroller, using

code composer studio.

7.2.1 Measurement and signal conditioning circuit

The high accuracy current and voltage measuremast grimary importance for
acceptable performance of the drive control systdowever, the sensing techniques
not only pick up the measurements but also theenoighe power system. Therefore,
proper signal conditioning techniques must be appto alleviate the noise and high
frequency interference inherent in raw measuremedignal conditioning is further
necessary for filtering non-electrical signals cognifrom the environment, mainly
switching action of IGBTs in the sensed current aottage signals as mentioned

before.

Furthermore, since the voltage range of the anwatjgital converters in ezDSP

TMS320F2812 is between 0 to 3 V, signal scaling smfting circuit is also necessary.

According to the Nyquist's Sampling Theorem, in@rdb obtain a correct and unique

digital representation of sampled signals, the maxn frequency of the analog signal
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must be less than half of the sampling rate. Failarsatisfy this requirement will result
in aliasing of higher frequency components, meatiiag these components will appear
to have frequencies lower than their true valudgeréfore, it is necessary to pass the
signal of interest through a proper low-pass filtdrich is tuned for a cut-off around
maximum half of the sampling frequency. This operaeliminates the signal aliasing
phenomenon. For getting more signal informationyiéder bandwidth of anti-aliasing
filter is preferred. These filters are placed a tieginning of the signal conditioning

board.

In the developed hardware set-up, the analog weltagl current signals measurement
circuits were developed. Each circuit has an drgsimg filter. In the following sections,

the hardware platforms for the current and voltagasurements are described.

7.2.1.1 Current measurement circuit

Three techniques are used commonly for currentisgnshunt resistors, current
transformers and Hall Effect sensors. The consitlergerions for choosing current
sensor should be galvanic isolation, accuracy, eédsmplementation and robustness
[98].

Shunt resistor is a small value resistor insenteskeries with the specified current loop.
Since the load current flows through the resistocording to the ohm’s law, a voltage
drop proportional to the current value will be geted. Given the resistance known,
after we measure the voltage drop, we can getdhsesl current value. The merits of
shunt resistor are simple structure and low cost. iB suffers from the absence of
galvanic isolation. Moreover, the current shuntistes produces small voltages. It
always needs an amplifier to magnify this voltaggal, which makes this technique

more complicated.

Current transformers are relatively simple to impdat. The primary current will
generate a magnetic field that is coupled intoams@ary coil by Faraday’'s Law. The
magnitude of the secondary current is proportidaahe number of turns in the coill,
which is typically as high as >1000 A. The secogdanrent is then sensed through a

sense resistor to convert the output into a volthlgsvever, in reality, a part of primary
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current is used to magnetize the core. Thus |lessttie actual primary ampere-turns are
to be transformed into the secondary ampere-tdims.introduces an error especially in
the measurement of small current since a relatilalye part of the current is utilized

for magnetization. However, it is appropriate farge current application.

Another popular technology used in current measargns the Hall-effect sensor. The
current flowing through a semi-conductor materiglablishes a magnetic field in a
plane perpendicular to the current, which forcesrttoving carriers to crowd to one side
of the conductor. As a result of this crowding, @lioltage will develop perpendicular
to both the current and the magnetic field. Thenmaivantage of the closed-loop

method is high accuracy and repeatability overgelaignal range [94].

0

Power
Supply

© Measure

©

Figure 7.6. Principle of the LEM Hall effect curtesensor [95]

These models also have significant power supplwirements, as the secondary
winding current will be related to the maximum paimy current times the turns ratio.
The LEM usually requires a DC power supply of abbbitV DC in order to achieve a

high rate of change of current in the secondarydwmign This highdi/dt is also necessary

to maintain high bandwidth.

Among three of the current measurement methodd, $éalsor has a relatively high

performance. It can provide galvanic isolation hhégcuracy and ease of use.

In the thesis, Hall Effect sensors LA 100-P is cielé for current sensing. These sensors

are capable of sensing AC, DC and mixed currentefeamns. The output of these
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sensors is between 0-5V and unipolar. The spetdita of LA 100-P and its

connection diagram is given in Table 7.1 and Figuve respectively.

+4 o +

LA 100-F - - - o =
Is M

My—D—— oV

Figure 7.7. Connection diagram of current sensirgyit

Table 7.1. Specifications of the current sensor

Current Sensor LEM LA 100-P

Primary nominal rms current 100A

Primary current measuring range150A

Secondary nominal rms current  50mA

Conversion ratio 1:2000
Design temperature 85°
Supply voltage +15V
Measuring resistance (max) w2

The output voltage of the Hall effect current seremm be expressed by (7.11).

V., =il% Rm (7.11)
2

where, { is the stator current, N1 is the external turnsiiper, 1/N2 is the internal turn

ratio and Rm is the external measuring resistance.

The internal turn ratio for the chosen LEM is 1/@Ghd the numbers of winding turns
depend on the chosen LIM current range. In any, dasenprove the sensitivity of the
current measurement, a few numbers of turns shimelldassed through the Hall effect
sensor, since its accuracy is maximum around timeapy nominal current of the Hall

Sensor.
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Concerning a maximum 25A LIM current flowing thrdughe Hall Effect current
sensor, four numbers of turns are to be passedghrthe Hall Effect sensor to improve
the sensitivity of the current measurement. In tlaise, the induced secondary current is
equal to 50mA. Then it passes through the variaddistor (Rm) of 10Q and the output

voltage is equal to £5V which is the measure oflth\é current.

Since the ADCs on the DSP board cannot sense tisine voltage and requires signal
between 0-3V, the current sensors needs extra haedwn offset voltage is added to
the AC current signals to compensate the negatarés.pLater, in the software, this
amount is subtracted. Furthermore, the currentagsgmust be normalized between the
0-3V range using amplifiers before the ADCs. Theezaliodes are also used to prevent
burning the TMS320F2812 DSP in case of ripplehendurrent. All of these procedures
are combined in the signal conditioning circuitdref ADC unit of DSP in two parts: a
filtering subcircuit and a shifting and scaling smbuit. The shifting and scaling
subcircuit scales the signals coming out of LEMt umio analog signals of level 0-3V
which are required by the ADC unit of DSP. The a@rdsing filter subcircuit buffers and
filters the ADC from the sensing unit and minimizle interaction between them.

In the prototype study, the anti-aliasing filtemréalized by using unity gain Sallen-Key
type of second order low pass filter as recommemu¢@9]. The circuit diagram of this

filter is given in Figure 7.8.

Figure 7.8. 2-pole, unity gain, Sallen-Key type ipass filter

The operation of filter can be described in [99].l16w frequencies, where C1 and C2
appear as open circuits, the signal is bufferethéooutput. At high frequencies, where
C1 and C2 appear as short circuits, the signahusmted to ground at the amplifier's

input, and the signal does not appear at Vo. Nearcut-off frequency, where the
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impedance of C1 and C2 is on the same order an®&R3, positive feedback through

C2 provides bandwidth enhancement of the signal.

The overall current measurement and signal comdiitgp circuit design is shown in
Figure 7.9. First, the current signals must ber@t from the noise of the power system.
Then, the resulted signals are normalized betwbenti.5V range using amplifiers.
Furthermore, an offset voltage of 1.5V is addethe&oAC current signals to compensate
the negative parts. The zener diodes 1N4728A agd tesprevent current ripple which
is greater than 3V before the ADC inputs includit@X) protection resistor. All of
these procedures are combined in the signal condig circuit before ADC unit of
DSP in two parts: an antialiasing filter and ismlatsubcircuit, a scaling and shifting

subcircuit.

The antialiasing filter component values will bécatated with using Texas Instruments

FilterPro filter design program [100].

Figure 7.9. Current measurement circuit

7.2.1.2 Voltage measurement circuit

The dc link can be measured with a simple voltag&ler but its accuracy may not be

satisfactory. The voltage transducers also progaleanic isolation between the high
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voltage circuit and the low voltage measuremerdudir For this reason in order to get
reliable voltage measurement results without angenproblems, LEM LV-25P voltage
transducer will be used instead of a voltage divetethe sensing device in the study.
The insulation property of the voltage sensor igegaufficient to protect the digital
circuit and low voltage analog circuit from highltame part. The specifications of LV

25-P and its connection diagram is given in Tab®eahd Figure 7.10, respectively.

Table 7.2. Specifications of the voltage sensor

Voltage Sensor LEM LV 25-P

Primary nominal rms current 10mA
Primary current measuring range +14mA
Secondary nominal rms current 25mA (max
35mA)
Conversion ratio 2500:1000
Accuracy +0.8%
Supply voltage +15V
Measuring resistance (£14mA) 100-1®0

R1

Figure 7.10. Connection diagram of voltage sensirgyit

In the Figure 7.10, R1 is the resistance necedsacpnvert voltage signal to a current
signal, Rm is the measurement resistance. +HT, ehtlies represent the difference of
the tension, i.e. signal to be measured, termirafgl — are the supply voltages and Is is

the current output signal proportional to the ingighal.

The input voltage range pf LV 25-P is defined a¥ 10 500V. Conversion resistance
R1 is calculated in (7.12) assuming maximum valué00V for phase voltages of LIM.

The chosen maximum primary current is 14maA.
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400v/
=—— 7.12
R 14mA ( )

Considering 25% variation in voltage and compliamngéth a commercial value, R1 is

chosen as 47¢k

Rm can be calculated by using the max secondamemuof 35mA and the output

voltage value of £5V as given by (7.13).

35mA

Rm is chosen as 180 which is compatible with the LV 25-P specificatidar
measurement resistance range of 10029&emember that, the output voltage cannot
be chosen as 3V because of the ADC voltage spatidns. Therefore, the usage of
similar scaling and shifting circuit as in the @nt measurement is necessary before the
ADC pins of TMS320F2812 DSP. The overall voltageaswement and signal

conditioning circuit design is shown in Figure 7.11

8
PHASEA ..,

3+ {m
47k :

NEUTRAL Supply Volte
a2l

NAMELY 25
“PINOUT LV 25P 37

i

ADC Inputs

| Tezona

Figure 7.11. Phase voltage measurement circuit

7.2.1.3 DC link voltage measurement circuit

Each of the dc link voltage on the terminals othafsed LC circuit is to be measured
with respect to the negative dc link by using aslated voltage amplifier. The isolated
voltage amplifier chosen is HCPL-7800A which careswge the actual high voltage and
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translate it into a low level signal. Accordingite datasheet, it requires two isolated

+5V dc voltage supplies.

The developed circuit is given in Figure 7.12. poyper operation of the HCPL-7800A,

the input voltage of the isolation amplifier shoblel kept around 200mV range by using
nine series connected 250mW resistors and one #irfaince the isolated amplifier has
a gain of nearly eight, the output is about 1,8rivorder to get a max 3V signal from the

dc link, an additional gain stage is developedgisin operational amplifier.

R1 R2 R3 R4 c7
499k 499k 499k

J2
HV1
GNDHVL
CONN-H2

2 > ADCIN1

VDDL
GNDVDD1
CONN-H2

R33

D3
3.3k 1N4728A

GNDHV1
[

GNDVSS | RV3

° R18
° 69

R15
499K

R19
499K

CONN-SIL3

34 36
2 VDD2

GNDVDD2

CONN-H2 CONN-H2

J3

£> ADCIN2
HV2
GNDHV2
CONN-H2

D2
1N4728A

GNDHV2

Figure 7.12. DC link voltage measurement circuit

The designed circuit was calibrated under betwke®00V-800V dc voltage ranges. At

first, the offset compensation was done. The dmitaals was shorted, the measured
signal was adjusted to OV by using ZDkrimmer. Then the short was removed and
785V was applied to the dc link and by usin@5bot, the voltage signal at the input of

HCPL-7800A was adjusted as 200mV.
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7.2.2 Gate Drive Circuit

The gate drive circuit is the board between the PWNput isolation circuit and the

inverter circuit. The main functions of this boane;

» To provide isolation in transmitting the PWM siga&lom DSP to the gate of all
IGBTSs,

* To change the level of PWM signals, provide higlrent, high voltage to turn
on and off IGBTs quickly since PWM signals genelldig DSP are at 3V level,

e To transmit error signals from inverter to DSP lpaprovide short circuit

protection.

Figure 7.13illustrates a basic IGBT gate drive circuit, whichnverts PWM output
signals into appropriate voltage and current tret drive the IGBTs reliably and
efficiently. The conversion is performed by a pafitransistors connecting the IGBT's
gate to the appropriate,yand Vi voltages. For rapid turn-on and turn-off procekss,
applied voltages should be bipolar. The gate msistselected to generate a proper peak

current for charging or discharging the IGBT’s gate

Driver Unit

Opto- rmm———q  Qate IRGPS60B120KD
Cirol W ! Resistor  r——1 =
pler Von i i Re : C :
TMS320F2812 | } } | G| i
pwMon 112 | Y | E }
VoD ! : ¥3 L__]_J
L JI Rge

Figure 7.13. A basic date driver circuit

Gate drive circuitry and IGBTSs are the source dhlradiated and conducted EMI noise
[94, 101]. When the upper IGBTs are turning on,\ilile gate drive makes a voltage
swing of DC-link voltage in a few nanoseconds. leady/dt can create significant
common-mode noise currents through the parasigaative coupling paths, whilgi/dt
creates noise through inductive coupling paths.réfoee, in order to minimizelv/dt
and di/dt propagations, several design considerations haveettaken into account.

Optocouplers that isolate gate-drives from DSP shypeat importance in reducing
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common-mode noise. It will be a good design comaiten to use of an optocoupler

having a common mode rejection ratio of 15000 V/us.

The designed gate drive circuit consists of twdgparhe first stage consists of 6N137
optocoupler and CD74HCTO4E hex schmitt inverter 18N optocoupler is used to
provide electrical isolation between the interfageuit and the power circuit because of
its high speed and high-common mode noise rejec@n74HCTO4E hex schmitt

inverter strengthens the drive current.

In the second part, the optical coupler Drive Gir¢iCPL-316J is chosen as the driver
of IGBT due to its functions, such as fast switpeesd (500ns), optical isolation, the
feedback of fault situation, wide operating volta@®&V-30V), automatic reset and
automatic close down etc. In addition, it has allEn#&otprint size than older drivers a
16 pins surface-mount part. The chip takes logielleswitching signals, and outputs

gate signals for the power electronics devices.

According to the internal circuitry of HCPL-316Jvgn in Appendix B, Vout is

determined by VCC2 minus three diode drops. Inwask, we set Vout = 18-(3x0,7) =
15,9 V and VEE = -5 V. These voltages are usedriteedhe IGBTs. The gate drive
circuit is developed according design hints givaenits datasheet. The driver circuit
receives the gating signals from the DSP througtpuiuisolation circuit. The gate
signals are applied to its positive gate signalinmun. Therefore, IGBT turns on only

when its positive pin is at logic high, and its agge pin at logic low.

The collector-to-emitter voltage of the IGBT is ntoned by DESAT pin of HCPL-316J
and IGBT will be slowly turned-off if Vdesat exceeda threshold of 7V.

Correspondingly, a fault signal is propagated t® ithput side to notify the DSP for
detected fault condition, as shown in Figure 7Tlis FAULT output remains low until

the RESET is brought low.
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Figure 7.14. Schematic of the gate driver
The following steps are considered in IGBTs gateeddesign:
»  Gate resistor-Rg
The gate resistance has a significant effect ond§fmamic performance of IGBTs. A
smaller gate resistor charges and discharges et icapacitance of IGBT faster
reducing switching times and losses. However, fastatching leads to highati/dt,
which leads to higher voltage spikes and oscilietion the DC bus as well as increased
EMI contributions. A larger value of the gate rémige limits voltage transients and
reduces the oscillation. Choosing a more accurakeevis a trade off. From equation
(7.14) the gate resistance value is estimated.

Rg> Vecs ~Vee ~Vo, —1) _18-(-5)-15-1 _ 10250 (7.14)
IOLpeak 20

where \6_ is low level output voltage at the peak curren? &A

A larger gate drive resistor will reduce thiédt of the inverter which in turn reduces the
peak diode reverse recovery. However, this resultsgher duty cycle loss because the
device takes longer to turn on. More accurate taste value is found by practical tests
depending on the different switching frequency,tsiwing time, slope oflvdt and the
parasitic components originating from the circajgdut. In the experimental study,20
gate drive resistors are used.

*  Gate-Emitter resistor-R
Rge of 10 K is installed to prevent IGBT from being destroyeghte circuit is bad or
if the gate circuit is not operating and a voltagapplied to the power circuit.
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»  Gate-Emitter overvoltage protection

The absolute maximum rating of gate-to-emitter agdt is given as 20V for
IRGPS60B120KD. Therefore zener diode protectiomesessary in the case of a
possibility that a voltage greater than +20V islegup

. Isolated power supply

The driver provides a bipolar output of +15/-5 W fiapid turn-on and turn-off of
IGBTs. Since the potentials on the motor termircdl$he inverter are floating relative
the ground level, each of the upper side IGBTs rssgxhrate voltage supplies. For this
reason the driver circuit card is be equipped vietr dc power supply, three for upper

side IGBTs and common for the lower ones.

isolation | gate drive Ty
circuit circuit

ThMSI208512 «—virtual ground
PWM out
isolation gate drive i
circuit circuit —J(%

| 4— common ground

4

Figure 7.15. Electrical isolation between the bdsee circuitry and the logic level
control circuitry

»  Printed circuit board consideration

Special attention should be given to minimize tinaysinductance in the drive circuit. If
the wiring between the drive circuit and the IGBS long, the IGBT may be in a
malfunction due to gate signal oscillation or inédmoise. Twisted wiring is used as
shown in Figure 7.16 as recommended in [69, 10],1D2e gate wiring and IGBT

control circuit wiring is separated from each otaesmuch as possible.

Control
Signal +

Twisted Wiring J
Driver
Circuit
Short emitter
connection to gate
& drive circuit

Figure 7.16. Printed circuit board consideratiamsonnecting gate drive circuit to
IGBT
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The designed schematic of the gate drivert is shown in Figure 7.17. Each IGBT t

its own gate drive circuit which basically consistisa single chip HCF-316J with
some external componer
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Figure 7.17. Layout of the overall gate driver uit
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7.2.3 Protection circuits

Three causes of damage to IGBTs are over currgst, \wltage and over temperature

[103]. Therefore these three fault conditions stidad monitored by using:

* Over current detection circuit

» Over voltage detection circuit

» Over temperature detection circuit
Over current and overvoltage detection circuitsiwesed in order to detect over current
and overvoltage in the three phases of the invanerin the dc link. When a fault is
detected, the priority is to turn off all of theitshing devices. The second priority is to
alert the DSP via the FAULT signal. The third pitipis to indicate the fault by an LED

indicator.

The over current fault for the IGBTs are tracedy HCPL-316J driver by measuring
the saturation voltage VCE(sat) of the IGBT. Whe@E/exceeds a predefined voltage
an over current fault signal is indicated and adbwn sequence is initiated by its soft

turn-off property.

7.2.3.1 Phase over current/ over voltage detectiaircuit

The input signals for phase over current detectiocuit originate from the output of
current and voltage sensors. The developed cisaliematic is given in Figure 7.18.
The amplifiers do the action of precision rectifidrthe rectified input signal is larger

than predefined threshold, it means that the fdafgpen in the main circuit.

111



VOLTAGE at SENSOR ENDs

Vsensor B>—

4

|
[ ] j}Dk
THRESHOLD VOLTAGE ° - —

|
4

Figure 7.18. Phase overvoltage detection circuit

7.2.3.2 Over temperature detection circuit

The temperature sensor is used for monitoring éhgperature of the IGBT. Although
the IGBT can tolerate a junction temperature of°C5Q@he over temperature protection
is to be adjusted for a temperature of 75°C. The3kMrecision integrated-circuit
temperature sensor is used, whose output voltagenésrly proportional to the
Centigrade temperature. It is in a TO-92 packadrchvhas a 10 mV/°C output signal.

The developed temperature fault detection cireugiven in Figure 7.19. The signal out
of LM35 is amplified such that 75°C correspondirmy & V. All temperature fault
indication signals are OR gated with the other @i dault signals to feed back to the

DSP, where it could be monitored and the inveréer loe disabled if the temperature is

too high.
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Figure 7.19. Over temperature detection circuit

Together with the over current fault created by HGR6j, all fault indication signals

are proceeded to OR gate, the output from this @R @ fed to the DSP’s PdpintA
interrupt pins through input isolation circuit. Whéhe fault signal pin carry a falling

edge signal, PdpintA is enabled and put PWM oupis in the high-impedance state,
which disables the PWM signals within 200 nanosdsamsing internal hardware logic
within the DSP. This state can only be reset byeS RT CPU command from the DSP,
or the built-in reset-button from the power stage.

7.3 Summary

In this chapter, the general architecture and tleetrécal details of the developed
hardware set-up are described in order to implerttenpreviously mentioned control
algorithms for LIM. The developed hardware mainipuped in two categories: power
circuit part and the interface part. The powerutrpart consists of ac side choke, EMI
filter, three phase diode bridge rectifier, dc Imikcuit, three phase bridge IGBT inverter
and its snubber circuit and LC filter circuit. S&BTs (three legs) are used to obtain
bridge inverter. The isolation circuit part consistf voltage and current measurement
circuits, input/output optocoupler isolation cirsjifault detection circuits and gate
driver circuits. The design details and the congptethematics of the developed circuits
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are given. The interface circuits communicate wifte power circuit by the signals
flowing between them through DSP. eZdsp F2812 D8&&d can be regarded the
“brain” of the system. All the gate signals for th@BTs, the fault signals from the
driver boards, the signals for system reset anthalmeasurements are processed by the
controller. The produced gate signals have 0-3.2a¥pvalue. These signals are
amplified to 0-5 V and connected to IGBT drivercait. The driver circuit changes the
amplitudes of the signals to (-5 Vpeak)-(15 Vpeakd one driver circuit is required for
each IGBT. The amplified signals are given to Gatatter of each IGBT to constitute

the required three phase sinusoidal voltages.

The developed experimental set-up is adaptablenyol¥SP controlled motor control

system.
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CHAPTER 8
DSP IMPLEMENTATION

This chapter explains how to implement and realize algorithms mentioned in the
preceding chapters. The term ‘Implementation’ fier writing program codes at the
registers of the digital signal controller to mdke developed hardware system to work

according to a signal from the computer.

Power electronics systems typically consist of m&ar switching elements working at a
high-frequency. Therefore, real-time power eledatesystems demand the use of high-
speed data acquisition and control. TMS320F2812 D&sed controller meet these
requirements. In this thesis, all experiments Hasen implemented on this fixed-point

processor, so-called eZdsp2812 board.

8.1 Specification of ezDSPTMF2812

This 32-bit DSP is highlighted by 150MHz CPU, 12-t80ns A/D converter, 32-bit
timers and real-time code debugging capability. TRBC channels offer a fast
conversion rate of 80ns at 25 MHz clock speed. Sixteen ADC channels can be either
operated as an auto-sequenced cascaded sequetwerindependent dual sequencers.
The ADC conversion can be triggered by a varietysofirces including hardware,
software and a number of timer events in the DS8ytzhronize with different events

easily.

Two modules (Event Manager A and B) can generate PY8M pulses either
independently or synchronized to each other. TheMPYulses generated by the
compare units on each module are suitable for cbofrtwo three-phase full bridge
inverters simultaneously. A dead-band for the gégeals can be introduced for these
pulses on their rising edge. The EVs and ADC caedsly synchronized by selecting

the suitable interrupts.
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eZDSPTMF2812also offers a pair of hardware interrupt based power drive
protection pins (PDPINTA and PDBINTB for EVA and EVB respesy) for
protecting the inverters in case of faulty conditions. Two dedicat®d pins can be
configured for this purpose and can be controlled by external fault Mhienever a
‘low’ is sensed by the DSP on these ports, an interrupt of itffees$t priority is
triggered. All PWM channels are immediately sent into a highemiance state and
with suitable pull down resistors connected externally, these sl are kept at
‘low’ state during this interrupt period. More detailed descriptiaf the DSP
functionalities can be found in [102-105].

TMS320F2812 supports the 32-bits fixed-point format. The I[mbbrary
developed by Texas Instruments helps the programmers in writgjogthms as if
they were written in the floating point. To show the easinéstQmath” approach,
a simple equation implementation for three different approacheses giviable 8.1
[106].

Table 8.1. lllustration of “IQmath” approach comparing with tiadil fixed-point
and floating-point approaches in C language

Data type C implementation
Floating point float y,m,x,b; y=m*x+b;
Traditional fixed-point | long y,m,x,b; y=(long64)(my>>GLOBAL_Q+b;
“IQMath” _igy,mx,b; | y=_1Qmpy(m,x)+b;

The data type “_iq” seen in Table 8.1 is used to identify #r@bles in GLOBAL_Q

format. The GLOBAL_Q value indicates the number of fractional Hitshould be

adjusted basing on the needs of dynamic range and numeridakioes§106]. The

dynamic range is defined as the ratio between the largest anésnmaimbers that
is formulated in dB unit by (8.1) [107].

| argest_number
smallest number

dynamic_rangez = 20log (8.1)
The dynamic range of the floating-point processor is very hilghs allowing
representation of both very small and large numbers with excellent agcimac
contrast to floating point processor, for fixed point ones, timahyc range is much

smaller but it is cost effective due to its inexpensive architecture.
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Resolution and dynamic range requirement is application deperi@ét Higher
precision selection results in a lower dynamic range as illustratefiable 8.2.
Hence, there must be a tradeoff between the range and the resolutien whi
specifying the 1Q format. It is recommended to check the applicggoformance

with different numerical precisions for achieving the best performar@. |

Table 8.2. Smallest, least negative, largest positive numbersgyaramic range
among 16-bit fixed-point, 32-bit fixed-point, and 32-bit flogtipoint
representation

Resolution| Least negative Largest positive| Dynamic range
number number (dB)
16-bit fixed-point; Q15 2° -1 1-2% 90
32-bit fixed-point; Q31 2 -1 1-2* 187
32-bit floating-point 2% 2 2% 1535

While working with fixed point processor, one must ensure tiesign of variables
is retained and products don’t overflow i.e. during multiplicati®@therwise, the
coming situation is equivalent to changing the direction of diwetrol since the
contents of associated registers wrap around. By using pu cotidegtandicap is
blocked since two pu numbers can be multiplied together withverflow. Another
benefit is that it allows the same controller to be used for angrmegardless of its

parameters. In the program, 1Q24 was chosen as the default IQ format.

In the case of reading from ADC registers, to increase the accura&cyust reserve
as many bits as possible to floating part. For that reasons, pararmeth as motor

currents, voltages are stored as a Q15 fraction in programs. Bydfjparameters

-15
are converted between -1 and 0.99999 with a resolution oHbwever, PU values

should be selected carefully depending on the operating corgditibrthe rated
values are chosen as base values, the amount of states may exgeedtrarsient
regions that is also equivalent to changing the direction ofdh&ol. Therefore the
base values should be chosen according to the transient stateapesk tAowever,
this will give harm to the accuracy of the steady state computafitresamount of
transient peak state is system dependent but it is a goddgstaoint to select as 1.2

times of rated value.
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In the thesis, the channels of A/D function and GPIO functieragplied to achieve
the experiment system. The A/D function is used to obtain #esured three-phase
LIM primary currents, voltages and DC link voltage from Hall effeehsors. The
GPIO function is employed to deliver the 6 PWM switchingnalg to the gate drive
circuit, to detect fault from error sensing cards, to measure the sisaegl CAP
function and sending enable/disable signals for PWM generatiorekydoperation.

The resolution of ADC in TMS320F2812 gives a maximum accur@y3omA for a
maximum current of 30 A. The digital output of ADC can be descridye(@.2).

ADC , = %96 (Gain,,V,

input

+Offset.) (8.2)

Practically, the gain of the ADC is not equal to “1” and it's offeezero and also
sensors used may have dc bias that result in errors in the meadsréefoeémprove
the reading of ADC a software routine was used to estimate tret fiffseach ADC
channel depending upon the type of the signal whether ac ohdanput signals of
ADC was summed-up 5000 times before the inverter energized anchéhanerage
offset value is obtained and each ADC channel was compensated accorthig) t
obtained average offset value.

Throughout this thesis, the developed programs are writtenaimdG:ompiled using
Code Composer Studio (CCStudio). The CCStudio providestabks for code
generation with basic real-time analysis and debug. The verificaticsofolare
implementation is carried through graphics and visualizatioanteteous variables.
To develop a program using CCStudio, it is necessary to ceeai®ject. This
project is divided into folders and each file type has a foldee programming
environment and the project structure are shown in Figure 8i4.n&cessary to
indicate to the compiler the directory of the each file which is usdlié project;

otherwise the compilation cannot be performed.
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Flgure 8.1. A screen shot of a project developed in Code Csnnﬁmudlo

The developed source files follow the general flowchart which is showsigure

8.2. Programs start by initializing the necessary features andheeip of the DSP.
The initialization part defines and initializes the software varialdeastants and
specific registers. The initialized registers are watchdog timer eegjisevent
manager registers, clock registers. Some of these registers areagdefihe rest of
the program depending upon the developed algorithm. Once tlhaization is

finished the main function enters into an infinite loop withany function. At this
point the program waits for the interruption events and callsiteerupt subroutines.
An interrupt is enabled and its respective timer is activated to @ahewADC to

sample at specific intervals. Then, the timer used for triggering iptsrhas to start
and initiate ADC conversion. The actual controlling action Wél done within the

main loop and the Interrupt Service Routine (ISR).
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Figure 8.2. The basic program flow diagram

The open loop V/Hz controller was developed at first to ensure ¢helaped
inverter and peripheral hardware are working correctly. The outputheoHall

Effect current, voltage and speed sensors were monitored with thet®CBR@ure
everything was working correctly. From this simple test it wascluded that the

basic software structure and peripheral setup was fully functionBIf@ algorithm.

8.2 Implementation of the Modified Space Vector Pgle Width Modulation for
ZSl

The practical implementation of the space vector pulse width ratoll(SVPWM)
for the two-level z-source inverter (ZSl) is discussed in this sectio

The main idea of the SVPWM is that F2812 should approximatsdlycontinuously

synthesize the rotating reference voltage by using the eight camabis of inverter
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switching vectors. Therefore, the frequency of the output voltagane as that of
the reference voltage.

By rearranging the equation (6.11) according to the Figure 6.®&¢twrsl,

Vir.a = MV, cosa = d,V,| +d,V,|cos60°

Vit q = MV, Sina = d,V,|sin60° (8.1)

where d denotes duty ratio, M denotes the modulatmmex and Vmax is the

maximum value of the desired phase voltage.

By normalizing the voltages with the maximum phasdtage; Vmax=1 and
[V1|=|V2|= 2N3.

Then, the duty ratios can be derived as,
d, =Msin@C - a)
d, =Msin(@) (8.2)

Since the F2812 operates based on the fixed ppétérs, in order to calculate the
sin function, the F2812 needs a table of sinusowmiles. Because the d-q
decomposition is identical for the six sectorstams in Figure 8.3, a 60° sine look-
up table is sufficient. In order to complete ongotation, the sine table must be
cycled through six times. After selecting two adjaicbasic vectors and calculating
their possessing times including shoot-through sintiee next step is the selection of

the switching pattern.

Vi Veo
4

cwW ¥ L
V 180 H\‘P VO

ccw - ¥

‘ V240 ‘ ‘ V3OD

Figure 8.3. Switching pattern of SVPWM, CW reféw clockwise and CCW refers

to counterclockwise
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At the beginning and at the end of the each switghperiod, a zero vector is
activated by turning off all upper switches, andtime middle of the switching
pattern, a zero vector is activated by turning dno&the upper switches. The
different zero vectors are used in order to minanikze switching transitions. By
using both zero vectors in the modulation algoritlihe F2812 can achieve better

harmonic efficiency.

The developed SVPWM algorithm for ZSl is verifiedftre proceeding through the
experimental works. The developed SVPWM routined8i is given in Appendix
C. It was written in C and compiled using Code Cosgy Studio. It generates three
sinusoidal references with a desired modulationexndM) and frequency by
selecting the inverter sector and computing thdckivig duty cycles regarding the
selected shoot duty ratio. Then, it configures ixtPWM generators to work at the

selected switching frequency.

To go through step by step simulation, the zer@skiwough duty ratio is selected at
first. The developed SVPWM algorithm for ZSl is given iigute 8.4. According to

the developed algorithm, the following are stepth@nmain program:
1) Configure the timers and compare units for symic@WM.
2) Input desired shoot through duty ratio, speetidirection of rotation

3) Obtain the magnitude of reference voltage ve®tgr (based on constant V/Hz

profile).

The following are the steps in the interrupt driveadified SVPWM routine for ZSI:
1) Obtain the theta by integrating the command dpee

2) Obtain the sine and cosine of theta

3) Determine which sector/is in.

4) Decompose ¥; to obtain d, dy, ds, and @ as compare values.

5) Determine the switching pattern and load theaioled compare values into
corresponding compare registers.
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Get phase theta of V,;roteting at 2af .,

theta =theta+step size

Increase the sector number of Ve by 1

Ifzector
numbst = 3

Fezet sactor number to

k4
Obtain sm(theta), cos (theta)

v

According to the required shoot
duty ratio{d,.) caleulate d;. d;, d,

y

Determine the switching sequence

.

Load compare registers according
to the desired direction of rotation

Figure 8.4. The developed SVPWM algorithm for ZSI

[

¥

Throughout the experimental studies the waveformrasuements are conducted
with a 200 MHz four channel Tektronix TPS2024 SeriBigital Storage
Oscilloscope (DSO). The obtained PWM outputs relatethe upper switches were
monitored by DSO can be seen in Figure 8.5 for sactor.
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Figure 8.5. The obtained 20kHz PWM outputs relatethe upper switches for ea

sector with the zero sh¢-through duty ratio and M=C
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A simple low-pass RC filter circuit to filter out the high fregpcy components we
also used for further verification of the genera®@iM signals. The R and C valu
were chosen as R = 4.Rkand C = 100 nF. The selected—off frequency are lowe
thanthe PWM frequency. This Ic—pass filter is connected to the PWM output:
the TMS320F2812 and the filtered version of the P\&ilyhals were also monitor:
by the digital oscilloscope. The difference betweea filtered gate signals produc
a line-to lineoutput voltage which is free of harmonics as shawfigure 8.6 by re

line.

Operation

Sources

i
Position

Weitical
Seale

diladiaig
T

M 5.00ms

CH

Figure 8.6. The lowpass filtered form of the generated PWM waveform$tm a
50Hz and M=0.4 thre-phase voltages having positive sequence (Y«
phase A, Blu- phase B, Purple- phase C)

The filtered waveforms shown on the oscilloscope the same shape as the
shown in WatchWindow of CCStudio in Figure 8.7.the watch window scree
shot, the bottom figure shows the sector numbethefenerated rotating refere

voltage vector.
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Figure 8.7. The watch window screen shot for pesisequence voltage generation;
the first three show phase to neutral three-phadtages at 50Hz and
M=0.4 and the last one shows the sector numbearsdra

Note that, the order of the sector numbers shows dhvector is rotating in the

counterclockwise (CCW) direction indicating the pigs sequence.

The filtered forms of the generated PWM signalseasdso monitored by the digital
signal oscilloscope and CCStudio Watch Window fegative sequence voltage
generation. They are shown in Figure 8.8 and Fi§8erespectively.
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Figure 8.8. The lowpass filtered form of the generated PWM waveform$tm a
50Hz and M=0.4 threphase voltages having negative seque
(Yellow-phese A, Blue- phase B, Purple- phase C)
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Figure 8.9.The watch window screen shot for sequence voltaegergtior
the first three show phase to neutral t-phase voltages at 50t
and M=0.4 and the last one shows the sector nuntizeex
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After verifying the written program for zero shoot through statshoot duty ratio ¢
0.25 was applied to PWM generation algorithm. Thaegated pulses related to
two legs of the inverter bridge; PWM1, PWM4, PWMBNM6 pulses are shown
Figure 8.10 for four sdors. The filtered forms of the signals related ujgper
switches are also monitored in DSO as given in féig8i11l. According to thes
figures, the shoadthrough states are evenly and symmetrically locatezgach phas

as intended.

M Pos: 0U000s i i M Pos: 0.000s

I Coupling

] -Ei'r"f Limit

Figure 8.10. Thegenerated PWM pulses related for the two leg (PWRNM4,
PWM3, PWM6 ) with a sho-through duty ratio of 0.25 at 20k
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Figure 8.11The low-pass filtered form of the generated PWM waveforom®tm a
50Hz and M=0.4 thre-phase voltages with a sh-through ratio of
0.25

According to the DSO waveforms obtained with zend aor-zero shoot-through

duty ratios, the generated PWM pulses are symmatiwording to the same cen

and at the both ends switching signals are lowiartde middle all PWM signs are

high. Therefore, the obtained waveforms show tlm& developed source co

implemented in TMS320F2812 generates the switchiggals for -source inverter

in an intended manne

8.3 V/Hz Control Implementation

The open loop V/Hz control is a be control method, providing a variak
frequency drive for applications like fan and purap a reasonable cost. T
objective is to control the machine speed whilepkag the magnitude of the sta
flux constant by serving the highest torque cajitgbit a wide range [30]. While th
type of control is very good for many applicatioris,is not well suited t

applications that require higher dynamic perfornee

This method is based on the ste-state equivalent circuit as shown in Figure ¢
[30, 109].
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Figure 8.12. Simplified steady-state equivalentuirof induction motor

In this figure, if the stator resistance is assurtedbe zero and the stator leakage
inductance is embedded into the rotor leakage ilathge, then the air gap flux can
be approximated by the stator voltage to frequeatip. This equation is given by
equation (8.3), assuming that the motor is opegatirthe linear magnetic region, so
that Lm is constant.

V. V.

W Dbyl =2 = ¢, 0 (8.3)

To maintain the air gap flux at its rated value #odtage and frequency should be
varied in the same proportion [30]. After providitlge ratio between voltage and
frequency remains constant then the maximum toogumebe applied throughout the

motors speed range.

Varying the supply voltage and frequency in projportso that the stator flux

remains constant maintains the shape of the tasgeed curve but shifts it along the
speed axis. This effect is illustrated with theeblimes in Figure 8.13. This graph has
mainly two frequency regions; the constant torqeggan which exists at frequencies
from zero Hz up to a base frequency value, thetaahpower region which occurs

at frequencies above the base frequency.
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Figure 8.13.Torque-speed characteristics of andiaiu motor [69]

In the constant torque region, voltage and frequeme varied proportionately; this
maintains constant flux and the pull out torque asmains constant. Motors mainly
operate in this region. At frequencies above basguency, operation is limited by
the constant power curve. At frequencies above fraggiency, with rated voltage,
the air gap flux decreases and so does the toBpmause the motor flux is lower
than at base conditions, this operation is alsonknas field-weakened (constant

power) operation.

At frequencies above the rated frequency, the eoh&t/Hz ratio should not be used,
because the voltage has to be fixed at a maximulmeve avoid insulation

breakdown at stator windings.

Furthermore, at low frequencies, the voltage drapsed by the stator resistance
cannot be neglected. To compensate for this voliage below a certain frequency,
some boost voltage is required. The voltage boosiften applied at frequencies
lower than 20Hz to produce full-load torque. Thelagal voltage boost may be a

constant value as shown in Figure 8.14.
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Figure 8.14. V/Hz profile with constant boost

However, the required boost voltage depends on rimor and the load
characteristics, so using a fixed boost can produnckesirable results especially for
different loading conditions. For example, assunmeadior having a stator resistance
of 1.5 and full-load current of 20A is rated at 380V /50H he airgap voltage per
Hz is calculated as 7,6 without taken into accdhet stator voltage drop and as 7
with stator voltage drop. If the motor is operatgdfull-load at 6Hz, the required
voltage is 72V considering the voltage drop on skegor resistance. The required

voltage boost can be reached with a 12 V/Hz.

For the no load case again for 6 Hz operationreheired voltage is 42V. Using the
same fixed voltage boost value, causes applyingxaass of 30V, which may results
in saturating the iron core and overheating of moiderefore, the stator voltage
compensation is used instead of a fixed boost fwore the torque response during
low speed regions without the risk of saturationd amverheating. This was

accomplished by sensing motor current and autoaibtiadjusting the voltage boost

in proportion to the motor current.

The block diagram of the developed open loop Viigresented in Figure 8.15. The
slip compensation is not needed since the no-lgaeeds of LIM is close to

synchronous speed.

Electrical Gate
Speed Current | Frequency Signals e
Ref. = Limiter |=—— | VHZ |=— [SWM |—=> J :D:
LIM

Figure 8.15. Block diagram of VV/Hz control
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The developed software timing diagram and flowclaaet given in Figure 8.16 and
Figure 8.17, respectively.

Sampling Period T=2*PWMPRD

PWM Underflow
[‘/ Interrupt

Initialization PWMPRD

«V/Hz— «Waiting Time —
Soft
S?artWare TIUFINT TIUFINT

Figure 8.16. Software timing diagram for V/Hz implentation

The constituted Timerl Underflow (TLUFINT) intertumodule handles the whole
V/F algorithm. It is periodically computed accorgimo the selected fixed PWM
period value. The sampling period Ts ofuSQ20 kHz) is established by setting the
timerl period to 3750 (PWMPRD=3750). This timeiset in up-down count mode
and generates a periodical interrupt on timerl diwe event. The goal of the
T1UFINT is to update the stator voltage referenceoeding to the set frequency

command.

A current limiter monitors the motor current andluees the frequency command
when the current exceeds a predetermined valueodstbvoltage is not added to
V/Hz profile to compensate for the stator voltagsa@bed by the stator resistance at
low speed, instead IR compensation is done. The\hldck converts the frequency

command to voltage reference for SVM block by ugig).

voltout = _1Qmpy(_1Q(1.7408),absfreq) + _IQmpy(_0X296),iMag) (8.4)

where voltout, absfreq, iMag are all pu values.

The generated voltage is limited to its rated valuease of working in the field
weakening region. By using this computed voltage the selected frequency, the

SVM block generates the gate signals for the imvert

133



Program
Start

Disable
interrupts

4

DSP setup
Initialize
ADC,DAC,GPIO,QEP
and Enable Internal

Read set freuency

Read sensed currents from
ADC

ISR 1
Waiting Generate voltage reference [ «————no

Loop

il

Read the voltage command

!

Determine duty ratio value

l

Set PWM output and load
Compare Registers

Figure 8.17. Software flowchart for V/Hz implemeta

V/Hz
Algorithm

Initial value of the frequency set value is als@artant. When the motor is operating
in the solid line portion of the torque-speed curtlee motor current is directly
proportional to motor torque. However, other thha solid region, if the motor is
line started, the current inrush will be approxietat600% of full load current. To
ensure that the drive system is not require 120%atedd current, the drive is started
at a low frequency about 1-2 Hz and then incregeed by increasing frequency
linearly by this way the motor always operate oa #olid portion of the torque-

speed curve.

Since the V/Hz control method is based on the stastate motor model, it cannot
achieve the adequate dynamic performance. Thisbeaconsidered as the basic
drawback of the scalar control method. However, thirea V/Hz control or direct

torque control is applied to an asynchronous makar,applied voltage is tied to the
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applied frequency through the magnetic flux capyacftthe motor so the rated flux
cannot be exceeded.

8.4 DTC Implementation

The developed DTC algorithm has two control loojp& inner one consist of the
flux & torque estimators, hysteresis control andraserter voltage selector, the outer
one is the speed control. The motor speed is meadwy using HAMLIN 55075
hall-effect sensor through CAP1 input of DSP. Theesl controller is implemented
with traditional PI type controller. Its resultimgitput signal constitutes the reference
for torque control. An inertia compensator is alscuded to reduce the deviations
due to acceleration or deceleration of the ine[fia0]. The torque reference
generated by the outer control loop is passed doirther controller. In presented
system three phase motor currents, voltages andirikGroltage are measured by

LEM sensors and processed by A/D converter.

Based on the measured voltages and currents, tiee ioop performs a coordinate
transformation to get the estimating torques oixdhki In the developed DTC
program, thrust and flux estimations are also rgted by using the per unit system
like the motor currents, voltages which are storasl a Q15 fraction for
normalization. Besides preventing from overflong thsage of pu values also allows
the same controller to be used for any motor rdgasdof its parameters. The pu
model of the linear induction motor defines thaataurrent and flux to be equal to
one when the drive has reached its nominal speddrurominal load. According to
the well-known base values, the flux and thrustagigus given in (2.8) and (2.10)
are normalized. The stator flux and thrust equatine rewritten as in (8.5) and (8.6)
to be used in DSP programming.

d

aws,pu = Tn (\7 pu_ Rs,pu i_s, pu) (85)

where Tn is expressed in absolute unit.

I:e, pu — wsd, pui_sq, pu qu pui_sd, pu (8.6)
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The written DTC subroutine is given in Appendix IEwas tested in terms of the

correctness of the voltage and current ADC readioiggshe motor obtained by

running 7.5kW, 380V,Y-connected motor at no-loamyuFe 8.18 shows the screen

shot of the developed program and Figure 8.19 shbev®\DC readings of the per-

unit (pu) values of the alpha and beta componehtsm@or phase currents and

voltages which are generated by using Clarke toainsdtion.
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Figure 8.18. The screen shot of the developed DT@yrpm working under

CCStudio3. e while watching per-unit (pu) valuestloé alpha and
beta components of motor phase currents and valtage
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1.8A rms for rated current of 15A refers to 0.12pgmak value which was verified in
Figure 8.18.a except from noise on. 220V rms feedaoltage of 250V rms refers to
0.9 pu peak value which was also verified in Fig8r&8.b. The noisy view of the
currents mostly results from the reading of too lsroarrent with the LA-100P

current sensor which is most suitable around 108&kpneasurements.

After verifying that the ADC readings are much eoo their real values, the flux is
calculated from these current and voltage readihlygsvever, it was not easy as
embedding only the integral equation given in (2.10 real world, the noises; dc
offsets in the measurements, digital approximaterors driving an ordinary
integration equation into saturation. To overcoris fproblem, low pass filtered
based integration is preferred as explained in temap. Figure 8.20 shows screen
shot of the developed program while running. Théaioled results related to the
estimation of the alpha and beta components ofltixeand its sector are presented
in Figure 8.21. Notice that, the estimated flux poments are oriented 90 degrees

from each other that as should be theoretically.
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Figure 8.20. The screen shot of the developed DT@yram working under
CCStudio3. while watching per-unit (pu) values lo¢ alpha and beta
components of flux and its sector
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Figure 8.21. Per-unit (pu) values of the alpha bath components of flux and its
sector

By comparing this estimated stator flux and thnostvalues with their reference
ones, the inner loop determines increments or desmés of stator flux and thrust via
a hysteresis comparator according to the switchioitage table. All internal data of

DSP is sent through a D/A converter and displapdtié scope for control purposes.

Figure 8.22 shows a flowchart of the DTC prograrhe Tdeveloped program is
started by initializing the necessary features pepherals of the DSP. The rest of

the application can be thought of as a sequent@eé operations:
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Voltage, currents and measurement through ADC

 DTC algorithm
* PWM generation

Program DTC Algorithm
Start Start

Disable Read sensed values from
interrupts ADC: currents, dc link voltage Read the voltage command
‘ and speed/position
DSP setup l 1
Initialize
ADC,DAC,GPIO,QEP Generate the thrust reference Determine duty ratio value

and Enable Internal through the speed PI controller

ISR l l
4 Calculate the primary flux and Set PWM output and load

thrust Compare Registers

Direct Torque Control

Algorithm l
l Determine the thrust and flux
errors, primary flux position

PWM Algorithm

Find hysteresis controller
output values and voltage
vector command from look-up
table

Figure 8.22. Simplified flowchart diagram of DTC

For a stable operation of hysteresis based DTCs 2ibue is elapsed in the inner
control. This type of operation becomes practicithWMS320F2812 technology.
The outer speed control loop is calculated oncenpllisecond to obtain new thrust
reference value. The detailed flow chart diagranD3iC subroutine is shown in
Figure 8.23.

Symmetrical PWM is used in the control implememtati By this method, the

general purpose timer is set in the up-down contisumode where its counter
register starts counting from zero up to the vaoged in the timer period register,
then it counts down to zero. Period register timadue is set to make the period of

the up-down counting equal to the switching penbthe drive.
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Calculate ids,igs,vds,vgs
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Estimate trqRef from speed by
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fIXErr = fixRef - |74 J

v

Select voltage vector according to
the defined error bands

Figure 8.23. Flow chart diagram of DTC routine
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The compare register is set to match the duty nsloe and it decides the active
duration time of the PWM output. When the valuetiofer count register during
counting up period matches the value stored indbmpare register, the PWM
output is set active and it stays in this statd thn value of the count register during

down counting matches the compare register valgd@sn in Figure 8.24.

"7 TP\‘)I 4’(

Period

Compare

Counter

Tewar Teap Pin
(active high)

Figure 8.24. Symmetric PWM Waveform [105]

The polarity of the PWM outputs is set active hi@H) to match the gate drive
requirement. The programmable dead band featutheoPWM generator is also
used to prevent shoot. According to the datashB&PS60B120KDP IGBT has a
maximum 800-ns turn off delay time that makes thlection of dead band of 2 ps

reasonable to ensure safe operation of the inverter

The flux reference is chosen in accordance withdhd level. When the rated torque
is required, rated stator flux should be develofg&idce the motor under no-load
conditions draws as little as 50% of its rated nedigmg current, a lightly loaded
motor does not need rated stator flux to produce thquired torque [110].
Thoughtlessly selected the stator flux referenceses excessive heating that lowers
the efficiency.

8.5 Summary

In this chapter, the algorithms mentioned in thecpding chapters using the
TMS320F2812 eZdsp are introduced. A brief desaipdf the dsp implementation

platform is also given. The developed control st using DSP is based on
generation of necessary gate pulses by processpy signals and adding user
interface. The core control routines used in th&B8ftware are described, tested by

building the related 'C' code and the test resultgpresented.
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CHAPTER 9
EXPERIMENTAL WORK

This chapter igelated with the results taken and the problematewad during
experimental study. At first, the generated t-phase voltages were given
resistive load to be ensured with the developed p®igram and hardware -up.
Figure 9.1 shows the general50Hz phase to neutral voltage waveforms with
without low pass filter at the inverter end witm@adulation index of 0.5 under 3(C
dc link voltage. The switching frequency is at 5k

M Pos: 0.000s TRIGGER

Type

Coupling

1B 0L

14-Feb

Figure 9.1 The generated phase to neutral voltages M= 0.50Hz, Vdc= 30\

without/with LC filter at the inverter el
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However, with the increase in dc link voltage, EMdcame a major concern when
DSP frequently reset caused by a trip signal itespfi no real fault condition. This is
nuisance tripping occurs even at 40V dc link levdle unwanted interfering signal
captured by digital signal oscilloscope (DSO) undl@y dc link seen in Figure 9.2
may come from noise sources via a radiation throsigace as electromagnetic

waves, or by conduction.

Figure 9.2. DSO capture of the signal at the fdeliection pin showing nuisance

tripping related to EMI problem at 48V dc link

From the figure, the noise occurs in the form ofroa pulse associated with the
PWM switching actions. Since the noise pulses #ferdnt from the real protection
signals which are hold by latches in the fault diéb@ circuit, a kind of digital filter
was added in software to eliminate narrow pulsestoth width less than 500ns.

With this noise elimination method, the system vgonkell with the input dc voltage
about 63V. The generated phase to neutral voltaggee low-pass filter end and at
the inverter end is shown in Figure 9.3. The mathhaindex is 0.5 and the
reference frequency is set to 50 Hz. The outpuiagel waveforms at the end of the
LC filter are very clear as shown by yellow, bluglgurple traces but for phase C at

the inverter end shown by green line is so noisyabse of the resistive nature of the
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load. The red line shows the I-line voltage. Experimental results show that
amplitude of the output voltage is about 18V whishvery close to the calculat

theoretical value.

CH1
Couplng

W, 1 5
w1 B Limit

¢
e
1
i
]
1
1
3
]

Figure 9.3. The generated phase to neutral voltsige8.5, f= 50Hz, Vdc= 63

However, the elimination f the narrow pulses was not a solution to the n
problem above 68V. After understanding the EMI inmityiof the developed contr:
system is not acceptable, several precautions ta&en against EMI to ensure t
success of the drive syste

9.1Electromagnetic Interference (EMI)

EMI results from the switching systems in which tharent or voltage chang
rapidly. The higher the switching dv/dt and difltthe higher EMI emission will b
Therefore, high voltage / high current power suggpower converters, contactc
and motordrives can cause serious electromagnetic distudsanichese affect tr

operation of the susceptible devices such as D®REs or /0O module

EMI can be radiated through space as electromagweties, or it can | conducted
along a cable. Conduction can take the form of con-mode or differenti-mode
currents. In differenti-mode, the currents are equal and opposite on thenives.
Commonmode currents are almost equal in amplitude orivtloelines, but travein

the same direction. These currents are mainly cabgethe coupling of radiate
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EMI to the power lines and by stray capacitive dmgpto the body of the equipment
[111,112].

The conducted EMI noise in a PWM inverter are myauhle to the many small
capacitive couplings exist in the drive systemstaswvn in Figure 9.4 [112,-114].

IR A

™

=
L

P 1+ Differential
_{ Mode Path

Common mode path Leakage current

Figure 9.4. Common mode and differential mode npaés in PWM drive
(modified from [112])

The design measures for EMI protection should besicered even in designing the
circuits, which cannot be added afterwards. Fomgaa, to minimize the inductive
coupling, it is good practice to keep PCB tracksshert and wide as possible,
especially for power supply lines in which the sibriracks which carry fast
changing currents. Other than PCB design, the tgkenautions to minimize the

EMI problem are listed as in the following;

» Power circuit (rectifier, dc link filter, inverterpart is not share the same
metallic cabinet with control circuit including TM30F2812 board as seen
in Figure 9.5. Both parts are screened individuahd the cabinets and
cabinet doors are properly earthed. By this wayyaind clean leads were

separated from each other as shown in Figure 9.6.
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Figure 9.5. Experimental set-up view before couméasures were taken against
EMI

Shielded power cables are also used between twoetaband both ends of the
shields are grounded at 360° in order to supprbHfREl. To allow the entrance of
the cables connected to the controller, holes adenin the side of the enclosures.
The size of the holes is small enough so that hidding ability of the enclosure is

not distorted. The length of the hole is smallentthe wavelength of EMI.
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it limiter

"Diode bridge rectifier
with heat sink

Figure 9.6. Experimental set-up view after counasures were taken against EMI

148



Line filter as shown in Figure 9.7 is added onitiput side of the three phase
rectifier after the variac to reduce the effechofse coming from commercial
power line. It comprises of a toroidal ferrite, aapance of the order of 0.1
pF, and two capacitors of the order of nF, a rascst of the order M and a
varistor to protect from over voltage.

Figure 9.7. The photo of the three-phase linerfilte

A power line filter is connected in the inputs aiear power supplies of
control circuit cards. This filter can prevent ERFI of the circuit with other

adjacent circuits.

Decoupling capacitors are placed between the supgland ground as near
as possible to each alone standing logic IC.

Since the usage of the long cables is more sustepti EMI than the short
cables, the cables are kept as short as possible.

Cables are also filtered using ferrite cores pdgskerrite is general term for
a class of non-conductive ceramics. They are ealheeiffective in damping

of high frequency oscillations above 1 MHz. To nmaizie their effect, the

wire through the ferrite core is wrapped two timis attenuate high

frequencies.

RC filter and metal oxide varistor (MOV) for contac coil and suppressor

diode for dc relay coil are used for reducing EMI.
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* The cable length between the inverter and the mistdtept as short as
possible and the chassis of the motor was groufateshfety reasons during

experimental study.

For the motors rated at 380V, the required DC kaltage is about at 550 V. With
the short rise and fall times of IGBTSs, the ratecbénge of the VSI output voltage
reaches approximately 0.5-11 kig¢/

The short motor cables can be considered as resisith 50 Hz. However, in case
of PWM IGBT inverter having short rise and fall estypically in the range of 0.05-
1us, the long cables represent shunt capacitamcestiay inductances similar to the
transmission lines as shown in Figure 9.8 [112].

Drive

Figure 9.8. Transmission line equivalent circuitaifg cables [112]

According to transmission line theory, a forwaravelling pulse is either partially or
fully reflected at the receiving end depending ba tmpedance mismatch in the
system [114]. When the motor impedance is gredian tthe characteristic line
impedance; the voltage is reflected from the mdiack toward the inverter.
Therefore, voltage doubling at the motor termirmaksy occur with long cables and
IGBT’s with small rise times. This over-voltagersient has been known to cause
premature failure of the motor and cable insulatromany installations [114]. The

critical cable lengths for various rise times aireeg in Table 9.1.
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Table 9.1. Minimum cable length after which voltatgaibling occurs at motor
terminals. ([115])

Pulse rise time Critical cable length
0.1 pus 6 m
0.5us 39m
1us 59 m
2us 118 m
3 us 177 m
5us 295 m

Additionally, the charging and discharging of thg capacitances of the cable with
steep changing of the inverter output voltage caeseessive peak currents.

Particularly, the charging current of these stragyacitors causes over current faults.

The usage of dV/dt filter is one of the solutioms grotect the system from the
destructive effects of peak voltages facilitated lbypg cable runs between the

inverter and motor.

Other than generating the voltage spikes on theomterminals, the rectangular
voltage forming characteristics of an inverter grabout the additional losses in the
motors caused by the high frequency current rippleese problems are solved by

installing a low pass filter at the output termin&the inverter.

A three-phase LC filter shown in Figure 9.9 is stdd in this thesis due to its
simplicity.

|P rh mﬂ Motor
nverter
m \

c1 ?\K_W c2

Rectifier

=

Figure 9.9. LC filter connection diagram
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In designing the LC filter, different design criteican be considered. These criteria
may include resonance frequency, filter size, emst losses. In our case, the design

is a compromise between the filtering performanmwtthe cost.

As a rule of thumb, for a fundamental frequencypOHz, the resonance frequency
has to be at least 500Hz and the PWM frequencheinverter has to be at least 5
kHz [116, 117].

According to the general LC filter output equatioise resonance frequency is
calculated by (9.1).

fr=—" (9.1)

- 2T Lfo

The filter capacitor provides a low-impedance p#ih high-frequency currents.
These currents are limited mainly by the filteruntbr. Capacitor value is calculated
by (9.2) to keep the max dV/dt at motor’'s terminghin the limits required by the

design specifications of dv/dt.

C> lpedavk,motor (92)

am ax

Another design criterion is the voltage drop in fitter inductor. The voltage drop

will be significant is the fundamental frequencyigh.

Even though capacitor and the inductor values @dria use are 40 uF and 1.2 mH,
since 8uF and 15mH inductor were available in #imtatory, so they were used

forming 460 Hz resonance frequency LC filter.

The frequency of the output waveform is plannecchange from 20 to 100 Hz.
Therefore, the minimum resonance frequency ofittex Ehould be 1000Hz which is

suitable for the switching frequency of 15 kHz.
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The sinusoidal LC filter may not require an additibresistor if the inverter output

voltage does not include significant harmonics riearsystem resonance frequency.
Furthermore, the motor impedance can be considaseé damping resistance.
Unfortunately, the LC filter also may produce sopneblems, namely the resonance
frequency, the common mode voltage on the motamitexls against the ground. The
damping resistance in series with the filter capacis alleviated this resonance

phenomenon.

A common mode current is also caused by the calyimmetries [118, 119].
If the cables are oriented in a totally symmetashion providing equal
capacitors and inductors like in Figure 9.10, thesre is less contribution to

common mode current.

Armor
Cable PVC Stranded
Inner & Meutral

1_ Quter

Filler | Sheath II Sheath
Red, White, | ite, | /
: ;O\ / Red, White, |, /
and Black Three and Black Filler
Conductors —— Ground Conductors
e e Conductors

Figure 9.10. Symmetrical cable [112]

When the four wires cabling as shown in Figure 9sliised as in this study, the
capacitance and inductance balance is distortetlaara result of this considerable

common mode current is induced.

Armor
Cable

Red. White,
and Black Single
Conductors Ground

Conducter

Figure 9.11. Unsymmetrical cable [112]
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The improvement after the taken EMI countermeasuresitioned above a
observed clearly on the signal at the fault detecpin as given in Figure 9.12

contrast to Figure 9.2, both were captured at 6©\irdk.

Figure 9.13. The generated phase to neutral vat®ye0.5, f= 50Hz, Vdc= 60
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After examining that the systems worked satisfalgt@t a low voltage (60V), th
DC voltage wasncreased in steps of 30V up to 250V. However, eaisll comes
out with increasing voltage. When the DC bus vatagaches 250V, an increas

noise level on the fault detection signal is ckeaden as shown in Figure 9.

U P T
c»- 100y T-Mar-11 16:43

|
Y

M Pos: 0LD00s LCH1

L ouplEeg

\ TRl it
;B Limit

R Y E [T T
T=Mar-11 16:43

Figure 9.14. DSO captes showing the signal at the fault detection pi25iV dc
link and the generatec-phase voltage signals after LC filtering w

countermeasures were taken against
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After increasing the dc link voltage to 275V, thetegresistor of the lower IGBT in
the middle leg was burn out. The problem is thekpsawer capability of the gate
resistor was not enough to carry the peak curtentirig in the gate-emitter circuit.
During turn-on process the gate driver circuit fging to charge the input
capacitance of the IGBT (4300 pF) from 0 to 18\50ns. According to (9.3), this
process might causes 1.548A flowing through 0.7%W) gate resistor.

Iypear = AV.C/At (®.3

To decrease the peak turn-on current, the gatstoedor IGBT is increased to €6
and the positive bias supply voltage is decreaged5V. By doing that EMI

emissions are further reduced. It is better tosusge proof, metal film resistors.

After putting the control circuits into the cabin#te gate driver circuit is away from
the inverter. Although the gate-emitter signalstemasferred through twisted cables,
about 55 cm long distances may lead to a higheuciiashce in the gate-emitter
circuit. Since as stated in [120] is that everyr of 0.5 mm od wire has an
inductance of 7.26 nH, an assumption of 100 nHystrductance in the gate-emitter
circuit with a di/dt of 30A/us would be generatsuage voltage voltage of 3V. This
can be result in a reduction in the applied gatétenbias voltage below 15V and
hence an increase in rise time of IGBT. Moreovepeahding on the stray inductance
and the input capacitance of the IGBT, reflecti@am ®e occur in the IGBT side
causing gate-emitter voltage to rise above itsdrasdue. This phenomenon is also
improved by paralleling a 10 & resistor between the gate-emitter terminals of an
IGBT. Furthermore, the distance between the gateerdand the IGBTSs is kept as
close as possible. However, the use of fiber omlde is the most reliable solution

but it is not preferred due to its cost problem.

After LC filtering with taken countermeasures agaiBMI, DSO captures showing

the three-phase input currents of the rectifier anithge and current waveforms of
motor are presented in Figure 9.15.a, Figure 9.aBd Figure 9.15.c, respectively.

The dc link voltage is 250V, the modulation inde)0i5 and the reference frequency
Is set to 25 Hz. All of them satisfy the theoretiegpectations.
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Figure 9.15.b. 3-phase motor voltage waveforrgeas after LC filtering showing
the signal at 250V dc link, f=25Hz
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Figure 9.15.c. 3-phase motor current waveformsadgyi=25Hz
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9.2 Results Related with ZSI Experiment

The developed Z-Source inverter prototype usedh@ déxperiment is shown in
Figure 9.16. The Z-source network has the followpayameters: {=L,=2.3mH,
C,=C,=3300uF. The inductors and capacitors are oversizethe prototype for
possible regenerative operation. There cannot lgeD&h capacitors right across the
inverter in the shoot-through states. With usingaalitional snubber circuit, a huge
loss will occur during the shoot through, thus ttelitional snubber circuit cannot
be applied in ZSlIs. A special snubber circuit iplemented in order to reduce the
overshoot as shown in Figure 9.16. During experimnée switching frequency is at
5 kHz and the modulation index is selected as 0.85.

Figure 9.16. Z-source view

The experimental results are presented for twoscake non-shoot-through mode

and the shoot-through mode.

1) Results during normal operation (non-shoot-thghunode):

For the first case shown in Figure 9.17, the inuwoltage is adjusted at 28V. For
the second case shown in Figure 9.18, the inputottage is adjusted at 50V. As
expected, the z-source capacitor voltage is theesasrthe input dc voltage for both
cases. The z-source input current is less than 8iBée no boost is applied. The
voltage across the inverter bridge is close to #&\the first case and 50V for the

second case.
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Figure 9.17. Results with no boost at 28V (yellamaut dc voltage, purple:-source
capacitor voltage, green: inverter input voltagkue: Z-source input

current)
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Figure 9.18. Results with no boost at 50V (yellawaut dc voltage, green:-source
capacitor voltage, blue: inverter input voltagergbe: Z-source input

current)

Based on the experimental results, without s-through, he inverter operates ju
as a traditional inverter, where the capacitor agst equals the input voltage

expected.
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i) Results with Boost Mode:

The shoot-through duty ratio of 0.18 is selectefirst for 50V dc-link voltage. The
pair of switching signals showing the shoot timéhging to the middle leg is given
in Figure 9.19. According to the switching patt&iZSI| generated by using the
Table 6.1, for a 5kHz switching frequency 6 shoetigd is seen in the bridge
voltage as shown in Figure 9.19. The inverter lwidgltage is equal to zero during
shoot times and equal to the peak value definethéyboost factor given by (6.8)

during non-shoot-through state.

M Pos 44,70 0% CLURS rIF

- :-.a__a_ B ]
CH1 al0vey

Figure 9.19.The inverter bridge voltage at the sipeoiods

The obtained results with a boost factor of 1.%6sdrown in Figure 9.20.

M FPos: =2080ms

I
1=
p—_—.-...-.-—.—.—.—.—.— —..—.-.—.—-.. m
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CHT qUulvey {2 al0vEw M S00us f
15-Api=11 1024

Figure 9.20. Results with shoot through duty ratid).18 at 50V dc input voltage
(yellow: input dc voltage, blue: Z-source capaciimitage, green:

inverter input voltage, purple: Z-source input eumt)

160



According to Figure 9.20, the average of the dk linltage of the bridge inverter is
shown by blue line is about 64V which is the expddheoretical value calculated
by (6.7) and the peak value of the pulsating dk-liverter voltage is very close to
78V which is the expected theoretical value cakeddy (6.8).

As a second case, the result obtained with a Haostr of 1.9 is shown in Figure
9.21. The average of the dc link voltage of theldpei inverter is shown by blue line
is 72V which is very near to the expected theoa¢t@lue calculated by (6.7) and
the peak value of the pulsating dc-link inverteltage is very close to 95V which is

the expected theoretical value calculated by (6.8).

M Pos =2.000ms

104

TTHTAETAAAT

Figure 9.21. Results with shoot through duty ratid.235 at 50V dc input voltage
(yellow: input dc voltage, blue: Z-source capaciimitage, green:

inverter input voltage, purple: Z-source input eut)

From Figure 9.21, the increase in the input curoémtsource inverter is clearly seen
as anticipated.

It is successfully demonstrated that the Z-sourserier operating in boost mode

with shoot-through can greatly boost the dc linkage as desired.
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Furthermore, Z-source inverter produces PWM voltageveforms just like the
traditional inverter. Thus, a LC filter is addedeafthe inverter to achieve sinusoidal

waveform. The filter parameters drees 25mHand C = 8F.

The experimental results are given for a 50V dk imltage in Figure 9.22 for no

boost and Figure 9.23 with 1.9 boost conditions.
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Figure 9.23. Motor voltages and current wavefornth B8=1.89

According to the simulation results, the obtainedtan voltages and current at the
end of the LC filter are sinusoidal, which confirti&t the Z-source inverter will
produce low harmonics with a boost capability.
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9.3 Summary

A prototype has been built to further verify theeggttion, theoretical relationships of
voltage boost of the presented z-source LIM driystesn. Experimental results
verified the effectiveness of the implemented zrseuinverter based on V/Hz
control strategy using fixed-point DSP TMS320F281z4th the developed z-source
inverter based on V/Hz control, the AC voltage aapko LIM is no longer limited
and is boosted 90% which is beyond the limit aahieby conventional VSI. The
obtained waveforms clearly demonstrate that theag@acitor voltage can be boosted
and maintained to a desired level, which is theraye input inverter voltage. The
results obtained with the prototype z-source irerectrcuit are slightly differed from
those obtained from theoretical calculations du¢ht power losses on the circuit

components in the experiment circuit.
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CHAPTER 10
CONCLUSIONS

The objective of this thesis is to analyze, desigd realize a flexible z-source inverter
based LIM drive system. The developed system iehas ezDSPTMS320F2812, all
the required experimental hardware components dimojupower circuit and interface
circuits. To solve this task, both theoretical @ndctical system are designed, simulated
and constructed.

The mathematical model of LIM is necessary in order obtain better control
performance. In chapter 2, the LIM mathematical etate given with an analogy to
rotary induction motor and the related Matlab/Simikuimodel have been presented.
Actually, the operation principles of LIM are simnilto the traditional rotary induction
motor. However, LIM’s control characteristics ardiamore complicated due to finite
length of its primary. As a result of this featutdlM has an end effect phenomenon
causing attenuation in air-gap flux also in thrésir achievement of better LIM control,
the end effect is considered in mathematical modetf LIM. The LIM mathematical
model with end-effect is developed in stationarfemence frame and the developed
model is simulated by using Matlab/Simulink. Therdetive influence of the increased
supply frequency, the decreased seconder resistant®ust is shown in chapter 4 by

means of simulation results.

The direct thrust control (DTC) is chosen as vectmntrol method for LIM. In DTC
method, flux linkage and electromagnetic thrust arentrolled directly and
independently by hysteresis controllers and s&ectf optimum inverter switching
modes. In this control concept, flux and torquetamnloop is required. In addition,
DTC requires only one parameter, primary resistaag®ng the motor’s all parameters
during a control operation. In this thesis, DTCL®% is mathematically investigated

and its simulation model is developed.The perforteanf direct thrust controlled LIM
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drive with different hysteresis band amplitudes florust and stator flux is simulated
with Matlab/Simulink. It has been deduced that thielth of the hysteresis bands
influences the drive performance in terms of fluxd dorque ripples, current harmonics
and switching frequency of the power device. Acoaydo simulation results, hysteresis
band for stator flux mainly influences the statarrent; on the other hand, hysteresis
band for thrust mainly affects the switching fregoye Consequently, it is better to
choose the small hysteresis band for flux for redwche current harmonics by
considering their heating effect and small hysisréand for thrust to reduce thrust

pulsations with using high-speed switching deviaed processors.

A method for better flux/thrust estimation for D€ proposed in considering the end
effect phenomenon of LIM and its viability is proveby using Matlab/Simulink.
Furthermore, the ordinary flux estimation algoritbased on open loop integration does
not work well practically due to the presence ofseand dc offsets. Offset errors in the
measured voltages and currents are mainly resutimg the analog signal conditioning
circuits and sensors. The problem arises fromrtesfacing of sensor-generated signals
with the A/D input of DSP. Since ezDSPTMS320F28&2epts analog input signals in
the range 0-3.3V, a dc offset of 1.5V is addedh® dc signal produced by the sensor.
However, the dc offsets at the A/D input differ doalifferent voltage drops on wires or
connectors. In order to alleviate this effect, dtvgare routine is developed for
calibrating the offset for each ADC channel. Thgnai is sampled 30000 times before

motor starting and the no-load offset for each clehis obtained.

Furthermore, in chapter 5 the flux estimation athon has been modified to work on a
real system for digital approximation and measurgnegrors as explained. A discrete
form of the low-pass filter is used instead of phee integrator in stator flux estimation
to prevent the integral instability. Moreover, tstator flux magnitude and phase angle

errors compensation are also accomplished.

Z-source inverter based LIM drive was not dealthwitefore in the literature. This
recently developed inverter structure is used terayme the problems in the traditional
voltage source inverters. It employs a unique imaped network coupled with the

inverter main circuit to the dc voltage that istiged from mains ac voltage. This new
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power conversion topology is studied as a step aipverter in the dc link which

converts the input dc voltage to a higher outputvditage for three phase inverter
bridge. Furthermore, the reliability of the voltageurce inverter is improved, since
there is no need for the dead times to avoid messvg from EMI that causes the

destruction of the v-source inverter.

Throughout the study, the steady state mathemaditallysis of ZSI is completed and
the related simulation results are also presemedhapter 6. The simulation results
closely agree with the theoretical calculationsaose both theoretical analyses and

simulations have been conducted under ideal camditi

The hardware design procedure for LIM drive sysisnpresented in chapter 7. The
capability of each developed hardware circuit ahd guidelines for selecting the
required circuit components are explained in defHiile experimental control design
details and flow charts to implement the contrgloathms are presented in chapter 8.
The developed experimental set-up is adaptablenyolxSP controlled motor control

system.

The obtained experimental results with the develgp®totype circuit related with ZSI
based on V/Hz control are presented. The operatiadhe ZSI and the effectiveness of
the voltage boost are verified by experimental ltesiWith the developed z-source
inverter based on V/Hz control, the AC voltage &pto LIM is no longer limited and
is boosted 90% which is beyond the limit achievgdcbnventional v-source inverter.
The results obtained in the prototype circuit hakightly differed from those obtained
from theoretical calculations. The reason for tisisthe power losses on the circuit
components in the experimental circuit. The forwanttage drop on the input diode of
z-source inverter led to power losses because itieda all the input current.
Additionally, the current through the z-source cajoas are also the source of power
losses. Thus, the usage of lower ESR capacitorddwalgo increase the efficiency.
Furthermore, it is observed that the line currentl avoltage contains much less
harmonics because of both the Z source inductots @apacitors compared with
traditional VSI.
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Prototype LIM drive system is designed and consedito realize the experiments. The
program developments for ZSI based LIM drive on 82DMS320F2812 are completed
and tested for V/Hz control and DTC. However, tleyeloped prototype drive unit
efficiency needs to be increased especially in $eahcommon mode voltage noise
reduction. The important consequences of this stardythat the application of ZSI
based LIM drive becomes practical and viable witbvacost, and also better flux/thrust

estimations are achieved for LIM.

10.1. Future Work

The simulations and experimental works of the gtddnethods show promise for future
works. Because of circuit construction limitatiottse developed methods could not be
tested over a wide voltage ranges. Therefore, ¥peremental work is required to

implement the developed techniques in the entilage range of LIM.

EMI problem is very important aspect of the motdwel system. The switching pattern
of the three-phase inverter IGBT’s also causegthged nature of DC link current with
different amplitudes and different durations. Tlenaucted EMI noise from inverter
switching is directly caused by the pulsating Dk Icurrent. Concerning the real plant
application of the motor drive, EMI causes a nutgairipping of the inverter by

influencing the control circuits. How to solve theMl effectively by using soft-

switching techniques, hardware improvements bygusimd circuit construction and
laminated dc busbar design for minimizing the straductance of the dc link should be

a topic of the future work.

To reduce the thrust and flux ripples, an improizddC algorithm for LIM in which the
application of the voltage vector having variablgydperiod in accordance with the

error status in each sector could be realized ipedist

The online primary resistance measurement algorthmbe developed and embedded
into DTC and V/Hz software programs. Sensorlessaisn of the LIM drive system
could be introduced. It will reduce the number ehsors used in the system. This will

lead to a lower cost of the whole system.
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APPENDIX A

THE PARK TRANSFORMATION

In the late 1920s, R.H. Park introduced a revoh#rg approach to electric machine
analysis [31]. He formulated a change of variamdsch replaced variables such as
voltages, currents, and flux linkages associatel figtitious windings rotating with the
rotor called direct-quadrature. Main reason, whyrémsform three phases a,b,c system
to dqO is to simplify description of system. Insted equation for each phase, there will
be only, two dimensional system with direct- andadyature-axis. It has the unique
property of eliminating all time varying inductascieom the voltage equations of three-
phase ac machines due to the rotor spinning.

X, X
The transformation fromX,,.=| X, |(three-phase coordinates) t&dq:[xj (dg
><C

rotating coordinates) is obtained through the rplitiation of the vector . by the

transformation matrix T:
Xag =T Kape (A.1)
where X represents any stator quantity to be toansfd.

Park’s transformation matrix T established accaydio Figure A.1 transforms three-
phase quantities (voltage, current, flux linkage,)anto two-phase quantities developed

on a rotating dq0 axes system, whose speed is \w [31
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Figure A.1. Relationship between the dg and thecalantities [31]

Assuming a balanced three-phase system (no zergeseg component), a three-
phase vector representation transforms to dg veotpresentation (zero-axis

component is 0) through the transformation matrixiffined as:

T 2| coswt coswt—277/3) cosivt+277/3) 2
~ 3| - sinwt-sin(wt - 277/3) - sinfwt + 277/3) '
The inverse transformation is calculated as:
Xabe =T Kyq (A.3)
The inverse transformation matrix is defined as:
coswt —sinwt
T =| cost—277/3)-sinwt - 277/3) (A.4)

cost+277/3) —sin(wt + 277/3)

If an inverse Park transformation is made overtthe axis of the static plane the
resulting vector will contain the alpha - beta aboates and then if the Clarke
inverse transformation is done to that new vedtugre will be a vector with three

coordinates with the three desired sinusoidal $&ggna
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APPENDIX B

INTERNAL CIRCUITRY OF HCPL-316J
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Figure B.1. Internal circuitry of HCPL-316J (datasl)

The outputs (¥ur and FAULT) of the HCPL-316J are controlled by the
combination of W, UVLO and a detected IGBT Desat condition.

Table B.1. Output control of HCPL-316J

UVLO Desat Condition Pin 6
Vine | Vin. | Vocz - VE) Detected on (FAULT) | Vour
Pin 14 Output
X X Active X X Low
X X X Yes Low Low
Low X X X X Low
X | High X X X Low
High | Low | Not Active No High High
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APPENDIX C

SOURCE CODES of SVM ROUTINE FOR ZSI AND DTC ROUTINE

// =—==== = ===== = ==== ==

/I SVM routine for ZSI

// ===== = ===== = ==== ==

void Mmysv(_iq gain, _iq freq, _iq fregqmax, _iq fsh
{ _iq tempduty;
_iq tx, ty;
if (freq < _1Q(0))
{freq = labs(freq);
cw =1,
sectora = 5 - sector;
}
else {cw = 0;
sectora = sector ;}
stepangle = _IQmpy(freq,fregmax);
/I Calculate new angle alpha
alpha = alpha + stepangle;
entryold = entrynew;
if (alpha >= _1Q(1.0))
alpha = alpha - _1Q(1.0);
entrynew = alpha;
ty = _IQsin(_IQmpy(entrynew ,pi_third)); Il ty = sin(NewEntry)
tx = _IQsin(pi_third - _IQmpy(entrynew,pi_tt)); // tx = sin(60-NewEntry)
/I Determine which sector
if (entrynew - entryold < 0)
{ if(sector ==5)
sector = 0;
else
sector = sector + 1;

tx = _1Qmpy(_1Q(0.5),tx);
ty = _1Qmpy(_1Q(0.5).ty);
if (tx + ty >Ts)
{ tx = _1Qmpy(tx, _1Qdiv(Ts,(tx+ty)));
ty = _1Qmpy(ty, _1Qdiv(Ts,(tx+ty))); }
tz = _1Qmpy(_1Q(0.5),(Ts-tx-ty));
if (tsh >_1Qmpy(_I1Q(0.6667), tz))
tsh = _1Qmpy(_1Q(0.6666), tz);
switch (sector)
{ case 0://Sector 1 calculations
da =tz- _1Qmpy(_1Q(1.5),tsh);
db =tz + tx - _1Qmpy(_1Q(0.5),tsh);
dc =tz +tx +ty + _1Qmpy(_1Q(0.5),tsh);
daL =tz-_IQmpy(_1Q(0.5),tsh);
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dbL =tz + tx + _1Qmpy(_1Q(0.5),tsh);
deL =tz +tx + ty + _1Qmpy(_1Q(1.5),tsh);
break;
case 1: /I Sector 2 calculations
db =tz - _1Qmpy(_1Q(1.5),tsh);
da=tz+ty-_1IQmpy( 1Q(0.5),tsh);
dc =tz +tx + ty + _1Qmpy(_1Q(0.5),tsh);
dbL =tz - _IQmpy(_1Q(0.5),tsh);
daL =tz +ty + _1Qmpy(_1Q(0.5),tsh) ;
deL =tz +tx + ty + _1Qmpy(_1Q(1.5),tsh);
break;
case 2: /| Sector 3 calculations
db =tz - _1Qmpy(_IQ(1.5),tsh);
dc =tz + tx - _IQmpy(_1Q(0.5),tsh);
da=tx+ty+tz+ _IQmpy(_1Q(0.5),tsh);
dbL =tz - _IQmpy(_1Q(0.5),tsh);
dcL =tz + tx + _1Qmpy(_1Q(0.5),tsh);
daL =tx + ty + tz + _IQmpy(_IQ(1.5),tsh);
break;
case 3: // Sector 4 calculations
dc =tz - _1Qmpy(_IQ(1.5),tsh);
db =tz +ty - _1Qmpy( _1Q(0.5),tsh);
da=tx+ty +tz+ _IQmpy(_1Q(0.5),tsh);
dcL =tz-_1Qmpy(_1Q(0.5),tsh);
dbL =tz + ty + _1Qmpy(_1Q(0.5),tsh);
daL = tx +ty +tz + _1Qmpy(_IQ(1.5),tsh);
break;
case 4: // Sector 5 calculations
dc =tz- _1Qmpy(_1Q(1.5),tsh);
da = tx + tz-_1Qmpy(_1Q(0.5),tsh);
db =tx + tz + ty + _IQmpy(_1Q(0.5),tsh);
dcL =tz-_1Qmpy(_1Q(0.5),tsh);
daL =tx + tz + _1Qmpy(_1Q(0.5),tsh);
dbL =tx + tz + ty + _IQmpy(_IQ(1.5),tsh);
break;
case 5: // Sector 6 calculations
da =tz - _IQmpy( 1Q(1.5),tsh);
dc =ty + tz-_IQmpy(_1Q(0.5),tsh);
db =tz +tx+ty+_1Qmpy(_1Q(0.5),tsh);
daL =tz-_IQmpy(_1Q(0.5),tsh);
dcL =ty + tz + _1Qmpy(_I1Q(0.5),tsh);
dbL =tz +tx+ty+_[Qmpy(_IQ(1.5),tsh);
break;
} /lend of switch case
/I Convert the unsigned GLOBAL_Q format (ranged.J;> signed GLOBAL_Q format
(ranged (-1,1))
/[ Then, multiply with a gain .
da = _1Qmpy(_1Q(3.99999),(da-_1Q(0.5)));
daL = _1Qmpy(_1Q(3.99999),(daL-_1Q(0.5)));
db = _10mpy(_1Q(3.99999),(db-_1Q(0.5)));
dbL = _1Qmpy(_1Q(3.99999),(dbL-_1Q(0.5)));
dc = _1Qmpy(_1Q(3.99999),(dc-_1Q(0.5)));
dcL = _1Qmpy( _1Q(3.99999),(dcL-_1Q(0.5)));
if (cw)
{ tempduty = dc;
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dc = db;

db = tempduty;
tempduty = dcL;
dcL = dbL;

dbL = tempduty;

}
} /I END OF void Mmysv(_iqg gain, _iq freq, _iq fjenax, _iqg tsh)

// ===== = ===== = ==== ==

// DTC Algorithm

// =—==== = ===== = ==== ==

interrupt void MainISR(void)
{ /! Verifying the ISR
IsrTicker++;
while (AdcRegs.ADCST.bit. SEQ1_BSY ==1)
{h

adc[0] = AdcRegs.ADCRESULTO;

adc[1] = AdcRegs.ADCRESULT];

adc[2] = AdcRegs.ADCRESULTZ2;

adc[3] = AdcRegs.ADCRESULTS3;

adc[4] = AdcRegs.ADCRESULT4;

adc[5] = AdcRegs.ADCRESULTS5;

adc[6] = AdcRegs.ADCRESULT®;

adc[7] = AdcRegs.ADCRESULTY7,

adc[8] = AdcRegs.ADCRESULTS;

for (i=0;i<6;i++)

ChOut[i] = read_ADCDb(off[i], adc[i], ChGalin([i])

for (i=6;i<9;i++)

ChOut[i] = read_ADCu(offi], adc[i], ChGain[i]);
Jmm e
Il Clarke transformation
iAlpha = _1Qmpy((_1Q15tolQ((int32)ChOut[0]) -
_1Qmpy(_1Q(0.5), 1Q15tolQ((int32)ChOut[1]))-
_1Qmpy(_1Q(0.5),_1Q15tolQ((int32)ChOut[2]))),_IQE6666667));
iBeta = _1Qmpy/(( _IQ15tolQ((int32)ChOut[1]) -
_1Q15tolQ((int32)ChOut[2])),_1Q(0.57735)); vAlpha =
_1Qmpy((_1Q15tolQ((int32)ChOut[3]) - _1Qmpy(_1Q(0,51Q15tolQ((int32)ChOut[4]))-
_1Qmpy(_1Q(0.5),_1Q15tolQ((int32)ChOut[5]))),_IQE6666667));
vBeta = _IQmpy(( _1Q15tolQ((int32)ChOut[4]) -
_1Q15tolQ((int32)ChOut[5])),_1Q(0.57735)); /I 1/$(B) = 0.57735026918963
IMag = _1Qsqart(_IQmpy(iAlpha,iAlpha) + _IQmpy(iBetBeta));
vMag = _1Qsqgrt(_1Qmpy(vAlpha,vAlpha) + _IQmpy(vBeiBeta));
Jm e
/I DClink voltage
vdcMag = _1Q15tolQ((int32)ChOut[6]);
Jfmm e
Ilfflux approximation Rs=0.126 pu with filter
oldflxalpha = fIxAlpha;
emfalpha=vAlpha-_IQmpy(iAlpha , 1Q(0.126));
emfalpha = _1Qmpy(_IQ(2*PI*BASE_FREQ),emfalphaisibbal Q 22
fixAlpha=oldflxalpha+_1Qmpy(_IQ(T),emfalpha);
IfIxAlpha=_1Qmpy(_1Q(0.9922),fIxAlpha);
oldflxbeta = flxBeta;
fixAlpha=_1Qmpy(Clpf,fixAlpha);
emfbeta=vBeta-_1Qmpy(iBeta ,_1Q(0.126));
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emfbeta = _IQmpy(_IQ(2*PI*BASE_FREQ), emfbeta); l6Gal Q 22
fixBeta=oldflxbeta+ IQmpy(_IQ(T),emfbeta);
/fflxBeta=_1Qmpy(_1Q(0.9922),fIxBeta);
fixBeta=_1Qmpy(Clpf,fIxBeta);

/[FIx Magnitude
IffixMag=_1Qsqrt(_IQmpy(fixAlpha,fiIxAlpha)+_IQmpy(kBeta,flxBeta));
//[Compensation Term

oldtFiIxalpha = tFiIxalpha;
tFixalpha=_IQmpy(_1Q(0.5),fixBeta)+fIxAlpha;

oldtFIxbeta = tFIxbeta;
tFiIxbeta=flxBeta-_1Qmpy(_1Q(0.5),flxAlpha);

I[FIx Magnitude
tFIxmag=_1Qsqrt(_1Qmpy(tFixalpha,tFIxalpha)+_1Qmihlkbeta,tFIxbeta));
tetanew=_IQatan2PU(tFIxbeta, tFlxalpha);

K1= _1Q21(400); //K1 = 1/(fb*T)

if ((tetanew <= MAX_LIMIT)&(tetanew > MIN_LIMIT))

omg = _IQmpy(K1,(tetanew - tetaold));

else

omg=_1QtolQ21(omgf);

K3=_1Q(0.99995);

K2=_1Q(0.00005);

omg = _1Qmpy(K2, 1QtolQ21(omgf))+_1Qmpy(K3,0mg);

if (omg>_1Q21(1))

omgf=_I1Q(1);

else if (omg<_1Q21(-1))
omgf=_1Q(-1);

else

omgf=_1Q21tolQ(omg);
tetaold=tetanew;
I/l Calculate Clpf
Clpf = _1Qmpy(_IQmpy (_1Q(0.5),_IQ(T)),omgf);
Clpf = _1Qdiv(_1Q(0.9999), Clpf);
[ mmm e -
I Calculate flux vector sector

a=_l1Q(1.73);

b =_IQmpy(_IQ(-1),_1Q(1.73));

flxr = tFIxalpha;

flx2s = _1Qmpy(a, tFixbeta) - tFixalpha;

fix2t = _1Qmpy(b, tFixbeta) - tFIxalpha;

if (fixr >= _1Q(0)) sectora = 0x008C;

else sectora = 0x0070;

if (flx2t >= _1Q(0)) sectorc = OxX00EQ;

else sectorc = 0x001C;

if (flx2s >= _1Q(0)) sectorb = 0x0038;

else sectorb = 0x00C4;

sector = sectora & sectorb & sectorc;
[ mmm e -
I Flux error

fIXErr = fiIxRef - tFIxmag;

if (fIxErr > Hbflx) flxi=1,;

else if (fIXErr < ((-1)*Hbflx)) fIxi = 0;
J e
I/l Calculate torque

trg = _IQmpy(tFIxalpha,iBeta) - _1Qmpy(tFIxbgAlpha);
J e




/I Connect inputs of the RMP_CNTL module and ti@dl Ramp control
/I calculation function.

rcl.TargetValue = _1Q(SpeedRef);

rcl.calc(&rcl);
[ mmm e -
/[ Connect inputs of the PID_REG3 modules andmgde the PID speed controller.

if (SpeedLoopCount == SpeedLoopPrescaler)
{ pidl_spd.Ref = rcl.SetpointValue;
pidl_spd.Fdb = speedpu;

pidl_spd.calc(&pidl_spd);

trgRef = pid1_spd.Out;

SpeedLoopCount = 1;

}
else SpeedLoopCount ++;
J e
I Torque error and Torque hysteresis control
trgErr = trqRef - trq;
if (trqErr > Hbtrq) trqi = 1;
else if (trqErr < ((-1)*Hbtrq)) trgi = -1;
else trqi = 0;
J e

I/l Vector finding algorithm
if ((trgi == 1) && (flxi == 1)) vector = sector <4
if ((trgi == 1) && (flxi == 0)) vector = sector <;
if ((trgi == -1) && (flxi == 1)) vector = sector > 1;
if ((trgi == -1) && (flxi == 1)) vector = sector > 2;
if (vector < 0x0004)  vector = vector << 6;
if (vector > 0x0080) vector = vector >> 6;
oddsector = (sector & 0x0004)|(sector & 0x0016%(sr & 0x0040);
if ((trgi == 0) && (flxi == 1) && (sector == oddsetor))
vector = 0x0000:;
if ((trgi == 0) && (flxi == 1) && (sector != oddsetor))
vector=0x00FC,;
if ((trgqi == 0) && (flxi == 0) && (sector == oddsetor))
vector = OXO00FC;
if ((trgi == 0) && (flxi == 0) && (sector != oddsetor))
vector = 0x0000;
e
/[Current Limiting
if (fixAlpha < flxLimlow)
{ if (iIMag > iLimit1) vector = 0x0000;
if (iIMag > iLimit2) vector = 0x0004;
}

J e m e e e e e e
/I Counting the number of vector changings
if (vector != vector_old){
vctchange ++;
vector_old = vector; }
J e e e s
/l Counting the frequency of pwm
pwm_freq_counter ++;
if (owm_freq_counter == 20000){ //20000*50us=1s
pwm_freq_counter = 0;
pwm_freq = vctchange;
vctchange = 0;}
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e
/l HCPL RESET
GpioDataRegs.GPADAT.bit. GPIOAL0 = 1; // faukkaning for HCPL
DELAY_US(RESET_usDELAY); /I Delay constant fonts
GpioDataRegs.GPADAT.bit. GPIOAL0 = 0; // Indicatesfault for HCPL
J -
I/l Sending the vector state to gate drive circuit
e
switch (vector){
case 0x0004:
EvaRegs.CMPR1=0;
EvaRegs.CMPR2=PeriodMax;
EvaRegs.CMPR3=PeriodMax;
break;
case 0x0008:
EvaRegs.CMPR1=0;
EvaRegs.CMPR2=0;
EvaRegs.CMPR3=PeriodMax;
break;
case 0x0010:
EvaRegs.CMPR1=PeriodMax;
EvaRegs.CMPR2=0;
EvaRegs.CMPR3=PeriodMax;
break;
case 0x0020:
EvaRegs.CMPR1=PeriodMax;
EvaRegs.CMPR2=0;
EvaRegs.CMPR3=0;
break;
case 0x0040:
EvaRegs.CMPR1=PeriodMax;
EvaRegs.CMPR2=PeriodMax;
EvaRegs.CMPR3=0;
break;
case 0x0080:
EvaRegs.CMPR1=0;
EvaRegs.CMPR2=PeriodMax;
EvaRegs.CMPR3=0;
break;
case 0x0000:
EvaRegs.CMPR1=PeriodMax;
EvaRegs.CMPR2=PeriodMax;
EvaRegs.CMPR3=PeriodMax;
break;
case Ox00FC:
EvaRegs.CMPR1=0;
EvaRegs.CMPR2=0;
EvaRegs.CMPR3=0;

break;
default:
EvaRegs.ACTRA. all = 0x0000;
break;
}  Il/switch (vector){
[ e

/I Connect inputs of the PWMDAC module
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PwmbDacCh1 = (int16)_IQtolQ15(flxAlpha); //IPWM7
PwmDacCh2 = (int16)_IQtolQ15(flxBeta); //PWM9
PwmDacCh3 = (intl6)sector; /IPWM11
pwmdacl.update(&pwmdacl); // Call update fuorctor pwmdacl

[ mmm e

/[ Connect inputs of the DATALOG module

DlogCh1 =(int16)_IQtolQ15(tFIxalpha);

DlogCh2 =(int16)_1QtolQ15(tFIxbeta);

DlogCh3 =(int16)sector;

DlogCh4 =(intl16)sector;

dlog.update(&dlog); // Call the DATALOG upddtenction.

Jmm e
AdcRegs.ADCTRL2.bit.RST_SEQ1 = 1; Il RESEQ1
AdcRegs.ADCST.bit.INT_SEQ1 CLR =1; /I CleaMISEQL1 bit
AdcRegs.ADCTRL2.bit.EVA_SOC_SEQ1 = 1;
EvaRegs.EVAIMRA.bit. TLUFINT = 1;// Enable morgerrupts from this timer
EvaRegs.EVAIFRA.all = BIT9;//

PieCtrIRegs.PIEACK.all |= PIEACK_GROUPZ2;

} /lend of interrupt void MainISR(void)
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