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INVESTIGATION OF THE CURRENT SPACE
VECTOR CORRECTION OF 3P3W VOLTAGE
INVERTER

The article presents a solution to the problemsyfanetry of a three-phase volt-
age inverter output currents for the trajectoryrection vector currents to a wheel
form. The solution uses the layout described usliegfuzzy logic equations. Test
results apply to verify a system operation in teohshe asymmetric load. It was
examined in the form of a circular trajectory oé thector output currents in case
of resistant or induction asymmetry. Also not hamine components of load cur-
rents are included. They simulate the vibrationmethanical loads or mechanical
resonance. After verification by simulations thbdeatory prototype control sys-

tem of inverter with equalizer in the FPGA was parfed. The investigations

were done on the system created for this purpasaguhe field programmable

gate arrays of EP3SL150F type. This system perfehmgdask of correcting space
vector of the inverter currents and, at the samme,tithe process of modulation
waveforms. In parallel with the controlling taske tinverter model was running in
real time. The waveforms of inverter model wereesiasd using a Signal Tap |l

utility or after processing into an analog signaing an oscilloscope. Observed
trajectories of the currents' space vector werasiel to the circular form in addi-

tion to the type of load asymmetry.

Keywords: space vector, voltage inverter, corrector, fuzzgydo

1. Introduction

The three-phase three wire voltage inverter is anthe most commonly
used converters in power electronics. Its topolsgysed in a number of areas
requiring transformation of DC power to AC powertimee phase circuits. The
most common area of the voltage inverter usestégrated with inductive mo-
tors operation in almost every industry, beginrfiragn power engineering with
motor vehicles ending [1]. There are many methddbeinverter output wave-
form modulation. The simplest one is the naturatintation.
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However, it has limitations in terms of an ampliguchodulating function
limitation in relation to the current waveforms, iain results in an additional
frequency components occurring as output curreetsrohation. It comes then
to the overmodulation [2]. A larger, maximum vokalgoost voltage inverter is
obtained by applying a vector modulation. This mation is widely used due to
its ability to inflict the values directly in thetbographic reference system [3].
Implementation of the 3P3W inverter involves thalimation of complex calcu-
lations arising out of the control process. CommdhE processors are used for
this purpose, often specially optimized for contasgks and performing control
using digital machines [4-5]. However, control peses and the complexity of
additional operations to be performed in paralfet gxample verification of
real-time models) are so complicated, that thewirega different approach in
the implementation of their hardware platform [&]family of such systems are
programmable logic of FPGA, that allow the paratiekeration of main tasks.
These systems are increasingly used in the powerecrs control [7]. One of
the objectives of the control strategy is getting symmetric sine waveform of
an output current. Such waves, in most cases dfalpare achieved for sym-
metric load and symmetric control. Load asymmetréssilting from changes of
the resistance-induction parameters or other ext@mpacts, effect on changing
the trajectory of the currents space vector. Tatltme impact of asymmetric
load the corrector of current trajectory can bedited to the modulation pro-
cess. The case of the space vector correctioncapipln was described in litera-
ture [8]. There has been shown that it is posdibleorrect the trajectory of the
output currents space vector of a voltage inveesolution presented in [8]
relates to the use of the fuzzy logic system. Aggpion of the corrector resulted
in a circular trajectory of currents, but at thensgtime the load currents were no
sinusoidal. The study shows how to eliminate nosiidal waves of the inverter
output currents while maintaining their circulagjéctory in terms of asym-
metry.

2.Equalizer circuit in the inverter control process

The corrector of the vector output currents masktis to adjust the space
vector currents to preset, fixed values. This vadube reference value from the
other levels of regulatory process. Changes inpthesical length of the space
vector output currents of the voltage inverter kesam the changes of the con-
trol process, or due to asymmetry of load in theecaf symmetrical control.
Symmetrical control refers to one of the known wafsnodulation of the in-
verter output waveform, where modulation functians sinusoidal and symmet-
rical. The case under consideration in the artiefers to the case of three phase
waveforms of the natural modulation in the 3-wimedrter. The deformations of
the current vector trajectory resulting from thgrametry of a load are adjusted
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by the appropriate modification of modulation fuons. A general diagram of
the inverter with the corrector is shown in figdreln a considered topology of
the inverter a block that represents the sourcB@fvoltage is distinguished.
During the case of analysis the source DC voltaigleowt deformation is taken
into consideration. In case of general it may be BIC-link circuit, where in
addition to the constant component the variablepmrants are as a ripple. Rip-
ple may result from inverter power supply from giegle phase source. Then
the primary component will have a ripple frequenfywice the value of a sin-
gle phase source frequency. This is not discuss#eeistudy.

DC VOLTAGE
SOURCE
+ -
3P-3wW
NATURAL
VOLTAGE MODULATOR
INVERTER

ASYMETRICAL CORRECTOR

LOAD FLC

Fig. 1. Flowchart tracking the corrector in the wohstructure of the voltage inverter

Rys.1. Schemat blokowy lokalizigiy uktad korektora w strukturze sterowania falovierk
napkcia
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The voltage inverter block 3P-3W in figure 1 repmts a three-phase,
three-wire voltage inverter which consists of $bBIT transistors connected as a
typical bridge topology. This topology is considira many studies. Modulated
voltages UA, UB, UC are on load connectors. Blognad ,asymmetrical
load”, shown in figure 1, is the three phase loadich can be changed by pa-
rameterization. These changes relate to settinffexetht, asymmetric resistance
values and inductance. Consequently, the load misrid\, iB, iC are unbal-
anced. In addition, the test stand allows the tigacf no harmonic load chang-
es. These changes are taken into account in the dbthe total load and taken
into account in the form of a block. The voltagedulator block represents a
three-phase modulator with phase-modulating funsticompared with a 5kHz
triangular current waves. Sinusoidal modulationcfions are adjusted in an
active mode by corrector block in relation to catriajectory deformation. The
FLC corrector is described using the fuzzy logicia@ns. The correction af-
fects the scale of modulating function (UMA, UMBMQ) influencing the
modulator block working in a natural coordinatetsys

3. Fuzzy corrector of SV

Changes of the space vector (SV) output currentheof3-wire voltage in-
verter can be determined, (for example, a constsyrnmetric load), or be ran-
dom, (for example may arise from momentary distaces or variable load non-
linearities). It is hard to define the influencleat corrector system must limit. In
similar situations the systems are often descrilyetthe fuzzy logic equations.

I dref

L
iA Id md > D:'& u(l
g > CzZ=
B3 58D
iC m i‘:I FLC m %89
> u
—_— < a, 80(;) £
w
O

| qref

L

STANDARD SHAPE

Fig. 2. Flowchart of the fuzzy corrector
Rys.2. Schemat blokowy uktadu korektora rozmytego
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These equations use an expert knowledge of theenatithe fuzzy sets,
which are sharpened to the numerical form usetierptocess of correcting the
modulation wavesAchieving the sinusoidal waveform of the outputreats of
3-phase voltage inverter at asymmetry limghossible by analyzing the space
vector in the rotating coordinate system d-g. Téiatmg coordinate system is
synchronized with the coordinate system assocaidd modulation functions
of voltage. Changes of the vector currents cootdiman the d-q surface testify
present derogations from the circular trajectonyslich a situation the coordi-
nate system is corrected by temporarily changiagatational speed that cor-
rects changes in the currents hodograph. Valudefatjustment of the d-q is
made based on the requesting module defined by fogic equations. Input of
the FLC module consists of four signals. Thesetlagevalues of the two dis-
placement vector components of current and twoeglof the displacement
coordinates changes of d-q current vector. In nespdo these four fuzzy sig-
nals, using singleton function, database correspéodhe rules defined in the
form of two sets resulting from the implicationstbé Mamdani function. These
sets are emphasized by calculating their centeggafity and they are used in
the corrections of d and g components of the maidiglavector. Fuzzy sets rep-
resenting correction rules have been determindhgaistic reasons described
as follows:

P1 - decrease when too large,
P2 —increase, if too small,
P3 — do nothing when it is appropriate.

The premises were used for the d and q componetite isame way for er-
ror and error change of currents. Fuzzy sets haes ladopted in the form of
triangular sets. Details describing the action wbwledge base, such as fuzzy
sets and equations have been described in thatliter[8]. The difference lies in
the application of the similar response, as deedrib the correction of the no
sinusoidal output currents [8], for two current gaments at the same time.

4. Laboratory tests

Presented concept of the space vector trajectorgator of an output cur-
rents of the 3P-3W voltage inverter was conducted tested using the pro-
grammable logic device of the Altera Stratix llinfédy. The inverter control
unit, defined in VHDL language, leads a controledstream in one of two ports.
One of the ports matches the physical port, whichdnnected to an external
voltage inverter. The second port redirects the@uurom the control system to
the digital model of the inverter and is launchedeal time on the same pro-
grammable FPGA chip. The results presented in thelearefer only to situa-
tions in which waves were observed based on th&atigverter model. For the
card containing the programmable FPGA the modus ihcludes fast ana-
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logue-to-digital converters and digital-to-analageerters was connected. The
A/D and D/A were allocated to the currents measergnn the physical, exter-
nal voltage inverter and allocated to send an g&walues of currents or volt-
ages of the digital inverter model that runs inl teme. The complexity of the
calculations of the requesting module is large ghdihat, in order to facilitate
the calculation processes analyzed space has lm@edited and saved in the
memory as a block representing a transition spEuoe.coordinates of this space
correspond to the discrete values of error and etianges of the vector com-
ponent and heightened the value of the respongeealeductive module. RAM
that stores the transition space includes answersoolule, which were ad-
dressed by a word containing in a less signifigeant the discrete value of the
vector error and in a more significant part theige value of the error changes.

Stratix 1l EP3SL150F FPGA

D/Aand A/D
Converters

INVERTER

F MODELRT HSMC

c ©

E

£ R
g é UNIT oscllloscope

CORRECTOR
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Fig. 3. A block diagram of the test bench
Rys.3. Schemat blokowy stanowiska badawczego

LAPTOP
With Signal Tap Il

Laboratory tests verifying the concept of spacearetrajectory of the in-
verter output current were conducted with the Usthe digital voltage inverter
model that runs in real time, on the same FPGAllghrgith the control system.
Digital signals representing the phase voltageiawérter output currents were
observed in two ways. In the first case, theseatggwhen converted to analog
form, were observed using an oscilloscope. At th®estime, you can watch
them on your computer screen via the JTAG interfamsperated with the tool
Signal Tap Il as a part of the Quartus Il environt@&his project was executed
in this environment, and it configured the FPGAtegs The performed tests



Investigation of the current ... 119

include the asymmetry of a load: resistant, inductind a variable load asym-
metry which emulate mechanical vibration of a qustigtionary engine model.
Case 1: =1Q, R,=2Q, R:=3Q, L=5mH,

Case 2: R=1, L;=1mH, LL=5mH, L;=10mH,

Case 3: R=1), L;=1mH, L,=5mH, Ls;=10mH with no-harmonic distortions.

In test cases, when the corrector was in off pwsitihe space vector trajectories
of load currents were an elliptical curves. A samphjectory of a induction
asymmetry is shown in figure 4.

Fig. 4. Hodograph of the inverter output curreotsd load in case of a induction asymmetry
Rys.4. Hodograf pdéw wyjsciowych falownika dla przypadku asymetrii indukagjmobchzenia

In case of an imposed no-harmonic deformationspthik changed its posi-
tion in time with a frequency of 60 Hz and the tiela amplitude 0.3. The test
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cases were for the primary component of the voltaitfe a frequency of 50 Hz.
An example of a trajectory in case of the inducesymmetry of load and im-
posed no-harmonic deformation is shown in figure 5.

Fig. 5. Hodograph of the inverter output curremtsé load in case of a induction asymmetry and
no-harmonic distortions

Rys.5. Hodograf pdow wyjsciowych falownika dla przypadku asymetrii indukogjmbcizenia i
odksztalcé nieharmonicznych

In case of a resistant or induction asymmetry tfael Icurrents are sinusoi-
dal. Effect of asymmetry is visible in the formaifferent amplitudes of currents
flowing in three phases of a load. In case of @haononic component in cur-
rents their amplitude have evolved over time. Aarsgle of load currents in
case of a resistant asymmetry is shown in figure 6.
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Fig. 6. Waveforms of currents for the case of tasisload asymmetry
Rys.6. Przebiegi pdéw obcazenia dla przypadku asymetrii rezystancyjnej abenia

After joining the fuzzy corrector to a control pess the circular trajectory of an
output currents was obtained with given vector outpurrents equal to 10A.
Example of the trajectory obtained after correctffgct of asymmetry is shown
in figure 8. The load currents in case of an agtinaress of space vector trajec-
tory corrections, regardless of the type of defdioma were characterized by
constant amplitude and a referenced shape. Inahsidered case the shape was
sinusoidal. Example waveforms for a given ampliti@ié is shown in figure 7.
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Fig. 7. The load currents when the corrector igamymmetrical load)
Rys.7. Przebiegi pdéw obcizenia przy whczonym korektorze (asymetryczne atienie)
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Fig. 8. Hodograph of the inverter output currentgase of the induction asymmetry of load with
no-harmonic distortions when the corrector is tdroa

Rys.8. Hodograf pdéw wyjsciowych falownika przy asymetrii indukcyjnej obhgenia z natao-
nymi odksztatceniami nieharmonicznymi w przypadkagomonego korektora

5. Conclusions

A developed corrector of an output voltage invedarents SV trajectory
is described in the rotating coordinate systéhis allows to set the shape of the
output currents by attaching to the transformabdéock the proper wave with
referencing shapdn the case of the electrical circuits it is sindsb shape,
which forces the sinusoidal output current. Attaghthe corrector to control
process effects the sinusoidal load currents andesaa circular trajectory in
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cases of asymmetry of load and external factorsa &snsequence, the solution
containing the fuzzy inference shall be replacedhgyfirst step of the current
regulation as presented in the article. Refereradaeg given by the inference
module may come from a higher level of the conproicess, for example, speed
regulator in the electric motor or voltage regulataaboratory tests carried out
on a digital voltage inverter model operating ialréme on the same hardware
platform as the control system positively verifg@cept and allow redirecting
control data stream on the physical layout of theiter.
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BADANIA KOREKCJI WEKTORA PRZESTRZENNEGO PR ADOW
FALOWNIKA NAPI ECIA 3P-3W

Streszczenie

Artykut przedstawia rozwizanie problemu asymetrii géw wyjsciowych tréjfazowego fa-
lownika napécia polegajce na korekgji trajektorii wektora gudéw do postaci kotowej. Przedsta-
wione rozwizanie wykorzystuje uktad opisany réwnaniami logiézmytej. Wyniki bada doty-
cza sprawdzenia dziatania uktadu w warunkach asymetggo obecizenia. Sprawdzono posta
kotowsq trajektorii wektora prdow wyjsciowych w przypadku asymetrii rezystancyjnej luduk-
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cyjnej obcazenia. Wprowadzono tak do obcizenia odksztalcenia gléw nie kgdace sktado-
wymi harmonicznymi, ktére symulyjdrgania czsci mechanicznej obgienia lub rezonans me-
chaniczny. Po weryfikacji idei symulacjami wykonapmtotyp laboratoryjny uktadu sterowania
falownikiem z korektorem w uktadzie FPGA.

Badania wykonano na stworzonym do tego celu stakowisdawczym wykorzystagym
uktad EP3SL150F. Ukiad ten realizowat zadanie kgrekektora przestrzennegogoidw falow-
nika i jednoczénie proces modulacji przebiegéw. Réwnolegle z zatahisterowanie urucho-
miony byt model falownika dziatagy w czasie rzeczywistym. Przebiegi modelu falowndo-
serwowano wykorzysta¢ narzdzie Signal Tap Il lub po przetworzeniu na sygnahlagowy
przy pomocy oscyloskopu. Zaobserwowane trajektwgktora przestrzennegogpiow korygowa-
ne byly do postaci kotowej niezatdge od rodzaju asymetrii okgienia.

Stowa kluczowe:wektor przestrzenny, falownik napia, korektor, logika rozmyta
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