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MATHEMATICAL MODELLING OF SYNCHRONOUS MACHINE POWERED
FROM CYCLOCONVERTERS™

SUMMARY

Synchronous machine powered from cycloconverter might be investigated using constant or variable structure me-
thods [4]. There is no mathematical model with constant structure and variable parameters of synchronous ma-
chine powered from cycloconverter in the literature. The purpose of this paper is to formulate the mathematical
model with variable parameters of synchronous machine powered from 3-pulse cycloconverter.
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MATEMATYCZNE MODELOWANIE MASZYNY SYNCHRONICZNEJ ZASILANEJ Z CYKLOKONWERTORA

Maszyna synchroniczna zasilana z cyklokonwertora moze by¢ badana metodami zmiennej lub stalej struktury.
W artykule zaproponowano matematyczny model o zmiennych parametrach przy zalozeniu statej struktury maszyny
synchronicznej i uktadu zasilajqcego (cyklokonwertora trojpulsowego). Utworzony model pozwala badaé zaréwno
stany bezawaryjne, jak i awaryjne uktadu.

Stowa kluczowe: maszyna synchroniczna, cyklokonwertor

1. INTRODUCTION

Discrete-continuous electrical systems with semiconductor
converter provide high accuracy, performance rate and watt-
hour efficiency but they require precise design, testing and
high quality of the work [3]. Cycloconverters (called as well
direct AC/AC converters) are used to convert an AC wave-
form to another AC waveform of a lower frequency and
same or a lower amplitude. From practical reasons (reducing
of the level of higher harmonics generated) the maximum
frequency of an output voltage is assumed to be not lower
than half of the frequency of an input voltage. A typical apli-
cations of cycloconverters are: controlling the speed of
a traction AC motors, ship propulsion, rolling stands, mine
winders, mill drives etc. Cycloconverters are especially use-
ful for controlling the speed of a synchronous motors, which
motors have a very confined possibilities of a speed control.

The great care should be taken at the construction and
manufacturing stages, because any faults, especially within
the steering circuitry may cause serious problems in the
electrical system (possible phase-to-phase short circuits).
Because of that the cyclonverters should be constantly diag-
nosed for any failure in their circuitry.

2. THE STRUCTURES OF CYCLOCONVERTERS

There are many various types of cycloconverters, depend-
ing on the application, but the most popular and most useful
for controlling the speed of drive motors are those with
3-phase input and 3-phase output. They can be further sub-
divided depending on the number of pulses included in the
output voltage waveform. The higher number of pulses the
less higher harmonics of voltages and currents generated by
the cycloconverter , but as well the higher complication in
the structure of a device. And that means the higher cost and
lower reliability [6]. The popular structures of 3-phase cy-
cloconverters are presented in the Figures 1 and 2.
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Fig. 1. 3-pulse cycloconverter

Cycloconverters consist of reversible, usually sup-
pressed-half thyristor converters each supplying one phase
of the three-phase load. Performing modulation with fre-
quency f; of the firing angles of thyristors of both thyristor
valves changing in the range from rectifier to inverter work
causes the alternating voltage u, of frequency f;, is obtained
at the output terminals [5].

Cycloconverters can work with circulating currents or
without. While working with circulating currents only one
of the antiparallel bridges is in operation at a time. In such
a case when current reverses a short dead time can be ob-
served before another antiparallel brigde is fired. During the
work with circulating currents both of the antiparallel
bridges are working simultaneously and are symetrically
controlled according to the formula o) = T—0t,.

The shape of an output voltage waveform depends on the
way of changing the realase angles of thysistors. There are
two different modes of operation used to control the fre-
quency of output voltage produced by cycloconverter: sinu-
soidal operation and trapezoidal operation (Figs 3 and 4). In
the sinusoidal mode the converters always operate with par-
tial firing angles, whereas in the trapezoidal mode the static
converters are operated at their firing limits for as long as
possible in the low frequency cycle.

* AGH University of Science and Technology in Cracow, Department of Electrical Machines
** Artykut uzyskat pozytywne recenzje i byt prezentowany podczas Migdzynarodowego Sympozjum Maszyn Elektrycznych SME

2006 w Krakowie
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Fig. 2. 6-pulse cycloconverter

Fig. 3. Output voltage in sinusoidal operation

Fig. 4. Output voltage in trapezoidal operation

The constructions of a greater number of pulses may be
also encountered.

3. FORMULATION
OF THE MATHEMATICAL MODEL
OF A 3-PULSE CYCLOCONVERTER SUPPLYING
A SYNCHRONOUS MACHINE

The mathematical model of the power circuits has been con-
structed by using the parametric method of analysis of semi-
conductor systems. In this method each semiconductor ele-
ment is approximated by an element with variable parame-
ters. The assumption was made that the value of resistance
in conducting state of a semiconductor element is some or-
ders of magnitude lower than in nonconducting state. Thus
the created mathematical model of the system is a set of stiff
nonlinear differential equations [1].

The mathematical description of system is derived on the
following assumptions:

— the magnetic circuit is linear,

— the air-gap is uniform,

— the unipolar flux is neglected,

— the eddy currents in iron are not taken into account,

— the semiconductor elements of the system are approxi-
mated by element with variable parameters.

Electrical subsystem of the electromechanical model of
a cycloconverter powering a synchronous machine are de-
scribed by following equations [2]

d (T N T .
Z(C L,Ci)+C'R,Ci=u 1)
i, =Ci )
T
C u, =u 3)
where:

C - matrix of constraints,
L_— matrix of branch inductions,
Rg — matrix of branch resistances,

ig — vector of branch currents,
u, — vector of branch source voltages,
i — vector of mesh currents,

u — vector of mesh source voltages.
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Fig. 5. Electric power circuits of synchronous machine
powered from cycloconverter

Mechanical subsystem is described by equations:

Jsiws+Dws=Te—To @)
dt

d

E(ps = O ®)

ly.r 9 .
I,=—i C —|(L, )Ci 6
=51 € g () (©)
where:

,, @, — angular velocity and position of rotor,
T, T, — electromagnetic and load torques,

J,, D — moment of inertia and suppression factor.

The particular meshes in the model should be chosen in
the way, that will allow to separate the differential equations
from algebraic ones.

Electric power circuits of synchronous machine powered
from 3-pulse cycloconverter are shown in the Figure 5.

The thyristors are represented by two-state resistances
determined from the following mathematical model:

1, if 7, ()0 AW, ()0 A g7, (1))0 v
iy ()i, Aqp, (D)0 v

qry (t+A) =
T iy ()0 AW, (D)0 A gy (1) SO
0, otherwise
Rry () = U(qry>iry) ®)
ury (t) = Rryiry ©)
forve {1,2,...,18},
where:

iz, — current in the branch containing the thyristor,
w, — controlling gate signal,
i, — holding current,
qry — state of the thyristor (conduction or non-
conduction),
ur, — thyristor voltage,
Ty, — thyristor resistance.

The matrices and vectors used in the mathematical model
of the considered 3-pulse cycloconverter are as follows:

ig= [iz I3 Iy I5 I ip1 Ip2 ip3 Ip41ps ipe st Is2 is3 i ip ig 71
12 113 Ur4 U5 16 17 Urs bro rio Uria Uriz Vi3 Uri4 Uris Lie
. . . T
ir17 ir18)

u, = [e;e,e3000000000000000000000000
00000000

R, = diag([R; R; R3 Ry R5RsRp; Rp> Rp3 RpyRps Rpg Ry,
Ry Rg3 ReRp Ry Ryy Ry Rys Ryy Rys Ryg Ry Ryg Ryo
Ry19 Rrir Rrpo Ryys Rrpg Rygs Rygs Rypy Regs])
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trices of elements included in the inductive and resistive bran-
ches. That means the empty elements in the inductance matrix
are removed, causing the inductance matrix being reversible.

For numerical calculations the above model should be modi-
fied. The modification is that the matrices of the mesh inductan-

ces CTLgC and mesh resistances CTRgC are divided into ma-
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Assuming:
L, 0
c'L,c=|"" 10
< 4] (10)
R R
CTRgC:[ a ”b] (11)
Rye Ry
1p up
¥, =L,i, (13)

We can separate differential equations from resistive
ones receiving:

d
E(‘I’a ):
(14)
=u, -|R, L} R, R;'-(u, -R,, L
=u, a a Va tRgp b uy ba aVa
i, =Ly, (15)
. 1 -1
i, =R, '(“b Ry, Ly ‘I’a) (16)

Impulse generation subsystem has been described using
following equations:

uref},t(t) =Un Sin(mref I+ 0cre‘f —(H—l) %) (17)
forp € {1,2,...,n}, n=3

uy, () =u,, sin(wr — (v —1)2—;) (18)
8y (1) = ttyepy (1) — 1y () (19)

W ()= {1, if [g, (£)- gy (t — A)O] A [y, () ey, (2 — AL)]

0, otherwise

forve {1,2,...,n}, n=18§,
where:
U — reference voltage,
u, — input voltage,
gy — auxiliary voltage.

4. CONCLUSIONS

The created mathematical model of investigated system is
a set of stiff nonlinear differential, logical and algebraic equa-
tions. The model equations can be solved with aid of implic-
it integration methods, which are effective, but in compari-
son with explicit methods are more time consuming. The
use of a matrix of constraints simplifies the construction of
a mathematical model and makes its notation clear. But that
simplification causes the machine has to be considered in
a natural set of coordinates, which fact complicates the nu-
merical calculations and increases the computation time.

Applied constant structure method with thyristor in a form
of resistive element is competitive in comparison with other
methods: the variable structure method with a thyristor
model in the form of an ideal switch and the constant struc-
ture method with a thyristor model in the form of the series
connection of inductive and resistive elements. This fact in-
fluences profitably the relation of computation time due to
integration methods.

References

[1] CashJ.R.: 4 Class of Implicit Runge-Kutta Methods for the Numeri-
cal Integration of Stiff Ordinary Differential Equations. JACM,
Vol. 22, No. 4, 1975, 504-511

[2] Glowacz Z.: Modelling and Simulation of Semiconductor Systems for
Diagnostic Purposes. Proc. of the 7th European Conference on Po-
wer Electronics and Applications, Trondheim, Norway, 1997,
2.1001-2.1006

[3] Kazmierkowski M.P., Tunia H.: Automatic Control of Converter-Fed
Drives. Elsevier, Amsterdam, Warsaw, PWN 1994

[4] Noga M., Gtowacz Z.: Model matematyczny i algorytm obliczeniowy
dla analizy stanow awaryjnych zlozonych uktadow elektromecha-
nicznych. Rozprawy Elektrotechniczne, t. 35, z. 4, 1989, 965-991

[5] Nowak M., Barlik R.: Poradnik Inzyniera Energoelektronika. War-
szawa, WNT 1998

[6] Pelley B.R.: Tyrystorowe przeksztattniki i cyklokonwertory. Warsza-
wa, WNT 1976

Wplyngto: 26.09.2006

Zygfryd GLOWACZ

Ukonczyt studia magisterskie na
Wydziale Elektrotechniki Gorniczej
i Hutniczej w Krakowie w 1973 ro-
ku. Prace¢ doktorska obronit w 1979,
a prace habilitacyjna w 1998 roku.
Tematyka badawcza: maszyny elek-
tryczne, uktady elektromechanicz-
ne, energoelektronika, informatyka.
Obecnie jest zatrudniony na stanowisku profesora nadzwy-
czajnego w Katedrze Maszyn Elektrycznych AGH. Jest
cztonkiem IEEE od 1996 oraz Sekcji Cybernetyka w Gor-
nictwie KG PAN od 2003 roku.

e-mail: glowacz@agh.edu.pl

Jarostaw KoOzIK

Ukonczyt studia na Wydziale
Elektrotechniki, Automatyki, Infor-
matyki i Elektroniki Akademii Gor-
niczo-Hutniczej w roku 2003, uzy-
skujac stopien magistra inzyniera.
Obecnie pracuje w Katedrze Ma-
szyn Elektrycznych Akademii Gor-
niczo-Hutniczej w Krakowie na sta-
nowisku asystenta. Jego obszarem zainteresowan sa maszy-
ny elektryczne, uktady energoelektroniczne i mikroproce-
sorowe uktady sterowania.

e-mail: kozik@agh.edu.pl





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


