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Introduction. While designing fast high-precision controlled electro-
mechanical systems of mechatronic type, one is facing the problem of calcu-
lation and control subsystem synthesis, characteristic feature of which is
requirement of real-time operation with limited computational resources. In
order to improve dynamic characteristics of electromechanical systems,
modern control subsystems often use model of the controlled object. There-
fore, to obtain desired characteristics of the subsystem as for operation speed
and accuracy at the design stage, we should solve the problem of algorithm
support that especially concerns the choice of an effective algorithm for nu-
merical integration of dynamic equations for the controlled object, while this
procedure appears to be a significant part of overall computational work [1—
3]. The use of structurally-oriented approach to modelling complex electro-
mechanical systems also requires effective method of mathematical descrip-
tion and numerical implementation of the system's structural elements. Since
modelling process involves performance of an action sequence, namely,
choice of mathematical description method for the modeled object, choice of
an appropriate computational method, computational algorithm, appropriate
program modules, then while creating such action sequence it is helpful to
use an integrated approach. The most exhaustive study of this process in-
cludes such stages as analysis of the modelling problem, theoretical (analyti-
cal) study of computational methods and computational algorithms, and
experimental study of computational algorithms.

Analysis of the problems involves identifying a priori information, de-
termining characteristics and quantitative indicators that allow for their sys-
tematization and selection of the most effective computational method from
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those available in each particular case. In order to ensure efficient computer
implementation of models, it is necessary to optimize computation [4], while
searching for an optimum algorithm under some criteria: from the theoretical
perspective, considering the class of problems and set of algorithms, and from
the practical point of view, through selection of the best algorithm by compar-
ing relevant characteristics of existing algorithms for solution of a given class
of problems. It is therefore advisable to define the most common functional
characteristics of the problems and perform their systematization accordingly.
More detailed systematization should be done yet within each class, while
specifying subclasses of problems by available a priori information. Classifi-
cation of computational methods can be performed in a variety of ways: by
criterion of presenting initial data and solution results (analytical and numeri-
cal), by functional and qualitative characteristics, by discretization method, by
particularities of computer tools used etc. The choice of computational meth-
ods can be performed through developing of certain selection criteria based on
requirements of the modelling task. Let's exemplify it by selection of numeri-
cal integration method for dynamic equations.

The best method selection problem. Traditionally equations of con-
trolled motion dynamic of object can be represented as Cauchy problem
for system of ordinary differential equations:

y'=f(»U.p), »(0)=, (1
where y — vector of state variables, components of which in the general case
are output coordinates of dynamic system (deviations of controlling elements,
different replaceable parameters, etc.); U — vector of control signals that act at
the input of the object control subsystem; y, — vector of initial values of state
variables; p — vector of parameters that characterize properties of the object
and its control subsystem, as well as properties of the external environment.

It should be noted that often among equations of the system (1) par-
ticular equation groups can be identified, integration of which is quite
simple or is perhaps possible in an explicit form. Such equations include,
for example, a group of one-dimensional equations that bind deviation
values of control elements with values of appropriate control signals. The
above equations are relatively simple, and the issue of their numerical so-
lution is quite fully developed. However, solution of equations presented
by the system (1) is the most complex and specific problem for given type
of dynamic objects. The choice of numerical method is of particular im-
portance just for solution of such equations.

Optimum method for computational solution of Cauchy problem in
the above case means a method that provides the fastest approximate solu-
tion of the object dynamic equations, provided that error of the approxi-
mate solution does not exceed the preset value.

Complexity of the best method choice problem for computational solu-
tion of differential equations is a consequence of the fact that error of ap-
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proximate solution depends heavily on the type of the equation system. It is
reasonable to keep in mind that mathematical models of the object dynam-
ics, in fact, differ only by value of the parameters p included in (1), as these
equations in all cases follow the laws of conservation of momentum. How-
ever, even in this case the choice of «the best» method is a complex task that
is closely related to the problem of a priori or a posteriori obtainment of pre-
cision characteristics of considerable number of methods that can be applied.
Solving the problem of the choice of «the best» numerical method depends
on determination of the optimality criterion. Typically, the optimality crite-
rion is a composite function of certain characteristics (criterion arguments)
of elements of the set, in which the optimum element is sought for. In this
case, such set is a set of numerical methods for solving of differential equa-
tions. Optimum element refers to an element of the set, on characteristics of
which the optimality criterion has global extreme value. When choosing
«the best» method for numerical integration of differential equations, it is
desirable to include in the optimality criterion arguments the following:
characteristics of accuracy of the method, amount of computation at the in-
tegration step and the step size. These characteristics adequately reflect the
properties of numerical methods, consideration of which is necessary for
efficient algorithmic support [4—6].

To find the method that requires minimum operation speed and has
an error that does not exceed preset allowable value J,, the minimum

value selection criterion is used
N.
S, = —i—, @)
57(0)
where i — method index, N; — amount of computation at the step of in-
tegration by the /™ method, 0, =09 (h) — dependence of the solution error

on the step size 4.
If the operation speed of calculating tool is set, and it is wanted to
find a method that gives minimum error, the method should chosen with

minimum value of
E, =5,.[ﬂ], 3)
Sy

where §; — preset operation speed.

In the general case, criteria (2) and (3) are not related, in other words
optimum method for criterion (2) may be nonoptimal for criterion (3) and
vice versa. However, under certain conditions that depend on the type of

error functions o, (h), optimizing based on the discussed criteria leads to

the same results.
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It follows from the above that in order to determine the best method for
numerical solution of dynamic equations one should have such characteristics
of the methods as solution accuracy and amount of computation at the integra-
tion step. As for amount of computation, the major portion of the amount of
computation falls on searching values of the vector function f(y, U, p) of the
system (1). Consequently, it is advisable to take hit count N for the procedure
of calculation of the right hand sides of the system (1), that is required at each
integration step while implementing the method, as a measure for the amount
of computation at the integration step. Moreover, ratio N /A would serve as a
measure for required computing tool operation speed.

Method of numerical experiment should be taken as an investigative
technique for precision characteristics of various methods for solving differen-
tial equation systems that describe dynamics of an object. The reason is that
analytical estimations of the accuracy of solving Cauchy problem obtained for
various numerical methods are usually over evaluated, and often they are not
calculated at all as they contain undetermined constants. The use of asymptotic
estimates of local error, i.e. error at the integration step in order to compare
methods as for their accuracy is improper just because of asymptotic nature,
while transfer of the methods' properties from domain of extremely small inte-
gration steps to domain of final values can lead to gross errors in assessment of
properties as for accuracy of different methods.

Advantage of the numerical experiment method consists in the ability
to obtain objective characteristics of errors on the entire modelling range.
Disadvantage of this method consists in partial nature of the results ob-
tained, that are correct, generally speaking, only for the mode under con-
sideration. In this regard, research of the accuracy properties of various
numerical methods for solving differential equations of dynamics should
be carried out in the most complex (extreme) dynamic modes. It can be
predicted that accuracy of numerical methods in case of analysis of sim-
pler regimes at least will not get worse.

In a computational experiment, information related to accuracy of vari-
ous algorithms for solution of differential equations is obtained by comparing
solution of particular problem with reference solution. Usually, for reference
solution stands analytical solution that leads to comparison of the methods for
simpler tasks (model problems). This approach is unacceptable for assessment
of real accuracy, because transfer of results obtained for model problems that
have analytical solutions may be impractical for real problems. Thus, for re-
search according to the above considerations, it is necessary to obtain a refer-
ence solution for chosen dynamic mode. This problem can be solved using
either the well-known Runge rule for assessment of accuracy of differential
equation solutions or high accuracy order methods with assessment of local
error at the integration step and its automatic choice.
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Design of algorithms for approximate solution of differential equa-
tions. Currently, there are many well-known methods for numerical solution
of ordinary differential equation systems, most of which can be divided into
three groups: 1) one-step methods (such as Runge-Kutta methods) and static
methods; 2) multistep finite difference methods (such as Milne, Adams meth-
ods etc.); 3) hybrid methods (such as Butcher method). All these methods are
based on expansion of the sought-for vector function in power series and leav-
ing in the latter a finite number of terms. Herewith the following condition is
imposed: method of the " order should give accurate solution when the
sought-for solution is an 7™ degree polynomial. Presence of this condition, as
well as presence of the well-known fact that any function which has sufficient
number of derivatives and can be approximately replaced by an appropriate
polynomial, determines the possibility of construction of these methods. Simi-
lar approach can be applied when using any closed system of functions (e. g.
sine-cosine functions).

Another sufficiently general approach to the issue of construction of
numerical methods for solution of differential equation systems consists in
replacement of the initial system with another one, solution of which can
be done quite simply with the use of analytical techniques. The best
known methods used for implementation of this approach are so-called
exponential methods, which essentially consist in presenting the right hand
part of the resulting system as a sum of linear and nonlinear terms and
using integral expression for linear systems. Variety of methods is ob-
tained through various means of introduction of linear terms and through
different integration techniques.

When choosing methods for numerical implementation of integral
models, it is possible to use such characteristics as accuracy, operation
speed and application area, which are shown in Table.

Table

Characteristics of methods for numerical
implementation of integral models

Method name Accuracy Operation Application area
speed
Quadrature methods
depends on Real-time systems,
2:§§:§rate kernel quadrature for- high solution of design opti-
mula mization problems

Method based on com-
bining closed Newton-
Cotes quadrature for- o(h" low
mulas and Simpson
quadrature formulas

Analysis and synthesis
of dynamic systems
with insignificant error
in input data
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Continuation of Table

Method based on com- Analysis and synthesis of
bining closed Newton-
Cotes quadrature for-

mulas cant error in input data

multichannel dynamic

8 1
Oh") — O(h™) low systems with insignifi-

Iteration methods

Simple iteration method high —

Linear dynamic systems
design problems

Newton-Kantorovich
method

Nonlinear dynamic sys-

high _ tems design problems

Projection methods

Adaptive collocation
method

Analysis and synthesis
medium medium  |of multichannel dy-
namic systems

Conclusions. Thus, the approaches discussed herein allow choosing

the optimum method as for accuracy, amount of computation in phase of
integration using analysis of the methods available. Implementation of this
phase of research makes it possible to rank numerical implementation
methods for different levels of acceptable error based on assessment of the
value of the optimum criterion.
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Po3risiHyTO Migxoau BHOOPY ONTHUMAIBHOTO METOAY IOAO TOYHOCTI
Ta 00CITy OOYMCIICHb Ha KPOL IHTErpyBaHH:, IO Ja€ 3MOT'y Ha IiJICTaBi
OLIIHKH 3HAYECHHsI KPUTEPII0 ONTUMAIBHOCTI 3pOOMTH PaH)KyBaHHS METOJIIB
YHCIIOBOT peati3awii Juist pi3HUX PiBHIB AOMYCTUMOI MOXUOKH.

KirouoBi cioBa: subip uuciosoeo memooy, po3s’a3yeaHHs pi6HAHDL
OUHAMIKU, aneopummu 01 80y008AHUX OOUUCTIOBAYIS.

Date received 01.03.2017




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /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 false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>
    /HEB <>
    /HRV (Za stvaranje Adobe PDF dokumenata pogodnih za pouzdani prikaz i ispis poslovnih dokumenata koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /RUS <>
  >>
  /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
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [419.528 595.276]
>> setpagedevice




