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Abstract—A fractional order integrator can be used for the relay feedback identification of a process Nyquist point
in the third quadrant, and to implement the fractional order integrator, it is often approximated by integer order systems.
Here, instead of the usual rational transfer function approximation of the fractional order integrator in the relay feedback
system, a simple analytic method which utilizes the on-off characteristics of relay output is proposed. Simulation results
show that the proposed method can find process Nyquist points in the third quadrant without worrying about the ap-
proximation errors and ranges of the fraction order integrator.
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INTRODUCTION

Recent proportional-integral-derivative (PID) controllers have
autotuning features and, for them, relay feedback identifications of
Astrom and Hagglund [1] are often used [5]. The conventional relay
feedback identification method finds the process ultimate informa-
tion, a Nyquist point at the phase of —180°. Lee et al. [8] proposed a
method to decrease errors in the conventional relay feedback iden-
tification with some characteristic areas of relay feedback responses.
Parameters of PID controllers can be determined with the process
ultimate information through the Ziegler-Nichols like tuning rules.
However, the frequency corresponding to the phase of —180° is too
large to tune for some PID controllers, especially for PI controllers
widely used in the field [4,6,12].

For the identification of process frequency response in the third
Nyquist quadrant by the relay feedback method, dynamic elements
such as time delay and low pass filter can be used. Their phase shifts
are dependent on the oscillation frequency, which is not known in
advance, and they are adjusted adaptively to obtain the frequency
response at the given phase shift. For a non-adaptive method, Fri-
man and Waller [4] proposed a two-channel relay feedback method
for the Nyquist point at the given phase shift.

Jiri et al. [6] proposed a method to use the fractional order integra-
tor for the frequency response at a given phase shift. Fractional order
systems have recently been studied in various areas [2,9,10]. To
implement fractional order systems, they are approximated by ratio-
nal transfer functions with integer orders [3]. However, Tavazoei
and Haeri [11] show that rational approximations should be used
cautiously because dynamical behaviors of some approximated mod-
els can be completely different from those of the original fractional
order systems. Here, a simple analytical method to implement a
fractional order integrator is proposed for the relay feedback identi-
fication of the process frequency response at a given phase shift.
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RELAY WITH A FRACTIONAL-ORDER FILTER FOR
A NYQUIST POINT IN THE THIRD QUADRANT

Consider the relay feedback system of Fig. 1 for the identification
of Nyquist point of the process G(s) in the third quadrant. Here a
fractional order integrator

1
F ,,,(S) = (1)
S
is used to obtain a given phase lag. The fractional order integrator
has a phase lag of

ZF (jo)=— m7”

@
Hence, by choosing an appropriate m, a Nyquist point in the third
quadrant can be obtained [6]. For implementation of the fractional
order integrator of Eq. (1), it is often approximated by a finite dimen-
sional system with rational transfer function [3,6]. Here, utilizing
the on-off characteristics of the relay output, a simple analytic method
to implement the fractional order integrator is proposed.

The Laplace transform of process input u(t) is

UO=F.6)U6)=5Us) G)
where U,(s) and U(s) are Laplace transforms of the relay output and
the fractional order integrator output, respectively. Let the relay out-
put be switched on at t,(=0), off at t,, on at t,, and so on, and h be
the amplitude of relay output. Applying the convolution theorem
about the multiplication of Laplace transforms [7], we have

u(t)= jo' f.(t— Du()dr
=h| "f,(t- 7)d7—h [ “f(t= Ddz+ - +(~1)'h [ "f.(t-dr

= h(qm(t - t0) - 2qm(t - tl) + 2qm(t - 1:2) teeet (_ 1 )nzqm(t - 1:n)) (4)

where
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m—1

f,(t)= : inverse of F,(s)

ITm)
au(t)= j f,(t)dt= ———

u

IT )

Because 4-5 relay oscillations are used for the identification, the
number of terms needed for u(t) is small and its computation will
be simple.

®

For example, when m=0.5, we have f,,(t)= J—’ qu(t)= j: A/L;t

2.
YAl

u(t):j—;(A/t—to—zA/t—tﬁz t—t+ -+ (—1)"24t—1,) 6)

dt=

and the phase shift of the fractional order integrator with m=0.5 is
—45°, Fig, 1 shows typical responses of the relay output and the frac-
tional order integrator. Here the first relay output is on and off for a
fast start of oscillation.
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Fig. 1. Relay feedback system with a fractional order integrator.
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Fig. 2. Responses of the relay feedback system with a fractional
order integrator (G(s)=5/(s+1)°, m=0.5). Here p,;; and p,5,
are the oscillation periods corresponding to the process phase
angles at —135° and —180°, respectively.
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The relay feedback system of Fig. 1 will oscillate approximately
at the frequency @ of £F, (jw)G(jw)=—n Hence the oscillation period
p is such that

LG(joy=—r— LF (joy=—(1—-m2)x, o=27lp @

Since |F,(jo)G(jow)|=ma/(4h) where a is the amplitude of process
output [1], the amplitude ratio of G(jw) at the oscillation frequency is

IG(jw)l= ()

Fig. 2 shows responses for the process G(s)=5/(s+1)° with the
fractional order integrator of m=0.5. We can see that the oscillation
period is near 15.169 such that ZG(jw)=—3 /4. For the identifica-
tion of this Nyquist point, Jiri et al. used a 4-th order filter
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Fig. 3. Bode plots of filters for the Nyquist point at —135°.
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Fig. 4. Nyquist points identified (G(s)=5/(s+1)°, sampling time for
simulations: 0.01, circle: identified, square: exact).
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approximating the fractional order filter F,;(s)=1/s". Fig. 3 shows
Bode plots of this approximate filter and the proposed fractional
order filter. The filter by Jiri et al. [6] shows phase errors below 1.1°
for frequencies between 0.4 and 450. These phase errors of the filter
do not cause any significant estimation errors. However, the oscil-
lation frequency should be inside the valid frequency range, and
because the oscillation frequency of process is not known in advance,
time scaling may be required for some applications. The proposed
method does not require such time scaling and the computation is
much simpler.

Fig. 4 shows some Nyquist points identified with various filter
order m. PID controllers can be tuned with these Nyquist points
and tuning rules in Friman and Waller [4].

CONCLUSION

A fractional order integrator introduced in the relay feedback sys-
tem can be used to obtain a process frequency response at a given
phase shift. Utilizing the on-off characteristics of relay, an analytic
method to implement a fractional order integrator in the relay feed-
back system is proposed. It is not needed to worry about bad effects
due to approximated rational models usually used for the imple-
mentation of fractional order systems.

ACKNOWLEDGEMENT

This work was supported by Mid-career Researcher Program

through NRF grant funded by the MEST (No. R01-2008-000-20518-
0).

REFERENCES

1. K. J. Astrom and T. Hagglund, Automatica, 20, 645 (1984).
2.J.Y. Cao and B. G Cao, International J. Control, Automation, and
Systems, 4,775 (2006).
3. A. Charef, H. H. Sun, Y. Y. Tsao and B.Onaral, IEEE Trans. Auto-
matic Control, 37, 1465 (1992).
4. M. Friman and K. V. Waller, Ind. Eng. Chem. Res., 36,2662 (1997).
5. C. C. Yu, Autotuning of PID controllers: A relay feedback approach,
Springer, London (2006).
6. M. Jiri, C. Martin and S. Milos, Process Control 2008, Jun. 9-12,
Czech Republic (2008).
7. E. Kreyszig, Advanced engineering mathematics, Wiley, New York
(1999).
8.J. Lee, S. W. Sung and T. F. Edgar, AIChE J., 53,2329 (2007).
9. C. A. Monje, B. M. Vinagre, V. Feliu and Y. Q. Chen, Control Engi-
neering Practice, 16, 798 (2008).
10. L. Podlubny, Fractional differential equations, Academic Press, San
Diego (1999).
11. M. S. Tavazoei and M. Haeri, Automatica, 46, 94 (2010).
12.]. Byeon, J. S. Kim, S. W. Sung, W. Ryoo and J. Lee, Korean J.
Chem. Eng., 28,342 (2011).

Korean J. Chem. Eng.(Vol. 28, No. 12)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /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 <>
  >>
  /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 [2834.646 2834.646]
>> setpagedevice


