Appendix W4.1.4.1
The Filtered Case

Thus far, the analysis has been based on the simplest open- and closed-
loop structures. A more general case includes a dynamic filter on the
input and also dynamics in the sensor. The filtered open-loop structure
is shown in Fig. W4.1 having the transfer function 7,; = GD,F. In
this case, the open-loop controller transfer function has been simply
replaced by D,;F, and the discussion given for the unfiltered open-loop
case 1is easily applied to this change.

For the filtered feedback case shown in Fig. W4.2, the changes are
more significant. In that case, the transform of the system output is
given by

_ GD,F R G HGD,
" 14+ GDyH 1+ GDyH 1+ GDyH

V.  (W4.1)

As is evident from this equation, the sensor dynamics, H, is part of
the loop transfer function and enters into the question of stability with
D, H replacing the D, of the unity feedback case. In fact, if F = H,
then with respect to stability, tracking, and regulation, the filtered case
is identical to the unity case with D H replacing D,;. On the other hand,
the filter transfer function F can play the role of the open-loop con-
troller except that here the filter /' would be called on to modify the
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entire loop transfer function, %, rather than simply GD,,;. There-
fore, the filtered closed-loop structure can realize the best properties of
both the open-loop and the unity feedback closed-loop cases. The con-
troller, D, can be designed to effectively regulate the system for the
disturbance W and the sensor noise V, while the filter F is designed to
improve the tracking accuracy. If the sensor dynamics H are accessible
to the designer, this term also can be designed to improve the response
to the sensor noise. The remaining issue is sensitivity.

Using the formula given in Eq. (4.18), with changes in the parame-
ter of interest, we can compute

Sk = 1.0, (W4.2)
1
Ry — W4.3
T GD H
— AT W4.4
" 1+ GD.H ( )

Of these, the most interesting is the last. Notice with respect to H, the
sensitivity approaches unity as the loop gain grows. Therefore it is par-
ticularly important that the transfer function of the sensor be not only
low in noise but also very stable in gain. Money spent on the sensor is
money well spent!

If S is the sensitivity of the filtered feedback system to changes in the
plant transfer function, and 7 is the transfer function from reference to
output, compute the sum of S+ 7. Show that S+ T'=1if F = H.

(a) Compute the sensitivity of the filtered feedback system shown in
Fig. W4.2 with respect to changes in the plant transfer function,
G.

(b) Compute the sensitivity of the filtered feedback system shown
in Fig. W4.2 with respect to changes in the controller transfer
function, D.

(¢) Compute the sensitivity of the filtered feedback system shown in
Fig. W4.2 with respect to changes in the filter transfer function, F.

(d) Compute the sensitivity of the filtered feedback system shown in
Fig. W4.2 with respect to changes in the sensor transfer function,
H. If S is the sensitivity of the filtered feedback system to changes
in the plant transfer function and 7 is the transfer function from
reference to output, compute the sum of S+7'. Show that S+7 =1
if F=H.

Solution. To answer the first question, we need the answer to part (a),
so let’s start there.
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(a) Applying the formula for sensitivity of 7' to changes in G:

FD.,G
~ 1+ DuGH’
g _ gL+ DaGH (1 + DyGH)FDy — FDyG(DetH)
FD,G (1 +DchH)2
1
“ 1+ DyGH’
Now
Su 7= 1 FD,G
1+D,GH ' 1+ D,GH
1 + FD,G
~ 1+ D GH
—1 i F=H. (W4.5)

(b) Applying the formula for sensitivity of 7" to changes in D;:
1+ DyGH (1 + DyGH)FG — FD,G(GH)
FDuG (14 DyGH)?
1
" 1+ D,GH’
This is not surprising as D and G are in series.
(¢) Applying the formula for sensitivity of 7' to changes in F:
oF _ Fl +DyGH (1 + D,GH)(D,G)
T FD.G (14 DyGH)?
1+ D, ,GH
1+ D,yGH
=1

s2=p,

In this case, the F term is in the open loop, so it has a sensitivity of
unity.
(d) Applying the formula for sensitivity of 7" to changes in H,
1+ D,GH (1 + D4GH)0 — FDG(DG)
FD.,G (1+ DyGH)?
_ D,GH
= (1+DyGH)

H
SH=H





<<
  /ASCII85EncodePages false
  /AllowTransparency true
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /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 false
  /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 false
  /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 true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'Pearson 1.4'] [Based on '[PDF/X-4:2007]'] Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-4:2007, an ISO standard for graphic content exchange.  For more information on creating PDF/X-4 compliant PDF documents, please refer to the Acrobat User Guide.  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 true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 24
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /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
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


