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Analysis of simple anti-windup compensation in pole-placement
control of a second order oscillatory system

Abstract

The main aim of the paper is to present the analysis of anti-windup
compensation impact on tracking performance for a second-order plant
and continuous-time PID controller and five different simple anti-windup
compensators. The performance of the system is compared on the basis of
computing differences between the integrals of absolute and squared
tracking errors for the system with and without compensation, as well as
observing the excess of windup phenomena taking place. Parameters of the
controller are computed according to pole-placement scheme. The control
system quality is described on the basis of two quality indices for a stable
oscillatory second-order plant and a square reference signal.

Keywords: anti-windup compensator, IAE, ISE, saturation, pole
placement, PID controller.

1. Introduction

When we analyze a real-world tracking system, it is important to
remember about constraints, e.g. the speed of opening a controller
valve. The difference between constrained and computed control
signals gives rise to windup phenomenon (Fig. 1), and has
a negative influence on the system, by deteriorating tracking
performance. For the calculated value of the computed control
signal, violating its constraints, i.e. [v(f)[>a, any further increase in
the constrained control signal u(7)=(asign(v(¢)) is not possible. The
problem takes place in the case of controllers, particularly a PID
controller, that have integrator blocks, where unnecessary
integration operation starts having the undesirable effect when
constraints become active.
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Fig. 1. Matlab-Simulink diagram of the tracking system with saturating controls

To minimize the windup effect on tracking performance, it is
necessary to use anti-windup compensator (AWC) in the system.

In this paper there is presented the analysis of tracking
performance for a continuous-time PID controller based on pole-
placement [1], with five different anti-windup compensators
compared for a square-wave reference input.

2. Quality indices

The analysis of tracking performance for the considered systems
with PID pole-placement controllers is mainly based on two
quality indices, namely: Integral of Absolute Error (IAE) defined
as

Ji=[Tle dr, €9

where e(f) = r)(f) — y(¢) is the tracking error, y(?) is the closed-
loop output signal, and ry(#) is the reference signal from the
desired closed-loop model and Integral of the Squared Error (ISE)

Jy = [ Te@ ar, )

The quality indices with subscripts Jivc and Joypc refer to
systems with anti-windup compensators, contrary to J;, J, which
represent the systems without an anti-windup compensator. In the
simulation, an infinite upper integral limit was replaced with the
finite time #, assuring that transients were neglectable. The
reference model is described by the transfer function:

am

(©)

am3s3 + amzs2 +am,s +am, ’
where a0, ay, an, ays are coefficients of its polynomials.
3. Shaping the desired closed loop response

3.1. Model of the plant

The plant is modeled by the second-order transfer function

b,

Gub(s) :275
sT+as+a,

“4)

where: b, = wav, a, =2w,, a, = wij, K is the gain, wy is the

natural frequency, ¢ is the damping factor. All the coefficients are
assumed to be known.

3.2. Pole-placement PID control

The PID controller takes the form:

*k, +sk +k,
G (5) = %, 5)

and its parameters are tuned off-line according to a Diophantine
equation.

The closed loop characteristic polynomial was chosen to be of
second-order, i.e., the same as the order of the plant (Fig. 1), and it
was compared to the desired characteristic equation described as:

am,s® +am,s* +am,s +am, =
=5’ +5%(a, +byk,)+5(a, +byk,)+ bk, - (6)

After computations, the solution of the Diophantine equation for
this pole-placement problem [2] is

k="
0
k= am, —a, (7
b,
am, —a
k — 2 1
d bo

The cut-off level of the computed control signal v(¢) (see Fig. 1)
set at o, allows asymptotic tracking in the closed-loop system
and is used to give a relative measure of the hardness of the
constraints.
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4. Pre-filter

It should be noted that the pre-filter is added in series with the
closed-loop system to perfectly cancel its zero-dynamics. Its
transfer function is

kﬁlter

s°kyb, + sk by + kb,

®)

where kg, is a pre-filter gain. Its aim is to decrease the speed of
transients, as well as to reduce the probability of consecutive
resaturations of the control signal.

An important aspect is to make sure that the pre-filter remains
stable. The following necessary and sufficient conditions of
stability on the basis of Routh criterion

k,b, >0,
k,by >0, ©)
kb, > 0.

can be met by adjusting closed-loop reference model parameters.
5. Anti-windup compensators

5.1. Tracking system with limitation of
Integrator (AWC1)

The block diagram of the system with an AWC1 compensator is
presented in Figure 2 [3], as a Matlab-Simulink diagram.
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Fig. 2. Matlab-Simulink diagram with AWC1 compensator

The main disadvantage of this compensation is that the integral
part of the controller can be stopped even if the signal v(f) is not
saturated [3].

5.2. Tracking system with limitation of
Integrator with error signal e(t) (AWC2)

The block diagram of the system with an AWC2 compensator is
shown in Figure 3 [4]. In this method, the signal fed to the
integrator is the difference between the reference signal (f) and
the output signal y(#). When the signal v(¢) or u(f) resaturates, the
integration should be stopped.
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Fig. 3. Matlab-Simulink diagram with AWC2 compensator
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5.3. Tracking system with control signal
conditioning (AWC3)

The block diagram of the system with an AWC3 compensator is
presented in Figure 4 [4]. In this case to improve damping in the
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output signal y(¢) [4], the integrator block is fed with the sum of
w(?) and the difference between the computed v(¢) and constrained
u(f) control signals multiplied by K/Ty. The input signal of the
integrator is described by

e, (1) =e()k, + Au(K Ty, (10)

where K, Ty are constant during the simulation process.
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Fig. 4. Matlab-Simulink diagram with AWC3 compensator

5.4. Tracking system with dead-zone of the
control signal (AWC4)

The block diagram of the system with an AWC4 compensator is
shown in Figure 5 [3].
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Fig. 5. Matlab-Simulink diagram with AWC4 compensator

In this system with AWC4, large initial values of v(¢) signal are
caused by P and D actions of the controller due to step changes in
the reference signal. In due course of the control process, the
influence of P and D actions is decreasing so that the I element is
not able to compensate for this change fast enough. The AWC4
compensator eliminates this problem by adding another saturation
to P and D elements.

5.5. Tracking system with external reset of
Integrator (AWCY5)

The block diagram of the system with an AWCS compensator is
presented in Figure 6 [4].

Fig. 6. Block diagram with AWCS compensator

The fifth method is based on resetting the integral action by
feeding the signal v(¢) to dead-zone function and the reset port of
the integrator. The range of dead-zone is equal to the doubled cut-
off limit 2a in the constrained control signal u(¢). When the value
of v(f) exceeds a given limit, the signal on the additional input of
the integrator resets the integration. If the v(¢) gets desaturated, the
normal integration action is restored.
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6. Performance analysis

The analysis of AWC performance of the systems with the
proposed PID controller and the second-order plant (4) is
presented below.

The output signal y(f) of the analyzed systems and the square
reference signal are presented in Figure 7 for the following closed-
loop parameters: a,=2, ay=6, by=6, ®,= \/5 , &= 1/\/5 , K=1, K=5,
T,=0.1, saturation of the integrator for AWC1 equal to £5/2, 0.3
for AWC2, for AWC3, AWC4 and AWCS equal to +a,;,;=5 and
the filter_gain=1800. The simulation time and the period of the
reference signal are set to 30 seconds.

Fig. 7. Tracking performance of non-compensated and compensated systems

An important question is how much of the control signal is cut-
off during simulation. The results are shown in Figure 8.
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Fig. 8. Absolute difference between the computed and constrained control signals
for the system with and without compensation

The results of simulations are shown in Figures 9-13 as surface
plots of the functions:
AJy = = e (11)
Ay =T, =T upes

referring to the difference between control performance for the
uncompensated and AWC-compensated system. Positive values in
such plots depict the cases when the AWC improves the control
quality and negative values if the contrary.

The top plots represent AJ; and AJ, while the bottom plots
represent the amount of time (in seconds) when the computed
control signal exceeds the cut-off limits.

The results in Figure 9 show that improvement of the control
quality is obtained for the AWCI compensator for the object
analyzed in this paper in the range of 2< wy <3.2 and 0< ¢ <0.3. In
other situations the tracking performance is similar to the model
without compensation.

It was proven that for high oscillations in the closed loop system
without cut-off limit of the integrator and control signal, the
system was stable.
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Fig. 9. Tracking performance for a) AWC1 AJ; and A/; and b) time (s) when
the control signal is saturated
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Fig. 10. Tracking performance for AWC2 a) AJ, and A/, and b) time (s) when
the control signal is saturated
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Fig. 11. Tracking performance for AWC3 a) AJ, and A/, and b) time (s) when
the control signal is saturated

For the AWC2 compensator, the improvement can be noted but
time where the control signal is saturated is up to 25 seconds (Fig.
10b). The consequence is that the Integral part of the PID
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controller is saturated for a longer period of time. The reason why
the control signal is saturated for such a long period of time is that
there are no instruments in the system with AWC2 which cause to
overstep the saturation limit of the control signal.

Introduction of the third compensator proposed in the paper
results in improvement for similar ranges of the natural frequency
and damping factor as of its two predecessors. In Figure 11b, it
can be seen that for the whole range of variables wy and ¢ the
control signal is saturated at a half time of the simulation time.
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Fig. 12. Tracking performance for AWC4 a) AJ, and AJ,, and b) time (s) when
the control signal is saturated
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For the AWC4 compensator it can be noted that improvement of
the control signal is as good as for the other compensators. In
Figure 7, it can be observed that the output signal of the system
with AWC4 is most oscillatory from all the five compensators
analyzed it this paper.
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Fig. 13. Tracking performance for AWCS5 a) AJ, and A/, and b) time (s) when
the control signal is saturated

It can be observed that the AWCS compensator gives least
oscillations in the output signal y(¢) and the time when the control
signal is saturated is rarely bigger than 16 seconds (Fig. 13b). It is
important because the system does not need large values of the
control signal to have good tracking performance.

7. Conclusions

The results presented in Figures 9-13 are only selected examples
of the performance of the proposed pole-placement AWC-
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compensated control system. It was observed that during the
simulations increase in the cut off level of the control signal
caused decrease in the control quality improvement when using
the AWC compensators. The saturation time of the control signal
for five AWC compensators in all the ranges of simulations
described in this paper are presented below:

Tab. 1. Saturation time and approximate improvement of AWC compensators

AWCI1 AWC2 AWC3 AWC4 AWCS

Saturation time
of control signal 0-18 0-26 10-30 0-26 0-18
(s)

Approximate

improvement of
control  signal 15-20 15-20 25 30-35 15-20
based on 4J; and
AJ, surfaces (%)

It can be noted that for an underdamped system the AWC
compensators give improvement for ¢<0.2 and wy<3. To sum up,
if a system needs to be less oscillatory, it is better to use an AWCI1
or AWCS5 compensator where the saturation time of the control
signal is the shortest. On the other side, if the quality indices are
considered, the best solution will be an AWC4 compensator.
It should be noted that these results are for the underdamped
system and low dynamics with dominant pole of the reference
model at -6.6.

8. References

[1] Ogata K.: Modern Control Engineering., Aeeizh, pp. 681-705, 2002.

[2] Astrém J.K.: Control System Design. Department of Mechanical &
Environmental Engineering, University of California - Santa Barbara,
pp. 162-168, 2002.

[3] Rumatowski K., Horla D.: Analiza jakosci s$ledzenia w uktadach
z kompensatorami zjawiska windup dla obiektow oscylacyjnych.
PAK, vol. 53, no.10, pp. 45-49, 2007.

[4] Hyppe P.: Windup in Control. Springer, pp. 23-27, 2006.

Received: 28.11.2014 Paper reviewed Accepted: 05.01.2015

M.Sc. Engineer Talar SADALLA

Born in Iraq, Baghdad in 1990. Finished Automatic
Control and Robotics, spec. Automatic Control in the

Faculty of Electrical Engineering in Poznan University a a

of Technology in 2014. His areas of interest are adaptive ¢ ‘
control, windup compensators and fractional-order ¥ L
systems. s

e-mail: talar.h.sadalla@doctorate.put.poznan.pl

Ph.D. D.Sc. Dariusz HORLA

He works in the Institute of Control and Information
Engineering of the Poznan University of Technology.
He received his M.Sc. degree in control engineering in
2002, Ph.D. degree in 2005, D. Sc. degree in 2013,
respectively, from the Faculty of Electrical Engineering
of Poznan University of Technology. His research
interests include anti-windup compensation, optimal
control, linear matrix inequalities, optimization theory,
and adaptive control.

e-mail: Dariusz.Horla@cie.put.poznan.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
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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


