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Chapter 12
Indirect Adaptive Control

Abstract Indirect adaptive control is a widely applicable adaptive control strategy. It
combines in real-time plant model parameter estimation in closed loop with the re-
design of the controller. Adaptive pole placement and its robustified version together
with adaptive generalized predictive control constitute the core of the chapter. Adap-
tive linear quadratic control 1s also presented. Application of various strategies for
the indirect adaptive control of a flexible transmission illustrates the methodology
presented in this chapter.
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Pole placement I

The pole placement allows to design a R-S-T controller for

» stable or unstable systems

 without restriction upon the degrees of A and B polynomials

 without restrictions upon the plant model zeros (stable or unstable)

* but 4 and B polynomials should not have common factors
(controllable/observable model for design)

It is a method that does not simplify the plant model zeros
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Structure l
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Pole placement '

Closed loop T.F. (r—y) (reference tracking)

g ‘T(gHB(@™") g 'T(gHB(@™)

Hpp(g™) = =
T @S @) +a U Blg R P(g™)

P(g"Y=4(g™S(@gH+q Bl HR(@ ™) =1+ pig”" + pag ™ +...

Defines the (desired )closed loop poles

Closed loop T.F. (p = y) (disturbance rejection)

A(g)S(q ") _A(g)S(q )
A(g)S(q ) +q B(g")R(q") P(q™)

Output sensitivity function

S, (q)=
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Choice of desired closed loop poles (polynomial P)

-1 —1 —1
P(g )=PFp(q )Pr(q )
” h S
Dominant poles Aucxiliary poles

Choice of P(q™!)(dominant poles)

Specification discretization

. . : d \ R 1
in continuous ttme — 2nd grder (Q)O’ C) 7 P (g )
(tMa M) e

0.25<w,T, <1.5
0.7<¢ <1

Auxiliary poles

* Auxiliary poles are introduced for robustness purposes

» They usually are selected to be faster than the dominant poles
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Regulation( computation of R(g-!) and S(q)) '

(Bezout)  A(g HS(g H+q “BlgHR(gH=P(™) (*
27 N9

A and B do not have

—1 —1
_ =deg B
ny=degd(q ) np=degB(q ") common factors

unique minimal solution for :

np :degP(q_l)SnA +np+d-—1

ng =degS(q_1)=nB +d -1 np =degR(q_1)=nA—1
“1N _ -1 —ng _ Tl
S(g )=l+s9 +..5,9 ° =1+q 5%(q )

_1 _1 _
R(g)=ry+nq +.0, q
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Computation of R(g-1) and S(gq-1) l

Equation (*) is written as: Mx=p —x=MIp
T _ r _
X = [l,sl,...,sns ,ro,...,rnR] p =1, Plsess Pisess D, ,0,...,0]
ng +d n,
:"—__—_—/\ —
1 0 0 0 0
al 1 . b'1
a2 0 b'2 b'1
I b2 nAa+ng+d
al .
anA a2 b' ng
0 : 0 : :
| 0 0 an , 0 0 0 b' ng _
n, +ng+d
b'=0 pour i=01..d ; b', =b-d pour i>d

Use of WinReg or bezoutd.sci(.m) for solving (*)
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Structure of R(q’!) and S(q) '

R and S may include pre-specified fixed parts (ex: integrator)
R(g)=R'(qH(q) S(g)=8"(g HH(q)

Hy, Hg - pre-specified polynomials
—n.

_ _ _ v 1 v -1 '
R(g ) =rg+r'y g+, g™ S'(q)=1+s"1q" +..5", q

*The pre specified filters H, and H¢ will allow to impose certain properties of the
closed loop.
*They can influence performance and/or robustness

A(gYH(g7)S (g7 ) +q “B(g )H (g )R (¢ )=P(g™)
27 N9
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Fixed parts (H,, Hg). Examples l

Zero steady state error (S,, should be null at certain frequencies)

_Alg HHs(g)S'(¢7)

S,p(a™)
i P(g™)
Step disturbance : Hg(q _1) =1-¢ B
Sinusoidal disturbance : Hg =1+ ag +q7° ;o =-2coswT i

Signal blocking (Sup should be null at certain frequencies)
A(g DHHp(g DR'(¢™)
P(g™)
Sinusoidal signal.: Hy =1+ Bq ' +q; f=-2coswT i
Blocking at 0.5f. Hp=(0+gH":n=12

Sup(q_l) ==
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Tracking (computation of 7(g’)) l

Ideal case
A
-1 . .. B (g
r® [a B, | vy /¥y H (g 1):;8%
) f //v Am T )
Tracking reference : > _ _
modil (H.) _ desired t B, (q 1) = by + b4 L
m trajectory for y (t) 1 1 )
Am(q ):1+am1q +am2q t+...
Specification discretization |
In continuous time ——» nd order ((D()a (;) 7 > [—[m (q )
(tMa M) Ky
0.25<w,T, <1.5
0.7<¢ <1

The ideal case can not be obtained (delay, plant zeros)
Objective : to approach y*(t)
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Tracking (computation of 7(g 7)) '

- ' B,(¢")
Build: (t+d+1)=—=L r(t)
g A,

Choice of T(q™) :

* Imposing unit static gain between y* and y
« Compensation of regulation dynamics P(g)

L (/B if B1)=0
Iq”) = GP(q") G—{ L if B)=0

—(d+1) -1 B* —1
F.T.r —y: HBF(q—l):q B,(qg ) (q )

4,(q7) B
(P() |
Particular case : P=A4,, T(g")=G=1 ) if B1)#0
1 if B1)=0
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Pole placement. Tracking and regulation l

y (t+d+1) u(t) y(t)
B + 1 -d

[ Am |, | S A |
| | | |
| | | |
| | | R |« |
| | | |
I I | (d+1) ., -1 I
| | | < q B*(q ) _>|
| | Pq 1) |
L 4 e |
| B(1)
|

-1
g @ B (@) B q )

A (a7 B(1)

S(g Hu(@)+R(q y(t)=T(g Hy*({+d+1)

I
- »I
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Pole placement. Control law l

T(q )y (t+d+1)—R(qg")y()
S(g™")
S(g Hu)+R(g )y =GP(g )y (t+d+1)=T(g ")y (t+d +1)

S(gH=1+¢"'S" (g™

u(t) =

u(ty=P(q Gy (t+d +1)=S (¢ " Yu(t -1 - R(g)y(t)

B,(q ™"
A, (g7
A, (g =1+q7"4,(q"

y(t+d+1)=

r (1)

y (t+d+1)=—4,(q "y +d)+B, (g Hr@)

Bm (q_l) — bmo +bm1q_1 +... Am (q_l) :1+amlq_1 +am2q_2 + ...
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[Indirect adaptive control }

At each sampling instant:

Step I : Estimation of the plant model (121, l§)
ARX identification (Recursive Least Squares)

Step II. Computation of the controller

Solving Bezout equation (for S” and R”)

IZIHSS'(Q

Compute:

"+q 'BH,R'=P

R(g)=R(gHH, (g™ S(gH=8"(gHH(qg™)

T=GP=+

Remark:

- L
G_é(l) if B(1)=0

- G=1if B()=0

It is time consuming for large dimension of the plant model

Adaptive
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[Supervision}

Estimation:

* Check 1f input 1s enough “persistently exciting”
(if not, do not take 1n account the estimations)

» Check if 4 and B are numerically “sound” (condition number)
(no close poles/zeros)

e [f necessary, add external excitation (testing signal)

Control:

* Check if desired dominant closed loop poles are compatible
with estimated plant poles
* Check robustness margins

Additional problem:
* How to deal with neglected dynamics ?
(filtering of the data, robustification of PAA)

Adaptive Control — Landau, Lozano, M’'Saad, Karimi

16



[ Robust Control Design for Adaptive Control}
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Adaptive Control of a Flexible Transmission '

The flexible transmission 6

axis
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Adaptive Control of a Flexible Transmission '

Frequency characteristics for various load

3::' 1 1 1 ] ]
p I1 ' ¥ _.
10 .r\ : T -
s ] i :
P L b} B v '
e £ :

— Full load
— — Half load
No load

0 005 0.1 015 02 028 03 035 04 045 05
Normalized frequency

Rem.: the main vibration mode varies by 100%
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Robust Control Design for Adaptive Control .

_ unstructured
—» Adaptation | ,,certainities
(high frequency)

—» Robust Design

parameter variations
(low frequency)

Basic rule : The input sensitivity function (Syp) should be small in
medium and high frequencies

How to achieve this ?

/Pole Placement : A

- Opening the loop in high frequencies (at 0.5f;)
- Placing auxiliary closed loop poles near the high frequency poles
kOf the plant model y

Generalized Predictive Control :
- Appropriate weighting filter on the control term 1in the criterion

20
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Robust Control Design for Adaptive Control '

(Flexible Transmission)

Input sensitivity function Sup

10-

dB
=R

=20

=25

-

-35+ ||

|

_m 1 1 1 I|I 1 1 1

0 005 01 015 02 028 03 035 04 045 05
Mormalized frequency

a) Standard pole placement (1 pair dominant poles + h.f. aperiodic poles)
b) Opening the loop at 0.5fs(Hr=1+q")
¢) Auxiliary closed loop poles near high frequency plant poles
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[Parameter Estimators for Adaptive Control}

Objective : to reduce the effect of the disturbances
upon the quality of the estimation
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Classical Indirect Adaptive Control I

X

Adjustable
Controller

Reference

Filter PLANT

()
Filter| |+
| | | ECL

Adaptation

mechanism P.AA. €
(design)

@ Uses R.L.S. type estimator (equation error)
- Sensitive to output disturbances

- Requires « adaptation freezing » in the absence of persistent excitation

- The threshold for « adaptation freezing » 1s problem dependent

\

)
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Closed Loop Output Error Parameter Estimator
for Adaptive Control

Reference

C

O
+
EcL

f

o

disturb.
Adjustable U | qdB |JY*
1 Controller A
PLANT
\ q'1
Adjustable qiB )9
Controller JU A
Adaptation
mechanism P.AA. %
(design)

=

/

- Insensitive to output disturbances

- Remove the need for « adaptation freezing » in the absence of
persistent excitation

- CLOE requires stability of the closed loop

\_ " Well suited for « adaptive control with multiple models »

~

J
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Adaptive Control — Effect of Disturbances '

Classical parameter estimator

(filtered RLS)

CLOE parameter estimator

output
=

el | [ |
| L L

CLOE

output
o

0 5 10 15 2 25

30

WMWW uﬂ 77

|

35 40 45 50 0 5 10 15

20 25 30 35 40 45 50
Initialization Tracking Disturbance rejection Initialization Tracking Disturbance rejection
2 T T T I_'_ 2 T
L P r(_,_,v
1 _ 1.
g | - = —a——— & | b
= —_—— 1 )
E 0 - —— — EGK
= =
S\ 2 1\
R T VSN R —
i : e — , I 1 I I I
R 5 10 15 2 25 30 35 40 45 50 0 5 v 1 2 2 30 3% 40 45 50
Time(s) Time(s)

Disturbances destabilize the adaptive system when using RLS parameter estimator

(in the absence of a variable reference signal)

Adaptive Control — Landau, Lozano, M’'Saad, Karimi

25




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


