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.ABSTR.ÀCT

Most adaptive controllers do not assume any a prÍori lcrowledge about

the process to be controlled. fn most situations there is, however, some

krrowledge about the process. ThÍs larowledge should be used to improve the

performance compared to the "black box" approach of earlier adaptive

control lers .

The a priori lcrowledge Ís in this paper used in the estimation of

the process and also in the design of the controller. The use in the

design is new compared to earlier approaches. The a priori lcrowledge is
here used to design a nominal controller. The unmodelled part of the

process is estimated and an adaptÍve stability augmentatÍon signat is
added to the nominal controller. Different t¡pes of a priori lcrowledge

and design methods are discussed and the performances are investigated

through arralysis a¡rd simulations.
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1. INTRODUCTION

Adaptive controllers are now more and more used in industrial
Ort

applications, see the surveys by Astrom (1993) and seborg et al (19g6).

Most adaptive controllers are based on a "black box" approach. In rnany

applications there is a¡r extensive emperical larowledge about the process

model. This a priori lcrowledge about the process model has so far only

been used to a very limited extent. The lorowledge has for instance been

used to determine possible structures of the controller and desired closed

Ioop responses. However, as soon as the structure of the adaptive

controller has been determined aII a priori larowledge is abandoned.

It is e>çected that the use of a priori lsrowledge will improve the

performance compa.red to adaptive controllers based on a" black box

approach. There are some references where a priori larowledge has been

used in adaptive controllers. Clary and Franklin (1984) estimate the

unkown pa.rt of the process. The adaptive controller is then designed in a

conventional way for the full process model. Bai and Sastry (1986) use a

more general process rnodel for the a prÍori lcrowledge. Ilasgupta et al

(1985) and Dasgupta and Anderson (1986) derives a parameterizarion for

identification of physical parameters in a model. Different ways to make

the parameterization is discussed Ín Section 2. The papers referred above

mainly discuss how the a priori knowledge can be used in the estÍrnation

part of the adaptive controller. The controller design is then done based

on the full process model. A different approach to the design is taken in

this paper. The inspiration for the new class of adaptive controllers

comes pa.rtly from design of power system stabilization equipnent and

design of autopilots for airplanes. These systems contain
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what sometimes is called stability augmentation. The idea Ís that a

nominal control signal is augmented by an additional signal, which

increases the stability properties of the closed loop system. A similar
idea for linear quadratic controllers Ís found in Moore (1ggz).

Characterization of aII possible stabilizing controllers is discussed in
Desoer et al (1980). The Adaptive Stability Augmenrarion (ÀSA) controller
in this paper is based on the Ídea to divide the controller into a fixed

nominal pa.rt and an adaptive stability augmenting part.

The design of the adaptive stability augmentation depends on the

parameterization of the process and on the desired closed loop response.

The pa.rameterÍzation issue is dÍscussed in Section 2. The adaptive

control problem is formulated in Section 3. The estination of the unlorown

part of the process is discussed in Section 4. The adaptive stability
augmentation controller is introduced Ín Section 5 for different t¡pes of
parameterizations. The design principles and the properties of the closed

loop system are discussed. Section 6 contains analysis and e:<amples which

show the improved performance of the new controller. Conclusions and

references are found in Sections Z and 8 respectively.

In this paper we concentrate on the desÍgn principles. We discuss

the improvement in performance that can be obtained if additional

information is obtained about the system. Some of the motivations for the

approach in this paper are:

Computational aspects. Ife don't want to resolve the fuII
design problem at each step.

safety aspects. The stability augmentation can be

disconnected to obtain graceful degradation of the system.

Use avail.able process lorowledge. The a priori lcrowledge give

an indication how the controller should look like.
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The contrfbution of thts paper relative to prevlous works are:

a) A new design prlnciple for control of partially lorown

systems. The a priori knowledge is used ln the estimation as

well as in the design of the controller.

b) The design and the analysfs are simprtfied by the separation

lnto a" nominal controller and the adaptive stability

augmentation.



-2.L-

2. A PRIORI PROCESS KNOWLEDGE

One maÍn difficulty when using a priori lcrowledge is the issue of

parameterization. There are several ways in which the a priori lcrowledge

is available. Some aspects are described and discussed in this section.

The extent of the lcrowledge depends very much on the physical process.

The available a priori lorowledge about a process can for insta¡rce be given

in the following forms:

The number of integrators and the dominating tirne constant nay be

lcrown, but the process rnay also contain unkrrown or varying high

frequency parts. com¡mre fixed body and bending mode d¡rnamics of

airplanes.

The physÍcal model may be weII understood, but some parameters may

be difficult to determine. E><amples of such parameters c¿ul be

friction coefficients a¡rd heat tra¡rsfer coefficients.

Parts of the d¡mamics may change depending on the working or loading

conditions for the process. Examples are industrial robots and

power systems, where the load will change the d¡mamics of the

process.

The a priori lcrowledge is usually available in a continuous time form

while most adaptive controllers are inplemented using digital computers.

This will give rise to difficulties when utilizing the physical knowledge.

Another difficulty is that the a priori lcnowledge can be available in form

of a state space model wÍth some unlcrown parameters. The adaptive

controllers are in general based on pulse tra¡rsfer function (input,/output

models). The problems are highlÍghted through a couple of examples.
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Example 2.1

Assume that the process has the following state space representation

-0

s2+(er+Or)s+0,

1 1

o
x L x+ u

0-0
2

v [0, enJx

The transfer function is

c(s)
OUs+0r0r+0n

wv

Exanple 2.2

Consider the RLC circuit in Figure 2.1. The state space representation is

oz

The transfer function G(s) is linear in the urrl<nown paramters for

instance when {03,e4}, {01,03) or {01,03,e4} are regarded as unlarown.

c(s) is, however, nonlinear in the parameters if {e1,02} or {02,03}

are the unlorown para¡neters. The linear in parameter assumption has in
general been a very crucial assumption in the design of adaptive

control lers.

,? = It
l- to

'_å x u+

L/C

0

v [0 R]x
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a.nd the transfer function is

c(s)
R

ñ-ffiT
" *f *æ

Let t, = *, 0, = L/L a¡rd 0g = L/C then

c(") 2

otozog

s + 0r0rs * 0203

The coefficients of the transfer function are thus nonlinear (although of

special structure) in the physical parameters R, L/L a¡rd L/C.

vvv

xzL

u

FiEure 2.1 An RLC Circuit

Exanple 2.3

Consider the continuous time system with the tra¡rsfer function

vC Rf",
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c(") 1

@
We may regard 6Z as €ut unlanown time consta"nt, while

The pulse transfer function t¡as the form

H(z)
bI" + bZ

2z +aLz+a2

where

-h/00r(1 - e 1) e2rr - "-voz)

ot may be known

bt
0

L
g2

o2G - "-vgz)"-vgt - o1(1 - "-ugL)"-wgzbz

t1

u2

0 oz
1

qe-va 1 + 
"-woz)

"-(Ve, 
+ L/9r)h

The pulse transfer functÍon is thus nonlinear in both 0t and 02.

Further both parameters 0t and 0Z appear Ín all the coefficients of

the dÍscrete time pulse transfer function. This implies that if 0Z is

an unlcrown time consta"nt then it will influence all the coefficients in

the sarnpled data model.

wv

The examples above show that it is crucial how the process nodel is

parameterized.. The paraneterizatÍon issue is discussed in Dasgupta et al

(1985). There it is shown that a large class of physical systems with
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what is defined as rank one dependence has a transfer function of the form

where Bi and Ai are known pol¡momials and ki are multilinear

functions of the unlarovm parameter" 0Í. For instance the circuit in

Example 2.2 }øs a rarrl< one dependence in R, l/L arÀ L/c. For a system

with three unlanowns, 01 - 03, we have kl = 0l , k2 = O2, k3 = 03, k+

= 0L02, kU = 0r0r, k6 = 0203 and I) = e1e203. The models are rhus

quÍte complex even for only a few unlmown par¿rmeters. In Dasgupta et aI

(1985) it is shown how constrained estination of the parameters 0i can

be done for this class of systems. A parameterization similar to (2.1) is
considered in Bai and Sastry (1936). They assume tha.t all the parameters

ki are unlonown para¡neter and not related to kl = 01 and k2 = 02. The

estimation and the design in Bai and Sastry (1986) are done for discrete

time models.

Clary and Fra¡rklin (1984) consÍder discrete tÍme models of the form

c(")

H(z)

Bo(s) + )krBr(s)w

ttu(z). H,r(z)

(2.1)

(2.2)

(2.3)

where \(z) is a }crown a¡rd Hrr(z) is a¡¡ unknown part. rn the light of

Example 2.2 this parameterfzation has some obvious problems since

z(crc2) z(cr)>(c2)I

where z(') denotes the z-transform (or sampting) of a tra¡rsfer

function. The discussion above shows some of the difficulties in rnaking

general pa.rameterizations of a system to take advantage of a. priori
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lorowledge. The best method depends on the specific problem and which

parameters that are lcrown and unlcrown.



- 3.1 -

3. PROBLEM FORMULATION

The discussion of the parameterization in the previous section shows

some of the problems to utilize a prÍori knowledge about a" physical

process. In this paper we take an engineering approach of the problem and

look for sensible approxÍmate ways to include the physical a" priori

lirrowledge. The motivation is that a-ny reasonable way to include the

lcrowledge should be better than a black box approach.

The physical lcrowledge is mostly available for continuous time

models. This implies tlnt the parameters should be estimated from

continuous time models. Discrete time estimation of continuous tÍrne

models is discussed for insta¡rce Ín Young (1g8l), Johansson (1986),

Canudas de Wit (1986) and Gawthorp (1986). Another way to circumvenr the

problem with (2.3) is to use the ô-operator and fast sampling, see

Goodwin et al (1986). The ô operator is defined by

where q is the forward shift operator and h is the sampling interval.

In Gawthrop (1980) it is shown thar rhe limiting value

ô

lim
h{

q-1.
h

Bh(ô)

m
Bo(ô)p

is such that the coefficients in Bo and Ao are the same as the

coefficients in the continuous time transfer function. This implies that

the structure of the transfer function Ín the ô-operator is essentially

the same as that of the continuous time tra¡rsfer function provided that

the sampling period is suffÍcÍently short. The ô-operator formulation has
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the advantage that a controller in the ô-operator c€uì be derived without

sampling a continuous time model

Motivated by the dÍscussions in Section 2 a¡rd above we will use the

following three different parameterizations in the ô-operator form:

Mul tipl icatÍve disturbance d¡rnamics :

H(ô)

H(ô)

H(ô)

We will assume that

Ho(ô)

Relative disturbance d5rnamics :

Bo(ô)p 81(ô)

@ (3.1)

(3.2)

(3.3)

(3.4)

Bo(ô)

{ïÐ
(1 + ^B(ô) r

1 + ÅÀ(ô),

Coef f icient di s turbance d¡mannÍcs :

Bo(ô) + >FrBr(ô)re

Bo(ô)p
Ís }arown a¡rd that Bo and Ao are coprime. Ho(ô) is called the nominal

model . {81 '41} , {Â8, ÅA} and {a, ,Þi} are. rhe unlorown parrs in rhe

parameterizations (3.1), (3.2), and (3.3) respectively. Further ir is
assumed that Bi and Ài in (3.3) are lorown pol¡momials with the

fol lowing degree restrictions
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(3.5)

The most structured form is obviously (3.3). The structures (3.1) and

(3.2) are equivalent when

A
o

A.I
B

o
B.I

deg

deg

deg

deg

n

n

n

n

v

The unlcrown parts of either (3.1), (3.2) or (3.3) are estimated on line.

The estimation is discussed in Section 4. The total model nay then be

used to design a controller on line. This is the case in for instance

Clary and Franklin (1984) and Bai and Sastry (1986). The design will then

not be simplified by the a priori knowledge. We will regard the urrl<nown

parts as perturbations of the nominal plant Ho(ô). A nominal controller

G^ for H^ is precomputed such that the closed loop response is asoo
desired. See Figure 3.1.. The design problem is now formulated as to

determine the adaptive stability augmentatÍon controller to improve

Au

u

B1 (ô)

qGt
1+ÅA(ô)+ÀB(ô)

1 + ÅÀ(6)

vv-tr

Control of the noninal plant.
stability augmentation to improve

the control of the full plant

Fiqure 3.1 a)

b)
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the control of the full plant. The structure of the controller depends on

Ho, H ar¡d the design specifications. Dlfferent alternatives are

discussed in Section 5. The stabillty augmentation controller is allowed

to be a function of Bo, Ao, the current estfmate of the unknown part

and the desfred closed loop response.

The nominal controller may be deslgned uslng arry feasable method.

Thfs design is only done once and not updated.
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4. PARÂIÌIETER ESTIMATION

rn this section we wÍll discuss how the unlnrown parts of (3.1)

(3.3) can be estimated.

Consider first the multiplicative disturbance model. Following

Clary and Fra¡rklin (1984) we introduce the filtered signals

yo (t) Ao(ô)v( t) (4.r)

Bo(ô)u(t) (4.2)

The model (3.1) can now be written as

À, (ô)vo( t) Br(ô)uo( t) (4.3)

This parameterization is linear in the unlorovm parameters. The least

squares method can for instance be used to estimate the unlcrown part of

(3.1). The model (4.3) can be wrirren as

TI (t - t) 0

uo( t)

yo
m

(t) (4.4)

where

Trr(t - 1) [vo(t-r) ôyo(t-l) ... uo(k-l) ôuo(k-2)...]

OT [ttt uLz bto btt l

The elements in 0, .li a¡rd blf , are the unlqrown coefficients in the A,
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and B1 polJmonials respectively. Clary and Fra¡rl<Iin (1984) also discuss a

constraÍned estination procedure. They recommend, however, the filtering
approach. The fÍlters in (4.1) and (4.2) can also be chosen as Ao./4, and

B^/4" where A. is a lorown stable pol5momial of sufficiently high orderott
such that "near differentiation" is avoided in the estinator, see Goodwin

et aI (1986).

The parameterÍzation (3.2) can be written as

v( r)
Bo(ô)p (r * t'P{fry)"(t)

yo(t) - uo(t) #*fbuo(t)

or

yo(t) -'o(t) + ÅA(ô)(v(t) - uo(t)) an(ô)uo( t)

This model can also be written in the form

yo(t) - uo(t) I (r - 1)T
0r

with

er(r - 1)T

Firrally (3.3) can be rewritten as

Ao(ô)v(t) * hiAi(o)v(t) Bo(ô)u(t) + )P.Br(ô)u(t)
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yo(t) - uo(t) - >orvr(t) + )Frur(t)
TI ( r-1) 0

Br(ô)u(t)

v"(t - 1)T

T

c

.( t)

(4.5)

(4.7)

where

vr(t) A, (ô)v( t)

ur(t)

ET [ar o2 PL P2 ]

This is the way the estimation is done in Bai and sastry (1996).

Àll three parameterizations ca¡r thus be wrftten in the common form

v(t) ç(t - 1) 0 (4.6)

The least squares algorÍthm in the ô operator can be written as (see

GoodwÍn et al (1986)).

ô0(r - 1)

ôP( r-2)

P( t-2),p ( r-1)a( r)
h

_ a(tl
h

t + ç(t-l)TP(t-2)e(t-l)

P( t-zlç( t-t ìç( t-r ìTp( t-zì
t + ç(r-1)TP(t-2)e(t-l)

TA

v(t) - e(t-l)' 0(r - 1)e( r)
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where a(t) defines a" relative dead zone function. (In the ordinary

Ieast squares estimation a(t) = 1). In some situations it is known

that a parameter lies within some bounds. For instance the reson¿urce

frequency of a mechanical structure nray be known to be within an interval

or the sign of a physical parameter nay be lalown. In such situations it

is possible to use proJection methods to ensure that the estima.ted

parameter is within a specified region. See e.g. Goodwin and Sin (lg8a).

The identifiability of the parameters of the nodel (4.5) is discussed in

Bai and Sastry (1986). Dasgupta et aI (1985) discuss the estirnatÍon of

continuous time models similar to (3.3) where also the multilÍnear

constraints between the parameters are taken into consideration.

For the adaptive stabilÍty augmentation controller we will use (4.7)

to estimate the unlorown parameters Ín any of the parameterizations (3.1) -
(3.3).



- 5.1 -

5. ADAPTIVE STABILITY AUGI'{ENTATION

Different ways to design the Adaptive Stability Augmenrarion (ÀSÀ)

Controller will now be discussed for the different parameterizations in

Section 3. The design method wiII depend on the physical insight and the

nature of perturbation of the nominal plant. The nrain idea is to avoid

remaking the full design at each sampling Ínterval. We are thus looking

for modifications of the nominal controller which will improve the

behaviour of the closed loop system when the perturbation from the nominal

plant has been estimated. Different design procedures with increasingly

computational dernands will be discussed in the following. We give a full
spectrum of methods which c¿rn cover a wide range of applications. The

method that should be used in a specific case has to be determined from

the available physical Ínsight.

Generalised dead time compensation

The first case to be considered is when the perturbation in the open

Ioop system is allowed to be present also in the closed loop system. We

will make the discussion using the multiplicative disturbance d5mamics

(3.1), where the unlarown part multiplies the nomÍnal plant model.

Let the nominal controller be

S
u( r) o

R
o

(v"(t) - y(t))

Compare Figure 3.1.

The nominal plant and the nominal controller give the closed loop system

BSoo
+BSoo

HOc
oo

ÄR (5.1)
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rt is assumed that so and Ro are chosen such that (5.1) gives

the desired response.

One way to pose the problem is to assume that the controller should

be determined such that

(5.2)

This implies that the perturbed open Ioop d¡mamics is allowed also

in the closed loop response. This ca¡r be sensible if the extra dynamÍcs

are changes in time delay or high frequency d5mamics above the desired

closed loop bandwidth. The specification (5.2) is inspired by rhe

derÍvation of deadtime compensatÍon, see Smith (1957). Let the controller

be

B-
H = Ho+c "41

u(t)

This gives the following equation for determir¡ation of the controller

BoBIS BoBlso

ÀoÀ1R + B.BIS

Simple calculations give

S
1

R S
o

a-
o

(5.3)
ol.*

R<""f t) - v(t))

lÀR +BS)A-'oooo'I

os
R- B.

Ho(l - Ãr1)

This controller has a nice interpretation, see Figure 5.1. ft ca¡r be

regarded as a feedback compensation of the nomÍnal controller. (It thus

has a different structure than suggested in Figure 3.1b. ) The controller



-5.3-

can be regarded as a generalization of Smith's deadtime compensation.

v -vr

FiEure 5.1 Block diagram for the generalized Smith compensator

The controller (5.3) has the same drawback as the conventional deadtime

compensator. It must be assumed that
o,,
Astrom and Wittenrnark (1984)

The estimated perturbation B{^L can be used in the controller

(5.3) to rnake an adaptive compensation for the disturba¡rce of the nominal

plant. If the perturbed plant is not asSrmptotically stable it is possible

to use a method that will be presented later in this section.

Ilrmannic cance I Iat ion

In this case it is assumed that it is possible to cancel the dynarnic

of the perturbation. The method c€ur be used for the multiplicative

disturbance d¡manics case (3.1) or the relative disturbance d5mamics case

(3.2).

Let the controller be

S

nIt * t.'.^-é-l(vr-v)

AoAt is stable. See Chapter 10 in

U=
o

Assume that the specification is

(5.4)
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Hc

i.e. we require that

ÃT-oo
(1 + ÅB

-l

1+ÀA/

HOc (5.5)

(5.6)

+oo
¡.T-oo

+
BS

o+1

BSBSoo

ARoo

AS

-t

1+ÂR,(1

o 1+ oo +
ÃT-oo

Some lines of simple calculations give tlrat the modification of the

controller should be

BS

AB-ffirE"

(1 ffilo AB

-l

1+ÅÀ/

AS
1+ÅR

ThÍs modification of the nominal controller is very simple and d.oes not

require any extensive computations. The controller c€ul easily be

implemented as soon as ÅA a¡rd ÅB are estimated. The controller is,

however, based on cancellation of 
^Ä 

and 1 + ÅA + Å8. These

pol5momials must thus be as¡rmtotically stable, compa.re the generalized

smith compensator. The closed loop system Ís otherwise unstable.

Perturbed pole placement desiEn

To avoid the cancellation of unstable pol¡momials we have to use

another approach to the design problem. The conrrollers (5.3) or (5.4)

and (5.6) requires very Iittle from a computational point of view. No new

design Ìras to be done at each sampling interval. On the other side of the

scale of the computational burden we have the type of controllers

discussed in Clary a¡rd Franl<lin (1984) and Bai a¡rd Sastry (1986) where the

full design problem is resolved at each sampling interval. Next we wiII

present a design procedure that only requires moderate computations. The

basic
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assumption is that the nominal controller is a good first approximation of

the controller for the full plant. The ideas will be presented for a

general class of pole placement controllers.

Consider a general linear controller of the forrn

Ru = -Sy+Tyr (5.7)

where R, S, a¡rd T

the nominal controller

transfer function

are pol¡rnomials in the shift or ô-operators. Let

(Ro,So,To) be designed such that the closed loop

TBoo
+BS

o oo

R 1+ + + + + +oo

The closed loop characteristic polSmomial for the perturbed plant is

AoRo * BoSo * ÅR(Ä,oRo * BoSo + BoSo(ÅA + ÅB) + ÀoRoÀA)

+ ÂS(BoSo + BoSo(ÀÀ + ÅB)) + ÅA(AoRo * BoSo) + ÅBBoSo

= Ado * ÅR(Ado + Ado^À + BoSoÅB) + ÅSBoSo(1 + ÅA + ÅB)

+ ÅAA, + ÅBB S(ro oo

o
ÀR

has desÍred properties. Let AoRo * BoSo = Ado where Ado is the

closed loop characteristic polSmomial. This design procedure is
Orr

thoroughly discussed in Astrom a¡¡d Witterunark (1984). Assume that a new

controller with the pol¡momials Ro(l + ÅR), so(l + ÅS) and To(1 + ÅT)

has to be determined. The closed loop system now becomes

ToBo(1+^T)(1+ÅA+ÅB)
(5.8)

oo
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Let the new desired closed loop characteristic polynomial be Ad. (ITe

will later discuss why A¿ nìay not be the same as Âao). We then get the

following Diophantine equation for ÀR and ÅS

ÅR(Ado + Ado^A + BoSoÅB) + ÅSBoSo(1 + ÅA + ÂB)

A. - Ä,- -d clo
AAÀ -do -ÅBBS (5.e)

(5.10)

The

oo

Solving this equation for ÅR and ÅS is of the s€ìme complexity as

solving the full design problem as discussed above. Solution of

pol5momial equations such as (5.9) is discussed in Kucera (1979) and Jezel

(1982). IYe can, however, nralce approximations to simplify the problem. rf

the nominal plant is a reasor¡able approxÍmation of the full plant we may

disregard the (Ð2 terms on the left band side of (5.g). This gives rhe

fol lowing linear equation.

e(Aao, r.r., 
lîå]

glÀ,-4, -^AA. -ÅBBSIt Cl cto clo o o'

where 9(X,Y) is the Sylvester matrix of the pol¡momials X and

g(X) is a column vector of the coefficients of the polynomial X.

approxinate solution is now given by

Y

[o*
Lot

-1I lA. .B S ) €lA. - A. - ÀAA- - ÅBB S )tclo-oo' tcl clo do oo'

Notice that the inverse of 9(Aao,BoSo) is independent of ÅA and ÂB

a¡rd c¿ur thus be precomputed as soon as the nominal control problen is

solved. The solution (5.10) is then obtained through a matrix vector



mul tipl ication.

The controller now has the form

So(1 + ÅS)

R;(T + ÂR-I v

-5.7-

+
To(1 + ÂT)

RGãÏT Yrll (5.11)

À block diagram for the controller is shown in Figure 5.2.

Rernark 5.1

The same methodology ca¡r be used for the parameterization (3.1)

details are left for the reader.

The

vvv

Remark 5.2

The reason for havÍng different desired closed loop characteristic

pol5rnomials for the nominal and the perturbed systems is the order of the

open loop systems. Ào and Ao(1 + ÅA) are of different orders. For

further details on the choice of orders of the different pol¡momials in
orr

the controller we refer to Astrom a¡rd t{ittenmark (1984).

Remark 5.3

The polynomial 1 + ÅT ca¡r be used to introduce new zeros in the closed

Ioop system, see (5.8). It can also be used to influence the steady state

gain of the closed loop system.

vw

The problem that we are solving with (5.1O) is

Ao(Ro+ÅR)+Bo(So+ÅS) Á,--ÅAR -^BSdoo

Í.e. a modifÍcation of the original problem.

defined bV (5.10) gives the closed loop system

Using the controller
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(Ào * ÅA) (Ro + ÂR) * (Bo + ÅB) (So + ÂS)

= Ao + ÅAÅR + ÅBÅS

2i.e. the disregarded Å

characteri stic pol¡rnomial .

terms perturbs the desired closed loop

v'r
u

if there are variations in some of the

v

Figure 5.2 Block dÍagram of the conrroller (5.11)

The perturbed pole placement design can also be used for the coefficient

disturbance dSmamics (3.3). For the design of the controller we write the

disturbed model as

B +ÀB
H

o (5.12)
o

ã,r'Ã

The degree restriction (3.5) gÍves that deg(Ao + ÂA) decA-o The model

(5.12) can be relevant to use

coefficients of the transfer

To(1+À I
R

o

-RAR
o

(i + AS)-So

function. One example n¿ry be when the
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damping of the system is changing. Let the controller be parameterized as

(Ro + ÅR)u -(So*ÅS)y+(To + ÅT)yr

The closed loop system has the tra¡rsfer function

(To * 
^T) 

(Bo + ÅB)

(Ao * ÂA)(Ro+ ÅR) + (Bo * ÅB)(So + ÅS)

Simple calculations give the followÍng equation for ÅR and 
^S

^R(Ao+ÅA)+ÅS(Bo+ÅB)
Aa

(5.13)

À. -AAR -ÂBSdooo

2DisregardÍng the (Å)

similar to (5.10)

terms on the left tra¡rd side we get a solution

ÅR
-tI ^(Ao,Bo) g(Àd - Ado - ÅÆo - ÅBSo) (5.14)

AS

The inverse of the Sylvester natrix ca¡r also in this case be precomputed.

The degree condition (3.5) implies that

9(Ao,Bo) + Å9

where Ag can be regarded as a disturba¡rce depending on ÅÀ and 
^8.

Assurning that Lg is small we can make the following approximation

(y(Ào,Bo) + Å9) -1 x9 -1 (ï - L*e-1
)
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This gives a" second approximation that ceul be used to calculate the

control Ier

AR

ÅS
9-1(Ao,Bo)(r - Lw-L(Ao,Bo))€(Aa - Àdo- ÅÆo - ÅBSo) (5.15)

The inverse f-l1lo,no) ca¡r be precomputed, which implies that (5.15) can

be implemented as three matrix vector multiplications. The computational

burden is thus very moderate. The controller can be implemented alalogous

to Figure 5.2 with obvious modÍfications

Summarv of sisn methods

Different approaches to solve the problem of adaptive stability

augmentation have been given above. The different methodologies have been

examplified on some of the parametizations. The design methods can be

classified into

Ceneralized deadtime compensation (or the laissez-faire

method) (5.3)

Dynamic cancel lation (5. 6)

Perturbed pole placement (5.10), (5.14) and (5.15)

Redesign at each sampling interval

The solutions range from simple nodifications of a nominal controller to

the solution of the full design problem at each sampling interval. In the

generalized deadtime compensation it is assumed that the d¡mamic

perturbation can be allowed also in the closed loop dSmannics. In (5.6)

the extra dynamics is cancelled by the controller. The modifications

(5.3) and (5.6) are of limited interest because of the restrictions that

have to be imposed. The solutions of the tSrpe (5.1O), (5.14) and (5.15)

represent sensible approxinrations which require only a moderate amount of
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computations at each sampling inst€urce. These controllers can be used to

adaptÍvely improve the closed loop performance when there is a priori

knowledge about the process to be controlled.
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6. EXAMPLES

The dÍfferent methods presented in the previous section will now be

illustrated through some examples. The system and the controller are

assumed to be given in continuous time. Further it is assumed that the

perturbation is }<nown exactly, i.e. we focus on the properties of the

different design principles.

Exanple 6.1

The nominal plant is assumed to be

H )( s

S

nIt *
o

^s

-l

1+ÅR/

(6.1)

(6.3)

1

ïs +T)G Ðto

In the first example we assume that the perturbation is only a variation

in the gain. The perturbed plant is then

B (K - 1)Bo B++
H K

ÞBo no(l + F)
(6.2)

o o

We Inay use dynamic ca¡rcellatÍon sÍnce the perturbation is stable an

minÍmum phase. This gives

B
o

Ã-
o

s
ñ.=

ÀAA
oo

o

s
1o

R 1+Þ
o

The closed loop system wiII be identical to the nominal or desired design

for all values of P (or K). The perturbation thus does not need to be

small. The perturbed pole placement method can also be used. (It is,

however, not the best choice for the discussed perturbation.) Assume that

A, = A, then we should solve the equationd clo



.AÅR+BÅSoo

Let 
^R 

= 0, then ÀS

S o
S +ÂS S
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oo

or

o

-BB

-ßs'o

s

T- n-
o

(1-B) (6.4)
R

o

This controller is different from (6.3) because of the approxÍmation the
,L' terms are omitted. FÍgure 6.1 shows the step responses when the

nominal controller SoÆo = l/s is used and when (6.4) is used for

B = * O.25. Even if the perturbed pole placement mehtod is not the best

one Ín this case it will naintain better control over a wider range than

the nominal controller. The controller (6.4) makes the closed loop system

stable for -1 < B < 1 while the nominal controller gives a stable closed

Ioop system for -1 < B < 5. The nominal controller is thus in this case

more robust (in the sense of stability) tha¡r the controller (6.4).

vvv
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HA4ü81n1ä141ü1ßüfr
ï

Figure 6.1 step responses of the system (6.2) when the nominal

controller S ,/R^ = L/s is used a¡rd when (6.a) isoo
usedfor F=*O.25.

Exanple 6.2

Assume now that the perturbed plant is

B
1

H H (6.5)

1

ç?
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.4
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H

where H
o

o At
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with ú, = 1.5 and f = O.2. We assume tløt (6.6) can be tolerated as

a factor of the closed loop system. i.e. we c€ut use the generalized

deadtime compensation. Figure 6.2 shows the output a-nd inputs when the

nominal controller is used on the nomir¡al a¡rd the perturbed plant and when

(5.3) Ís used on the perturbed plant. The difference between the designs

will decrease when t¡ is increased. vvv

r
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.ü
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1
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øa.48ß1fr1ä141Ë1*Ëñ
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1

n

ï

ï

Figure 6.2 The outputs and inputs when SoÆo = 1../s is used

on a) the nominal plant (6.1) b) the perturbed plant
(6.5) and c) (5.3) is used on the perturbed plant (6.5)
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Example 6.3

Let the nomÍnal model be

-6.5-

1

s.(s + llG-ÐI

1

Ho(s)

The pole Ín -2 is assumed to be uncertain. The perturbed plant can be

written

For a = O we have the nominal plant. Ä pole placement controller for

the nominal plant is derived such that the closed loop poles are - 1 + i,

-2 I 2i, -2 a¡rd -3. The observer poles are -2 t 2l a¡rd -3. This

gives the controller

R
o

3 2s +8s +28s+50

s 2

H(")

o

T

+ 124s + 96

+ 2Bs2 + 8Os + 96

(6.7)

(6.8)

-12-1(s ^Às)" + ...)s (6.e)

38s

4"3
o

The perturbed poleplacement design can be used to compute 
^R 

and 
^S.

To solve the full design problem we have to compute the inverse of S +

ÅS. Different approximations ca¡r be used instead by taling more terms in

the series e>rpansÍon

-1 -1(S + Ås) = (I+S

= (I-S

-1 -1

^s) 
^s ^

_1
Às + (s ^Às)-1 2

Figure 6.3 and 6.4 show the step responses for different controllers
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Figure 6.3 Step responses for the system (6.2) when d = 1

a) Desired response

b) Nominal conrroller (6.g)

c) Perturbed poleplacement controller (5.3)

wÍth one term in (6.9)

d) Same as c but with two terms

e) Same as c but wÍth three terms
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Figure 6.4 Same as Figure 6.3 but wÍth a = -1

The simulations show that we can get good response with the perturbed

poleplacement method. The deviation from the desired response depends on

ÅS and how many terms that are used in the series expansion (6.9).

wv
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7. æNCLUSIONS

À priori lorowledge about some of the dynamics of a plant is often

available. Bra.mples of this knowledge can be the number of integrators,

dominating time constant, structure of the transfer function. Most

adaptive controllers can't use this a priori }crowledge. This paper

discusses parameterizations of process models and different ways to use

the a priori Ìcrowledge. It Ís shown how nominal controllers may be

modified to compensate for disturbances in the process model. The aim has

been to derive modÍfications that minimize the needed computations.

A fixed controller for the nominal plant can handle some deviations

from the nominal plant. By making adaptive stability augmentation it is
possible to Ímprove the performance of the closed loop system. The

suggested adaptive stabitity augmentation controllers consist of a"

constrained estinrator which utilizes the a priori lcrowledge. Approximate

modifications of the nominal controller is then done adaptively. This

wiII increase the regÍon for which the process can be controlled well

compared with only using a nominal controller. The idea with adaptive

stability augmentation c€ur for some cases be regarded as an adaptÍve

f eedf orward compensation.
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