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This algorithm was’successfu1]y tested with various values of

Z,> the results are well documented in section 3.4,

As a point of interest the variable forgetting factor updating
theory {equation (3.17)) is now further éna1ysed under the influence
of a incorrect value of the covariance matrix of the measurements.

Suppose R is chosen incorrectly as kR, k a sga?af, hence (3.17) becomes,

. ’,_ P 1 T T l‘ - ' S

Mert = 1 STy - Bt (R Yt P bt e (3.472)
fe.

WIPIET R S W ) ] '»

k+1 ~EEE; m k'l’“l " k+1 k k+1 ’ ek+1 : "‘(3.19[3)

It is therefore concluded that the overall effect of choosing an incorrect
value for R is to alter the effeetive’memory length of the estimator as

proved by (3.19b).

“Whilst testing the algorithm on the simu1atfon,package, it was noted that
Since the noise level is Tow the process is of a near deterministic
nature, hence very 1ittle dynamic information is available during steady-
state operation. This would in fact give rise to problems if a Constant
forgetting factor was to be used, since old information is continualiy

forgotten and Tittle new information is acquiréd.

Experimental studies included in the next section show the basic
operation of the algorithm. During steady-state‘operation the forgetting
factor is close to unity and the estimator behaves 1ike‘an infinite

memory filter. When the system description is modified, resulting in
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a poor fit between the model and the actual process, and a smaller
forgetting factor is caicuﬂated'decréasing the éffective memory 
 ]ength‘by p1acihg more emphasis on the more reCéht data. After a
while however, the eétimator has retunédn and~£he forgetting factor

returns to its former value of unity.

Extensive tests were performed and the main results which were

concluded are summarised below.

(i)zo small yielded a large confidence matrix and hence
a very sensitive system. There is nevertheless a lower
bound on Z,, as a very small value may again lead to a

'b]OWingvup of the P matrix.

(1) 20 large yielded a Jess sensitive estimator with

sTower adaptation characterisitics.

Apart from the required Tower bound Zy and hence A, there does not

appear to be any great sensitivity in the choice of z for the

~ algorithm as long as it is kept approximately consistent with the

inverse of the syStem measurement noise; This last statement keeps
consistency between Fortescue's SISO a]gorithm analysis and the

MIMD algorithm deveTOped for this project. Furthermore it was obtained
,that the siza of the confidence matrix, for thé numerous eXperiments
varies around a constant value which is doternitned by the choice of

R and g

One final point relevant to the estimator algorithm remains to be

analysed, and that is the way in which the plant can initia11y be

identified. Two methods were tested experimentally.
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Firstly tﬁe recuksTVe 1east~squarés'estimafor was started whiist the
;p1ant simU]ation was under PID control, The estimator converged'to
adequate values after a iuning-in transient of the order'of'tensfof
iterations. Secondly the estimator was started by running the plant
simulation under the following procedure. Settwodémand Tevels, which
should be different for better efficiency, 1hput at full capaCity  |
until the outputs exceed their'respective;set'points and then comp?eteiy !
Shut off' the input until the output‘drops below the set point, and

this procedure'Was'repeatedva number of times.’ The latter brocedure
yie]ded‘acchratekparametefS'with a ftuning-in‘ transient which was

slightly Tess than that for the former procedure,

As can be conciuded from analysing the results in sectionk3.4 the
next facfor,'apért from zé, which has a marked effect on the speed

of adaptation of the‘estimator’is the magnitude and frequency of the
variations in the input signals. A universal random number generator
was used to calculate these fluctuations. It is noted that when a

system mode {s not excited by the particular input then the corres- '

ponding parameter remains unaltered. The next time this mode is
excited then the parameter is corrected and the relevant cjements in

the confidence matrix decreased until eventually convergence occurs.

The complete recursive least~squares multivariable estimator with

weightihg of past data can therefore be summarized by the following

a1gor1thm;'
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Formation of measurement vector 4, according to

equations (3.7)

Error calculation:

o T -
st = Vkat ™ Vi %

Error covariance calculation:

T -
Yot = B+ by Py ] ™

‘Estimator-gain calculation:

b . ¥ Y ‘
k= Pk Tkt ket
Estimates updating:

Oyt = O+ oy g

Forgetting:

.

Sl ey _
Aag =1 EE;'(ek+1 Ykt kst

.
Bound K1

. Confidence matrix updating: o

T g
5ol [I-¢k wk*1]Pk
k1 Ak

Make Pk$1 symmetric

The only difference between this and the original estimator given in (3.1)

is step 6.
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3.4. SIMULATION RESULTS

Preliminary tests on the recursive least-squares multivariable identi-

fication algorithm were performed via extensive simulation studies.

Typical results are i17ustrated in the following graphs. A discussion

related to these results is included in the next section.

Results of applying the estimator to the actual plant are included and

discussed in Chapter 6.

A‘great advantage of the recursivék1east~squares a1gorithms‘is that P

or in these results, the trace of P is available to give a guide to
the variance of the parameter estimates. Hence the trace can be used

to monitor the performance of the estimator.

Ry s e

gt g

e T
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GRAPH 3

IDENTIFICATION RESULTS

PARAMETERS :

Initial quesses

e
H

>
i

i

Memory length : o X

=
i

TEST CONDITIONS :

to sWapped—inputs~(Kij(iﬂj)=0) at t = 2 ppg

-1

1 opp

758 * R
1E-8

Plant changed from no-interaction (kij(i#j)=¢)
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3.5. DISCUSSION

As explained in~the‘previous twosections, there is a significant amount
of tuning to be performed by the user of the identification algorithm.
In particular, the following factors are directly decided upon by the

user :

(i) The ofder of’thé system model :
 The integers n, andnb equation (3.4) specify resbective1y the
number of poles and zeros in the digital model of the unknown
system. These must be selected according to the best avaiWab]e‘
model of the system. These choices, as will be discussed in
Chapter‘4 Wil also affect the order of the controller to be
jmplemented. It is important not to underestimate the system

order which will Tead to errc eous or divergent operation.

(11)  The initial estimate'of the system :

The algorithm needs some apriori information about the
sort of system it has to identify. This point has already been

~discussed in Section 3.7 and 3.32.

(411} The initiéTwconfidence matrix

As previously mentioned,,at the first iteration of the é1gorithm

an initial Po matrix is required. In the same way that the size

of Po determines the‘degree of apriori knowledge about the
‘system parameters, it also determines the way in which thé

searching for the correct parameters is conducted. A large

e i BN R e i ,;:, METHEIRp e

i




L P

65

value of P gives @ rapid search with large initia]

‘parameter fluctuations. A smal] Po;‘however, gives | o - 2

a cautious search, which may in fact not be able to

converge.

. (iv) The forgetting factor: |
: ’ The identification algorithm should be allowed to
‘forget’ poor information supplied to it as for

example, during the initial stage. In section 3.3

| a multivariable least-squares variable’ forgetting

R

factor algorithm is deVeToped, exploring the concept

of information balancé of the estimator.

(v) The number of integer time delays:

This has been bmitted from the development in this Chapter,
énd is assumed to be zero. Moreover N, must be'increased to
nb+kd‘to accommodate the delay. Obvious1y one of the tests
to the <dentifier is to analyse how it copes with the p]ant

de]ays, wh1ch are unknown in any case.

(vi) The 1nformatxon content of the estimator

The Targer this value is (fe. £;) the Tess pronounced the
~effect on the forgetting factor and hence the less sensi-
tive the estimator 15, résu]ting in slower adaptation.
On the other hand the smaller I, the larger the sensi-
| tivity and the faster the adaptation. However, as

explained in Section 3.3 there is a Timit, under the

control of the user to the value of zb'to prevent

instability and divergence of the confidence matrix.




e a e A SA e S E AT 2 i Ao et L e W A 0 I ARG I AT e S Y i s e TS o

66

(vii) Estimator dead zones:

Any parameter can be fixed by making the corresponding

~entry in P zero, What can be done is to constantiy

flx; ; monitor the trace of Poyand if it is below a prespecified

value the parameter vactor is frozen, but estimation

continues in the same way to monitor the trace. The

advantage of this is that, as will be seen later when

the controller alcorithm is formulated, the noise

~sensitivity of the controller is substantially reduced.
Noise.%n this case incorporated the characteristics ﬂQ 

of transducers and actuators.

There are many causes of estimator Tailure, and it is important that
they are dealt with by appropriate software, because bad parameters

naturally 1ead‘to bad controi. Some remedies |9] modify the estimator i

While retainihg estimation (as thé random walk method described in
section 3.2), some simply freeze the updating of parameters so that the 7 i R
control Taw is fixed (as mentioned in (vii) above), whilst in the worst o
cases a default control is bfaught'in and the‘tUning has to be restarted

ie. the philosophy of graceful degradation. Some of the causes of, and

solutions to failures are ana1ysed,sub5equént1y*

(i)‘A signal does not‘persistentWy excite all modes of the system,

implying that the confidence matrix wi11 grow. If the signal
under consideration is due to control saturation or transducer
failure then the overall estimation should be stdpped. The

problem is to identify this condition.
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(i) The signals although exciting are net péﬁturbing the plant.

For example if there is a dead-zone in the actuator or trans-

ducer, then the estimated model between U and,measured Y does
not reflect the true process dynamics. The literature in this

and the above (i) is minimal, one possible solution is to freeze

the estimation when say the measurement is close to the setpoint.

Another way is to completely ignore these problems (policy

applied in this project) and then to see how the self-tuner ?if? x ~1T

handles them. It should be able to cope well since estimation

theory indicates that the larger and more frequent the excitation,
the more accurate the estimates, hence a self-tuner will ’]earnf

‘the most when it has made a mistake. This point is further

analysed in a subsequent chapter.

(ii1) The process is strongly hon~11near, or subject to load disturbances.
This should be seen by the estimator's ability to track the

time-varying parameters, which is closely related to t*  iable

forgetting factor method implemented,

Tests can be made on the P matrix and the model’s prediction error.
The relative size of the diagonal terms of P is indicative of how individual

parameters are significant, and also the trace of P is used as an overall

guide to estimation quality. Estimation integrity is 0fkgreat importance
if superior control performance is to be achieved and this 1 a topic

requiring research beyond the scope of this dissertation. On a whole the
estimator, as the results in sect%on 3.4 i11ustrate, copes well with time

varying parameters. The real test comes in Chapter 6 however; when

estimator Timitations and their significance in the presence of actuator

and sensor non-linear maps are analysed.
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CHAPTER 4

SYSTEM _CONTROL
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4.1, INTRODUCTION

The original idea of self-tuning control was introduced by Kalman in

about 1958,‘~Since ther, many schemes using some kind of optimal design
criterion have’been developed. Astrim |3|, for example, émp1oys a mihi—
~mum variance strategy or one of its suboptimal derivatives, minimizing‘
the mean-square variability of the output variable. This was subsequent- ‘ f;";
1y generalized by Clarke |8}. He employed a 1inear quadratic control |
law with an input weighting which allows a ?rade~off between the regula-

tion and servo#properties of the closed loop' system.

The self-tuning techniqUe adopted in this~project is a departUre from

the optimal~control methods mentioned above. In particular, it is due
to Wellstead |20| and has its roots in classical control methods. The
design rule allows the closed-loop pole and zero positions to be assigned,

within certain limitations, to prespecified locations defining the

required transient response. This appioach has the same self~tuning
property as do optimai regulators |22| but is more robust and has the e | !
intuitive appea1 that control engineers can easily relate c¢losed~loop | |

pole positions to transient performance. Indeed it was this need to

~relate the performance of self-tuning systems to pratical Timitations R !

that in part stimulated this work.

Moreover, pole-assignment self-tuners have important practical advan-
tages which go beyond the mere added ‘insight. These wil] now be briefly
analyzed by considering certain properties of minimum variance laws

and their undesirable behaviour in the self-adaptive mode.
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Control 11mits~

‘Minimum variance type control |3] & |8] usually leads to a rapidly
varying control action, which can damage or impair the system
input actuators. Pole-assignment, on the other hand, produces a

much smocther control action, which is more acceptable in direct-

digital control., Wellstead |22| i1lustrates this point with an

example,

(1) Non-minimum phase behaviour

Systems which may be considered as prime candidates to self-tuning

often exhibit the following properties : | ' EUf'

(a) non-minimum phase behaviour,

(b) unknown, possibly variable, time delay.

In such cases the positions assigned tu the closed-loop zeros by
. optimal laws result in unsatisfactory performance. Optimal self-
tuners attempt to cancel system dynamics, and this is a much j=ss

robust approach than modifying them as is done via pole-assignment

strategies. Of course, optimal laws can also handle such systeuws

but only by the introduction of appropriate modifications as

explained by Clarke |8]. |

Pole-assignment self~tuners are in many situations preferable to the |
optimal methods, mainly because of their added rubustness and practicality

at the expense of optimality,

In this chapter a survey of self-tuning control laws 1s included in the
next section. Section 4.3 develops the main theory of the multivariable
error-actuated pole-assignment controller. The Tast two sections include

results on the simulation and commentis.
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4,2, DIGITAL CONTROL LAWS - A SURVEY

Consider a system which can be represented by the digital model outlined

in Chapter 2,

Yy = “A(Z"i)Yk;*:Z"kB(Z”#) U + ng ~(4.1a)
ng = C(z7) ek | ~(4.1b)

One~qf the purposes of applying feedback control to the system

described by (4.1) will be to minimise the influence of ni on

the system output Yk, ie, regulator problem, Further, it will

usually be necessary to ensure that Yy comes into steady state

~cqrrespnndence with a demanded reference input Y.. Reference signal

tracking, as is analysed later can be achieved by incorporating
digitia] integrétors into the loop. From a practical viewpoiht
this reIatés to the well established technique of changing the system
typé number to ensure zero steady state error. ~in the following

discussion only the regulator problem is considered.

 The régu1ator is defined to be,

Uk - . -\«ngg-lu,:-tvni)u\.wyk : - (4~ 2)
IR RS ; ;

This i3 fllustrated in Fig. 4.1. The regulator coeffiefficients
(gomb*«‘ﬁignQ;‘F cversafnf) are selected according to the type of

control required. AL this stage one can discern two basic approaches,

namely, optimal control via minimum variance regulation, and classical~

type control via pole placement,  The minimum variance related
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'~strategies are described subsequently in a form which has been roughly
transcribed from the okigina1 discrete-time sing]e«ihput/sing]e-output

formulations due to Astrbm |3| and Clarke |8].

4.2.1 Minimum Variance Control (Astrém 1970)

The aim of tﬁis regu]&tion Strategy is to force the output sequence
Yk to be a moving average of order Kd.' The aim is to reduce the
effect df Nk on ‘the output Y. With a knowledge of C(z™!) above
‘the minimum variance regulator can be obtained by the solution of
the following idenity, | k

7

Kde(z-2) = (Ln(z1) (F(z Y s 6(zm) -(4.3)

However by eXp1ofting the self—tuning’principles (3] and [21] it

is possible to avoid this step by assuming C(z*l) to be unify‘(ie
white noise), If this assumption is made, and the system mode1’of
(4.1) is multiplied thrOUQh‘by the Kdth order pd1ynomia1 (1+P(z~1))

which sets the first Kq teras of A(z=') to zero, one obtains the

modified‘system model as,

Ve = 2 KRz Yy + (L4P(20 )Rz U [ +(14P (272 e ~(4.43)

where = | | b }

(1P(z74)) (1h(2 ) = 1+ 270z - (4.1b)

 Hence there is, at the very least, a delay of K4 sample intervals

in the feedback. So it is not possible to influence the disturbance

for Kg time steps into the past. However the last term on the right

of equation (4.4.a) above only involves Kq steps into the past. ;?ff 1
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This reasoning leads to the conc]usion‘that the best one can do is
to make, | |
Y o= (14P(z71))ey | | . -(4.5)
This is the output under minimum varianbe control and can be obtained
by selecting the regu]ator;parameters so as to set the square bracketted

term in (4.4a) to zero. Thus,

. G 7= " _ | '}f\fz-l) ‘ : ) :
;iiéizfg) (TP JB(zT)) -(4.6)

The‘fo]]owing conditions are necessary:
(i)x”f PolynomjaT’B(z‘F) has all zéros inside the uhit circlé.
Hence system (4.1) muét;be minimum -phase.
(ﬁi) Polynomial C(z=*) has all zeros inside the unit circle.

Theseconditions are discussed at length in |25].

4.2.2. Generalised (Detuned) Minimum Variance Control (Clarke, 1975)

 The minimum variance control rule just described does not try to

penalise excessive control action, it, therefore, results very

frequently in large central signal fluctuations. These excursions

can be reduced in two ways,

(a) by introducing slow poles iu the closed-loop system -

de~tuned minimum varjance

(b) by weighting the mean square value of the control signal

- generalised (Lambda) minimum variance
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This réasoning leads to the conclusion that the best one can do is

to make, ; |
Vs (e, el it L g

This is the output under minimum variance contko] and can be obtained

by selecting thé regulator paraméters sc'as to set the square bracketted

term in (4.4a) to zero. Thus,

G(z~1) A{z=1 a ‘
1+Fzzfll) § (1+P(z£f)Bzz“1))' - (a8

The fo}lowing conditions are necessary: |
'(i)" Pd]ynomia?’B(z‘?) has all zeros inside the unit circle.
10 Henee system (4.1) must be mﬁnimum.pﬁase.
(i1)  Polynomial C(z-!) has all zeros inside the unit circle.

Theseconditions are discussed at length in |25].

4,2.2. Gehera?iSed (Detuned) Minimum Variance Control (Clarke, 1975)

The minimum variance control fu]e'just described does not twyftb
penalise excessive cbntro] action, it, therefore, results very
frequentty in large central signal fluctuations. These éXcurSidhs’
can be reduced in two ways, |

{a) by introducing s]owfpo1es ih the closed-loop system -

de-tuned minimum variance

(b) by weighting the mean square value of the control signal

- generalised (Lambda) minimum variance

A o
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The former fis easily achieved by making the response equal to,
Yg =  éliP(Z ) ek ' ‘ -(4.7a) i
1+z 4§ (z-1) ‘ : | : ;
%}f‘j 3§F3‘ ~ where the roots of 1+z‘kd5(z“1)'= @ determine the extra moderating s
- \,,fif e - poles. To obtain this response the control should be calculated #
8 . o from, |
i -1, Nrowdly epoaly 3
? SR Slz_) . Alz »)~ - ?(z ) ~ , o =(4.7b) bl
] A S 14F(z"1) B(z7') - g
i e , | | e :
booomoe where | | |
Blz2) = (14P(z72) B(z71)) -(8.7¢)
%i = | The alternative scheme whereby the control excursions are reduced, fh ' §
b ‘ weights the mean square value of the control Uy by introducing a 3 | “J  ‘~t‘%
pseudo-output which is a linear function of past values of the system's ;‘  .
“ji input and output, thus, : ; ‘ S ~ ft? o
Zg = P27 + Q(z71) Uy | -(4.8)
This allows the control excursions to be accounted for by the
polynomial Q(z='). Moreover the polynomial P(z~%) permits a form
of detuning of the type described by equations {4.7).
In |8| Clarke derives a se]f»tuning controller which minimises a i :
cost function containing terms like in (4.8); however, he also f
includes the set-point, thus ensuring set—poiht following capabilities. ;;
i
{
|
)
8
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Hence it can be summarised that a control design for minimizing
the output variance is often inappropriate‘as it ignores the control
effort required; moreover it is highly sensitive to the positions

of the process zeros in discrete-time, which, as seen in Appendix

1 bear Tittle relationship with their continuous-time counterparts.

A solution to this problem is now discussed in the contenxt of pole-

placement control.

4.2.3, | Pole-Shifting Control : (Wellstead, 1976 and Truxal, 1955)‘~
A severe problem with the cdntro11er design methods’briefly discu;aed"
ih the previous paragraphs is’that to achieve performance they caﬁcel
system dynamics and are, therefore, highly sensitive to the positiOns of
system zeros.. This is clearly illustrated by examining equations

(4.6) ahd(4‘7); where the roots of B(z~!) are present among the po?es

of the regulator.

F i the discussion on digital models for continuous time systems

thos point was made (and Appendix 1 will illustrate it for some value

VOf‘sampling interval) that'B(z“l) will often have zeros outside
~ the unit cirCTe. These non-minimum phase zeros, which can also be

‘~caused by frational time delays |21} will evidently give rise to

unstable poles in the regulator such that the closed-Toop response

can itself be unstable when under minimum variance control.

By the same token the number of integer time delays, kqs may be unknown

or even varjable, If this is true the minimum variance strategies

may experience problems if kq in the model has been underestimated.
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In other words these regnlators not only ignoré the control effort
required, as mentioned, but also neglect the 'practical controlability’

of the process.

The difficulties outlined in the previous two paragraphs can be
avoided by the po]eeshifting design method explained subsequently.
The idea, in this method, is to concentrate entirely in the closed-

loop poles, Teaving the zeros alone.

Combining the model and regu]atok;equatﬁons (4.1) and (4.2),ythe

closed-loop characteristic equatioﬁ is obtained,

T(1+A(2z72)) (14F(273)-B(z72)6(2= 1) Yy = (1+T(z")ey - -(4.9)
where because it is assumed that kg is unknown, the time delay has
been absorbed into B(z71), je. some of the lTeading coefficients of

B(z~!) may be zero.

Suppose that the desired c]osed~100pkresponse has poles specified
by the polynomial 1+T(z=') such that the closed-Toop system has

the following response,

e e,

: : ~(4.10)
(14T(z= Y

By inspectioﬂ of the last two equations the following ident?ty arises,

(LA (z= ) YCLHF(z= 1)) =B(z=1)a(z=") = 1+T(z"Y) o-(4.11)




e e oo AT e e ot e

cadl e S 5

i

model. For example if |1#A(z™*)| and B(z™*) share a common root then

As will be shown in the remainder of this chapter simulation ex- | R &

perience has been good.

- control, which continues at each step in time as suggested by Fig. 4.2

e Gt oo L e S OV
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By equating coefficients in (4.11) a set of Tinear equations which can
be solved for the unknown controller parameters, is obtained. In the
next section a multivariable, set-point (ie. error actuated) version of

this is'formulated.
The pole-placement design strategy although non-optional, can be used
safely on non-minimum phase systems or on systems with unknown time de-

lays. In addition, it produces much gentler control action,

One;possib]e difficulty is the numerical sensitivity with the resolution

of (4.11), especially when that is an over-parameterization of the

the matrix used to solve for the controller coefficients is singular.

The methed can be extended to the servo case (Wellstead [23]) by aug- | ‘ - )
menting (4.11) to’inciude two extra sﬁQnaTs; oné corresponding to a | | !
pre~compénsated sét—point and thé other'a feadforward signal which is
added directly to the regulating centfal Uy - Further analysis is

beyond the scope of this project.

4.2.4,  The seif-tuning property:

A self-tuner is a threefold process, measUrement,'identifiCation and

(for SISO regulator problem).
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As was previOUSly mentioned, the self-tuner algorithm assumes that

the system hoise dynamics are white, such that if C(z'i)'# 1 then
one would expect the closed-Toop system to be incorrectly con-

figured if and when it converges. However, Astrdm [3| has shown that

for minimum variance type controllers the combined identifier/regulator

can converge to the desired optimal regulator despite the incorrect
assumption concerning the noise dynamics. Similarly Wellstead |21]

and |22] shows that the above assumption/conversion also holds true

- for detuned variance and pole-assignment regulators.

The most relevant conditions for the success of this property (relevant
in context to this work) are concerned with the order of the controller

polynomials, hence,

-1 - o (4.12a)

F = g

ng=n -1 | | R ~(4.12b)
also, , i ; .

nT 2 np + ng * kg =~ 1~ ng - ; , -(4.12c)

where all the variables in the right-hand side of the (4.12) were

explained in the previous two chapters.

e ro= Ly A SO SO S SpRprp R BRSSP R B e e
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: 4.3 MULTIVARIABLE POLE ASSIGNMENT CGONTROLLER

TR

The syztem to be cuntroled was described in Chapteryz and is assumed
to be controllable and wbservable. Its input/output matrix transfer
function is deduced from equations (2.26) and (2.28) to be,

(a(z=2)Yg = Bz 1)Uy + Ck + ek A ~(4,13)

‘where Y, Uk and Cy are vectors of output, input and steady‘state ,

values.

The control law is a muTtivariabTe version of‘(4.2), Since the oUtput
variables are to be controlled to a given set point, a digital integrator
must be incorporated in the loop to ensure zero steady-state error.

Also at steady-stute the outputs are'statfonary;and, in the context

of the actual system, the input flows equal the output Flows. A1l

these conditions are mef by the following control law,

Uk = Up + "('T TEGETY (Yk - YSP) s _(4'14) .

where Ug and Ysp are vectors of outflow steady state values and de-

manded set points respectively.
Further from equation (2.28) it is realized that,
Cde = (Dto(z=1)) Yo - B(27))Ug | ~(4.15)

Substituting equation (4,14) into (4.13) the closed-Toop system becomes,




Ao iy
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(ta{z "))V B(Zf‘)(UQ+G(Z”1)(I+F(2“1)4(Yk~Ysp))+Ck+ek : -(4.16)

which upon substitution from (4.15) yields,

‘(I+u(z“i))(Yk~Y0) = B(Z“l)G(Z“l)(I+F(Z;1)J(kaYsp)+ek ~(4.17)

Hence jf one lets Yy = Ysp, which is reasonable since at steady state
there should be zero steady state error, this last equality can be

modified to yield,
[Tha(z7Y) - B(z7 )62 ) (THF (271 ) )7 H (Ye-Yep) = e ~(4.18)

As was explained in the preViOUS section, the closed-Toop transfer
function of the system under po1e-assignment is given by the following

extension of (4,10),

: (kang) w (I+F(z”1))(I+T(z“1)'lek | | ~-(4.19)

Equating the latter two equations yields the pole-assignment equation,

(I+m(z“1)(I+F(z“1) - B{z"1)G(z™1) = I+T(z71) = ~(4.20)

The self-tuning property in fhe context of‘ﬁhe multivariable case
just described 1s praved by Wellstead |20]. The method is basically
w means of designing'*ﬁnwiin@‘ a controller without explicitly de-
termining the matrix polynomial defining the noise characteristics
ia, 6{z"¥"}, The self-tuning procedure can thus be briefly descrfbed

R
iy

(i) At each itevation estimate the plant parameter
nolvnomials (-w-l‘) d (;ml) in Chapter 3
polynomials alz and B(z as in Chapter 3
uatng recursive least-squares, so the &y becomes

the sequenag of Fitting errors.

v
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(11) Solve the pole-shifting equation (4.20) such | i » i
that,contro1~can be caleulated via equation |

(4.14).

The self-tuning principle 20| then states that, if the system converges,

it converges to the closed-loop system that would have heen‘dbtaﬁnem

had the parameters A(z™ ), B(z) and G(z ) heen known apriori,
The output converges to (4.19). Furthermore the residual sequence

Tk Will convergé‘to the true system driving noise ék.

The algorithm presented here s intended to solve the set-puint tracking
problem and is depicte. in a?ock‘diagram form in Fig. 4.3. Simulation
‘studies have shown (see Section 4.4) that the aTgF'iﬁhm exhibits good
‘convergence pi; rtieé;‘however further theoretica' investigation

is required in this area.

The work présentedkso far in this chrpter has not considered the nrdnten
of loop-interaction mentﬁoned in Section 2.4. Analysing Rk catael Yoy
parameters, the multivariable self-tuner presentéd Here, doas .

in general, lead to a decoupled or diagona1]y daminan(,rmntrn}ip:>r

as in Rosenbrock 118I; The followina nhﬁmfvnﬁiuna ave, mevniheleas

worth mentioning.

(i) The degree of inter-loop coupling is dependent

upon the polynomial matrices F(z"') ({e. closed-

Toop zeros) and T(z~!) (ie, C?osed~loop poles) : : fﬁl |
as in equation (4.19). ,HoweVev since the latier

.

can be chosen, without Toss of generality to

be diagonal, it is F(z"') that gives the crosscoupling

terms.
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Fig. 4.3 Multivariable self-tuning controller scheme




(i1) In the particular case where the po1ynomia1
matrix B{z™}) is first-order (as in the first
simulation examb]es . Section l4.4|)’the‘(I+F(z-1))r
matrix reduces to the unity matrix (by (4.12a))

and hence complete inter-loop deCoup]ihg is

achieved.

..

5 - (11) Integral action is included in all controller

o

loops to achieve zero steady-state errors.

Hence it can be concluded that Toop crosscoupling

is only transient in nature -because integral
‘action effectively 'takes out' the errors.

This is particularly important when case (i1)

~above is not true, It can therefore be said
that under any circumstances the loops are decoupled

in the sense that their steady-state errors

are independent and zero.

@

A better solution format for the pole-shifting equation (4.20) for

the two cases when the polynomial matrix B(z"l),is first or second

order (ie. F(z=') s null or first-order respectively) is now presented. ~ ;.f ~ ?

Considering first the case when B(z~!) and hence B(z-!) is first order,

therefore equations (4.12) yield,

() = g, 2

G(z74) = go + g, 27 ,

a(z1Y) = a; 27 4o, z72 -(4.21)
(

T Z"l\ = t[ Z"1
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Re-arranging (4.20) and writing thekresu1tant equation:in element

form, one obtains, o .

oo ey o s ‘ Py i A e . N . i

o B1 B3, 911 Uiz 9ux Yoz ar P 1t B as B

L z-Y z7h+ = - 2=+ zs -(4.22)
B3 By grs iy Cos Yoy : B oy 7 th g ay ,

‘which can easily be solved as,

-y po - ‘_]_J"
%y 9,1 Ba Bz jo1 @
D B S -(4.23a)
Qﬂ 9., Ba Bul| |# ay
and,
o 991 Yoo By B2 !ﬁax~t1 g ] ;
s =1 | | | -(4.23b)
95 9oy Bs Bu B az-t
L o 1 I B g
L Control is then applied via (4.14) at each sample interval.
In the case when B(z™') = g1z +p,2z2 then the controller polynomial Ty  &

matrix F(z*) becomes f,z=', and a similar analysis of equation (4.20)
yields the following equating like powers of z=1 in either side of ;f_' ';

the equation,

2% powers : ; Bidg = Ty = -ty
=% powers 819, * B2Go - cafy = az-t2 ' -(4.24)
z-3 powers Bady = oafy = f
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which can be written in a more convenient form as,

e B oy Sy

Brgs B @ -1 .0 Hgo1 goz o1ty 2
Bz Bs B B g -1 gos oy 10 -t

B2 By By Bs ~ax B flgri gra| fos-ts B

Ha

‘ ; ~(4.25)
g g Bz By ~osz @ [[f11 Fia2 /) ]

p B By Bs B ~ouflfia Fuu @ 9

This is easily solved if the 6x6 matrix is non-singular. Singularity

was never encountered during the extensive simulation tests performed.

 The control law is aiso governed by (4.14) but now is slightly more

comp|icated as shown below,

Uy fin iz PU;&; [f12 1o ﬁjik~1 | | ’
=1 , - | *+ 9o 8Y +g AY, y+U, -(4.262)
K

Uzk'7 fia . fiaflU? fis fiw Uzk*'l

iy
k= Tk ™ Yep

and

w — .i ' 'i : Yoo ) )
AYk"‘1 = Yk"1 - Ysp 3 1= 132 ‘ | ~(4.26b)

As in fixed term controT, adaptive controllers must also take in
consideration the limitations of the systems they control, the system
non-linearties can cauée them to detune. Control saturation is the most
usual factor. In the prepared schem@ software contro1‘11mits fall within .
the actuator 1imits, (ie. waximum pumping capacity) and are reflected

back into the estimator.
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Furthermore as the original a1gorithm,deve1oped by Wellstead ) 201

was to solve the regulator problem, the proposed a1gokithm modification -

causes the self-tuner to determine whenever there is a step demand change.

Hence to aveid too much self-tuner detuning and to ensure that such

demanded changes were within the system's capabilities, the Tevel

~ reference inputs (Y 1, i=1,2) were rate limited.

spb

The overall contro]]erka]gorithm can now be summarized as follows,

At each simple interval,
(i) Ca]cu]ateidifference‘between measured and demanded outputs

(ie. Yk1 - Ysgﬂ i=1,2) and if necessary, rate limit any

change in Ysp‘ | | |
(11) Use estimator parameter vector (@,) to calculate the
 control signal (Uk} via'(4,14)

(1i1) Linit U, and apply.
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. | ' | g L | i
4.4, SIMULATION RESULTS : % , B,

Extensive simulation tests were performed on controjler order, control W
objective (ie. the polynomial T{z™*)), set pcint rate limits and control

actuator bounds.

A detailed discussion of the most important facets of the results is

iif* S ~ included in the next section.

§
3
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GRAPH 4

SIMULATION/CONTROLLER RESULTS

PARAMETERS :

Initial guesses : ‘ o = -1

i
i
o
o
O
*
o

Memory length :

Tailoring po]yhomia1 ¢ty = -0,775 for both Toops.
TEST CONDITIONS : | |

Initialisation stage : §-3@¢ secs

At 1 2@ - Plant modified. (increase interaction)

At 4 800 - Plant modified. (increase interaction)
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4.5, DISCUSSION

As was discussed the type of contrdi]er and its details are determined
largely by the physics of the system to be controlled. Understanding

of'the system and the control objectTVes are requisites. A summary of
“the various concepts and factofs jnvolved is presented ih the refininder

of this section. Their significance and limitations are also included.

Throughout the test runs (presented in the preceeding section) the same

basic pattern was used, the control laws can be evaluated, in terms of

performance, by applying the following criteria.

(i) good disturbance rejection,
(i1) satisfactory transient response and small loop interaction,
(ii1) absence of violent control excursions,

(iv) small tuning=in and re-tuning trahsﬁent, arnd

(v) rapid convergence of the parameters

The former three criteria are those associated with conventional multi- B 5 , e
vafﬁab]e control laws, but the additional points are required for adaptive

“controller evaluation.

It becomes clear from the foregoing analysis that self-tuning error
actuated controllers require explicit managenent to protect them from
certain operating conditions. Supcrvisory control is therefore essential

to monitor these conditions. | , . b

o A s s
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The choice of §e1f~tuning de;ign methoq ig, o a Qegree, a ;ubjective one
based upon fndfvidua] preferehces for optimal or c1assicq1 control objectives.
Broadly speaking, however, the'cﬂassiéaﬂ pole-assignment methods are more
robust and work in a wide variety of difficu1t situations, including when

the unknown system is non~mihimum phase and has variable time-delays.

Optimal methods; on the other hand, are firmly Tinked to well specified

~ cost-functions and as such give closely controlled optimal performance.

Unfortunately the amount of computation required for the pole-shifting

method is a good deal more than for the minimum variance laws. Whenythe

computational delay in working out the 'next' control value, becomes
significant in comparison with the sampling period, the g{z™*) polynomial

should be extended accordingly. , o ‘§ﬂ ‘ ;ﬁ

1In the Tliterature much emphasis is placed upon the convergence of the
al_srithm to the theoretically correct control law |22] & |3|. In practice,
however, the theoretical assumptions on linearity and finite system order

are invalid, in most cases. The result is that the self-tuner can converge

to any one of a number of acceptable closed-loop conFigurations.‘ In this % f
respect they are also robust since, even though the theoretical convergence
point may not be achieved, one of a range of acceptébWe configurations g‘:, :

may be. | | | ' L | Lo

| The tailoring polynomial (T(z~*)) introduced to detune the minimum variance
self*tuher,,in order to 'damp outf vin]eﬁt‘or osci]?atory control actions
giving rise to the pole-shifter law also hag an obvious effect on performdnce.
A compromise had to be found between heavy detuning (large t1) which Teft

noticiable Tags in the responses and 1ight detuning (sma’l tl) which allowed
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g exce;sive contr01 activity. These poﬂes QEterminerthe speed of the

c]osedaloop performance and chould be se1eéted with this in mind. In
practice the c103ed~1odp pole Set was selected to give initially rather
modest performance, the set is then varied (tuned) until satisfacfory,’
response is obtained. Moreover siow closed-joop poles cause‘smoother,
sTower control actions’and have similar effects on step responses, Closed-
loop zero positi&ns cannot, however, be specified and hence step responses
can sometimes ook rather odd. First-order tailoring polynomials were
adequate, increasing tpeir order rarely seemed to help, if no satisfactory
step response or Contr01 shape can be found then the system model order

is probably wrong.

The Tast point must be addressed to the form of non-linearities which
the self-tuner is able to handle. It was seen that by including rate-

limiting supervisory software the self-tuner was able to handle well

~ operating-point non~linearities. In fact these were accomodated as
time-varying parameters. Actuator nun-linearities require limits on the

contro] s{gna1 and will be ana]yzed‘in the next chaptér. Rate limiting

1n‘this chapter refers to the reference signals. Obvious1y; since the
actuator dynamics are so much faster, rate-limiting of the control signai
was not necessary. - In the context of this work rateﬁlimiting of set-
point changes are useful in two ways : |

(a) Tuning, and retuning transients are 11mited;

(b) step responses are smoothed.
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5.1.  INTRORUCTION

A‘practica1 experiment was designed‘to'verify the utility of self-tuning
and the robustness of a typical algorithm to the assumptions made about
the process. This Chapter describes the design (hardware and software)

of such an experiment. The overall system configuration is depicted

in Fig. 5.1,
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|
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|

|
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RTP .32 [* 1 | B
& DAC ; HP 2240
| o | A 5

R
“J\ - USER
DATA HP 1000 | INTERFACE
| Fig, 5.1 1+ Block diagram of system configuration
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It is dmportant to recall at ** 15 stage that the key use of the selv-
'tuhing technique ié td‘uu%omaticajiy design and impWement‘high brdép
digita1 controllers. In terms of~the‘subsequent1y described scoftware
suite an unknown system is first connected to the computer either via
the simu1atﬁon package or the 1input/output measurement and control
procecsor. The computer is fhen put through a cycle of simultaneous
jdentification and control (Chapters 3 & 4) at the end of which the

system is under direct digita“l:contro’lr

The suite gives the user some freedom in setting up various parameters

in the initialisation stage. However this suite can be easily extended

te include varjous types of estimation and control algorithms |[12] & [13].

The modular structure of the software facilitates such an extenSion.

The remainder of this Chapter 1s‘devoted to explaining the software
suite, whose various modules are described in more AP+ai]‘in Apﬁendﬁx 2.
Hith respact to the basic hardware required, the large dotted block in
Fig. 5.1 indicates those parts of the system which required hardware

interfacing. the details of which are beyond the scope of this report.

i L s e

i
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It is important to recall at this stage that the key use of the self-

~tuning technique is to automaticajiy‘design and implement high order

digital controlfers. In terms of the subsequently described software

suite an unknown system is first connecicd to the computer either via

~the simulation package or the input/output measurement and control

processor. The computer is then put through a cycle of simultaneous

identification and control (Chapters 3 & 4) at the end of which the

system is under direct digital control.

P

The suite gives the user some freedom in setting up various parameters
in the initialisation stage. However this suite can be easily extended

to include various types of estimation and control algorithms |12] & [13].

‘The modular struciure of the software facilitates such an extension,

The remainder of this Chapter is devoted to explaining the software
suite, whose various modules are described in more detai1‘in Apﬁendix 2.

With respect to the basic hardware required, the large dotted block in

Fig. 5.1 indicates those parts of the system which required hardware

interfacing, the details of which are beyond the scope of this report.
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5.2. STRUGTURE OF THE SUITE

The structure o,f' the following software suite brings totether many.
software rehability concepts and has yielded a software system which

is not only simple to test, but also highly maintainable and extendable.

The overall structure is shown in block diagram format in Fig. 5.2.

__gwi/:_% Estmator | 535,\
' (MobE 5) '
,___{k:,;,_@, SeLF - TuNing ﬁu‘a/ o |
(mope 4) |
~ | Uy
o ,—.//o-g. P'I‘ D. //.. 5 (
oW . SWE TN To
(Mode 2) Sw¥  PLANT
MANUAL T ,
” (vobe 3) —swy No\SE
e 5) GENERATOR,
b B
’-’4_—'4 UseRr
INTERFACE , ;
R R PLANT
v . o ] T bomAn o
t WS SIMULAT10A] v
| (MopE 4)
= [eeTepont | | | | o
YY $W6 GENERATOR ‘ From ‘
Ly ' PLANT '

Fig. 5.2. : Block diagram of software structure
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As can be seen the structure is‘high1y wodular and flexible
facilitating future system enhancements.‘ Further since the
entire computing power was solely dedicated to the control

of the plant, and the sampling interval required imposed no

constraints, the software is run using a batch technique.

In the user initialization block the switches (SWi - SW6) in
Fig. 5.2 are set-up. According to these various modes iden-
‘tifying flags are set. Each individual routine thencondition-
ally branches to the re1eVant section.‘ In this way’the batch
structure %s maihtained throughout all modes.  Fig. 5.3 depicts
in block diagram form the structure of the‘ffiow—rig' tontrol

algorithm.
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A detailed Tisting of the user~initialization block is included in

Appendix 3.

Depending on the mode switches there are~six pbssibTe

- operations of the suite, as foT]ows

(1)

(i1)

(111)

(iv)

MODE 1
Self-tuner : Pole assignment controller and least--

squares identification.

MODE 2
Classical SISO Control : Proporfiona1—Integra1fDérivative
Controller tuned using ISE criterion

as in [16].

MODE 3

Manual Coritrol : through user interactive dialog.

MODE 4

Non~-linear time-domain plant simulation.

- MODE 5

oo

L.east-squares Estimator.

M1 these modes can be run either on the actual plant or on the digital

plant simulator by appropriate setting of the simulation flag during

nitialization.

Run Time interaction allows the user to modify setpoints and/or the

precess variables. This is performed by a small program which 'shares’
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the same memory block as the main flow-rig program. Ancther facility
is that any mode can be selected on~line. 4 |

The diagnostic software block is impiemented to improve the integrity
of the self-tuner. There is an error magnitude bound, which when

exceeded makes the séTf-tuner revert to Mode 2 nperation or Mode 3 and
automatic shut-off,

There exist two system mode1sVWhich can be selected as per equations

(2.20) and (2.21) by setting the appropriate flag during initia?ization.

Appendix 4 inc]udeg the format of the data files for the data Jogging

Ny

block, whilst Appendix 5 contains the user-on-line interactive dialngue,

T T S R ATy AT A N G
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5.3.  DISCUSSION

The software format used was chosen for'its simp]iéity and Hence under-
"standability. It is recognized that otﬁer structures were possibie,
however, the solution presented is far less complex and can be easily
implemented on other minicomputer systems, So?utibns‘making use of the’
HP 1000 Real-Time Executive (eg. scheduling. programming and mail box
1ntefprogram Communication) are far more complex and the paraT]e]ism
gained would only be of importance if more than one process was to be

controtled thus imposing constraints on sample interval.

Software design is essentially a human problem-solving process. Hence
solutions should focus on techniques that reduce the complexity of the
problem and its solution to levels that can be easily comprehended and

resolved by users other than the designer.

The modular structure employed has its main advantages in testability

and flexibility. The proposed solution can be eaSiﬂy modified to include

other control laws, other identification algorithms and even other plants.

The user is only required to modify certain self-contained sections of

the particular modules.

Much more could be written about software engineering system considepats

jons, this is however a subject on its own. The structure developed was

- basically decided upon its user~friendly attributes.
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CHAPTER 6

SELF-TUNING AS COMBINED IDENTIFICATION AND CONTROL
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6.1, INTRODUCTION

In thisybhapter the practica1 aspects‘of self-tuning are considered in

the context of a two-input/two~output physical system déscribed in Chapter
2. This process embodies severe operating point dependent and actuator
non-linearities. The performance of the se1f~tunef is then judged not
only éccording to the performance criteria listed in Section 4.5 but also

regarding its ability to handle the above mentioned non-linearities.

Another feature of process systems of th1;~nature is that they are non-
minimum phase in the discrete time domain, as can be proved for certain
sampTing times (Appendix 1), hence convéntiona1'optima1 self-tuners will .
have difficU1ty in'déaﬁing with them. The robvstness,‘in this respect,

of the pole-assignment self-tuner used will tierafore also be investigated.

The compenent parts of the self-tuner discussed in Chapters 2, 3 & 4 are
now joined together in a single adaptive control algorithm, thus (see Fig,

4.3),

(1) at each sample iaterval the inputs Uk and outputs Y to

the plant are sampled;

(i1) this new data is used by the recursive least~squares algorithm

to update the estimates of the model parametérs‘ﬁei

(1i1) these corrected estimates are used to determine the improved
controller parameters. The type of contro! being determined

by the pole-assignment law.




These three steps are executed in sequence indefinitely under the conditions

explained in the previous‘chapter.

If the operating point is changed or the‘p1ant is modified, then the variable
forgetting factor method helps the'se1fmtuner to re-tune to the“new’configu-
ration by increasinglits sensitivity. If the process was not time-varying
‘vthen once the estimates of the System parameters, and hence the control, |
have converged to steady values, the whole se?f—tuner can be 'frozen'. The
controller parameters are then correct and hence the identification section

can be sUépended. This is very seldom the case.

The self-tuner can therefore be seen as a powerful on-line controller design
tool. The algorithm being capable to tuning a large number of parameters
to~meet the-control objective. This control objective must, however, be

defined by the user requiring‘some apriori knowledge about the system and

engineeringkjudgement;~

~The subsequent sections provide some information concerning the experience

obtained in running the self-tuner on-line with the physical process. In
particular factors regarding the tuning of the algorithm both initially and

on-1line are analysed in detail.

As a final remark it is noted that the implementation of the se1fftuneb
tested extensivelly on a plant simulation (Chapter 4) on the actual process
wiWT‘dictate whether or not it is robust enough to cope with actuator
non-linearities and Sensof disturbances. 1% has a?vaady‘beén seen (Chapter
4) that operating point non-linearities are cbped with as time-varying

, , m
parameters. ~ ,
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6.2, SELF-TUNER CHARACTERISTLCS : ANALYSIS

The self-tuner iricorporates a numrer of‘parameters defining its objectives
ir terms of noise rejection, set-point following, control signal behaviour

(discussed in sectiun 4.5) and parameter tracking capabilities (discussed

in section 3.5). A number of these parameters can be usefully adjusted

on-Tine either automatically or by the user, thus tuning the controller

?Hi,f,   £ ~rather than the control law to meet the required objectives. Such para-

meters are briefly analysed in the following.

(1) The state of the self-tuner :

The state of the self-tuner is defined by its current parameter : e B
estimate vector 8, and its confidence matrix P, (Chapter 3). This
defines the tracking ability of the self-tuner. The confidence k. [f,f

matrix is a measure of how much information the estimator has received

in the past. Parameter estimates are updated at each step by an | f‘ $
amount related to the current errors and measurement (inputs/outputs) |

vector times the confidence matrix (see equation 3.1) Hence the

larger the entriesfin the Tatter the more attention will be paid to

current 1/0 data.

kf  - The variable forgetting factor concept developed in section 3.3 is

a means of automatically sizeing the confidence matrix. In this way
the forgetting factor is varied in order to encourage initial tuning-

~in and, later, inhibit excessive sensitivity to new incoming dava.

-

An adequate measure of the size of the confidence matrix is its trace,

Numerical values of the trace are dependent uponscaling of I/0 information

£ G

g ‘ R ' : ~ bi ; j R AR T RS RV T




Author Ferreira AMP
Name of thesis A self-adaptive multivariable computer control system 1984

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2013

LEGAL NOTICES:

Copyright Notice: All materials on the University of the Witwatersrand, Johannesburg Library website
are protected by South African copyright law and may not be distributed, transmitted, displayed, or otherwise
published in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page) for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.





