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Abstract

Control systems can drift into instability, or less catastrophically
exhibit resonance behaviour. One role for adaptive controllers is

to learn sufficient information concerning the dominant closed-.

loop system moda so as to apply -effective feedback to dampen
these modes. In such situations the adaptive loop augments the
fixed controller feedback loop. This paper presents an algorithm
for adaptive resonance suppression and provides simulation re-
sults to study its behaviour in the presence of high-order un-
modelled dynamics. The algorithm appears particularly useful
for enhancing existing fixed controller designs.
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1 Intreduction

With precise knowledge of a linear multivariable plant, ¢controller
design techniques are effective at achieving a high performance
in terms of disturbance response.and control energy trade-offs.
However, since plants are invariably uncertain objects, possi-
bly drifting in their characteristics with time, performance for
a nominal model is usually compromised in a design procedure
to achieve robustness to plant uncertainty. Even with a fairly
robust design, there is a possibility that the contrel system can
catastrophically drift into instability or approach such a condi-
tion by exhibiting resénance behaviour. In such cases, one lightly
damped mode often dominates, and if this dominant mode can
be dampened by adaptive technigues, and the resonance sup-
pressed without otherwise inordinately influencing the control
system, robustness/performance enhancement will result,

One area of application of resonance suppression is in aircraft
control. For example, ride quality can deteriorate if a structural
resonance is excited by turbulence. Indeed, catastrophic faii-
' ure can atise in the presence of wing flutter, which can occur
in an emergency situation when the flutter speed is exceeded.
The work of this paper iz motivated by the need for adaptive
Tesonance supression, rather than the possibility of devising an
elegant solution tosuch a problem. Clearly, if low order adaptive
schemes are applied to high order uncertain plants, such as an
aircraft body or wing, there are inevitably unmodelled dynam-

off-line designed controller with an adaptive version of the off.line
design. Thus, instead of a pole assignment or linear quadratic
controller, there is an adaptive pole assignment scheme or an
adaptive linear guadratic controller. These utilize linear param-
eter estimation schemes, based often on input-output models
with little or no incorporation of @ priori model information.
The scheme proposed here is to provide an additional loop
on an existing off-line designed control system, associated with
a nominal model. The a priori information is that the control
system is stabilizing for the nominal model, but may diift into
a resonant condition or instability. Thus, in the simplest case
we may reasonably assume that all modes are stable, except for
one dominant mode which is near instability or is Jjust unstable,
The desired control objective is merely to dampen the dominant
mode somewhat. This suggesis estimating its frequency and

- damping, and applying an adaptive pole-assignment scheme to

ics. How then can the problem of unmodelled dynamics be over-

come. The methods proposed in this Paper are presented more
a5 a challenge for following researchers, rather than to give an
optimal approach. We do not seck global convergence resuits for
our methods, because of unmodelled dynamics, and since there
are high order unmodelled dynamics, we do not seek to calculate
regions of local convergence. Rather we assess our methods by
simulation studies with random model selection. '

The adaptive scheme proposed here differs from those treated
in the [iterature more in terms of its objectives and orchestra-
tion than in terms of its building blocks. It las evolved from

case studies such as earlier work [Chakravarty and Moore, 1986]. .

Most adaptive control designs in the literature tend to replace an
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force this mode to a location at the same frequency, but with
greater damping. The Intention is to achieve this without driving
the other modes into instability or exciting other lightly damped
modes. ‘

The algorithms are presented in Section 2 based on low-order
plant idealizations and known least-squares identification and
pole assignment techniques. In Section 3, simulation studies are
presented for both idealized low order plants and random high
order ones, and stabilization and resonance suppression proper-
ties are observed. Section 4 presents an application of the new
algorithm, which allows it to adaptively enhance fixed controller
designs. Conclusions.are drawn in Section 5.

2 An adaptive algorithm for resonance '
suppression

Consider now a scalar stochastic plant or closed loop system
G(g™1), modelled in terms of polynomials in the backwards shift
operator g~!, with one dominant resonant mode assoclated with
a pair of poles in the vicinity of the unit circle. The adaptive res-
onance suppression algorithm presented here seeks to determine
the frequency band of the resonant mode via an inner identi-
fication loop and exploit this information in an outer adaptive
control loop. The algorithm is shown in Figure 2.1, and is now
developed in some detail. )

Plant Model It is assumed that the plant G(g™") can be
accurately modelled by a high-order moving-average antoregres-
sive model(ARMAX):

Vet @nor bk Cnghhng = b1seet F - by heig
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where w is a zero mean gaussian nolse disturbance process. The .
parameters of the ARMAX model will be represented by a vector
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Figure 2.1: Main cortro} system

Inner Loop Identification - The recursive least squares
identifier RLSY is based on a low-order ARMA model:

Y+ Y1 bt g hon, = B1teoy + 0 F Doy e, (2.3)

where typically ny = 4. This identification block has two out-
puts, @y and wiy. The valte Ok is a recursive estimate at

time k of the true model @. The estimate will not in general.

asymptotically approach any of the true medel parameters, be-
cause the model is underparametrized. However, in the presence
of 2 dominant resonant mode (or uastable mode) © 7k can allow
a crude estimate of wy € [0,7), the radian frequency, normalized
by the sampling frequency, of the least stable pole pair, Here the
Ieast stable pole pair is the pole pair belonging to ©, which is
furthest from the origin. The estimate w; & of wy is the frequency
of the least stable poles of the ARMA model given by 974, The
idea is that RLSy will give a rapidiy converging estimate of the
frequency w; of the dominant resonance, and this information
can be used to adjust the bandpass filter at the plant output.
Here the dominant resonant mode is always considered to be
due to a complex pole pair; the possibiiity of a nearly stable or
unstable pole on the real axis is excluded. >

Frequency Shkaping Filter Using the frequency informa-
tion from the inner lnop, our approach is for the bandpass filter
at the plant output to be adjusted to accentuate signals in the
frequency band associated with the resonant maode, and to at-
tenuate signals at uther frequencies. With the series band pass
filter in place, the outer identification,/control loop can concen-

trate on stabilizing the resonant mode, igfloring the now well .

damped stable modes. The underlying assumption of this ap-
proach is that the augmented plant, formed by the combination
of the plant and the frequency shaping filter, can be closely ap-
proximated by.a lower order plant. Whether this is achieved in
practice depends on the nature of the plant and filter. Certainly
the frequency shaping attenuates plant modes at a frequencies
far from the frequency of the dominant resonant mode.

Outer-Loop Control The cuter identification leop con-
sists of a recursive least squares identifier RESQ and a pole as-
signment controller. There is no need to be restricted to RLS
identHication or pole positioning algorithms: these algorithms
were chosen in the simulations for simplicity. Notice that the
control loop can be broken at the point X . It may be necessary
initially to run the identification algorithms without feedback
applied, to allow the estimates ©r4, @p 4 to get close to their
final values. )

Since the frequency of the resonant mode is assumed fo be
initially unknown, a standard pole assignment controller may
attempt to move the resonant mode to an assigned pole location
far from its initial position. This will result in a large control
energy, and possibly destabilize the closed-loop system.,

As ai alternative to using stindard-pole assignment, we pro-

pose an algorithm in which the location io which the closed loop.

poles are assigned is 2 function of the estimate wi ik of the fre-
quency of the resonant mode. An attempt is made to assign the
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resenant mode radially inwards, so that it has a higher damping
than originally, but is still not heavily damped. This is idea is
depicted in Figure 2.2. If wy t i5 2 good estimate of wy, ther this
pole assignment strategy minimises the distance that the pole is
moved, and hence the control energy to achieve more dammping.

In the following section, simulaticn results are discussed, and
improvements to the algorithm are suggested.

3 A Simulation Study -

3.1 Preliminary Results with Standard Pole As-
signment

In all of the following simulations a time invariant plant G{g~1)
is used, even though the algorithm is ultimately intended for use
when plants have slow time variations. The parameter estimates
©1, @o,x are given arbitrary initial values, and the covariance
matrices associated with the RLS estimation are initialized to
matrices of the form af, with a a large real number. '

It is also necessary to choose the relative magnitudes of the
external excitation s, and the noise w;. inherent in the ARMAX
model. In mosi of the following, the magnitude of s is ten times
the magnitude of eywi—q (pg = 1),

With ny = 4, and with various different plants and initial
conditions, it is observed that wy; is a good estimate of the
frequency of the least stable pole w;. As one would intaitively.
expect, increasing ny results in w; ;. being a more accurate esti-
mate: the disadvantageis that the computational effort becomes
much greater. As a result of these initial tests, it seemed rea-
sonable to set ny,m, = 4 for the remaining siraulations. This
corresponds to RLST identifying a model of the form
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Figure 2.2: Pole assignment with the dominact resonant mode
assigned radially inwards



The loop filter L{g~?) is designed by bilinear transformation of
a low pass continuous time prototype of the form ’

2 i

@
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(3.2}
Figure 3.1 shows the frequency response of such a system., The
. magnitude of the frequency peak can be increased by reducing
the damping coefficient {. In the outer loop, & model of the form
(3.1} is also identified. Tn the simulation, the loop is closed at X
alter a fixed number of iterations and trials run with different
values of (. For simplicity, and to enable comparison with the-
adaptive pole positioning in the following seclion, the closed-
loop pole assignment is initally made non-adaptive. Two of the
closed-loop poles are assigned to 0.5 + 0.55 and the rest are as-
signed to the origin. Since maintaining stability is the most
important criterion for a siccessful controller, many simulations

must be run, and a check made of how many runs result in closed

loop stability.

The results indicate that there is, in general, no advantage in
using the loop filter L{g~1)- There seemed to be little correlation
between the damping of L{g™!), and hence the corresponding
frequency selectivity, and the effectiveness of the controller. Tt is
important to note that for a continuous time plant with a broad
spectral response sampled prior to applying adaptive techniques,
there is already an in-built pre-filtering which focuses on any
frequency band of interest. Our simulations suggest that, in
general, there is no merit in a further prefiltering, although there
are certainly situations where prefiltering does help.
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Figure 3.1: Frequency response of second-order lightly damped
transfer function

3.2 Closed-loop Poles Adaptively Assigned

We now allow the location to which the closed-loop poles are

assigned to be a function of wy - In the simulations, one pair

of ciesed-loop poles is assigned to frequencies of #wy and at

2 radius of 0.7. The other closed-loop poles are assigned to the

origin. The plant models in the simulation havealightly damped

dominant pole with a randomly chosen frequency, and the other

poles with random locations close to the origin. The design

parameter that is changed is the damping coefficient { associzted

with the loop filter design. Some simnlations are also run with*
no loop filter: heré the only purpose of the inner identifier is to!
allow the Jocation to which the closed-loop poles are assigned to

be adaptive. In all cases, the control algorithm is Tun in open

loop for the first fifty iterations, then closed. The results, based

on a small number of simulations, are given in Table 3.1.

Table 3.1; Simulation results: Adaptive pole positioning

no, runs | no. successful runs || success rate
No filter 24 18 0.75
=06 11 2 0.18
(=02 5 11 0.45

2é2_

Loop Filter The results of Table 3.1 indicate that the use of
the loop filter can actually reduce the chance of obtaining a
stabilizing controller. One reason for this is that the leop filter
introdnces additional poles into the control loop, and these must
be taken into account in the pole assignment. A refinement of
the algorithm is to assign two ¢closed loop pole pairs to a radius
of approximately 0.7 and the rest to the origin: one to assign the
dominant resonant pole radially inwards, and the second to take
into acconnt the filter poles. Simulations show that this assign-
ment of a double pole pair results in a more teliable controller.

In the foliowing, we describe some enhancements to the con-
troller design.

3.3 Cautious Control

In the simulations above, the control loop is not closed until
after the first fifty iterations. The resulting transient some-
times causos the system to go unstable. To lessen the effect
of this startup transient, concepts from Astrém’s cautious con-
trol {Astrom, 1983] can be implemented. Indirect adaptive con-
trol algorithms employing caution use not only the parameter
estimate, but also information about the covariance-of the esti-
mate, when designing the control law. In our case, the algorithm
is modified by replacing the contrel signal v by a scaled con-
trol signal Qruk, where Q¢ is a nondecreasing, positive sequence
bounded azbove by one. Such a sequence can be generated as
follows. (liven outcomes ry and a regression vector ¢y of past
measurements, the RLS algorithm identifies the parameters §of
the best model of the form

T = Gy (3.3)

The RLS algorithm also calculates a matrix Py, which, under
rertain noise assumptions, can be interpretedias an estimate of
the covariance matrix associated with the estimate By of the true
system model. We therefore propose Q& given by (3.4), where
k, is some empirically determined positive constant.

PR S—
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Simulations show that there is little variation in Q. for differ-
ent simulation ruos. As a result of this Qy is made independent
of By, Py, and increasing in a Tinear fashion from zero (k = 6) to
one (k = 50). In general, the simulations show thai the use of
caution results in a more reliable controller.

(34)

3.4 Central Tendency Adaptive Pole Assignment

One problem with adaptive pole assignment schemes is that
when the estimated plant has a near pole zero cancellation, the
sesulting controller can produce excessive control signals. This
ocoirs because the controlier design must invert a nearly singular
Sylvester matrix. The central tendency adaptive control algo-

rithm [Moore et al., 1989] chooses controller parameters based

on a irade-off between the confidence in the estimated plant
parameters and ill-conditioning of the Sylvester matrix, as de-
scribed below. ’

Suppose we ate given an estimate Golg™") by RLS( of the
form

Golg™) = Bla™)/Alg™) (3.5)
where
‘ CAlETY = 1+ P + Y (3.6a)
: B(g™) = bigt e tbmg™ (3.6b)
For this pla.n{ the pole assiénment control scheme is
Elg Y = -F{gMr (37
AMgHE(@Y)+Ble O = B G
“where ’
E(g") = l+eg +--temd ™ X
FlgY) = hat++fuds
H(gY) = L+hg™ +oot bpumg ™™

b1




The polynomial equation (3.8) can be written in terms of a
Sylvester equation.

-sw[jb]eh, V=[F)l K=(F] (39

where
& =lerez.. -&m), f' =[hfe. . Sfuls K= thiho .. hogm)
1 0

a 1 g 0
Sap=|4az ¢ - b 0
A

The dual form of this relation is

Ser [ 5 ] =k &=[¥ (3.10)

With F; the o-algebra generated by measurements up to and
including time k, the central tendency pole assignment algorithm

chooses the controller 1 which maximises the probability density .

F[#(0)}Fi—1], where the minimisation is carried out over all 4.
It is shown in {Moore et al., 1980] that

AWONFiaa) = Kol der J746)] exp{~5(8 — )P0 — )}
(3.11)

where
|det Jf =

det Sgp
det SAﬂ‘l

The minimisation above is not possible in practice, because
it is impossible to evaluate f{(0)|Fx_1] at all values of 8. As
2 compromise, we instead evaluate this expression only over
the set of # for which #(f) is of necessity evaluated, that is
OryBr—tyeeny ék—M for some M. e

For the simulations ahove based on Tandofii plant parameter
selection, there is a low probability of introducing near pole-zero
cancellations, so that we do not expect any improvement in an
average sense as a result of introducing central tendency modi-
fications. However, as shown in [Moore et al., 1989], nongeneric
cases can arise where dramatic improvements. to performance
can be expected.

(3.12)

3.5 Transient Performance Simulation Results

Some simulation resulis are now presented to show the typical
transient behaviour of the controller algorithm, The tenth-order
plant is randomly chosen with one unstable pole pair at a radius
of 1.1, and four other pole pairs randomly distributed inside a
circle of radius 0.7 centred at the origin. The frequency of all of
the plant poles is uniformly distzibuted on [0, x), and the radius
. of the stable plant poles is uniformly distributed on [0,0.7), It is
suggested here that the above class of randomly selected plants
be used as a benchmark, enabling comparison of our resonance
suppression algorithm with those of other authors.The identifiers
RLS] and RLSQ identify fourth-order ARMA models. Cautious
contro] and central tendency concepts (with M = 5) are used as
described in Section 3.

One pole pair is assigned to & radius of 0.7 and a frequency
given by wy 4. The control loop does not include a loop filter
L{z). Figure 3.2 shows the estimation of the frequency of the

‘least stable pole pair; the actual frequency based on the true
plant parameters is also marked on the graph. The parameter
estimates given by RLSQ are shown in Figure 3.3. The plant
output yi increases inifially in an unstable manner until the
control system learns the plant parameters, after which time y;
settles down again.
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F i.:;ure 3.2: Estimate of the frequency w; of the least stable pole
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4 Preconditioning Methods

The methods proposed here have largely been motivated for use
In conjunction with other control methods. As an example,
cansider the indirect adaptive techniques of {Tay et al., 1989)],
based on the theory on the class of all stabilizing controllers
[Vidyasagar, 1985, Doyle, 1954], In this work, the real plant is
embedded in 2 control loop, as in Figure 4.1, The design of Jx is
based on a control system with a nominal plant Gy and a stabj-
lizing controller Ko, With stable proper coprime factorizations

Gy = NoMg' = Mg R, {4.1a)
Ky = W' =W'0 (4.1b)
then X
| Fe o W
“'“‘[V(;' VN, , (4.2)

With @ = 0, Jx forms a stabilizing controller for the nominal
plant; such a controller can be designed to achieve specific per-
formance or robustness objectives for the nominal plant. The
block € represents ar additional adaptive feedback path over
that of the nominal controller. In fact, the nominal plant Gg
is stabilized if and only if @ itself is stable. Furthermore, as
@ spans the dlass of all stable transfer functions, the controller
class
K(Q) = Ko+ T 'QU+ Vi Mo@) 5! (43)

is the class of all stabjlizing controilers for Gy.

One result in [Tay et al., 1989] is that G will be stabilized if
and only if @ stabilizes §; where

5= M(G ~ Go)My (4.4)

Here A, My provide a natural frequency weighting for (G ~ Gg)
in the frequency bands of interest,

We now consider the problem of finding a suitable adaptive
@ to stabilize the augmented plant 5. Since § emphasizes fre-
quencies in the passband of the closed loop system (G, Kp), it
follows that 5 may often be a transfer function with 2 dominant
resonant mode: This is zn ideal opportunity to utilize the reso-
hance suppression techniques of Section 2. The proposed scheme
is shown in Figure 4.2, :

3 Conclusions

We present hére a preliminary investigation into the problem of
designing an adaptive controller when thereis ¢ priori knowledge
that the plant has one dominant lightly damped, or possibly un-
stable, mode. Such a problem could be tackled without making
any use of the knowledze that a domirant mode exists, as is the
case when standard adaptive control schemes of are applied.

The algorithm is Section 2 makes use of an inner underpa-
rameterized identification of the plant, which enables fast esti-
mation of the frequency of the resonant mode. This estimate can
be used to adjust filters in the control loop, or even to adjust the
position to which the closed loop poles are assigned: The latter
possibility seems to be particularly attractive, as it prevents a
siteation where the controller tries to change the frequency of
the of the dominant resonant mode by athitrary pole assignment,
The controller can instead simply apply feedback to increase the
damping of the resonant mode. In practice, techniques such as
central tendency adaptive control [Moore et 1., 1989] and cau-
tious control [Astrom, 1983] can be used to improve the robust-
ntess of the algorithm.,

The problem which is studied is one that we believe is im-
portant and that arises in many engineering situations. It is not
shown that our algorithm is a universal or optimal resonance
suppression algorithm, but instead that ad hoc modifications to
existing adaptive contro! algorithms can improve their reliability.
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Figure 4.2: Adaptive scheme to enhance fixed controller design
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