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Adaptive stabilization and resonance suppression

ANDREW J. TELFORDY and JOHN B. MOORE?

Control systems can drift into instability or, less catastrophically, exhibit resonance
behaviour. One role for adaptive controllers is to learn sufficient information con-
cerning the dominant closed-loop system mode 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 results to study its behaviour in the presence
of high-order unmodelled dynamics. The algorithm appears particularly useful for
enhancing existing fixed controller designs.

1. Introduction

With precise knowledge of a linear multivariable plant, controller design tech-
niques are effective at achieving a high performance in terms of disturbance response
and control energy trade-offs. However, since plants are invariably uncertain objects,
possibly drifting in their characteristics with time, the performance of 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 control
system can catastrophically drift into instability or approach such a condition by
exhibiting resonance behaviour. In such cases, one lightly damped mode often domi-
nates, and if this dominant mode can be dampened by adaptive techniques, and the
resonance suppressed 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, the ride quality can deteriorate if a structural resonance is excited by turbu-
lence. Indeed, catastrophic failure can arise in the presence of wing flutter, which can
occur in an emergency situation when the flutter speed is exceeded. The work of this
paper is motivated by the need for adaptive resonance suppression, rather than the
possibility of devising an elegant solution to such 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 dynamics. How then can the problem of
unmodelled dynamics be overcome? The methods proposed in this paper are pre-
sented more as a challenge for following researchers, rather than to give an optimal
approach. We do not seek global convergence results for our methods because of
unmodelled dynamics, and since there are high-order unmodelled dynamics we do
not seck 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 previously in the
literature more in terms of its objectives and orchestration than in terms of its building
blocks. It has evolved from case studies such as by Chakravarty and Moore (1986).
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Most adaptive control designs in the literature tend to replace an 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 quadratic controller. These utilize linear parameter estimation
schemes, based often on input—output models with little or no incorporation of
a priori model information.

The scheme proposed here is to provide an additional loop on an existing ofl-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 drift 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 just unstable. The desired control objective is merely to dampen the
dominant mode somewhat. This suggests estimating its frequency and damping, and
applying an adaptive pole assignment scheme to 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 § 2, based on low-order plant idealizations and
known least-squares identification and pole assignment techniques. In § 3, simulation
studies are presented for both idealized low-order plants and random high-order
ones, and stabilization and resonance suppression properties are observed. Section 4
presents an application of the new algorithm, which allows it to enhance adaptively
fixed controller designs. Conclusions are drawn in § 5.

2. Adaptive algorithm for resonance suppression

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

2.1. Plant model

It is assumed that the plant G(q ') can be accurately modelled by a high-order
moving-average autoregressive model (ARMAX):

yk+a1yn71 + .. +anoyk*n0:b1uk~1 + .. +bm0uk—m0
FoiWeoy o Wi, 2.1

where w is a zero mean gaussian noise disturbance process. The parameters of the
ARMAX model will be represented by the vector

G):[al ‘e a,,o bl ‘e bmo C1 e Cpl:]' (2.2)

2.2. Inner loop identification
The recursive least-squares identifier RLS, is based on a low-order ARMA model:

Vet @Y1+ o+ Viog, =bith 1+ o F by, (2.3)
where typically n, = 4. This identification block has two outputs, O, , and wy ;. The



Adaptive stabilization and resonance suppression 727

Identifier

8
RLS Ak
Al
(-] l L(z)
S u, o i -— Tk
—_ b3} = 2
* /—\ Identifier
W, bandpass filter
RLS
X } eB,k
desired poles N
pole assign
H algorithm
¢
vk
controller

K(z)

Figure 1. Main control system.

value ©, , is a recursive estimate at time k of the true model ®. The estimate will not
in general asymptotically approach any of the true model parameters, because the
model is underparametrized. However, in the presence of a dominant resonant mode
(or unstable mode) @, , can allow a crude estimate of w; € [0, ], the radian frequency
normalized by the sampling frequency, of the least stable pole pair. Here the least
stable pole pair is the pole pair belonging to ©, which is furthest from the origin.
The estimate w,, of w, is the frequency of the least stable poles of the ARMA model
given by @, ,. The idea is that RLS; will give a rapidly 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 possibility of a nearly stable or
unstable pole on the real axis is excluded.

2.3. Frequency shaping filter

Using the frequency information from the inner loop, our approach is for the
bandpass filter at the plant output to be adjusted to accentuate signals in the fre-
quency band associated with the resonant mode, and to attenuate signals at other
frequencies. With the series bandpass filter in place, the outer identification/control
loop can concentrate on stabilizing the resonant mode, ignoring the now well damped
stable modes. The underlying assumption of this approach is that the augmented
plant, formed by the combination of the plant and the frequency shaping filter, can
be closely approximated by a lower-order plant. Whether this is achieved in practice
depends on the nature of the plant and filter. Certainly the frequency shaping attenu-
ates plant modes at a frequencies far from the frequency of the dominant resonant
mode.

2.4. Outer-loop control

The outer identification loop consists of a recursive least-squares identifier RLS,,
and a pole assignment controller. There is no need to be restricted to RLS identifica-
tion 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
initially be necessary to run the identification algorithms without feedback applied,
to allow the estimates ©,,, ©g , to get close to their final values.
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Since the frequency of the resonant mode is assumed to 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 an alternative to using standard pole assignment, we propose an algorithm in
which the location to which the closed-loop poles are assigned is a function of the
estimate w, , of the frequency of the resonant mode. An attempt is made to assign
the resonant mode radially inwards, so that it has a higher damping than originally,
but is still not heavily damped. This idea is depicted in Fig. 2. If w,, is a good
estimate of w,, then this pole assignment strategy minimizes the distance that the
pole is moved, and hence the control energy to achieve more damping.

resonamt mode N
(open loop) \X

unit circle

poles assigned here

Figure 2. Pole assignment with the dominant resonant mode assigned radially inwards.

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

3. Simulation study
3.1. Preliminary results with standard pole assignment

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

It is also necessary to choose the relative magnitudes of the external excitation
sy, and the noise w, inherent in the ARMAX model. In most of the following, the
magnitude of s, is ten times the magnitude of ¢, w,_; (po = 1).

With n; = 4, and with various different plants and initial conditions, it is observed
that w, 4 1 a good estimate of the frequency of the least stable pole w, . As one would
intuitively expect, increasing n, results in @, , being a more accurate estimate; the
disadvantage is that the computational effort becomes much greater. As a result of
these initial tests, it seemed reasonable to set n,, m; = 1 for the remaining simulations.
This corresponds to RLS; identifying a model of the form

big ' +byq P +b3g P +byg*
l+a,q ' +a,q *+asq > +asq

7 (3.h



Adaptive stabilization and resonance suppression 729

The loop filter L(g ') is designed by bilinear transformation of a low-pass continuous-
time prototype of the form

(1)2

= - 3-2
§2 4+ 2lws + w? (3.2)

L(s)
Figure 3 shows the frequency response of such a system. The magnitude of the
frequency peak can be increased by reducing the damping coeflicient {. In the outer
loop, a model of the form (3.1) is also identified. In the simulation, the loop is closed
at X after 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 follow-
ing section, the closed-loop pole assignment is initially made non-adaptive. Two of
the closed-loop poles are assigned to 0-5 + 0-5f and the rest are assigned to the origin.
Since maintaining stability is the most important criterion for a succesful controller,
many simulations must be run, and a check made of how many runs result in closed-
loop stability.
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Figure 3. Frequency response of second-order lightly damped transfer function.

The resuits indicate that there is, in general, no advantage in using the loop filter
L{g~'). There seemed to be little correlation between the damping of L(g ') (and
hence the corresponding frequency selectivity) and the effectiveness of the controller.
It 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-filter-
ing which focuses on any frequency band of interest. Qur simulations suggest that,
in general, there is no merit in a further pre-filtering, although there are certainly
situations where pre-filtering does help.

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 w, ,. In the simulations, one pair of closed-loop poles is assigned to
frequencies of + w, , and at a radius of 0-7. The other closed-loop poles are assigned
to the origin. The plant models in the simulation have a lightly damped dominant
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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 coeficient
¢ associated with the loop filter design. Some simulations are also run with no loop
filter; here the only purpose of the inner identifier is to allow the location to which
the closed-loop poles are assigned to be adaptive. In all cases, the control algorithm
is run in open loop for the first fifty iterations, then closed. The results, based on a

small number of simulations, are given in the Table.

No. runs No. successful runs Percentage successful
No filtering 24 18 75
[ =06 11 2 18
{=02 S 11 45

Simulation results: adaptive pole positioning.

3.2.1. Loop filter. The resulits of the Table 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 loop filter introduces 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 account the filter poles. Simulations show that this assignment of a
double pole pair results in a more reliable controller.
In the following, we describe some enhancements to the controller design.

3.3. Cautious control

In the simulations above, the control loop is not closed until after the first fifty
iterations. The resulting transient sometimes causes the system to become unstable.
To lessen the effect of this start-up transient, concepts from Astrém’s cautious control
(Astrom 1983) can be implemented. Indirect adaptive control algorithms employing
caution use not only the parameter estimate, but also information about the covari-
ance of the estimate, when designing the control law. In our case, the algorithm is
modified by replacing the control signal v, by a scaled control signal Q,v,, where Q,
is a non-decreasing positive sequence bounded above by one. Such a sequence can
be generated as follows. Given outcomes r, and a regression vector ¢, of past measure-
ments, the RLS algorithm identifies the parameters @ of the best model of the form

Fe= ¢ (3.3)

The RLS algorithm also calculates a matrix P,, which, under certain noise assump-
tions, can be interpreted as an estimate of the covariance matrix associated with the
estimate 6, of the true system model. We therefore propose 0, given by (3.4), where
ks is some empirically determined positive constant,

1
1+ k,/(6,P 6,)

Simulations show that there is little variation in Q, for different simulation runs. As
a result of this a Q, is made independent of 6,, P,, and increasing in a linear fashion

O (3.4)
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from zero (k= 6) to one {k = 50). In general, the simulations show that the use of
caution results in a more reliable controller.

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 resulting controller can produce excessive
control signals. This occurs because the controller design must invert a nearly singular
Sylvester matrix. The central tendency adaptive control algorithm (Moore et al. 1989)
chooses the controller parameters based on a trade-off between the confidence in the
estimated plant parameters and ill-conditioning of the Sylvester matrix, as described
below.

Suppose we are given an estimate Go(q~ ') by RLS, of the form

Golq™")=Bl(g" ") Al@™") (3.5)

where

Alg H=l4+a,qg ' +...4+aq " Blg)=bqg'+.. +byg " (3.6)
For this plant, the pole assignment control scheme is

E(q YYo= —F(q Y., Alg”)E@ )+ Blg (g ")=H(g™ ") 3.7
where

EgY=1l+eq '+ ... 4+eq ™ Flg O=fig '+..+fq "

Hg HY=1+hq '+ ... +h, g "™

The polynomial equation (3.7) can be written in terms of a Sylvester equation:

SAB=M=h, =l 71 K= F] (8
where
e'=[e; e ... e, [=[fi f» - £ H=[h hy ... hyin]
[ 0 i
a; 1 0 O
Si=|a a - by 0
b, b,
i |

The dual form of this relation is
1 _
Spr= [H:l =h, 0=[a b} (3.9

With #, the s-algebra generated by measurements up to and including time k, the
central tendency pole assignment algorithm chooses the controller y which maximizes
the probability density f[y(0)|.%,_,], where the minimization is carried out over all
6. It was shown by Moore et al. (1989)

SWOIF- 1] =K,ldet J ~(0)] exp {— 30 — 6, Py (0 — 6,); (3.10)
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where

det Sgr

det J| =
et 1=\ 3e s

(3.11)

The minimization above is not possible in practice, because it is impossible to evaluate
STU(O)F, -] at all values of . As a compromise, we instead evaluate this expression
only over the set of § for which y(6) is of necessity evaluated, that is 6,, 6, _,, ...,
8, _ » for some M.

For the simulations above based on random 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
modifications. However, as shown by Moore et al. (1989) non-generic cases can arise
where dramatic improvements to performance can be expected.

3.5. Transient performance simulation results

Some simulation results 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 the plant poles
is uniformly distributed on [0, =), 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 RLS,, identify fourth-
order ARMA models. Cautious control and central tendency concepts (with M =5)
are used as described in § 3.

One pole pair as assigned to a radius of 0-7 and a frequency given by w, ,. The
control loop does not include a loop filter L(z). Figure 4 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 RLS,, are
shown in Fig. 5. The plant output y, increases initially in an unstable manner until
the control system learns the plant parameters, after which time y, settles down again.

4. Preconditioning methods

The methods proposed here have largely been motivated for use in conjunction
with other control methods. As an example, consider the indirect adaptive techniques
of Tay et al. (1989), based on the theory on the class of all stabilizing controllers
{(Vidyasagar 1985, Doyle 1984). In this work, the real plant is embedded in a control
loop, as in Fig. 7. The design of Ji is based on a control system with a nominal plant
G, and a stabilizing controller K,. With stable proper coprime factorizations

Go=NoMg'=M;'N, (4.1 a)
Ko=U,Vo' =V;1U, (4.1 b)
then
Ko V5!
Je={ B (4.2)
Vol —V5'N,

With Q@ =0, J, forms a stabilizing controller for the nominal plant; such a controller
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Figure 5. Estimate @, , generated by outer identifier (RLS,).

can be designed to achieve specific performance or robustness objectives for the
nominal plant. The block Q represents an additional adaptive feedback path over
that of the nominal controller. In fact, the nominal plant G, is stabilized if and only
if Q itself is stable. Furthermore, as Q spans the class of all stable transfer functions,
the controller class

K@) =Ko+ V5l QU + V5 'NoQ) ™'V, (4.3)

is the class of all stabilizing controllers for Gy.
One result of Tay et al. (1989) is that G will be stabilized if and only if Q stabilizes
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S, where
§=M(G—Go)M, (4.4)

Here M and M, provide a natural frequency weighting for (G — G,) in the frequency
bands of interest.

We now consider the problem of finding a suitable adaptive Q to stabilize the
augmented plant S. Since S emphasizes frequencies in the passband of the closed loop
system (G, K,), it follows that S may often be a transfer function with a dominant
resonant mode. This is an ideal opportunity to utilize the resonance suppression
techniques of § 2. The proposed scheme is shown in Fig. 8.

5. Conclusions
We present here a preliminary investigation into the problem of designing an
adaptive controller when there is a priori knowledge that the plant has one dominant



Adaptive stabilization and resonance suppression 735

plant Ideatifier

e
RLS, [ A%
’ SRy
L(z)
3k J Y -—> T

by k
/_\ . Identifier
bandpass filter
P RLS
) IR
desired poles ! X
pole assign
H algorithm
o
Vi
controller

K(z)

Figure 8. Adaptive scheme to enhance fixed controller design.

lightly damped, or possibly unstable, mode. Such a problem could be tackled without
making any use of the knowledge that a dominant mode exists, as is the case when
standard adaptive control schemes are applied.

The algorithm in § 2 makes use of an inner underparametrized identification of
the plant, which enables fast estimation 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 situation where the controller tries to change
the frequency of the dominant resonant mode by arbitrary 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
al. 1989) and cautious control (Astrom 1983) can be used to improve the robustness
of the algorithm.

The problem which has been studied is one that we believe is important 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 at hoc modifications to
existing adaptive control algorithms can improve their reliability.
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