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Abstract: This paper analyzes a new dual model supervised adaptive control
algorithm for stability and robustness. The algorithm addresses infinite drift
and parameter bursting by using one model as a supervisor and one as the
controller. The main contribution of this paper is the demonstration that the
dual model supervised adaptive control algorithm is robust with respect to small
model/plant mismatch and bounded disturbances. The theoretical results are
based on the Switching Lemma, Lyapunov stability, variance estimation and data

normalization. Copyright ©2007 IFAC.
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1. INTRODUCTION

Un-modeled dynamics along with unmeasured
disturbances typically cause two main types of
instabilities in adaptive control. In the first case,
the estimated parameters de-stabilize the closed-
loop system dynamics. This de-stabilization re-
sults in excitation in the input and output signals
in the form of bursting. The observed excitation
improves the signal-to-noise ratio which leads to
a readjustment of the parameter estimates. The
closed-loop stability is regained after the read-
justment. However, once the closed loop has been
stabilized the drifting resumes and the unstable
cycle restarts as can be seen in Figure (1). In the
second case, the estimated parameters drift with-
out foreseeable convergence. Unfortunately, this
phenomenon does not completely de-stabilize the
system signals. The end result is that the signals
are not excited and thus no estimated parameter
improvement occurs. Different approaches have
been proposed to address infinite drift and burst-
ing. References (Astrom and Wittenmark, 1995),
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Fig. 1. Typical bursting behavior of a simple
system.

(TIoannou and Sun, 1996), (Mareels and Polder-
man, 1996) and (Middleton et al., 1988) present
some of the proposed approaches focusing on their
respective strengths and weaknesses. We briefly
review three of the more common methods.

Parameter projection onto a convex set was in-
troduced in (Egardt, 1979) to address infinite
parameter drift. One strength of this approach is
that it requires very limited a-priori system in-
formation. However, parameter estimation never



stops, therefore bursting may persist. Parameter
leakage was introduced to drive the estimates to-
wards a specific family of reference values. Utiliz-
ing strong leakage leads to successful parameter
drift elimination, however the parameters become
biased towards the chosen references (Ioannou and
Kokotovic, 1983). Furthermore, adequate refer-
ence values must be chosen to accurately describe
the observed input-output plant behavior (Hovd
and Bitmead, 2006). Therefore leakage typically
degrades performance. The deadzone approach
works by stopping the parameter estimation once
the prediction error gets below a certain threshold
(Peterson and Narendra, 1982) and (Hill and Yd-
stie, 2004). The main advantage of this method
is that the parameters are forced to converge
thereby eliminating infinite drift. However, the
performance of this technique depends on cor-
rectly choosing the deadzone which may not be
easy or intuitive in practical applications.

In this paper we present stability and robust-
ness results of a proposed new approach (Dozal-
Mejorada et al., 2006). The method uses a dual
model approach to determine when to update the
control model parameters. In this respect the new
approach is related to the deadzone in that it
only allows estimation when new valuable data
becomes available.

The rest of the paper is organized as follows. In
Section 2 we present the problem statement. The
supervised adaptive control algorithm with dual
models is reviewed in Section 3. We present stabil-
ity and robustness results in Section 4. Lastly, the
Appendix contains detailed proofs of the technical
results.

2. PROBLEM DEFINITION

Consider the self tuning of the single-input single-
output (SISO) discrete-time system given by

A(qMy(t) = Blg~ Hult) +~(t) (1)

The measured output and manipulated input are
given by the signals {y(t), u(t)} respectively. The
effects of un-modeled dynamics and unknown dis-
turbances are captured in the signal v(¢). A(g~!)
and B(g~?!) are polynomials in the backward shift
operator ¢!

Al =1+ag "+ +ang™"
B(g7Y) =bo+big -+ bpg ™

(2)
(3)
Parameters of the A(¢~!) and B(¢~!) polynomials
are aligned into the parameter vector

0" = (ay,.. b)T

(4)
In certainty equivalence adaptive control the un-

known parameters of system (1) are replaced with
estimates

.,(Ln,b[),..
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Fig. 2. Block diagram showing the supervised
dual-model algorithm approach.

0(t) = (a1(t), ..., an(t),bo(t), ..., b ()" (5)

The estimated parameters are then used to design
a stabilizing feedback control law as if they were
the true ones. The main challenge consists of de-
signing parameter estimation and control laws so
that the closed loop adaptive system is stable and
its performance over time approaches that of the
controller based on the true system parameters. In
this paper we address the stability problem and
outline very briefly how we will address perfor-
mance related issues.

Desired
Trajectory

Feedback
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3. SUPERVISED ADAPTIVE CONTROL

A new method for supervised adaptive control has
been proposed (Dozal-Mejorada et al., 2006). The
algorithm is based on the idea of supervising the
closed-up behavior of the estimated control model.
Figure 2 shows the dual-model architecture under
consideration. The first model is used by the con-
troller to achieve the control objectives while the
second model is used to supervise the performance
of the control model and decide when to update
the control model estimates.

In order to present the supervisory approach and
its properties, consider the recursive least squares
(RLS) algorithm with variable forgetting factor
applied to the control and supervisor models
(Goodwin and Sin, 1984)

0,(t) = Fo- {éi(t - 1)}
Pt —1Dip(t — e;(t) }
Ai(t)ri(t) + ot — TPt — Do(t — 1)
(6)

+ Fo- {

Pi(t) = Ci(t) + Py(t — DA (t) !
. { Pi(t B 1)@“ B 1)90(t — 1)T[)i(t _ 1) } '(t)_l
N@)ri(t) + ot —D)TP(t—1)pt—1)) "

where ¢ € [C, S] represent the Control model and
Supervisor model respectively. A(t) is the forget-
ting factor. F+ is an operator which projects the
estimates onto the convex set ©*. We assume that



0* € ©* (Ydstie, 1989). C;(t) are matrices chosen
to bound the covariance matrices so that

Pi,min S P’L(t) S Pi,maw (8)

This approach is called condition number moni-

toring. Lastly, the regression vector o(t) is com-
posed of past output and input signals

QO(t)T = [_y<t)7 ) _y(t —n+ 1)7
u(t),...,u(t —m+1)]

(9)
The prediction errors for each model are given by

ei(t) = y(t) — ot = 1)T0:(t = 1) (10)

Define the signals r;(t) to be estimates of the
variance of the disturbance sequences

ri(t) = o®ri(t — 1) + (1 — 0%)e;(t)? (11)

The time constant for the variance estimate is
o=1-M;" (12)

with My > 1 being the estimation memory length.
The normalization sequences are

ni(t) = Xi(O)ri(t) +o(t=1)" Pi(t-1)p(t-1) (13)

The switch condition is the last component of the
algorithm. The switch determines when to update
the control model. Model performance evaluation
is based on the magnitudes of the corresponding
model prediction errors.

. L(ON) if |lec(t)|]* > elles(t)]]

Switch — {0((0”2) llec (B else\l Ol

(14)
The parameter € > 0 determines when the control
model is updated. Typically the tolerance is set
so that ¢ € [2,5]. The smaller number leads to
more frequent updates. The performance of the
algorithm is adjusted by the parameter ¢ and
with leakage. Bursting can be avoided by choosing
€ > 2 and choosing some appropriate leakage. Al-
gorithm performance degrades with increasing e.
The Supervised Adaptive Control algorithm,
some performance related issues and the leakage is
further discussed in the companion paper (Dozal-
Mejorada et al., 2006).

4. STABILITY AND TECHNICAL RESULTS

In this section we present stability and robustness
results for the dual model supervised adaptive
control algorithm. First we characterize the class
of model mismatch and control design laws that
are handled by the approach. We demonstrate
convergence and boundedness of all signals by
constructing a comparison signal x(¢) which mea-
sures all signals in the adaptive control problem.
Let z(t) be a comparison signal defined in the
following way
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Fig. 3. Nonnegative comparison signal a(t).

z(t) = o*x(t — 1) + (1 — 0H)ec(t)? (15)

with 2(0) < oo. Concerning the control design
and un-modeled dynamics we make the following
assumptions.

Assumption Al: Constants K, K, k,, and k,
exist so that

ot = DI? < Korlt — 1) + ky
A1) < Kyt - 1)+ ky

(16)
(17)

The first inequality is satisfied provided we use a
controller which stabilizes the estimated model at
each sampling time. The second inequality states
that the external perturbations are bounded and
the un-modeled dynamics have bounded H.,
norm. The number K, can be related to this norm
(Kelly and Ydstie, 1997) and (Ydstie, 1992).

Main Result:

The supervised adaptive control algorithm intro-
duced above is stable in the sense that lim sup y(t)?
and limsupu(t)? are bounded provided the the
parameter K is sufficiently small.

Proof: The proof consists of four independent
steps. In the first step we introduce and review
Ydstie’s Switching Lemma (Ydstie, 1992). In the
second step we relate the comparison and normal-
ization sequences xz(t) and r¢(t) to each other.
The last two steps involve presenting Lyapunov
stability results for the single model and dual
model adaptive control cases.

4.1 The Switching Lemma

Introduce the indicator function A(t) € [0,1] and
consider the nonnegative signal a(t) updated so
that

a(t+1) = A(t)[g1a(t) + K]

+[1 = A(#)][g2a(t) + K] (18)

where
0<ga<l<gi<oo and K;,K3>0 (19)

Figure 4 shows the signal architecture and Figure
3 depicts typical signal behavior for the given
architecture. Define the auxiliary variables



a(t) a(t+1)

Fig. 4. Signal architecture for the comparison

sequence.
ui =In{g + K;R'} (20)
—In{g, + KR '}
Assume constants R and N exist so that
a(t—i) >R Vi=0,1,...,N (21)
implies that
1 Et: A =U < —22 (22)
N B uy + up
i=t—N
Therefore, Lemma 1:
(1) a(t+1) < max{R,e°N+q(0)} g5~ where
1) > 0
(2) 2 2-liminfa(t) < R and limsupa(t) <
o
R

Pmof: Given in (Ydstie, 1992).

4.2 Relationship of the Comparison Signals

Here we present two results. The first one relates
the normalization sequence ¢ (t) to z(t). The sec-
ond one relates the comparison sequence x(t) and
the normalization sequence nc(t) to the model
prediction error ec(t) and the Switching Lemma.

Lemma 2:

re(t)
x(t)
Proof: From the algorithm we recall expression

(11). Expand the definition of the normalization
sequence r¢ in time

<

< Krzc,maz (23)

erc,min

ro(t) = o*re(0) + (1 - 0%) Y- {1 Vec(i)?}

i=1
(24)
Examining (24) and (15) we see that

(1 0% Z{ Dec(?)

(25)

z(t) = o*z(0

Then

(26)
Q.E.D.
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Let A(t) be an indicator function so that
Aty =11if z(t) > ox(t — 1)
and A(t) = 0 zero otherwise.

Lemma 3:

1 ec(t)2 nc(t)
300 =200

Proof: Multiplying the A(¢) indicator function
through expression (15)

(&) {x(®) (1—0%)ec(t)’} (28)

Rearrangmg and multiplying top and bottom of
the RHS by nc(t)

(27)

) =o%x(t—1) +

olx(t—1)] o ec(t)? ne(t)
A(t) {1 @ } =A@t)(1-0o )ncc(t) %@,)

A(t) was defined so that x(¢t) > oz(t — 1) if
A(t) = 1 we therefore get
(1-0)
(1-0)(1+40) ne(t)
Q.E.D.

4.8 Single Model Lyapunov Stability

We now review some results for the single model
case. Define the parameter error

Oc(t) = 0z — Oc(t)
and propose the Lyapunov candidate function
Ve (t) = 6o (t)" Po(t) " 0o(t) (31)
Then, Lemma 4:

(30)

Ve(t) < Ac(0)Ve (0

S @) ec(t)?
2 At e~ ot )

Proof: See Appendix.

Lemma 5: There exist constants so that the
Switching Lemma applies to the supervisory
adaptive control approach and

t

1—11—UZA(i)§U

t—N

(33)
bounding x(t) and effectively bounding all system
signals.

Proof: See Appendix.

4.4 Dual Model Supervised Lyapunov Stability

The last step in the proof is to extend the single
model results to the dual model approach of
(Dozal-Mejorada et al., 2006).



Lemma 6: Following Lemma 5, an extension for
the dual model states that there exist some con-
stants so that the Switching Lemma bounds z(t).

1 t
Z A(l) S Udual

1—|—Jt7N

(34)

Hence, effectively bounding all system signals.

Proof: See Appendix.

5. CONCLUSIONS

Un-modeled dynamics and unmeasured distur-
bances may cause adaptive controllers to experi-
ence instabilities such as infinite drift or bursting.
In this paper we prove stability of an algorithm
which has been shown to address these instabil-
ities using estimator supervision. The supervisor
decides when to update the controller by examin-
ing the model prediction errors. An update is per-
formed when there is new, valuable information
present. In this paper we have shown that the al-
gorithm tolerates small model/plant mismatches
and bounded disturbances. In a companion paper
we have presented simulation and experimental
results that show that bursting and drift is effec-
tively prevented.

6. APPENDIX
6.1 Proof of Lemma 4

Rewrite the parameter update law using the pa-
rameter error definition

Oc(t) = Oc(t—1) = Po(t— 1)t — Dec(tne (t)
The Matrix Inversion Lemma (MIL) is given by
Po(t)™h = Ao(t) Po(t=1)""+p(t-1)p(t-1)

Applying the MIL to the covariance matrix up-
date and combining with the parameter update
law

Oc(t) = 0c(t — 1) — Po(t)p(t — Dec(t)re(t) ™

We now substitute this expression twice onto the
proposed Lyapunov function

Volt) = [Be(t 1)~ Po@elt ~ Dec(tro® ]
Po(t)™ [folt = 1) = Po()p(t — Deo(tyre ()]

Expanding

Vo (t) = Ao(®Vo(t — 1) + (B (t — 1) p(t -

—2p(t — 1) 0c(t — Dec(t)re(t) ™
+o(t — 1) Po(t)p(t — Dea(t)ro(t)

1)?

Tra(t)”

1
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Add and subtract ec(t)?rc(t) ! and combine like
terms
Vo(t) = Ac()Vo(t = 1) + (fe(t = 1) et~ 1)
ec(t)*re(t)™
[ ot — )T Po(t)p(t — 1)] ec(t)?
no(t) re(t)
Then
. S [a@)? ec(®)?
Velt) < xelOWel0)+ 3 2el0{ 25 - S

valid for Ac min < Ac(t) < 1. Furthermore, since
the covariance matrix update is really given by
Po(t) + Co(t) as long as Ce(t) > 0 the result
holds. O

6.2 Proof of Lemma 5

Recall the relationship between the Switching
Lemma, ec(t) and z(t)

1-i1-UA(t) < cel®)’

Examine the last term of the expression and
substitute the definition of n¢(t)

no(t) _ ro(t) | et = 1) Po(t —1)p(t — 1)
= Ac(t)

z(t) (t) x(t)

Using Lemma 2, Assumption Al, and the facts

that )\C,min < /\c(t) < 1 and PC’,mz'n < Pc(t) <

PC,maz

nc (t) ktpPC,ma:c
x(t) x(t)

Since we assume 3(N, R) so that z(t) > RVt € [t—

N, t] then

-1
< erc,maz + cho PC,ma:E +

nC(t) < Cl
x(t)
with
Cl = erc,maz + K«po_lpc’,maz + ktpPC,ma:cR_l
The Switching condition becomes
1 ec(t)?
Alt) < C
140 ()= "ne(t)
Multiplying top and bottom by Ac (%)
1 Cl eo(t)2
At) < Aot
1+o ( ) - /\Qmm C( )nc(t)
Substituting the result of Lemma 4
1 Ch
At) < Ac(®)Ve(t—1) = Vol(t
o ()7Ac,min c®)Ve(t—1) = Vo(t) +

Using Assumption A2 the last term can be rewrit-
ten so that

(t)?
rC (t)

Kx(t—1)+k,
Tc(t)

<




Using Lemma 2 and z(t) > R

V() -1
< Krwc minK k KT'a;c man
Tc(t) — 5 v + "/( s )

Then the overall expression becomes

1 Cy

AN < 5 DeVelt = 1) = Ve()

+Km:c,minK'y + k’y(chc,minR)71 ]

Summing from ¢t — N to ¢

&

C,min

1i02%A@sA Volt - N)

+Krzc,minK'y + k'y(K'r‘xc,minR)_l ]

We arrive at our final result

lj;a_zgj A <U

where

U_

[ VC(t - ) + K’I‘Ic,minK'y

)‘C min
+k"y (chc,minR) -1 ]

which bounds the comparison signal z(t) as long
as Assumption Al is satisfied. O

6.3 Proof of Lemma 6

The stability proof follows that of the single
model case with some very specific additions. Here
we introduce these modifications and provide an
outline for the proof. First define a new [0, 1]
indicator function so that

At) = {

The next step is to define a new comparison signal
which incorporates both prediction errors. Add
and subtract A(t)ec(t)? to the original compari-

1 ec(t)? >eeg(t)’
0 ec(t)? <eeg(t)?

son signal
x(t) (t=1)+ 1= 0*)[A()ec(t)?
+(1—A(t ))ec(t)Q]
Since ) = 1 only if ec() 2 €

At
x(t) = o2zt — 1) +
A(t))ec(t)?]

1-0

2(t) < o2x(t — 1) + (1 — o) [A(t)ec ()2

+(1 = A(t))ees(t)?]

The next step is to modify the Lyapunov candi-
date function to reflect the sporadic nature of the
update. Let
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Volt) = [1 - AWVe(t -~ 1) + A0 Pe®Velt - 1)
el A2
0w e !

The rest of the proof follows exactly the single
model with the implementation of the appropri-
ate aforementioned definitions and invoking the
Switching Lemma

t

1 ec(t)? es(t)?
T ':tZ_N A(l) < A@) 0 +(1—A)e 5

O
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