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1 Introduction

In this paper we pursue the idea that adaptive linear
control can be used to nullify deleterious effects of un-
known nonlinearities.! As defined here, an adaptive
linear control has the form,

ur = C(z,aq)ey (1)

where wu; is the control applied at discrete time ft,
ay € RP is the adaptive parameter adjusted according
to some rule based on past measurements, C(z, ay) is a
discrete-time (hence the z-transform variable) dynami-
cal controller, dependent on «, with the property that
for oy = «, where « is a constant, C(z,«) is linear-
time-invariant (LTT), and e; is the error signal input to
the controller, e.g.,

€t =Tt — Yt (2)

with reference r; and measured plant output y;. Of
course any control is robust against some nonlineari-
ties, e.g., the small gain theorem, [2]. What makes
(1) special is that there could exist a trajectory (or
value) of o which is perfectly matched to handle some
extreme nonlinear behavior of the system being con-
trolled. There also could not exist such a trajectory or
value. Discovering the class of nonlinearities for which
this approach works is the essence of this paper.

This work is partly a continuation of some earlier efforts
[4] to use adaptive linear feedforward control to con-
trol a periodically forced Duffing system, which is well
known to exhibit complex behavior from periodic to
chaotic, depending on some parameters, e.g., [14], [12].
Simulation results showed that the adaptation contin-
uously improved performance despite the complex sys-
tem behavior, i.e., the system state passed in and out of
both chaotic and multi-periodic attractors, finally set-
tling down to a “quiet” periodic orbit. An analysis was
presented based on the method of averaging [1]. Un-
der slow parameter adjustment it was shown that the
source of the complex behavior was the nonlinearity in
the system being controlled, not that introduced by the
adaptation.

In this paper we use the direct controller falsification
paradigm developed by Safonov et al.[11] to design
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an iterative adaptive linear control [5, 6] to control
a nonlinear systems which exhibits multi-periodic and
chaotic behavior. “Direct” adaptive control in general
is different from the “indirect” approach of using mea-
sured data to estimate a parameter in a specified non-
linearity, or to establish the existence of a nonlinearity
in a specified class, and then design the appropriate
linear or nonlinear controller. It should be noted that
trouble can arise not only from a nonlinearity present
in the system itself, but also from the nonlinear effect of
adaptation. Even in the case where the system is linear,
adaptation can induce bifurcations and chaotic effects
which may be unwanted, [9, 10]. In general, though,
for slow adaptation, the plant nonlinearity dominates.

2 Chaotic Dynamics

The logistic map,

Tep1 = pae(l — 24) (3)

is known to have complicated behavior dependent on
the scaling parameter p, e.g., [12]:

0<pu<l = z=0Iis (locally) stable
1<pu<3 = z=(u—1)/pis globally stable

3<pu<4 = period doubling — chaos as p increases

(4)
Figure 1 shows the bifurcation diagram of the lo-
gistic map starting from the stable point (u,z) =
(2.9,1.9/2.9 = 0.655172) on the left with p, 2.9 < p <
3.9, increasing to the right.

If (3) represents the behavior of an adaptively con-
trolled system, and the goal of adaptation were to bring
the system to a constant value, or even to x = 0, then it
would be necessary to somehow effect the scaling prop-
erly to bring the system out of the chaotic region. From
figure 1, this means that feedback must somehow ef-
fectively reduce the size of the scaling parameter. To
see this more clearly, consider the bilinear system (the
“plant”) controlled,

Ye+1 = Ut Yt (5)
under feedback control,
up = airy — By (6)

where (g, 3;) are the controller parameters to be
adapted from the data {y;us|t=1,...,¢} If
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Figure 1: Bifurcation diagram (x: vs. p) for the logistic
map (3).

(re, ae, Bt) are constants (r, o, 3), then (5)-(6) become,

Tir1 = ar xg(l — @)
ye = (or/B) (7)
uy = ar(l—uxy)

Comparing to (4), the scaling parameter is now ar
which interestingly depends on the feedforward param-
eter a and not the feedback parameter 3. Moreover, if
1< ar<3,thenz = (ar —1)/arory = (ar —1)/8is
globally stable. Thus, to achieve a globally stable y = r
requires that:

a=p+1/r

0<pfr<2 (8)

Figure 2 shows a simulation of (5)-(6) under the follow-
ing conditions:

ro, 0 <t < 5000

re =4 ro+(ry—ro)(t—>5000), 5000 < ¢ < 10000
rr, t > 10000
Yo = (arg — 1)/
ro=1,r; =19
a=2, =1

(9)
The system starts out at the fixed point yo = 1 which
is stable because arg = 2. As the reference ramps up to
ry = 1.9 where ary = 3.8 the system response becomes
multi-periodic and eventually chaotic. If («,8) were
adapted from the data to make y; — r¢, then it would
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Figure 2: Response of feedback system (5)-(6) with pa-
rameters (9). Row 1: (y:,7:); Row 2: w;.

be desirable that (8) was satisfied, which in this case
becomes @ = 4+ 1/1.9 and 0 < 1.98 < 2.

What we pursue in this paper is to determine if direct
unfalsified control can achieve the stable equilibrium
conditions stated above using just the data without any
prior assumptions about the system (5), i.e., that it is
bilinear. In the next section we present a brief overview
of unfalsification and following that apply the approach
to the system (5)-(6).

3 Direct Controller Unfalsification

The origin of the ideas for controller unfalsification are
presented by Safonov and Tsao in [11] and the refer-
ences therein; an application to a nonlinear robotic ma-
nipulator appears in [13] and to switching autopilots in
[3]. Extensions to iterative adaptation are in [5, 6] and
computations using convex programming with applica-
tion to aerospace laboratory experiments is discussed
in [15, 16].

As shown in [11], to falsify a controller, requires testing
for inconsistencies between three sets that define the
space of all signals of interest. The three sets of these
signals are: (1) Mentr1, the set of candidate controllers,
(2) Mdata, the data set, and (3) Mgpec, the closed-loop
desired performance specification.



To illustrate the idea, consider the following example:
Menen(a) = {y, u,r [u=C(a)(r —y) } (10)

Mdata: {y:uar |y:gﬂu:a}
(11)
(g,ﬂ) :{ytaut |t: 1)76}

Mipee = {4, 6, 7 [ [1Ellins < V7 llims > ¥ 7 llms <00}

o= [ Wi(r —y) ]
WQU

(12)
where r is a command, C(«) a candidate controller with
parameter vector «, and (@, ) is the available finite in-
put output sampled-data of length £. The closed-loop
specification says that the error signal, e, consisting of
weighted (filtered) versions of the tracking error, r —y,
and the control signal, u, should be “small,” as mea-
sured by v, compared to the command r; Wy, W, are
LTI weighting filters which determine what frequencies
are emphasized. If the plant and controller are linear-
time-invariant and disturbance-free, then the closed-
loop specification is equivalent to one of the familiar

H,, weighted performance criterion,

It |

WaQ() =7
S(a) = (1+ PC(a))™,

Heo

Q(a) = (14 PC(a))~'C(a)

(13)
In general, the specification set says that the “rms gain”
from r to ¢, is bounded by 7. (Typically the controller
is chosen to make ~ as small as possible, and preferably
smaller than unity if the weights are properly normal-
ized.) The specification is also equivalent to,

Mspec = {yauﬂ“ ||T = 8||rms_gain <7 }
{vur|e=ar Ja|

rms_gain S Y

(14)
where A denotes the closed-loop system mapping r — €,
emphasizing the fact that the closed-loop specification
set is equivalent to an uncertainty model of the closed-
loop system.

Condition for controller unfalsification The set of
unfalsified controllers, MU (), are those which are
consistent with the data and meet the performance

specifications, i.e.,

Mgrrnltfrl(a) = {Mcntrl(a) |Mcntrl(a) N Magata C Migpec }

As pointed out in [11], this method of direct adaptive
control has several generic properties. Most signifi-
cantly, C'(a) can be tested for unfalsification without
implementation, the data alone is used. In addition, the
test for controller unfalsification is “plant-model free.”
No plant model is needed to test its conditions. It de-
pends only on the data, the controller and the specifi-
cation.

Computation

To calculate MU (a) we seek a command r which
would have produced the finite ¢ length data (@, 7) had
the candidate controller C'(«) been in the loop. As a
practical matter the ¢ data might be recorded over a
moving window of length £. Specifically, let ¢ denote

the current time and define the recorded data as:

@,4,7) = {yr,ur,rr |k €Ty(t) }

Tot) = [t+l—t,... 1 (15)

If £ = t, then the data window grows with time,

If the data length ¢ is very large, then Ty(t) ~ Too(t)
where,
Too(t) = (—o0,. .., 1]

Suppose we seek controllers of the form
u=Cla)(r —y) (16)

Then the plant output/input data (g,a) would have
been produced with controller C'(«) if the reference had
been

Fla)=g+Cla) 'a (17)
Correspondingly, the performance error would have
been Ola)!

R _ WiC(a)  a
= | MG (18)

Hence, for each candidate controller C(«), the closed-
loop gain from 7(«) to £(a) based on available data
would have been,

lE@ls
Yelt,a) = sup S

e (19)
kET,(t) ||7“(C“)||[t+1—e,k]

There are possibly many choices for replacing the exist-
ing controller. The most interesting ones are those for
which the predicted (unfalsified) performance, (¢, a),
is smaller than the measured performance based solely
on the current ¢-data (g, a,T),

g
712(75): sup ||7||[t+1—l,k] (20)
kET, (t) ||7°||[t+14,k]

£= { Wi(r —) } (21)

where
Wsu

Adaptive controller switching

Suppose that the existing controller has parameters set
to af. An algorithm for cautious switching to a new set
of controller parameters is,

argsup { ¥(t,a) |a € Auns(t,€) }
ottt —

al if Ayne(t,€) is empty

Aunf(t; 6) {CK |’3/l(t) CK) S (]— - 6)’7@@) }

(22)



The parameter € € (0,1) sets a threshold for switching
(adaptation) based on the measured performance. If
€ is small the parameters may switch often, possibly
even every sample. A larger value, say € € [.05, 10] may
be more sensible allowing a reasonable accumulation of
data before making a decision to switch. If the set is
empty, then no new controller is implemented and more
data is collected.

An algorithm for aggressive switching to a new set of
controller parameters is,

arginf {§(t,a) |a € Aunt(t,€) }
ot = (23)
al if Aune(t,e€) is empty

It is also possible that the data “suggests” re-defining
the performance goals before switching. Suppose that
A ¢(t,€) is not empty and the distribution 4, (¢, a) <
(1 —€)7¢(t) is weighted towards smaller € values. Then
it might make more sense to change parameters in the
weighting filters and repeat the calculations. For exam-
ple, following the “windsurfing approach to adaptation,
the weights can be changed so as to reflect an increase
in performance over a larger bandwidth than originally
specified [7, 8].

Another procedure is to switch only after a fixed
amount of data has been accumulated, i.e., the con-
troller parameters are held fixed over a prescribed in-
terval. This is sometimes referred to as iterative adapta-
tion, e.g., [5, 6]. In this case either of the above switch-
ing algorithms, (22) or (23), can be used at the iterative
switching times.

4 Simulation results

The feedback system (5)-(6) is simulated with the pa-
rameters as given by (9). An iterative adaptation algo-
rithm is used to adjust only «; in (6); Bt = 1 through-
out. The simulation is run for 50000 samples and « is
adapted every 5000 samples based on the data from the
previous 5000 samples. The performance error in (12)
is simplified to

e=r—y (24)

The adaptive algorithm is as follows:
e At the switching times
tr, = 5000k, k=1,...,10
collect data
(@, u,7) = {ye,w,re [t =1+ tp—1,..., g }
e compute measured performance

g — 7]l
5= sup _ (14t —1,t]
te[l4+tg_1,tx] ||r||[1+tk—17t]

e compute predicted (unfalsified) performance

lly — f(a)||[1+tk,1,t]
tE[1+tp_1,tx] ||72(a)||[1+tk,1,t]

(u+ By)/a
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e aggressive parameter adaptation

— if there exists «, §(«) < ¥, then set con-
troller parameter to:

a = arginfd(a)
«

|l — 17||[1+tk_1,t]

= arginf sup

SIS (RS B | [FEw
(o = a+ By)
. [|larg — 17||[1+tk_1,T]
= arginf sup o
A7 re[ltte_1,te] ||U||[1+tk—1’T]
a, = argir;f lay = 0l 4ty m)

<ga ’D>[1+tk_1,7']

_12
||y||[1+tk,1,-r]

— if no « exosts such that 4(a) < 7, then set
collect more data.

Figure 3 shows a comparison with and without adap-
tation. The left column shows (y,u,&); & is estimated
as described above but is not implemented; the con-
trol remains fixed at u; = agory — By:. The right col-
umn shows (y,u,&) with & implemented at the switch-
ing times, hence, u; = &y — By;.  (In all cases
4 < #4.) The final value of & is &y = 1.52639 which
is very close to the optimal value for perfect tracking,
ay=0+1/r;=1+1/1.9=1.52632.

It is important to note that because 8 = 1 in this ex-
ample it is possible to only adapt a and achieve the
stable tracking condition (8). In general both parame-
ters would have to be adjusted.

5 Concluding Remarks

A direct adaptive algorithm based on unfalsified control
ideas has been shown to correctly adjust a control pa-
rameter without any knowledge of the plant, which in
this case is bilinear and with a linear feedback controller
is easily coaxed into multi-periodic and chaotic behav-
ior. Is there a general conclusion to be drawn? No, not
from a single example, but it is encouraging. At present
no method of analysis is apparent from which one can
predict the (nonlinear) systems for which this method
of adaptation will likely be successful. As mentioned in
the introduction, averaging analysis of slowly adapting
systems can be used to draw some inferences, provided
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Figure 3: Comparison with and without adaptation of
(ye, ue, &) vs t/5000. Left column: adapta-
tion off, Right column: adaptation on. Row
1: (y¢,7e); Row 2: u; Row 3: (G, ay).

the method presented here is analogous to slow adap-
tation, It may be so, because the parameters are itera-
tively adjusted after accumulating a reasonable amount
of data which most likely has an averaging effect.
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