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SUMMARY

This work addresses the problem of stabilizing uncertain systems with quantized outputs using the super-
visory control framework, in which a finite family of candidate controllers is employed together with an
estimator-based switching logic to select the active controller at every time. For static quantizers, we provide
a relationship between the quantization range and the quantization error bound that guarantees closed-loop
stability. Such a condition also implies a lower bound on the number of information bits needed to guaran-
tee stability of a supervisory control scheme with quantized information. For dynamic quantizers that can
vary the quantization parameters in real time, we show that the closed loop can be asymptotically stabilized,
provided that additional conditions on the quantization range and the quantization error bound are satisfied.
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1. INTRODUCTION

Control with limited information has attracted growing interest in the control research community
lately, largely motivated by the control over networks paradigm. Unlike the classical control setting
in which signals take values in a continuum and are available at every time, in networked control
systems, information is limited in the sense that control and sensor signals are quantized/digitized
before being sent over a communication channel, the information is only available at a certain rate
and with delay, and there is a possibility of information loss during data transmission (see, e.g., [1]
for a recent survey on networked control systems). In this paper, we focus on the scenario where
the system output is quantized, which is frequently considered in the literature as a way to model
communication constraints or limited sensing capabilities.

Most of the work concerning control with limited information deals with known plants (see the
references in [1,2]), and recently, work on the control of uncertain systems with limited information
has been started [3]. While there are several aspects in control with limited information as outlined
in the previous paragraph, dealing with both plant uncertainty and limited information at the same
time is rather challenging. As a first step, we treat limited information as quantization only, and fur-
ther, to make the problem manageable, we consider output quantization only (no input quantization
can be thought of as the controller and the plant being co-located). Quantized control systems with
known plants have been considered, for example, in [4-8]. In this paper, we consider the problem
of stabilizing uncertain systems with output quantization. A similar problem, adaptive control with
quantized input, has recently been studied by Hayakawa et al. in [3], where the authors provided a
solution using a (static) logarithmic quantizer and a Lyapunov-based adaptive algorithm. Here, we
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740 L. VU AND D. LIBERZON

consider output quantization. We use a different type of quantizers in a more general setting (the
quantizer is characterized only by the quantization error bound and the quantization range without
any specific structure) and a different adaptive control tool, namely supervisory control [9, 10]. We
will cover the supervisory control framework in Section 3 (see also, e.g., [11, Chapter 6] and the
references therein for further background on supervisory control and [12] for discussions on the
advantages and the drawbacks of supervisory control compared with other adaptive schemes).

For static quantizers, we want to find a relationship between the quantization range and the quan-
tization error bound to guarantee closed-loop stability. While it has been shown [10, Proposition 6;
17] that supervisory control is robust to measurement noise, extending this result to quantization is
far from trivial because one needs to ensure that the information to be quantized does not exceed the
quantization range. In this work, we give such a condition on the quantizer parameters with respect
to the supervisory control scheme’s design parameters to guarantee closed-loop stability.

To achieve asymptotic stability, we utilize the dynamic quantizers as in [13, 14], which have the
capability of varying the quantization parameters in real time (in particular, the quantizer can zoom
in and zoom out while keeping the number of alphabets fixed). In [13, 14], the authors have applied
dynamic quantization to asymptotically stabilize known plants (see also [15] for performance anal-
ysis of dynamic quantization). We will show that the dynamic quantizer can also be used with
unknown plants, in conjunction with supervisory control, to achieve asymptotic stability.

The contribution of our work is that we provide a new solution to the problem of stabilizing
uncertain systems with quantized information using supervisory control and dynamic quantization.
The implication of our work, in the context of control of uncertain systems and in addition to [3],
is that to deal with plants with parametric uncertainty, one does not need sensors and actuators with
infinite granularity and can use quantized information with finite, and possibly limited, bit rates in
combination with an adaptive control scheme (which is supervisory control in our case). Moreover,
asymptotic stability can be achieved with dynamic quantizers with finite quantization levels, which
is different from and complements the logarithmic quantizers with infinite levels of quantization
considered in [3].

The paper is organized as follows: In Section 2, we present the quantized control system. In
Section 3, we present a supervisory control scheme for the quantized control system in Section 2,
assuming that the parameter set is finite. In Section 4, we provide conditions for the quantizer’s range
and error bound in terms of the supervisory control design parameters in order to guarantee stability
and asymptotic stability of the closed-loop system. In Section 5, we extend the results in Section 4 to
the case with unmodeled dynamics. In Section 6, we discuss the case of continuum uncertainty sets.
We provide an illustrative example with the discussion in Section 7. We also provide in Section 8 a
discussion on the methodology to extend the results for linear plants in Section 4 to nonlinear ones,
using the input-to-state stability (ISS) framework. Finally, in Section 9, we conclude and discuss
future work.

2. QUANTIZED CONTROL SYSTEM

Consider an uncertain linear plant I'(p) parameterized by a parameter p and the true but unknown
parameter denoted by p*:

¢\ = ApxX + Byxu
I'(p*): ’ i

1
y:Cp*x, ( )

where x € R”"x is the state, u € R" is the input, and y € R"> is the output. The parameter
p* € R"» belongs to a known finite set P := {p1,..., pm}, Where m is the cardinality of P.

Assumption 1
(Ap. B)p) is stabilizable and (A, C)p) is detectable for every p € P.

A (static) quantizer is a map Q : R"™ — {q1,...,gn}, where ¢1,...,gqn € R’ are quan-
tization points, and Q has the following properties: (1) |[y] < M = |Q(y) — y| < A and (2)
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Figure 1. Quantized closed-loop system.

|y]| > M = |Q(y)| > M — A, where | - | denotes the Euclidean norm. The numbers M and A are
known as the range and the error bound of the quantizer Q. A dynamic quantizer Q,,, having an
additional parameter v which can be changed over time, is defined as

Q,(») :=vQ(y/v), 2

where Q is a static quantizer with the range M and the error bound A. From the property (1) of the
quantizer, we have

[y <vM = [Q,(y) — y| S VA. (3)

The parameter v is known as a zooming variable: increasing v corresponds to zooming out and
essentially obtaining a new quantizer with a larger range and quantization error, whereas decreasing
v corresponds to zooming in and obtaining not only a quantizer with a smaller range but also a
smaller quantization error.

Remark 1

Similarly to the setting in the work [14], here we consider a very broad class of quantizers, which
is more general than the common bit digitizer, such as the g-bit quantizer Q(y) = |y x 29]/29.
We do not require the quantized values to be evenly spaced. The quantizer considered here can
be further relaxed by not requiring that the quantizer’s value mapping is fixed. For the same value
v, the value Q(y) can be different at different times, as long as (3) holds. An example of such a
quantizer is Q(y,t) = |y] ift € [kT, kT + T/2) and |y(¢)] < M, and Q(y,t) = |y| + 1 if
t kT +T/2,kT +T) and |y(¢)| < M, where k = 0,1,... and T > 0, and Q(y,?) = M if
ly(@)]>M.

The quantized control system is depicted in Figure 1.

Assuming that the plant is unstable, the objective is to asymptotically stabilize the plant while the
information available to the controller is Q, () instead of y. With a static quantizer, we would only
achieve practical stability but we will later show that one can indeed achieve closed-loop asymptotic
stability with dynamic quantization.

3. QUANTIZED SUPERVISORY CONTROL

Supervisory control [9, 12] employs multiple candidate controllers, and the choice of which con-
troller to connect to the plant is orchestrated by an estimator-based supervisor (see Figure 2 for
an illustration of the idea and for more detailed background on supervisory control, see, e.g.,
[11, Chapter 6] or [12] and the references therein).

We present one particular design of supervisory control for the linear plant (1), in which the con-
trollers are state feedback and utilize the multi-estimator’s state (more subsequent details). One can
also have more general forms of dynamic controllers which do not use the multi-estimator state, pro-
vided that the multi-controller and the multi-estimator combination (known as the injected system,
see (9) for more details) satisfy certain conditions [10].
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Figure 2. The supervisory control framework.

o The multi-estimator: A multi-estimator is a collection of dynamics, one for each fixed parame-
ter p € P. The multi-estimator takes in the input u and produces a bank of outputs y,, p € P.
In this work, we use the following multi-estimator, whose state is X = (x{ e ,x,E)T and
whose dynamics are

Xp :Apxp+Bpu+Lp(Yp_Qv(y))’ 4
Vp=Cpxp, pEP,

where L, is such that A, + L ,C) is Hurwitz for every p € P. Let y, := y, —Q,(y) be the
output estimation errors with respect to the quantized output, y, := y — Q,(») be the actual
output quantization error, and X, := x, — x be the state estimation errors. The multi-estimator
has the following property: there is p € P such that

t
5500 < cee™ 0 |%5(10)] + e / ¢, (5)]ds (5a)
0

|vp — ¥ < kelXp] (5b)

for all ¢ = 1y, for all u, for some ce = 1, {ye, Ae} > 0, and k. := max,ep |Cp|. This property
is known as the matching property in supervisory control. The matching property (5a) is sat-
isfied with p = p* because y,+ —y = Cp*(xp,* — x) and because the dynamics of X = are
(d/dt)X px = (Ap* + L pxCpx )X px + L p= e, Where A px + L 5+ Cp is Hurwitz by design. We
do not know p but A, c., and y. can be calculated as A, := min,ep A p, ¢e 1= max,ep ¢, and
ge := MaxXyep | L p|ce, where ¢, and A, are such that |e(Ar+LrCr)t| < ¢ e=*r! forall t > 0.

o The multi-controller: A family of candidate feedback gains {K,} is designed such that
A, + B, K is Hurwitz for every p € P. Then the family of candidate controllers is

up,=Kpx, pepP. (6)

o The monitoring signals: The monitoring signals |1, p € P are the exponentially weighted
norm of the output estimation errors plus an offset &:

t
po=e+ [ HDyl5 ™

for some design parameters {y, &, A} > 0. The monitoring signals can be implemented as the
outputs of the filter y/(s + A) with the inputs |y, | plus the offset .

e The switching logic: A switching logic produces a switching signal that indicates at every time
the active controller. In this paper, we use the scale-independent hysteresis switching logic [16]:

argmin 4 () if 3¢ € P such that
qeEP

o(t):= (I +n) g (1) < phoe— (1), ®)
o(t7) else,

where h > 0 is a hysteresis constant and h is a design parameter.
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Overall, the control signal applied to the plant is

u(t) =uo(t) := Kor)Xo () (1),
where o is generated by (8).

3.1. Design parameters

The design parameters y, &, A, and & are chosen in the following way. First, one constructs the so-
called injected systems by combining a fixed candidate controller with the multi-estimator, where
the injected system with index ¢ is

Xqg = (Ag+ BgKg)xqg + LgJg.

) . 9
Xp =(Ap+ LpCp)xp+ BpKpxg—LpCyxqg+ Lpygq, p#4q.

The injected system captures the switching mechanism of the closed-loop system (where the vari-
able ¢ will be switching among the index set P) and plays a pivotal role in the analysis later (see,
e.g., [12] for more details on inject systems in switched system analysis). The foregoing dynamics
take the form

iE = Agxg + By g, (10)

where the definitions of A, and B, are obvious from (9) (see Appendix A for the explicit for-
mula of A, and By). It is clear from (9) that if y, = 0, then x;, — 0 by and then all x, — 0 for
all p, which means that A, is Hurwitz (because the system is linear). Because A, is Hurwitz for
all p, there exists a family of quadratic Lyapunov functions V,(xg) = ng Pyxg, PT = P, >0,

D
XE = (xlT, ... ,x;)T, p € P, such that
alxg|* < Vp(xg) <alxg| (11a)
aV,(xg) 5 B
—5—(ApxE + B, J,) < —220V, (x&) + 10l |’ (11b)

for some constants {a,a, Ao, Yo} > O (the existence of such common constants for the family of
Lyapunov functions is guaranteed because P is finite). There exists a number w1y = 1 such that

Va(x) S pyVp(x) VxeR",Vp,qgeP. (12)

We can always pick py = a/a but there may be other smaller py satisfying (12) (for example,
wy = 1if V}, is the same for all p even thougha/a > 1).
Now, the design parameters y, €, A, and h are chosen such that

0<A<2o, (13)
In(1 + h) - In uy
Amo 7 2(ko—A)

where Ag is as in (11b) and py is as in (12).

(14)

4. STABILITY OF SUPERVISORY CONTROL WITH QUANTIZATION

4.1. Static quantization

The following theorem deals with the case where the quantizer is static (i.e., the zooming variable
v in Q, is a constant).

Theorem 1
Consider the uncertain system (1) with static output quantization, where the quantizer is as in (2)
with a fixed v, and with the supervisory control scheme described in Section 3. Suppose that the
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744 L. VU AND D. LIBERZON

design parameters satisfy (13) and (14). Let ¢ = kv A for some k., > 0. Suppose that at the initial
time 7o, |xg (fo)| < koVA, |Xp(to)| < k1vA forall p € P, and |u5(t9)| < k2vA for some constants
{Kko,x1} > 0 and k> = k.. There exist constants k > k. (ko + k1) and kx > Y. /A, such that if

KA <M, 5)
then all the closed-loop signals are bounded, and for every €, > 0, 37 < oo such that

[x(#)| S kxVA +exvA Vt=tg+T. (16)

Proof

Let Tax = sup{t € [to,00) : |y(¢)] < vM}. At time ty, in view of y = y — y, + y, and of
the bounds on |x,(#o)| and |X,(t9)|, we have |y(fo)| < kek1VA + kckovA < kvA < vM and so,
Tmax > 1o-

Boundedness of a monitoring signal
From the definition of 1, in (7), for arbitrary 79 = 0, we have
t
pp(t) = (1—e 2 0T0)e 4 410y (19) + y / e 5,()lds VpeP,i=1o. (17)
fo
From the property (3) of a quantizer, we have
Ve = [y(s) =Qu(y(s)| < vA Vs € [to, Tiax)- (13)

Because y5 = y5 — ¥ + Ve, from (5) and (18), we obtain

175(5)] < kecee ™ CT01%5(10)| + (1 + ke Ve /Ae)VA Vs € [to, Trax)- (19)
From (17) and (19), we obtain that V¢ € [tg, Tinax),

1p(t) <&+ e M0 (s (to) — &) + vhece fuolt — 10)|Rp(to)| + asvA =: fiz(t —to),  (20)
where a3 := (1 + kcye/Ae)y/A, and

folt — 1) := /t e R ghe(s=10) g5 — (e_xtz_(t; e M)/ G A F 2%
o e 0 (t —tg) if A =22,.
(2D
The function f, is decreasing, and f,(0) = 1 and lim;_, fe(#) = 0. For notational conve-
nience, denote by L[b,a] : [0,00) — [a,b] the class of functions such that if f € L[a,b],
then f(0) = a and lim;_ f(¢) = b. Using this notation, f, € L[1,0]. It follows that the
upper bound on the monitoring signal, the signal ji5, with the nominal index p satisfies ji; €
L[(k2 + ykeceky + az)vA, (ke + az)vA], in view of 11 5(fo) < k2vA and [X ()| < k1VA.

The switched injected system

(1) The switching signal o: The hysteresis switching lemma [10, Lemma 1] (see also [17,
Lemma 4.2]) with the scaled signals fi,(f) = e'“,up (1), gives

r—1t
No(1,10) < No + ——, (22)

Ta

where Ny (1, 10) is the number of switches in (9, 7], and

m
No:=m+ ————In(supu;(t)/e 23a
0 P (Blowp()/) (23a)
7q = In(1 + h)/(mA). (23b)
Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2012; 26:739-756
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From (20) and (23a), in view of i 5 € L[(k2 + ykccek1 + az)vA, (k. + az)vA] and the fact
that ¢ = k,vA, we obtain

No := In((k2 + ykceceky + az)/ke).

LM
m —_—
In(1 + h)

Because Ny is bounded, the switching signal o on the interval (¢g, Tmx) iS an average
dwell-time switching signal with the average dwell time 7.
(2) The exponentially weighted integral norm of ys: Also, from the hysteresis switching lemma,
we have
No (t.t0)

> foto () = Rt (0) S m((L+ W) = min o), (24)
k=0

where #;, is the switching times in (to, ¢). From (17), we obtain ji,(t) = e* & —e*0g €01, (19) +
fz; e*y|7,(s)|ds. We then have

No (2.t0) No(tto) gy tx
D et = floa @) =Y [ e“y|y~a(tk>(s)|ds—f My Fa ) (9)]ds
k=0 k=0 ! ‘0

0

t
—y / 55y (5)]ds.
1

0

Dividing both sides of the foregoing inequality by ye*’ and then combining with (24), we obtain

the following inequality for the exponentially weighted integral norm of y,:

t 1+h
/ e—)t(t—t)bjc(t”dr < Mﬂq (t) VYqeP. (25)
¢ 14

0

Because the subsystems of the switched injected system are stable and because the condition
and (14) hold (the switching is slow enough), we have that ([10, Corollary 4]; see also [17,
Theorem 3.1])

_ —2A(t— 1 L aAt—0) =
() < @/ i o) Pe 720 4 =y Ty, [ 7T 5o () Pde Vi € [10, To),
= 1

0
(26)
because the design parameters satisfy (13) and (14) and the switching signal has the average dwell
time 7, as in (23b). Using the Cauchy—Schwartz inequality [ f%(s)ds < (/ f (s)ds)z, we obtain
from (20) and (26):

X () < e1|xg (t0) Pe 24T oo 75 (0 — 19) Vi € [t, Trnax) (27)

where ¢; 1= ,u,%,JrNOE/g, Cp = ;J,%,JrNo(m(l + h)/y)*(yo/a), and fi ; is as in (20).

The condition on M and A

From (27), in view of |xg(t9)| < kovA and ji5 € L[(k2 + ykccek1 +az)vA, (ke + az)vA], using
the fact that a® 4 b% < (a + b)? for all {a,b} = 0, we have

IXE(1)[* < (Ve1ko + Vea(ka + ykeceky + az))*v? A% =1 x> V1 € [to, Tiax)- (28)
Because y =y + (y — yp), in view of |y | < ||Cp+|||xE(?)| < ke X, from (5) and (28), we have
[ V()| <keX + kecek1VA +keye/AeVA =: kVA, (29)

where k1= (k¢ \/c1ko + ke JfC2(k2 +Ykecek1 +asz) +keceky +keye/Ae. Clearly, k > ke (k1 4 ko)
because ¢, = 1 and ¢; = 1. Because vM > kv A by the hypothesis of the theorem, from (29) and
the definition of T},,x, we must have T;,,x = o0.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2012; 26:739-756
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746 L. VU AND D. LIBERZON

Ultimate boundedness of the plant state

Let €, > 0 be arbitrary. From (27), we have that
YE()] < Vealke +az)vA + (ex/2vA Viz10+Th, (30)
where T7 is such that
Veroe ™+ Jere e + Veayee fe(Th) Fokt < €x/2. (31

Such 77 always exists because the left-hand side of the foregoing inequality goes to 0 as 77 — oo.
Let 75 > 0 be such that

cekre T2 < e, /2. (32)

Then [X,(2)] < (Ye/Ae)VA + (€x/2)vA for all t = T,. Let T := max{Ty,T>}. In view of
X = Xp + xp, it follows that

[x (1) < Jealke + az)VA + (Yo /Ae)VA 4+ €xVA =i kx VA + €xvA Vi =19+ T. (33)
O

Remark 2

The condition (15) on M and A implies a lower bound on the number of quantization bits. Suppose
that each component of x has the same range M and is equally quantized into 2”2 regions using
no quantization bits. Then in R”, A = /nM/2"2T! Then the condition (15) implies that
ng = log,[«/nk] — 1, which is the lower bound on the number of bits needed.

4.2. Dynamic quantization

If one has state contraction at time 7', then asymptotic stability can be achieved by using a dynamic
quantizer, varying the zooming variable v as well as the parameter ¢ in the supervisory control
scheme as xg becomes closer to the origin. Unlike the case of known plants [14] where one only
needs to worry about the contraction of the plant state x, here one needs to take into account the
asymptotic behavior of other state variables coming from the supervisory control scheme such as
Wp and y,. The following result says that using a dynamic quantizer together with a synchronously
scaling ¢, we can achieve closed-loop asymptotic stability.

Theorem 2

Consider the uncertain system (1) with static output quantization, where the quantizer is as in (2),
and with the supervisory control scheme described in Section 3. Suppose that the design parameters
satisfy (13) and (14). Let e(¢) = kv (¢) A for some x, > 0 and suppose that v be a periodic scaling
signal with period T and the scaling factor p such that

v(kTy) ift € [kTs, (k + 1)Ty)
v(t) = k=0,1,.... (34)
ov(kTs) ift =k + 1)Ts,

Suppose that at the initial time fy, |xg(Z0)| < kov(to)A, |Xp(t0)| < k1v (o)A for all p € P and
[ 5(to)| < Kkav(to)A for some constants {k1,k2} > 0. Let the constants {k,kx} > 0 be as in
Theorem 1 and suppose that (15) holds. If further,

Kx — Ve/re < Ko, (35a)
Ve/Ae < K1, (35b)
Ke + (1 +keye/Ae)(y/A) < k2, (35¢)

then one can find the scaling factor p € (0, 1) and the period 75 < oo for the zooming variable v
such that the plant state |x(7)| — 0 as t — o0, and that all the closed-loop signals are bounded.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2012; 26:739-756
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Proof
Pick p € (0, 1) such that

Kx —Ve/Ae + €5 Ve/re +€x ke + (1 +keye/Ae)(Y/A) + €5
Ko ’ K1 ’ K2

0>

for some €5 > 0. The existence of such a constant p is guaranteed by the condition (35).
Let 77 be as in (31) where €, = 2¢;. Let T and 73 be such that

Cokre T2 < ¢ (36)
e_ATéKZ + chcefe(T’j/)Kl < € 37
Let T := max{Ty, Ts, T3}. In [to, Ts), v is constant and so,
lxg ()] < (\/E(Ke +as) +€)v(to) A = (Kx — Ye/Ae + €5)VA < kopv(to) A (38)
|5C'ﬁ| < (Ye/Ae + €5)VA <k1pv(tg)A (39)
Mﬁ([) < (ke + a3 + €)vA <ikapv(to) A (40)
forall ¢ =ty + T. Therefore, if we reduce v by a factor of p at the time 7o + T, v(to + Ts) = pv(to),
then (38) implies |xg (7)| < kv (to + Ts)A forall £ = 19 + T. Similarly, X5(¢)| < kqv(to + T5)A
and pp(t) < kav(to + Ty) A for all t = 19 + T;. Thus, at the time 79 + T§, we can repeat the same
analysis as the analysis starting at 79 and so on. It follows that we have
lxg ()| < kov(to +kT5)A
Skv(to +kTs)A YVt =ty + kTs.
ip < iav(to +KT)A

| %5

Because v(tg + kTy) = p*v(tg) — 0 as k — oo, we have that |xg ()| — 0 as ¢ — oo. In particular,

x5 — 0. Similarly, X5 — 0. Because x = —x; — X, we have that x| — 0 (and hence, y — 0).
Also, y, — 0 because xg — 0. It follows that 1, is bounded for all p € P. O
Remark 3

For a fixed ., the condition (35) can always be satisfied for large enough «, 1, and 5.

Remark 4

If the initial state x (0) is such that |xg (0)| > k1 v(0) A, where v(0) is the initial zooming value, then
we can include a zooming-out stage at the beginning (see [14]) so that after a certain time ¢, we
guarantee |x(fo)| < k1v(to) M . This means increasing v faster than the system can blow up (for any
value of p € P until the quantizer no longer saturates. For example, let A,, be the largest real part
of the unstable eigenvalues of the open loop (we can obtain this for all the parameters over the finite
set P), then the state is bounded by |xg (1) < co|xg(0)|e* . Then if v grows at the exponential rate
2y, that is, v is double every period T =1n2/(21,), then there is #¢ such that |x (f)| < k1v(to) M.

Remark 5
We cannot guarantee that the switching signal stops on the true parameter p* or stops at all, but the
proof shows that the overall system achieves asymptotic stability as desired.

5. ROBUSTNESS

Suppose that there are additive unmodeled dynamics so the actual plant is

X = (Ap* —{—AA))C-‘F(BP* +AB)U

y = (Cpr + Ac)x @
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where Ay, Ap, and Ac are matrices of appropriate dimensions. If A4, Ap, and A¢ are small
enough in the sense of induced norm, then we still have the stability and asymptotic stability results
in the previous section. For a matrix A, denote by || A|| the induced matrix norm of A.

Theorem 3

Consider the uncertain system (41) with static output quantization, where the quantizer is as in
(2) with a fixed v, and with the supervisory control scheme described in Section 3. Suppose that
the design parameters satisfy (13) and (14). Let ¢ = k.v(A + §) for some {k.,5} > 0. Suppose
that at the initial time fo, [xg(f0)| < koV(A + 8o), |Xp(to)| < k1V(A 4 &o) for all p € P, and
|15 (to)| < K2V (A + o) for some constants {ko, K1, k2} > 0. There exist constants k > k¢ (ko + K1)
and ky > Y¢/Ae, and § > 0 such that if

k(A +8p) <M, (42)
maxi[|A4l, [Az[. [Ac|} <3, (43)

then all the closed-loop signals are bounded, and for every €, > 0, 3T < oo such that

[x ()| < kxvA+exvA Vt=tg+T. (44)

Proof
For the estimator with index p*, the error dynamics of X ,+ are

Xpr = (Apr 4+ Lp=Cpe)Fpr — (A + Lp=Ac)x — A+ Lp=(y — Qu(1)). (45)

Because A+ + L,«Cp is Hurwitz, there exists §; such that if {|A4|,Ac|} < &1, then A =
Apx + Lp«Cpr + Ay + Lp+Ac is still Hurwitz. Note that x = —xp+ — Xp+ and u = Kg(1)Xo (),
and so, (45) implies that

t
| ()] < coe 0T (10)] + Ve / eI (5, (5)| + 85]xg (5)])ds, (46)

to

where g — 0 as ||[AB|| — 0 (recall that y, = y — Q,(y)). Also,
|y = ypr| < kel%pe| + Sclxgl, 47)

where k. = k. + || Ac|, and §¢ — O as ||Ac| — 0.

Let A = A + 8. Let Ty = supt2,0{83|x]g(t)| <o, |y()] < vM,éc|xE| < vdo}. Because
|xE(t0)| < k1v(A + 8o), if {6c,8B} < 8o/(k1(A + 89)) =: &2, then Tyax > to. Then for all
t € [to, Tmax), We have

[7e(0)] + 8B |xE ()| < VA 4+ vy = VA. (48)
From (46)—(48), in view of y,+ = y,+ —y + ., we have

|)7p* @) < lgccee_AE(t_tO) + Igc()’e//\e)vA +dc|xg| +vA

i ! - (49)
Skecee™ T 4 (14 ke (Ve /Re))VA

for all ¢ € [tg, Tmax in view of ¢ |xg| < v&p. Repeat the analysis in the proof of Theorem 1 from
(19) but replace A in that proof by A everywhere. All the other constants in the proof of Theorem 1
do not change. We then have that |y(7)| < kA and |xg(1)| < (\/C1ko + /C2(k2 + VkcCek1 + ke +
az)v(A+68p) =: x forall ¢ € [tg, Tmax). Because g — 0 as ||[Ap|| = 0and ¢ — O as ||[Ac| — 0,
let 6, > 0 be the number such that if {||Ag|[, [[Ac||} < 82, then §p < v8p/% and ¢ < véy/X. Let
§ := min{8;, 8, }. Because k A < M and max{||A 4], |Ag|l, |Ac]l} < § by the theorem’s hypothe-
sis, we have that T},,,x = oo by the definition of 7},,x. From here, proving ultimate boundedness is
the same as in the proof of Theorem 1. |

The following asymptotic stability result for the case of unmodeled dynamics is straightforward
from Theorems 2 and 4; the proof is exactly the same as the proof of Theorem 2.
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Theorem 4

Consider the uncertain system (41) with static output quantization, where the quantizer is as in (2)
with a fixed v, and with the supervisory control scheme described in Section 3. Suppose that the
design parameters satisfy (13) and (14). Let e(¢) = k. v(t)(A + §p) for some {5, k. } > 0, and sup-
pose that v be a periodic scaling signal with period 7 and the scaling factor p as in (34). Suppose
that at the initial time fo, |xg (fo)| < KoV (t0)(A +80), |Xp(t0)| < k1v(t0)(A +8p) forall p € P, and
[ 5(t0)| < k2v(t0) (A + o) for some constants {kq,k2} > 0. Let the constants {k,«x,8} > 0 be as
in Theorem 4, and suppose that (42), (43), and (35) hold true, then one can find the scaling factor
p € (0, 1) and the period Ts < oo for the zooming variable v such that the plant state |x(¢)| — O as
t — 00, and that all the closed-loop signals are bounded.

6. CONTINUUM UNCERTAINTY SET

So far, we have assumed that the set P is finite. Now, assume that the uncertain parameter p*
belongs to an unknown continuum uncertainty set by € € R”». By continuum set, we mean that
for any p € Q, there exists an open ball centered at p that lies completely inside €2 (note that the set
2 can be disconnected, containing two or more disjointed continuum sets).

We divide €2 into a finite number of subsets 2; such that UieP Qi =Q,ie{l,...,m}=: 0.
The existence of €2; and a finite set Q is guaranteed if, for example, 2 is compact. How to divide
€2 into €2; and what is the number of subsets are interesting research questions of their own and are
not pursued here (see [18]). Intuitively, we want €2; small in some sense (such as each Q2 can be
enclosed in a ball of small radius). For every subset 2;, i € Q, pick a nominal value p; € ;. By
this procedure, we obtain a finite family of nominal plants parameterized by p € P, {P(p), p € P},
where P = {p;,i € Q}. The difference between the case with a continuum uncertain set 2 and the
case with a finite uncertainty set P in Section 2 is that we may not have exact matching, that is, it
could be that p* ¢ P. However, if the nominal value in the set containing p* is close to p* in some
sense, then the quantized supervisory control scheme still works, in view of the robustness property
proved in Section 5.

Assumption 2
Suppose that there exists p € P such that the dynamics of the plant P(p) can be written as

XZ(AP*+AA)X+(BP*+AB)M (50)
y=(Cpx + Ac)x

and max{||A 4|, | Az, |Ac|} < for the same § as in (43).

The aforementioned robustness assumption is not very restrictive in the case of linear systems: if
the system matrices are continuous with respect to p, then § can be as small as possible if | p* — p| is
small enough (due to robustness and structural stability property of LTI systems). If Assumption 2
holds, in view of Section 5, all the reasoning and the results for linear systems with finite set P
in Section 5 hold for the continuum uncertainty set €2 without any modification; in particular, if
Assumption 2 holds and the set €2 is compact, the statements of all the theorems in Section 5
remain unchanged.

7. ILLUSTRATIVE EXAMPLE
We illustrate the methodology represented in this paper in a simple example in order to shed

light into our methodology and the quantized supervisory control approach. Consider the following
uncertain plant

X=x+bu, y=0Q,(2x) (51)
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where b € {—1,1} =: P. Not knowing the sign of b (the sign of high frequency gain) makes the
adaptive problem challenging in general. We design the multi-estimator with L = L, = —4.5,

X1 =x1+u—452x; —Q,(2x))
X2 =X —u—4.512x; —Q,(2x))
y1=2x

Y2 =2x3
and the multi-controller

u = —3X1
Uy = 3)(2,

which places the closed-loop pole of the individual controller at —2 and the pole of the individual
estimator at —8. We calculate the system matrices of the injected systems

-2 0 -8 12 —4.5
Al:[ 12 -8 } AZ:[ 0 -2 ] 31232:[ —4.5]
Using LMI, we find that Ao = 0.25, uy = 2, yo = 5, a = 0.1663, and ¢ = 0.0433, where
P — 0.1344 —0.0539 and Py — 0.0753 —0.0539
! —0.0539  0.0753 2 —0.0539  0.1344
h = 1.1, A = 0.125 that satisfy the conditions (13) and (14). Choose y = 0.01. The numerical
values of the bounds critically depend on these design parameters (see Appendix B for a discussion

on how to select the design parameters).
We consider the floor function as the quantizer Q:

v,
Q) := g v bJ itlyl<M (52)
M

else,

. Choose the design parameters

which has the quantization error bound A = 1.

Static quantizer

Let ko = 0.1,k; = 2,kp = k. = 0.1. Using the formula in the proof of Theorem 1, we calcu-
late that k = 22.77 x 103 and k, = 9.91 x 103, For v = 1, the calculated upper bound on x is
X = 11.38 x 103 and the calculated lower bound on vM is kvA = 22.77 x 103 versus the simulated
values of 51.1 and 102.2, respectively. The actual performance of the supervisory control in this
example is much better than expected. The better performance is partly due to the ‘nice’ quantizer
(52) (we also observe that the state converges to the constant value vA /2 for this quantizer and that
switching stops in finite time) but mainly, our bounds are conservative because they do not assume
any structure on the quantizer and the characterization of the switching signal is conservative. It
is noted that conservativeness of performance of supervisory control is currently a drawback in all
supervisory control work, not just our work here, and improving the analysis of supervisory control
is one of the ongoing research efforts in this area.

A simulation with the static quantizer v = 1 and M = 1000 is plotted in Figure 3. We also ran
the simulation for various v from 0.01 to 100 and found the empirical peak output values for each
v; the result is plotted in Figure 4. An interesting observation from Figure 4 is that the output peak
values are not monotonic in v: a bigger v, corresponding to a coarser quantization, can result in a
smaller output peak value.

7.1. Dynamic quantizer
We simulate the supervisory control scheme with a dynamic quantizer with the re-scaling period
T = 5 and the scaling factor p = 0.6. To illustrate the usage of dynamic quantization, we start off
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Figure 3. Simulation with the static quantizer v = 1 and M = 1000.
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Figure 5. Dynamic quantization state x versus time .

with large quantization error v(0) = 10 and with k, = k, = 0.01, A = 0.05, and & = 0.289. Sim-
ulation shows convergence to zero (Figure 5). Similarly to the static quantizer case, our calculated
number in this case is also conservative compared with the simulation.
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8. A REMARK ON THE NONLINEAR CASE

We discuss in this section how the results for linear plants in the previous section could be general-
ized to certain classes of nonlinear plants by using the ISS framework (see [19] for the background
on the ISS framework). The methodology is as follows:

1. Setting up the nonlinear switching supervisory framework with quantized output.

2. Performing the analysis of the closed loop system using injected system analysis.

3. Establishing condition on the quantizer’s range M and the zooming variable v to ensure
practical stability.

4. Using dynamic zooming to obtain asymptotic stability.

The nonlinear supervisory framework with quantized output:

Consider the following uncertain nonlinear plant

X = f(x,u, p%)

. ,p*EP 53
y=h(.p*) P 63

I'(p*)

parameterized by an unknown parameter p* € P, P is a finite set, where x € R” is the state,
u € R™ is the input, and y € R¥ is the output. Assuming that the plant is open-loop unstable and
the information available to the controller is the quantized output, Q,(y), as in (2), the goal is to
achieve closed-loop stability and asymptotic stability (see also Figure 1 for the control scheme).

The nonlinear supervisory control structure is similar to the linear case in Section 3 with the
difference that the multi-estimator can now have nonlinear forms.

o The multi-estimator: The nonlinear multi-estimator takes the form

);eE = F(-)%E»Qv(y)vu)’
t E P, 54
{ Vp=Hp(Xp), e Y

Xg = (X1,...,Xp,,), with the property that there is p € P such that

t
55()] < Be(IX5(t0)].t — t0) + / e 2=y, (|76 (s)))ds (55a)

o

vp — vl <kc|Xp (55b)

for all t = 1o, for all u, and for some Ay >0, B, € KL, y. € K.
o The multi-controller: A family of candidate controller is designed such that the controller with
index p stabilizes the plant with the same parameter,

xc = G(xc, Qv(y),u)
up =rp(xc)

eP. (56)

o The monitoring signals and the switching logic: The monitoring signals @ ,, p € P are the
same as in (7), and the switching logic is the hysteresis switching logic (8).

The switched injected system is the combination of the multi-estimator and the multi-controller,
as in the case of linear systems, and is

. :[ gp(xc, Hp(xg) — Fp. rp(xc, Hp(XE)—Tp)) ]
“E 7| F(xg, Hy(xg) = Fp» rp(xc, Hp(xg) — 7))

=: fp(XCE,Vp), (57)
where xcEg := ( TCE ) is the state of the injected system.
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The matching condition as in (5) for the nonlinear multi-estimator can be generalized using the
class K and class KL functions?. The following is an assumption on the injected systems (57)
(see also Remark 6).

Assumption 3
There exist continuously differentiable functions V,, : R” — [0,00), p € P, class K« functions
1,02, Y, and numbers Ao > 0 such that V& € R”, n € R¢, and V p, g € P, we have

a1 (1E) < V() < (€], (58)

d

%;fp(s,m <20V, + y(ln]. (59)
V&) < v Vi ©). (60)

Remark 6
If every subsystem is ISS, then for every p € P there exist class Ko functions a1 p, 2 p,¥p,
numbers A, , > 0, and ISS-Lyapunov functions V), satisfying

a1p (1) < Vp(§) < a2, (€],

v,

a—;fp(é) S Ao pVp(§) + aay,p(In),
VEeR" ne R¥ (see [21,22]). If the set P is finite, then (58) and (59) are trivially satisfied. Also, if
the set P is compact, and suitable continuity assumptions on {er1 p, @2 p, azyp}p op and { Ao, P}p op
with respect to p hold, then (58) and (59) follow. We shall henceforth stipulate that our collection of
ISS-Lyapunov functions {V,}, € P satisfies (58) and (59). The set of possible ISS-Lyapunov func-
tions is restricted by the condition (60). This inequality does not hold, for example, if V), is quadratic
for one value of p and quartic for another. If py = 1, the relation (60) implies that V =1V,, p e P
is a common ISS-Lyapunov function for the family of the subsystems. In this case, the switched
system is ISS for arbitrary switching (also called uniformly input-to-state stable [23]).

Recall that a plant is input-output-to-state (I0SS) (see, e.g., [19]) if the state x of the (open-loop)
plant satisfies the following property

Ix (O] < B(x (o).t = 10) + vullullgo.e) + vy Uy llpo.) (61)

forall t = to for some B € KL, yu, vy € Koo-
For nonlinear systems, if the matching Assumption 3 holds and the plant is IOSS, we would
expect that there exist functions {x, kx } € Koo such that if

k(A) <M, (62)
then all the closed-loop signals are bounded, and for every €, > 0, 37 < oo such that
X)) <kx(VA) +exvA Ve=tg+T. (63)

The analysis would follow similar steps as in the linear case but utilize the ISS framework to relate
between Lyapunov functions and states, similarly to the approach in [17]. In [17], we establish
robustness of supervisory control to bounded noise, and here one can think of the quantization errors
playing a similar role as a noise in the proof in [17]. We also expect that under some additional strict
(nonlinear) conditions on the quantizer range M and the quantizer error bound A, one can use linear
zooming with period 75 and the scaling factor p as in (34) to obtain closed-loop asymptotic stabil-
ity. There could also be a case for nonlinear zooming which needs further exploration. We have not

Recall that (see, e.g., [20]) a continuous function & : [0,00) — [0, 00) is of class K if ¢ is strictly increasing, and
a(0) = 0, and further, @ € K, if a(r) — 00 as r — 00. A function B : [0, 00) X [0, 00) — [0, 00) is of class KL
if B(-,t) € K for every fixed t, and B(r,t) decreases to 0 as t — oo for every fixed r.
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yet finalized the nonlinear results but still included the methodology for the nonlinear case here for
a complete picture of the problem of supervisory control with quantized information and also for
showing the flexibility of the approach beyond the linear cases.

9. CONCLUSIONS

In this paper, we have treated the problem of stabilizing uncertain systems with output quantization
using supervisory control. For a static quantizer, we provided a condition between the quantization
range and the quantization error bound to guarantee closed-loop stability. With a dynamic quantizer,
we provided a zooming strategy on the quantization zooming variable v and on the parameter ¢ of
the supervisory control scheme to achieve asymptotic stability for the closed loop. Future research
aims to obtain tighter bounds for various quantities in the quantized supervisory control scheme.
Other direction is to consider other types of limited information, such as sampling, delay, or pack-
age loss, or a combination of those with quantization. In this direction, it may be fruitful to combine
the approach in this paper with the result in [24].

APPENDIX

A. Formula for A, and B
Pick an ordering of the set P, P := {p1,..., pm}. The formula for A, and B,, g € P, is

m Omnx(j—n  BpiKp; =LpiCp;  Omnxm—j-1n
Aglg=p, = @(Api + Ly, Cp,) +

=t OmnX(j—l)n BPmKPj_LPmCPj Omn><(m—j—1)n

(64)
LPI
B, = : Vg eP,
me

where € is the Kronecker product.

B. Choosing the design parameters

The value of various constants used in the design of a supervisory control is critical to ensure small
bounds. Unfortunately, how to chose the design parameters in supervisory control to minimize the
bounds is still an open question. The design parameters are chosen heuristically and the design
procedure is trial and error, but here, we discuss the effect of various constants and provide some
guidelines and numerical tools for obtaining smaller bounds.

e Usually we want small p, small yg, Ag. If one chooses the positive definite matrices P, for the
Lyapunov functions V,(x) = xT P,x of the p-th injected system using the Lyapunov equation
A; P, + P,A, = —Q for some positive definite O, then it is likely that the common Ao will
be small and the common yq will be large, and the Lyapunov gain py among V), will be large.
To find small i and yg and large Ao, one can use LMI to solve for P; in the following way: we
write (11b) as follows:

Vp =x]€(A1T)Pp + PpAp)xE + xg PpB, i, +J7§B1TJPP < —doxg Ppxg + yof;ﬁp

) ATpP,+ P,A, + 1P, P,B XE
N Rt e [P
BT P, —vol Vo
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Because the foregoing inequality is true for all xg and all y,, it is equivalent to

T
AT P, + PyA, + AP, P,B,

<0.
BT P, —vol
We then have the following LMIs:
ATP,+ PyA,+ AP, PyB, —0
BT P, vl |~
P,>0 p=1,....,m. (65)

The aforementioned set of LMIs can be solved numerically for given A ,,B,, A, y. For our
analysis in this work, we also want the ratio @ /a small, where @ and a are as in (11a). This can
be achieved by adding the following LMIs into (65)

P,>al, P,<al. (66)

One then iteratively try various sets of v, Ag, yo while the LMI (65) is still feasible.

e We want & small because small / allows for fast detection; a larger 4 means that the estima-

tor could stay on the wrong controller for longer time, resulting in a larger empirical bound.
However, a smaller 7 implies a larger Ny and hence, a larger ¢; and ¢, and a larger calculated
bound. Thus, there is a trade-off here for 4 and one can try to tune / starting from the smallest
value.

e We want y small because that means small Ny and hence, smaller calculated bounds. However,

a larger y means larger monitoring signals pt, and that in turn implies faster switching (or
detection). So there is also a trade-off here between for y.
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