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Abstract

This paper deals with output feedback impulse control under set-
membership uncertainty where the control realization consists of a sequence
of 0-impulses. It indicates set-valued approaches for non-probabilistic con-
tinuous measurements and especially — for set-valued approach to stochastic
case with discrete measurements.

The solution schemes are based on generalized Dynamic Programming rela-
tions of the HJB type. The problem is generalized to the case of high-order
“fast” controls which solve the terminal control problem in arbitrary small
time. Finally an output feedback control problem is solved where communi-
cation signals for the available noisy measurements arrive at Poisson instants
of time. Numerical examples are demonstrated.

The Problem of Output Feedback

Impulse Control

The control system:
dx(t) = A(t)x(t)dt + B(t)dU(t), t € [tg,tq]

o r(t) € R" — the state.
e U(t) € BV |ty,t1] — the impulse control.
e The terminal time ¢ is fixed.

Generalized Mayer—Bolza functional:

J(ul(-)) = [Xcg] U(-) + ¢(x(ty +0)) — inf

e p:R" — RU{o0o} is closed and convex.

Measurement equation:

y(t) = H(t)x(t) + £(1).

Problem 1. For a given terminal function o(-), find a measurement
impulse feedback control minimizing the functional J(U(-)), despite the
disturbance £(+), i.e. minimizing

A (U()) = max{JU()) | #(-)},

over all trajectories consistent with available measurements.

The Information State

We decompose the system into two parts:
e the one with uncertainty

e the other with impulses.

oft) = X(t (0 + Xt { 07

X (t, 7) — the transition matrix: 90X (t,7)/0t = A(t) X (¢, 7)
The new measurement equation is

X(r,7) =

)

yi1(t) = H(t)X (¢, t1)x1(t) + &(t) = y(t) — H(E)X (L, t1) (1)

Here we distinguish two problems —
e cuaranteed state estimation
e feedback control in the space of states

(See A. B. Kurzhanski, “The problem of measurement feedback control,” Journal of Applied Mathematics
and Mechanics, vol. 68, no. 4, pp. 487-501, 2004.)

The information state: {t, Z1[t], x2(t)}
Z21t] is the information set of all possible states x1(t) consistent with

e the system model
e the available measurement y(s), s € [tg, t], t < 1y,

e the constraint 2 on the unknown but bounded noise &(+).

20 = WH (1) (yi(r) = 2(r)) | 7 € [to, 1]},

where realized measurements y7(¢) on time interval ¢ € [t, | are given.

The information set may be also described through

e support function
plt| i) = int {
A

where the vector row 1 satisfies the ODE ¢ = A(t)H (t), 1(ty) = 0.

e funnel equation (here h(A, B) is the Hausdorff distance between two compacts: h(A, B) =
max{h, (A, B),h_(A,B)}, hy (A, B) =min{e | ACb+e% }, h (A B)=h,.(B,A)):

0

im0 (23]t + o), 21 N HT () — 2(1) =0

(See A. B. Kurzhanski and T. F. Filippova, “On the theory of trajectory tubes: a mathematical formalism
for uncertain dynamics, viability and control,” in Advances in Nonlinear Dynamics and Control, ser.

PSCT. Boston: Birkhauser, 1993, no. 17, pp. 122-188.)

The Precise Formulation of the Problem

Problem 2. Given position {t, Z1,x9}, t € [to, t1], indicate an impulse
feedback control strateqy which minimizes the cost

A U()) = [yazf] U(:) + o (Z3[t1] + z2(t; +0)),

p(2) = maxip(z) |z € 27},

whatever be the measurement y1(t).

The Solution

Denote by V' (¢, x; t1, ¢(+)) the value function in the impulse control prob-
lem with given terminal functional o(x):

V(L ity o) = gl(lf)l{[y?ﬁ U()+o(x(t;+0) |o(t) = z, da = B(T)dU}.

(See A. N. Daryin, A. B. Kurzhanski, and A. V. Seleznev, “A dynamic programming approach to the impulse
control synthesis problem,” in Proc. Joint 44th IEEE CDC-ECC 2005. Seville: IEEE, 2005.)

An estimate for the minimum terminal cost ¥ (¢, Z1, x9) in Problem 2:

V(t, Z1,2) S V(G 0t1,0(), plr) = maxqp(z +2) | 2 € 21 + w2}

In particular, for p(x) = I(z | A): p(x) =I(x | M — (27 + x9)).
o [(x | A)is the indicator function of the set A (0 in A, 400 outside of A).

e — is the geometric (Minkowski) difference between two convex sets:

A—B={x|B+xCA}

The value function V (¢, z; t1, ©(+)) is the solution to the following variational
inequality of Hamilton—Jacobi—Bellman type:

min { Hy (¢, x, Vi, Vi), Holt, 2, Vi, V) =0,
with initial condition V' (t1,x) = V(t1, x;t1, ¢(-)) and the Hamiltonians
Hl(ta Ly gta SZC) — gta HQ(tv L, gta gﬂ?) — mln{<£337 B(t>u> + 1 ’ HuH — 1}

[n any position (¢, z):
e cither H{ = 0, and the control may choose dU ()

0,

e or {1 > 0, in which case it is necessary that 9 = 0, and the control has
a jump in direction —B'(t)V.

V(t, x) may be computed through formula

V(t.x) =suwpl{p,z) = ¢"(p) = Lp | By, ) [P € R =
=sup[(p, x) — ¢"(p) [P € By

|

t,tl]

e 0™ is the Fenchel conjugate of ¢

o ‘%}H‘HH is the unit ball in the vector norm ||pH[t,t1] = HBT(-)pHC[

tt1]] t,t]

t
[ (@i ++o-) | 20 dr | 610) - e},

Theorem 1. The optimal value of the functional Z (U(-)) in Problem 2
is estimated from above by the value function V(t,x) of the ordinary

impulse control problem with terminal functional . The value function
V(t,x) is the solution to the HJB variational inequality.

The Ellipsoidal Approximation

Ellipsoid & (r, R) is a convex set with support function

p(p | & (r, R)) = (p,r) + {p, Rp)?.

DN | —

e center r € R”
e configuration matrix R > 0, R € R*"*"

If matrix R is non-degenerate, then
&(r,R)={x eR" <x —r, R}z — r)> < 1}.

(See A. B. Kurzhanski and 1. Valyi, Ellipsoidal Calculus for Estimation and Control, ser. SCFA. Boston:
Birkhéuser, 1997.)
Assume the sets 2(t) and . to be known ellipsoids

2(t) = &(q(t),Qt)), A =& (m, M),
Substitute 27[t] by its ellipsoidal approximation #4(t) = & (n(t), Y (t))

e discrete-time analogue of the funnel equation
e external ellipsoidal approximation of intersection of two ellipsoids

(See L. Ros, A. Sabater, and F. Thomas, “An ellipsoidal calculus based on propagation and fusion,” IEFEE

Transactions on Systems, Man and Cybernetics, vol. 32, no. 4, 202.)
Y(t+ At) = aZ L n(t+ At) = Z_1(7TW1Q1 + (1 — m)Woqo),
where

Z=1Wi+(1—mW,, Wi=Y"Yt), Wa=H"Q ' (t)H(t),
q=nt), @=H ')yl —q?),
a=1-—n(l-m) <qz — q1, WoZ Wi (go — Q1>> ,

and parameter 7 is found numerically from the equation

afdet Z)? tr(Z 1 (W — Wa)) — n(det Z)*(2 (n(t + At), Wiqy — Waga) +
(n(t + At), (Wo — Wi)n(t + At)) — (g1, Wiq1) + (g2, Wago)) = 0.

The internal approximation of A4’ = .# — %, (t)is M =& (m/ M )
m’ =m —n(t),
1 1
/I o <€7 M€> 2 . <€7 Y€> 2
e (1 (@vs) >M+ (1 () ) ¥

Finally we use an ellipsoid & (m’ M ) as the target set:

*(p) = (p,m") + (p, M ’p>% -

Output Feedback

under Communication Constraints

Suppose that measurements are coming in discrete time:

y(m) = Hey(m) +&(13), i=1Lk t1<m<m<...<T1, <10
and the noise £(7;) is uniformly distributed on the set
2={neR"[|nl <v, L=1n}
The measurements arrive at Poisson time instants 7; with frequency A.

Problem COM. Find a time interval of length ¥ — tg and a control
strateqy U = U (t, 27, x9) restricted by condition Varg, g U(-) < u, such
that the output feedback terminal control problem

min{ ||z1(J) + z2(D)|| | U} <~

under given type of observations would be solvable with probability
PY > 1 —¢, having v, € > 0 given in advance.

Problem COM is reduced to two problems:

o Problem I: find ¥ which ensures 27| C 7€ '(0)+ 7 for some x7 with
probability PV, having v, € given (€(0) denotes a unit cube in R” with
center 0.)

o Problem II: ensure x9(V) = —x7.

Since the unknown x1(t) = ¢ = const, and 2 = —2, we have

ce(WH 'yti)+2) [i=1,....k} ="+ Z(k,9),
R(k,0) = WH () +2) | i=1,...,k}, 0>t

where £*(t;) is the realization of £(¢;), Z(k,?) is the measurement error
after k measurements, and ¢* is the realized value of ¢.

? — With what probability we could have Z(k, ) C v€(0)?

If £(¢;) runs around small cubic neighborhoods Z(vy,, o) of all the 2" ver-
tices v, m = 1,27 we will have Z(k,9) C 2(0,0) and the volume
Vp(k,0) of Z(k, V) will tend to zero with o tending to zero

Vp(k, 9) < (20)" = 0,

(See A. B. Kurzhanski, “Identification: a theory of guaranteed estimates,” in From Data to Model, J. C.
Willems, Ed. Springer, 1989, pp. 135-214.)

The same holds for any n + 1 vertices v; forming a simplex. For each
of v; the probability that after k measurements the inclusion §(¢;) €

X (k,9)ND(vj,0)is true at least once will be P(o, k,v;) = 1—(1—g™y~ ™)k
and the probability that this would be true for all the vertices of 2 is

Plok)=(1— (1= ™" 51 vo>o.
Take 0 = oV ensuring Z(k,9) C v€(0) and number k = k' ensuring
P(oV, k) > 1 — 8. Then 21[9] C zF(¥) + 2(0, ") for some 7 (9) deter-

mined from

ple] Zilmy)) = nf{ Y (40,97 (m)) + ()| 2) |

1=1

k
(0 err i =Tk Y )= z}.
1=1

The probability P(k, ¥ — tg) of k measurements within interval [t, 9] is

k—1

Pk, 9 —to) =1-)

=0

(AW — tp))?
7!

exp(—)\(ﬁ — tO)) — 1 Vk.

The interval of observations [ty, 9"] ensuring PV > 1 — ¢ is determined from
inequality

P’ =Pk, 9 — tg)P(c”, k") > P(KY, 9" —tp)(1 = 6) > 1 —&.
Finally, for 6 = £/2 we have 9V determined by relation
PE, 9" — ) > 21 —e)(2 — ).

Theorem 2. Problem COM is solvable within an interval not less than

W —ty, with restriction 1 on control U large enough to ensure solvability
of equation xo(V") = —zF (V).

Theorem 3. For every starting position {t, xo} with initially unknown
2V there exists a finite time T = ¥ — ty for which the origin {0} is
reachable exactly with probability 1 when w 1s large enough.

Remark 1. The scheme above s extendible to the case of time-varying
matrices (for example, for periodic systems)

H(t) = HX(ty,t)z, B(t) = X(to,t)B.

Numerical Experiments

Numerical algorithms are implemented using the Ellipsoidal Toolbox.
(See A. A. Kurzhanskiy and P. Varaiya, Ellipsoidal toolbox, http://code.google.com/p/ellipsoids/)
See computer simulations on the laptop.



