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Finite-Time Stabilization and Optimal Feedback Control for Nonlinear
Discrete-Time Systems

Wassim M. Haddad

Abstract—Finite-time stability involves dynamical systems
whose trajectories converge to an equilibrium state in finite time.
Sufficient conditions for finite-time stability have recently been
developed in the literature for discrete-time dynamical systems. In
this article, we build on these results to develop a framework for
addressing the problem of optimal nonlinear analysis and feedback
control for finite-time stability and finite-time stabilization for non-
linear discrete-time controlled dynamical systems. Finite-time sta-
bility of the closed-loop nonlinear system is guaranteed by means
of a Lyapunov function that satisfies a difference inequality in-
volving fractional powers and a minimum operator. This Lyapunov
function can clearly be seen to be the solution to a difference
equation that corresponds to a steady-state form of the Bellman
equation, and hence, guaranteeing both finite-time stability and
optimality. Finally, a numerical example is presented to demon-
strate the efficacy of the proposed finite-time discrete stabilization
framework.

Index Terms—Bellman theory, discrete-time systems, finite-time
stability, finite-time stabilization, optimal control.

I. INTRODUCTION

In [1], the current status of continuous-time, nonlinear—nonquadratic
optimal control problems was presented in a simplified and tutorial man-
ner. This framework was extended in [2] and [3] to the discrete-time set-
ting. The basic underlying ideas of the results in [2] and [3] are based on
the fact that the steady-state solution of the Bellman equation is a Lya-
punov function for the nonlinear system, and thus, guaranteeing both
asymptotic stability and optimality [4]. Specifically, a feedback control
problem over an infinite horizon involving a nonlinear-nonquadratic
performance functional is considered. The performance functional is
then evaluated in closed form as long as the nonlinear—nonquadratic
cost functional considered is related in a specific way to an underlying
Lyapunov function that guarantees asymptotic stability of the nonlinear
closed-loop system. This Lyapunov function is shown to be the solution
of the steady-state Bellman equation. The overall framework provides
the foundation for extending linear-quadratic control for discrete-time
systems to nonlinear—nonquadratic problems.

Using the optimal control framework developed in [1] and [4],
the authors in [5] and [6] present a constructive approach for
designing optimal and inverse optimal continuous-time, finite-time
feedback controllers. In this article, we build on these results and extend
the framework developed in [2]-[4], and [7] to address the problem of
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optimal finite-time discrete stabilization, that is, the problem of finding
state-feedback control laws that minimize a given performance measure
and guarantee finite-time stability of the closed-loop system. Specifi-
cally, using the finite-time stability analysis results for discrete-time au-
tonomous closed systems presented in [7], we develop optimal control
and inverse optimal control problems under nonlinear—nonquadratic
costs. In particular, an optimal finite-time control problem is stated
and sufficient Bellman conditions are used to characterize an optimal
feedback controller. The steady-state solution of the Bellman equation
is clearly shown to be a Lyapunov function for the closed-loop, discrete-
time system that additionally satisfies a difference inequality involving a
fractional power and a minimum operator, and hence, guaranteeing both
finite-time stability and optimality. Finally, we explore connections of
our approach with inverse optimal control [8]-[12], wherein we param-
eterize a family of finite-time stabilizing (possibly) sublinear controllers
that minimize a derived cost functional involving a combination of
quadratic and subquadratic terms. Subquadratic performance criteria
have been studied in [13]-[15] for continuous-time systems and have
been shown to permit a unified treatment of a broad range of design
goals.

II. MATHEMATICAL PRELIMINARIES

In this section, we establish notation, definitions, and review some
basic results on finite-time stability. Let R denote the set of real
numbers, R denote the set of positive real numbers, ﬁJr denote the
set of nonnegative numbers, R™ denote the set of n x 1 real column
vectors, R™*™ denote the set of n x m real matrices, Z denote the set
of integers, Z . denote the set of positive integers, Z , denote the set
of nonnegative integers, and (-)T denote transpose. We write B. () for
the open ball centered at x with radius ¢, || - || for the Euclidean vector
norm in R™, AV (z) £ V(f(z)) — V(z) for the difference operator
of V: R™ — R at x for a given f(z), and [«/] for the ceiling function
denoting the smallest integer greater than or equal to a.

Consider the discrete-time nonlinear dynamical system

z(k+1) = f(z(k)), =(0)=mz, keZy (M
where x(k) € D C R™, k € Z, is the system state vector, D is an
openset, 0 € D, f:D — D, and f(0) = 0. We assume that f(-) is
continuous on D. Furthermore, we denote the solution to (1) with
initial condition z(0) = xq by s(+, zo) so that the map of the dynamical
system given by s : Z, x D — D is continuous on D and satisfies
the consistency property s(0,xo) = xo and the semigroup property
s(k, s(k,z0)) = s(k + K, x0) for all zp € D and k, k € Z .. We use
the notation s(k, o), k € Z, and z(k), k € Z, interchangeably as
the solution of the nonlinear discrete-time dynamical system (1) with
initial condition z:(0) = xq. By a solution to (1) with initial condition
2(0) = xo, we mean a function z : Z  — D that satisfies (1). Given
k € Z, and x € D, we denote the map s(k, -) : D — D by s;, and the
map s(-,x) : Z; — D by s°.
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If f(-) is continuous, then it follows that f(s(k —1,-)) is also
continuous since it is constructed as a composition of continuous
functions. Hence, s(k,-) is continuous on D. If f(-) is such that
f :R™ — R™, then we can construct the solution sequence or discrete
trajectory x(k) = s(k, zo) to (1) iteratively by setting 2(0) = xo and
using f(-) to define (k) recursively by z(k 4+ 1) = f(x(k)). This
iterative process can be continued indefinitely, and hence, a solution to
(1) exists for all £ > 0.

Alternatively, if f(-) is such that f : D — R™, then the solution may
cease to exist at some pointif f(-) maps (k) into some point z:(k + 1)
outside the domain of f(-). In this case, the solution sequence z(k) =
s(k,xo) will be defined on the maximal interval of existence x(k),
k € T} C Z..Furthermore, note that the solution sequence z (k), k €
I;O , is uniquely defined for every initial condition xy € D irrespective
of whether or not f(-) is a continuous function. That is, any other
solution sequence y(k) starting from zo at kK = 0 will take exactly
the same values as x(k) and can be continued to the same interval
as x(k). It is important to note that if k € Z, then uniqueness of
solutions backward in time need not necessarily hold. This is due to
the fact that (k,z) = f~*(s(k+1,2¢)), k € Z,, and there is no
guarantee that f(-) is invertible for all k € Z . However, if f : D — D
is a homeomorphism for all £ € Z, then the solution sequence is
unique for all k € Z.

The following definition introduces the notion of finite-time stability
for discrete systems.

Definition 11.1: Consider the nonlinear dynamical system (1). The
zero solution z(k) = 0 to (1) is finite-time stable if there exist an open
neighborhood N C D of the origin and a function K : N\ {0} — Z .,
called the settling time function, such that the following statements hold.

1) Finite-time convergence. For every x € N\ {0}, s*(k) € N\{0}
isdefinedonk € {0,..., K(z) — 1},ands(k,z) = 0,k > K(x).
2) Lyapunov stability. For every € > 0, there exists 6 > 0 such that
Bs(0) € N and for every = € Bs(0) \ {0}, s(k,z) € B:(0) for
allk € {0,...,K(z) —1}.
The zero solution x(k) = 0 to (1) is globally finite-time stable if it is
finite-time stable with N" =D = R™.

Note that if the zero solution (k) = 0 to (1) is finite-time stable,
then it is asymptotically stable [4, p. 765]; however, the converse is not
true.

For continuous-time dynamical systems with a finite-time stable
equilibrium, the vector field f(-) is necessarily non-Lipschitzian at the
system equilibrium because of backward nonuniqueness at the system
equilibrium. This leads to standard existence and uniqueness results not
applying to solutions reaching the system equilibrium. Consequently,
finite-time stability is defined over the time interval that the solution
takes to reach the system equilibrium with solutions after the settling
time function being given as a separate result (see [16, Prop. 2.3]). In
contrast, for finite-time discrete autonomous systems, forward unique-
ness is always guaranteed, and hence, such a result is not necessary. In
other words, we can extend K (-) to all of A/ by defining K (0) £ 0 for
the equilibrium point . = 0. It is easy to see from Definition II.1 that

K(z) =min{k € Z, : s(k,z) =0}, zeN. ()

The next proposition shows that if the settling-time function of a
finite-time stable system is lower semicontinuous at the origin, then it
is lower semicontinuous on .

Proposition I1.1 (see[7]): Consider the nonlinear dynamical system
(1). Assume that the zero solution z(k) = 0 to (1) is finite-time stable,
let A/ C Dbeas in Definition II.1, and let K : N' — Z be the settling-
time function. Then, K (-) is lower semicontinuous on .

Remark I1.1: In the case of continuous-time systems, it is known
that the settling-time function 7'(-) of a finite-time stable equilibrium is

continuous in the domain of convergence if and only if it is continuous
at the equilibrium (see [16, Prop. 2.4]). In the case of discrete-time
systems, the integer-valued function K (-) is continuous at a point only if
itis locally constant. Thus, if K'(+) is continuous at an equilibrium point
Ze, then z, necessarily has to satisfy K (z) = K(z.), z € B.(z.). On
the other hand, since f(-) is continuous, the set of equilibrium points
is closed. Hence, K (-) can be continuous at any equilibrium point only
in the uninteresting case where the set of equilibria is either empty or
the whole space D.

Next, we provide sufficient conditions for finite-time stability of the
nonlinear dynamical system given by (1). For the results in this section,
define AV (z) £ V(f(x)) — V() for a given continuous function V' :
D — R.

Theorem II.1 (see[7]): Consider the nonlinear dynamical system
(1). Assume that there exist a continuous function V' : D — R, real
numbers « € (0,1) and ¢ > 0, and a neighborhood M C D of the
origin such that

V(0)=0 3)
V(z) >0, zeM\{0} €]

AV (z) < —cmin { VS”) , V(x)a} . zeM\{0}. 5

Then, the zero solution z(k) = 0 to (1) is finite-time stable. Moreover,
there exist an open neighborhood N of the origin and a settling-time
function K : N' — Z such that either

K(z0) < ’7105[1&/(960)“ '] \j(x(;)w o
zo €N, V(zg) > cTa ©)

or

1

K(zo) =1, 2o e N\{0}, V(zg) <cTw (7)
where K (-) is lower semicontinuous on . If, in addition, N' = D =
R™, V/(-) is radially unbounded, and (5) holds on R", then the zero
solution z(k) = 0 to (1) is globally finite-time stable.

Remark 11.2: Note that Theorem II.1 also holds for the case where
(5) is replaced by

AV(z) < —min{V(x),c}, =€ M\ {0} (8)

and with the settling-time function K : N' — Z given by

V(zo)

K(zo) < [ p

1, 0 € N ©)

For details of this fact, see [7, Th. 4.2]. A similar remark holds for
Theorems III.1 and I'V.1 below.

I1l. OPTIMAL FINITE-TIME STABILIZATION

In this section, we obtain a characterization of optimal feedback
controllers that guarantee closed-loop, finite-time stabilization. Specif-
ically, sufficient conditions for optimality are given in a form that
corresponds to a steady-state version of the Bellman equation. To
address the problem of characterizing finite-time stabilizing feedback
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controllers, consider the controlled discrete-time nonlinear dynamical
system

2(k+1) = F(z(k),u(k)), =(0)=x0, kecZ, (10)
where z(k) € D CR™, k € Z+, is the state vector, D is an open set
with 0 € D, u(k) € U CR™, k € Z ., is the control input with 0 €
U, F:Dx U — R™is continuous in x and u, and F(0,0) = 0. The
control u(-) in (10) is restricted to the class of admissible controls
consisting of functions u(-) such that u(k) € U for all k € Z,, where
the control constraint set U is given.

A continuous function ¢ : D — U satisfying ¢(0) = 0 is called a
control law. If u(k) = ¢(z(k)), k € Z 1, where ¢(-) is a control law
and z(k) satisfies (10), then we call u(-) a feedback control law. Note
that the feedback control law is an admissible control since ¢(-) has
values in U. Given a control law ¢(-) and a feedback control law u(k) =
¢(x(k)), the closed-loop system has the form

z(k+1) = F(z(k), p(z(k))), =(0)==z0, kE€Z,. (11)

We now consider the problem of finite-time stabilization.

Definition I11.1: Consider the controlled dynamical system given
by (10). The feedback control law w = ¢(z) is finite-time stabilizing
if the closed-loop system (11) is finite-time stable. Furthermore, the
feedback control law u = ¢(z) is globally finite-time stabilizing if the
closed-loop system (11) is globally finite-time stable.

Next, we present a main theorem for characterizing sufficient condi-
tions for feedback controllers that guarantee finite-time stability for a
nonlinear discrete-time system and minimize a nonlinear-nonquadratic
performance functional. For the statement of this result, let L : D x
U — R and define the set of regulation control input signals for the
nonlinear system (10) by

S(wo) = {u() : u(-)is admissible and z(-)given by (10)
satisfies lim x(k) = 0}.
k—o0

Note that since finite-time convergence is a stronger condition than
asymptotic convergence, S(z¢) includes the set of all finite-time con-
vergent controllers.

Theorem I11.1: Consider the nonlinear controlled dynamical system
(10) with performance functional

(o, u()) 2 S Lix(h), u(k)) (12)

k=0
where w(+) is an admissible control. Assume there exist a continuous
function V' : D — R, real numbers ¢ > 0 and « € (0, 1), a neighbor-
hood M C D of the origin, and a control law ¢ : D — U such that

#(0) =0 (13)
V(0)=0 (14)
V(z) >0, =€ M\{0} (15)
V(F(z, () — V(z) < —cmin { fo) , V(x)”‘}

xr € M\ {0} (16)
L(z,¢(z)) + V(F(z,¢(x))) — V() =0, z€D (17)
L(z,u)+ V(F(z,u)) —V(z) >0, (z,u) € D x U. (18)

Then, with the feedback control u = ¢(x), the zero solution z(k) = 0,
k € Z, to (10) is finite-time stable. Moreover, there exist an open

neighborhood Dy C M of the origin and a settling-time function
K : Dy — Z such that either

K(z0) < log[l,cv(zo)afl] ;Z;;) +1, zp€Dy
V(zg) > cTa (19)
or
K(zo) =1, mo€ Do\ {0}, V(zp)<cTw (20)
and
J(xo, p(2(-))) = V(z), mo € Do. @21)

In addition, if 29 € Dy, then the feedback control u(-) = ¢(x(-))
minimizes J(zo, u(+)) in the sense that

J(x0,9(-) =

min

J(xg,u(-)).
W @, ul))

(22)
Finally, if D =R", U = R™, V(-) is radially unbounded, and (16)
holds on R™ \ {0}, then the closed-loop system (11) is globally finite-
time stable.

Proof: Local and global finite-time stability for all initial conditions
o € Dy for some neighborhood of the origin Dy C D and xy € R"”,
along with the existence of a settling-time function K : Dy — [0, 00)
such that either (19) or (20) holds are a direct consequence of (13)—(16)
by applying Theorem II.1 to the closed-loop system given by (11).

Next, letu(-) = ¢(x(-)) and z(k), k € Z, satisfy (11). Then, since

0= —AV(x(k)) + V(F(x(k), ¢(x(k)))) = V(x(k)), k € Z
(23)

it follows from (17) that
L(x(k), ¢(z(k))) = — AV (x(k)) + L(z(k), p(x(k)))
+ V(F(z(k), ¢(x(k)))) — V(x(k))
= — AV (x(k)), ke€Zy. (24)

Now, summing (24) over [0, x| yields
ZL(m(k),u(k)) = V(xk+1))+V(zy), k€Z,. (25
k=0

Using (14) and letting k — o0, it follows from (25) and the continuity
of V(-) that

ZL(m(k),u(k)) -V (lim :c(l{)) +V(xo), keZy (26)

K—00
k=0

and hence, (21) is a direct consequence of (26) using the fact that
lim,,_ o z(k) = (K (20)) = 0.

Next, let zg € Dy, let u(-) € S(zo), and let x(k), k € Z ., be the
solution of (10). Then, it follows that

0= —AV (2(k), u(k)) + V(F(x(k), u(k))) — V(x(k)), k € Z;
@7

where AV (z,u) £ V(F(z,u)) — V(z). Hence
L(z(k), u(k)) = —AV(x(k), u(k)) + L(z(k), u(k))
+ V(F(z(k),uk))) = V(z(k)), k€ Z,. (28)
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Now, it follows from (14), (17), (18), (21), (28) and the fact that u(-) €
S(zg) that

o)

J(@o, u(-)) = > [=AV (2(k), u(k)) + L(z(k), u(k))

k=0
FV(F(x(k), u(k))) = V(z(k))]
— lim V(z(k)) + V(zo)

o0

+ > [L(a(k), u(k))

k=0

+V(F (z(k), u(k))) = V(z(k))]

>V (g%x(k)) + V(o)

=-V (1}5111( x(k)) + V(zo)

= V({IJ())

= J(zo, ¢(2(-))) 29)
which yields (22). |

Note that (17) is the steady-state Bellman equation for the con-
trolled nonlinear dynamical system (10) with performance criterion
(12). Furthermore, conditions (16)—-(18) guarantee optimality as well
as finite-time stability with respect to the set of admissible stabilizing
controllers S(z). However, it is important to note that an explicit
characterization of S(z) is not required. In order to ensure finite-time
stability of the closed-loop system (11), Theorem III.1 requires that
V (+) satisfy (14)—(16), which implies that V'(-) is a Lyapunov function
for the closed-loop system (11). However, for optimality, V() need not
satisfy (15) and (16). Specifically, if V'(-) is a continuous function such
that (14) is satisfied and ¢(-) € S(x¢), then (17) and (18) imply (21)
and (22).

Finally, setting M = D in Theorem III.1 and replacing (16) with

V(F(z,¢6(z))—V(z) <0, z€D (30)

Theorem III.1 reduces to [4, Th. 14.4] characterizing the classical
asymptotically stabilizing optimal control problem for time-invariant
systems on an infinite interval.

IV. FINITE-TIME STABILIZATION FOR AFFINE DYNAMICAL SYSTEMS
AND CONNECTIONS TO INVERSE OPTIMAL CONTROL

In this section, we specialize the results of Section III to discrete-time
nonlinear affine dynamical systems of the form

x(k+1) = f(z(k)) + G(z(k)u(k), =0)=mz0,kcZ, (31)

where, forevery k € Z 1, (k) € R”, u(k) € R™, and f : R* — R"
and G : R™ — R™™ are such that f(-) and G(-) are continuous in
x and f(0) = 0. Furthermore, we consider performance summands

L(x,u) of the form
L(z,u) = Ly (x) + La(x)u + uT Ry(x)u (32)

where L; : R® = R, Ly : R® — R and Ry(x) > 0,z € R™, so
that (12) becomes

o0

T(wo,u(-) = Y [La(a(k)) + Lo(x(k))u(k)

(33)

Theorem [V.1: Consider the controlled discrete-time nonlinear
affine system (31) with performance measure (33). Assume that there
exist functions V : R® — R, Ly : R® — R>™ P, : R® — R*™,
and Py : R™ — R™*"™ and real numbers ¢ > 0 and « € (0, 1) such
that V' (+) is continuous, P»(-) is nonnegative definite

Ly(0) =0 (34)
Pra(0) =0 (35)
V(0)=0 (36)
V(z)>0, ze€R" x#0 37

V(@) - 6@ + P La(o) + Pa(o]”)

~ V(z) < —cmin { V(cm) : V(m)o‘} , zeR", z#0 (38)

V(f(z) + G(x)u) = V(f(2)) + Prz2(z)u + u" Pa(z)u

reR” wuweR™ (39)
0=1Li(x) - %[Lz(fﬂ) + Pra(2)][Ro(2) + Po(2)] !
[La(2) + Pra(2)] + V(f(2)) - V(@) (40)
and
V(z) = oo as ||z] — oc. “n

Then, the zero solution z(k) = 0 to

o(k+1) = f(z(k) + G(a(k)p(x(k), =(0) =0,k € Zs
42)

is globally finite-time stable with the feedback control
1
u=¢(x)= —i[Rg(x) + Py(2)] La(x) + Pia(2)]T.  (43)

Moreover, there exists a settling-time function K : R™ — Z+ such that
either

1
cT-a
K(v’Uo) < IOg[l,cv(zo)a—l] m +1, zoeR™
V(zg) >cTa  (44)
or
K(zo) =1, o€ R™\ {0}, V(o) <cTs. (45)

and the performance measure (33) is minimized in the sense of (22).
Finally

J (o, d(x(-))) = V(0),

Proof: Theresultis adirect consequence of Theorem III.1 with D =
R”, U=R"™, F(z,u) = f(z) + G(x)u, and L(z,u) = Li(z) +
Ly(x)u + uT Ry (x)u. Specifically, the feedback control law (43) fol-
lows from (17) and (18) by setting

x9 € R™. (46)

o [La(2) + V(@) + [Lae) + Pra(e)
+uT (R () + Pa(z))u— V(z)] =0. (47)

Now, with u = ¢(z) given by (43), conditions (36)—(38) and (40) imply
(14)—(17), respectively.
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Next, since
L(z,u) + V(f(z,u) + G(x)u) — V(x)
= Lz, u) + V(f(z,u) + G(z)u) = V() -
V(f(z, ¢(z)) + G(z)p(x)) + V(z)

)
= (u—(x))" (Ra(x) + Pa(2))(u — ¢(2))

and Ry (z) + Py(x) > 0,z € R™, condition (18) holds. The result now
follows as a direct consequence of Theorem III.1. |

Remark IV.1: Condition (39) requires that V' (f(x) + G(z)u) is
quadratic in w. In the local case, this condition is without loss of
generality if the Lyapunov function V' has a nondegenerate minimum at
the origin. In the global case, a sufficient (but not necessary) condition
for (39) holding is the case when V' is quadratic. For details, see [17].

Next, we construct state feedback controllers for nonlinear affine
in the control dynamical systems that are predicated on an inverse
optimal control problem. In particular, to avoid the complexity in
solving the steady-state Bellman equation (40), we do not attempt to
minimize a given cost functional, but rather, we parameterize a family
of finite-time stabilizing controllers that minimize some derived cost
functional that provides flexibility in specifying the control law. The
performance summand is shown to explicitly depend on the nonlinear
system dynamics, the Lyapunov function of the closed-loop system, and
the finite-time stabilizing feedback control law, wherein the coupling is
introduced via the Bellman equation. Hence, by varying the parameters
in the Lyapunov function and the performance summand, the proposed
framework can be used to characterize a class of globally finite-time
stabilizing controllers that can meet closed-loop response constraints.

Theorem 1V.2: Consider the controlled discrete-time nonlinear
affine dynamical system (31) with performance measure (33). Assume
that there exist a continuous radially unbounded function V : R” — R,
Ly :R™ — RY™™ Py : R™ — RY™ a nonnegative-definite func-
tion P, : R™ — R™*™ and real numbers ¢ > 0 and « € (0, 1) such
that (34)—(39) hold. Then, with the feedback control

L(z, ¢(z))

(43)

1
u=¢(x) = =5 [Ra(z) + Pa(2)] M[La(2) + Pra(@)]"  (49)
the zero solution (k) = 0 to (42) is globally finite-time stable. More-
over, there exists a settling-time function K : R™ — Z such that
either (44) or (45) hold and the performance measure (33), with

Ly(x) = ¢" (2)(Ra() + Pa(2))¢(x) = V(f(2)) + V(@)

is minimized in the sense of (22). Finally, (46) holds.
Proof: The proof is similar to the proof of Theorem IV.1, and hence,
is omitted. |

(50)

V. ILLUSTRATIVE NUMERICAL EXAMPLE

In this section, we provide an illustrative numerical example to
demonstrate the proposed optimal finite-time discrete stabilization
framework. Consider the discrete-time nonlinear affine system given
by

z1(k+1) = fi(z1(k), 22(k)) +ui(k), 21(0) =10
keZ, (51)
LL‘Q(k + 1) = fz(ml(k), ll'Q(k’)) + Uz(k)7 1‘2(0) = X220 (52)

where, for k€ Zy, x1(k), z2(k), ui(k), and us(k) € R, and
f1(0,0) =0 and f5(0,0) = 0. For this example, we apply Theo-
rem IV.2 to find an inverse optimal globally finite-time stabilizing
control law u = [uy,us]T = ¢(z), where x = [z1,22]T. Note that

(51) and (52) can be cast in the form of (31) with n = 2, m = 2,
f(@) = [fi(z1,22), fa(z1,22)]", and G(z) = I.

To construct an inverse optimal finite-time controller for (51)
and (52), let V(z) = 2T, L(z,u) be given by (32), Ra(x) = I,
Pg(m) = ]2

Plz(x) = [2f1($171’2)7 2f2($17$2)] (53)

and let

Ly(z) = |2f1(z) — 421 + 4csign(z;) min {@, \x1|a} ,

2fo(x) — 4z + 4esign(x,) min { @, |xa]® }:|
(54)

where sign(z) £ z/|z|, z # 0, and sign(0) £ 0. Now, the inverse
optimal control law (49) is given by

u=¢(x) = —%[Rz (2) + Po(@)] ! [La(2) + Pra(2)]"

1 T
= —Z[Lg(m) + Pra(z)]

x1 — csign(z;) min Iz—cl‘, |x1]|* b — f1(z1, 22)
- xo — csign(zy) min |z—f‘, |x2]® b — fa(z1,x2) 63
and the performance functional (33), with
Li(w) = ¢ (2)¢(z) = V(f(2)) + V(=) (56)

is minimized in the sense of (22).
Furthermore, note that (36) and (37) hold and, since

v (f(cc) — 3@ [Rao(a) + Po(a)] M [Lae) + P12]T>

—V(x)

=V [f(a:) - E[Lz(m) + P12(3C)]T} —V(x)

2
= (331 — csign(w) rnin{@7 |1»’1\a}> — 7
c
. o |z2] S
+ [ x2 — csign(za) min{ — x| — T3
c
= —2¢|z| min {—'xl‘ , |x1\“}
c
. ] ’
+ | csign(z;) min s |z |
c
2 faaf min { 22, oy |
c
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|71

2
- (min{%,kﬂl\&})
2 2
—c? mm{‘mg' 7“,L,1|2o¢} _ 2 min{ ‘1‘22| ,‘x2|2a}
C C
2 2
—02 |:m1n{|x12‘ ,|x1‘2a}+min{“r22| 7‘m2|2a}:|
C C
. T 2—1— o |?
*c2m1n{| 1| 02‘ 2| ,U$1|2+|ZE2‘2]0‘}
_szin{V(m)
62

where the last inequality in (57) follows from the Minkowski inequality,
(38) is verified. Hence, with the feedback control law ¢(x) given by
(55), the closed-loop system (51) and (52) is globally finite-time stable
with the settling-time function satisfying either

IN

(57

2
¢ )—‘-‘rl, x0€R2

K(z9) < [log[l—ﬁv(wo)“l} V(zo)

V(ze) > cTm  (58)
or

K(zo) =1, 20 €R*\ {0}, V(o) <cTa. (59
Next, consider the spacecraft with one axis of symmetry given by
(60)

(61)

0:11 (t) = IQ3UJ3UJQ (t) + ul(t),
U:)Q (t) = 7123w3u)1 (t) =+ uo (t),

UJl(O) = W10, t Z 0

Wwo (0) = W20

where Io3 £ (I — I3) /11, I1, I, and I3 are the principal moment of
inertia of the spacecraft such that0 < I; = I < I3,w; : [0,00) — R,
wsa : [0,00) — R,andws € R denote the components of the angular ve-
locity vector with respect to a given inertial reference frame expressed in
a central body reference frame, and w; and us are the spacecraft control
moments. In order to apply (55), we use a simple Euler discretization
scheme to discretize (60) and (61), which yields

wl(k: + 1) = wl(k) + h [Ig3£d3&)2(k’) + Uq (k/’)}

w1 (O) = Wio, ke Z+ (62)
wa(k + 1) = wo(k) + h [~ Ixzwsw: (k) + uz (k)]
w2(0) = W20 (63)

where h > 0 denotes the sampling time.
Note that (62) and (63) have the form of (31), and hence, the control
law

ul(k) —1230.)3602(](?)

— % sign(wy (k)) min {Lc(k)‘, | (k)|°‘} (64)

us (k) = Ipswswi (k)

C

h

where ¢ > 0, guarantees global finite-time stability of the controlled
spacecraft (60) and (61). Moreover, there exists a settling-time func-
tion K : R? — Z+ such that either (58) or (59) hold, where xzy =
[wlo, wgo}T, and

J((L‘07 ¢($())) = w%O + C“')507 Ty € R2~

sign(wz(k)) min {'w%(k)‘, |wa (k)| } (65)

(66)

2

—_
T

State

Time Step [K]

X

-10 1

Control

-157+

0

-20% K)

2
Time Step [K]

0 1

Fig. 1. Closed-loop system trajectory and control inputs versus time of
(60) and (61) with control inputs (64) and (65).

LetI; = I, = 4kg -m?, I3 = 20 kg - m2, wp = 2 Hz, and wy =
—2Hz. The controlled system trajectory and control profile, with
h=0.1, ¢=0.7, and a=0.8, are shown in Fig. 1. Note
that (wi(k),w2(k)) = (0,0) for k=4 < K(x¢) = 16. Finally,
J (o, d(x(+))) = 8 Hz>. It is clear from Fig. 1 that the inverse opti-
mal controller (64) and (65) guarantees finite-time stabilization. The
parameters ¢ and « in (64) and (65) can be varied to reduce the
conservatism between the guaranteed settling-time function K (xg)
and the achieved finite-time convergence. However, achieving faster
finite-time convergence comes at the expense of higher controller
effort.

VI. CONCLUSION

In this article, an optimal control problem for finite-time stabi-
lization for nonlinear discrete-time dynamical systems is stated and
sufficient conditions are derived to characterize an optimal nonlinear
feedback controller that stabilizes the closed-loop system in finite
time. Specifically, we utilized a steady-state Bellman framework to
characterize optimal nonlinear feedback controllers with a notion of
optimality that is directly related to a given Lyapunov function satisfy-
ing a difference inequality involving fractional powers and a minimum
operator. A numerical example was presented to show the efficacy of
the proposed framework. Future extensions will focus on developing
finite-time optimal controllers for stochastic discrete-time systems by
building on the recent stochastic discrete-time stability analysis results
in [18].
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