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1 Introduction

The consideration of Lyapunov functions for proving stability
of feedback dynamical systems is one of the cornerstones of sys-
tems and control theory. For dynamical systems with continuously
differentiable flows, the concept of smooth control Lyapunov
functions was developed by Artstein [1] to show the existence of a
feedback stabilizing controller. A constructive feedback control
law based on a universal construction of smooth control Lyapunov
functions was given by Sontag [2]. An extended notion of non-
smooth control Lyapunov functions as well as a universal feed-
back controller for discontinuous dynamical systems based on the
existence of nonsmooth Lyapunov functions defined in the sense
of generalized Clarke gradients and set-valued Lie derivatives
was developed in Refs. [3—-6].

The aforementioned results on control Lyapunov functions
along with the constructive feedback control laws predicated on
these generalized energy functions are developed for deterministic
dynamical systems. In numerous applications, where dynamical
models are used to describe the behavior of natural and engineer-
ing systems, stochastic components and random disturbances are
often incorporated into the models. The stochastic aspects of the
models are used to quantify system uncertainty as well as the
dynamic relationships of sequences of random events between
system—environment interactions. In Refs. [7-9], the authors pro-
vide Lyapunov-like techniques for stochastic stabilization. Specif-
ically, asymptotic stability in probability of affine in the control
stochastic dynamical systems using stochastic control Lyapunov
functions leading to the existence of smooth, except possibly at
the equilibrium point of the system, stochastically stabilizing
feedback control laws are provided.

In this paper, we build on the results of Refs. [7-9] as well as
on the recent stochastic finite time stabilization framework of Ref.
[10] to develop a constructive universal feedback control law for
stochastic finite time stabilization of stochastic dynamical sys-
tems. In addition, we present necessary and sufficient conditions
for continuity of such controllers. Finally, we show that for every
nonlinear stochastic dynamical system for which a stochastic con-
trol Lyapunov function can be constructed, there exists an inverse
optimal feedback control law in the sense of Refs. [11] and [12]
with guaranteed sector and gain margins of (1/2, 00).
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2 Notation, Definitions, and Mathematical
Preliminaries

In this section, we establish notation, definitions, and review
some basic results on stability of nonlinear stochastic dynamical
systems [13—15]. Specifically, R denotes the set of real numbers,
R” denotes the set of n x 1 real column vectors, and R™"
denotes the set of n x m real matrices. We write B,(x) for the
open ball centered at x with radius &, || - || for the Euclidean vec-
tor norm or an induced matrix norm (depending on context), || -
|| for the Frobenius matrix norm, AT for the transpose of the
matrix A, and /,, or [ for the n x n identity matrix.

We define a complete probability space as (Q, F, P), where Q
denotes the sample space, F denotes a g-algebra, and P defines a
probability measure on the o-algebra F; that is, P is a non-
negative countably additive set function on F such that P(Q) = 1
[13]. Furthermore, we assume that w(-) is a standard d-dimensional
Wiener process defined by (w(-),Q,F,P"), where P" is the
classical Wiener measure [14], with a continuous-time filtration
{F .}~ generated by the Wiener process w(s) up to time 7. We
denote by G a stochastic dynamical system generating a filtration
{F:},~o adapted to the stochastic process x: R, x Q — D on
(Q,F,P") satisfying F. C F;, 0 <t <t such that {w € Q:
x(t,w) € B} € F,, t >0, for all Borel sets B C R" contained in
the Borel g-algebra B". Here, we use the notation x(7) to represent
the stochastic process x(z, ) omitting its dependence on .

Finally, we write tr(-) for the trace operator, (~)71 for the
inverse operator, V' (x) £ 9V (x)/Ox for the Fréchet derivative of V
at x, V" (x) £ 0*V(x)/0x* for the Hessian of V at x, and H,, for the
Hilbert space of random vectors x € R" with finite average
power, that is, H,2{x:Q— R":E[xTx] <ococ}, where E
denotes expectation. For an open set D C R", HZ? 2 {xeH,:x:
Q — D} denotes the set of all the random vectors in H,, induced
by D. Similarly, for every xp € R", Hi* £ {x € H,: x= xo}.
Furthermore, C? denotes the space of real-valued functions V:
D — R that are two times continuously differentiable with
respecttox € D C R".

Consider the nonlinear stochastic dynamical system G given by

dx(t) = f (x(1))dt + D(x(2))dw(2),

a

(i) Exo, =1 (1)

where, for every t > 0, x(¢) € HnD is an F;-measurable random
state vector, x(fo) € H,;°, D C R" is an open set with 0 € D, w(?)
is a d-dimensional independent standard Wiener process (i.e.,
Brownian motion) defined on a complete filtered probability space
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(Q,{Fi} 15y IP), x(t0) is independent of (w(t) —w(t)),t > to,
and f: D — R”" and D: D — R™ are continuous functions and
satisfy f(x.) = 0 and D(x.) = 0 for some x. € D.

Here, we assume that f: D — R" and D: D — R™ satisfy
the uniform Lipschitz continuity condition

W (x) =fWI+ D) =DOle < Lk =yll, xyeD ()
and the growth restriction condition
IF I+ IDMIE < L2(1+ |Wl[*), xeD €)

for some Lipschitz constant L >0, and hence, since x(ty) € HY
and x(fp) is independent of (w(t) — w(t)),t > ty, it follows that
there exists a wunique solution x & L'Z(Q7 F,P), where
L£*(Q, F,P) denotes the set of equivalence class of measurable
and square-integrable R” valued random processes on (Q, F, P)
over the semi-infinite parameter space [0, o), to Eq. (1) in the fol-
lowing sense. For every x € H2\{0} there exists T, > 0 such that
if xp: [to, 71] X Q@ — D and x,: [tp, 12] X Q — D are two solutions
of (1); that is, if x;,x € KZ(Q, F,P) with continuous sample
paths almost surely solve (1), then T, < min{t;,7,} and
Pl (t) = x2(t), 80 <t <Ty) = 1.

The following definition introduces the notions of Lyapunov
and asymptotic stability in probability. Recall that an equilibrium
point x. = 0 of Eq. (1) is a point such that f(0) = 0 and D(0) = 0.
In this case, x. = 0 is an equilibrium point of Eq. (1) if and only if
the zero solution (i.e., the zero stochastic process) x(-) = 0 is a
solution of Eq. (1). as.

DEFINITION 2.1. (i) The zero solution x(t) = 0 to (1) is Lyapunov
stable in probability if, for every ¢ > 0 and p € (0, 1), there exist
0 = d(p,&) > 0 such that, for all xy € B;5(0) [16]

P (SUP k@Il > 8) <p )

=1

(ii) The zero solution x(t) Z010 (1) is locally asymptotically sta-
ble in probability if it is Lyapunov stable in probability and, for
every p € (0,1), there exist 6 =0(p) >0 such that, for all
Xo € 813(0)

P® (lim [lx(0)l] = 0) 21— ©)

(iii) The zero solution x(t) =010 Eq. (1) is globally asymptoti-
cally stable in probability if it is Lyapunov stable in probability
and, for all xo € R"

p (grgo |(0)]| = 0) =1 ©

Remark 2.1. A more general stochastic stability notion can also be
introduced here involving stochastic stability and convergence to an
invariant (stationary) distribution. In this case, state convergence is
not to an equilibrium point but rather to a stationary distribution. This
framework can relax the vanishing perturbation assumption D(0) =
0 and requires a more involved analysis and synthesis framework
showing stability of the underlying Markov semigroup [17].

Next, we provide sufficient conditions for local and global
asymptotic stability in probability for the nonlinear stochastic
dynamical system (1). First, however, recall that the infinitesimal

generator L of x(t), t > 0, with x(0) = X, is defined by
E°WV(x()] -V
V(s 1 E W= V)

t—0" t

Xxo €D (@)

where £ denotes the expectation with respect to the transition
probability measure P (x(¢) € D) £ P(ty, x0,, D) [14]. If V € C?
and has a compact support, and x(#), t > 0, satisfies Eq. (1), then
the limit in Eq. (7) exists for all x € D and the infinitesimal
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generator L of x(7), t > 0, can be characterized by the system drift
and diffusion functions f(x) and D(x) defining the stochastic
dynamical system (1) and is given by [14]

0*V (x)
Ox?

& T D)

LV (%) 5

D(x), x€D (8

THEOREM 2.1. Consider the nonlinear stochastic dynamical sys-
tem (1) and assume that there exists a two times continuously dif-

ferentiable function V: D — R such that [15]

V(0)=0 ©)
V(x) >0, x€D, x#0 (10)

oV (x 1 0*V(x
%f(x) +5trDT(x) axg )D(x) <0, x€D (11)

Then, the zero solution x(t) . Eq. (1) is Lyapunov stable in
probability. If, in addition

V@), 1
2 f ) + 5D ()

xeD,

x#0
(12)

then the zero solution x(t) Z010 Eq. (1) is asymptotically stable
in probability. Moreover, if D=R" and V() is radially
unbounded, then the zero solution x(t) Z010 Eq. (1) is globally
asymptotically stable in probability.

Next, we present the notion of stochastic finite time stability
involving finite time almost sure convergence along with stochas-
tic Lyapunov stability. To present this notion, we need some addi-
tional notation and definitions. The measurable map
5:10,7,) x D x Q — D denotes the dynamic or flow of the sto-
chastic dynamical system (1) and, for all ¢, 7 € [0, ,), satisfies the
cocycle property s(t,s(t,x),w) = s(t + 1,x,) and the identity
(on D) property s(0,x,w) = x forall x € D and @ € Q. The meas-
urable map s;2s(t,-,w): D — D is continuously differentiable
for all 7 € [0, 7,) outside a P-nullset and the sample path trajec-
tory s*2s(-,x,w):[0,7,) — D is continuous in D for all
t € [0,1,). Thus, for every x € D, there exists a trajectory of
measures defined for all 7 € [0, 7,) satisfying the dynamical proc-
esses (1) with initial condition x(0) = Xo. For simplicity of expo-
sition we write s(#, x) for s(¢,x, ) omitting its dependence on .

For the results in the paper involving finite time stability, we
assume that the uniform Lipschitz continuity condition (2) and the
growth condition (3) are satisfied for all x, y € D\{0}. Further-
more, we assume that for every initial condition xo € D\{0}, (1)
has a unique solution in forward time. Analogous assumptions are
made for the controlled problem.

DerINITION 2.2, The zero solution x(t)= 0 to (1) is (globally)
stochastically finite-time stable if there exists an operator
T:H,— H[IO’OO>, called the stochastic settling-time operator, such
that the following statements hold [10].

(i) Finite-time convergence in probability. For every x(0) €

Hy, s°O(t) is defined on [0,T(x(0))), s'O(¢) € H,, for all
t € [0,T(x(0))), and

Po( lim |59 =0)=1
1—=T(x(0))

(ii) Lyapunov stability in probability. For every ¢ > 0,

sup

lim P s @@l > &) =0
20 1€[0.7(:(0)))
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Equivalently, for every ¢ >0 and p € (0,1), there exist
0=20(e,p) >0 such that, for all xye B;(0), P*
(Suplg[()j(_x(o))) ||sx(0) (t)H > 3) S p-

(iii) Finiteness of the stochastic settling-time operator. For every

X € H, the stochastic settling-time operator T(x) exists and is
finite with probability one, that is, E*[T (x)] < co.

It is easy to see from Definition 2.2 that

T(x(0)) = inf{r € Ry :s(t,x(0)) =0}, x(0) e H
ProrosITION 2.1. Suppose the origin is a vtochmncally finite time
stable equilibrium of (1) and let T : 'H,, — ’H[ be the stochastic

finite time operator. Then, the following statements hold.:

(i) If t>0 and x(0) € H,, then T(s(r,x(O)))
{T(x(0)) — 7,0}.

(ii) T(-) is sample continuous on 'H, if and only if T(-) is sample
continuous at 0.

e
»

max

Proof. The proof is a direct consequence of Proposition 3.2
given in Ref. [10] and, hence, is omitted. [ ]

Next, we present a sufficient condition for global stochastic
finite time stability.

THEOREM 2.2. Consider the nonlinear stochastic dynamical sys-
tem G given by Eq. (1) with D = R". If there exist a radially
unbounded positive definite function V: R" — R and a function
n: Ry — Ry such that V(0) = 0, V(x) is two times continuously
differentiable for all x € R", n(-) is continuously differentiable,
and, for all x € R"

V! (20)f (x) + %trDT(x)V”(x)D(x) <-n(Vx)  (13)
* dv

LW < oo, €£€][0,00) (14)

n(v)>0, v>0 (15)

then G is globally stochastically finite time stable. Moreover, there
exists a settling-time operator T: 'H,, — H, ) such that

! V(o)
E° [T ()] < | (16)

d
—v, x0o € R"
o 1)

Proof. Let ¢>0 and p >0, and define D,,2{x € B,(0):
V(x) < a(e)p}, where o(-) is a class Ky function. Since V(-) is
continuous and V(0) = 0, it follows that D, , is nonempty and
there exists & = d(¢,p) >0 such that V(x) < a(e)p, x € B;(0).
Hence, B;(0) C D, ,. Next, V(x(r)) isa (positive) supermartingale
[15], and hence, for every x(0) € HB" C HP», it follows from

a(|]x]]) < V(x), x € R", and the extended version of the Markov
inequality for monotonically increasing functions [18] that

E* [a(|lx(0)[])]
o(e)
E*V(x())]
B
_ EV(x(0))]
T ue)

p (sup [[x(2)|| > e) < sup
>0 >0

<p
which proves Lyapunov stability in probability. [ ]
To prove global asymptotic stability in probability, it follows
from Eq. (13) and Ref. [19] that lim, . 7(V(x(¢)) =0, which,

M . . . a.s.
since 17: Ry — R, further implies that lim, V(x(r)) =0.
Now, it follows from o(]|x||) < V(x), x € R", that

a.s.

Tim a(|x(0)]) < lim V(x() 20

which implies P (lim,_ [[x(z)|| =0) =1 for all xo € R".
Hence, G is globally asymptotically stable in probability and the
stochastic settling-time operator 7(x(0)) < oo almost surely.

Next, we show that T(x(0)) is finite with probability one and
satisfies (16), and hence, E*[T(x(0))] <oo. Define

1%
v)éj Y veRr,
0 n(v)

Now, using It6’s (chain rule) formula, the stochastic differential
of V(x(¢)) along the system trajectories x(¢), ¢ > 0, is given by

To 2T (x(0)),

AV(x(£)) = LV (x(1))dt + Z—‘;D(x(t))dw(t)
Next, using Eq. (13), it follows that
)
J, 4= e
[ v
“Jo n(V(x(x)))
T dv(x(r)) To 1 v "
<], ey avegy A
= TO_da(V)) X Toil 8_V x(7))dw(t
7J0 av av( (t))+L ﬂ(V(X(T)))axD( (@)dw(z)
(17

Once again, using It6’s (chain rule) formula, it follows that

an(V(x(9)
= [ 2009 130 4 L1010 2D o -+ 20D g
N AT L R LT
D (D0 100+ 17 0x0) 2L ) Jars 2Dt 4 L) (202) LD (V)

T
= D) v (a(0) + 210 D7 (x(0) (av(")) &olv) (av("))D(x@))dr

Ox dv? Ox
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Hence, it follows from Eqgs. (17) and (15) that

To T v (P T (2V ) Td2a(V) (0V(x) e
[} ar< [ anvton + || s S + [ ot (Z) 8 (25 oee
=a(V(x —a(V(x P_1 x(t wr—TOn/(v)lrMTxr (V) x(7)) |dt
= V(o) V() + [ - S pa(eante - [ e (B b1y ) (2 Dt )
V(x(0)) dv V(x(To)) dv To 1 av
<, il et ) wvey aeeee 1
|
Taking the expectation on both sides of Eq. (19) and using the 0= Li(x) + V'(x)f (x) + %UDT(X)VH(X)D(X)
fact that +(0) £ xq and x(Tp) aES'Oyields 1, 5 T . . (26)
—ZV()L)G(X)R (NG (V' (x), xeR
o[ ae| = o prey < [ 20
== @
which implies Eq. (16). V(x) — ocoas||x|]| — oo (27)

Remark 2.2. It (V) = ¢V’ where ¢ >0 and 0 € (0,1), then
1(+) satisfies Eqs. (14) and (15). In this case, Eq. (16) becomes

\% ( xO) 1-0
E*|T(x(0)] < ——
() < 52
For deterministic dynamical systems, this specialization recovers
the finite time stability results given in Ref. [20].

Finally, we consider the controlled nonlinear stochastic dynam-
ical system given by

dx(r) = [£(x(1)) + G (x(t)u(0)lde +D(x(r))dw(r), x(0)=xo, 1>0
2n
y(6) = —¢(x()) (22)

where ¢: R" — R™, with a nonlinear-nonquadratic performance
criterion

00

J(xo,u(+)) = E® U [Ly (x(0)) + u" (6)Ry (x(2) )u(r)] dt

0

(23)

where L;:R" - R and R,: R" — R™ are such that
Li(x) >0, x € R" and R,(x) > 0, x € R". In this case, the opti-
mal nonlinear feedback controller u = ¢(x) that minimizes the
nonlinear-nonquadratic performance criterion (23) is given by the
following result. For the statement of this result, define the set of
stochastic regulation controllers given by

S(xo0) = {u() u(+) is admissible and x(-) given by (21) is such
that P (%ﬁy) =1,x € R", where QS;E’>

é{x({z >}, m): lim [[x(t, )| =0, w € Q}}

THEOREM 2.3. Consider the nonlinear stochastic dynamical sys-
tem (21) with performance functional (23) with L(x) >0,
x € R". Assume that there exists a two times continuously differ-
entiable function V: R" — R such that

V() =0 (24)

V(x) >0, xeR" x#0 (25)
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Furthermore, assume that the systems (23) and (22) are zero-state
observable with y = Ly (x). Then, the zero solution x(t) = 0 of the
closed-loop system

dx(z)

[f(x(®)) + G(x(2)) p(x(2))]dt
as. (28)
+D(x(1))dw(r),  x(0) =xo,

t>0

is globally asymptotically stable in probability with the feedback
control law

1

() = —3 Ry ()G W)V (x) 29)

and the performance functional (22) is minimized in the sense that

J(x0, (x("))) = u(-I)IelgiS'I(lxo)J(xmu(.))’ x € R" (30)
Finally,
J(x0,(x("))) = V(x0), x0€R" @31

Proof. The proof is similar to the proof of Theorem 8.3 for the
deterministic optimal control problem given in Ref. [21]. [ |

Finally, we provide sector and gain margins for the nonlinear
stochastic dynamical system G given by Egs. (21) and (22). For
the statement of the next theorem, recall the definitions of gain
and sector margins for G given in Ref. [21].

THEOREM 2.4. Consider that the nonlinear stochastic dynamical
system G given by (21) and (22) where ¢(x) is a stabilizing feed-
back control law given by (29) and where V(x), x € R", satisfies
(26). Furthermore, assume R>(x) = diag[r;(x), ...,rn(x)], where
it R"—= R, ri(x)>0,i=1,...,m, and Li(x) >0, xeR"
Then, the nonlinear dynamical system G has a sector (and, hence,
gain) margin (1/2,00).

Proof. The result is a direct consequence of Theorem 6.4 of
Ref. [12]. [ ]

3 Stochastic Control Lyapunov Functions

In this section, we consider a feedback control problem and
introduce the notion of stochastic control Lyapunov functions.
Furthermore, using the concept of stochastic control Lyapunov
functions, we provide necessary and sufficient conditions for sto-
chastic nonlinear system stabilization.
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Consider the nonlinear stochastic controlled dynamical system
G given by

a.s.

dx(r) = F(x(1),u(t))dr + D(x(¢), u(r))dw(t), x(t9) =x0, t>1o

(32)

where, for every t > fy, x(t) € HP, D is an open set with 0 € D,
u(t) eHY, UCR™ F:Dx U — R", and D: D x U — R™.
Here, we assume that u(-) satisfies sufficient regularity conditions
such that Eq. (32) has a unique solution forward in time. Specifi-
cally, we assume that the control process u(-) in Eq. (32) is
restricted to the class of admissible controls consisting of measur-
able functions u(-) adapted to the filtration {F,}., such that
u(t) € Hp, t > to, and, for all > s, w(r) — w(s) is independent
of u(t), w(t), T <, and x(%), and hence, u(+) is nonanticipative.
Furthermore, we assume that u(-) takes values in a compact, met-
rizable set U/ and the uniform Lipschitz continuity and growth
conditions (2) and (3) hold for the controlled drift and diffusion
terms F(x, u) and D(x, u) uniformly in . In this case, it follows
from Theorem 2.2.4 of Ref. [22] that there exists a pathwise
unique solution to Eq. (32) in (Q, {Fe=1}, P’”").

A measurable function ¢: D — U satisfying ¢(0) = 0 is called
a control law. If u(t) = ¢(x(r)), t > to, where ¢(-) is a control
law and x(¢), t > to, satisfies Eq. (32), 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(t) = ¢(x(1)), t > 1o, the closed-loop sys-
tem (32) has the form

dx(r) = F(x(1), ¢(x(1))
+ D(x(t), p(x(2))dw(2),

The following two definitions are required for stating the results
of this section.

DerFINITION 3.1. Let ¢p: D — U be a measurable mapping on
D\{0} with $(0) =0. Then, (32) is stochastically feedback

asymptotically stabilizable if the zero solution x(z)a':&O of the
closed-loop system (33) is stochastically asymptotically stable.
DerINiTION 3.2. Consider the controlled nonlinear stochastic
dynamical system given by (32). A two times continuously differ-
entiable positive-definite function V: D — R satisfying [8]

a.s.

x(lo) =X0, >0 33)

1
inf | V' (x)F (x,u) +§trDT(x,u)V”(x)D(x,u) <0, xeD, x#0

uel

(34)

is called a stochastic control Lyapunov function.

Note that if Eq. (34) holds, then there exists a feedback control
law ¢:D— U such that V'(x)F(x,$(x)) +3trDT(x, ¢(x))
V"(x)D(x, ¢(x)) <0, x €D, x#0, and hence, Theorem 2.1
implies that if there exists a stochastic control Lyapunov function
for the nonlinear stochastic dynamical system (32), then there
exists a feedback control law ¢(x) such that the zero solution

x(1) =0 of the closed-loop nonlinear stochastic dynamical system
(32) is stochastically asymptotically stable. Conversely, if there
exists a feedback control law u# = ¢(x) such that the zero solution

x(1) =0 of the nonlinear stochastic dynamical system (32) is

stochastically asymptotically stable and D(x), x € R", satisfies a
nondegeneracy condition, then it follows from Theorem 3.2 of
Ref. [23] that there exists a two times continuously differentiable
positive-definite function V: D — R such that V' (x)F(x, ¢(x)) +
1D (x, p(x))V"(x)D(x, ¢(x)) < 0,x € D, x#0, or, equiva-
lently, there exists a stochastic control Lyapunov function for the
nonlinear stochastic dynamical system (32). Hence, a given non-
linear stochastic dynamical system of the form (32) is stochasti-
cally feedback asymptotically stabilizable if and only if there
exists a stochastic control Lyapunov function satisfying Eq. (34).
Finally, in the case where D = R” and U = R™, the zero solution
x(1) = 0 to Eq. (32) is globally stochastically asymptotically sta-
bilizable if and only if V(x) — oo as | |x|| — oc.

Next, we consider the special case of nonlinear stochastic affine
systems in the control and construct state feedback controllers that
globally stochastically asymptotically stabilize the zero solution
of the nonlinear stochastic dynamical system under the assump-
tion that the system has a radially unbounded stochastic control
Lyapunov function. Specifically, we consider nonlinear stochastic
affine systems of the form

dx(r) = [£(x(1)) + G (x(1) u(r)]d+D(x(e) )aw(r), x(0)=xp, >0
(35)

where f:R” — R" satisfies f(0) =0, G: R" — R"™", and
D:R" — RY, andf(-), G(+), and D(-) are continuous functions.

TueorReEM 3.1. Consider the controlled nonlinear stochastic
dynamical system given by Eq. (35). Then, a two times continu-
ously differentiable positive-definite, radially unbounded function
V:R" — R is a stochastic control Lyapunov function of Eq. (35)
if and only if

VI(x)f (x) + %trDT(x)V"(x)D(x) <0, xeR (36)

where R&{x € R", x #0: V/'(x)G(x) = 0}.

Proof. The proof is a direct consequence of the definition of a
stochastic control Lyapunov function by noting that for systems
of the form (35)

inf |V (xX)[f(x) + G(x)u] + %trDT(x)V”(x)D(x) = —0o0,

ueR"
XE€R, x#0
Hence, Eq. (34) is equivalent to Eq. (36), which proves the
result. as. [

It follows from Theorem 3.1 that the zero solution x(¢) = 0 of a
nonlinear stochastic affine system of the form (35) is globally sto-
chastically feedback asymptotically stabilizable if and only if
there exists a two times continuously differentiable positive-
definite, radially unbounded function V: R" — R satisfying Eq.
(36). Hence, Theorem 3.1 provides necessary and sufficient condi-
tions for nonlinear stochastic system stabilization.

Next, using Theorem 3.1, we construct an explicit feedback
control law that is a function of the stochastic control Lyapunov
function V(-). Specifically, consider the feedback control law
given by

co +

(2(x) + £() + /(1) + €0 + (B (1) B(x)

2

P =1 T

Journal of Dynamic Systems, Measurement, and Control

X)B(x
07

] B(x), P(x) #0, (37)
B(x)=0
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where o(x) &

V! ()f (%),

B(x)£GT (x)V'T(x), &(x) £ Ltr DT (x)V” (x)D(x), and ¢ > 0. In this case, the stochastic control Lyapunov func-

tion V(+) of Eq. (35) is a Lyapunov function for the closed-loop system (35) with u = ¢(x), where ¢(x) is given by Eq. (37). In particular,
the infinitesimal generator £V/(-) of the nonlinear stochastic dynamical system (35) with u = ¢(x) given by Eq. (37) is given by

LV() AV () + G0 ()] + 51DV (9)D(x)

= a(x) + 1 (0)p(x) + £(x)
2 38
—cofi" (%) B(x) — \/(Of(x) + &)+ (BT (0)B()", Bx) #0, 9
a(x) + £(x), B(x) =0,

<0, xeR" x#0

which implies that V(-) is a Lyapunov function for the closed-
loop system (35) guaranteeing global stochastic asymptotic stabil-
ity with u = ¢(x) given by Eq. (37).

Remark 3.1. Note that the concept of a stochastic control Lya-
punov function involving differentiability of higher order than one
for V(-) along with the constructive feedback control law (37)
based on the stochastic control Lyapunov function generalizes
Sontag’s universal feedback control formula for deterministic sys-
tems to stochastic dynamical systems. In particular, setting the
diffusion term D(x) =0 in Eq. (37), one recovers the standard
universal feedback control formula as given in Ref. [2].

Since f(+), G(+), and D(-) are smooth, it follows that a(x), f(x),
and &(x), x € R", are smooth functions, and hence, ¢ (x) given by
Eq. (37) is smooth for all x € R" if either fi(x)# 0 or a(x)+
&(x) < 0. Hence, the feedback control law given by Eq. (37) is smooth
everywhere except for the origin. The following result provides neces-
sary and sufficient conditions under which the feedback control law
given by Eq. (37) is guaranteed to be continuous and Lipschitz contin-
uous at the origin in addition to being smooth everywhere else.

THeOREM 3.2. Consider the nonlinear stochastic dynamical system
G given by (35) with a radially unbounded stochastic control Lyapu-
nov function V: R" — R. Then, the following statements hold:

(i) The control law ¢(x) given by (37) is continuous at
x=20 if and only if for every ¢ > 0, there exists 6 > 0
such that for all 0 < ||x|| < 9, there exists u € R™ such
that |jul| < & and o(x) + BT (x)u + &(x) <

(i) There exists a stabilizing control law ¢ (x) suc@ that o(x)+
BT (x)p(x) + E(x) <0, x € R", x £ 0, and $(x) is Lip-
schitz continuous at x=0 if and only if the control law
¢(x) given by Eq. (37) is Lipschitz continuous at x = 0.

Proof. Necessity of (i) is trivial with u = ¢(x). Conversely,
assume that, for every ¢ > 0, there exists 6 > 0 such that for all
0 <|Jx]| <0, there exists u€ R™ such that |[u|| <& and
a(x) + BT (x)u + &(x) < 0. In this case, since ||u|| < ¢ it follows
from the Cauchy-Schwarz inequality that o(x) + &(x) < ¢||f(x)]].
Furthermore, since V() is two-times continuously differentiable
and G(-) is continuous it follows that there exists & > 0 such that

p(x)]| < e Hence, for all 0 < ||x|| < Omin,
where dpin 2min{d, 6}, it follows that a(x) + &(x) < & f(x)|| and
IB(x)|| < e. Furthermore, if f(x) =0, then [|¢(x)|| =0, and if
p(x) # 0, then it follows from Eq. (37) that

1601 < coll B0

Ll + e + V(@) + &)
1B

_ 2(2(0) + E02)) + (o + DB

: 1B

<(co+3)e, 0<]|]x|| < Imin,

2

+ (BT (x)B(x)"|

a(x) +&(x) >0
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and

¢l < coll Bl

L)+ E) + V(@) + 60 + (T 0pw)’
1B
st o F00BG)
= (co+ DB < (co+ 1)e, 0 < ||x]| < Omin,
2(x) + E(x) 0

Hence, it follows that for every éé(co +3)e > 0, there exists
Omin > 0 such that for all [|x|| < dmin, ||¢(x)]| < &, which implies
that ¢(-) is continuous at the origin.

Next, to show necessity of (i), assume that there exists a stabi-

lizing control éS(x) such that o(x)+ [)’T(x)éS(x) +&(x) <0
x e R" x+#0, and ¢ (x) is Lipschitz continuous at x=0 with a
Lipschitz constant L; that is, there exists & > 0 such that for all
x € B5(0), Hqﬁ( )|l < L||x||. Now, since V(-) is continuous and
V'(0) =0, it follows that there exists K>0 such that
1B < KlJx]|, x € B5(0). Hence

16l < coll )|
|(s(x )/ (ol
* H/)’( >||

_ 2(a(x) + EW) + (co + DIIFE)I
- B

+ (BT (@)B())’|

< (2L + (co + DK)||xl|, x€Bs(0), a(x)+Ex) >0
and
lp) < coll Bx)]]
() + £ + ot + (" (p)’
Hﬁ( )H

B B (x)B(x) . .

<ol I + = 5] = (co+ DB

<(co+ DK|x||, xe€Bs0), alx)+Ex) <0

which implies that for all x € B5(0), |[¢(x)|| < L|[x||, where

L22L + (co + 1)K, and hence, ¢ () is Lipschitz continuous.

_ Finally, sufficiency of (ii) follows immediately with

$(x) = (). 0
Next, we present sufficient conditions for stochastic finite time

stabilization using a control Lyapunov function involving a scalar

differential inequality.
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TueoReM 3.3. Consider the nonlinear stochastic dynamical system (35). Assume that there exists a two-times continuously differentia-
ble function V: D — R such that V(-) is positive definite and

V' (xX)f (x) + %trDT(x)V”(x)D(x) < —c(V(x)*, xeR (39)

where ¢ >0, « € (0,1), and R=2{x € R",x # 0: V'(x)G(x) = 0}. Then, the nonlinear stochastic dynamical system (35) with the feed-
back controller u = ¢(x), x € R", given by

() + E(x) + c(V(x)) + 1/ (a(x) + E(x) + c(V(2)") + (7))’
d)(x) = —\co + (a ) \/<;T(x)ﬁ(x) ) )ﬂ(x)V ﬂ(x) 7é 07 (40)
0, Bx) =0

where cg > 0, 2(x) 2V (x)f (x), x € R", B(x) 2GT (x)V" (x), x € R", and &(x) £ (1/2)D (x)V" (x)D(x), x € R", is stochastically finite
time stable and there exists a stochastic settling time operator T: H,, — H[lo’oo) such that

E* [T(x0)] <

= V) eR! @1

Furthermore, V(-) is a stochastic control Lyapunov function.
Proof. The infinitesimal generator LV(-) of the closed-loop stochastic dynamical system (35), with u = ¢(x), x € R", given by
Eq. (40), is given by
1
LV(x) = V(¥)f () + V()G (x)¢(x) +5 D" (x)V" (x)D(x)
= a(x) + BT (1) p(x) + E(x)

—cop" (0)B(x) — \/ (o) + E(x) + e (V(©)*) + (BT ()B(x) =e(V(x))*,  B(x) #0,
o(x) + &(x), B(x) =0,

(42)

<—c(V(x))*, xeR"

Now, it follows from Theorem 2.2 with (V) = ¢V that the zero solution x(¢) Z0to Eq. (35) is stochastically finite time stable with
the stochastic settling time [ [T(xo)] < (1 Je(1 — oc))(V(xo))““, xp € R". In this case, it follows from Definition 3.2 that V(x),
x € R", is a stochastic control Lyapunov function. [ ]

Since f(-), G(+), and D(-) are continuous and V/(-) is two times continuously differentiable, it follows that o(x), B(x), and ¢(x),
x € R", are continuous functions, and hence, ¢(x) given by (40) is continuous for all x € R" if either f(x) # 0 or a(x) + &(x) +
c(V(x))* <0 for all x € R". Hence, the feedback control law given by Eq. (40) is continuous everywhere except for the origin. How-
ever, as shown in Theorem 3.2, the feedback control law ¢ (x) given in Eq. (40) is continuous on R" if and only if, for every ¢ > 0, there
exists & > 0 such that for all 0 < ||x|| < &, there exists u € R" such that ||u|| < & and a(x) + BT (x)u + E(x) + ¢(V(x))* < 0.

4 Meaningful Inverse Optimality and Control Lyapunov Functions

In this section, we show that given a stochastic control Lyapunov function for a controlled nonlinear stochastic dynamical system, the
feedback control law given by Eq. (37) guarantees sector and gain margins of (1/2,00).

THEOREM 4.1. Consider the nonlinear stochastic dynamical system G given by Eq. (21) and let the two times continuously differentia-
ble positive-definite, radially unbounded function V: R" — R be a stochastic control Lyapunov function of Eq. (21), that is,

VI(xX)f (x) + %trDT(x)V"(x)D(x) <0, xeR, (43)

where R2{x € R": x # 0, V/(x)G(x) = 0}. Then, with the feedback stabilizing control law given by

[ e+ )+ V(e + ) + (0B’
P =1\ FT(0h) (44)
0, B(x) =0,
where o(x) 2V (x)f (x), f(x) 2GT(x)V" (x), é(x) = L DT (x)V"(x)D(x), and co > 0, the nonlinear stochastic dynamical system G

given by Eqs. (21) and (22) has a sector (and, hence, gain) margin (1/2,00). Furthermore, with the feedback control law u = ¢(x) the
performance functional

) = B[ ata) + état0) -

0

uT(t)u(t)} dt} , (45)
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where

N e )+ e + )+ (T wse)?
WA FoBc) e o)
o, p(x) =0
is minimized in the sense that
J(xo,d)(x(-))) = min J(xo,u(-)), xo € R" 47)

ueS(xo)

Proof. The result is a direct consequence of Theorems 2.3 and 2.4 with R;(x) = (1/2p(x))I,, and Li(x) = —(x(x) 4 &(x))+
(y(x)/2) B" (x) B(x). Specifically, it follows from Eq. (46) that Ry(x) > 0, x € R", and

= (om0 = a0 + €+ o) + 607+ (FB0)). ) 20
(o0 + &),

Now, it follows from Eq. (48) that L; (x) > 0, f(x) # 0, and, since
V(-) is a stochastic control Lyapunov function of Eq. (21), it fol-
lows from Theorem 3.1 that L;(x) = —(a(x) + £(x)) > 0 for all
xeR={xeR": x#0, f(x) =0}. Hence, Eq. (48) yields
Li(x) > 0,x € R", so that all conditions of Theorem 2.4 are satis-
fied. [

Theorem 4.1 shows that given a nonlinear stochastic dynamical
system for which a stochastic control Lyapunov function can be
constructed, the feedback control law given by Eq. (44) is inverse
optimal with respect to a meaningful cost functional and has a sec-
tor (and, hence, gain) margin (1/2, c0).

Remark 4.1. Using the stochastic finite time optimal feedback
control framework developed in Ref. [10], the stochastic finite
time controller (40) can also be shown to be inverse optimal with
respect to a meaningful (in the terminology of Ref. [11])
nonlinear-nonquadratic performance functional with guaranteed
sector and gain margins. However, due to the space limitations,
we do not present this result here.

5 Illustrative Numerical Example

Our example considers control of thermoacoustic instabilities
in combustion processes. Engineering applications involving
steam and gas turbines and jet and ramjet engines for power
generation and propulsion technology involve combustion proc-
esses. Due to the inherent coupling between several intricate
physical phenomena in these processes involving acoustics,
thermodynamics, fluid mechanics, and chemical kinetics, the
dynamic behavior of combustion systems is characterized by
highly complex nonlinear models [24-27]. The unstable
dynamic coupling between heat release in combustion processes
generated by reacting mixtures releasing chemical energy and
unsteady motions in the combustor develop acoustic pressure
and velocity oscillations, which can severely impact operating
conditions and system performance. These pressure oscillations,
known as thermoacoustic instabilities, often lead to high vibra-
tion levels causing mechanical failures, high levels of acoustic
noise, high burn rates, and even component melting. Hence, the

021003-8 / Vol. 142, FEBRUARY 2020

(43)
fx) =0

|

need for active control to mitigate combustion-induced pressure
instabilities is critical.

In this section, we design a finite time stabilizing controller for
a two-mode, nonlinear time-averaged combustion model with
nonlinearities present due to the second-order gas dynamics. This
model is developed in Ref. [24] and is given by

doey (1) = [oaxi (1) 4 01x2(2) — 1 (D)3 (1) + x2(£)x4(2)) + w (1)]de
+ o (Ddw(n), x(0) Zx, >0 (49)

doy (1) = [=01x1 (1) + o102 (1) + Blca (1) (1) — 21 (1)xa (1)) + w2 (1) ]t

o ()dw(t), x2(0) =g (50)
ds (1) = o3 (1) + O2xa(0) + B(x7 (1) = 25(1)) + us(0)] dr
+o3x3(0)dw(),  x3(0) =x3 (51
dwy (1) = [—02)(3 (1) + oxa (1) + 2Px1 (£)x2 (1) + u4(t)]dt
(52)

+ aaxa(r)dw(r),  x4(0) =
where o1, € R represent growth/decay constants, 0,0, € R
represent frequency shift constants, ff = ((y +1)/ Sy)col, where y
denotes the ratio of specific heats, ; is the frequency of the fun-
damental mode, o1, g5, 03, and o4 € R represent augmentation
factors of the variance of the state dependent stochastic disturb-
ance, and u;, i = 1,...,4, are control input signals. For the data
parameters o =5, 0p = =55, 0, =4, 0, =32,y =14, v, =1,
0y =0y, =03 =04 =1,and xo = [2,3,1, I]T, the open-loop (i.e.,
u;(t) =0,i=1,...,4) dynamics (49)—(52) result in sustained
oscillations.

To stabilize this system in finite time, we design a feedback
control law given by Eq. (40), where V(x) = (1/2)xx, x € R*,
c=1,co =1, 0= (3/4). In this case, V'(x) = xT, G(x) = I4, and
hence, R = {x € R* x # 0: xT = 0} = (. Thus, condition (39)
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Fig. 1
control profile is plotted as the mean of the 30 sample runs (see color figure online).

is trivially satisfied and it follows from Theorem 3.3 that the
closed-loop system (49)—(52) with the feedback control law (40)
is finite time stable with E* [T(x0)] < 6.6195. Figure 1 shows a
sample trajectory along with the standard deviation of the state
trajectories for xo = [2,3, 1, 1]T of the controlled system versus
time along with the mean control signal versus time for 30 sample
paths.

6 Conclusion

In this paper, we developed a constructive universal finite time
stabilizing feedback control law for stochastic dynamical systems
driven by Wiener processes based on the existence of a stochastic
control Lyapunov function. Furthermore, the proposed control
framework was used to construct stabilizing controllers for non-
linear stochastic dynamical systems with robustness guarantees
against multiplicative input uncertainty. In future research, we
will establish connections between the recently developed notion
of stochastic dissipativity [28] and optimality [11] of the proposed
stochastic finite time feedback control law.
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