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ADAPTIVE CONTROL IN THE NABLA SETTING

BILLY J. JACKSON

ABSTRACT. In this paper, we develop notions of Lyapunov stability for the nabla time scale exponential
function. We begin by reviewing some of the necessary prerequisite definitions and theorems for nabla
differential equations. We then proceed to discuss the stability of the ordinary dynamic equation (ODE)
that defines the nabla exponential function. We conclude with a state feedback result showing that the
arbitrary linear ODE can be stabilized by using the controllability Gramian.

1. INTRODUCTION

The theory of time scales originated in Stefan Hilger’s dissertation [12] that evolved into his seminal
paper on the subject [11]. Originally intended to unify continuous and discrete analysis, the theory has gone
well beyond this aspect into extension of familiar properties of dynamic equations on arbitrary domains.
Recently, time scales analysis has received a considerable amount of attention in the context of engineering
applications, particularly in systems theory and control (see [8, 9, 10]). These results on stability and control
have dealt almost solely with the delta (forward) derivative.

Here, we wish to establish analogous results for the nabla (backward) derivative. The utility of such
an analysis becomes evident when one considers that the time scales analysis could also have important
implications for numerical analysts, who often use backward differences rather than forward differences to
handle their computations.

With this in mind, we begin with a review of the appropriate time scale definitions and theorems in the
nabla setting. The interested reader is urged to examine the works of Bohner and Peterson in [1, 2].

2. BACKGROUND
We first review several definitions and theorems about the nabla derivative.
Definition 2.1. Let T be a nonempty closed subset of the reals, called a time scale. For each T and
f: T — R, the following are defined:
(i) The backward jump operator p: T — T is given by
p(t) :==sup{s € T:s < t}.

If p(t) =t, then t is left dense: otherwise ¢ is left scattered.
(ii) The backward graininess v : T — R is defined by

v(t) =t — p(t).
(iii) The nabla derivative fV(t) of f: T — R is the quantity (provided it exists)

v(t)
In this definition, if v(t) = 0 (i.e. if ¢ is left dense) then this quantity is interpreted in the limit sense
as v — 0.

(iv) f: T — R is said to be left dense continuous (abbreviated 1d-continuous) if f(¢) exists for all
t € T and f is continuous from the left at left dense points of T.

(v) For f(t) a ld-continuous function, suppose there exists a function F(t) with FV (t) = f(t). Then the
nabla integral of f(t) is given by

/f(t)Vt =F(t) +c
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Theorem 2.1. Assume f,g: T — R are nabla differentiable at t € T,,. Then:
(i) The sum f+ g: T — R is nabla differentiable at t with

(f+9)V @) =Y ) + g7 ().
(ii) The product fg: T — R is nabla differentiable at t , and we get the product rules
(f9)V () = [Y(0)g(t) + F(p(1)g™ (1) = F()g" (8) + ¥ (D)g(p(1)).
(i) If g(t)g(p(t)) # 0, then f/g is nabla differentiable at t, and we get the quotient rule

(f> v (t) = Y ()g(t) — f(t)gY (1)
g g(t)g(p(t)) '

(iv) If f and f¥(t) are continuous, then

(/at f(t,s)Vs)v — F(p(), 1) +/t £V, 5) Vs,

a

Definition 2.2. The function p : T — R is v-regressive if
1—v(t)p(t) #0 forall teT,.
The v-regressive group (R,,®,, O, ) is the set
R, ={p: T — R:pis ld-continuous and v-regressive},
together with the operations
PPvg=p+q—rpg

and
p

71—Vp.

CSup =

p is positively v-regressive if

1—vp>0.
Definition 2.3. For p € R, the unique solution to the equation
y¥ (1) =p(t)y(t). y(te) =1,

is called the nabla time scale exponential function and is denoted by y(t) = é,(t,to). The nabla exponential

function has closed form
* Log(1l —v(n)p(1)) )
ép(t,tg) = ex — VT ).

Theorem 2.2 (Properties of the Nabla Exponential). Let p,q € R, and s,t,r € T. Then

(1) éo(t,s) =1 and éy(t,t) =1;
(11) ép 1p(t), s)A = (1—v(t)p(t))éy(t,s);
(iii) e ts) eeup(tas);
(iV) ép(ta 3) = ép(sit é@up(sv t);
V) ép(t’T)ép(Tvs) = ép(t7s);
(Vi) ép(t,m)eq(t,r) = épo,q(t,7);
.. ép(t,s) A
(VH) Zit,s% = €po,q t78)f
( 111) ( 1 )V _ p(t) .
VWAGE ) T T Eems)
(ix) If p is positively v-regressive, then é,(t,to) > 0.
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3. STABILITY OF THE NABLA EXPONENTIAL
A natural question is the following: For what z € C does it follow that
lim éz(t,t0> =07
t—o0

If we examine the closed form of the nabla exponential, then a sufficient collection of such z € C would be

the set
z€C:|lz— — >L
' vit)| vt |

(For the corresponding result in the delta case, see [3, 4, 7].) We will call the set

_
IRZ0)

the v-Hilger circle due to its importance in determining exponential stability.
We would like a geometric interpretation and connection of the set of exponential stability akin to the
one known for the delta case (see [1]). To do this, we will need to define the v-Hilger complex plane.

z - —

1
H,,::{ZE(C: o)

Definition 3.1 (v-Hilger Complex Plane). For v > 0 we define the v-Hilger complex numbers, the v-Hilger
real axis, the v-Hilger alternating axis, and the v-Hilger imaginary circle as

1
C, := {ZEC:Z#},
v
1
R, := {zECy:zeRandz<},
v
1
A, = {zeCy:zeRandz>V},
1 1
I, := {ZE(CV:Z—:}ZHw
v v

respectively. For h = 0, let Cy := C, Ry := R, I := iR, and Aq := 0.

Definition 3.2 (The v-Hilger Complex plane). Let v > 0 and z € C,. We define the v-Hilger real part of
z by

1—-11-
Re, (2) i= 1-[1— vz
v
and the v-Hilger imaginary part of z by
Arg(1 —
T, (2) = — 2180 =21).
v

where Arg(z) denotes the principal argument of z (i.e., —m < Arg(z) < 7). For =7 <w < 7, we define the
v-Hilger purely imaginary number iw by

Note that Re,(z) and Im, (z) satisfy

)

1
—o0o < Rey(z) < > and — g <Im,(z) <

NIE

—~

respectively. In particular, Re,(z) € R,. Also, for z € C,, we have that iIm, z) € H,. The v-Hilger complex

plane can be seen in Figure 1.

Theorem 3.1. For z € C, we have
z = Rey(z) ®, tIm,(2).
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FIGURE 1. The v-Hilger Complex Plane. Points interior to the v-Hilger circle H, have
positive v-Hilger real part, while points exterior to the circle have negative v-Hilger real
part. Points on the circle therefore have zero v-Hilger real part. The shading indicates that
points exterior to the largest v-Hilger circle (i.e. the one corresponding to v.) lie in the
stability region.

Proof. Let z € C,. Then

Re, (2) ®, ilm, (z) = 1-=z |11/_ iad @, i (_Arg(ly— ZV))
1—|1-—zy| ® 1 —exp(iArg(1l — zv))

v

v v
11—z . 1 —exp(iArg(l —zv)) 1/1 — |1 —zv| 1 — exp(iArg(1 — zv))
N v v v v

1 )
= {1 — |1 — zv| exp(iArg(1l — zu))}

v

1-(1-
Il Gt L2

v

O

Notice that as we stated before, the stability region is cast in terms of H,. Points in the stability region
that we have chosen always have negative v-Hilger real part. (Note that we often abuse the notation and
say that points in the stability region lie in the v-Hilger circle when actually they are exterior to the largest
v-Hilger circle corresponding to vpmin = vi.) We could extend our stability region by considering points for
which the v-Hilger real part is negative on average as Potsche, Siegmund, and Wirth do for the delta case
in [16], but for our purposes the Hilger circle will suffice for stability.

It is also worth noting that for points z = iw on the v-Hilger circle, we have

& (tto)| = 1.

Further, the v-Hilger real axis is so named because for points ¢ < % on this axis, we have é.(t,ty) > 0, while
for points on the v-Hilger alternating axis, we have that the nabla exponential is real valued and changes
sign at every point. The nabla exponential is never zero for any regressive subscript. Finally, the positively
regressive constants for the nabla exponential are simply the negative real axis.

As v — 0, we see that the v-Hilger circle tends to the open left-half plane as we would expect since for
T = R (where v = 0), the time scale exponential function is the continuous exponential (i.e. é,(t,0) = e*).
As v — 1, we see that the stability region tends to the exterior of a circle of unit radius centered at z = 1.
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This should also make sense because for T = Z, we have é,(¢,0) = (1 — 2)~*. However, notice in general
that the v-Hilger circle is dynamic, varying as v varies over T. Thus, in some sense, exponential stability
becomes a “moving target”.

4. GRONWALL’S INEQUALITY FOR THE NABLA INTEGRAL

We shall need Gronwall’s inequality for later results, so we state and prove it here. (Actually, the proofs
that follow mirror their delta counterparts given in [1], but we give them here for the sake of completeness.)

Theorem 4.1. Lety, f € Ciq and p € R}. Then
y¥ () <p(t)y(t) + f(t) forall teT

implies
y(t) < ylto)ép(t,to) + /tt ép(t,p(m))f(T)VT forall teT.
0
Proof. We use the product rule and Theorem 2.2 (ii) to calculate
Weo,p(:t)]Y (1) = ¥ (t)és,p(p(t),to) + y(1)(©up) (H)ée,p(t, to)

Joon(p(0): o) + () At t0)

= yV(t
[yv (©u(eup)(t)y(t)] s, p(p(t), to)
[y Hy(t)] és,p(p(t), o).

Since p € R}, &,p € R} since the p081t1ve1y v-regressive functions are a subgroup of the v-regressive
functions. Thus, ég,, > 0 by Theorem 2.2 (ix). Now

Yo, (t.to) — ylte) = / (47 (7) — p(r)y(7)] e p(o(7), t0) V7

< f(r)ée,p(p(7): o) VT

t

= [ nltoptr) sV

to

and hence the assertion follows by applying Theorem 2.2. O
Theorem 4.2 (Bernoulli’s Inequality.). Let a € R with a« € R}. Then
éa(t,s) > 14+ a(t—s) forall t>s.

Proof. Since a € R}, we have é,(t,s) > 0 for all t,s € T. Suppose t,s € T with t > s. Let y(t) = a(t — s).
Then

ay(t) +a=a’(t—s)+a>a=y"().
Since y(s) = 0, we have by Theorem 4.1 (with p(t) = f(¢)

\/

v < [ eult p)aVr = alt9) -1
Hence, é,(t,s) > 1+ y(t) = 1+ a(t — s) follows. O
Theorem 4.3 (Gronwall’s Inequality.). Let y, f € Ciq and p € R}, p > 0. Then
y(t) < f(t) + /tt y(r)p()V7  forall teT
0
implies

y(t) < f(t) +/ ép(t, p(r)) f(T)p(T)VT  forall teT.

to
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Proof. Define

Then z(tp) = 0 and

By Theorem 4.1,

2(t) < / y(t. p(r)) f (r)p(r) V.

to

and hence the claim follows because of y(t) < f(t) + z(t).

Corollary 4.1. Lety € Cyq and p € R} with p > 0. Then
t
y(t) S/ y(r)p(r)V1 forall te€T
to
implies
y(t) <0 forall teT.

Proof. This is Theorem 4.3 with f(t) = 0.

Corollary 4.2. Lety € Cig, p€ R}, p >0, and o € R. Then
t
y(t) < a —|—/ y(T)p(m)VT  forall teT
to
implies
y(t) < aép(t,tg) forall teT.

Proof. In Theorem 4.3, let f(t) = o. Then by Theorem 4.3,

y(t) < a+t / y(t, p(r))ap(7) V'

to

o [1 +f (et o(r)VT

afl + ép(z‘, to) — ép(t,t)]
= Oéép(t, to).

Thus, the claim follows.

Corollary 4.3. Lety € Ciq and o, 3,7 € R with v > 0. Then

y(t) <a+ Bt —to) + 7/ y(r)V1 forall teT

to
implies

y(t) < (a + f) é,(t,t0) — g forall teT.
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Proof. In Theorem 4.3, let f(t) = o+ B(t — tp) and p(t) = . Note that for w(r) = é,(t,7) we have

wY (1) = —yé,(t, p(1)). By Theorem 4.3,

v) < fO+ [ et prnsnvr

to

= f(t)w(t)—/ ’wv(T)f(T)VT

to

= flto)wlte) + / w(p(r))f¥ (1)

to

= ozé,y(t,to)Jr/ é(t, p(1))BVT

to

— aév(t,to)—kg/ véy(t, p(1))VT

to
s B,
= aéy(t,to) + ;(ew(t,to) —-1).
Hence, the claim follows.

5. THE SYSTEMS CASE

We now wish to turn our attention to the systems case. As with the scalar case, we begin by reviewing

some of the pertinent definitions and results that we will need later.

Definition 5.1. Let A be an n X n-matrix-valued function on T. A is ld-continuous if every entry of A is

ld-continuous. The class of all ld-continuous matrices is denoted by
Cla = Clq(T) = Ciq(T,R™*™).
A is nabla differentiable on T if every entry of A is nabla differentiable on T, in which case
AY(t) = (a3;(t))1<i<ni<j<n-
We say A is v-regressive if
I —v(t)A(t) isinvertible for all ¢ e T,
and the class of all such v-regressive and ld-continuous matrix functions is denoted by
R, =R, (T) =R, (T,R**™).
The system
2V () = A(t)z(t),  x(to) = o,
is called v-regressive if A is v-regressive.

Theorem 5.1. Suppose A and B are nabla differentiable n X n-matriz-valued functions. Then
(i) (A+B)V(t) = AV(t) + BV (t);
aA)V( ) = aAV(t) if a is constant;

(if) (
iii) (AB)Y(t) = AV (t)B(p(t)) + A(t)BY (t)
((ivg EA‘l)V = —(A(p(1) T AV () A1 (1)

Il
=
)
=

o)

3
=
_|_
=

4
=

oy
=

—A‘l(t)Av()t gA(,o(t)))_1 if A(t)A(p(t)) is invertible.

if B(t)B(p(t)) is invertible.
Definition 5.2. The v-regressive group (R, (T,R"*") @,,O,) is the set
R, (T,R"™™") ={A e R"" : A is regressive and ld-continuous}
together with the operation @, defined by
A®,B:=A+B—-vAB,

and inverse operation ©, given by
C,A=—-A(I —-vA)™!

ABY)Y (1) = (A% (1) — AWB OB ()(B(p(t)) 1 = (A% () — A(p(t) B (o(8)) BY (1)) B~

')
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We are interested in solutions to nabla dynamic equations. We shall denote the solution of
YY) = ABY (1), Yi(t) =1
as Y (t) = da(t,to).

Theorem 5.2 (Variation of Parameters.). Let A € R,(T,R"*™) and suppose that f : T — R"™ is ld-
continuous. Let tg € T and yo € R™. Then the initial value problem

y¥ (t) = Ay() + f (1), y(to) = wo,
has a unique solution y : T — R™ given by
t
y(t) = da(t,to)yo + | da(t,p(r))f(T)VT.
to
6. EXPONENTIAL STABILITY AND LYAPUNOV CRITERIA
We seek conditions that guarantee that solutions of
2V (1) = A()z(t), x(to) = o

tend to zero as t — oo. That is, we wish to establish a notion of asymptotic stability for this equation.
For our purposes, uniform exponential stability will suffice, so we define this notion here. For the reader
interested in the analogous results for the delta case, see [3, 4].

Definition 6.1. The time varying v-regressive linear nabla dynamic equation
zV(t) = At)x(t), x(ty) = xo

is said to be uniformly exponentially stable if there exist constants v, A > 0 such that for any ¢y and x(t¢),
the corresponding solution satisfies

(@O < [lz(to)[lvé-x(t to),  t = to.

We make the blanket assumption that T is unbounded above. We associate with the state equation the
scalar function

lz@®I* = 2™ (£)x(t)

that acts as the system’s associated energy function. We want conditions on our system that guarantee that
l|z(t)|]*> — 0 as t — oo. We begin by noting that the energy function has time nabla derivative

(@D = (@@ (t)"
T (O (t) + 2" ()2 (1)
L) AT (t)a(t) + 2 (1)(T — v(t) AT () A(t)(2)
= 2T@)[AT (1) + A(t) — v(t) AT () AD)](1).

= =z
= =z
12

Thus, if the quadratic form we obtain from the derivative is negative definite, then we will have ||z(¢)||* — 0

as t — 00, as desired. From this discussion, we see that if we can establish the existence of a symmetric
matrix Q(t) € CL (T, R"*") such that

THQWM]T = 2T OQM(t) + 2T QT (D" (t) + Q1) (1))
aT(OIAT(OQ) + (I - v(t)AT(1))QY ()T — v(t)A(t))
+(I = v AT () QA (t)

is negative definite, then we get asymptotic decay. We shall need other versions of the derivative of the
quadratic functional given above, so we present them here. Note that

2 (DR ()Y (@ (HQ))Var (1) + 2" (1) Q)= (¢)
= 2T (AT Q"I — v() A1) + QY (1) — v(H) A1) + Q) A(®)]x(t),
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and also
ETORQW®]Y = T (0)QMx(t) + 2T ()(QY (H)2* () + Qt)a¥ (¢)

= i 2T () — 27° T LITP — Q°(t))z”
= y(t)( (t) (t)Q(t) (t)+y(t) ®(Qt) — Q°(t))x"(t)

+——=a™ (1)Q(t) (w(t) — ="(1))
0 Qt) — (I —v(t)AT(1)Q* () (I — v(t)A(t))
v(t)
Theorem 6.1 (Lyapunov Stability Criterion I). The time varying regressive nabla linear dynamic system
eV (t) = A()z(t), x(to) = o

is uniformly exponentially stable if there exists a symmetric matriz Q(t) € CL(T,R™*™) such that for all
teT

(i) nI <Q(t) <kl
(i) AT + (I

where 1, K,y > 0.

z(t).

J

v(t)AT()QV () (I — v(t)A(t)) + (I — v() AT (1)) Q1) A(t) < —I,

Proof. For any initial condition ¢y and x(tp) = x¢ with corresponding solution x(¢) of the state equation, we
see that for all ¢ > t, (ii) gives

Also, for all t > ¢, (i) implies

Thus,
[2" ()Q(1)z(t)]Y < —%xT(t)Q(f)fﬂ(f)
for all t > to. Since —1 € R}, we can employ Theorem 4.1 to obtain
2T ()Q()x(t) < 2" (to)Q(to)z(to)é—r x(t to), > to. (6.1)
By (i), nI < Q(¢) so that n||z(t)||* < 2T (t)Q(t)z(t), and thus an application of (6.1) yields

2(t)]? < %z%)@(t)x(t) < %xT(to>cz<to>x<to>é_,y/n<t,to>, £> to.

Now, x(to)Q(to)z(to) < K||x(to)||? implies
e OIP < ()P (b to)
which yields
eI < llzolly [ éapultsto), €2 0.
Since this is true for arbitrary ¢y and x(tp), uniform exponential stability is established. O

If we use the other two representations of the derivative given above, then we see the proofs of the following
two theorems are the same as the same as the previous one.

Theorem 6.2 (Lyapunov Stability Criterion IT). The time varying regressive nabla linear dynamic system
a¥ (t) = A(t)z(t), x(to) = w0

is uniformly exponentially stable if there exists a symmetric matriz Q(t) € CL(T,R™ ™) such that for all

teT

(i) nl < Q(t) < &I,
(i) AT()QP()I —v(H)A() + QY (I —v(H)A(t) + Q1) A() < —I,

where 1, K,y > 0.
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Theorem 6.3 (Lyapunov Stability Criterion III). The time varying regressive nabla linear dynamic system
oV (t) = At)x(t), x(to) = xo
is uniformly exponentially stable if there exists a symmetric matriz Q(t) € CL(T,R™ ™) such that for all
teT
(i) nI <Q(t) < kI,
(i) (Qt) — (I —v(t)AT(£)Q ()1 — v(t)A(t))) [v(t) < =71,

where 1, K,y > 0.

7. CONTROL AND STATE FEEDBACK

We desire an analogue of the feedback result obtained in [13] for the nabla dynamic equation. To do that,
we first need to discuss controllability. The reader can see [6, 13] for the control results concerning the delta
derivative, and [5, 14, 15, 17, 18] for the control and feedback theorems stated and proved for the special
cases T=Rand T = Z.

Definition 7.1. The v-regressive linear nabla dynamic state equation
zV () A@)z(t) + B(t)u(t),  z(ty) = zo,
y(t) = Ct)a(t) + D(H)u(t) (7.1)

is called controllable on [to,ts]r if given any initial state zo there exists a ld-continuous input signal u(t)
such that the corresponding solution of the system satisfies (t;) = xy.

Theorem 7.1. The v-regressive nabla linear state equation (7.1) is controllable on [to,ts]r if and only if
the n x n controllability Gramian matrix
¢

Gottorts) = | dalto,p(s))B(s)BT ()84 (ko p(s)) Vs

to
is invertible.

Proof. Suppose Qc(to,t ) is invertible. Then, given zy and z s, we can choose the input signal u(t) as
u(t) = =B ()dalto, p(1)G5" (to, 1) (@0 — dalto,tr)zs),  t€ (o ts],

and extend u(t) continuously for all other values of t. The corresponding solution of the system at ¢ = ¢

can be written as
t

w(t;) = $alty to)zo+ tf$A<tf,p<s>>B<s>u<s>Vs
= Palts, to)zo — t ' balts,p(s)B(s)BT (s)dk (tr, p(s))Ga  (tos tr) (o — dalto,ts)as)Vs,

= alty to)zo
—baltsto) / " b alto, p(5))B(s) BT (5)d (b0, p(s))V's G (tor 1) (w0 — dalto. b))

= Palty,to)zo — (dalts, to)ro — z)
= .’L‘f7
so that the state equation is controllable on [tg, ¢ s].
Conversely, suppose that the state equation is controllable, but for the sake of a contradiction, assume

the matrix Qc(to, ty) is not invertible. If Qc(to, ty) is not invertible, then there exists a vector z, # 0 such
that

0= oTGc(toty)an = [ aldalto. p(s) Bs) BT (5% ta.p(s))2 Vs (7.2)
2

But, the function in this expression is the nonnegative continuous function ||z ¢ (to, p(s))B(s)||2, and so it

follows that
wepalto,p(s)B(s) =0,  te€ (to,ty]. (7.3)
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However, the state equation is controllable on [t,tf]r, and so choosing zg = z, + ba (to,ty)xy, there exists
an input signal wu,(t) such that

zy = $alty to)zo + / "G alty. p(3))B(s)ua(s)Vs,

which is equivalent to the equation
ty R
Lo = — d)A (t()v p(s))B(S)UG(S)VS
to
Multiplying through by z1 and using (7.2) and (7.3) yields 21z, = 0, a contradiction. Thus, the matrix
Go(to, ty) is invertible. O
Before producing our feedback theorem, we need a couple of lemmas.

Lemma 7.1. The v-Hilger circle H,, s closed under the operation @, .

Proof. Let o € C be such that |a| > 1. Then a = 1_7“ € H, since 1_70‘ — ﬂ = |—%| > % Similarly, let
B € C be such that || > 1, so that b = # € H,. We set

ci=a®d,b=a+b—vab.
Now, ¢ € H, if there exists a v € C such that |y| > 1 with ¢ = 1777 We claim that the choice v = af will

suffice, from which the claim follows immediately. Indeed, with this choice of 7, we have that
1— 1-— 1-— 1l—al-—

y_l-o B - 54
v v v v v

and since |y| = |a| - |3] > 1, the claim follows. O

Lemma 7.2 (Stability Under Change of State Variables). The v-regressive nabla linear state equation
¥ (1) A(t)z(t) + B(t)u(t),  x(to) = o,
y(t) = C@)=(t),

is v-uniformly exponentially stable with rate (A + «)/(1 — via), where \,a > 0 and o € R}, if the linear
state equation

V(1) = [(1 = v(B)a)AW®) + allz(t),  =(to) = w0
is v-uniformly exponentially stable with rate \.
Proof. By direct calculation, x(t) satisfies
¥ (t) = A(t)z(t), x(to) = w0,
if and only if z(t) = é,(¢,to)x(t) satisfies
2V (t) = [(1 —v(t)a)A(t) + ad)z(t), z(to) = xo. (7.4)
Now assume there exists a 7 > 0 such that for any =y and ¢, the solution of (7.4) satisfies
2] < ve-x(t; to)llzoll, ¢ = to.
Then substituting for z(t) yields
[|€a(t, to)x(t)]] = a(t,to)l|x(t)|] < vé-x(t to)lzoll,
so that

@I < vé-re,alt,to)l|oll < Ve—(xta)/(1-v.a)(t:t0)l|20ll,
where we note that —(A + «)/(1 — v.a) € R} . O

We defined the controllability Gramian Go (¢, C(t)) earlier as

Goltor 1)) = / "6 altor p(5))B(5) BT ()84 (to, p(s)) Vs, (7.5)
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To obtain the feedback result, we need to use the following shifted version of this matrix. For o > 0 € R},
define the matrix

Ge. (to, 1)) = / ’ (€alto, )b a(to, p(3))B(5) BT (5) % (t0, p(5)) Vs. (7.6)

to

Theorem 7.2 (Gramian Exponential Stability Criterion). Let T be a time scale with bounded graininess.
For the v-regressive nabla linear state equation

V() = A@e(t) + Bult), a(to) = o,
y(t) = Clt)a),

suppose there exist positive constants €1,€es and a strictly increasing function C : T — T such that 0 <
C(t) —t <M < oo with

eI < Go(t,C(t)) < e, (7.7)
for all t. Then given a positively regressive constant o > 0, the state feedback gain
K(t) = =BT (t)(I —v(t) AT () "' (t,C(1)), (7.8)

is such that the resulting closed-loop state equation is uniformly exponentially stable with rate «.

log(1 — v(t
Proof. We first note that for NV = inf M
teT v(t)
Thus,

€™ log(1 — v(1)a)
exp (/t —1/(7) VT>

, we have —oo < N < 0 since T has bounded graininess.

éa(t,C(1))

c)
> exp NVt
t
_ NEwm-b
> eMN_ (since N <0).

Comparing the quadratic forms 27Ge, (¢,C(t))z and 2T G (t,C(t))x using their respective definitions (7.5)
and (7.6) gives

eMNGe(t,C(1)) < Ge, (1.C(1)) < Gel(t,C(1)),
for all ¢. Thus, (7.7) gives
e eMNT < G (t,C(t)) < eo] (7.9)
for all ¢, and so the existence of Gaj (t,C(t)) is immediate. Now, we show that the linear state equation
V() = [(1 = v(t)a)A(t) + al]z(t), (7.10)
where A(t) — B(t)BT (t)(I — I/(t)AT(t))*lgAgi (t,C(t)), is v-uniformly exponentially by Theorem 6.3 with the
choice
Q) = G (t.c(1)). (7.11)

Lemma 7.2 then yields the result. To apply the theorem, we first note that Q(¢) is symmetric and continuously
nabla differentiable. Thus, (7.9) gives

6—4]\/IN

1
—I1<Q(t) <
€9 €1

1

: (7.12)

for all ¢. Hence, it only remains to show that there exists v > 0 such that

Q(t) — (L = v() AT ($))Qp(t) (I — v(H)A(1))
v(t)

< .
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We begin with the second term, writing
(1= w011 = v(®)a)A®) + al]] QUo(t) [T = v(®)[(1 = v()a)A(t) + o]
= (1= v(H)a)? [ = v AT(1)] + G (1,CO)T — v AW~ v B(t)BT (1)
G5 (p(6),Co) |1 = v AW] + v BOBT (O - v() AT ()] 651t C(1)]
We pause to establish an important identity. Notice that

I = v(t)AD)]Ge, (t.C(ENT — v(t) AT (1)]
1

= Wéca (p(t),C(t)) — v(t)B(t) B (). (7.13)
This leads to
T+ v(O)[I —v(t)A®)] " BB (1)1 — v(t) AT ()] 'G5 (1. (1)
1 s X
= WU —v(t) A1) Go, (p(t), CO)T — v(t) AT (1))~
G (t,C(1)), (7.14)

which in turn yields
I+ u(t)Gol (t,CO)I = v()A®)] T BB (I - v(t) AT (1)

— o aagagiSel . CONT ~ OAD] e (o) C(0)

I —v(t) AT (#)] 1. (7.15)

The second term can now be rewritten as

<1—u<t>a>2 ([T = v AT )] + G5 (NI — v AW] v BB ()]

& (o), Co) ([T = v AW)] + v BOBT () - v AT (0] G5! (1.c))]
= (1= (t)a)? [I+GC (1,CO) = v AD] v BOBT () — () AT(1)] ']
7 - v(t)A ()} <<>c<p< DI = () A()]
I+11 (BB (O - v()AT (]G5t Cw)] .
Using (7.14) and (7.15), we can now write
(7= w11 = v®)A) + al]T] QUo(t) [T = v = v()a)A(®) + aT]]
— (1-v(ha) 6% (LCO)T = v AB) " Ge, (p(6),C0)GG (p(1),Clp(1))
Ge, (p(t), CNIT = v AT ()] 7G5! (t.C(1)). (7.16)

On the other hand, from the definition of G, (t,C(t)), we have
Ge. (p(1), C(p(t))) < o, (p(1), C(1)),

which in turn implies
Gol(p(1): C(p(1))) 2 G5 X (p(1),C (1))
Combining this with (7.16) gives
(1= w11 = v®))AT (1) + o] QUo(8) [T = v(®)[(1 = v(t)a)A(t) + aT]]
> (1= w(t)a) GG (t,C(0) [ [T = v()A] ™ Ge (p(t), CNIT — w(t) AT (1)]
gAC,, (ta C(t))
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Applying (7.13) again yields

> (1-v(t)a) G5t C(t))
{(1 —v(t)a)* G, (t,C(1) + v(t)(1 — v(t)a)* [T — v() A(t)] " B(t) B (t)[T — v(t) AT (1)]
e, (t,C(1))

Thus,

1.

1= -v(t))?
v(t)(1 —v(t)a)2e
Now, the quantity (1 — (1 — v(t)a)?)/(v(t)(1 — v(t)a)?es) is certainly not constant, but it can be bounded
by a quantity that is (here vy = Vi ):
1-(1-v()w)?  20—wv(t)o? 200 — v,a?
v(t)(1 —v(t)a)2ea (1 —v(t)a)2es — (1 — vea)2es”

Thus, if we set v = (120‘11% then

Q) — [1 = v(®)](1 = @) AT (1) + ]| Q(p(t)) |1 = v(H[(L = v()a) A1) + o]
Z0)

< 1.
O

At this point, it is worth discussing possible choices for the function C(¢) which we term the compactifi-
cation operator. If T is purely discrete (i.e. has no points with v(¢) = 0), then one possible choice for C(t)
is C(t) = o*(t) for some k € N. For T = R, it is well known that the choice C(t) = t + J, for some § > 0 will
suffice. If T = P, (a disjoint union of closed intervals of length a and gaps between intervals of length b),
then the choice C(t) = t+a+b is a possibility. These examples show that the choice of the compactification
operator can vary widely with the time scale involved, and so this is why we cast the theorem in terms of a
general operator.
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