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This paper discusses the controllability condition for linear stochastic
fractional systems. The definition of fractional stochastic controllability is given. The
a-controllability matrix has been presented to derive the required theorems for necessary
and sufficient conditions of complete and approximate fractional stochastic controllability.
The equivalency of fractional stochastic controllability to fractional controllability is also
investigated. An example has been given to examine the effectiveness of the theory.
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1. Introduction

Fractional calculus is dealing with integration and
derivation of non-integer order [1,2]. It has been
used increasingly in variety of fields of sciences and
engineering [3-8]. The history of fractional calculus
returns back to 18th century in the very basic works
of Euler and Lagrange and also systematic studies of
Liouville, Riemann and Holmgren in the 19th century.
Nowadays this tool is used to model so many systems
in variety of fields, such as viscoelastic structures [9],
vibrations and suspensions [10], fractional conservation
of mass [11] and diffusion wave [12].

On the other hand, the concept of controllability
has the key role in control theory. This concept has
been fully investigated in deterministic systems [13,14]
as well as stochastic systems [15-18]. In the mentioned
works for linear and non-linear systems, necessary
and sufficient conditions have been presented for some
types of controllability. For fractional systems this
situation is not satisfactory at all. There are a few

*. Corresponding author. Tel.: +98 21 66165586;
Fax: +98 21 66000021
E-mail addresses: hsadeghian@mech.sharif.edu (H.
Sadeghian); salarieh@sharif.edu (H. Salarieh);
aalasti@sharif.edu (A. Alasty); meghdari@sharif.edu (A.
Meghdari)

numbers of contributions in the deterministic case.
Some results on controllability of fractional systems
and the rank condition for these systems are discussed
n [19], while the controllability and observability of
linear discrete-time fractional-order systems are also
studied elsewhere [20]. In [21], the robust controlla-
bility for interval fractional order linear time invariant
systems has been investigated, whereas [22] shows the
controllability condition for some classes of linear and
nonlinear fractional systems.

There is no significant works in the literature
concerning the controllability condition in stochastic
fractional systems. In the present paper, for the
first time, a systematic investigation on complete
and approximate controllability of linear stochastic
fractional systems is presented as a generalization
for deterministic case. First, some notations and
definitions have been generalized from stochastic non-
fractional systems via Mittag-Leffler matrix functions
and then the concepts of complete and approximate
controllability have been introduced. We then present
some theorems for necessary and sufficient conditions
in linear stochastic fractional systems. The mentioned
conditions then have been adapted to the results in
deterministic systems derived by [19] and [22] to find
the rank condition. An example is then presented to
illustrate the effectiveness of these theorems.
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2. Preliminaries

2.1. Notations
In this paper, the following notations have been used:

e (Q,F, P):= The probability space with probability
measure P on

e {F, : 0 <t < Th= The filtration generated by
{w(s) :0< s<t}and F = Fy;

o Ly(Q Fpr,R"):= The Hilbert space of all F-
measurable square integrable variables with values
in R™;

e LL(]0,T],R™):= The Hilbert space of all square
integrable and Fj-measurable process with values in
R™;

e C([0,T),L2(Q, F,P,X)):= The Banach space of
continuous maps from [0,7] into Lo($), F, P, X)
satisfying the condition sup E||z(t)||*> < oo;

te[0,T]

e X, := The Banach space with norm topology given
by ||z||? = sup El|lz(#)]]> < oo which is a closed

te(o,s]

subspace of C ([0,T],L2(Q, F, P, X)) consisting of
measurable and Fj-adapted processes x(t);

e U,:= The Banach space with norm topology given
by ||[u||? = sup El|u(t)||> < oo which is a closed

0,s

subspace of C ([0,T],L2(Q, F, P, X)) consisting of
measurable and Fi-adapted processes u(t);

e L(X,Y):=Thespace of all linear bounded operators
from a Banach space X to a Banach space Y.

2.2. Fractional stochastic definitions
We consider the following class of linear fractional
stochastic system in the interval [0, T:

§Dea(t) = Ax(t) + Bu(t) + 0z(t); 2(0) =z, (1)

where A € L(R",R"), B € L(R™,R"), © € L(R?, R")
and z(t) is an n-dimensional Gaussian white noise.
§ D¢ is the Caputo derivative of fractional order defined
as below:

1 t ()
T(n—a) fto (t_T)ﬂ(H_n dr n—1l<a<n

CDRf(t) =

D™ f(t) a=n (2

One may rewrite the n-dimensional Gaussian white
noise z(t) as:

()= "7, (3)

where w(t) is an n-dimensional Wiener process i.e. its
mean value is zero; E[w(t)] = 0. Thus Eq. (1) is

rewritten in fractional-Ito integral form as:

x&):xo+i%gil(t—sﬁfuﬂx@)+3u@»ds
1 t *~LOdw(s
+ﬁaﬂu—@ Oduw(s). (4)

The solution of the above system can be written as [1]:

x(t) =Eq1(AtY)zo + /0 (t—3)* 1 E, o (At — 5)%)

Bu(s)ds + /0 (t—5)* 'Ena (At —5)%)

Odw(s), (5)

where the Mittag-LefHler function with two parameters
is defined as [1]:

00 3
Zk

Eop(z) = Z Tha+ 3)° (6)

k=0
2.3. Operators and sets definitions
The definitions here are appropriate extension of clas-
sical stochastic systems presented in [15]. Thus the
following operators and sets are introduced.

e The operator LI € L(LY([0,T], R™), L2(9, Fr,
R™)) is defined by:

T
%ﬁ:A(T—g%%%AA@—Q%Bmmﬁ)

e The operator (°LI)* : Ly(Q, Fr,R™) — LI([0,T],
R™) as adjoint to operator LY is defined by:

(Lg)'y = B E, o (AT = 1)%) Ely|F], (8)
where * is the transpose operator.

e The a-controllability operator “ITIY € L(Lo(Q, Fr,
R™), Ly(Q, Fr, R™)) is defined by:

iy = | (T = 7 B (AT - 1)

BB'E,, (AT - t)°) Ely|Fildt.  (9)
e The a-controllability matrix “I'T € L(R™R"™) is
defined by:

rt = [y B (A - )

BB*E. , (A(T —t)*)dt. (10)
e The set of all states attainable from z¢ in time ¢t > 0
can be defined as:
Ri(xo) = {x(t; xo,u) s w(.) € Lo(Q, Fpr, R™)},(11)
where x(t;zo,u) is the solution of Eq. (4) corre-
sponding to g € R™ and u(.) € La(Q, Fr, R™).
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3. Fractional stochastic controllability

Definition 1. The stochastic system represented in
Eq. (4) is approximately controllable on [0, T7 if:

Re(zo) = La(2, Fr, R™)  Vao, (12)
that is given an arbitrary ¢ > 0. It is possible to move

from any point zy to within a distance ¢ of every point
in the state space Ly(Q, Fr,R™) at time T.

Definition 2. The stochastic system represented in
Eq. (4) is completely controllable on [0, T7] if:

%T(.%'o) = LQ(Q,FT,Rn) V.%'O. (13)

It means that all points in the state space Lo(Q, Fr,
R™) can be reached from any point zy at time 7.

Lemma 1. For every y € Lo(Q, Fr,R™) there exists a
process ¢ € LL ([O,T]7 L(R*,R™)) such that:

T
y=El+ [ es)du(s). (14)
0
Proof. The proof can be found in [23].H

Lemma 2. For every y € Lo(Q2, Fp,R™) there exists a
process o € Lg ([O7T]7 L(RY, ]R{n)) such that:

T
My =TTER+ [ “T] p(du().  (19)
0
Proof. The proof can be found in [23].0

Theorem 1. For arbitrary h € Lo(Q, Fp,R™) the
control:

u? =B B, o (AT —)*) (81 +°Tg) ™"

(E[h] = Ea 1 (AT%)x0) = B'E, o (A(T = 1)%)

/0 (B + °TT)"Y (T — 8)* " B (AT — 8)°)

O — ¢(s)ldw(s), (16)
transfers the system of Eq. (4) from xq to:

#7(T) =h — B(BI + °T§) ™" (E[h] = Ea 1 (AT*)xo)

T
L8 / (BI +°TT)y (T — 5)*~ B2,
0

(A(T = 5)")© — @(s)ldw(s), (17)

at time T where ¢ € LE ([0,T], L(RY, R™)), and selects
in a way that Eq. (14) be satisfied for h.

Proof. By substituting Eq. (16) in Eq. (5), one can
write:

2P (t) =Fq 1 (At*)zg + /Ot(t —8)* Eaa (At — 5)%)
BB'E;, , (A(T - 5)*) (BI +°Tg)~*(E[h]-
Eo 1 (AT*)z0)ds — /Ot(t —8)" "Eqpn
(A(t —5)*) BB'E,, , (A(T - 5)%)
[ oty -
(AT =7)*) © = p(r)]dw(r)ds

+ /0 (t—8)* 1B, o (At — 5)%) Oduw(s)

=E,1(AT*)zo + /t(t - s)"“1
Eoo(A(t—5)") BB E, , (A(T - 5)%)

(BI+°TE) M (ER] = Ea1(AT*)z0)ds

_/Ot /Tt(t_s)alEa,a (A(t = 5)%)

BB E; , (AT —s)*) (B +°T;)~"
(T =) Ey o (AT = 1)*) © — (r)]
dsdw(r) + /0 (t—3)* 1E, o (A(t — 5)%)
Odw(s). (18)
Evaluating at time ¢ = T, one may readily find that:
T
2P (T) =E, 1 (AT™)x +/ (T —5)* 'Eqa
0
(A(T = 5)*)BB"E, ,(A(T - 5)%)
(BI +°T¢) " (E[R] = Ea,1(AT*)a0)ds
T T
- /O / (T — 5)* ' By o (AT — 5))

BBE, o(A(T = s)*)(BI +°T7)~!

(T = r)* B o (AT = 7)™)0 — o(r)]
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T
dsdw(r) + / (T = 5)* " Eq,o(A(T — 5)*)
0
Odw(s) = En 1 (AT)xo + T3 (BT + T~
T
(Elh] = Eua(AT)z0) = [ “T¥ (o1 +°T])
(T — )" B L (AT = r)*)0 — o(r)]dw(r)
T
+/ (T — s)"‘_lEa7a(A(T — 8)%)Odw(s)
0

= Eo 1 (AT*)zo + (BI + °T)(BI +°T¢)~*

(E[h] = Ea1(AT)x0) = B(BI +°Tg) ™!

T
(E[H] = Ea(AT*)a0) /0 (B +°T7)

(BI +°T7) (T = 1) B o (AT = 1)%)

T
0 — o(r)du(r) + 8 / (BI +°TT)!

(T = r)* 7 B o (A(T = 1)")© — (r)]dw(r)

T
+/ (T = )2~ By o (AT — 5)*)Od(s)
0
T
= BN + / o(r)duw(r) — BAT +°TF) !

T
(E[h] — o1 (AT*)20) + 8 / (BI +°TT)

(T = r)* 7 E L (AT = 1)")© = o(r)]dw(r),
(19)

which via Lemma 1, it results in Eq. (17).1

Theorem 2. The system in Eq. (4) is completely
controllable if and only if there exists v > 0 which
T > AT for every s € [0,T); i.e. T is positive-
definite for every s € [0, T).

Proof. First we will show that if there exists v > 0
which TT > ~T for every s € [0,T], the fractional
stochastic system is completely controllable. One may
write for arbitrary positive 8 and for every s € [0,T7]
that:

0<BBI+°TH ™ < I (20)

_B_
B+
One may find that:

. _ . 3
1 T+°TT)~! < lim-—-—T=0. 21
Jim 5(5 s) < lima (21)

which results in:
[]ijn})ﬁ(ﬁl +o1hY=t = 0. (22)
Thus considering Theorem 1, the following is obtained:

i G —
ghi%x (T = h. (23)

Oun the other hand, according to definition of Eq. (10),
oT'T" is positive semi definite. If matrix “T'Y" is not
positive definite, there should be a non-zero y such
that:

y*°I'ly =0, (24)

S

that is:
T
| v @ -0 B - o)

BB*E, (AT —t)*)ydt = 0, (25)
thus:
YV Euo(AT-t)*)B=0, 0<t<T. (26)
Now assume that the initial condition is:
1o = Eqo 1 (At*) 1y, (27)

By assumption, there exists an input u such that it
moves o to any point. Here we choose:

T = /0 (t—8)* 1 E, o (A(t — 5)*)Odw(s), (28)

thus:

T = /0 (t—8)* 1 E, o(A(t — 5)*)Odw(s)
= Eu1(AtY)zo + /0 (t —3)* " Eq oAt —5))
Bu(s)ds + / (t = 8)* ' By o (At — 5)*)Odw(s)
0
=y+ /0 (t—3)* 1B, o(A(t — 5)*)Bu(s)ds

t
+ / (t—8)* 1 E,o(A(t — 8)*)Odw(s), (29)
0
which can be rewritten as:

0=y+ /0 (t—3)* 'E, o(A(t — 5)*)Bu(s)ds. (30)
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Multiplying both sides of Eq. (30) by y*, one may find:

0=9y"y+ / y*(t — s)“ilana(A(t — 5)%)Bu(s)ds.
0 (31)

The second term is zero based on Eq. (26) and thus
y*y = 0. This is a contradiction to y # 0. Thus “T'7 is
positive definite.l

Theorem 3. The system in Eq. (4) is approzimate
controllable by the controller of Eq. (16), if and only if
°TT > 0 for every s € [0,T].

Proof. The proof is the same as [15,16] and follows
the same pattern in Theorem 2 of this paper.l
Let us now define the fractional deterministic
version of Eq. (1) as:
o Dia(t)

= Ax(t) + Bu(t); x(0) = xo. (32)

The solution of Eq. (32) can be found as:

t
xu)::EaJ(Afwam+i/‘ra—¥Eaﬂ<Afa>Bu<t—r>dr
0

= E,1(AtY)zo + /0 (t— T)”‘flEma(A(t —T7)%)

Bu(r)dr. (33)

The deterministic version can also be derived by apply-
ing the expectation to Eq. (5). To this end first, let us
find the Caputo fractional derivatives of an expectation
of a state as:

Tw)p(w)dw)

1 ¢ A I
C nao _ drn
DN ERO) = frmy | — e

0

/ f_n . ﬂw)p(w)dwd

L[ s

+o0 (r.)
/ /U L(n—a)(t — 7)oti- S drp(w)dw

=/1 € D2 ((t,w)) p(w)do

(r,w)p(w)
T(n —a)(t —7)otl-n

dwdT

= E[CD; (x(1))]. (34)

The formula for expectation of state can be found
n [23]. Thus, by applying the expectation on Eq. (1),

the deterministic version of stochastic fractional differ-
ential equation is obtained as:

E[§ Dfa(t)] = § Df E[x(t)] = AE[x(t)] + BE[u(t)];

E[z(0)] = Elzo]. (35)
Theorem 4. The fractional deterministic system
in Eq. (32) is controllable if and only if the a-
controllability matriz °TT € L(R™,R™) defined in
Eq. (10) is positive definite; i.e. there exist v > 0
which °TT > ~I.

Proof. The proof has been presented in [22].H

Theorem 5. The following conditions are equivalent:

(a) The a-controllability matrix °T'T ¢ L(R™ R")
defined in Eq. (10) is positive definite for every
s € [0,T];

(b) Foreveryy € Lo(Q, Fr,R
E(*TITy,y) > Iyl

(¢) The fractional deterministic system (32) is control-
lable on every [s,T], 0 < s < T}

(d) The fractional stochastic system (4) is completely
controllable;

"), thereis ay > 0 where

(e) The fractional deterministic system (32) is control-
lable on every [0,7], 0 <r < T}

(f) The matrix [B|AB|A%B|...| A" ! B] has rank equal
to n.

Proof. (a) < (b) is presented in the following equa-
tion using Lemma 2:

E{(“Ily,y) =E<°T5TE[y]

[ i)

= E(°TTE[y),y)
T
+E<A %&5m>mw$w>
=TTE(y,y) = °TT||y||*. (36)

a) < (c) is according to Theorem 4.

a) < (d) is according to Theorem 2.

c) & (e); one may rewrite a-controllability matrix
'’ € L(R™,R") defined in Eq. (10) via changing
variable of 7 = ¢ — s and defining r =7 — s as:

/T(T—T)O‘_lEa,a(A(T—T)“)BB*EZ;,Q(A(T—T)"‘)dﬂ
0 (37)

NN N

Q

then using Theorem 4, the objective is achieved.
(e) & (f) is according to [19].1
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4. Example

Consider the fractional harmonic oscillator equa-
tion [22,24]:

6 Di*p(t) = —o(t) + u(t). (38)

The stochastic version of above equation can be defined
as:

§DIMp(t) = —(t) + u(t) + 2(t). (39)

To drive the controllability condition of the above
system one may use the following auxiliary variables:

wi(t) = P(t); wa(t) = §Di(t), (40)
to obtain:

6 Difx1(t) = (1),

§Dras(t) = (D2 (1) = =1 (1) +u(t) + 2(2). (41)

Thus, the above equation, has now the matrix form as
presented in Eq. (4) with:

Az{_ol (1)} B:H’ @:m. (42)

The corresponding two parameter Mittag-Leffler of the
above system is given by [22]:

Ni(T' —t) No(T —1t)

EnalAT-00 =[G 10 NE1) @

where:
X (=1 (T — )2k
M= (l“zm(m—i-o)c)
No(T —t) = . (=1)H(T — )kt

— D(2k+Data)’
0 (_1)1c+1(T _ t)(21c+1)o<

No(T =) = ;} T((2k + Do + a)

N A

N(T =) = ; T(2ka +a)

(44)

so the a-controllability matrix °T'T € L(R"™,R"™) can
be found as:

orT = /T(T — 1) Eao(A(T — 1))
T
BB'E}, (AT —t)*)dt :/ (T =)

N3(T—t)
{Nl(T—t)Nz(T—t)

which is positive definite for every s € [0,T], for every
T and for every 0 < a < 1. To this end, one may
rewrite Eq. (45) as:

T—s
/ t* ' B, o(At*)BB*E},  (At")dt
0

_ Ttaq N3 (t) Ni(t)Na(t)
o /0 [Nl(t)Nz(t) 2

The above matrix is positive-definite for every r. Thus
via Theorem 2, the stochastic fractional system is
completely controllable. One may also use Theorem 5
to find the controllability condition via rank condition.
Thus:

rank[B|AB] = rank [(1) _01] —2, (47)

which again shows the stochastic fractional system is
completely controllable.

5. Conclusion

In this paper, the problem of complete and approxi-
mate controllability in linear fractional stochastic sys-
tems has been investigated via some theorems. The
necessary and sufficient conditions have been investi-
gated for these systems and the equivalency to linear
fractional system controllability conditions has been
provided. An example shows the effectiveness of this
theory.
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