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Stability analysis of Hilfer fractional differential systems
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Abstract. In this paper, we present some remarks on the stability of fractional order
systems with the Hilfer derivative. Using the Laplace transform, some sufficient conditions
on the stability and asymptotic stability of autonomous and non-autonomous fractional
differential systems are given. The results are obtained via the properties of Mittag-Leffler
functions and the non-standard Gronwall inequality.
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1. Introduction

In the last decades, the theory of the fractional calculus and fractional differential
systems have received a lot of attention due to their potential applications in science
and engineering [20, 16, 8, 10, 4, 5, 19]. There are several definitions of fractional
integrals and derivatives in the literature, but the most popular definitions are in
the sense of the Riemann-Liouville and Caputo.

The stability results of fractional differential systems have been the main goal
in contributions. In 1996, Matignon studied for the first time the stability of au-
tonomous linear fractional differential systems with the Caputo derivative from the
control point of view [18]. Later, other research on the stability of fractional-order
systems were presented. For example, Qian et al. [22] studied the stability theorems
for fractional differential systems with the Riemann-Liouville derivative. In [11], au-
thors derived the same results to [18] for the different case of order of the fractional
derivative. Moreover, Deng et al. [7] studied the stability of n-dimensional linear
fractional differential equations with time delays. The stability of distributed order
fractional differential systems with respect to the nonnegative density function have
also been studied [25, 24, 2, 3].

Recently, Hilfer has introduced a generalized form of the Riemann-Liouville frac-
tional derivative [14]. In short, Hilfer fractional derivative o+ D& (t) is an inter-
polation between the Riemann-Liouville and Caputo fractional derivatives with ap-
plications in fractional evolutions equations [15], and physical problems [29]. Also,
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other researchers demonstrated new results for this type of a fractional derivative
[12, 13, 27, 28, 17, 1].

In this paper, we intend to study the stability of linear autonomous and non-
autonomous Hilfer fractional differential systems (commensurate and in commensu-
rate) by using the properties of Mittag-Leffler functions. We used the non-standard
Gronwall inequality, the Laplace transform and the final-value theorem to state our
results in stability analysis of this type of fractional differential systems. The rest of
the paper is organized as follows. In Section 2, we recall some necessary definitions
and lemmas. Stability analysis for autonomous linear fractional differential systems
with the Hilfer derivative is presented in Section 3. In Section 4, we investigate
stability analysis for non-autonomous linear Hilfer fractional differential systems.
Finally, the main conclusions are drawn in Section 5.

2. Preliminaries

In this section, we briefly mention some important notations, definitions and lemmas,
which we use later.

Definition 1. The Riemann-Liouville fractional integral of order o for an absolutely
integrable function f(t) is given by [20]

(o+ 17 f) (¥) = F(la) /O (t_fS’T))la dr, t>0,a>0, (1)

where T is the gamma function and o+ I f(t) = f(t).

Definition 2. The Riemann-Liouville fractional derivative of order 0 < a < 1 for
an absolutely integrable function f(t) is defined by [20]

(o+ Dy f)(t) = ﬁ%/o (f(—ﬂadfz (%) (o+I}7f)(t), t>0. (2)

t—1)

Definition 3. The Caputo fractional derivative of order 0 < a < 1 for the function
f(t) whose first derivative is absolutely integrable is defined by [20]

(S.Dgf) () = F(ll—a) /O (tfi(z))“ dr = <0+ft1‘“%> t), t>0. (3)

Definition 4. The Hilfer fractional derivative of order a and type 3 for an absolutely
integrable function f(t) is defined by [14]

o —a) d — —a
(0227 1) 0 = (o1 5010700 @, 0<a<loil (@)
Lemma 1. The following fractional derivative formula holds [26]

I'(1+%)
'l+~v -«

where 0 < a <1 and 0 <[ <1.

0+D?‘75(t7) = (t’Yia)v t> 077 > _17 (5)
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From Lemma 1, we easily have the following lemma.

Lemma 2. By integrating relation (5), we obtain [1]

t
I‘(1+7) _
DB dt = H=etry >0 ~1 6
‘/00+ t ( ) F(l—oa+”y—|—1)( )7 > 7’7> ) ()

where 0 < a <1 and 0 <3 <1.

Remark 1. The Caputo derivative represents a type of regularization in the time
domain (origin) for the Riemann-Liouville derivative.

Remark 2. The Hilfer fractional derivative interpolates between the Riemann-
Liouwille fractional derivative and the Caputo fractional derivative.

(i) When 8 =0, 0 < o < 1, the Hilfer fractional derivative corresponds to the

classical Riemann-Liouville fractional derivative

I f(t) = 00 DY £ (1),

0+D?’Of(t) =7

(ii) When 8 =1, 0 < a < 1, the Hilfer fractional derivative corresponds to the
classical Caputo fractional derivative

o D) = o I (1) = . D7 7 (0)

Remark 3. Let 0 < a<1,0< B <1, f(t) € L0,b],0 <t <b < +o0,
(1) (1-F)-1
(I=a)(1-5))

The Laplace transform of the Hilfer derivative is given by [14]

€ AC0,0].

1) * -

£{o: D0 r} =L} = (e i) 00, (@)

where (1-8)(1-a) (1-8)(1-a)
1-8)(1—« +\ 7 1-8)(1—«
(o+ 11 £) (%) = lim (o1 1)@ (®)

It is clear that the initial conditions that must be considered as the fractional
integral of order (1 — 8)(1 — ), (O+It(175)(17a) f)(™).

Definition 5. The Mittag-Leffler function with parameter « is given by [16]

ok

I'(ak+1)

NE

E,(2) = R(a) > 0,2z € C. (9)

>
Il

0

It is obvious that E,(z) = €* for a = 1.
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Definition 6. A generalization of the Mittag-Leffler function with two parameters
a and B is given by [16]

& k

Fup(z) = kg m, R(a) > 0,R(3) > 0,z € C. (10)

By means of the series representation, a generalization of (9) and (10) was in-
troduced by Prabhakar [21] as

Z klr Oék ¥ ﬂ éR(CY) > Oam(ﬁ) > 0,’7 >0,z € (C7 (11)

where

Ly +k) _
¢ (7)o =1,v#0.

One of the widely used relations in this paper are the Laplace transforms of
the matrix Mittag-Leffler function. The following lemma allows us to find such
transforms.

Me=9(y+1)...(vy+k—-1)=

Lemma 3. Let o > 0, 8 > 0 be two arbitrary real numbers, A an arbitrary square
matriz of dimension n, and I — As™ an invertible matriz. Then the following

relation holds [6]
L{t" Eap(At®)} = s~ (I = As™*) ™", R(s) > [|A] Y/, (12)
where I is the identity matriz of dimension n and ||.||denotes the la-norm.
The Mittag-Leffler function has the following asymptotic expression.

Lemma 4. Let 0 < a < 2, 8 > 0 be an arbitrary real number, 8 — ak is not a
negative integer for k = 1,2,.... Then the following asymptotic expansions hold [16]

1

P
1 1
(1-8)/a L R b 1
’ P = T(B - ak) 2+ i O(Izlp“)’ )

1
Eop(z) = .

as |z| — oo, |arg(z)| < & and

zp: ! +O(L) (14)
INE] —ak |z|Pt

=1
as |z| — oo, |arg(z)| > 4.
Remark 4. In Lemma 4, the function O(Izl%) has the following form

oo

Z ||k+p+1, ag # 0,ar € R.
k=0

Thus, the series can be differentiated (integrated) term by term.
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Remark 5. In Lemma 4, for the case o = 8 we have [22]

1 z 1 1 1
Foo(z) = =210 a ey _ E - = _- 15
al(2) az exp(z/) 2 T(a — ak) 28 (|Z|p+1 )s (15)
as |z| — oo, |arg(z)| < & and
z 1 1 1
Eaa(z) ==Y ———— +O0(——7), 16
l2) — T'(a— ak) 2 + (|z|p+l) (16)

when |z| — oo, |arg(z)| > .

Lemma 5 (Non-standard Gronwall Inequality, [23]). Suppose that g(t) and u(t) are
continuous functions on the interval [to,t] such that g(t) > 0. Also, A>0 andr >0
are two constants and

u(t) < A +/t [g(T)u(T) + r]dr.
Then .
u(t) < A+ r(t — to))exp(/ g(P)dr), to<t<t. (17)

to

3. Stability analysis of linear autonomous Hilfer fractional dif-
ferential systems

In this section, we discuss the stability of the following linear autonomous Hilfer
fractional differential system

0+ DPa(t)y = Aa(t), t>0,0<8<1,

(18)
0+Ig_7$(0+) = X,

where x € R, A € R™" is a matrix, 2o = (210,220, - - Zn0) s ¥ = (V1,725 - - - Vn),
1=(1,1,...,1) and @ = 1,9, ...,a,] such that 0 < a; < 1, v; = a; + 8 — i 5,
fori=1,2,...,n.

Remark 6. Ifa = a1 = ag = -+ = au,, system (18) is called a commensurate order
system; otherwise, system (18) is an in commensurate order system.

Definition 7. Linear Hilfer fractional differential system (18) is said to be

(i) stable if for any initial value xq, there exists an € > 0 such that ||x(t)|| < € for
all t >0,

(i) asymptotically stable if at first it is stable and ||x(t)|| — 0 as t — oo.

In what follows, first we prove stability theorems for commensurate order sys-
tems, then we give conditions for their asymptotic stability.
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Theorem 1. The solution of linear commensurate order system (18) is given by
z(t) = 20t ' Ea o (AtY), y=a+B—af. (19)
Proof. Using formula (7) and taking the Laplace transform of (18), we have
s¥X (s) — 5P Vg = 4 X ().
Thus

X(s) =m0 shle) (Is* — A)~ ' =g gBla—1)—a (I —As™)~!

=205 7 (I — As™)7 L, (20)

At this point, by applying the inverse of the Laplace transform on both sides of
the above relation and using relation (12), we obtain the claimed result. O

Next, we discuss the asymptotic stability of system (18) when A has non-zero
eigenvalues.

Theorem 2. If all eigenvalues of A satisfy
arm
larg(A(A)] > =~ (21)
then fractional differential system (18) is asymptotically stable.

Proof. According to the above theorem, we can state that the solution of (18) is
described by (19). For A, there exists an invertible matrix P such that P~1AP = J,
where J is the Jordan canonical form of the matrix A with eigenvalues on the
diagonal. For this decomposition, we consider two cases as follows.

Case 1. For J = diag(A1, A2, ..., A\n), we have

Eo~(At*) = P [Eo~(JtY)] P! = P [diag(Es(MtY), ..., Eqy(At®))] P71,
where Eq ,(\;t®) is given as (according to (14))

p
1 1

E )\ta = O — 0 t— 1 <3 <n.

;I‘ —ak )\ta)k-i- (|)\ifo‘|p+l) , as +00,1<i<n

Hence

i [y (J69)] = T [[diag(Ba,(Mt®), ., Bay Ont®)] =0,

and

lim ||z(¢)|| = lim |20t Eq (AtY)]|

t——+oo

= lim ||Plzot” " Eq(Jt)] P~ =0.

t—+o0
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Case 2. We consider J = diag(Jy, Ja, ..., Js), where J;, 1 <i < s has the following
form

and Y 7_, n; = n. In this case, we have

N N = diag(JE, Jk, ... JEyek
Fary (A1) = P[Eo (7)) pt = p[ 3 D00 Ty o o S o

— I'(ak +7)
=P [diag(Ea,v(Jlta)a Ea,’Y(J2ta)u ceey Ea,’Y(Jsta))] P_17

where the matrix Eaﬁ(Jito‘), 1 <i <s, can be written as

Ea-,'v (Jita)
— Mni— k—ni
PYErD L oD W
k
_kzofak—i-’y kzofak-l-’y .
e P
0 0 Ak
“) k— ni—1lyk—m;+1
Zk 0 F(ak+'y Ak Zk 0 I'( ak+'y) CkA ' Zk =0T ock+'y)c )\ "
0 . Y
Zk 0 T(ak+7)
a\k k—1
Zk 0 I( OckJr’y) Cl)\
ta k
0 0 ZMMW)A;C
nifl
Ea(Ait®) 155 By (Nit®) ... ﬁ (a,\i) Eon(Nit®)
B 0 Eq ~(Nit®)
1 3 By (Ait®)

0 . 0 B (Nit®)
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and coefficients Ci, 1 <j <n;l1<i<s, the binomial coefficients such that

! .
= (F) = [ rzish.

J 0, otherwise

The non-zero elements of E, . (J;t*) can be described uniformly as

{8 o)

If |arg(A;)| > an/2 and ¢ — 400, then from Lemma 5 we have

j=12,...,n;,1 <7< s.

A=

14
1 1
E, (M\t%) = E 0] ,
’Y P 1-\ _ ak )\ toz)k + (|/\it°‘|p+1)

which implies |Eq ~(A\it®)| = 0 as t — +o0, and
1 o\’
— Ey (At
1 9 j—1 p 1 1 1
IV <5_/\1) {_ Z I'(y — ak) (Nit>)k * O(|/\ita|p+1)

Z YU k+j—-2)...(k+ 1)k 1 Lo 1 )
Pt (= DT (y — ak) Aot =1 ak [P [per Pt
z”: (=1 Yk +5—2)! 1 Lo 1 )
= (j = DIk = I (y — ak) A7~ ok AP Jpap

which leads to

—0, 1<j5<n;ast— +oo.

It
I y—1 «a _
Jim o) = lim_[aot™ o (48%)] =0,
for any non-zero initial value zy. The proof is complete. O

Remark 7. If A has an eigenvalue \g such that |arg(Xo)| < an/2, then system (18)
s unstable.

Proof. First, we suppose A is similar to a diagonal matrix. According to (13), we
have

p
(1—7)/a 1 1
Enr(Mot®) = —/\ =" § 0
A(%0t?) exp(A — T(y —ak AEgock * (|A0ta|”“)

— +o00 as t = +00,
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and lim [z(t)]| = lim [aot? ! Eq(AtY)]| = +oo.
t—~4o00 t—~4o00 ’

Next, we consider the case when A is similar to a Jordan form (see the proof of
Theorem 2). From the asymptotic expansion (13), we have

1 o\ N

() B0
1 0 i1 1. a=—v/a 4 1a
:m{(a—%) (@8

u 1 1
O
er —ak )\kto‘k+ (l)\ota|p+1)>}
1
j—1

{(1—7)(1—W—G)...(l—v—(j—2) )/\u =GDe a1y
)

ad

= G
((G =15 = G =17 = G = DG =2)) | i1ty
209 0

_/\g =G D 7}exp(/\l/a)

P .
— 1) (—k—-7+2) 1 1
. O . .
G- 1 ' g{ — ok) AT o i)

Thus for ¢ large enough

e (Cr R

i)\u—w—ua)a)/atj_l
j 0
(6

_‘(1—7)(1—7—a).._.(1—7—(j—2) Q) | —y-(G-Da)/a

Ao

— ... ‘((] —1i-0G- 1;aj (-1 -2 ))\0] 1=v—Gi— l)a)/ﬂtj—2

x exp(| o]/ cos <@) t)
1 Z”:|(—k)(—k—1)...(—k—j+1)| 1

T (v — ak)| )\S"‘jtak—j-l—l’

|

)

|Xo|P T tlptDa—+1



54 H. REZAZADEH, H. AMINIKHAH AND A. H. REFAHI SHEIKHANI

R S L G=r=G=Da)/a
(-1 ’

Y
I=-=-v-a)...0=7-0-2)) |)\O|<1—wf<j—1)a)/a
ad

200
x exp(| Ao/ * cos (@) t)
1 Zp:|(—k)(—k—1)...(—k—j+1)| 1
(- = T(y — ak)| At gk +1
O( ! ) = 400 as t— +oo.

Mo[PH tprDa—+1

((G=1)i—G == - —2))t/? |/\0|(j—1—v—(j—1)a>/a}

Since ‘M‘ < /2, we have COS(W) > 0. Therefore, the first term of the

«

last equality is the highest order term. Hence system (18) is unstable.

Remark 8. If A has zero eigenvalue, then system (18) is unstable.

Proof. By induction we always have

Jj—1 oo © 1))k pa(k+i—1)
(g) EMWQ):Z(/{JFJ 1INk ¢

(D) = kT (ak +a(j —1) +7)
G—DIeU=D L (k4 — 1INk ekt
CT(a(G—1)+7) Z:«:k!r(ak+a(j—1)+w)'

Substituting A = 0 into (22), we obtain
o\ ! (j — )=
— Eor(AMY) = =———.
() B = i

1

Now, multiplying % on both sides of the above equality yields

-1 ( 9 >j1 5 ()\ ) t—Daty—1
—_ = ay(ALY) b = .
(G =1 \oA 7 I'((j — Da+7)
Now it is obvious that
tG=Daty—1

lim — for j>1.
PTG —Daty) 0 m =

Thus, lim ||z(t)]| = +oo.
t—+oo

O

(22)
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Theorem 3. If all eigenvalues of A satisfy

farg (M) = T (23)

and the critical eigenvalues satisfying larg(A(A))| = %~ have the same algebraic and

geometric multiplicities, then system (18) is stable but not asymptotically stable.

Proof. Without loss of generality, suppose there exists a critical eigenvalue with
algebraic and geometric multiplicity both equal to one (say \; satisfying |arg(\;)| =
am/2). Then, from (19) the solution of system (18) is given by
z(t) = 2ot 1 E,y - (AtY)
= 2ot " P [diag(Eq (J1t%), Eq~(Jot®), ..., Ea~(Jst*)] P71,

where Jy’s are Jordan block matrices with order &, |arg(A\x)| > 5*, and

an+ Z nk+1l=n, k=1,....i—1,i+1,...,r
k=i+1

Next, from (13) we have

p
1=/ 1 1
Eo o (A\it®) = /\ (=) o} .
*'V( ) exp(A Zl Iy — ak /\ktak + (|/\ita|p+1)

Now, if we set \; = r (cos SF +i sin %), where 7 is the modulus of \;, then we get

7 By (Ait®)

Lo e )" o )
_a T | COS B 7 SIn 5 exp 7| COS B 7 Sin 5
))—kt'y—ak—l

i cos &F + ¢ sin &° 5
k=1 Ly —ak)

+0

( le%s ik om)
r|{cos— 4+ ¢ sin —
2 2

p-1 Itlwapo‘l)

1 1-— 1-—
= Zp(t=)/a (cos 7( 2”# + 4 sin 7( 27)71-) exp {rl/o‘t (cosg + ¢ sin g)}

«
P —k ak—1 akﬂ' —akm
R cos == 4 4 sin =%
_ Z (1_‘ 2 2 ) 4 o) (t'y—ap—oz—l)
P (v — k)

1
= —p=7/a (sin T 4 cos ﬂ) exp {irl/o‘t}

o 2 2

P p—hgy—ak=1 (cog @km _ j gip akr S
_Z l—g(/}/_;k) 2 ) +O(t'y ap—o 1)'
k=1

The absolute value of the first term of the right-hand side of the above equality equals
ér(l_”/o‘, whereas the rest of the terms tends to zero as t — 4o00. From the proof
of Theorem 2, E, ,(Jit®) tends to zeroast — +oofor k=1,...,i—1,1,i+1,...,r

Therefore, we deduce that system (18) is stable but not asymptotically stable. O



56 H. REZAZADEH, H. AMINIKHAH AND A. H. REFAHI SHEIKHANI

Now, we consider an in commensurate linear Hilfer fractional differential system

0+D?1”@ T (t) = a11T1 (t) + a12x2 (t) + -+ alnxn(t),

0+D?2”@ xg(t) = a21T1 (t) + aooxo (t) + -+ agn.%'n(t), (24)
0+ D& P 2 () = an1a1 () + anoa(t) + -+ + Appan (t),

with initial conditions

0+It1_7i:vi(0+) =20, =o; +8—;5,0<q; <1, fori=1,...,n,

where 0 < g < 1.
We study the stability of system (24) by applying the Laplace transforms on
both sides of this system. We have

5% X;(s) — sP@ Vg = Zaini(S)v (25)
j=1
for i =1,...,n, where X;(s) is the Laplace transform of z;(¢). We can rewrite (25)
as follows
Xi(s)
XQ(S)
Ads). | = 570 Vg, (26)
where
A11(s) Arz(s) A1n(s)
Ag1(s) Aga(s) Aoy(s)
A(S) - . )
and

. . Sai_a/iia le:j,
Aijls) = { —a;;, otherwise -

For simplicity, we name A(s) a characteristic matrix of (24) with respect to a.
Moreover, det(A(s)) = 0 is the characteristic equation of system (24) with respect
to a. Now, we express the main theorem for the stability of system (24), but first
we recall the following theorem.

Theorem 4 (Final Value Theorem [9]). Let F(s) be the Laplace transform of the
function f(t) and all poles of sF(s) are in the open left half plane; then

lim f(t) = lim sF(s). (27)

t—+o00 s—0

Theorem 5. If all roots of det (A(s)) = 0 have negative real parts, then system (24)
is asymptotically stable.
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Proof. Multiplying s on both sides of (26) gives

sX1§s§
sXo(s
) = gPlabHly,, (28)
sX,(8)

If all roots of det (A(s)) = 0 lie in the open left half complex plane (i.e., R(s) <
0), then we consider (28) in $(s) > 0. In this restricted area, relation (28) has
1,.

a unique solution sX(s) = (sX1(s),sX2(s),...,8Xn(s)). Since for i = Cy Ty
lin(l) sPle=1+1 — 0 we have
S—

lim  sX;(s)=0, i=1,2,...,n,
s—0,R(s)>0

and from the final value theorem we get

lim «(¢) = t_l)igrnoo(:vl (1), 22(t),...,zn(t)) = igx}) (sX1(s),8X2(s),...,8Xn(s)) =0.

t—4o0

The above result shows that system (24) is asymptotically stable. [l
Definition 8. The eigenvalues of A with respect to o are the roots of the charac-
teristic equation of system (24).

The inertia of a matrix is the triplet of the numbers of eigenvalues of A with
positive, negative and zero real parts. Now, we generalize the inertia concept for
analyzing the stability of the fractional linear system.

Definition 9. The inertia of system (24) is the triple

In(a)(A) = (ﬂ-n(a)(A)a Vn(a)(A>a 5n(a)(A)>a

where Tp(a)(A), Vn(a)(A) and d,,(q)(A) are the numbers of roots of det (A(s)) = 0
with positive, negative and zero real parts, respectively,.

Definition 10. The matriz A is called a stable matrixz with respect to o, if all
eigenvalues of A with respect to a have negative real parts.

Theorem 6. Autonomous linear Hilfer fractional differential system (24) is asymp-
totically stable if any of the following equivalent conditions holds.

(i) The matriz A is stable with respect to o.
(1) Tp(a)(A) = pa)(A4) = 0.
(#9) All roots of the characteristic equation of system (24) satisfy |arg(s)| > 7 /2.

Proof. We first show that (i) = (ii). Since the matrix A is stable with respect to
a, according to Definition 10, all eigenvalues of A with respect to o have negative
real parts, hence 7, (q)(A4) = dp(a)(4) = 0.

If (i) holds, then eigenvalues of A with respect to a have negative real parts.
Therefore, we have (iii).

Assume now that (iii) holds. According to Definition 8, the matrix A is stable
with respect to . Hence (i) follows. O
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Particularly, if = 1(ie. o =1, fori = 1,...,n), where 0 < 8 < 1, we
have a linear system z/(t) = Ax(t). In this case, the characteristic matrix and the
characteristic equation of (24) are reduced to sI —A and det(sI—A) = 0, respectively.
Also, the inertia of matrix A is a triplet I(A) = (w(A),v(A), (A)), where m(A), v(A)
and 0(A) are the numbers of eigenvalues of A with positive, negative and zero real
parts, respectively. This result is a special case of Definition 9, which corresponds
to typical definitions for typical differential equations.

Based on the previous theorem, we can obtain the following corollaries.

Corollary 1. Suppose that oy = ag = -+ = ay, = a € (0,1). If all roots of the equa-
tion det (A — A) = 0 satisfy |arg(A)| > an/2, then system (18) is asymptotically
stable.

Proof. The characteristic equation of system (18) becomes det (s*I — A) = 0. Let
A be s%; then s = A/, Now since all roots of equation det (A\I — A) = 0 satisfy
larg(A)| > am/2, it follows that |arg(s)| = |arg(A}/*)| > 7/2. Therefore, all charac-
teristic roots of system (18) have negative real parts. This completes the proof. [

Corollary 2. Suppose that all a; are rational numbers between 0 and 1, for i =
1,2,...,n. Also, M is the lowest common multiple of the denominators u; of «,
where a; = vi/u;, (vi,u;)) = 1, us,v; € ZT, 0 =1,2,....n and w = 1/M. The
characteristic equation of the following relation

M
A ail —aiz N —Q1n

MOtQ

det —az AV —axp ...  —a =0 (29)

. )\Man

—0n1 —Qn2 — Qnn

can be transformed into an integer order polynomial equation if all o; are rational
numbers. Therefore, system (24) is asymptotically stable if all roots A of character-
istic equation (29) satisfy

larg(N)| > wm/2.

Proof. Obviously, the characteristic equation is

s — aqq —aiy ... —Q1in
—a91 s¥2 — as ... —an
det , T , =0. (30)
—an1 —0an2 s 8% — Qpn

Denote A by s; then s = A/ hence (30) is changed to (29).

€=

)

arg(A“)| >

ol 3

|arg(s)| =

due to the argument assumption of equation (29). The conclusion holds. O
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4. The stability of linear non-autonomous Hilfer fractional dif-
ferential systems

We consider the linear non-autonomous Hilfer fractional system

o+ DPa(t) = Ax(t) + Bhz(t), t>0,0<a<1,0<B<1, (31)
0+Itl_vx(0+) =29,y =0a+ 8 — af,

where B(t) : [0,00] — R™ " is a continuous matrix and xo = (10,20, - - - , Tno)" -

Theorem 7. Suppose ||B(t)| is bounded (|| B(t)| < K for some K > 0) and all
eigenvalues of A satisfy

larg(A(A))| > am/2. (32)
Then system (31) is asymptotically stable.

Proof. Using the Laplace transform and the inverse Laplace transform, the solution
of equations (31) can be written as

t
z(t) = wot" " B, o (AtY) + / (t —7)* ' Ea.o(A(t — 7)) B(T)2(7)dT,
0
which leads to
t
lz@)] < [|20t" ™ Ea,y (At) +/0 (t =) | BaalAlt = 1)) B - llz(7)] dr.
Using Lemma 5, we have
t
[z(t)]] < ||wot” ' Ea,q (AtY)|| exp {/O |t =) " Eaa (At — )| . |B(7)| dT}
t
= ||x0t771Ea7,y(At°‘)H exp {/ ||T°‘71E0‘7Q(AT°‘)H Bt =71 dT}
0
t
< onﬂlEM(Ata)Hexp{K i HTMEQ,Q(AdeT}.
0
Now, first suppose that A is similar to a diagonal matrix and
t
/ HTaflEaﬁa(ATo‘)H dr
0
t
= / ||P[ diag(t* ' Ea.oa(MT%),. ., 7 By (A7) P71 || dr.
0

We shall now show that there exists a positive constant H such that

t
/ |7 Eqo(NT)|dr <H, 1<i<n.
0
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Indeed, using (14) we find for ¢t > 5 > 0,

t
/ |7 ' Eq o (Xit®)| dr
0

t t
::/[0’Ta_lfl%a(AiTa)’dT-+h/1’Ta_lflha(AiTa)}dT
0

to P 1
- a_lEoc a\N\g INd / d
/0 |7' (AT )| T+ T kzzl"a—ak O(|/\i7a|p+1) T
to . P —k 70ck+a 1 1
B /0 [7°7 BaiaXir®)| dT+ Z INa — ak) (|)\ e TO‘PJrl)

to . t P |/\‘|—k T—ak-l—a 1 1
< | T Ea (] T dT+/ : +0 dr
/ (Mlryar+ | 43 B+ Oy

k=2
=l /tO kta—1 S PV
= TN + — dr
P D(ak + ) Jo l; T(a —ak)| J,, Tok-atl

1
O(—
P
—k —ak+a —k j—ak+ta
S A e e
k:or (ak +a+1) 2 (a — ak) |T(a — k)| = (a — ak) |T(a — ak)|
|)\ |* toakJra

o0 |/\ | takJra

< H ast —+o0.

———) 2 tiEana to) Tla—ak+1)] =
O(|)\i|p+1 tap) 0 +1(|Ad] +Z |1" a—ak 1]

It immediately follows that fot HT"_lEa,a(ATO‘)H dr < Cy for any t > 0.
Next, we consider the case when A is similar to a Jordan form. For ¢ > tg > 0

we find

t
|l
0

to Fa—1 Jj—1
t Fo—l 9 Jj—1
+/ (]_1)! (a)\i> oM7) dT
/ 1) (k—j+2) |)\i|k—j+1 rok+a—1 ;
o (G — D)IT(ak + @) g
¢ 1 oV & 1 1 1
a-1__ = _ _
+/t0 T (7 — 1! (6)\1-) kZZQ T — ak) (At>)k +O(|/\it°‘|p+1) ar
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k—j+1
Z k(k—=1)---(k—7+2) |\ / Fokta—1

(j— 1)'F(a/€+a) 0

z”: Yk +5—2)! 1 Lo 1 )
- (j — 1 = DIT (o — ak) \iti—1rak |\ [P retet)

Z k(k—1)--- (k- g+2)|)\|’“ It okt
(G—-D(ak+a+1)

dr

| A

tf P .
(k+j—2)! 1 1
+/t0{z (G — DIk — DT« — ak)| |/\Z_|k+j—1 rok—a+l +0( |/\i|p+j Tap-i-l) dr

k=2

1 o\
=t | 7+ Eoar1(|Ai] 1
PG (aw) o)

n i (k +,] _ 2)[ 1 tfockJroc B taak—i—a
j=DI k=D (a—ak)| )|\ a—«a a—a
— (j =Dk =T B x|t k k

1
o(————
i (|)\z‘|p+JTa”)
to o\’ L k+3—2 WA THTIEE okt
- | — Eo.a+1(JNi] t5) + < (4
oo (i) Beena1) 2 G- D —ak 1)

as t — 400, where 1 < j <n;. Thus,

¢
exp {K/ HT‘J‘flEa,a(ATO‘)H dT}
0

is bounded.
Further, we note that . li+m |20t Eq .y (At*)|| = 0. Hence, we have
—+00
Jim (1)) =0,
which completes the proof. O

Theorem 8. If all eigenvalues of A satisfy

larg(A(A))] = am/2, (33)

and the critical eigenvalues have the same algebraic and geometric multiplicities and
fooo |B(t)|| dt is bounded, then system (31) is stable.

Proof. From the proof of the previous theorem, we have

lz(O)]] < [|Jwot? ™" Eay (AtY) +/0 (t =) [ Baa (Al = D)) B - [lo(7)]] dr.

Now according to the proof of Theorem 3, the matrix is bounded. Therefore, there
exists a positive number M such that Ht'yflEaﬁ(Ato‘)H < M. Moreover, for 3 =0,
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there exists a positive number N such that Hta_lEma(Ato‘)H < N. Then we have

@) < M [0l +/0 N{B() - (7l dr.

Applying Lemma 5, we have

l[z]] < ([lzoll M) exp (N/Ot IB(T)]] dT) -

Thus ||z(¢)|| is bounded according to the condition

/OO 1B dt < o0
0

and system (31) is stable. O

5. Conclusion

In this paper, we studied the stability and the asymptotic stability of linear au-
tonomous and non-autonomous fractional differential systems with the Hilfer frac-
tional derivative. Although in this paper we just surveyed the systems with 0 < a <
1, higher order systems can be discussed based on the analysis of this paper. This
will be the main goal of investigation in future work.
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