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EXPLICIT FORMULAS FOR THE SOLUTIONS OF
AUTONOMOUS LINEAR FRACTIONAL ORDER SYSTEMS

BICHITRA KUMAR LENKA

ABSTRACT. We give explicit analytical formulas to the solutions of initial value
problems of autonomous linear fractional order system where its state equa-
tions involve arbitrary fractional orders. We obtain the formulas by applying
the Laplace transform to such fractional order system. The formulas are ex-
plicitly represented in terms of Mittag-Leffler functions and their higher integer
order derivatives.

1. INTRODUCTION

Fractional calculus [1, 2] is a growing branch of mathematics that deals with
fractional order derivative and/or integral of functions and studies the relationship
between them, where fractional order could be integer numbers, rational numbers,
irrational numbers etc. The concept of fractional calculus has been widely used to
model physical problems, engineering systems and their applications that signifi-
cantly leads to a set of linear or nonlinear fractional differential equations (fractional
order systems) [1, 2, 3, 4, 5].

As a result of this, research importance has been focused on solving such types of
fractional differential equations or systems. In general, most fractional differential
equations or systems do not have exact solutions. However, in the literature, great
efforts have been provided by researchers for solving linear or nonlinear fractional
differential equations (fractional order systems) by introducing different methods.
For example, effective methods such as Laplace transform [1, 6], Mellin transform
[1], Sumudu transform [7], Operational method [8] etc., have been used to find the
explicit solutions to scalar linear fractional differential equations. On the other
hand, various methods (for instance, see [9, 10, 11, 12], and the references therein)
have been applied to find the approximate analytical and numerical solutions of
nonlinear fractional order systems.
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In this paper, we consider the autonomous linear fractional order system
CDg,ltl‘l(t) = allxl(t) + algl‘g(t) + -4 alnxn(t)
CD&%I’Q(t) = agll’l(t) —+ (122172(0 + -+ agnl‘n(t)

(1.1)
CD&;mn(t) = an121(t) + anawa(t) + -+ + apnen(t)
subject to the initial conditions
e(0) =z, k=012, 7 —1, i=1,2,---,n. (1.2)
The system (1.1) can be rewritten in the matrix form
“D§ x(t) = Az(t) (1.3)

where ;C(t) = (wl(t)v T >xn(t))T e R", CDg,tx(t) = (CDSiltxl(t)’ e ﬂCDgzxn(t))T’

CDS"@ is Caputo fractional derivative (see, section 2) of order a; with r; — 1 <a; <r;,
ri €ZT fori=1,2,--- ,n, and A = (a;;) € R"*" is a constant matrix.

We are mainly interested in the structure and the closed-form solutions of au-
tonomous linear fractional order system (1.1). In the literature, the linear fractional
order system (1.1) have been studied by many researchers but most of the authors
considered very specific type of problems depending on the restriction of range of
fractional orders to certain intervals (see [14, 15, 16, 17, 18, 19, 20, 21]). In these
references, we observe that the matrix Mittag-Leffler function plays a crucial role
in the analytic representation of the solutions of commensurate fractional order
system. It indicates that the computation of the matrix Mittag-Leffler function is
an important problem from a theoretical as well as computational point of interest
because, in order to find the components of the solution to such fractional order
system, it is often necessary to compute the value of such matrix function. In this
regard, there has been a great interest amongst the researchers for the evaluation
of matrix Mittag-Leffler functions [20, 22, 23, 24].

In the above-mentioned works, we observe that the analytical formulas, as well
as the structures for the components of the solution to the fractional order system
(1.1), are not known whenever the state variables are associated with the same
fractional order and different fractional orders.

Motivated by the above observation, in this work, we apply the Laplace transform
to the fractional order system (1.1)-(1.2) and aim to find the explicit analytical
formulas of its solutions. First, by using the concept of similarity transformation
to the coefficient matrix of the system (1.1), we provide several formulas for the
solution of the system (1.3) to the commensurate fractional order case. This is
based on the factorization of the matrix Mittag-Lefller function. Then, we discuss
the Laplace transform method for solving the linear fractional order system (1.1)-
(1.2) to the incommensurate fractional order case and provide the explicit formulas
to its solution.

2. PRELIMINARY DEFINITIONS AND PROPERTIES

In this section, we recall the definitions of fractional integral, fractional deriva-
tive, Laplace transform, Mittag-Leffler function and some of its important proper-
ties which will be used throughout the paper (for details, see [1, 2, 21, 18]). We
denote R the set of all real numbers, RT the set of all positive real numbers, Z*
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the set of all positive integers, C the set of all complex numbers and arg(z) the
argument of a complex number z.

Definition 2.1. The Riemann-Liouville fractional integral with order o of function

x(t) is defined as

1 t o
REDG a(t) = o) /0 (t—7)" " a(r)dr, t >0, (2.1)
where 0 < o € RT and T'(a) = [;° et~ dt is the Gamma function with o > 0.

Definition 2.2. The Caputo fractional derivative with order « of function x(t) is
defined as

o RLp~(n=a) (d" . a€(n—1,n
DG () = { d”zgtd{"’ ) el b (2.2)
dtn ’ -

where n € Zt and T'(+) is the Gamma function.

Definition 2.3. The Laplace transform of a function x(t) is defined as

L{z(t)} = /0 ettt (2.3)

where t and s denote the variables in Laplace time and frequency domain respec-
tively.

Property 2.1. The Laplace transform of Caputo fractional derivative is given by
n—1
E{CD&tx(t)} =s*X(s) — Z sk 12(R) (), (2.4)
k=0
wheren —1 < a <n and L{z(t)} = X (s).
Definition 2.4. The one parameter Mittag-Leffler function is defined as

o k
z
E = e 0 C. 2.5
a(2) kgzor(a’f“)’ a>0,z¢€ (2.5)
Definition 2.5. The two parameter Mittag-Leffler function is defined as
o0 k
z
E.p5(2) = — a>0,8>0,z€C. 2.6
8(2) g:o Tk + 5) e (2.6)

It may be noted that when 5 =1, E, 1(2) = Eq(z). Further, if « = 8 =1, then
E11(2) = E1(2) = €.

Definition 2.6. The two parameter matriz Mittag-Leffler function is defined as
oo
Ak

- 0,8>0,4€C™", 2.7
I(ak+B)’ @>0,5>0,4¢ 2.7)

Eap(A) =
k=0

Property 2.2. The k" derivative of the one parameter Mittag-Leffler function is
given by
o0

i+ k)12
EP(z) =Y U —0,1,2,--- 2.
«@ (Z) j:O j'r(aj + O[k + 1)7 k 07 b ) ( 8)

where E&k)(z) = CfZ—kkEoé(z).
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Property 2.3. The k'" derivative of the two parameter Mittag-Leffler function is
given by

(oo} . 5
(k) (J + k)12
E®) (2) = L k=0,1,2,- 2.9
0.5 (%) ; JI0(aj + ak + B) 29)

where Eékl)a(z) = jz—iEaﬁ(z),

Property 2.4. The Laplace transforms of the Mittag-Leffler functions are given
by
klse—h

E{takﬂLB*lE((j[)g(:l:)\ta)} = W; %(S) > |>\|1/a' (2'10)

k k
where E((l%,(z) = %Eaﬁ(z),
Property 2.5. The Laplace transform of the matrix Mittag-Leffler function is
given by
L{PT B, g(At)} = s“7P (52T — A)7', R(s) > || AV (2.11)

where R(s) represents the real part of the complex number s.

3. MAIN THEORETICAL DISCUSSION

In this section, we discuss the theoretical approach for solving the system (1.1)
corresponding to the initial conditions (1.2). We recall some of the interesting
linear algebra results from the book [13]. Based on these results, we provide the
structure as well as the formulas of solutions to the system (1.1). We present our
discussion to the equal order case (commensurate order case) and different order
case (incommensurate order case) separately.

3.1. Commensurate fractional order case: Note that in this case all the frac-
tional orders ay’s involved in the system (1.1) or (1.3) satisfy r — 1 < oy = ag =

o=, =a <7, wherer; =ry=--- =1, =1 € ZT. Here, we write the initial
conditions (1.2) in the vector form
2®)(0) =, (3.1)

where £k =0,1,2,--- ,7 — 1.
Applying the Laplace transform on the system (1.3) and using the initial condi-
tions (3.1), we get

r—1
s“X(s) = Y s*F e (0) = AX(s) (3.2)
k=0
Then, we have
r—1
X(s)=(s"T— A~ Zs‘kk*lx(k)(O) (3.3)
k=0

Taking the inverse Laplace transform on (3.3) and using the property 2.5, we obtain
the exact solution
r—1
2(t) = " Eq p1 (At™)zM(0). (3.4)
k=0
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It is quite interesting to see that the representation of solution (3.4) looks theoreti-
cally nice but in practice one needs to calculate the matrix Mittag-Lefller functions
in order to carry out the components of the solution. To simplify the representa-
tion of solution (3.4), next we discuss several interesting results where the matrix
Mittag-Leffler functions E, jt1(At®) are evaluated when the matrix A is similar to
a diagonal matrix or matrix in Jordan canonical form.

3.1.1. Simplification of solution based on the computation of Eq j41(At*):

Lemma 3.1. [13] If the eigenvalues A1, Aa, -+, A\p of an n X n real matriz A are

real and distinct, then there exists an invertible matriz P such that P~'AP = D,
where D = diag (A1, Aa, -, An)-

Under the hypothesis of Lemma 3.1, we can write the solution (3.4) as
r—1
2(t) = > t"Eqps (PDP7)t*) 28)(0)

k=0
r—1

= > t"PEy i1 (Dt*) P~120)(0), (3.5)
k=0

where
Eqy p1(A1t%)
Eq py1(A2t®)
B i1 (Dt*) = . . (3.6)

Ea,k+1()\nta)

Lemma 3.2. [13] Let A be a real n X n matriz with real eigenvalues A; and corre-

sponding multiplicities n;, j = 1,2,--- ,w, then there exist an invertible matriz P
A1
such that P~YAP = J = diag (J1,- -, Juw), where J; = i
1
i i XNn;
fori=1,2,--+ w, and > n; =n.
i=1
Based on Lemma 3.2, the solution (3.4) becomes
r—1
a(t) = Y t"Eapi (PTPHY) 2M(0)
k=0
r—1
= Y t"PEs i1 (Jt*) P~ 12®(0) (3.7)
k=0
where
Eq j+1(J1t%)
Eo i1 (J2t®)
Eqy j1 (Jt%) = . . (3.8)

Ea,k+1 (Jwta)
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To further simplify the structure of above matrix Mittag-Leffler function, we need
to compute the matrix Mittag-Leffler functions involved in the diagonal Jordan
blocks (3.8). Note that

oo

(Jit*)™
E, Jit?) = _
e (it 7;) Fam+k+1)
i o mm m (3.9)
= Flam+k+1) "
fori=1,2,--- ,w. Here, we decompose the Jordan matrix J; as a sum of identity

matrix I; and nilpotent matrix NN; of order n;, and compute

J" =N+ N)™” Z <7Z) ATTULMTYNG
u=0

min{m,n;—1} m
-y ( )A?—“Iim—"N;‘
u=0 u
R A Nt
- Ai (3.10)
(A
A
fori=1,2,--- ,w.
By substituting (3.10) into (3.9), we obtain
o o (1 @ a(ng=1) (n;—1 ™
Eo k1 (Ait®) %EQ,LH()\J ) o oo Eé,k+1)()‘it )
Eq g1 (Jit®) = Eoorr1(At?) '
@ 1 o
B (at?)
Eo kr1(Ait®)
(3.11)
fori=1,2,---  w.

Thus, the representation of solution (3.4) is simplified to (3.7), where the diagonal
Jordan block matrices involved in (3.8) has the representation (3.11).

Remark 3.1. Note that if we allow complex eigenvalues of the real matriz A in
Lemma 3.1 and Lemma 3.2, then one can observe that the structure of solution
(3.5) or (3.7) appears to be complex valued. Since the representation of solution
(3.4) is real valued, thus one expect to write the solution in terms of real valued
functions.

Remark 3.2. Generally the following property:
Eop((a+0)t%) = Eap (at®) Eaz (bt%)
does not hold for o> 0 and 8 > 0 (for instance, see [25, 26, 27]).

Note that when a = § = 1, we have E, g(a £ ib) = elaF0)t and the following
properties are well known:

elat )t — oat (cos(bt) + i sin(bt)) . (3.12)



JFCA-2022/13(2) EXPLICIT FORMULAS FOR THE SOLUTIONS... 51

and
(a+1ib)t (a—1ib)t
c ;— ¢ = e cos(bt), (3.13)
e(a+ib)t _ e(a—ib)t
5 = e sin(bt). (3.14)
i

In view of Remark 3.2, we observe the formulas like (3.12)-(3.14) does not hold for
the Mittag-Leffler function E, g ((a £ ib)t%).

Next, we present an important result which possibly could overcome the complex
valued representation of solution to the system (1.1) when some eigenvalues of the
coeflicient matrix A are complex numbers.

Lemma 3.3. Let D € R?*2 be a square matriz in the following form

D= ( ° Z ) (3.15)

o0 ak .
Z F(ak+ﬁ)|/\|kCOS (k0) Z mwksm (k)
Eo.p (Dt%) = (3.16)
Z F(ak+g ‘)‘| sin (k6) Z T ak+6)|)\\ cos (k6)

then we have

where |\ = Va2 + b? and 0 = arg(a + b).
Proof. Let us decompose the matrix D = al + bJ, where I = < é (1) ) and
J= < Pl (1) ) By definition of Mittag-Leffler function, we have

o oo tak: 5
E.. 5 (Dt )*gir(amﬁ) (aI 4+ bJ)". (3.17)

Since J? = —I, J® = —J, J** = Jk for k = 1,2,---, and IJ = JI. Here, we
compute

k
(al +bJ)" = Z ( ) aF =iy giti

=0
Z < k )ak—2jb2jJ4+2j
27
0, k>2j
k

+ > ( * )a’f—Qj—lbzf“J“?j“. (3.18)

27 +1
§=0, k>2j+1

Then, by substituting (3.18) into (3.17), we get

oo

Bap(Dr) =S — 10 i (1 () a2
o — ok + ) _ 2j

e’} tak k ) k ) )
. 1)\ k—2j—1125+1
+k§20j ETE S (- ( 21 )a BT (3.19)

=0, k>2j+1
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Note that a &+ ib are the eigenvalues of the matrix D. It is not difficult to observe
that
k

k o
(a+ib)k =" ( _>a’”(z'b)1 = NR(a+ib)* +iJ(a +ib)k (3.20)
: J
7=0
where
k . .
R(a + ib)* = Z ( ) ak=21p27 (3.21)
k>2j
i k
N j k—2j—172j+1
= -1)7 J I .22
J(a+ib)" = | Z (-1) <2j+1>a b (3.22)
7=0, k>2j+1
Let us write A = a + ib. Then, we have
N = |\* (cos(kB) + isin(k0)) (3.23)
where |A\| = va? + b? and 0 = arg(a+ib). Comparing the real and imaginary parts
of (3.20) and (3.23), and then using in (3.19) we obtain (3.16). O
Corollary 3.1. Let b€ R and D = ( —Ob 8 ) , then we have
S P (bt)2d ] N
L (Ve 2V e
Ea7ﬂ (Dta) = g)O_ j (bta)2j+1 J_Oo j (bta)Zj : (324)
_EO(_D D((2j+1)a+5) J;O(_l) T (2ja+p)

Lemma 3.4. Let D € R?*2 be a square matriz in the following form

D:<_ab Z) (3.25)
then we have
E kulﬂ((ka?.,_zﬁﬁ) IA|* cos (k6) Z knpkatcjlz]+5 IA|*sin (k)

E((xj)ﬁ (Dt) = (ht5) 12" (k+j)1tF
SO T\ Fsin (k0) 3 g\ cos (k)
k=0 k=0

(ak+aj+pB) T'(ak+aj+pB)
(3.26)
where |\ = vVa? +b? and 0 = arg(a +ib) and j =0,1,2,---.

Remark 3.3. In Lemma 3.3 and Lemma 3.4, zf we take B = DT, then we have
B (Bt®) = Eq 5 (Dt*)" and EY), (Bt*) = EY), (Dt*)""

Remark 3.4. It is evident from Lemma 3.3 and Lemma 3.4 that

2O (Do) = %E((j;zg((a—kib)to‘) JE(% ((a + ib)t*) (3.27)
o ~3IEY), ((a+ib)t™) REY) ((a + ib)t)
where
) ooy L[ 0) oo () o
REY), ((a + ib)t*) = [EM ((a+ib)t*) + BY), ((a — ib)t )}
and

“\" w\

jE(()i)ﬂ ((a + ib)t™) = {E(J) ((a +ib)t®) — Eg”)g ((a — ib)ta)}
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are real valued functions, and denotes the real and imaginary parts of the complex
valued Mittag-Leffler function E((jza ((a+ib)t*) for j=0,1,2,---

Lemma 3.5. [13]_If the 2n X 2n real matriz A has 2n distinct complex eigenvalues
Aj =a;+ibj and X\ = aj —ib;, j = 1,2,--- ,n, then there exists an invertible matriz

P such that P~ AP = diag < aj b

>, a real 2n X 2n matriz with 2 x 2 blocks
—bj aj

along the diagonal.
Let us assume the hypothesis of Lemma 3.5 for the system (1.1). Then, by using
Lemma 3.3 in the solution (3.4), we get
r—1
=Y t*PEq k41 (Dt*) P~z (0) (3.28)
k=0
iy _( 4 b
where D = diag (D1, Da,---,D,), D; = ,
—bj q;
Eo g1 (D) = diag (Ea,k+1(D1t%), Ea k+1(D2t%), -+, Eo g+1(Dnt®)) ,

Eq kg1 (D417)

rom

Z F(am+k+1)|>‘j|m CcoS (mej) Z mpxj\msin (mﬂj)

tem tom

Z Tlam+k+1) |A;]"™ sin (m;) Z T(am+k+1) [A;]™ cos (mb;)

and |\ = \/m and 0; = arg(a; +1b;), j =1,2,--- ,n.

Lemma 3.6. [13] If the real matriz A has distinct real eigenvalues Aj, j = 1,2,--- ,m,
and distinct complex eigenvalues \j = a;+ibj, \; = a;—ib;, j = m+1,m+2,--- ,n
then there exists an invertible matrix P such that

P7YAP =diag (M1, , Am, Bmt1, -, Bn),

aj

where the 2 x 2 blocks matriz B; = < b Zj' )forj=m+1,--- ,n
i a5

In view of Lemma 3.6 and Lemma 3.3, the representation of solution (3.4) reduces
to

r—1
=Y t*PEq k41 (Dt*) P~'2*)(0) (3.29)
k=0
where
Eq g1 (D)
Eo kg1 (Mt®)
a k+1 (/\ 2 )

Ea,k+1 (Bm—i-lta)

Ea,k-‘rl (Bnta)
(3.30)
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al l ) al 1.
Z F(alt+k+1)|/\‘| cos (I6;)  >_ mp\ﬂ sin (16;)
Eoz,k+1 (B]tOé) = tal l . lO:OO tal l 9
Z e Al sin05) X sy Al cos (16;)
T(al+k+1) = ( )
(3.31)
and P‘J‘ = mand 0]’ :arg(aj +ibj), j=m+1m+2,---.,n

Lemma 3.7. [13] Let A be a real matm‘xiwith real eigenvalues \j, j =1,2,--- ,m
and complex eigenvalues A\j = a; +1ib; A\j = a; —ibj, j=m+1m+2,--- n,

then there exists an invertible matriz P such that P~YAP = diag (B1, Ba,-- - , B,),
where the elementary Jordan blocks B = B;, j =1,2,--- ,r are either of the form

Al

B= AT (3.32)
L
A

for X one of the real eigenvalues of A or of the form

D I
B= b (3.33)
S
D

with D = ( fb 2 ), I= ( (1) (1) ) for A= a +ib one of the eigenvalues of A.
Here, based on the Lemma 3.7 and Lemma 3.4, the solution (3.4) reduces to

r—1

=Y t"PEq 41 (Qt*) P 12M(0) (3.34)
k=0

where Q = diag (By, Be, -+, B,) and
Eokt1 (QtY) = (Ea g1 (B1t?), Eq g1 (BatY) -+, Eq kg1 (Brt®)) . (3.35)

In (3.35), if B; = B is a p X p matrix of the form (3.32) and A is a real eigenvalue
of A then B =Xl + N and

< a(p—1)
Eoper(M®) SEN (M) o E50EP D ()
Bok+1(BtY) = Ea k1 (M%)
(e} 1 «
fEéiH(At)

Eopi1(A9)
(3.36)

where I is p X p identity matrix and N is the p X p nilpotent matrix of order p.
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Similarly, in (3.35) if B; = B is a 2p x 2p matrix of the form (3.33) and A = a+1b
is a complex eigenvalue of A, then we have

« e 1 a a(p—1) 1 a
Eopea (D) SES (D) - SIS EPD (D)
B py1(Bt®) = Eo o1 (D)
@ 1 o
T E 1 (D)

Ea,kﬂ(ma)
(3.37)

where the matrix Mittag-Leffler functions involved in (3.37) can have the forms
given in Lemma 3.3 and Lemma 3.4.

In the next, we give an alternative way to obtain the analytic solution of the
linear fractional system (1.1) corresponding to specified initial conditions (1.2) using
the Laplace transform technique. In this approach, actually one does not need the
formula for the solution (3.4) and the above mentioned Lemmas to solve any specific
problems which are of the form (1.1) or (1.3).

3.1.2. Computation of L~ (s*I — A)_l and ezxplicit formula for solution: Observe
that by applying the Laplace transform to the system (1.3), we arrive at the ex-
pression (3.3). Then, we proceed to compute the matrix (s*I — A)~" in (3.3) as
follows:
We know that
1 adj (s — A)
~ det (soI — A)’
Let us denote P(s%) = det (s*I — A). Then, under the transformation A = s%, we
have

(s°T — A) (3.38)

_ dj (M — A)
A — A= SR T 3.39
( ) det (A — A) (3:39)
Now one can observe that P(A) = det (A — A) is a polynomial in A of degree n and
each entry of adj (A\[ — A) is a polynomial in A of degree at most n — 1. Suppose

m

P(\) =det (AT — A) = [T (A= 2™, (3.40)
i=1
where A;’s are the distinct eigenvalues of the matrix A, with corresponding multi-
plicities p1,p2, -+ , Pm. Let us decompose the matrix (A — A)f1 in terms of partial
fractions
m pi
(M —A)” K, 3.41

where each Kj;; is a matrix of the partlal fraction expansion coefficients. Note that
the coefficients K;; can be evaluated by the following formula

v b, adj (A — A)
GO =)

Then, in view of (3.41), we write

(s“I—A)" =§:§: K;j, (3.43)

K= (3.42)
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By substituting (3.43) in (3.3), we get

r—1 m p; a—k—1
S
X(s)=> 3> :mmjx(’f)(oy (3.44)
k=0i=1 j=1

———BYH (at®) Kz (0). (3.45)

3.2. Incommensurate fractional order case: Applying the Laplace transform
on the system (1.1) and using the initial conditions (1.2), we obtain the following

system
™1 — 1

qul Z g¥— k— 1 E alka

7"21

Q/QX Zsag k— 1 Za’Qka

(3.46)
rrn—1 n
$9 X ( Z gon k-1 (k) ):Zanka(S)
k=1
where X;(s) = L{x;(t)} for i = 1,2, ceeun
The system (3.46) can be rewritten in the matrix form
A(s) - X (s) =b(s) (3.47)
where
M —an —ai2 e —ain
—az  $™ —ax - —agn
A(s) = . . . ) (3.48)
—an1 —an2 s%n Anpn
X1 (s) bi(s)
Xa(s) ba(s)
X(s) = ) ,b(s) = } , (3.49)
X, (s) bn(s)
and b;(s) = S0t s k=10 (0) for i = 1,2,--+ |n
Then, it follows from (3.47) that
det(A;(s))
Xi(s) = ———7 3.50
%) = Fet(a(s) (3.50)
for i = 1,2,--- ,n, where A;(s) is the matrix formed by replacing the i*" column
of A(s) by the column vector b(s).
Here, we assume fractional orders «; = ZT’ where ged(u;,v;) = 1 for i =

1,2,--- ,n. Let us denote M = l.c.om(vy,ve, -+ ,v,), and set v = ﬁ
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Observe that det(A(s'/7)) is a polynomial in s of degree N = M (>, «;). Let
us write this polynomial as

det(A(sY7)) = (s — A)Pr (s — Xg)P? -+ (5 — A )P, (3.51)
where " p; = N. Then, by using (3.51) in (3.50), we get
Xi(s) = det(i(s)) (3.52)

(87 — A)PL(8Y — Ag)P2 -+ (87 — A\, )P ’

fori=1,2,---,n
Let us expand det(A;(s)) and write in the form

ri—1 rn—1
det(Ai(s)) = Z R ORHOREED SR O T
k=0
= > Z (0) - gi(s) (3.53)
I1=1 k=0
for i =1,2,--- ,n, where qf(sl/v)) is a polynomial in s of degree di < N.

Then, it follows from (3.52) and (3.53) that

X,(s) = i1 X 51 0(0) - gi(s)

(S’Y — )\1)P1 (s’Y — )\2)132 . (S'Y _ )\m)pm (354)

fori=1,2,---,n
Now by using the following partial fraction decomposition of the j** term in
(3.54),

q; (S) P1 C’UZ P2 c;)%

- J1
(87 — A )P1(87 — Ag)P2 -+ - (87 — A\ )P 221 (87— Ap)?Y + Uz::l (87 — A2)?

=> g CEESWE (3.55)

vi _ 1 dre . q;(s'")
Cjuy = (pu — ’U)' dsPu—v l(s - >\u) {Hﬁl(s — )\l)pl }] |S_)\ (356)

fory:l’Q,... s Du, U =1,2,--- ,mandi:1,2,~~~,n,
we get

where

n r—1 m pu

S ID D) Beercs e P LU L

llkOul'ul

Taking the inverse Laplace transform on (3.57) and using Property (2.4), we obtain
the solution

n —1 m Dpu
Cu v—a 1 k
Z Z ZZ (v _l 1! a l+kE~(yvv ¢)xl+k+1 (Aut?) 551( )(0), (3.58)
1=1 k=0 u=1v=1
n.

fori=1,2,---,



58 BICHITRA KUMAR LENKA JFCA-2022/13(2)

4. ILLUSTRATIVE EXAMPLES

Example 4.1. Consider the commensurate fractional order system

CD&t z1(t) = z1(t) + 4dao(t) (4.1)
CD&t x2(t) = —xz1(t) — 3x2(t) )
with initial conditions
2 M0) =2, k=0,1,2,---,r—1, i=12 (4.2)

where fractional order r — 1 < a <r andr € Z7T.
Here, by applying the Laplace transform to the system (4.1), we obtain the solu-
tion in vector form (for instance, see subsection 3.1)

r—1
2(t) = " Eq pp1 (At™)zM(0). (4.3)
k=0
where z(t) = z1(t) and the coefficient matric A = L4 . Since
JZQ(t) -1 -3
A = —1 is the only eigenvalue of the matriz A with multiplicity 2, we find the

generalized eigenvectors vy = ( 712 ) and v = < Bl ) Therefore, we have P =

(_2 _1),P1( 0 1 >andP1APJwithJ<_l 1 >

1 0 -1 =2 0 -1
Then, in view of Lemma 3.2, it follows from (4.3) that
r—1
2(t) = Y t"PEq 1 (Jt*) P~ 2®)(0). (4.4)
k=0

Simplification of (4.4) gives the following solution components

r—1

21(6) = 3t B (%) + 2°EL L (—1) P (0)
k=0

+ {4 B (-1 }a£0 0), (4.5)

and

r—1
wa(t) = 3t = E() L, (1) 2l 0)

k=0

+ {Ea,kﬂ(—t“) - 2t‘*E§L+1(—t“)}x§k)(()). (4.6)
Example 4.2. Consider the fractional order system

Deyzi(t) = a1(t) +daa(t) (47)

“Df; w2(t) = —a1(t) — 3u2(t) .

Here, we consider the following cases:

(a) Let o = 1: In this case, we assume the initial conditions for the system
(4.7) of the form

20(0) = z10, 25”(0) = 220. (4.8)
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Application of Laplace transform to the system (4.7) gives
X(s) = (sI — A)~" - 2(0(0) (4.9)

(X)) a4 )= [ #10)
where X (s) = ( Xo(s) ), A= ( 1 _3 ) and z\V(0) = acéo)(()) .
Using the formula (3.38) in (4.9), we obtain

X(s) = G2 ( o )m (0). (4.10)

Let us decompose the following matriz in terms of partial fraction expansion
1 s+3 4 1 1

— =—K — K 4.11

(s+1)2( -1 3—1> s+ 1 11+(8+1)2 12 (4.11)

where

. i{(sjl?) sf1>}sl<(1) ?) (4.12)
o AN Gs)

By substituting (4.11) in (4.10) and then taking the inverse Laplace trans-
form, we get

()= (o) (b )2 5 ()

_ ( e (1 + 2t)z10 + 4te txa ) (4.14)

s=—1

—teit.’Elo + e*t(l — 2t).’b20

(b) Suppose o € (1,2): Here, we take initial conditions for the system (4.7) in
the following form

2$00) = 210, 2(0) = 211, 27(0) = 290, 217(0) = 221 (4.15)

By applying the Laplace transform to the system (4.7) and using the initial
conditions (4.15), we obtain

X(s) = ("1 = 4)7" [ 120 (0) 4 52 % (0)] (4.16)
Xi(s 4 J;§O)
where X (s) = ( Xigsg ), A= ( _11 _3 ), x(O)(O) = ( xg@gﬁi >
(1)
and M (0) = z%l)gg;

Then, by using the formula (3.38) in (4.16), we get

1 s“+3 4 _ B
X(s) = T ( 1 1 ) [S"‘ L2 0(0) + s Qx(l)(())} . (4a7)
Using the partial fraction decomposition, we write
1 s¥+3 4 1 1
W ( _1 Sa_l ) - Sa+1Kll+mK12, (418)
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where

By substituting (4.

o= [ (4 2 ram (4 4 )]
()t (3 ) o

Taking the inverse Laplace transform on both sides of (4.19), we obtain

(2) = [Farcen (g § ) sl (2 4)] ( ﬁ;ﬁg; )

(s D-ermen (4 4] ()

(4.20)
Then, the solution components are
21(8) = { Baa (=) + 26" B (=) } 2{” 0)
+ {tBaa(—17) + 20T BN (—4) 2D 0)
+ {4t"‘Ea1,i(—ta)} 2$2(0) + {4t“+1E§j)2(—t“)} 29(0), (4.21)
and
wo(t) = {~"EQ (—12) } 2l (0) + { T ELY (—1) } 2V (0)
+{ Baa(=t7) = 20°E{) (=12} 21 (0)
+ {tE(w(fta) - 2t"‘+1ES7)2(—ta)} 2$9(0). (4.22)

(c) Suppose a € (0,1):
For the system (4.7), we consider the following initial conditions

2{(0) = 210, 25”(0) = 2. (4.23)

Similar to the case (b), here one can easily obtain the solution components

21(8) = { Baa (=17 + 20 B8} (=)} 2{20) + {42 EQ) (1)} 2l (0), - (4.24)
and

z2(t) = {~"EQ(~12) } £0(0) + { Baa (—47) = 22 E{) (1) } 27(0). (4.25)

Example 4.3. Consider the fractional order system

“Dy w1 (t) -1 4 -1 x1(t)
D aa(t) | = 0 -4 1 w9 (t) (4.26)
“Dg3 xs(t) 0o 0 -3 z3(t)

with initial conditions

2200) = 210, 210(0) = 211, 23(0) = 290, 27 (0) = 230, (4.27)
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where fractional orders o = Y = 2 L2 =1 gnd az = L& = Here, by

— 1
V1 9, G2 = Vg 3 2
applying the Laplace transform on both the sides of system (4.26) and using the

initial conditions (4.27), we get (for details see subsection 3.2)

(5211t (0) + 51 22{"(0)) - al(s) | (5% 28" (0)) - gh(s)

Xils) = det(A(s)) det(A(s))
(52712 (0)) - g3 (s)
dei(A(s)) = (4.28)
Xy(s) = B0 + 57 2010(0) - gh(s) | (52705 (0) - 63()
2 det(A(s)) det(A(s))
(572~ 12§”(0)) - g3 (s)
GotA(s) (4.29)
and
_ a0 + 520 (0) g (s) | (22 ey (0) - g (s)
Xs(s) = T dB0) T A )
(522128 (0)) - g3 (s)
de:t}(A(s)) = (4.30)
where
gi(s) = (% +4)(s" +3), ga(s) =4(s™ +3), g3(s) = —s"2,
@i () =0, gi(s) = (™ +1)(s* +3), ¢5(s) = s +1,
¢i(s) =0, g3(s) =0, g3(s) = (s* +1)(s"* +4).
Note that the characteristic matriz for the system (4.26) is
s 41 —4 1
A(s) = 0  s244 -1 . (4.31)
0 0 s%43
Let v = ﬁ = % Then, we have
sMaa 4 1 —4 1
det (A(s%)) = det 0 sMaz 4 4 -1
0 0 sMos 43
= (s> + 1)(s* +4)(s + 3), (4.32)
and
6
det (A(s)) = [[(s"* = M), (4.33)
=1
where
M=—1, \o=1/2—-+3/2i, A\3=1/2+V3/2i, s =2i, X5 =—2i, \¢ = —3.
(4.34)
By using the formula (3.56), we can write
ai(s) _ 1/3 P V/3i)/6 (=14 V3i)/6 (4.35)

det(A(s))  sY/2+1 /2 —(1/2+/3/2i)  s/2— (1/2—/3/2i)’
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a(s)  4/15 N (=10 — 6v/3i)/39 N (—10 + 61/34) /39
det(A(s))  sY2+1  s1/2 - (1/2+/3/2i)  s'/2 — (1/2 —/3/2i)
(8—1)/65 (8+1)/65
s1/2 —2j © s1/24.2i
gi(s)  —1/30 (=23 +7v/3i)/1014 (=23 — 7/3i)/1014
det(A(s)) — s'/2+1 0 sl/2— (1/24V3/2i)  s1/2 — (1/2—/3/2i)
(22 —19i)/845 (22 +19i)/845  9/338

(4.36)

51/2 — N 51/2 49 51/2 +37 (437)
2 . )
q3(s) —i/4 i/4
= 4.

det(A(s))  s/Z—2i 512420 (4.38)

3 —2+43i)/52  (-2—-3i)/52  1/1

L) _ (2430/52, (2-30/52 118 4,
det(A(s)) s1/2 — 95 s1/2 495 s1/2 13

3

o) (4.40)

det(A(s))  s1/243

Substituting these expressions in (4.28), (4.29) and (4.30), and then by taking the
inwverse Laplace transform, we obtain the following solution components

1) = { =t Buaa (—072) 4 L2
UV e, (0= VED20072) Jal(0)
L () S (0 vy
L ”Ew (L= v3/207) JalP(0)
1/ { By (—tl/Q) + Ma/wg (((1 + \/31)/2)151/2)

39
N wmm (- va/2?) + ED g, (200072)
(8; ) E12,1/2 ((—Qi)tl/2) }xéo)(o)

{ Eyj21 ( t1/2) + MEUQJ (((1 + \/gi)/Z)tl/Q)
(

1014
2 TV8) (10 VB 2pei2) 4 222200

t_1/2E1/2,1/2 (((1 + \/§i)/2)t1/2>

Ei)21 ((2i)t1/2>

1014 845
(22 + 19¢) N 1)2 9 1/2 (0)
+ s B ((—22)15 ) + 2By (—3t ) }::;3 0), (4.41)

_ 1 ) i .
wy(t) =t~/ {—4E1/2,1/2 ((QZ)tl/Q) + 1E1/2,1/2 ((—22)251/2) } a:éo) (0)

L {(_257;ME1/2,1 (0e2) + (_257;%E1/271 ((-2012)

1 (0)
+ 3B (—3t1/2) }x3 (0), (4.42)



JFCA-2022/13(2) EXPLICIT FORMULAS FOR THE SOLUTIONS... 63

and
2(t) = Brjo (—-361/2) 2 (0). (4.43)

Note that the solution components x1(t) and xo(t) in (4.41) and (4.42) are rep-
resented in terms of complex valued functions. Here, by using the Remark 3.4 and
Lemma 3.4, we represent the solution components in terms of real valued functions

1 —1/2 1/2 1/2 th/2 kT
l’l(t):{—gt E1/271/2< t )+ -t Z k-‘rl COS )

& tk‘/2

1/2 (0)
—|——t /Z (55 sin( 3)}x1 (0)

1 I th/2 km
+{3E1/21< t/Q)_3,§F(’§+1)COb(3)

k=0
123 N th/2 km. 16 o= 2FtF/2 km
Z sin(—)Jr—Z cos (—)
k+1 k+1
39 £ (k) 3765 & T(E) 2
2 o= 2ktk/2 km (0)
+ 2 sin () 120 (0)
% 2T 7))

1 R km
— =By (—t?) - —
+{ 30 yar (=) 1014kz=0r(g+1) cos (55)

143 N th/2 k 44 S oktk/2 k
N 1\QZ K m () + 4 E COS(TW)
01 Ik +1) 3 845 £~ I'(k +1)
38 o= 2kth/2 kn 9 0
=N 2 sin( )+ —FE (73151/2) } 0, 4.44
845 Z~ I'(5 +1) sin (57) + 335 B2 w3 (0) (4.44)

k=0 "\ 2 k=0 (g 1)
3 o 2ktk/2 km 1
3 kT ~E _341/2 (0) 4.4
%2 T E ) 53 12 (—3072) Jo£70), (4.45)
and
23(t) = By jay (—3:51/2) 22(0). (4.46)

5. CONCLUSIONS

In this paper, we have studied the initial value problem of arbitrary order au-
tonomous linear fractional order system. By applying the Laplace transform to
such a system, we have discussed the analytic solutions of such a system to the
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cases when all the fractional orders are equal (commensurate case) and are dif-
ferent (incommensurate case). For the commensurate fractional order case, the
analytic solution to such a system is expressed in terms of matrix Mittag-Leffler
functions. Whenever the coefficient matrix of such a system is similar to a diagonal
matrix or a Jordan canonical form, then the matrix Mittag-Leffler functions are
computed and based on this, we have presented several interesting results. Fur-
ther, we have presented an alternative way for solving such a system, which is
based on the partial fraction decomposition of its characteristic matrix, and inter-
estingly, in this case, one does not really need to compute the matrix Mittag-Leffler
function. For the incommensurate fractional order case, we have presented the ex-
plicit analytical formulas for the solution components to such a system whenever
all the fractional orders are rational numbers. Finally, we have demonstrated the
theoretical approach by presenting illustrative examples.
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