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Abstract: In this paper, the possibilities of expressing the natural response of a linear commensurate
fractional-order system (FOS) as a linear combination of basis functions are analyzed. For all possible
types of s*-domain poles, the corresponding basis functions are found, the kernel of which is the two-
parameter Mittag-Leffler function E g, f = a. It is pointed out that there are mutually unambiguous
correspondences between the basis functions of FOS and the known basis functions of the integer-
order system (IOS) for « = 1. This correspondence can be used to algorithmically find analytical
formulas for the impulse responses of FOS when the formulas for the characteristics of IOS are known.
It is shown that all basis functions of FOS can be generated with Podlubny’s function of type & (t, c;
a, &), where c and k are the corresponding pole and its multiplicity, respectively.
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of the zero-input and zero-state response [1].

The natural response plays a specific role in describing phenomena in systems left “to
themselves”. From the way these systems deal with their own initial conditions and how
the corresponding movement of the system can be observed through the chosen outputs,
one can infer the stability of the system and the observability of the corresponding state
variables from these outputs. The zero-state response, in turn, indicates the way in which
signals from given inputs are propagated to given outputs through the state dynamics.

Furthermore, it is well known that the natural response of a linear system can be
composed of a linear combination of so-called basis functions [2]. If a linear differential
system with lumped parameters is considered, then the corresponding basis functions
are components of the general solution of the corresponding input—output homogeneous
This article is an open access article  differential equation of the system. The same basis functions appear in the general solution
distributed under the terms and  Of the set of state equations of the system at zero excitation. The basis functions of a
conditions of the Creative Commons ~ particular system are uniquely determined by the system poles, i.e., by the roots of its
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40/). the form ¢”, sin(bt), cos(bt) and their combinations e* sin(bt), ¢* cos(bt), which are further
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multiplied by the functions *,k=0,1,..,m —1,meN,a € R, b € R+ in the case of m-tuple
poles. All these basis functions can be expressed by the real and imaginary components of
the exponential function of the complex argument, which will be hereinafter referred to as
the generating basis function f € C:

f(t) _ tke(u+ib)t' 1)

The above basis functions play an important role in the concept of modes of motion of
a linear system [3], which is known from classical mechanics [4]. The linear combination of
the basis functions can be used to model not only the natural response, but also selected
types of forced responses, which include the impulse responses of so-called proper systems,
i.e., systems of an integer order whose transfer functions have a polynomial of a lower
order in the numerator than in the denominator. In the opposite case of improper systems,
the impulse response contains, in addition to the basis functions mentioned above, the
Dirac impulses and their derivatives, which penetrate the output due to the Dirac impulse
exciting the system input.

The concept of basis functions can be extended to the class of linear fractional-order
systems (FOSs). It is well known that the Mittag—Leffler functions (MLFs) with one, two or
three parameters play an important role in the description of these systems, and can thus be
viewed as a generalization of the classical exponential function from the domain of 10S [5].
It can be therefore expected that basis functions from the world of FOS are a generalization
of the above basis functions and thus they could be derived from some known kinds
of the MLFs. On the other hand, the MLFs are not the only possible candidates: for
example, several different definitions of exponential and goniometric functions generalized
to the fractional domain are known [6-11]. Dictionaries of the Laplace transform for a
fractional domain include functions such as Dawson, erc, ercf, Bessel, extended Bessel,
hypergeometric, Hermite polynomials [12] or, for example, the function introduced by
Podlubny in [13] for solving fractional differential equations. It is necessary to consider
which of these or similar functions are appropriate to be selected for the set of basis
functions. Furthermore, one should analyze the modification of these functions for the
case of multiple poles and try to find an equivalent to the above function #* for FOS. The
notional culmination of this work should be to find a generating basis function from which
all basis functions for the fractional domain can be generated, i.e., an analogue of function
(1) for the integer-order domain.

The concept of basis functions can be used to algorithmically generate equations
of waveforms of system responses via an analysis program. For example, formulas of
responses to initial conditions or impulse or step responses as functions of time can be
generated. The Laplace transform of the response, for example, the transfer function as the
Laplace transform of the impulse response, is decomposed into partial fractions. A basis
function of time is assigned to each fraction. The impulse response is then expressed as
a linear combination of the basis functions. Once the basis functions are quantified, the
waveform of the corresponding response is directly obtained with an algebraic evaluation,
not with a classical numerical solution of differential equations. The accuracy of the result is
determined with the accuracy of the pole calculation, the accuracy of the algorithm of partial
fraction decomposition and the accuracy in computing the basis functions. This procedure
also has the advantage of offering insight into the dynamics of the system through the
analytical formula of the response. Simulation programs for a so-called symbolic and
semi-symbolic circuit analysis work on this principle [14].

As far as numerical methods for calculating the standard responses of linear systems
are concerned, particularly the impulse or step responses, either standard simulation pro-
grams such as SPICE or another platform for scientific and technical calculations such as
MATLAB can be used. Of course, programs like MATLAB also allow an analysis using
various numerical algorithms that are not available in classical simulation programs [15,16].
A review of numerical methods for solving linear fractional differential equations and a dis-
cussion of specific problems associated with them are given in [17]. Additional procedures
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are published in [15] together with codes for implementation in MATLAB. The method
based on closed-form solutions to linear fractional-order differential equations starts from
the approximate Griinwald-Letnikov definition of the fractional-order derivative. However,
the accuracy of the transient analysis strongly depends on the choice of the computational
step, so the method is of little use when solving practical problems. In [18], a generalization
of the classical integer-order integrator approach for the numerical solution of the free
(zero-input) response is made by elaborating the concept of the fractional integrator. In [19],
the concept of LFD (Local Fractional Derivative) is used to compute zero-input responses.

Numerical algorithms of the Laplace inversion can also be used for a transient analy-
sis [20,21]. An excellent discussion of the selected algorithms is given in [22,23].

Procedures utilizing analytical preprocessing of results are also popular. The analytical
solution of a linear homogeneous fractional-order differential equation was first published
in the classic work [13]. However, the corresponding formula contains infinite sums of
derivatives of two-parameter MLFs, and is thus of little use for practical calculations.

Interesting possibilities of a transient analysis are offered for the so-called commen-
surate systems, where all non-integer powers of the operator s in their transfer functions
are rational numbers. For commensurate systems, one can use a procedure leading to
expressing their impulse or step responses in terms of a finite sum of MLFs [15,24,25].

The algorithmic generation of waveform formulas, constructed from basis functions, is
an interesting alternative to the above numerical methods because it completely eliminates
the numerical solution of differential equations of a non-integer order.

The above summary of the state of the art indicates the usefulness of extending the
concept of basis functions to the domain of linear fractional-order systems. In the following
section, the problem to be solved is specified, and new pieces of knowledge arising from its
solution as well as their application potential are pointed out.

2. Problem Formulation

The purpose of this article is to solve the following problem:
Consider a linear time-invariant IOS, described with a proper s plane transfer function

mo
Y b’
i=0
K(s) = o )
Y a;s!
i=0
where a;, b; € R, a, # 0, m,n € N+ and m < n.
Let us define an associated commensurate FOS with the transfer function K, obtained
from transfer function (2) by substituting

s —s% a € R+, 3)
thus
isai
i=0
Ke(s) = =0—. @
L a;s™
i=0

Denote the impulse responses of systems (2) and (4), i.e., the Laplace inverse of (2) and
(4), as g(t) and gr(t), respectively.

Let us solve the following problem:

Suppose we know the analytic formula for g(f) as a linear combination of the basis
functions of time. Let us find a procedure for deriving gr(f) from g(t) for all possible
configurations of the coefficients a;, b; from (2) and (4), respectively.

It will be shown below that gr(t) can be obtained from g(¢) such that to each known
basis function of the 10S, the corresponding basis function of the FOS will be assigned. This
result can be arrived at in the following steps: transfer function (1) will be decomposed into
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partial fractions, and each fraction will be converted into a basis function of time according
to whether the corresponding pole is real or complex and simple or multiple. In the next
step, substitution (2) will be applied to the formula of partial fraction decomposition, and
the Laplace inversion will be used to arrive at the basis functions of associated system (3).
By comparing the results from the two steps, we come to unambiguous correspondences
between the basis functions in the integer-order and fractional-order domains.

The above procedure leads to the main contribution of this paper, which is the defini-
tion of a complete set of basis functions of commensurate FOS with transfer function (4).
These functions allow an analytical description of the natural responses of all the above
FOSs for an arbitrary set of their eigenvalues. This automatically implies the possible
use of this analytical modeling for an accurate transient analysis of FOS without the need
for a numerical solution of fractional-order differential equations, while the accuracy is
guaranteed for both stable and unstable systems.

Another possible use arises from revealing the above correspondence between the basis
functions of the FOS and the I0S: it can be used for an effective computer-aided transient
analysis of commensurate FOSs with a direct utilization of the well-known algorithms for
finding analytic formulas of responses of IOSs, with the proviso that in the final stage, the
classical basis functions are replaced by new basis functions of associated FOS (3). In this
paper, we will point out another interesting use of the formulas of impulse responses of
FOS constructed from basis functions: reflecting them back into the space of IOSs, one
can arrive at hitherto unpublished or little-known correspondences between the Laplace
transforms and their time-domain representations from the world of classical I0S.

This paper is structured as follows: in Section 3, following this section, the mathemati-
cal prerequisites for constructing the basis functions are summarized. In Sections 4 and 5,
the Laplace inversions of the transfer function of a commensurate proper FOS for real and
complex, single and multiple poles are performed with the aim of expressing the corre-
sponding basis functions in a unified way. Section 6 proposes the formalism for writing
these functions and the function generating all the proposed basis functions, together with
an unambiguous correspondence between the basis functions for IOS and FOS. Section 7
discusses the possibility of algorithmically expressing the analytical formulas for the step
response from the knowledge of the formula of the impulse response composed of the
basis functions. Section 8 discusses the numerical aspects of calculating the impulse and
step responses with the method of generating their formulas from the transfer function. In
Section 9, the procedures are demonstrated on examples.

3. Mathematical Prerequisites

The purpose of this section is to summarize the mathematical prerequisites for analyz-
ing to what extent certain functions known from fractional calculus are suitable candidates
for their inclusion in the set of basis functions of a transient analysis.

This section has three objectives:

1.  To summarize the well-known definitions of one-, two- and three-parameter MLFs of
a complex argument, derivatives of two-parameter MLF and their interrelations, as
well as relations with the classical exponential function.

2. To point out the possibility of expressing two-parameter MLFs of type E, g and their
derivatives for the specific parameters &, p using functions of type E, 4 and their
derivatives. This analysis will make it possible to verify the hypothesis that the set of
basis functions can be reduced just to functions of type E, , and their derivatives.

3. To analyze the relations for real and imaginary parts of two-parameter MLFs and
their derivatives, and the resulting appropriate definitions of fractional exponential
functions and goniometric functions such as sine and cosine as potential building
blocks of basis functions.
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3.1. Mittag-Leffler Functions

The diagonal part of Table 1 summarizes the defining relations of the complex Mittag—
Leffler functions of complex argument z: the classical MLF E, (z) with one parameter «;
the function Ea,ﬁ (z) with two parameters &, 8; the m-th derivative of the function Ea,/g
(z) with respect to the argument z; and the function E;‘ ﬁ(z) with three parameters «, §,

X [5]. For completeness, the classical function exp(z) was added to the table and its known
connections to MLFs are indicated.

Table 1. Overview of the types of complex Mittag—Leffler functions (MLF) of the complex argument
z and their relationships with each other and with exponential and gamma functions.

% 2 (2) Eaﬁ(z) Eit’;z) (z) Eﬁ,ﬁ (2) Ei(ﬁm) (z)

o P E,(z) E,(z) E 5710 (2) El (z) E},(lnﬁ (z)

E,(z) Y e E,(2) E¥) () El.(2) E0)(2)

k=0

Fupl® L i B3 st B5 )
(m) S (k+m)! k m+1 1(m)

Eﬂrﬁ (2) kgo ( +k! ) r(ak+zam+ﬁ) miE, W+ﬁ(z) wp (2)
X e O x(0)

E.p(2) kgo)(i'kl"(ujc-&-ﬁ) Evp (2)

m +m ® 2

Eff,(ﬂ (2) OmEemarp(?) kgo e Wimﬂa)

Ex (z)—MLF with one parameter, « € C, Re(x) > 0; Eup (z)—MLF with two parameters, « € C, § € C,
Re() > 0, Re(B) > 0; Ef;’;) (z)—m-th derivative of E, 4(z) with respect to z, m € Ny, &« € C, p € C, Re(®) > 0,
Re(B) > 0; Ejf,ﬁ(z)—generalized MLF with three parameters, ® € C, € C, v € C, Re(x) > 0, Re(B) > 0, Re(y) > 0;
E;('(é")(z)—m-th derivative of Efﬁ(z) with respect to z, m € Np, « € C, B € C, Re(w) > 0, Re(B) > 0;
Ok =T(x + k)/T(x) is the Pochhammer symbol.

In the legend to Table 1, it is recalled that the corresponding parameters &, 8, x may be
complex with positive real parts [6]. In fractional calculus, the parameters in question often
appear as positive integers.

It is obvious that the classical exponential function and the one-parameter and two-
parameter MLFs are special cases of the three-parameter MLF, and that there is an un-
ambiguous mapping between the integer derivatives of the two-parameter MLF and the
three-parameter MLEF. For x = 1, the three-parameter MLF and its derivatives can be ex-
pressed in terms of the two-parameter MLF and its derivatives. A further analysis shows
that the condition x = 1 suffices for the construction of all variants of the formulas of the
time responses of commensurate FOSs. While searching for basis functions, one can then
focus on computationally simpler two-parameter MLFs.

3.2. Selected Relations between Two-Parameter Functions Eups Ean and their Derivatives

Based on the analogy between the mathematical description of the response of classical
and fractional systems, it is shown in Sections 4 and 5 that it may be convenient to choose
two-parameter MLFs of type E, 4 (z) and their derivatives as basis functions for a semi-
symbolic analysis. At the same time, however, it turns out that the Laplace transforms
of some waveforms lead to MLFs and their derivatives with a different distribution of
parameters, namely to E, o functions. Therefore, it may be useful to be able to transform
these functions and their derivatives to E, 4 (z) functions and their derivatives.

However, the two-parameter MLF for the parameter g =0, i.e., E, ¢ (z), contradicts the
classical domain of MLF: B € C, Re(8) > 0 [5]. The problem is that the gamma function,
appearing in the defining relation of Ea,ﬁ (z), exhibits an infinite limit at 0. However, since
the corresponding gamma function appears in the denominator of the defining relation of
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the two-parameter MLE, the first term of the infinite series defining the function E, g (z) is
zero for B = 0 and k = 0. Then, the recurrence relation [26]

Eup(2) = 2Eansp(z) + r(lﬁ) 5)

can be used to derive the identity

Eup (Z) =zEy (Z) (6)

Numerical algorithms for computing the MLF available in [27-29], as well as the
Wolfram Computational Notebook, for example, evaluate the function E o (z) in accordance
with (6).

By successively differentiating both sides of (5), we arrive at a recurrence relation for
the m-th derivative of the two-parameter MLF,

(m-1)

E’S‘? (z) = ZEIE:';)Jrﬁ(z) +mE, g (z),m>0 @)
whose solution is "
. Eyarp(?)
E (2) = miz)s ®

Thus, for B = 0, arbitrary derivatives of the function E, o (z) can be expressed using the
derivatives of the function E; 4 (z):

(k)
Eﬂé,ﬂé!(z) . (9)

m
E,%) (z) = ZE%) (z) + mE,SZ';_l)(z) = m!zz .
k=0

Note that the defining relation for the m-th derivative of the two-parameter function
E, o (z) exhibits no singularity for k = 0 when m > 0. Thus, the algorithms designed for this
purpose [30,31] can be used directly for numerical computations of the derivatives of the
function E,  (z) even for B = 0.

It is worth noting that the robust algorithms for MLF computations [25,31] return
correct results even for real parameters B < 0. The algorithm deals with the problem of
infinite limits of the gamma function for the arguments —1, —2, —3, ... in the same way as
for the argument of zero discussed above.

The fact that there is a clear relationship between the three-parameter MLF and the
derivatives of the two-parameter MLF contributes to further possible narrowing of the set
of basis functions. If an integer positive parameter x = m + 1, m € N is substituted into the
defining relation of the three-parameter MLF, then

m & (m+1) & (m+k) £
Emgl(z) - k;') k! ‘ T(ak+B) kg;) mlk! T(ak+pB) (10)

After comparing the result with the definition of the m-th derivative of the two-
parameter MLE, we find that [31]

Bl = B L), 1)
The back conversion, i.e., expressing the m-th derivative of the two-parameter MLF
using the three-parameter MLF, is given in Table 1. This is to say that, for x =m +1,m € N,
one can alternatively work with either one or the other type of basis functions as desired.
The above transformation relations are important not only from the methodological
point of view (narrowing down the set of basis functions) but also from the point of view
of numerical calculations, as will be discussed in Section 8.
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3.3. Some Fractional Goniometric and Other Functions

In Section 4, we show that when computing some responses, it is convenient to
compute the MLF as a complex function of the complex argument and, in a second step,
to extract its real or imaginary part from the result. Consider the m-th derivative of a
two-parameter MLF with complex argument z or complex conjugate z*,

z=x+iy = |z|el?,z" = x —iy = |z|e”1¥. (12)

Then, the defining relation in Table 1 implies

Eif';) (2) = Re(Ei’j;) (z)) +i Im(E%) (Z)), (13)
ES,TS) (Z*) _ Re(EiTS) (Z)) —i Im(ESjg) (z)) = E*i’[f;; (z), (14)
Eg’;) (z) — Ei’j;) (z*) = 2i Im (Eg’/? (Z)>/ (16)
where k
(m) & (k4+m)!t  |z]" cos(kg)
Re(E/p(2)) = LR Tk tamtpy 1
(m) & (k+m)! |z|ksin(kq))
Im <Ea,/3 (Z)) = kg%) kU T(ak+am+B) o

Although relations (15) and (16) are trivial, they are mentioned here since the real
and imaginary parts of the corresponding MLFs and their derivatives described by these
formulas play an important role in the semi-symbolic analysis of systems with complex
poles (see Section 4).

The case of MLF with the purely imaginary argument z = iy, which corresponds to
modeling the time response of a classical IOS without a damping factor, also deserves
attention. In this case,

(—1)f (2k-+m)! y*

®pB kU T(ak+am+p) k=0 k)t T((2k+m)a+p) (19)
@ k (2k+14m)! 2

+1k§0(*1) ((2k+1)!) Tk tm i Datp)”

k=0

™8

For the integer-order case, i.e., &« = § = 1, the m-th derivative of the function Etx,ﬁ
(iy) on the left-hand side of (19) translates into the classical exponential function of the
imaginary argument, and the sums on the right-hand side translate into the Maclaurin
series of functions of the cosine and sine type:

(m) iy _ k (2k+m)! 2k L& k(Qk14m) 2T
EY (iy) = (-1 ey P +iL (1) Gty =

ok ka_ N . o _ (20)
]EO( 1) 201 +1k§0( 1) PR = cos(y) +isin(y) = ev.

Thus, the sums on the right-hand side of (19) can be viewed as the m-th derivatives of
the generalized (fractional) functions cos, g (y) and sin, g (y), and (19) can be rewritten in
the form

ES;) (iy) = cosg';;) (v) +isini’j1ﬁ) (v), 1)
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(m) _ 0 _q k(2k+m ! y 22
cos, g (y) k:0< ) (2k)!  T[(2k + m)a + B]’ 22
M () § @ Em A
sing, g () —k§)< b (2k+1)! T[(2k+m+1)a+p| >

The case m = 0 yields simple defining equations of fractional functions of the cosine
and sine type:

o 2k
cos, g(y) = kg%) (—1)kr(2]g“7+ﬁ)/ (24)

) B 0 k y2k+1
sin, g(y) = kgf)(_l) T2k +Da+ B’ (25)

Formulas (24) and (25) are generalizations of one-parameter fractional functions of the
cosine and sine type from [8,9] to two-parameter functions.

Relation (21) gives guidance on how to compute fractional functions (22) and (23) in
a simple way: as real and imaginary parts of the derivatives of MLF with an imaginary
argument.

Equation (21) as well as the identity E; 1 (z) = exp(z) confirm that the two-parameter
MLF can be viewed as a generalization of the classical exponential function to the non-
integer domain. Alternative definitions of the generalized exponential function of a non-
integer order are published in [6-8,10]. Interesting for the purpose of a semi-symbolic
analysis of fractional systems in the time domain is the following definition [7,8,10]:

Cua(a,t) =" 'Eqq(at*), t>0, (26)
which can be formally extended to a two-parameter exponential function
Cuplat) =P E g(at®), t> 0. 27)

Relations (26) and (27) are special cases of the function

ex(t, v, ) = LHFLES) (1) (28)

introduced in [13], namely
Cualat) =eo(t e, a), (29)
glx,ﬁ (ﬂ, t) - €0 (t/ ﬂ,' D‘/ ,B) . (30)

The definition of the two-parameter MLF implies the development of (27) into an
infinite series

e g(at) =tP1 i (ati"‘)k. (31)
wp = T'(ak + B)
From (31), it is easy to deduce that
gl,l (a, t) — eat, (32)
Ea,ﬂ (lb, i’) = COga’ﬁ (b, t) +i Siﬁlx’ﬂ(b, t), (33)
where o
~ - bt*)
cos, z(b, t) = -1 -1 k(i, (34)
wp(r) k;o( ) T (2ak + B)
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00 a\2k+1
sifiy 5(b,t) = tP71Y (—1)F (bt) (35)
r R

2k +1)a + B]

are goniometric functions, associated with previously defined functions (24), (25) and (28)
by the relations

cos, g(b,t) = =1 cos,5(bt") = Re(eo(t,ib; 2, B)), (36)

sin, (b, t) = th-1 sing g(bt") = Im(eo(t,ib; o, B)). (37)

The Laplace transforms of exponential function (27) and goniometric functions (34)
and (35) can be derived from (31), (34) and (35):

Llapan) = 38
{elx,ﬁ(a/ )} - S‘" _ a/ ( )
_ g20—p
E{Cosa,ﬁ(b, t)} = 25 (39)
. s P
E{Slna/lg(b, t)} - bm (40)

In Section 5, we discuss the possibility of utilizing the above functions as basis func-
tions for describing the transient responses of commensurate FOSs.

4. Time-Domain Response via Basis Functions: Real s!-Domain Poles

For the case of an m-tuple real pole s = a of the transfer function of an IOS, the
corresponding partial fractions of decomposition (2) are of the familiar form

m
2
k=1

Py
(s—a)f

(41)

where Py, are the residues belonging to the root a.

The partial fractions of the decomposition of associated transfer function (4) of a
commensurate FOS have the same form as (41), differing only in substitution (2), so they
can be written as follows:

m
Z Lk (42)
k=1 (s* —a)
From the well-known formula
1 ak—0—1
5 =t E(k_l)(at“),k,é € N;ua € R+, (43)

(st — a)k_ (k—1)! a,n—0

published in various notations in a number of works, e.g., [13], the relations can be derived
between the time and Laplace domains, relevant to partial fractions (41) and (42), for single
and multiple real poles, as shown in Table 2.
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Table 2. Basic relations between the time and Laplace domains for single and multiple real pole a.

) ~ pak—6-1 (k*l)
(Sas,a)k (k1) sz,/x—(i (at®)

integer order (« = 1) fractional order
Laplace domain time domain Laplace domain time domain
- ﬁ ettt sﬂ‘%u tailsz,uc(ﬂta)
N 1 #1 gt 1 1) g1 p(k=1)1a
(s—a)f *=1)° (s —a) it Ewa (at?)

From a comparison of the relations in Table 2, analogies begin to emerge between the
basis functions for IOS and FOS. For a simple pole, the classical exponential function of
an IOS corresponds to a MLF of type E, , multiplied by a factor t*~1. However, this is
a generalized exponential function (26). For the multiple pole, the classical exponential
function is accompanied by a multiplicative term #~!. In the fractional domain, this is
reflected both by the derivative of the function E, , of order (k — 1) and by the multiplicative
term t*®=1_ Tt is easy to see that the resulting waveform can then be smartly expressed by
function (28) of type &_1. A more detailed analysis will be carried out in Section 6.

5. Time-Domain Response via Basis Functions: Complex s'-Domain Poles

Consider that the transfer function K(s) in (1) contains an m-tuple complex conjugate
pair of poles ¢, c¥, where
c=a+ib,c*=a —ib. (44)

The corresponding partial fractions of the decomposition of transfer function (2) can

be written in the form .
P +sQ
%,Pk, Qi €R. (45)
k=1 [(s —a)’ + bz}

The k-th term of the associated transfer function of FOS (3) is
Dy +5"Qx
2 ke
[(s"‘ —a)"+ bz}

(46)

The following analysis is somewhat more complicated than for real poles. For the sake
of clarity, it will be done separately for single and multiple poles.

5.1. Simple Complex Poles
For the case of simple poles (k = 1), (46) can be converted to the time domain using the
following correspondence, published in [25]:

5(5 Lta7571

(s“—a)2+b2_ b

Im(E, o—s(ct*)),c =a+ib,b #0, (47)

where Im denotes the imaginary part of the complex MLE.
By successively substituting ¢ = 0, ¢ = & into (47), Formula (46) can be converted to
the time domain for k =1 as follows:
Py +s*Q1 . a1

ayy o E .
(s *ﬂ)erbz: b PiIm(Egaq(ct")) + TQlIm(Ea,O(Ct ). (48)

Using (6) and (13)—(16), the right-hand side of (48) can be expressed using the functions
Eqn
P+

oot (A i Ea ) + QRefEun]-



Algorithms 2023, 16, 335 11 of 22

Equation (49) is the basic formula from which the various correspondences between the
Laplace and time domains are derived in Table 3 for simple complex poles. The table shows
that the classical waveforms of type exp(at)sin(bt) and exp(at)cos(bt) for 10S correspond to
the combinations of basis functions of type t*~! Im{E, , (ct*)} and #* 1 Re{E, , (ct*)} for
FOS. In fact, these are the imaginary and real parts of fractional exponential function (26)
with a complex argument.

Table 3. Basic relations between the time and Laplace domains for a simple pair of complex conjugate
polesc=a+1ib, c* =a — ib.

55 pa—o—1

(st—a)*+b2 b

Im (Eg 45 (ct"))

integer order (« = 1) fractional order
Laplace domain time domain Laplace domain time domain
5=0 (s,ué’z e e sin(bt) m t* 1 m(Eg,o(ct*))
sZJrLbZ sin(bt) ﬁ 4 m (Ey o (ibt*)) = %1 sing o (bt*)
— e [2 sin(bt) + cos(bt) s M (§ Ega(ct")) =
P (s—a)>4b? [b ] (s*—a)*+b2 -1 [%Im(E,X,D((Ct"‘)) 4 Re(E“,a(ct"‘))]
o cos(bt) ﬁ % 1Re(Eyq (ibt*)) = t¥7 1 cosy o (b1%)
(sja;abz e™ cos(bt) (Sﬁiﬁ 1%~ 1Re(Equ(ctv))

Interesting results can be obtained for the Laplace transforms without a damping
factor, i.e., with the parameter a4 = 0, which lead to undamped oscillations of type sin(bt)
and cos(bt) for 10S. The corresponding fractional goniometric functions are sin, (bt%)
and cosy 4 (bt*) multiplied by the function t*—1 However, these are modified fractional
goniometric functions (36) and (37).

5.2. Multiple Complex Poles
To convert partial fraction (46) into the time domain, one can proceed in a similar way
as for the simple pole, but this time using the relation we published in [25]:
s 2
[(s2—a)*+b2)"
— GO M (g g(ct*)) — 7220 TRe (ELL)_(ct®)
A —5— 2 A —6— 3
+ &80 m (ER) (1)) + A0 IRe (E)_ (1) (50)
—%tS“"s’llm Efa)ié(ct"‘) — %té”‘"s’lRe Ei,lx)—&(da)
T - Sy B N PO D 11 SRS A
=t ‘ZO (—1) AZi—i—lWIm(Ea,afé(Ct )) +t ‘20 (—1) AZ(iJrl)WRe(Ea,af& (Ct ))
1= 1=
where [x] denotes the integer part of x, and
A =2(-1) (Zkk__l N 1) (20)" %D i=1,2,.. k. (51)

Table 4 summarizes the Laplace transforms and their time representations (50) for the
cases § = 0, 6 = a, and for the case of zero damping (a = 0). The responses for § = &, which
are expressed using the derivatives of the E, o function according to (50), are adjusted to
forms that use the E, , function via identity (9).
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Table 4. Basic relations between the time and Laplace domains for a multiple pair of complex conjugate poles ¢ = a + ib, ¢* = a — ib.

-~

””L

-1

_f”‘ 1[ th —J

S
[(s*—a)*+b2) i

0

(=1)"* Agi Gyt T (BZ)(et))

i=0

(5-1] , . .
_ 1 (2i4+1)a—6 2i+1
+emy (-1 Az(i+1)t-7Re<E,(x,;7§)(Cf“)>

2i+1)!

integer order (¢ = 1)

fractional order

Laplace domain

time domain

Laplace domain

time domain

(5] it (54 it ) ;
1 e‘”[i)::O ((1)> Aoi 1% sin(bt)+ 1 k t“*l[izo <(;i))! A2i+1t2“"lm<E,§?;>(Ct”‘)>+
[(s—a)*+02] (k1] H),ﬂ - [(s—a)2+?] =) 1y i (M) .
6=0 — —
[k%l} (71>l+1 2 1 [k%l] ( 1)i+1 2 ( )
1 ; o Ay 1t sin(bt)+ 1 e [; il A1t sing ) (bt*)+
[s+07]" Ty (=)™ : o [g’ll]_:)—n"“ i @i+1)
- Eo @ A2( )21 cos(bt) * Eo (2i+1)!A2(i+1)t<21+1)acosa'“ (bt%)]
ey (G 21 g a1 1] (G iy [2it2i~Dem (E?
e {;O i Api 12t sin(bt)+ { 21 (2 m ( Egq )
[( )SZ b }k +t21 aSln(bt) +bCOS(bt))] [( 5;2 . }k +t2i¢x <a1m<El£c,th) (Cta)) +bRe< a2 (Ct )))}
s—a)"+b? s¥—a)"+b?
Iy (=1
+ IZO ((zl-lﬁl)lA (i+1)[(2i + 1)t¥ cos(bt)+ Ty %A 2 [(2i+1) tz""Re(E (ct*) )
B = i=0
o=u +t2+1(a cos(bt) — bsin(bt))]} 4 2i+1)a (aRe(E(mH (ct®) ) bIm( (2i+1) (ct*) )> }
(2 gy , S S , (2i @
s ‘20 (( )) Aniy1[2it? 1 sin(bt) 4 t2b cos(bt)]+ " t“*l{‘ ) (IT))!A%H[%HZ’ Da ging )(bt)—|—t2“"bcos )(bt)]
2 21k 1= 20 2]k i=|
o By i 2ty o B Cayn 2 (20 21 i (24)
+ RSy Ag(iy1)[(2i + 1)t cos(bt) — t* b sin(bt)] + EEsy Agipny (21 + 1)t oS,y (bt) — tEHD G sintZ T (b))}
i=0 ’ i=0
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It can be seen from Table 4 that the classical basis functions of IOS of type exp(at)t*
sin(bt) and exp(at)t* cos(bt) correspond to the imaginary and real parts of the k-th derivative
of the function E, , multiplied by the functions #*~! and t*. The k-th derivatives of the
fractional functions of sine and cosine type (25) and (24) for 8 = « multiplied by the functions
t*=1 and ¥ are assigned to the functions t* sin(bt) and t* cos(bt).

Note that the compact formulas of waveforms in the fractional domain obtained in
this way after simplifying « = 1 directly yield the waveforms that correspond to the Laplace
transforms for classical IOSs (see the “integer order” section of Table 4), which are not given
even in the very detailed dictionaries of the Laplace transform [32].

6. Basis Functions for Integer- and Fractional-Order Commensurate Systems:
One-to-One Correspondence

Starting from the possible forms of the decomposition of the transfer function into
partial fractions for real and complex poles (41), (42), (46), and comparing the formulas of
the corresponding waveforms for the IOS and FOS in Tables 2—4, we arrive at the summary
of basis functions given in Table 5 in the “Basis Functions” columns. There are specific
connections between these functions. These connections, which are different for single and
multiple poles, are best seen by comparing the contents of the “Generated from” columns,
which reveal from which general “generating function” these basis functions are generated.

Table 5. Correspondence between the basis functions of IOS and FOS for various types of poles.

Poles

Integer Order (x = 1) Fractional Order

Basis Functions Generated from Basis Functions Generated from

exp, sin, cos, t* f(t) = thect MLE, sin, cos, &, t%, 21 fr(t) = gt ¢, )

simple real a et t0et Cunlat) =t 1Ey o (at®) eo(t, a; o, )
simple complex pair e sin(bt) Im(t0€ct) Im (x4 (c, 1)) Im(go(t, c;a, )
c=a+ib,c*=a—1ib e cos(bt) Re (%) Re(€yu(c, 1)) Re(eg(t, ;o))
simple imaginary pair sin(bt) Im(0e/t) Im (8 n(ib, t)) = siflaa (b, t) Im(eq(t,ib; a, )
c=+ib, c* = —ib cos(bt) Re(t0e/t) Re(Cp(ib, t)) = co8ua (b, t) Re(eq(t, ib; o, x))

multiple real a theat theat t“kt"‘*ll—ja’fa)c(at“) ep(t, a; o, )
multiple complex pair tket sin(bt) Im (tkect) ¥ Im (tw_lEg{zﬁ (Ct“)> Im(eg(t,c;o, )
c=a+ib,c*=a—ib tke cos(bt) Re(tkect) t"‘kRe(t"‘*lEaIfa(ct"‘» Re(ex(t,c;a, o))
multiple imaginary pair t* sin(bt) Im (tkeftt) gk pa—l Singﬁ (br*) Im(ex(t,ib; a, )
c=+ib, c*=—ib £k cos(bt) Re(tkel) pok pa—1 Cosgfa(bt“) Re(ex(t,ib; a, a))

Let us first compare the part of Table 5 for integer-order systems with the “Basis
Functions” column for fractional-order systems.

If we restrict ourselves to simple poles, then the basis function e of the 108, i.e.,
the classical exponential function, corresponds to the basis function ¢, 4 (4, t) of FOS, i.e.,
fractional exponential function (26). Undamped functions of the sine and cosine type are
projected into the fractional domain as fractional sine and cosine functions of type (36)
and (35).

Note that all of these above basis functions of FOS can be expressed using a two-
parameter MLF of type E 4.

For multiple poles, the basis functions of 10S are given by the product of the integer
power of time, tk, and the classical exponential function or its imaginary or real part. For
FOS, they are the products of the non-integer powers of time ¥, the non-integer powers of
time t* ! and the k-th derivatives of the function E, , or its imaginary or real part. For the
purely imaginary poles, the k-th derivatives of the functions siny,« and cos«,« multiplied
by the terms t*~! correspond to the classical sine and cosine functions for I0S.
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Note that all these basis functions of FOS for multiple poles can be expressed using
the corresponding derivatives of the two-parameter MLF of type Ej 4.

Based on defining relation (28) for Podlubny’s function g, it is easy to prove that all
basis functions for the FOS, listed in the “Basis Functions” column, can be expressed just
using the function g as listed in the “Generated from” column.

Thus, Table 5 provides guidance on how to obtain the time response of a commensurate
FOS from the response of the associated classical IOS, namely by substituting for each
other the appropriate basis functions. The most systematic correspondence is provided by
comparing the generating functions f(t) for IOS (1) and fr(t) for FOS,

fr(t) = e(t,a+ib;a, ) (52)

(see the comparison of the “Generated from” columns in Table 5): for real poles of a
general multiplicity, the basis functions are generated with the function t* ¢ or g(t, a; «,
«), and for complex poles of a general multiplicity, by the real and imaginary parts of the
function t* e@0) or e (t, a + ib; a, ).

7. Calculation of Step Response

The correspondence between the basis functions of the I0OS and FOS from Table 5
allows a convenient determination of analytical formulas for the impulse response gr(t)
of commensurate FOS from the known impulse response g(t) of IOS. Let us reiterate that
transfer functions (2) and (4) of both systems are bounded by relation (3).

Let us analyze to what extent the correspondences of Table 5 can be used to determine
the step response hr(t) of the FOS. Since the step response is the forced response to a unit
step, the question is whether it can be constructed from the basis functions from Table 5,
which describe natural, not forced, responses.

It turns out that in the general case, we really cannot make do with the above basis
functions when constructing the step response.

The step response hr(t) of the associated commensurate FOS of transfer function Kg(s*)
(4) is obtained with the Laplace inversion of the function Kr(s*)/s = K(s*)/s. Similarly, the
step response h(t) of the 10S is the Laplace inverse of the expression K(s)/s:

h(t) :L_l{Kis)},hp(t) :L—l{K(Sa)}. (53)

S

Since the denominator of the second equation contains the s operator, not its power s*,
the assumption from Section 1 that the Laplace transform of the time response of a FOS is
obtained from the Laplace transform of IOS with substitution (2) cannot be used. However,
all the conclusions that follow from this assumption, including the transformation relations
of Table 5, are based on this assumption.

On the other hand, the step response can be easily obtained with a direct integration
of the impulse response with respect to time. Since the impulse response of proper systems
can be thought of as a linear combination of basis functions, the step response is actually
constructed from a linear combination of the integrals of the basis functions with respect
to time. Using the rule of integration of Podlubny’s function (28) [13], the first integral of
generating function fr (t) (52) can be written as follows:

/fp(t)dt = /sk(t, G, a)dt =g (t,c;u,a+1) = t"‘k+"‘ESfp)‘+l (ct*),c = a+ib. (54)

Thus, it is obvious that the step response can be composed from the basis functions
that are built of MLFs with the parameters «, « + 1. Starting from transfer function (4), it is
possible to first determine the impulse response based on Table 5 and then proceed to the
step response by integrating each basis function according to (54).
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8. Numerical Aspects

Reliable algorithms for computing the basis functions are necessary for an accurate and
fast computation of waveforms from their semi-symbolic formulas that use these functions.

Table 5 shows that all the basis functions for FOS can be uniformly generated with
Podlubny’s function (28) &(t, a + ib; &, «). In terms of numerical computations, it is a
complex function of three real and one complex argument. Relation (28) defining this
function contains the k-th derivative of the complex two-parameter MLF of the complex
argument. The evaluation of this function can be approached either directly, i.e., with
an algorithm for computing the derivatives of the two-parameter MLF, or indirectly by
computing the three-parameter MLF, from which the derivatives of the two-parameter
MLF can then be easily determined (see Table 1).

A number of papers deal with the numerical calculation of MLE. Some of them have
become the basis for developing robust algorithms for evaluating two- and three-parameter
MLFs [30,31]. Among the best known is the MATLAB function mlf.m of Podlubny and
Kacenak [27], which computes the two-parameter MLF with a complex argument. However,
since it is not designed to compute derivatives of MLFs, it cannot be used to compute
the basis functions belonging to multiple poles. Garrappa’s ml.m function is available
on the MATLAB Central File Exchange, allowing for computing one-parameter, two-
parameter and three-parameter MLFs [29]. Thus, the ml.m function allows for computing
the derivative of the two-parameter MLF indirectly, using three-parameter MLFs. The
corresponding routine, which implements the optimal parabolic contour (OPC) algorithm
described in [33], is based on the inversion of the Laplace transform on a parabolic contour
suitably chosen in one of the regions of analyticity of the Laplace transform [29]. However,
there are some limitations in computing three-parameter MLFs via the ml.m: the parameter
« must be greater than 0 and less than 1, and the absolute value of the complex argument
of the MLF must not be less than a7t radians. In particular, the second condition can pose
a significant limitation for computing derivatives of the two-parameter MLF as part of
Podlubny’s generating function.

To evaluate two-parameter MLFs and their derivatives, it is convenient to use another
MATLAB function, ml_deriv(a, B, k, z) by R. Garrappa. The function computes the k-th
derivative of the MLF with the parameters & and j at each entry of the complex vector z.
Derivatives of the ML function are evaluated by exploiting an algorithm combining (by
means of the derivative balancing technique devised in [31]) the Taylor series, a summation
formula based on the Prabhakar function and the numerical inversion of the Laplace
transform obtained after generalizing the algorithm described in [33]. The function was
successfully tested in [25] for the accuracy of computing the derivatives. Based on the
results published in [25], the given algorithm was used to evaluate the basis functions
of Table 5, which belong to all kinds of poles, real or complex, simple or with a general
multiplicity. The algorithm from ml_deriv is also continuously implemented in the current
versions of SNAP for symbolic, semi-symbolic and numerical analyses of analog fractional-
order circuits [14].

9. Illustration of the Use of Basis Functions for Transient Analysis

The use of basis functions for a transient analysis is illustrated by two examples. In
the first step, the formulas for impulse and step responses are always found. In the second
step, these responses are quantified. The MATLAB script ml_deriv by R. Garrappa [25] was
used to evaluate the basis functions.

The responses obtained with this procedure were also simulated in the following
SPICE-family simulation programs: Cadence PSPICE 16.5, LTSpice XVII and Micro-Cap
12. The fractional-order transfer functions were modeled using Laplace sources. In case
of inconsistent results, data from MATLAB were imported into the simulation program
for comparison. The decision on which results were correct was made via the so-called
FFT-check, i.e., by using the Fourier transform of the impulse responses and by comparing
the results with the frequency characteristics derived from the transfer functions.
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Significantly different outputs of SPICE-family programs when solving the same task
were observed for all the simulations described below. It turned out that, in all cases, the
correct results were generated only in MATLAB via the basis functions method. As far
as SPICE-family programs are concerned, the most accurate analysis was achieved with
Micro-Cap 12. For this reason, the Micro-Cap outputs were chosen for the MATLAB-SPICE
comparison.

9.1. Minimum-Phase Fractional-Order System

A commensurate minimum-phase system is analyzed in [34], with the transfer function

Kp(s) = ! ,a=12, (55)

where

a = by = 750,000, a; = 3,563,000, a, = 6,433,000, a3 = 6,032,000, a4 = 3,357,000, a5 = 1,167,000, as = 251,620,
a7 = 31,914, ag = 2193, ag = 75, a1 = 1, by = 690,000, by = 240,000, b3 = —26,000 and by = —4000.

For system (55), let us find the basis functions of its natural response and use them to
construct the formulas for the impulse and step responses.

First, the basis functions and the impulse response of the associated IOS will be
found. Substituting & = 1 into (55) yields the transfer function K(s) (see Equation (2)).
The decomposition of K(s) into partial fractions and the Laplace inversion lead to the
impulse response
6
g(t) = Y P 426" (Ps, cos byt — Py;sinbyt) + 2¢™' (Po, cos bot — Py;sinbot).  (56)
k=1

Equation (56) implies that the transfer function K(s) has six real poles ax, k = 1... 6, and
two pairs of complex conjugate poles of type ¢, = a; = iby. The corresponding residues are
denoted by the symbols Py = Py, + iPy;. The poles and residues were calculated with a high
precision using the MATLAB symbolic toolbox, and, after rounding, they are summarized
in Table 6.

Table 6. Parameters of the partial fraction expansion of transfer function (55).

k ar by Py, Py

1 —22.4369 0.0244

2 —4.8430 0.9733

3 —2.7791 —9.9797

4 —2.1809 10.0304

5 —1.0017 —3.1207

6 —0.4993 1.5711

7 —18.8014 2.1491 —0.0086 —0.0386
8 —18.8014 —2.1491 —0.0086 0.0386
9 —1.8282 1.7367 0.2592 0.7145
10 —1.8282 —1.7367 0.2592 —0.7145

A similar decomposition of the function K(s)/s can be used to obtain the formula for
the step response.

Based on (56) and Table 6, the formula of the impulse response of the associated
commensurate system with transfer function Kr (s) (55) can be directly written as

6
gr(t) = Z Preg(t, ag; o, ) +2(PrRe(eo(t, c7;a, 1)) — PriIm(eq(t, c7; 0, ) + Po,Re(eg(t, co; &, &) ) — Po;Im (g (t, cg; , ) (57)
k=1
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The step response is easily determined from (57) using (54):

6
h}:(i’) = kgl PkSO(f, A, &, 0+ 1)

+2(PRe(eg(t, c7; 0, + 1)) — PryIm(eo(t, c7;a, 0 + 1)) + Po,Re(eq(t, co; o, + 1)) — Po,Im(eg (¢, co; 2, +1)))

(58)

Figure 1 shows the plots of the corresponding impulse and step responses in MATLAB.
For illustration, the responses of the IOS (« = 1) were added. Since the same results were
obtained in Micro-Cap, they were not added in Figure 1.

0.5 T T T T T T T

0.4
9, O
0.3

0.2 @)

0.1

25 30 35 40 45 50
t(s)

1.2

h, he
08

0.6

_ 0.2 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

t(s)

Figure 1. (a) Impulse responses gr and g, (b) step responses hir and & of the commensurate system

with transfer function (55) and associated IOS with a = 1.

It follows from the comparison of the IOS and FOS responses in Figure 1 that the FOS
responses exhibit less damping due to the increase in the « parameter from 1 to 1.2. In [35],
only the step response hr is published, and its exact comparison with the analysis results of
Figure 1 cannot be performed with the lack of numerical data. Therefore, the correctness of
the results from Figure 1 was verified with the FFT test.

9.2. Commensurate Fractional-Order Sallen—Key Filter

Figure 2 shows a simplified version of the Sallen-Key filter from [35] with an op-
erational amplifier as the voltage buffer. Instead of classical capacitors, fractors of the
impedances 1/(s* C1) and 1/ (sP C,) are used, where «, B € R+.



Algorithms 2023, 16, 335 18 of 22

p °V0ut

Figure 2. Fractional-order Sallen-Key filter (adopted from [35]).
For a = B, the filter behaves like a commensurate FOS with the transfer function

2
Wy

Ke(s) = ———0_
F(s) s + 50 + wp

(59)

where the pseudo-natural frequency and pseudo-quality factor are given by

_ 1 _ VRiRy |G
W) = —m———=,0 = = (60)
vVR1R,C1Cy Ri+R\ G

Transfer function (59) can be rewritten in the form

—_

Kp(s) = (wiw)za—i—é(wiw)a—l—l, 61)

Wor = wtl)/ : (62)

where

is the corner frequency of the asymptotic frequency characteristic of the fractional filter.
Consider the Sallen—Key filter with the following parameters:

a =08, R; =Ry =91kQ, C; =100 nF/s! ™%, C; =1 nF/s! ™%,

It can be shown that Q = 5 and the corner frequency for = wor/(27) is 1 kHz. Note
that the natural frequency of the associated IOS, resulting from (60), is about 174 Hz.

First, the impulse response for the case a = 1 will be found. Transfer function (59) has
a pair of complex conjugate poles

c=a=1ib,a = —109.2808, b = 1091.4412.
According to Table 3, the impulse response is

g(t) = ke™ sin(bt), (63)

————— ~ 1098.3134.
1— L
102

Hence the impulse and step responses of the fractional filter are

Qr(t) = kIm(eo(t, c; o, ), (64)
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hp(t) = kIm(eo(t, c; o, +1)). (65)

If the parameters C; and C; in the filter are changed to have the values C; = C; =10 nFE,
then the corner and natural frequencies are preserved, but the quality factor is reduced to
0.5. This will correspond to an integer-order filter with critical damping and the two-fold
real pole —wy. For critical damping, the impulse response has the form

g(t) = wite=wot, (66)
The corresponding responses of the fractional filter are then as follows:
gr(t) = wier(t, —wo; &, ), (67)

he(t) = wieq (t, —wo; a,a +1). (68)

The respective waveforms computed in MATLAB are shown in Figure 3.

5000 T T T T T T T T T

4000

O
3000

2000
@
1000

0 1 2 3 4 5 6 7 8 9 10

(b)

t (ms)

Figure 3. (a) Impulse responses gr, (b) step responses /i of the commensurate Sallen—Key filter with
transfer function (59) for « = 0.8 and for two different values of damping.

The obtained plots of the impulse and step responses satisfy the check for the basic
features (the limit values at times zero and infinity are correct, and the local maxima and
minima of the step response correspond to the impulse response passages through zero).
Looking at the step response for Q = 5, we find a much smaller overshoot than for classical
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second-order IOS. This observation is consistent with the well-known fact that lowering
the order 2« below 2 (i.e., & = 0.8 < 1) acts as additional damping.

The filter in Figure 2 was also modeled in SPICE. Two different models were used:

Model 1: Modeling transfer function (61) using the Laplace voltage-controlled voltage
source.

Model 2: Model of the circuit in Figure 2.

In Model 2, for a conclusive comparison with the MATLAB results, the OpAmp
follower was modeled with a simple controlled source (gain = 1). The fractors were
modeled with Laplace current-controlled voltage sources.

Regarding the Micro-Cap outputs, Models 1 and 2 show a perfect match with the
MATLAB results.

However, the experiments revealed errors in the SPICE transient analysis if the
fractional-order filter was set to an unstable mode due to an inappropriately chosen param-
eter . In contrast, the method based on basis functions gives correct results.

The stability analysis of transfer function (59) or (61), respectively, leads to the obser-
vation that the fractional-order Sallen—Key filter in Figure 2 is stable for

a<2(1—;;m11qu2—1>. (69)

For Q =5, the threshold value of the parameter « is 1.0638.
The filter was re-designed for a = 1.15, i.e., for the unstable mode. For Q =5 and
for =1kHz, it now comes out as

Ry =Ry =91kQ, C; =471 nF/s! =%, C, = 47.1 pF/s' ™%,

Figure 4 shows the results of the simulation of the step response in Micro-Cap. The
simulation was performed with default simulation parameters and with a step ceiling of
10 ps, which is one thousandth of the simulation time. For comparison, data from MATLAB
were imported into the simulation program environment, showing the results obtained
with the basis functions method.
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Figure 4. Simulated step responses hir of the commensurate Sallen-Key filter with transfer function
(59) for « = 1.15 and Q = 5 (unstable mode); S1 (SPICE-Micro-Cap, Method 1), S2 (SPICE-Micro-Cap,
Method 2), M (MATLAB, basis functions).

Figure 4 shows that Micro-Cap calculates completely different responses for Models 1
and 2, which should be interchangeable. The response for Model 2 is close to the response
computed from the basis functions in MATLAB. The FFT check cannot be used to verify
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the results because the system is unstable. However, by lowering the step ceiling 100-fold
to 0.1 us, the simulation program can be forced to perform a more accurate, but time-
consuming, transient analysis. Then, the step response obtained using Method 2 is overlaid
with the response computed using MATLAB.

The above pitfalls of the transient analysis of FOS in a SPICE simulation environment
certainly deserve attention. The unpleasant fact is that different SPICE-family programs
may deal with the same simulation task differently depending on the properties of their
internal algorithms, and that the particular simulator chosen may evaluate the response
differently depending on how the model of a fractional-order circuit is constructed. The
cause should be sought in the specifics of the method of a convolutional transient analysis
that SPICE uses to solve circuits with Laplace sources. Anyway, the method utilizing basis
functions does not deal with such problems in principle.

10. Conclusions
The main results of this work are summarized in the following points:

1. The natural response of an arbitrary commensurate fractional-order system with
transfer function (4) and parameter & can be expressed as a linear combination of
the basis functions of time ¢, which are based on the two-parameter Mittag—Leffler
functions Eup, B =a and their derivatives.

2. All the basis functions can be uniformly generated by using Podlubny’s function
ex(t, c; «, ), where c is the corresponding s*-domain pole of the system, and k is its
multiplicity.

3. There are unambiguous assignments between the generating functions as well as the
individual basis functions of the integer-order system and the associated commensu-
rate fractional-order system according to Table 5. This can be used to quickly construct
an analytical formula for the impulse response of the fractional-order system if one
knows the response formula of the classical integer-order system.

4. The step response of any commensurate fractional-order system with transfer function
(4) can be written as a linear combination of basis functions whose generating function
is gt c;u, a +1).

5. The transient analysis of FOSs via basis functions can lead to credible results also in
cases when SPICE-family programs fail.
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