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Abstract The objectives of this work are (i) to verify experimentally the theoretical
claim that neither Riemann—Liouville nor Caputo fractional derivative can be used to
predict the time response of fractional order systems without proper correction for
the system’s past history in terms of an initialization function and (ii) to study quan-
titatively how the error incurred due to ignoring initialization depends on the nature
of the past history and the system parameters. The entire analysis is restricted to a
special class of single input single output linear time invariant fractional order sys-
tem which can be realized by a simple electrical circuit consisting of a resistance and
a fractance in series. This work involves two different realizations of fractances or
constant phase elements whose characteristic parameters are first determined based
on their respective impedance frequency responses and then used to simulate the time
responses of the circuit with the input same as the one used for experimentation using
a numerical method for two cases: (i) taking past history into account and (ii) with-
out taking past history into account. Thereafter, an integral square error criterion is
presented and variation of the same is studied with respect to system parameters and
nature of the history function to have a relative idea of how much partial past history
in the absence of a complete one should suffice in practical applications.
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1 Introduction

The birth of fractional calculus is attributed to some intuitions of L’Hospital and
Leibnitz in the year 1695 about the generalization of the order of derivative of
a function from the domain of integers to that of real numbers. Having grown
up as a purely mathematical discipline with its inherent complexities in the eigh-
teenth and nineteenth centuries with contributions from mathematicians like Euler,
Laplace, Fourier, Abel, Liouville, Riemann, Grunwald, Letnikov and others [22, 28],
fractional calculus started finding widespread applications in engineering and ap-
plied sciences only in the twentieth century [10]. Among the applications, a ma-
jor thrust is on the use of differential equations involving fractional derivatives and
integrals to model a number of physical phenomena; examples include viscoelas-
ticity [30, 36], diffusion [5, 12, 25], transmission lines [17], chaos [16, 18], biolog-
ical cells, tissues, diseases and medication [3, 11, 14, 24], and many others. Sys-
tems modeled as such belong to the general category of ‘Fractional Order Systems’
(FOSs). In control theory, the idea of using fractional order controllers in feedback
loops emerged as Bode’s ideal transfer function [6], followed by several related
works [4, 8, 9, 15, 23, 31].

Modeling as fractional order proves to be useful particularly for systems where
memory or hereditary properties play a significant role. This is due to the fact that
an integer order derivative at a given instant is a local operator which considers the
nature of the function only at that instant and its neighborhood, whereas a fractional
derivative takes into account the past history of the function from some earlier point
in time, called the ‘lower terminal’ up to the instant at which the derivative is to be
computed. Therefore, if we have a Fractional Differential Equation (FDE) involving
one or more fractional derivatives of the output of an FOS, say y(¢), an appropriate
choice of such a lower terminal becomes important. There are two choices: (i) time
t = p such that y(t) =0 for all + < p where ‘p’ can be termed as the ‘Process
Starting Time (PST)’, (ii) time t = ¢ > p so that y(t) = 0 in [p, g) is not neces-
sary, and we are interested in analyzing the system behavior by computing fractional
derivative(s) of y(¢) for t > g where ‘g’ can be termed as the ‘Computation Start-
ing Time (CST)’. In general, we may want to look into the system dynamics long
after the system has been put to action, which means that PST ‘p’ and CST ‘g’ may
be widely apart. At the same time, we note that taking ‘g’ as the lower terminal
indicates that history of y(#) during the time interval [p, ¢) is not taken into consid-
eration.

Now the question is: In order to predict accurately y(¢) for time t > ¢, is it at
all required to capture the history of y(¢) during the interval [p, ¢) and if so, how
should one go for the same? As far as integer order systems are concerned, we have
‘initial condition(s)’ as an essential component. For an integer order system of order
n, where the input and output are related by an nth order differential equation in time
domain, a total of # initial conditions at time ‘q’, or in particular, values of the output
and its first (n — 1) derivatives at ¢ = ¢ is sufficient. However, as stated earlier, all
those (n — 1) integer derivatives are local operators which depend on the output in
only a small neighborhood of ¢ = g. But for fractional order systems, the scenario is

Birkhauser



Circuits Syst Signal Process (2013) 32:1501-1522 1503

quite different, because any fractional derivative of the output y(¢) evaluated at t = g
will consider the entire history of y(¢) in [p, q).

Therefore, for an FOS with ¢ > p one may tend to ignore y(¢) in [p, q) and
compute the fractional derivative(s) of y(¢) using any one of the two most common
definitions of fractional derivatives, viz. either the Riemann—Liouville or the Caputo
definition with ¢t = ¢ as the lower terminal. It was first claimed in the work of Hart-
ley and Lorenzo [19] that in such a situation a correction term is to be added with
the uninitialized derivative which takes ‘g’ as the lower terminal so that the com-
puted response matches the actual one. Opposed to the initial conditions which are
some numbers in case of integer order systems, this correction term is a function of
time and involves an integral known as the ‘Initialization Function’ which takes into
account the history of y(¢) in [p, ¢). Thus came into existence the concept of ini-
tialization. Several issues pertaining to the initialization problem in the above men-
tioned approach have been addressed by Hartley and Lorenzo [1, 13, 19-21]. Other
approaches to capture such history effects have been studied by Ortigueira [29] and
Sabatier et al. [35].

Major contributions of this paper can be summarized as follows. First, obtaining
closed form analytical solutions of FDEs, especially when initialization is augmented,
is an involved task in terms of mathematical complexity. In this work, we have pro-
posed an extension of a numerical method discussed in Podlubny [33] to include
initialization and the solutions thus yielded are shown to be close approximations to
the analytical ones derived in Hartley and Lorenzo [21] for the type of FDE consid-
ered for experimental verification. Moreover, the final numerical expression for the
solution is shown to have clear physical interpretations and can easily be extended for
other types of FDEs, e.g., FDEs containing more than one fractional derivative term.
Second, experimental evidence to justify the need of an initialization function so far
has been found only for a heat conduction problem [13]. In this work, we have con-
centrated on electrical circuits and used two different realizations of constant phase
elements (CPEs)—one being a single component CPE which is a capacitive type
probe coated with a thin film of polymethyl-methacrylate (PMMA), dipped into a
polarizable solution; and the other being a domino ladder network which is an array
of standard resistors and capacitors. For both the realizations, experimental results are
shown to coincide with theory. Third, a system following fractional order dynamics
may, in general, have infinite history and satisfying the theory demands an external
storage element with infinite memory. Therefore, for practical applications, it is nec-
essary to check how much of the past should be looked into so as to keep the error
between the modeled and actual response within certain bounds. As a first attempt,
the current work provides an error criterion to quantify how prominent the effect of
initialization is and also analyzes how it depends on system parameters and the nature
of past history.

The work is presented in several sections. Section 2 briefly discusses the concept
of initialization, formulates the problem and suggests an intuitive approach. Section 3
establishes the method to be used for all subsequent simulations. Comparisons be-
tween experimental and simulation results are covered in Section 4. In Section 5, we
study an integral square error criterion related to approximation of the initialization
function. Achievements and future scope of work are summarized in Section 6.
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2 Mathematical Preliminaries and the Problem Statement

We start with the definitions of fractional derivatives and their relationships which
will be used extensively throughout this work. Detailed derivations can be found
in [32, 33].

(i.a) Riemann-Liouville (RL) integral of order ‘e’ (or derivative of order ‘—«’) of a
function y() is defined as:

N T
RLg, y(t):m/q(r—ﬂ ly(o)dr, (1)

where « is any positive real number and I'(z) = fooo x*le™* dx is the gamma
function.
(i.b) Riemann—Liouville (RL) derivative of order ‘«a’ of a function y(¢) is defined as:

RL ja A 1 d_n/t _ \n—a—1
0 & e | =Ty, @

where n — 1 < o < n; o being any positive real number, # is an integer.
(i) The Caputo derivative of order ‘a’ of a function y(¢) is defined as:

1 t
Sd,a)’(t) £ m/q (t—1)" "y (ydr withm—1<a <m, (3)

where m is a positive integer and y™ is the conventional mth order derivative

of y.
(iii) The Grunwald-Letnikov (GL) derivative of order ‘a’ of a function y(z) is de-
fined as:
=
N R (=1 (a—j+1) .
GL ja s . _1\J _
gy = lim ;( 1 e Yt —jh), 4
Jj=

where « is any real number. This definition unifies derivatives and integrals;
with « positive signifying derivatives and « negative signifying integrals.

The RL and GL derivatives defined by (2) and (4), respectively, are equivalent [33]
if y(¢) is continuous in [g, t].
For 0 < o < 1, RL and Caputo derivatives defined by (2) and (3), respectively, are
related as [32]:
—a
Gy =gdiyo+ %y(q) 5)
We note that in both RL (equivalently, GL) and Caputo definitions, there is a term
‘g’ such that the behavior of y(¢) is considered only from r = g onwards. In fractional
calculus this ‘g’ is called the ‘Lower Terminal’. From a physical point of view, ‘g’
can be termed as Computation Starting Time (CST) such that variation of the system
variable y(¢) after + = ¢ is of interest. The concept of initialization (Lorenzo and
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Hartley [19]) follows from the claim that ideally the lower terminal should be chosen
as the Process Starting Time (PST) ‘p’ such that we have y(r) =0 for all r < p. If
the CST ¢ > p happens to be chosen as the lower terminal, then for the RL fractional
integral as defined by (1), we should have

gDy XAy () + ¥ (v, —a, pog, 1) =R5d y (). (6)

Here ‘D’ stands for the initialized derivative (of order ‘—a’ in this case) and y is
the correction term to be added with the uninitialized derivative (of order ‘—c«’) with
lower terminal ‘g’ such that ‘p’ becomes the effective lower terminal.

Using definition (1) of RL integral, we get

t
F(a)/ =0 'y@dr + ¥ (. —a, p.q.1) = F; )/ (t =) 'y(r)dr.

Simplifying, we get

1

W()’a —Ol,p,q,l):m/:](t—‘[)aly(‘l,')d‘l,'. (7)

The factor ¢ is known as the “Initialization Function”. It is a time varying quantity
which takes into account the entire past history of the system output y(¢) from PST
p’ to CST ‘g’
For the RL derivative defined by (2) with 0 < o < 1, correction should be as fol-
lows (Hartley and Lorenzo, [19]):

d
g DFy () ="Gdi'y(®) + v (v, —(1 =), p, g, 1) ="3d7'y (), ®)

where 1 is as defined by (7).
For the Caputo fractional derivative defined by (3) with 0 < o < 1, we have (Achar
etal., [1]):

iy =ty + CLIID L Sy -, g = Sy 00, ©)
Here we note that
DY y(t) =Rpd y() = Gd y (). (10)

This is because ‘p’ is the instant before which the system was throughout at rest,
and thus, by (5), RL and Caputo derivatives become identical. Therefore, after ini-
tialization RL and Caputo derivatives yield the same result though uninitialized RL
and Caputo derivatives in general yield different results.

Now, the problem can be formulated as follows:

Let us consider a linear time invariant FOS of order ‘«’ with a single input u(¢) and
a single output y(¢#) modeled by the FDE; where ‘d’ represents fractional derivative,
in general.

qdf‘y(t) +ky(t)=u(t) 0<oa <1 andk is a positive constant, (11
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with y(t) =0 for all t < p and y(g) = yo is a constant; where g > p.

At the extremities, i.e., « = 0 and o = 1, we can use the theory of integer order
calculus to find the response of the system.

For 0 < o < 1, the objective is to find out which one among the following three
should be used in place of ‘d’ to make model (11) the most accurate one:

(1) The uninitialized RL derivative defined by (2);
(ii) The uninitialized Caputo derivative defined by (3);
(iii) The initialized derivative defined by (8).

One way to accomplish the task is to first find out the solution of the FDE (11)
for all the three cases (i), (ii), (iii) by some suitable method and then perform an
experiment with a set up which realizes an FOS of this type to ascertain which of the
three solutions yields the closest response to the experimental one.

3 Solution of FDE with and without Initialization

Considering initialization as explained in case (iii) above, we are to solve:
¢DYy(@®) +ky(t)=u(t) 0<a<1andk is a positive constant. (12)

Using the definition of initialized derivative as per (8), we have

R;df‘y(t)—l—ﬁdt/ t — ) y(r)dt +ky(t) = u(). (12.2)

The Leibnitz Rule for differentiation of integral is:

b(t) b® 3y, T da
S emar= [ 2D arsyen D - e
dt a(t) a(t) ot dt

We note here that the last two terms on the right hand side (RHS) will not appear if
limits of integration are constants. Therefore, applying this rule to the differentiation
of integral on the left hand side (LHS) of FDE (12.a), we get

Rgcﬂy(mr / (t =) Ny dt +ky(t) = u(). (13)

The uninitialized RL derivative, i.e., the first term in the LHS of (13) is equivalent to
the GL derivative defined by (4), which can be numerically approximated as [33]:

Rbdiy(t =mh) =Srd? y(t =mh)

m—Q
. — 1
—aZ<—1>f“( 2 ,-(a TED (n— jyn). (14)
-

where g = Qh; with h as the time step used for discretization.

Birkhauser



Circuits Syst Signal Process (2013) 32:1501-1522 1507

Again, the integral present in second term on the left hand side (LHS) of (13) can
be approximated as the discrete sum:

0-1
/ =1 'y(@)dr~ Y himh —1h)~* 'y(h), (15)

=P

where p = Ph is the Process Starting Time (PST).
Applying approximations (14) and (15) to FDE (13), we get

_ 0-1
1
o Z wjy((m— j)h)+ TZh(mh 1)~V y(nh) +ky(mh) = u(mh),
) (16)
wherewozl,w,:(l—“Tﬂ)w,-,lforj=1,2,3,....
On simplification, we obtain
1 —h—e "
ymh) = () + = > wiy((m — j)h)
j=1
a/T(1—a) %2
= h(mh — 1)~ 'y (h). (17)
k+h ~

A close scrutiny of (17) reveals that the output y at any instant depends explicitly
on three factors: the present input u; weighted past outputs from CST prior to the
current instant and weighted past outputs from PST prior to CST. It follows that if
we are to solve an FDE which is a generalization of (12) with the LHS being a linear
combination of a number of fractional derivatives, for each of the derivative orders
there will be one term coming for outputs from PST to CST and another term for
outputs from CST to current instant.

We also note here that the third term on the right hand side (RHS) of (17) is intro-
duced because of including initialization; and therefore should be omitted if initial-
ization is ignored. Thus, considering uninitialized RL derivative in (11), the solution
can be directly written as:

oth

1
YOmh) = g mh) + == ,2_; w;y((m — j)h). (18)

where the weights w; are the same as defined by (16).
If we consider uninitialized Caputo derivative in (11), using relation (5) between
the RL and Caputo derivatives, the solution can be found as:

: Ly m=Q (i)
yomh) = s umh) + 1= 37 wjy((n = )+ = E v (Oh).

j=1
(19)
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We note that (18) and (19) are derived from (17) which is the solution of FDE
(12) which includes initialization. In order to verify that the numerical solution given
by (17) is correct, let us compare it with the analytical solution of the same FDE
(12) with the following modifications corresponding to ‘constant history function’
(Hartley and Lorenzo [21]) case with the following: k = 1 (i.e., time constant of 1 s
for « = 1); p = —a; g = 0 (i.e., computation starts from time 0, past history is of
duration ‘a’); y(t) =1 for —a <t <0 (i.e., output was of constant magnitude 1
during the history period); u(¢#) =0 for t > 0 (i.e., response due to initialization only
is desired).

The corresponding analytical solution is given by [21]:

(A) For small values of time ‘¢’:

]

Ag,—n—1(—1,
y(t)ZAot,afl(—l,l‘)—Z ’ 1( 1)

Oa’“‘“['(l—n—a)’

(20)

_ 00 an(n+l)x—l—y
where Ax,y(z, 'UJ) = ano T D=y

(B) For large values of time ‘¢’:

and I"(-) stands for the gamma function.

0]

a1 Ay (=1t
YO = Aga1(=1,0) = Agg 1 (=11 +)U D) + Y L 0)
n=0

I'n+2—a)

’

(21)
where U (-) is the unit step function, and A(-) and I'(-) are as defined earlier.

The analytical solutions given by (20) and (21) are not very straightforward and,
at the same time, the discrimination between ‘small’ and ‘large’ values of time is
not very clear. On the other hand, the numerical solution given by (17) is easy to
comprehend and also free from any such ambiguity in notion of time.

The simulation results for « = 0.25, 0.50, 0.75 with history duration ‘a’ =1, 10,
100, and 1000 seconds are presented in Figs. 1, 2 and 3. The numerical solution

1 I T T I I

; ] i i ——duration of history = 1 sec (numerical)
; ; : : ——duration of history = 1 sec(analytical)
O] SSUUSUU SAUUUUR SSO S I B duration of history = 10 sec (numerical)

i i ; : ----- duration of history = 10 sec(analytical)
----duration of history = 100 sec (numerical)
duration of history = 100 sec(analytical) ||
duration of history = 1000 sec (numerical)

é- ---------- duration of history = 1000 sec(analytical)
O SOOI VOSSR NUSTROR WO O S S S _
0.2~ 1
0 I‘ 1 1 1 1 I I x i
0 1 2 3 4 5 6 7 8 9 10

Time (sec)

Fig.1 Comparison of numerical and analytical responses for o = 0.25
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1 T T T T

——duration of history = 1 sec (numerical)
——duration of history = 1 sec(analytical)
|- duration of history = 10 sec (numerical)
----- duration of history = 10 sec(analytical)
----duration of history = 100 sec (numerical)
------- duration of history = 100 sec(analytical)
duration of history = 1000 sec (numerical)
- duration of history = 1000 sec(analytical)

Output

10
Time (sec)

Fig. 2 Comparison of numerical and analytical responses for ¢ = 0.50

——duration of history = 1 sec (numerical)
—duration of history = 1 sec(analytical)

B duration of history = 10 sec (numerical)
----- duration of history = 10 sec(analytical)

; i i -duration of history = 100 sec (numerical)
0.6 -duration of history = 100 sec(analytical)

0.8

5 duration of history = 1000 sec (hnumerical)
= duration of history = 1000 sec(analytical)
o]
0.4 4
0.2 4
0 1 1 1 1 1 T
0 1 2 3 4 5 6 7 8 9 10

Time (sec)

Fig. 3 Comparison of numerical and analytical responses for « = 0.75

assumes a time step of 0.1 s for each case. As far as analytical solutions are concerned,
small time solution given by (20) have been plotted for cases with a = 10, 100, and
1000 seconds for all 3 values of «. For a = 1 s, the small time solution has been
plotted up to # = 1 s, after which the large time solution given by (21) has been
plotted for all the three values of «.

Moreover, numerical responses for the extreme cases, i.e., « = 0 and o = 1 yielded
by (17) are also plotted in Fig. 4. It is expected that, for @ = 0, since the system is a
memoryless one, the output will die down immediately to zero as the input is zero;
and for o = 1, since the system is a conventional first order system, the output will
decay exponentially to zero with a time constant of 1 s; therefore, expected value of
output after 1 s is about 0.37 and that after 4 s is about 0.02. Also, outputs for different
durations of past history should be identical.
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—alpha =1
—alpha=0

Output

Time (sec)

Fig. 4 Numerical responses closely match expected ones for« =0 and o = 1

+ R (Resistance) +
° I °
Vin(t) i (AQ) Vout(t)
(Fractance)
.(._
L @

Fig. 5 The experimental circuit

We observe that the numerical solutions for « = 0.25, 0.50, 0.75 match exactly
with the analytical ones [21] after a small initial deviation for some time. Moreover,
the solutions yielded by the numerical method have been found to match very closely
with standard solutions for the extreme cases « = 0 and o = 1. We would therefore
like to proceed with this method towards the experimental verification mentioned in
the earlier section, using (17) as a closely accurate numerical solution to FDE (11)
with initialization.

4 Experimental Verification

So far experimental evidence on the effect of initialization has been furnished for a
heat conduction process which follows the dynamics of the type of (11) with ¢ = 0.5
(half order) (Gambone et al. [13]). For a parallel verification with values of « other
than 0.5 as well, we can realize an FOS of this type by a simple electrical circuit as
shown in Fig. 5.

The fractance has the time domain characteristics: i (t) = %qd,"‘ Vout (7).
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Here ‘A’ is a characteristic constant of the fractance, ‘d’ is the fractional derivative
in general (of order ‘a’) as in (11).
Therefore, the dynamics of the circuit shown in Fig. 5 is given by:

o A A
qd[ Vout (1) + ﬁvout(t) = Evin(t)- (22)

Equation (22) is of the same form as (11) with y(¢) = vou(t), k = %, and u(t) =
%vin(t), and the job is therefore to determine by experiment and simulation whether
the uninitialized RL derivative defined by (2), uninitialized Caputo derivative defined
by (3), or the initialized derivative defined by (8) should be used in place of the gen-
eral fractional derivative operator ‘d’. For a particular fractance, the parameters ‘A’
and ‘a’ can be easily obtained from its impedance frequency response as follows.
Ideally, impedance transfer function of a fractance is:
V(s) A

o) Z(s) = o (23)

Therefore, frequency response of impedance is given by:

Z(jow) = (24)

o)
Thus the phase response is ZZ(jw) = —Z« radians. For a particular fractance, the
phase angle is ideally constant at all frequencies; hence a fractance is also called
a ‘Constant Phase Element (CPE)’. The value of phase angle gives the parame-
ter ‘«’. The magnitude response 201og |z(jw)| = 201og(A) — 20« log(w) has a slope
of —20« dB/decade. Once ‘o’ is known, ‘A’ can be found out.

There exist several possible ways to realize a CPE to a close approximation, in
the sense that they do exhibit more or less flat phase response but only in limited
frequency ranges [26]. The current work deals with the following two realizations.

4.1 Case I: Experiment with Single Component CPEs

Fabrication and performance study of a single component CPE was reported
in [7, 26]. It is a copper plated epoxy glass with a PMMA coating and dipped into
a polarizable medium. Two such single component fractances, say Fj and F», were
taken for experimentation. Their impedance characteristics as measured with an LCR
meter and the corresponding CPE models are shown in Figs. 6 and 7, respectively.
For each case, the magnitude response, within a certain frequency range, has a slope
other than the conventional +/—20 dB/decade or their multiples, and in the same
frequency range the phase response is more or less flat, however, at an angle different
from +/—90° or its multiples. Thus modeling with an integer order transfer function
is not convenient; however, allowing the exponent of the Laplace variable ‘s’ to be a
fraction yields quite accurate models.

From experimental results, F in the range [10 kHz, 100 kHz] can be modeled as:

Al 20421 x 10

Zl(s) = 5le - S0'2213 (25)
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Fig. 6 Impedance characteristics of fractance F from 10 kHz to 100 kHz
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Fig. 7 Impedance characteristics of fractance F; from 5 kHz to 50 kHz

On the other hand, F> in the range [5 kHz, 50 kHz] can be modeled as:

Ay 9.2194 x 103

Z2(8) = 5 = o145 (26)

The experimental input as shown in Fig. 8 is given from a microcontroller. The
fundamental frequency of the input pulse is chosen to be 10 kHz so that the CPE
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. Vin(t)

5V

0 10ps 100us 110ps t

Fig. 8 The experimental input

—— EXPERIMENTAL INPUT |
— EXPERIMENTAL OUTPUT

w
4

N w &
T

=y

Experimental Input / Output (Volt)

o

Time (micro-seconds)

Fig. 9 Determination of simulation time step for fractance F|

models (25) and (26) for the fractances F| and F», respectively, can be used for
simulation. The OFF time duration is chosen sufficiently (9 times) larger than ON
time duration due to the fact that under such a condition, the output is found to die
down to and stay at zero for quite some time, as a result of which we can effectively
select the PST and CST for simulation as follows:

PST ‘p’: Instant when the input goes ON, so output starts becoming non-zero.

CST ‘g’: Any instant occurring later than ‘p’; here we choose to work with two
values of ‘q’, viz. g1 = instant when input goes OFF so that the full ON period of
input (10 ws) becomes the history period for simulation; g» = g1 — 5 s so that half
the ON period of input becomes the history period for simulation.

The series resistor R (as shown in Fig. 5) is kept at 1 k€2 such that rise and fall of
the output voltage waveform should not become too fast to be captured. Now, choice
of suitable time step for simulation for fractance Fj is to be determined.

As seen in Fig. 9, steep rise or fall in experimental output occurs within ~0.7 us;
thus for simulation, a time step ~0.7 s should be fine. Hence 4 = 0.04 us as used
by the Digital Storage Oscilloscope to store the data is a good choice. With this time
step, experimental and simulated responses for fractance F; are depicted in Figs. 10
and 11, respectively.

Birkhauser



1514 Circuits Syst Signal Process (2013) 32:1501-1522

History Period = Full ON Time

T I r
5 H ——experimental i/p
——experimental o/p
——simulated o/p: uninitialized RL
4 simulated o/p: uninitialized Caputo
N — simulated o/p: with initialization
20’3 idl
@
o
L2
(=}
>
1
0 G
i i i
0 5 10 15 20 25 30 35 40

time (micro-second)

Fig. 10 Responses for | when history period is the whole ON time of input

A brief explanation of Fig. 10 is as follows: For simulation, we are interested in
predicting the output only after the CST (~20 us in the time scale) and hence output
before CST, which is not of interest, is deliberately kept at zero for all the simulations.
In this case, the whole of ON time of input (~10 s to ~20 us) is the history period.
Neglecting the values of the experimental output during this history period, the simu-
lated output following uninitialized RL derivative as per (18) decays immediately to
zero while the simulated output following uninitialized Caputo derivative as per (19)
indicates a much slower decay. Initially both of them deviate from the experimental
output, following which simulated RL output gets closer to the experimental one. On
the other hand, the simulated output which includes initialization (i.e., experimental
output data from ~10 ps to ~20 us) as per (17) remains close to experiment through-
out after the CST. This provides evidence in support of including the past history in
the form of initialization function as mentioned in Section 2.

We repeat the simulations for fractance F; with a different CST (~15 ps in the
time scale) such that half of the input ON time (~10 us to ~15 us) becomes the
history period, as shown in Fig. 11. The simulated uninitialized RL response which
ignores the output data from ~10 us to ~15 us displays a deviation from the ex-
perimental output initially for a while, after which the former catches up with the
latter. On the other hand, the initialized response once again remains closer to the
experiment throughout after the CST (i.e., 15 ps onwards).

At the same time, it can also be seen that (a) for both the cases, the uninitialized
RL response, after some initial deviation, eventually gets closer the experimental one,
but (b) it does so in less time for the second case. A careful review of (17) and (18) re-
veals that the amount of instantaneous correction to the uninitialized response needed
to get the initialized one is influenced by two factors: (i) it is less for an instant away
from CST than one close to CST, which explains observation (a), and (ii) for the same
instant it is more when the history output stays non-zero for a longer duration in the
vicinity of CST, which explains observation (b). Thus both the need for a correction
term for history effects and the suitability of the one involving the initialization func-
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Fig. 11 Responses for F; when history period is half of the ON time of input
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Fig. 12 Responses for F, when history period is whole of the ON time of input

tion are established. Similar are the results for both choices of CST for fractance F»
as well. Observations with full ON time of input as the history period are presented
in Fig. 12.

4.2 Case II: Experiment with a Domino Ladder Network

A domino ladder network is an array of resistors and capacitors with values so chosen
that the resulting circuit exhibits constant phase behavior. In comparison to PMMA
coated single component CPEs, it offers more design flexibility in the sense that the
resistors and capacitors can be staged in pre-determined geometric common ratios
in order to approximate a desired phase angle; however, the overall circuit becomes
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Fig. 13 The domino ladder network to realize a constant phase element
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Fig. 14 Experimental and modeled frequency response of the ladder circuit

bulky and somewhat inconvenient to use. A detailed study of domino ladders can be
found in [26, 27]. In the current work, we used a ladder circuit as shown in Fig. 13.

From frequency response, the ladder can be modeled in the range [100 Hz, 10 kHz]
as:

6.0071 x 10°
2()= "G 27)

Experimental and modeled frequency responses are shown in Fig. 14.

In this case, a rectangular periodic input of amplitude 5 V, fundamental frequency
1 kHz, and duty cycle of about 16 % are provided from a signal generator; and a
100 k<2 resistor is put in series, justifications for all the choices being similar to the
single component case.

Similar to the previous cases, analysis of experimental input and output waveforms
lead to the conclusion that for simulation, a time step of the order of 1 us would be
sufficient. Simulated responses with this time step and history period equal to the
whole of the input ON time, along with the experimental curves, are shown in Fig. 15.
The procedure was repeated for cases where: (i) duration of history period is half the
input ON time, (ii) value of the series resistor is different (e.g., 300 k€2), (iii) input is
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Fig. 15 Responses for domino ladder CPE with series resistor 100 k€2 and input as in Fig. 15, when
history period is the whole of the ON time of the input

of same duty cycle but different fundamental frequency (e.g., 500 Hz). Observations
are similar for all these combinations and all of them resemble the curves obtained
for single component CPEs. The need for taking initialization into account is thus
established for this type of CPE as well.

5 Quantitative Analysis in Terms of Integral Square Error

In practice, the entire past history may not be available, so for the type of FOS de-
scribed by FDE (11) with PST ‘p’ and CST ‘gq’, the objective now is to determine
whether there exists a H > g — p such that knowledge of y(¢) in [¢ — H, q) instead
of in [p, g) can be used to construct the correction term without causing much error.
Let yinit(s) := initialized response = solution (17) of FDE (12) with initialized deriva-
tive as per (8); and yuy (¢) := uninitialized response = solution (18) of FDE (11) with
uninitialized RL derivative as per (2).

A measure of the error between the initialized response and the uninitialized one
can be Integral Square Error (ISE) which may be defined for the duration [g, g + T']
as:

q+T
ISE(T) = [ [Vinit (1) — yun(t)]zdt- (28)
q
For convenience, let p = —a and ¢ = 0 such that duration of full history period is ‘a’
and
T
ISE(T) = /O [init(0) = yun (0] d1. (29)
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Fig. 16 Types of history functions

Leta =1000 s, T = 10 s (meaning that the system has a long history period relative
to the duration for which effect of history is studied) and let us determine ISE for the
following cases:

(A) «=0.05,0.1,0.2,0.3,0.4,0.5,0.6,0.7, 0.8, 0.9;

(B) £k=0.01,0.1, 1, 10, 100;

(C) The history functions [i.e., y(¢) for —a <t < 0] as plotted in Figs. 16(a) and
16(b). All of them have value unity at r = 0.

Some key observations are provided below.
(a) Dependence of ISE on Type of History Function:

Though (i) and (iv) in Table 1 are different types of history functions, they lead to
comparable ISE values, i.e., more or less similar effect as far as ignoring the history
function is considered. We note that the exponential decay term had a time constant

) Birkhduser



Circuits Syst Signal Process (2013) 32:1501-1522 1519

Table 1 ISE for 7 = 10 s for

different history functions for Type of history function Value of ISE for 7 = 10 seconds
a=03,k=1,a=1000s

(i) Constant 8.0635

(ii) Linear 6.7531

(iii) Quadratic 6.0636

(iv) Constant + exponential decay 7.9437

(v) Low frequency sinusoid 4.8466

(vi) High frequency sinusoid 1.5822

Table 2 ISE for 7 = 10 s for Constant Past History with ‘e’ and ‘k’ varying, a = 1000 s

‘@’ (down)/‘k’ (across) 0.01 0.1 1 10 100

0.05 5.7729 4.7924 1.3438 0.0413 0.0005
0.1 17.6679 14.4219 3.7357 0.1071 0.0012
0.2 42.2984 33.2464 7.2888 0.1838 0.0021
0.3 58.2389 43.8439 8.0635 0.1820 0.0020
0.4 64.0026 45.9013 7.0351 0.1449 0.0016
0.5 61.3046 41.6518 5.2969 0.1018 0.0011
0.6 52.0786 33.3295 3.5109 0.0644 0.0007
0.7 38.1509 22.8661 1.9978 0.0357 0.0004
0.8 21.8441 12.1915 0.8876 0.0157 0.0002
0.9 6.9736 3.6044 0.2204 0.0039 0.0000

of (a/10), so the corresponding history function was almost constant at unity for
the last 60 % duration of the history period. Moreover, in that duration, the rest of
the history functions in descending order of average values are linear, quadratic, low
frequency sinusoid and high frequency sinusoid, and the values of ISE follow exactly
the same order. This is seen for other values of « and k as well.

Thus, for the general case with PST ‘p’ and CST ‘g’, within [p, ¢), we should
indeed be able to find a H < ¢ — p such that the average value of the history in
[¢ — H, q) decides how prominent the effect of initialization is going to be. The
constant history function with the greatest average value in [¢ — H, g) represents the
worst case leading to maximum error.

(b) Dependence of ISE on System Parameters ‘o’ and ‘k’:

Table 2 shows the ISE values for different ‘e’ and ‘k’ for Constant Past History
which corresponds to maximum ISE. Observations are similar in nature for the other
types of history functions.

It is thus observed that irrespective of the type of history function and the value
of k, the error due to neglecting initialization reaches a maximum roughly in the range
of « from 0.2 to 0.4. However, the maximum error decreases by order of magnitude
as k increases; which indicates that for a larger k; the effect of initialization will
die down at a quicker pace with time. Therefore, we can intuitively argue that we
should consider history of y(¢) for the interval [g — H, g) where H should be O at the
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extremes o = 0 and o = 1 and maximum for o ~ 0.2 to 0.4 and also that H should
decrease as k increases.

6 Conclusions

In this work we have established the need for a suitable correction term to take into
account the past history for a class of fractional order systems by experimenting with
a simple electrical circuit and using a simple but accurate method for all simulations.
The appropriateness of the initialization function as a possible means to construct the
necessary correction term is also validated. Our experimentation entails two different
realizations of constant phase element systems and the results are found to be valid for
both the cases. We have also highlighted the fact that though a complete knowledge
of the past history of the system is theoretically necessary, one can still perform a
reasonably good analysis by considering only a partial knowledge of history, how
much one should look into the past depends on parameters of the system and also
on the nature of the history function. The parameter « ranging from 0.2 to 0.4 and a
low value of k results in a more prominent effect of initialization and therefore the
duration of history to be considered for accurate results is greater. If the exact nature
of history function is not known, a worst case analysis can be performed by assuming
the same to be constant at its maximum expected value.

Initialization is theoretically a fundamental phenomenon which is associated with
all systems modeled as fractional order. However, for the theory to be univer-
sally accepted, experimental verification needs to be done for classes of FOS with
o > 1 as well. Moreover, an FOS as a part of a closed loop control system re-
quires the issue of initialization to be handled so as to get an idea of how the loop
stability and performance is likely to be affected. Nowadays fractional order con-
trollers [15, 20, 23, 32, 34] are becoming popular because of extra freedom regard-
ing fractional exponents which is not the case with integer order controllers. Apart
from the fractional exponent, this initialization is another aid which can be used, par-
ticularly when the initialization of another fractional order plant in the loop is to be
canceled [20]. Further, for a regulator problem pertaining to a FOS belonging to the
class considered in this work, the control input to maintain the output once it reaches
the set point, depends upon the initialization [2]. In-depth research is needed to ad-
dress these issues.

Acknowledgements The authors are grateful to Prof. Anindya Chatterjee, Department of Mechanical
Engineering, Indian Institute of Technology (IIT) Kanpur, Prof. Karabi Biswas, Department of Electrical
Engineering, IIT Kharagpur, and Dr. Raj Kumar Biswas for their valuable suggestions and help during the
work.

References

1. B.N.N. Achar, C.F. Lorenzo, T.T. Hartley, The Caputo fractional derivative: initialization issues rel-
ative to fractional differential equations, in Advances in Fractional Calculus: Theoretical Develop-
ments and Applications in Physics and Engineering, ed. by J. Sabatier et al. (Springer, Berlin, 2007),
pp. 27-42

Birkhauser



Circuits Syst Signal Process (2013) 32:1501-1522 1521

2.

3.

4.

12.
13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

J.L. Adams, T.T. Hartley, Finite time controllability of fractional order systems. J. Comput. Nonlinear
Dyn. 3, 021402 (2008)

A.AM. Afara, S.Z. Rida, M. Khalil, Solutions of fractional order model of childhood diseases with
constant vaccination strategy. Math. Sci. Lett. 1(1), 17-23 (2012)

O.P. Agrawal, A general formulation and solution scheme for fractional optimal control problems.
Nonlinear Dyn. 38, 323-337 (2004)

. J. Bai, X.C. Feng, Fractional-order anisotropic diffusion for image denoising. IEEE Trans. Image

Process. 16(10) (2007)

. R.S. Barbosa, J.A.T. Machado, R.M. Ferreira, Tuning of PID controllers based on bode’s ideal transfer

function. Nonlinear Dyn. 38, 305-321 (2004)

. K. Biswas, S. Sen, PK. Dutta, Realization of a constant phase element and its performance study in a

differentiator circuit. IEEE Trans. Circuits Syst. I 53(9), 802-806 (2006)

. Y.Q. Chen, K.L. Moore, Analytical stability bound for a class of delayed fractional-order dynamic

systems. Nonlinear Dyn. 29, 191-200 (2002)

. Y.Q. Chen, I. Petras, D. Xue, Fractional Order Control—A Tutorial, American Control Conference,

Hyatt Regency Riverfront, St. Louis, MO, USA, 10-12 June 2009, pp. 10-12

. L. Debnath, Recent applications of fractional calculus to science and engineering. Int. J. Math. Math.

Sci. 54, 3413-3442 (2003)

. Y. Ding, H. Ye, A fractional-order differential equation model of HIV infection of CD41 Tecells.

Math. Comput. Model. 50, 386-392 (2009)

A.M.A. El-Sayed, Fractional-order diffusion-wave equations. Int. J. Theor. Phys. 35(2) (1996)

T. Gambone, T.T. Hartley, C.F. Lorenzo, J.L. Adams, R.J. Veilette, An experimental validation of the
time-varying initialization response in fractional order systems, in Proceedings of the ASME 2011 In-
ternational Design Engineering Technical Conferences & Computers and Information in Engineering
Conference, Washington, DC, USA, 28-31 August 2011

A.F. Gomez, C.M. Guia, G.J. Rosales, A.J. Bernal, Analysis of equivalent circuits for cells: a frac-
tional calculus approach. Ing. Investig. Tecnolog. 13(3), 375-384 (2012)

S.E. Hamamci, An algorithm for stabilization of fractional order time delay systems using fractional-
order PID controllers. IEEE Trans. Autom. Control 52(10) (2007)

. T.T. Hartley, C.F. Lorenzo, H.K. Qammar, Chaos in a fractional order Chua system. IEEE Trans.

Circuits Syst. I 42(8), 485-490 (1995)

A. Hussain, Q.A. Naqvi, Fractional curl operator in chiral medium and fractional non-symmetric
transmission line. Prog. Electromagn. Res. 59, 199-213 (2006)

C. Li, G. Chen, Chaos in the fractional order Chen system and its control. Chaos Solitons Fractals 22,
549-554 (2004)

C.F. Lorenzo, T.T. Hartley, Initialization, conceptualization, and application in the generalized frac-
tional calculus. NASA/TP-1998-208415 (1998)

C.F. Lorenzo, T.T. Hartley, Dynamics and control of initialized fractional order systems. Nonlinear
Dyn. 29, 201-232 (2002)

C.F. Lorenzo, T.T. Hartley, The initialization response of linear fractional order systems with con-
stant history function, in Proceedings of the ASME 2009 International Design Engineering Technical
Conferences & Computers and Information in Engineering Conference, San Diego, California, USA,
30 August-2 September 2009

A. Loverro, Fractional Calculus: History, Definitions and Applications for the Engineer. Department
of Aerospace and Mechanical Engineering, University of Notre Dame, Notre Dame, IN 46556, USA,
8 May 2004

J.A.T. Machado, Discrete time fractional-order controllers. Fract. Calc. Appl. Anal. 4(1), 47-66
(2001)

R.L. Magin, Fractional calculus models of complex dynamics in biological tissues. Comput. Math.
Appl. 59, 1586-1593 (2010)

R. Metzler, J. Klafter, The random walk’s guide to anomalous diffusion: a fractional dynamics ap-
proach. Phys. Rep. 339, 1-77 (2000)

D. Mondal, K. Biswas, Performance study of fractional order integrator using single component frac-
tional order element. IET Circuits Devices Syst. 5(4), 334-342 (2011)

M. Moshrefi-Torbati, J.K. Hammond, Physical and geometrical interpretation of fractional operators.
J. Franklin Inst. 335B(6), 1077-1086 (1998)

T. Odzijewicz, D.EM. Torres, Fractional calculus of variations for double integrals. Balk. J. Geom.
Appl. 16(2), 102-113 (2011)

Birkhauser



1522 Circuits Syst Signal Process (2013) 32:1501-1522

29.

30.

31.

32.

33.

34.

35.

36.

M.D. Ortigueira, On the initial conditions in continuous time fractional linear systems. Signal Process.
83, 2301-2309 (2003)

S.W. Park, Analytical modeling of viscoelastic dampers for structural and vibration control. Int. J.
Solids Struct. 38, 8065-8092 (2001)

I. Petras, The fractional-order controllers: methods for their synthesis and application. J. Electr. Eng.
50(9-10), 284-288 (1999)

1. Podlubny, L. Dorcak, I. Kostial, On fractional derivatives, fractional order dynamic systems and
PI*DH controllers, in Proceedings of the 36th Conference on Decision and Control, San Diego, Cali-
fornia, USA, December 1997

L. Podlubny, Fractional Differential Equations (Academic Press, San Diego, 1999)

I. Podlubny, I. Petras, B.M. Vinagre, P. O’Leary, L. Dorcak, Analogue realization of fractional-order
controllers. Nonlinear Dyn. 29, 281-296 (2002)

J. Sabatier, M. Merveillaut, R. Malti, A. Oustaloup, How to impose physically coherent initial condi-
tions to a fractional system? Commun. Nonlinear Sci. 15(5), 1318-1326 (2010)

T. Wenchang, P. Wenxiao, X. Mingyu, A note on unsteady flows of a viscoelastic fluid with the
fractional Maxwell model between two parallel plates. Int. J. Non-Linear Mech. 38, 645-650 (2003)

Birkhauser



	Effect of Initialization on a Class of Fractional Order Systems: Experimental Verification and Dependence on Nature of Past History and System Parameters
	Abstract
	Introduction
	Mathematical Preliminaries and the Problem Statement
	Solution of FDE with and without Initialization
	Experimental Verification
	Case I: Experiment with Single Component CPEs
	Case II: Experiment with a Domino Ladder Network

	Quantitative Analysis in Terms of Integral Square Error
	Conclusions
	Acknowledgements
	References


