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ARTICLE INFO ABSTRACT

MSC: Equivalent-circuit models containing fractional-order elements are often employed to make use of fractional-
26A33 order calculus in the frequency and time domains in a variety of applications. Many of these circuits contain
44A10 constant-phase elements that appear in parallel with a resistor in a configuration called ZARC. But to avoid
Keywords: fractional order derivatives and include it in circuit simulators, the ZARC itself can also be replaced by
Fractional-order circuits equivalent circuit models that only contain integer order elements, such as resistors and capacitors. In this
ZAR.C o article, a novel compact model is presented to substitute the ZARC by a multiple-RC network. This model is
lsigrc“éalem'mcmt model valid for a continuous value of the order exponent and is applicable over a very wide range of frequencies,

making it useful in both the frequency and time domains. Since it uses only basic functions and operators, it
has been easily implemented as a subcircuit in circuit simulators. The validity of the model has been verified
and it has been compared with some previously proposed passive circuit models. The model has also been
discussed in relation to the initialization problem, which is an often overlooked challenge in fractional-order
circuits.

1. Introduction Many scientists and engineers use fractional order models in the fre-
quency and Laplace domains to represent the electrochemical impeda-
nce spectroscopy (EIS) results [11] or to design fractional-order con-

trollers [19,20]. There is also great interest in applying them in the

Fractional-order calculus is gaining great interest as it is finding
its application in a variety of disciplines in the last decades [1-5]. In

many of them, fractional-order differential equations are represented
by equivalent-circuit models that contain fractional-order elements [6]
with an electrical impedance that depends on frequency according
to a non-integer power law. A key component is the constant-phase
element (CPE) [7-9], also called fractional-order capacitor [10], which
is unequivocally observed in experimental results obtained with elec-
trochemical impedance measurements [11]. The CPE name recognizes
the fact that its phase response is constant over the entire frequency
range. It has been identified separately as in the case of the so called
Warburg impedance in battery models [8,12] or as part of a larger
model that also contains other elements. A very common configuration
used in fractional-order circuit models is the ZARC, composed of a CPE
connected in parallel with a resistor [13], as shown in Fig. 1(a). It is
widely used in models of batteries and supercapacitors [8,14-17] and
also in other applications such as in models used to explain bioelectric
phenomena [4,18].

time domain [21-23]. However, time derivatives of non-integer order
make these models particularly challenging. Time-domain analysis is
also necessary to include fractional-order element models in circuit
simulation tools such as SPICE or PSIM [24]. This has motivated a
great research effort to obtain accurate approximations to replace CPE
or ZARC elements by equivalent circuits that only include integer-
order elements. The aim of the present work is to provide a useful
model in this context, which, despite our initial interest in the field
of electrochemical modeling, can be expressed in a general way so that
it can be applied in a wider range of applications.

Several methods exist in the literature to obtain integer-order pas-
sive approximations to the CPE or the ZARC. Oustaloup et al. [25]
proposed a method to synthesize the transfer function of the fractional
element by a recursive distribution of zeros and poles within a pre-
determined frequency range. This approach has been widely adopted
by other authors [22,26]. Tsirimokou [10] reviewed some methods
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Fig. 1. (a) The ZARC. (b) Approximation by a multiple RC network.

for obtaining rational approximations of the fractional order transfer
function and used the continued fraction expansion method to obtain
the component values of different circuit topologies such as Foster I,
Foster II, Cauer I and Cauer II. Other authors have also considered
these topologies [6,27]. A related approach, common in the battery
modeling literature [28], consists of approximating the impedance of
the fractional-order element with a series of parallel RC branches, but
instead of synthesizing a rational transfer function, the impedance of
the fractional element as a function of frequency is directly approxi-
mated by that of the RC circuit. This network is shown in Fig. 1(b), with
an odd number of RC elements. It is similar to the Foster I topology,
although the Foster I circuit adds a series resistor that limits its accuracy
to a region of frequencies between two extreme values. However, it has
allowed to Tsirimokou [10] to obtain a very accurate model within a
wide frequency range.

Farmann et al. [15] approximated the ZARC by three and five RC
elements in series, obtaining a better accuracy with the five-element
network. Kim et al. [24] also considered three RC elements. Heil and
Jossen [29] introduced two approaches to approximate the ZARC by
RC circuits. An infinite number of series-connected RC circuits that
can be related to ZARC by explicit equations is considered in the first
method, and the second one uses just three series-connected RC circuits,
but adds a minimization procedure to obtain the component values.
Agudelo et al. [30] compared the high-order integer transfer function
by Oustaloup et al. and the multiple RC circuit in terms of accuracy and
computational burden and concluded that the multiple-RC approach
offers the best compromise between accuracy and complexity. As the
series combination of parallel RC elements is commonly used in battery
modeling, and methods with this model are well established in the bat-
tery literature [12], we have chosen the series of parallel RC branches
as a model to approximate the ZARC in this work.

Authors that approximate the fractional-order element by an integer-
order circuit often provide a table with the component parameters
for a discrete set of values of the fractional exponent [15,24,29,30].
However, a compact model valid for any arbitrary order is highly
desirable, as it could be applied in computational procedures where the
order value could vary continuously, such as in optimization methods
used to fit the fractional-order parameters to experimental results,
or in defining subcircuit models for circuit simulators in which the
fractional-order exponent acts as an input parameter. The simplicity
of the model would be an added value for the latter application.
Oustaloup et al. [25] developed a procedure to approximate the CPE
with a continuous variation of the order exponent. Tsirimokou [10]
proposed and implemented in Matlab a model applicable to any value
of the order exponent in the range 0 < a < 1, which uses the
residue function included in Matlab/Octave to implement the fraction
expansion method. In this paper, we propose an alternative model for
the same range of the order exponent, which is valid for all frequencies
and only uses basic functions and operators, so that it can easily be
implemented in circuit simulators and requires less computation time.
Taking the fractional order, the resistance and the time constant as
the three input parameters of the ZARC model, the values of the
RC-circuit components are directly calculated. To develop the model,
we have compared the behavior of the ZARC and the multiple-RC
circuit in detail, both in the frequency and the time domains, and have

obtained simple models to be used as Octave/Matlab functions or SPICE
subcircuits.

The outline of this paper is as follows. The behavior of the ZARC
in the frequency and time domains is detailed in Section 2, and it is
compared with that of the multiple RC approximation in Section 3.
The compact model based on 5RC and 7RC approximations is described
in Section 4, and some results are shown. Section 5 explains how our
proposed model deals with the initialization of the ZARC, and some
concluding remarks are finally provided in Section 6.

2. The ZARC in the frequency and time domains

The ZARC is composed of a constant-phase element (CPE) connected
in parallel with a resistor R. Since the impedance of the CPE in the
Laplace domain is [8,9]

1
Os®

where « is the fractional-order exponent and Q is the capacity co-
efficient or pseudo-capacitance. Then, the impedance for the ZARC is
obtained as

ZcpeR R
Zepp+R 1+ ROs*’

; @

Zcpp(s) =

Z,(5) =

@

To avoid fractional dimensions in parameter Q, it is useful to define
a time constant as

7= (RQ)ﬁ , 3)
so that

_ R
Za(9) = 14 (zs) @

This expression for the impedance in the Laplace domain will be
used as a starting point in the next two subsections.

2.1. Frequency domain

To analyze the frequency response of the ZARC, we substitute s =
jo, with j = 4/—1, in (4), thus obtaining

R
Z,(jow) = T+ Gane %)

Since j* = 7 = cos (a%) + jsin (ag), we can write (5) as
Z,=R,—jX,, 6)
where

R [1 + (w7)%cos (a%)]
R,(w) = @)
1 4 (w7)2* + 2(w7)%cos (a%)
and
R(wt)%sin (a%)

X, (@) = (€)]

1 + (w7)?® + 2(wt)%cos (a'z—r) '
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Fig. 2. Nyquist plot for the normalized reactance and resistance of the ZARC.

To obtain a manageable model, it is convenient to express (7) and
(8) in normalized dimensionless form so that they only depend on the
exponent of order « and on dimensionless magnitudes. For this purpose,
we define

R X
W=wr, pw)= ==, E,(w) = 7", (C)]

R
thus obtaining

2
pa(w) = (10)
1+ w?* +2w%cos (a%)

)= w*sin (a%) ' an

1+ w?® + 2w?cos (a%)

1+ w%cos <a£>

and

The maximum value of the normalized reactance &, is obtained
when w = 1, and its value is

sin (a%) .
2 [1 +cos (ag)]

The normalized resistance at this frequency is p,(w=1) = %

The Nyquist plot for the normalized reactance and resistance is
shown in Fig. 2.

Egs. (10) and (11) have the limits

Samax = Sw =1) = (12)

w—->0= p,—>1,& -0,

w->o0 = p, -0, & >0,

and the symmetry properties

Palt) + po( Sy = 1, 13)
w

£ w) = &(D). a4
w

These properties have also been pointed out by previous authors
[29], and will be compared to that of the multiple RC approximation
in next section.

2.2. Time domain

Eq. (4) is also used in this subsection to analyze the time behavior
of the ZARC. The voltage—current relationship in the Laplace domain is

V(s) = I(5)Z,(s), (15)

so that the voltage—current relationship in the time domain can be
written as a convolution product [31],

v(t) = i(t) * z,(1), (16)
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where = stands for the convolution product of the two magnitudes, and
z,(1) is the inverse Laplace transform of impedance Z,(s)

z,() = L7 [Z,(9)]. a7

The inverse Laplace transform of the ZARC impedance can be
obtained as [1,19]
a
o] = B ()]

1+ (zs)* T T

z,() =L [
where E, , is the two-parameter Mittag-Leffler function [1,19], defined

according to

©

— xn
E,5(x) = ; Toa i7" (19)

and I'(x) is the Gamma function.
The convolution expression (16) is then written as

0= [ (S0 b [ (54

where u is a dummy variable. This equation has been obtained by other
authors [1,30], but it can be more conveniently written as follows.
If the one-parameter Mittag-Leffler function is defined as [1]

o

xn
E,(x) = ’gm» (21

we can easily obtain the following property
dE,(x)

dx
Then, Eq. (20) is finally written as

o(t) = R/Ot i(u)% E, [— (£ - )a] du. (23)

This is a useful result in practice, since if the electrical current, i(z),
can be approximated by a piecewise constant function, the voltage is
readily obtained. We will apply it in Section 5 below.

E,,(x)=a

(22)

3. Behavior of the multiple RC network

We will analyze a network with an odd number of RC elements,
such as shown in Fig. 1(b). The total impedance in the Laplace domain
is

2N+

Ry
Zpe(s) = , 24)
RC I; 1478
with
o = R.C,. (25)

We will proceed in the same way as we have done with the ZARC
in the previous Section.

3.1. Frequency domain

We again substitute s = jw in (24) obtaining

2N+1 R
Zpeljw) = —k 26
re(i®) ; T ion (26)
If Eq. (26) is separated into its real and imaginary parts,
Zpc(jo) = Rpe(@) — jX pe(w), 27)
then
WAL g
Rpe(@)= Y ——F— (28)

o1+ (w7))?
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and
IN+1

Xpe@)= )

k=1

R, w1y,

T+@n 9

We also normalize with w = wr, where 7 is still the time constant
of the ZARC in order to be able to compare both models easily, and
define the normalized resistance and reactance by also dividing by the
resistance of the ZARC, R, according to
Brel® ety = T 30)
and also define the normalized resistances and time constant according
to (31)

pPre(W) =

. &

The result is
2N+1

- "k
Pre(w) = ; Ty 32)

2N+1 rowt

_ k" k
Epc(w) = ; TH P 33)

To approximate Egs. (10) and (11) by Egs. (32) and (33), respec-
tively, we impose that the two models, ZARC and multiple RC, have
the same limits

lim &g = lim Epe =0 (€D)]
w—0 w—00

li =0, li =1 35
o PRC Am Pre (35)

and the same symmetry properties (13) and (14). This is achieved by
imposing [30]

2N+1

Y =1, (36)
k=1

and

1
Tk =ToNy2—k » Tk = , (37)
IaN+2-k
so that the parameters of the central element are
N
’N+1=1—22’k”1\/+1=1- (38)

k=1

Then, instead of 2N + 1 terms and 4N + 2 free parameters, we are
left with N+1 terms and 2N parameters for a network with 2N+1 RC
elements. The final result is

1 < 1 1? 2
k
por(W)= —— + Y r + - , (39)
() 1+ w? ;k[1+w2ti 12+ w? 1+w2]

Tk Tk 2
+ - (40)
L+ w2 17 +uw? 1+w2]

N
w
=+
Erc(w) T2 k§=1 rpw [

The values of the parameters r, and ¢, should be chosen so that
Egs. (39) and (40) are as close as possible to Egs. (10) and (11),
respectively, in all the range of w for every value of the order exponent
a.

3.2. Time domain

As we have done in Section 2.2, we consider the voltage-current
relationship in the Laplace domain,

V(s) = 1(s)Zgc(s), (41)

and write the voltage as a function of time in terms of a convolution
integral

'
v(t) =i(t) * zpe(t) = / i) zpc(t — u)du, (42)
0
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where
IN+1 |

Zpe® = L7 [Zpe()] = R £‘1[ ] (43)
RC [ RC ] ; k T+ 10
whose result is

NHL .

k

Zre(®) = —exp <——> (44)
rC ; . .

We observe that

INHL p ; d 2N+1 ;
—u —u
Zrelt—u) = Z T_kexp <_ Tk )zﬁ 2 Riexp (_ Tk ) “)
k=1

k=1 ‘k

so that, if we define the function F,y,; as

IN+1
Fong (0) = Z ryexp <—t£>, (46)
k

k=1
then

2N+1
FZNH(t;u)E Z rkexp(—t;ku> 47)

k=1

where we have used r, = 77, according to Eq. (31).
We can thus express Eq. (42) for the voltage as a function of time
in a way similar to Eq. (23):

t
o d
v(t)=R/0 l(u)EFZNH(

Egs. (23) and (48) give us the same time dependence of the voltage
provided that we can approximate

t—u
T

) du (48)

E, (—x") = Fyp (%), (49)

where Eq. (46), with the symmetry relations (37) and (38), reduces to

N X
Fanp () =e™ =3 r, (Ze‘* —e f - e‘*’k>- (50)
k=1
We will test the validity of the approximation (49) in next section.
This is an interesting point, since if we achieve a good approxima-
tion, then our model will also be applicable to the time domain and,
in addition, we will have obtained a simple approximation to the
Mittag-Leffler function, which is highly demanding from the compu-
tational point of view [32,33]. It can help us in computations with
fractional-order ZARGCs.

4. The compact model. Proposal and results

To obtain a good approximation to the normalized resistance, p,(w),
and normalized reactance, &,(w), for the fractional-order ZARC, given
in Egs. (10) and (11), respectively, we had to find parameter values of
the multiple-RC network, given in Egs. (39) and (40), that achieve a
match as close as possible between the impedance of the two models
in a wide frequency range and for every value of the order exponent
a. The procedure that we used is detailed in this section. To do this,
some decisions had to be made regarding the range of the normalized
angular frequency, w, the range of the order exponent «, the number
of RC elements, 2N+1, and the optimization procedure.

Although our model is valid for all frequencies, since we have
imposed that it verifies the limits at the extremes of zero and infinity
frequencies given in Egs. (34) and (35), a range of frequencies had to
be chosen for the optimization process. For this purpose, we chose a
wide range of w = wr, from 107° to 10°.

The range of the order exponent « is closely related to the number of
RC elements, 2N+1, since for « close to 1 a good approximation can be
obtained with few RC elements, while much more elements are needed
for a values close to zero. Consequently, we had to make a choice
about which values of « were used in the optimization procedure,
and then we decided on the number of RC elements. Regarding the «
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Cuckoo Search via Lévy Flights

Objective function f(x),x = (z1,...,24)7

Generate initial population of n host nests x;
while (¢ <MaxGeneration) or (stop criterion)
Get a cuckoo randomly
Generate a solution by Lévy flights
Evaluate its solution quality or objective value f;
Choose a nest among n (say, j) randomly
if (fi < fj),
Replace j by the new solution i
end
A fraction (p,) of worse nests are abandoned
New nests/solutions are built/generated
Keep best solutions (or nests with quality solutions)
Rank the solutions and find the current best
Update t <t + 1
end while

Postprocess results

Fig. 3. Pseudo code of the Cuckoo search algorithm for a minimization problem [38].

range, our goal was to obtain a model for the ZARC with a fractional-
order capacitor, where 0 < a < 1, with interest in modeling batteries
and supercapacitors, where very low values of «, less than 0.3, are
unusual. To cite some examples, Farmann et al. [15] optimized the
component values of the five RC network in the range 0.45-0.99 of
the order exponent, and experimentally measured it in the range 0.35
to 1, approximately. Agudelo et al. [30] provided results in a table in
the order range of 0.59 to 0.77, Kim et al. [24] provided results in the
order range from 0.7 to 1, and Heil and Jossen [29] provide a result
for the 3 RC model valid in the order range of 0.72 to 1. Therefore, we
decided to choose the range 0.3 < a < 1 in the optimization procedure.
We observed that a model with seven RC elements provided sufficiently
accurate results in the range of interest.

And regarding the optimization procedure, due to the high number
of adjustment parameters, we opted for a metaheuristic algorithm. In
particular, we choose the Cuckoo search algorithm [34,35], as it is
simple and performs similar to and even better than other metaheuristic
algorithms [36]. This metaheuristic method is nature inspired and is
based on the brood parasitism of some cuckoo species. Furthermore, it
is enhanced by the Lévy flights rather than by simple isotropic random
walks. This algorithm has been used in the context of fractional-order
circuits [37], albeit for a different purpose, and we found that it was
a suitable option to achieve our target. A pseudo-code of the Cuckoo
search algorithm for a minimization problem is shown in Fig. 3 [38].

To apply the optimization procedure, we evenly divided the fre-
quency range in a logarithmic scale and computed the squared differ-
ence in the modulus of the impedance measured from the center of the
arc in the Nyquist plot (point (%, 0)) obtained with the two models. The
resulting objective function is

2
\/ijl (1Zretw)) = L= 1Zutwp - 41)

éa,max

fobjective = (51)
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Table 1
Parameter expressions as a function of « for the
approximation with 5 RC elements.

Parameter Expression

r 0.186(1 — a)'!

ry (0.25 +0.57a%)(1 — )" 72
0.045a73

h 004+a" 7

1 0.407a*

2 0.071+a23

Table 2

Parameter expressions as a function of « for the
approximation with 7 RC elements.

Parameter Expression

r 0.14(1 — a)?

I 0.22(1 — &) — 0.08(1 — a)*
r3 (0.1240.057¢*4) (1 — @)
4 1.4 - 10-8¢!19a(1.6-a)

P 0.078a563
2 0.026+a367

0.56a>7
0.4+a'3

where &, .. is given by (12). From now on, we will refer to it as the
average relative r.m.s. error.

By applying the Cuckoo search algorithm, initial r, and ¢, values
that minimize f,;,;,, Were found for a set of a values. The optimum
parameter values were plotted as a function of «, and then we searched
for suitable mathematical expressions to fit this dependence. The result
is shown in next subsection.

4.1. The model

The results that we obtained for a network with five RC elements
(N=2, four free parameters) are shown in Table 1, and those we
obtained for a network with seven RC elements (N=3, six free param-
eters) are presented in Table 2. In both approximations, the resulting
expressions for the resistances are proportional to powers of 1 — a, so
that the central RC element, with r, = 1 and ¢ = 1, will be the only
element in the limit « — 1.

The average relative r.m.s. error obtained with the equations in
Tables 1 and 2 are plotted in Fig. 4. The error is less than 2% for
a > 0.58 with 5 RC elements, and for « > 0.48 with 7 RC elements.
It is less than 1% for a > 0.67 with the 5RC network and for a > 0.56
with the 7RC network. The error is higher with the 5RC network, as
expected.

The Nyquist plots for the ZARC and the multiple RC network are
shown in Fig. 5 in the cases of 5 RC elements and 7 RC elements,
for different « values (0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9). The real
and imaginary parts of the impedance of the ZARC and the multiple
RC network with seven RC elements, as a function of the normalized
angular frequency, are shown in Fig. 6 for three values of the order
exponent a: 0.3, 0.6, and 0.9. From all these results we can conclude
that the network with seven RC elements represents a reasonable
compromise between accuracy and complexity in the range of interest
for fractional-order modeling of batteries and supercapacitors, and for
many other applications as well.

A code for the final model, in Octave/Matlab, is provided in Ap-
pendix A. Its input is the description of the ZARC by three parameters,
a, R, and 7, and gives the values of the seven resistances and the seven
capacitances of the 7 RC approximation. If the ZARC is described by
the three parameters of Eq. (2), Q is changed by z by using Eq. (3).

Finally, we can test whether our model, described by the equations
given in Tables 1 and 2, can also accurately represent behavior in the
time domain. To test the time performance, we have applied a constant
current step to the ZARC and to the 5RC and 7RC models described in



J.A. Lépez-Villanueva et al.

L 10°

o

-

—

()

v 10!

S

L

Q

= 1072

-t

©

Q

| .

g 103

o

o —— 5RC

<>( —— 7RC
104

02 03 04 05 06 07 08 09 10
Fractional-order exponent
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networks of 5 RC elements and 7 RC elements, respectively.

0.5

-Im(Z)/R

— FO

b4
w

-Im(Z)/R

°
-

0.0 0.2 0.4 0.6 0.8 1.0

Re(Z)/R

Fig. 5. Nyquist plots for the ZARC and the multiple RC network in two cases, 5RC
(top) and 7RC (bottom), for different a values: 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9,
from down to top. The represented data have been obtained for a normalized angular
frequency range from w = 10~° to w = 10°.

Tables 1 and 2, respectively, and have calculated the voltage response
with the three models. The result is shown in Fig. 7. The error is small
and will be discussed in next subsection.

A difference with models that do not impose the limits at zero and
infinity frequencies would also be noticed in the time domain for very
short and long time scales. To verify the performance of our model
in these conditions, we applied current pulses of different widths and
compared the obtained voltage with that predicted by the fractional-
order result given in Eq. (23) in terms of the Mittag-Leffler function.
The result is shown in Fig. 8, for « = 0.5, and Fig. 9, for a« = 0.7.
Current pulses of widths 7, = 0.027, t, = 17, and t, = 507, are applied
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Fig. 6. Real and imaginary parts of the impedance of the ZARC and the multiple RC
network with seven RC elements for three a values: 0.3, 0.6, and 0.9.
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Fig. 7. Response of the ZARC and the 5RC and 7RC models to a step current applied
at 1 =0, up to t = 5z, for the « values: 0.3, 0.5, 0.7, and 0.9. V,,,. is the maximum
voltage that will eventually be reached at 1 — co.

in the two cases, followed by rest periods of length 0.04r, 2z, and
100z, respectively, with zero current. V,,,, is the maximum voltage that
would eventually have been reached at + - o if the current pulse had
been maintained. A good agreement can also be observed.

As discussed in Section 3.2, proper behavior is expected in the time
domain if the approximation E, (-x%) & F,y,;(x) in Eq. (49) holds,
that is, if the final result of (50) is accurate enough. We have observed
that the 7 RC approximation gives us a reasonably good result in a
wide range of its argument and a very short computation time. The
Mittag-Leffler approximation, evaluated at —x%, can be obtained with
the same functions as in Table 2, according to the Octave/Matlab code
also provided in Appendix A. The error of this approximation is less
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Fig. 8. Response of the ZARC and the 7RC model to a current pulse of width 7, = 0.027
(top), 1, =1z (middle), and t, = 507 (bottom), followed by rest periods of duration
0.04z, 27, and 1007, respectively, with zero current. The order exponent is a = 0.5.

than 2% for a wide range of its argument, and less than 1% for a shorter
range, depending on the a value. Although this error is higher than that
obtained with other excellent procedures that exist in the literature,
such as that of Podlubny et al. that we have used for comparison [32],
we believe it is accurate enough for many cases where researchers try to
adjust experimental results by fractional-order models with comparable
accuracy, with the advantage that it requires much less computation
time, on the order of 5 times, for a = 0.9, to 25 times for a = 0.3. This
aspect is critical in fractional-order computations where these functions
are called repeatedly due to the dependency of the fractional-order
models on previous history.

4.2. Comparison with the continuous fraction expansion procedure

As discussed above, there are very useful models that obtain ap-
proximations to the ZARC based on passive equivalent circuits, with a
continuous dependence on the fractional-order exponent, proposed in
the literature [10,25]. In this subsection, we compare our model with
five and seven RC elements with a model based on the similar Foster I
topology, with five RC elements and a series resistance, and component
values obtained with the continuous fraction expansion method [10].
The three equivalent circuit models are shown in Fig. 10.

The normalized component values defined in Eq. (31) are detailed
in Table 3 for the three equivalent circuits shown in Fig. 10.

First, the frequency behavior is considered. The Nyquist plot for the
two models is shown in Fig. 11(a), with an order value of a = 0.6. The
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Fig. 9. Response of the ZARC and the 7RC model to a current pulse of width 7, = 0.027
(top), 7, = 1z (middle), and ¢, = 50z (bottom), followed by rest periods of duration
0.04z, 27, and 1007, respectively, with zero current. The order exponent is a = 0.7.

Table 3
Normalized parameter values for the three circuits shown in Fig. 10, for the
order-exponent value a = 0.6.

Parameter Foster-1 5 RC 7 RC
ry 0.0495 - -

ry 0.1464 0.0679 0.0224
ry 0.1951 0.2353 0.0829
r3 0.2179 0.3936 0.2233
ry 0.1951 0.2353 0.3427
rs 0.1464 0.0679 0.2233
e - - 0.8289
ry - - 0.0224
1 0.0816 0.0075 0.0013
t, 0.3517 0.1435 0.0245
t3 1.0000 1.0000 0.1920
1, 2.8432 6.9669 1.0000
ts 12.260 132.68 5.2085
te - - 40.806
t; - - 799.68

Foster-I circuit is clearly more accurate in the middle of the curve, but
its series resistance makes it less accurate at the extremes, so that it
must be used within a frequency band. This band is narrower as the
value of exponent a decreases, but a good accuracy is maintained at
the center in all cases, while the accuracy of the multiple-RC model
decreases with «, but its validity is kept in all the frequency range as
seen in Fig. 5.
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Fig. 10. Equivalent circuit models: (a) Foster-I model with 5 RC elements and continuous-fraction expansion method, (b) multiple-RC model with 5 RC elements, (c) multiple-RC

model with 7 RC elements.

These differences in frequency performance are directly translated
to the time behavior, as seen in Figs. 11(b) and 11(c), that show the
relative error in the voltage calculated after the application of a current
step in the time domain, with respect to the fractional-order result
based on the Mittag-Leffler function, versus the normalized time (%).
The Foster-I circuit is highly accurate in the time range from about
0.157 to 20z, approximately, but its error increases outside this range,
both at very short and long times. Hence, our 7RC model can be
considered as an alternative accurate enough for some applications and
has the advantages of its simplicity and its low computational burden.
We have tested both models in several applications and have obtained
higher computation times with the Foster-I model, ranging from 40%
higher to several tens of times longer, depending on the number of
times that parameter a is changed and the partial fractional expansion
must be performed. Moreover, our model does not need any special
function, such as the residue function included in Octave/Matlab which
may not be available in some circuit simulators to obtain the subcircuit
parameters for any value of a. Such subcircuits are demonstrated in
the following subsection, in which our model is also compared with
Oustaloup’s approach, drawing similar conclusions to those obtained
in this subsection.

4.3. SPICE model

The equations shown in Table 2 are used in this subsection to build
a subcircuit that can be implemented in SPICE (Simulation Program
with Integrated Circuits Emphasis). This subcircuit takes the three
parameters of the ZARC, namely R, 7, and « as its inputs, and defines
the multiple-RN network with seven RC elements. We have named this
subcircuit ZARC_UGR, and it is given in Appendix B.

Oustaloup et al. [25] proposed an approach that can also be easily
written as a subcircuit. Their model provides the poles and zeros for the
approximation to the transfer function of the CPE within a frequency
range (w,, ,) around a central frequency w,, and a procedure to easily
obtain the component values for the Foster-I topology according to
this transfer function. We have also built such a subcircuit, where
in addition to the three parameters of the ZARC, a new parameter
B =w, /0w, = o./w, has been introduced to define the bandwidth of the
approximation, and w, = 1/7. This subcircuit is composed of a Foster-I

(a) —-— Fractional

= Foster |
oo 5RC
-=- 7RC

-im(Z)/R

¢
o<

0.2 0.4 0.6
Re(Z)/R

(b) = Foster |
4 ==s 5RC
== 7RC

Error (%)

0.00 0.05 0.10 0.15 0.20 0.25
Normalized time
5
(c) = Foster |
4 ==s 5RC
== 7RC

0 10 20 30 40 50 60 70 80
Normalized time

Fig. 11. Comparison of the Foster-I model, obtained with the continuous fraction
expansion procedure, in the frequency and time domains for a« = 0.6. (a) Nyquist plot
for a normalized angular frequency range from w = 10° to w = 10°. (b) Step response
in the range (0,0.257). (c) Step response in the range (0, 807).
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Fig. 12. Nyquist plot for the ZARC_OUST model of the ZARC obtained with LTSPICE for R =20 mQ, = = 0.1 s, B = 1000, and « = 0.3, 0.5, 0.7, 0.9, from bottom to top. A

frequency range from 10 pHz to 10 MHz has been chosen in the simulation.

-V(zarc)/I(UGR)

-V(zarc)/l(OUST1)

-V(zarc)I(OUST2)  -V(zarc)/(OUST3)

Fig. 13. Nyquist plot for the ZARC_OUST model of the ZARC obtained with LTSPICE for R =20 mQ, = = 0.1 s, « = 0.5. B = 100 for curve OUST1, B = 1000 for curve OUST2,
and B = 10000 for curve OUST3. A frequency range from 10 pHz to 10 MHz has been chosen in the simulation.

circuit with seven RC elements and a series resistance to represent the
CPE, and a resistor R in parallel to compose the ZARC. We also provide
this subcircuit in Appendix B, with the name ZARC_OUST.

The performance of the two subcircuits has been tested in LT-
SPICE [39]. The behavior of the ZARC_OUST subcircuit is illustrated
in the LTSPICE plot shown in Fig. 12, where the Nyquist plot is
represented for R =20 mQ, r = 0.1 s, B = 1000, and « = 0.3, 0.5, 0.7,
0.9, from bottom to top. These values have been chosen since they
are within the ranges typically found in battery electric-circuit models,
which was the original motivation of our work [8,11], although this
choice does not affect our general conclusions.

The curves show less undulations that those provided by our model,
but they move away from the limits (0,0) and (R,0) as « decreases.
This is a consequence of the bandwidth limitation of Oustaloup’s ap-
proximation, and is less significant as B increases, but then the undu-
lations appear, as shown in Fig. 13, where the Nyquist plots for the
ZARC_OUST model with R=20 mQ, ¢ = 0.1 s, « = 0.5, and B = 100,
1000, 10000, are drawn and compared with the result of our model
ZARC_UGR. The ripples show up and the extremes approach the limits
as B increases, even exceeding those of our model although the limits
are not completely reached. The circuit used to obtain these results is
shown in Fig. 14.

As we discussed in Section 4.2, the frequency band limits or the
series resistance of the Foster-I circuit, have some consequences on the
time performance of the Oustaloup model, notably for very short and
very long time scales. This is also observed in the LTSPICE simulations.
To show this, we have simulated the voltage response of the ZARC to a
pulsed current in Fig. 15. Figures (a) and (b) correspond to very short
pulses, of width 7, = 0.027, and some discontinuities are observed in
the pulse edges with the ZARC_OUST model, while the voltage with the
ZARC_UGR model is continuous, as the fractional-order voltage is. The
voltage step is higher with a« = 0.5 in figure (a), but it is also observed

- UGR
ZARc. ( I ZARC_UGR
Vi Oousm2
). —\:-)— - 2ZARc_ousT -
AC 1 b W' A 6 R=20m, Tau=0.1, a={alpha}, B=1000
. OUST1
.acdec 100 10u 10Meg , /| | e ovsr | .
lib ZARC.lib N 7 " i s gk itin
.param alpha=0.5 0
_—.0UST3
{4+ | ZARc_ousT
L . R=20m, Tau=0.1, a={alpha}, B=10000
0

Fig. 14. LTSPICE circuit used to obtain the Nyquist plots for the ZARC_OUST and
ZARC_UGR models shown in Fig. 13.

in figure (b) with « = 0.7. However, with longer time scales almost
no difference is observed with the two models, as shown in figure (c),
where the pulse width is 7, = 7.

5. Initialization of ZARC

To obtain the response of the ZARC in time domain in a general
situation, the initial condition is a problem. Although the Caputo
definition of the fractional derivative has been used very often, since it
provides an easy way to deal with the initial voltage, it is not correct as
has been demonstrated by several authors [40-42]. In fact, to calculate
the voltage from a given time ¢, all the previous history prior to this
time must be known since different ways of reaching the initial voltage
can produce different subsequent evolution of v().
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Fig. 15. Voltage response to a pulsed current obtained with LTSPICE for ZARC models
with R=20 mQ and 7 = 0.1 s. (a) @ = 0.5, pulse width 1, =0.027, period 0.067; (b) «
= 0.7, pulse width 7, = 0.027, period 0.067; (c) @ = 0.7, pulse width ¢, = z, period 27.
B =1000 for the ZARC_OUST model.

Since the dependence of previous history is a particular feature
of fractional calculus [40,43-46] while the RC element only depends
on the initial-voltage value, we could think that the multiple RC
approximation solves the initialization problem, but it is only partly
solved in fact. The reason of that is that different combinations of the
initial voltages of the RC elements that compose the multiple RC model
can correspond to the same initial voltage of the whole network, but
they lead to different further behavior. This is shown in the following
example.

We analyze the case of the decay of the voltage of the ZARC, starting
from an initial voltage v, = v(0), but considering that this initial
voltage has been obtained by different previous histories. We choose
vy = 1V, but the conclusions will be independent of this choice. Then,
we calculate the voltage v(r) for + > 0, being ¢ the observation time.
However, to obtain vy, we assume that a current I, has been applied
for a time interval f, previous to r = 0, starting with a relaxed state
with zero initial conditions. Therefore, we define an absolute time, 7,

starting from the relaxed state, so that
ty=ty+1 (52)

For the ZARC model, we apply Eq. (23) in the interval 1, = 0 to
t, = ty, which corresponds to 7 = 0.

o =0) = ot =t0)=10R/tOiE [-(“"“)a] du, (53)
“ o du T
so that
1o\"”
U0=IOR{1—EQ[—(?>]}. (54)
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Fig. 16. Different time decays of the voltage of the ZARC models initialized to v(0)
= 1 V with three different previous currents for three different times: 57, 7, and %,
respectively. @ = 0.65.

At t=0 (r, = ty), the current [, is switched off, so that

un) = vty =t +1) = IR /0 ! %Ea [— <M>] du, (55
and
wwo=tr{E[-(£)]-£[- (2]} s6)
Combining (54) and (56), we finally obtain
(Y2 g = (0)*
u(z)=uOEa[ (£)]-& () ] 57)

1 a
e ()]
which not only depends on v, but also on the time ¢, selected to reach
it.
For the multiple RC model, the voltage of each RC element decays
exponentially from its initial voltage according to

2N+1

t
v = k; v (0)exp (—5>,

and the initial voltages are obtained by applying I, for #,. The result is

(58)

t
v (0) = IyR [1 —exp <——0>] R (59)
Tk
As
2N+
vy =0t =0)= 2 0,(0), (60)
k=1
we obtain an equation analogous to (57)
B ()] ew(-2)
v(t) = v, k k (61)

S e (2))
which also depends on ¢.

The results obtained with the two models are shown in Fig. 16 for
three initializing times, 7, = , t{, = 57, and 7, = . Two facts can
be remarked: the dependence of the decay voltage on the previous
history, such as expected with fractional-order models as we pointed
out in [42], and the very similar results obtained with the two models,
which is again a proof of the good behavior of our compact model in
the time domain.

Therefore, the multiple RC model does not solve the initializa-
tion problem of the ZARC, as expected if we wanted to reproduce
its behavior, since although we know the initial voltage, how it is
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Fig. 17. Different distributions of the initial voltages for the elements of a 7RC network
initialized to v(0) = 1 V with three different previous currents for three different times:
57, 7, and %, and « = 0.65.

distributed among the different RC elements actually depends on the
previous history. This distribution is shown in Fig. 17 for the three cases
represented in Fig. 16. However, we believe the multiple RC model
mitigates this problem since only the initial voltages of the seven RC
elements are required instead of all the previous history.

6. Conclusions

A compact model for the ZARC has been obtained, based on the
multiple-RC approximation. The model starts from a description of the
ZARC with three parameters, namely the resistance, the time constant
and the order exponent, and provides the values of the resistances
and capacitances of an equivalent multiple series RC network. After an
optimization process with the Cuckoo search metaheuristic procedure,
suitable mathematical functions that provide the values of the circuit
parameters for any value of the order exponent « in the range 0 < a < 1,
continuously, have been found. This allows us to use the model in
optimization procedures in which the experimental data is fitted by a
fractional-order ZARC with a continuous variation of its parameters,
and also to implement the model as a subcircuit in circuit simulators.

To obtain the model, we have analyzed the ZARC and multiple RC
models with similar procedures and definitions, both in the frequency
domain and in the time domain, in a normalized way, so that the
two models are compared regardless of the particular values of the
resistance and the time constant, and useful equations are obtained,
in particular an approximation of the Mittag-Leffler function which is
obtained as a solution of the differential equation for the ZARC.

The validity of the model has been verified by calculations in the
frequency and time domains. It has also been compared with the
results of models based on a transfer-function approximation that led
to a Foster-I circuit by a continuous fraction expansion procedure. The
models have been compared by using Octave calculations and SPICE
simulations. The Octave/Matlab functions developed for our model and
the subcircuits we have defined for both our model and Oustaloup’s
approach are provided.

As a final application of our model, it has been compared with the
fractional-order model in relation to the ZARC initialization problem,
and we have shown that both produce similar results, but the multi-
ple RC model with seven RC elements only needs seven parameters
for its initialization instead of the whole previous history that the
fractional-order model requires.

The model can be useful for calculations and simulations of
fractional-order elements in the battery and supercapacitor field, but
also in various other applications where fractional calculus is used.

11

AEUE - International Journal of Electronics and Communications 153 (2022) 154293
Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements
Funding for open access charge: Universidad de Granada / CBUA.
Appendix A

Function codes in Octave/Matlab:

function P = Zarc_7RC(alpha, R, tau)

% Function to obtain the resistance and capacitance values of

% the 7RC model of the ZARC, defined by three parameters

% P(:,1) contains R1 to R7

% P(:,2) contains C1 to C7

r(1)=0.14*(1-alpha)" 2;

r(2)=0.22%(1-alpha)-0.08*(1-alpha)" 3;

r(3)=(0.124+0.057*exp(3.4*alpha))*(1-alpha);

t(1)=1.4e—8*exp(19*alpha*(1.6-alpha));

t(2)=(0.078*alpha"5.63)/(0.026+alpha” 3.67);

t(3)=0.56*alpha” 2.27/(0.4+alpha” 1.3);

r(7)=r(1);

r(6)=r(2);

r(5)=r(3);

r(4)=1-2*(r(1)+r(2)+r(3));

t(7)=1/t(1);

t(6)=1/t(2);

t(5)=1/1(3);

t(4)=1;

P(;,1)=r*R;

P(:,2)=(t./r)*(tau/R);

endfunction

function E = ML7RC(a, x)

% Approximation to the Mittag-Leffler function evaluated at -x"a

% Warning!! It does not provide M L,(x) but M L,(— x"a)!!!

A1=0.14*(1-a)" 2;

A2=0.22%(1-a)-0.08*(1-a)" 3;

A3=(0.12+0.057*exp(3.4*a))*(1-a);

A4=1.4e—8*exp(19*a*(1.6-a));

A5=(0.078*a"5.63)/(0.026+a" 3.67);

A6=0.56%a"2.27/(0.4+a"1.3);

E=exp(-x)-Al1*(2*exp(-x)-exp(-x/A4)-exp(-x*A4));

E=E-A2*(2*exp(-x)-exp(-x/A5)-exp(-x*A5))-A3*(2*exp(-x)
-exp(-x/A6)-exp(-x*A6));

endfunction

Appendix B

SPICE subcircuits for the ZARC:
.subckt ZARC_UGR nl n2

*** Input parameters ***
.param R=1

.param Tau=1

.param a=0.5

*** Model components
.param r11=0.14*(1-a)**2

.param r22=0.22%(1-a)-0.08*(1-a)**3

.param r33=(0.12+0.057*exp(3.4*a))*(1-a)
.param t11=1.4e—8*exp(19*a*(1.6-a))

.param t22=(0.078*a**5.63)/(0.026+a**3.67)
.param t33=0.56*a**2.27/(0.4+a**1.3)
.param r77=r11

ek
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*

.param r66=r22

.param r55=r33

.param r44=1-2*(r11+r22+r33)
.param t77=1/t11;

.param t66=1/t22;

.param t55=1/t33;

.param t44=1;

**%k Circuit ***

R1 nl1 n3 {r11*R}

R2 n3 n4 {r22*R}

R3 n4 n5 {r33*R}

R4 n5 n6 {r44*R}

R5 n6 n7 {r55*R}

R6 n7 n8 {r66*R}

R7 n8 n2 {r77*R}

Cl1 nl n3 {t11/r11*Tau/R}
C2 n3 n4 {t22/r22*Tau/R}
C3 n4 n5 {t33/r33*Tau/R}
C4 n5 n6 {t44/r44*Tau/R}
C5 n6 n7 {t55/r55*Tau/R}
C6 n7 n8 {t66/r66*Tau/R}
C7 n8 n2 {t77/r77*Tau/R}
.ends ZARC_UGR

.subckt ZARC_OUST nl n2

Kk Hkok

Input parameters *
.param R=1

.param Tau=1

.param a=0.5

.param B=1e3;

*** Model components ****

.param rn0=B**(-a)

.param g=B**(-2/7)

.param K=B**a*(1-g**a)

.param tn4=B**(a/7)

.param tnl=tn4,/g**3

.param tn2=tn4,/g**2

.param tn3=tn4/g

.param tn5=tn4*g

.param tn6=tn4*g**2

.param tn7=tn4*g**3

.param rnl=K*(1-g**(a+1))/(1-g)*(1-g**(a+2))/(1-g**2)*
+ (1-g**(a+3))/(1-g**3)*(1-g**(a+4))/(1-g**4)*

+ (1-g**(@+5))/(1-g**5)*(1-g**(a+6))/(1-g**6)

.param rn2=K*(g**a-g)/(1-g)*(1-g**(a+1))/(1-g)*

+ (1-g**(@a+2))/(1-g**2)*(1-g**(a+3))/(1-g**3)*

+ (1-g**(a+4))/(1-g**4)*(1-g**(a+5))/(1-g**5)

.param rn3=K*(g**a-g**2)/(1-g**2)*(g**a-g)/(1-g)*

+ (1-g**(at1))/(1-g)*(1-g**(a+2))/(1-g**2)*

+ (1-g**(@+3))/(1-g**3)*(1-g**(a+4))/(1-g**4)

.param rn4=K*(g**a-g**3)/(1-g**3)*(g**a-g**2)/

+ (1-g**2)*(g**a-g)/(1-g)*(1-g**(a+1))/(1-g)*

+ (1-g**(a+2))/(1-**2)*(1-g**(a+3))/(1-"*3)

.param rn5=K*(g**a-g**4)/(1-g**4)*(g**a-g**3)/(1-g**3)*
+ (g**a-g*+2)/(1-g**2)*(g**a-g)/(1-)*(1-g**(a+1))

+ /(1-g)*(1-g**(a+2))/(1-g**2)

.param rn6=K*(g**a-g**5)/(1-g**5)*(g**a-g**4)/(1-g**4)*
+ (g**a-g**S)/(l -g**S)*(g**a-g**Z)/(l _g**z)*

+ (g**a-g)/(1-g)*(1-g**(a+1))/(1-g)

.param rn7=K*(g**a-g**6)/(1-g**6)*(g**a-g**5)/(1-g**5)*
+ (gf:;'\-a_g-k#4)/(l_gw':v':4)>k(g7‘:;':a_g-k7':3)/(1_gw':v':g)#%

+ (g**a-g**2)/(1-g**2)*(g**a-g)/(1-g)

*% Circuit ***

Rpar nl n2 {R}

RO nl1 nO {rn0*R}
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R1 n0 n3 {rn1*R}
R2 n3 n4 {rn2*R}
R3 n4 n5 {rn3*R}
R4 n5 n6 {rn4*R}
R5 n6 n7 {rn5*R}
R6 n7 n8 {rn6*R}
R7 n8 n2 {rn7*R}
C1 nO n3 {tnl/rn1*Tau/R}
C2 n3 n4 {tn2/rn2*Tau/R}
C3 n4 n5 {tn3/rn3*Tau/R}
C4 n5 n6 {tn4/rn4*Tau/R}
C5 n6 n7 {tn5/rn5*Tau/R}
C6 n7 n8 {tn6/rn6*Tau/R}
C7 n8 n2 {tn7/rn7*Tau/R}
.ends ZARC_OUST

ek ok ok ook kR ke ke ok ek
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