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Abstract: This paper aims to present a general identification procedure for fractional first-order plus
dead-time (FFOPDT) models. This identification method is general for processes having S-shaped
step responses, where process information is collected from an open-loop step-test experiment, and
has been conducted by fitting three arbitrary points on the process reaction curve. In order to validate
this procedure and check its effectiveness for the identification of fractional-order models from the
process reaction curve, analytical expressions of the FFOPDT model parameters have been obtained
for both situations: as a function of any three points and three points symmetrically located on the
reaction curve, respectively. Some numerical examples are provided to show the simplicity and
effectiveness of the proposed procedure. Good results have been obtained in comparison with other
well-recognized identification methods, especially when simplicity is emphasized. This identification
procedure has also been applied to a thermal-based experimental setup in order to test its applicability
and to obtain insight into the practical issues related to its implementation in a microprocessor-based
control hardware. Finally, some comments and reflections about practical issues relating to industrial
practice are offered in this context.

Keywords: process identification; fractional-order systems; fractional first-order plus dead-time model

1. Introduction

For the design and tuning tasks of a control system, information about the dynamic
behavior of the controlled process is required, capturing it into a process mathematical
model [1]. This model must provide reliable information to predict the effects that a
control system will have on the behavior of the controlled process at the operating point, in
particular on its output variable in servo and regulatory control.

The academic and industrial community recognizes that proportional integral deriva-
tive (PID) controller is the most widely used option in the process industry, having become
an industry standard for process control [2]. Although the most commonly used models for
tuning PID controllers are the first-, dual-pole, and second-order plus dead-time (FOPDT,
DPPDT, SOPDT) ones, they are not able to represent the process dynamics with the required
accuracy in some cases, as suggested, e.g., in [3]. Due to this, increasing the robustness
of the control system can introduce issues in the well-known robustness/performance
trade-off, constraining the desired performance [4]. Therefore, obtaining more accurate
models of the controlled process is expected to improve performance.

In the technical literature there are a wide variety of identification procedures for
integer-order models that are based on an open-loop step-test experiment; see, e.g., the
identification methods detailed in [5-8] and the references cited therein. In general, these
types of identification procedures are characterized by being performed with very little
information about the plant, which makes them ideal for their use in industry. More
specifically, some references also described identification algorithms that are based on
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fitting different points on the reaction curve [9-11]. Generally, identification methods for
integer-order models that are based on the location of two or three points on the process
reaction curve use FOPDT, DPPDT, and SOPDT models.

Considering both two-point and three-point methods separately, in the first group, the
following methods can be considered [11-14], while in the second group, methods [15-17]
can be examined. The identification method proposed in [11], which is used as a two-point
method for FOPDT and DPPDT models, can also be used as a three-point method for
SOPDT models. In a recent paper, the method proposed in [11] has been also extended for
identifying a multiple-pole with dead-time model [18].

Note that in the case of two-point methods considered above, the sets of points are
asymmetrical with respect to the central point on the reaction curve (50%). The only
method with a symmetrical set of points is the 123c identification method proposed by
Alfaro in [11]. For the considered three-point methods, refs. [15,17] present asymmetrical
sets of points, while [11] for SOPDT models and ref. [16] provide sets of points that are
symmetrical, although for the latter the central point does not match the central value on
the reaction curve.

In recent decades, the advent of fractional calculus and new computational techniques
have made possible a major academic and industrial effort focused on the transition
from classical models and controllers to those described by non-integer order differential
equations. Thus, fractional-order dynamic models and controllers were introduced; see,
e.g., [19,20].

The apparent benefit of fractional calculus in the field of modelling has been justified
from an industrial point of view. However, it has been more difficult to convey the advan-
tages of fractional calculus on the controller side because of implementation issues [21].
That is why the adoption of fractional-order PID controllers in the industry is currently low,
even though fractional-order PID controllers offer clear advantages in comparison with
integer-order ones.

Recent studies have pointed to fractional-order PID controllers as an emerging trend in
process control (see [21-24]), the main reason for their success being the intrinsic robustness
they offer with a higher degree of freedom to operate and tune the controller parameters. It
is important to note that in some of the existing fractional-order controller design methods, a
simple process model has been used in order to tune the intended controller settings [25-30].

In the technical literature there is a wide range of methods for identifying fractional-
order models based on the process reaction curve; however, there are not many that are
analytical techniques and whose main feature is simplicity of implementation. Some
strategies to estimate the FFOPDT model parameters by using step-response data have
been proposed in [31]. These combine numerical computation and graphical estimation.
Integral-based estimation methods, whose main feature is their robustness to the presence
of measurement noise, are proposed in [32,33].

The most common approach in industrial practice is based on nonlinear optimization;
see, e.g., [34-37]. These methods are generally applied by minimizing the error between
the fractional-order model step response and the process reaction curve. These techniques
are characterized by the fact that they require more computational effort compared to other
existing analytical methods.

Despite the fact that the fractional-order model has been demonstrated to be techno-
logically superior on multiple occasions, the industrial adoption of the fractional-order
approach requires further analysis [38].

Considering all the above, the existence of identification methods for simple-structure
fractional-order models is of major relevance and can be very helpful in the practical design
of integer- and fractional-order control systems. There are multiple reaction curve-based
methods for identifying integer-order models, as discussed previously. This is mainly due
to the fact that the step response of a process has a straightforward physical interpretation
and that identification methods for integer-order models based on fitting several points
of the process reaction curve are very easy to implement and apply. Therefore, one may
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consider it appropriate to extend such methods for fractional models. To that end, an
FFOPDT model identification method, which is based on fitting three points on the reaction
curve, has been conducted in [39]. However, that study was restricted to considering that
the central point is located in the center of the reaction curve (50%), and that the extreme
points are located symmetrically with respect to this central point.

It is the authors’ opinion that it is of significant interest to extend the identification
method proposed in [39] to any set of points on the process reaction curve.

Therefore, the objective of this work is, on the one hand, to validate this identification
procedure for three asymmetrical points on the reaction curve and to obtain insight into
the selection of such points and their influence on the accuracy of the identified fractional-
order model. On the other hand, another additional objective is to test its applicability to
a laboratory prototype and to obtain some insights on the practical issues related to its
implementation on a microprocessor-based control hardware.

This paper is organized as follows. Section 2 is devoted to presenting some pre-
liminaries and theoretical background. In Section 3, a generalization of the three-point
step-response method for FFOPDT models is proposed. This general method is particu-
larized for several symmetrical and asymmetrical sets of points on the process reaction
curve. The results of some numerical simulations are presented in Section 4, illustrating
the effectiveness and simplicity of the proposed method for both symmetrical and asym-
metrical sets of points in comparison to well-known identification methods. In Section 5,
the applicability of the proposed identification procedure on a laboratory prototype is
verified, showing several practical issues related to its implementation on an industrial
control hardware. Finally, Section 6 presents conclusions of this paper.

2. Preliminaries and Theoretical Background

Some elementary definitions and basic concepts in fractional calculus are provided in
this section. Elementary ideas from fractional calculus can be found in many books, such
as [40,41].

The fractional integral of order « for function f(t) is defined as:

OIER() = D760 = e [ (=) H(r)ae 1)

where I'(+) is the Gamma function [40],t > 0, and o« € RT.
The «-th order Riemann-Liouville definition of fractional derivative of the given
function f(t) is defined as:

1 am

a e
oDef(H) = I'(m— o) dt™ .

/(; C(t— )™ f(r)de @)

wherem — 1 < « <m, m € Z". The subscripts 0 and t in Definitions (1) and (2) can be
considered as the limits of operation and referred to as the terminals of fractional-order
integration and differentiation, respectively. For simplicity, ;D * will be denoted by D™
and jD{¥ by D*.

The Laplace transform of the fractional derivative based on Riemann-Liouville is:

L{D*f(t)} = s*L{f(t)} — mf skDXk1£(0) ©)
k=0

where m — 1 < & < m. For zero initial conditions, (3) is reduced to:
L{D¥f(t)} = s“L{f(t)} )

A general fractional-order system can be described by a fractional differential equation
of the form:
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anD*y(t) + ap,_1 D% 1y(t) + - - - agDy(t) = meBmu(t) + bm_lDﬁmflu(t) 4+ boDBOu(t) (5)

The transfer function of incommensurate real orders corresponding to the differential
Equation (5) has the following expression [40]:

Q(Sﬁ‘k) . bmsﬁm +bm7]SBm71 + .- +bOSBU
P(s*)  s% 4a, 18%n-1+4 ... +a;s™ +ag

G(s) = (6)

where P(s*) and Q(sPx) have no common zeros, a; (k=0,...,n), b, (k=0,...,m) are
constants, and oy (k=0,...,n), fx (k=0, ..., m) are arbitrary real or rational numbers
and without loss of generality they can be arranged as otn > a1 > - -+ > g, and B, >
Bm-1>-- > Po.

Considering that the transfer function G(s) given by (6) is strictly proper, then it is
BIBO stable if and only if P(s) has no root in {Re(s) > 0} [19].

A particular case occurs when a real number « exists as the greatest common divisor
of j,i=1,...,nand B;,1=0, ..., m. That value is referred to as the commensurate order.
It holds that oy = ke, Bk =k, 0 < x <1, Vk € Z, and the incommensurate order system (6)
can also be rewritten in commensurate form as follows:

Q(s™) _ Y g bis™*
P(sx) YR apske

G(s) = @)

It has been proven that the commensurate system G(s) brought in (7) is BIBO stable
if all the roots of polynomial equation P(x) = 0 in which x = s* are positioned out of the
sector larg(x)| < am/2.

Considering n > m, the function G(s) becomes a proper rational function in the
complex variable s* and, if it is supposed that roots of P(x) = 0 are distinct, the partial
fraction expansion of transfer Function (7) can be written in the following general form:

®)

whererj, i=1, ..., n are the corresponding residues and A;,i =1, ..., n are the roots of
P(x) =0.

Taking the inverse Laplace transform from (8), the impulse response of G(s*) is
obtained, which is also given in [40].

n

h(t) = Ll{z s“rjr x } = ilrit“lE“,a(—Ait“) 9)

i=1

where Ey «(2) is the Mittag—Leffler function. This function is defined for an arbitrary value

Z as:
[e0] Zr

Eqp(z) =) T 1 ) (10)

r=0

Integrating the right-hand side of (9), the following step response of the transfer
function G(s%) is obtained:

g(t) = iriE“'l(_xta) -1 (11)

i=1

Each component of the step response g(t) in (11) converges to its final value in a similar
way as function t™* does, as has been shown in [28].
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3. Fractional First-Order Plus Dead-Time Model Identification

The general identification procedure to be presented in this section uses process
information obtained from an open-loop test and is applied only for identifying a fractional-
order model for processes having an S-shaped step response.

The differential equation for an FFOPDT model can be expressed as follows:

T-D%y (1) +y(t) = Ku(t - L) (12)

where the initial condition y(0%) is generally taken as zero to obtain a transfer function
model. The controlled processes under consideration can be well characterized by this
model. The standard FFOPDT model can be derived from Equation (12) by taking the
Laplace transform, obtaining the following transfer function:

Ke—LS

Pls) = 14 Ts™ (13)

where K is the process gain, T > 0 is the time constant, L > 0 is the apparent dead-time, and
« is the fractional order of the model.

FFOPDT model parameters 0p = {K, T, L, &} can be identified using the process reaction
curve, as a result of an open-loop test.

For the particular case « = 1, the FFOPDT model (13) becomes the standard FOPDT
model, which has been broadly used in practice to capture the essential dynamic response
of industrial processes for the purpose of control design [2].

The FFOPDT model (13) can be viewed as a generalization of the conventional FOPDT
model, as discussed in [42], where the relevance of this generalization and the implications
it has for both the identification of dynamic processes and the design of feedback control
loops are indicated.

The step response of the considered fractional model can conveniently describe both
monotonic or non-monotonic behaviors depending on the fractional order «. The step
responses of FFOPDT models for increasing values of «, with 0.5 < o« < 1.1 which is
the range considered in this paper, are shown in Figure 1. As a particular case, the step
response of the considered system for o = 1, which represents an FOPDT model, is depicted
in red line.

In this paper, two parameters will be used to characterize process dynamics, namely
Tar and 1, which are two classical parameters well-defined for integer-order processes and
can also be defined for the fractional case.

Tar is referred to as the average residence time and has been defined in the fractional

context as follows [39]:
N Jo tg(Hdt —

Jo g(t)dt
where g(t) represents the impulse response of the fractional-order process. The average
residence time is a classical index that characterizes process dynamics by indicating the
time it takes the input to have a significant influence on the output [2].

T is referred to as the normalized dead-time, the typical range of whichis 0 <t <1,
and has been defined in the fractional context as follows [39]:

Tar (14)

L L

"[i _— = —
Tar L#—Tl/‘X

(15)
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y (1)

1.2

0.8

0.4

0.2

FFOPDT step responses

a e [0.5. 1.1]

| | | |

10 20 30 40 50
t[s]

Figure 1. Step responses of FFOPDT models with « € [0.5, 1.1]. The step response of an FOPDT
model (o = 1) is depicted in red line.

This parameter has been defined to characterize the degree of difficulty in controlling
a process. Broadly speaking, processes with small T can be considered to be easy to control,
while processes with a larger value of T are difficult to control. The standard definition of
the classical parameters T, and T for the case o« = 1 corresponds to the one for an FOPDT
model [2].

Although with an FFOPDT model the monotonic and non-monotonic behavior of the
process can be characterized, in this work we will only focus on processes with monotonic
response with 0.50 < « < 1.00, characterized by an S-shaped response. The importance
of processes with essentially monotone step responses lies in the fact that they are very
common in process control [2].

The FFOPDT model normalized step responses for different values of « and different
values of T are shown in Figure 2. It can be noticed from the figure that all responses
have a common point at t = T, because time is normalized with respect to the average
residence time.

Considering that a step signal u(t) with an amplitude Au is applied to an FFOPDT model
(13), a signal y «(t) with an amplitude variation of Ay is obtained, as shown in Figure 3.
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Figure 2. Normalized step responses y « /(K-Au) vs. normalized time, where FFOPDT models for
«=0.5,0.75,and 1.0 and T = 0 (red), 0.25, 0.5, 0.75, and 1 (blue) have been considered. Note that all
step responses have a common point at t = Tyy.

»
° y (1)
% (6%
§ g
>
y, (ts)
32 Ay
y,(t,) u(t)
y, (t)- Au
________________ ____ v
1 1 ! |
1 1 : 1
| | . 1
'. L
: v VY v
r---% tx1 tx2 tx3 time

Figure 3. Process reaction curve y(t), arbitrary representative points {xy, Xp, and x3} on the process
reaction curve, and step-input signal u(t). Data obtained from the process reaction curve required for
the identification procedure are {Ay, Au, ty1, tyo, ty3}. Note that Axp; and Axs, represent a variation of
(x2 — x1)% and (x3 — x2)% from the centroid X, to the extreme points x; and x3, respectively.
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The corresponding FFOPDT model response to a Au step input change is:

0, 0 <t<L
Yalt) = {K{1 —Eq1 [—%(t—L)“} }Au, t>1L (16)

where E g is the two-parameter Mittag-Leffler function, which was previously defined
in (10).

Normalizing the process output y«(t) with respect to its final value Ay = K-Au and
using the shifted and normalized time T = %(t — L)%, Equation (16) is reduced to:

Vo ) =1-Eqi(-1), T2>0 (17)

The FFOPDT model parameters, 6p = {K, T, L, «}, will be determined considering
the step response of an FFOPDT model (16) and the normalized process output (17),
respectively.

From Equation (16), the gain is given by:

_ by
K= Aa (18)

where Ay is the total process output change when a step input with amplitude Au is applied,
as indicated in Figure 3.

Since ¥, () is a specific value of the normalized output, which has the following range
0<y “(T) < 1, its corresponding normalized time Ty can be found using (17). Therefore,
the time tx required for the process output (16) to reach such x-point is:

ty = L+ (1T)"/* (19)

In order to obtain the rest of the FFOPDT model parameters (T, L, and «), the set of
times {ts1, tx2, tx3} to reach points {y«(tx1), Y« (tx2), Y« (tx3)}, respectively, on the process
reaction curve are required.

Note that, without loss of generality, ty < ty» < ty3 and Ty1 < Typ < T3 Will be considered
in this paper.

Considering expressions like (19), the following equations set is defined:

ta =L+ (TXlT)l/‘x
to = L+ (1oT) " (20)
ta =L+ (taT) "/

In order for the model fractional order « to be estimated, the following ratio index A
is found by considering the previously obtained set of Equation (20):

A = te —ba _ Tya'/* — g/ (21)

B txo — tx1 Tx21/oc - Txll/“

where T4, T2, and Ty3 are normalized times defined by (19) and which can be determined
using Equation (17). Note that A index can be interpreted as the ratio between the time
difference in reaching from x; to x3% and from x; to X% of the total variation of the
process output, as indicated in (21). From Equation (21) it is clear that there is a dependence
between fractional order « and ratio index A, which can be expressed as « = f1(A).

For obtaining the time-based parameters (T, L) from (20), it is required to consider the
following two points, {ty1, Y« (tx1)} and {ty3, y«(tx3)}, on the process reaction curve. Then,
the expressions for these parameters are:

T= a“(txg — tXl)cx (22)
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L =tg—Tg /T (23)
where 1

T3/ — Ty Ve

The two equivalent normalized points for obtaining parameters T and L are {y(Tx1),
Ty1} and {ya(Tx3)/ T3}

The set of Equation (25) are the expressions required to obtain the FFOPDT model
parameters, 6p = {K, T, L, o}, by using the times needed for the response to reach any three
points on the process reaction curve {x; -X2-X3%}.

A
K=
o =f1(4)
T=f(a)(ba —ba)® 2
L = max |:tx3 — f3(cx)T1/°‘, 0}

where Ay is the total process output change to the step input Au, as shown in Figure 3;
function f; depends on A and is defined in (21) as a function of the times {t1, tx2, t3};
functions fo(c) = a® and f3(x) = T,g1/* depend on Ty and Ty3, and T3, respectively, and
finally a-parameter is defined in (24). It can be observed from (25) that the expressions of T
and L have a high dependence on the value of «. This makes it of significant importance to
determine the value of « parameter accurately.

In (25), « > 0 and T > 0 are fulfilled in a natural way, since T4 < Txz < Txz and ty1 <ty
< tx3. The following condition must be satisfied to ensure L > 0:

tx3 = szl/oc (26)

For a more detailed development of Equation (25) we refer the reader to [39], where
these equations are obtained and subsequently particularized for the case in which the
three points on the process reaction curve are symmetrical with respect to the central point.

Figure 4 shows the general scheme of the complete procedure for obtaining the expres-
sions for the identification of the FFOPDT model parameters, 0p = {K, T, L, «}, from three
arbitrary points of the process reaction curve.

This procedure is summarized in the following steps, as depicted in Figure 4.

1. From the normalized process output (17), ¥, (T), the values of the normalized times
{Tx1, Tx2, Tx3} of the three considered points on the process reaction curve are obtained
for the different values of «, 0.50 < « < 1.10.

2. Datasets {A, oo}, {, act}, and {x, (1x3)1/ ot} are obtained for the considered set of points
(x1-X2-X3%) by using the values of the corresponding normalized times.

Note that this procedure is general and admits the points x;, xp, and x3 to be arbitrary.
In this paper, both a symmetrical and an asymmetrical location of the points on the process
reaction curve will be considered.

3. By means of a curve-fitting procedure, the values of the parameters {pi, qi} for the
rational functions « = f1(A), f2(«), and £3(x), respectively, are obtained.

4. From the rational functions o = f1(A), f2(«), and f3(«) obtained in the previous step,
the expressions for the FFOPDT model parameters (25) are completed.

5.  Once the numerical values of «, f2, and f3 are determined, the values of the FFOPDT
model parameters, 6p = {K, T, L, «}, are calculated using expressions (25) and experi-
mental data collected from the process reaction curve, {Ay, Au, ty1, tyo, tx3}.
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Figure 4. Scheme of the complete procedure for identifying the parameters of the fractional-order
model considering three arbitrary points on the process reaction curve. Note that the blue part of the
scheme (steps 1-4) represents the general procedure to obtain expressions (25) that allow to determine
the parameters of the FFOPDT model for any three points (x1, X2, and x3) on the process reaction
curve. On the other hand, the red part of the scheme (step 5) indicates how to estimate the parameters
0p = {K, T, L, «} from the information collected from the process reaction curve {Ay, Au, ty1, tyo, tx3}.

A detailed algorithm for estimating the FFOPDT model parameters, 6p = (K, T, L, «},
from the information collected from the process reaction curve is provided in Section 5.4.
This algorithm, which simplifies its software implementation, can serve as a complement
to the scheme represented in Figure 4.

Table 1 includes the numerical values of the normalized times T5, T19, T20, T25, T50,
Ts5, Te0, T75, Top, and Tos, respectively. These data will be used indistinctly as 7y, Ts50, or
T100—x in Section 3.1 for a symmetrical set of points (x-50-(100 — x)%), and T4, Tx2, OF Tx3
in Section 3.2 for an asymmetrical set of points (x;-X2-X3%), respectively, and constitute
the main source of data to determine the corresponding data sets {A, o}, {x, a*}, and {«,
(te3)Y *} or {&, (T100_x)'/ *}, needed to determine expressions for the functions « = f1(A),
fr(x), and f3(x).

3.1. Symmetrical Set of Points (x-50-(100 — x)%)

This case can be considered as a simplification of the general identification procedure,
where only points that are symmetrically located on the process reaction curve are selected.
Note that the central point or centroid will be located in the middle of the range, x, = 50%,
(tx2 = t50, Y(t50)), as depicted in Figure 3. The remaining two points could be located
arbitrarily on the reaction curve, but symmetrically located with respect to the central point
(Axzp = Axp1). One of the extreme points will be denoted x; = X, the other being x3 = 100
— X. In this case, the times to be determined will be t,; = tx and t,3 = t1g9—x, Where ty and
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t100—x denote the time required to reach x% (y«(tx)) and (100 — x)% (y «(t100—x)) of the total
process output change, respectively, considering the following range 0 < x < 50.

Table 1. Numeric values of normalized times s, T19, T20, T25, T50, T55, T60, T75, Tog, and Tos, respec-
tively, for different values of «, with 0.5 < a < 1.1.

le4 Ts [s] T1g [s] Tog [s] Tos [s] Ts0 [s] Tss [s] Teo [s] Tys [s] Toq [s] Tos [s]
0.5 0.0462 0.0963 0.2113 0.2781 0.7691 0.9216 1.1072 2.0516 5.5556 11.3640
0.6 0.0464 0.0965 0.2101 0.2752 0.7402 0.8810 1.0481 1.8734 4.7612 9.3440
0.7 0.0471 0.0975 0.2107 0.2749 0.7181 0.8470 0.9988 1.7127 3.9916 7.4160
0.8 0.0481 0.0993 0.2131 0.2768 0.7028 0.8220 0.9601 1.5757 3.2873 5.5890
0.9 0.0495 0.1019 0.2172 0.2811 0.6945 0.8060 0.9326 1.4665 2.7112 4.0190
1.0 0.0513 0.1054 0.2232 0.2877 0.6932 0.7990 0.9163 1.3863 2.3026 2.9960
1.1 0.0536 0.1097 0.2309 0.2967 0.6988 0.8000 0.9109 1.3334 2.0419 2.4560

In this section, the sets of points indicated in Table 2 will be considered. For the
case of symmetrical points, sets #1 and #2 have been chosen because the accuracy of the
fractional-order model is improved for low values of x. In particular, the influence of the
location of the symmetrical representative points of the reaction curve on the accuracy
of the identified model is explained in detail in [39]. In addition, set #3 has been chosen
because it gives very good results for integer- or close to integer-order models, see also [39].
This behavior has already been observed in the technical literature in some identification
methods for integer-order models, e.g., the aforementioned 123c method [11] uses time sets
(25-75%) to identify FOPDT and DPPDT models and (25-50-75%) for SOPDT models; and
in [18], points (25-50-75%) are proposed to identify multiple-pole with dead-time models.

Table 2. Sets of symmetrical points that have been considered.

Set # Symmetrical Points Centroid Distance from Centroid
1 (5-50-950/0) Xp = 50% AXZl = AX32 =45%
2 (10-50-900/0) Xp = 50% AX21 = AX32 =40%
3 (25-50-75%) x2 =50% Axp1 = Axzp =25%

Then, the procedure summarized in Figure 4 is followed for the symmetrical case.
Data sets {A, o}, {o, a%}, and {«, (Tloo,x)l/o‘} for 0.5 < « < 1.1, and the functions f;(A), f>(x),
and f;3(x) obtained by curve fitting for the different sets of symmetrical points, respectively,
are shown in Figure 5. Note that A depends on normalized times {1y, T59, and T199_x} and
has a significant dependence on o parameter, that f;(«) = a* depends on « and normalized
times T, and Ty09_y, and that f3(c0) = (T100_x)*/ & depends on « and normalized time Tjgp_x.

The following rational functions have been used for curve fitting of functions f;(A),
fr(), and f3(cx), respectively:

A% +p,A+
f1(A) = P1 . P2 Ps 27)
A"+ qA+q
Pi&+ Py
f =t brs 28
2(0‘) 062+q106+q2 ( )
o 4 pyox +
fg(oc) _ pl p2 p3 (29)

0(2+ql(x+q2
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Figure 5. Data sets and results of curve fitting for symmetrical sets of points, (5-50-95%), (10-50-90%),
and (25-50-75%), respectively: (a) Data sets {A, «} and curve fitting for f; (A); (b) Data sets {x, a*} and
curve fitting for f»(«); (c) Data sets {«, (T100—x) "/ %} and curve fitting for f3(c). Note that in each graph,
curve fitting for (5-50-95%) is represented in red, (10-50-90%) in blue, and (25-50-75%) in green.

The Levenberg—Marquardt least-squares curve-fitting algorithm has been used for
fitting data in all graphs in Figure 5. The values of the corresponding parameters {p;, q;} for
functions f;(A), f2(e), and f3(x), and each one of the selected sets of symmetrical points are
shown in Tables 3-5, respectively.

3.2. Asymmetrical Set of Points (x1-x2-x3%)

In this section, the general identification procedure is applied to three arbitrary points
asymmetrically located on the reaction curve (x;, xp, and x3), as shown in Figure 3. This
means that the times to be determined will be ty1, ty», and ty3, where they denote the time
needed to reach x1% (Y« (tx1)), X2% (Y (tx2)), and x3% (y «(tx3)) of the total process output
change, respectively.

Table 3. Parameters {p;, i} of the rational function f;(A) for the different sets of symmetrical points.

(5-50-95%) (10-50-90%) (25-50-75%)
p1 = 0.4259 p1 =0.3808 p1=0.2676
po =38.78 po = 13.57 ps = 1.756
ps =14.34 ps = —3.067 ps = —2.578
q1 = 45.33 qi = 14.69 qu = —0.7042
qQ=-278 q =—159 qo = —1.289

Table 4. Parameters {p;, q;} of the rational function f2(«) for the different sets of symmetrical points.

(5-50-95%) (10-50-90%) (25-50-75%)
p1 = —0.0337 p1 = —0.05698 p1 = —0.3443
p> = 0.0595 ps =0.1596 p2 = 0.7806
qi = —2.328 qi = —2.528 qi = —3.017

qo = 1.404 q2 = 1.753 q2 = 2.496
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Table 5. Parameters {p;, gj} of the rational function f3(x) for the different sets of symmetrical points.

(5-50-95%) (10-50-90%) (25-50-75%)

p1=1043 p1 = 4518 p1 =3.901
po = —22.09 p2 = —8.675 po = —4.833
ps =13.14 p3 = 5.666 p3 = 4.546
qi = —0.586 qi = —0.3471 q1 =2.239
q = 0.07943 q2 = 0.003197 q = —0.6319

The origin of the asymmetry comes not only from the fact that, in general, the centroid

xy will not be located in the middle of the range (0-100%) of the process output, but
also from the fact that the distance from the centroid x, to the extreme points x; and x3,
respectively, is different, i.e., Axp1 # Axsp.

As discussed previously, the objective is to validate this identification procedure for

the asymmetrical case and to obtain insight into the selection of representative points of the
reaction curve and their influence on the accuracy of the identified model.

In this section, the sets of points indicated in Table 6 will be considered.

Table 6. Sets of asymmetrical points that have been considered.

Set # Asymmetrical Points Centroid Distance from Centroid
4 (10-55-900/0) Xp = 55% AX21 = 450/0, AX32 =35%
5 (20-60-950/0) Xp = 60% AX21 = 400/0, AX32 =35%
6 (20-75-950/0) Xp = 75% AX21 = 550/0, AX32 =25%

The selection of these three sets of points (x1-Xp-X3%) is based on experimentation.

A large number of experiments have been performed in order to draw the following
observations:

1.

The three sets of points have been chosen with a high x3 value, where x3 = 90 or 95%,
because the obtained model fits better the reaction curve, especially in the final part.
In this regard, it has been shown in [39] that the step response of the identified models
gives a good fit with the process reaction curve for the symmetrical case, particularly
in the interval [x-(100 — x)]. Due to the symmetry exhibited by this method, the
interval [x-(100 — x)] is larger for lower values of x and, therefore, the step response
of these models fits better the process reaction curve, which translates into a lower
value in the performance index S for this fractional-order model.

In general, the selection of x; affects the accuracy of the model in the initial part and,
together with x3, allows better fitting of T parameter.

With respect to the centroid xp, set #4 has been chosen in order to test the effect of
moving the centroid xp, increasing Axy; and decreasing Axsy, in comparison with the
symmetrical set #2. Sets #5 and #6 have been chosen because the effect of moving
the centroid xp, while keeping the extreme values x; and X3, can be observed. In
particular, set #5 allows us to analyze the effect of increasing x;, with asymmetric
distances Axp; = 40% and Axs; = 35%, while set #6 shows the effect of increasing x;,
with asymmetric distances Axp; = 55% and Axszp = 25%.

Although the sets of points could have been chosen considering other criteria, in

the authors’” opinion, these are the ones that best reflect the effect of their position on the
model’s accuracy.

In the following section, several examples will be used to verify that these observations

are met.

Then, the procedure summarized in Figure 4 is followed for the asymmetrical case.

Data sets {A, o}, {, a%}, and {«, (Tloo,x)l/"‘} for 0.5 < « < 1.1, and the functions f{(A),
f2(o0), and f3(x) obtained by curve fitting for the different sets of asymmetrical points, i.e.,
(10-55-90%), (20-60-95%), and (20-75-95%), respectively, are shown in Figure 6. Note that
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A depends on normalized times {Tx1, Tx2, and T43} and has a significant dependence on «,
that f(x) = a* depends on « and normalized times Ty; and T3, and that f3(x) = (Ty3)t/ «
depends on « and normalized time T199_x-

0.55 140
110
05
120
1 045
04l 100 [
5 035F f 1 L 3
L f,(c) 80 f ()
(=} - —
= B E
g :N 03r ::;.,
£ 60
= 0.25F
=
02F y 40 -
015
20
0.1
ok
; - 0.05 * * * * * *
0 50 100 06 0.8 1 06 0.8 1
times ratio A fractional order « fractional order «
(a) (b) (c)

Figure 6. Data sets and results of curve fitting for asymmetrical sets of points, (10-55-90%), (20-60-
95%), and (20-75-95%), respectively: (a) Data sets {A, «} and curve fitting for f; (A); (b) Data sets {«,
a*} and curve fitting for fp(c); (c) Data sets {c, (t3)Y %} and curve fitting for f3(«). Note that in each
graph, curve fitting for (10-55-90%) is represented in red, (20-60-95%) in blue, and (20-75-95%) in
green, respectively. Note also that sets #5 (20-60-95%) and #6 (20-75-95%) have the same functions
fo(x) and f3(cx).

The Levenberg-Marquardt least-squares curve-fitting algorithm has been used for
fitting data in all graphs in Figure 6. The same rational functions (27)-(29) have been used
for obtaining functions f;(A), f,(x), and f3(x), respectively, by using curve fitting.

The values of the corresponding parameters {p;, qi} for functions f;(A), f(x), and f3(x),
and each one of the selected sets of asymmetrical points are shown in Tables 7-9, respectively.

Table 7. Parameters {pj, qi} of the rational function f; (A) for the different sets of asymmetrical points.

(10-55-90%) (20-60-95%) (20-75-95%)
p1 = 0.3693 p1 = 04165 p1 =0.3665
p2 =955 p> =185 p2=7.191
p3 = —5.112 p3=—155 ps = —8.393
q =9.53 qi = 18.69 q1 =5.838
Q@ =-11.38 Q@ =-256 q = —8.767

Table 8. Parameters {p;, q;} of the rational function f5(c) for the different sets of asymmetrical points.
Note that the parameters for (20-60-95%) and (20-75-95%) are the same since their x; and x3-values
are the same (x] = 20% and x3 = 95%).

(10-55-90%) (20-60-95%) (20-75-95%)
p1 = —0.05698 p1 = —0.03498 p1 = —0.03498
p2 = 0.159 p2 = 0.05957 p2 = 0.05957
qi = —2.528 q =-2.33 q =-233

q = 1.753 q2 = 1.398 qp = 1.398
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Table 9. Parameters {p;, q;} of the rational function f3(c) for the different sets of asymmetrical points.
Note that the parameters for (20-60-95%) and (20-75-95%) are the same since their x3-values are the
same (x3 = 95%).

(10-55-90%) (20-60-95%) (20-75-95%)
p1=4518 p1=10.43 p1 =10.43
pa = —8.675 P2 = —22.09 pa = —22.09
p3 = 5.666 ps =13.14 ps =13.14
qi = —0.3471 qi = —0.586 qi = —0.586
qz = 0.003197 q2 = 0.07943 q2 = 0.07943

Note that the obtained values of T, L, and «, which are determined by using Equa-
tions (25), depend on functions f;(A), f>(x), and f3(x). These functions thus play a relevant
role in the identification method as the features of normalized step responses (17) can
be well characterized due to their respective contribution. It is important to emphasize
that, for any different choice of times set {ts1 tx2, tx3} to reach three points {y«(tx1), y«(tx2),
ya(tx3)} on the reaction curve, the accuracy of the identification results only depends upon
the fitting precision. In this context, an accurate determination of a-value is of primary
importance since, subsequently, functions f; and f;—and therefore T and L—depend on
the estimated value of «.

4. Simulation Results

In this section, the identification method proposed in this work has been proved for
several models that exhibit fractional behavior.

Process models (30), (31), and (32) have been selected to test the effectiveness of
the proposed method in obtaining an FFOPDT model (13) in comparison with several
identification methods for integer- and fractional-order models.

_ 1 ~0.1s
Pl (S) = me (30)
3

Po(s) = (1 + 3s988) (1 + 25088) (1 + 5088

(31)

Ps(s) = e VS (32)

On the one hand, process P; has been used to evaluate the proposed identification
method for several symmetrical and asymmetrical sets of points in comparison with several
well-known identification methods for integer-order models and to obtain insight into the
influence of the location of asymmetrical points on the accuracy of the identified model.

On the other hand, processes P, and P3 have been used to evaluate the model per-
formance of the proposed procedure for symmetrical and asymmetrical points with other
fractional-order methods.

These examples selected in this section have been also used to validate the proposed
identification method for both symmetrical and asymmetrical points on the process reac-
tion curve.

The experimental procedure followed is as follows: A step signal has been applied to
the input of these processes and the reaction curve has been registered. Then the process
output responses have been used to obtain the parameters of the models using the different
identification methods. The sampling period used in all the experiments is Ts = 10 ms.

Finally, it is necessary to evaluate the accuracy of the model parameters that have
been identified and the effectiveness of the model structure that has been adopted. A wide
variety of model validation methods and fitting objective functions for system identification
are available in the technical literature [5].
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Although another objective function could have been used, the Mean Squared Error
(MSE) has been used as a time-domain fitting criterion as a measure of performance for the
identified model:

= —2 1 =12
5(0) = 5z L [e(kTs,0)]" = - ) [Y(KTs) — yy (KT5,0)] (33)
=1 S k=1

where e(kTs, 0) is the difference between the process reaction curve and the step response
of the identified model, y (kTs) and y, (kTs, 0), respectively, 8 is the vector of process model
parameters, Ng is the number of collected samples, Tg is the sampling period, and NgTg is
the time length of the dynamic (transient) response.

The Mean Absolute Error (MAE), the expression of which is (34), has also been
calculated in the following examples for illustrative purposes.

1 Ns

_ 1 Ns _ _
E(G) = N. Z‘e(kTS,GH = N. ‘Y(kTS) —ym(kTs,e)‘ (34)
S k=1 S k=1

In the same context, it may be interesting to evaluate the goodness of fit of the identified

model at different intervals of the reaction curve. For this reason, the index Sxi_x]. (0) is

introduced in this paper, where 0 is the vector of identified model parameters. This
performance index represents the time-domain performance index S(0) restricted to the
interval [x;—x;] on the reaction curve, where x; and x; are two specific points on the reaction
curve as depicted in Figure 3. Note that if the step response of the identified model is
divided into p intervals [xj—x;], the model performance index S(6) and the p performance
indices S (0) (k=1, ..., p) of each of the intervals satisfy the following expression:

1

p
S0) = x; L SO N (35)
S k=1

where p € Z™ is the number of intervals into which the model step response is divided, and
Ngy is the number of samples of the model step response in the corresponding k interval.

The simulation results obtained in this section have been performed using the FOTF
MATLAB toolbox, which is a set of built-in functions that extends the control toolbox to
deal with fractional-order systems [43]. For a deeper knowledge of the FOTF toolbox, the
reader is referred to the reference text in [44].

4.1. Example 1

In this example, the fractional-order process model (30) is selected. This model is
a lag-dominated fractional second-order process plus dead-time (FSOPDT), providing
some modelling deviation from the model structure selected in the proposed identification
method, which is the FFOPDT dynamics.

This same model but for different «-values in the range 0.60 < « < 1.00 has been used
in [39], on the one hand, as a batch of processes to validate the proposed identification pro-
cedure for different sets of symmetrical points and, on the other hand, to obtain insight into
the influence of the location of symmetrical points on the accuracy of the identified model.

The objective in this case is to validate the identification procedure for asymmetrical
points on the process reaction curve and to obtain insight into the influence of the location
of such asymmetrical points on the accuracy of the fractional-order identified model. A
comparison between the proposed method and several well-known identification methods
for integer-order models is also provided in this section.

The process reaction curve for this model and the step-input signal are shown in Figure 7.
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Figure 7. Process reaction curve for process Py and step-input signal.

The process information summarized in Table 10 for the proposed identification
method is collected from data in Figure 7.

With the information collected from Table 10, the following FFOPDT model parameters
01; = {Ky;,T14, L1, 004}, fori=1, ..., 6, have been obtained in Table 11 for the different
sets of points proposed in Tables 2 and 6.

Table 10. Process information collected from the reaction curve for fractional-order model identifica-
tion of process P;.

Symmetrical Methods Asymmetrical Methods
Method #1: Method #2: Method #3: Method #4: Method #5: Method #6:
(5-50-95%) (10-50-90%) (25-50-75%) (10-55-90%) (20-60-95%) (20-75-95%)
Au=1.00
Ay =1.00

ts =0.3020 s tio = 04540 s tos = 0.9300 s tio = 0.4540 s tog = 0.7620 s toy = 0.7620 s
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Table 10. Cont.

Symmetrical Methods Asymmetrical Methods
Method #1: Method #2: Method #3: Method #4: Method #5: Method #6:
(5-50-95%) (10-50-90%) (25-50-75%) (10-55-90%) (20-60-95%) (20-75-95%)

tso = 2.0910 s ts0 = 2.0910 s ts50 = 2.0910 s ts5 = 2.4400 s tgo = 2.8590 s tys = 49730 s
tos =29.1410s  top=132640s  t5=49730s  top= 1326405  to5 =29.1410s  to5 =29.1410's

Table 11. Fractional-order model settings for the symmetrical and asymmetrical sets of points (5-50-
95%), (10-50-90%), (25-50-75%), (10-55-90%), (20-60-95%), and (20-75-95%), respectively, applied to

Example 1.
Symmetrical Methods Asymmetrical Methods
Method #1: Method #2: Method #3: Method #4: Method #5: Method #6:
(5-50-95%) (10-50-90%) (25-50-75%) (10-55-90%) (20-60-95%) (20-75-95%)

Ky 1 = 1.0000 Ky 5 = 1.0000 Ky 5 = 1.0000 Ky 4 = 1.0000 Ky 5 = 1.0000 Ky 6 = 1.0000
T11=23137s  T15=22492s Ti3=21890s T4 =21963s Ty5=20223s Tys=18807s
L11=02745s  L;,=02782s  L;3=03901s L;4=02791s L;5=03139s  L;4=02921s

oq 1 = 0.7791 o = 0.7888 o 3 = 0.8088 o4 =0.7836 o 5 = 0.7580 o 6 = 0.7463

The FFOPDT model step responses for (5-50-95%), (10-50-90%), (25-50-75%), (10-55-
90%), (20-60-95%), and (20-75-95%), respectively, are compared with the process reaction
curve and illustrated in Figures 8-10. In each figure the corresponding representative points,
symmetrical (x-50-(100—x)%) and asymmetrical (x;-Xp-X3%), respectively, are also displayed.

P1 |:,1
T T T T T T

1rF . 1F ]

0.8 . .
5 5

206F . e .
> =
o o
2] 1]
%] 1]
3 8

o 04r = <} 4
o o

0.2 g ]

ol (ts:y5) Process | Process |

Proposed (5-50-95%) Proposed (10-50-90%)
| I 1 | | I | L | |
0 10 20 30 40 50 0 10 20 30 40 50
time [s] time [s]
(a) (b)

Figure 8. FFOPDT model step response using the proposed identification method for process Py
and process reaction curve: (a) Symmetrical set of points (5-50-95%); (b) Symmetrical set of points
(10-50-90%).
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Figure 9. FFOPDT model step response using the proposed identification method for process P; and
process reaction curve: (a) Symmetrical set of points (25-50-75%); (b) Asymmetrical set of points
(10-55-90%)).
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Figure 10. FFOPDT model step response using the proposed identification method for process Py
and process reaction curve: (a) Asymmetrical set of points (20-60-95%); (b) Asymmetrical set of point
(20-75-95%).

Figures 8-10 show that the step responses of the fractional-order models identified
with the proposed method, for both the symmetrical and asymmetrical case, give good fit
with the process reaction curve, which confirms the validity of this identification method
also for the asymmetrical case. Note that the identification method for the symmetrical
case has been studied in detail and its validity for the identification of FFOPDT models has
also been confirmed in [39].

Table 12 shows the process parameters identified for FOPDT and DPPDT models
obtained using the methods proposed by Alfaro in [11], and by Viteckova et al. in [14], and
the ones for SOPDT obtained using methods proposed by Stark in [16] and by Jahanmiri
and Fallahi in [15], using two or three points from the process reaction curve.
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Table 12. FOPDT, DPPDT, and SOPDT model settings obtained for the considered integer-order
identification methods.

FOPDT DPPDT SOPDT

Jahanmiri—

Alfaro [11]  Viteckova [14]  Alfaro [11]  Viteckova [14] Stark [16] Fallahi [15]

(25-75%) (33-70%) (25-75%) (33-70%) (15-45-75%) (2-70-90%)
K=1.00 K=1.00 K=1.00 K=1.00 K =1.0000 K16 =1.0000
T=3.68s T=351s T=224s T=2.33s T1=352s Ty =561s
L=0.00s L=0.00s L=0.00s L=0.00s T, =034s T, =0.0072 s
- - - - L=0.00s L=020s

The corresponding integer-order model step responses for the considered classical
identification methods are compared with the process reaction curve and illustrated in
Figure 11 for FOPDT and DPPDT models and in Figure 12 for SOPDT models.

F,1 P1
1+ 1r
0.8 - 1 0.8 1
H 2
<06 1 5061 1
o o
(23 [}
1% n
g 8
g 04r 1 S04 1
o o
0.2 1 02 1
Process Process
ok FOPDT Alfaro (25-75%) | | ok FOPDT Viteckova (33-70%) | |
DPPDT Alfaro (25-75%) DPPDT Viteckova (33-70%)
. . . . I . I I . L
0 10 20 30 40 50 0 10 20 30 40 50
time [s] time [s]
(a) (b)

Figure 11. FOPDT and DPPDT model step responses using integer-order model identification
methods for process P; and process reaction curve: (a) Alfaro [11] (25-75%); (b) Viteckova et al. [14]
(33-70%).

Figures 11 and 12 illustrate that FOPDT, DPPDT, and SOPDT models, respectively, ap-
proximate process P; with insufficient accuracy compared to FFOPDT models obtained with
the proposed method. It has been illustrated from Figures 8-12 that the proposed identifi-
cation method outperforms significantly the considered methods for integer-order models.

Table 13 shows the values of the time-domain performance indexes S(6; ;) and E(61 ;)
for process P1, and the ones corresponding to the intervals [0-50%], So_s0 (51,1), and
[50-100%], Ss0—100(01), of the total process output change, respectively, for the differ-
ent models considered in this example. In this table,i=1, ..., 6 represents the different sets
of points considered in the proposed identification method, andi=7, ..., 12 represents the
different identification methods for integer-order models.
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Figure 12. SOPDT model step responses using methods proposed by Stark [16] (15-45-75%) and by
Jahanmiri and Fallahi [15] (2-70-90%) and process reaction curve.
Table 13. Comparison between the performance indexes obtained for the proposed method with
different sets of points, symmetrical and asymmetrical, and the ones for several well-known methods
for integer-order models. The number of samples Ng for the whole range and for each interval are
also displayed.
i Method Set of Points So-50(01,i) Ss0-100(01,i) So-100(01,i) = S(01,4) E(01;)
1 FFOPDT Proposed #1 (5-50-95%) 3.07 x 10~* 224 x 1075 248 x 107> 24 x 1073
2 FFOPDT Proposed #2 (10-50-90%) 463 x 1074 145 x 1075 1.83 x 1075 3.6 x 1073
3 FFOPDT Proposed #3 (25-50-75%) 475 x 1074 5.36 x 1075 5.72 x 107> 6.7 x 1073
4 FFOPDT Proposed #4 (10-55-90%) 6.86 x 10~* 1.09 x 107° 1.65 x 1075 32 %1073
5 FFOPDT Proposed #5 (20-60-95%) 1.30 x 1073 3.46 x 107© 1.44 x 107° 1.2 x 1073
6 FFOPDT Proposed #6 (20-75-95%) 3.20 x 1073 6.86 x 107° 3.34 x 107° 9.7 x 107*
7 FOPDT Alfaro (25-75%) - - 7.32 x 1074 2.19 x 1072
8 FOPDT Viteckova (33-70%) - - 7.54 x 10* 2.20 x 1072
9 DPPDT Alfaro (25-75%) - - 1.50 x 1073 251 x 1072
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Table 13. Cont.

i

Method

Set of Points So-s50(01,i) Ss0-100(01,4) So-100(01,1) = S(01,4) E(01;)

10

DPPDT Viteckova

(33-70%) - - 1.60 x 1073 2.53 x 1072

11

SOPDT Stark

(15-45-75%) - - 8.26 x 10~* 226 x 1072

12

SOPDT Jahanmiri-Fallahi (2-70-90%) - - 1.40 x 1073 235 x 1072

Number of samples Ng; =210 Nsp = 24,791 Ns = Ng; + Ngp = 25,001 Ns = 25,001

3.5

25

0.5

%107
‘

[0-50%)]

Time-domain performance indexes in both intervals, So_50(61 ;) and Ssp_100(01), give
information about the effect of the location of the different set of points on the accuracy of
the identified models. Since the step response of the identified models can be divided into
the two aforementioned intervals, the accuracy of the identified models can be quantified
and the one for the first and second half of the total interval can be also determined from
data in Table 13. The number of samples for the model step responses in the whole range,
Ng, and in both intervals, Ng; and Ng;, respectively, are also provided in Table 13.

Note that from expression (35) the following relation that must be fulfilled can be
particularized for this case:

1

S(01,) = So—100(01,1) = N [So-50(61,1)-Nes1 + S50-100(01,1)-Ns2 (36)
S

The results of Table 13 for the proposed identification method in terms of Sy_50(01;),
S50_100(§1/1), and S(él,i)/ fori=1,..., 6, are also shown graphically in Figure 13.
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©10°8 [0-100%]
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Figure 13. Graphical representation of the data given in Table 13 for process P;. From left to right the
performance indexes So_50(61,1), Ss0-100(61,1), and S(61;),i=1, ..., 6, are shown, respectively, for each
of the considered methods.

Next, the results obtained in Table 13 and illustrated in Figure 13 for the FFOPDT
models identified for process P will be analyzed in order to gain insights into the location of
the points for the asymmetrical case and their effect on the accuracy of the identified model.

The following observations can be drawn from the above results:

1.  Methods with low values of x; for the asymmetrical case, or x in the symmetrical case,
allow obtaining low values of Sy_59, as can be seen in Figure 13 for methods #1, #2,
and #4, compared to #5 and #6, which give worse results in that interval.
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2. Methods with high values of x3 for the asymmetrical case allow better fitting of the
model to the reaction curve in the final part of the response, as verified by the low
values of Ssg_190 for methods #4, #5, and #6. For the symmetrical case, a high value of
(100 — x) implies a low value of x, thus better fitting the model to the reaction curve
in the initial and final parts of the response, as illustrated by the low values of Sy 5
and Ssg_109, respectively, for methods #1 and #2.

3. Comparing methods #2 and #4, it can be seen that the effect of increasing the value
of xp, while keeping x; and x3 constant, is to reduce the value of S as a result of a
reduction in the value of Ssy_100, even though the value of Sy_s( is slightly increased.

4. Comparing methods #5 and #6, the effect of increasing the value of x; can also be
observed, while keeping x; and x3 constant. Note that the value of x; in this case is
higher than for methods #2 and #4. The value of S for method #5 is reduced as a result
of a very good fit in the interval [50-100%], as shown in Figure 13. The value of S
corresponding to method #6 increases substantially due to a poorer fit in the interval
[0-50%] despite the good result for S5p_10.

As discussed previously, the step response of the identified model can be divided
into different intervals to evaluate the effect that the selection of different sets of points
(x1-X2-X3%) has on the model’s accuracy in each interval.

In this regard, Table 14 allows the comparison of method #2 with #4 for the intervals
[0-10%], [10-55%], [55-90%], and [90-100%], respectively. The comparison of methods #5
and #6 for the intervals [0-20%], [20-50%], [50-75%], and [75-100%], respectively, is shown
in Table 15.

Table 14. Comparison between methods #2 and #4 in terms of time-domain model performance
indices for different intervals of the process reaction curve for both identified models. The time-
domain performance index for the whole response is also included in this table. Ng represents the
number of points for each interval.

Interval # Interval Method #2: (10-50-90%) Method #4: (10-55-90%) Ns
1 [0-10%] So—10(61,2) =2.61 x 10~* So-10(01,4) =2.64 x 10~* 46
2 [10-55%] S10-55(01,2) =431 x 107* S10-55(01,4) =6.76 x 107 198
3 [55-90%] Ss5-00(01,2) =8.11 x 1075 Ss5-90(01,4) =4.90 x 1075 1117
4 [90-100%] S90-110(012) = 1.14 x 1075 S90-100(81,4) =9.06 x 107° 23,674
- [0-100%)] S(01,) =183 x 107° S(014) =1.65 x 1075 25,001

Table 15. Comparison between methods #5 and #6 in terms of time-domain model performance
indices for different intervals of the process reaction curve for both identified models. The time-
domain performance index for the whole response is also included in this table. Ng represents the
number of points for each interval.

Interval # Interval Method #5: (20-60-95%) Method #6: (20-75-95%) Ng
1 [0-20%] So—20(81,5) =7.65 x 107* Sp—z0 = 1.60 x 1073 77
2 [20-50%)] S20-50(015) = 1.60 x 1072 S20-50(01,6) =4.10 x 1073 133
3 [50-75%] 550,75(971/5) =931 x 1075 550775(971,6) =569 x 1074 288
4 [75-100%] S75-100(015) =240 x 107¢ S75-100(81,6) = 2.45 x 1077 24,503
- [0-100%] S(015) =144 x 1075 S(016) =3.34 x 107° 25,001

4.2. Example 2

The model (31) proposed in [31] is considered in this example. This process exhibits
a higher-order lag-dominated fractional-order dynamics. The proposed identification
method for symmetrical and asymmetrical sets of points are compared with other well-
recognized methods for FFOPDT models, which are also based on the process reaction
curve, and the optimal FOPDT.

The step-input signal and the process reaction curve for this model are shown
in Figure 14.
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Figure 14. Process reaction curve for process P, and step-input signal.
The process information summarized in Table 16 for the different identification meth-
ods is collected from data in Figure 14.
Table 16. Process information collected from the reaction curve for fractional-order model identifica-
tion of process Pj.
Symmetrical Methods Asymmetrical Methods
Method #1: Method #2: Method #3: Method #4: Method #5: Method #6:
(5-50-95%) (10-50-90%) (25-50-75%) (10-55-90%) (20-60-95%) (20-75-95%)
Au =1.00
Ay =3.00
t5 =1.4140s t10 =2.0290 s ty5 = 3.5600 s t10 =2.0290 s tyo =3.0630 s tpo =3.0630 s
tso = 6.3850 5 tso = 6.3850 s tsg = 6.3850 5 tss = 7.1044 s teo = 7.9180 s tz5 = 11.4060 s
tos = 33.9290 s tgp = 20.8030 s tys = 11.4060 s tgg = 20.8030 s tos = 33.9290 s tos = 33.9290 s

With the information collected from Table 16, the following FFOPDT model parameters
02; = {Kpi, Toi, Lo, i}, fori=1, ..., 6, have been obtained in Table 17 for the different
sets of points, i.e., (5-50-95%), (10-50-90%), (25-50-75%), (10-55-90%), (20-60-95%), and
(20-75-95%), respectively.
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Table 17. Fractional-order model settings for the symmetrical and asymmetrical sets of points (5-50-
95%), (10-50-90%), (25-50-75%), (10-55-90%), (20-60-95%), and (20-75-95%), respectively, applied to

Example 2.
Symmetrical Methods Asymmetrical Methods

Method #1: Method #2: Method #3: Method #4: Method #5: Method #6:
(5-50-95%) (10-50-90%) (25-50-75%) (10-55-90%) (20-60-95%) (20-75-95%)
K31 =3.0000 Ky, =3.0000 K33 =3.0000 Ky,4 =3.0000 Ky 5 = 3.0000 K36 = 3.0000
Tp1 = 6.4066 s Ty =6.6381 s Tp3=6.6817 s Tp4 =6.3850 s Tp5=51733s Tre =4.6914 s
Ly1=1.2638s Ly>=1.3955s L3 =1.6203s Ly4=1.4329s Ly5=24042s Ly =2.5096 s
op 1 =0.9189 op o =0.9470 a3 =0.9802 o 4 =0.9391 a5 =0.8901 o 6 = 0.8759

Process (31) is also approximated by an FFOPDT model following the method pro-
posed by Tavakoli-Kakhki in [31], by an FFOPDT model obtained using the optimization-
based method proposed by Guevara et al. in [34], and by the optimal FOPDT model, where
model parameters, @2,1 fori=7,8, and 9, respectively, are given in Table 18.

Table 18. FFOPDT model parameters obtained using methods proposed by Tavakoli-Kakhki [31] and
by Guevara et al. [34], and optimal FOPDT model parameters, respectively, for process P;.

Method #7: Method #8: Method #9:
FFOPDT Tavakoli-Kakhki [31] FFOPDT Guevara et al. [34] FOPDT optimal
Kp7 =3.00 Ky, = 3.0000 Kz = 3.0000
Ty7=630s Tpg =5.6285s Tpo=87412s
L,7=1.00s Ly3=1.8833s L, 9 =0.0000s
ap7 =092 ap g =0.9263 -

Note that the method proposed in [34] is based on optimization, where the function to

be minimized is E(0) (34). In this method, the approximation of the fractional term s is
developed using the Oustaloup method; see [19]. In contrast, the parameters obtained in

the optimal FOPDT model are those that minimize the function S(6) (33).

The step responses of the considered approximated models for (5-50-95%), (10-50-90%),
(25-50-75%), (10-55-90%), (20-60-95%), and (20-75-95%), respectively, are compared with the
process reaction curve and illustrated in Figures 15-17. The corresponding representative
points, symmetrical (x-50-(100 — x)%) and asymmetrical (x;-x3-X3%), respectively, are also
displayed in these figures. Moreover, the process reaction curve and the step responses
of the FFOPDT model proposed by Tavakoli-Kakhki, the FFOPDT model obtained using
the method proposed by Guevara et al., and the optimal FOPDT model, respectively, are
shown in Figure 18.
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Figure 15. FFOPDT model step response using the proposed identification method for process P,

and process reaction curve: (a) Symmetrical set of points (5-50-95%); (b) Symmetrical set of points
(10-50-90%).
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Figure 16. FFOPDT model step response using the proposed identification method for process P,

and process reaction curve: (a) Symmetrical set of points (25-50-75%); (b) Asymmetrical set of points
(10-55-90%).
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Figure 17. FFOPDT model step response using the proposed identification method for process P, and
process reaction curve: (a) Asymmetrical set of points (20-60-95%); (b) Asymmetrical set of points
(20-75-95%).
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Figure 18. Step response of the FFOPDT model obtained using methods proposed by Tavakoli-
Kakhki [31] and by Guevara [34], respectively, the step response of the optimal FOPDT model, for
process P» and process reaction curve.

In this example, a high-order process model has been utilized to demonstrate the ef-
fectivity and applicability of the proposed identification procedure in the task of estimating
FFOPDT-type model parameters.
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Similar to the previous example, Figures 15-17 illustrate that the models obtained
with the proposed method, for both the symmetrical and asymmetrical case, provide a
good fit with the process reaction curve also for a higher-order lag-dominated fractional-
order process in comparison with the results obtained using the well-recognized method
proposed by Tavakoli-Kakhki, and even in comparison with optimization-based methods
for FFOPDT and FOPDT models. These results are shown in Figure 18.

Figure 15a,b and Figure 16a show that the proposed method for the symmetrical case
gives good results in the interval [x-(100 — x)%]. For this reason, better results are obtained
for low values of x, as discussed in [39]. Figures 16b and 17a,b show that by moving the
points X1, X2, and x3 of the reaction curve it is possible to obtain an FFOPDT model of which
the step response can be better fitted to the reaction curve in certain intervals, as will be
shown below.

Table 19 shows the values of the time-domain performance indexes S(0,;) and E(6,)
for process P,, and the ones corresponding to the intervals [0-50%], So-s0 (@211), and [50-
100%, S50-100(02,1), of the total process output change, respectively, for the different models
considered in this example. In this table,i=1, ... , 6 represents the different sets of points
considered in the proposed identification method, and i =7, 8, and 9 represents methods #7
and #8 for FFOPDT models, and #9 for FOPDT, respectively.

Table 19. Comparison between the performance indexes obtained for the proposed method with
different sets of points, symmetrical and asymmetrical, and the ones for several methods for FFOPDT
and FOPDT models. The number of samples Ng for the whole range and for each interval are

also displayed.

i Method Set of Points So-50(02,) Ss0-100(02,1) So-100(02,i) = S(02,) E(624)
1 FFOPDT Proposed #1 (5-50-95%) 5.80 x 1073 8.78 x 1074 1.10 x 1073 240 x 1072
2 FFOPDT Proposed #2 (10-50-90%) 2.80 x 1073 1.20 x 1073 1.30 x 1073 3.34 x 1072
3 FFOPDT Proposed #3 (25-50-75%) 440 x 1073 333 x 1073 3.30 x 1073 5.14 x 1072
4 FFOPDT Proposed #4 (10-55-90%) 3.80 x 1073 9.58 x 107* 1.10 x 1073 3.02 x 1072
5 FFOPDT Proposed #5 (20-60-95%) 2.78 x 1072 453 x 1074 1.60 x 1073 1.92 x 1072
6 FFOPDT Proposed #6 (20-75-95%) 2.88 x 1072 1.01 x 1074 1.30 x 1073 1.24 x 1072
7  FFOPDT Tavakoli-Kakhki [31] - 2.02 x 1072 525 x 1074 1.40 x 1073 247 x 1072
8  FFOPDT Guevara et al. [34] - 8.30 x 1073 8.23 x 1074 1.10 x 1073 2.82 x 1072
9 FOPDT optimal - 455 x 1072 9.07 x 1074 2.80 x 1073 295 x 1072

Number of samples Ng; =639 Ngp = 14362 Ns = Ng; + Ngp = 15,001 Ng = 15,001

Note that from expression (35) the following relation that must be fulfilled can be
particularized for this case:

S(02,i) = So-100(62,i) = NLS[SO—SO(eZi)'Nsl + S50-100(02,1) N2 (37)
Table 19 shows that the accuracy of models obtained with methods #1, #5, and #6 is
better in terms of E than the one obtained for methods #7 and #8. The proposed method for
all the sets of points except #3 provides models with lower values of E than for the optimal
FOPDT model.
For the sake of simplicity in the interpretation of results, information taken from
Table 19 is depicted in Figure 19.
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Figure 19. Graphical representation of data given in Table 19 for process P,. From left to right the
performance indices Sy_50(02,i), S50-100(02,1), and S(624),i=1, ... , 9, are shown, respectively, for each
of the considered methods.

Figure 19 illustrates that the accuracy of the models obtained with the proposed
method for the symmetrical and asymmetrical case is similar to the one obtained using the
method proposed by Guevara et al., and even better than that obtained with a well-known
identification method such as the one proposed by Tavakoli-Kakhki, or than the optimal
FOPDT model. Note that the method proposed by Guevara et al. is based on optimization,
while the method proposed in this paper is analytical.

Specifically, the value of the time-domain model performance index of methods #1, #2,
#4, and #6 are lower than the one proposed by Tavakoli-Kakhki, confirming the effectiveness
of the proposed method for both the symmetrical and the asymmetrical case. Furthermore,
the proposed method not only gives better results than the Tavakoli-Kakhki method in
terms of S, but in the authors’ opinion it is easier to apply.

The S-value of the model obtained with method #5 is slightly higher than the one by
Tavakoli-Kakhki, while the one obtained with method #3 is substantially higher than the
rest. This fact has already been discussed above and also in [39] for the symmetrical case
and the choice of this method among the symmetrical methods allows us to determine that
the accuracy of models obtained is improved for low values of x in the symmetrical case,
and high values of x5 for the asymmetrical case.

Results in Table 19 confirm the same observations taken from Example 1:

1.  Methods with low values of x; for the asymmetrical case, or x in the symmetrical case,
present low values of Sy 5, as can be seen in Figure 19 for methods #1, #2, and #4.

2. Methods with high values of x3 for the asymmetric case present a lower value of
Ss0-100, as can be observed for method #4, and especially for #5 and #6. For the
symmetric case, methods #1 and #2, with low values of x and high values of (100 — x),
present good values of Sy_sy and Ssp_1¢9, as expected.

3. Comparison of methods #2 and #4 yields the same conclusions as for Example 1.

4. The observations drawn from Example 1 for the comparison of methods #5 and #6 are
also extensible to Example 2.

The comparison of method #7 with the methods providing the best results in terms of
S is then performed by dividing the reaction curve and the respective step responses of the
obtained models into different intervals.

It can be extracted from data taken from Table 19 that the best results in terms of S
are those obtained with models determined using method #1 for the symmetrical case
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and #4 for the asymmetrical case. Then, the step responses of the models obtained using
methods #1, #4, and #7 are divided into four intervals, i.e., [0-10%], [10-50%], [50-90%],
and [90-100%], respectively. Table 20 provides a comparison of these methods for the
aforementioned intervals.

Table 20. Comparison between methods #1, #4, and #7 in terms of time-domain model performance
indexes for different intervals of the process reaction curve for both identified models. The time-
domain performance index for the whole response is also included in this table. Ng represents the
number of points for each interval.

Interval # Interval Method #1: (5-50-95%) Method #4: (10-55-90%) Method #7 Ng
1 [0-10%] S0-10(02,1) =2.80 x 1073 Sp_10(024) =5.70 x 1073 Sp19(027) =4.80 x 1073 203
2 [10-50%] S10-50(021) =7.20 x 1073 S30.50(024) =2.90 x 1072 Sy.50(027) =2.73 x 1072 436
3 [50-90%] S50.90(02,1) =6.10 x 1073 S50.90(024) =1.30 x 1072 Ss0.99(027) =2.30 x 1073 1442
4 [90-100%] S90-100 (62/1) =300 x 10~* S90-100 (62/4) =925 x 107° S90-100 (62/7) =326 x 107 12,920
- [0~100%] S(057) =110 x 1073 S(054) =1.10 x 103 S(8,7) =140 x 1073 15,001

Note that from expression (35) the following relation must be fulfilled:

S(02i) = So-100(62;) B _ _
= x [So-10(02,1)-N1 + S10-50(62,1)-Ns2 + S50-90(62,1)-Ni3 (38)
+S90-100(02,i)-Ns]

Figure 20 represents graphically the information taken from Table 20, which simplifies
the interpretation of results.
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Figure 20. Graphical representation of data given in Table 20 for process P,. From left to right the
performance indexes Sy_10(02,1), S10-50(02.1), S50-90(02,), and Sgg_100(02 1), are shown for methods #1,
#4, and #7, respectively.

Information about the accuracy of the model obtained at the different intervals of the
reaction curve can be extracted from Table 20. Specifically, it can be seen that method #1
provides a model that fits the reaction curve very well in the intervals [0-10%], [10-50%] and
[90-100%], while the fit is worse in the interval [50-90%], as can also be seen in Figure 15a.
This method provides the best results of the three compared methods in the intervals
[0-10%] and [90-100%].
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The model for method #4 fits very well in the intervals [10-50%] and [50-90%], where
it presents the lowest values of the three compared methods. In contrast, the value of S
increases outside these intervals, as can also be seen in Figure 16b.

The model proposed by Tavakoli-Kakhki provides a good fit in the intervals [50-90%]
and [90-100%], while the results for the rest of intervals are worse, particularly for [10-50%].

4.3. Example 3

The model (32), which has been proposed in [45] as part of a collection of systems that
are suitable for testing PID controllers, is considered in this example.

Physically, this transfer function describes how temperature evolves over time in
a solid medium, which assumes that the temperature is distributed in only one spatial
coordinate and the heat is transferred in the direction in which the temperature decreases.
This ideal transfer function contains the irrational operator /s which may cause difficulties
in a further analytical analysis.

In general, temperature control is a widespread application in the process industry,
and, in particular, thermal conduction is a very common dynamic in process control.

Traditionally, the FOPDT model has been utilized to approximate this dynamic; how-
ever, it has insufficient accuracy. Since a growing body of evidence has suggested that
fractional-order models are able to describe dynamic processes with higher accuracy, the
proposed identification method will be used to more accurately model this process, which
exhibits fractional behavior.

In order to evaluate the effectiveness of the proposed method, the estimated models
for the symmetrical and asymmetrical cases will be compared with the optimal FOPDT
and FFOPDT models.

Following the same procedure used in previous examples, the following FFOPDT
model parameters 03; = {K3;, T3, L3;, a3} fori=1, ..., 6, have been obtained in Table 21
for the different sets of points, i.e., (5-50-95%), (10-50-90%), (25-50-75%), (10-55-90%), (20-60-
95%), and (20-75-95%), respectively. Model parameters for optimal FFOPDT and FOPDT
models have also been calculated. Process (32) has also been approximated by the optimal
FFOPDT and FOPDT models, where model parameters 63 for i = 7 and 8, respectively, are
given in Table 21. Note that the parameters obtained in the optimal models are those that
minimize the function S(8) (33). Since the Taylor series expansion for the irrational transfer
function (32) give a polynomial of half-order integrators s’>, a3 7 has been considered to
be 0.5.

Table 21. Fractional-order model settings for the symmetrical and asymmetrical sets of points (5-50-
95%), (10-50-90%), (25-50-75%), (10-55-90%), (20-60-95%), and (20-75-95%), respectively, and optimal
FFOPDT and FOPDT model parameters.

Method #1: Method #2: Method #3: Method #4: Method #5: Method #6: #7: FFOPDT #8: FOPDT
(5-50-95%) (10-50-90%) (25-50-75%) (10-55-90%) (20-60-95%) (20-75-95%) Optimal Optimal
K3z, =1.00 Ksp =1.00 K33 =1.00 Ks4 =1.00 K35 =1.00 K36 =1.00 Kz =1.02 K3 =091
T31=126s T32=126s T33=122s T34=122s T35=113s Ts36=1.08s T37=123s T3 =224s
L3 =0.00s L3 =0.60s L33=022s L34=0.67s L35=0.00s L36=0.00s L37 =0.0001s L35 =0.00s
X371 = 0.5368 X3 = 0.5459 X33 = 0.5598 X34 = 0.5401 X35 = 0.5206 X371 = 0.5140 X37 = 0.5000 -

In this example, an ideal thermal conduction process model has been used to demon-
strate the effectiveness of the proposed identification procedure in the task of estimating the
FFOPDT model parameters, compared to the optimal FOPDT model, which is traditionally
used to model this type of process. Also, the results are compared with the optimal FFOPDT
model to verify that with the proposed method it is possible to obtain comparable results
to the latter with much less computational effort.

The step responses of the considered approximated models in Table 21 are compared
with the process reaction curve and illustrated in Figures 21-24.
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Figure 21. FFOPDT model step response using the proposed identification method for process P3
and process reaction curve: (a) Symmetrical set of points (5-50-95%); (b) Symmetrical set of points
(10-50-90%).
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Figure 22. FFOPDT model step response using the proposed identification method for process P3
and process reaction curve: (a) Symmetrical set of points (25-50-75%); (b) Asymmetrical set of points
(10-55-90%).
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Figure 23. FFOPDT model step response using the proposed identification method for process P3 and

process reaction curve: (a) Asymmetrical set of points (20-60-95%); (b) Asymmetrical set of points
(20-75-95%).

P
P3 T T T 3 T T
10 1 T ]
0.8 [ b
. =
= £os6f 1
3 o
73 123
g 8
s S04t |
a a
0.2 !
ol Process ] ok Process i
FFOPDT optimal FOPDT optimal
0 10 20 30 40 50 0 10 20 30 40 50
time [s] time [s]
(@) (b)

Figure 24. FFOPDT model step response using the proposed identification method for process P,
and process reaction curve: (a) Optimal FFOPDT; (b) Optimal FOPDT.

Figures 21-23 illustrate that the models obtained with the proposed method, for both
the symmetrical and asymmetrical case, provide a good fit with the process reaction curve
compared to the results obtained using the optimal FFOPDT, which is shown in Figure 24a.
It can also be observed that the proposed method outperforms the results obtained using
the optimal FOPDT model, which is shown in Figure 24b.

Table 22 shows the values of the time-domain performance indexes S(03;) and E(03)
for process P3, for the different models considered in this example. In this table,i=1,... ,6
represents the different sets of points considered in the proposed identification method,
and i = 7 and 8 represents optimal FFOPDT and FOPDT models, respectively.
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Table 22. Comparison between the performance indexes obtained for the proposed method with
different sets of points, symmetrical and asymmetrical, and the ones for optimal methods for FFOPDT
and FOPDT models. The number of samples Ng is also displayed.

i Method Set of Points S(g 31) E(g 34)
1 FFOPDT Proposed #1 (5-50-95%) 1.00 x 1074 3.00 x 1073
2 FFOPDT Proposed #2 (10-50-90%) 3.60 x 1074 5.70 x 1073
3 FFOPDT Proposed #3 (25-50-75%) 8.97 x 10~° 8.90 x 1073
4 FFOPDT Proposed #4 (10-55-90%) 419 x 1074 5.40 x 1073
5 FFOPDT Proposed #5 (20-60-95%) 1.41 x 1074 2.00 x 1073
6 FFOPDT Proposed #6 (20-75-95%) 1.73 x 1074 2.50 x 1073
7 FFOPDT optimal - 147 x 1074 6.40 x 1073
8 FOPDT optimal - 1.40 x 1073 3.08 x 1072
Number of samples Ns = 15,001 Ns = 15,001

Table 22 shows that methods #1, #5, and #6 provide E values comparable to that
obtained for the optimal FFOPDT model. On the other hand, it is also observed that the
FOPDT model approximates the process dynamics with insufficient accuracy. In fact, for
example, methods #1, #5, and #6 have E values that are 10.3, 15.4, and 12.3 times lower than
that obtained by the optimal FOPDT model.

5. Experimental Results

One of the objectives of this paper is to verify the applicability of the proposed
identification procedure in a laboratory prototype and to obtain insight into the practical
issues related to its implementation on industrial control hardware.

In this section, a thermal process-based hardware-in-the-loop experimental setup will
be used to validate the effectiveness of the proposed identification procedure implemented
on microprocessor-based control hardware.

This section is organized as follows. Firstly, the laboratory prototype to be used
is described. After that, the controlled process is configured to test the identification
procedures proposed in this work for both the symmetrical and the asymmetrical case.
Since the prototype can be set up in three different configurations, this section describes the
selected configuration and defines the different components and variables that make up
the controlled process. Then, the hardware control architecture to be used for the operation
of the prototype and the practical implementation of the model estimation procedures are
briefly presented. Next, the identification procedures are applied to the thermal laboratory
prototype using a microprocessor-based control hardware, confirming the applicability
of these procedures in industrial equipment. This constitutes one of the main results
of this paper. Finally, some remarks and final comments about practical issues in the
microprocessor-based implementation are offered in this context.

5.1. Description of the Prototype

Recently, a thermal-based experimental setup has been designed and built in the
Faculty of Engineering, University of Deusto. The considered prototype consists of two
clearly different parts, as can be seen in the 3D-model layout in Figure 25.
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Figure 25. Deusto Heater Experimental Setup—3D-model layout of the prototype and schematic
detail of the thermal process.

e  The upper part of the equipment, where there is a methacrylate duct, the head of a
3D-printer extruder, and an air fan in front of the hot end. User LEDs, an LCD display,
a user button, and four BNC output connectors to display the main process variables
on an oscilloscope, can be found outside of the enclosure.

e  The inner part of the enclosure, where the power supply and all the hardware and
electrical components necessary for the correct operation of the experimental setup
can be found. The connection of the input and output signals to the control hardware
has also been arranged through a standard 34-way IDC connector, which is placed on
one side of the box.

A detailed description of this laboratory equipment, which is named Deusto Heater
Experimental Setup (Deusto HES), can be found in [46].

5.2. Reconfigurable Controlled Process

The thermal process considered in this paper takes place on the upper part of the
prototype. The equipment brings about the thermodynamic process of temperature control
in a 3D-printer extruder head.

It should be noted that the head of the 3D-printer is not a conventional component,
but the dimensions of the heat block have been conveniently modified. The head of the
3D-printer is just used as a heating element (final controlling element) and there is no type
of extrusion process, as takes place in a real 3D-printer.

The control objective in this process is to achieve a temperature in the heat block T(t)
that reaches the value set by the user TSFT, despite the disturbances that may take part in
the process.

If it is assumed that the physical properties do not vary, only the effects of the heating
power and the air fan on the controlled variable T(t) should be considered, as shown in
Figure 25. Accordingly, from a thermodynamical point of view, the only source of heat
in the system is represented by the heat conduction originated in the resistor hole, which
exhibits a fractional behavior [47]. On the other hand, another phenomenon that takes
place in the process is the forced convection on the heat block generated by the airflow
due to the air fan [48,49]. As both phenomena can be controlled by the control hardware,
from a control point of view the controlled process configuration can be set using software
components, as will be discussed below.
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In this paper, the heating element is used as the final control element while keeping
constant the speed of the air fan. Figure 26 represents the block diagram of the controlled
process in the selected configuration, while the different components, variables, and units
are listed in Table 23. However, two additional configurations are available with this
equipment, constituting a reconfigurable controlled process, as is explained in detail in [50].

Ta(t) [°C] ur(t) [%0]

Controlled Process

I
[ i I or(t) [V]
 Configuration #1 . I
I Air Fan ST I >
| |
| E(t) |
I v [m*/min] I
I
un(®t) [%] | Heatin I In(® V]
N - g — Process — TT >
[ resistance |
| |
o
I P(t) [W] T(@® [*C] |
e e e e e e e e o o e e e e e e e e I
Figure 26. Block diagram for the considered controlled process configuration.
Table 23. Main process variables and components in the considered controlled process configuration.
Process Variables or Components Controlled Process Configuration #1
Controlled variable Temperature in the heat block T(t) [°C]
Manipulated variable Power delivered to the heat block by the heating resistance P(t) [W]

Measured variables

Control signal

Temperature measured by the thermistor T (t) [V]
Rotational speed of fan wg(t) [V]
Output of the controller ug(t) [%]

Final control element Heating resistance
Measurement devices Temperature transmitter (TT) and Frequency transmitter (ST)
Disturbances Ambient temperature T,(t) [°C] and command signal to air fan ug(t) [%]

5.3. Control Hardware

In this paper, NI myRIO-1900 equipment was used as a control hardware device,
although any other type of microprocessor or hardware device could be easily incorporated.

Figure 27 illustrates the scheme of the hardware architecture used for the opera-
tion of this prototype and for the practical implementation of control and model estima-
tion algorithms. This hardware architecture has been proposed in [50] and the use of
this control hardware for the implementation of integer- and fractional-order PID con-
trollers is explained in detail. In particular, the design and experimental validation of the
fractional-order controllers implemented in several control technologies were applied to
this thermal-based experimental setup in order to demonstrate the effectiveness of the
proposed hardware architecture.
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Figure 27. Scheme of the hardware architecture used for operation and implementation of fractional-
order model identification algorithms applied to the laboratory prototype.

The flexibility required in the industrial context is offered by this control hardware and
the configuration of the proposed control architecture provides the following technologies
for the practical implementation of model identification procedures:

1. DAQ mode;
2. Microprocessor-based mode;
3.  FPGA-based mode.

LabVIEW has been used as a programming language in this prototype. LabVIEW,
which has become a de facto standard in industry, especially in the areas of industrial
measurement and control, with the latest and most advanced programming techniques
and transparency in the access to hardware devices, facilitates not only the application of
different modelling techniques, but also the practical implementation of conventional and
advanced control algorithms.

Depending on the control technology that is being used, the communication technolo-
gies between the control hardware and the local or remote PC are programmed with the
following software components, as indicated in Figure 27 and detailed in [46].

1. LabVIEW;
2. LabVIEW RT;
3. LabVIEW RT and LabVIEW FPGA

Without loss of generality, in this paper only the microprocessor-based hardware mode
has been used to operate the prototype and estimate fractional-order model parameters
applying the proposed identification procedure.

5.4. Model Estimation

For the purposes of this paper, it is enough to deal with the static and dynamic
characteristics of the controlled process, estimating an FFOPDT model from the process
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reaction curve at a certain operating point, as will be considered in this section. To do this,
a LabVIEW-based application has been implemented.

Consider now that an open-loop step-test experiment is applied to the aforementioned
thermal laboratory setup with the controlled process configuration detailed in Figure 26.

Initially, the fan and the control signal to the heating element are at ug = 10% and uyg
= 30%, respectively.

Atinstant t = 0 s, a step change of amplitude Auy = 30% is applied, from uy = 30%
to 60%, while the value of ur is kept constant, as shown in Figure 28a. The measured
temperature in the heat block, which ranges from 60.5 to 102.5 °C (AT, = 42 °C), is
recorded in Figure 28b. This output is a noisy signal and that noise is reduced with a
first-order low-pass filter that usually is used for filtering purposes. The sample time used
in this experiment was Tg = 100 ms.

: Output signal
100 '"P”t 5'9[‘3'5 . . . 105 T T T el 9 T T
ol - = sl 100 F 7
u [%]
80 - 1 951 T
70 4 90 1
o ) e Y S S ARSI SRS | 85 B
w | = F 4
el 50 | = 80
T | Ll
> a0t i 1 75 1
1
0F - - . 70 -
20 - 5 65 b
10 60 —1-
0 . . . . L L L L 55 . . L . . . ! !
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
time [s] time [s]
(a) (b)

Figure 28. Experimental open-loop step test for determining FFOPDT model parameters: (a) Control
signal ug(t) [%] and command signal to air fan ug(t) [%]; (b) Process reaction curve Try(t) [°C]
obtained from an open-loop step-test experiment.

From the filtered output signal shown in Figure 28b, the process information in Table 24
is obtained.

Table 24. Process information for methods #2 and #4, respectively, collected from the process reaction
curve for fractional-order model identification of the thermal process.

Symmetrical Asymmetrical
Method #2: Method #4:
(10-50-90%) (10-55-90%)

Au = Auy; = 30%
Ay = ATy =42 °C
t1o = 16.8000 s
ts0 = 53.3000 s ts5 = 59.9000 s
tog = 174.5000 s

Table 25 contains the different model parameters for the thermal process at the con-
sidered operating point obtained using the identification methods #2 and #4 for FFOPDT
models, using methods proposed by Alfaro in [11] and Viteckova et al. in [14] for FOPDT
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models, and using methods proposed by Stark in [16] and Jahanmiri and Fallahi in [15] for
SOPDT models, respectively.

Table 25. Model parameters for the thermal process at the considered operating point obtained using
the identification methods #2 and #4 for FFOPDT models, using methods proposed by Alfaro and
Viteckova for FOPDT models, and using methods proposed by Stark and Jahanmiri and Fallahi for
SOPDT models, respectively.

Method #2 Method #4 FOPDT [11] FOPDT [14] SOPDT [16] SOPDT [15]
(10-50-90%) (10-55-90%) (25-75%) (33-70%) (15-45-75%) (2-70-90%)
Ky1 =140 °C/% Ky = 1.40°C/% Ky3 = 1.40°C/% Ky g =1.40°C/% Ky5=1.40°C/% Ky = 1.40 °C/%
Ty; =49.52s Typ=4843s Ty3=64265 Ts4=6337s Tga5=59.925 Tsy=7092s
Ly =1151s Lyo=11.645 Ly3=1020s L4 =10.25s Tap5 = 13.68's Ts4=0.0925s
41 = 0.9462 oy 2 = 0.9430 - - Lys=0.00s Ly6=9.10s

Process output [°C]
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80
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55

In this example, the thermal-based experimental setup has been utilized in order
to illustrate the effectivity and applicability of the proposed identification method in an
industrial environment.

The step responses of the estimated models for the symmetrical (10-50-90%) and
asymmetrical (10-55-90%) case, and the ones for FOPDT and SOPDT models obtained
using the considered classical methods, are compared with the process reaction curve and
illustrated in Figures 29-31, respectively. The corresponding representative points are also
displayed in these figures.
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Figure 29. FFOPDT model step response using the proposed identification method for the experi-
mental setup in a certain operating point and process reaction curve: (a) Symmetrical set of points
(10-50-90%); (b) Asymmetrical set of points (10-55-90%).
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Figure 30. FOPDT model step response using two-point identification methods for the experimental
setup in a certain operating point and process reaction curve: (a) Method proposed by Alfaro in [11]
with symmetrical set of points (25-75%); (b) Method proposed by Viteckova in [14] with asymmetrical
set of points (33-70%).
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Figure 31. SOPDT model step response using three-point identification methods for the experimental
setup in a certain operating point and process reaction curve: (a) Method proposed by Stark [16]
with symmetrical set of points (15-45-75%); (b) Method proposed by Jahanmiri and Fallahi [15] with
asymmetrical set of points (5-70-90%).

Figure 29 illustrates that the FFOPDT models obtained using methods #2 and #4 give
a good fit to the thermal process reaction curve in comparison to the results obtained for
the FOPDT and SOPDT models, which are shown in Figures 30 and 31, respectively. Note
that the computational effort of all the methods considered in this experimental example is
similar since all are analytical methods based on the process reaction curve.

Table 26 shows the values of the time-domain performance indexes S(04;) and E(0)
for the different approximated models considered in this example.
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Table 26. Comparison of the approximated models obtained with methods #2 and #4 and models
for FOPDT and SOPDT in terms of time-domain model performance indices for the thermal-based
process at a certain operating point. The number of samples Ng is also displayed.

i Identification Method Set of Points S(64,) E(6,)
1 FFOPDT Proposed method #2 (10-50-90%) 7.59 x 107° 6.90 x 1073
2 FFOPDT Proposed method #4  (10-55-90%) 6.62 x 107° 6.00 x 1073
3 FOPDT Alfaro (25-75%) 7.69 x 1074 2.50 x 1072
4 FOPDT Viteckova (33-70%) 8.47 x 1074 2.59 x 1072
5 SOPDT Stark (15-45-75%) 1.20 x 1073 3.20 x 1072
6 SOPDT Jahanmiri and Fallahi (2-70-90%) 8.35 x 1074 2.51 x 1072
Number of samples Ng =4001 Ng =4001

In this table, one can observe that the result obtained by method #4 is slightly better in
terms of E than the one obtained using method #2. The results obtained by fractional-order
identification methods outperform those obtained using integer-order models. Specifically,
the E values obtained by using methods #2 and #4 are 3.6, 3.7, 4.6, and 3.6 times lower
than those obtained by using the methods of Alfaro, Viteckova, Stark, and Jahanmiri and
Fallahi, respectively.

LabVIEW-Based Implementation

As discussed previously, a LabVIEW-based application has been developed to operate
the prototype and implement the proposed identification procedure, demonstrating its
applicability on a microprocessor-based hardware device.

Figure 32 illustrates the front panel of the LabVIEW-based application for fractional-
order model estimation using the proposed identification procedure, considering both the
symmetrical and the asymmetrical case.

2 5. Deusto HES - Model Estimation x
Identification Method P ) Tm V]
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Figure 32. Front panel of the LabVIEW-based application for implementing the fractional-order
identification algorithm proposed in this paper. This figure illustrates the different features available
in this application.
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Once the identification method has been selected, and according to the identification
procedure, the variation in input signal Au and process output Ay, and times required to
reach x1% (tx1), X2% (tx2), and x3% (t3) of the total process output change on the reaction
curve, must be taken in order to obtain FFOPDT model parameters 6p = {K, T, L, o}.

The algorithm illustrated in Algorithm 1 has been developed in order to simplify
software implementation of the identification procedure proposed in this paper.

Algorithm 1. Three-Point Identification Method for FFOPDT Models

Input: Selected symmetrical or asymmetrical method and {Au, Ay, ty, tx2, tya} collected from the
process reaction curve

Output: Fractional-order model parameters 6p = {K, T, L, ot}

: Select the corresponding symmetrical or asymmetrical method.

: Collect process data {Au, Ay, ty1, tx, ty3} from the process reaction curve.

: Obtain the process gain K using (18).

: Obtain the value of the times ratio A by using Equation (21).

: Obtain the value of = f;(A) by using Equation (27).

: Obtain the value of functions f;(x) and f3(x) by using Equations (28) and (29), respectively.
: Calculate the value of T using Equation (22).

: Calculate the value of L using Equation (23).

DI ST WN =

This application presents the following features, which can be observed in Figure 32:
1. Selection of the identification procedure, which presents the following options:
a. Symmetrical case (x-50-(100—x)%): (5-50-95%), (10-50-90%), or (25-50-75%).
b. Asymmetrical case (x1-X2-x3%): (10-55-90%), (20-60-95%), or (20-75-95%).
Determination of process data {Au, Ay, tyq, tx2, tx3} from the process reaction curve.
Estimation of the FFOPDT model parameters: 6p = {K, T, L, «}.
4. Graphs for registering control signal uy(t) [%], command signal to air fan ug(t) [%],
process reaction curve T, (t) [°C], representative points of the process reaction curve

{(tx1, Ya(tx1)), (b2, Yo (tx2)), (13, Y (tx3))}, and step response of the identified model.
5. Export the experimental data in Excel or text-format.

® N

5.5. Remarks and Final Comments

Practical application of the proposed fractional-order model identification algorithm
on laboratory equipment allows gaining experience about practical issues related to its
implementation on industrial control hardware. Some remarks and comments on industrial
practice in this context are discussed below.

Remark 1. Measurement noise. The main disadvantage provided by the use of feedback is that
measurement noise is injected into the loop. Noise generally generates undesirable motion of the
final controlling elements, which may cause wear and possible breakdown.

It is common practice that open-loop model identification procedures use process
information based on a noise-free process reaction curve; see, e.g., [5] for integer-order
systems, and [31] for fractional-order systems. However, it is usual in an industrial envi-
ronment that the controlled process feedback signal includes measurement noise that must
be properly filtered for model identification and control purposes.

It is important to take into account that the filter dynamics will be an integral part
of the controlled process to be identified. As this will influence and add a lag to the
loop dynamics, a measurement filter must be set before any controlled process model
identification and/or controller tuning [18].

In this context, it is very difficult to derive general conclusions about the influence
of measurement noise on the identification procedure, because this will depend on the
measurement noise and filter characteristics.
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The results of the experiment conducted in this section serve to demonstrate the
applicability of the proposed identification method on laboratory equipment and its im-
plementation on industrial control hardware, which presents similarities with the indus-
trial environment.

Remark 2. Model uncertainty. In the industrial context, processes exhibit nonlinearities, i.e., the
dynamic characteristics of the process and therefore those of the identified FFOPDT model—gain,
time constant, apparent dead-time and fractional order—uwill change with the operating point. The
operating point of a control system may vary due to a change in the setpoint or as a result of the
effect of disturbances.

Therefore, it must be considered that there is an implicit uncertainty in the nomi-
nal model.

In general, there are two approaches in the technical literature when considering the
parametric uncertainty of the plant in an identification method; see, e.g., [39].

e  The first approach is to incorporate the uncertainty explicitly into the model. This
typically makes the identification procedure more complicated.

e  The second approach consists of taking into account the potential changes in the con-
trolled process dynamics and model uncertainties in the design phase of the controller;
see, e.g., [2] for integer-order controllers and [19] for fractional-order controllers. A
common application of this second approach is to ensure a certain degree of robustness
of the designed control system to guarantee its stability under variations in the process
characteristics.

In the context of this work, the primary use of the identified fractional-order model is
for control purposes. Consequently, the approach to be used will be the second one.

Rules of thumb in selecting sets of points: In Sections 3.1 and 3.2 some rules of
thumb, which are based on experimentation, have been provided to obtain insight about
the selection of the points for the symmetric and asymmetric case, respectively, in the
context of the proposed identification method.

Based on the results obtained in examples 1-3 in Section 4, a recommendation on the
selection of the set of points for the proposed identification method can be provided:

1.  In the symmetrical case, the set of points in method #1 gives the best results in terms
of the performance index E.

2. In the asymmetrical case, the set of points in methods #5 and #6 give quite similar
results in terms of E, although #6 is slightly better.

Final comments and discussion: This section contains a discussion about the use-
fulness of, and the improvement obtained by, using an FFOPDT model instead of an
integer-order model, with FOPDT, DPPDT, and SOPDT models being those most com-
monly used in the industrial context.

In this paper, an identification method for FFOPDT models has been presented. This
method is focused on processes characterized by an S-shaped response (monotonic) that
exhibits a fractional behavior.

There is no exact definition to describe a fractional dynamic behavior in the technical
literature. According to [51], a system has a fractional behavior if its input and output are
linked by a function of the form ' 1veRv<l.

Although an implicit link exists in the literature between fractional behaviors and
fractional-based models, they are two distinct concepts. One designates a property or a
particular behavior of a physical system, while the other refers to a model class that can
capture fractional behaviors.

Fractional behaviors appear in many physical-, biological-, or thermal-based processes,
among others [19,20]. In spite of the slow dynamics, real processes exhibiting fractional
behavior with values of « in the range proposed in this paper can be found in electrical
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engineering, motion controls, and process control, with thermal-based processes being the
most important type encountered in the process industry [47].

Since these kinds of behaviors are ubiquitous, the existence of methods for identifica-
tion of simple-structure fractional-order models is of significant interest.

The main issue for adopting fractional-order models in industry can be summarized
in the form of the following question: “Is the additional effort to consider a fractional-
order model worth it, in order to obtain a more accurate model and, eventually, a better
control performance?”.

In the industrial context, the apparent benefit of using fractional calculus has been
justified in the literature in terms of a more precise modelling; see, e.g., [20,34,36].

More specifically in the context of this work, the proposed identification method
for symmetrical and asymmetrical sets of points has been compared with several two-
and three-point identification methods for integer-order models, which are based on data
collected from the process reaction curve. It has been illustrated that the proposed method
outperforms significantly methods for integer-order models. In some cases, even better
results are obtained with the estimated fractional-order model than with the optimal
integer-order model.

If the process reaction curve exhibits fractional behavior, the estimated FFOPDT model
will more accurately fit the reaction curve compared to the integer-order model. Note
that the proposed identification method allows characterizing the existence of fractional
behavior in measured data collected from the process reaction curve.

The identification procedure presented in this paper is intended for control purposes,
as considered previously. In the industrial context, large process industries have hundreds
or thousands of control loops. In order for such an identification procedure to have a
significant impact in the industrial environment, simplicity is a fundamental feature.

In the context of this work, there is a trade-off between accuracy and computational
effort. Although this identification procedure provides good results in comparison with
other well-known integer- and fractional-order identification methods, it is possible to find
methods that improve further the accuracy of the estimated fractional-order model at a cost
of more complex algorithms or a higher computational effort. Another aspect to highlight
is that the proposed method is analytical, which facilitates its applicability in terms of a
lower computational effort compared to complicated identification algorithms generally
based on optimization.

6. Conclusions

In this paper, an identification procedure for FFOPDT models, which is based on the
information obtained from three points on the process reaction curve, is presented. This
identification procedure has been validated for both cases, considering three symmetrical
and asymmetrical points on the reaction curve.

Three simulation examples, with processes exhibiting different dynamics, have been
used to verify the simplicity and effectiveness of this identification procedure for the
symmetrical and asymmetrical cases. Good results have been obtained in comparison with
other well-recognized integer- and fractional-order identification methods which are also
based on information taken from the process reaction curve, especially when simplicity
is emphasized.

A thermal process-based experimental setup has also been used, where the proposed
identification procedure has been implemented in a microprocessor-based control hardware,
confirming the applicability of this method in an industrial equipment.

Besides effectiveness, the main characteristic exhibited by this method is simplicity.
This feature is of significant importance in the industrial context, where easy-to-implement
identification methods are required.

Some comments and reflections have been offered in the context of industrial practice.

It is worth pointing out that the identification method proposed in this paper is
restricted to values of the fractional order in the range 0.5 < o < 1.0, and as a future
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work, this method is being extended using the same methodology for processes with
underdamped step response, extending the range of the fractional order to 1.0 < o« < 2.0.
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