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Abstract — Compete in the global market requires high quality of products with
short time of manufacture, so it needs to minimize the time that the machinery is
stopped, as well as a rapid quality control of manufactured products labtk of

the integer order system identification relys on the hardness of find agode! for

the actualy system. Although, the behavior of complex systems canrogiaggied
accurately by a few parameters if we assume them as a fractional ordéeradeyut
giving a new tool for quickly health evaluation.

1 Introduction

A failure is something does not allow a machine to keep wayKioecause it is impossible
to turn it back or safety. Typically are caused by the use oatenml primed for the task,
apply a force in a different direction that it was designeglic loading, fatigue, wear,
etc. When a failure occurs and the machine continues worlengstto be worse and
cause other problems. Maintenance is as good as the knawddige cause of failure is
determined to thereby maintain the parts to exchange, haols to replace it, experts
and workers, everything in place and time needed to repaieduipment before the fault
occurs seriously and keeping it the shortest time in dedentor this, it is not enough to
know that the machine is failing, but also the source of failil]. In order to solve this
problem in the industry has proposed several strategiestemgince strategies in order to
reduce costs of production over time.

In mechatronics, the machines are increasingly expensidecamplex, containing
multiple integrated components of several technologiesdlectrical, mechanical, etc.),
adding components to the signals used in diagnosis. Thisctanoplicates the task of
maintenance as it currently skilled workers diagnose systgased on experience, so the
more complex the system is, more difficult to isolate the [mwoband increase the eco-
nomic cost of the expert, as an instance between 1975 andii 994 United States the
maintenance cost increase in a 10-15 % a year [2].
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In order avoid this problem, some researchers try to aut®rieg maintenance task,
therefore some works have propose the use of artificialligpésice techniques over sig-
nals usually analyzed by experts [3, 4, 5], but they are feplieg because the signals are
so complex and the academic level of the workers must ineraad because of the high
investment on equipment without total trust in computeriglens [6].

Bearing this ideas in mind, the rest of the article is orgahias follows: In section 2
introduce generally the strategy of intelligent maintesgrthe section 3 presents some
basis of the fractional order calculus and its applicationglentification of dynamical
systems. In the section 5 the result of apply fractional ordientification to a complex
system is introduced and finally in section 6 the main conahssare presented.

2 Intelligent Maintenance

In the global market, customers have suppliers of severalitggs around the world.
Therefore to remain competitive the factories need to predyoods of high quality and
in a short time, so that satisfy the international demandiehts and customers recently
acquired [7]. Consequently the production chain is more emalble to various distur-
bances, the possibility of failure and the time needed tairep A perfect balance only
can be achieved when the factory is in operation in seveitis hday and the machines
are fully functional. Therefore it requires to apply a maimnce strategy that allows to
approach the ideal situation described above [8].

Each system in the chain presents problems due to detérioiatparts due to use or
stochastic failures, such as dropped a tool, machine dteetzad, etc. In order to min-
imize costs of repair and stop the production, there are ssetk procedures to prevent,
predict and correct a failure, whose together are callechtmaance [9]. In literature,
the strategies of maintenance are classified in [10, 9, 4]C(krection, over time this
strategy is more expensive, the maintenance action takes pthen the system symp-
toms are evident. (2) Timely, when the system has minor flaxe &eep the machine in
operation. When a failure happens more, takes advantage ofidintenance stop in to
play all the parts worn. (3) Preventive, Based on the infoionadelivered by the manu-
facturer and experience of staff of the plant are plannepb@iermaintenance actions, in
which possibly the machine is stopped. Moreover the failneg occur before the time
of maintenance for unusual wear of parts or because of a nafaiture. (4) Predictive:
The system must be constantly monitored and the signalyzethht the time. When
the operator observes that the machine presents a possifaiigosn of failure in the near
future, will be held the maintenance action.

If the maintenance action needs to hold the device, has tlossble effects: (1) the
frequency of maintenance is adequate and the machine halitimaal stops, only to re-
pair random failures, (2) the frequency is low and the maelfails before the scheduled
maintenance action, therefore presents an additionafst@random or undetected fail-
ure, or (3) the frequency is so high that it increases the f@aamce costs unnecessarily.
In the 1990s another idea starts to be used in industry, wdaoh signs of equipment
constantly, and when the signal is abnormal and analyziagndistic even without stop-
ping the production, performing the maintenance actioy alen it is need [11, 12].

Making decisions maintenance based on condition (CBM) requirtough one to pre-
dict failure and its severity. It has three goals: (1) Desagstrategy for the maintenance
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of sophisticated equipment in complex operating envirams)g2) reduce cost of stor-
age of spare parts and finally (3) reduce catastrophic &sland eliminate unscheduled
stops [6]. The typical techniques used in CBM are: (1) Stasstidex, a single value in-
dicating health asset of the machine is obtained by caloglane of the next measures:
(1) the root mean square, the pick to pick average ratio dokis of the signal. However
this value is easy to interpret does not give informationualtiee failure localization. (2)
Frequency analyzes, the data is transformed to anothee syaere it is less correlated.
By analyzing the signal carefully, it is possible to identiiyd localize a singular failure,
but the information is typically hard to understand as itagsg. Therefore, the analyzer is
a high trained operator. This method do not give any inforomatbout when the failure
occurs. (3) System ldentification, it could give the exacalmon of the failure and how
it affect the machine behavior. Although, obtain a good nhadi¢he actual machine is
difficult as an accurately model must consider interactietwieen several pieces, non-
linear behavior and high order dynamics. In addition if anusately complex model
is obtained, rarely is applicable, because it consumes af lobmputational resources.
Therefore, this designer must find the balance between aetyiand usability.

The use of a fractional order technique could fill the lackhef integer system identifi-
cation strategy, because it models complex systems witlpéeameters.

3 Fractional Order Calculus

Fractional order calculus (FOC) was little used in engimeghecause of its complexity,
the apparent sufficiency of the integer order calculus (I0®) the lack of a physical
or geometric interpretation [13, 14]. However, it modelsrenaccurately the behavior
of some systems in nature related to several areas of emgigeand it is used as a
promising tool in bioengineering [15, 16], viscoelasydit7, 18], electronics [19, 20],
robotics [21, 22, 23], control theory [24, 25] and signalqassing [26, 27] among others.

In the latter years these concepts have attracted theiattasftengineers because it
models the behavior of many physical systems nonlinear ecimaking into account
non-local features as “infinite memory” [28, 29, 30]. Somaraples are the phenomenon
of heat diffusion [31], electrical impedance of fruits anepetables [32], modeling the
love triangles between human [33], the behavior of watehéngdores of the dyes, where
the radio damping is constant regardless of the mass of wataotion [34], etc. On
the other hand, directing the behavior of a process withtitraal-order controllers is
an advantage, since the system response is not restrictad smdition of exponential
functions, therefore there is a wide range of behaviorshedavhere the integer order
response is just a particular case [35].

The concept of fractional order calculus has existed siheecteation of the integer
order calculus, this can be proved across a letter from lieifonL opital in 1965 [36].
This is a generalization of the IOC in real or complex ordét][Formally for real order
can be written as:

% a >0,
D* =<1 o= (1)
[idr)=™ a<o0
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With o € R.

One possible cause for their because it is little used inremging is that FOC has
multiple definitions [30, 38], hindering their geometriderpretation, and that the 10C
seemed to be sufficient to model nature. However many phema@e better described
by fractional order formulations, since it takes into aguopast behavior and have the
ability to express with few coefficients dynamic systemssidered of high order [39, 40].

Atools of interest in engineering is the Laplace transfasmich is still valid to simplify
operations such as convolution and can be used to solveatiffal equations of fractional
order. FOC in the Laplace transform is defined as [41]:

n—1
L{D} = s"F(s) =) s [0D* 771 f(0)] (2
j=0
withn —1 < g < n, n € 7Z. Thus, the transform takes into account all the initial

conditions from the first to the-th derivative—1. Using this result is clear that any
dynamic system of an arbitrary order could described bysterfunctions of the form
[42]:

b, Bm by Bm—1 v o 4 bpgPo
G(s) _ S -+ 1S + + bgS (3)

CLnSa" + anilsan—l + e + (1080‘0

Witho,B e R, a, >a<n—1>--->agefl,>0<m—1>---> [

Many real systems can be identified from the theory of fracticcystems [28, 43],
whereas the transfer function is of a fractional or that thgponse time could not be
achieved through a linear combination of exponential flamst[44], in addition the order
is a variable degree of freedom that lets to adjust accyraighe system describing it in
a compact way [45]. Djouambi [46] used this fact to identiffractal system, bringing
data to the equation:

Fls) = —~ me R @)

s+ q’

Adjusted the template to find the parametérs, a, o} that minimize the mean error
when compared with the actual data.

4  Algorithm for System Identification

We use an approach based on the Levenberg-Marquardt hlgantorder to obtain the
best parameters that fit the real data [47] which is the tygitategy for nonlinear op-
timization, but other are allowed without loosing specifi@f the method. It consist in
look for the best parameter vectBrthat minimize the erro¢ between the original data
and the data obtained with the modefformally, the model is calculated as a functifn
over the obtained parameter vector:

g =f(P) ()

A vector P minimize the error between real and obtained data as:
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Figure 1. Case of Study. A high order system with several aaiplbsystems.

e = argmin(y — §(P)) (6)
P

the author propose a hill descent strategy based on the dinisatve, for that it is used
the Taylor expansion over the Eq.5 obtaining at the evalogioint.A:

fA = 74+ 2P )

Then the problem is solved by looking for the b&st- 4 argument iteratively.
5 Results

In order to evaluate the efficiency of the fractional orddculus to describe complex
systems and how the fractional order approximation is seedb failures in a machine,
we propose the model shown in the Fig. 1 as experimental sétwas modeled in the
space state presented in the equation 8. Each state is lequieea function of the system
as shown in table 1. The parameters used in simulation asotineah point of operation
of the system are presented in table 2.

X, 0 1 0 0
X i v o
X 0 0 0 1
X Ky By _Kst+Ks _ Bat+Bs
= M3 M3 M3 Ms
X5 0 0 0 0
Glofoooom &
X 0 0 0 0
Xs 0 0 0 0
0 0 0 0 ? 0
0 0 0 0 o _oF
K B 3
%i 7 8 8 Xy 01 (s
+
_Ks+Ky _ B3+B» Ky By X 0 ®)
M> Mo Mo Mo X
0 0 0 1 X6 0
Ky Ba _Ko+Ky _ Bot+B 7 0
My My My My XS 0

The system was exited with a sinusoidal force with unitarpkode, varying the fre-
guency of oscillation between 1 until 100:. It was supposed that there is a single sensor
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State| Variable | State| Variable
Xi | za(t) | X5 | x2()
X2 dl‘;t(t) X6 d:lj;t(t)
X3 T3 X7 I (t)
X4 d:r;t(t) X8 dx;t(t)

Table 1: Space state definition.

Parameter Value | Parameter Value
K, 100 B, 200
K 300 B, 150
K; 300 Bs 320
K, 300 By 50
M, 3 Ms 5
M, 4 M, 4

Table 2: Physical parameters of the model.

of displacement monitoring at(¢). With those information a Bode’s plot of the system
in normal operation was constructed as shown in Fig. 2(a)adiner equivalents to add
failures at the parameters;, K3, By as shown in Figs. 2(b), 2(c) and 2(d) respectively
and approximated by:

s? s7
Gis) T ENE ) s e )

s* 4+ a

adjusted via the Levenberg-Marquardt algorithm explaiiealve.

Change any of the physical parameters of the system resuisévere change of all
parameters in the transference function (Eq. 9), i.e., &mabior of a system in the normal
point of operation is very different to the behavior of theteyn when a failure is present.
Therefore, this fact would be used to identify the preserigedicular failure. In order
to compare two identified parameteps,a parameter of the system in normal operation
andp, the parameter identified in the system with any failure, weeaimetric of distance
d in percentage between andps, itis:

max(p, p2) — min(py, p2)

d =
max(p1, p2)

(10)

Applying this metric over several cases of failure the tebiegas calculated. Note that
the distancel is long enough to classify the system as healthy or not, angdnameters
let identify the type of failure in the machine.

Therefore the presence of a singular particular failurdcdcahange the value of the
parameters an average of 84% in a system that use less parsuthetn the exact integer
one.
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tem.

Approximation of a system with different failuredia G(s)

T 46T +g) [(T.abg.0.8.a}cx- NOte that it is a good approximation for almost all sys-

s%4a

tems in the frequency band gfH z — 100H z].

Failure T a o b 15} g v Mean Error
Not failing 0 0 0 0 0 0 0 0

K1 Broken| 90.47| 99.96| 84.52| 99.36| 42.43| 83.42| 90.54 84.39
K, Broken| 6.10 | 2.07 | 10.83| 13.75| 3.71 | 14.79| 90.79 20.29
K3 Broken| 75.35| 99.79| 72.62| 91.05| 53.41| 84.41| 85.28 80.27
K, Broken| 1.01 | 4.37 | 0.24 | 40.98| 56.57| 56.44| 42.72 28.9
B, Broken | 97.07| 99.99| 59.98| 99.99| 33.82| 44.69| 99.19 76.39
B3 Broken | 19.76| 99.84| 78.94| 99.78| 93.79| 75.22| 86.83 79.17
B, Broken | 94.76| 99.74| 42.67| 99.86| 99.40| 33.71| 98.42 81.22

Table 3: Distance in percentage between identified parameta system with a failure
and one in the normal operation point.
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6 Conclusions

Nowadays the availability of a method to measure the quafity machine or a product
in short time minimizing production line stops is a paramopioblem in the industry.

Here were introduced some aspects of condition based mimgt(CBM) and how the

fractional order calculus (FOC) would identify and evalustene failures over a known
system.
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