B. B. bysmku, O. B. I'mymikxos, M. FO. I'ypceka, O. 0. Xeneniyc, €. B. TepHOBCBKHIA. ..

CEHCOPW TA IH®GOPMALINHI CUCTEMM

SENSORS AND INFORMATION SYSTEMS

PACS 32.80Dz; UDC 621.311.25:621.039
DOI http://dx.doi.org/10.18524/1815-7459.2017.4.119604

A NOVEL COMBINED CHAOS-GEOMETRIC AND VIBRATION BLIND SOURCE
MONITORING APPROACH TO DAMAGE ANALYSIS AND DETECTION OF
ENGINEERING STRUCTURES (NUCLEAR REACTORS) UNDER VARYING

ENVIRONMENTAL, OPERATIONAL CONDITIONS AND EMERGENCY ACCIDENTS

V. V. Buyadzhi, A. V. Glushkov, M. Yu. Gurskaya, O. Yu. Khetselius, E. B. Ternovsky,
A. A. Mashkantsev, S. V. Kirianov

Odessa State Environmental University, L’vovskaya, 15, Odessa, 65016, Ukraine
E-mail: buyadzhivv@gmail.com

A NOVEL COMBINED CHAOS-GEOMETRIC AND VIBRATION BLIND SOURCE
MONITORING APPROACH TO DAMAGE ANALYSIS AND DETECTION OF
ENGINEERING STRUCTURES (NUCLEAR POWER PLANTS) UNDER VARYING
ENVIRONMENTAL, OPERATIONAL CONDITIONS AND EMERGENCY ACCIDENTS

V. V. Buyadzhi, A. V. Glushkov, M. Yu. Gurskaya, O. Yu. Khetselius, E. B. Ternovsky,
A. A. Mashkantsev, S. V. Kirianov

Abstract. The paper is devoted to problem of analysis, identification and prediction of the presence
of damages, which above a certain level may present a serious threat to the engineering (vibrating)
structures such as different technical systems and devices, including nuclear reactors etc in result
of the operational, environmental conditions, including the emergency accidents. For the first time
we present and apply a novel computational approach to modelling, analysis (further prediction) of
a chaotic behaviour of structural dynamic properties of the engineering structures, based on earlier
developed chaos-geometric and vibration blind source monitoring approach. In the concrete realization
the novel approach includes a combined group of blind source monitoring , non-linear analysis and
chaos theory methods such as a correlation integral approach, average mutual information, surrogate
data, false nearest neighbours algorithms, the Lyapunov’s exponents and Kolmogorov entropy analysis,
nonlinear prediction models etc. As illustration we present the results of the numerical investigation
of a chaotic elements in dynamical parameter time series for the experimental cantilever beam (the
forcing and environmental conditions are imitated by the damaged structure, the variable temperature
and availability of the pink-noise force). Using numerical time series analysis results, we list the
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data on the topological and dynamical invariants, namely, the correlation, embedding, Kaplan-Yorke
dimensions, the Lyapunov’s exponents and Kolmogorov entropy etc and consider a construction of
the engineering structures (including nuclear reactors) damage detection prediction model. Under an
influence of the operational, environmental conditions, including the emergency incidents (accidents)
during the operation of the nuclear reactor vessel it is more than probable development (growth) of
damages (defects) that existed initially, as well as the emergence of new defects and their further
development (growth). In this case technical application of vibration diagnostics technologies and
further analysis within the presented approach could be very useful together with available probabilistic
models for assessing the safety of nuclear reactors.

Keywords: damages of engineering (vibrating) structures, nuclear power plants, new mathematical
models, new microsystem technology, chaos-geometric approach

HOBUI1 KOMBIHOBAHUI XAOC-T'EOMETPAUYHUM HIIXIJI I BLIND SOURCE
MOHITOPHHI 10O AHAJI3Y I JETEKTYBAHHSA YIIKO/JKEHb IH)KEHEPHUX
CTPYKTYP (1IEPHI PEAKTOPH) ITPU 3MIHI EKCILIYATAIIIMHUX YMOB, YMOB
HABKOJIMIIIHHOTI'O CEPEJIOBHUIIIA, ABAPIMHUX IHIIUJIEHTIB

B. B. byaoorcu, O. B. I'nywxos, M. IO. I'ypcoka, O. IO. Xeyeniyc, €. B. Tepnoscoiuii,
0. A. Mawrxanyes, C. B. Kip 'anos

Anoraunis. Crarts npucBsYeHa MPoOIeMi aHami3y, iIeHTU]IKALIT Ta MPOrHO3yBaHHS HASIBHOCTI I10-
IIKOJPKEHb, SIKI BUIIE TIEBHOTO PIBHS MOXYTh MPEACTABISATH CEPHO3HY 3arposy s iHXEHEpHHX (Bi-
OpauiifHuX) CTPYKTYyp, TaKUX SIK Pi3HI TEXHIYHI CUCTEMH Ta MPUCTPOI, BKIIOYAIOUH SAEPHI PEAKTOPH 1
T.JI., BHACHIJIOK 3MIHM €KCIUTyaTalliiHUX, eKOJIOTTYHUX YMOB, aBapiiHUX 1HIMICHTIB. Briepie mu npen-
CTaBJISIEMO 1 3aCTOCOBYEMO HOBHM OOYMCIIOBAJIBHUHN MiAXiJ A0 MOJCIIOBAHHS, aHAJI3y (MIOAAJIBIIOTO
MIPOTHO3YBAHHS) XaO0TUYHOTO MOBEIIHKUA CTPYKTYPHO-IMHAMIYHUX BIACTUBOCTEH 1H)KEHEPHUX CTPYK-
TYp Ha OCHOBI paHiIlie po3poOIeHOro HaMH XaoCy-TeOMETPUYHOro MeToay Iuttoc blind source MoHiTo-
pHHL. Y KOHKPETHOI peajtizalii HOBHIA IiJIXi/] BKIIIoUae B cede 00'€JHaHy TPYIy METO/IB Ta alTOPUTMIB
HEJIHIMHOTO aHami3y 1 Teopii Xaocy, TAaKUX SK METOJ KOPEISAIIHHOTrO IHTerpaja Ta CepeHbOI B3a€EMHOT
iH(pOpMarii, aIrTOPUTMU TOMUJIKOBUX HAWOMMKYMX CYCiJIIB Ta CypOraTHHMX JaHHX, aHaJli3 HAa OCHOBI
nokaszHukiB JlsmyHoBa Ta enTpomnii Koamoroposa, Mozeni HEMHIHHOTO MPOrHO3yBaHHS 1 T. 1. B sikocTi
uTrOCTparii HaBeAeHI Pe3ylIbTaTH YHUCEIBHOTO MOCIIKEHHS XaOTHYHUX €JIEMEHTIB B YaCOBUX PsIax
JMHAMIYHHUX TapaMeTpiB s eKCIIEPUMEHTAIbHOTO KOHCOJIBHOIO MydYKa (BIUIMB 1 YMOBH HABKOJIHUII-
HBOT'O CEpPeIOBHUINA IMITYIOTBCS YIIIKOJHKEHOIO CTPYKTYPOIO, 3MIHHOIO TEMIIEPaTypOIO 1 HASIBHICTIO CHITH
THITYy POXKEBOTO I1yMy). Ha 0CHOBI aHasTi3y YMCeIbHUX YaCOBHX PSIIiB OTPUMAaHI IaH1 PO TOTIONOT1YHI 1
JMHAMIUHI HHBAPUAHTH, a CaMe: KOPENALliitHy po3MipHiCTh, po3MipHOCTI BKIanenns, Karmnana-Hopka,
nokazHuky JlsmyHosa, entpomnito Kommoroposa i T.1., Ta po3misiHyTa KOHCTPYKIIsI MOJIEINi IPOTHO3YBaH-
HS 1 BUSIBJICHHS TIOIIKO/KEHB 1H)KEHEPHUX CHOPYA, Y T.4U., STIEPHUX peakTopiB. Il BILIMBOM eKcIuTya-
TaI[ITHUX, €KOJIOT1YHUX YMOB, Y TOMY YMCIIi HAA3BUYAHHUX IHIIUICHTIB (aBapiii) mi1 yac eKcruryararii
KOpITyca sIIEPHOTO PEaKTopa € OLIbII, HiXK IMOBIPHUM PO3BUTOK (3POCTaHHS) IIKOAYBaHb (1e(eKTiB),
10 ICHYBaJIM CIOYATKy, a TAKO)XK BUHUKHEHHSI HOBHX JE(EKTIB Ta iX MONaIbIINN PO3BUTOK (3pOCTaH-
Hs1). Y [IbOMY BUIAJKy TEXHIYHE 3aCTOCYBAaHHSI BiOpaIliifHO-/11arHOCTHYHUX TEXHOJIOTIH Ta MOJATBIIHNA
aHaJi3 B paMKax PO3BHHYTOTO B POOOTI MiAXOLY MOXKYTh OyTH JTy)K€ KOPUCHUMH Pa3oM 13 ICHYIOUUMH
IMOBIpHICHUMH MOJIEJISIMU OLIIHKU O€3MeKH SACPHUX PEaKTOPIB.

Kiro4oBi cj10Ba: MOMIKOKEHHS 1HKEHEPHUX (BiOpaliiHuX) COPY, aTOMHI pPeakTopu, HOBI Ma-
TEMaTH4YHi MOJIeIli, HOBa MIKPOCUCTEMHA TEXHOJIOT1sI, Xa0C-T€OMETPUYHHH M1 IX1]1
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HOBBIII KOMBUHUPOBAHHBIN XAOC-TEOMETPUYECKHAM IMOJXO/1 X BLIND
SOURCE MOHUTOPHHI K AHAJIN3Y U JETEKTUPOBAHUIO IMOBPEXIEHUN
HHXEHEPHBIX CTPYKTYP (IIEPHBIE PEAKTOPBI) IIPU U3MEHEHUN
SKCILIYATAIIMOHHBIX YCJIOBUH, YCJIOBUH OKPYKAIOIIEN CPEJIbI,
ABAPUMHBIX THIIUJEHTOB

B. B. byaoorcu, A. B. Inywkos, M. IO. I'ypckas, O. IO Xeyenuyc, E. B. Tepnosckuii,
A. A. Mawxanyes, C. B. Kupvanos

AnHoTauus. CtaThsl MOCBAIICHA MpoOieMe aHaIn3a, WACHTU(PHUKAIIMKA U IPOTHO3UPOBAHUS Ha-
YU MOBPEXKICHUM, KOTOPBIE BBILIE OIPEACICHHOIO YPOBHS MOTYT IIPEICTaBIATH CEPHE3HYIO
yIpo3y JAJsl HHKEHEPHBIX (BUOPALMOHHBIX) CTPYKTYP, TAKHX KaK pa3IMYHbIe TEXHUUECKUE CUCTEMBI
U YCTpPOMCTBA, BKIIOUYAs SACPHBIC PEAKTOPBHI U T.J., BCIEIACTBUE U3MEHEHHs HKCIUIyaTallHOHHBIX,
JKOJIOTMYECKUX YCIIOBUN, aBAPUMHBIX MHLIUJECHTOB. BriepBble MbI IPEACTaBIIsAEM U IPUMEHSAEM HOBBIN
BBIYHUCIUTENBHBIN MOAXO0A K MOJAESIMPOBAHUIO, aHANIU3Y (JajdbHENIIEMY IPOTHO3UPOBAHUIO) XaOTH-
YECKOI'0 IOBEICHUS CTPYKTYPHO-IUHAMUYECKUX CBOWCTB MHXKCHEPHBIX CTPYKTYp Ha OCHOBE paHee
pa3pabOTaHHOTO HAMHU Xa0Ca-TeOMETPUUYECKOT0 METOA IUIIOC M3BECTHBIN blind source MOHUTOpPHUHT.
B KoHKpeTHOH peanu3anii HOBBIN MMOIXO0J] BKIIOUAET B ceOsi 00BbETMHEHHYIO TPYIIILY METOOB U aj-
TOPUTMOB HEJIMHEHHOI0 aHAJIN3a U TEOPUM Xa0Ca, TAKUX KaK METOZ KOPPEJSIIUOHHOIO UHTErpaja 1
cpenHel B3anMHOU HH(POPMALIUH, aITOPUTMBI JIOKHBIX OMMKAMIINX coCcelel M CyppOoraTHBIX TaHHBIX,
aHaJIU3 Ha OCHOBE Iokazaresed JlsnmyHoBa n sHTponuu Koamoroposa, MOIEIM HEIMHEHHOTO IPO-
THO3UPOBAHMA U T. [. B KauecTBe WILTIOCTPALMK IIPUBEACHBI PE3YIbTaThl YUCICHHOIO UCCIICIOBAaHUS
XA0TUYECKUX WIEMEHTOB B BDEMEHHBIX PsAJIaX JMHAMUYECKUX IapaMETPOB Il SKCIIEPUMEHTAIBHOIO
KOHCOJIBHOTO ITy4yKa (BO3JEHCTBUE U YCJOBMS OKPY)KAIOILIEH Cpeibl UMUTUPYIOTCS MOBPEXKIECHHOM
CTPYKTYpOM, IEPEMEHHOM TEMIIEPATYpPOl U HAJIMYMEM CHJIBI TUIIA po30Boro nryma). Ha ocHose umc-
JICHHOTO aHaJIM3a BPEMEHHBIX PSI0B IOJyYEHBI JaHHBIE O TONOJOTMYECKUX U JMHAMUYECKUX WH-
BApHAHTAX, 3 HIMEHHO: KOPPE/IALMOHHOM Pa3sMEpPHOCTH, Pa3sMEpPHOCTAX Bioxkenus, Kammana-Mopka,
nokaszareinsix JlsmyHoBa, sHTponuu KommMoroposa u T.1., 1 pacCMOTpPEHA KOHCTPYKIMSI MOJENH TIPO-
THO3UPOBaHMS U OOHAPYKEHUSI MOBPEXKICHUN WH)KEHEPHBIX COOPYKEHUH, B T.U., SIIEPHBIX PEAKTO-
poB. Ilox BiussHHEM 3KCIUTyaTallMOHHBIX, YKOJOTUYECKUX YCIOBUM, B TOM YHCJIEC YPE3BbIYAHHBIX UH-
IIUJICHTOB (aBapHii) MPH HKCILTyaTallUy KOPITyca SASPHOTO peaKTopa sBIsieTcs: 00jee 4eM BepOSTHBIM
pasButue (pocT) Bo3MeleHu# (1eeKToB), CYIIIeCTBOBABINNE H3HAYAIBHO, a TAKKE BOZHUKHOBEHUE
HOBBIX JIe()eKTOB U MX JajbHeHIIee pa3BuThe (poct ). B 3TOM cityuae TeXHUYECKOe MPUMEHEHUE BH-
OpalMOHHO-TMAarHOCTUYECKUX TEXHOJIOTMH M MOCIEAYIOMINN aHaIl3 B paMKaX pa3BUTOro B pabore
MOX0/1a MOTYT OBITh OYEHbB MOJIE3HBIMU BMECTE C UCIIOIB30BAHUEM CYLIECTBYIOIINUX BEPOSTHOCTHBIX
MoJIeNei OIIeHKH 0€3011aCHOCTH SIIEPHBIX PEaKTOPOB.

KiroueBbie cj10Ba: TMOBPEKICHUS WHKEHEPHBIX (BUOPAIMOHHBIX) COOpPYKEHUH, AaTOMHBIC
PEaKTOpPBI, HOBBIE MAaTEMAaTUYECKUE MOJEIIN, HOBAs MUKPOCUCTEMHAsI TEXHOJIOTHUs, Xa0C-T€OMETPHU-
YECKUM MOAXO
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1. Introduction

In the last decade the problem of analysis,
identification and further prediction of the pres-
ence of damages (cracks) in different engineering
(vibrating) structures (such as different mechani-
cal and hydrotechnical systems, devices, equip-
ment, turbochargers, engines of hydroelectri-
cal stations, atomic reactors etc) because of the
changing operational, environmental conditions,
including the emergency accidents, attracts an in-
creasing interest and has a great importance [1-
4]. The standard way is using so called structural
health monitoring (SHM) methods (see [4]) that
have been intensively investigated over the last
decades and allow the early identification and fur-
ther localization of damages. Usually change of
structural dynamic properties due to environmen-
tal, operational and other (earthquakes, tsunamis,
emergency explosions etc) incidents results in
the existence, location and size of damages. Re-
ally, the changing conditions such as temperature,
moisture, pressure, mechanical actions etc may
cause significant changes in their properties and
result in the damage detection algorithms to false
decisions. The useful information regarding the
effects of environmental and operational condi-
tions on a dynamics of different structures can be
found in Ref. [4].

Let us remind that severe accidents in 1986 ar
the Chernobyl and in 2011 at 1 + 4 Fukushima-
Daiichi nuclear power plans and a series of
incidents and accidents at a number of power
units of other nuclear power plants in different
countries of the world revealed a limited limit to
the generally accepted approaches to the analysis
and assessment of the safety of nuclear power
plants in operation and projected. For example, all
the Chernobyl and Fukushima-Daiichi emergency
power units met the specified probabilistic safety
criteria, but avoided a major accident (maximum
level 7 on the IAEA scale) that had catastrophic
environmental consequences, however, failed. As
it has been noted in many Refs. (see, for exam-
ple, [2] and Refs. therein), the nuclear accident at
the Fukushima-Daiichi nuclear power plant was
a consequence of the joint emergence of several
external extreme off-project environmental (in-
deed, geophysical) impacts on nuclear power
plants, accompanied by catastrophic violations of

technological processes: a complete loss of long-
term energy supply to the main and auxiliary
equipment of power units, gas vapor explosions
in reactor plants, and others. However, in the
generally accepted approaches (assessments)
to the security analysis, based on the ranking
(ranking) of the estimates of the probability of
occurrence of emergency events, the contribution
to relatively unlikely emergency events in the
integral safety indicators is given insufficient
attention. Violation of the normal operation of
a nuclear reactor due to failure due to unlikely
emergency environmental or operational condi-
tions of any element of the nuclear reactor may
change the values of temperature, velocity and
other parameters of the coolant in comparison
with the values corresponding stable normal op-
erating conditions of the nuclear reactor.

In the light of saying, a great interest attracts
carrying out an effective consistent approaches
to modelling, analysis (further prediction) of a
chaotic behaviour of structural dynamic proper-
ties of the engineering structures. It is worth to
note that an especial interest attracts the point-
wise summation of similar Wavelet Transform
Modulus Maxima decay lines, which has been
used in [4] to detect the damages under varying
environmental and operational conditions. This
damage detection methodology has been applied
to investigation of both a simulated 3 degrees-of-
freedom system and an experimental cantilever
beam, excited by white and pink noise forces.
The master conclusion [4] is that that the SHM
methodology applied is capable of identifying the
presence of damage in a time range under varying
environmental and/or operational conditions.
This is fully confirmed by an effective application
of the methodology to experimental data, to
verify its ability in identifying the presence of
damage in real-life operations. Sadhu and Hazre
[4] presented a novel damage detection algorithm
based on blind source separation in conjunction
with time-series analysis. Blind source separa-
tion (BSS), is a powerful signal processing tool
that is used to identify the modal responses and
mode shapes of a vibrating structure using only
the knowledge of responses. In the proposed
method [4], BSS is first employed to estimate
the modal response using the vibration measure-
ments. Time-series analysis is then performed
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to characterize the mono-component modal re-
sponses and successively the resulting time-series
models are utilized for one-step ahead predic-
tion of the modal response. From experimental
viewpoint, especially valuable are now methods
of nondestructive testing, in particular, vibro-
diagnostics (see details in Refs. [1-4]). Each class
and even each type of equipment is characterized
by its own separate sets of criteria for assessing
the vibration state, depending on the conditions
of assembly, installation, operation, etc. A certain
one-sidedness of the vibrodiagnostic methods,
based primarily on the primary Fourier transform
of the signal, does not allow for an integrated
approach to solving the problem. The wide
spread and more advanced methodologies such as
wavelet analysis, subspace-based identification
methodologies, regression analysis, singular
value decomposition, auto-associative neural
network and factor analysis under situation, dyan-
ical systems and chaos theory methods [5-10] etc
have been discussed.

In this paper for the first time we present
and apply a novel computational approach to
modelling, analysis (further prediction) of a
chaotic behaviour of structural dynamic proper-
ties of the engineering structures, based on ear-
lier developed chaos-geometric and vibration
blind source monitoring approach. In the con-
crete realization the novel approach includes a
combined group of blind source monitoring ,
non-linear analysis and chaos theory methods
such as a correlation integral approach, average
mutual information, surrogate data, false nearest
neighbours algorithms, the Lyapunov’s exponents
and Kolmogorov entropy analysis, nonlinear
prediction models etc [5-11]. As illustration we
present the results of the numerical investigation
of a chaotic elements in dynamical parameter
time series for the experimental cantilever beam
(the forcing and environmental conditions are im-
itated by the damaged structure, the variable tem-
perature and availability of the pink-noise force).
Using numerical time series analysis results, we
list the data on the topological and dynamical
invariants, namely, the correlation, embedding,
Kaplan-Yorke dimensions, the Lyapunov’s
exponents and Kolmogorov entropy etc and con-
sider a construction of the engineering structures
(including nuclear reactors) damage detection
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prediction model. All calculations are performed
with using “Geomath”, “Superatom” and “Quan-
tum Chaos” computational codes [11-16]. The
possibilities of using the proposed approach un-
der studying the nuclear reactors security are in
frief considered.

2. Chaos-geometric and blind source
separation monitoring algorithms to damage
analysis and detection for engineering
structures

The blind source separation (BSS) methods
have emerged as a powerful class of signal pro-
cessing methods capable of monitoring the health
of a large class of engineering structures. Many
concrete applied results (for example, see [4]
and Refs. there in). reveal the potential of using
the principle of BSS for a wide range of struc-
tural engineering problems. Originally proposed
for a fewer class of problems involving broad-
band excitations, static mixtures, and relatively
large sensor densities, BSS extensions to under-
determined case, nonstationary environment, de-
centralized sensing network, and for convolutive
mixing have also been reported in recent studies
by many authors. Note that in ref. [4] it has been
in details presented a novel time-series analysis
based BSS method and applied to tackle damage
detection in civil structures which is commonly
encountered as a major structural health monitor-
ing problem. Our idea is in combimation of the
BBS algorithm by Sadhu-Hazra and chaos-geo-
metric (chaos-dynamnical ) approach, which has
been earlier developed by us. The key elements
of the chaos-geometric computational approach
to studying the complex non-linear systems time
series with elements of a chaos are presented in
Refs. [5-11], so below we are limited only by the
key ideas.

Let us note that for the first time idea to apply
the approach [7-11] to damage detection in the
engineering structure has been proposed in [7]. In
our case the displacement quantity is described
by some scalar series s(n)=s(t{;t nAt) = s(n),
where ¢, is a start time, Az is time step, and 7 is
number of the values measurements (in whole we
considered a series of consisting of a total of a
~10* data points). The main task is to reconstruct
phase space using as well as possible informa-
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tion contained in s(#). To do it, the method of us-
ing time-delay coordinates by Packard et al [5]
is used. The direct using lagged variables s(n+t)
(here 1 is some integer to be defined) results in a
coordinate system where a structure of orbits in
phase space can be captured. A set of time lags is
used to create a vector in d dimensions,

y(n)= [s(n), s(n + 1), s(n + 21), .., s(n H(d-1)1)],
(1)

the required coordinates are provided. Here the
dimension d is the embedding dimension, d,.

To determine the proper time lag at the
beginning one should use the known method of
the linear autocorrelation function C,(8) and look
for that time lag where C,(d) first passes through
0. The alternative additional approach is provid-
ed by the method of average mutual information
as an approach with so called nonlinear concept
of independence.

According to Takens and Maié (see, for exam-
ple [5]), any time lag will be acceptable is not ter-
ribly useful for extracting physics from data. If t
is chosen too small, then the coordinates s(n + jt)
and s(n + (j + 1)1) are so close to each other in
numerical value that they cannot be distinguished
from each other. Similarly, if t is too large, then
s(n +jt) and s(n + (j + 1)t) are completely inde-
pendent of each other in a statistical sense. Also,
if 1 is too small or too large, then the correlation
dimension of attractor can be under- or overesti-
mated respectively. It is therefore necessary to
choose some intermediate (and more appropri-
ate) position between above cases. The first wide
spread approach is to compute the linear autocor-
relation function

—%ZBW+&—HMm%ﬂ
C, )= o ;

N (2)
y 2ls(m 37

where 5= %g s(m)

and to look for that time lag where C,(5) first
passes through zero. This gives a good hint of
choice for t at that s(n + jt) and s(n + (j + 1)7)
are linearly independent. However, a linear in-

dependence of two variables does not mean that
these variables are nonlinearly independent since

a nonlinear relationship can differs from linear
one. It is therefore preferably to use an approach
with a nonlinear concept of independence, e.g.
the average mutual information. Briefly, the con-
cept of mutual information can be described as
follows. Let there are two systems, 4 and B, with
measurements a, and b,. The amount one learns in
bits about a measurement of @, from a measure-
ment of b_is given by the arguments of informa-
tion theory as

Ly(a;b,) = 10g2(MJ

P (a)F;(b,)

where the probability of observing a out of the set
of all 4 is P (a), and the probability of finding b
in a measurement B is P,(b,), and the joint prob-
ability of the measurement of a and b is P, (a,, b)).
The mutual information / of two measurements a,
and b, is symmetric and non-negative, and equals
to zero if only the systems are independent. The
average mutual information between any value a,
from system 4 and b, from B is the average over
all possible measurements of /, (a, b,),

3)

1p(0) = ZPAB(ai’bk)[AB(ai’bk) .

a;,by

“)

To place this definition to a context of observa-
tions from a certain physical system, let us think
of the sets of measurements s(n) as the 4 and of
the measurements a time lag t later, s(n + 1), as
B set. The average mutual information between
observations at n and n + t is then

1p(0) = ZPAB(ai’bk)IAB(ai’bk) .

a; by

)

Now we have to decide what property of /(1)
we should select, in order to establish which
among the various values of T we should use in
making the data vectors y(n). It is worth to re-
mind that the autocorrelation coefficient failed
to achieve zero, i.e. the autocorrelation function
analysis not provides us with any value of . Such
an analysis can be certainly extended to values
exceeding 1000, but it is known that an attrac-
tor cannot be adequately reconstructed for very
large values of t. The mutual information func-
tion usually exhibits an initial rapid decay (up to
a lag time of about 10) followed more slow de-
crease before attaining near-saturation at the first
minimum. In fact the autocorrelation function and
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average mutual information can be considered as
analogues of the linear redundancy and general
redundancy, respectively, which was applied in
the test for nonlinearity.

The further next step is to determine the em-
bedding dimension, d,, and correspondingly to
reconstruct a Euclidean space R large enough so
that the set of points d, can be unfolded without
ambiguity. The dimension, d,, must be greater, or
at least equal, than a dimension of attractor, d,
L.e.d, >d . To reconstruct the attractor dimension
(see details in [5-9]) and to study the signatures
of chaos in a time series, one could use different
methods, however, the most effective ones are
represented by the correlation integral algorithm
of Grassberger and Procaccia and the false nearest
neighbours by Kennel et al (see details in [7]).

The principal question of studying any
complex system with a non-linear chaotic
dynamics is to build the corresponding prediction
model and define how predictable is a chaotic
system. At preliminary step it means the
obligatory determination of such characteristics
as the Kolmogorov entropy (and correspondingly
the predictability measure as it can be estimated
by the Kolmogorov entropy), the Lyapunov’s
exponents, by the Kaplan and Yorke dimension.

Let us remind that according to the standard
definition, the Lyapunov’s exponents are usually
defined as asymptotic average rates and they
are related to the eigenvalues of the linearized
dynamics across the attractor. Naturally, the
knowledge of the whole spectrum of Lyapunov’s
exponents allows to determine other important
invariants such as the Kolmogorov entropy and the
attractor’s dimension. The Kolmogorov entropy is
determined by the sum of the positive Lyapunov
exponents. The estimate of the dimension of the
attractor is provided by the Kaplan and Yorke
conjecture

d,=j+ Z/:,L. /1A

j+1 "

P (6)
where j is such that Z’: 10 and i 2, <0, and the
i=1 i=1

Lyapunov exponents are taken in descending
order. The fundamental ideas for building the
possible prediction models for non-linear systems
with a chaotic elements can be found in Refs. [7-
10], however, so below we are limited only by
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key ideas and concrete computing the topological
and dynamical invariants for the engineering
system. The key idea of the prediction model
can be based on using the traditional concept of
a compact geometric attractor in which evolves
the measurement data, plus the implementation of
neural network algorithms [7-10]. The existing so
far in the theory of chaos prediction models are
based on the concept of an attractor.

The meaning of the concept is in fact a study
of the evolution of the attractor in the phase space
of the system and, in a sense, modelling («guess-
ing») time-variable evolution. In the phase space
of the system an orbit continuously rolled on it-
self due to the action of dissipative forces and the
nonlinear part of the dynamics, so it is possible
to stay in the neighborhood of any point of the
orbit y (n) other points of the orbit y" (n), r = 1,
2, ..., N, which come in the neighborhood y (1)
in a completely different times than n. Of course,
then one could try to build different types of in-
terpolation functions that take into account all the
neighborhoods of the phase space and at the same
time explain how the neighborhood evolve from
v (n) to a whole family of points about y (n+1).
Use of the information about the phase space in
the simulation of the evolution of some engineer-
ing structure in time can be regarded as a funda-
mental element in the simulation of random pro-
cesses. Considering the neural network (in this
case, the appropriate term “engineering structure”
neural network) with a certain number of neurons,
as usual, we can introduce the operators S, synap-
tic neuron to neuron u, u,, while the corresponding
synaptic matrix is reduced to a numerical matrix
strength of synaptic connections: W = | | w, | |.
The operator is described by the standard activa-
tion neuro-equation determining the evolution of
a neural network in time:

(7

N
s, = sign(z wys; —0,)"
Jj=1

From the point of view of the theory of chaotic
dynamical systems, the state of the neuron (the
chaos-geometric interpretation of the forces of
synaptic interactions, etc.) can be represented by
currents in the phase space of the system and its
the topological structure is obviously determined
by the number and position of attractors.
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These idea have been used in order to make
more advanced the wide spread prediction model
which is based on the constructing a parameter-
ized nonlinear function F (x, a), which transform
y(n)toy(n+1)=F (y(n), a), and then using dif-
ferent criteria for determining the parameters a.
The most common form of the local model is very
simple (more complicated and exact versions can
be used [7]):

(8)

N
s, = sign(z wys; —6,),
J=l

where A n - the time period for which forecasting
should be done.

1. Vibration-dynamical modelling and computing of the
damaged complex engineering structures systems
1. Preliminary analysis and processing dynamical variable series
for the engineering structure
2. Blind source separation monitoring

U

II. Chaos-geometric method: Preliminary study and
assessment of the presence of chaos:
The Gottwald-Melbourne test: K — 1 — chaos;
1. Fourier decompositions, irregular nature of change — chaos;
2. Spectral analysis, Energy spectra statistics, the Wigner
distribution, the spectrum of power, "Spectral rigidity";

III. The geometry of the phase space. Fractal Geometry:
3. Computation time delay t using autocorrelation function or
mutual information;
5. Determining embedding dimension dr by the method of correlation
dimension or algorithm of false nearest neighbouring points;
6. Calculation multi-fractal spectra. Wavelet analysis;
[
Iv. Prediction model:
7. Computing global Lyapynov dimensions LE: A,; Kaplan-York
dimension d;, KE,
average predictability measure Pryy,,;
8. Determining the number of nearest neighbour points NN for the best
prediction results;
9. Methods of nonlinear prediction. Neural network algorithm, the
algorithm optimized
trajectories, ...;

Figure 1. Flowchart of the proposed combined vi-

bration-dynamical and chaos-geometric approach

to nonlinear analysis and prediction of chaotic

dynamics, damage detection and locations of the
complex engineering structures.

The coefficients 4%, may be determined
by a least-squares procedure, involving only
points s(k) within a small neighbourhood around
the reference point. Thus, the coefficients will
vary throughout phase space. The fit procedure
amounts to solving (d, + 1) linear equations for
the (d, + 1) unknowns. One could create a mod-
el of the process occurring in the neighborhood,

at the neighborhood and by combining together

these local models to construct a global nonlin-
ear model that describes most of the structure of
the attractor. In order to get more advanced pre-
diction of chaotic dynamics one may apply the
polynomial model with using the neural network
algorithm [7-11]. Obviously, such a model will do
for any engineering structure, including nuclear
reactors and others (under availibilty of the cor-
responding vinbratin monitoring data).

In Figure 1 we present the flowchart of the
combined vibration-dynamical and chaos-geo-
metric approach to nonlinear analysis and predic-
tion of chaotic dynamics, damage detection and
locations of the complex engineering structures

([7-10]).
3. The numerical results and conclusions

As illustration we present the results of the
numerical investigation of a chaotic elements in
dynamical parameter time series for the experi-
mental cantilever beam (the forcing and environ-
mental conditions are imitated by the damaged
structure, the variable temperature and availabil-
ity of the pink-noise force) [4]. As the initial data
we use the data of the corresponding cantilever
beam (excited by white and pink noise forces)
time domain response series [4]. The detailed
description of the experimental setup of a canti-
lever beam is presented in Ref. [4]. Here we only
note that it consists of steel having the following
dimensions: length 592 mm, width 30 mm, and
thickness 1.5 mm, a density of 7.87x10° kg/mm’,
Young modulus of 200x10° mN/mm?, and second
moment of area of 8.44 mm*. The electrodynamic
shaker was used to excite the cantilever beam and
it was connected to the beam via a stringer rod
to minimize the interaction between the shaker
and the structure. Figure 2 shows the the typical
experimental cantilever beam time domain re-
sponse series under the definite environmental
and forcing conditions (the series is related to the
case of the damaged structure, the variable tem-
perature and availability of the pink-noise force).
Other situations are analyzed in Ref.[4].
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Figure 2. The experimental cantilever beam time domain response series for the case: (a)
damaged structure, constant temperature and availability of the pink-noise force; (b)
damaged structure, variable temperature and availability of the pink-noise force (see text).

In table 1 we list data on the time delay
(1), depending on the different values of the
autocorrelation function (C,) and the first
minimum of mutual information (/ . ) for the
studied time domain response series in a case
of the damaged structure, the variable tempera-
ture and availability of the pink-noise force. In
Table 1 we Quiu list correlation exponents (d,)
and embedding dimensions determined by false
nearest neighbours method (d,) with percentage
of false neighbours (in parentheses).

Table 1

The values of the time delay (lag), depending
on the different values of the autocorrelation
function (C)) and the first minimum of mutual
information (I . ), Correlation exponents
(d,) and embedding dimensions determined
by false nearest neighbours method (d,) with
percentage of false neighbours (in parentheses)
calculated for various time lags (t) for the

studied time series (see text)

C,=0 =114 dy dy
C.=0.1 =68 7.68 99.1)
C,=05 | =6 5.45 6(1.3)

Iin1 =9 5.48 6 (1.3)
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The Table 2 summarizes the results of the
computational reconstruction of the attractors
(the correlation dimension (d,), embedding
dimension (d.), the first two Lyapunov’s
exponents (A, and 2,), the Kaplan-Yorke
dimension (d,), as well as the Kolmogorov
entropy (K, ), and average limit of predictability
(Pr__ ). Analysis of the obtained data shows that
the correlation exponent d attains saturation with
an increase in the embedding dimension, and the
system is generally considered to exhibit cha-
otic elements. The saturation value of the cor-
relation exponent is defined as the correlation
dimension (d,) of the attractor. The similar data
for a reconstruction of the attractor dimension
have been obtained by using the alternative false
nearest neighbouring points method (version
[11]). The dimension of the attractor is defined
as the embedding dimension, in which the
number of false nearest neighbouring points was
less than 3%.



Sensor Electronics and Microsystem Technologies 2017 —T. 14, Ne 4

Table 2

Correlation dimension (d,), embedding dimension (d,), first two Lyapunov exponents (A, and
1,), Kaplan-Yorke dimension (d, ), the Kolmogorov entropy (K _ ), average limit of predictability
Pr.)

max:

dZ dE 7\.1

A2

d L Kentr Prrnax

545 6 0.0197

0.0061

3,98 0.026 39

The Kaplan-Yorke dimension is less than the
embedding dimension that confirms the cor-
rect choice of the latter. The presence of the
two positive A, suggests the conclusion above
regarding presence of the chaotic elements.

Further let us give the qualitative consider-
ation of the perspectives of application of the ap-
proach to studying the possible damages in the
nuclear reactor vessels. It is well kwnon (dor ex-
ample, look [9-11]), that the constructive steel of
the nuclear reactor vessels in the initial state have
a set of qualities that allow them to be considered
as homogeneous and isotropic. The modulus of
elasticity and the Poisson coefficient character-
ize the macroscopic properties of the material,
that is, they take into account the influence of
microdefects that are found in the investigated
material. Under an influence of the operational,
environmental conditions, including the emer-
gency incidents (accidents) during the operation
of the reactor vessel it is more than probable the
development (growth) of damages (defects) that
existed initially, as well as the emergence of new
defects and their further development (growth).
Naturally, during some time these processes of
defect changes in the material lead to a significant
change in its properties. For example, as it isin
details considred in Ref. [10], the directed action
of an operating load (for example, internal pres-
sure) can lead to the fact that the material isotro-
pic in the initial state acquires the properties of
anisotropic. Moreover, an anisotropy, acquired
as a result of defects in the material, in turn, has
a noticeable effect on the thermal conductivity
and stress-strain state. In a case of the emergency
events such as earthquakes, tsunamis other inci-
dents these processes discussed could accept very
dangerous form. This fact necessitates the study-
ing the laws of the influence of microdefects on
the properties of structural materials of the nucle-
ar reactor vessel, in more details, technical appli-
cation of vibration diagnostics technologies and

further analysis within the presented approach. In
our opinion such an approach could be very use-
ful together with available probabilistic models
for assessing the safety of nuclear reactors.

To conclude, we have considered a problem of
analysis, identification and prediction of the pres-
ence of damages, which above a certain level may
present a serious threat to the engineering (vibrat-
ing) structures such as different technical systems
and devices, including nuclear reactors etc in re-
sult of the operational, environmental conditions,
including the emergency accidents. Starting from
earlier developed chaos-geometric and the known
vibration blind source monitoring algorithms
we presented a novel computational approach
to modelling, analysis (further prediction) of a
chaotic behaviour of structural dynamic prop-
erties of the engineering structures. In the con-
crete realization the novel approach includes a
combined group of blind source monitoring ,
non-linear analysis and chaos theory methods
such as a correlation integral approach, average
mutual information, surrogate data, false nearest
neighbours algorithms, the Lyapunov’s exponents
and Kolmogorov entropy analysis, nonlinear
prediction models etc. The structure, character
and dynamical and topological parameters can
be different from each other, which made it pos-
sible in the future to relate the invariants of real
signals to the attractors of «elementary» signals
and determine the nature of the defect. As a re-
sult of analysis of reconstructed attractors on the
basis of real signals, a qualitative conclusion can
be drawn about the presence and development of
prevailing defects in a system and to predict how
close the state of the system is to the critical one.

The results of the numerical investigation of
a chaotic elements in dynamical parameter time
series for the experimental cantilever beam (the
forcing and environmental conditions are imitat-
ed by the damaged structure, the variable tem-
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perature and availability of the pink-noise force)
are pesented as illustration. Using numerical time
series analysis results, the data on the topological
and dynamical invariants, namely, the correlation,
embedding, Kaplan-Yorke dimensions, the
Lyapunov’s exponents and Kolmogorov entropy
etc are presented. The possibilities of using the
proposed approach under studying the nuclear re-
actors security is in frief considered.
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A NOVEL COMBINED CHAOS-GEOMETRIC AND VIBRATION BLIND SOURCE MONI-
TORING APPROACH TO DAMAGE ANALYSIS AND DETECTION OF ENGINEERING
STRUCTURES (NUCLEAR REACTORS) UNDER VARYING ENVIRONMENTAL, OP-
ERATIONAL CONDITIONS AND EMERGENCY ACCIDENTS
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A. A. Mashkantsev, S. V. Kirianov
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Summary

The paper is devoted to problem of analysis, identification and prediction of the presence of dam-
ages, which above a certain level may present a serious threat to the engineering (vibrating) structures
such as different technical systems and devices, including nuclear reactors etc in result of the opera-
tional, environmental conditions, including the emergency accidents. For the first time we present
and apply a novel computational approach to modelling, analysis (further prediction) of a chaotic
behaviour of structural dynamic properties of the engineering structures, based on earlier developed
chaos-geometric and vibration blind source monitoring approach. In the concrete realization the novel
approach includes a combined group of blind source monitoring , non-linear analysis and chaos
theory methods such as a correlation integral approach, average mutual information, surrogate data,
false nearest neighbours algorithms, the Lyapunov’s exponents and Kolmogorov entropy analysis,
nonlinear prediction models etc. As illustration we present the results of the numerical investigation
of a chaotic elements in dynamical parameter time series for the experimental cantilever beam (the
forcing and environmental conditions are imitated by the damaged structure, the variable tempera-
ture and availability of the pink-noise force). Using numerical time series analysis results, we list the
data on the topological and dynamical invariants, namely, the correlation, embedding, Kaplan-Yorke
dimensions, the Lyapunov’s exponents and Kolmogorov entropy etc and consider a construction of
the engineering structures (including nuclear reactors) damage detection prediction model. Under an
influence of the operational, environmental conditions, including the emergency incidents (accidents)
during the operation of the nuclear reactor vessel it is more than probable development (growth) of
damages (defects) that existed initially, as well as the emergence of new defects and their further de-
velopment (growth). In this case technical application of vibration diagnostics technologies and fur-
ther analysis within the presented approach could be very useful together with available probabilistic
models for assessing the safety of nuclear reactors.

Keywords: damages of engineering (vibrating) structures, nuclear power plants, new mathemati-
cal models, new microsystem technology, chaos-geometric approach
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HOBUI KOMBITHOBAHUM XAOC-TEOMETPUYHUWM MIJIXIT I METO/]
MOHITOPHUHI'Y BLIND SOURCE JIO AHAJII3Y I JETEKTYBAHHSI YIIKOJKEHb
THXKEHEPHUX CTPYKTYP (IJIEPHI PEAKTOPH) ITPU 3MIHI EKCIIJIYATALIIMHUX
YMOB, YMOB HABKOJIMIITHHOI'O CEPEJIOBUIIIA, ABAPIMHUX THIIUJIEHTIB
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0. A. Mawrxanyes, C. B. Kip anos
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Pedepar

Crarts npucBsiueHa npooieMi aHamizy, i1eHTHdikanii Ta MpOrHo3yBaHHs HAasBHOCTI MOLIKO/KEHb,
SK1 BUIIE IEBHOTO PiBHS MOXYTh NPEICTABIISATH CEPHO3HY 3arpo3y Ul iHKeHepHUX (BiOpamiiHuX)
CTPYKTYP, TAaKHX SIK Pi3HI TEXHIYHI CHCTEMH Ta MPUCTPOI, BKITFOYAIOUH SACPHI PEaKTOPH 1 T.]1., BHACITI-
JIOK 3MIHH €KCIUTyaTalliliHUX, €KOJIOTTYHUX YMOB, aBapiiiHUX 1HIMEHTIB. Briepiie mu nmpeacrasisieMo
1 32CTOCOBYEMO HOBUH OOUMCIIIOBAJIBHUN MiAX1J 10 MOJETIOBAHHS, aHaJi3y (MOAIBIIOTO MPOTHO-
3yBaHHSI) XaOTUYHOTO TIOBEIIHKH CTPYKTYPHO-IMHAMIYHUX BIACTUBOCTEH 1H)KCHEPHUX CTPYKTYp Ha
OCHOBI paHile po3po0IEHOT0 HAMHU Xa0Cy-T€OMETPUYHOTO METOJY IUTIOC BIIOMHI alrOPUTM MOHi-
TOPUHTY CIINUX JDKEpeN. Y KOHKPETHOI peati3allii HOBUH IMiIXia BKIFOYa€e B cebe 00’ €THaHy TPyITy
blind source MOHITOPUHTY, HEJIIHIMHUIA aHATI3 1 METOJIM TEOPIi XaoCy, TaKl K METOJI KOPEJISIIHHOTO
1HTerpaja Ta cepeiHboi B3aeMHOI iH(popMallii, aIrOpuTMU MOMUIKOBUX HaWOIMKUYMX CYCiAIB Ta Cy-
poraTtHUX JIaHUX, aHaji3 Ha OCHOBI MOKa3HUKIB JIsmyHoBa Ta enTpomnii Koamoroposa, Mozeni Hemi-
HIMHOTO MPOTHO3YBAHHS 1 T. . B SIKOCT1 LIIOCTpallii HaBeJeH1 pe3yJIbTaTH YUCETBLHOTO JIOCIIIIPKEHHS
Xa0TUYHHX €JICMEHTIB B THMYACOBHX PsAAaX TUHAMIYHKX ITapaMeTpPiB I eKCIIEPUMEHTATBHOTO KOH-
COJIBHOTO Ty4Ka (BIUIMB i YMOBH HAaBKOJIMIIIHBOTO CEPEIOBUINA IMITYIOThCS YIIKOKEHOIO CTPYKTY-
PO10, 3MIHHOIO TEMITEPaTypOIO 1 HASBHICTIO CHJIM THUITY pOKeBOro 1rymy). Ha ocHOBI aHauti3y 4ucesnb-
HUX YaCOBHX PAJIB OTPUMAaHi J1aHi PO TOMOJOTIYHI 1 AUHAMIUHI iHBApiaHTH, a caMe: KOpESIiiHy
pO3MipHicTh, po3miprHOCTi BKIazeHHs, Kamnana-Hopka, nokasuuku JIsmynosa, enrpomnito KomMoro-
poBa i T.i., 1 pO3MISIHYTA KOHCTPYKIIiSE MOJIEJIi IPOTHO3YBAHHS 1 BUSBJICHHS MOIIKOIKEHb 1H)KEHEPHUX
CHopya, y T.4., iAepHUX peakTopi. [1i7 BIIUBOM eKCIuTyaTaniiHuX, €KOJIOTTYHUX YMOB, Y TOMY YHCH1
Ha/I3BUYAHHUX 1HIMIEHTIB (aBapiii) MiJ 4ac eKCIUTyaTallii KOopIycy sJIepHOTO peakTopa € OLIbII, HiX
IMOBIpHUM PO3BUTOK (3pOCTaHHs) IIKOAYBaHb (Ie(EKTIB), 110 ICHYBaJIM CIIOYATKY, & TAKOK BUHUK-
HEHHSI HOBUX J€(EeKTiB Ta iX MomaibIIUi PO3BUTOK (3pOCTaHHA). Y IbOMY BHIIAJKy TEXHIYHE 3a-
CTOCYBaHHS BiOpaIliifHO-1IarHOCTHYHUX TEXHOJIOT1H Ta MOAANBIINK aHalli3 B paMKaX PO3BHHYTOTO B
PpOOOTI MiIAX0MY MOXKYTh OyTH JTy’K€ KOPUCHHUMH Pa30M 13 ICHYIOUMMHU IMOBIPHICHUMH MOJIEISIMU TSI
OLIIHKU O€3MEeKH sJIepHUX PEaKTOPIB.

Kiro4oBi cj10Ba: TMOMIKOHKEHHS 1H)KEHEpHUX (BiOpaliifHUX) COPY/, aTOMHI peakTOpH, HOBI Ma-
TEMaTU4H1 MOJIeJ1, HOBa MIKPOCUCTEMHA TEXHOJIOT1S, Xa0C-T€OMETPUYHUHN TT1X1/1
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