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In this paper the effect of artificial noise on the performance of nonlinear system identification method
in reconstructing the response of a cantilever beam model having local nonlinearity is investigated. For
this purpose, the weak form equation governing the transverse vibration of a linear beam having a
strongly nonlinear spring at the end is discretized by using Rayleigh-Ritz approach. Then, the derived
equations are solved via Rung-Kutta method and the simulated response of the beam to impulse force is
obtained. By contaminating the simulated response to artificial measurement noise, nonparametric
nonlinear system identification is applied to reconstruct the response. Accordingly, intrinsic mode
functions of the response are obtained by using advanced empirical mode decomposition, and nonlinear
interaction model including intrinsic modal oscillators is constructed. Primary results show that the
presence of noise in the response highly affects the sifting process which results in extraction of
spurious intrinsic mode functions. In order to eradicate the effect of noise on this process, noise signals
are used as masking signals in the advanced empirical mode decomposition method and intrinsic mode
functions corresponding to the noise are extracted. Based on this approach, the dynamic of the noise in
the response is identified and noise reduced signals are reconstructed by the intrinsic modal oscillators
with suitable accuracy.
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Fig. 6 The first intrinsic mode function of the system with local non-
linearity, y = 10°
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non-linearity in the presence of artificial noise after extracting three
functions of ¢,;, y = 10%, SNR = 20 dB

SEyan ng 9 ;S (xbge b SIS e 050 (SIS 090 &1 13 JSB
SNR =20 dB g = 10° Coj oo a5l 5| g

27 290 45285 (bl 3095 alS (51 sl -3-4
13 050 g STd S 15 ) 0y50 B o j0 oS azl ulal
Wigd Bl Lol JUiSw 5l ot pigd 4 4l uilS 8 L8, glls oS
Y@ 525 035l JiSow slp Sl 4 lioe 205 S 50 258

183

x10*

(X}

FFT of ¢, (1)

0 100 200 300
Time Frequency

Fig. 10 The second intrinsic mode function of the system with local

non-linearity in the presence of artificial noise, y = 10%, SNR = 20 dB

(Eyan ng a3 sudge b SIS piacs pgd (1S 090 210 Y5
SNR =20dB ¢ = 10°

g s S 3 sl Wil e cenlie piiigy JUK SOl 0l
SIS g0 al zl sl a5 S Cuets slojlail a1y piaew wly yo Slety
&S yge 0 bl eed p [21] 088 pool, LWlS Bl b bl
08,5 oolatul pidig JuSKw glsie 4 aseie aiels b apbn pigd JUSw
g ded (oilS 3 )8, 45 55 Eltul g 5l (G183 050 &l Gl o0
Ded oz g (2Blg SIS g0 milg 5 e Sl ass jo g all ansly

Lo pj Oyp0a lg e ]y ol piasn (L5l gl s )b opl sillas

ols
m 6
Y@ =) i) + ) (@) (30)
i=1 =1

oib b bl oS G5 sge @i 2d p egdle (39b alal) Billae J)Le @
gl pg )18, L Bl 15 g @b M el s (Lol S 2
335 (o0 gl € @l 5l S Coi @l &5 Sanl S5 @ p3Y 3gb e
Soslinul b (padgy JuSmw aiels Wb LS Cai @lgs glyoenl 53 (eizeen
g bl Uas g e

&g e I 390 g glFl o oy, al @08 () sl
o0 ()2 20 0B g 4 JUiSew Coad b (ot i o0gll muly
JL8, lyls (15 050 i ans plain jee JUSws 4y by cnl Jlesl bl
3 (ol B L8, ol rem @ Cnit @l a2 005 o gliul g 4 et
Ol mlgs ol omilS 3 L8, anllas sl ot ol igles "11 JSS"
0929 b g Wi e (ol (52 W8 Lol (nl &5 w3 s
s Lol slouilS 5 208 b aglin j o dlS 3 JolS 028 g
A (G 5eS Dy08

S a el aly SIS Glhe 13 05e aly gl b
"13 512 sl JSE" o Jgl (1D g0 @i 50 diged lp g oo Sl
o BUSE ol 51 s 52 50 b sla St anilon ol oad osls LS
odilodl JUSew 558 Jrod olron 40 (15 250 @ 290 Sge 5 4258
09y 58,8 L 0 b as wes e las b S ol sl sals eoly ioled
&g gl Glp 1) phae Eul 50 wad g jea> Gl ol
Dged Lo pde o

Gyl 0,505, 45 ams oo i KouS, 1112 59 6 GlaJSa” anslis
a0y o 311 b anlb o Shes g e 3l Wi e 00
gdge Si> JUiSew 5l LS sk 4 g Sl a8 e Line (T 0
sae] Cawdy S 050 @l 45 am e lis 12 5 6 slaJSa" anglhe
518 510 7 GlaJSi” sanlie b Joloo res adibie g ol
LW PR VN L @Y

11 o jlois 16 )93 1395 O (ORI Swlle w iy


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.39.2
https://mme.modares.ac.ir/article-15-8678-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1395.16.11.39.2 ]

olida) Jusw 9 (SB3Lo Ygaled (A5 yo

SEPHBL 3395 )90 ) (SO0 (B 3aE SIS JIS pu5 Sy pu5 Yo S pielily g lwlis

Ol ) ©ogon Olgise ;o s Gl ) b Silogs 51 G 5o cnlple

o,5
Ji(1) + 240;9:(7) + wiyi (1) = F;(x), i=12,...6 (32)

G5 Wolae i din] (b2 Sealind 50 0ad &)l (65)len 4 4z L
@ (32) aba; o sl )3 Wl e s SIS 050 @l 51 Se 2 Sl
oS el Sy alyee S Ai g Col gl SIS Sge @l ol il
ool oads il slaisSay [34] )3 plos sl s iluaigy piysSl bl
b g Soolias (i IS 55 F g5 098 deeS (st sllas &S

[26] el o5 2 yg0a o S

F(z) = Re{A;(x)e/@7}, i=12,..,6 (33)

hol Jloge Klug s & analy 5 Llise anels A alal; ool )
axels (33) 5 (32) Ly, 5 (28) s3)len 65,0 L G5 e Jl il o0

12,9] oty iy g0t ) g
i

Ai(1) = 2[a;(7) + Jwia; ()] = j [j + Zﬂidi(f)] (34)
L

10% 4 10° ot ol po b e 90 gl o e el Jow aslsl jo
5 55 slsl by gl 5l e cel sl LS5 20 dB 58 g )0
3 5 5 S e B iy 5o oad )] Jole b
Oil33l i gwe 2528 4 26.05 polae 4 ol a4 ool yild gla JUKew
G b Slog cpl fwl ggomme (ol Jloge slo Silus zl5enl bl oo
as)S Gl 0 Syl Jae by sad gileil S Glgs
a5 ams oo Ll b Sl o ead plesS 5 sla s Ll oals 0ols

oled 3l 1) i Fnly Wl oo (9 0 So el e Joe

S 5 4o -6
Pl JopS Sy 55 Jae Sipall s plolid adllas cnl
@bl (g, 5l ooliial b (egran pg jeam 5o Ll o (el

= 20 4
]
s 0
2
& -20 Noise reduced signal
3 sk Reconstructed signal |
I | 1 | 1 | 1
a 0.5 1 1.5 Z 25 3 3.5 4
20 T T T T T T T

Acceleration
<
T

20 L 1 L L L 1 1 L L

Acceleration
<
.

10 L I L L L I I L L
3 3.05 31 3.15 32z 3.25 33 335 34 3.45 3.5

Time
Fig. 15 Noise reduced acceleration of the beam end point in

comparison with reconstructed signal for y = 10°
7 6l eads (gilesl JiKw b avslie o 15 slel ool yild ols 15 K&
=10°

11 olesis A6 0,95 1395 (yaus (puide Swlfe wire

.)94.: uL..l B:3) &_))504) |9JL5A (OA.MJ ]A—LAs) o oolo ).:9.\ u.,.:alf JL&....J
or () = y(@) - Z O (3)
i=1

3 e 0 &S 5 kil Ealy o pg el (Ed alal) Wbl
Siload CLis 4 "14 K"l oo addllae S5 15 cyp S50
ol ity amen aas e i |y 4l g EalS g g 4 00g)] eal
s> 4 (31) alal, a5 555 o oamlie 5 Conl ond Sl U5 ol 5]
S Open Om 3l 1 e sd> 1 (SBU i GloaneS 5 baaio
oS ke RIFI260B @ g5 ol 5l JS3 (0l )0 g 4 JUSew
el Joleo 3398 D y08 (6l 4 logas ol
o 23le 0l &l 55 20l (hsy (QUIS (liee s sl
b olie JuSe o sly SNR. <5, Jlasl 5l am 3255 &0 JuSew
ol ol 00 B3 2 s 5 roms 25 55 555 (Fooll fsee
ool 0 dunnlie [33] S>ge g, 3 ooliinl b g ralS b b gl
g GBI gy Lulpd pled )3 oS 098 00 csalive Jouz (pl & 4z g L
2508 5 3 Shas (0525 090 425 (S

B (ol Joho Jul -5

b ol Jao gl e G 050 @y gliiiul Sl
doSlugi cpl oy JSas ) (ol Jloge laSilags 5l JSiie
P2 e (2 5 oo e b ol e s S laptens
S oo s5ksl [y o s,8 L Bl Gl Lol slaadlss 5| Sy

20
=
2
= 0
)
@ Simulated signal
g -20 — — — Noise contaminated signal (SNR = 20 dB}]|
Nmse reduced signal {SNR = 26)
40 1 1 .
0 0.5 1 ] 23 4
10

---------- "Simulated signal

Noise contaminated signal (SNR 20)

2 91 2.92 293 2.94 2.95 2.96 2.97 298 2.99 3
T T T T T T T
Noise reduced signal (SNR = 26)

;/\../\f

29 291 292 293 294  29% 29 297 299

Acceleration
"

oNo

T
---------- Slmulated signal

Acceleration
”
:

Time
Fig. 14 The simulated acceleration of the beam end point in
comparison with noise contaminated and noise reduced signals

1S 5 023ll (sl JUiem L anlie o 55 (sl o0 (s3lunens Sl 14 JS2
9 00 )

00

ol Jlosl 51y Sglitie (8l Gy @y sl g8 S S 2 g
Sge o9y b dunlia o 568

Table 2 Signal to noise ratios of five different vibration responses after

implementing noise reduction in comparison with wavelet method

SNR, (dB) oot
SNR (dB) g

[33] Szge g, 2l iy Jeen
8.56 13.92 5 1
13.99 18.26 10 2
17.97 22.76 15 3
19.27 25.96 20 4
19.70 27.69 25 5

184


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.39.2
https://mme.modares.ac.ir/article-15-8678-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1395.16.11.39.2 ]

olida) Jusw 9 (SB3Lo Ygaled (A5 yo

SEPHBL 3395 )90 ) (SO0 (B 3aE SIS JIS pu5 Sy pu5 Yo S pielily g lwlis

Tl oyl Gloe

S e o Ple
e g yile slas!
(NM?) 26 s 1 o i
e ol slas
Job

Pz ol

adge olass

p7 ol slasl

e o le slasl

Sgo algi olass

e Sbej &b

JUSs enilel

285 4 JiSw S
S OB

9508 Jlosl amy o Jxe
Sl &b by

Jstme Sloj &b

(8) oo

RS

Sg0 JS5 &

Sag (588 IS >
JUiSs

(M) 2,6 25>

(m) ol

(M) 55 Jlos! Joxo
e (Sl Gy
s Sloj Fmly s4dl5e
gy JuS

sl pgar JuSow
(o0 )...L._e) oals ools g rals JLSw
2 L

anl Ol yr
P EE
e S

A8l paond OlaBrs oy
a8l pens Slaies Hlo slac!
alises aisls

o S

UL*-“’ JLS‘*-“’ le%.)‘B
5285 JuSms byl
S ol

s JIog0 o Lo

185

Rm+1

SNR

%}

~

Yi
Y masking

Ymirror

= 20 i bl
5 " bl |
® 0hl
o}
§ 20 Noise reduced signal
< 4o b Reconstructed signal |
. . . . . . |
Q 0.3 1 1.5 2 25 3 3.3 4
T T T T T T T T T
=
2
&
ko]
@«
3
& -

Acceleration

3 3.0 3.1 315 32 325 33 333 34 345 35

Time
Fig. 16 Noise reduced acceleration of the beam end point in
comparison with reconstructed signal for y = 10°

7ol ead gilasly JUuSew b anslie po 15 loniload il bt 16 S
=10°

63l3l e frsly g dalllae (LBl )l 518, o ogian i ol isle
20,5 (o0 Ol 25 ©y90 4 S g Slaslin (n e Sl 0dd

5 0I5 atin 5l s orl Slo il ordge o e -1
L s ol Sla S B oS 5 1, i S il e
L ol 0yl ples (egian pg &5 il (Jlo o opl S
lei oo hgudie

djles JStie ylzra |y JUye 0l s gloj aly jo g8 j5e> -2
2 SO (o lraneS 5wty el gz 4 alies (l Lol cle
25,5 o e SIS 050 mlgi zl sl cely Colgd jo aS il g0 JUKw
5 Gand (o8 Szl patie 5 cob Al b g Adbe JLKw -3
e &l 4T 0S (oo Zus lojlail a1 s Fuly 50 99790 st Ol
09,5 oo gl Al maly 5l g L8, L bl (18

JBoad il JUSew (ol JiSew 28 (513 090 &l 25 L -4
Ol ) @ a8 cel Blo (508 4y voads S JUuSews ol gl Fel
28 Jlosl o 2|y (b né plulis (3,

JB (ol la il B jpa> poi) ol 0805, (oulal Cosgaze -5
Sogb @ Wl 58 pg s9a> g Cel e (52 El 0 eSS
AL inss | Lo el 3 ol &S s,

e S ygd -7
(m?) ahio gl 4
g obs @
‘5.10 S0 éll.’ Ci

5298 deed G 950 &b Cni
(Nm?) Sy Jsow  E

(s At jlond (Bl (ke Emax
(s 4S5l ol (A3l (goie Cmin
(N) tlie 2,5 55505
Seg e a0 S95
Sas 9 o
oy oy clael i

5 sy slael o

11 o)less 16 0995 1395 (yare (ywide SilSe wiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.39.2
https://mme.modares.ac.ir/article-15-8678-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1395.16.11.39.2 ]

olida) Jusw 9 (SB3Lo Ygaled (A5 yo

SEPHBL 3395 )90 ) (SO0 (B 3aE SIS JIS pu5 Sy pu5 Yo S pielily g lwlis

[17]J.-P. Noél, G. Kerschen, Nonlinear system identification in
structural dynamics: 10 more years of progress, Mechanical
Systems and Signal Processing, Vol. 83, pp. 2-35, 2017.

[18]Y. S. Lee, S. Tsakirtzis, A. F. Vakakis, L. A. Bergman, D. M.
McFarland, Physics-based foundation for empirical mode
decomposition, AIAA journal, Vol. 47, No. 12, pp. 2938-2963,
2009.

[19]Y. S. Lee, S. Tsakirtzis, A. F. Vakakis, L. A. Bergman, D. M.
McFarland, A time-domain nonlinear system identification method
based on multiscale dynamic partitions, Meccanica, Vol. 46, No. 4,
pp. 625-649, 2011.

[20]Y. Lee, A. Vakakis, D. M. McFarland, L. Bergman, Non-linear
system identification of the dynamics of aeroelastic instability
suppression based on targeted energy transfers, Aeronautical
Journal, Vol. 114, No. 1152, pp. 61-82, 2010.

[21]S. Tsakirtzis, Y. Lee, A. Vakakis, L. Bergman, D. M. McFarland,
Modelling of nonlinear modal interactions in the transient
dynamics of an elastic rod with an essentially nonlinear attachment,
Communications in Nonlinear Science and Numerical Simulation,
Vol. 15, No. 9, pp. 2617-2633, 2010.

[22]Y. S. Lee, H. Chen, A. F. Vakakis, D. M. McFarland, L. A.
Bergman, Nonlinear System Identification of Vibro-Impact
Nonsmooth Dynamical Systems, 52nd AIAA Structures, Structural
Dynamics and Materials Conference, Colorado: AIAA, pp. 4-7.
2011.

[23]M. Kurt, H. Chen, Y. S. Lee, D. M. McFarland, L. A. Bergman, A.
F. Vakakis, Nonlinear system identification of the dynamics of a
vibro-impact beam: Numerical results, Archive of Applied
Mechanics, Vol. 82, No. 10-11, pp. 1461-1479, 2012.

[24] M. Eriten, M. Kurt, G. Luo, D. M. McFarland, L. A. Bergman, A.
F. Vakakis, Nonlinear system identification of frictional effects in a
beam with a bolted joint connection, Mechanical Systems and
Signal Processing, Vol. 39, No. 1, pp. 245-264, 2013.

[25]H. Chen, M. Kurt, Y. S. Lee, D. M. McFarland, L. A. Bergman, A.
F. Vakakis, Experimental system identification of the dynamics of
a vibro-impact beam with a view towards structural health
monitoring and damage detection, Mechanical Systems and Signal
Processing, Vol. 46, No. 1, pp. 91-113, 2014.

[26]M. Kurt, M. Eriten, D. M. McFarland, L. A. Bergman, A. F.
Vakakis, Strongly nonlinear beats in the dynamics of an elastic
system with a strong local stiffness nonlinearity: Analysis and
identification, Journal of Sound and Vibration, Vol. 333, No. 7, pp.
2054-2072, 2014.

[27]S. S. Rao, Vibration of continuous systems, pp. 317-340, New
York: John Wiley & Sons, 2007.

[28]L. I. Manevitch, Complex representation of dynamics of coupled
nonlinear oscillators, Mathematical models of non-linear
excitations, transfer, dynamics, and control in condensed systems
and other media, US: Springer, pp. 269-300, 1999.

[29]L. Manevitch, The description of localized normal modes in a
chain of nonlinear coupled oscillators using complex variables,
Nonlinear Dynamics, Vol. 25, No. 1-3, pp. 95-109, 2001.

[30]Y. Chen, M. Q. Feng, A technique to improve the empirical mode
decomposition in the Hilbert-Huang transform, Earthquake
Engineering and Engineering Vibration, Vol. 2, No. 1, pp. 75-85,
2003.

[31]R. Rato, M. Ortigueira, A. Batista, On the HHT, its problems, and
some solutions, Mechanical Systems and Signal Processing, Vol.
22, No. 6, pp. 1374-1394, 2008.

[32] A. Vakakis, L. Bergman, D. McFarland, Y. Lee, M. Kurt, Current
efforts towards a non-linear system identification methodology of
broad applicability, Proceedings of the Institution of Mechanical
Engineers, Part C: Journal of Mechanical Engineering Science,
2011.

[33]M. Vetterli, C. Herley, Wavelets and filter banks: Theory and
design, IEEE transactions on signal processing, Vol. 40, No. 9, pp.
2207-2232, 1992.

[34]R. C. Eberhart, Y. Shi, Particle swarm optimization: developments,
applications and resources, Proceeding of Evolutionary
Computation, Seoul: IEEE, pp. 81-86, 2001.

11 olesis A6 0,95 1395 (yaus (puide Swlfe wire

Joge s yilo slael
- (:-.‘t"

X 8

Isse il sliael

Sl sl ol

b e S0 reb (B3
JUSs Lol uils 2

Sl gl als

<

€ & 2 eS

&iy-8

[1] J. Brandon, Some insights into the dynamics of defective structures,
Proceedings of the Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science, Vol. 212, No. 6, pp.
441-454,1998.

[2] V. I. Babitsky, V. L. Krupenin, Vibration of strongly nonlinear
discontinuous systems, pp. 75-90, New York: Springer Science &
Business Media, 2012.

[3] K. Avramov, O. Gendelman, Quasiperiodic forced vibrations of a
beam interacting with a nonlinear spring, Acta mechanica, Vol.
192, No. 1-4, pp. 17-35, 2007.

[4] A. H. Nayfeh, D. T. Mook, Nonlinear oscillations, pp. 50-63, New
York: Wiley, 2008.

[5] A. H. Nayfeh, Introduction to perturbation techniques, pp. 109-131,
New York: John Wiley & Sons, 2011.

[6] J.-H. He, Variational iteration method—some recent results and
new interpretations, Journal of computational and applied
mathematics, VVol. 207, No. 1, pp. 3-17, 2007.

[7] Y. Chen, J. Zhang, H. Zhang, Free vibration analysis of rotating
tapered Timoshenko beams via variational iteration method,
Journal of Vibration and Control, 2015.

[8] S. Shokrollahi, M. Kavyanpoor, Nonlinear identification of
cantilever beam using free vibration response decay and solving
with  differential transform method, Modares Mechanical
Engineering, Vol. 16, No. 2, pp. 319-328, 2016 (in Persian ~_\4).

[9] F. Ebrahimi, M. Mokhtari, Transverse vibration analysis of rotating
porous beam with functionally graded microstructure using the
differential transform method, Journal of the Brazilian Society of
Mechanical Sciences and Engineering, Vol. 37, No. 4, pp. 1435-
1444, 2015.

[10]C. Touzé, O. Thomas, A. Huberdeau, Asymptotic non-linear
normal modes for large-amplitude vibrations of continuous
structures, Computers & structures, Vol. 82, No. 31, pp. 2671-
2682, 2004.

[11]N. E. Huang, Z. Shen, S. R. Long, M. C. Wu, H. H. Shih, Q. Zheng,
N.-C. Yen, C. C. Tung, H. H. Liu, The empirical mode
decomposition and the Hilbert spectrum for nonlinear and non-
stationary time series analysis, Proceedings of the Royal Society of
London A: Mathematical, Physical and Engineering Sciences, Vol.
454, No. 1971, pp. 903-995, 1998.

[12]J. Yan, J. Deller, NARMAX model identification using a set-
theoretic evolutionary approach, Signal Processing, Vol. 123, pp.
30-41, 2016.

[13]G. De Filippis, J.-P. Noél, G. Kerschen, L. Soria, C. Stephan,
Experimental nonlinear identification of an aircraft with bolted
connections, Nonlinear Dynamics, Vol. 1, pp. 263-278, 2016.

[14]W. Staszewski, Analysis of non-linear systems using wavelets,
Proceedings of the Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science, Vol. 214, No. 11, pp.
1339-1353, 2000.

[15]S. Billings, H. Jamaluddin, S. Chen, Properties of neural networks
with applications to modelling non-linear dynamical systems,
International Journal of Control, Vol. 55, No. 1, pp. 193-224, 1992.

[16]G. Kerschen, K. Worden, A. F. Vakakis, J.-C. Golinval, Past,
present and future of nonlinear system identification in structural
dynamics, Mechanical systems and signal processing, Vol. 20, No.
3, pp. 505-592, 2006.

186


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.39.2
https://mme.modares.ac.ir/article-15-8678-fa.html
http://www.tcpdf.org

