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! Structural health monitoring (SHM)
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! Operational Modal Analysis (OMA)
2 Experimental Modal Analysis (EMA)
® Modal Identification (MI)

* Input-Output methods

> Output-Only method
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! Stochastic Subspace Identification (SSI)

2 Blind Source Separation (BSS)

® Independent Component Analysis (ICA)

* Second-Order Blind Source Separation (SOBSS)
> Short-Time Fourier Transform (STFT)

® Second-Order Blind Identification
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! White Gaussian Noise
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! Time Domain

2 Frequency Domain

® Time-Frequency Domain

* Singular Value Decomposition



e o S 1) Bolas
31 petianns oolaiwl sls 4y (SSI-COV) bl il lggS o 5l 51 g5 oo o lwlils (og, ol 5o
33,5 oo g a5 aslsl 8 SSI-COV ig, s ge 3 [Y]6,5 solitul ool
o ol gldd Jow a0 widl oS osll BB d osle  o)ly slajl a5 09d oo (28 il s
Sk (oo 2 ey
X = AX, +W, (1-Y)
Y, =Cx, +V,
Vi g W il co U350 o Vg cdla oy Xo 29,5 i yle C ipians o e A ddasl,y ol jo
A 00l (6 S0l g g e g8 a5 A

=97 sleodls (g9, 5l (Bolal > glad Jao S 8L 4 jLs SSI-COV g, 0 alie J>

il o glankad Ll e 5le LS55 o JSie e il slonl sl o5 sl

Yi Y YN Y Y o Yiin
Hzi Y, Ys Y Y Yis o Yienn :Y_p
N . . . . . Y
N f (Y-Y)
Yio Yin 0 Yina Y2 Yaa 0 Yaina
Ri Ry - R
TJ/i: Ri+l Ri Rz :Yf(Yp)T (F-Y)
R2i—l R2i—2 Ri

OLaS (Xgd so (5 S ol sans] yoas' |, eobsl Yig ool S eslal slacsbsl Y s lalgy ol jo
wibion | loy 23 50 (25 b)lgsS R dlign (myilo ooledl 5 (slime 42 o T gVl i oo

! Hankel matrix
2 Block Toeplitz matrix
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Mode 1-Yb Extra 1-XYb 1-Xb Extra 2-Yb 2-Xb I-T 2-Yb (2) 2-Xb (2) 3-Yb (extra)
1 First data set 0.0902 — 0.1392 — 0.3652 04243 04752 0.5060 0.5223 —
(ambient)
2 Second data set 0.0914 — 0.1364 — 0.3706 - 0.4645 0.4966 0.5786 -
(ambient)
3a 24 March data at 0.0876* 0.1076% 0.1532¢ 0.2785% 0.3562¢ 0.4567¢ 0.5137¢ 0.5673¢ 0.5957° 0.7288
1:59:24
3b 24 March data at 0.0892 - 0.1354 0.2290° 0.3685 0.4578 0.4785 0.4982 0.5755 0.5997 —
2:00:28
Mode 3-Yb 3-Xb 4-Yb 11 12 13 14 15 16
1 First data set 0.7982 0.9649 1.1507 1.2031 1.2525 — 1.3981 1.6401 1.9463
(ambient)
2 Second data set 0.8010 0.8010 1.1697 12172 12534 1.2856 14149 1.6459 1.9226
(ambient)
3a 24 March data at 0.8038 0.8038 - - - 1.2906* — - o
1:59:24
3b 24 March data at 0.7993 07993 - 12126 1.2600 1.2891 1.4028 1.6325 —
2:00:28
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Mode # | fomna | Be[HZ] | o¢[Hz] | fu 5% 50™ 5™ 95™ f.
[Hz] [Hz] centile centile centile centile [Hz]

I 0.668 | 0.668 | 0.000745 | 0.666 0.667 0.668 0.668 0.669 0.670

II 1.137 | 1.137 | 0.000901 | 1.135 1.137 1.137 1.138 1.139 1.141
111 1.526 | 1.526 | 0.001164 | 1.520 1.525 1.526 1527 1.528 1.531
IV 1.879 | 1.879 | 0.001467 | 1873 1.878 1.879 1.880 1.881 1.884

[¥] (0,8 adss LBy, Lawgs oad slolids JIsge (olpme slocams mls aodls Y=Y Jsox

Mode # E.~nomin:|l I [9'6] O [0'/6] imiu 25”1 50“1 75‘}' 9 5(!1 a.mnx
[%] [% centile centile centile centile [%]

I 1.00 1.02 0.11 0.70 0.94 1.02 1.10 1.21 1.36

11 0.88 0.89 0.08 0.67 0.84 0.89 0.94 1.02 1.13
111 0.92 0.93 0.07 0.73 0.88 0.93 0.98 1.05 1.15
IV 1.00 1.01 0.08 0.79 0.96 1.01 1.06 1.14 1.23
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Measure responses Take STFT
— .
K(f) X([:-T)
Use FT Combine f & T
w xf'f
Meature modal response Use FastiICA
. .‘_ ﬁ_; —
Use HT or LT =
¢ P=A
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Mode values R,; = 0% R,; = 5% R,; = 10%
In g I ¢ . I $ | I 1 )
Hz) ) | @HD ) MAC | wn on M| @n o  MAC
1st 0.83 0.94 0.83 0.96 1.00 0.83 0.01 1.00 0.83 0.74 0.999

2nd 241 2.69 241 2.68 1.00 241 264 0998 242 298 1.00
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% sobi() - Second Order Blind Identification (SOBI) by joint diagonalization
% correlation matrices. THIS CODE ASSUMES TEMPORALLY CORRELATED

% and uses correlations across times in performing the signal

% Thus, estimated time delayed covariance matrices must be

for at least some time delays.

% >> winv = sobi (data);

% >> [winv,act] = sobi(data,n,p);

% Inputs:

% data - data matrix of size [m,N] ELSE of size [m,N,t] where

m is the number of sensors,
N is the number of samples,
t is the number of trials (here, correlations avoid epoch

o° oo

on
(©]
o
o]
o,
U]
R
o
]
0]

)

n - number of sources {Default: n=m}

p - number of correlation matrices to be diagonalized {Default:

min (100, N/3)}

% Note that for noisy data, the authors strongly recommend using at
least 100

o° o

time delays.

>> act = pinv(winv) * data;

% Outputs:

% winv - m,n], aMatrix of size [n estimate of the *mixing* matrix. Its

% columns are the component scalp maps. NOTE: This is the inverse

% of the usual ICA unmixing weight matrix. Sphering (pre-whitening),
% used in the algorithm, is incorporated into winv. i.e.,

% >> icaweights = pinv(winv); icasphere = eye (m);

% act - matrix of dimension [n,N] an estimate of the source activities

% >> data = winv * act;

% [size m,N] [size m,n] [size n,N]

function [H,S,D]=sobi mcc (X, n,p)

[m,N,ntrials]=size (X);

#f



if nargin<l || nargin > 3

help sobi
elseif nargin==1,

n=m; % Source detection (hum...)

p=min (100,ceil (N/3)); % Number of time delayed correlation matrices to be
diagonalized

% Authors note: For noisy data, use at least p=100 the time-delayed
covariance matrices.
elseif nargin==2,
p=min (100,ceil (N/3)); % Default number of correlation matrices to be
diagonalized
% Use < 100 delays if necessary for short data epochs

end;

%% Make the data zero mean

$X(:, :)=normal mat(X(:,:)"',0)";
X(:,:)=X(:,:)-kron(mean(X(:,:)"')"',ones(1,N*ntrials));

%% Pre-whiten the data based directly on SVD
Rx0=X(:,:)*X(:,:)"'"/ (N*ntrials);
[~,S,VV]=svd (Rx0) ;

Q= sgrtm(S)\VvVv';

X(:,:)=0*X(:,:);

%% Estimate the correlation matrices
num win=10;
L win=floor (N/num win);
% p=ceil (L win/4);
p=600;
u=1;
for k=2:p

for jj=0:num win-1

for t = l:ntrials
if t ==

Rxp=X(:,J3*L win+k: (jj+1)*L win, t)*X(:,jJ*L win+l:(jj+1)*L win-
k+1,t) '/ ((jj+1)*L win-k+1)/ntrials;
else

Rxp=Rxp+X (:,JJ*L win+k: (jJJj+1)*L win,t)*X(:,JJ*L win+l:(jj+1)*L win-
k+1,t) "/ ((33+1)*L win-k+1)/ntrials;
end;
end;
Rxp=0.5* (Rxp+Rxp'); % to symmetrize the covariance matrices
(recommended)
M(:,u:utm-1)=Rxp; % (Frobenius norm = sqgrt (sum(diag (Rxp'*Rxp))))-——--—
-—-> this code line (Frobenius norm) was deleted in this version and no
significant change observed!
u=u+m;
end;
end
%% Perform Joint Approximate Diagonalization (JAD)
[m,pm]=size (M) ;
epsil=1/sqrt (N)/100;
encore=1;
V=eye (m) ;

0



iter=0;
while encore,
iter=iter+1;
encore=0;
for p=1:m-1,
for g=p+l:m,

Q

% Perform Givens rotation

g=[ M(p,p:m:pm)-M(q,qg:m:pm) ;
M(p,q:m:pm) +M(q, p:m:pm) ;
1i*(M(g,p:m:pm) -M(p,g:m:pm) ) ];

[vcp,D] = eig(real(g*g'));
[~,K]=sort(diag (D)) ;
angles=vcp (:,K(3));
angles=sign (angles (1)) *angles;
c=sqrt (0.5+angles (1) /2);
sr=0.5* (angles (2)-1j*angles (3)) /c;
sc=conj (sr);

oui = abs(sr)>epsil ;
encore=encore | oui ;
if oui , % Update the M and V matrices
colp=M(:,p:m:pm) ;
colg=M(:,g:m:pm) ;
M(:,p:m:pm)=c*colp+sr*colqg;
M(:,g:m:pm)=c*colg-sc*colp;
rowp=M(p, :);
rowg=M(qg, :);
M(p, :)=c*rowp+sc*rowqg;
M(qg, :)=c*rowg-sr*rowp;
temp=V (:,p)
V(:,p)=c*V(:,p)+sr*V(:,q);
V(:,9)=c*V(:,q)-sc*temp;
end%% 1if
end%%s g loop
end%%s p loop

end%% while
off diag M=0;
diag M=0;qgq
for jj=l:m:pm
diag M=diag M+sum(diag(M(:,jj:jj+m-1))."2);
off diag M=off diag M+sum(sum(M(:,3jj:Jjj+m-1).%2))-sum(diag(M(:,3Jj:jJj+m-
1)).72);

% Estimate the mixing matrix

H = pinv (Q) *V;

o\°

oe

Estimate the source activities

oe

if nargout>1l
S=V'*X(:,:,1); % estimated source activities
end
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Abstract

Nowadays, it is very important to obtain dynamic specifications to monitor the
health and control and improve the structures that were built in the past. Over the
years, a variety of methods based on signal processing knowledge have been
proposed that have recently made significant progress.these methods has
limitations that some of blind source separation limitation have been addressed in
this dissertation.

In structures with high damping, identification of mechanical properties such as
natural frequency, damping ratio and modal shapes is very important because the
presence of energy depreciating tools makes it difficult to identify dynamic
parameters. In cases where the outputs have a lot of noise and in the structure that
energy depreciating tools are used, blind source separation method is not accurate
enough to estimate modal parameters.

One of the important points in identifying the modal parameters is the type of
external excitation of the structure. These excitations can be considered as
stationary signals and nonstationary signals. Conventional structural identification
methods are not able to identify modal parameters excited by nonstationary
signals.

In this dissertation, a method is proposed that by using the modified cross-
correlation technique and performing operations on the cross-correlation of
structural responses, it is possible to identify the modal parameters stimulated by
the unstable signal. Also, the accuracy of calculating the damping ratio in the
presence of medium to high damping has increased. To evaluate the performance
of the proposed method, numerical simulation has been used which the results

show that with the proposed method, natural frequencies and shape of structural



modes with an error of less than 1% have been estimated. Damping ratios with less
than 6% error were also obtained. A laboratory model has been used to validate

presented method.

Keywords: Structural health monitoring, System identification, Operational
modal analysis, SOBSS algorithm, Response filtering, Modified cross-correlation

method.
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