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3 Inherent Modal Functions (IMFs)
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! Electroencephalogram (EEG)

2 AM: Amplitude Modulated; FM: Frequency Modulated
* Product Functions (PFs)

* Overshoot & undershoot

> End effects

% Rotating machinery
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" Single Input-Single Output (SISO)
* Multi Input-Multi Output (MIMO)
? Causality
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! Time Invariant
* Superposition principle
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? Cross-correlation

* Complex conjugate
* Weakly stationary
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? Orthogonal

? Statistical independence
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! Transfer function
? Windowing

3 Parks-McClellan
* Low-pass filter

> Band-pass filter
% High-pass filter

7 Notch filter

¥ Band-stop filter
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! Signal processing toolbox

A



il delaie a5 sla o )T sbacins 5 bagygin a5 ol (nyo (o yilo 1 dalaiie o sl -
2ol L8 QT Sl (FV-Y) abal ) STaansS swlae [ A s 5le (2L, b
ATA=AAT =] (¥V-Y)
(V-1 adal, 5lacul a5 il T g e ile oolgdl 5 oaums yLas “T7 wgVb o] o a5
(A_l :AT ) o] ).3‘).3 QT OQLQA‘).’ L: dwoleio u.u.s).sLo LS.: uu5s.uo as &_AS; donls 0‘9"60
= b ply (B3 b Ghleoledl 3 STt sS ol 1) A (s pe e il 1y lie e il -
A=A"

a2l plp Golan 3L (Aleslesl i ST eansS o liesl ) A (o pe u ilo 1oy liesly o il -
A=-A" ey

09,5 03lgil 3 Jolas calizen il o sl a o o0lgil 5 1 e ile S ey o0ledl s -

o=l & g o0 pamiie THY Gugl g wiloe o sloasls 0955 @995 e 3 ile O

Y wrtE& . ,Y‘ . of e
Dgd o XS 8z ie ool ¢ Jos

Aol 185 T sl (FASY) adaly 31 Jboyi A caye e sle i lo g o yile -

AHA= AAH (Y‘V-\“)

o3lgdl i L ol Jlacie ;818 (tepn [ B Ll st (mype e ils 1 sin o s yilo -
BT =B ¢ e il Gl ey
oS5 b ol e 5T kesS bt |y B Bl (oo ol F it Bl o5l

B usleie Ll S G sle sla S5 cn e 5l 5 BT =B o il il e

" Orthogonal matrix

* Hermitian transpose
* Conjugate transpose
# Unitary matrix
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! positive definite

2 Jacobi method

3 Givens rotation

* Rayleigh quotient iteration
5 Power method
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* Neural Network
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! Statistical independence
? Independent Component Analysis (ICA)
? Second-Order Blind Source Separation (SOBSS)
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! Non-Gaussianity

? Central Limit Theorem
3 Kurtosis

* Negentropy

> Expectation operator

% Kronecker delta

7 Identity matrix
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! Whitening
* Joint Approximate Diagonalization (JAD)
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function x RD=RDT (x,trig level,RD num)

o

[m,n]=size(x); % X is a row vector matix (m<<n)

for mm=1:m
sigma=std(x (mm, :))
trig=sigma*trig level (mm) ;
start point=[];
cont=[1];

JjJ=1;

kk=1;

for ii=1:n
if x(mm,ii)>=trig
cont (J3j)=11;
if 33>1 && (cont(jj)-cont(jj-1))>1
start point (kk)=ii;
kk=kk+1;
end
JJ=JJ+1;
end
end
start point=[cont (l),start point];
for 1i=1:RD num
y=0;
ji=1;
while jj<=length(start point)
if (ii+start point(jj))>n
JJ=3J-1;
if 33==0
JJ=1;
end
break
end
y=y+x (mm,ii+start point (jj));
Jj3=3j+1;
end
x_RD (mm, ii)=(1/39) *y;
end

num point=length (start point)
end

x RD=(normal mat (x RD',0))";
end
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% LMD
% X - input signal (must be a column vector)
% n - number of Product Functions

o°

lag - moving average step size

% sampling rate set to 200; differnt value can be replaced at
Line:"IF(jj,:)=..."

function [IA,IP,PF] = Imd 2(x,n,laq)
if nargin<3
lag=ones (1l,n);

end

% copy of the input signal (as a row vector)
N = length (x);

Q
I
b

PF=zeros (n,N) ;

eps=N*0.0001;

R=3; % this parameter affect the moving average step size. to
extract transient components (higher modes) R=5, and for slow-
varying siganl R=3 have been proposed;

for jj=1:n % the stop criterion is tested at the end of the loop
h=c;
aa=ones (1,N);
rr=0;
while 1
rr=rr+1;

o°
o°

¢}

% find local max/min points

d = diff(h); % approximate derivative

maxmin = []; % to store the optima (min and max without
distinction so far)
h m=[];
maxmin m=[];
peaks=[];
ml=[];
al=[];
for i=1:N-2
if d(i)== $ we are on a zero
maxmin = [maxmin, 1i];

VO



elseif (d(i)*d(i+1))<0 % we are straddling a

Zero so
maxmin = [maxmin, i+1]; % define zero as at
i+l (not 1i)
end
end
0000000000000000000000000000
OO0OO0O0OOO0OOOOOOOOODOOODOOODOOOOOOO™O
if size (maxmin,2) < 2 % then it is the residue
break
end
9000000000000000000000000000
OOO0OO0OOOOOOOOOOOOOODOOODOOOOOO©O™O
h m,maxmin m]=boundary process (h,maxmin); % mirror

[
extension to improve end effect issue

gmaxmin m=[1l,maxmin, N];
sh m=h;

peaks=h m(maxmin m);
nn=length (maxmin m);

o°
o°

% finding local mean and local amplitude
for ii=1l:nn-1
ml (maxmin m(ii) :maxmin m(ii+1)-
1)=(peaks (ii)+peaks (1i+1))/2;
al (maxmin m(ii) :maxmin m(ii+1)-1)=0.5*abs ((peaks (ii)-
peaks (ii+1)));
delta maxmin m(ii)=maxmin m(ii+l)-maxmin m(ii);
end

if nargin<3
lag(jj)=floor ((max(delta maxmin m))/R);
if lag(jj)<5b
lag(33j)=5;
end
end

% boundary process for controlling end effect issue

% ml_start=(peaks(l)+2*peaks(2)+peaks(3))/4;

% al start=(abs (peaks(1l)-peaks (2))+abs (peaks(2)-

peaks (3)))/4;

% ml_endz(peaks(end—2)+2*peaks(end—1)+peaks(end))/4;

% al end=(abs (peaks (end) -peaks (end-1) ) +abs (peaks (end-1) -

peaks (end-2)))/4;

ml=[ml start,ml(2:end-1),ml end];
al=[al start,al(2:end-1),al end];
maxmin=[1,maxmin];

o o° oo

o°
o°

%linear interpolation

% m2=interpl ((maxmin m(l:nn-
1))',ml', (l:1length(h m))', 'linear', 'extrap');
% az=interpl ( (maxmin m(l:nn-
1))',al', (l1:1length(h m)) ', 'linear', 'extrap');

VO



o°

m2=m2"';
az=az';

o°

o)

% moving aveage process for making "m(t)" and "a(t)"
kk=ones (1,1lag(jj))/lag(3ij);

m2=conv (ml, kk, "'same"') ;

a2=conv (al, kk, 'same') ;

o°
oe

Q.

% converting to original signal length
t0=floor((length(h_m)—N)/Z);

m3=m2 (t0+1:t0+N) ;

a3=a2 (t0+1:t0+N) ;

% stopping criteria

z=a3-ones (1,N);

z bar=(sum(z) /N) *ones (1,N);

rms_z=sqgrt (sum(z."2)/N);

ek z=abs (-3+ (sum((z-z_bar).”4)/N)/ (sum((z-
z bar) .”2) /N)"2);

s(rr,:)=(h-m3)./(a3+1le-8*ones (1,N)) ;
a(rr, :)=aa.*a3;

aa=a(rr, :);

if rr>1

sO=s(rr-1,:);

al0=a(rr-1,:);
else

sO=s(rr, :);

al0=a(rr,:);
end

ER(rr)=rms_z+ek z;

if ER(rr)<=eps
break

end

if rr>4 && ER(rr)>ER(rr-1) && ER(rr-1)>ER(rr-2)

sO=s(rr-3,:); alO=a(rr-3,:);
break

end

if rr>100

disp('Warning:LMD algorithm cant to find the
solutions')
disp('Please change the "lag" parameter for moving
average process or increase the "eps" parameter as telorance')
break
end

h=s(rr, :);

end

\OY



A(jjl ):a

S(jj,:)=s0;

F(]jr )=I (j]l-) (]jr-)r
P(jj,:)=re (aCOS(S(]]r-)));

c = c-PF(33,:);
end

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

[m,N,ntrials]=size (X);
if nargin<l | nargin > 3

help sobi
elseif nargin==

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(:,:)=X(:,:)-kron(mean(X(:,:)")'"',ones(1,N*ntrials));
% Pre-whiten the data based directly on SVD

%

UU, SS,VV]=svd(X(:,:)"',0);
VOY



Q= pinv (SS)*VV';
X(:,:)=0*X(:,:);

o°

Estimate the correlation matrices

o°

k=1;
pm=p*m; % for convenience
for u=l:m:pm,

k=k+1;
for t = l:ntrials
if t ==
Rxp=X(:,k:N,t)*X(:,1:N-k+1,t) "'/ (N-k+1)/ntrials;
else
Rxp=Rxp+X(:,k:N,t)*X(:,1:N-k+1,t) "'/ (N-k+1)/ntrials;
end;
end;
M(:,u:u+m-1)=norm (Rxp, 'fro') *Rxp; % Frobenius norm =
end; %

sqgrt (sum(diag (Rxp'*Rxp)))

o°

o°

Perform joint diagonalization

o\°

epsil=1/sqgrt (N)/100;
encore=1;
V=eye (m) ;
while encore,
encore=0;
for p=1:m-1,
for g=p+l:m,

¢}

% Perform Givens rotation
g=[ M(p,p:m:pm)-M(q,gq:m:pm) ;
M(p,g:m:pm) +tM (g, p:m:pm) ;
i* (M(g,p:m:pm)-M(p,qg:m:pm) ) ];
[vcp,D] = eig(real(g*g'));

[la,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) -j*angles (3)) /c;

sc=conij (sr) ;

ouli = 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(q, :) ;

M(p, :)=c*rowptsc*rowq;

M(qg, :)=c*rowg-sr*rowp;

temp=V (:,p);

Vof



<
e}
Il

C*V(:,p)+sr*V(:,q);
V(:,9)=c*V(:,q)-sc*temp;

end%% g loop
end%% p loop
end%% while

o°

o°

Estimate the mixing matrix

o°

s

= pinv (Q) *V;

o\°

o\

Estimate the source activities

o°

if nargout>l
for ii=l:ntrials
S(:,:,11)=V"*X(:,:,11); % estimated source activities
end
end

GO Ee> -0 -
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Abstract

Nowadays, there are many important existing structures which a comprehensive
knowledge about their dynamical properties, i.e. natural frequencies, damping ratios,
and mode shapes, is necessary for any structural evaluation, control or rehabilitation
purpose. In recent decades, as a result of developments in the signal processing
techniques, several methods have been proposed in this concept and each method has
some benefits and shortcomings. In this thesis, we have investigated two recently
developed algorithms in signal processing context and try to fix their restriction when
using in modal parameters identification purpose.

In the first proposed method, Local Mean Decomposition (LMD) algorithm has been
utilized in modal parameters identification context for the first time. To prevent the
mode mixing phenomenon, a preprocessing step including filtering of the responses has
been used. The ability of the proposed method has been investigated due to some
numerical and experimental simulations and the results compared with those obtained
from Hilbert-Huang Transform (HHT). As a major advantage, the proposed method can
extract natural frequencies and damping ratios of all active modes from only one
suitable measurement. However, the responses at all DOFs are required for estimation
of the structural mode shapes. The identification results from numerical simulations in
the free vibration test showed that the maximum estimation error of the natural
frequencies for the first proposed method and the HHT method were 1% and 0.5%,
respectively. Also, the maximum estimation error of the damping ratios for the first
proposed method and the HHT method were 4.1% and 6.2%, respectively. The mode
shape vectors identified by both methods had MAC values greater than 99.8%, which
means a high level of accuracy. It should be mentioned that the estimation errors in both
methods increase for poorly-excited modes. In addition, owing to the filtering step, the
existence of noise in the measurements has no considerable effect on the identification
results of both methods. Investigating the plots of instantaneous phase angles and the
natural logarithm of instantaneous amplitudes showed that the first proposed method in
comparison with the HHT method is less affected by the end effect issue. Also, the
proposed method showed fewer deviations from the linear form in a longer time
interval. The identification results of the experimental simulation with ambient

vibrations showed that the natural frequencies are accurately identified by either the first



proposed method or the HHT ones. Moreover, the maximum estimation error of the
damping ratios in the case of 10% noise is restricted to 7% and 6%, respectively, for the
first proposed method and the HHT ones.

The second proposed method is based on Second-Order Blind Source Separation
(SOBSS) algorithm. A major restriction of the standard SOBSS algorithm in the
identification context is that the responses in all DOFs should be recorded. In the
current research, this problem has been resolved by reducing the number of active
modes in the measurements using the filtering technique so that the number of active
modes is equal to the number of measurements. Then the standard SOBSS algorithm
can be applied on the filtered responses to extract the modal parameters of the structure.
The identification results of a simulated 5-story shear frame for different noise levels
showed that the noises in the measurements cause to increase the estimation errors of
the damping ratios in the second proposed method (the maximum error of 23.5%).
However, the natural frequencies and the mode shape vectors identified by this method
have not been considerably affected by the noise level. Although in both cases of free or
ambient vibrations, the proposed method can identify the active modes using only two
measurements, but more accuracy can be achieved for poorly excited modes, by
increasing the number of measured DOFs. The identification results of the experimental
simulation indicate the disability of the second proposed method in estimation of the
damping ratios of the poorly-excited modes (with maximum errors of 41%).
Nevertheless, the estimation errors of the natural frequencies for all of the identified

modes are less than 1% and the corresponding MAC values are approximately 100%.

Keywords:
Modal parameters identification, LMD algorithm, SOBSS algorithm, filtering the

measurements
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