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ABSTRACT 

The p u r p o s e of th i s d i s se r ta t ion is to d e v e l o p a sys temat ic app roach for fault 

m o n i t o r i n g and d i a g n o s i s for nuc l ea r p o w e r p lan t s y s t e m s and ro ta t ing mach ine ry u s i n g 

shor t - t ime F o u r i e r t r ans fo rm ( S T F T ) and w a v e l e t t r ans fo rm t e c h n i q u e s dur ing s ta t ionary 

and t r ans i en t o p e r a t i n g c o n d i t i o n s . 

This r e s e a r c h e x p l o r e d the s ignif icant i m p r o v e m e n t s in the s igna l - to -no ise rat io 

w h e n the o r ig ina l s ignal w a s d e c o m p o s e d into different leve ls u s ing the mul t i r e so lu t ion 

ana lys i s ( M R A ) t e c h n i q u e . The M R A w a s c o m b i n e d wi th the s tandard digital s ignal 

p r o c e s s i n g t e c h n i q u e s for d i a g n o s t i c s p u r p o s e s . A data ana lys i s sys t em, that in tegra tes 

severa l M A T L A B signal p r o c e s s i n g t o o l s , w a s d e v e l o p e d and i m p l e m e n t e d wi th 

app l i ca t ions to a c o m m e r c i a l p r e s s u r i z e d w a t e r r eac to r and a ro ta t ing m a c h i n e r y sys t em. 

A m e t h o d for e s t a b l i s h i n g o p t i m a l w a v e l e t se lec t ion , u s i n g m i n i m u m entropy app roach , 

was d e v e l o p e d and app l i ed to actual da ta . 

The p r o b l e m s to be inves t iga ted in n u c l e a r p o w e r p lant sys t ems w e r e conce rned 

wi th the de t ec t i on and c h a r a c t e r i z a t i o n of t r ans i en t s in the da ta . The s ta t ionary or t i m e -

d e p e n d e n t c h a r a c t e r i s t i c s of fuel channe l v ib ra t ion and the e s t ima t ion of the frequency 

charac te r i s t i c s of the t r a n s i e n t s igna ls w e r e a n a l y z e d us ing the m u l t i r e s o l u t i o n ana lys i s . 

The reac to r da ta ana lys i s r e v e a l e d the d o m i n a n t f requenc ies t r igge r ing the d ips and spikes 

in the t r ansmi t t e r ' s ou tpu t s i g n a l s . The c o h e r e n c e , p o w e r spec t rum and cross spec t rum 

w e r e e s t ima ted for the n e u t r o n de tec to r and p r o c e s s s i gna l s . 
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The ro ta t ing m a c h i n e r y cond i t i on mon i to r ing p r o b l e m addressed the 

cha rac t e r i z a t i on of the s ta r t -up and s h u t - d o w n s ignatures of a ro tor rig u n d e r different 

ope ra t ing c o n d i t i o n s . The p r o m i n e n t spectral c o m p o n e n t s of the s ignal w e r e t racked in 

the t ime- f r equency and t i m e - s c a l e d o m a i n s dur ing rotor speed va r i a t i ons . The 

c o m b i n a t i o n of STFT and w a v e l e t t ransform t e c h n i q u e s p rov ided a robus t approach for 

de tec t ing inc ip ien t c h a n g e s in the p r o c e s s signal dur ing s teady-s ta te opera t ion . These 

c h a n g e s m i g h t be ind ica t ive of poss ib l e anoma l i e s in the plant e q u i p m e n t or in the 

p r o c e s s sensors . 

Op t ima l w a v e l e t func t ions w e r e es tab l i shed for the p r o b l e m s of in teres t w h i c h 

were b road ly classified as low frequency (0-20 Hz reac tor s ignal) and m e d i u m frequency 

(20-500 Hz m o t o r rig s igna ls ) in format ion r anges . The result of th is r e sea r ch w a s an on­

line cond i t ion m o n i t o r i n g sy s t em that in tegra tes mul t i r e so lu t ion ana lys i s ( M R A ) us ing 

wavele t t rans form and the sho r t - t ime Four ie r t ransform ( S T F T ) m e t h o d . The signal 

analysis m e t h o d o l o g i e s w e r e i m p l e m e n t e d u s i n g the M A T L A B software too l s . 
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CHAPTER 1 

Introduction 

1.1 Background and Motivation 

The d e m a n d for m o n i t o r i n g and fault d i a g n o s i s of p roces s d y n a m i c s and sensors 

in indust r ia l sys t ems has inc reased the efforts to d e v e l o p n e w data ana lys i s t e chn iques . 

The m a i n goal of th is t e c h n o l o g i c a l i m p r o v e m e n t is to ob ta in m o r e deta i led informat ion 

con t a ined in the m e a s u r e d data t h a n had b e e n p r e v i o u s l y poss ib l e . S tandard digi tal 

s igna l s p r o c e s s i n g t e c h n i q u e s , such as t i m e ser ies s ta t i s t ics , co r re la t ion ana lys i s and fast 

F o u r i e r t ransform (FFT) h a v e b e e n u s e d to de tec t faults in p lan t c o m p o n e n t s . The 

r e su l t s s h o w e d that they w e r e n e i t h e r sens i t ive to smal l and shor t - t e rm a n o m a l i e s , nor in 

t r a c k i n g nons ta t iona ry s igna l s . 

The early de tec t ion of a n o m a l i e s in c o m p l e x indus t r ia l sy s t ems is crucial for 

safety and e c o n o m i c opera t ion . The c h a l l e n g e is to identify and cha rac te r i ze the causes of 

the anoma l i e s dur ing the inc ip ien t s tage b e c a u s e the s ignals are s o m e t i m e s w e a k e n e d by 

no i se backg round . N e w t e c h n o l o g i e s are b e i n g d e v e l o p e d for m o n i t o r i n g and fault 

d i agnos i s of p lant sy s t ems . T h e s e t e c h n o l o g i e s he lp to e n h a n c e dec i s ion m a k i n g for 

m a i n t e n a n c e and sys t em recon f igu ra t i on . 

Sys tems that opera te in a s ta t ionary m o d e are usua l ly ana lyzed wi th s tandard 

Four i e r t ransform t e c h n i q u e s . W h e n a sy s t em is n o n s t a t i o n a r y or u n d e r g o e s a t rans ient , 

the Four i e r t e chn ique does not p r o v i d e p r o p e r in fo rmat ion about the s igna ls . The 
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ana lys i s of n o n s t a t i o n a r y s ignals should be pe r fo rmed u s i n g the t i m e - f r e q u e n c y (Shor t -

t i m e Four i e r t r ans fo rm , S T F T ) and t ime-sca le (wave le t t r a n s f o r m ) t e c h n i q u e s . The 

in t eg ra t ion of S T F T and w a v e l e t t ransform p r o v i d e s a m o r e power fu l too l for s ignal 

m o n i t o r i n g t han the s tandard F F T ana lys i s . 

D u r i n g the pas t decade w a v e l e t t r ans fo rms h a v e b e e n app l i ed successful ly to 

m a n y p r o b l e m s in d iverse fields of sc ience and e n g i n e e r i n g . The i n t eg ra t i on and 

app l i ca t ion of t he se m e t h o d s in nuc lea r p o w e r p lan t c o n d i t i o n m o n i t o r i n g is still in its 

infancy. 

1.2 Statement of the Problem and Proposed Solution 

The major effort of this r e sea rch was to deve lop a m e t h o d for m o n i t o r i n g and 

d i a g n o s i s of p r o c e s s or sensor a n o m a l i e s us ing the d i sc re te w a v e l e t t r ans fo rm and short -

t i m e Four i e r t r ans fo rm t e c h n i q u e s and to apply this m e t h o d to n u c l e a r p o w e r p l an t s and 

ro ta t ing m a c h i n e r y sys t ems . The e m p h a s i s was on the ana lys i s of t r a n s i e n t and shor t - t e rm 

b e h a v i o r of n u c l e a r p o w e r p lan t p r o c e s s s ignals and m a c h i n e r y s igna l s . 

The n u c l e a r p o w e r plant data that w e r e ana lyzed for r e s e a r c h c o n s i s t e d of 

m e a s u r e m e n t s of the f low and p re s su re sensor s ignals from a p r e s s u r i z e d w a t e r r eac to r 

s h o w i n g s t rong and i r regula r flow d ips . The in-core and e x - c o r e n e u t r o n flux de tec to r 

s igna l s , we re also ana lyzed in order to m o n i t o r pos s ib l e fuel a s s e m b l y v i b r a t i o n dur ing 

the full p o w e r r eac to r opera t ion . 



The n u c l e a r p o w e r p lan t data ana lys i s , u s i n g the w a v e l e t and S T F T t e c h n i q u e s , 

p u r s u e d the de t ec t i on and cha rac t e r i za t i on of t r ans i en t s in the data. The e s t ima t ion of the 

f requency con t en t s of the f low and p re s su re s igna ls before , du r ing and after a t r ans ien t 

w a s also cons ide red . The def ini t ions of the t ime d e p e n d e n c y and s ta t ionary 

cha rac t e r i s t i c s of the fuel channe l v ib ra t ion w e r e also es tab l i shed . F u n c t i o n s such as 

c o h e r e n c e , p h a s e , c ross s p e c t r u m , and p o w e r s p e c t r u m w e r e eva lua ted . 

The ro ta t ing m a c h i n e r y m o n i t o r i n g and d i agnos i s w a s c o n c e r n e d w i t h the 

i nves t i ga t i on of a ro tor a s s e m b l y b e h a v i o r du r ing s teady-s ta te and t r ans i en t ope ra t i ng 

c o n d i t i o n s . The n o n s t a t i o n a r y analys is was pe r fo rmed us ing the d i sc re te w a v e l e t 

t r ans fo rm and STFT t e c h n i q u e s to cha rac te r i ze the s tar-up and s h u t - d o w n s igna tu res of 

the ro to r rig u n d e r different ope ra t i ng cond i t i ons (no rma l , i m b a l a n c e and m i s a l i g n m e n t ) . 

The p r o m i n e n t spectral c o m p o n e n t s of the s igna ls w e r e t r acked in the t ime- f requency 

d o m a i n dur ing the m o t o r speed var ia t ion . The s ta t ionary ana lys i s in tegra ted the 

m u l t i r e s o l u t i o n ana lys i s ( M R A ) and STFT t e c h n i q u e s . 

The m u l t i r e s o l u t i o n ana lys i s ( M R A ) theory w a s used to pe r fo rm m o s t of the data 

ana lys i s in th is d i s se r ta t ion . Th i s t e c h n i q u e p r o m i s e s to b r ing n e w ins igh t into s ignal 

ana lys i s . It also offers s ignif icant i m p r o v e m e n t s in the s igna l - t o -no i se ra t io . The 

n o n s t a t i o n a r y da ta ana lys i s w a s inves t iga ted us ing the d iscre te w a v e l e t m a p p i n g (2-D and 

3-D D W T ) t e c h n i q u e to cha rac t e r i ze the t ime- f requency s igna tu res . 
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A m u l t i c h a n n e l da ta ana lys i s sy s t em, w h i c h c o m b i n e s the features of M R A and 

the r o b u s t n e s s of F F T t e c h n i q u e s , w a s d e v e l o p e d to ob ta in the spectral and c ross - spec t ra l 

dens i t i e s and c o h e r e n c e of severa l s ignals from the e x p e r i m e n t a l sys tems . 

Th i s d i s se r t a t ion r e s e a r c h p e r fo rmed a sys t ema t i c inves t iga t ion of different t ypes 

of w a v e l e t funct ions and ident i f ies the op t ima l w a v e l e t to apply for each p r o p o s e d 

p r o b l e m . F i g u r e 1.1 s h o w s the bas ic b l o c k s i nd i ca t i ng the t echno log ica l d e v e l o p m e n t that 

w a s p e r f o r m e d in the d i s se r t a t ion r e s e a r c h ac t iv i t ies . 

TECHNOLOGICAL DEVELOPMENT 

Multichannel Multiresolution 2-D and 3-D DWT 

Analysis Analysis Analysis 

Data Optimal Classical Data 

Pre-processing Wavelet Analysis 

F i g u r e 1.1. T e c h n o l o g i c a l D e v e l o p m e n t 
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1.3 Review of Previous Work 

The f r e q u e n c y - d o m a i n an a ly s i s h a s been appl ied successful ly in m a n y 

e n g i n e e r i n g p r o b l e m s s ince B a p t i s t e J e a n - J o s e p h Four i e r i n t roduced the Fou r i e r ana lys i s 

in 1860. The F o u r i e r t r a n s f o r m u s e s , as its o r t h o n o r m a l bas i s func t ions , infinite 

s inuso ida l w a v e s . The i n t e r p r e t a t i o n of the de r ived s igna tu res r e q u i r e s that the signal be 

s ta t ionary. The a v e r a g e c a l c u l a t i o n over t i m e and l o c a l - t i m e in fo rmat ion is not avai lable . 

The Four i e r a n a l y s i s and its a p p l i c a t i o n s are ex tens ive ly d i scus sed in the 

l i tera ture . The F o u r i e r t e c h n i q u e h a s b e e n used as a s tandard m e t h o d for the ana lys i s of 

s ignals from nuc l ea r p o w e r p l a n t s and from p r o c e s s p lan t m a c h i n e r y [ 1 , 2, 3 ] . 

The t r ad i t iona l F o u r i e r spec t ra l ana lys i s is not appropr i a t e for cha rac t e r i z ing 

nons t a t iona ry s ignals . To o v e r c o m e th is p r o b l e m , G a b o r [4] i n t roduced the shor t - t ime 

Four i e r t ransform ( S T F T ) for t i m e - f r e q u e n c y ana lys i s . A l t h o u g h the t ime- f requency 

d i s t r ibu t ion m e t h o d is very useful , it h a s a r e so lu t ion l imi ta t ion . The l i tera ture on the 

app l ica t ions of this t e c h n i q u e , in severa l e n g i n e e r i n g p r o b l e m s , is very ex tens ive . See , for 

e x a m p l e , r e fe rences [5 -9 ] . 

The w a v e l e t t r a n s f o r m i n t r o d u c e s the t i m e - s c a l e ana lys i s and it o v e r c o m e s the 

l imi ta t ions of the t i m e - f r e q u e n c y t e c h n i q u e s . The w a v e l e t t r ans fo rm p r o v i d e s n e w insight 

into digital s ignal p r o c e s s i n g . It o v e r c o m e s the l imi t a t ions of the Fou r i e r t ransform. 

A l t h o u g h the wave le t t r a n s f o r m t e c h n i q u e is re la t ive ly n e w , the re are quite a few art icles 
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and b o o k s p u b l i s h e d on the wave l e t theory and its a p p l i c a t i o n s . See, for e x a m p l e , 

r e fe rences [10-22 , 2 8 ] . 

N o n s t a t i o n a r y ana lys i s in a nuc lea r p o w e r p lan t u s i n g the i n s t a n t a n e o u s auto-

r e g r e s s i v e (AR) m o d e l t e c h n i q u e [23-24] and adap t ive AR t e c h n i q u e [3] for ro ta t ing 

m a c h i n e r y h a v e b e e n r epo r t ed . This m e t h o d w a s s h o w n to be h igh ly efficient in de tec t ing 

c h a n g e s in the s ta t is t ical p r o p e r t i e s of the s igna ls . 

Re fe r ence [25] de sc r ibe s an appl ica t ion of the m u l t i r e s o l u t i o n ana lys i s ( M R A ) in 

n u c l e a r p o w e r p lan t s ignal ana lys i s . In this r e f e r ence , s igna ls from a s t eam genera tor , 

m e a s u r e d dur ing p o w e r t r ans i en t s , we re d e c o m p o s e d . After d e c o m p o s i n g the s igna ls into 

n ine w a v e l e t levels the i r v a r i a n c e s w e r e c o m p u t e d . The resu l t s r e v e a l e d a significant 

difference in the l ower b a n d s in the t rans ien t case . 

R e f e r e n c e s [26, 27] descr ibe a signal e s t i m a t i o n m e t h o d u s i n g w a v e l e t and 

Art if icial N e u r a l N e t w o r k s ( A N N ) . The t ime ser ies s ignal c o m p o n e n t s from the wave l e t 

d e c o m p o s i t i o n w e r e used as inputs to an A N N , w i th the c o r r e s p o n d i n g p o w e r spectral 

dens i t i e s . Once the n e t w o r k w a s t ra ined , ano ther par t of the s ignal not u s e d before was 

e s t ima ted . The e s t i m a t i o n of the m a i n signal t h r o u g h the e s t i m a t i o n of the sub -band 

s ignal c o m p o n e n t s is qui te accura te . This t e c h n i q u e is very i m p o r t a n t in the con tex t of 

m o n i t o r i n g and fault de t ec t ion , and further r e s e a r c h is n e c e s s a r y in th i s area [ 4 0 - 4 2 ] . 



In reference [54 ] , the author s h o w s the app l i ca t i on of the w a v e l e t t rans form to 

detect the s ingular i ty of d y n a m i c sys t ems after the s ignal is d e - n o i s e d . The th r e sho ld 

m e t h o d deve loped in this re fe rence w a s appl ied to the d y n a m i c s of the K o r e a 

m u l t i p u r p o s e r e sea r ch reac tor . 

In the m a c h i n e r y cond i t ion m o n i t o r i n g area t h e r e are severa l app l i ca t i ons of 

m o d e r n signal p r o c e s s i n g t e c h n i q u e s , such as the s h o r t - t i m e F o u r i e r t r a n s f o r m , W i g n e r -

Vil le d is t r ibu t ion and w a v e l e t t ransform. Resu l t s o b t a i n e d by u s i n g the w a v e l e t t e c h n i q u e 

for m o t o r m o n i t o r i n g , unde r t rans ien t condi t ion , h a v e r ecen t l y s h o w n that th i s t e c h n i q u e 

p r o m i s e s to be a powerfu l tool to detect frequency c o m p o n e n t s i n d i c a t i v e of the loca t ion 

of faults [30, 44 , 64 , 69 , 72 , 7 8 ] . 

1.4 Contributions of the Dissertation 

There are severa l areas of r e sea rch in n o n s t a t i o n a r y and s ta t ionary s ignal ana lys i s . 

The d e v e l o p m e n t of an in tegra ted signal p r o c e s s i n g a p p r o a c h and app l i ca t i ons to 

mach ine ry surve i l l ance and d i agnos i s of i n s t r u m e n t a t i o n b e h a v i o r in a n u c l e a r p o w e r 

p lant are the focus of th is r e sea rch . 

The fo l lowing are the con t r ibu t ions of this d i s se r t a t ion : 

• D e v e l o p m e n t and i m p l e m e n t a t i o n of an i n t eg ra t ed s y s t e m a p p r o a c h for fault 

m o n i t o r i n g and d iagnos i s in nuc lear p o w e r p l a n t s , u s i n g s h o r t - t i m e Four i e r 
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t r an s fo rm ( S T F T ) and d i sc re te w a v e l e t t r ans fo rm t e c h n i q u e s dur ing t rans ien t 

c o n d i t i o n s . 

D e v e l o p m e n t of a da ta ana lys i s m e t h o d wi th app l ica t ion to n u c l e a r p o w e r 

p l a n t s , to de tec t and cha rac t e r i z e t r ans i en t s in the data and es t imate the i r 

f requency c o n t e n t s . 

I m p l e m e n t a t i o n of a c o m b i n e d m u l t i r e s o l u t i o n ana lys i s ( M R A ) and fast¬ 

F o u r i e r t r ans fo rm ( F F T ) t e c h n i q u e ( m u l t i c h a n n e l ana lys i s ) , to be appl ied in 

the ana ly s i s of s ta t ionary da ta from n u c l e a r p o w e r plant . 

I m p l e m e n t a t i o n of an i n t eg ra t ed a p p r o a c h for fault m o n i t o r i n g and d i agnos i s 

in m a c h i n e r y c o n d i t i o n u s i n g d i sc re te w a v e l e t t rans form t e c h n i q u e dur ing 

t r a n s i e n t cond i t i on . 

I m p l e m e n t a t i o n of a c o m b i n e d STFT and M R A t e c h n i q u e wi th app l ica t ions to 

ana ly s i s of s ta t ionary and n o n s t a t i o n a r y data from a ro ta t ing m a c h i n e r y to 

detect inc ip ien t c h a n g e s in the m e a s u r e d s igna tu res . 

D e m o n s t r a t i o n of the ef fec t iveness of d i a g n o s i n g m a c h i n e r y c o n d i t i o n us ing 

the c o m b i n e d S T F T and M R A t e c h n i q u e . 

D e v e l o p m e n t of a m e t h o d for the se lec t ion of op t ima l w a v e l e t funct ions . 

D e v e l o p m e n t and i m p l e m e n t a t i o n of a M A T L A B data ana lys i s sys tem 

t o o l b o x . 

D e v e l o p m e n t of g u i d e l i n e s for se lec t ion and use of the w a v e l e t funct ions . 
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1.5 Organization of the Dissertation 

C h a p t e r 2 of th is d i s se r t a t ion p r e sen t s a r e v i e w of the t ime- f requency and t i m e -

scale t h e o r i e s . C h a p t e r 3 p r e s e n t s the bas ic ideas about the d iscre te wave le t t ransform, 

m u l t i r e s o l u t i o n ana lys i s and filter b a n k s theory . Chapte r 4 desc r ibes the i m p l e m e n t a t i o n 

of the p r o g r a m s d e v e l o p e d . C h a p t e r 5 de ta i l s the mach ine ry e x p e r i m e n t and the data 

ana lys i s m e t h o d . C h a p t e r 6 d e s c r i b e s the r eac to r e x p e r i m e n t s and data ana lys is m e t h o d . 

C o n c l u s i o n s , r e c o m m e n d a t i o n s and pos s ib l e future work are ou t l ined in Chap te r 7. A 

c o m p l e t e list of r e fe rences is p r o v i d e d . A p p e n d i x A con ta ins addi t iona l resu l t s of reac tor 

data ana lys i s . A c o m p u t e r code for the se lec t ion of op t ima l wave l e t funct ions is g iven in 

A p p e n d i x B . 
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CHAPTER 2 

Theory of Time-Frequency and Time-Scale Analysis 

2.1 Introduction 

The Four ie r t r ans fo rm is one of the c lass ica l t oo l s u s e d for r a n d o m signal 

ana lys i s . It d e c o m p o s e s the signal into c o n s t i t u e n t f requency c o m p o n e n t s . A l t h o u g h the 

Four i e r m e t h o d is c apab l e of i so la t ing a p e a k f r equency , g iven a p u r e f requency s ignal , 

some p r o b l e m s may be e n c o u n t e r e d w h e n a s ignal c o n t a i n s t w o f r equenc ies at c lose 

in te rva ls . Two p e a k s are ob t a ined but w i t h o u t any i n f o r m a t i o n of t i m e - l o c a l i z a t i o n . In 

o ther w o r d s , a s ta t ionary s ignal is very wel l r e p r e s e n t e d by the F o u r i e r t r ans fo rm, but the 

t ime- re l a t ed in fo rmat ion in n o n s t a t i o n a r y s igna l s is not r e c o v e r e d . 

The t ime- f requency r e p r e s e n t a t i o n , k n o w n as the s h o r t - t i m e F o u r i e r t rans form 

( S T F T ) , was in t roduced in 1946 by Gabor [4] . It w a s s h o w n to o v e r c o m e the p r o b l e m s 

of nons ta t iona ry s ignal ana ly s i s , but it has fixed f requency loca l i za t i on . 

The wave le t t r ans fo rm offers a different c o m p r o m i s e : the f requency loca l i za t ion 

is p ropor t iona l to the f requency level , and as a c o n s e q u e n c e , the t i m e loca l i za t ion gets 

finer at h igher f requenc ies . A c c o r d i n g to D a u b e c h i e s [11 ] , the w a v e l e t t r ans fo rm is a tool 

that cuts up data into different f requency c o m p o n e n t s , and t hen s tud ies each c o m p o n e n t 

w i t h a r e so lu t ion m a t c h e d to its scale . The use of the w a v e l e t t r an s fo rm has inc reased 

rapidly since it w a s r e d i s c o v e r e d by two F r e n c h r e s e a r c h e r s , Y v e s M e y e r and Jean Mor l e t 

10 



[18] . The app l i ca t ion of this new m e t h o d has ga ined spec ia l a t ten t ion in the signal 

p r o c e s s i n g field and several r e sea rch act iv i t ies h a v e b e e n ac t ive ly pu r sued . 

The w a v e l e t t ransform o v e r c o m e s the r e s o l u t i o n l im i t a t i ons of the F o u r i e r and 

S T F T t e c h n i q u e s . It w a s immed ia t e ly a c c e p t e d as a power fu l tool for different 

e n g i n e e r i n g app l i ca t ions . Image p r o c e s s i n g , a c o u s t i c s , fractal a n a l y s i s , se i smic ana lys i s , 

s u b - b a n d c o d i n g and shor t - t ime Four i e r t r ans fo rm, da ta c o m p r e s s i o n , b i o m e d i c a l s ignal 

p r o c e s s i n g , cond i t i on m o n i t o r i n g , m a t h e m a t i c s and s ta t i s t ics are severa l areas in w h i c h 

the w a v e l e t t rans form has been successfully u t i l ized . Severa l w o r k s h a v e been pub l i shed . 

S o m e r e l evan t e x a m p l e s may be found in the fo l l owing r e f e r ences [7, 10, 15, 17, 18, 19¬ 

2 2 , 3 8 - 4 6 , 5 1 - 5 6 , 6 2 - 6 4 , 6 8 , 87 , 9 2 , 9 3 ] . 

A l t h o u g h the app l i ca t ions of w a v e l e t ana lys i s in n u c l e a r e n g i n e e r i n g and 

m a c h i n e r y d i a g n o s i s are j u s t b e g i n n i n g , a s ignif icant n u m b e r of pub l i ca t i ons may be 

found on this subject [6, 8, 19, 20 , 2 5 - 2 7 , 30 , 4 0 , 4 4 , 54 , 64 , 6 5 , 69 , 72 , 7 8 , 79 , 8 5 - 8 8 , 

100, 105, 106] . 

A bas ic k n o w l e d g e of the t heo r i e s of s h o r t - t i m e F o u r i e r t rans form and wave l e t 

t rans form is necessa ry for a t h o r o u g h u n d e r s t a n d i n g of the above re fe rences . The 

fo l lowing sec t ions desc r ibe some bas i c c o n c e p t s r e l a t ed to the theory used in this 

d isser ta t ion . 
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2.2 Short-Time Fourier Transform 

The sho r t - t ime F o u r i e r t ransform (STFT) i n t r o d u c e d by Gabor in 1946 [4] is 

useful in r e p r e s e n t i n g the t i m e loca l iza t ion of f requency c o m p o n e n t s of s igna ls . The 

S T F T s p e c t r u m is ob t a ined by w i n d o w i n g the signal t h r o u g h a f ixed d i m e n s i o n w i n d o w 

(F igure 2 .1) . The s ignal m a y be cons ide red a p p r o x i m a t e l y s ta t ionary in th i s w i n d o w . 

The w i n d o w d i m e n s i o n f ixes bo th t ime and frequency r e s o l u t i o n s . To define the S T F T , 

let us cons ide r a s ignal x ( t ' ) w i t h the a s s u m p t i o n that it is s ta t ionary w h e n it is w i n d o w e d 

t h r o u g h a fixed d i m e n s i o n w i n d o w g ( t ' ) , cen te red at t ime loca t ion T. The F o u r i e r 

t r ans fo rm of the w i n d o w e d signal y ie lds the STFT. 

S T F T ( x , f ) = J x ( f ) g ( f - T ) e ~ 2 T t f t ' d f (2.1) 

This e q u a t i o n m a p s the signal into a t w o - d i m e n s i o n a l function in the t i m e -

f requency (t, f) p l a n e . The ana lys i s d e p e n d s on the chosen w i n d o w g ( t ' ) . Once the 

w i n d o w g (f) is chosen , the STFT reso lu t ion is f ixed over the ent i re t ime- f r equency 

p l a n e (F igure 2 .2) . 

The S T F T r e p r e s e n t s a c o m p r o m i s e b e t w e e n t ime and f r equency-based v i e w s of a s ignal . 

It p r o v i d e s s o m e in fo rma t ion about both . H o w e v e r , we can only obta in th is in fo rmat ion 

wi th l imi ted p rec i s ion . P r e c i s i o n is de t e rmined by the size of the w i n d o w . 
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F i g u r e 2 . 1 . Shor t T i m e F o u r i e r T r a n s f o r m W i n d o w i n g P r o c e s s 

F igure 2 .2 . B a n d w i d t h of S T F T is U n i f o r m in the F r e q u e n c y D o m a i n 
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The STFT is l imi t ed by the unce r t a in ty p r inc ip le w h i c h d o e s no t a l low ach iev ing 

a fine r e so lu t ion in t i m e and f requency s i m u l t a n e o u s l y . As the t ime r e so lu t ion is 

i m p r o v e d , by c h a n g i n g t h e w i n d o w l eng th , the frequency r e s o l u t i o n is w o r s e n e d . The 

H e i s e n b e r g inequal i ty , w h i c h b o u n d s the p r o d u c t of the b a n d w i d t h Af and the t i m e , At is 

g iven by 

A / * A / > — (2.2) 

Once the w i n d o w g ( t ' ) h a s b e e n chosen for the S T F T , the t ime frequency 

r e s o l u t i o n is fixed over the en t i re t ime - f r equency p l a n e . U s u a l l y , the S T F T is r ep re sen ted 

by a p lot cal led the STFT s p e c t r o g r a m , w h i c h dep ic t s a s igna l ' s ene rgy d i s t r ibu t ion in the 

t ime- f requency d o m a i n [29] . 

2.3 Continuous Wavelet Transform (CWT) 

The class of func t ions that r e p r e s e n t the w a v e l e t t r ans fo rm are those that are 

squa re - in t eg rab l e on the rea l l ine [14] . Th i s c lass is deno ted as L 2 ( R ) . T h u s , the no ta t ion 

f (x ) e L 2 m e a n s 

00 

(2.3) 
— o o 

J|f(x)f dx<«> 
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The sets of func t ions that are g e n e r a t e d in the w a v e l e t ana lys is are ob t a ined by 

d i la t ing ( sca l ing) and t r a n s l a t i n g ( t ime-sh i f t ing) a s ingle p r o t o t y p e function y/(x), w h i c h 

is cal led a bas i c w a v e l e t . This funct ion is osc i l l a tory in t ype and is usual ly cen te red at the 

or ig in "dy ing out" rap id ly as » c o . F i g u r e 2.3 s h o w s two e x a m p l e s of w a v e l e t 

p r o t o t y p e func t ions , t he M o r l e t and M e x i c a n Ha t w a v e l e t s . These w a v e l e t funct ions are 

defined by: 

-£ 

¥()~e cos(5x) M o r l e t (2.4) 

¥(x) = (-A=7rha-x)e * M e x i c a n Hat (2.5) 

B o t h funct ions h a v e [-5, 5] as the effective suppor t . 

The c o n t i n u o u s w a v e l e t t r a n s f o r m ( C W T ) is r i go rous ly d i scussed in re ferences 

[11 ,14] . The w a v e l e t funct ion y/(x) e V (R) has two charac te r i s t i c p a r a m e t e r s , called 

d i la t ion a and t r a n s l a t i o n b, w h i c h vary c o n t i n u o u s l y . 

A set of w a v e l e t bas i s func t ions , y/ab (x), m a y be genera ted by t r ans l a t ing and 

di la t ing the bas ic w a v e l e t \j/(x) as : 

¥ a b ( x ) ~ r-— W(X b ) w i t h a, b e U a A O (2.6) 

15 

2 



F i g u r e 2 .3 . E x a m p l e s of W a v e l e t Bas is F u n c t i o n s , (a) M o r l e t W a v e l e t (b) M e x i c a n 
H a t W a v e l e t 

F i g u r e 2.4 s h o w s an e x a m p l e w h e r e the M e x i c a n Ha t w a v e l e t scale "a" and 

p o s i t i o n " b " p a r a m e t e r s c h a n g e . In E q u a t i o n 2.6 the t r a n s l a t i o n p a r a m e t e r "b" con t ro l s the 

p o s i t i o n of the w a v e l e t in t ime . By c h a n g i n g the va lue of "b" the w a v e l e t is t rans la ted . 

The "na r row" w a v e l e t can access h igh f requency in fo rma t ion , w h i l e the m o r e di la ted 
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w a v e l e t can access low frequency i n fo rma t ion . This m e a n s that the p a r a m e t e r "a" va r ies 

for different f requenc ies . For bet ter a c c u r a c y , the t i m e in te rva l shou ld be re la t ive ly small 

to ob ta in h igh- f requency informat ion, and r e l a t ive ly w i d e for low-f requency in format ion . 

These facts show that the wave l e t has a z o o m - i n and z o o m - o u t capab i l i ty , tha t is, the 

w a v e l e t is f lexible to p r o v i d e a t i m e - f r e q u e n c y w i n d o w that con t r ac t s at h igh f requenc ies . 

The F i g u r e 2.5 s h o w s that for the w a v e l e t b a s i s func t ion , the h i g h e r the t ime r e so lu t i on 

(smal le r scale p a r a m e t e r "a") is, the w o r s e the f requency r e so lu t i on . 



CD 
O 

T i m e 

F i g u r e 2 .5 . B a n d w i d t h of W a v e l e t T r a n s f o r m 

The c o n t i n u o u s w a v e l e t t r ans fo rm of a funct ion / e L (R) is defined as: 

W.t(f) = {f,yj= \f(xh-Jx)dx ( 2 . 7 ) 

The w a v e l e t coeff ic ients are g iven as the inner p r o d u c t of the funct ion be ing 

t r a n s f o r m e d wi th each ba s i s function. The w a v e l e t y/(x) satisfies the admiss ib i l i t y 

c o n d i t i o n [-4] 

(2.8) 
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w h e r e yr is the Four i e r t r ans fo rm y/. The fmiteness of C¥ res t r ic ts the c lass of L(R) 

funct ion y/ that can be used as the bas ic w a v e l e t in the definit ion of the in tegra l w a v e l e t 

t r ans form. The funct ion y/ m u s t also be a w i n d o w function in l}(R), so that 

\\y/(x)\lx<°o (2.9) 

F r o m E q u a t i o n (2.8) the fo l lowing re la t ion is defined. 

A ( 0 ; = 0 = > jy/(x)dx = 0 ( 2 . - 0 ) 

This equa t ion shows that the bas i s function y/ is c o m p a c t suppor t . 

The p r e v i o u s equa t ions lead to the defini t ion of the inverse w a v e l e t t r ans fo rm as: 

/(x)= (2 .11) 

The app l i ca t ions of the c o n t i n u o u s w a v e l e t t ransform ( C W T ) may be found in 

different a reas , as desc r ibed in re fe rences [6, 15, 2 2 ] . The C W T is often r e p r e s e n t e d 

graphica l ly and p lo t ted as t w o - d i m e n s i o n a l i m a g e s , wi th color or g r ay - sca l e va lue 
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c o r r e s p o n d i n g to the m o d u l u s and p h a s e of Th i s r e p r e s e n t a t i o n is ca l led a 

sca logram. 

2.4 Wavelet Prototype Functions 

The family of w a v e l e t p r o t o t y p e s is very e x t e n s i v e and the w a v e l e t s are selected 

acco rd ing to the p r o b l e m to be inves t iga ted . T h e r e f o r e a p r io r k n o w l e d g e of the w a v e l e t 

bas i s funct ion is i m p o r t a n t in o b t a i n i n g the r igh t i n f o r m a t i o n d u r i n g the ana lys i s of a 

p r o b l e m . 

Alfred H a a r first m e n t i o n e d the t e rm w a v e l e t in 1909. The H a a r w a v e l e t family is 

of the s imples t w a v e l e t s k n o w n . ' The p r o t o t y p e H a a r w a v e l e t yr and the r e spec t ive 

sca l ing function <f) ( the sca l ing funct ion is an auxi l i a ry funct ion u s e d to c o m p u t e the y/) 

are shown in F i g u r e 2.6. T h e s e funct ions can be r e p r e s e n t e d by the D a u b e c h i e s w a v e l e t 

of order 1 ( d b l ) and they are def ined as: 

y/(x) 1 if 0<x<-
2 

y/(x) - 1 i f - < X < l 
2 

(2 .12) 

j(x) 1 if x e [0,l] 

<t>(x) 0 if JC A [0,l] 
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F i g u r e 2.6. H a a r W a v e l e t 

D a u b e c h i e s i nven ted one of the m o s t e l egan t fami l ies of w a v e l e t s . They are cal led 

c o m p a c t suppor ted o r t h o n o r m a l w a v e l e t s , w h i c h m a k e d i sc re te w a v e l e t analysis prac t ica l 

[48] . The D a u b e c h i e s w a v e l e t s have no expl ic i t ana ly t ica l e x p r e s s i o n but they can be 

defined by functional e q u a t i o n s and the i r coeff ic ients m a y be c o m p u t e d recurs ive ly us ing 

a very s imple a lgor i thm [12, 16]. This is d i s cus sed in the nex t chapter . The o r thonorma l 

w a v e l e t s have some specia l p r o p e r t i e s and are state in Tab le 2 . 1 . 

The scal ing funct ion (j)(x) and the c o r r e s p o n d i n g w a v e l e t ys(x) are defined by 
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Table 2 . 1 . W a v e l e t Bas is F u n c t i o n P r o p e r t i e s [ 4 8 , 1 6 ] 

D a u b e c h i e s W a v e l e t s (dbN) 

Genera l P rope r t i e s 

• phi exis ts and the ana lys i s is o r thogona l 
• psi and phi are compac t l y suppor ted 
• psi has a g iven n u m b e r of v a n i s h m o m e n t s 

2) Poss ib l e ana lys is 

• con t i nuous t rans form 
• d iscre te t r ans form 

3) M a i n nice p rope r t i e s 

• Support 
• Van i sh ing m o m e n t s 

• F IR filters 

4) M a i n difficulties 

• P o o r regular i ty ( s m o o t h n e s s ) 

5) Specific p rope r t i e s 

• a s y m m e t r y 
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N-l 

<t>(x) = ?JQ<fiC-k) 
k=0 

(2 .13) 

v(x) = Y(-l) €k<f>t + k - N + V 
*=0 

W h e r e N is an even n u m b e r of w a v e l e t coefficients ç k , k = 0 to N - 1 . The 

n u m b e r A: is an in teger , p o s i t i v e , zero or nega t i ve . These e q u a t i o n s m u s t satisfy the 

fo l lowing o r thogona l i ty c o n d i t i o n s in order to obta in the wave l e t coefficient QK [12] : 

1. C o n s e r v a t i o n of a r e a : The scal ing function is u n i q u e and r e t a in s the uni t area 

du r ing i tera t ion. Th i s cond i t ion is ensu red by 

2. A c c u r a c y : S t rang [12, 16] s h o w e d the cond i t ion that w a v e l e t coeff ic ients 

mus t satisfy in order to ach ieve the bes t poss ib le accu racy to r e p r e s e n t the 

signal be ing ana lyzed . This cond i t i on is g iven by the fo l lowing e q u a t i o n : 

A=0 

The var iab le m has the fo l lowing v a l u e s : m = 0,1,2..., N/2 - 1 . 
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3. O r t h o g o n a l i t y : In order to genera te a an o r thogona l w a v e l e t bas i s sys tem in 

L(R), the f o l l o w i n g cond i t i on m u s t be satisfied: 

llckCk+2m = Q « " 0 (2.16) 
k 

The D a u b e c h i e s w a v e l e t s fo l low the above r e q u i r e m e n t s , and they are s h o w n in 

F i g u r e s 2 .7 -2 .9 . 

1.5 

F i g u r e 2 . 7 . D a u b e c h i e s W a v e l e t B a s i s F u n c t i o n (db2) 
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Figure 2.8. Daubechies Wavelet Basis Function (dblO) 
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F i g u r e 2 .9 . D a u b e c h i e s W a v e l e t Bas i s F u n c t i o n (db20) 
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The M A T L A B W a v e l e t T o o l b o x [48] i n c l u d e s several fami l ies of wave le t s , such 

as B i o r t h o g o n a l , Coif le ts , S y m l e t s , M o r l e t , M e x i c a n Ha t and M e y e r w a v e l e t s . 

A class of o r t h o n o r m a l w a v e l e t b a s i s , n a m e d w a v e l e t p a c k e t s , w a s in t roduced by 

Coifman and M e y e r [16] . The family of w a v e l e t p a c k e t s , also k n o w n as wave l e t packe t 

a t o m s , is a co l l ec t ion of m o d u l a t e d w a v e f o r m s , w h i c h c o r r e s p o n d rough ly to a cover ing 

of the t ime- f requency d o m a i n . The w a v e l e t p a c k e t bas i s p r o v i d e s a specific way of 

cod ing a s ignal , p r e s e r v i n g its g lobal ene rgy and p r o v i d i n g a r e cons t ruc t i on of its 

fea tures . 

Mal la t ' s a lgo r i t hm c o m p u t e s the w a v e l e t p a c k e t coefficients [48] . Fo r a given 

s igna l , one can select the o p t i m a l w a v e l e t bas i s to r ep re sen t the s ignal . The m i n i m u m 

S h a n n o n entropy of the e x p a n s i o n d e t e r m i n e s the cho ice of the bas i s function. This 

m e t h o d is d i scussed in C h a p t e r 4. 

The family of w a v e l e t s i n t roduced by N e w l a n d [12] is k n o w n as h a r m o n i c 

w a v e l e t s . H a r m o n i c w a v e l e t s are o r t h o g o n a l w a v e l e t s that may be exp re s sed by 

Wm,n(x) {exp(in2nx)-exp(im2nx)}/i27v(n-m)x, / = V - Ï . (2.17) 

The level m,n d e n o t e s a w a v e l e t in the f requency b a n d m(2n)\on(2n). The 

va r i ab l e s m and n are real and p o s i t i v e . The c o n d i t i o n n > m is necessa ry to form a 

c o m p l e t e set of w a v e l e t s . The adjacent w a v e l e t l eve l s m u s t h a v e Fou r i e r t ransforms 
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w h o s e f requency b a n d s t o u c h each o ther [12] . F i g u r e 2.10 dep ic t s the h a r m o n i c wave l e t 

p r o t o t y p e function for m = \, n = 2. 

There are a d v a n t a g e s of u s i n g c o m p l e x h a r m o n i c w a v e l e t s . Firs t , because they 

are c o m p l e x , they can de tec t a h a r m o n i c f requency c o m p o n e n t , w h a t e v e r its phase . 

S e c o n d l y , the c o m p l e x h a r m o n i c w a v e l e t h a s an efficient a l g o r i t h m for wave le t 

c o m p u t a t i o n . An e x t e n s i v e d i s c u s s i o n of the h a r m o n i c w a v e l e t p r o p e r t i e s is found in 

r e fe rences [ 1 2 , 1 9 , 2 0 ] . 

The cr i ter ia for s e l ec t ing the p r o t o t y p e w a v e l e t funct ion to be used in the w a v e l e t 

t r ans fo rm signal ana lys i s is d i s c u s s e d in C h a p t e r 4. 

Real part 

F i g u r e 2 .10 . H a r m o n i c W a v e l e t P r o t o t y p e 
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CHAPTER 3 

Discrete Wavelet Transform (DWT), Multiresolution Analysis 
(MRA) and Filter Banks 

3.1 Introduction 

The bas ic t h e o r i e s of d iscre te w a v e l e t t ransform, m u l t i r e s o l u t i o n analys is and 

filter b a n k s are d i scussed in th is chapter . There are several r e fe rences w h i c h e labora te on 

the m a t h e m a t i c a l r igors and detai ls of these top ics . The bas ic fo rmula t ion of v a r i o u s 

a lgo r i t hms is d i scussed . 

3.2 Discrete Wavelet Transform 

The c o m p u t a t i o n of the wave l e t coefficients u s ing the c o n t i n u o u s wave le t 

t rans form r e q u i r e s a c o n s i d e r a b l e effort. The p u r p o s e of u s i n g the d i sc re te wave l e t 

t rans form ( D W T ) is to r educe the c o m p u t a t i o n a l bu rden . The sca les and pos i t i ons are 

chosen b a s e d on p o w e r s of t w o , so cal led dyad ic scales and p o s i t i o n s , w h i c h m a k e the 

ana lys i s m u c h m o r e efficient and accura te . 

The d i sc re te r e p r e s e n t a t i o n of an o r t hono rma l c o m p a c t l y s u p p o r t e d w a v e l e t bas i s 

of l}(R) is fo rmed by d i la t ion and t r ans la t ion of a s ingle funct ion y/(x), cal led the 

w a v e l e t funct ion. A s s u m i n g that the d i la t ion p a r a m e t e r a and t r ans l a t i on p a r a m e t e r b 

t ake only d i sc re te v a l u e s 
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(3.1) 
b = kba', 

w h e r e k, j e Z, a, > 1, and b, > 0. Subst i tu t ing these p a r a m e t e r s in the E q u a t i o n (2.6) 

the w a v e l e t funct ion may be rewr i t t en a s : 

¥j,k() = ao2 H"oJx ~ *A) (3-2) 

The d isc re te w a v e l e t t ransform ( D W T ) , ob ta ined subs t i tu t ing the E q u a t i o n (3.2) 

into E q u a t i o n (2 .5) , is defined as: 

DWT(f) =< f , „ i t >= ]f(x)ajyf(a-;x-kbjdx (3.3) 

The inverse d iscre te wave l e t t ransform recons t ruc t s the funct ion f(x) as: 

ff)=T iL<f*i*>/jA (3-4) 

w h e r e y/k are dual functions of. y/kJ\4]. 

a = a 
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An efficient a l g o r i t h m can be c o n s t r u c t e d to eva lua te the integral w a v e l e t 

t r an s fo rm defined in E q u a t i o n 3.3 and for r e c o n s t r u c t i n g f(x) from E q u a t i o n 3 .3 , only 

u s i n g d i sc re te s a m p l e s . In th i s ca se , the f requency axis is pa r t i t i oned into b a n d s by u s i n g 

p o w e r of two for the sca le p a r a m e t e r a. C o n s i d e r i n g only s a m p l e s at the d y a d i c v a l u e s 

(here the p a r a m e t e r s b 0 and a 0 , in E q u a t i o n 3 . 1 , a s s u m e the fo l lowing v a l u e s 

b 0 = 1 and a0 = 2) b = k2 on the t i m e - a x i s , w h e n a = 2, the E q u a t i o n 3.3 b e c o m e s 

DWT =< f,wjx) >= )f(x){2Ay/(2-jx - k)}dx (3.5) 
-co 

The funct ion y/k , def ined by E q u a t i o n 3.2, cons t i tu t e s an o r t h o n o r m a l bas i s for 

l}(R) and is g iven by 

,,(*) = 2~\(2-'x-k ) ; j,k e Z. 

The w a v e l e t p r o t o t y p e func t ions defined by E q u a t i o n (3 .5) , as exp l a ined in 

Sec t ion 2 .4 , w e r e c rea t ed by D a u b e c h i e s [11] . Ma l l a t [31] i n t roduced an efficient 

a l g o r i t h m to per form the D W T k n o w n as the M u l t i r e s o l u t i o n A n a l y s i s ( M R A ) . It is wel l 

k n o w n in the s i g n a l p r o c e s s i n g a r e a as the two-channel sub-band coder. T h e M R A w a s 

fo rmula t ed based on the s tudy of o r t h o n o r m a l c o m p a c t l y suppor ted w a v e l e t funct ions . 

The c o n c e p t of M R A p r o v i d e s a na tu r a l f r a m e w o r k for the u n d e r s t a n d i n g of w a v e l e t 

func t ions . T h e s e ideas are p r e s e n t e d in deta i l in the fo l lowing sect ion. 
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3.3 Multiresolution Analysis (MRA) Properties and Filter Banks 

The m u l t i r e s o l u t i o n ana lys i s of L(R) cons i s t s of success ive approx ima t ions of 

the space Vj of V (R), j e Z, w h e r e Z is a set of in tegers , wi th the fol lowing 

p rope r t i e s [ 1 1 , 1 4 , 3 7 ] : 

1. N e s t e d : Vj czVj+,, 

2. Scal ing: v(x) e V, <=> v(2x) e Vj+i , 

The function v(2x) cover s the same t ime pe r iod of t ime wi th twice as many 

po in t s as v ( x ) . T h u s , v(x) is a coa rse r ( less de ta i led) r ep resen ta t ion than v(2x). V(2x) 

is a finer ( m o r e de ta i l ed ) r e p r e s e n t a t i o n than v(x), w i th h igher reso lu t ion than v(x). Vj 

c o r r e s p o n d s to a different s ca l e / r e so lu t ion , as j t akes different va lues . 

3. Shift i nva r i ance : V ( J C ) e V, <=> v(x +1) e V, 

CO 

4. C losu re or C o m p l e t e n e s s : U Vj is dense in L(R) 
y = - c o 

Any signal in L(R) can be a p p r o x i m a t e d by s ignals in the un ion of space Vj. 

5. E m p t i n e s s : fl Vj = {0} 
j = c o 
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E m p t i n e s s m e a n s that |/Y- ( J C ) | -» 0 as j —> -oo. 

6. There exis ts a scal ing function 0 ( ; t ) € V, such that 

0M(x) = 22 0(2~'x-k);j,keZ (3.6) 

forms an o r t h o n o r m a l bas i s of V0, i.e., 

K * F * A A = < V * . ( 3 . 7 ) 

w h e r e J is the wel l k n o w n K r o n e c k e r s y m b o l . 

For the scal ing funct ion <p{x) e V, c F p the re is a s e q u e n c e {/A} so that the 0(x) 

satisfies the cond i t ion 

j>(x)*2YJi<j)(2x-k) (3.8) 
k . 

T h i s e q u a t i o n is k n o w n as the refinement equation, dilation equation, or hvo-

scale difference equation. 

F u r t h e r m o r e , l e t u s define W, as a c o m p l e m e n t a r y space o f V, in VJ*, such that 
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V(JC) € W, <=> V(2JC) e FF, 4 1 

(3.9) 

and 

v ( x ) e * F 0 <=>v(x + l ) e J F , 

We then c o n c l u d e 

00 

0 Wj=V{K). (3 .10) 
j=-< 

E q u a t i o n (3 .10) s tates that the set of bas i s func t ions fo rmed by t r ans la t ed of <f>(x) 

and di la ted t r ans la t ed of y/(x) span all L(R). 

Since the y/(x) is a w a v e l e t [14] and it is a lso an e l e m e n t of V, a s equence {gt} 

exis ts such that 

(x) = 2Yg ¿ ( 2 * - * ) (3.11) 

A ft 

B a s e d on the p r e v i o u s d i s cus s ions , we c o n c l u d e that the m u l t i s c a l e r e p r e s e n t a t i o n 

of a signal f (x) may be ach i eved in different sca les of the f requency d o m a i n by m e a n s 

of an o r thogona l family of funct ions $(x), in the form of w e i g h t e d s u m s of shifted and 
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di la ted v e r s i o n s of tha t s ignal . The fo l lowing steps wil l s h o w h o w to c o m p u t e the 

funct ion in Vj. 

The p ro j ec t ion of the s ignal f(x)eV, on V, defined by Pf(x) is g iven by 

iV / ' (*)=E c MM*> 

The coeff icients cjk are ob t a ined by the inner p roduc t b e t w e e n the function f(x) on the 

bas i s <f>„ 

Q n = \f(x)f,,/x)dx (3 .13) 

The p ro jec t ion of the funct ion / ( x ) on the subspace Wj is defined by 

The coeff icients dM are o b t a i n e d by the inner p roduc t of f(x) and y/k def ined 

by 

dj,r\fOvj*(r c-,s> 

( 3 1 2 ) 
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B e c a u s e Vj = © W_, the o r ig ina l func t ion / (x) e V„ can be r e w r i t t e n as 

( 3 - i 6 ) 

f(x)and < f> t (JC) , and f(x) 

The m u l t i r e s o l u t i o n r e p r e s e n t a t i o n is l i nked to F in i te I m p u l s e R e s p o n s e (FIR) 

fi l ters. The s ca l i ng func t ion <j> and the w a v e l e t y/ are o b t a i n e d u s i n g the f i l ter theory and 

c o n s e q u e n t l y a lso the coeff ic ients def ined in E q u a t i o n s (3 .17) and (3 .18 ) . As an 

i l lus t ra t ive e x a m p l e [5 ] , let us o b t a i n e d the sca l ing funct ion <f> and t h e n the m o t h e r 

w a v e l e t y/, s ince they are c lose ly re la ted to e a c h other . 

U s i n g E q u a t i o n (3 .8) and a p p l y i n g the F o u r i e r t r ans fo rm to b o t h s ides y i e ld s 

( cons ide r the v a r i a b l e x as t i m e and x = A ) 
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f(x)=Yjc<Pjx)+YLj*yj*()> >Jo 
k j=j„ k 

The coeff ic ients cJt and új,are inner p r o d u c t s b e t w e e n 

and A / , J t ( x ) , r e s p e c t i v e l y , and they are g i v e n by [5] 



\<j>(t)e-"dt = lAK \<{>(t-kAdt (3.19) 

By r ep l ac ing the in t eg ra t ion va r i ab l e s , E q u a t i o n (3 .19) b e c o m e s 

o(o>) = JTfyWf; (3 .20) 

w h e r e Q?(co) is the Four i e r t r ans form of (j>(t). H(a) is the d i sc re t e F o u r i e r t ransform of 

hK w h i c h is pe r iod ic in f requency. As <$>(0)* 0, H(0) = 1. Th i s m e a n s that H(co) is a 

l o w p a s s filter. D e c o m p o s i n g E q u a t i o n (3 .20 ) , and c o n s i d e r i n g 0 ( 0 , ) = 1, the fo l lowing 

e x p r e s s i o n is ob ta ined 

*=i 2 

The above e q u a t i o n s h o w s that the sca l ing funct ion <t>(t) is c o m p u t e d by the 

l o w p a s s filter H(a>). The m o t h e r w a v e l e t y/(t) is c o m p u t e d by def ining the function 

G(co) so that 

H(a)G(a>) + H(<Q + 7c)G'(a> + 7u) = 0 (3.22) 
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The pair H(co) and G(co)aie k n o w n as quadrature mirror filters for M R A . One 

so lu t ion of the E q u a t i o n (3.22) is 

G(co) = -e-Jo 'H(oj + n:) (3.23) 

Subst i tu t ing = l and H(x) = , into (3.23) y i e lds 

G(,) = 0 and G(n) = 1, r e spec t i ve ly . Th i s m e a n s tha t G(a>) is a h i g h p a s s filter. 

The inverse Fou r i e r t r ans form of G(a>) y i e l d s 

g=(-\)kh, ft = 0 ,1 ,2 , . . . (3.24) 

U s i n g the above equa t ions and E q u a t i o n (3 .11 ) , the fo l lowing exp re s s ion is 

ob ta ined 

V(a>) = Gnf[H(\-) (3.25) 
2 k=2 2 

w h e r e A(co) is the Four i e r t r ans fo rm of y/(t). 
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The a p p r o x i m a t i o n coefficient c k in E q u a t i o n (3.17) can be c o m p u t e d 

r e c u r s i v e l y by a l o w p a s s filter H. F i g u r e 3.1 i l lus t ra tes the ope ra t i on defined in E q u a t i o n 

(3 .17 ) , w h e r e the b l o c k f o l l o w i n g the l o w p a s s filter d e n o t e s d o w n s a m p l i n g by two ( A 2 ) 

In E q u a t i o n ( 3 . 1 8 ) , gK c o r r e s p o n d s to a h i g h p a s s filter, and the detail coefficient dk are 

ser ies of w a v e l e t coeff ic ients w h i c h may be ob ta ined by the f i l t e r b a n k s , as s h o w n in 

F i g u r e 3.2. 

E q u a t i o n s (3.17) and (3 .18) show that , g iven the h i g h - r e s o l u t i o n coeff ic ients , we 

may ob ta in the l o w - r e s o l u t i o n coeff icients . C o n v e r s e l y , we can obta in the h i g h - r e s o l u t i o n 

coeff ic ients b a s e d on the l o w - r e s o l u t i o n coeff icients: 

= V2(IX_ 2 1 .c,_M + 2>*_21.rf;-M) (3-26) 
1» i 

There fo re , t h r o u g h this r e l a t i o n s h i p we may r e c o v e r the or ig ina l s ignal by u s i n g a f i l ter , 

w h i c h r e p r e s e n t s the inve r se d i sc re te w a v e l e t t r ans fo rm, as s h o w n in F igu re 3 .3 . 

The p r o c e s s d e s c r i b e d in F i g u r e s 3.2 and 3.3 w a s i m p l e m e n t e d by Ma l l a t [31] . 

Th i s p r o c e s s is an i m p o r t a n t c o n n e c t i o n b e t w e e n w a v e l e t theory and m u l t i r e s o l u t i o n f i l ter 

b a n k s . The i m p l e m e n t a t i o n of the theore t i ca l c o n c e p t s p r e sen t ed in this chap te r is 

d i s c u s s e d in C h a p t e r 4. 
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F i g u r e 3 . 1 . C o m p u t a t i o n of the L o w - R e s o l u t i o n Coeff icients Cj_i,k U s i n g the L o w p a s s 

Fi l ter H*(a)[5] 

C 0 - 2 & 

M 
H*((ù) - + 2 

| 2 G*(Cù) - | 2 

G*(0))[4f2 
d(j-ljc) 

d(j-\Jk) 

Figure 3 .2 . D i s c r e t e W a v e l e t T r a n s f o r m v ia Dig i ta l F i l ter B a n k s [5] 
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c(j0 J$ \ 

4 2 I I I 
c(j-2,k) 

4 2 

4 2 G * ( C 0 ) -
d ( p , k ) \ A n \ l G * ( C 0 ) J \ 2 -\H*(G>) 

dO-\,k) 
42-[G*(co) 

F i g u r e 3 . 3 . I n v e r s e D i s c r e t e W a v e l e t T r a n s f o r m v ia Dig i ta l F i l ter [5] 
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CHAPTER 4 

System Implementation 

4.1 Introduction 

The p rev ious theore t i ca l d i s c u s s i o n sugges t s the c o n s t r u c t i o n of a sys tem able to 

pe r fo rm all t a sks neces sa ry to ob ta in i n f o r m a t i o n that c h a r a c t e r i z e s the b e h a v i o r of the 

m o n i t o r e d sys tem dur ing its ope ra t ion . To a c c o m p l i s h the p r o p o s e d t a sks , an integrated 

sys t em was deve loped to pe r fo rm the ana lys i s of w i d e - b a n d s igna l s . 

4.2 MATLAB Data Analysis System Toolbox 

The data ana lys i s sys t em i m p l e m e n t e d in th is d i s se r t a t i on w a s des igned to p rov ide 

an in t eg ra t ion a m o n g several power fu l M A T L A B t o o l b o x e s and the p r o g r a m s deve loped 

for the app l ica t ions c o n c e r n e d w i th the r e s e a r c h w o r k . A general idea about the 

i m p l e m e n t a t i o n of the d e v e l o p e d sys t em and its a p p l i c a t i o n s is s h o w n schemat ica l ly in 

F i g u r e 4 . 1 . The fast Four i e r , s h o r t - t i m e Four ie r , and the w a v e l e t t rans form t echn iques 

w e r e appl ied to e x p e r i m e n t a l m e a s u r e m e n t s from e q u i p m e n t m o n i t o r i n g and p rocess 

sensors . The c o m p u t a t i o n a l r e su l t s w e r e p r o c e s s e d u s i n g the statist ical and graphical 

t o o l b o x e s . An i l lus t ra t ion of the genera l c o m p o n e n t s u t i l i zed to bu i ld the p roposed 

sys tem is shown in F i g u r e 4.2. The M A T L A B data an a ly s i s sys tem too lbox ( M D A S T ) is 

very flexible and a l lows one to add or r e m o v e any des i red too l . 
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IMPLEMENTATION A N D APPLICATIONS 

Non-stationary Nuclear Power 
Rotating Machinery Plant 

Early 
Anomaly 
Detection 

Motor 
Speed 
Signatures 

Time-
Scale 
Monitoring 

Detection of 
Incipient 
Changes 

Cause and 
Effect 
Analysis 

Multichannel 
Analysis 

F i g u r e 4 . 1 . I m p l e m e n t a t i o n and A p p l i c a t i o n s of the M A T L A B D a t a A n a l y s i s S y s t e m 

T o o l b o x ( M D A S T ) 
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Reactor Data 

Rotating 
Machinery 
Data 

MRA 
Analysis 

Feature 
Extraction 

fr DWT 
Analysis 
DWT 
Analysis 

Multichannel 
FFT 
Analysis 

S T F T Multichannel 
Analysis W a v e l e t 

Analysis 

F i g u r e 4.2 M A T L A B D a t a A n a l y s i s S y s t e m T o o l b o x 
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The major feature of the M D A S T is its ability to ana lyze s tat ionary and non-

s ta t ionary s igna l s by c o m b i n i n g some a d v a n c e d signal p r o c e s s i n g m e t h o d s and to 

in tegra te t h e m to the s t andard signal p r o c e s s i n g t e c h n i q u e s . The fo l lowing sect ions 

p r o v i d e de ta i l s of v a r i o u s c o m p o n e n t s of the i m p l e m e n t e d signal p r o c e s s i n g system. 

4.2.1 Pre-Processor 

The p r e - p r o c e s s o r s h o w e d in F i g u r e 4.2 cons i s t s of a p r o g r a m , w h i c h per fo rms 

the n o r m a l i z a t i o n of data and r e m o v e s the D C - l e v e l c o m p o n e n t from the signal . 

4.2.2 Short-Time Fourier Transform 

The t i m e - d e p e n d e n t Fou r i e r t r ans fo rm is p r o v i d e d by the M A T L A B Signal 

P r o c e s s i n g T o o l b o x by u s i n g the c o m m a n d line specgram, as shown in P r o g r a m 1 

( A p p e n d i x B) . The funct ion specgram c o m p u t e s the w i n d o w e d d i sc re te - t ime Four ier 

t r ans form of the s ignal by s l id ing a se lec ted w i n d o w as desc r ibed by F igure 2.2. A 

H a r m i n g w i n d o w w a s se lec ted to per form the ro ta t ing m a c h i n e r y analys is . The 

coeff icients of a H a r m i n g w i n d o w are defined as 

w(k) = 0.5(1-cos(2n-A—)), k = \,...,n (4.1) 
n + \ 

w h e r e n is an in teger . 
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The ana lys i s of the r e a c t o r data u s i n g S T F T is p e r f o r m e d u s i n g P r o g r a m 2 l isted 

in A p p e n d i x B . A G a u s s i a n w i n d o w is u s e d w h e n the d i s c r e t e - t i m e Four i e r t ransform of 

the s igna ls is c o m p u t e d . The coeff icients of a G a u s s i a n w i n d o w are defined as 

w(k) = r ) A - * = 1,..,« 
-- « + 1 

( 4 . 2 ) 

Fur the r d i s cus s ion of the i m p l e m e n t a t i o n of S T F T u s i n g the G a u s s i a n w i n d o w may be 

found in re ference [6]. 

4.2.3 MATLAB Wavelet Toolbox 

The w a v e l e t t o o l b o x is a co l l ec t ion of funct ions bu i l t in on the M A T L A B 

p la t fo rm that can be u s e d to pe r fo rm s ignal ana lys i s u s i n g different w a v e l e t bas i s 

funct ions [48] . A l t h o u g h the w a v e l e t t o o l b o x h a s a very efficient g raph ics user interface 

( G U I ) , it w a s dec ided to u s e the c o m m a n d l ine as an easy op t ion to in tegra te all features 

of the deve loped sys tem. 

Essen t i a l ly , the w a v e l e t t o o l b o x c o n t a i n s severa l c o m m a n d l ine funct ions that 

a l low one to e x a m i n e the cha rac t e r i s t i c s of the ind iv idua l w a v e l e t s , c o m p u t e some 

stat ist ical funct ions , c o m p u t e the c o n t i n u o u s w a v e l e t t r ans fo rm ( C W T ) , d i sc re te w a v e l e t 

t r ans fo rms ( D W T ) , and the syn thes i s of the o n e - d i m e n s i o n a l s ignal . There are also some 

useful funct ions for s ignal d e n o i s i n g and c o m p r e s s i o n ( a c c o r d i n g to re ference [48] , "the 
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n o t i o n b e h i n d c o m p r e s s i o n is b a s e d on the concept that a r egu l a r s ignal c o m p o n e n t can 

be accura te ly a p p r o x i m a t e d u s i n g a small n u m b e r of a p p r o x i m a t i o n coeff ic ients and 

s o m e of the detai l coef f ic ien ts" ) . 

The s c h e m e used to i m p l e m e n t the D W T w a s d e v e l o p e d by M a l l a t [31] . Th i s 

s c h e m e app l ies the c lass ica l filter k n o w n as the two-channel sub-band coder u s i n g 

con juga te Quadrature Mirror Filters ( Q M F ) . The c o m m a n d l ine func t ions used to 

pe r fo rm the D W T are de sc r i be d in P r o g r a m 3 ( A p p e n d i x B ) . 

In the m u l t i r e s o l u t i o n ana lys i s , the input s ignal is s t r ipped off by c o n v o l v i n g the 

or ig ina l s ignal wi th two c o m p l e m e n t a r y filters: a h i g h p a s s filter (HiF_D) to ob ta in 

s ignal deta i ls and a l o w p a s s filter (LoF_D) to obta in the a p p r o x i m a t i o n s , fo l lowed by 

dyad ic d e c i m a t i o n (The c o m m a n d line function dyaddown, in the M A T L A B w a v e l e t 

t oo lbox , is used to pe r fo rm the dyad ic d e c i m a t i o n and it k e e p s the even index e l e m e n t s ) . 

The a p p r o x i m a t i o n s are h i g h - s c a l e , low-f requency c o m p o n e n t s of the s ignal . The de ta i l s 

are the l o w - s c a l e , h igh - f r equency c o m p o n e n t s . This p r o c e d u r e is i l lus t ra ted in F i g u r e 4 . 3 . 

The n u m b e r of s tages of the D W T for a g iven signal of l eng th N is l o g 2 N . The s ignals 

at each d e c o m p o s i t i o n level can be r econs t ruc t ed us ing the r e c o n s t r u c t i o n s teps d e s c r i b e d 

in F i g u r e 4.4 ( inverse d i sc re te wave l e t t r ans fo rm) . F igu re 4.5 s h o w s the r e su l t s of an 

ana lyzed s ignal by the M R A a lgor i thm us ing the GUI fea tures of M A T L A B W a v e l e t 

T o o l b o x [48] . In th is f igure a signal s is d e c o m p o s e d to e igh t s u b - b a n d l eve l s . The 

r e c o n s t r u c t e d a p p r o x i m a t i o n s ignals and detail s igna l s , at each leve l , are p lo t ted . 

P r o g r a m 3 ( A p p e n d i x B) g ives the c o m m a n d line funct ions to p e r f o r m the M R A . 
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Decompos i t ion step 
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level j 

Low-pass filter 
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H.F D 

Highpass filter 

Initialization cAQ = signal 

downsample 

* 2 

i 2 

downsample 

approx. coefif. 

level y + l 

detail coefif. 

F i g u r e 4 .3 . O n e - D i m e n s i o n D W T d e c o m p o s i t i o n Step S c h e m e [48] 

Reconstruct ion step 

approx. coefif. 

cA, 

level j 

cD, 

upsample 

4 2 

detail coefif. 

4 2 

upsample 

Low-pass filter 

L.F D > 

U 

HF_D 

Highpass filter 

w k e e p 

level y + l 

cA 
7 + 1 

w h e r e : w k e e p t akes the centra l par t of U wi th a c o n v e n i e n t l eng th . 

Figure 4.4. O n e - D i m e n s i o n I D W T D e c o m p o s i t i o n Step S c h e m e [48] 
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F i g u r e 4 .5 . M R A R e s u l t s f rom U s i n g M A T L A B W a v e l e t T o o l b o x . T h e or ig ina l 
S igna l (s) is D e c o m p o s e d into A p p r o x i m a t i o n s (a) and Deta i l s (d) S igna l s [48] 
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4.2.4 Optimal Wavelet Selection 

The se lec t ion of the w a v e l e t bas i s function to be used to c o m p u t e the wavele t 

t r ans form coeff ic ients is crucia l in o rder to assure the best ma tch wi th the signal during 

the c o m p u t a t i o n a l s teps . The se lec t ion of the bas is function is related to the best 

r e c o n s t r u c t i o n of the s ignal and the bes t ident i f ica t ion of features in the ana lyzed signal. 

The c h a l l e n g e is to find out w h i c h w a v e l e t bas is is m o s t sui table for appl ica t ion under 

study. Usua l l y the se l ec t ion p r o c e d u r e is based on the expe r i ence deve loped in a specific 

r e sea r ch field. 

This r e sea r ch w o r k dea l s w i th v ibra t ion s ignal m e a s u r e m e n t s from rota t ing 

m a c h i n e r y and n u c l e a r p o w e r p lan t sys t ems at different ope ra t ing cond i t i ons . Signals 

from t a c h o m e t e r s , p r o x i m i t y p r o b e s , a c c e l e r o m e t e r s , in-core and ex-core neu t ron 

de t ec to r s , flow and p r e s s u r e sensors are cand ida tes for analys is u s ing wave l e t t ransform 

t e c h n i q u e s . This var ie ty of s ignals r equ i r e s that a m e t h o d be used to select the wave le t 

p r o t o t y p e . The o p t i m a l w a v e l e t bas i s se lect ion m e t h o d i m p l e m e n t e d in this work is 

b a s e d on the m i n i m u m en t ropy energy [67, 83 ] . 

By def ini t ion, the en t ropy energy E mus t be an addi t ive cost function. This 

funct ion is defined by the equa t ion : 

E(0) = 0 and E(s) = £ (4-3) 
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The va r i ab le 5 is the signal and st are the coeff icients of s in an o r t h o n o r m a l wave le t 

bas i s . The en t ropy E m u s t be an addi t ive cost funct ion such that E(0) = 0 and 

E(s) = ^jE(si). The en t ropy of the d e c o m p o s i t i o n s ignal is c o m p u t e d us ing 

S h a n n o n ' s en t ropy defined by 

E(s) = -^Uog(s]), (4.4) 

wi th the conven t ion 0 1 o g ( 0 ) = 0. 

The m i n i m u m entropy is ob ta ined us ing Emn = minAEA, w h e r e the i nd i ce s i = 1,.. are 

the different w a v e l e t bas i s family used. 

P r o g r a m 4 ( A p p e n d i x B) c o m p u t e s the en t ropy energy E of a d e c o m p o s i t i o n 

s ignal u s ing the M A T L A B W a v e l e t Packe t c o m m a n d line funct ion wentropy. In the 

s ignal d e c o m p o s i t i o n p r o c e s s , the opt imal w a v e l e t ba s i s is defined as the one , w h i c h 

resu l t s in m i n i m u m , en t ropy energy at a specific d e c o m p o s i t i o n level . The m i n i m u m 

ent ropy va lue ob ta ined for each wave le t p r o t o t y p e used is r e co rded . F ina l ly , w h e n all 

w a v e l e t famil ies are ana lyzed , the resul ts are p lo t ted . S o m e resu l t s are s h o w n in the next 

C h a p t e r s 5 and 6. 
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4.2.5 Discrete Wavelet Transform Algorithm Using the Harmonic 

Wavelet 

The h a r m o n i c w a v e l e t a lgor i thm bas ica l ly c o m p u t e s the w a v e l e t coefficients that 

are defined by 

"».»,* = (» - ™) f / ( * ) Wm,»(x )dx (4.5) 
J n — m 

a , „ , „ k = (m-n) \f(x)wmn(x )dx ( 4 . 6 ) 
' n-m 

w h e r e f (x) i s a real funct ion, a m , n , k is the c o m p l e x con juga te o f am 

The h a r m o n i c e x p a n s i o n formula o f /(x) f o r mliz < co < n2% i s g iven b y the equat ion: 

f(x) = tt0+YJ (m,n,k Wm,n f ; + " '"•'>'" ">"-" f ) ( ' - ' ) 

Itn £ o n-m n-m 

I n this case there a r e m-n wave le t s i n t h e f requency band mlii < co < n2n 

each spaced 1 / (« - m) apart in the x -doma in , so that the pos i t i on index has to run from 

k = Qtok = n-m-l. The s u m m a t i o n over m, n cove r s pa i r o f n u m b e r s , s tar t ing wi th 
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m = \, in the s e q u e n c e 1,n; n,p;p,q;q,retc.where \<n< p <q <r, and con t inu ing 

to oo . The va r i ab l e w is the c o m p l e x conjugate of w . 

There are two a d v a n t a g e s in us ing h a r m o n i c wave l e t s . First , b e c a u s e they are 

c o m p l e x , they can de tec t a h a r m o n i c frequency c o m p o n e n t , w h a t e v e r its phase . Second, 

it is a very efficient a lgo r i t hm for the wave le t compu ta t i on . The a lgor i thm used to 

c o m p u t e the amnk coeff icients can be devised u t i l iz ing two appl ica t ions of the F F T . 

A c c o r d i n g to N e w l a n d [12] , the M a l l a t ' s a lgor i thm for w a v e l e t der ived from di lat ion 

e q u a t i o n s is a sequen t i a l a lgo r i thm in the sense that success ive wave l e t levels are 

c o m p u t e d in s e q u e n c e (from the h ighes t level and w o r k i n g d o w n w a r d s ) . In contrast , the 

F F T a lgo r i t hm for h a r m o n i c w a v e l e t s is a paral le l a lgor i thm. This fact gives a significant 

a d v a n t a g e in real t i m e app l i ca t ions . 

An e x t e n s i v e d i s c u s s i o n of h a r m o n i c wave l e t p roper t i e s and the h a r m o n i c 

w a v e l e t t r ans form a l g o r i t h m may be found in references [12 ,19, 20 , 88 ] . P r o g r a m 5 

( A p p e n d i x B) con t a in s the c o m m a n d line functions to c o m p u t e the h a r m o n i c wave le t 

coeff ic ients . 

The h a r m o n i c w a v e l e t t rans form analys is gives the m a p s (2-D plot of the square 

v a l u e s of the w a v e l e t coeff icients) in the t ime-sca le domain . The m a p s p rov ide clear 

i n fo rma t ion about the evo lu t i on of the m o n i t o r e d signal dur ing the t rans ien ts . This 
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d i s se r t a t i on uses w a v e l e t m a p concep t s for m a c h i n e r y v ib ra t ion ana lys i s and for nuc lea r 

p o w e r p lan t e x p e r i m e n t s . 

4.2.6 Discrete Dilation Wavelet Transform Algorithm 

The d i l a t ion w a v e l e t ( D a u b e c h i e s wave l e t ) can be ob ta ined recurs ive ly us ing the 

genera l i t e ra t ion e q u a t i o n defined by the re su l t ing exp re s s ion [12, 88 ] . 

t,(x) = cJM(2x) + cK

M(2x- 1) + cJH(2x -2) + cJH(2x - 3) (4.8) 

w h e r e c's are n u m e r i c a l (real) cons tan t s e i ther pos i t ive or nega t i ve . 

An e x a m p l e of the n u m e r i c a l so lu t ion of E q u a t i o n (4.8) is given by the 

D a u b e c h i e s 4 w a v e l e t def ined as: 

0j (x) = c</> (2x) + c<f>(2x - 1 ) + cfl(2x - 2) + cfl(2x - 3) (4.9) 

After s u c c e s s i v e i t e ra t ions E q u a t i o n (4.8) should resul t in a stable va lue . The 

d i la t ion w a v e l e t w(x) def ined us ing the stable <p(x) is g iven by: 

w(x) = -cKÇLx) + c<f>(2x - 1 ) - cK(2x - 2) + c<<j>(2x - 3) (4.10) 
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The n u m e r i c a l va lues of the coefficients of th is e q u a t i o n are d e t e r m i n e d us ing the 

o r t h o g o n a l p r o p e r t i e s . The n u m b e r of coeff icients N can be ex t ended , but a va lue of 

N = 20 is u sed in p rac t i ca l c a l cu l a t i ons ( D a u b e c h i e s 20) . 

The d i sc re te d i la t ion w a v e l e t t r ans form a l g o r i t h m is essent ia l ly based on Mal la t ' s 

p y r a m i d a lgo r i t hm, so that n u m e r i c a l i t e ra t ion defined by E q u a t i o n (4.8) b e c o m e s 

bas ica l ly a p r o c e s s of ma t r ix mu l t i p l i c a t i on . The above p r o c e s s may be exp re s sed by two 

m a t r i c e s Ln and Hn w i th n r o w s and 2n c o l u m n s . The array of coefficients that define 

the m a t r i c e s are c o m p o s e d of the coeff icients that appear in the equa t ions that define <j> 

and w. The coefficients c„c,c»..,c_ are specif ical ly chosen to ach ieve the 

o r thogona l i ty and accuracy . T h e r e are de ta i l s s h o w n in re ference [12] that follow the 

re la t ions appl ied to the m a t r i c e s Ln and H„ of the s a m e order . 

-LL' =/; LH' = 0 
2 

HL' = 0 ; -HH' =1 
2 

(4.11) 

In add i t ion there is a perfect r e c o n s t r u c t i o n c o n d i t i o n 

1 (HH' +LL') = L (4.12) 
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This a lgor i thm is d i scussed in re fe rence [12] and the c o m m a n d l ine to per form these steps 

is given in P r o g r a m 5 in the A p p e n d i x B. 

4.2.7 Mean-Square Wavelet Maps 

The m e a n - s q u a r e w a v e l e t m a p s are the c o n t o u r p lo t s , w h i c h con ta in in the in­

direct ion the w a v e l e t level in fo rmat ion and in x -d i r ec t i on the t ime informat ion . The map 

plane has a grid that cover s all w a v e l e t l eve ls and p o s i t i o n s . The he igh t of the surface is 

p ropor t iona l to the squared w a v e l e t coefficient a m p l i t u d e s . The cons t ruc t ion of the 

wavele t m a p s is based on P a r s e v a l ' s t h e o r e m . The resu l t s for the d i la t ion wave le t 

expans ion fo rmula is g iven by [12] 

1 N-l Ji0-1 1 2'-I 

(4.13) 

w h e r e / is a real function and N = 2 " ° . The va r i ab le N is the s ignal s amp le va lue . 

The resul ts for the h a r m o n i c w a v e l e t e x p a n s i o n fo rmula is g iven by 

+ a N, ( 4 . 1 4 ) 

7=0 k=o 

In this case there are only j = 0 to n, - 2 w a v e l e t s . 
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A c c o r d i n g to N e w l a n d [12] , "at level / there are 2' w a v e l e t s in the un i t in te rva l . 

F o r a t r a in of w a v e l e t s , all the same sca le , the w a v e l e t s are spaced -Aj apart so that their 

f u n d a m e n t a l f requency is 2 ' cyc les /un i t in te rva l . Therefore , w a v e l e t level is a m e a s u r e of 

f requency w i th the f u n d a m e n t a l f requency d o u b l i n g as we m o v e u p w a r d s from one level 

to the next . Since the s igna l s ana lyzed h a v e i n d e p e n d e n t va r i ab l e x as t i m e , the m a p can 

be in te rpre ted as a p lo t of f requency ( inc reas ing in oc taves ) ve r sus t i m e ". 

The h a r m o n i c w a v e l e t ana lys i s g ives , in the t ime- sca l e d o m a i n , the m a p , w h i c h 

p r o v i d e s a c lear i n f o r m a t i o n about the evo lu t i on of the m o n i t o r e d s ignal du r ing the 

t r an s i en t s . R e f e r e n c e s [12, 20] give an ex t ens ive d i scuss ion of the m a t h e m a t i c a l ba s i s 

and app l i ca t i ons of the m e a n - s q u a r e w a v e l e t m a p s . This d i s se r ta t ion used the m a p s to 

r e p r e s e n t the p lo t s from the w a v e l e t v ib ra t ion ana lys i s of ro ta t ing m a c h i n e r y and nuc l ea r 

p o w e r p l an t e x p e r i m e n t s . The 3-D p lo t s u t i l i z ing the squared w a v e l e t coeff icients are also 

u s e d du r ing the s ignal ana lys i s . This type of r e p r e s e n t a t i o n is ca l led w a v e l e t p o w e r 

s p e c t r u m dens i ty . P r o g r a m 6 ( A p p e n d i x B) p r o v i d e s all c o m m a n d l ine func t ions to ob ta in 

the 2-D m a p s and 3-D p lo t s u s i n g the a l g o r i t h m s desc r ibed in this sect ion. 

4.2.8 Multichannel Wavelet Analysis 

The m u l t i c h a n n e l da ta ana lys i s of the s igna ls w a s pe r fo rmed c o m b i n i n g the 

w a v e l e t m u l t i r e s o l u t i o n ana lys i s and the fast Fou r i e r t rans form a l g o r i t h m s . The s ignal is 

d e c o m p o s e d into de ta i l s and a p p r o x i m a t i o n s s ignals that conta in , at each level , different 
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f requency b a n d in fo rma t ion . The mu l t i channe l ana lys i s c o m p u t e s , u s i n g the w a v e l e t 

coeff ic ients at a s u b - b a n d level , the a u t o - p o w e r spectral dens i ty , c r o s s - p o w e r spectra l 

dens i ty , c o h e r e n c e and p h a s e . The advan t ages of u s ing this m e t h o d rely on the fact that 

one can e l imina t e the u n d e s i r e d f requencies . Thus , the signal ana lys i s is p e r f o r m e d in a 

" c l e a n " w a y . P r o g r a m ' pe r fo rms the wave l e t and F F T m u l t i c h a n n e l i n t eg ra t i on 

( A p p e n d i x B ) . The resu l t s of appl ica t ions of this m e t h o d are p r e s e n t e d in 

C h a p t e r s 5 and 6. 

4.2.9 Statistical Analysis 

M R A and s tat is t ical analys is are c o m b i n e d to ob ta in the m e a n and R M S v a l u e s at 

each s u b - b a n d level of the d e c o m p o s e d signal . The p u r p o s e of this ana lys i s is to verify if 

t he re is any n o n - s t a t i o n a r y t rend in the m e a s u r e m e n t data. P r o g r a m 8 ( A p p e n d i x B) 

g ives the c o m m a n d l ine funct ions to perform the stat is t ical analys is . 
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CHAPTER 5 

Rotating Machinery Experiment and Data Analysis Method 

5.1 Introduction 

The need for m o n i t o r i n g and d i a g n o s i s of p r o c e s s d y n a m i c s and senso r s , in 

indus t r ia l s y s t e m s , has i n c r e a s e d the efforts t o w a r d s d e v e l o p i n g n e w da ta ana lys i s 

t e c h n i q u e s . The m a i n goal of th is t e c h n o l o g i c a l i m p r o v e m e n t is to ex t rac t m o r e de ta i led 

in fo rmat ion con t a ined in the m e a s u r e d data. S tandard digi ta l s ignal p r o c e s s i n g 

t e c h n i q u e s such as t i m e ser ies s t a t i s t i c s , co r r e l a t ion ana lys i s and the fast Fou r i e r 

t r ans form h a v e been u s e d to de tec t faults in p lan t c o m p o n e n t s . The resu l t s s h o w e d that 

they w e r e not sens i t ive to sma l l and s h o r t - t e r m a n o m a l i e s . 

This chapte r p r o v i d e s a gene ra l bu t p r e c i s e idea about the po ten t i a l use of a nove l 

m e t h o d for m o n i t o r i n g and d i a g n o s i s of r o t a t i ng m a c h i n e r y . This m e t h o d c o m b i n e s two 

powerful signal p r o c e s s i n g t o o l s : t he fast F o u r i e r t rans form and the w a v e l e t t r ans form. 

5.2 Rotating Machinery Experiment 

Early de tec t ion of a n o m a l i e s in ro t a t i ng e q u i p m e n t such as m o t o r s , p u m p s , 

t u rb ines , c o m p r e s s o r s , e t c . , is c ruc ia l for the safety an<d e c o n o m i c o p e r a t i o n of an 

indus t r ia l sys tem. The c h a l l e n g e is to identify and cha rac t e r i ze the causes of a n o m a l i e s in 

the inc ip ien t s tage , s ince the b a c k g r o u n d no i se s o m e t i m e s may w e a k e n the s igna ls . 
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Sta t ionary s igna ls are often ana lyzed u s i n g the s tandard Four i e r t rans form 

t e c h n i q u e s . W h e n a sys t em is n o n - s t a t i o n a r y or u n d e r g o e s a t rans ient , the Fou r i e r 

t e c h n i q u e does not p r o v i d e p r o p e r i n fo rma t ion abou t the charac te r i s t i c changes in the 

s igna l s . The ana lys i s of n o n - s t a t i o n a r y s igna l s shou ld be pe r fo rmed us ing t ime-f requency 

( S T F T ) and t i m e - s c a l e ( w a v e l e t t r ans fo rm) t e c h n i q u e s . In t eg ra t ing STFT and the wave l e t 

t rans form p r o v i d e s a m o r e power fu l tool for s ignal m o n i t o r i n g than the s tandard F F T 

ana lys i s a lone. 

The w a v e l e t t r ans fo rm t e c h n i q u e s for fault m o n i t o r i n g and d iagnos i s of 

m a c h i n e r y h a v e b e e n inc reas ing ly used du r ing r ecen t y e a r s , s ince these t e c h n i q u e s a l low 

us to per form the ana lys i s of a sys tem du r ing t r ans i en t s . The appl ica t ion of t rad i t iona l 

t e c h n i q u e s is l imi ted to s ta t ionary p r o c e s s e s . The c o m b i n a t i o n of STFT and discre te 

w a v e l e t t r ans form t e c h n i q u e s is a n e w a p p r o a c h tha t can be used for a loca l ized ana lys i s 

of the s ignals in the t ime- f r equency or the t i m e - s c a l e d o m a i n and it p r o v i d e s a powerful 

tool for cond i t i on m o n i t o r i n g and fault d i a g n o s i s [8, 44 64, 65 and 7 2 ] . The p u r p o s e of 

this task is to i m p l e m e n t a c o m b i n e d STFT and D i s c r e t e w a v e l e t t ransform t echn ique to 

ana lyze t rans ien t and s ta t ionary data from r o t a t i n g m a c h i n e r y , as wel l as to d e m o n s t r a t e 

the effect iveness of d i a g n o s i n g m a c h i n e r y c o n d i t i o n dur ing c h a n g i n g speeds . 

5.2.1 Description of the Experiment 

The e x p e r i m e n t d e s c r i b ed in th is chap te r , pe r fo rms the cond i t ion m o n i t o r i n g of 

mach ine ry to p red ic t s o m e a n o m a l i e s that m a y occur u n d e r v a r y i n g load cond i t ions 
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(no rma l , i m b a l a n c e and m i s a l i g n m e n t ) in the ro tor r ig. The STFT and w a v e l e t t r ans fo rm 

t e c h n i q u e s w e r e used to per form data ana lys i s , and they cha rac t e r i z ed , the s tar t -up and 

s h u t - d o w n s igna tu res of the ro tor r ig unde r different ope ra t i ng c o n d i t i o n s . The p r o m i n e n t 

spect ra l c o m p o n e n t s of the s ignals were t racked in t i m e - s c a l e and t ime- f requency 

d o m a i n s dur ing m o t o r speed va r i a t ions . C o n c l u s i o n s w e r e m a d e ind i ca t ing the 

a d v a n t a g e s of u s i n g this n e w signal ana lys i s me thod . 

The e x p e r i m e n t a l set-up is wel l descr ibed in re fe rence [3] . The m a c h i n e r y sys tem 

is c o m p r i s e d of a m o t o r loaded wi th a ro tor rig as shown in the F i g u r e 5 . 1 . F o u r b e a r i n g s 

w e r e used in the test rig. The ro tor rig w a s opera ted at n o r m a l c o n d i t i o n at cons t an t speed 

of 3,600 R P M before shu t -down . The rig was then a l l owed to c o a s t d o w n to a stop. The 

rig w a s then res ta r ted and the m o t o r speed was inc reased s teadi ly to a p p r o x i m a t e l y 7,200 

R P M . The test run was r epea ted for different a n o m a l i e s ( i m b a l a n c e and m i s a l i g n m e n t ) 

i m p o s e d on the ro tor r ig. The data acquis i t ion w a s p e r f o r m e d u s i n g the D a t a T rans l a t i on 

D T 2 8 0 1 - 7 A AID conve r t e r and G L O B A L L A B , the D a t a T r a n s l a t i o n ' s acquis i t ion 

sof tware. 

The shaft speed w a s m e a s u r e d by a t a c h o m e t e r ( k e y p h a s e r w h i c h m e a s u r e s the 

ro t a t iona l f requency of the shaft by t r ack ing a no t ch on the shaft) and the shaft m o t i o n 

w a s m e a s u r e d w i th a d i s p l a c e m e n t t r ansducer . The s igna l s m e a s u r e d in the t r ans ien t 

c o n d i t i o n h a v e a l eng th of acquis i t ion of 400 s e c o n d s , and a s a m p l i n g f requency of 500 

Hz . 
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R o t o r D i sk 

M o t o r C o u p l i n g #1 

B e a r i n g #1 
B e a r i n g #2 

B e a r i n g #3 
B e a r i n g #4 

F i g u r e 5 .1 . R o t o r Rig S c h e m e [3] 
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The m e a s u r e m e n t s in s ta t ionary cond i t ion have a length of 40 seconds , and a sampl ing 

f requency of 2 ,000 Hz . The data were filtered by h i g h p a s s and l owpass ana log filter. The 

h i g h p a s s filter w a s set at 1 Hz in order to m a x i m i z e the AID conver te r r eso lu t ion whi le 

the l o w p a s s w a s set at a f requency of L o w p a s s = 0 . 4 5 x sampl ing_f requency . This was 

done in o rde r to avoid the N y q u i s t a l ias ing effect [3] . The ampl i f ica t ion of the speed 

t r a n s d u c e r ou tpu t w a s set to 1.0 vol t per vol t wh i l e the d i sp l acemen t t r ansduce r gain was 

set to 100 vo l t s pe r vol t u s i n g ampli f iers bui l t - in the AID conver ter . 

The fo l lowing t a sks w e r e inc luded as part of the data ana lys is of the rotor rig 

m e a s u r e m e n t s . 

• Ear ly a n o m a l y de tec t ion , us ing STFT and wave le t t e c h n i q u e s , unde r va ry ing 

load c o n d i t i o n s . 

• The c h a r a c t e r i z a t i o n of the mo to r s igna ture , at s tar t-up and shu t -down, for 

different o p e r a t i n g c o n d i t i o n s . 

• T r a c k i n g of the p r e d o m i n a n t spectral c o m p o n e n t s of the sensor s igna ls , in the 

t i m e - s c a l e and t ime- f r equency d o m a i n s , dur ing mo to r speed va r i a t ions . 

• C o m p a r i s o n of the different s ignal ana lys i s t echn iques . 
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5.2.2 Data Analysis Method and Results 

The m o t o r da ta a n a l y s i s w a s p e r f o r m e d u s i n g the M A T L A B data ana lys is sys tem 

t o o l b o x d e s c r i b ed in C h a p t e r 4. T w o different sets of da ta w e r e used and w e r e classified 

as s ta t ionary and n o n - s t a t i o n a r y . The data are d e sc r i b ed in the Tab le 5 . 1 . The s ta t ionary 

m o t o r r ig da ta w e r e a n a l y z e d u s i n g the fo l lowing s teps . 

• F o r m a t and c o n v e r t the da ta to A S C I I t ype . 

• R e m o v e the DC level and n o r m a l i z e the data u s i n g the e lec t ron ic gain. 

• Per form the da ta a n a l y s i s u s i n g the s tandard Fou r i e r t r ans form to ob ta in the 

a u t o - p o w e r s p e c t r a l dens i ty ( A P S D ) . 

• Def ine the o p t i m a l w a v e l e t bas i s funct ion to be used for M R A . 

• Pe r fo rm the da t a a n a l y s i s u s i n g the M R A . 

• Pe r fo rm the S h o r t - t i m e Four i e r t r ans fo rm ( S T F T ) of the or ig ina l data. 

• Per form the c o m b i n e d M R A and S T F T ana lys i s . 

• Pe r fo rm the m u l t i c h a n n e l da ta ana lys i s of se lec ted sensor s . 

The ana lys i s of n o n - s t a t i o n a r y data w a s done fo l lowing the s teps desc r ibed 

b e l l o w : 

• F o r m a t and c o n v e r t the da ta to A S C I I type . 

• R e m o v e the DC level and n o r m a l i z e the data u s i n g the e lec t ron ic gain. 

• Per form the da t a a na ly s i s u s i n g the s t andard Fou r i e r t r ans form to ob ta in the 

au to - p o w e r spec t r a l dens i ty ( A P S D ) . 

• D e t e r m i n e the o p t i m a l w a v e l e t ba s i s funct ion to be used for M R A . 

• Per form the S T F T of the r a w data. 

• Per form the D i s c r e t e w a v e l e t t r ans fo rm ( D W T ) . 



T A B L E 5 . 1 . S t a t i o n a r y and N o n - S t a t i o n a r y D a t a P a r a m e t e r s 

Senso r 

ID 

C o n d i t i o n E v e n t D a t a L e n g t h 

(sec) 

S a m p l i n g 

F r e q u e n c y 

(Hz) 

Sensor 

T y p e 

1 N o r m a l S t eady-S ta t e 40 2 0 0 0 Speed and 

D i s p l a c e m e n t 

2 N o r m a l T r a n s i e n t 4 0 0 500 Speed 

3 N o r m a l T r a n s i e n t 4 0 0 500 D i s p l a c e m e n t 

4 I m b a l a n c e S teady-s ta te 40 2 0 0 0 Speed and 

D i s p l a c e m e n t 

5 I m b a l a n c e T r a n s i e n t 4 0 0 500 Speed 

6 I m b a l a n c e T r a n s i e n t 4 0 0 500 D i s p l a c e m e n t 

7 M i s a l i g n e d S teady-s ta te 40 2 0 0 0 Speed and 

D i s p l a c e m e n t 

8 M i s a l i g n e d T r a n s i e n t 4 0 0 500 Speed 

9 M i s a l i g n e d T r a n s i e n t 4 0 0 500 D i s p l a c e m e n t 
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5.2.3 Results of Stationary Data Analysis 

5.2.3.1 Normal Case 

Figures 5.2 and 5.3 s h o w the t i m e - a m p l i t u d e p lo t s of t a c h o m e t e r and hor i zon ta l 

p r o x i m i t y p robe sensors from s teady-s ta te file ID # 1 . F i g u r e s 5.4 and 5.5 s h o w the p o w e r 

spectral dens i t i es . The IX r u n n i n g speed of the m o t o r ( 6 0 H z ) is s h o w n in F igu re 5.4 

t oge the r wi th p r o m i n e n t h a r m o n i c s . A 160 Hz p e a k can be de t ec t ed , and accord ing to 

p r e v i o u s analys is [3] , it is r e la ted to the s t ruc tura l r e s o n a n c e . F i g u r e 5.5 s h o w s the 60 Hz 

speed m o t o r f requency, w h i c h m e a n s that i m b a l a n c e and /o r m i s a l i g n m e n t ex is t s in the 

ro tor rig even in the n o r m a l case [3]. The F F T s w e r e ca l cu l a t ed u s i n g 1024 po in t pe r 

b lock and a total of 2 1 6 da ta po in t s . The t i m e - f r e q u e n c y p o w e r spec t ra (3-D) of the 

or iginal t a c h o m e t e r and p r o x i m i t y p r o b e sensor s igna l s are o b t a i n e d u s i n g the S T F T 

t e c h n i q u e . They are s h o w n in F i g u re s 5.6 and 5.7 for each sensor . A H a r m i n g w i n d o w 

w a s used to per form the S T F T ana lys i s . 

The wave l e t m u l t i r e s o l u t i o n ana lys i s ( M R A ) w a s p e r f o r m e d u s i n g an op t ima l 

wave le t (Daubech ie s w a v e l e t , D a u b 2 0 ) . F ive d e c o m p o s i t i o n l eve l s w e r e ini t ial ly se lected 

for the analys is . The de ta i l ed r e c o n s t r u c t e d s igna l s , at e ach s u b - b a n d leve l , w e r e 

ob ta ined for each sensor and they are s h o w n in F i g u r e s 5.8 and 5.9. T a b l e 5.2 s h o w s the 

frequency r ange for each M R A level . The m o t o r speed (60 H z ) at the 5 t h level can be 

enhanced wi th this local ana lys i s . The M R A resu l t s are c o m b i n e d w i t h the S T F T 

ana lys i s , and 3-D p lo t s and can be ob ta ined for a specific s u b - b a n d level ( 5 t h l evel ) . 

F igu re s 5.10 and 5.11 por t ray each of the sensors e x a m i n e d . 
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F i g u r e 5 .2 . T i m e - A m p l i t u d e Plot of T a c h o m e t e r S igna l at N o r m a l and S t e a d y - S t a t e 
C o n d i t i o n 
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F i g u r e 5 .3 . T i m e - A m p l i t u d e P lo t S igna l of P r o x i m i t y P r o b e at N o r m a l and S teady-
State C o n d i t i o n 
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F i g u r e 5.4. F F T P o w e r S p e c t r a l D e n s i t y E s t i m a t i o n of S ignal at N o r m a l and S t e a d y -
State C o n d i t i o n 
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F i g u r e 5.5. F F T P o w e r Spec tra l D e n s i t y E s t i m a t i o n of P r o x i m i t y P r o b e S ignal at 
N o r m a l and S t e a d y - S t a t e C o n d i t i o n 
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F i g u r e 5.6. S T F T T i m e - F r e q u e n c y P o w e r S p e c t r a l D e n s i t y E s t i m a t i o n of 
T a c h o m e t e r S i g n a l at N o r m a l and S t e a d y - S t a t e C o n d i t i o n 

F i g u r e 5.7. S T F T T i m e - F r e q u e n c y P o w e r S p e c t r a l D e n s i t y E s t i m a t i o n of P r o x i m i t y 
P r o b e S igna l at N o r m a l a n d S t e a d y - S t a t e C o n d i t i o n 
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Figure 5.8. M u l t i r e s o l u t i o n A n a l y s i s Resu l t s S h o w i n g the Deta i l R e c o n s t r u c t e d 
T a c h o m e t e r S igna l s at N o r m a l and S t e a d y - S t a t e C o n d i t i o n (or ig inal s ignal at the 

top and 5 t h level at the b o t t o m ) 
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Figure 5.9. M u l t i r e s o l u t i o n A n a l y s i s R e s u l t s S h o w i n g the Deta i l R e c o n s t r u c t e d 
Signals of P r o x i m i t y P r o b e S igna l at N o r m a l and S t e a d y - S t a t e C o n d i t i o n (original 

s ignal at the top and 5 t h level at the b o t t o m ) 
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T a b l e 5.2. F r e q u e n c y B a n d s for M R A of T a c h o m e t e r and the P r o x i m i t y P r o b e 
S t a t i o n a r y Ana lys i s ( s a m p l i n g rate = 2000 H z ) 

M R A 

Leve l 

A p p r o x i m a t i o n L e v e l s 

F r e q u e n c y R a n g e (Hz) 

Deta i l L e v e l s 

F r e q u e n c y R a n g e (Hz) 

1 0 - 5 0 0 500 - 1000 

2 0 - 2 5 0 250 - 500 

3 0 - 1 2 5 125 - 2 5 0 

4 0 - 62.5 62.5 - 125 

5 0 - 32.25 32.25 - 62.5 

70 



80 

Frequency (Hz) 0 0 Time (sec) 

F i g u r e 5 .10. S T F T & M R A T i m e - F r e q u e n c y P o w e r Spectra l D e n s i t y E s t i m a t i o n of 
T a c h o m e t e r S igna l at N o r m a l and S t e a d y - S t a t e C o n d i t i o n (or ig ina l s ignal at the top 

and 5 t h level at the b o t t o m ) 

Time (sec) 4 0 Frequency (Hz) 

F i g u r e 5 . 1 1 . S T F T & M R A T i m e - F r e q u e n c y P o w e r Spectra l D e n s i t y E s t i m a t i o n of 
P r o x i m i t y P r o b e S igna l at N o r m a l and S t e a d y - S t a t e C o n d i t i o n (or ig ina l s ignal at the 

t o p and 5 t h level at the b o t t o m ) 
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The m u l t i r e s o l u t i o n ana lys i s r e su l t s , s h o w n in F i g u r e s 5.8 and 5.9 for the 

t a c h o m e t e r and p r o x i m i t y p r o b e s enso r s , p r o v i d e the n e c e s s a r y informat ion to t rack the 

b e h a v i o r of the sy s t em at different f requency r a n g e s . The r u n n i n g speed ( fundamenta l 

f requency) w a s i so la ted from any u n d e s i r e d f requency , and an enhanced analys is w a s 

pe r fo rmed . The S T F T w a s t h e n c o m b i n e d w i t h M R A , and a loca l ized ana lys i s of the 

s ignal was pe r fo rmed . 

5.2.3.2 Imbalance Case 

M a s s i m b a l a n c e is one of the m o s t c o m m o n causes of v ib ra t ion and it is very easy 

to d i agnose . I m b a l a n c e is a c o n d i t i o n w h e r e the cen te r of m a s s does not co inc ide wi th the 

cen te r of ro ta t ion , due to the u n e q u a l d i s t r ibu t ion of the ro to r m a s s about the center of 

ro ta t ion . The i m b a l a n c e c rea tes a v i b r a t i o n frequency exact ly equal to the ro ta t ional 

speed, wi th amp l i t ude p r o p o r t i o n a l to the a m o u n t of i m b a l a n c e [3 , 104] . 

F i g u r e s 5.12 and 5.13 s h o w the t i m e a m p l i t u d e s ignal for the t a c h o m e t e r and the 

p r o x i m i t y p r o b e . The i r r e s p e c t i v e auto p o w e r spec t ra are s h o w n in F igu res 5.14 and 5.15. 

As it was expec t ed s o m e f requency c o m p o n e n t s inc reased the i r ampl i tudes w h e n 

c o m p a r e d wi th a n o r m a l case . This i n c r e a s i n g effect can be found in the STFT analys is , 

as shows in F i g u r e s 5.16 and 5.17. F i g u r e s 5.18 and 5.19 por t ray M R A analys is resul t s . 

The c o m b i n e d S T F T and M R A ana lys i s , s h o w n in F i g u r e s 5.20 and 5 . 2 1 , p r o v i d e s 

loca l ized in fo rma t ion on the IX r u n n i n g speed of the ro tor r ig. T h o r o u g h detai ls are 

g iven in the above f igures w h e n c o m p a r e d w i th the S T F T ana lys i s of the or iginal s ignal 

(F igures 5.16 and 5.17). 
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F i g u r e 5 .12. T i m e - A m p l i t u d e P lo t of T a c h o m e t e r S i g n a l at I m b a l a n c e and Steady 
State C o n d i t i o n 
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Figure 5 .13 . T i m e - A m p l i t u d e P lo t S i g n a l of P r o x i m i t y P r o b e at I m b a l a n c e and 
S t e a d y - S t a t e C o n d i t i o n 
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F i g u r e 5 .14. F F T P o w e r Spec tra l Dens i ty E s t i m a t i o n of T a c h o m e t e r S i g n a l at 
I m b a l a n c e and S t e a d y - S t a t e C o n d i t i o n 

Frequency (Hz) 

F i g u r e 5 .15. F F T P o w e r Spec tra l Dens i ty E s t i m a t i o n of P r o x i m i t y P r o b e S igna l at 
I m b a l a n c e and S t e a d y - S t a t e C o n d i t i o n 
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F i g u r e 5.16 S T F T T i m e - F r e q u e n c y P o w e r Spec tra l D e n s i t y E s t i m a t i o n of 
T a c h o m e t e r S ignal at I m b a l a n c e and S t e a d y - S t a t e C o n d i t i o n , (a) 3-D P l o t , (b) 2-D 

P lo t 
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F i g u r e 5.17. S T F T T i m e - F r e q u e n c y P o w e r S p e c t r a l D e n s i t y E s t i m a t i o n of P r o x i m i t y 
P r o b e S igna l at I m b a l a n c e and S t e a d y - S t a t e C o n d i t i o n , (a) 3-D P lo t , (b) 2-D P lo t 
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F i g u r e 5 .18. M u l t i r e s o l u t i o n A n a l y s i s Resu l t s S h o w i n g the Deta i l R e c o n s t r u c t e d 
S igna l s of T a c h o m e t e r S igna l at I m b a l a n c e and S teady-S ta te C o n d i t i o n (or ig inal 

s igna l at the top and 5 t h level at the b o t t o m ) 

i n — ! m w w m m i u m 

0.059-
o *M»*iwin»«nwKuiiiiiiit>wiii>i|ii<,nm 

-0.05 
0.059- 4 -

0 1,|MILMHIM_FLLirH_MLLL̂ L>Î MW|W>MlKLLL(̂ TLL̂  

•a 0 .5 r 

< 0.5<r 

MN̂ M̂HMNMHMMNMMlNMNI 

2 3 
Time (sec) 

• 4 -

F i g u r e 5 .19. M u l t i r e s o l u t i o n A n a l y s i s Resu l t s S h o w i n g the Deta i l R e c o n s t r u c t e d 
S igna l s of P r o x i m i t y P r o b e S ignal at I m b a l a n c e and Steady-Sta te C o n d i t i o n 

(or ig ina l s ignal at the top and 5 t h level at the b o t t o m ) 
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F i g u r e 5.20. S T F T & M R A T i m e - F r e q u e n c y P o w e r S p e c t r a l D e n s i t y E s t i m a t i o n of 
T a c h o m e t e r P r o b e S igna l at I m b a l a n c e and S t e a d y - S t a t e C o n d i t i o n . 
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F i g u r e 5 . 2 1 . S T F T & M R A T i m e - F r e q u e n c y P o w e r S p e c t r a l D e n s i t y E s t i m a t i o n 
P r o x i m i t y P r o b e S i g n a l at I m b a l a n c e and S t e a d y - S t a t e C o n d i t i o n 
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5.2.3.3. Misalignment Case 

C o u p l i n g m i s a l i g n m e n t is a c o n d i t i o n in w h i c h the shafts of the dr ive m a c h i n e 

and dr iven m a c h i n e are no t on the same cen te r l ine . T h e r e are different types of 

m i s a l i g n m e n t such as pa ra l l e l , angu la r , ver t ica l and h o r i z o n t a l . The para l le l m i s a l i g n m e n t 

is the m o s t c o m m o n t y p e , and it r e su l t s in a large 2X r u n n i n g speed spectra l c o m p o n e n t 

in a radia l d i rec t ion. The a n g u l a r m i s a l i g n m e n t resu l t s in a large IX r u n n i n g speed 

spectral c o m p o n e n t in the radia l and axial d i r ec t ions [ 3 , 1 0 4 ] . 

M i s a l i g n m e n t s h o w s up in the f requency d o m a i n as a ser ies of h a r m o n i c s of the 

r u n n i n g speed. The t i m e - a m p l i t u d e p lo t s of the m e a s u r e d s igna l s are s h o w n in F igu res 

5.22 and 5 .23. The STFT p o w e r s p e c t r u m of the t a c h o m e t e r is s h o w n in F i g u r e 5.24. It 

r evea l s that its ampl i t ude p o w e r s p e c t r u m has s ignif icant ly i n c r e a s e d w h e n c o m p a r e d 

wi th the n o r m a l case s h o w n in F i g u r e s 5.6 and 5.7. F i g u r e 5.25 s h o w s the resu l t s for the 

p r o x i m i t y p r o b e , wh i l e r e v e a l i n g i n c r e a s e d a m p l i t u d e in the IX r u n n i n g speed and the 

160 Hz c o m p o n e n t of the s t ruc tura l r e s o n a n c e . The resu l t s o b t a i n e d u s i n g the M R A are 

po r t r ayed in F igures 5.26 and 5.27 and the c o m b i n e d S T F T and M R A ana lys i s resu l t s are 

d i sp layed in F igu res 5 . 2 8 - 5 . 3 1 . 

5.2.4 Non-stationary Data Analysis Results 

The non-s ta t iona ry an a l y s i s w a s p e r f o r m e d u s i n g the S T F T and D W T t e c h n i q u e s , 

in order to t rack the p r e d o m i n a n t spect ra l c o m p o n e n t s of the sensor s igna l s , in the t i m e -

scale and t ime- f requency d o m a i n , du r ing m o t o r speed v a r i a t i o n s . The S T F T t e c h n i q u e 

used a H a r m i n g w i n d o w to c o m p u t e the F o u r i e r coeff icients . 
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F i g u r e 5 .22. T i m e - A m p l i t u d e Plot of T a c h o m e t e r Signal at M i s a l i g n m e n t and 
S t e a d y - S t a t e C o n d i t i o n 
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F i g u r e 5 .23 . T i m e - A m p l i t u d e P lo t S ignal of P r o x i m i t y P r o b e at M i s a l i g n m e n t and 
S t e a d y - S t a t e C o n d i t i o n 
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F i g u r e 5 .24 . F F T P o w e r Spec tra l D e n s i t y E s t i m a t i o n of T a c h o m e t e r S igna l at 
M i s a l i g n m e n t and S teady-Sta te C o n d i t i o n 
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F i g u r e 5.25. F F T P o w e r Spec tra l Dens i ty E s t i m a t i o n of P r o x i m i t y P r o b e S ignal at 
M i s a l i g n m e n t and S teady-S ta te C o n d i t i o n 
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F i g u r e 5.26. M u l t i r e s o l u t i o n A n a l y s i s Resu l t s S h o w i n g the Deta i l R e c o n s t r u c t e d 

S igna l s of T a c h o m e t e r S i g n a l at M i s a l i g n m e n t and S teady-S ta te C o n d i t i o n (original 
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F i g u r e 5.27. M u l t i r e s o l u t i o n A n a l y s i s Resu l t s S h o w i n g the Deta i l R e c o n s t r u c t e d 

S igna l s of P r o x i m i t y P r o b e S i g n a l at M i s a l i g n m e n t and S teady-S ta te C o n d i t i o n 

(or ig ina l s igna l at the top and 5 t h level at the b o t t o m ) 
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F i g u r e 5 .28. S T F T T i m e - F r e q u e n c y 
T a c h o m e t e r S i g n a l at M i s a l i g n m e n t and 

2-D 

P o w e r Spec tra l D e n s i t y E s t i m a t i o n of 
S t e a d y - S t a t e C o n d i t i o n , (a) 3-D P l o t (b) 
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F i g u r e 5.30. S T F T & M R A T i m e - F r e q u e n c y P o w e r S p e c t r a l D e n s i t y E s t i m a t i o n of 
T a c h o m e t e r S i g n a l at M i s a l i g n m e n t and S t e a d y - S t a t e C o n d i t i o n 

F i g u r e 5 . 3 1 . S T F T & M R A T i m e - F r e q u e n c y P o w e r S p e c t r a l D e n s i t y E s t i m a t i o n of 
P r o x i m i t y P r o b e S i g n a l at M i s a l i g n m e n t and S t e a d y - S t a t e C o n d i t i o n 
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For the d i sc re te w a v e l e t t rans form ( D W T ) c o m p u t a t i o n the h a r m o n i c bas i s 

w a v e l e t w a s selected b e c a u s e its a lgor i thm is fast and the features of the w a v e l e t bas i s 

funct ion m a t c h w i th the cha rac te r i s t i c s of the m e a s u r e m e n t s igna l s . D u r i n g the D W T 

ana lys i s e ach d e c o m p o s i t i o n level is assoc ia ted w i th its f requency cen te r , as s h o w n in 

T a b l e 5.3. The D W T coefficients are squared and the i r 2-D p lo t s w e r e ob t a ined . 

The t i m e - a m p l i t u d e p lo t s of the s ignal m e a s u r e m e n t s at t r ans i en t cond i t i on 

( n o r m a l , i m b a l a n c e and m i s a l i g m e n t ) are s h o w n in F i g u r e s 5 .32-5 .37 . T h e s e s igna ls w e r e 

used for S T F T and D W T t rans ien t ana lys i s . 

T A B L E 5 .3 . F r e q u e n c y B a n d s for D W T T a c h o m e t e r and H o r i z o n t a l P r o x i m i t y 
P r o b e S e n s o r N o n - S t a t i o n a r y A n a l y s i s ( s a m p l i n g r a t e = 500 H z ) 

W a v e l e t F r e q u e n c y Cen te r 

L e v e l (Hz) 

11 3.90 

12 7.81 

13 15.62 

14 31 .25 

15 6 2 . 5 0 

16 125.00 

17 2 5 0 . 0 0 
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Figure 5 .32. T i m e - A m p l i t u d e Plot S igna l of T a c h o m e t e r at N o r m a l and T r a n s i e n t 
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Figure 5 .33 . T i m e - A m p l i t u d e Plot S igna l of P r o x i m i t y P r o b e at N o r m a l and 
T r a n s i e n t C o n d i t i o n 
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F i g u r e 5 .35. T i m e - A m p l i t u d e Plot S igna l of P r o x i m i t y P r o b e at I m b a l a n c e and 
T r a n s i e n t C o n d i t i o n 
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F i g u r e 5.36. T i m e - A m p l i t u d e Plot S ignal of T a c h o m e t e r at M i s a l i g n m e n t and 
T r a n s i e n t C o n d i t i o n 
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F i g u r e 5.37. T i m e - A m p l i t u d e Plot S ignal of P r o x i m i t y P r o b e at M i s a l i g n m e n t and 
T r a n s i e n t C o n d i t i o n 
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5.2.4.1 Normal and Transient Conditions 

In the n o r m a l and t r ans i en t c o n d i t i o n s , the STFT ana lys i s resu l t s were obta ined 

and d i sp l ayed in F i g u r e s 5.38 and 5.39 (2-D and 3-D p lo t s ) . The t a c h o m e t e r signal 

ana lys i s r e v e a l s the IX r u n n i n g speed at 60 HZ and the r e spec t ive 2X, 3X and 4X 

r u n n i n g speed h a r m o n i c s . The r u n n i n g speed w a s dec r ea sed du r ing c o a s t d o w n and its 

l ower f requency v a l u e can be found at 140 seconds . The p r o x i m i t y p r o b e signal analys is 

resu l t s s h o w n in F i g u r e 5.39(b) r evea l s an impor t an t charac te r i s t i c of the 160 Hz 

r e s o n a n c e s t ruc ture spect ra l c o m p o n e n t , tha t is, the m a g n i t u d e of the p o w e r spec t rum 

c h a n g e s as the r u n n i n g speed c h a n g e s . 

The D W T ana lys i s p r o d u c e s the wave l e t p o w e r spec t rum. The analys is resul ts for 

t a c h o m e t e r and p r o x i m i t y p r o b e s igna ls are shown in F ig u re s 5.40 and 5.41 respec t ive ly . 

The p o w e r spec t ra , in the 2-D m a p r ep re sen ta t ion , p rec i se ly reveal the t ime-sca le 

b e h a v i o r of each s ignal w h e n the t r ans i en t s w e r e p e r f o r m e d on the sys tem. 

5.2.4.2 Imbalance and Transient Condition 

The resu l t s of S T F T t r ans i en t ana lys is at i m b a l a n c e cond i t i on are shown in 

F igu re s 5.42 ( t a c h o m e t e r ) and 5.43 (p rox imi ty p r o b e ) . F i g u r e s 5.44 and 5.45 show the 

m a p p lo t s o b t a i n e d u s i n g the h a r m o n i c w a v e l e t t r ans form. F igu re s 5.42 and 5.43 reveal 

that the a m p l i t u d e of the IX spect ra l c o m p o n e n t i nc r ea se s du r ing the t rans ien t , as 

e x p e c t e d for the i m b a l a n c e co nd i t i o n . B o t h spect ra show the 160 Hz structural r e sonance 

c o m p o n e n t and its d e c r e a s i n g a m p l i t u d e dur ing the c o a s t d o w n . 
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F i g u r e 5 .38 . S T F T T i m e - F r e q u e n c y P o w e r Spectra l D e n s i t y E s t i m a t i o n of 
T a c h o m e t e r S igna l at N o r m a l and T r a n s i e n t C o n d i t i o n , (a) 3-D Plot , (b) 2-D P lo t 
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F i g u r e 5.39. S T F T T i m e - F r e q u e n c y P o w e r S p e c t r a l D e n s i t y E s t i m a t i o n of P r o x i m i t y 
P r o b e S igna l at N o r m a l and T r a n s i e n t C o n d i t i o n , (a) 3 -D P lo t , (b) 2-D P lo t 
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F i g u r e 5 .40. D W T T i m e - S c a l e P o w e r S p e c t r a l D e n s i t y E s t i m a t i o n of T a c h o m e t e r 
S i g n a l at N o r m a l and T r a n s i e n t C o n d i t i o n 
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F i g u r e 5 . 4 1 . D W T T i m e - S c a l e P o w e r S p e c t r a l D e n s i t y E s t i m a t i o n of P r o x i m i t y 
P r o b e S i g n a l at N o r m a l and T r a n s i e n t C o n d i t i o n 
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F i g u r e 5 .42 . S T F T T i m e - F r e q u e n c y P o w e r Spec tra l D e n s i t y E s t i m a t i o n of 
T a c h o m e t e r S ignal at I m b a l a n c e and T r a n s i e n t C o n d i t i o n , (a) 3 -D P l o t , (b) 2-D P lo t 
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F i g u r e 5 .43 . S T F T T i m e - F r e q u e n c y P o w e r S p e c t r a l D e n s i t y E s t i m a t i o n of P r o x i m i t y 
P r o b e S ignal at I m b a l a n c e and T r a n s i e n t C o n d i t i o n , (a) 3 -D P l o t , (b) 2-D P lo t 
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F i g u r e 5.45. D W T T i m e - S c a l e P o w e r Spectra l D e n s i t y E s t i m a t i o n of H o r i z o n t a l 
P r o x i m i t y P r o b e S igna l at I m b a l a n c e and T r a n s i e n t C o n d i t i o n 
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The d iscre te w a v e l e t t rans form ana lys i s gives p r e c i s e in fo rmat ion about the t i m e -

scale b e h a v i o r of the s y s t e m dur ing the t r ans ien t s . The exac t i n fo rma t ion about the t ime 

in te rva l , w h e r e the t r a n s i e n t occu r s , can be ob ta ined us ing the 2-D p l o t s . 

5.2.4.3 Misalignment and Transient Condition 

The t rans ien t b e h a v i o r of the sys tem in m i s a l i g n m e n t c o n d i t i o n can be m o n i t o r e d 

u s i n g STFT and the D W T analys i s . F i g u r e s 5.46 and 5.47 s h o w the STFT resu l t s 

ob t a ined w h e n the IX r u n n i n g speed is changed . 

The t a c h o m e t e r s ignal ana lys i s revea l s the inc rease in the m a g n i t u d e of the p o w e r 

spect ra l dens i ty , and it a lso s h o w s some frequency c o m p o n e n t s in b e t w e e n the h a r m o n i c s 

of the r u n n i n g speed. D u r i n g c o a s t d o w n , the lowes t va lue of the IX r u n n i n g speed 

f requency is ach i eved at 310 s econds (F igure 5.46). 

The p ro x i mi ty , p r o b e s ignal analys is revea l s that the s t ruc tura l r e s o n a n c e spectral 

c o m p o n e n t c h a n g e s d u r i n g the s teady-s ta te interval (F igure 5.47). The p r e v i o u s resu l t s 

o b t a i n e d us ing STFT ana lys i s can also be seen us ing D W T ana lys i s . These resu l t s are 

s h o w n in F igure 5.48 and 5.49. 
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F i g u r e 5.46. S T F T T i m e - F r e q u e n c y P o w e r Spec tra l D e n s i t y E s t i m a t i o n of 
T a c h o m e t e r S igna l at M i s a l i g n m e n t and T r a n s i e n t C o n d i t i o n , (a) 3-D P l o t (b) 2-D 

P lo t . 
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F i g u r e 5.47. S T F T T i m e - F r e q u e n c y P o w e r Spec tra l D e n s i t y E s t i m a t i o n of P r o x i m i t y 
P r o b e S igna l at M i s a l i g n m e n t and T r a n s i e n t C o n d i t i o n , (a) 3-D Plot , (b) 2-D P lo t 
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F i g u r e 5 .49. D W T T i m e - S c a l e P o w e r S p e c t r a l D e n s i t y E s t i m a t i o n of P r o x i m i t y 
P r o b e S i g n a l at M i s a l i g n m e n t a n d T r a n s i e n t C o n d i t i o n 
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5.3 Conclusions 

A m e t h o d for p r o c e s s i n g e q u i p m e n t da ta for fault m o n i t o r i n g and isola t ion of 

ro ta t ing m a c h i n e r y s y s t e m s d u r i n g s ta t ionary and t r ans i en t o p e r a t i o n w a s deve loped . 

S teady-s ta te and t r ans i en t da ta w e r e a c q u i r e d from a ro to r r ig u n d e r different opera t ing 

c o n d i t i o n s (no rma l , m i s a l i g n m e n t and i m b a l a n c e ) . Severa l s ignal m e a s u r e m e n t s from the 

t a c h o m e t e r and p r o x i m i t y p r o b e w e r e ava i l ab l e from the test r u n s . 

The s ignals from a ro to r r ig test w e r e c o n d i t i o n e d and p r o c e s s e d u s i n g the wave le t 

and shor t - t ime Four i e r t r a n s f o r m s . The f r equenc ie s o b t a i n e d t h r o u g h the data ana lys i s , 

for s ta t ionary and t r ans i en t c o n d i t i o n , w e r e t r a c k e d v i sua l ly u s i n g 2-D and 3-D p lo t s . 

Different p r o c e d u r e s for the data ana lys i s m a y be i m p l e m e n t e d u s i n g t he se deve loped 

too l s . The p r o c e d u r e se lec ted d e p e n d s on the t y p e of e x p e r i m e n t be ing pe r fo rmed . This 

r e sea r ch inves t iga ted the bes t m e t h o d to be e m p l o y e d for v i b r a t i o n ana lys i s u s i n g wave le t 

and shor t - t ime Four i e r t r a n s f o r m s . 

The c o n t i n u o u s w a v e l e t ana lys i s g ives a large a m o u n t of detai l ( some r e d u n d a n t ) . 

The d i sc re te ana lys is s e e m s to be the m o s t a p p r o p r i a t e m e t h o d , b e c a u s e it is fast and does 

not requ i re m a n y c o m p u t a t i o n s . The m u l t i r e s o l u t i o n ana lys i s ( M R A ) was one of the best 

too l s to be used for m o n i t o r i n g the v i b r a t i o n s igna l s , b e c a u s e it p r o v i d e d a local ized 

informat ion in different f requency b a n d s . The i n t eg ra t i on of STFT and M R A resu l t s in a 

un ique d i agnos i s tool . The h a r m o n i c w a v e l e t ana ly s i s , in the t i m e - s c a l e d o m a i n , gave the 

m a p s w h i c h p rov ided a c lear i n f o r m a t i o n abou t the e v o l u t i o n of the m o n i t o r e d signal 
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dur ing the t r an s i en t s . By c o m b i n i n g the in format ion p r o v i d e d by the two t e c h n i q u e s we 

o b t a i n e d a be t t e r u n d e r s t a n d i n g of m a c h i n e r y b e h a v i o r du r ing t r ans i en t c o n d i t i o n s . The 

S T F T clear ly s h o w e d the t ime- f requency e v o l u t i o n of the sys t em u n d e r ana lys i s and the 

h a r m o n i c w a v e l e t m a p s (2-D plot ) c o m p l e m e n t the resu l t s by s h o w i n g in detai l the 

o c c u r r e n c e s of the abrup t c h a n g e s dur ing m o t o r speed v a r i a t i o n s . The h a r m o n i c w a v e l e t 

t r an s fo rm w a s able to de tec t the t ime ins tan ts at w h i c h c h a n g e s in the m o t o r speed w e r e 

m a d e . On the o ther h a n d the STFT was able to t rack the non - s t a t i ona ry da ta to identify 

the t i m e - d e p e n d e n t c h a n g e s in the frequency c o m p o n e n t s . 

The s ignal p r o c e s s i n g t e c h n i q u e s m e n t i o n e d before c h a r a c t e r i z e d the s t a r t -up and 

s h u t - d o w n s i g n a t u r e s of the ro tor rig unde r different ope ra t ing c o n d i t i o n s . The p r o m i n e n t 

spect ra l c o m p o n e n t s of the s ignals w e r e t r acked in the t ime- f r equency and t i m e - s c a l e 

d o m a i n s du r ing the ro to r speed var ia t ion . The ana lys i s ind ica ted the a p p e a r a n c e and 

d i s a p p e a r a n c e of ce r t a in f requenc ies dur ing the c o a s t d o w n e x p e r i m e n t such as the 160 Hz 

s t ruc tura l r e s o n a n c e c o m p o n e n t . 

The resu l t s of c o m b i n i n g STFT and w a v e l e t ana lys i s s h o w e d the a d v a n t a g e s of 

th is m e t h o d in d e t e c t i n g inc ip ien t c h a n g e s in p r o c e s s s igna ls du r ing s t eady-s ta te 

o p e r a t i o n s . These c h a n g e s m i g h t be ind ica t ive of pos s ib l e a n o m a l i e s in p lan t e q u i p m e n t 

or in p r o c e s s s enso r s . 
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CHAPTER 6 

Analysis of Neutron Detector and Process Sensor Signals from 
a Pressurized Water Reactor 

6.1 Introduction 

D u r i n g the pas t d e c a d e w a v e l e t t r ans fo rms h a v e b e e n a p p l i e d successful ly to 

m a n y p r o b l e m s in such d iverse fields as sc ience and e n g i n e e r i n g . The in t eg ra t ion and 

appl ica t ion of these m e t h o d s to nuc l ea r p o w e r p lan t s is still in its in fancy . 

The nuc lea r p o w e r p lan t data, ana lyzed in th is d i s s e r t a t i on , are m e a s u r e m e n t s 

from flow and p ressu re sensor s ignals from a p r e s s u r i z e d w a t e r r e a c t o r ( P W R ) s h o w i n g 

s t rong and i r regular flow d ips . The in-core flux de tec to r s igna l s , m o n i t o r e d du r ing the full 

p o w e r reac tor opera t ion , are also ana lyzed . 

The nuc lea r p o w e r p lan t data ana lys i s , u s ing the w a v e l e t and S T F T t e c h n i q u e s , 

p u r s u e s the de tec t ion and cha rac t e r i za t i on of t r ans i en t s in the data. The def in i t ion of t ime 

d e p e n d e n c y and stat ionary cha rac te r i s t i c s of fuel channe l v i b r a t i o n , the e s t i m a t i o n of the 

frequency con ten t s of the t r ans i en t s igna ls , and the iden t i f i ca t ion of s ignal c h a n g e s are 

p re sen ted in this chapter . The c o h e r e n c e , p o w e r s p e c t r u m and c ro s s s p e c t r u m are 

e s t ima ted from the m e a s u r e m e n t s and are c o m b i n e d w i t h the m u l t i r e s o l u t i o n ana lys i s . 
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6.2 Description of the Data 

The t i m e ser ies da ta b e i n g used in th is r e s e a r c h are d iv ided in two sets : Set #1 

i n c l u d e s da ta from fuel a s s e m b l y v ib ra t ion m e a s u r e m e n t s . This set u ses in-core and ex¬ 

core n e u t r o n d e t e c t o r s . Set #2 con ta ins severa l m e a s u r e m e n t s from p res su re and flow 

senso r s [36, 4 9 , 5 0 ] . T h e da ta w e r e acqu i red from a c o m m e r c i a l 515 M W e P W R plant . 

6.2.1 Data Set #1 - Fuel Assembly Vibrations 

The m e a s u r e m e n t s l is ted in Tab le 6.1 are ver t ica l in -core flux de tec tors ( I C F D s -

se l f -powered i n - c o r e flux de t ec to r s w i th p l a t i n u m - c l a d incone l emi t te r ) and ion c h a m b e r 

s igna ls from the P W R , at full p o w e r opera t ion . D a t a w e r e acqu i red at a 25 Hz s a m p l i n g 

ra te . S ix teen c h a n n e l s w e r e r e c o r d e d c o n t a i n i n g in -core flux de tec tor wi th p l a t i n u m - c l a d 

incone l emi t t e r and the i o n - c h a m b e r s w i th th ree output s ignals ( log, log ra te , l inear) in the 

r eac to r ' s s h u t - d o w n s y s t e m N o . 2 ( S D S 2 - C h a n n e l E) . 

D e t e c t i n g and m o n i t o r i n g fuel channe l v i b r a t i o n s by no i se ana lys i s of the I C F D s 

is an i m p o r t a n t i s sue in n u c l e a r p o w e r p l an t s , b e c a u s e of po ten t i a l fuel d a m a g e s caused 

by f l o w - i n d u c e d v i b r a t i o n . The data ana lys i s m e t h o d u t i l ized a n e w t e c h n i q u e capab l e of 

def in ing the t i m e d e p e n d e n c y and s ta t ionary c o n d i t i o n of fuel a s sembly v ib ra t ion . 
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T a b l e 6 .1 . Fuel A s s e m b l y V i b r a t i o n Data 

N o . ID N a m e Signal Type C o n v e r s i o n 

fac tor / (DC) 

Gain 

1 01 IE V F D 2 - 3 E In-core n. 3.46 V (DC) 40 

2 02 2E V F D 2 - 5 E In-core n. 3.48 V (DC) 40 

3 03 6E V F D 1 0 - 1 E In-core n. 3.27 V (DC) 40 

4 04 7E V F D 1 0 - 2 E In-core n. 3.42 V (DC) 40 

5 05 8E V F D 1 1 - 1 E In-core n. 3.45 V (DC) 40 

6 06 9E V F D 1 2 - 2 E In-core n. 3.42 V (DC) 40 

7 07 12E V F D 1 7 - 2 E In-core n. 3.26 V (DC) 40 

8 08 13E V F D 1 8 - 1 E In-core n. 3.48 V (DC) 40 

9 09 15E V F D 2 2 - 2 E In-core n. 3.36 V (DC) 40 

10 10 16E V F D 2 5 - 6 E In-core n. 3.34 V (DC) 40 

11 11 17E V F D 2 6 - 1 E In-core n. 3.44 V (DC) 40 

12 12 18E V F D 2 3 - 6 E In-core n. 3.45 V (DC) 40 

13 13 15F V F D 2 3 - 2 F In-core n. 3.51 V (DC) 40 

14 14 I C - E L O G Ex-co re n. 3.92 V (DC) 200 

15 15 IC-E L Ó G R A T E Ex-co re n. 2.52 V (DC) 40 

16 16 IC-E L I N E A R Ex-co re n. 2.99 V (DC) 40 
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6.2.2 Data Set # 2 - Flow and Pressure Measurements 

The data , d e s c r i b e d in T a b l e 6.2, con ta in m e a s u r e m e n t s of the f low and p ressu re 

t r a n s m i t t e r s igna l s , s h o w i n g s t rong and i r r egu la r f low d ips , from a n u c l e a r p o w e r plant. 

T h e s e data w e r e a c q u i r e d at a 50 Hz s a m p l i n g ra te . S ix teen c h a n n e l s w e r e r eco rded 

i n c l u d i n g or i f ice -based and v e n t u r i - b a s e d flow s igna l s , ab so lu t e p r e s s u r e s igna ls in the 

f low t r ansmi t t e r s h i g h - l e g s , and axial and t r a n s v e r s e s igna l s of the f low t r ansmi t t e r s 

i m p u l s e l ines (both h i g h - l e g s and l o w - l e g s ) . The o r i f i ce -based f low signal is u sed in the 

reac to r ' s s h u t - d o w n s y s t e m N o . l ( S D S 1 - c h a n n e l F ) . The v e n t u r y - b a s e d flow signal is 

u sed in the r eac to r r e g u l a t i n g sys t em ( R R S ) m e a s u r e d in "fully i n s t r u m e n t e d fuel 

c h a n n e l s " ( F I N C H ) [ 4 9 , 5 0 ] . E a c h file h a s a 2 -byte in teger r e p r e s e n t i n g an A D C vo l t age 

r ange of ± 5 vo l t s . 

6.3 Data Analysis Method 

6.3.1 Introduction 

R e a c t o r n o i s e a na ly s i s has b e e n one of the m o s t i m p o r t a n t too l s for m o n i t o r i n g 

and ex t rac t ing i n f o r m a t i o n abou t the r eac to r sy s t em d y n a m i c s . U s u a l l y , F F T analys is is 

the s tandard t e c h n i q u e u s e d to ob t a in the p a r a m e t e r s tha t r e p r e s e n t the sys t em ' s behav io r , 

and a s s u m e s a s ta t ionary c o n d i t i o n . Fo r n o n - s t a t i o n a r y m e a s u r e m e n t s it is necessa ry to 

find ano ther form of an a l y s i s in o r d e r to ob ta in the cor rec t in format ion . The wave l e t 

t e c h n i q u e s h a v e b e e n i n t r o d u c e d r ecen t ly for m o n i t o r i n g the r eac to r sys tem d y n a m i c s . 

This d i sse r ta t ion p r e s e n t s the r e su l t s of app l i ca t ion to a c o m m e r c i a l P W R p o w e r plant . 
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T a b l e 6.2. P r e s s u r e a n d F l o w D a t a 

N o . ID N a m e Signal Type Conve r s ion 

fac tor / (DC) 

Gain 

1 01 F 3 F D P L G F F l o w 8 

2 02 F I N C H F L O W D P F l o w - 80 

3 03 F 3 F H I S I D E P F l o w - 4 

4 04 F3F L O S I D E P F l o w 4 

5 05 F I N C H H I S I D E P F l o w 8 

6 06 F I N C H L O S I D E P F l o w - 8 

7 07 R I H P R E S S P r e s s u r e 80 

8 08 R O H P R E S S P r e s s u r e 
-

80 

9 09 A X F 3 F H I L E G F l o w - 80 

10 10 T R F 3 F H I L E G F l o w 40 

11 11 A X F 3 F L O L E G F l o w - 40 

12 12 T R F 3 F L O L E G F l o w 20 

13 13 A X F I N C H H I L E G F l o w - 400 

14 14 TR F I N C H H I L E G F l o w - 200 

15 15 AX F I N C H L O L E G F l o w 400 

16 16 TR F I N C H L O L E G F l o w 200 
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The reac tor da ta n e e d to be conve r t ed to an A S C I I fo rma t to be used w i t h the 

d e v e l o p e d data ana lys is sy s t em. This p r e - p r o c e s s i n g step r e m o v e s the DC c o m p o n e n t 

from each signal and n o r m a l i z e s the data u s i n g the e l ec t ron ic ga in . The genera l s t rategy 

i m p l e m e n t e d cons is t s of ini t ial ly pe r fo rming the ana lys i s of e ach senso r s ignal u s ing the 

STFT and the discrete w a v e l e t t ransform, to ob ta in the p o w e r s p e c t r u m in fo rma t ion of 

each sensor in the t ime- f r equency and t i m e - s c a l e d o m a i n s . 

The next step is to p r o c e s s the da ta u s i n g the m u l t i r e s o l u t i o n ana ly s i s ( M R A ) to 

ob ta in deta i ls about the i m b e d d e d a n o m a l i e s in the s igna l s ( ab rup t c h a n g e s or t r e n d s ) . 

The sub-band frequency in format ion , g iven by the M R A , is e x p e c t e d to p r o v i d e n e w 

ins ight into the behav io r of r eac to r s ignals . At th i s s t age , severa l w a v e l e t b a s i s funct ions 

are tes ted to define the one w h i c h gives the bes t ana ly t i ca l r e su l t s (op t ima l w a v e l e t 

se lec t ion) . 

The analysis of da ta from a nuc l ea r p o w e r p lan t is p e r f o r m e d u s i n g the M R A , 

STFT and the m u l t i c h a n n e l w a v e l e t ana lys i s t e c h n i q u e s . The M A T L A B sys t em ana lys i s 

d e v e l o p e d for these a p p l i c a t i o n s was s h o w n in F i g u r e 4 .2 . The f o l l o w i n g sub - t a sks are 

defined for this r e sea rch w o r k : 

• The de tec t ion and cha rac t e r i za t ion of t r a n s i e n t s in the da ta u s i n g the w a v e l e t 

t echn ique . 

• The de tec t ion of sensor a n o m a l i e s u s i n g the w a v e l e t m u l t i - R e s o l u t i o n 

Ana lys i s . 

• C o m p a r i s o n b e t w e e n w a v e l e t ana lys i s t e c h n i q u e and o t h e r a p p r o a c h e s . 
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The w a v e l e t t r ans form may be used direct ly to pe r fo rm a t i m e - s c a l e ana lys i s of 

the r eac to r data. A n o t h e r a p p r o a c h is to d e c o m p o s e the s ignal into s u b - b a n d c o m p o n e n t s 

and t hen use the S T F T to pe r fo rm the frequency ana lys i s . The lat ter a p p r o a c h he lp s in 

ident i fy ing f requency b a n d s that are mos t s ignif icant in s h o w i n g t i m e - v a r y i n g signal 

behav io r . 

6.3.2 Neutron Detector Signal Analysis for Monitoring Fuel Assembly 

Vibration 

The ana lys i s of fuel a s sembly v ib ra t ion data in set #1 is pe r fo rmed u s i n g the 

n e u t r o n de tec to r s ignals and the steps descr ibed b e l o w . D u r i n g da ta ana lys i s , e i ther the 

t i m e d e p e n d e n c y or the s ta t ionary charac te r i s t i cs of the fuel channe l v ib ra t ion is 

identif ied. 

N o r m a l i z e the data u s i n g the gain in fo rma t ion g iven in Tab le 6 . 1 . 

Per form the da ta ana lys i s us ing the s t anda rd fast Fou r i e r t r ans form (FFT) to 

obta in the a u t o - p o w e r spectral densi ty ( A P S D ) . 

Def ine the op t ima l w a v e l e t function to be used . 

Per form the data ana lys i s u s ing m u l t i r e s o l u t i o n w a v e l e t t e c h n i q u e ( M R A ) . 

Obta in the A P S D , c o h e r e n c e and p h a s e at different M R A leve l s . 

Pe r fo rm stat ist ical ana lys i s (mean and R M S va lues ) for each M R A level in 

order to verify any t rend in the data. 
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Per fo rm the M R A and STFT ana lyses . 

Pe r fo rm the d i sc re te w a v e l e t t ransform ( D W T ) , and obta in 2-D and 3-D p lo t s . 

6.3.3 Reactor Coolant Flow and Pressure Data Analysis 

D a t a in set #2 con ta in m e a s u r e m e n t s of the flow and p r e s s u r e sensor s ignals from 

a different P W R unit . F o l l o w i n g are the specific steps in data ana lys i s 

• E s t i m a t i o n of the frequency con ten t s of the flow and p r e s s u r e s ignals before , 

du r ing and after the t r ans i en t s ( sp ikes and/or d ips ) , u s ing t ime- f requency and 

t i m e - s c a l e a p p r o a c h e s . 

• E s t i m a t i o n of the A P S D , c o h e r e n c e and p h a s e of s o m e f low/pressure signals 

u s i n g M R A in order to revea l the d o m i n a t i n g f requencies t r igger ing the d ips 

in the f low t r ansmi t t e r ' s output . 

In o rder to a c c o m p l i s h these t a sks , the fo l lowing analys is s teps w e r e defined. 

• N o r m a l i z e the da ta u s i n g the gain informat ion g iven in Tab le 6.2. 

• Pe r fo rm the da ta ana lys i s u s ing the s tandard fast Fou r i e r t rans form (FFT) to 

ob t a in the a u t o - p o w e r spectral densi ty ( A P S D ) . 

• Def ine the op t ima l w a v e l e t funct ion to be used . 

• Pe r fo rm the data ana lys i s u s i n g M R A . 

• Pe r fo rm the M R A and STFT ana lyses . 
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• Pe r fo rm the D W T data ana lys i s for the t r ans ien t f requency ident if icat ion 

(ob ta in 2-D and 3-D p lo t s ) . 

• Pe r fo rm m u l t i c h a n n e l data ana lys i s ( se lec ted c h a n n e l s ) . 

6.4 Results 

6.4.1 Fuel Assembly Vibration Monitoring 

F r o m Tab le 6 . 1 , t w o in -core n e u t r o n de tec to r s ignals w e r e se lec ted and ana lyzed 

for fuel a s s e m b l y v i b r a t i o n a c c o r d i n g to the s teps d e sc r i b ed in Sec t ion 6.3.2. F igures 6.1 

and 6.2 show the t i m e ser ies p lo t s of two in -core channe l m e a s u r e m e n t s . F igu res 6.3 and 

6.4 s h o w the a u t o - p o w e r spec t ra ob ta ined u s i n g the F F T a lgor i thm. 

P r e l i m i n a r y b a c k g r o u n d in fo rmat ion about th i s da ta set r evea l s that there are two 

p e a k s in the a u t o - p o w e r spec t ra and c o h e r e n c e funct ions at 1.9 Hz and 2.4 Hz , w h i c h 

seem to be caused by m e c h a n i c a l v ib ra t ion . The source of v ib ra t ion has not yet been 

identif ied. The first and s e c o n d m o d e f requenc ies of the de tec tor tube v ib ra t ions in the 

flux no i se spect ra w e r e also identif ied. A c c o r d i n g to the p r e v i o u s ana lys i s [36] , the m o s t 

in te res t ing effect of the v i b r a t i n g fuel c h a n n e l s is tha t the ver t ica l I C F D s , l ined up a long 

the s a m e set of ( h o r i z o n t a l ) fuel c h a n n e l s , exh ib i t a smal l peak a round 4.5-6 Hz in the 

auto p o w e r s p e c t r u m , and a b i g g e r peak in their c o h e r e n c e funct ions (F igure 6.5), even if 

the I C F D s are far from each other . The p h a s e is e i ther z e r o , or c lose to 180 depend ing on 

w h e t h e r the t w o I C F D s are on the same s ide , or different sides of the v ib ra t ing fuel 

c h a n n e l ( s ) (F igure 6.6). 
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Figure 6 .1 . T i m e - A m p l i t u d e P lo t f r o m S e n s o r ID #5 . 
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F i g u r e 6.2. T i m e - A m p l i t u d e f rom S e n s o r ID #8 
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F i g u r e 6 .3 . A u t o P o w e r S p e c t r u m f r o m the S e n s o r ID #5 
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F i g u r e 6.4. A u t o P o w e r S p e c t r u m f r o m the S e n s o r ID #8 
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F i g u r e 6.5. C o h e r e n c e B e t w e e n the I n - C o r e N e u t r o n D e t e c t o r s 

F i g u r e 6.6. P h a s e A n g l e B e t w e e n the I n - C o r e N e u t r o n D e t e c t o r s 
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In Sec t ion 6 . 3 . 1 , it w a s m e n t i o n e d that du r ing data analys is the de t ec t i on and 

c h a r a c t e r i z a t i o n of t r ans i en t s in the data w o u l d be inves t iga ted us ing the w a v e l e t 

t e c h n i q u e . The w a v e l e t ana lys i s r equ i res , ini t ial ly, the se lec t ion of the op t ima l w a v e l e t to 

be used . F i g u r e 6.7 shows the resul t of op t imal w a v e l e t se lec t ion for these s igna l s u s i n g 

the m i n i m u m entropy energy se lect ion m e t h o d . The w a v e l e t bas i s function D a u b e c h i e s 

10 w a s se lected us ing th is m e t h o d (P rogram 4, A p p e n d i x B) . 

The m u l t i r e s o l u t i o n analysis ( M R A ) of two selected in-core s enso r s w a s 

pe r fo rmed and the d i sc re te wave l e t t ransform coeff icients w e r e obta ined for e ach s ignal . 

The f requency sub-band leve ls are defined in Table 6 .3 . The r econs t ruc t ed s igna l s w e r e 

o b t a i n e d and their m e a n and R M S va lues w e r e ca lcu la ted . The idea of this c o m p u t a t i o n is 

to check if t he re is any t r end in the s ignal . The resu l t s for sensors ID #5 and ID #8 are 

s h o w n in F i gu re s 6.8-6.13 and F igu res 6 .14-6 .19 , r e spec t ive ly . The detail l eve l s g ive an 

idea about the b e h a v i o r of the signal at h igh frequency b a n d s . The a p p r o x i m a t i o n s ignal 

at each sub -band level g ives the behav io r of the signal at low frequency r a n g e s . The m e a n 

and R M S va lues ob ta ined for each frequency sub -band level show that t he r e are 

s ignif icant c h a n g e s at low frequency b a n d s . This b e h a v i o r ind ica tes some n o n - s t a t i o n a r y 

cha rac t e r i s t i c s in the s ignals at low f requencies . 
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T a b l e 6 .3 . F r e q u e n c y B a n d s for M u l t i r e s o l u t i o n A n a l y s i s ( M R A ) - Fue l A s s e m b l y 
V i b r a t i o n D a t a (In C o r e - N e u t r o n D e t e c t o r ) 

( S a m p l i n g rate = 25 Hz) 

Sub-band D e t a i l s A p p r o x i m a t i o n s 

L e v e l F r e q u e n c y R a n g e (Hz) F r e q u e n c y R a n g e (Hz) 

1 6.25 - 1 2 . 5 0 - 6.25 

2 3 . 1 2 - 6 . 2 5 0 - 3.25 

3 1 . 5 6 - 3 . 1 2 5 0 - 1 . 5 6 

4 0 . 7 8 - 1 . 5 6 0 - 0.78 

5 0.39 - 0.78 0 - 0 . 3 9 

6 0 . 1 9 5 - 0 . 3 9 0 - 0 . 1 9 5 

7 0 .0975 - 0 . 1 9 5 0 - 0 .0975 

8 0 .0488 - 0 .0975 0 - 0 .0488 

9 0 .0244 - 0 .0488 0 - 0 .0244 

10 0 . 0 1 2 2 - 0 . 0 2 4 4 0 - 0 .0122 
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b o t t o m ) 
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1 0 t h level at the b o t t o m ) 
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and 1 0 t h level at the bo t tom) 
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top and 1 0 t h level at the bo t tom) 
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F i g u r e 6.19. M u l t i r e s o l u t i o n A n a l y s i s Resu l t s S h o w i n g the R M S V a l u e s of the 
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top and 1 0 t h level at the b o t t o m ) 
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The fo l lowing s teps wi l l s h o w the resu l t s ob ta ined for the m u l t i c h a n n e l ana lys i s 

u s i n g the M R A and F F T t e c h n i q u e s . S o m e sub -band levels w e r e se lec ted and the au to -

p o w e r spec t ra l dens i ty ( A P S D ) , c o h e r e n c e and p h a s e were c o m p u t e d and c o m p a r e d w i th 

the resu l t s u s i n g the o r ig ina l data . F i g u r e 6.20 s h o w s the a u t o - p o w e r spectral dens i ty of 

the r e c o n s t r u c t e d a p p r o x i m a t i o n s ignal at level 1. F i g u r e 6.21 s h o w s the A P S D at detai l 

level 3. F i g u r e s 6.22 and 6.23 s h o w the c o h e r e n c e at the a p p r o x i m a t i o n and detail levels . 

F i g u r e 6.24 s h o w s the p h a s e ang le plot at the a p p r o x i m a t i o n level 1. All p lo t s show the 

M R A resu l t s and the F F T ana lys i s u s i n g the or ig ina l s ignals . These resu l t s give a br ief 

idea about the a d v a n t a g e s of u s i n g M R A and F F T toge ther . The ana lys i s of s ignals that 

are c o n t a m i n a t e d by no i se can be i m p r o v e d u s i n g the M R A t e c h n i q u e . The advan tage of 

u s ing M R A t e c h n i q u e is that one can z o o m into the r eg ion of in teres t dur ing signal 

ana lys i s , avo id ing the in te r fe rence of u n d e s i r a b l e f requencies . 

The t ime- f r equency and t i m e - s c a l e ana ly s i s , as stated before , he lp in ident ifying 

f requency b a n d s that are m o s t s ignif icant in s h o w i n g t i m e - v a r y i n g s ignal behav ior . The 

t ime- f r equency ana lys i s can be app l i ed for m o n i t o r i n g the b e h a v i o r of the fuel a s sembly 

v i b r a t i o n s igna ls to de tec t any p o s s i b l e a n o m a l i e s before , du r ing and after the i r 

o c c u r r e n c e s . D u r i n g th is a n a l y s i s , the S T F T , u s i n g the Gabor w i n d o w , is c o m b i n e d wi th 

the M R A . Some resu l t s are s h o w n u s i n g 2-D and 3-D p lo t s . 
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I n - C o r e F u e l A s s e m b l y V i b r a t i o n S igna l s (ID #8) 

F igure 6 .21 . A u t o P o w e r S p e c t r a l D e n s i t y for Deta i l L e v e l 3 and O r i g i n a l In -Core 

F u e l A s s e m b l y V i b r a t i o n Signals (ID #8) 
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F i g u r e 6 .22 . C o h e r e n c e b e t w e e n A p p r o x i m a t i o n L e v e l 1 and O r i g i n a l I n - C o r e Fue l 

A s s e m b l y V i b r a t i o n Signals (ID #5 & ID #8) 

F i g u r e 6 .23 . C o h e r e n c e b e t w e e n Deta i l Leve l 3 and O r i g i n a l I n - C o r e F u e l A s s e m b l y 

V i b r a t i o n Signals (ID #5 & ID #8) 
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F i g u r e 6.24. P h a s e b e t w e e n Deta i l L e v e l 3 and O r i g i n a l I n - C o r e F u e l A s s e m b l y 

V i b r a t i o n S igna l s (ID #5 & ID #8) 

F i g u r e s 6 .25-6 .28 s h o w the S T F T resu l t s of the n e u t r o n in -co re s igna l s ( ID #5 and 

ID # 8 ) . The 2-D p lo t s g ive a p rec i se idea of the f requency and t i m e l o c a l i z a t i o n of the 

p e a k s , w h i l e the 3-D p lo t s p r o v i d e an add i t i ona l i n f o r m a t i o n a b o u t the m a g n i t u d e of the 

S T F T coeff icients ( p o w e r spec t rum) in the t i m e - f r e q u e n c y d o m a i n . F i g u r e s 6 .29-6 .32 

d e s c r i b e the resul t s u s i n g S T F T and M R A t e c h n i q u e s for the de ta i l s igna l s at l eve l 3 . The 

c o m b i n a t i o n of these two s ignal ana lys i s t e c h n i q u e s p r o v i d e s a l oca l i zed i n f o r m a t i o n 

abou t the sensor or p r o c e s s va r i ab l e tha t is b e i n g m o n i t o r e d . Dif ferent fuel a s s e m b l y 

v i b r a t i o n m o d e s can be m o n i t o r e d i nd iv idua l l y u s i n g this t y p e of t e c h n i q u e . T h e 2.4 Hz 

p e a k w a s se lec ted for ana lys i s and it s e e m s to be c a u s e d by m e c h a n i c a l v i b r a t i o n of the 

fuel e l e m e n t . 
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F i g u r e 6.29. S T F T and M R A C o n t o u r P l o t for the D e t a i l L e v e l 3 I n - C o r e Fue l 

A s s e m b l y V i b r a t i o n S i g n a l (ID #5) 

F i g u r e 6.30. S T F T and M R A 3-D P l o t for the D e t a i l L e v e l 3 I n - C o r e Fue l A s s e m b l y 

V i b r a t i o n S i g n a l (ID #5) 
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F i g u r e 6 .32. S T F T and M R A 3-D Plot for the D e t a i l L e v e l 3 I n - C o r e F u e l A s s e m b l y 

V i b r a t i o n S i g n a l (ID #8) 
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The n o n - s t a t i o n a r y b e h a v i o r of a signal can be detec ted m o r e p rec i se ly us ing the 

w a v e l e t t r ans fo rm. The d i sc re te d i la t ion wave l e t t ransform has been chosen for signal 

e v a l u a t i o n b e c a u s e of its s impl ic i ty and the fast a lgor i thm to c o m p u t e the wave le t 

coeff ic ients [12, 19, 2 0 , 4 8 ] . 

In the nex t s tage the fuel a s sembly v ib ra t ion signal ana lys i s is pe r fo rmed us ing 

the d i sc re t e w a v e l e t t r ans fo rm wi th the D a u b e c h i e s 10 wave le t bas i s function. For each 

se lec ted s igna l , 2-D and 3-D p lo t s w e r e obta ined. The f requency band in w h i c h the 

w a v e l e t coeff ic ients ind ica te s ignif icant ch an g es , was then d e t e r m i n e d (F igures 6.33¬ 

6.36) . This ana lys i s s h o w s that , at a low frequency band (<0.2 H z ) , some anoma l i e s were 

de tec ted . The p e a k s p o r t r a y e d in the 3-D plots represen t poss ib l e abrupt c h a n g e s in the 

s ignals du r ing the t ime per iod . The re la t ionsh ip b e t w e e n the w a v e l e t level n u m b e r and 

the f requency cen te r is defined in Table 6.4. 

In A p p e n d i x A, two ex-core neu t ron de tec tors were analyzed. The resul ts 

o b t a i n e d u s i n g the sho r t - t ime Four i e r and discre te w a v e l e t t r ans fo rms are shown in 

F i g u r e s A 1 - A 1 6 . The STFT and M R A analys is p rov ide the informat ion , on a des i red 

f requency band , about the b e h a v i o r of the signal and/or p r o c e s s dur ing the m e a s u r e m e n t s . 

The D W T p o w e r s p e c t r u m p lo t s show that mos t a n o m a l i e s of the s ignals are in the h igh 

f requency band . 
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T A B L E 6.4. F r e q u e n c y B a n d s for D i s c r e t e W a v e l e t T r a n s f o r m Plo t s 

W a v e l e t F r e q u e n c y Cen te r 

Leve l (Hz) 

6 0 .0122 

8 0 .0488 

10 0.195 

11 0.781 

12 3.125 

13 12.5 

14 25.0 
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6.4.2 Analysis of Flow and Pressure Signals 

This sec t ion i n c l u d e s all data ana lys i s pe r fo rmed for a select n u m b e r of f low and 

p r e s s u r e sensors from a P W R , as desc r ibed in Table 6.2. F i g u r e s 6.37 and 6.38 s h o w the 

t i m e - a m p l i t u d e p lo t s of the f low and p re s su re sensor s igna l s . The senso r s r evea l the 

a p p e a r a n c e of severa l d ips in the s ignal . F i g u r e s 6.39 and 6.40 s h o w the a u t o - p o w e r 

spectra l dens i t i e s ( A P S D ) for t he se sensors us ing the F F T t e c h n i q u e . 

The da ta a na ly s i s p r o c e d u r e fo l lowed in this d i s se r t a t ion r e q u i r e s ini t ia l ly the 

def ini t ion of the o p t i m a l w a v e l e t , w h i c h w a s used dur ing the ana lys i s . The r e su l t s of 

u s i n g the op t ima l w a v e l e t se lec t ion m e t h o d are shown in F i g u r e s 6.41 and 6 .42. The 

D a u b e c h i e s w a v e l e t s are the m o s t appropr ia te bas i s funct ions to p e r f o r m the ana lys i s of 

t he se s igna ls . 

The M R A p r o v i d e s five sub -band frequency levels for each se lec ted s ignal and 

the i r r e spec t ive f r equenc i e s , w h i c h are g iven in Table 6.5. The f requency r ange se lec ted , 

w h i c h is defined by the five s u b - b a n d leve l s , cover s the r eg ion of in teres t for the senso r s . 

F i g u r e s 6 .43-6 .46 s h o w the a p p r o x i m a t i o n and detail s igna ls o b t a i n e d u s i n g the M R A 

t e c h n i q u e . E a c h s u b - b a n d level r e p r e s e n t s the r econs t ruc t ed s ignal at a low or at a h igh 

f requency band . 

The r e c o n s t r u c t e d s igna l s at each sub-band level , a p p r o x i m a t i o n and de ta i l s may 

be ana lyzed u s i n g the S T F T in order to get a be t te r idea about the i r t ime- f requency 

behav io r . F i g u r e s 6 .47-6 .50 s h o w the STFT ana lys i s for s o m e se lec ted senso r s ( raw da ta ) , 
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T a b l e 6.5. F r e q u e n c y B a n d s for M u l t i r e s o l u t i o n A n a l y s i s ( M R A ) - F l o w and 
P r e s s u r e D a t a 

( s a m p l i n g rate = 50 H z ) 

W a v e l e t De ta i l s A p p r o x i m a t i o n s 

Leve l F r e q u e n c y R a n g e F r e q u e n c y R a n g e 

(Hz) (Hz) 

1 1 2 . 5 - 2 5 0 - 1 2 . 5 

2 6.25 - 12.5 0 - 6.25 

3 3 . 1 2 5 - 6 . 2 5 0 - 3.25 

4 1 . 5 6 - 3 . 1 2 5 0 - 1 . 5 6 

5 0 . 7 8 - 1 . 5 6 0 - 0.78 
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b o t t o m ) 
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and F i g u r e s 6 .51-6 .52 s h o w the resul ts for the p re s su re sensor at the s u b - b a n d level 2 

(6.25 Hz -12.5 H z ) . The m a i n peak of the sensor r e s p o n s e , w h i c h is a round 10 Hz , is 

e n h a n c e d w i th this ana lys i s me thod . 

The p r imary goal of the present analysis is to define the f requencies at w h i c h mos t 

of the sp ikes and dips occur . In order to accompl i sh this objec t ive , the d i sc re te di la t ion 

w a v e l e t t r ans form w a s used to ana lyze the s ignals . The wave l e t coeff ic ients , w h i c h 

r ep re sen t the abrupt c h a n g e s in the signal dur ing a pe r iod of t ime , can be v i sua l i zed 

t h r o u g h 3-D and 2-D p lo t s . The wave l e t levels have a direct r e l a t ionsh ip wi th the 

f requency cen te r of the spec t rum at each sub-band level . These are defined in Tab le 6 .5 . 

F i g u r e s 6 .53-6 .56 s h o w the 3-D and 2-D plots ob ta ined us ing the D W T of the two 

se lec ted sensors . Sensor ID #01 conta ins several abrupt changes (dips) in its s ignal , as 

s h o w n in F igu re 6.37. The wave le t p o w e r spec t rum shows this b e h a v i o r t h r o u g h the 

m a g n i t u d e of p e a k s . The discre te wave le t t ransform spec t rum revea l s that m o s t of the 

s ignal d ips occur in the frequency range 3 -12 Hz , wi th the h ighes t in tens i ty p e a k s 

loca ted c lose to 10 Hz . Sensor ID #07 (pressure) shows small c h a n g e s in the w a v e l e t 

coefficient m a g n i t u d e s at a h igh frequency band (frequency range 10-12 H z ) . The sensor 

p lo t s give addi t ional in format ion in the low frequency band (<0.2 Hz) w h e r e some 

a n o m a l y was identif ied. 

The frequency in fo rmat ion at a specific wave le t level is ob ta ined for each s ignal . 

The 2-D plot loca l izes the t ime-f requency informat ion , whi le the 3-D p lo t g ives a be t te r 

idea about the sensor r e s p o n s e behav io r before, dur ing and after the o c c u r r e n c e s of the 

even t s (sp ikes or dips in the s ignal) . 
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F i g u r e 6.55. 3-D D W T P o w e r S p e c t r u m for the P r e s s u r e S e n s o r S i g n a l (ID #07) 
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A p p e n d i x A p re sen t s the ana lys i s per formed for two o thers senso r s . The STFT 

and D W T resu l t s are s h o w n in F ig u re s A 1 7 - A 2 4 in A p p e n d i x A. Only the STFT and 

D W T p o w e r spect ra l p lo t s are shown . The flow sensor s h o w s that the h ighes t in tens i t ies 

are loca ted c lose to the m a i n frequency peak of 12.5 Hz (F igures A 1 9 and A 2 0 ) . There 

are also some sp ikes or d ips of very low intensity in the low f requency band. The resul ts 

ob ta ined for the p r e s su re sensor , F igu res A23 and A 2 4 , r evea l that m o s t of the anoma l i e s 

are loca ted in the very low frequency band (<0.01 H z ) . At th is f requency band the 

intensi ty of the w a v e l e t coefficients changes significantly d u r i n g the m e a s u r e m e n t t ime 

per iod . The h igh f requency r eg ion also shows some low in tens i ty p e a k s . 

6.5 Conclusions 

This chap te r de sc r ibe s the signal analysis m e t h o d u s i n g the d iscre te wave le t 

t rans form ( D W T ) and the shor t - t ime Four ie r t ransform ( S T F T ) appl ied to r eac to r coolant 

flow and p re s su re s i gna l s . The mul t i r e so lu t ion analys is ( M R A ) w a s appl ied to obta in the 

r e c o n s t r u c t e d signal at different frequency sub-band leve ls for each se lec ted sensor . The 

r e c o n s t r u c t e d s ignals w e r e then used for different p u r p o s e s . The stat is t ical ana lys i s (mean 

and R M S va lues ) was pe r fo rmed in order to verify the ex i s t ence of any t r ends in the 

s igna l s . The c o m b i n a t i o n of M R A and STFT p r o v i d e d a be t t e r ins ight into the non-

s ta t ionary na tu re of the s i gna l s . The in tegra t ion of these two t e c h n i q u e s p r o v i d e s a m o r e 

powerful in fo rmat ion than the s tandard FFT t e c h n i q u e . The D W T p o w e r spec t rum 

(wavele t coefficients) offered addi t ional informat ion about the s ignal b e h a v i o r in the 
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t i m e - s c a l e (or f r equency) d o m a i n . This ana lys i s was used to p r o v i d e be t te r in fo rmat ion 

about the t i m e e v o l u t i o n of the a n o m a l i e s occu r r ing dur ing the m o n i t o r i n g p r o c e s s . 

The da ta ana lys i s p e r f o r m e d in th is chap te r w a s d iv ided into two p a r t s . One 

d e s c r i b e d the fuel a s s e m b l y v i b r a t i o n da ta , w h e r e only four sensors ( two in-core de tec tors 

and t w o e x - c o r e de t ec to r s ) w e r e used for the a n a l y s i s . The other desc r ibed the analys is of 

four se lec ted sensor (f low and p r e s s u r e ) m e a s u r e m e n t s . 

The fuel a s s e m b l y v ib r a t i on ana lys i s w a s pe r fo rmed us ing D W T and S T F T . The 

resu l t s s h o w e d the po t en t i a l of c o m b i n i n g these t e c h n i q u e s for m o n i t o r i n g and d i agnos i s 

of p o s s i b l e a n o m a l i e s in the t ime- f requency d o m a i n . The M R A t e c h n i q u e r econs t ruc t ed 

the s ignal at different f requency sub -band l eve l s . These s ignals w e r e used for different 

p u r p o s e s . The m u l t i c h a n n e l ana lys i s at each sub-band level w a s very useful in get t ing 

be t t e r - l oca l i z ed co r re l a t ion in fo rmat ion b e t w e e n different s i gna l s . It also avo ided any 

in te r fe rence of u n d e s i r e d f requenc ies dur ing the ana lys i s (high f requency no i se 

c o n t a m i n a t i o n , for e x a m p l e ) . The p r e l i m i n a r y ana lys i s of these fuel a s sembly v ib ra t ion 

data s h o w e d that s o m e a n o m a l i e s w e r e found at very low frequency b a n d s . 

The se lec ted c h a n n e l s from Tab le 6.2 con ta in flow and p r e s s u r e sensor 

m e a s u r e m e n t s from a c o m m e r c i a l P W R and they s h o w e d significant non- s t a t i ona ry 

cha rac t e r i s t i c s . The ana lys i s p e r f o r m e d u s i n g D W T and STFT t e c h n i q u e s w a s able to 

give a p r e l i m i n a r y idea abou t the f requenc ies re la ted to these a n o m a l i e s in the s ignals . 

Be t t e r ident i f ica t ion of a n o m a l i e s w a s g iven by the w a v e l e t p o w e r s p e c t r u m ob ta ined by 
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the D W T coefficient p l o t s . The t i m e - s c a l e (or f requency) d o m a i n p r o v i d e d an exce l len t 

v i sua l i z a t i on of the c h a r a c t e r i s t i c s of the s ignals u s i n g 2-D and 3-D p lo t s . E a c h peak in 

the w a v e l e t p o w e r s p e c t r u m r e p r e s e n t e d an abrupt change in the s ignal (dips or sp ikes) . 

T h r o u g h the w a v e l e t l eve l , one can identify the c o r r e s p o n d i n g f requency center . 

Exce l l en t l oca l i zed i n f o r m a t i o n w a s ob t a ined us ing the M R A t e c h n i q u e and the 

w a v e l e t p o w e r s p e c t r u m . R e c o n s t r u c t e d s igna ls at different leve ls w e r e ana lyzed us ing 

the D W T , and the i r coef f ic ien ts w e r e p lo t t ed (power spec t rum) to s h o w the b e h a v i o r of 

the s ignals at the des i red f r equency sub-band . 
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CHAPTER 7 

Summary, Conclusions and Recommendations for Future 
Work 

7.1 Summary 

The p u r p o s e of th is d i sser ta t ion is to d e v e l o p a n e w a p p r o a c h for fault m o n i t o r i n g 

and d i a g n o s i s of n u c l e a r p o w e r plant s y s t e m s and ro t a t i ng m a c h i n e r y . This app roach 

in t eg ra te s the shor t - t ime Four i e r t ransform and the d i sc re t e w a v e l e t t r ans fo rm t e c h n i q u e s . 

C h a p t e r s 2 and 3 desc r ibe the resul t s of the l i t e ra ture r e v i e w on t i m e - s c a l e and t i m e -

f requency da ta ana lys i s m e t h o d s . The d i s c u s s i o n i n c l u d e s the ba s i c theory of w a v e l e t 

t r ans fo rm and shor t - t ime Four i e r t r ans fo rm, m u l t i r e s o l u t i o n ana lys i s and filter b a n k s . 

V a r i o u s a d v a n t a g e s and d i s a d v a n t a g e s of a p p l i c a t i o n s of t he se m e t h o d s to signal ana lys i s 

are also d i scussed . 

I m p l e m e n t a t i o n of the theory is d i s cus sed in C h a p t e r 4. The da ta ana lys is sys tem 

c o m p o n e n t s are d e s c r i b e d in th is chapter . A nove l m e t h o d is i n t r o d u c e d u s i n g the w a v e l e t 

m u l t i r e s o l u t i o n ana lys i s ( M R A ) , Fast F o u r i e r T r a n s f o r m ( F F T ) and Shor t - t ime Four i e r 

t r ans fo rm ( S T F T ) to pe r fo rm stat ionary and t r a n s i e n t da ta a n a l y s i s , in order to detect 

p o s s i b l e inc ip ien t faul ts . The M A T L A B p r o g r a m s d e v e l o p e d are also d i scussed . The 

i m p r o v e m e n t s us ing the p r o p o s e d ideas are h i g h l i g h t e d . 
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Chap te r 5 desc r ibes the ro ta t ing m a c h i n e r y e x p e r i m e n t and the data ana lys i s 

me thod . The s ta t ionary and non - s t a t i ona ry s i g n a l s , m e a s u r e d in the ro to r r ig sys t em at 

different load c o n d i t i o n s , are ana lyzed u s i n g the w a v e l e t t r ans fo rm and S T F T . The 

resul t s are d i scussed s h o w i n g the a d v a n t a g e s and d i s a d v a n t a g e s of u s i n g th i s m e t h o d for 

cond i t ion m o n i t o r i n g ac t iv i t ies . 

Chap te r 6 con ta ins the de sc r i p t i on of the n u c l e a r p o w e r p lan t e x p e r i m e n t and the 

m e t h o d used for p r o c e s s i n g severa l s igna l s from i n - c o r e n e u t r o n d e t e c t o r s , p r e s s u r e and 

flow sensors . The m a i n conce rn of th i s r e s e a r c h w a s to def ine w h e t h e r the in -core s ignals 

p resen ted non - s t a t i ona ry b e h a v i o r , and to d e t e r m i n e the f r equency c o n t e n t s of the d ips or 

sp ikes that appear in the flow and p r e s s u r e senso r s igna l s . V a r i o u s in -core and ex -co re 

neu t ron de t ec to r s , flow and p re s su re s enso r s w e r e se l ec t ed for the ana lys i s . A d i scus s ion 

of the resu l t s fo l lows , ind ica t ing the m a i n a d v a n t a g e s of u s i n g th is nove l m e t h o d . 

7.2 Conclusions 

The major con t r ibu t ion of the d i s se r t a t ion is the d e v e l o p m e n t and i m p l e m e n t a t i o n 

of an in tegrated a p p r o a c h for fault m o n i t o r i n g and d i a g n o s i s for a P W R and a ro ta t ing 

mach ine ry sys tem. The n e u t r o n de tec to r and p r o c e s s s igna l s w e r e ana lyzed us ing the 

STFT and discre te w a v e l e t t r ans fo rm ( D W T ) t e c h n i q u e s , du r ing s ta t ionary as wel l as 

t rans ient cond i t ions . The d e v e l o p e d m e t h o d c o m b i n e s the STFT and M R A t e c h n i q u e s , 

w h i c h was appl ied to s ta t ionary data ana lys i s from r o t a t i n g m a c h i n e r y . The effect iveness 

of mach ine ry cond i t ion m o n i t o r i n g w a s clear ly d e m o n s t r a t e d . 
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The m e t h o d o l o g y for p r o c e s s i n g the n o n s t a t i o n a r y data a l lows one to v i sua l ly 

t r ack the f r equenc i e s of in teres t . It p r o v i d e s efficient and loca l ized in fo rmat ion of the 

sy s t em b e h a v i o r in t i m e - s c a l e or t ime- f requency d o m a i n . The use of M R A for s ignal 

d e c o m p o s i t i o n and the S T F T for s u b s e q u e n t spectral ana lys i s is a nove l a p p r o a c h for 

h a n d l i n g bo th s t a t ionary and t r ans i en t s igna ls . It also b r ings n e w ins ight into s ignal 

ana lys i s . The da ta an a l y s i s r e su l t s s h o w e d that a s ignif icant i m p r o v e m e n t in s i g n a l - t o -

no i se ra t io w a s ob ta ined . A m u l t i - c h a n n e l w a v e l e t ana lys i s w a s in t roduced to ob ta in the 

m o s t useful co r r e l a t i on func t ions in m o n i t o r i n g act iv i t ies . It c o m b i n e s the fea tures of the 

m u l t i r e s o l u t i o n ana lys i s w i t h the r o b u s t n e s s of the F F T t e c h n i q u e . 

The app l i ca t i on of the w a v e l e t t rans form in s ignal ana lys i s r equ i r ed a pr ior 

k n o w l e d g e of the bes t bas i s w a v e l e t function for the given appl ica t ion . This w a s 

n e c e s s a r y in o rder to g u a r a n t e e the bes t m a t c h dur ing the signal r e c o n s t r u c t i o n p r o c e s s . 

Th i s d i s se r t a t ion i n t r o d u c e d a p r o c e d u r e to per form the op t ima l w a v e l e t se lec t ion for 

each des i red a p p l i c a t i o n b a s e d on the m i n i m u m en t ropy energy me thod . 

The s igna l s from the ro to r test r ig w e r e ana lyzed us ing the t e c h n i q u e s m e n t i o n e d 

a b o v e , and the f r equenc ies o b t a i n e d t h r o u g h the ana lys i s are p re sen ted in 2-D and 3-D 

p lo t s . The d i sc re te w a v e l e t p o w e r s p e c t r u m w a s able to detect the t ime ins tan t s at w h i c h 

the ro to r speed w a s c h a n g e d and the STFT w a s able to t r ack the n o n - s t a t i o n a r y data to 

identify the t i m e - d e p e n d e n t c h a n g e s in the f requency c o m p o n e n t s . 

162 



The c o m b i n e d STFT and M R A t e c h n i q u e s w e r e appl ied to the ro to r s ignal 

ana lys i s and inc ip ient c h a n g e s w e r e de tec ted dur ing s teady-s ta te m o t o r o p e r a t i o n s at 

different load c o n d i t i o n s . T h e s e c h a n g e s w e r e indica t ive of poss ib le a n o m a l i e s in the 

sy s t em or in the sensors . 

The resu l t s ob ta ined from the ana lys i s of the ro tor r ig expe r imen t s h o w e d that the 

c o m b i n a t i o n of STFT and M R A t e c h n i q u e s gave a bet ter pe r fo rmance than the s t anda rd 

F F T t e c h n i q u e . A l s o , it w a s d e m o n s t r a t e d that the STFT and D W T (2-D and 3-D p o w e r 

spec t r a ) t e c h n i q u e s w e r e the bes t too l s to be appl ied for non- s t a t i ona ry m o t o r da ta 

ana lys i s . 

The app l i ca t ion of w a v e l e t and STFT t ransforms in nuc lea r p o w e r p l a n t s enso r 

s ignal ana lys i s b r o u g h t about a n e w ins ight to the sensor signal s ignature c h a r a c t e r i z a t i o n 

w h e n the sys t em is u n d e r s t eady-s ta te or t r ans ien t opera t ion . The m e t h o d d e v e l o p e d in 

th i s d i s se r t a t ion also p u r s u e d the de tec t ion and charac te r iza t ion of t r ans i en t s in a 515 

M W e c o m m e r c i a l P W R . The e s t ima t ion of the frequency conten ts of the f low and 

p r e s s u r e s ignals w a s m a d e be fo re , dur ing and after the t r ans ien t s . The def in i t ion of t i m e 

d e p e n d e n c y and s ta t ionary cha rac te r i s t i c s of the fuel channe l v ibra t ion and the e s t i m a t i o n 

of the c o h e r e n c e and co r re l a t ion funct ions b e t w e e n m o n i t o r e d sensor s i g n a l s , w e r e 

pe r fo rmed to reveal the d o m i n a n t f requencies t r igger ing the d ips and sp ikes at the 

t r ansmi t t e r ' s output . 
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The fuel a s s e m b l y v i b r a t i o n a n a l y s i s w a s p e r f o r m e d u s i n g the d i sc re te wave l e t 

and the S T F T t r a n s f o r m s , and the c o m b i n e d r e su l t s from these t e c h n i q u e s s h o w e d their 

po ten t i a l for m o n i t o r i n g and d i a g n o s i s of p o s s i b l e sensor s ignal a n o m a l i e s in the t i m e -

f requency doma in . 

The resu l t s o b t a i n e d u s i n g M R A t e c h n i q u e w e r e also c o m b i n e d w i th the s tandard 

F F T too l s and a m u l t i - c h a n n e l da ta a n a l y s i s w a s p e r f o r m e d . The resu l t s ind ica ted that 

the M R A p r o v i d e d be t te r r e s u l t s t han the s t a n d a r d F F T ana lys i s . The M R A a l lows the 

sepa ra t ion of the des i r ed f r e q u e n c i e s , a v o i d i n g the in te r fe rence from h igh frequency 

c o m p o n e n t s . The D W T p o w e r s p e c t r u m o b t a i n e d du r ing the fuel a s s e m b l y v i b r a t i o n data 

ana lys i s showed that s o m e a n o m a l i e s w e r e found at very low f requency r a n g e s (< 0.2 

Hz) . 

The p r imary goal of the an a ly s i s of the f low and p r e s s u r e sensor s i gna l s , as we 

m e n t i o n e d before , w a s to def ine the f r equenc ie s w h e r e m o s t of the sp ikes and dips that 

occur in the s igna ls . To a c c o m p l i s h th is o b j e c t i v e , the d i sc re te w a v e l e t t r ans fo rm was 

used. The w a v e l e t coef f ic ien t s , tha t r e p r e s e n t the t r a n s i e n t s , w e r e v i sua l ly p o r t r a y e d in 2¬ 

D and 3-D p lo t s . The p e a k s in the w a v e l e t p o w e r s p e c t r u m w e r e a s soc i a t ed wi th the 

t i m e - s c a l e or t ime- f r equency d o m a i n s . 

T h e resul t s o b t a i n e d f rom the f low senso r ana lys i s lead one to c o n c l u d e that mos t 

t r ans ien t features are l o c a l i z e d in the f requency r a n g e 3-12 H z . The p r e s s u r e sensor 

showed small a n o m a l i e s at a f requency r a n g e 10-12 Hz and at l ow f requenc ies (<0.2 Hz) . 
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The m u l t i r e s o l u t i o n ana lys i s t e c h n i q u e w a s also used in conjunct ion wi th the 

m u l t i - c h a n n e l data ana lys i s to ob ta in the p o w e r s p e c t r u m , c ro s s -power s p e c t r u m , 

c o h e r e n c e and p h a s e of the s igna l s . The a d v a n t a g e of u s i n g th is m e t h o d lies on the fact 

that the s igna ls w e r e a n a l y z e d in different f requency b a n d s and the interference of some 

u n d e s i r e d f requenc ies w e r e avo ided . 

In c o n c l u s i o n , the m e t h o d i n t roduced and d e v e l o p e d in th i s d isser ta t ion b rough t a 

n e w ins ight into the s ta t ionary and n o n - s t a t i o n a r y da ta ana lys i s ac t iv i t ies for m o n i t o r i n g 

the m a c h i n e r y and n u c l e a r p o w e r p lan t s y s t e m s . 

7.3 Recommendations for Future Work 

The r e s e a r c h d e v e l o p e d in this d i s s e r t a t i o n is a first s tep in es tab l i sh ing the 

i m p l e m e n t a t i o n of a m e t h o d for s ta t ionary and non - s t a t i ona ry signal analys is . 

I m p r o v e m e n t s are n e c e s s a r y in order to ob ta in be t te r in fo rmat ion from the p roces s and 

sensors m o n i t o r e d . The fo l lowing are a few s u g g e s t i o n s for future research . 

• The w a v e l e t and STFT w i n d o w (or bas i s ) funct ions are still an open resea rch 

top ic . It is p o s s i b l e to use different bas i s funct ions to perform the 

c o m p u t a t i o n in the t ransform coeff icients and to ob ta in an i m p r o v e m e n t in 

the data an a l y s i s r e su l t s . An e x a m p l e cons i s t s of e x t e n d i n g the data ana lys i s 
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by us ing the W a v e l e t P a c k e t bas is funct ions to verify t h e feas ib i l i ty of any 

i m p r o v e m e n t s in the resu l t s . 

Reac to r e x p e r i m e n t s and data ana lys is is c ruc ia l in o rder the e v a l u a t i o n of the 

effectiveness of the m e t h o d d e v e l o p e d in th is d i s s e r t a t i on . Trans ien t 

e x p e r i m e n t s shou ld be c o n d u c t e d us ing a r eac to r e x p e r i m e n t a l fac i l i ty , w h e r e 

several s cena r ios may be c rea ted dur ing the e x p e r i m e n t s . 

The signal co r r e l a t ion ana lys i s in t ime- f r equency or t i m e - s c a l e d o m a i n should 

p rov ide va luab l e in fo rma t ion about the sy s t em b e h a v i o r . C r o s s - s p e c t r a l and 

cohe rence ana lys i s of non- s t a t i ona ry da ta are easi ly o b t a i n e d n u m e r i c a l l y 

[45 ,74] . Fu r the r r e s e a r c h should be done in o rder to e x t e n d th i s idea s imi lar to 

those p r o b l e m s inves t iga t ed in this d i s se r t a t ion w h e r e the s igna l s h a v e 

p r e d o m i n a n t l y r a n d o m in na tu re . 

D e v e l o p m e n t of a M R A fault m o n i t o r i n g sys t em w i t h the t i m e - a m p l i t u d e of 

the r econs t ruc t ed s ignals and their s tat is t ical i n f o r m a t i o n as m o n i t o r e d 

var iab le [98] . 

D e v e l o p m e n t of a h y b r i d sys tem us ing Art i f ic ia l N e u r a l N e t w o r k ( A N N ) and 

M R A t e c h n i q u e s to pe r fo rm pa t te rn ana lys i s of the r e c o n s t r u c t e d s ignal at 

each sub-band level . This m e t h o d shou ld be able to c h a r a c t e r i z e the s igna tu res 

of the sys tem at a var ie ty of c o n d i t i o n s , de t ec t i ng p o s s i b l e a n o m a l i e s and 

ident ifying the pa t t e rn c h a n g e s of the t i m e - s c a l e m a p s [ 7 5 - 7 9 ] . The m a i n 

pu rpose of th i s h y b r i d sys tem w o u l d be to identify the t r a n s i e n t s in early 

s tages of evo lu t ion . 
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• The d i a g n o s i s of inc ip ien t p rocess va r i a t i ons is still a c h a l l e n g e . The M R A 

t e c h n i q u e cou ld be a s soc ia t ed wi th artificial i n t e l l i gence t e c h n i q u e s ( A N N and 

fuzzy logic) to p e r f o r m pa t t e rn c lass i f icat ion and to p red ic t the t r ans i t i on from 

s ta t ionary to n o n - s t a t i o n a r y s ta te , if it o c c u r s , du r ing the p r o c e s s m o n i t o r i n g 

[32, 9 3 ] . 
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Program 1 

% 
% This p r o g r a m c o m p u t e s the sho r t - t ime Four i e r t r ans fo rm (STFT) of the s igna ls from 
% m o t o r e x p e r i m e n t and also c o m p u t e s the STFT of the se lected detail level s igna l s . A 
% H a n n i n g w i n d o w w a s se lec ted to pe r fo rm the STFT ana lys i s . 
% The M A T L A B W a v e l e t T o o l b o x funct ions are u s e d to c o m p u t e the M R A w a v e l e t 
% coeff ic ients . 
% . 

% M u l t i r e s o l u t i o n A n a l y s i s ( M R A ) 

% load s ignal 

load c : \ a u c y o n e \ d a t a \ r a d i a n l \ r l 

x = r l ( l : 2 A 1 2 ) ; 
x = x ( : ) ; 

% Def ine t ype of w a v e l e t 

w a v = ' d b l O ' ; 

% N u m b e r of s u b - b a n d leve ls 

l e v = 5 ; 

% Per fo rm the M R A and ob ta in the w a v e l e t coefficients 

[pr 1 coef p r l l o n g s ] = w a v e d e c ( x , l e v , w a v ) ; 
p r l c o e f = p r l c o e f ; 

% R e c o n s t r u c t the s ignal from the w a v e l e t coefficients 

for i = l : l e v 

e v a l ( [ ' d e t ( ' , i n t 2 s t r ( i ) , , : ) = w r c o e f ( " d " , p r l c o e f , p r l l o n g s , w a v , i ) ; ' ] ) ; 
e v a l ( [ a p p ( ' , i n t 2 s t r ( i ) , ' , : ) = w r c o e f ( " a " , p r l c o e f 1 p r l l o n g s , w a v , i ) ; ] ) ; 
end 
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% Shor t - T ime F o u r i e r T rans fo rm ( S T F T ) u s i n g a H a n n i n g w i n d o w - Or ig ina l Signal 

d = x ( : ) ; 

f s = 2 0 0 0 ; % F r e q u e n c y s ample 
l w = 5 1 2 ; % w i n d o w leng th 

[px f t] = s p e c g r a m ( d , l w , f s , h a n n i n g ( l w / 2 ) , l w / 4 ) ; 

% F r e q u e n c y m a g n i t u d e , l inear p lot 

f igure 

m e s h ( t , f , a b s ( p x ) ) , c o l o r m a p ( j e t ) , v i e w ( 5 0 , 5 0 ) 

t i t le(") 

y l a b e l ( T r e q u e n c y (Hz) ' ) 
x l a b e l ( ' T i m e (Seconds ) ' ) 
z l a b e l ( ' M a g n i t u d e ' ) 

% P o w e r spectral dens i ty , s e m i l o g plot 

f igure 

imagesc ( t , f , abs (px ) ) , ax i s x y , c o l o r m a p ( j e t ) 
t i t le(") 
y l a b e l ( ' F r e q u e n c y (Hz) ' ) 
x l a b e l ( ' T i m e (Seconds ) ' ) 

% Shor t - T i m e F o u r i e r T rans fo rm ( S T F T ) u s i n g a H a n n i n g w i n d o w - R e c o n s t r u c t e d 
detai l s ignal 

[px f t] = s p e c g r a m ( d e t ( 5 , : ) , l w , f s , h a n n i n g ( l w / 2 ) , l w / 4 ) ; 

% F r e q u e n c y m a g n i t u d e , l inear p lo t 

f igure 

m e s h ( t , f , a b s ( p x ) ) , c o l o r m a p ( j e t ) , v i e w ( 5 0 , 5 0 ) 
t i t le ( 'Deta i l 3') 
y l a b e l ( ' F r e q u e n c y (Hz) ' ) 
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x l a b e l ( T i m e (Seconds ) ' ) 
z l abe l ( 'Magn i tude ' ) 

% P o w e r spectral dens i t y , s e m i l o g p lo t 

figure 

imagesc ( t , f , ab s (px ) ) , ax i s x y , c o l o r m a p ( j e t ) 
t i t le( 'Deta i l 3') 
y l a b e l ( ' F r e q u e n c y (Hz) ' ) 
x l a b e l ( ' T i m e ( S e c o n d s ) ' ) 

Program 2 

% 
% This p r o g r a m c o m p u t e s the s h o r t - t i m e F o u r i e r t r ans fo rm ( S T F T ) of the s ignals from 
%reac to r e x p e r i m e n t and also c o m p u t e s the S T F T of the se lec ted detai l level s ignals . 
%A H a n n i n g w i n d o w w a s se lec ted to p e r f o r m the STFT ana lys i s . 
% The M A T L A B W a v e l e t T o o l b o x func t ions are u s e d to c o m p u t e the M R A . 
% 

% M u l t i r e s o l u t i o n A n a l y s i s ( M R A ) 

% load signal 

load c : \ a u c y o n e \ d a t a \ c a n d u \ f u e l \ r l 3 7 e l 5 . d a t 

x = r l 3 7 e l 5 ( l : 2 A 1 3 ) ; 

x = x ( : ) ; 

% Define type of w a v e l e t 

w a v = ' d b l O ' ; 

% N u m b e r of sub -band l eve l s 

l e v = 5 ; 

% Perform the M R A and ob ta in the w a v e l e t coeff ic ients 

[pr 1 coef p r l l o n g s ] = w a v e d e c ( x , l e v , w a v ) ; 199 
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p r l c o e f A r l c o e f ; 

% R e c o n s t r u c t the s ignal from the w a v e l e t coefficients 

for i = l : l e v 

e v a l ( [ ' d e t ( ' , i n t 2 s t r ( i ) , ' , : ) = w r c o e f ( " d " , p r l c o e f , p r l l o n g s , w a v , i ) ; ' ] ) ; 
e v a l C P a p p C A s t r C A / j O - w r c o e f C ' a A p r l c o e f j p r l l o n g s A a v , ! ) ; ' ] ) ; 
end 

% Shor t - T i m e Four i e r T rans fo rm ( S T F T ) u s i n g a Gauss i an w i n d o w - Or ig ina l S ignal 

f s = 2 5 ; 

l w = 5 1 2 ; 

d t = l w / 4 ; 

f i g _ n u m = l; 

z p a d = l w / 1 2 ; 

f f rac=0 .5 ; 

[ fd , f ,psdl] = s t f tgab(x ,d t , lw, fs ,zpad , f ig_num,f f rac) ; 
c lear x 

% Shor t - T i m e Four i e r T r a n s f o r m ( S T F T ) u s i n g a Gauss i an w i n d o w - R e c o n s t r u c t e d 
detai l Signal 

x = d e t ( 3 , : ) ; 

[ fd,f ,psdl] = s t f tgab(x ,d t , lw, fs ,zpad , f ig_num,f f rac) ; 

funct ion [fd,f ,psdl] = s t f tgab(x ,d t , lw,fs ,zpad, f ig_num,ff rac) 

% 
% This funct ion c o m p u t e s Short T ime F o u r i e r T r a n s f o r m s u s i n g a G a b o r 

% w i n d o w 
% 
% A d a p t e d from: 
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% K r i s t i n Farry 
% N A S A / J o h n s o n Space C e n t e r / E R , H o u s t o n , Texas 7 7 0 5 8 U S A 
% 
% 

% I n p u t s : 
% x = t i m e series 
% dt = spac ing of w i n d o w s in t ime (in s amples ) 
% lw = leng th of w i n d o w (in s amples ) 
% fs = sample rate (in s amp le s pe r second) 
% zpad = zero p a d d i n g for in te rpo la t ion 
% (Opt iona l : if omi t ted , no zero p a d d i n g used) 
% f ig_num = plot flag and figure n u m b e r 
% (Opt iona l : if omi t ted , no p lo t t ing) 
% ffrac = frequency fraction to be p lo t ted 
% (Opt iona l : if omi t ted , 0 to 0.5*sr p lo t t ed ) 
% 
% O u t p u t s : 
% fd = C o m p l e x STFT ma t r i x : r o w s are each w i n d o w ' s F F T ; r o w v a r i a b l e 
% is t ime and co lumn va r i ab l e is f requency 
% psd = P o w e r spectral dens i ty m a t r i x c o r r e s p o n d i n g to f 
% f requency vec to r (energy scaled) 
% f = x frequency vec tor from 0 to 0.5 * sr 

sr=fs; 
d = x ( : ) ; 

% Fill in for m i s s i n g a r g u m e n t s 
if na rg in = 6 

zpad = lw; % no zero p a d d i n g 
f ig_num = 0; % no p lo t t ing 

end 
if na rg in = 7 

f ig_num = 0; % no p lo t t ing 
ffrac = 0 .5 ; % full f requency (0 to 0.5*sr) p lo t ted 

end 
if na rg in = 8 

ffrac = 0 .5 ; % full f requency (0 to 0.5*sr) p lo t t ed 
end 

% C o m p u t e size of data vec to r 
Id = l eng th (d ) ; 
% C o m p u t e n u m b e r of w i n d o w s in data vec to r 
i f l d < l w , 
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e r ro r ( ' da ta s t r eam too smal l ' ) 
e lse 

wc = 1 + f loor(( ld - l w ) / d t ) ; 
end 
% C o m p u t e G a u s s i a n w i n d o w 

[gab] = gabf i l t ( lw) ; 

% Or ien t da ta v e c t o r p r o p e r l y 
if s ize(d ,2) ~= 1 

d = d.'; % T r a n s p o s e if n e c e s s a r y 
end 

% C o m p u t e S T F T 

for i= l :wc, 
s(i) = ( ( i - l ) * d t ) ; 
fdw = d ( ( s ( i ) + l ) : ( s ( i ) + l w ) ) ; 
energy = s u m ( f d w .* f d w ) ; % s ignal energy for sca l ing 
fdw = fdw .* g a b ; % apply G a u s s i a n w i n d o w 
ffd(i,:) = f f t ( f d w , z p a d ) ' . / s q r t ( z p a d ) ; 
psd( i , : ) = ( f fd ( i , l : ( zpad /2 ) ) .* c o n j ( f f d ( i , l : ( z p a d / 2 ) ) ) ) . / zpad ; 
en_psd = ( s u m ( p s d ( i , : ) ) * 2) * ( l w / z p a d ) ; % psd ene rgy for sca l ing 
if en_psd ~= 0 

psd( i , : ) = psd( i , : ) * ( e n e r g y / e n _ p s d ) ; % energy sca l ing 
end 
fd l ( i , : ) = f f d ( i , l : ( z p a d / 2 ) ) ; 
p s d l ( i , : ) = p s d ( i , : ) ; 

end 

f= [ 0 : ( s r / ( z p a d - l ) ) : ( 0 . 5 * s r ) ] ; 

% Plo t short t i m e four ier p o w e r spec t ra 

f f = [ 0 : ( s r / ( z p a d - l ) ) : ( f f r a c * s r ) ] ; 
fpl = p s d l ( : , l : l e n g t h ( f f ) ) ; 

% F r e q u e n c y m a g n i t u d e , l inear p lo t 

figure 

sur f l ( f f , ( s . / s r ) , fp l ) , shading i n t e r p , c o l o r m a p ( ' g r a y ' ) , v i e w ( 5 0 , 5 0 ) 
t i t l e ( ' P o w e r x - STFT ' ) 
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x l a b e l ( ' F r e q u e n c y (Hz) ' ) 
y l a b e l ( ' T i m e (Seconds ) ' ) 
z l a b e l ( ' M a g n i t u d e ' ) 

f igure 

contour ( f f , ( s . / s r ) , fp l ) 
t i t l e ( ' P o w e r x - STFT ' ) 
x l a b e l ( ' F r e q u e n c y (Hz) ' ) 
y l a b e l ( ' T i m e (Seconds ) ' ) 

end 

% G a u s s i a n w i n d o w 

funct ion [gab]=gabf i l t ( lw) 

gab = ( p i A ( - l / 4 ) ) * e x p ( - 0 . 5 * ( l : l w ) ' . A 2 / ( l w + l ) ) ; 

Program 3 

% 
% M u l t i r e s o l u t i o n A n a l y s i s ( M R A ) 
% 
% T h i s p r o g r a m c o m p u t e s the w a v e l e t M R A coefficients and recons t ruc t s the 
% a p p r o x i m a t i o n and detai l level s ignals u s ing a se lec ted opt imal wave l e t bas is 
%funct ion . The M A T L A B W a v e l e t T o o l b o x funct ions are used to c o m p u t e the wave l e t 
%coeff ic ien ts 
% 

% L o a d the signal 
load c : \ d a t a \ f u e l \ r l 3 7 e l 5 . d a t 

x = r l 3 7 e l 5 ( l : 1 6 3 8 4 ) ; 
x = x ( : ) ; 

% Def ine t ype of w a v e l e t ba s i s funct ion to be used (from op t ima l wave l e t 
% se lec t ion p r o g r a m ) 

203 

file://c:/data/fuel/rl37el5.dat


w a v = ' d b l 2 ' ; 

% N u m b e r of sub -band leve l s 
l e v = 1 0 ; 

% Per form the M R A and ob ta in the wave l e t coefficients 

% B o a r d d is tor t ion co r r e t i on u s i n g smooth m e t h o d 

d w t m o d e ( ' s p d ' ) ; 
d w t m o d e ( ' s p d ' ) ; 

% C o m p u t e w a v e l e t coeff ic ients 

[pr 1 coef p r l l o n g s ] = w a v e d e c ( x , 10 ,wav) ; 

p r l c o e f = p r l c o e f ; 

% R e c o n s t r u c t the s ignal from the wave le t coefficients u s i n g 10 l eve l s 

for i = l : l e v 

e v a l ( [ ' d e t ( ' , i n t 2 s t r ( i ) , ' , : ) - w r c o e f ( " d " , p r l c o e f , p r l l o n g s , w a v , i ) ; ' ] ) ; 
e v a l ( [ ' a p p ( ' , i n t 2 s t r ( i ) , ' , : ) = w r c o e f ( " a " , p r l c o e f , p r l l o n g s , w a v , i ) ; ' ] ) ; 
end 

% Plo t resu l t s 

% T ime interval 

t = 0 : l / f s : ( l eng th(x)* l / f s ) - l / f s ; 

% Plo t s 

figure 
subp lo t ( l l , l , l ) , p l o t ( t , x , ' b ' ) 

t i t l e ( ' M R A _ F u e l _ C h l - Or ig ina l s ignal & Deta i l s 1-10') 

end 

for i = l : l e v , s u b p l o t ( l l , l , i + l ) ; p l o t ( t , d e t ( i , : ) , ' b ' ) ; 
if i==3 
ylabelC A m p l i t u d e ' ) 
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end 

x l a b e l ( T i m e (sec) ') 

f igure 
subp lo t ( 11,1,1 ),plot(t,x,"b') 

t i t l e ( ' M R A _ F u e l _ C h l - Or ig inal signal & A p p r o x i m a t i o n s 1-10') 

for i = l : l e v , subp lo t ( l l , l , i+ l ) ;p lo t ( t , app( i , : ) , *b ' ) ; 

if i = 3 
ylabelC A m p l i t u d e ' ) 
end 
end 
x l a b e l ( ' T i m e (sec) ') 

Program 4 

% Th i s p r o g r a m pe r fo rms the op t imal w a v e l e t se lec t ion u s i n g the m i n i m u m en t ropy 
% E n e r g y cr i ter ion. The M A T L A B W a v e l e t T o o l b o x funct ions are used to c o m p u t e the 
% w a v e l e t coefficients . 

% 

% L o a d data 

load c : \ d a t a \ f u e l \ r l 3 7 e l 5 . d a t 

x = r l 3 7 e l 5 ( l : 1 6 3 8 4 ) ; 
x = x ( : ) ; 

% Def ine the type of wave l e t 

w l = ' d b l ' ; % D a u b e c h i e s 1 w a v e l e t 
w 2 - d b 2 ' ; % D a u b e c h i e s 2 wave l e t 
w 3 - d b 3 ' ; % D a u b e c h i e s 3 wave l e t 
w 4 = ' d b 4 ' ; % D a u b e c h i e s 4 w a v e l e t 
w 5 - d b 5 ' ; % D a u b e c h i e s 5 w a v e l e t 
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w 6 - d b 6 ' ; % D a u b e c h i e s 6 w a v e l e t 
w 7 - d b 7 ' ; % D a u b e c h i e s 7 w a v e l e t 
w 8 = ' d b 8 ' ; % D a u b e c h i e s 8 w a v e l e t 
w 9 = ' d b 9 ' ; % D a u b e c h i e s 9 w a v e l e t 
w l O - ' d b l O ' ; % D a u b e c h i e s 10 w a v e l e t 
w l 2 = ' d b l 2 ' ; % D a u b e c h i e s 12 w a v e l e t 
w 2 0 = ' d b 2 0 ' ; % D a u b e c h i e s 20 w a v e l e t 
w b l - b i o r 3 . 7 ' ; % B i o r t h o g o n a l 3.7 w a v e l e t 
w b 2 - b i o r 6 . 8 ' ; % B i o r t h o g o n a l 6.8 w a v e l e t 
w c o l - c o i f 4 ' ; % Coiflet 4 w a v e l e t 
w s y - s y m 5 ' ; % S y m m l e t 5 w a v e l e t 

for i = l : 15 

i f i = l 
w a v = w l ; 
end 
if i = 2 
w a v = w 2 ; 
end 
if i = 3 
w a v = w 3 ; 
end 
if i — 4 
w a v = w 4 ; 
end 
if i = 5 
w a v = w 5 ; 
end 
i f i = = 6 
w a v = w 6 ; 
end 
if i = 7 
w a v = w 7 ; 
end 
if i = 8 
w a v = w 8 ; 
end 
if i = 9 
w a v = w 9 ; 
end 
if i = 1 0 
w a v = w l 0 ; 
end 
i f i = l l 



w a v = w l 2 ; 
end 
if i = 1 2 
w a v = w 2 0 ; 
end 
i f i = 1 3 
w a v = w b l ; 
end 
if i = 1 4 
\ v a v = w b 2 ; 
end 
if i — 1 5 
w a v = w c o 1 ; 
end 
if i = 1 6 
w a v = w s y ; 
end 

% C o m p u t e w a v e l e t coeff ic ients u s ing W a v e l e t P a c k e t bas i s func t ions and Shannon 
% en t ropy 

[t d ] = w p d e c ( x , 5 , w a v , ' s h a n n o n ' ) ; 

e l O = w p c o e f ( t , d , [ l 0 ] ) ; 
e l l - w p c o e f ( t , d , [ l 1]); 
e 2 0 = w p c o e f ( t , d , [ 2 0 ] ) ; 
e 2 1 = w p c o e f ( t , d , [ 2 1]); 
e 3 0 = w p c o e f ( t , d , [ 3 0 ] ) ; 
e 3 1 = w p c o e f ( t , d , [ 3 1]); 
e 4 0 = w p c o e f ( t , d , [ 4 0 ] ) ; 
e 4 1 = w p c o e f ( t , d , [ 4 1]); 
e 5 0 = w p c o e f ( t , d , [ 5 0 ] ) ; 
e 5 1 = w p c o e f ( t , d , [ 5 1]); 

% C o m p u t e the en t ropy v a l u e s 

e 0 0 = w e n t r o p y ( x , ' s h a n n o n ' ) ; 
e 1 0 = w e n t r o p y ( e 10 , ' shannon ' ) ; 
el l = w e n t r o p y ( e l 1 , ' s h a n n o n ' ) ; 
e 2 0 = w e n t r o p y ( e 2 0 , ' s h a n n o n ' ) ; 
e21 = w e n t r o p y ( e 2 1 , ' s h a n n o n ' ) ; 
e3 0 = w e n t r o p y ( e 3 0 , ' s h a n n o n ' ) ; 
e3 l = w e n t r o p y ( e 3 1 , ' s h a n n o n ' ) ; 
e 4 0 = w e n t r o p y ( e 4 0 , ' s h a n n o n ' ) ; 
e41 = w e n t r o p y ( e 4 1 , ' s hannon ' ) ; 
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e 5 0 = w e n t r o p y ( e 5 0 , ' s h a n n o n ' ) ; 
e51 = w e n t r o p y ( e 5 1 , ' shannon ' ) ; 

e l l = e l O + e l l ; 
e l 2 = e 2 0 + e 2 1 ; 
e l 3 = e 3 0 + e 3 1 ; 
e l 4 = e 4 0 + e 4 1 ; 
e l 5 = e 5 0 + e 5 1 ; 

i f e l l>eOO 
fp r in t f ( 'min imum entropy level - 1') 
e e ( i ) = e l O + e l l ; 

e lseif e l 2 > e l 0 
fpr in t f ( 'minimurn en t ropy level - 2') 
e e ( i ) = e 2 0 + e 2 1 + e l l ; 

elseif e l 3 > e 2 0 
fp r in t f ( 'min imum en t ropy level - 3') 
ee( i )=e3 0+e31 +e21 +e 1 1 ; 

elseif e l 4 > e 3 0 
fp r in t f ( 'm in imum en t ropy l eve l - 4') 
e e ( i ) = e 4 0 + e 4 1 +e31 +e21 +e 1 1 ; 

e lse i f e l 5 > e 4 0 | e l 5 < e 4 0 
fp r in t f ( 'm in imum ent ropy level - 5') 
ee ( i )=e5 0+e51 +e41 +e31 +e21 +e 1 1 ; 

end 
end 

% Plot r e su l t s 

figure 

p l o t ( e e / b + ' ) 

x l a b e l ( ' W a v e l e t t y p e ' ) 
y l a b e l ( ' E n t r o p y Ene rgy ' ) 

t i t l e ( 'Op t ima l w a v e l e t se lec t ion - IE VFD2-3E*) 

% Pr in t resu l t s 
fpr in t f ( 'Minimuni ent ropy ene rgy = ') 
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m i n ( e e ) 
ee 

Program 5 

P r o g r a m 5.1 

% 
% This p r o g r a m pe r fo rms the d i sc re te w a v e l e t t r an s fo rm ( D W T ) ana lys i s u s i n g the 
% D a u b e c h i e s and H a r m o n i c w a v e l e t s . The or ig ina l a l g o r i t h m s are desc r ibed 
% in the re ference [12] . 
% 

% L o a d data 

load c : \ d a t a \ f u e l \ r l 3 7 e l 5 . d a t 

x=r 137el 5 ( 1 : 2 A 1 5 ) . / ( 3 . 4 5 * 4 0 ) ; 

x = x ( : ) ; 

% C o m p u t e the w a v e l e t p o w e r s p e c t r u m ( W P S D ) u s i n g the D a u b e c h i e s and H a r m o n i c 
% wave l e t s 

% Define the n u m b e r of D a u b e c h i e s w a v e l e t 

w a v = 2 0 ; 

% C o m p u t e the W P S D - D i l a t i o n W a v e l e t T r a n s f o r m A l g o r i t h m ( D a u b e c h i e s w a v e l e t ) 

w p s d = m a p d n ( x , 2 0 ) ; 

% C o m p u t e the W P S D - D i s c r e t e H a r m o n i c W a v e l e t A l g o r i t h m 

h w p s d = h m a p d n ( x ) ; 
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% Plot r e su l t s 

f igure 

s u r f l ( w p s d ) , s h a d i n g i n t e r p , c o l o r m a p ( g r a y ) , v i e w ( 5 0 , 5 0 ) 

f igure 

s u r f l ( h w p s d ) , s h a d i n g i n t e r p , c o l o r m a p ( g r a y ) , v i e w ( 5 0 , 5 0 ) 

P r o g r a m 5.2 

% 
% Th i s p r o g r a m c o m p u t e s the d iscre te w a v e l e t t r ans fo rm ( D W T ) coeff icients u s i n g the 
% M A T L A B W a v e l e t T o o l b o x funct ions and it c o m p u t e s the W a v e l e t P o w e r 
% S p e c t r u m . 
% 

% L o a d data - Fuel A s s e m b l y Vib ra t ion D a t a 

load c : \ da t a \ f l owl .da t 
load c : \ d a t a \ p r e s s l . d a t 

x = f l o w l ( l : 2 A 1 6 ) ' ; 
y = p r e s s l ( l : 2 A 1 6 ) ' ; 

f s = 2 5 ; % f requency s amp le 

t = 0 : l / f s : ( l / f s ) * l e n g t h ( x ) - l / f s ; % t ime in terval 
1=1:10; % w a v e l e t level 

x = x ; 

y = y ; 

% 
% Per fo rm Disc re t e w a v e l e t t rans form at level 10 
% 

% Def ine the w a v e l e t bas i s funct ion 

w a v = ' d b 2 0 ' ; 
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[cx l x ] = w a v e d e c ( x , 1 0 , w a v ) ; 
[cy l y ] = w a v e d e c ( y , 1 0 , w a v ) ; 

% 
% E x t r a c t the Deta i l Coeff ic ients 
% . 

lex = l e n g t h ( x ) ; 
c f d x = z e r o s ( 1 0 , l e x ) ; 
f o r k = l : 1 0 

d x = d e t c o e f ( c x , l x , k ) ; 
d x = d x ( o n e s ( l , 2 A k ) , : ) ; 
cfdx(k,:) = w k e e p ( d x ( : ) ' , l e x ) ; 

end 

c fdx=cfdx( : ) ; 
I= f ind (abs ( c fdx )<sq r t ( eps ) ) ; 
cfdx(I)= : zeros ( s i ze ( I ) ) ; 
c fdx=reshape (c fdx , 10, lex) ; 

ley = l e n g t h ( y ) ; 
c f d y = z e r o s ( l 0 , ley); 
f o r k = l : 1 0 

d y = d e t c o e f ( c y , l y , k ) ; 
dy = d y ( o n e s ( l , 2 A k ) , : ) ; 
c f d y ( k , : ) = w k e e p ( d y ( : ) ' , l e y ) ; 

end 

c fdy=cfdy( : ) ; 
I = f m d ( a b s ( c f d y ) < s q r t ( e p s ) ) ; 
c fdy( I )= : zeros(s ize( I ) ) ; 
c fdy=reshape(c fdy , 10 , ley) ; 

% . 
% Disc re t e Wave le t P o w e r Spec t rum 
% 

w p s x = c f d x .* conj(cfdx); 
w p s y = c f d y .* conj(cfdy); 
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% Plot resu l t s 

figure 

su r f l ( t , l ,wpsx) , shad ing i n t e r p , c o l o r m a p ( g r a y ) , v i e w ( 5 0 , 5 0 ) 

f igure 

su r f l ( t , l ,wpsy) , shad ing i n t e r p , c o l o r m a p ( g r a y ) , v i e w ( 5 0 , 5 0 ) 

Program 6 

% 
% This p r o g r a m p e r f o r m s t h e M A P ana lys i s u s i n g the d iscre te w a v e l e t t r ans fo rm ( D W T ) 
% ( D a u b e c h i e s and H a r m o n i c w a v e l e t s ) . The or ig ina l a l g o r i t hms are de sc r i bed 
% in the re ference [12] . 
% 

% L o a d data 

load c : \ d a t a \ f u e l \ r l 3 7 e l 5 . d a t 

x = r l3 7 e l 5 ( l : 2 A 1 5 ) . / ( 3 . 4 5 * 4 0 ) ; 

x = x ( : ) ; 

% T i m e in terval of the m e a s u r e m e n t 

fs=50 % s a m p l i n g f r equency 

t = 0 : ( l / f s ) : ( l e n g t h ( x ) * l / f s ) - l / f s ; 

% C o m p u t e the w a v e l e t p o w e r s p e c t r u m ( W P S D ) u s i n g the D a u b e c h i e s and H a r m o n i c 
% w a v e l e t s 

% Define the n u m b e r of D a u b e c h i e s w a v e l e t 

w a v = 2 0 ; 

% C o m p u t e the W P S D - D i l a t i o n W a v e l e t T r a n s f o r m A l g o r i t h m ( D a u b e c h i e s w a v e l e t ) 

212 

file://c:/data/fuel/rl37el5.dat


w p s d = m a p d n ( x , 2 0 ) ; 

% C o m p u t e the W P S D - D i s c r e t e H a r m o n i c W a v e l e t A l g o r i t h m 

h w p s d = h m a p d n ( x ) ; 

% Plot r e su l t s 

% 1 is the n u m b e r of w a v e l e t l eve l s o b t a i n e d by the a lgor i thm, 
figure 

c o n t o u r ( t , l , w p s d ) 

figure 

c o n t o u r ( t , l , h w p s d ) 

Program 7 

% 
% This p r o g r a m per fo rms the m u l t i - c h a n n e l ana lys i s u s ing m u l t i r e s o l u t i o n ana lys i s 
% t echn ique ( M R A ) . The M A T L A B W a v e l e t T o o l b o x funct ions are used to c o m p u t e the 
% wave le t coefficients. 
% . 

% Read original s ignals and c o m p u t e a u t o - p o w e r spec t rum densi ty ( A P S D ) and 
% C o h e r e n c e 

load c : \ d a t a \ fu e l \ r l 3 7e l5 . da t 
load c : \da ta \candu\ r l 3 7e l 8.dat 

x = r l 3 7 e l 5 ( l : 1 6 3 8 4 ) . / ( 4 0 * 3 . 4 5 ) ; 
y = r l 3 7 e l 8 ( l : 1 6 3 8 4 ) . / ( 4 0 * 3 . 4 8 ) ; 

[px f f ] = p s d ( x , 2 5 6 , 2 5 ) ; % A P S D 
[py f f j=psd(y ,256,25) ; % A P S D 
[cohxy f c o ] = c o h e r e ( x , y , 2 5 6 / 2 , 2 5 ) ; % C o h e r e n c e 
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% R e s u l t s 

figure 

semi logy(f f ,px) 
figure 
s e m i l o g y ( f f p y ) 
figure 
p lo t ( f co , cohxy) 

% C o m p u t e the w a v e l e t coeff icients u s ing a se lected w a v e l e t ba s i s funct ion 

w a v - ' d b 2 0 ' ; % W a v e l e t bas i s function 

l e v = 5 ; % N u m b e r of sub -band levels 

[cx l x ] = w a v e d e c ( x , l e v , w a v ) ; 
[cy l y ] = w a v e d e c ( y , l e v , w a v ) ; 

% Ex t r ac t i ng a p p r o x i m a t i o n and detail coefficients for e ach level 

% A p p r o x i m a t i o n s Coeff icients 

cay 1 = a p p c o e f ( c y , l y , w a v , 1 ); 
cax 1 = a p p c o e f ( c x , l x , w a v , 1 ); 
c a y 2 = a p p c o e f ( c y , l y , w a v , 2 ) ; 
c a x 2 = a p p c o e f ( c x , l x , w a v , 2 ) ; 
cay3 = a p p c o e f ( c y , l y , w a v , 3 ) ; 
cax3 = a p p c o e f ( c x , l x , w a v , 3 ) ; 
c a y 4 = a p p c o e f ( c y , l y , w a v , 4 ) ; 
c a x 4 = a p p c o e f ( c x , l x , w a v , 4 ) ; 
c a y 5 = a p p c o e f ( c y , l y , w a v , 5 ) ; 
c a x 5 = a p p c o e f ( c x , l x , w a v , 5 ) ; 

% Deta i l Coeff ic ients 

cdy 1 =de tcoe f ( cy , ly , 1 ) ; 
c d x l =de tcoef (cx , lx , 1 ); 
c d y 2 = d e t c o e f ( c y , l y , 2 ) ; 
c d x 2 = d e t c o e f ( c x , l x , 2 ) ; 
c d y 3 = d e t c o e f ( c y , l y , 3 ) ; 
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c d x 3 = d e t c o e f ( c x , l x , 3 ) ; 
c d y 4 = d e t c o e f ( c y ,ly ,4); 
c d x 4 = d e t c o e f ( c x , l x , 4 ) : 
c d y 5 = d e t c o e f ( c y , l y , 5 ) ; 
cdx5= de t c oe f ( cx , l x , 5 ) : 

% A P S D spec t rum at each a p p r o x i m a t i o n level 

[pxal f l ] = p s d ( c a x l , 256 ,12 .5 ) ; 
[pya l f l ] = p s d ( c a y l , 2 5 6 , 1 2 . 5 ) ; 
[pxa2 f 2 ] = p s d ( c a x 2 , 2 5 6 , 6 . 2 5 ) ; 
[pya2 f 2 ] = p s d ( c a y 2 , 2 5 6 , 6 . 2 5 ) ; 
[pxa3 ß ] = p s d ( c a x 3 , 2 5 6 , 3 . 1 2 5 ) ; 
[pya3 ß ] = p s d ( c a y 3 , 2 5 6 , 3 . 1 2 5 ) ; 
[pxa4 f 4 ] = p s d ( c a x 4 , 2 5 6 , 1 . 5 6 2 5 ) ; 
[pya4 f 4 ] = p s d ( c a y 4 , 2 5 6 , 1 . 5 6 2 5 ) ; 
[pxa5 f 5 ] = p s d ( c a x 5 , 2 5 6 , 0 . 7 8 2 ) ; 
[pya5 f 5 ] = p s d ( c a y 5 , 2 5 6 , 0 . 7 8 2 ) ; 

% C o h e r e n c e at each a p p r o x i m a t i o n level 

[ coha l f a l ] = c o h e r e ( c a x l , c a y l , 2 5 6 , 1 2 . 5 ) ; 
[coha2 f a 2 ] = c o h e r e ( c a x 2 , c a y 2 , 2 5 6 , 6 . 2 5 ) ; 
[coha3 f a 3 ] = c o h e r e ( c a x 3 , c a y 3 , 2 5 6 , 3 . 1 2 5 ) ; 
[coha4 f a 4 ] = c o h e r e ( c a x 4 , c a y 4 , 2 5 6 , 1 . 5 6 2 5 ) ; 
[ c o h a 5 , f a 5 ] = c o h e r e ( c a x 5 , c a y 5 , 2 5 6 , 0 . 7 8 1 2 ) ; 

% A P S D spec t rum at each detai l level 

[pxdl f l ] = p s d ( c d x l , 2 5 6 , 1 2 . 5 ) ; 
[pydl f l ] = p s d ( c d y l , 2 5 6 , 1 2 . 5 ) ; 
[pxd2 f 2 ] = p s d ( c d x 2 , 2 5 6 , 6 . 2 5 ) ; 
[pyd2 f 2 ] = p s d ( c d y 2 , 2 5 6 , 6 . 2 5 ) ; 
[pxd3 D ] = p s d ( c d x 3 , 2 5 6 , 3 . 1 2 5 ) ; 
[pyd3 f 3 ] = p s d ( c d y 3 , 2 5 6 , 3 . 1 2 5 ) ; 
[pxd4 f 4 ] = p s d ( c d x 4 , 2 5 6 , 1 . 5 6 2 5 ) ; 
[pyd4 f 4 ] = p s d ( c d y 4 , 2 5 6 , 1 . 5 6 2 5 ) ; 
[pxd5 f 5 ] = p s d ( c d x 5 , 2 5 6 , 0 . 7 8 1 2 ) ; 
[pyd5 f 5 ] = p s d ( c d y 5 , 2 5 6 , 0 . 7 8 1 2 ) ; 

% C o h e r e n c e at each detail level 
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[cohd 1 fal ] - c o h e r e ( c d x 1 ,cdy 1,256,12.5); 
[ c o h d 2 f a 2 ] = c o h e r e ( c d x 2 , c d y 2 , 2 5 6 , 6 . 2 5 ) ; 
[cohd3 f a 3 ] = c o h e r e ( c d x 3 , c d y 3 , 2 5 6 , 3 . 1 2 5 ) ; 
[cohd4 fa4] = c o h e r e ( c d x 4 , c d y 4 , 2 5 6 , l . 5 6 2 5 ) ; 
[ c o h d 5 , f a 5 ] = c o h e r e ( c d x 5 , c d y 5 , 2 5 6 , 0 . 7 8 1 2 ) ; 

% Plo t r e su l t s 

f igure 

s e m i l o g y ( f 3 + 3 . 1 2 5 / 2 , p x d 3 ; r f 0 » n o l d ; s e m i l o g y ( f f , p x , b ' ) 

a x i s ( [ 3 . 1 2 5 / 2 6.25/2 l e - 1 5 l e - 9 ] ) 
t i t le(") 
x l a b e l ( ' F r e q u e n c y (Hz) ' ) 
y l a b e l ( ' L O G ' ) 

f igure 

s e m i l o g y ( f 3 + 3 . 1 2 5 / 2 , p y d 3 , ' r + ' ) , h o l d ; s e m i l o g y ( f f , p y , ' b ' ) 
ax i s ( [3 .125 /2 6.25/2 l e - 1 5 l e - 9 ] ) 
t i t le(") 
x l a b e l ( ' F r e q u e n c y (Hz) ' ) 
y l a b e l ( ' L O G ' ) 

f igure 
p l o t ( f a 3 + 3 . 1 2 5 / 2 , c o h d 3 , ' r ' ) , h o l d ; p l o t ( f c o , c o h x y , ' b + ' ) 
a x i s ( [ 3 . 1 2 5 / 2 6.25/2 0 1]) 
t i t le(") 
x l a b e l ( ' F r e q u e n c y (Hz) ' ) 
y l a b e l ( ' C o h e r e n c e E s t i m a t e ' ) 

Program 8 

% 
% This p r o g r a m d iv ides the da ta in n b lock s izes n is a in teger n u m b e r p o w e r of 2 and 
% p e r f o r m the s ta t i s t ics a n a l y s i s ( m e a n and va r i ance ) us ing the m u l t i r e s o l u t i o n 
% a n a l y s i s ( M R A ) r e s u l t s . The M A T L A B W a v e l e t T o o l b o x funct ions are used to 
% c o m p u t e the % w a v e l e t coeff ic ients . 

% 

% C o m p u t e the w a v e l e t coeff ic ient u s i n g M R A 

216 



% L o a d data 

load c : \ d a t a \ f u e l \ r l 3 7 e l 5 . d a t 

x = r l 3 7 e l 5 ( l : 1 6 3 8 4 ) ; 

x = x ( : ) ; 

% Def ine t y p e of w a v e l e t 

w a v = ' d b 2 0 ' ; 
l e v = 5 ; % w a v e l e t level 

% Pe r fo rm the M R A and ob ta in the w a v e l e t coef ic ien ts 

[pr 1 coef pr 1 l o n g s ] = w a v e d e c ( x , l e v , w a v ) ; 
p r l c o e f A p r l c o e f ; 

% R e c o n s t r u c t the a p p r o x i m a t i o n and detai l s igna l s from the w a v e l e t coeff icients 

for i = l : 5 

e v a l ( [ , d e t ( , , i n t 2 s t r ( i ) , , , : ) = w r c o e f ( " d " , p r l c o e f , p r l l o n g s , w a v , i ) ; ' ] ) ; 
e v a l ( [ ' a p p ( ' , i n t 2 s t r ( i ) , ' , : ) - w r c o e f ( " a " , p r l c o e f , p r l l o n g s , w a v , i ) ; ' ] ) ; 
end 

% Plo t a p p r o x i m a t i o n r e s u l t s 

f s = 2 5 ; % f requency s a m p l e 

t = 0 : l / f s : ( l / f s ) * l e n g t h ( x ) - l / f s ; 

f igure 
subp lo t (6 ,1 ,1 ) ,plot( t ,x , 'b ' ) 

t i t l e ( ' T a c h o m e t e r _ Or ig ina l s ignal & A p p r o x i m a t i o n s 1-5') 

for i = l : l e v , s u b p l o t ( 6 , l , i + l ) ; p l o t ( t , a p p ( i , : ) , ' b ' ) ; 

i f i = 3 
ylabelC A m p l i t u d e ' ) 
end 
end 
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x l a b e l ( T i m e (sec) ') 
end 

% P lo t detai l resu l t s 

f igure 

s u b p l o t ( 6 , l , l ) , p l o t ( t ( l : 4096) ,x ( l :4096), 'b ' ) 
t i t le(") 

fo r i = l : l e v , s u b p l o t ( 6 , l , i + l ) ; p l o t ( t ( l : 4 0 9 6 ) , d e t ( i , l : 4 0 9 6 ) 5 ' b ' ) ; 
if i = 3 
y l a b e l ( ' A m p l i t u d e ' ) 
end 
end 
x l a b e l ( T i m e (sec) ') 
t i t l e ( ' T a c h o m e t e r _ Or ig ina l s ignal & De ta i l s 1-5') 
c lear t 

% D i v i d i n g data in b l o c k s 

x d l = d e t ( l , : ) ' ; 
x d 2 = d e t ( 2 , : ) ' ; 
xd3=det (3 , : )* ; 
x d 4 = d e t ( 4 , : ) ' ; 
x d 5 = d e t ( 5 , : ) ' ; 

x a d l = a p p ( l , : ) ' ; 
x a d 2 = a p p ( 2 , : ) ' ; 
xad3 = a p p ( 3 , : ) ' ; 

x a d 4 = a p p ( 4 , : ) ' ; 
x ad5 = a p p ( 5 , : ) ' ; 

n u m b e r = 1 2 8 ; % n u m b e r of b l o c k s 

b l o c k _ s i z e = l e n g t h ( x d 5 ) / n u m b e r ; 

t i m e = 0 ; 

n = l ; 
for j = l : n u m b e r 
t i m e = t i m e + ( 1/fs)* b l o c k _ s i z e ; 
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t ( j )= t ime; 
z=n ; 
k=z : (j /bl ock_s ize ) * 1 e n g t h ( x d 1); 

% C o m p u t e M e a n v a l u e 

m e a n _ y a l u e 1 (j ) = m e a n ( x d 1 (k ) ) ; 
m e a n _ v a l u e 2 ( j ) = m e a n ( x d 2 ( k ) ) ; 
m e a n _ v a l u e 3 (j ) = m e a n ( x d 3 (k) ) ; 
m e a n _ v a l u e 4 ( j ) = m e a n ( x d 4 ( k ) ) ; 
m e a n _ v a l u e 5 (j ) = m e a n ( x d 5 (k)) ; 

a m e a n _ v a l u e 1 (j ) = m e a n ( x a d 1 (k)): 
a m e a n _ v a l u e 2 ( j ) = m e a n ( x a d 2 ( k ) ) ; 
a m e a n _ v a l u e 3 (j ) = m e a n ( x a d 3 (k)): 
a m e a n _ v a l u e 4 ( j ) = m e a n ( x a d 4 ( k ) ) : 
a m e a n _ v a l u e 5 (j ) = m e a n ( x a d 5 (k)) 

% C o m p u t e V a r i a n c e 

s t and_va lue 1 (j ) = sq r t (va r (xd 1 (k) ) ) ; 
s t a n d _ v a l u e 2 ( j ) = s q r t ( v a r ( x d 2 ( k ) ) ) ; 
s t and_va lue3 (j ) = s q r t ( v a r ( x d 3 (k)) ) ; 
s t a n d _ v a l u e 4 ( j ) - s q r t ( v a r ( x d 4 ( k ) ) ) ; 
s t and_va lue5 (j ) = sq r t (va r (xd5 (k)) ) ; 

a s t and_va lue 1 (j ) = s q r t ( v a r ( x a d 1 (k))): 
as tand_value2( j ) = s q r t ( v a r ( x a d 2 (k))): 
a s t and_va lue3 (j ) = s q r t ( v a r ( x a d 3 (k))) : 
a s tand_va lue4( j ) = s q r t ( v a r ( x a d 4 ( k ) ) ) : 
a s t a n d _ v a l u e 5 G )=sqr t (va r (xad5 (k))); 

n=( j /b lock_s ize )* l e n g t h ( x d 5 ) + 1; 
end 

% Plo t resu l t s 

figure 

subplot(6,1,1), plot(t,mean_valuel ,'b') 
ylabelCdl") 



titleC M e a n V a l u e T r e n d _ T a c h o m e t e r _ D e t a i l l eve l s ') 
s u b p l o t ( 6 , 1 , 2 ) , p l o t ( t , m e a n _ v a l u e 2 , ' b ' ) 
s u b p l o t ( 6 , l , 3 ) , p l o t ( t , m e a n _ v a l u e 3 , ' b ' ) 
ylabelC M e a n V a l u e ' ) 
s u b p l o t ( 6 , 1 , 4 ) , p l o t ( t , m e a n _ v a l u e 4 , ' b ' ) 
s u b p l o t ( 6 , 1 , 5 ) , p l o t ( t , m e a n _ v a l u e 5 , ' b ' ) 
x l a b e l ( ' T i m e (Sec) ' ) 

figure 

s u b p l o t ( 6 , l ,1) , p l o t ( t , s t a n d _ v a l u e l , 'b ' ) ; 
y l a b e l ( ' d l ' ) 
t i t le( ' R M S T r e n d _ T a c h o m e t e r _ D e t a i l levels ') 
s u b p l o t ( 6 , 1 , 2 ) , p l o t ( t , s t a n d _ v a l u e 2 , ' b ' ) 
s u b p l o t ( 6 , 1 , 3 ) , p l o t ( t , s t a n d _ v a l u e 3 ,'b') 
ylabelC R M S V a l u e ' ) 
s u b p l o t ( 6 , 1 , 4 ) , p l o t ( t , s t a n d _ v a l u e 4 , ' b ' ) 
s u b p l o t ( 6 , l , 5 ) , p l o t ( t , s t a n d _ v a l u e 5 , ' b ' ) 
x l a b e l ( ' T i m e (Sec) ' ) 

figure 
s u b p l o t ( 6 , 1 , 1 ) , p l o t ( t , m e a n _ v a l u e 1 , 'b ' ) ; 
y l a b e l ( ' d l ' ) 
t i t le( ' M e a n V a l u e T r e n d _ T a c h o m e t e r _ A p p r o x i m a t i o n s levels ') 
s u b p l o t ( 6 , 1 , 2 ) , p l o t ( t , a m e a n _ v a l u e 2 , ' b ' ) 
s u b p l o t ( 6 , l , 3 ) , p l o t ( t , a m e a n _ v a l u e 3 , ' b ' ) 
ylabelC M e a n V a l u e ' ) 
s u b p l o t ( 6 , 1 , 4 ) , p l o t ( t , a m e a n _ v a l u e 4 , ' b ' ) 
s u b p l o t ( 6 , l , 5 ) , p l o t ( t , a m e a n _ v a l u e 5 , ' b ' ) 
x l a b e l ( ' T i m e (Sec) ' ) 

figure 

s u b p l o t ( 6 , 1 , 1 ) , p l o t ( t , a s t a n d _ v a l u e 1 , 'b ' ) ; 
y l a b e l ( ' d l ' ) 
t i t le( ' R M S T r e n d _ T a c h o m e t e r _ A p p r o x i m a t i o n s levels ' ) 
s u b p l o t ( 6 , 1 , 2 ) , p l o t ( t , a s t a n d _ v a l u e 2 , ' b ' ) 
s u b p l o t ( 6 , 1 , 3 ) , p l o t ( t , a s t a n d _ v a l u e 3 , ' b ' ) 
ylabelC R M S V a l u e ' ) 
s u b p l o t ( 6 , 1 , 4 ) , p l o t ( t , a s t a n d _ v a l u e 4 , ' b ' ) 
s u b p l o t ( 6 , l , 5 ) , p l o t ( t , a s t a n d _ v a l u e 5 , ' b ' ) 
x l a b e l ( ' T i m e (Sec) ' ) 
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V I T A 

A u c y o n e A. da Si lva w a s bo rn in S. B e n e d i t o , CE, Brazi l on June 12, 1953. He 

a t tended the P h y s i c s D e p a r t m e n t at the Federa l Univers i ty of R io de J ane i ro , RJ , Braz i l 

and r ece ived his B . S . d e g r e e in P h y s i c s in D e c e m b e r 1976. F r o m 1977 unt i l 1980 he w a s 

a g radua te s tuden t at the C O P P E / D e p a r t m e n t of N u c l e a r E n g i n e e r i n g at the Fede ra l 

U n i v e r s i t y of R io de J a n e i r o , w h e r e he rece ived his M a s t e r of Science deg ree in 1980. 

F r o m 1979 unti l 1986, he w o r k e d at the N u c l e a r E n g i n e e r i n g I n s t i t u t e - I E N / C N E N , Rio 

de Jane i ro , Braz i l , as a r e s e a r c h phys ic i s t . F rom 1987 unti l 1993 he w o r k e d at the E n e r g y 

and N u c l e a r R e s e a r c h Ins t i tu te , I P E N / C N E N , Sao P a u l o , Braz i l , w h e r e he d e v e l o p e d 

severa l r e sea rch ac t iv i t i e s in the n u c l e a r eng inee r ing field. D u r i n g this pe r iod he w a s also 

d e v e l o p i n g n u m e r o u s r e s e a r c h ac t iv i t ies for the Braz i l i an N a v y and A n g r a I N u c l e a r 

P o w e r Plant . In 1993 he w a s g ran ted a scholarsh ip from Braz i l i an R e s e a r c h Counc i l , 

C N P q . He then s tar ted w o r k i n g as a graduate s tudent , in the D e p a r t m e n t of N u c l e a r 

E n g i n e e r i n g at The U n i v e r s i t y of T e n n e s s e e , K n o x v i l l e , TN, w h e r e he r ece ived his P h . D . 

deg ree in D e c e m b e r 1997. He is current ly e m p l o y e d as a senior r e s e a r c h e r at 

I P E N / C N E N , Sao P a u l o , Braz i l . 
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