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ABSTRACT 

The a c c u r a t e  p r e d i c t i o n  o f  system dynamic response 
o f t e n  has been l i m i t e d  by d e f i c i e n c i e s  i n  e x i s t i n g  
c a p a b i l i t i e s  t o  c h a r a c t e r i z e  connec t ions  adequa te l y .  

1 1  Connect ions  between s t r u c t u r a l  components o f t e n  a r e  -. complex m e c h a n i c a l l y ,  and d i f f i c u l t  t o  a c c u r a t e l y  model 
-$ a n a l y t i c a l l y .  Improved a n a l y t i c a l  models for  connec- 

t i o n s  a r e  needed t o  improve system dynamic p r e d i c t i o n s .  
I n  t h i s  s tudy  a p rocedure  fo r  i d e n t i f y i n g  p h y s i c a l  con- 
n e c t i o n  p r o p e r t i e s  f r o m  f r e e  and f o r c e d  response t e s t  
d a t a  i s  deve loped,  then  v e r i f i e d  u t i l i z i n g  a system 
hav ing  b o t h  a l i n e a r  and n o n l i n e a r  connec t ion .  Connec- 
t i o n  p r o p e r t i e s  a r e  computed i n  terms o f  p h y s i c a l  
parameters  so t h a t  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  
connec t ions  can b e t t e r  be unders tood,  i n  a d d i t i o n  to  
p r o v i d i n g  improved i n p u t  fo r  t h e  system model.  The 
i d e n t i f i c a t i o n  procedure  i s  a p p l i c a b l e  t o  m u l t i d e g r e e  
o f  f reedom systems, and does n o t  r e q u i r e  t h a t  t h e  t e s t  
d a t a  be measured d i r e c t l y  a t  t h e  connec t ion  l o c a t i o n s .  

INTRODUCTION 

Recen t l y ,  t h e r e  has been an i nc reased  need f o r  
d e v e l o p i n g  parameter  i d e n t i f i c a t i o n  methods f o r  improv-  
i n g  s t r u c t u r a l  dynamic models.  Th i s  need has a r i s e n  
because o f  t h e  i n c r e a s e d  a b i l i t y  of eng ineers  t o  con- 
s t r u c t  complex a n a l y t i c a l  models,  coup led  w i t h  t h e i r  
i n a b i l i t y  t o  p r e c i s e l y  i d e n t i f y  those models so as t o  
adequa te l y  s i m u l a t e  observed response.  Whi le  g r e a t  
s t r i d e s  i n  computer techno logy  and a n a l y t i c a l  methods 
have enab led  eng ineers  t o  t h e o r e t i c a l l y  s o l v e  v e r y  
l a r g e  and complex s t r u c t u r a l  problems, t h e  r e s u l t s  
o f t e n  do  n o t  compare w e l l  w i t h  t e s t  d a t a ,  because o f  
i n a c c u r a c i e s  i n  t h e  parameters  o f  t h e  mathemat ica l  
model.  

The f i e l d  wh ich  addresses  mathemat ica l  mode l i ng  i s  
l a b e l e d  system i d e n t i f i c a t i o n ,  which i s  d e s c r i b e d  i n  
some d e t a i l  i n  Refs. 1 t o  4 .  I n  g e n e r a l ,  system iden -  
t i f i c a t i o n  i n v o l v e s  t h e  u t i l i z a t i o n  o f  i n p u t  and o u t p u t  
r e l a t i o n s  t o  de te rm ine  d i f f e r e n t i a l  e q u a t i o n s .  Once 
the  d i f f e r e n t i a l  equa t ions  a r e  de termined,  t h e  unknown 
parameters  w i t h i n  t h e  equa t ions  a r e  i d e n t i f i e d  and t h e  
equa t ions  then a r e  used t o  r e p r e s e n t  t h e  a c t u a l  system. 
When the  d i f f e r e n t i a l  e q u a t i o n  i s  known a p r i o r i  

(e .g . ,  a v i b r a t i n g  beam), t h e  i d e n t i f i c a t i o n  prob lem 
i s  reduced t o  t h e  more s p e c i f i c  a rea  o f  parameter  
i d e n t i f i c a t i o n .  

Parameter i d e n t i f i c a t i o n  methods can be separa ted  
i n t o  modal and p h y s i c a l  model i d e n t i f i c a t i o n  methods. 
I n  modal parameter  i d e n t i f i c a t i o n ,  exper imen ta l  d a t a  
a r e  used t o  d e r i v e  modal parameters  such as c h a r a c t e r -  
i s t i c  f r e q u e n c i e s  and mode shapes. These parameters  
then  a r e  used t o  c r e a t e  a f requency  domain model u t i -  
l i z i n g  modal c o o r d i n a t e s .  P h y s i c a l  parameter  i d e n t i f i -  
c a t i o n  a l s o  i n v o l v e s  the  use o f  exper imen ta l  d a t a ,  
excep t  t h a t  fo r  t h i s  t ype  o f  i d e n t i f i c a t i o n ,  a p h y s i -  
c a l ,  t ime domain model,  based on p h y s i c a l  c o o r d i n a t e s ,  
i s  genera ted .  P h y s i c a l  models have s u c c e s s f u l l y  been 
genera ted  t h r o u g h  t h e  use o f  b o t h  modal and f r e e  o r  
f o r c e d  t r a n s i e n t  response d a t a .  

Parameter i d e n t i f i c a t i o n  methods may be u t i l i z e d  
i n  d e t e r m i n i n g  s t r u c t u r a l  connec t ion  p r o p e r t i e s .  S ince  
connec t ions  u s u a l l y  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  
o v e r a l l  system s t i f f n e s s ,  damping, and i n  many cases 
n o n l i n e a r i t y ,  i t  i s  c r i t i c a l  t h a t  r e l i a b l e  c o n n e c t i o n  
models be made a v a i l a b l e .  For  many s t r u c t u r a l  systems 
t h e  c o n s t i t u e n t  components themselves o f t e n  can be 
modeled a c c u r a t e l y ,  and i t  i s  t h e  connec t ions  wh ich  
c o n t a i n  most o f  t h e  mode l i ng  u n c e r t a i n t y .  T h e r e f o r e ,  
a c c u r a t e  system response p r e d i c t i o n s  o f t e n  a r e  h i g h l y  
dependent on v a l i d  connec t ion  models.  

I d e n t i f i c a t i o n  methods fo r  connec t ions  wh ich  use 
f requency  based or modal t e s t  d a t a  t y p i c a l l y  a r e  
d e s i r e d  for  l i n e a r  systems, because the  t e s t  appara tus  
for  o b t a i n i n g  t h e  d a t a  a r e  r e a d i l y  a v a i l a b l e  and s imp le  
t o  a p p l y  i n  t h e  f requency  domain. Fu r the rmore ,  t he  
same t e s t  equipment and pos t -p rocess ing  s o f t w a r e  may be 
used fo r  a w ide  range o f  s t r u c t u r a l  dynamic systems. 
Modal d a t a  a l s o  have advantages o v e r  t ime  domain d a t a ,  
i n  t h a t  t h e  modal d a t a ,  wh ich  n o r m a l l y  i n c l u d e s  reso-  
n a n t  f r e q u e n c i e s  and mode shapes, p r o v i d e  g l o b a l  system 
i n f o r m a t i o n  wh ich  i s  u s e f u l  fo r  i d e n t i f y i n g  o v e r a l l ,  as 
w e l l  as s p e c i f i c ,  system c h a r a c t e r i s t i c s  ( e . g . ,  e x i s t -  
ence o f  r i g i d  body modes, s y s t e m  f l e x i b i l i t y ,  e t c . ) .  

Some r e c e n t  work r e l a t e d  t o  f requency  based t e s t -  
i n g  and i d e n t i f i c a t i o n  o f  c o n n e c t i o n  p r o p e r t i e s  i s  
d e s c r i b e d  i n  Re fs .  5 to 8. I n  Re f .  5, component mode 
s y n t h e s i s  ( s u b s t r u c t u r i n g )  methods a r e  combined w i t h  
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parameter i d e n t i f i c a t i o n  procedures  t o  improve t h e  ana- 
l y t i c a l  mode l ing  o f  t he  s t r u c t u r a l  connec t ions  for  
reduced o r d e r  systems. 
exper imen ta l  modal da ta ,  improvements i n  connec t ion  
p r o p e r t i e s  were computed i n  terms o f  p h y s i c a l  s t i f f n e s s  
parameters .  By u t i l i z i n g  s u b s t r u c t u r i n g  methods, com- 
ponent and connec t ion  p r o p e r t i e s  were i d e n t i f i e d  inde-  
penden t l y  w i t h  the  advantage t h a t  t h e  i d e n t i f i c a t i o n  
prob lem i s  reduced t o  a c o l l e c t i o n  o f  s m a l l e r  o r d e r  
p rob lems.  For each o f  these problems t h e  c o m p l e x i t y  o f  
o b t a i n i n g  the  exper imen ta l  d a t a ,  and t h e  r e q u i r e d  quan- 
t i t y  o f  d a t a ,  i s  l e s s  than i f  t h e  e n t i r e  system were 
i d e n t i f i e d  as a whole.  I n  Re f .  6 ,  a s i m i l a r  i d e n t i f i -  
c a t i o n  procedure  i s  used t o  de te rm ine  connec t ion  damp- 
i n g  as w e l l  as s t i f f n e s s .  The e f f e c t  o f  f r i c t i o n  
damping on an assumed v i s c o u s l y  damped system a l s o  was 
assessed. Swept s i n e  t e s t s  were used i n  Ref.  7 t o  
a s c e r t a i n  the  connec t ion  p r o p e r t i e s  of n o n l i n e a r  con- 
n e c t i o n s  f o r  space s t r u c t u r e s .  Harmonic b a l a n c i n g  and 
F o u r i e r  app rox ima t ion  were used t o  e x t r a c t  t h e  connec- 
t i o n  parameters  f rom t h e  t e s t  da ta .  I n  R e f .  8 ,  a m i x  
o f  a n a l y t i c a l  and exper imen ta l  component models were 
combined t o  c h a r a c t e r i z e  t h e  dynamics o f  a f l e x i b l e  
s p a c e c r a f t .  For t h i s  s tudy ,  j o i n t  s t i f f n e s s  and damp- 
i n g  p r o p e r t i e s  were a s c e r t a i n e d  v i a  c y c l i c  l o a d i n g  
t e s t s  b e f o r e  the  j o i n t s  were i n c o r p o r a t e d  i n t o  t h e  sys- 
t e m  model.  S ince  the  system modal p r o p e r t i e s  computed 
u s i n g  e x p e r i m e n t a l l y  d e r i v e d  j o i n t  models were i n  
agreement w i t h  t e s t  r e s u l t s ,  t h e r e  was no  need to  
mod i f y  t h e  j o i n t  c h a r a c t e r i s t i c s  u s i n g  t h e  coup led  sys- 
tem t e s t  da ta .  

S ince  many s t r u c t u r a l  systems, p a r t i c u l a r y  systems 
w i t h  complex connec t ions ,  c o n t a i n  a t  l e a s t  some amount 
o f  n o n l i n e a r i t y  ( e . g . ,  f r i c t i o n  damping, gaps, l o c a l -  
i z e d  p l a s t i c i t y ,  e t c . ) ,  f r equency  based methods o f t e n  
a r e  i n s u f f i c i e n t ,  and thus  more genera l  i d e n t i f i c a t i o n  
methods a r e  r e q u i r e d .  Severa l  i n v e s t i g a t o r s  have 
a t tempted  t o  i d e n t i f y  n o n l i n e a r i t i e s  i n  i n d i v i d u a l  
s t r u c t u r a l  connec t ions ,  b u t  only a l i m i t e d  number have 
c o n f r o n t e d  t h e  c o m p l e x i t i e s  a s s o c i a t e d  w i t h  
mult icomponent/connected systems. P rev ious  s t u d i e s  
wh ich  have addressed c o n n e c t i o n  i d e n t i f i c a t i o n  have 
focused on i d e n t i f y i n g  p r o p e r t i e s  from t e s t s  per fo rmed 
on i n d i v i d u a l  j o i n t s  r a t h e r  than  f r o m  coup led  system 
t e s t s .  I n  Re f .  9 ,  damping and s t i f f n e s s  c h a r a c t e r i s -  
t i c s  o f  a r e p r e s e n t a t i v e l s p a c e  t r u s s  j o i n t  were s tud -  
i e d .  I n  t h i s  work r e s u l t s  genera ted  from s i m p l i f i e d  
j o i n t  models were compared t o  r e s u l t s  o b t a i n e d  from a 
complex model wh ich  i n c l u d e d  dead bands, l a r g e  deforma- 
t i o n s ,  and f r i c t i o n  f o r c e s .  I t  was conc luded t h a t  i n  
s p e c i a l i z e d  s i t u a t i o n s  s i m p l i f i e d  models based on l i n -  
ear  s p r i n g s  and v i s c o u s  dampers may r e p r e s e n t  t h e  
behav io r  o f  t he  more s o p h i s t i c a t e d  j o i n t  model.  I n  
R e f .  10, n o n l i n e a r i t i e s  i n  a s t r u c t u r a l  j o i n t  were 
i d e n t i f i e d  u s i n g  an approach termed " f o r c e - s t a t e  map- 
p i n g . "  Th is  approach i n v o l v e d  s i m u l t a n e o u s l y  measur- 
i n g  t h e  f o r c e  on a j o i n t  a l o n g  w i t h  i t s  p o s i t i o n  and 
v e l o c i t y .  From t h e  shape of t h e  th ree -d imens iona l  sur -  
f ace  genera ted  by p l o t t i n g  f o r c e  as a f u n c t i o n  o f  d i s -  
p lacement and v e l o c i t y ,  t h e  t y p e  and q u a n t i t a t i v e  
d e s c r i p t i o n  o f  t he  j o i n t  mechanisms were i d e n t i f i e d .  

I n  Ref .  1 1 ,  a t echn ique  i s  i n t r o d u c e d  fo r  process-  
i n g  n o i s y  t e s t  da ta ,  and for  i d e n t i f y i n g  t h e  parameters  
i n  n o n l i n e a r  dynamic systems. The methods p resen ted  i n  
t h i s  work a r e  s u i t a b l e  for  i d e n t i f i c a t i o n  o f  s t r u c t u r a l  
connec t ions ,  except  t h a t  t h e  exper imen ta l  d a t a  must be 
measured d i r e c t l y  a t  t h e  c o n n e c t i o n  boundar ies .  I n  
Re f .  12, a s i m i l a r  method i s  p resen ted  and then  a p p l i e d  
t o  a l i n e a r  dynamic system i n  wh ich  t h e  mass, damping, 

I n  t h i s  s tudy ,  wh ich  u t i l i z e d  
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and s t i f f n e s s  m a t r i c e s  a r e  i d e n t i f i e d .  Except f o r  hav- 
i n g  the  same l i m i t a t i o n  desc r ibed  f o r  Re f .  1 1 ,  o f  hav- 
i n g  t o  measure t h e  d a t a  d i r e c t l y  a t  t he  connec t ion  
boundar ies ,  t h i s  approach i s  e q u a l l y  accep tab le  for 
i d e n t i f y i n g  connec t ion  parameters .  

I n  t h e  p r e s e n t  research  the  methods i n r r o d u c e d  i n  
Re fs .  1 1  and 1: a r e  eytended so they  can be used f o r  
t he  i d e n t i f i c a t i o n  o f  l i n e a r  as w e l l  as n o n l i n e a r  con- 
n e c t i o n  parameters ,  when the  t e s t  d a t a  a r e  n o t  taken 
d i r e c t l y  a t  t h e  connec t ion  boundar ies .  The p r e s e n t  
p rocedure  i s  a p p l i c a b l e  t o  bo th  l i n e a r  and n o n l i n e a r  
connec t ions  and i s  s u i t a b l e  f o r  p r o c e s s i n g  t e s t  da ta  
which has been measured a t  a r b i t r a r y  s t a t i o n s  on the  
s t r u c t u r a l  system. The f l e x i b i l i t y  t h a t  t he  o resen t  
method p r o v i d e s  as f a r  as the  l o c a t i o n s  o f  t he  t e s t  
d a t a  measurement s t a t i o n s  i s  h i g h l y  d e s i r a b l e .  gecause 
i n  most p r a c t i c a l  s i t u a t i o n s  i t  i s  i m p o s s i b l e  t o  o b t a i n  
t e s t  d a t a  a t  t h e  connec t ion  boundar ies ,  thus  r e n d e r i n g  
o t h e r  i d e n t i f i c a t i o n  methods i n e f f e c t i v e .  

PROCEDURE 

I n  t h e  p r e s e n t  research ,  parameter i d e n t i f i c a t i o n  
i s  d e f i n e d  as the  prob lem o f  d e t e r m i n i n g  connec t ion  
p r o p e r t i e s  for  a mul t i component  s y s t e m  compr ised o f  an 
a r b i t r a r y  number o f  components coup led  v i a  connec t ions  
w i t h  e i t h e r  unknown, o r  es t ima ted ,  p r o p e r t i e s  ( F i g .  1 ) .  
To accompl ish  the  i d e n t i f i c a t i o n  o f  t he  c o n n e c t i o n  
parameters ,  t h e  coup led  system i s  e x c i t e d  a t  v a r i o u s  
s t a t i o n s  a l o n g  t h e  s t r u c t u r e ,  and the  r e s u l t i n g  
response i s  measured. The measurement s t a t i o n s  may 
or may n o t  be c o l l o c a t e d  w i t h  the  e x c i t a t i o n ,  and the  
number o f  measurement s t a t i o n s  may. o r  may n o t ,  be 
equal  t o  t h e  number of i n p u t  e x c i t a t i o n s .  I n  g e n e r a l ,  
i t  i s  s i m p l e r  t o  e x c i t e  t h e  system w i t h  a s i n g l e  i n p u t ,  
and then measure the  r e s u l t i n g  response a t  m u l t i p l e  
s t a t i o n s .  I t  i s  r e q u i r e d  t h a t  b o t h  the  i n p u t  be known 
and t h e  o u t p u t  be measured, r e g a r d l e s s  o f  t h e  number o f  
s t a t i o n s .  A s  ment ioned p r e v i o u s l y ,  t he  p r e s e n t  p roce-  
du re  i s  advantageous ove r  p r e v i o u s  methods i n  t h a t  t he  
response measurements need n o t  be s t a t i o n e d  d i r e c t l y  a t  
t h e  connec t ion  boundar ies ,  b u t  i n s t e a d  may be esrab- 
l i s h e d  a t  any conven ien t  p o s i t i o n  on t h e  s y s t e m .  

The p r e s e n t  p rocedure  i n v o l v e s  f i v e  ma jo r  s teps  
( F i g .  2 ) .  F i r s t ,  an a n a l y t i c a l  model o f  t h e  system i s  
c r e a t e d  u s i n g  p r e l i m i n a r y  e s t i m a t e s  for  t h e  connec t ion  
pa ramete rs .  Th is  model t hen  i s  used to compute e s t i -  
mates o f  t he  t r a n s i e n t  response a t  s t a t i o n s  a l o n g  t h e  
s t r u c t u r e  where exper imen ta l  d a t a  w i l l  be o b t a i n e d .  
I n  S tep  11, exper imen ta l  d a t a  i s  o b t a i n e d  by a c t u a l l y  
a p p l y i n g  t h e  s p e c i f i e d  e x c i t a t i o n  t o  t h e  system and 
measur ing  t h e  r e s u l t i n g  response.  I n  Step 111, a s e t  
o f  " r e s i d u a l  f o r c e s "  a re  computed by m i n i m i z i n g  t h e  
d i f f e r e n c e s  between t h e  p r e d i c t e d  (S tep  I) response 
and t h e  measured (S tep  11) response.  I n  S tep  I V ,  t h e  
r e s i d u a l  f o r c e s  a r e  i n c o r p o r a t e d  i n t o  t h e  a n a l y t i c a l  
model, wh ich  then  i s  used t o  p r e d i c t  t he  o u t p u t  a t  t he  
c o n n e c t i o n  boundary l o c a t i o n s .  I n  Step V ,  t h e  o u t p u t  
a t  t h e  connec t ion  l o c a t i o n s ,  a l o n g  w i t h  t h e  r e s i d u a l  
f o rces ,  a r e  used t o  compute t h e  a c t u a l  connec t ion  
parameters .  Steps I V  and V a r e  repea ted  u n t i l  t he  
i d e n t i f i e d  c o n n e c t i o n  parameters converge.  These pro-  
cedura l  s teps  a r e  desc r ibed  more f u l l y  be low:  

f o r m u l a t i o n  i s  u t i l i z e d  for  c h a r a c t e r i z i n g  the  model, 
b u t  o t h e r  f o r m u l a t i o n s  may serve  e q u a l l y  w e l l .  
F . E .  f o r m u l a t i o n ,  t he  equa t ions  o f  mo t ion  a r e  w r i t t e n  
as : 

STEP I. I n  the  p resen t  research ,  a f i n i t e  element 

For the  
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where [ M I ,  [ C I .  and [ K ]  a r e  t h e  c o n v e n t i o n a l  mass. 
damping, and s t i f f n e s s  m a t r i c e s ,  (P} i s  t h e  e x t e r n a l  
e x c i t a t i o n ,  [ C C C I .  [Keel, and (Fc} c o n t a i n  i n i t i a l  
e s t i m a t e s  for  the  c o n n e c t i o n  p r o p e r t i e s ,  and ( R c }  a r e  
unknown " r e s i d u a l "  f o r c e s  a c t i n g  a t  t h e  connec t ions .  
( u s }  and (uc }  a r e  d i sp lacemen t  c o o r d i n a t e s  f o r  t he  sys- 
t e m  components and connec t ions  r e s p e c t i v e l y .  For t h e  
subsequent i n t e g r a t i o n  o f  Eq. ( l), per fo rmed i n  t h i s  
s tep ,  t h e  r e s i d u a l  f o r c e s  a r e  s e t  t o  ze ro .  The r e s i d -  
u a l s  a r e  i n  f a c t  unknown a t  t h i s  s tage  because the  
a c t u a l  c o n n e c t i o n  parameters  have n o t  y e t  been 
de termined.  

the  r e s i d u a l s  by :  
The a c t u a l  connec t ion  parameters  a r e  r e l a t e d  t o  

C ( R  } .  = 
1 

or 

2a) 

2b) 

where (p }  a r e  t h e  connec t ion  parameters  and [VI 
c o n t a i n s  comb ina t ions  o f  s t a t e  v a r i a b l e s  a t  t h e  Connec- 
t i o n  degrees o f  f reedom. For example, i f  t h e  connec- 
t i o n  a t  degree o f  f reedom q behaved l i k e  a grounded 
c u b i c  s p r i n g  w i t h  v i scous  damping, Rq would 

equal  

and c r e s p e c t i v e l y ,  and vy and v; would be equal  

t o  ( u ~ ) ~  and uq. O b v i o u s l y ,  t h e  c o n n e c t i o n  charac- 

t e r i z a t i o n  may i n c l u d e  b o t h  l i n e a r  (e .g . ,  s p r i n g s ,  
v i scous  dampers, e t c . )  as w e l l  as n o n l i n e a r  elements 
( e . g . ,  f r i c t i o n .  e t c . ) .  Elements such as gaps have n o t  
y e t  been i n c o r p o r a t e d  because t h e y  r e q u i r e  more complex 
( i . e . .  d i s c o n t i n u o u s )  exp ress ions  f o r  v .  

I n  Eq. ( l ) ,  a p r e l i m i n a r y  e s t i m a t e  for [ C c c l ,  
[ K C C I ,  and { F C }  may be used, or i f  t h e  connec t ions  a r e  
e n t i r e l y  unknown, (Fc}  and t h e  c o n n e c t i o n  c o n t r i b u t i o n s  
t o  [ C C C I  and C K C C I  may be s e t  to z e r o .  
where c o n n e c t i o n  f o r c e s  a r e  r e q u i r e d  for a s t a b l e  sys- 
tem, i t  i s  d e s i r a b l e  t o  p r o v i d e  a sma l l  q u a n t i t y  of  
c o n n e c t i o n  s t i f f n e s s  so t h a t  t h e  system i s  n o t  uns ta -  
b l e .  Once ( F C }  i s  ass igned ,  Eq. ( 1 )  i s  i n t e g r a t e d  and 
t h e  p r e d i c t e d  s t a t e  v a r i a b l e s ,  (u }  and { u } ,  a r e  
de te rm ined .  

e s t i m a t e d  s e t  o f  o u t p u t  d a t a  a v a i l a b l e  for s t e p  111 
where r e s i d u a l  f o rces  a r e  computed. The r e q u i r e d  d a t a  

a t  t h e  t e s t  measurement s t a t i o n s  (up} and (up} 
( p  = 1 ,  2 .  . . . number o f  measurement s t a t i o n s ) ,  a r e  
e x t r a c t e d  d i r e c t l y  from t h e  v e c t o r s  (u }  and (u} i n  
Eq. ( 1 ) .  

menta l  d a t a  i s  de te rm ined  by  conven ience and t h e  char -  
a c t e r i s t i c s  o f  t he  i n d i v i d u a l  connec t ions .  The 

3 
k*(uq) + c * ( u q ) ,  p: and p; wou ld  equa l  k 

I n  s i t u a t i o n s  

The purpose o f  f o r m u l a t i n g  Eq. ( 1 )  i s  t o  make an 

w for s t e p  111, namely t h e  v e l o c i t i e s  and d i sp lacemen ts  

STEP 11. The t e s t  se tup  for  o b t a i n i n g  t h e  e x p e r i -  

s e l e c t i o n  o f  e x c i t a t i o n  must be a p p r o p r i a t e  so t h a t  
energy  i s  t r a n s m i t t e d  th rough t h e  connec t ions  and so 
t h a t  eve ry  t ype  of connec t ion  c h a r a c t e r i s t i c  i s  e x e r -  
c i s e d  adequa te l y .  For example, i f  the  connec t ion  con- 
t a i n s  f r i c t i o n  damping, t he  e x c i t a t i o n  must be l o c a t e d  
so t h e r e  i s  r e l a t i v e  d i sp lacemen t  a t  t he  connec t ion  
boundar ies  and so t h a t  a l a r g e  enough magnitude connec- 
t i o n  f o r c e  i s  genera ted  t o  overcome any f r i c t i o n a l  
" s t i c k i n g . "  I n  some s i t u a t i o n s ,  a p p l y i n g  an i n i t i a l  
i m p u l s i v e  l o a d  or d isp lacemen t  p a t t e r n  as the  e x c i t a -  
t i o n .  and m o n i t o r i n g  t h e  f r e e  response decay, may be 
advantageous ove r  a f o r c e d  response e x c i t a t i o n .  

The q u a n t i t y  o f  a v a i l a b l e  exper imen ta l  response 
d a t a  i s  dependent on the  number o f  measurement s t a t i o n s  
and t h e  number o f  d a t a  p o i n t s  taken a t  each s t a t i o n .  
The r e q u i r e d  l o c a t i o n  and number of response measure- 
ments ( (Um} i  and ( U m } i )  ( i  = 1 ,  2 ,  . . . n d t )  a r e  
de termined p r i m a r i l y  by  the  d e s i r e d  accu racy  o f  sub- 
sequent compu ta t i ons .  When the  number o f  o u t p u t  meas- 
urement s t a t i o n s  i s  i nc reased ,  a l a r g e r  number o f  
o u t p u t  responses a r e  a v a i l a b l e  a t  each t ime  s t e p ,  
t = t i ,  more accu ra te  r e s u l t s  a r e  o b t a i n e d  a t  t he  t i m e  
s t e p ,  and exper imen ta l  e r r o r  may be compensated f o r .  
The consequences o f  u s i n g  d i f f e r e n t  numbers o f  o u t p u t  
s t a t i o n s  and t i m e  s teps  i s  addressed i n  t h e  sample 
problem. 

STEP 111. The " r e s i d u a l "  f o r c e s  a t  t h e  connec- 
t i o n s ,  { R c } ,  appear ing  i n  Eq. ( 1 )  a r e  computed i n  t h i s  
s tep .  I t  would be d e s i r a b l e  t o  bypass t h i s  s t e p  and 
compute the  c o n n e c t i o n  parameters d i r e c t l y ,  b u t  t h e  
parameters  cannot  be i d e n t i f i e d  u n t i l  t h e  s t a t e  v a r i a -  
b l e s  a t  t h e  c o n n e c t i o n  l o c a t i o n s  a r e  known. The s t a t e  
v a r i a b l e s  a t  c o n n e c t i o n  l o c a t i o n s  a r e  unknown because 
n o r m a l l y  t h e y  a r e  n o t  measurable,  and t h e  a n a l y t i c a l  
model de f ined i n  Eq. ( 1 )  cannot  be used t o  p r e d i c t  them 
e x a c t l y  because ( R c }  has y e t  t o  be s p e c i f i e d .  

The approach used i n  t h e  p r e s e n t  p rocedure  i s  t o  
compute t h e  r e s i d u a l  f o r c e s ,  s u b s t i t u t e  t h e  f o r c e s  i n t o  
Eq. ( l ) ,  and then  compute t h e  a c t u a l  s t a t e  v a r i a b l e s  a t  
t h e  connec t ion  l o c a t i o n s .  Once t h e  c o r r e c t  s t a t e  v a r i -  
ab les  a t  t h e  connec t ion  l o c a t i o n s  a r e  known, t h e y  then  
may be used t o  i d e n t i f y  t h e  a c t u a l  connec t ion  parame- 
t e r s  (S teps  I V  and V ) .  

The r e s i d u a l  f o r c e s  a r e  computed by m i n i m i z i n g  
t h e  d i f f e r e n c e s  between t h e  p r e d i c t e d  o u t p u t  (UP}  and 
(up} (S tep  I), and t h e  measured o u t p u t  (urn} and (urn} 
(S tep  I I ) ,  a t  t h e  measurement s t a t i o n s .  Because t h e  
r e s i d u a l s  change w i t h  t ime  t h e y  must be recomputed a t  
each t i m e  s t e p  ( 1  < i < n ) .  A t  each t ime  s t e p  the  
r e s i d u a l s  a r e  computed i t e r a t i v e l y  f rom:  

where ( R C }  a r e  t h e  computed r e s i d u a l  f o rces  a t  t i m e  
t = t i ,  [ W l  i s  a w e i g h t i n g  m a t r i x  a p p l i e d  t o  t h e  o u t p u t  
da ta ,  and [ S I  i s  a s e n s i t i v i t y  m a t r i x  c o n t a i n i n g  the  
p a r t i a l  d e r i v a t i v e s ,  d (u } /d (RC} .  Reference 6 p r o v i d e s  
a d d i t i o n a l  d i s c u s s i o n  o f  t h e  c o e f f i c i e n t s  i n  Eq. ( 3 ) .  

t i o n s  o f  t h e  l e a s t  squares method and t h e  p r e s e n t ,  i s  
t h a t  fo r  t h e  c u r r e n t  a p p l i c a t i o n  the  p a r t i a l  d e r i v a -  
t i v e s ,  d (u} /d (RC} ,  remain  c o n s t a n t  f o r  a l l  t i m e  s teps .  
S ince  t h e  c o e f f i c i e n t  m a t r i c e s  of t h e  l e f t - h a n d  s i d e  
o f  Eq. ( 1 )  a r e  assumed t ime  i n v a r i a n t ,  any change i n  
t h e  r i g h t - h a n d - s i d e  ( i . e . ,  d (Rc } )  produces o n l y  a p ro -  
p o r t i o n a l  change i n  t h e  response c o o r d i n a t e s ,  { u } ,  ( u } ,  
and (u). w i t h  t h e  d e r i v a t i v e s  r e m a i n i n g  unchanged. 
C o m p u t a t i o n a l l y ,  t h i s  i s  b e n e f i c i a l  because t h e  d e r i v a -  
t i v e s  o n l y  need t o  be computed once,  for t h e  i n i t i a l  
t ime  s tep .  

An i m p o r t a n t  d i s t i n c t i o n  between p r e v i o u s  a p p l i c a -  
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Dice the residual forces are identified for a time 
step. they are substituted into Eq. ( 1 )  and the initial 
conditions for the next time step are computed. It is 
necessary to include the residuals from the current 
time step so that accurate initial conditions and 
residuals can be computed for subsequent time steps. 
Equation (3) i s  repeatedly solved until all of the 
available data is utilized (i = ndt). 

The accuracy of the identified residuals is depen- 
dent on the number of stations where data is measured. 
A s  a minimum, the number of measurement stations must 
be at least equal to the number of connected degrees of 
freedom. If the number of measurement stations iS less 
than this value, the [SI matrix will have dimensions 
less than (RC} and the residuals will be underdeter- 
mined. When the number o f  measurement stations is 
large, the residuals may be computed with greater 
accuracy. 

puted in the previous step are used in Eq. ( 1 )  to com- 
pute the state variables at the connection locations. 
Since each term in Eq. (1) now is completely defined, 
Eq. ( 1 )  may be used explicitly to predict values of 
the state variables, (uc] and (uc). at the connection 
boundaries. 

puted in this step. Using the state variables from 
Step IV and the relationship (Eq. ( 2 ) )  between the 
residuals and the unknown connection parameters: 

STEP IV. In this step the residual forces com- 

STEP V. The actual connection parameters are com- 

or 

CR) = [VICP} (4b) 

Since the number o f  unknown parameters normally will 
not equal the number o f  time steps, [ V I  cannot be 
inverted directly. Instead, the least squares inverse 
is used, leading to the solution of the unknown parame- 
ters by: 

(p} = ([VITCVl)-l[VIT(R} ( 5 )  

STEP VI. i n  most situations the experimental data 
has measurement errors which causes the subsequently 
computed residual forces and connection parameters to 
also contain errors. Since the computations for each 
time step are dependent on the residual forces computed 
in the previous time step, an error in the residual 
force at one time step carries over into the next step. 
In fact, the errors tend to accumulate, so that a small 
error in the test data often progresses to very large 
errors in computed residual forces as time 3dvances. 

Fortunately. measurement error often may be com- 
pensated for by iterating. By utilizing the identified 
connection properties in the analytical model, and then 
using the model to recompute the residual forces, the 
effects of measurement error may be minimized. In each 
iteration the same test data is used, but the analyti- 
cal model is revised with updated connection parameters 
so that i t  better predicts the test data. Since the 
model becomes a finer predictor of the test data, the 
computed residual forces become smaller and more capa- 
ble of tracking the correct solution. 

SAMPLE PROBLEM 

The sample problem is presented to demonstrate 
the parameter identification procedures for a system 
having a single input and multiple output measurement 
stations. For this problem a finite element model was 
used to generate simulated experimental data. The 
model (Fig. 3) consists of two planar elastic beams 
connected at their ends with resolute (pinned) connec- 
tions. Each of the connections are attached to ground 
by a linear, translational, spring. An "unknown" con- 
nection, also attached to ground, is added at node 6. 
Each of the beam components is discretized into five 
beam elements with the beam mass lumped at the ends of 
the elements. The Newmark-Beta integration method 'wa; 
used to generate the simulated experimental data (lis- 
placement and velocities at the output stations). and 
to compute the sensitivities and state variables 
required in Steps 111 and IV respectively. 

a linear spring having a spring constant equal to 
30.~104. For the initial guess required by the param- 
eter identification (Step V) the connection character- 
ization was defined as p,signtu6) t p*(u6) + p3(100.) 
+ p4(u6) where pi 2 ,  3, and 4. were the unknown con- 
nection parameters'to be identified, and u6 and U6 
were the displacement and velocity at node 6, the loca- 
tion of the connection. pi, 2 ,  3 ,  and 4 were set 
initially to zero and the parameter identification pro- 
cedure was given the task of determining the actual 
parameters, p = (0. ,30.x104,0. , O . } .  A sinusoidal input 
was applied at node 1 and the resulting o u t p u t  for 36 
time steps was measured at nodes 1 ,  3, 5 .  7, 9, and 1 1 .  
Figure 4 shows the results of three simulation runs 
which were made using test data having random measure- 
ment errors (coefficient of variation) of 10, 50, and _. 

100 percent. For each o f  the runs the four parameters, 
friction, spring, constant force, and viscous damper, 
were identified using 15 iterations. Clearly, as the 
amount of measurement error increases there is a reduc- 
tion in the quality of the identified parameters. In 
Fig. 4(a) identified friction for 10 percent error is 
computed very accurately after only five iterations. 
For 50 percent error the friction is accurate after 
three iterations, and for 100 percent error the 
friction is not only inaccurate, but does not even 
converge. 

The results for the other three parameters follow 
a similar pattern. In Fig. 4(b) the parameter associ- 
ated with the linear spring converges to a precise so- 
lution after only two and eight iterations for 10 and 
50 percent error, respectively. For 100 percent error 
the correct solution is never attained. In Figs. 4(c) 
and (d) the same trend is followed. For both the 
IO and 50 percent error simulations the parameters 
eventually produce the correct solution, while for the 
simulation with 100 percent error the parameters always 
fail to converge. 

time step are shown for three cases; no error, one with 
10 percent measurement error, and one with 10 percent 
error with three point averaging. For the case without 
error the residuals are computed correctly beginning 
in the first iteration. When the measurement error is 
IO percent, the residuals vary considerably from the 
actual values although they tend to oscillate about the 
correct solution. Apparently, an inaccurate residual 
from one time step is overcompensated for in the subse- 
quent step. A s  expected mentioned, the inaccuracies 
expand as time progresses. Fortunately, after iterat- 
ing for only a few cycles the inaccuracies vanish and 

Initially, the unknown connection 'was defined as 

In Fig. 5 the computed residual forces for  each 

ORlGlNAL PAGE IS 
OF POOR QUALITY n 



s 

the  r e s i d u a l s  converge t o  t h e  c o r r e c t  va lues .  
p o i n t  averag ing  ( ( R i - l + R i + R i + l ) / 3 )  a l s o  was used i n  an 
a t t e m o t  t o  smooth o u t  t he  overcompensat ing  e f f e c t  which 
appears i n  the  r e s i d u a l s  when measurement e r r o r  i s  
p r e s e n t .  A l though the  ave rag ing  appears t o  be ef fec- 
t i v e .  i t  does n o t  a c c e l e r a t e  the  i t e r a t i v e  p rocess .  I n  
s i t u a t i o n s  where l a r g e  q u a n t i t i e s  o f  d a t a  a r e  u t i l i z e d  
convergence may n o t  be improved because t h e  accumulated 
e r r o r  i n  the  r e s i d u a l s  w i l l  grow and t h e  r e s i d u a l s  w t l l  
be unab le  t o  t r a c k  the  c o r r e c t  s o l u t i o n .  

i n c r e a s i n g  the  number o f  d a t a  p o i n t s  ( t i m e  s teps )  f r o m  
36 to 72. By comparing t h e  r e s u l t s  i n  F i g .  4 t o  t h i s  
f i g u r e ,  t he  e f f e c t  o f  v a r y i n g  t h e  number of d a t a  p o i n t s  
may be seen. I n  genera l ,  i t  takes  more i t e r a t i o n s  t o  
ach ieve  convergence when t h e  number o f  d a t a  p o i n t s  i s  
i nc reased .  For example, w h i l e  t h e  s p r i n g  parameter  
took  o n l y  two i t e r a t i o n s  t o  converge when 36 d a t a  
p o i n t s  were used, t he  72 d a t a  p o i n t  s i m u l a t i o n  r e q u i r e d  
t h r e e .  Another  o b s e r v a t i o n  wh ich  i s  made by  comparing 
the  r e s u l t s  i n  these f i g u r e s  i s  t h a t  i n c r e a s i n g  the  
number o f  d a t a  p o i n t s  does n o t  n e c e s s a r i l y  a s s i s t  i n  
o f f s e t t i n g  the  e f f e c t s  o f  measurement e r r o r .  T h i s  i s  
ev idenced by the  f a c t  t h a t  c o r r e c t  parameters  c o u l d  n o t  
be i d e n t i f i e d  i n  e i t h e r  case (36  or 72 d a t a  p o i n t s )  
when t h e  measurement e r r o r  was 100 p e r c e n t .  A l though  
the  72 d a t a  p o i n t  s i m u l a t i o n s  p r o v i d e  a d d i t i o n a l  da ta ,  
t he  i d e n t i f i e d  r e s i d u a l s  a r e  no  more accu ra te  because 
the  number o f  measurements a t  each t i m e  s t e p  remains 
the  same. Th is  s i t u a t i o n  i s  u n f o r t u n a t e  because i t  i s  
e a s i e r  t o  o b t a i n  a d d i t i o n a l  d a t a  a t  a measurement s t a -  
t i o n  than i t  i s  t o  inc rease  t h e  number of s t a t i o n s .  
I t e r a t i n g  does n o t  appear to  improve t h i s  S i t u a t i o n .  

The n e x t  s t e p  toward  v a l i d a t i o n  o f  t h e  i d e n t i f i c a -  
t i o n  procedure  c o n s i s t e d  o f  p e r f o r m i n g  s i m u l a t i o n s  
w i t h  a more complex model. The p r e v i o u s  model was com- 
p l i c a t e d  by i n t r o d u c i n g  a f r i c t i o n  damper i n t o  t h e  con- 
n e c t i o n  a long  s i d e  t h e  l i n e a r  s p r i n g .  The f r i c t i o n  
f o r c e  a t  t h e  connec t ion  was d e s c r i b e d  as 
3000. s i g n ( u 6 ) ,  thus  t h e  comple te  parameter  v e c t o r  i s  
p = (3000. ,30.x104,0.  ,O.}. R e s u l t s  from t h i s  system 
( F i g .  7 )  a l s o  w e r e  genera ted  f o r  v a r i o u s  l e v e l s  o f  
measurement e r r o r ,  and as expec ted ,  as t h e  e r r o r  
decreased, the  i d e n t i f i e d  c o n n e c t i o n  parameters  became 
more a c c u r a t e .  The s p r i n g  parameter  a c t u a l l y  converged 
f a s t e r  f o r  t h i s  model t han  f o r  the/model w i t h o u t  f r i c -  
t i o n .  
q u i c k l y  as w e l l .  O v e r a l l ,  t h e  i n t r o d u c t i o n  o f  f r i c t i o n  
i n t o  t h e  system d i d  n o t  have adverse  e f f e c t s  on t h e  
i d e n t i f i c a t i o n  p rocess .  

Another  aspec t  o f  t h e  i d e n t i f i c a t i o n  process  s tud-  
i e d  i n  t h e  p r e s e n t  research  was t h e  e f f e c t  o f  u s i n g  
o t h e r  types  o f  i n p u t  e x c i t a t i o n .  Thus f a r ,  a l l  o f  t h e  
r e s u l t s  p resen ted  have been o b t a i n e d  th rough  t h e  use o f  
s i n u s o i d a l  i n p u t .  To assess t h e  e f f e c t  o f  e x c i t a t i o n  
t ype ,  t h e  s i n u s o i d a l  i n p u t  was r e p l a c e d  by  an i n i t i a l  
d i sp lacemen t ,  and t h e  r e s u l t i n g  f r e e  response was used 
f o r  t h e  i d e n t i f i c a t i o n .  Random i n p u t  a l s o  was used as 
the  e x c i t a t i o n .  The r e s u l t s  ( F i g .  8) a r e  p l o t t e d  a l o n g  
w i t h  t h e  p r e v i o u s l y  i d e n t i f i e d  parameters  so t h a t  a 
comparison can be made. For b o t h  t h e  f r i c t i o n  and 
s p r i n g  parameters  the  r e s u l t s  were as a c c u r a t e  f o r  t h e  
f r e e  response and random s i m u l a t i o n  as t h e y  were for  
the  s i n u s o i d a l  e x c i t a t i o n ,  however, i t  took  t h e  f r e e  
response i d e n t i f i c a t i o n  seve ra l  more i t e r a t i o n s  to  con- 

t i v e n e s s  o f  d i f f e r e n t  types  o f  e x c i t a t i o n  because o f  
t h e  numerous v a r i a b l e s  wh ich  must be cons ide red .  For  
example, w h i l e  the  f r e e  response r e s u l t i n g  f r o m  an i n i -  
t i a l  c o n d i t i o n  w i t h  one s p a t i a l  d i s t r i b u t i o n  may be 

Three 

The r e s u l t s  p resen ted  i n  F i g .  6 were c r e a t e d  by 

The f r i c t i o n  parameter  converged r e l a t i v e l y  

* verge .  I t  i s  d i f f i c u l t  t o  g e n e r a l i z e  about  t h e  e f f e c -  

more e f f e c t i v e  f o r  t he  i d e n t i f i c a t i o n  than a s i n u s o i d a l  
i n p u t ,  the  o p p o s i t e  may be t r u e  f o r  o t h e r  d i s t r i b u -  
t i o n s .  A s  a c o n s e r v a t i v e  gu ide .  i t  p r o b a b l y  i ;  b e s t  t o  
t r y  as many types  of i n p u t  as p o s s i b l e .  

SUMMARY AND CONCLUSIONS 

An a n a l y t i c a l  p rocedure  has been p resen ted  which 
a l l o w s  f o r  t h e  i d e n t i f i c a t i o n  of  t h e  mechanical  p r o p e r -  
t i e s  o f  connec t ions  i n  mu l t i component  s t r u c t u r a l  sys- 
tems. The procedure  r e q u i r e s  v e r i f i e d  a n a l y t i c a l  
models of  t h e  i n d i v i d u a l  components, a l t h o u g h  t h e  con- 
n e c t i o n  parameters  t o  be i d e n t i f i e d  may be n o n l i n e a r ,  
and v e l o c i t y  or d isp lacemen t  dependent.  Adequate t r a n -  
s i e n t ,  t ime  domain response d a t a  a r e  r e q u i r e d  f o r  t he  
assembled s t r u c t u r a l  system; the  l o c a t i o n  o f  d a t a  meas- 
urement s t a t i o n s  i s ,  however, a r b i t r a r y .  L i m i t e d  meas- 
urement e r r o r s  i n  t h e  d a t a  may be accommodated th rough 
an i t e r a t i v e  re f i nemen t  p rocess  i n  the  i d e n t i f i c a t i o n  
a l g o r i t h m .  The q u a l i t y  o f  t h e  parameter i d e n t i f i c a t i o n  
i s  dependent on t h e  q u a n t i t y  as w e l l  as t h e  q u a l i t y  o f  
t h e  system t r a n s i e n t  response d a t a  a v a i l a b l e .  The num- 
b e r  of parameters t o  be i d e n t i f i e d  i s  n o t  l i m i t e d ,  
a l t h o u g h  l a r g e r  i d e n t i f i c a t i o n  problems may r e q u i r e  a 
g r e a t e r  number of measurement s t a t i o n s .  

The procedure  shows g r e a t  p romise  for  improv ing  
mode l i ng  c a p a b i l i t i e s  i n  complex s t r u c t u r a l  systems, 
as w e l l  as f o r  enhanc ing  o u r  unders tand ing  o f  s t r u c t u r -  
a l  connec t ion  b e h a v i o r .  F u r t h e r  developments a r e  ce r -  
t a i n l y  d e s i r a b l e  i n  e s t a b l i s h i n g  convergence c r i t e r i a ,  
enhanc ing  convergence, d e t e r m i n i n g  the  r e l i a b i l i t y  o f  
i d e n t i f i e d  parameters ,  c h a r a c t e r i z i n g  more complex con- 
n e c t i o n s ,  and s t r e a m l i n i n g  t h e  i d e n t i f i c a t i o n  o f  l a r g e  
p rob  1 ems. 
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