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1.1 

CHAPTER I 

1.1 In t roduc t ion  - 

,, 

5 ’  

In   the  hear ings  of   the   Congressional   Space Committee l a s t   y e a r ,  
NASA ident i f ied  three  major   technology problem areas   for   the   deve lop-  
ment  of  the  Space  Shuttle.  These were 

e New ma te r i a l s   fo r   ab l a t ive   hea t - sh i e ld ing  
e New propuls ion  sys  terns 
e New automatic  checkout  concepts 

We who work i n  computer  software  technology  feel   that  we can 
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   s o l u t i o n  of  .this  third  technology 
problem  area 

The Space   Shut t le  w i l l  have   to   wi ths tand   severe   f l igh t   condi t ions  
n o t   j u s t   f o r   o n e   f l i g h t   b u t   f o r  many versa t i le   miss ions ,   whi le   the  
Space  Stat ion  has   to   endure many years  in  space  environment  function- 
i n g   r e l i a b i l i t y .   A l t h o u g h   t h e   f l i g h t  components  and  systems  possess 
a high  degree  of   re l iabi l i ty ,   malfunct ions  have  to  be  expected. The 
time t o   r e f u r b i s h  and  checkout  the  shuttle  between  missions w i l l  be 
very   shor t  compared to  prelaunch  checkout  time  of  the  present  Saturn V 
f l i g h t  system.  Moreover,   the  costs  for ground  checkout  equipment  and 
operations  have  to  be  reduced  considerably,   for new space  systems  to 
be   f eas ib l e ,  and the  on-board  checkout  hardware  has  to  be  l imited  in 
weight and  volume.  These fu ture   space   vehic les  w i l l  be  highly  autono- 
mous so t h a t  more checkout  and  maintenance  functions  have  to  be per.- 
formed  on-board  the  vehicle. The f l i g h t  crew w i l l  be  small and can 
devote  only a smal l   por t ion   o f   the i r  time to   f l igh t   main tenance .  A 
large port ion  of   the time in  checkout  and  maintenance  operations is  
devoted   to   the   de tec t ion   and   i so la t ion   o f   mal func t ions .  

Let   us   take a b r i e f  look a t  some c o s t   r e l a t i o n s h i p . *   I n  
Figure 1.1, qua l i t a t ive   cu rves   o f   cos t   ve r sus  mean time between 
f a i l u r e  (MTBF) are  shown for   acquis i t ion,   maintenance  and  logis t ics .  
I f  one  adds up these   curves ,   the   to ta l   cos t   versus  MTBF curve  has a 

. minimum. Through  employing f a s t  and e f f i c i e n t   f a u l t   i s o l a t i o n   t e c h -  
niques  together   with less r e l i a b l e  cpmponents,  the t o t a l   c o s t   c o u l d  
b e   s h i f t e d   c l o s e r   t o   t h e  minimum of   t he   t o t a l   cos t   ve r sus  MTBF curve. 

It  i s  o u r   o p i n i o n   t h a t   t h i s   a r e a   o f   f a u l t   d e t e c t i o n  and i so -  
la t ion   can   be  improved by grea te r   u t i l i za t ion   of   computer   t echnology.  

*Ben S. Blanchard - Concepts   of   Cost   Effect iveness ,   General  Dynamics/ 
Electronics ,   Rochester ,  New York. 
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Figure 1.1 

Dur ing   t he   l a s t   f i ve   yea r s ,  enormous progress   in   micro-  
e lectronics   has   been made, which  leads  to  more powerful  computers 
and d ig i ta l   ana lyzers .   Minicomputers   wi th   g rea t   p rocess ing   speed ,  
l a r g e  memory c a p a c i t i e s ,  and g raph ica l   i npu t /ou tpu t   a r e  now a v a i l -  
a b l e   f o r   r e l a t i v e  low cos t .  A t  the  same t ime,   great   advances  in  
new mathematical   techniques  in   such  discipl ines   as   control   systems 
engineering,  information  theory,  and systems  theory  have  been made. 
New t echn iques   fo r   pa rame te r   e s t ima t ion ,   d ig i t a l   f i l t e r ing ,  and 
adaptive  control  have  been  developed. It  i s  expected  that   these 
modern developments  could  be  put  to work f o r  improved automatic 
checkout .   Present ly   in   checkout   opera t ions ,   main ly   s ta t ic   va lues  
of   s igna ls   a re   used .  By u t i l i z ing   t he   i n fo rma t ion   t ha t  i s  o f t e n  
a v a i l a b l e   i n  dynamic  and s t a t i s t i c a l   s i g n a l s   a t   t h e   o u t p u t s   o f  a 
system, more information  about   the  heal th   of  i t s  u n i t s   i n s i d e   t h e  
system  could  be  derived.  For  instance,   instead  of  monitoring 
s e v e r a l  components  of a subsystem,  the  t ransfer   funct ion  response 
could  be  measured  and  the  coefficients  of  the  transfer  function 
which r e l a t e   t o  component values  could  be  computed.  Thereby,  the 
number o f   t e s t   po in t s   and   t he  amount of instrumentat ion and da ta  
acquisit ion  hardware  might  be  reduced.  This means that  the  computer 
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w i l l  be  burdened  with more complex analysis   computat ions;   in   other  
words, by reducing  the  hardware  requirements,  the  software  require- 
ments w i l l  be   increased.  Though these  new techniques  look  very 
promising, more r e s e a r c h   i n   t h i s   a r e a  i s  needed t o   d e r i v e  mathe- 
ma t i ca l  and computat ional   techniques  which  are   eff ic ient .  

The Computation  Laboratory  has  developed  for  years  systems  and 
appl icat ions  sof tware  for   automatic   checkout  and t e s t i n g   i n   t h e  
Qual i ty   and  Rel iabi l i ty   Assurance  Laboratory  and  the  Astronaut ics  
Laboratory. It has  developed  under  contract   with  General  Dynamics 
the  Automatic  Malfunction  Analysis Program (AMA) which i s o l a t e s  
f a u l t s   i n   d i s c r e t e   n e t w o r k s .  We w i l l  now concentrate  on the  develop- 
ment of f a u l t   i s o l a t i o n  methods for  continuous  systems which t o  a 
high  degree  requires   invest igat ions  into  appl ied  mathematics  and 
computational  methods. It  i s  no t   ou r   i n t en t   t o   deve lop  any  hardware 
for  checkout  systems,  rather we want to   concent ra te  on the  develop- 
ment of   pr incipal   sof tware  techniques which are  independent  of a 
specific  hardware  design.  Then, we w i l l  make recommendations t o  
the  hardware  designers s o  they   can   ad jus t   the i r   des ign ,   i f   necessary ,  
fo r   be t t e r   u t i l i z ing   t hese   so f tware   t echn iques .  

In   ou r   r e sea rch  work i n  computer  methods f o r   f a u l t   i s o l a t i o n ,  
we intend  to   develop a few software methods  which are   promising  for  
p r a c t i c a l   a p p l i c a t i o n s   i n   t e s t i n g ,  ground  checkout, and  on-board 
checkout   of   systems  and  e lectronic   c i rcui ts .  We do  not  expect  to 
develop  one  general method which  can  be  applied  throughout  the 
checkout  of a comple te   vehic le ,   ra ther  we expec t   to   deve lop   d i f fe ren t  
methods  which  can  be  applied  for  different  types  of  systems. 

A few years   ago,   the   Qual i ty  and Rel iabi l i ty   Assurance  Laboratory 
developed a few techniques   for  dynamic testing.  These  techniques 
were programmed by Computation  Laboratory  and  applied  to  the  check- 
out   o f   the   s tab i l ized   p la t form  of   the   Sa turn  V Instrumentation  Unit  p 31 
The r e s u l t s  showed that   the   approach seems t o   b e   f e a s i b l e ;  however, 
i t  was not   completely  sat isfactory  and more research was needed. 
About a year  ago, we began  in-house a thorough  l i t e ra ture   s tudy   of  
var ious  computer ized  faul t   i solat ion  methods,   in   order   to  make use 
of work that   has   a l ready  been  done.  Out of  about 70 papers ,   ten 
d i s t i n c t  methods  based  on d i f f e r e n t   p r i n c i p l e s  were i d e n t i f i e d  and 
they form the   sub jec t   ma t t e r   o f   t h i s   r epor t .  They a r e  now being 
eva lua ted   w i th   ac tua l   t e s t   ca ses  and are   be ing  programmed f o r   t h e  
computer. Most of  these methods  were  developed  under  Government- 
funded  contracts  between  1958 and  1965; a g r e a t  number of them were 
sponsored by Wright-Patterson A i r  Force  Base. The majority  of them 
were deve loped   fo r   f au l t   i so l a t ion   w i th in   e l ec t ron ic   c i r cu i t s .  We 
th ink   tha t   severa l   o f  them c a n   a l s o   b e   a p p l i e d   f o r   f a u l t   i s o l a t i o n  
wi th in   sys tems  s ince   the   mathemat ica l   representa t ion   of   c i rcu i t s  and 
systems i s  very   s imi la r .   In   the   examples ,   a l though  s imple   e lec t r ica l  
c i r c u i t s   a r e  used fo r   i l l u s t r a t ive   pu rposes ,   t h i s   does   no t  imply t h a t  
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t h e  method presented is  necessa r i ly   r e s t r i c t ed   t o   t hese   s imp le  c i r -  
c u i t s .  While  these  methods  form a good base   fo r   ou r   i nves t iga t ions ,  
we t h i n k   t h a t  improved fau l t   i so la t ion   t echniques   could  be  developed 
u t i l i z i n g   l a t e s t   a n a l y t i c a l  and  numerical  methods. 

In   our   research,  we plan  to   concentrate  on a few  methods  which 
a re   p romis ing   for   p rac t ica l   appl ica t ion   in   au tomat ic   checkout   and  
t e s t i n g .  These  methods w i l l  be t e s t e d  by running them f i r s t   a g a i n s t  
simulated  systems and then   aga ins t  a hardware  breadboard  system. We 
w i l l  then make recommendations fo r   t he i r   u se   i n   Space   Shu t t l e  and 
Space'   Station  checkout and in   checkout  and t e s t i n g   o p e r a t i o n   a t  MSFC. 

Thus ,   the   repor t   represents   the   f i r s t   s tep   o f   our   endeavor   in  
the  development  of  computer  methods f o r   f a u l t   i s o l a t i o n .   I n   p r e p a r i n g  
th i s   repor t   the   f i r s t   source   o f   in format ion   has   been   the   in te rna l  
note  "Preliminary  Study  of Some Faul t   I so la t ion   Techniques"  by 
Donald Nalley - IN-COMP-70-2-MSFC. 

1.2 General Considerations - 
In  order  to  accomplish  the  objective  of  Automatic  Diagnosis  with 

ful l   use   of   today 's   capabi l i t ies ,   the   fol lowing  s teps   have  to   be 
taken. 

e Evaluation  of  the  different  mathematical  methods  which 
have  been  developed by Government  and industry.  

e U t i l i z a t i o n  of modern analysis   techniques  of   l inear  and nonl inear  
systems in   the  diagnosis   process .  

e Uti l iza t ion   of   the   capabi l i t i es   o f   today ' s   computers  more i n  
the   ana lys i s  of the  process   under   tes t ,   ra ther   than  in   hand-  
l i ng   b ig   quan t i ty   o f   da t a .   Th i s  i s  going  to  give u s  the  
p o s s i b i l i t y  of performing  the  analysis  of  the  unit   under t es t  
pr ior   to   the  checkout   process ,   thereby  decreasing  the  s ize   of  
the  on-line  computer  required  during  the  checkout  process.  

e Correlat ion  between  the  faul t   i solat ion  computer  methods 
and t h e  instrumentat ion  required.  

e New measurement techniques.  

e Bet t e r   e s t ima t ion  of the  measurements. 
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In   eva lua t ing   the   d i f fe ren t   mathemat ica l   too ls   tha t   have   been  
used i n   t h e   s o l u t i o n  of t he   Fau l t   I so l a t ion   P rob lem,  i t  i s  h e l p f u l  
t o   de f ine   c l ea r ly   t he   t e rms  "method"  and  "technique".  See  Figure  1.2. 

F a u l t  
I s o l a t i o n  Techniquels Resul ts  

Figure 1 . 2  

/ 

Method " i s  the  physical  approach  used i n   d e t e c t i n g   t h e   f a u l t .  

Technique i s  the  effect ive  mathematical   tool   used  for   the  above 
purpose. 

A s  a resu l t   o f   rev iewing   about  70 papers  and  applying  the 
above   de f in i t i ons ,  we a r r i v e   a t   t e n   d i f f e r e n t   m e t h o d s ,   t h r e e   o f  
them employing two d i f f e ren t   t echn iques .  

1.3 Some  Comments on t h e   D i f f e r e n t  Methods  Studied - 
Before  beginning  our  study, i t  is  convenient   to  make the 

following comments. 

A l l  the   papers   tha t   have   been '   rev iewed  a re   ind ica ted   in   the  
r e f e r e n c e s .  

The papers   that   have  been  used  for   obtaining a given  method, 
technique   or  some p i e c e   o f   i n f o r m a t i o n   a r e   i n d i c a t e d   i n   t h e  
r e f e r e n c e s   w i t h   a n   a s t e r i s k   b e f o r e   t h e  name. 

A t  the  beginning  of  each  method,  the  reference  numberls  are 
ind ica ted   be tween  bracke ts .  

For  each  example  given, the  program  and  computer  that  has 
been   used   a re   ind ica ted  in  the  Appendix.  
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CHAPTER I1 

The methods  which w i l l  be   discussed  in   this   chapter  are the  following: 

1. 

2. 

3. 

4. 

5 .  

6 .  

7. 

8 .  

9. 

10. 

Class i f i ca t ion  Method 

a) Matrlx Recognition  Technique 
b) Sequential  'Recognition  Technique 

Key Element  Search Method 

a) Nonlinear  Technique 
b)  Linear  Technique 

I t e r a t i v e  Method 

Transfer  Function Method 

a) Bode Diagram Technique 
b) Tracking  Technique 

Sca lar  Remnant Method (Dynamic System Testing) 

Inverse  Probabi l i ty  Method 

Power Spectra Method 

Parameter I d e n t i f i c a t i o n  Method 

Max-Current Method 

Detection  Condition Method (Dynamic System Testing) 

The order   given  in   the  presentat ioq of t he  above  methods is  a good approach 
in   the   in t roduct ion   of   the   d i fzeren t   ideas   involved   in   Faul t   I so la t ion  
Diagnosis. In some cases computer appl ica t ions  are included,  with some 
comments on the   resu l t s   o f  them. 

2.1 C las s i f i ca t ion  Method r-5) 
2.1.1 General 

The idea   o f   th i s  method is t o  choose a number of test points,  from which 
it is  poss ib le   to   def ine ,  in  the  n-dimension  space,  regions of  normal 
operation  of  the  system,  and  regions  of  failure  of  the  system.  In  this 
last  case each  region  could make i d e n t i f i c a t i 0 n . a . s   t o  what kind  of  failure 
has  occurred. It i s  understood that we may go t o  any l e v e l  of f a i l u r e  
c l a s s i f i c a t i o n   t h a t  we need,  changing t h e  number of test points- 
last  statement  suggests  the name g i v e n   t o   t h i s  method. 

L 
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The  number of t e s t  points   depends  on  the 

Detail o f   f a i l u r e   a n a l y s i s   t h a t  i s  needed, 
0 c o r r e c t   s e l e c t i o n  of t h e   t e s t   p o i n t s .  

Suppose that   our   system  looked  l ike  the  one shown i n   F i g u r e  2.1.  The 
system  under test has   t h ree  tes t  p o i n t s .  

Figure 2.1 

Now, we need   to   def ine   the   reg ions   o f   normal   opera t ion ,   and   the   reg ions  
o f   f a i l u r e .  L e t  these   reg ions   be  

Region 1 
m o p e r a t  ion) 

Region 2 
(Normal Operation) 

Region 3 
' ( F a i l u r e  1) 

Region 4 
' ( F a i l u r e  2) 

Region 5 
(Failure 3) 

The above  regions l i s t  i s  comple t e ,   i n   o the r   words   t he re  i s  no p o s s i b i l i t y  
o f   ge t t i ng   va lues   o f  XI,  X2, and X3  from  our system, which w i l l  belong t o  
a r e g i o n   t h a t  i s  n o t   i n   t h e   g i v e n  l is t .  Th i s  means t h a t   t h e   o t h e r   r e g i o n s  
are not   a l lowed  for   our   system.  Therefore ,  we can make the   fo l lowing  
c l a s s i f i c a t i o n  
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0 Allowed  Regions. 
0 Not  Allowed  Regions. 

For a given  system, we are i n t e r e s t e d  in  f ind ing  a l l  the  allowed  regions.  
With t h i s   i n  mind, we take  the  measures  of X i ,  X2, X 3  and  look  for C h a t  
r eg ion   wh ich   s a t i s f i e s  a l l  conditions  within  the  region.  Thus,  i t  is 
p o s s i b l e   t o  know the   opera t ion   reg ion ,   and   therefore ,   i f   the   sys tem 
under test i s  i n  normal  operation, m- i n  what type of f a i l u r e  mode. 

In   F igu res  2.2,  2.3, and  2.4 a r e  shown the  normal  operation  regions, 
f a i l u r e   r e g i o n s  and not  al lowed  regions,   respectively,   which  belong  to 
the  example  given.  Not a l l  the   no t   a l lowed  reg ions   a re  shown in   F igure  2.4; 
t h i s  is f o r  drawing  simplicity.  

/ 
J 

' /  I 

1 

Figure 2.2 - Normal Operation  Regions 

Region 2 
x1 < k12 

I 
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J k 2 2  
/ Region 4 / 

Figure 2.3 - Failure  Regions 
The technique to carry out the identification of the operation region could 
be !!by 

a) Matrix Recognition 
b) Sequential Recognition 
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I 
, !  

I 
I 
1 
I 
I 
I 
I .  

I 

I 

I 

/ 
./ 

/ 
/ 
! """" - 

J k22 / 
Figure  2.4 - Not Allowed Regions 

2.1.2 Matrix Recognition Techniques 

Given' the matrix-leqcuation. : 

Y =xM 
where 

Y = Output vector of the form (Y1, Y2, .... Yn) 
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X = Input  vector  of  the  form  (Xl,X2,.  .Xm,l) 
M = Matrix o f   s i z e  (mt-1) x n. 
n = Number o f   r eg ions  
m = Number of   measured  var iables .  

We must  form t h e  matrix M in   such  a way t h a t  when the  product   of   the  
v e c t o r  X by t h e  matrix M, g i v e s   t h e   v e c t o r  Y ,  t h e   h i g h e s t  component 
o f   t h i s  last  v e c t o r   g i v e s   u s   t h e  number o f   t he   r eg ion ,  i.e., i f   t h e  
h i g h e s t  component i s  t h e   t h i r d ,   t h e   r e g i o n  number t h r e e  i s  i n   o p e r a t i o n .  
Therefore ,  w e  are no t   l ook ing   fo r   t he   va lue   o f   t he   h ighes t  component 
i n s t e a d ,  w e  are look ing   fo r   t he  component i n  which t h i s   h a p p e n q b e i n g  
t h i s   t h e  number of   the  region.  The name g i v e n   t o   t h e  matrix M i s  t h e  
r e c o g n i t i o n  matrix o f   t he   g iven   c i r cu i t .  

The way o f   g e t t i n g   t h e  matrix M i s  through  the  product   of   the  matrix 
H by t h e  matrix K. Of course,  th:s is n o t   t h e   o n l y  way, see f o r   i n s t a n c e  
t h e  method  given  in   reference L25:. 

The matrix H i s  formed wi th   the   nega t ive   o f   the   boundary   va lues   in   the  
last  row. F i r s t ,  a l l  t he   d i f f e ren t   boundary   va lues   t ha t   be long   t o  XI, 
then a l l   t h e   d i f f e r e n t  boundary  values   that   belong  to  X and s o  on, 
Elsewhere i t  has   zeroes ,   except   that  i t  has 1 's  i n   t h e  $' - i r s t  row, but  
o n l y   i n   t h e  columns tha t   be long   t o  X1, 1 ' s  in   the   second row but   only 
i n   t h e  column tha t   be longs   t o  X 2 ,  and so  on. The re fo re ,   t h i s   ma t r ix  
l o o k s   l i k e  

- 
1 1 0 .  1 0 0 0 .  0 0 . 0  0 0 . O  

0 0 D O  0 1 1 . O  1 . . O  0 0 0 0  0 

! o  0 . O  0 0 0 0 0  0 0 0 0  0 0 0 .  0 ; 

o o .. o o o 0 .  o o o o  1 1 .. 1 i 
i 
j 

i"l 

-A20 .-An1 -B1 -B20 0-Bn2.o 0 -21 -220 o -2, ~ 

m /  - 
The s i z e   o f   t h i s  matrix i s  given by  [number of  measured  variables + 11 
x :summation of (number of  measured v a r i a b l e s  x di f fe ren t   boundary   va lues  
in   each   one) ]  

The  number of rows i n   t h e  matrix K are t h e  same as t h e  number of  columns 
i n   t h e  matrix H. The  number of  columns i n  matrix K i s  e q u a l   t o   t h e  
number o f   r e g i o n s   t h a t  w e  have in   our   system  (each column be longs   t o  
one   o f   the   reg ions) .  A l l  t h e  columns  have  the  value 1 in  each  rowo The 
s i g n   a s s o c i a t e d   w i t h  i t  obeys  the  fol lowing  rule:  "The components  of 

the vector (X-A1, X423 0 0 - 3  x-& X-Bl ,  X-BZ, . O . O ,  X-Bn2, O O O . .  o.. . O  ., 1 
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X-21,  X-22, . . ., X-Znm) are t e s t e d   i n   o r d e r .   I f ,   f o r  an operating 
poin t   in   the   reg ion ,   the .  component i s  posi t ive,  a '9' is entered. If 
it is negative, a I - '  i s  entered". I n   o r d e r   t o   i l l u s t r a t e   t h e  CO~,=&PE~-  
l e t  us take~Uher'fql2ocJing .example 

Region 1 
"Operat ion) 

Region  2 
' ( F a i l u r e .  Mode #l) 

Region 3 
<Fal'lure Mode 9 2 )  

Region  4 
Mode #3) 

The matrices H and K are 

H =  
1 1 0 0 0  
0 0 1 1 0  
0 0 0 0 1  

-10-30  -5-40-10 

given,   respect ively,  

; K =  

And the  recognition matrix M=HK, are  given by 

0 0  

M -  
65  75  -15 -5 

But,  since Y=XM, and X=(X1,X2,X3,1), we get  
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I f  we assume t h a t   o u r  measured  values are given by 

x1 = 20 

x 3  = 5 
X2 = 50 

t he   ou tpu t   vec to r   r e su l t s  

Y = (60,  -30, 80, -60) 

Therefore ,   our   operat ion  occurs   in   the  region 3 .  It i s  very   easy   to  see 
t h a t   t h i s   r e s u l t  i s  co r rec t .  The s t e p s   t h a t  are necessa ry   t o   fo l low  in  
o rde r   t o   ge t   t he   ou tpu t   vec to r   u s ing  a computer ,   are   indicated  in  
Figures  2.5 ,   2 .6 ,  and 2 .7 .  The symbols  used in   the   ment ioned   f igures  are 
indica ted  as follows: 

N = number of regions 
M = number of  measured v a r i a b l e s  
JMAx = The sum of a l l  t h e   d i f f e r e n t  bound used  in   each  region 
II(1,J) = Element  of row I, and column J belonging  to  matrix H. 
K(1 , J )  = Element  of row I, and column J be longing   to  matrix K. 
M ( 1 , J )  = Element  of row I, and column J belonging  to  matrix M. 
NUM(J) = Number of d i f f e r e n t  bounds i n   r e g i o n  J 
IVAL(J) =Bounds 
X(J)  = Element J of input   vector  
O(J) = Element J of   output   vector .  

2 . 1 . 2 . 1  Computer Application 

We are going  to   consider  two d i f f e r e n t   a p p l i c a t i o n s .  

2 . 1 . 2 . 2  1st Application L e t  us  define  the  following  problem 

Region 1 

Region 2 - 



\ S t a r t  

Read N,V 

Regions and 
Variables  of 
the Problem 

IND=O 
IOD=O 
J=-1 

Read 
Input 
Vector 

I 

A 

- 

Calculate  
output 

Pr in t  
Resul ts  

J- J+ 2 
INWIND+l 
JRI=  1 'I 

2.9 

IND=IND+l 
IVAL( IND) = 
K ( L , M )  

Yes 

t 
E3 L=IuD-l 

I 
Yes 

1 
IVAL(1ND) = 
=(JU,J) 

I 
KOK = 0 
L - 0  L = L+l + MMM=KOK+l 

1 

Figure 2.5 - Matrix  Recognition  Technique 
Classification  Method 
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P I 
JMAX = IND 
IMAX = M+l 

J = O  

t 
j: I" 

' I = I+1 

H(I,J) = 0 

1r 

No - * 

H(IlUX, J) = 

-IVAL(J) + 

JHAX = Total number of a l l   d i f f e r e n t  
bounds in   a l l   the   reg ions  

M = Number of measured variables 

IVAL(J) = Bound J 

NUH(J) = Number of d i f f erent  bounds i n  
var iable  J 

1 I I 

K1 = 1 
K2 = "(1) 

J = K1 

L = o  

L - 
L = L + 1  

5 J = J + l  - H(L,J) 1 

F i g u r e  7 . 6  M,+t.rix H - Mn: ri.x Recognirion Tc.c:L. : . ~ I I  

C l a s s i . f i c ; j  i o n  Method 
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a K(I,J) = 1 

Figure 1.7  Matrix K - Matrix Recogni t ion Tcchni.qu5 
C 1 a s s i f i c a t . i o n  Met.hod 
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Region 3 

Region 4 

Region 5 

Region 6 

Region 7 

Region 8 10 

4 X3 18 
35 < Xr, , .  76 

x2  e43 

The r e s u l t s   o b t a i n e d  are as follows: 

r 
~ l l l O 0 0 0  

7 

H =  , 0 0 0 0 1 1 0  
0 0 0 0 0 0 1 1  

i-10 -46 -73 -43 -4 -18 -35 -76 I 
. ". J 



- 

I 
rl I 1 1  1 1  1 1 - 1  
1 1 - 1  1 1  1 1  1 - 1  

-1  -1 -1 -1 -1 -1 -1 -1 
-1 1 1 -1 -1  -1 -1 -1 

K =  1 1 1 1 - 1 1 1 1  

1 1 1 1 1 1 - 1 1  

I 1 -1  -1 -1 1 -1 -1 -1 -1 

L-1 -1 -1  -1 -1 1 -1 -1 
- 

r - 

I 1 - 1  1 1  1 1  1 - 3  
~ -1 1 1 -1  -1 -1 -1 -1 

M =  , 0 0 0 2 - 2  0 0 0 
i O O O O O 2 - 2 0  
p 1 5  1 2 1  29 79 123 

output 

68 26 17  85 
157  79  123  155 
Region 6 

7 2  37 22 46 
150  86  138  158 
Region 4 

11 6 1 7  37 
120  116  46 118 
Region 8 

It i s  very   easy   to   see   tha t  

-37 185 227 
- 

131 175 

114 90 

57 -3 

128  -26 

94 42  116 188 4~ . "i 

t h e   f i r s t  two r e s u l t s  are co r rec t ,   bu t   t he  
t h i r d  one- i s  not.  The r e a s o n   f o r   t h i s  i s  the  following. 

L e t  us t ake   on ly   t he   va r i ab le  XI ,  i n   t h e   f i r s t   t h r e e   r e g i o n s  

Region 1 
Region 2 
Region 3 

10 <*X1 L 73 ; t he   o the r   va r i ab le s  
10 < X 1  ( 4 6  ; t he   o the r   va r i ab le s  
46C X 1  C 73 ; t he   o the r   va r i ab le s  

This i s  not   a l lowed  with  the matrix r ecogn i t ion   t echn ique .   In   t h i s   pa r t i cu la r  
problem we must re -def ine   the   reg ions .  We have to   b reak   reg ion   one   in to  
two regions,   one  that   goes from  10 t o   4 6  and the  other  from  46  to 73. 
Therefore we come out  with  four  regions,  

Region 1 
Region 1' 
Region 2 
Region 3 

10 4 XI(: 46 ; t he   o the r   va r i ab le s  
4 6 c  X 1  c 73 ; t he   o the r   va r i ab le s  
lo(. X 1  c 46 ; t he   o the r   va r i ab le s  
46 ( X 1  C 73 ; t he   o the r   va r i ab le s .  
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Taking th i s   i n   cons ide ra t ion ,   t he   e igh t   g iven   r eg ions   a r e   go ing  to be 
t ransformed  into  thir teen,   which  are ,  

" Regisp 1 

Region 2 - 

Region 3 - 

Region 4 - 

Region 5 

Region 6 
" 

Region 7 

Region 8 

Region 9 

l o <  X 1  4 6  
X2C 43 

4~ X 3 e   1 8  
3 5 e X 4 C   7 6  

4 6 < X 1 <   7 3  
X2' 43 

4 'X3<  18  
35' XqC 76  

4 6 c  X i -  7 3  

4 c  X3c 18 
3 5 c  X4< 76  

43e x 2  

X 1  e 4 6  
X2' 4 3  

18< X3 
35c   76  

4 6 ' X 1 <   7 3  

1 8 e  X3 
x 2 e  43 

35': Xqz 76  

l o e  Xi '  46  
x 2 <   4 3  
x3" 4 

35' Xq' 76  

46(  X i <  7 3  
x 2 <  43 
x3< 4 

35  76 

10' X 1 - z  4 6  

4c X3e 18 
x 2 z  43 

7 6 c  Xr, 
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Region 10 

Region 11 
" 

Region  12 

Region 13 

46cXl-=  73 
X2e  43 

4 ~ x 3 . ~  18 
x4 .= 35 

The r e s u l t s   o b t a i n e d  are as fol lows:  

x1 .= 10 
X2 e 43 

4 - = X 3 <  18 
35-=x4<  76 

M =  

output  

68 
113 
Region 

72 

r -1 1 -1 
j -1 -1 1 
i o  0 0 
I o  0 0 

L 207 115  121 

26 17 85 

1 -1 1 -1 1 -1 
1 -1 -1  -1 -i -1 
0 2 2 - 2 - 2  0 
0 0 0 0 0 2  

29 171 79 215 123  55 

157  79  123 111 155  87 131 131 
10 

37 22 46 
98 150 86 138 106 158  62 114 38 

Region 6 

-1 
1 -1 1 -3 ! 

-i -1 -1 -1 I 

0 0 0 O i  
2 -2 -2 

-37 277 185 227 O I  J 

175 13 57 -3 

90  76  128 - 26 

11 6 17 38 
190  120 116 46 188 118 164  94  112  42  186  116 188 
Region 1 

6 6 17  39 
195  115  121 41 193 113 169  89  121 41 187  107  203 
Region 13 
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14 4 2  
1 5 1  87 
Region 1 

4 8   4 2  
117  121 
Region 2 

14 4 2  
1 5 1  87 
Region 9 

4 8   4 2  
117  121 
Region 10 

4 6   4 2  
119  119 
Region 1 - 

7 3   4 2  
92  146 

Region 8 

10 4 2  
155  83 

1 6  
149 

1 6  
115 

1 6  
14 7 

1 6  
115 

1 6  
117 

7 4  
85 

74  
119 

105 
85  

105 
119 

74  
117 

Region 2 

3  38 
90  144 

1 5   4 0  
1 5 3   8 1  

Region 1 - Region 13 

2 2   4 2   1 5   4 0  
143  95 141 93 
Region 1 

3 4   4 2   1 5   4 0  
1 3 1  107  129  105 
Region 1 

4 6   4 2   1 5   4 0  
119  119  117  117 
Region 1 - Region 2 

14 7 

113 

14 7 

113 

115 

62  

14 9 

137 

125 

113 

83 

117 

83  

117 

115 

116 

77 

89  

101 

113 

127 

93 

127 

93 

95 

94 

1 3 3  

1 2 1  

109 

97 

63  

97 

63  

97 

95 

14 8 

6 1  

7 3  

85 

97 

14 7 

1 1 3  

209 

175 

115 

1 6  

83 

7 1  

59 

47 

83  

117 

14 5 

179 

115 

7 0  

11 

23 

35 

47 

7 3  

39 

11 

- 23 

41 

86 

14 5 

133 

1 2 1  

109 

9 

4 3  

-53 

-19 

41 

140 

7 3  

35 

97 

109 

From t h i s  f i r s t   a p p l i c a t i o n  we a r r i v e   a t  the fol lowing  conclasions:  

14 3 

41 

14 3 

41 

47 

- 34 

155 

119 

83  

47 

e The real  number of   regions i s  obtained by  means of  the  following 
bound's   rule:  "For a given  var iable ,   the   bounds  in  one reg ion  
must  not  be  contained  in  the  bounds of some o ther   reg ion ,   except  
when these  bounds are the  same." 
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I f   t he   ope ra t ion   po in t  is  i n  between two regions  ( located on 
the  bound),  the maximum value  appears twice in   the   ou tput   vec tor .  

I f   t h e   o p e r a t i o n   p o i n t  is  moving i n s i d e  of a region,   the  
m a x i m u m  va lue   in   the   ou tput   vec tor   changes .   Therefore ,   looking  
for   these  changes  as  a funct ion of time, i t  is possible   to   per-  
form some p red ic t ions .  

2.1.2.3 2nd Application As a second  appl icat ion we are going  to   consider   the 
example  grven  .in  page 2.7. The outputs  obtained are as follows 

20 50 5 
60 -30 80 -60 
Region 3 

4 500  30 
b* 35  -955  955  -967 

13 68 7 
58  -68 114 -108 
Region 3 

17 3 7 
58  62 -16 30 
Region 2 

It i s  very  easy  to  see tha t   t he   s econd   r e su l t  i s  inco r rec t .  The reason 
of t h i s  i s  because,   the  input  vector (4,500,30) does  not  belong  to any 
given  region. 

2.1.3 Sequential  Recognition ~ ~ _ _ _ _ _ . -  Technique 

This i s  a straight  forward  technique  because we need  only  to  check  for  each 
reg ion   i f   the   boundar ies  are m e t  o r  not  by the  measurements. The region 
t h a t  meets a l l   t he   boundar i e s ,   g ives   t he   ope ra t e   r eg ion .  

For  the  example  given  in  page 2.7, we have 
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The pr incipal   advancage  of   this   technique  over   the  recogni t ion matrix 
technique i s  t h a t   i f   b e c a u s e  of a neasurement   error   the components of 
t he   i npu t   vec to r  do no t   be long   t o   any   g iven   r eg ion ,   t h i s   s i t ua t ion  i s  
de tec t ed .  On the  other   hand,   with  the  recogni t ion m a t r i x  technique, 
we a r r i v e   a t  a wrong r e s u l t .  

2.1.4 Conclusions 

The e s s e n t i a l   f e a t u r e s   o f   t h e   C l a s s i f i c a t i o n  Method could  be  sumaarized 
as  follows: 

It  possesses a h i g h   f l e x i b i l i t y ;  t h i s  means tha t   the   d iagnos is  
can  be  adjusted  to  any  desirable l e v e l  of i d e n t i f i c a t i o n .  

The p o s s i b i l i t y   o f  making the   d i agnos i s   w i thou t   i n t e r rup t ion  
t o   t h e  normal  operation. 

The p o s s i b i l i t y  t o  make a r educ t ion   i n   t he  number o f   t he   t e s t  
points ,   wi thout   changing  the  diagnosis   level ,  

The p o s s i b i l i t y  t o  perform  t rend  analysis .  

The small amount of   pos t -ca lcu la t ions   tha t   a re   necessary   in  
o rde r   t o   ge t   t he   ope ra t ion   d i agnos i s .  

2.1.5 Applications 

The a p p l i c a t i o n  ‘3f t h i s  method covz r s   l i nea r  and   nonl inear   c i rcu i t s /  
sys t ems .   In   r e l a t ion   t o   t he   l eve l   o f   i den t i f i ca t ion ,  i t  seems t o  be 
the more impor tan t   appl ica t ion   a t   the   modular   l eve l .  

2.1.6 Computer Requirements 

Only a few s imple   ca lcu la t ions   a re   necessary   to   be   per formed,   a f te r   the  
measured values a re  taken.  Therefore,   there are no s t rong  requirements  
imposed over  the  computer  system  needed, 

- 1  
2.2  KE-Element  Search Method [l3J 

2 . 2 . 1 .  General 

A major   feature   of  t h i s  method involves   the  diagnosis   of  a f a u l t  compo- 
nen t  t ’ a t  can  be  done w i t h  a n   i n s u f f i c i e n t  number of  measurements  to  solve 
for  network  elements  values,  O f  course,  t’ i s  i s  a most  1ikeliV.ood  approacl . 
We are going  to   consider  two techniques 

a)  Nonlinear  Technique 
b)  Linear  Technique 
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In  both  techniques  the  idea of t h i s  method is  to   de f ine   an   i ndex   t ha t  is 
function  of  the  measurements  and  only  one Component. For  each component 
in   the   ne twork  we are going   to  have an associated  index  value,   therefore ,  
w e  can  prepare  the  following  table  as  an example: 

!- 
I 

1 1  1 0.0135 
! I 
I I 

2 I 0.0275 i 
3 I 

i 0 0036 .A- 

I ! 
I 

i 4 I 0.0085 I 1 5 1 0.0123 J 

The most l i k e l y f a u l t y  component, w i l l  be the component tha t   has   the  
minimum vaiue  of  the  index.  In  our  case it w i l l  be t h e   t h i r d  component. 

2.2.2  Nonlinear  Technique 

Consider a network  with N components  and M measurable  nodes  associated w i t h  
it. The admittance*  in  each  one  of  the  measurable  nodes w i l l  be  given by 

Y j  = f j   ( ~ 1 ~ x 2 , .   . x ~ )   f o r  j = 1, 2, .,. .M 
where, 

x i  = value  of component i 
y j  = admittance  of  node j 

L e t  u s  ca l l  X j o  ( for  j = 1, 2, ... N) t h e  normal  values of  t h e  components, 
and   w i th   g j   ( fo r  j = 1, 2, ... M) t h e  measured  admittance  values. We are 
going   to   def ine   the   index   S j   in   the   fo l lowing  way: 

dc The reason  to   use  the  admit tance  instead of the impedance i s  because 
the  former i s  more easy  to  get   applying  topological  laws. 
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We are looking   for  the m i n i m u m  va lue   o f   S j ,  that  is  func t ion   o f  the 
component X j .  Therefore,  the d e r i v a t e   o f  (2.5) i s  given by 

2 = -  J 

S e t t i n g   t h i s   d e r i v a t i v e   e q u a l   t o   z e r o  

The numerical  solution  of  equation  (2.7)  can  be  accomplishgd by  some 
i t e r a t ive   t echn ique   such  a s  Newton-Rapshon's. 

The diagnosis  procedure i s  as  follows: 

Take the  measurements a t  M pre-def ined  points .   This  number 
of   points  i s  less than  the number of components. 

For  each component,  and by  means of  equation  (2.7) , we s h a l l  
f i nd   t he  component v a l u e ,   t h a t  makes a  minimum in   equa t ion  
(2.5). 

Subs t i t u t ing   t he   va lue  x as  ca l cu la t ed   i n   t he   p rev ious  s t e p  
into  the  equat ion  (2 .5) ,  w e  g e t  S 

With  each  com?onent, we have  associated a value  of S The 
smal les t   va lue   o f  S gives   us   the   mos t   l ike ly   fnu l t  component. 

j 
j o  

j o  
j 

With t h i s  method,  the  computer  program  depends on the   c i r cu i t   unde r  
t es t ,  Therefore,  we a r e   g o i n g   t o   c o n s i d e r   f i r s t   t h e   a p p l i c a t i o n ,  and 
then  the  program. Two a p p l i c a t i o n s  w i l l  be  studied. 
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2.2.2.1  1st  Application  Let us consider  the  circuit  shown  in Figure 2-80 

Figure 2.8 

The  admittance  GI,  G2,  G3  and G4 are  given by 

L 
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I n   o r d e r   t o   b e   a b l e   t o   p r e p a r e  a more  simple  program, we must   wri te  
the admittance i n  each node as w e l l  as the f i r s t  and  second  derivative  of 
it, i n  a gene ra l  form. L e t   u s   w r i t e  as follows, 

and ,   s imi la r ly  

(2.10) 

(2.11) 

f o r  a l l  j=1 ,2  ... 7;  and i=1, ... 4. In   Tab le  I the  values  Ai ,  Ri, Ci ,  and 
Di a r e   g i v e n   f o r   e a c h   i ( i = l y o o o 4 )  as   funct ion  of   R.( j=1,2, , , .7) .  J 

The second  der ivat ive w i l l  be  needed i f   t h e   i t e r a t i v e   t e c h n i q u e  o f  Newton- 
Raphson i s  used. I n   o u r   a p p l i c a t i o n ,  we w i l l  use a simpler  approach. 

I n   o r d e r   t o  be able  to  check  the  results  obtained  from  the  computer  run, 
Table 11 gives   the   va lues   o f  GI, G2, G 3 ,  and G4 for   d i f fe ren t   combina t ions  
of R1,  R2, R3,  R4,  R5,  R6, and R70 

The f l o x c h a r t   i n   F i g u r e  2.9 i s  se l f - exp lana to ry ;  however, we want t o   p a i n t  
ou t   tha t   the   t echnique   used   to   f ind   the   roo t   o f   the   equat ion  2.7, i s  the 
s imple  o3e  of   changing  the  s ize   of   the   s tep  any time tha t   the   va lue  of the  
r o o t  is over.   This i s  possible   to   apply  because 

e There i s  only  one  root 

e The value  of  the roo t  i s  r e a l  and g r e a t e r   t h a n   z e r o   ( f o r   t h i s  
reason w2 s t a r t  from xjl=O) 

The r e su l t s   ob ta ined   a r e   a s   fo l low 
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I A 

0 
. ~~ 

". . " 
0 

I R IR R61 4 5  

. . .  

IR2 + R31 IR4 + R5 + Rgl 0 .  iRz t R3 + R41 IR5Rl + 

+R IR + R61 4 5  
RlR6t R6R51 + IR2 + R31 

0 

R4 IR6 + R,I 

0 I R6R5 1% + R3 + R41 
- 

0 IR2 + R3WR4 + R5 + R g l  , 

l R 3  + R4WR5 + R61 t R3 R4 

IR3 + R41 IR5 t R61 + R3  R4 
~~ 

R4 * R5 + R6 

R4 + R5 + R6 

R + R5 + R6 

R4 + R5 + R6 

. . . . - -. 

4 -  .. ~ 

" "_ 
R t R  i R 6  4 5  
R2 + R3 + R5 + R6 

~ 

R2 t R3 + R5 t R6 

R 2 + R  t R  + R 6  3 5  

___~- 

___~__ 5 + R3 + R5 + R6 

R2 t R3 + R4 

5 + R3 + R4 

5 + R3 + R4 

R t R3 + R4 

R2 + R3 + R4 

I " ~ 

I R I  + R2WR5 + R61 R4 

IR2 + R411R5 4 R61 + % R4 

IR2 + R411Rr + R61 t R2 R4 

~~ 

1% + R411R5 + Rgl  + I$ R4 

R5Rl t RlR6* R6R5 + 

lR6 + RIW% + R31 

R 6 1 % * R 3 t R 5 1  

R, IR2 + R31 + R4 (R1 51 

~ 

IR4 + R IIR + R31 t R4 R6 ( 2  

R r R  + R 4  

R + R  + R 4  , 

2 3  

2 3  

IR4 R51 lR2 + R31 + R4 R5 R2 + R3 + R4 

0 IR2 + R3HR4 + R5 + RsI 0 

+ R4 IR5 + R61 

0 IR2 t R31 lR4 + R5 i R61 0 

+ R, IR, + R,I 

0 
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- 
R1 - 
63.00 

63.00 

63.00 

63.00 

63.00 

63.00 

63.00 

63.00 

63.00 

63.00 

63.00 

78.75 

78.75 

78.75 

78.75 

78.75 

78.75 

78.75 

78.75 

94.50 

- 

- 
R2 - 
43.00 

43.00 

43.00 

43.00 

43.00 

53.75 

72.25 

43.00 

43.00 

43.00 

43.00 

53.75 

53.75 

64.50 

86.00 

53.75 

53.75 

53.75 

53.75 

64.50 

- 

R3 

78.00 

97.50 

136.50 

78.00 

78.00 

78.00 

78.00 

78.00 

78.00 

78 .OO 

78.00 

117.00 

156.00 

97.50 

97.50 

97.50 

97.50 

97.50 

97.50 

117.00 

- 
R4 - 
46.00 

46.00 

46.00 

4'6.00 

46.00 

46.00 

46.00 

46.00 

46.00 

46.00 

46.00 

57.50 

57.50 

57.50 

57.50 

57 .'50 

57.50 

57.50 

57.50 

69.00 

R5 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

125.00 

175.00 

125.00 

125.00 

125.00 

125.00 

125.00 

125.00 

125.00 

125.00 

150.00 

R6 

83.00 

83.00 

83.00 

103.75 

145.25 

83.00 

83.00 

83.00 

83.00 

83.00 

83 .OO 

103.75 

103775 

103.75 

103.75 

103.75 

103.75 

124.50 

166.00 

166.00 

R7 

94.00 

94.00 

94.00 

94.00 

94.00 

94.00 

94.00 

117.50 

164.50 

94.00 

94.00 

117.50 

117.50 

117.50 

117.50 

141.00 

188 .OO 

117.50 

117.50 

141.00 

G1 - 
0.0106 

0.0104 

0.0102 

0.0106 

0.0105 

0.0100 

0.0092 

0.0106 

0.0106 

0.0105 

0.0105 

0.0083 

0.0082 

0.0081 

0.0075 

D. 0084 

0.0084 

D. 0084 

D .0084 

D. 0070 

G2 
~ "- . 

0.0354 

0.0343 

0.0327 

0.0349 

0.0340 

0.0347 

0.0337 

0.0354 

0.0354 

0.0348 

0.0338 

0.0276 

0.0265 

0.0279 

0.0272 

0.0283 

0.0283 

0.0280 

0.0274 

0.0231 

- 
G3 - 

0.0068 

0.0068 

0.0068 

0.0065 

0.0061 

0.0068 

0.0068 

0.0059 

0.0046 

0.0067 

0.0065 

0.0055 

0.0054 

0.0055 

0.0055 

0.0048 

0.0039 

0.0052 

0.0049 

0.0043 

G4 - 
0.0195 

0.0194 

0.0193 

0.0171 

0.0143 

0.0195 

0.0194 

0.0195 

0.0195 

0.0183 

0.0168 

0.0155 

0.0155 

0.0156 

0.0155 

0.0156 

0.0156 

0.0140 

0.0120 

0.0110 
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Figure 2.9 Nonlinear  Technique 
Key Element  Search 

L 
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output  

G 1  = 0.0102 G2~0.0327 G3=0.0068  G4=0.0193 

1 0.00000000 
2  0.00000196 

4 0 00000014 
5  0.00000543 
6  0,00000721 
7 0 0 00000000 

* 3 0.00000001 

1 0.00000000 
2 0 00000524 
3 0.00000523 
4  0.00000523 
5  0.00000514 

0.00000513 * 7" 0.00000000 

1 0.00000000 
2 0 00000826 
3 0.; 00000709 
4  0.00000708 
5 0.00000000 
6  0.00000098 
7 0 0 00000000 

G1=0.0105  G2=0.0340  G3=0.0061  G4=0.0143 

1 0 0 00000000 
2  0,00002818 
3 0.00002704 
4 0.00002704 @+; 0.00000001 

0.00000245 

0.00000000 

The arrow a t  t h e   l e f t   s i d e  of  the component  number, i n   e a c h  one of t he  
four  given cases, i n d i c a t e s   t h e   f a u l t y  component (See Table 11). 
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The  following  conclusions  are  obtained  from  this  first  application 

0 Always  the  first  and  seventh  component  have  the  index sj=O. 
The  reason  of  this  is  because  G2,  G3,  and G4 are  not a function 
of  R1;  and GI,  G2, and 64 are nota function  of  R7. In order 
for  this  technique  to  work  properly  the  admittance  in  each 
node  mustbea  function  of  all  the  components  (See  2nd  Application). 

” 

0 Disregarding  the  first  and  seventh  component,  this  technique 
gives  good  results. 

2.2.2.2  2nd  Application Let us  consider  the  circuit  shown  in  Figure  2.10. 

n 

4 

%=loo. 0 R 
R5=  83.OQ 

G1=0.0319 mho 
G2=0.0354 mho 
G3=O.  0195 mho 

Figure  2.10 
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The admittances GI, G2, and G 3  are given by 

The general  form of  the  admittance  in  each  node as well as t h e   f i r s t  and 
second  der ivat ives   are   given by equations  (2.9), (2.10)  and (2.11) . The 
r e s u l t s  of this   appl icat ion  could  be  checked by  means  of  Table 111. The 
flow-chart  needed is  similar t o   t h e  one shown in   F igure  2.9.  The r e s u l t s  
obtained are as follow 

output  
" 

G1=0.0319  G2=0.0349  G3=0.0171 

1 0.00000629 
2 0 00000603 
3 0.00000579 
4 0.00000053 
5** 0.00000000 

G1=0.0310  G2=0.0282 G3=0.0189 

1 0.00005046 
2  0.00002209 
3** 0.00000001 
4 0.00003459 
5  0.00004897 

I n   b o t h   c a s e s ,   t h e   r e s u l t s  are co r rec t .  
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TABLE I11 

R1 

43.00 

53.75 

64.50 

43.00 

43.00 

43 00 

43.00 

43.00 

43.00 

43.00 

43 00 

53.75 

53.75 

R2 

78.00 

78.00 

78.00 

97.50 

117 00 

78.00 

78.00 

78.00 

78.00 

78.00 

78.00 

97.50 

97.50 

R3 

46.00 

46.00 

46.00 

46.00 

46.00 

57.50 

69 00 

46 e 00 

46.00 

46.00 

46.00 

57.50 

57.50 

% 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

125.00 

150 00 

100.00 

100.00 

125.00 

125 00 

R5 

83 00 

83.00 

83.00 

83.00 

83.00 

83.00 

83.00 

83.00 

83 00 

103 75 

124.50 

124.50 

166 00 

G1 

0.0319 

0.0273 

0.0242 

0.0307 

0.0297 

0.0314 

0.0310 

0.0319 

0.0318 

0.0319 

0.0318 

0.0255 

0.0254 

G2 

0.0354 

0.0347 

0.0342 

0.0343 

0 0334 

0.0311 

0.0282 

0 0348 

0 0342 

0 0349 

0 0344 

0.0280 

0.0274 

G3 

0.0195 

0.0195 

0.0194 

0.0194 

0.0194 

0.0192 

0.0189 

0.0183 

0.0175 

0.0171 

0.0155 

0.0140 

0.0120 
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2.2.3 Linear  Technique 

Let us take  the  difference  between  the  measured  value  and  the  normal  value of t h e  
admittance i 

where f i o  i s  the  value  of   equat ion  (2 .4)  when a l l  the  components are set equal 
t o   t h e  normal  values. We assume tha t   the   d i f fe rence   o f   equa t ion  (2.12) i s  
due t o   t h e   f a i l u r e  of an  element X j  i n   t h e  network. 

In   o rde r   t o   exp res s   t he   equa t ion  (2.12) i n  a more s u i t a b l e  way, w e  de f ine  

(2.13) 

Now, we can make the   fo l lowing   l inear   approximat ion   us ing   the   f i r s t  two 
terms of  the  Taylor series expansion,  then 

(2.14) 

Now, I f  we assume t h a t   t h e  measured  values are given by an   equa t ion   l i ke  
(2.14),  the  equation  (2.12) becomes 

(2.15) 

We have M equa t ions   l i ke  (2.15)  (i=1,2,...M) . OLr index i s  def ined as 

(2.16) 

We must f ind   for   which  Lomponent (xj)   the  equation  (2.16) i s  a minimum. 
This  component w i l l  be t h e   l i k e l y   f a u l t  component.  Taking  the  derivative 
of (2.16), we have 

(2.17) 
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S e t t i n g   t h i s   d e r i v a t i v e  equal t o  zero, and so lv ing  

Therefore,  our Sj,in is  given by 

+ 

I" 
C 
i=l 

2 
i=l 

- 

5 
i=l 

for Ax . 
j 

(2.18) 

Then 

2 
Q i j  (2.19) 

Let 

i=l 

i=l 

(2.20) 

(2.2L) 
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M 

1=1 
To minimize  Sjmin i s  the same as t o  maximize M j  , because A f i 2  and 

SF i n  are a lways   pos i t ive   quant i t ies .  Then, w e  are g o i n g   t o   s e a r c h   f o r  
t e component tha t   has   the  maximum value  of Mj. This component w i l l  be 
t h e   l i k e l y   f a u l t  component. 

Therefore ,   for   each component j t h e r e  is  an   assoc ia ted   va lue  M j  

2 
3 
4 
5 

M j  

0.36 
0.48 
1.73 
1.72 
1.68 
0.48 
1.77 
0.85 
1.25 
1.38 

In  t h i s   c a s e ,   t h e  most l i k e l y   f a u l t  component w i l l  be   the  number seven. 

The diagnosis  procedure i s  as follows: 

0 Take the  measurements a t  M pre-def ined  points .   This  number of 
p o i n t s  is less than  the number of  components. 

0 For  each  component,  and by  means of  equation  (2.21) w e  s h a l l  
f i nd   t he   va lue  Mj. 

0 With  each  component, we have  associated Mj. The h ighes t   va lue  
of Mj g ives   u s   t he   mos t   l i ke ly   f au l t  component. 

2.2.3.1 Application 

Le t   u s   cons ide r   t he   c i r cu i t  shown in   F igu re  2.8.  The f low  char t  i s  
ind ica t ed   i n   F igu re  2.11, t h e  same is  self-explanatory.  The r e s u l t s  
ob ta ined   a re   as   fo l lows:  



KK1 = 0 + 

0 Start  

t 
KK1 = KK1+ 1 

L = O  

A*D(L) -B*C(L) 

- 
P 

t 
KK1 = KK1+ 1 

L = O  

I dL*KK1)=(y I A*D(L) -B*C(L) 

w L = 7'1 

2 .33  

Print 
Results 

W(L) = CM(L) 

L =  1 , 4  

Write 

Read 
CM(L), L = 1, 4 

J - 

Figure  2.11  Lineaa  Technique 
Key Element  Search 
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Output 

G1=0.0102  G2r0.0327  G3=0.0068  G4=0.0193 

J M J  
i 0. o ~ o o o i 5  
2 0.00000531 
3* 0 00000748 
4  0.00000735 
5 0.00000206 
6 0.00000110 
7 0.00000000 

SJ  
0 OOuiT0733 
0.00000217 
0.00000000 
0.00000013 
0.00000542 
0.00000638 
0.00000749 

G1=0.0106 G2~0.0354  63=0.0046  &=0.0195 

J M J  S J  
1 0. omooooo 0. oom0484 
2 0.00000000 0 00000483 
3 0. ooocloooo 0.00000483 
4 0.00000000 0 00000483 
5  0.00000005 0.00000478 
6  0.00000018 0 00000465 
7** 0.00000484 0.00000000 

In   bo th   t echniques   the   resu l t s   a re   cor rec t   (See   Table  11). The adwntages 
OL this   technique  over   the  nonl inear   technique are the  following 

0 There i s  no need  for  a l l  the  measured  admittances  to  be a funct ion 
of   the components t ha t   be long   t o   t he   c i r cu i t   unde r  test. 

0 There are less ca lcu la t ions   tha t   mus t   be   per formed  a f te r   the  
measurements a re   t aken .  

2.2.4 Conclusions 

The two techniques  given  in   the Key Element  Search Method involve  the  use 
o f   i n s u f f i c i e n t   d a t a   t o   i s o l a t e   f a u l t y  components.  Both  techniques  give 
a good answer i f  measurements  can  be made wi th   suf f ic ien t   accuracy ,   and  
t h e  component t o l e rances  are small i n  comparison  with  the  der ivat ion  of  
t h e   f a u l t y  component  from i t s  nominal  value. From t h e   p o i n t s  of view  of 
t h e   t y p e s   o f   c i r c u i t   t h a t  i s  poss ib le   to   be   handled ,   and   pos t -ca lcu la t ion  
requirements,  it i s  more convenient   to   use  the  l inear   technique.  The 
f u t u r e  improvement t h a t  w i l l  be p o s s i b l e   t o  do i n   t h i s  method is, 

a The development of the   re la t ionship   o f   d iagnos t ic   accuracy  
t o   t h e  number of t es t  te rmina ls ,   the  component tolerances  and 
t h e  measurement  accuracy. 
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0 The  development  of  techniques  which w i l l  f a c i l i t a t e   t h e  treat- 
ment of   nonl inear   c i rcui t   e lements .  

2.2.5 Applicat ions The app l i ca t ion  of t h i s  method is f o r   l i n e a r   c i r c u i t s  
a t  component level,  and   the   ex tens ion   to   inc lude   l inear   sys tems i s  
s t ra ight   forward.  

2.2.6 Computer  Requirements 

Only a few  s imple  calculat ions are necessary  af ter   the   measured  values  
are taken.  Therefore,   there i s  no  strong  requirements imposed  on the 
computer  system  needed. 

2.3 I terative Method - 
2.3.1  General 

The i t e r a t i v e  method i s  based on the'  idea that the   conf igu ra t ion  of 
t h e   c i r c u i t  i s  known as w e l l  as the  normal  components  values,  but a t  
some time a f t e r   t h a t ,   t h e  components values  are unknown. The procedure 
t o   g e t   t h e  component values  i s  a n   i n t e r a c t i v e  one  using maximum l ike l ihood  
est imat ion  technique a t  each  stage.  

L e t  t h e  

S t imul i  

c i r c u i t   u n d e r  test be  the  one  that i s  shown in   F igure  2.12. 

el 
e2 

e3 

e W 

C i r c u i t  Under 
Test  Measurements 

Figure 2.12 

Let 

M = Number of unknown c i r c u i t  components. 
N = Number of  measurements made. 
'X j  = True  values  of unknown c i r c u i t  components ( i 5 j S M )  
V i  = Observed  values  of  measurements made i n   r e s p o n s e   t o   s p e c i f i e d  

f i ( x l , x 2 ,  ...xM) = Theore t i ca l   exp res s ion   fo r   t he   i t h  measurement 
s t i m u l i  ( l S i a N ) .  

(lsic-N). 
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b i  = Measurement e r r o r   f o r   i t h  measurement ( l S i < N )  
*i = Standa rd   dev ia t ion   o f   i t h  measurement e r r o r .  

E r r o r s  assumed  independent,  normally  distributed  with  zero 
mean (15 i 'N) .  

xj.0 = I n i t i a l   v a l u e s   o f   c i r c u i t  components (1sj-LM). 

The fol lowing  re la t ion  between M and N must  hold 

N Z  M (2.22) 

This   does   no t   g ive   us   an   ind ica t ion   tha t  we need more t es t  poin ts   than  
c i r c u i t  components. On t h e   c o n t r a r y ,   i f  M i s  t h e  number of test p o i n t s ,  
the  equation  (2.22) t e l l s  u s   t h a t  we need t o  make the  measurements a t  
N/M f requencies   in   the  given test  po in t s .  

For t h e   i t h  measurement, we can   wr i te  

For maximum l ike l ihood   e s t ima t ion   t he   fo l lowing   su f f i c i en t  s ta t i s t ic  
i s  used 

(2.24) 

The maximum l ike l ihood  estimate of  the  components  value i s  the  set of 
x .   v a l m w h i c h   c a u s e s  S t o  be a minimum. . Therefore,  
1 

We can write as a f i r s t  approximation  of  the  Taylor series 

fi(Xl,X2,.*&") = f i 0  
j =1 

(2.25) 

(2.26) 

(2.27) 
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where ~ ~ O = ~ ~ ( X ~ O , X ~ O , . . . X M O ) ,  and tj-j-xjo. Now by means of  (2.27), 
the   equat ion  (2.24) i s  written as fol lows 

Let  v i  = Vi-f io ,   then  equat ion (2.28)  becomes 

In   o rde r   t o   ca r ry   ou t   t he   min imiza t ion   p rocedure ,  we wri te  

F =  

P =  

- A 

u 2  0 . . 0 0  0 
1 1 
0 .... 0 

. .... . 
0 

1 
0 e... uNT - 

(2.28) 

(2.29) 

(2.30) 

(2.31) 

(2.32) 

(2.33) 
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I n  matrix form,  (2.28)  becomes 

S = qP q t  - 2 1 A  € t  + € F t A € t  (2.34) 

where  the  subscr ipt  t designates  "transpose"  and A i s  given by A=PF. 

T h e d e r i v a t i v e  of equation  (2.34) i s  as  follows. 

-2 r )  A+2 € FtA=O (2.35) 

t = r )  A (F&) -' (2.36) 

The diagnosis  procedure i s  as follows: 

0 Take t h e  N measurements a t  the   p re -de f ined   po in t s .   I f   t he  
number of   po in ts  i s  less than N, we have to   t ake   the   measure-  
ments a t  more than one  frequency. 

0 Calculate   the  matr ix  P defined by means of (2.33).  

0 Set   the  components v a l u e s   t o   t h e   i n i t i a l   v a l u e s .  

0 Calculate  the  following  matrices 

Matrix F by means of  (2.32) 

Matrix I by means of (2.31) 

Matrix A by means of AaPF 

Matt ix  by  means of (2.36) 

0 Calcu la t e  S1  by means of equation  (2.24) and  change  the com- 
ponent  values by means of x = tj + X ( j=l,  ... M); j jo 
ca lcu la t e   S2  by means of  equat ion  (2 .25)   with  the new s e t  of 

va lues .   I f  3 1, the new s e t  of  values i s  the  t rue  one;  
s 2  

otherwise,   assuming  that   th is  new s e t  of values i s  t h e   i n i t i a l  
one,  go  back t o   s t e p  4 and repeat   the   process .  
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t a k e n   a n d   c i r c u i t  
in format ion  

P matrix 

I S e t  

equal   to   normal  rf Check i f   t h e   o b t a i n e d  
v a l u e s   a r e   w i t h i n   t h e  
r a n g e ,   I f   n o t ,   p r i n t  
t h e   f a u l t y  component. 

3. 
C a l c u l a t e  

= 1, 2, ... n) 

Figure 2.13 Iterative Method 
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The f low  char t  is ind ica ted  in f i g u r e  2.13. 

Le t   us   cons ider   the   c i rcu i t  shown 2.14. 

I I 
I 

T c2 

‘Figure  2.14 - Lead-Lag  Network 

The oupput / input   re la t ion  is  given by 

vO - 
V 
i 

R1 - 

c1 - 

- 

- 

R =  
2 

c 2  - 
- 

POQOO 52 

.006 p F 

5000 D 

02 p F  

(2.37) 

I n  o rde r   t o   ne   ab le   t o   check   t he   r e su l t   ob ta ined   w i th   t he  computer  run, 
Table IV gives  the  values  of Vo/Vi fo r   d i f fe ren t   combina t ions   o f  Rla 
R2’ C2’ and frequency. c1 ’ 
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Table IV 
~- ~ 

RI 
- 

10 , 000 

11 , 000 
12,000 

10 , 000 

10 , 000 

10 , 000 

10 , 000 

10 , 000 

10 , 000 

11,000 

11,000 

11,000 

12,100 

12,100 

-~ ~ - 

C1 
" 

.0060 

.0068 

. 00 60 

. 00  60 

. 00 60 

.0066 

.0072 

. 00 60 

. 00  60 

.0060 

.0066 

.0066 

.0066 

.0072 

. 

R,2 
___ ~~ 

5 , 000 

5,000 

5 , 000 

5 , 500 

6 , 000 

5 , 000 

5 , 000 

5 , 000 

5 , 000 

5 , 000 

5 , 000 

5 , 500 

5,500 

5,500 

~~ ~~ 

- 

c 2  
" ~ 

.020 

.020 

.020 

.020 

.020 

. 0 20 

.020 

.022 

. 0 24 

. 0 24 

. 0 24 

.024 

. 0 24 

. 0 24 
- 

- ~- - 
fl = 

230 

0.90865 

0.89579 

0.88262 

0.90597 

0.90336 

0.90695 

0.90528 

0.89475 

0.88052 

0.86472 

0.86267 

0.85931 

0.84143 

0.83904 

~~ ~ ~" 

- " - 

f2 = 

1,020 - 

0.52429 

0.50005 

0.47867 

0.52840 

0.53313 

0.52503 

0.52619 

0.50348 

0.48577 

0.46246 

0.46443 

0.47153 

0.45018 

0.45388 

l" f3 = 

2,120 

0.44460 

0.43109 

0.41999 

0.46049 

0.47613 

0.45462 

0.46501 

0.43690 

0.43090 

0.41787 

0.42952 

0.44799 

0.43773 

0.45264 

f4 = 

5,860 

0.61463 

0.61571 

0.61709 

0.64141 

0.66545 

0.64084 

0.66486 

0.61639 

0.61807 

0.61942 

0.64684 

0.67398 

0.67670 

0.70385 

~~ ~~~ 

€5 = 
12,300 

0.82914 

0.83272 

0.83586 

0.84780 

0.86332 

0.84900 

0.86555 

0.83151 

0.83353 

0.83723 

0.85679 

0.87335 

0.87653 

0.89231 

- 
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The r e s u l t s  from the  computer  run  are  as  follows 

F i r s t  Case - 

I Frequencies I Measurements I Standard  Deviation 

0.23 
1.02 

0.43 0.8826 

0.43 0.6170 5.86 
0.43 0.4199 2 . 1 2  
0.43 0.4786 

12.30  0.8358 0.43 
- 

I 1 

Components 
values 1 

Normal I Predicted I Real 1 
R 1  

c1 

.012  .0127 . O l  

c2 

R2 

.006 

.005 

.006  .00567 

.02 .0189  .02 

.005  .00529 

Second  Case - 

Frequencies Measurements 
~ 

0.23 

0.6648  5.86 
0.4650 2.12 
0.5261 I .02 
0.9052 

12.30  0.8655 

~. ~ 

Standard  Deviation 
~~~~ ~~ -~ - 

0.43, 
0.43 
0.43 
0.43 
0.43 

I 
Values 1 

Norma 1 I Predicted ~ r " R d  Component 

1 

R1 

c1 

c 2  .02 .0191 .02 

. O l  

.00684  .006 

.01 .0105 

.005  .0052  .005 

.0072 

R 
2 

~~ 

R1 

c1 
R 

2 
c 2  

1 

. O l  

.00684  .006 

.01 .0105 

.02 .0191 .02 

.005  .0052  .005 

.0072 

In   bo th   ca ses ,   t he   r e su l t s   ob ta ined   a r e   s a t i s f ac to ry .  
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This method gives  a good approach   i n   t he   so lu t ion   o f   t he ' f au l t  
i s o l a t i o n  problem,  but  there  are some d i f f i c u l t i e s   i n   t h e   m a t r i x  
inversion  process .   In   the  second  case  of   the  example  given  above, 
the  matr ix  FtA has  the  following  values 

r .4396 x 10-8 -. lo44 x lo3 -. 1237 x 
- 

-2200 x 104 

. lo44 x lo3 .1520 x 1017  .2006 x lo5 .4611 x 1014 

.2006 x lo5  .2697 x -.4371 X 10 

.2200 x 10  ,4611 x 1014  -.4371 x lo3 ,1114 x 10 

3 
16 4 

Therefore ,   us ing  the  inversion  matr ix   subrout ine  that  i s  inc luded   in  
the IBM/360 math-pack, we get   the   fol lowing  inverse  matr ix  

.5478 x 10 l2  -. 2925  .2267 x 10 l2  

.1625 x - .1258 

.2267 x 10 12  -. 1258  .9745 x 10 
11 

.5215 x -. 4043 

The product  of  the two given  matr ices   are   the  fol lowing 

. loo0 x 10  .1387 x .oooo 

.4456 x lo8 .9999  .1520 x lo8 

1 

.5722 x -. 3469 x . loo0 x lo1 

.1677 x lo8 -.7629 x .4194 x lo7  

- .9806 

.5215 x 10 

-. 4043 

.1757 x 10 

-.5551 X 10 -6 - 

-.9536 x 

-.  6938 x 

.9999 

Therefore ,  some improvement in   the   mat r ix   invers ion   subrout ine  i s  needed. 

2.3.3 Applicat ions - The app l i ca t ion  of t h i s  method is for l i n e a r   c i r c u i t s  
a t  component l e v e l .  

I 
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2.4 Transfer  Function Method 

2.4.1 Ebde Diagram  Technique c6cl 
The idea  of   this   technique i s  t o   a p p l y   a t   t h e   i n p u t   o f   t h e  

c i r c u i t   u n d e r   t e s t ,   s i g n a l s   o f   d i f f e r e n t   f r e q u e n c i e s   ( t e s t   f r e q u e n c i e s ) ,  
and for   each  one  of them t o  measure  the  gain  (output/input).  
These  gains  are  checked  against  the  normal  gains. The d i f f e rence  
between  both s e t s o f  gains  permits  diagnosing  which component i s  out  of 
the  normal  range. 

The pr inc ipa l   advantages   o f   th i s  method could  be summarized 
as  follows: 

0 Use only   ava i lab le   input  and output   terminals  

0 For  diagnosis ,  i t  requi res   s imple   ca lcu la t ions  

0 I d e n t i f i c a t i o n   o f   t h e   f a i l u r e   a t  component l e v e l .  

I n   o r d e r   t o  be a b l e   t o   d e t e r m i n e   t h e   f a i l u r e   o f   t h e   c i r c u i t   a t  
component l e v e l ,  i t  is necessa ry   t o   p repa re   fo r   each   c i r cu i t ,   be fo re  
t h e   t e s t  is  c a r r i e d   o u t ,  a " fau l t   d ic t ionary ."   This   d ic t ionary  i s  a 
l i s t  of a l l   t h e   p o s s i b l e  components v a r i a t i o n s   ( i . e . ,  R1 low, R1 high, 
e t c . ) ,  and   t he   a s soc ia t ed   va r i a t ions   i n   t he   ga in   a t  some frequency  (or 
f requencies ) .  When t h i s  i s  done, we ass ign  a tr+tr o r  1 1 - 1 1  i f   t h e   c i r c u i t  
ga in  was above o r  below  the  normal  range,  and  zero i f  it was i n   t h e  
range. The f a u l t   d i c t i o n a r y   l o o k s   l i k e   t h e  one ind ica ted   in   Table  V 
( f o r  a g i v e n   c i r c u i t ) .  

Table V Faul t   Dic t ionary  

Gain a t  
-Fad t 

f i f 3  f 2  

0 Normal 0 0 
+ 

c3 low 0 0 + 
C2 high - - 0 
c2 low + *  + 0 
C1 high 0 
c ,  low 0 + 

C3 high 0 0 - 
0 0 - R, low 
0 0 + R1 high 

- - 
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Now i f  we have t h i s   c i r c u i t   u n d e r   t e s t ,  and we take  the  gains 
a t  frequencies fl, f2 ,   f3 ,  we a re   go ing   t o  come out   with some sequence 

know which  component i s  out  of  the  normal  range,  i .e.,   if  the  sequence 
i s  +OO, t h i s  means that   the   value  of  C3 i s  low. 

of l'+ll, 1 1 - 1 1 ,  o r  1'0". By checking  this  sequence  in  the  above  table,  we 

This method does   no t   requi re   pos t   ca lcu la t ions ,   because   a f te r  
the  measure i s  taken, we must  look  only  for  the row t h a t  matches  with 
i t .  When the  match i s  obtained, we know which i s  t h e   f a u l t  component. 

Our c i rcu i t   under   t es t   has   the   conf igura t ion   ind ica ted   in  
Figure 2.15. 

where 

Fin(s) = Laplace  transform  of  the  input  function 

Fo(s) = Laplace  transform  of  the  output  function 

H ( s )  = Transfer   funct ion 

For lumped l i n e a r   c i r c u i t s ,   t h e   t r a n s f e r   f u n c t i o n  H(s) may be  expressed 
as a r a t i o  of two polynomials, o r  

H ( s )  = 
A ( s )  (s - S l ) ( S  - s2) . . . (s - Sn) - = K  (2.38) 
B ( s )  P ( s  - sa)(s - Sb) . . . (s - sp) 

where 

n = number of   zeros   of   the   t ransfer   funct ion 

mtp = number of   poles   of   the   t ransfer   funct ion 

K = gain  constant  

IIL 
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Now, i f  s = j w  

H ( j w )  = K 
( j w  - sl) ( j w  - s2) . . . ( j w  - sn) 

( j w l m  ( j w  - s a ) ( j w  - sb). . . ( j w  - 
P) 

(2.39) 

Let  w.  designate  the  magnitude  of s A t  very  low  frequencies  (for 
a l l  w < wmin, where wmin i s  the  lower  value  of w . ) ,  the   gain i s  given by 

1 j '  

J 

loglo Wi - 20 log w m 
10 

(2.40) 

From the  above  equation we can  see  that   any  change  in   the components 
value . is going  to  change  the  gain a t  low frequency,   but   there  is  no 
way t o  know, looking  only a t   t h i s   v e r y  low  frequency,  which  component 
i s  responsible   for   the  change.  

Now, i f   i n   equa t ion   (2 .40 )  we have N parameters, we need t o  
apply   th i s   equa t ion   for  N d i f f e ren t   f r equenc ie s ,  and by means 
of conventional  techniques  to  f ind  the N parameters  value.  BY an 
opt imal   se lec t ion   of   the   t es t   f requencies ,  i t  i s  poss ib le   to   f ind   the  
parameters  value  in a very  simple way. In   o rder   to   choose   the  optimum 
frequencies ,  we must remember the  following: 

0 Each pole   or   zero (wi) makes a breakpoin t   in   the   ga in  
c h a r a c t e r i s t i c ,   t h e  change i n   t h e   s l o p e  i s  20 dbldecade 
(- i f  i t  a pole,  and + i f  it i s  a zero) .   This   value i s  
obtained  as  follows: 

The contr ibut ion  of   each  pole  is  given by 

1 - 
el - 1 + j w l T  (2.41) 

Therefore,  

- =  el 1 + jw2T 

e2 1 + jwlT 
(2.42) 
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i f  w T and w T a re   bo th  > 1, we can make the  following 1 2 
approxima t i o n  

Then 

20 loglo - e l  = 20 log w2 
e 2  10 - 

(2.43) 

(2.44) 

i f   i n   e q u a t i o n  (2.44) w2 = l o w l  , we have 

20 loglo - = 20 dbldecade  (2.45) 
e 2  

Each p a i r  of  complex  conjugated  poles  or  zeros make a break- 
p o i n t   i n   t h e   g a i n   c h a r a c t e r i s t i c .  The change in   the   s lope  
i s  40 dbldec (- i f  i t  i s  a pole,  and + i f  i t  i s  a zero) .  
The ga in   in   the   b reakpoin t  may vary from -6 db t o  + 20 db i n  
function  of  the  decrement  factor (3.0 5 0.05).  

Taking in   cons ide ra t ion   t he  above i t a s ,  t h e  test frequencies 
are  chosen  as  follows: 

One tes t   f requency  must  be  below  the  lowest  breakpoint. 

One tes t   f requency  must  be  above the  highest   breakpoint .  

a One t e s t   f r e q u e n c y   i n  between  breakpoints. 

One tes t   f requency  for   each  breakpoint   that   belongs  to   the 
complex  conjugated  values.  This  must be  on it or   very   c lose  
t o  it. 

I 
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I n  order /   to   apply  this   concept  l e t  us take t h e   c i r c u i t  shown 
i n   f i g u r e  2.16. 

R1  

A " A 
I 

E&) c1 R2 E o ( 4  

v h ! 1 
Figure  2.16 Lead  Network 

The t r ans fe r   func t ion  of t h i s   c i r c u i t  is  given by 

where 

T = C R  
1 1 1  

T2 - 
- R2 

R + R2 1 

(2.46) 

The Bode diagram  ( s t ra ight   approximat ion)   tha t   be longs   to   th i s  
c i r c u i t  is  indicated i n  f i g u r e  2.17. A l s o ,  i n   t h e  same f.igure we can 
see the   t h ree   t e s t   f r equenc ie s   t ha t  were taken  following  the  given  rules.  
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Gain 
(db) 

test  frequencies - 
1 I 

f t 2  f 2  I f t 3  

Figure 2 .17  Bode Diagram 

I n  f i g u r e  2.18  the  influence on the Bode diagram by changes 
the  parameters  value is indica ted .   Therefore ,   the   fau l t   d ic t ionary  
given  in   Table  V I  i s  obtained. 

Table V I  Faul t   Dict ionary 
I I 

f 

i n  

Nonl inear   c i rcu i t s   cannot  be t r e a t e d   i n  a general  way. For 
each   type   o f   nonl inear   c i rcu i t ,  i t  i s  p o s s i b l e   t o   f i n d  a general  
s o l u t i o n  which  can  be  l inearly  approximated.  After  this i s  done, we 
can   app ly   t he   t echn ique   g iven   fo r   l i nea r   c i r cu i t s .  Of course ,   tha t  same 
c o n s t r a i n t  w i l l  be   appl ied  to   the  l inear   approximation  given  as  w e l l  a.s 
the   genera l   so lu t ion .  
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I db t 

db 

- 

db t 

I 

db 

db 

A /"- -- -  

db t 

Figure 2.18 Influence 0.f  Changes i n  .Parameters  Value 
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Un t i l  now, we looked a t   t h i s  'method  from a theoret ical   approach,  
l e t  us see what a r e   t h e   r e s u l t s   i n  a p r e c t i c a l   a p p l i c a t i o n .  To do 
t h i s ,  l e t  us t&w the  following  example. 

i '2.4.1.1 -. Example - For  the circuit shown i n  figure 2.14, we want to f i n d  
t h e   f a u l t   d i c t i o n a r y .  

L e t  

R1 = 0.01 Megohm 

R2 = 0.005 Megohm 

C1 = 0.006  Microfarad 

C 2  = 0.02  Microfarad 

Then 

f l  = 0.46  Kc/sec 

f 2  = 1.59 Kc/sec 

f 3  = 2.65 Kc/sec 

f 4  = 9.08 Kc/sec 

and the   t e s t   f r equenc ie s   a r e  

f t l  = 0.23  Kc/sec 

f t 2  = 1.02 Kc/sec 

f t3  = 2.12 Kc/sec 

f t 4  = 5.86  Kc/sec 

f t5  = 12.30  Kc/sec 

The f low  cha r t   t ha t  we need to   per form  the   ca lcu la t ions  is  indicated 
i n   f i g u r e  2.19.  The s t eps   a r e   s e l f - exp lana to ry ,   t he re fo re ,   t he re  is 
no  need t o  make f u r t h e r  comnents  about them. The r e su l t s   ob ta ined  
a r e   i n d i c a t e d   i n   t a b l e s  VI1 and VIII; from t hese  we a r r i v e   a t   t h e  
following  conclusions 

0 The sequence  of  gains  which is assoc ia ted   wi th  a f a u l t y  com- 
ponent are funct ion  not   only  of   the component i t s e l f ,   b u t  
a l s o   o f   t h e   v a r i a t i o n   o f  it and t h e   z e r o   d e t e c t i n g   ( t h e   l a t -  
ter i n   o u r   c a s e  was: normal  condition +0.003). - See  Table VIII. 

I 
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I Calculate T1 = C1 * R1 I 
T2 = C2 * R2 
T12 = R1 * C2 
B2= ((Tl+T2)/(2.*Tl * T2)) 
C = sgRT((Bhc2)-(l./(Tl~2))) 
SD1 = B + C 
SD2 B - C 
B = ((Tl+T*Tl2)/(2.*Tl*T2)) 
C = sqrrr((B**2)-(l./(Tl*T2)) 
SN1 = B + C 
SN2 B - C 

t 

TPI = S.2832 
FREQ(1) = 0.0 ' 

, FREQ(5) * -SDl/TPI 
FREQ(9) = -SNl/TPI 
FREQ(13)-  -SD2/TPI 
FREQ(17)-  -SD2/TPI 

KBA-1 

L = O  

DIF=(FREQ(KW+4)-FREQ(KBA)) /4 

FREQ(KEM2)~FEIQ(ICllkCl~DIP 
FRFQ(RW3)=fllQ(RBA+@~DIP 
K € ! A ~ K M + 4  ' 

PREQ(~CEU+~)-?UEQ(.KBA)+BIF 

- 

BPgAK(LL) ; Lz. = 1.4 
RST(Lz.) ; LL = 1 , 5  

" I  + 
J 

J = O  

1 = R1 * C1 
2 = R2 * C2 
12 = R1 * C2 

1 
L - 0  

J. 
L=L+ 1 

- YlrJ1+1 

REIA(J1) REIA(J1) REIA(J1) 
= MINUII = BLK = PLUS 

= No A 
J1=57 

bw = ANVwrZt-[(Tl+TZt-T12)* I I 
on** 2) /DEN 

R = (ANV**%(Tl+T2)*(Tl+ 

IP = 
T&T12)*0W2)  /DEN 

(Tl+T%-T12)*CMy/lWI 
ReIA(L)-. SqmT(Prwl2k1)*rt)  
RELU(J,L) = REIA(L) 

Y 
Change 
Parameter + 

I 

lKKl= KK1+ 1 1 
hit@ RELU(J,L)=RELU(l,L)-RELU(J,L) 

msr(LL); LL = 1,5 

A " ;  AH I 

a Rl,Cl,R2,C2 - J=2,9; L1,5 

BRIAK(LL) ; LL 1,4 
RELU(1,L) = Q.9 ; L = 1,5 

: 

Figure 2 .19  Bode Diagram  Technique 
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TABLE VI1 

..GAIN 1 

0.9070 
619197 

'. 0;'8940 
0.9098 
0.9443. 
0.9088 
0.9036 
0.9207 

' 0.8944 
"_ ~- ~ 

0.9070 
'0;9318 
0;8806 
0.9127 
0.90  17 

. O.dl05 
0.9036. 
.0.9337 '. 
0.8843 
" 

... Oi9070 ..' 

. 0.9434 
.0.8671 
0.9 157 
0.899 1 

:. 0.97 23 
:. 0.9036 
:.;.0.94bO ' 
-0;8771 

GAIN 2 

0.5225 
0.5500 
0.4984 
0.5190 
0.5267 . 

0 

0.3222 
0.5245 

. 0.5469 
0.5038 . .  

0.5225 
0.'58  12 
0.477 1 
a5164 

' 0.5316 
0;5223 
0.5245 
0.5758 
0.49 10 

Oi5225 -' 
0,6 168 
.0.4583 
0.5149 ' 
0.5369 

' 0.5230- 
0.5245 
.0.6 100 ', 

. 0.4827 

GAIN 3 

0.4446 
, 0.46.11 
'0.431 1 
0.4286 
0.405 - 
0.3350 
0.4650 
0 45-46 
0.4376 

0.4446 
0.4815 
0.3200 
.0.4128 . 

0.476 1 
0.4262 
0.4650 
0.3677 
0.433 1 

0.4446 
0.5068 
0.4108 
,o. 3974 
0.4914 
0.4 182 
-0.4650 
0.4853 
0.4304 

GAIN 4 

.0.6150 
0.6145 
0.6161 
0.5852 
0.6418 . 

0.5865 
0.6653 
0.6  132 
0.6166 

.0.6150 

.0.6149 
0.6175. 
0.5519 

' 0.6658 
0.5559 
0.6653 
0.61 15 
0.6178 

0.6 150 
0.6169 
0.6191 
0.51 50 
0.6874 
0.5231 
0.6653 
a.6101 
0.6  186 

GAIN. 5 

0.8291 
0.8250 
0.8327 
0.8064 
0.8478 ' 
0.8051 
0.8655 
0.8263. 
0.8313 

0.829 1 
.6.8203 
.0.8358 
0.7786 
0.8633 
0.7759 
0.8655 
0.8230 
0.8327 

-0.829 1 
0.8  148 
0.8386 
0.7439 
0.8763 
0.7401 
0.8655 
0.8  189 
0.8337 

CONDITION 

NORMAL ' 
Ri LOW. * 

Ri HIGH' 

R2 HIGH 
R2 LOW - 
C I L O W  . 

-c2 LOW 
.C1 HIGH 

C2 HIGH 

N 0 R-MA L 
R1 COW 
R1 HIGH 
R2 LOW 
R2 HIGH 
c1 LOW 

x i  H I G H  
c2 LOW 
C2 HIGH 

NORMAL 
R1 LOW 
R1 HIGH 
R2 LOW 
R2 HIGH 

'C1 LOW 

c2 LOW 
C1 HIGH 

C2 HIGH 

f 10% 

.? 202 

+- 30% 



TABLE VI11 

Fault  Dictionary Zero Detection Normal Value +0.003 
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I n  some cases  it is  p o s s i b l e   t o   d e t e c t   t h e  component; i n  
o the r s ,  we have  the same sequence  of  gains  for more than  one 
component. See  Table VIII: C2 high 20 to 40%, acd R~ 
h igh  20 t o  40%. 

A l l  poss ib l e  components v a r i a t i o n s  must be  s imulated  in   order  
t o   a r r i v e  a t  a comple te   fau l t   d ic t ionary .  

2.4.1.2 Diagnosis  Discrimination - 
In   the   ass ignment   tha t  we made l i k e  'qf" o r  If-f' i n   t h e   g a i n s ,  

we ge t '   t he   f au l ty  component  and the  range  of   the  var ia t ion,  i .e . ,  i f  
the  sequence is  

+, +, +, -, - 
we know t h a t   t h e   f a u l t y  component is C2 and : the  value is  be  tween 
10   to  40% low.  But i t  i s  poss ib le   to   ge t  a l i t t l e  more information. 
A very  easy way t o  do it i s  t o  make a s c a l e   f o r  some frequency,   l ike  
the  one shown on f i g u r e  2.20. The frequency  chosen  must be the one 
tha t   has   the  maximum v a r i a t i o n ,  i . e . ,  t o   d e t e c t   v a r i a t i o n   i n  R1,  the  
second  frequency w i l l  be  convenient.   See  table V I I .  

Figure 2.20 
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2.4.1.3 ~ a n c ~ u s i O n S  - 
The p r i n c i p a l   f e a t u r e  of t h i s  method i s  t h a t   t h i s   d o e s   n o t  

requi re   pos t   ca lcu la t ions .   Af te r   the   measurements  are a l r eady   t a t en ,   t he  
only   th ing  that remains is t o   l o o k   i n t o   t h e   f a u l t   d i c t i o n a r y   t a b l e  
where t h e   r e s u l t s  are loca ted ,  and pick up the  one  that  matches. 

The fau l t   d ic t ionary   could   be   genera ted  by two methods: 
empir ica l   and   ana ly t ica l .  Improvement  could  be made i n   t h e   d e t e r -  
mination of networks  poles  and  zeros. 

2.4.1.4 Applications - 
The ex tens ion   of   th i s  method to include  systems  instead  of 

c i r c u i t s  i s  straight-forward  and,  in  general ,   one  can assume t h a t  a 
system i s  somewhat simpler  than a c i r c u i t .  

2.4.1.5  Computer Requirements - 
Since   t he rea reno   pos t - ca l cu la t ions   i nvo lved   i n   t h i s  method, 

no special   computer  requirements  are  needed. 

2.4.2 Tracking  Te'chnique p~ , [66], ~671 

2.4.2.1 General 

The bas ic   idea   o f   th i s  method is  t o  produce  the  tracking  of 
the   t ransfer   func t ion   cont inuous ly ,  and without   any  kind  of   inter-  
.ruptions  of  the  normal  operation of the  system  under test .  By t rack-  
ing  of   the  t ransfer   funct ion is  understood  the  determination  of  the 
coef f ic ien ts   tha t   be long   to   the   dynamica l   equa t ion   of   the   sys tem  in  a 
continuous:way. Knowing thCse   coef f ic ien ts ,  i t  is  poss ib le   to   check  
i f   t h e s e   a r e   o r   a r e   n o t   w i t h i n   t h e  normal  operation  range;  therefore,  
f o r  any Fime we know what i s  the   s ta tus   of   the   system  under  test. 
Since .it i s  p o s s i b l e   t o  know the   va lues   o f   t he   coe f f i c i en t s   fo r  any 
d e s i r a b l e  t ,  i t  i s  very   easy   to   per form  t rend   ana lys i s .   I f  a diagnosis  
t o  component level i s  r equ i r ed ,   t h i s  w i l l  be   car r ied   ou t .by  means of 
the  mathematical   re la t ionship  between  the  coeff ic ients   of   the   dynamical  
equation  and  the  values of the  components. 

A bounded exponent ia l   in tegra l  and a running  lef ts ide  Laplace 
t ransform  are   def ined,  and a simple low p a s s   f i l t e r  i s  given   in   o rder  
t o   f i n d  them. 

The Laplace  Transform  of a f u n c t i o n   f ( t )  i s .  defined by 

P(s )  = /"fcs e-stdt (2.47) 

0 
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I n  equation  (2.47) we can   s ee   t ha t   t he   i n t eg ra t ion  limits a r e  
zero and i n f i n i t e ,   o r   i n   o t h e r  words, that we a r e   t a k i n g   a l l   t h e   i n f o r -  
mat ion   tha t  is p o s s i b l e   t o   g e t  from the   func t ion   f ( t )  . We assume t h a t  
f ( t )  = 0, f o r  t < 0. 

We can   a l so   def ine   the   t ransform of the   func t ion   f ( t )   on ly  i n  
t h e   i n t e r v a l  tl - t2 as   fo l lows  

- .  

t 2  
P ( s ,  t i  2 t 5 t2) = f ( t ) e - s td t  

The in tegra l   as   def ined   in   the   above   equat ion ,   p rovide16t$a t  
a r e   f i n i t e ; i s   c a l l e d   t h e  Bounded Exponent ia l   In tegra l  

Now suppose  that  we want t o  know the bounded exponential  

i n t eg ra l   o f  - , then 
d t  

The above  equation  could  be  writ ten  in  the  following way 

df(tl e-stdt  = s F ( s , t l  < t < t2) + f ( t 2 ) e  -'% - f ( t , ) e  -s  tl  (2.50) - - 
t 1 

-s t 2  
I n   e q u a t i o n  (2.50) f ( t 2 ) e  is  the  terminal  condition and 

-s tl 
f ,( t)e is  t h e   i n i t i a l   c o n d i t i o n .  We a r r i v e   a t   t h e   i m p o r t a n t  
proper ty   tha t  i t  i s  poss ib l e   t o   ope ra t e  on a funct ion  over   the 
bounded r eg ion ,   p rov ided   t ha t   t he   i n i$ i a l   cond i t ions   a t  tl and  the 
terminal   condi t ions a t  t2 .are  know. 
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I n   g e n e r a l ,   f o r  a function  over a bound r eg ion   i n   t ime ,   t r ans -  
formation  of  the  function and i ts  der ivat iwes  gives  

- s f ( t , )  + I d t  

and in   gene ra l  

dnfo -> s F ( s ,  tl < t < ti) + n 

d tn - - 
n-1-i  dif (t,) 

i = O  d t i  1 -s  t2 
e 

I f   i n   t h e  above  equations, we place tl = 0 and t2 = a  , we g e t  

dfo => sF(.s) - f (0)  
d t  

d t L  

and i n   g e n e r a l  

dnfo => snF(s) - 2 sn-l-i dl;:) 
d tn 

(2.92) 
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that a r e   t h e  well-known expressions  of  the  Laplace  transforms  of  the 
d e r i v a t i v e s  . 

Now, i n   o r d e r  t o  make a more general   Laplace  transformation, 
l e t  us go  back t o  our def in i t i on   g iven  by (2.48) .  I n   t h i s  menti  .,ned 
d e f i n i t i o n ,  we assume t h a t   t h e   e x p o n e n t i a l   k e r n e l   s t a r t e a t  t = 0 
(see figure  2.21(a) I- i n   t h e  same we assume. that s i s  r e a l  and 

Figure 2 .21  

p o s i t i v e ) .  Suppose now that   our   exponent ia l   kernel  i s  equal t o  1 f o r  
some t not   equal   to   zero  (see  f igure  2 .21(b)) .   With  this   modif ica-  
t i o n   t i e   t r a n s f o r m  of the   de r iva t ive  i s  given by 
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- f ( t l )  es(t3-tl) 

and i n   g e n e r a l  we can write 

(2.53) 

(2.54) 

That  again,  gives  us  the  well-known  expression  of  the  Laplace 
transform of t h e   d e r i v a t i v e s   i f  we make t3 = tl = 0 and t2 = cd . 

Now, l e t  us  take t2 = t3 = t and tl = ts, our  equation  (2.54) 

takes   the  fol lowing form 

dnfo + sn P ( s , t )  + n-1-i dif (t) 

d tn 
d t i  i=o 

n -1 - i   d i f ( t s )  

i= 0 d t i  
(2.55) 
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and our   Laplace  t ransformation is  given by 

(2.56) 

The name g iven   to   th i s   t ransform i s  running  lef ts ide  Laplace 
transform. 

With the  convolution  theorem  in mind,  and looking a t   t h e  
equation  (2.56) , we a r r i v e   a t   t h e   c o n c l u s i o n   t h a t   F ( s ,  t) w i l l  be the 
output   of  a system whose impulse  response is  given by est and has an 
input   equa l   to   f ( t )   ( see   f igure   2 .22) .  

Figure 2 . 2 2  

Now, l e t  us   take  the low p a s s   f i l t e r   i n d i c a t e d   i n   f i g u r e  2.23. The 
p r a c t i c a l   b a s i s   f o r   t h e  method i s  the   d i scovery   tha t  a simple RC low- 
p a s s   f i l t e r   p r o v i d e s  a running  lef ts ide  Laplace  t ransform.  

Figure  2.23 
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The impulse  response  of  the f i l t e r t s  given by 

1 - &  h( t )  = - RC e ( 2 . 5 7 )  

Comparing the  equation ( 2 . 5 7 )  with  our   hypothet ical  one (est) ,  we 

s e e   t h a t  s=.- - Then RC ' 
L 

( 2 . 5 8 )  

Our t ransformat ion   f i l t e r   g ives   us   the   ou tputs   ind ica ted   in  
f i g u r e  2 .24 .  

Figure 2 . 2 4  

Now, we assume that   our   system i s  defined by  means of   the  fol lowing  l inear  
d i f f e r e n t i a l   e q u a t i o n .  

Tp dmO(t) 

U F O  n=O 
= 2 'n d t n  m d t m  

dnI  (t) 
(2.59) 
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where 

O ( t )  = Output  function 

I(t) = Input   func t ion  

’m = Coef f i c i en t s   o f   t he   pa r t   o f   t he   d i f f e ren t i a l   equa t ion  
which determines  the  poles   of   the   t ransfer   funct ion 
(we assume Bo = 1) 

2 = Coef f i c i en t s  which  determine  the  zeros. 
n 

Since p, i s  equa l   t o  1, then zo i s  the  system  gain a t  zero 
frequency. 

A transform  of  equation (2.59) gives 

M M m-1  

C P m s m  O ( s , t )  + xx Pm? m - l - i  di%lt) 
m=O m = l  i = O  

r M m - 1  1 

N N n-1 

= ensn I(s, t) -F x @- diI0 
n=O n-1 i = O  d t i  

(2.60y 



... .. . . . , , - . . . . . .. . . . . . ” 

2.64 

The equation  (2.60) is a new d i f f e r e n t i a l   e q u a t i o n ,   t h e   o r d e r  
of  which i s  lowered by one  due t o   t h e  time func t ions   i n   t he   t e rmina l  
condi t ions.  The order  could  be  lowered  to  zero by transforming a s u f -  
f i c i e n t  number of times. As a r e s u l t ,  no de r iva t ives   a r e   r equ i r ed  
for   the   t e rmina l   condi t ions .   S ince  s i s  a r ea l   nega t ive   quan t i ty ,   t he  
negat ive terms i n   b o t h  members of  equation  (2-60) becomes n e g l i g i b l e  
a f t e r  a su f f i c i en t   wa i t ing   pe r iod  from the  beginning  of  the  process.  
Therefore,  

= 2  N n-1 n ens I(s, t) + n-1-i  diT(t) 

d t i  
n=O 

(2.61) 

In   o rde r   t o   unde r s t and   t he   app l i ca t ion   o f   t h i s  method, l e t  us 
take  the  following 

2.4.2.2  Example - 
Let  us assume 

given by 
that  the  dynamical  equation  of  our  system i s  

(2.62) 

Taking in   considerat ion  the  equat ion  (2 .61) ,  we can write the  equation 
(2.62) as follows 
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I n  order   to   p roduce   the   e l imina t ion  of d t  , we must make 

another  transformation  of  equation (2..68). The r e s u l t  is  as  follows 

Since we apply  this   technique  to   l inear   systems,   the  t ransfor-  
mation  process  could be reversed.  Therefore,  we can  transform  for s 

f i r s t ,  and  then s l l .  We have  seen  that   the  values of sll and s12 are   g iven  
by t h e   f i l t e r ‘ s   c o n s t a n t s  (8 = - ’) , t h e r e f o r e ,   i n   o r d e r   t o   g e t   t h e  

RC 
c o e f f i c i e n t s  pl, p2,  Bo and Z1, four   equat ions  l ike  (2 .64)   are   needed.  

Our equations  system  takes  the  form 

12 

O(sl l ’s12’t)  [1 + s11P1 + SllP2]+ O(s12,t) [lpl + S11P2 + S121,] 
2 

r 1 
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The values of pl, p p ,  zo, and z1 are  given by 

The  matrix A is  obtained  through  simple matrix manipulations. 

Figure 2.25 

. “_ 
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By means o f   t h i s  method, we can   t rack   cont inuous ly   the   t ransfer  
funct ion.  We see from f i g u r e  2.25 tha t   the   va lues   o f   the   e ight  
measurements are   obtained  without   any  interrupt ion,   and  therefore  by 
equation (2.66) we can  get   the   values   of  P1, P2, eo, el a t  any moment 
t h a t  we want. 

It is  p o s s i b l e   t o  make  some reduc t ion   i n   t he  number o f   f i l t e r s  
t h a t   a r e  needed, see re fe rence  

2.4.2.3 Conclusions 

The  more impor tan t   fea tures   o f   th i s  method could  be summarized a s  
follows: 

0 It t racks   t ransfer   func t ions   o f   sys tems  cont inuous ly  and without 
de lay ,   whi le   they   a re   in   opera t ion .  

0 The possibi l i ty   to   perform  t rend  analysis ,   wi thout   any  fur ther  
improvement  of the  system. 

0 There is no  need  of  generation  of  special   st imulus.  

0 Not  only  the  mathematical  manipulations  of  the method w i l l  be 
handled by the  computer,  also it i s  possible  to  perform  the 
s i m u l a t i o n   o f   t h e   f i l t e r s .  

2.4.2.4 Application 

This method can be app l i ed   on ly   i n  the l i n e a r  case, c i r c u i t s  and 
sys tems . 
2.4.2.5 Computer Requirements 

The computer s ize   requi red   increases   very   fas t   wi th   the   complexi ty  
of  the  system  under test .  This   increase  is  more s t rong  and  could  place 
some l i m i t a t i o n s  on its a p p l i c a b i l i t y ,   i f   a l s o  we need t o  make the 
s imulat ion of t he   f€ l t e r s   w i th   t he  same computer. 



2.68 

2.5 . 1 General 

This method d e f i n e s   f i r s t  a scalar   performance  indicator   which 
w i l l  always  be  posit ive when t h e   c o e f f i c i e n t s   o f   t h e   d i f f e r e n t i a l  
equat ion  descr ibing  the  system are  wi th in   t he i r   p re sc r ibed  
tolerances;   o therwise,  i t  w i l l  be  negative.   This method does  not 
i n d i c a t e  how  many c o e f f i c i e n t s  are out   o f   the i r   Dtescr ibed   to le rances .  

The s c a l a r  remnant  function is  formed  from  measurements  of  the  input  and 
output  and the i r   r e spec t ive   sys t em  de r iva t ives   a s   we l l   a s  from the  
normal   values   of   the   system  coeff ic ients   and  their   a l lowable  deviat ions.  

The re fo re ,   i n   t h i s  method we have 

0 I n d i c a t i o n   t h a t  one o r  more coe f f i c i en t s   o f   t he   d i f f e ren t i a l   equa -  
t ion  descr ibing  the  system  are   outs ide  of   the  a l lowed  range.  

0 Monitoring  the  scalar  remnant  with a zero-crossing  detector   pro-  
vides   an  excel lent   system  faul t   indicator .  

a In   func t ion   of   f requency   in te r rupt ions ,  i t  is  poss ib l e   t o   pe r -  
form some t rend   ana lys i s .  

6 The average  value of the   sca la r   remnant   can   ind ica te   the   degree  
t o  which to l e rance  limits are  exceeded. 

A dynamical  equation  describing a l inear   system  of   nth  order ,   has  
the  fol lowing form 

dnx  dn-lx 
an dt" + an-l   dtn-l  + ... + a l x +  a. = 

m 
= bo + blu + ... + bm - ,d 0 1 7  

d tm 

o r  

(2.67) 

(2.68) 
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I f   a f t e r  some time,  the  coefficients  of  our  system  have  been 
changed, we have 

n 
x a l  dx i - 2 b i r  1 diu 

- 
i = O  d t i  i=o 

o r ,   i n   f u n c t i o n  of the same v a r i a b l e s  x  and U ,  bhe'xaquation  (2.68) 
becomes 

n m 

(2.69) 

(2.70) 

Subt rac t ing   equat ion  (2.70)  from  (2.68) d deaot ing   wi th  x and u the 
va r i ab le s   x '  and u t   r e s p e c t i v e l y ,  we have 

n m 

(2.71) 

1 I 
By int roducing  the  notat ion  Aai  = ai - ai  ; and Abi = bi - bi f o r  

the   respec t ive   devia t ions  of the  coeff ic ients ,   the   equat ion  (2 .71)   can 
be w r i t t e n  

m 
dix 
dt i   dei  (t) 

i 
d u  f: A a i  - - x Abi - = 

i=o i=o 

The maximum e r r o r  is  given by 

(2.72) 

n i i 
Max t ( t ) . =  Z M a x  F a i  s]+ 2 Max [- A b i  31 (2.73) 

i-0 i= 0 



. .  

2 . 7 0  

and i n   t h e  same  way, the minimum e r r o r  is given by 

n i FI 

Min c ( t )  = - >:Min [- A ai 51 -r Min [Abi $1 ( 2 . 7 4 )  

i = O  i= 0 

Now it must  be  determined a t  what point  the  magnitude  of one o r  more of 

the   devia t ions  1 h a i l   o r  1 A bil , exceeds i t s  r e spec t ive  limit, bai 

o r  bbi . 

I dix  dix 
d t i  ; d t i  

dix  dix 
d t i  ; dti < o  

+ bai - - > o  

- aai 
- - 

I diu diu + abi - ; - > o  
d t i  d t i  

d iu  diu - bbi - ; - < o  
d t i  d t i  

Therefore,   the  equation ( 2 . 7 3 )  becomes 

i=o i=o 

and, i n   t h e  same way 

( 2 . 7 5 )  

( 2 . 7 6 )  

( 2 . 7 7 )  

( 2 . 7 8 )  
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b u t  Max r ( t )  = - Min t ( t ) ,  t he re fo re  when t h e   c o e f f i c i e n t s   a r e   w i t h i n  
tolerance 

).(t)l < Max c ( t )  (2.79) 

Then, o u r   s c a l a r  remnant  function i s  given by 

a ( t )  = Max e ( t )  - l e ( t ) l  (2.80) 

The condi t ion a ( t )  > 0 is  a necessa ry   bu t   no t   su f f i c i en t   cond i t ion  
f o r   a l l   c o e f f i c i e n t s   o f   t h e   s y s t e m   t o  be wi th in   t he i r   t o l e rance  limits. 
However, 6 C 0 i s  a su f f i c i en t   cond i t ion   fo r   one   o r  more c o e f f i c i e n t s  
to   be   ou t   o f   to le rance .  

Combining equations  (2.70)  and (2.77) with  (2.80),  we a r r i v e   a t   t h e  
fol lowing  expression  for  6 (t) 

i 

d t i   d t  
- d u  

+ 2 6 b i  i ( t )  = g & a i  I i 

i = O  i = O  

- 
k a . 5  - 2 bi I i 

d t  
1x0 i=o 

(2.81) 

In   t he  above  equation 6 ai  and bbi   a re   the   a l lowed  to le rances   for   the  

c o e f f i c i e n t s   a i  and b i ,   respec t ive ly ;  and x and u a re   t he  measurements 

of  the  input and output ,   respec t ive ly .  

El iminat ion  of   the  der ivat ives   involved  in   the  equat ion  (2 .81)   could 
be  done  following  the  technique  given i n   t h e  mentioned  reference a t  the 
beginning  of  this method. 
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2.5.2 %ample 

I n   o r d e r   t o   a p p l y   t h i s  method l e t  u s   t a k e   t h e   c i r c u i t  shown 
i n   F i g u r e  2.26. 

I :+ , , 

Figure 2.26  Lead-Lag  Network 

If we assume' that   the   input   are   given by 

vi(t) = S i n  /3t 

R1 - 

c1 - 

R2 - 
c2 - 

- 

- 
- 

- 

10,000 Q 

.006 p F 

5000 R 

.02 p F  

(2.82 

The f i r s t  and  second  derivatives of equation  (2.82)  are  given by 

The t r ans fe r   func t ion  of the  Lead-Lag network is  given by 

(2.83) 
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where T1 = R C  
1 1  

T2 = R2C2 

T12 = R1C2 

Now, s ince   t he   i npu t   func t ion  i s  given by equation  (2.82),   the 
equation  (2.83)  could  be  writ ten as follows 

T1T2 s + (T1 + T2) s + 1 2 

s 2 + p 2  T T  s 2 +  (T + T + T ) s +  1 
P 

VO(S) = 
1 2  1 2 12 

K - P +  K1 + K2 
s + j p  s - al s - a 2  

Therefore 

( vo"(t) = - 2p2 

where 

a1 t Q2 + K 1 e  + K 2 e  

a t  a2t Kpl s i n (  p t + 'P) + Klale + K2a2e 

KpI cos( /3t + 'P) + Kla l  e + K a e 2 alt 2 a2t 
2 2  

A 
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K2 - 
- 

I 

P 
s2  + B 2  

s2  + T1 + T2 
s +  

1 
T1T2  T1T2 

S - a  
1 

T1T2s 2 + (T1 + T 2 ) s  + 1 P 
s - j P  T T s + (T1 + T2 + T12)s + 1 2 

1 2  

= a2 

CP = tang - -1 B 
A 

The values  of t he   coe f f i c i en t s   a s  well as   the  a l lowed  ranges  are   indi-  
cated i n  Table IX. These are   obtained  a l lowing a range  of  variatl ion  in 
each component  of +25%. - 

Coef f . 

a 2 

a 
1 

0 
a 

b 

b 
2 

1 

0 
b 

Normal Value 

.600 x 

.360 x 10-3 

. loo x 101 

.600 x ,  

.160 x 10-3 

. loo x lo1 

TABLE I X  

Lower Bound 

.450 x 

,285 x 10-3 

,100 x 101 

.450 x 10'8 

.135 x 10-3 

. loo x lo1 

Higher Bound 

.750 x 

.435 x 10-3 

.IO0 x 101 

.750 x lom8 

.185 x 10-3 

.loo x lo1 

Percentage 
( %) 

25.0 

20.8 

0.0 

25 .O 

15.6 

0.0 
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The output   of   the   program,  for   dif ferent   cases ,   looks  l ike  the 
f o l  1 owing 

Case 

1 

2 

3 

4 

5 

6 

7 

S c a l a r  
Remnant 

-. 370 x 

-.544 x 

.532 x 

.712 x 

-.lo8 x 10-3 

.725 x 

Param. 
S t a t u s  - 
+25% R1 

+150% R1 

+136% C2 

-10% R2 

+24.3% R1 

+200,00 c2 

+lOO.O% c1 

Coeff ic ients   Within 
Normal  Range 

Yes 

No 

No 

Yes 

Yes 

No 

No 

The r e su l t s   o f   t he   s even   ca ses   a r e   s a t i s f ac to ry ,   excep t ' t ha t   o f  
the  seventh  case.  The reason  for  this  complies  with  what was s t a t e d  
e a r l i e r ,  namely, tha t   the   condi t ion  d ( t )  > 0 i s  necessary  but   not  a 
s u f f i c i e n t   c o n d i t i o n   f o r  a l l  coeff ic ients   of   the   system  to  be within 
the i r   t o l e rance  limits. However, d 4 , O  is a Suf f i c i en t   cond i t ion  
f o r  one o r  more c o e f f i c i e n t s   t o  be o u t  of tolerance.  

' 2.5.4 Application - 
The f i e l d   o f   a p p l i c a b i l i t y   o f   t h i s  method covers   only  the  l inear  

c a s e   o f   c i r c u i t s  and  systems. 

2.5.5  Computer  Requirements, - 
I 

Since  there   are   only  s imple  post-calculat ions  involved  in   this  
method,  no special   computer  requirements  are  needed. 
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2.6 Inverse  Probabi l i ty  Method 

2.6.1 General 

The philosophy  involved i n   t h i s  method is as followes: 
"Given m measurements that could  be  taken i n  im test po in t s   o r  less, 
f ind   the   d i f fe rence  between these  values and  the,  normal  values a t  
the same points.  By means of   the  inverse   probabi l i ty ,   the   probabi l i ty  
that   each component w i l l  be a f a u l t y  component i s  found by th i s   d i f fe rence .  
The component that has  the  highest   probabi l i ty   associated  with i t  w i l l  
be the  most probable  faulty component .'I 

I f  we assume t h a t  we have a c i rcu i t   wi th   10  components,  and 
a f t e r  having  taken  the  measurements  and  found.the  probability  for  each 
component, the  following  table is obtained. 

TABLE X 

t" CaMPONENT 

4 ; 
3 

6 
7 
8 
9 

10 

- - - . - - - -. . . . - - -. 
PROBABILITY 

8.09875 
0.11032 
0.09923 
0.12543 
0.11342 
0.09987 
0.09996 
0.12135 
0.09345 
0.03831 

I 

i 
The most probable  faulty component w i l l  be   the  4th component 

because it has   the   h ighes t   p robabi l i ty   assoc ia ted   to  it. 

The c i r c u i t  under test has  the  configuration shown i n   f i g u r e  2.27. 

c i r c u i t  under 9 2  

J'm 

Figure 2.27 
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The c i r c u i t   u n d e r   t e s t   h a s  n components t h a t   c a n   f a i l .  The  number of 
components i s  g rea t e r   t han   t he  number of  measurements  taken. 

L e t  

J 
= f . (xl,  x2, . . . , xn) = Theore t ica l   express ion   for   the  jth 

measurement. 

xi = ac tua l   va lue   o f   t he   i t h  component within  the  network. 

Xi = nominal  value of each component 

n = number of  components 

m = number of  measurements  taken 

By means of   the  Taylor   ser ies ,  i t  i s  poss ib l e   t o   wr i t e  

fj(XlYX2, .... 5) = fj(X1,X2 ,... XJ + 

(2.84) 

I f  we des igna te   wi thnY = f . (xl ,x2 ,... xn)- f . (X1,X2, . . .Xn)  and with x and 

the  vectors  (x1,x2, ... x ), and (Xl,X2, ... X ) respec t ive ly ,   the   equat ion  

(2.84) could  be  wri t ten  as   fol lows 

j J  J 
n  n 

(2.85) 

where a x i   s t a n d s   f o r  xI-Xi. I f  one  of the  increments is  grea te r   than  

the  others ,   our   equat ion  (2 .85)   can be wr i t t en   neg lec t ing  some te rms ,   in  
the  following way 
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(2.86) 

o r   r ewr i t i ng   i n   t e rms   o f   func t ions  of Ax 
L 

Then, f o r   t h i s  component, we can  form  the  following  system 

AY1 = g ( A X  ) A X  + .. . + glL(AxL) + . . . + gln(AxL)Ax 
1L L 1 n 

0 0 
0 0 

AY j = g j L ( A 5 ) A x l  + . . . + gjL(A%) + . . . + gjn(A\)Axn  (2 .88)  
0 0 0 0 

A given tes t  r e s u l t  i s  comprised  of  contributions  of random dev ia t ions  
of  components  which a re   w i th in   t o l e rance ,   a s  w e l l  a s  from t h e   f a u l t y  
component. We see i n   t h e  above  system that  only  one column is a funct ion  of  
one  increment, a l l   t h e   o t h e r s   a r e   f u n c t i o n   o f  two increments.  Therefore, 
i f   i n   o u r   c i r c u i t   a l l   t h e  components  remain a t  the  normal  value,  except 
t h e   f a u l t y  component (X,), the  system  (6) becomes 

(2.89) 
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The above i s  the c o n t r i b u t i o n   i n   e a c h  meas 1 u r  ement va lue   o f   the   fau l ty  
component. The re fo re ,   a l l   t he   o the r   t e rms   i n   t he   equa t ion  (2.88) a r e  
the   con t r ibu t ion  bf each  measurement  value, made  by the  remaining compo- 
nents   tha t   a re   wi th in   the   a l lowed  range .   For   a l l   th i s   reasoning ,   our  
problem i s  s i m i l a r   t o   t h e   c l a s s i c a l  communication  problem  of d e t e c t i n g  
a s igna l   in   the   p resenue   of   no ise .  

Our system  (2.88)  could  be  writ ten  as  follows 

AY, = S l L ( A 5 )  + NIL( AX,, Ax2,  . . . Ax,) 
0 0 0 

AY - = SjL(0xL)  + N ~ L ( A X ~ , A X ~ ,  . . . A s )  J 
0 0 0 

AYm = SmL(Ay)  + Nd(Ax1,Ax2, ... Ox,) 

It  is in te res t ing   to   no te   tha t   the   "noise"  
funct ion of  what was ca l led   "s igna l"  (AxL). 

N = O Y  - S  
j L  j j L  

When N i s  composed of a l a rge  number of  ind 
j L  

(2.90) 

c h a r a c t e r i s t i c s   a r e  

(2.91) 

enden t Gau s s i  .an-like  ran- 

dom variables  {Ax,,   Ax,,  . . . , Oxn) ,   the   jo in t   d i s t r ibu t ion   approaches  

a Gauss i an   d i s t r ibu t ion .  

L e t  

where u ( A x  ) i s  the  variance  of  an  in-tolerance component x, The 

moment matr ix  i s  given by 

2 
1 1' 
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- 
*,* mlnlL 

... m 2mL 

.. . . 
... q 

mu& - 

(2.93) 

The j o i n t   p r o b a b i l i t y   o f   t h e  m normal ly   d i s t r ibu ted  random v a r i a -  
b l e s  N1, N2, ... N are   g iven  by 

q 

where q s tands   for   the   e lement   tha t   appears   in   the  ith row and  kth 

column of   the  inverse   of   the  5 matrix. (-For a deduct ion  of   the  equat ion 

(2.94)  see  Laning & B a t t i n  +4 .&hdolt.Bsoc@ag@s .Pn. .A&~mat$c ,Qoficpb1 -,!E~et~ 
H i l l  - page 73.) Given a s e t  of  measurements  values (AY1,AY2, ... .AYm) , 
t h e   p r o b a b i l i t y   t h a t  a given component is  r e spons ib l e   fo r  it i s  as   fol lows 

-1 
ikL 

P(XL/AY1, AYZ,.. . AYm) = K/P(XL,XL)P(AY1, AY2,. . . AYm/XL,xL)dxL (2.95) 

where P(XL,XL) s t ands   fo r   t he   dens i ty   d i s t r ibu t ion   o f  component L, t h a t  
with  nominal  value %, had tbe value 5. 

The value  of K i s  equation  (2.95) i s  found  knowing t h a t  

C P ( ~ / A Y ~ , A Y ~ ,  .. . AY,) = 1 
L= 1 

n 

(2.96) 

In   order   to ,   be   able   to   use  equat ion  (2 .95) ,  we must know the  value 
p(Ay1,Ay2, . . . Aym/xL,xL);  to do t h i s ,  we use  the  following  equation 
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(2.97) 

Knowing t h e   c i r c u i t ,  and  given  a se t  of measurement values (AY1,AY2, ... AYm), 
for   each  component, we can   ge t  by equation  (2.97)  which i s  the   p robabi l i ty  
t h a t   t h i s  w i l l  be   the   fau l ty  component. Therefore,  we can  prepare  the 
following l i s t  

P(xl/AY1, AY2, . . . AY ) 
m 

0 
0 

P(xn/AY1, AY2, . . . num) 

(2.98) 

The most  probable  faulty component w i l l  be  the component t h a t  has  the 
h ighes t   p robab i l i t y   a s soc ia t ed   w i th  i t .  As a c l a r i f i c a t i o n   a b o u t   t h e  
s t eps   t ha t   a r e   i nvo lved   i n   t h i s   p rocess ,  a  flow  graph i s  ind ica t ed   i n  
Figure 2.28. 

U 
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Given 

i=l, ... n 

l=l, ... n 

d ( X  y ~ . ) ;  j=l, ... n & range  of  values 
2 

j J  

3 
( A x . ) ;  j=1, ... n 

and the  values AYl, Ay2, 
* * "m 

*This s t e p  is  necessary when 
we want t o  know the   probabi l i ty  
associated  with  each component; 
otherwise,   the  highest   value of 

p (s/Y1,. . . ,Ym) gives  us  the 

most probable   faul ty  component. 

1 

t 

t 
No 

b - 
$:' (Xi fAYl,. . .AYm) 

The highest   value 
- of P(X1/AY1,. . .AYm) 

P (XI /AYl, . . AY,J 

= P' (XtrAY, . . .AYm)K,L=l,Z...n 

'* 
component 
is t he   f au l ty  

- 

Figure 2.28 
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The most importctnt   features   of   this  method could  be  sunmarized 
as fol lows 

0 This  method  makes a good u t i l i z a t i o n  of a l l  the  information ~ 

that is  p o s s i b l e   t o   g e t  from the   c i r cu i t   unde r  test, l i k e   f o r  
i n s t ance   t he   dens i ty   d i s t r ibu t ion   va lues   fo r   each  component. 

0 The  number of  measurements are less than   the  number of components. 

2.6.3 Applicat ions - 
The ex tens ion  of t h i s  method to   cover   non- l inear   c i rcu i t s / sys tems  appears  
no t   t o   be   f eas ib l e .  

The a p p l i c a t i o n  of t h i s  method i s  on ly   fo r   l i nea r   c i r cu i t s / sys t ems .  

2.6.4 Computer  Requirements - 
The complex pos t - ca l cu la t ions   i nvo lved   i n   t h i s  method  impossed 

s t rong  requirements  on t h e  computer  required. !CbBAe requirementsincrease 
r ap id ly   w i th   t he   i nc rease   a t   t he   s i ze   o f   t he   c i r cu i t   unde r  test. 

For  any set of  measurements  taken it is  p o s s i b l e   t o  see i n   t h e  
flow-chart  shown i n   f i g u r e  2.28 a l l  the  mathematical   operations  involved 
in   t he   p rocess .  With some improvements  on t h i s  method it would  be poss ib l e  
t o  make  some reduc t ion   i n   t he   pos t - ca l cu la t ions   i nvo lved .  



2.84 

2.7 Power Spec t ra  Method - 
2.7.1 General 

This  method c o n s i s t s  af ob ta in ing   t he   f au l ty  component through  the 
knowledge  of the   t ransfer   func t ion ,  which i s  found by power s p e c t r a   a n a l y s i s .  
There  are  two b ig  steps involved   in   the   p rocess  

0 Transfer   funct ion  determinat ion.  

0 Faulty component d iagnos is  

2.7.1.1 Transfer  Function  Determination - Let  the  configurati ,on  of  our  system 
under test be  given by Figure 2.29.  The input   to   the   sys tem i s  formed 
by two p a r t s :   t h e  normal s i g n a l  fs(t), and t h e  random s i g n a l  q ( t ) .  
The i n p u t   t o   t h e   d i g i t a l  computer w i l l  be   the  input   and  the  output   of   the  
system  under test. With these  two s i g n a l s  we  may form t h e   a u t o c o r r e l a t i o n  
function  of  the  input  and  the  cross  correlation  function  between  the  input 
and  the  output .  The Fourier   t ransforms  of   both  funct ions  give us t h e  power 
spec t r a  and the   c ros s  power spec t ra ;   the   re la t ion   be tween them permits  t h e  
de te rmina t ion   of   the   t ransfer   func t ion .  

System 
C) 

Under 
Test - 

fi ( t ) = v ( t )  +fs (t) 

AID Convt. 

D i g i t a l .  
" 

Computer 

Figure 2.29 

Figure 2.30 g ives  u s  a c lea r   i dea   o f   t he   r e l a t ions   i nvo lved .  

%(t)= Q(t) + v ( t )  

1 
+ i i ( w )  

Figure 2.30 

*io (w) 
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1n.order   to   develop  the  equat ions  which we need t o   c a r r y   o u t   t h e  
ca l cu la t ions ,  l e t  us  take i n t o  considerat ion  the  system shown in 
Figure 2.31. 

n 

Figure 2.31 

The au tocor re l a t ion   func t ion   o f   t he   i npu t   s igna l  is  given by 
'F 

9. .(+) = 11 (2.99) 

and the   c ross  

Via( 7 )  = 

cor re l a t ion   func t ion  between  the  input  and  output  signals by 

Lim ST f i ( t )  f ( t+r )d t  
0 

(2.100) 

The Fourier   t ransform  of  9 . . ( 7 )  i s  the power spec t ra   o f   the   input  
11 

s i g n a l  and i s  designated by 9. (w). I n   t he  same way, ai0(w) i s  the   c ross  

power spec t r a  between  the  input  and  output  signals.  By means of  the  con- 
volu t ion   func t ion ,  i t  is poss ib l e   t o   wr i t e   t he   ou tpu t   s igna l   i n   func t ion  
o,f t he   i npu t   s igna l  and  the  impulse  response of the  system. 

li 

00 

g(X) fi(t-x)dx  (2.101) 
J 

and  then -00 

f0(t+7) = g(X) fi(t+T-x)dx (2.102) 

From equations  (2.140)  and  (2.102), i t  i s  p o s s i b l e   t o   w r i t e  

pia( 7 )  = Lim - 1 
2T 1 f i ( t )  g(x)  fi(t+r-x)dx d t  (2.103) 

T+ 00 -T -00 

I f   t h e   o r d e r   o f   i n t e g r a t i o n  is interchanged,  equation  (2.103) may be 
w r i t t e n   a s  
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It is  easy   to   recognize   tha t   the   b racke ted   por t ion  i s  the   au to -co r re l a t ion  
funct ion of the   input .  The convolution  between  the  impulse  response  of 
the   sys tem  and   the   au to-cor re la t ion   func t ion ,   resu l t s   in   the   c ross -  
c o r r e l a t i o n   f u n c t i o n ;   o r   i n   o t h e r   w o r d s ,   i f  we apply   in   the   input   o f   the  
system  the  function tpii(~), we a r e   g o i n g   t o   g e t   i n   t h e   o u t p u t  tpio(~). 
See  Figure  2.32. 

Figure 2.32 

In   the   t ransform domain the  equation  (2.104) becomes 

G(w) = 

I f   t h e   i n p u t   t o  
cons t an t ,   t he re fo re  

G(w) = 

(2.106) 

our  system i s  white   noise ,   the  power spec t r a  is  a 

K (2.107) 

Depsnding  on the   case ,   the   t ransfer   func t ion  is  found by use  of  equation 
(2.106) or   (2 .107) .  

2.7.1.2 Faul ty  Component Diagnosis I?'' 

Afte r   t he   t r ans fe r   func t ion  is  obtained,  the  impulse  response is  
ca l cu la t ed  by  means of  numerical  methods. 

A sample  of   this   data  must  be  compared with a nominal  sample t h a t  
i s  found  knowing the  impulse  response  that   describes  the  system  under 
tes t  and the  nominal  values  of  the  components. Now, t o  complete  the 
diagnosis  we have two s t eps   i n   ou r   p rocess  

0 Check i f   b o t h   r e s u l t s   r e p r e s e n t   t h e  same impulse  response. 

0 I f   b o t h   r e s u l t s   r e p r e s e n t  two different   impulse  responses ,   f ind 
the  component/s  responsible  for  this  cause.  

I n   t h e   f i r s t   s t e p  we have two sets of  values  h(ti)  and %(ti), both 
fo r   i=1 ,2 ,  ..., n.  We can  apply  the  chi-square  goodness  of f i t   c r i t e r i a .  
I n   o r d e r   t o   a p p l y   t h i s   c r i t e r i a ,   t h e   i n t e r v a l   c h o s e n   f o r   s a m p l i n g   t h e  
funct ions must  be  such  that   the  points  obtained w i l l  be  independent. 
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Res pons e 

I I 

I .' / ". \.i \ 

h n ( t i )  = Nominal values 

h ( t . )  = Experimental  values 

Figure  2.33 

1 

The chi-square  value i s  given by 
r 

(2.108) 
i= 1 

The degree  of  freedom k i s  one l e s s   t han   t he   t o t a l  number of  inde- 
pendent   po in ts   in  one   curve .   Given   the   p robabi l i ty   tha t   bo th   da ta , se t s  
belong  to  the same curve,  and  knowing the  degree  of  freedom, from 
Table V (page 368 - John E .  Freund - "Mathematical   Stat is t ics")  we g e t  
the  value  of X2. For   ins tance ,   for  a probabili ty  of  0.975, and a degree 
of  freedom 26, we g e t  x* = 13.844.  This means that   our   chi-square  value 
ca l cu la t ed  by means of  equation (11) w i l l  be less or   equal   to   13.844 

I 13 .844) ,   i n   o rde r   t o   s ay   t ha t   w i th  a probabi l i ty   of   0 .975  both 

da t a  sets belong  to   the same curve. 

I f   t h e   r e s u l t   o f   t h i s   s t e p  i s  p o s i t i v e  i t  w i l l  mean that   our   system 
i s  working i n  optimum performance. Now, on the   o the r  hand, i f   t h e  
r e s u l t   o f   t h i s   s t e p  i s  negat ive,  i t  w i l l  mean t h a t  we must go t o   t h e  
second step,  which is  t o   f i n d   t h e  components r e s p o n s i b l e   f o r   t h i s   r e s u l t  
and  check i f   t he i r   va lues   a r e   wf th in   t he   a l lowed   r ange .   I f   t h i s  is the  
case,   our  system is  o p e r a t i n g   i n  a normal  condition; i f   n o t ,  we have 
to   diagnose . .  the  faulty  component/s.  

In   t he   s econd   s t ep  we assume that the  impulse  response  of a system 
hfr ,   p l ,   p2,  ..., pn) i s  d i f f e r e n t i a b l e   a t   p l ,  P2' 0 -  * s  Pn¶  then i t  can 

be  represented by a mult iple   Taylor  series. 
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(2.109) 

where p ( f o r   j = l , 2 ,  ..., n) indicates  the  nominal  parameter  values.   For 

small   var ia t ions  in   the  parameters ,   an  approximation  to   the  impulse 
response  can  be  obtained, i f  we cons ider   the  terms up t o   t h e   f i r s t  
order   only.  Then 

j o  

The d i f f e rence  between  the  impulse  response a t   t he   ope ra t ing   pa rame te r  
values  and the  impulse  response a t   t h e  nominal  parameter  values is  given 
by 

W t , P l O ’  . . ,Pno) 
APj  

j =1 3Pj  
(2.111) 

Since  equat ion (2.111) i s  a func t ion   of   the   t ime( t ) ,  we can  apply i t  f o r  
n d i f f e ren t   va lues .   The re fme ,  we get  the  following  equation  system 

(2.112) 

where 
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Figure  2.34 

The equation  (2.112)  can  be  put  in  the  following  matrix form 

a 11 

a 
n l  

a 12 

. 
a 

n2 

a 

a .  
nn 

(2.113) 
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and  then 

all 

a 21 

0 

a n l  

al 2 

a22 

a n2 

. 
a 2n 

0 

. 
a nn 

(2.114) 

o r  

Ap = A-1 E (2. lis) 

The ma t r ix  A i s  determinated a p r i o r i ,  and the  same happens  with 
A-'. Therefore,  knowing t h e   e r r o r   a t  n d i f f e ren t   t imes ,  i t  i s  possible  
to   f ind  the  var ia t ion  (Ap.)   in   each  parameter ,   and  therefore ,   to   see 

i f   t h e  same i s  in   the   a l lowed  to le rance   range   or   no t .  
J 

2.7.2 Conclusions - 
The only tes t  points   needed  in   this   method.are   the  input  and the 

output   of   the   c i rcui t /system  under   tes t ;   therefore ,  it i s  poss ib le   to  
apply i t  t o  any c i r c u i t / s y s t e m   t h a t  is  a l r eady   i n   u se .  

The leve l   o f   no ise   in t roduced   for   t es t   purposes  must  be kept  low 
in   o rder   no t   to   p roduce  any e f f e c t s   i n   t h e  normal  operation  of  the 
c i rcu i t / sys tem  under   t es t .  

2.7.3 Applications - 
The p r i n c i p a l   a p p l i c a t i o n   o f   t h i s  method i s  to  perform  the  checkout 

of a l i nea r   c i r cu i t / sys t em  wh i l e  i t  i s  i n  normal  operation. 

The extension  of   this  method to   inc lude   nonl inear   c i rcu i t s / sys tems 
appears   not   to   be  feasible .  
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2.7.4 Computer Requirements - 
The computer  requirements  for  handling a l l   t h e   p o s t - c a l c u l a t i o n s  

invo lved   i n   t he   f au l ty  component/s  determination  are  extensive,   but 
the  advantages of performing  the  checkout  without  interruption  of  the 
operat ion makes t h i s  method ve ry   a t t r ac t ive .  

The d i agnos i s   ca l cu la t ions  w i l l  be performed  only when the nomi- 
nal  impulse  response  and  the  experimental   impulse  response  do  not 
represent   the  same impulse  response  (chi-square  goodness  of f i t  
c r i t e r i a ) .  



2.92 

2.8 parameter Identification Method 141 

2.8.1 Genera1 

This method i d e n t i f i e s   t h e   c o e f f i c i e n t s   o f   t h e   t r a n s f e r   f u n c t i o n  
of   the  uni t   under  tegt .  The ou tpu t   o f   t he   un i t  i s  c ross -co r re l a t ed  
with  the  outputs   of  o t h o g o n a l   f i l t e r s   t h a t   a r e   e x c i t e d  by the  same 
stimulus  (white  noise f ; from t h i s   c r o s s - c o r r e l a t i o n ,   t h e   c o e f f i c i e n t s  
of   the   t ransfer   func t ion   a re   ob ta ined .  

The response  of a system  to   white   noise  i s  s u f f i c i e n t   t o  com- 
p l e t e l y   d e s c r i b e   b o t h   l i n e a r  and nonlinear  systems. 

L e t  us   cons ider   the   l inear   sys tem  ind ica ted   in   F igure  2.35. 

where 

h ( t )  = impulse  response  of  the  system 

y ( t )  = output  of  the  system 

x(t) = input  of  the  system 

The output  of  the  system i s  given by 

y ( t )  = f x( t  - T )  h ( + ) ' d r  (2.116) 

0 
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Simi la r ly ,   the   ou tput  of t h e  Ztli  f,i.lter  ,whl-l he. given by 

(2.117) 

0 

where 

ln(t) = impulse  response  of   the  nth  f i l ter  

y i ( t )  = output  of the nth f i l t e r .  

Let  us define  the  average  of  the  product  of  y( t) and Y (t) i n  I 
the   fol lowing way 

T 

Then 

(2.119) 

By in te rchanging   the   in tegra t ion   order ,  we g e t  

- 
(2.120) 
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The va lue   y ( t )  y l ( t )   r ep resen t s   vo l t age   l eve l   ou tpu t  and w i l l  

An = Jdm-l h( r l )  f i T 2  t n ( T 2 )  V m ( T 1  - 72)  (2.122) 

be  designated  with An. 

0 0 

If x ( t )  is  white   noise ,   the  power spec t r a  i s  t h e o r e t i c a l l y   t h e  same 
value K2 f o r   a l l   f r e q u e n c i e s ,   o r  aXx(w) = K2, and therefore   the   au to-  

co r re l a t ion   o f   t he   no i se  i s  an  impulse  of  area 2rK , o r  2 

pxx(rl - r2) = 2rK2 &(T,  - T ~ )  'N 2 6(r l  r 2 )  

Considering  equation  (2.123),  equation  (2.122) becomes 

m 

= N 2  Jdi h ( r )  a,(., 
0 

By means of the  'Parseval's  theorem,  equation  (2.124) becomes 

(2.123) 

(2.124) 

(2.125) 

- .oJ 
3' 

This  general   expression may be  expanded i n  terms  of  the  residues 
o f   t h e   o r t h o g o n a l   f i l t e r   t r a n s f e r   f u n c t i o n ;   i n   t h i s  way, a r e l a t i o n s h i p  
f o r   t h e   c o e f f i c i e n t s   o f  Y ( s )  i s  obtained. If p i s  the number of 
c o e f f i c i e n t s   i n   t h e   t r a n s f e r   f u n c t i o n ,  we need t o  have n  from 1 t o  p. 
Therefore,   our p equations w i l l  be given by 



r- 

2.95 

The  configuration  needed  is  shown  in  Figure 2.36. 

Source  of  Sys  tem 
White - under  test L- * Computer 
Noise 

" 

h(t) Ai 
1r 

Orthogonal 
filters 

Figure  2 36 

If the  impulse  response of the  nth  filter  could  be  written  as 

(2.126) 

where B (s) is a polynomial  of  nth  order  and  within  different  roots,  the 
value  An  could  be  written  as 

n 

(2.127) 

Therefore,  our  system  will  be  given  by 
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From this   system,  the p coe f f i c i en t s   o fYl ( s )  are  found. 

The corresponding  analysis   for   non-l inear   systems is  more 
complex  and makes use  of   Wiener 's   nonl inear   theory.   See  for  more 
d e t a i l s   t h e   r e f e r e n c e   g i v e n  a t  the   beginning   of   th i s  method. 

The only tes t  points  needed i n   t h i s  method a re   t he   i npu t  and the 
output   of   the   c i rcui t lsystem  under  tes t ;  t he re fo re ,  i t  is  p o s s i b l e   t o  
apply it t o  any c i r c u i t l s y s t e m   t h a t  i s  a l r eady   i n   u se ,  no  hardware 
requirements  are  needed. 

2.8.3 Applications - 
The a p p l i c a t i o n   o f   t h i s  method covers   l inear  and non l inea r   c i r -  

cu i t s l sys t ems ,   bu t   t he  main disadvantages is t h a t   t h e   c i r c u i t l s y s t e m  
must  be  out  of  operation. 

2.8.4 Computer  Requirements - 
The complex pos t -ca lcu la t ions   involved   in   th i s  method  impose 

strong  requirements on the  computer.  These  requirements 
i n c r e a s e   i f   t h e   c i r c u i t l s y s t e m   u n d e r   t e s t  is  non l inea r .   Fo r   t h i s   r ea -  
son ,   the   appl icabi l i ty  of t h i s  method i s  o n l y   j u s t i f i e d  when the re  i s  
no   poss ib i l i ty   o f   apply ing .  any o t h e r  method  of  diagnosis. 
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2.9 Max-Current  Method 

2.9.1 General 

3 

The idea  of t h i s  method i s  as follows: "If between 2 
t h e r e  are more than  one  branch, a v a r i a t i o n  i n  one o r  more 

nodes 
of   the 

components t ha t   be long   t o   t he   b ranch  which carries a predominant 
amount of current   can  be  detected a t  the  given  nodes.  On t he   o the r  
hand,   any  var ia t ion  in  one o r  more of t h e  components tha t   be long  
t o   t h e   b r a n c h   t h a t   o n l y   c a r r i e s  a small amount  of cu r ren t  are masked 
by the   no rma1 , in to l e rance   va r i a t ions  of a l l  t h e  components. Therefore ,  
t he   on ly   pa th   i n  which f a i l u r e  produce a unique   e f fec t  i s  i n   t h e   p a t h  
t h a t   c a r r i e s  a  predominant amount of current .   This  i s  c a l l e d   t h e  
ma i o r i t y   c u r r e n t   p a t h  (MCP) . *' 

The calculat ions  proceed from the  test p o i n t   o r  node  (say  node k) 
a t  which  the  posi t ive test vol tage  i s  appl ied.   See  f igure 2.37. 

R 0 

+"1 
Tes t   Poin t  

R 0 

Figure 2.37 
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The  remaining  nodes  that  are  connected  to  node k are  examined 
and  we  choose  the  one  that  carries  the  highest  current,  say  n.  This 
new  node  now  replaces  node k and  the  process  is  continued  until  the 
return  node  of  the  test  point  pair  is  encountered,  node  i.  All  the 
nodes  and  branches  that  were  selected  belong  to  the MCP.' 

Now,  from  measurements  that  will  be  done  between  the  test  points 
(k-i),  the  only  components  that  are  going  to  have a unique  effect  in 
its  variations  will  be  the  components  that  belong to the MCP; therefore, 
the  fault  isolation  from  these  two  test  points  will  be  only  for  the 
components  belonging  to  the MCP. It is  obvious,  that  we  need  more  test 
pohts to  make  the  isolation  in  all  the  components  that  belong  to  the 
circuit  given  in  figure 2.37. In  order  to  select  the  adequate  number 
and  placement  of  the  test  points,  the  following  criteria  are  adequate: 

There  should  be a test  point  at  the  output  of  each  stage 
or  at  the  input  to  the  following  stage. 

There  s'lould  be a minimum of one  test  point  (including 
power,  one  input,  and  one  output)  for  every  seven  passive 
components (resistor/capacitor/inductor) and  semi-conductor 
elements  (diode/transistor) in the  circuit. 

There  should  be a test  point  placed  at  each  node  to  which 
three  or  more  transistors  are  connected. 

There  should  be  one  additional  test  point  on  each  bridge 
type  configuration  (see  Note  below). 

The'added  test  points  should  not  be  connected  at a node  where 
the  connection  will  adversely  affect  the  circuit  configuration, 
especially  the  input  to a stage  of  isolation or amplification. 

Note - Since  the  bridge  configuration is the  most  difficult  to 
analyze , the  following  procedure  is  suggested  in  the  mentioned 
reference : 

1.  Determine  the  lowest  numbered  node to which  three  or  more 
elements  are'  connected. 

2. Find  the  next  lowest  numbered  node to which  three  or  more 
elements  are  connected. 

3.  Is there  an  element  from a node  in s t e p  (1) to a node  in step (2) ? 
If yes, a bridge  has  been  found,  proceed to step ( 4 ) .  If not, 
return to step (2) to  process  the  next  node  (i.e.  to find the 
next  higher  .numbered  node.with  three  elements  connected  to 'it). 
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4. Assume t h a t  a bridge  has  been  found  and  the  center  nodes  of 
the   b r idge  are numbered i and j where i i s  lower i n  number 
than j .  Determine i f  some element  goes  from  node i o r  node 
j t o  ground. I f   yes ,   p roceed   to   s tep  (5); i f   n o t ,  
that br idge   conf igura t ion   does   no t   requi re  an a d d i t i o n a l  
test p o i n t ;   r e t u r n   t o   s t e p  (2) t o  process   the  next node. 

5 .  Determine i f   t h e   b a s e   o r   t h e  emitter of a t r a n s i s t o r  is  
connected t o  node i. 

a) I f   no t ,   p roceed   to   s tep  (6) 

b) I f   yes ,   de t e rmine   i f   t he  emitter has a test p o i n t   o r  
i f  it i s  connected  to  ground.  If   not,   place a test. 
poin t   on   the   emi t te r ;   i f   yes ,   p lace  a test po in t  on t h e  
c o l l e c t o r   i f  one  does  not  already exist there .   Proceed  to  
s t e p  (8). 

6 .  Determine i f   t h e   c o l l e c t o r   o f  a t r a n s i s t o r  is  connected  to 
node i. 

a) If  no t ,   r epea t   s t eps  (5) and ( 6 )  f o r  node j ;  then  proceed 
t o   s t e p  (7) 

b) I f  yes ,   p l ace  a test poin t  a t  the   co l l ec to r ,   p roceed   t o  
s t e p  (8). 

7. I f  a test poin t   has   no t   ye t   been   ass igned ,  node i i s  assigned 
a s  a test  poin t .  

8. Update  node i as the   next  three element  node  and  continue 
the  procedure.   ( I f  node i is assigned as a test po in t ,  
this node is never   considered  again  for  a p o t e n t i a l   b r i d g e  
c i r c u i t .  If a node k on the   t rans is tor   connec ted   to  node i 
i s  assigned as a test poin t ,  node k is  never  considered  again 
bu t  node i is s t i l l  under  consideration.)  

A l l  the   above  s teps  are indica ted   in   the   f lowchar t  shown i n   f i g u r e  2.38. 

2.9.2 Conclusions - 
The number of test poin ts   requi red ,   increase   rap id ly   wi th   the  

increase   o f   the   s ize   o f   the   c i rcu i t   under  test. The re fo re ,   t h i s  
p laces  a l i m i t a t i o n o n   t h e   s i z e   t h a t  is  poss ib l e   t o  be handled. 

Dynamic and static measurements w i l i  be  performed i n  o r d e r   t o  
d e t e c t   t h e   f a u l t y  component. 



2.100 

The application  of  this method i s  for  transistorized  .circuits, 
and not  for  systems. 

2.-9.4 Computer Requirements - 
Only simple post  calculations  are  involved,  therefore  there  are 

not  special requirements about the computer that w i l l  be needed. 
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Figure 2..38 - Procedure developed to analyze 
bridge corlf igura t ion. 
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2.10 Detection  Condition Method (Dynamic System  Testing) - 
2.10.1 General 

response of a system. The following  assumptions  are made regarding 
t h e   u n i t   t h a t  w i l l  be  checked. 

This method consists  of  taking  measurements  from a t r a n s i e n t  

The conf igu ra t ion   o f   t he   un i t  i s  known, b u t   t h e   a c t u a l  
values of i t s  components a r e  unknown. 

The design  values  of  the components t ha t   be long   t o   t he  
u n i t   a r e  known; t h e r e f o r e ,   t h e   t h e o r e t i c a l   c o e f f i c i e n t s  
of t he   d i f f e rence   equa t ion   a r e  known. 

In   o rde r   fo r   t he   pe r fo rmance   o f   t he   un i t   t o   be   s a t i s f ac to ry ,  
t h e   c o e f f i c i e n t s   o f   t h e   a c t u a l   d i f f e r e n c e   e q u a t i o n   t h a t  
describe  the  system must  be wi th in  known to l e rance  bounds. 

With a l l   t h e  above  assumptions, a mathematical  condition is  
obtained  between  the  theoret ical   coeff ic ients ,   the   measurements  
taken  and  the  bounds  of  each  coefficient. I f   t h i s   c o n d i t i o n  i s  
sa t i s f ied ,   the   per formance   of   the   un i t  i s  acceptable;   o therwise,  i t  
i s  faul ty .*   I f   the   performance  of   the  uni t  is nonsa t i s f ac to ry ,  
the  data  obtained  could  be  used  to make the  diagnosis .@q 

Therefore,   the two approaches  outl ined  above  are 

a F i r s t ,   i f   o u r   s y s t e m  i s  working  with a l l   t h e  components 
within  the  normal  range , and 

Second,  i.f t h i s  i s  not  the  case,  what  are  the  component/s 
responsible   for   this   change.  

I n   o r d e r   t o   a c c o m p l i s h   t h e   f i r s t   s t e g ,  we assume that the  curve 
h(t) shown i n   F i g u r e  2.39 represents   the   theore t ica l   impulse  
respisnse  of  the  system  under  test.  Since  the  components  have some 
range   of   to le rance ,   for  any specific  combination  of them, we a r e  
going  to   have  another   impulse  response,   as   the  one  that  i s  shown i n  
the  mentioned  figure k(t)) . Also  the  difference  between &(t) and 
h ( t )  i s  i n d i c a t e d   i n  t e same f i g u r e .  

The samples  obtained  from  both  curves  must  satisfy  the  following 
d i f fe rence   equat ions  

*Garzia, B. E'. - 'A Fast   Technique  for  Dynamic Faul t   Detect ion - 1970 
IEEE Automatic  Support  Systems  for Advanced Main ta inab i l i t y  - S t .  &ouis, 
Missouri - October  1970. 
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(2.129) 1 2 a; h(n + iT)  = 0 
i = O  

impul s e 
response 

Figure 2.39 
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Now, in   o rder   for   the   sys tem  to   be   wi th in   the   normal   range ,  
each   coe f f i c i en t  mus t   be   subjec t   to   the   fo l lowing   cons t ra in t .  

I 

ai - %min I ai S a i +  t ima x (2.130) 

In general ,  we can  wri te  

a i  “ - ai  + i 

Therefore,  the  second  equation  of  (2.129) becomes 

e a i  h(n + iT)  + f=ei h(n + i T )  = 0 
i = O  i= 0 

(2.131) 

(2.132) 

Now, i f   i n   e q u a t i o n  (2.132) we w r i t e  ins tead   of  t we g e t  
the   fo l lowing   re la t ionship  ‘iqax i’ 

2 ai  h(n + iT)  + 2 cimax h(n + iT)  2 0 (2.133) 

i=O i = O  

Making the same thing  with  the  lower bound, we a r r i v e   a t   t h e   f o l l o w i n g  
equat ion 

q 2 ai  h(n + i T )  - ‘irnin h(n + iT )  5 0 

i = O  i = O  

If e = e  
i m i  n ima x i m  

= e  

q m 

ai  h(n + iT)  + e h(n + iT)  2 0 i m  
i = O  i = O  

q 2 ai  h(n + iT) - eim h(n + iT)  5 0 

i s 0  i =O 

(2.134) 

(2.135) 
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Therefore,  we can   s ta te   the   fo l lowing   condi t ion  

(2.136) 

The above  condition i s  a necessa ry   bu t   no t   su f f i c i en t   one   fo r   a l l  
c o e f f i c i e n t s  of the   sys tem  to   be   wi th in   the i r   to le rance  limits. 

m m 

i=o i=e 
However, i f  I ai  h(n + iT)1 > I eim h(n + i T ) I  i s  a s u f f i c i e n t  

condi t ion   for   one   o r  more coef f ic ien ts   to   be   ou t   o f   to le rance .  

In   order   to   accomplish  the  second  s tep,  we a re   go ing   to   use   the  
Prony's method t h a t  i s  ou t l ined  below  and makes use  of a number of 
measurements  given by two times the   degree   o f   the   d i f fe ren t ia l  

equat ion   tha t   descr ibes   the  syscem. E3]' If we have  indicated  with m the  
degree   o f   our   d i f fe ren t ia l   equa t ion ,   the   t ransfer   func t ion   of   our  
system is  given by 

K(s - s ~ ) ( s  - sII) . . . (S - sd) 
H(a)  = (2.137) 

(s  - S $ ( S  - s2) . . . (s - Sm) 

Now, making the  f ract ion '   par t ia l   expansion  of   equat ion  (2 .137)  

H(s) = K1 + K2 + ... + Km (2.138) 
s - s1 s - 52 s - s, 

Taking  the  anti-Laplace  transform  of  equation  (2.138) we g e t  

h ( t )  = K1 e s 2 t  + ... + Km e 'mt 

I n   t h e   d e r i v a t i o n   o f   t h i s   e q u a t i o n ,  we assume t h a t   a l l   t h e   r o o t s   a r e  
d i f f e r e n t .  
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I f   i n s t ead   o f   hav ing  t a s  a cont inuous  var iable ,  we assume 
tha t   t he   va lues   a r e   t aken   a t   equa l   Pme t ryad)  karlldd r3 L9 &I .pmSdble 
t o   w r i t e   t h e   e q u a t i o n  (2.139) a s  follows 

S 1nT s 2nT 
h(nT) = K1 e + K2 e + ... + K,,, e (2.140) 

smnT 

Of course,  bb&h  enrptees$oas  idantidg..the same system. Now, 
applying  the  equat ion  (2 .140)   to   different   values   of   n ,  we can form 
the  fol lowing  sys  tern 

[ h(0) = K1 + K2 + . . . + Km I h(T) = K1 eSIT + K2 e s2T + ... + Km e SmT 

(2.141) 

h(mT) = K1 e 
s lmT 

+ K  e 
s 2mT smmT + ... + K e 

2 m 

In   o rder   to   ge t   the   so lu t ion   of   equa t ions   (2 .141) ,  we take   a1  
times the  second  equat ion,   a2  the  third  equat ion,   and so fo r th .  Now 
making the sum with  the  system formed i n   t h a t  way, we ge t  

a,h(mT) + . . . + alh(T) + h(0) = K 1  + . . . + e 1 al + 1 S T  

+ ... + e s2T a + 11 1 s 2mT 

1 

+ . . .  
+ Km kmeSmmT + . .. + e smT al + l] (2.142) 

Cal l ing  e t= Zi, the  above  equation  could be wr i t t en   a s   fo l lows  

am h.fmT) + . . . + alh(T) + h(0) = K1 L Z y  + . . . + alZl + 11 
s i T  

+ K~ a z m +  ....+ a z + 1 
L m  1 2  1 

+ . . .  
+.. .+ a Z  + 1  l m  1 (2.143) 
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If Z1, Z2, ... Zm a r e   t h e   r o o t s  of the   equat ion  amZ -k 

m - 1  

m 

am-1Z + . . . + alZ + 1 = 0, the  equation  (2.143) becomes 

+ . . . + alh(T) + h(0) = 0 (2.144) 

And, s i n c e   t h i s  is  t r u e   f o r  any n,  we can wr.ite the  equat ion (2.144) 
as follows 

amh(n+mT) + am - lh + . . . + alh(&T) f- h(n) = 0 (2.145) 

Applying, m t imes  the  equat ion  (2 .145)   for   dif ferent   values  of n,  we' 
form the  following  equation  system 

a h(mT) + am,lh + . .. +- alh(T) = -h(O) m 

amh ( (mt1)T ) + am-1  h(mT) + . . . + alh(2T) = -h(T) 
(2.146) 

. .  . .  . 
a h(2mT) + am  lh + .. . + a h(mT) = -h - 1 

Therefore,   the  procedure  for  applying  the  Prony's method i s  a s  
follows 

0 Make 2m measurements  of  the  impu'lse  response a t  equal -8eruaIs. 

a With  the  measurements  of  the  above  item,  find  the  values of 
t h e   c o e f f i c i e n t s   a l ,   a 2 ,  .-. am  with  the  equations  system  (2.146). 

0 Bifid the rqots   of   the   equat ion a Zm f- a Zm-' + ... + alZ + 1 = 0 m m - 1  

0 With the  equations  system  (2.141)  find  the  values K1,  K2, .. . s. 
a The poles  of  the sys tem are   g iven  by 

(2.147) 
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2.10.2 cmc1us ions  - 
This  method provides a good approach   t o   t he   so lu t ion   o f .   t he  

f a u l t   i s o l a t i o n  problem. An optimum sampling  interval  exists when 
Prony's  technique is  used,  the same i s  a funct ion  of   the  highest  
f requency   des i red   to   be   re t r ieved .  

The de tec t ion   condi t ion  i s  a very   fas t   p rocedure   for   checking  
i f   f u r t h e r   a n a l y s i s   w i t h   t h e   d a t a  w i l l  be   necessary  to  be performed. 

2.10.3 Applicat ions - 
The app l i ca t ion   o f   t h i s  method c o v e r s   o n l y   l i n e a r   c i r c u i t s /  

systems,  but  the main disadvantages i s  tha t   the   sys tem must  be out  
of  opera  t ion.  

The complex pos t -ca lcu la t ions   involved   in   thB method  imposed 
some requirements  on  the  computer  required.  These  requirements 
i nc rease   i f   t he   c i r cu i t / sys t em  unde r   t e s t  becomes more complex. 

.. . " . . .. " . . . .. ... . , 
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CHAPTER I11 

3.1 Cownents " on t h e  Methods  Described 

Ten methods  have  been  presented,  three  of them with two d i f f e r e n t  
techniques.   In  some cases,   computer  applications  have  been  included. 

The programs t h a t  have  been  used a re   g iven   i n   t he  Appendix. A 
l i s t  of them i s  as   fol lows:  

Program No. 1 - C l a s s i f i c a t i o n  Method 
Matrix  Recognition  Technique 

Program No. 2 - Key Element  Search Method 
Nonlinear  Technique  (First   Application) 

Program NO. 3 - Key Element  Search Method 
Nonlinear  Technique  (Second  Application) 

Program No. 4 - Key Element  Search 
Linear  Technique 

Program No. 5 - I t e r a t i v e  Method 

Program No. 6 - Transfer  Function Method 
Bode Diagram  Technique 

Program No. 7 - S c a l a r  Remnant  Method 

I n   o r d e r   t o  have some idea  about  each  program  and  also  to know 
some of the  computer  requirements, a br ie f   descr ip t ion   of   each  one 
of them is given.below. 

3.1.1 Program No. 1 

This  program is  the  implementat ion  of   the  c lass i f icat ion method 
using  the  matrix  recognition  technique. The f lowchar t s   tha t   descr ibe  
i t  a re   g iven   i n   F igu res  2.5, 2.6  and 2.7 (pages  2.9, 2.10  and 2.11). 
Up t o   1 4   v a r i a b l e s   c a n  be  handled,  with  not more than 28 bounds asso- 
c ia ted   wi th  them. Therefore, i f  each  var iable   has  more than  two'bounds, 
the number o f   v a r i a b l e s   t h a t  w i l l  be poss ib le   to   handle   a re   g iven  by 
the   fo l lowing   inequal i ty  

2 - < 28 

i=l 
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where b i   des igna te s   t he  number of d i f f e r e n t  bounds tha t   be long   to   the  
v a r i a b l e  i, and N gives   the  number of   var iab les .  The  number of 
regions  can go up t o  31. I f   f o r  some a p p l i c a t i o n s ,  we need to   run  
programs no t   sub jec t   t o   t hese   cons t r a in t s ,   changes   i n   t he  DIMENSION 
and FORMATS statements  could  be  easily  done. 

The inpu t   t o   t he  program i s  the number o f   va r i ab le s ,  number of 
regions,   the bounds in   each   reg ion  and the   input   vec tors .  

The output  i s  

0 number o f   va r i ab le s  
number of  regions 

0 descr ip t ion   of   each   reg ion  
0 mat r ix  H 
0 mat r ix  K 
0 Matrix M 
0 for   each  input   vector ,  i t s  va lues ,   the   ou tput   vec tor  and the 

region/s  of operat ion.  

The computer  used  has  been  the UNIVAC 1108,  and  the memory 
requirements   are   as   fol lows.  

- 
IEANK (Decimal) 4143 words 
D U N K  (Decimal) 4583 words 

Total  (Decimal) €4906 words 

3.1.2  Program No. 2 

Since  the program for  the  implementation  of  the key  element  search 
method - nonlinear  technique  depends on the   c i r cu i t   unde r  tes t ,  the 
mentioned  program'has  been  developed  for  the  circuit  given  in  Figure  2.8 
(page  2.21). The flowchart  is  indicated  in  Figure  2.9  (page  2.25) . 

The input   to   the  program is the  design  values of t he   s even   r e s i s to r s  
and the  four  measurements  values. 

The output  i s  

0 design  values   of   the   seven  res is tors  
0 measurement  values 
0 the  values of SJ and the   roo t   fo r   each  component 
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The computer  used  has  been  the IBM 1130, and  the memory r equ i r e -  
ments a r e   a s   f o l l o w s  

VARIABLES (Decimal) 192 bytes 
PROGRAM (Decimal) 1892 bytes 

To t a  1 (Decimal) 2084 bytes 

3.1.3 'Program No. 3 

The d e s c r i p t i o n  i s  exac t ly   the  same as  the  former  program,  except 
t h a t   t h e   c i r c u i t   u n d e r  t es t  i s  the  one shown i n   F i g u r e  2.10 (page  2.27). 

The computer  used  has  been  the IBM 1130,  and  the memory r equ i r e -  
ments a re   a s   fo l lows  

VARIABLES (Decimal) 160 bytes 
PROGRAM (Decimal) - 1230 bytes 

To ta l  (Decimal)  1390  bytes 

For   the  type  of   c i rcui t   g iven,  we can  say  that   the memory r equ i r e -  
ments i n   func t ion  of the number of components w i l l  be a curve  that   looks 
l i k e   t o  one shown in  Figure  3 .1  - nonlinear   case.  

3.1.4 Program No. 4 

Since  the program for  the  implementation  of  the key  element  search 
method - l inear  technique  depends on the   c i r cu i t   unde r   t e s t ,   t he  men- 
t ioned  program  has  been  developed  for  the  circuit   given  in  Figure 2 .8  
(page  2.21). The flowchart  is  indicated  in  Figure  2.11  (page  2.33).  

The i n p u t   t o   t h e  program is the  design  values of t he   s even   r e s i s to r s  
and  the  four  measurements  values. 

The output  is 

0 design  values   of   the   seven  res is tors  
0 measurements  values 
0 the  values of SJ and M for   each  component 
0 t he  most l i k e l y   f a u l t  component (This i s  ind ica t ed  by p r i n t i n g  j 

t h r e e   s t a r s   a t   t h e   r i g h t   o f   t h e  component  number.) 
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The computer  used  has  been  the IBM 1130, and the memory require-  
ments are   as   fol lows 

VARIABLES (Decimal) 278 bytes  
PROGRAM (Decimal) 2100 bytes 

7 

To t a  1 (Decimal) 2378 bytes 

For the  type  of   c i rcui t   under   s tudy,   the   curve  that  shows the 
memory requi red   in   func t ion ,of   the  number of components is  given by 
the one shown in  Figure 3.1 ( l inear   case) .  

To ta  1 

3K _ _  

2K -c 

1 K  -- 

Memory 
Requirements l inear   case  

nonlinear case 

. 1 I I I I I I 
I I t 

5 6 7 8 9 10 11 1 2  13 Number of 
Components 

Figure  3.1 - Computer Requirements 
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3.1.5 Program No. !J 

The steps  needed i n  0rde.r   to  implement  this program a r e   g i v e n   i n  
the  f lowchart  shown in  Figure  2.&3  (page  2.39). The c i r c u i t   u n d e r  
study i s  ind ica t ed   i n   F igu re  2.14  (page  2.403. Up t o   t e n  measurements 
of O / I  gain  could  be  used i n   t h e  program. 

The i n p u t   t o   t h e  program is the number of  frequencies,   the  values 
of  them,  the  output/input  gains,  and  the  standard  deviations. 

The output  i s  

0 normal  components 
0 frequencies 
0 measurements 
0 s tandard   devia t ions  
0 normal O / I  r e l a t i o n s  
0 M a t r i x . F p l  

0 Matrix  (Fpl)- l  

0 product  matrix  (Fpl) (FtA) -' 
0 components values 
0 S index 

The computer  used  has  been  the UNIVAC 1108,  and  the memory r equ i r e -  
ments a re   a s   fo l l aws  

IBANK (Decimal) 4680  words 
DBANK (Decimal) - 2710 words 

Total  (Decimal) 7390  words 

I n   t h e  above  requirements, i t  is also  included  the  subrout ine MLNV 
for   the   mat r ix   invers ion .  

3.1.6  Program No. 6 

This  program  has  been  developed for   the   c i rcu i t   g iven   in   F igure   2 .14  
(page  2.40). The f low  char t  i s  indicated  in   Figure  2 .19  (page  2 .52) .  

The i n p u t   t o   t h e  program i s  the  design  values  of  the  components (R1, 
C1, RZ and C 2 ) ,  and the   de t ec t ion   cond i t ion   fo r   t he   ze ro   ( i n   ou r   ca se  
was + 0.003). 

I 
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The output  is  

0 the  four  break  frequencies 
0 the   f ive  tes t  frequencies 

the   ga in   a t   each   tes t   f requency   for   d i f fe ren t   ranges   o f  

0 a d i c t iona ry   t ab l e  
var ia t ion   o f   each  component 

The computer  used  has  been  the UNIVAC 1108,  and  the memory r equ i r e -  
ments a re   as   fo l lows  

IBANK (Decimal) 4168 words 
DBANK (Decimal) - 2312 words 

Total  (Decimal) 6480 words 

3.1.7 Program No. 7 

Since  the program for  the  implementation  of  the  Scalar  Remnant,  
Method depends on the  c i rcui t   under   tes t ,   the   ment ioned program  has  been 
developed  for  the  circuit   given  in  Figure  2.26  (page 2 .72) .  

The input  to  the  program i s  the  design  values  of  the components 
(R1 , C1 , R2 and C2) , the  value  of j9 and the  changes  in  the  components. 

The output i s  

0 the  design  values  of  the  components 
t he   coe f f i c i en t s   o f   t he   f r ac t ion   expans ion  

0 the   values   of   the   input   and  output ,   and  the  f i rs t  and  second 
der iva t ives   o f   the  same, in   funct ion  of   changes  in   the  values  
of  the  components  (525%) 

0 a l lowed   coe f f i c i en t s   va r i a t ion  
0 s c a l a r  remnant  indexes 

The computer  used  has  been  the UNIVAC 1108,  and  the memory r equ i r e -  
ments a re   as   fo l lows  

IBANK (Decimal) 5050 words 
DBANK (Dec ima 1) 2547 words - 
Total  (Decimal) 759.7 words 
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3,2 Conclusions 

Since  only  recent ly  we have s t a r t e d   t o   e v a l u a t e   t h e  methods  pre- 
s e n t e d   i n   t h i s   r e p o r t ,  we cannot make a f i n a l  judgement  about  these 
methods but   s imply   s ta te   a  few observat ions.  

Nearly a l l  methods require  a  mathematical  model  of t h e   c i r c u i t  
o r  system  under t es t  which is  very   c lose   to   the   ac tua l   sys tem.  The 
model equat ions  are   being  used  for   calculat ing  the  nominal   response 
which is  compared with  the  measured  response. The d i f f e rence  between 
these two responses, i . e . ,  the   e r ror   response ,  is  then  messaged t o  
es t imate   the   parameter   devia t ions  from t h e i r  nominal  values. Many 
methods  assume that  the  physical   system  can  be  represented by l i n e a r  
models  which i s  good f o r   c e r t a i n   c i r c u i t s  and sys tems  or   wi th in   cer ta in  
opera t ing   ranges ;   bu t   in   the   major i ty   o f   cases   l inear  models are   prob-  
a b l y   n o t   s u f f i c i e n t .  Hence,  a prerequis i te   for   accura te   computa t ion  
of   these  deviat ions i s  that  accurate  mathematical   models of the  physical  
system  under  test  can  be  found.  This  points  to  the  importance  of model- 
ing  and  the  ver i f icat ion of  models by s imulat ion.  

Many methods  have  been  developed f o r   c i r c u i t s ;  however, some of 
them can   a l so  be  applied  to  systems  since  the  mathematical   representa- 
t i o n   o f   e l e c t r i c a l   c i r c u i t s  and cer ta in   systems  such  as   feedback  control  
systems is  very   s imi la r .  

Some of  the methods r equ i r e   l a rge  amounts of  computations  which 
might  lead to  large  numerical   errors  so that  they  can  be  applied  to 
smal l   c i rcu i t s   o r   sys tems  on ly .   I f   the   l a rge  amount of  computations 
has   to  be  done  once f o r  a   pa r t i cu la r   ha rdware   sys t ems   p r io r   t o   t he   t e s t  
and i f   t h e  amount of on- l ine   p rocess ing   dur ing   the   t es t   i t se l f  i s  small ,  
the  extensive  computational  load may be t o l e r a t e d ,   s i n c e  it i s  required 
only  once  and  not  for  each test. 

None of  the  methods  presented  took  into  account  any  tolerance  bounds 
of the  components. I n   a l l  methods, i t  i s  assumed that  the  nominal  value 
of  a component is  a   f ixed number and would not  change  between  allowable 
tolerance  margins. The determination  of  the  allowable  tolerance  margins 
a t   the   outputs   of   a   system  for   given  tolerance  margins  of the  parameters 
of  subsystems  and  components  within  the  system is  a d i f f i c u l t   t a s k  by 
i t s e l f .  For th i s   r ea son ,  we have s t a r t e d   t o  work  on s e n s i t i v i t y   a n a l y s i s  
methods t o   f i n d   o u t  how parameter  changes  of  components a f f ec t   t he   ou tpu t  
s ignal   of   a   subsystem  or   system/circui t .   This   s tudy  can  a lso  lead  to  
determining  the optimum loca t ion   o f   t he  test po in t s .  A computer  program 
l i k e  MARSYAS* which  can  be  expanded to   i nc lude   s ens i t i v i ty   ana lys i s   capa -  
b i l i t y   f o r  any  systems  configuration would be   he lpfu l .  

*Trauboth, H. and  Prasad, N .  - MAWAS - A Software  System  for  the  Digital  
Simulation  of  Physical  Systems - Proc.  of SJCC, A t l a n t i c   C i t y ,  May 1970. 

I 
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Many methods  assume t h a t   t h e  measurements  of the  responses   are  
n o t   d i s t o r t e d  by noise .  

However, i n   p r a c t i c e  some noise  and ins t rumenta t ion   e r rors  
superimpose  the  measurement  signal.   For  this  reason, we are   looking 
i n t o   f i l t e r i n g   t e c h n i q u e s   s u c h   a s  Kalman f i l t e r i n g   f o r   b e t t e r  es t i -  
mation  of  the  measurements  and  for  suppressing  signal  noise. 

Since  eventually  the  computer  software methods  have t o   i n t e r f a c e  
with  actual   hardware,  i t  is  impor tan t   to  know what   the   cons t ra in ts  
from the  instrumentat ion  and  data   acquis i t ion  system  are .  

We a r e   j u s t   s t a r t i n g   w i t h  an  out-of-house  contract   to   def ine 
these  constraints   such  as   sensor   accuracy,   sampling  ra te ,   noise   level ,  
locat ion  of   tes t   points ,   performance  var iable   dynamics,  etc. ,  based 
on typical   subsystems  designs  for   Space  Shut t le .  

We f e e l   t h a t  some of the  methods  could  be  modified  and  improved  to 
make them in to   p rac t ica l   too ls .   Others   which  assume i d e a l   s i t u a t i o n s  
a re   imprac t i ca l   i n  a real  environment. However, we th ink   t ha t   t he  
app l i ca t ion   o f  modern techniques  of  control  systems  theory,  information 
theory,  and   ne twork   theory   could   l ead   to   be t te r   fau l t   i so la t ion  methods 
which a r e   p r a c t i c a l  and ef f ic ien t .   Af te r   thoroughly   eva lua t ing   the  
methods p re sen ted   i n   t he   r epor t ,  we w i l l  concentrate  on the  development 
of a few methods  which a re   p romis ing   for   p rac t ica l   appl ica t ions   in  
au tomat ic   t es t ing  and  automatic  ground/on-board  checkout. 

3.3 Future  Research Needed i n   t h i s  Area 

The fu ture   research  needed i n   t h i s   a r d a  would  be 

Ins t rumen ta t ion   r equ i r emen t s   fo r   f au l t   i so l a t ion  computer  methods. 
Sens i t i v i ty   ana lys i s   o f   f au l t   i so l a t ion   compute r  methods 
Better  estimation  of  measurements  values ' 

Functional  Simulation  of  the SSV and SS 
Additional  fahlt   isolation  computer  methods 
New measurements  techniques 
Mathematical  models  of  the SSV and SS 
Logis t ic /opera t iona l   s tud ies  
Fau l t   i so l a t ion   me thod l s   fo r   t he  SSV and SS 

A f lowchart   on  these  s teps  is  shown in   F igu re  3.2. 
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5.1 

5.1 Program No. 1* 

C CLASSIFICATION  METHOD 
INTEGER H(15,28)  ,x(15) 
DIMENSION K(31,28)  ,NUM(31)  ,IVAL(28)  ,KK(28,31)  ,MM(15,31) 

10 FORMAT(212,314,2A2) 
11  FORMAT  (2014/) 
12 FORMAT(45X,  2(12, ' / I )  ,I4/5X,  'NUMBER  OF  VARIABLES ='  ,I4/5X,  'NUMBER 0 

13 FORMAT(5X,'REGION',I3,24X,'X',I2) 
14 FORMAT( I+', 29X,I4,  1X,A2) 
15 FORMAT('+',4IX,A2,13) 
16  FORMAT(38X,'Xt,12) 
17  FORMAT(/) 
18 FORMAT('l',44X,2(12,'/'),I4/) 
19  FORMAT( 2X, 2814) 
20  FORMAT(  2713) 
21  FORMAT(~X,  'REGION'  ,I3) 
22  FORMAT( 2X, 'MATRIX  H' //) 
23  FORMAT( 2X, 'MATRIX  K' //) 
24  FORMAT ( 2X, 'MATRIX  M' / /) 
25  FOIRMAT('+',l4X,'-  REGION',I3) 

2F  REGIONS = ' , I4/) 

MM1= 5 
MM2= 6 
READ(MM1,lO) M1,M2,M3,N,MyGA,CH 
MO=  2kM 
DO 100  I=l,N 

100  READ(MM1,ll)  (K(I,J),J=l,MC) 
C STATEMENT OF THE PROBLEM 

WRITE(MM2,12)  Ml,Mz,M3,M,N 
IL=1 
DO  101  I=l,N 
WRITE ("2 , 13) I, IL 
IF (K(1,l)) 102,103,102 

102 WRITE(MM2,14)  K(I,l),CH 
103  IF (K(I,2)) 104,105,104 
104 WRITE(MM2,15)  GA,K(I,2) 
105 'DO 106  J=2,M 

WRITE  (MM2 , 16) J 
IF (K(IY2kJ-1))  107,108,107 

107  WRITE(MM2,14)  K(I,2kJ-1)  ,CH 
108  IF (K(1,  BJ))  109,106,109 
109  WRITE(MM2,lS)  GA,K(I,BJ) 
106  CONTINUE 
101 WRITE (MM2,17) 

JrUNIVAC  1108 
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C BOUNDS  OF  EACH  VARIABLE 
KK1=0 
1-0 
IOD=O 
DO  110  J=l,MO,2 
IND=INDt 1 
JRI=l 

303  IF (K(JRI,J)) 301,301,302 
301  JRI=JRI+l 

GO TO  303 
302 IVAL (IND)=K(JRI,J) 

TUD=IND-IOD 
KOK=O 

115  DO  111  L=l,N 
M"=KOK+ J 
IF(K(L,M")) 111,111,300 

300  DO  191  LL=IUD,  IND 

191  CONTINUE 
IF(K(L,M")-IVAL(LL)) 191,111,191 

IND=IND+l 
IVAL (IND)=K(L,MMM) 

111  CONTINUE 
IF(K0K) 113,113 , 114 

11 3 KOK=KOK+ 1 
GO TO  115 

114 KKl=KK1+1 
NUM(KKI)=IND-IOD 
IOD=IND 

110  CONTINUE 
C MATRIX H 

JMAX=IND 
IMAX="l 
DO  116  J=l,JMAX 
DO 117  I=l,IMAX 

117 H(I,J)=O 
116  H(IMAX,J)=-IVAL  (J) 

Kl=l 
K2=NUM(  1) 
DO  118  L=l,KKl 
DO  119  J=Kl,K2 

Kl=K2+ 1 

WRITE  (MM2,18)  M1  ,M2  ,M3 

119 H(L,J)=l 

118 Ke=NUM(L+l)+K2 

WRITE  (MM2,22) 
DO 1.20 I=l ,I- 

120 WRITE(MM2,19)  (H(1,J)  ,J=l,JMAX) 
C MATRIX K 

DO 140  J=l,N 
DO 140 I=l,JMAX 
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140 KK(I,J)=l 
C SIGN  CORRECTION 

DO  130  I=l,N 
IL= 1 
DO 130  J=l,JMAX 

135  IF (H(IL,J)) 131,131,132 
132  IF (K(1,BIL))  799,799,800 
799 IF(K(I,2kIL-l)+l+H(IMAX,J)) 133,130,130 
800 IF(K(1, BIL) -1+H(IMAX,  J)) 133,130,130 
133 KK(J,I)=-KK(J,I) 

131  IL=IL+l 

130  CONTINUE 

GO TO 130 

GO  TO  135 

WRITE  (MM2,18) M1  ,M2,M3 
WRITE  (MM2,23) 
DO  141  I=l,JMAx 

141  WRITE(MM2,19)  (KK(I,J),J=l,N) 
C MATRIX M 

DO 142  I=l,IMAX 
DO  142  J=l,N 
MM(I,J)=O 
DO  142  L=l,JMAX 

WRITE(MM2,18)  Ml,M2,M3 
WRITE  (MM2,24) 
DO  143  I=l,IMAX 

142 MM(I,J)=MM(I,J)+H(I,L)*KK(L,J) 

143  WRITE(MM2,19)  (MM(1,J)  ,J=l,N) 
C OUTPUT VECTOR 

WRITE  (MM2,18) M1 ,M2,M3 
150  READ(MM1,20)  (X(1)  ,I=l,M) 

X(M+1)=1 

NuM( I) =o 
DO  144  I=l,N 

DO 144 J=l,IMAX 
144 NUM(I)=NUM(~)+~(J)*MM(J,I) 

WRITE(MM2,19)  (X(J)  ,J=l,M) 
WRITE(MM2,19)  (NUM(J)  ,J=l,N) 

C REGION  DETERMINATION 
MAX=O 
DO 145  J=l,N 
IF (NUM(J)-MAX) 145,145,146 

146  MAX=NUM(J) 
LbJ 

145  CONTINUE 
WRITE  (MM2,21) LL 
DO  701  J=l,N 
IF  (LL-J)  702,701,702 
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702 IF(NUM(J) ” A X )  701  703,701 
703 WRITE(MM2,25) J 
701 CONTINUE 

WRITE (MM2,17) 
GO TO 150 
END 
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5.2 Program No. 2* 

C KEX ELEMENT SEARCH 
C NONLINEAR TECHNIQUE 

DIMENSION G(4)  ,C(4)  ,D(4)  ,S(7)  ,XX(7) 
10  FORMAT (212,14) 
11  FORMAT (7F10.4/4F10; 4) 
12 FORMAT (lOX,I3,2F25.8) 
13  FORMAT (60X,2(12,'/ '),14/5X,",F9.4,3X,",F9.~/~X,'R~=',F~.4, 

23X,'G2~',F9.4/5X,'R3~',F9.4,3X,'G3=',F9.~/5Xy~R~='yF9.~y3X,'G~='y 
2F9.4/5X,'R5=',F9.4/5X,'R6=',F9;4/5Xy'R7=',F9.4) 

14 FORMAT ( / / / / / )  
15  FORMAT ('1') 

"1= 2 
m2=3 
READ(MM1 , 10)  M1,M2,M3 

1000 READ(MM1,ll)  Rl,R2,R3,R4,R5,R6,R7, (G(L)  ,L=1,4) 

111 

C 

707 
616 
61 2 

610 

K1=@ 
WRITE(MM2,13)  M1,M2,M3,Rl,G(l)  ,R2,G(2)  ,R3,G(3)  ,R4,G(4)  ,R5,R6,R7 
mo=1 
KKK= 1 
A=O . 0 
B=  (R2+R3)*  (R&R%R6)+R4* (RXR6) 
C(l)=B 
D (1) =RBR39c  (R&R%R6)+RBR4* (RWR6) 
KKl=KKl+l 
ANUM=O . 0 
DEN1=@. 0 
DEN  2=0.0 
CHOOSING THE ROOT 
KLS =o 
AMMS=lO .o 
x2=0.0 
z1=0.0 
DO 107. L=KKO,KKK 
ALA=(A*D(L)  -B*C(L))  /[(D(L)+X2*C(L))**2) 
Zl=C(L)*ALA-((A*X2+B) /(C(L)J<X2+D(l)))*ALA+Zl 
KLS=KLS+l 
x 2P=X  2+AMMs 
22=0 .o 
DO 610  L=KKO,KKK 
OLA=(A*D(L)-BW(L))/((D(L)+X2*C(L))*:k2) 
Z2=G (L)*OLA-(  (A*X2Pt-B) /(C(L)*X2F+D(L)))J~OLA+22 
TEST=Zl*Z  2 
X2=X2P 
AZl=Zl 
21=z2 
IF  (TEST)  611,611,612 

*IBM 1130 
I . -  - 
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611 

613 

614 

815 

816 

110 

130 

101 

102 

103 

X2=X2" 
Z l=AZ 1 
GO TO (613,614,815,816,110) ,IUS 
A"s=lb*..O 
GO TO 616 
AMMs=o. 1 
GO TO 616 
A"s=o .Ol 
GO TO 616 
AMMs=o . 001 
GO TO 616 
Xx(KKl)*X2 
S(KKl)=O.O 
DO 130 L=KKO,KKK 
S(lUU)+fG(L)*(A*X2+B)/(C(L)*X2+D(L)))**2 
GO TO (101,102,103,104,105,106,107),~~ 
KxK=4 
A=R&R%R6 
B= ( R N R 4 )  * (R%R6)+R3*R4 
C (1) = (Rl+R3)*  (R&RH-R6)+R4*  (R5+R6) 
C ( 2) =R4* ( 5 + R 6 )  
C  (3)=R7*  (R%R6)+R4*(R7+R6)+R5*R6 
C (4) =R6* ( R 4 t R 5 )  
D( 1) =Rl*R3*  (R&R%R6)+Rl*R4* ( R H R 6 )  
D ( 2) =R3*R4* (R%R6) 
D(3)=R7*(R3+R4)*(R5+R6)+R3*R4*(R7+R6)+R5*R6*(R%R4) 
D( 4) = ( R 3 R 4 )  *R5*R6+R3*R4*$6 
GO TO 111 
B=(RZI"R4)*(R5+R6)+R%R4 
C(l)=(Rl+R2)*(R&R5"R6) 
C ( 2) =R4* ( R H R 6 )  
C (3) =R6* (R4+RHR7)+R7*R&R5*R7 
C (4) =R6* (RGtR5) 
D(l)=Rl*RB(R&R%R6)+(Rl+R2)*(RkR6)*R4 
D ( 2) =R%R4*  (R5+R6) 
D (3) = fR&Rb)* (R5*R7+R7*R&Rs*Rs)+R%R4* (R&R7) 
D( 4) =-fR2+R4) *R5*R&R%R4*R6 
GO TO 111 
A=R2+R*RHR6 
B=(R%R3)*(RkR6)  
C(l . )=Rl*(R2tR3+RkR6)+R2Jr(R3+R%R6) 
C(2)=(R?kR3)*(R5+R6) 
C (3) =R5*R7+R7*R6+R6*RHfR6tR7)*<R&R3) 
C (4) =R6* (R2+R3+R5) 
D(l)=(R%R6)*(R1*R%R%R3+R3*Rl) 
D(2)=0.0 
D(3)=(R2+R3)*(R5*R7+R7*R&R6*R5) 
D (4) = (R2+R3) *R5*R6 
GO TO 111 
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104 A=R2+R3+R4 
B=(R&R6)*(RaR3)+R4*R6 
C (1) =R1* (RSR3)+R4*   (R l+R2)+RBR3 
C (2) =RWr ( R S R 3 )  
C(3)=(R6+-a7)*(R%R%R4) 
C(4)=(R%R%R4)*R6 
D ( 1) = (RGFR6) *R1* (R2+R3)+R4*R6* (R l+R2)+RBR3*   (RMR6)  
D ( 2) =R4*R6*fR%R3) 
D(3)=R6*R7*(R2f-R3+R4)+R4*R7*(R2+R3)f-R4*R6*(R2tR3) 
D( 4) =R4*R6T ( R S R 3 )  
GO TO 111 

105 B=(R&R5)*(R%R3)+R4*RS 
C (1) =R1*  (R2+R3)+R4* (R l+R2)+RBR3 
C ( 2)  =R4* ( R 2 t R 3 )  
C (3) =fRHR7)*  (R%RWR4)+R4*  (R2+R3) 
C(4)=(R&R3+R4)*R%R4*(R%R3) 

DX 2)=R4*R5*  (R%R3) 
D ( 3) =R5*R7f  (R%R3”R4)+R4*R7* ( R S R 3 )  
D ( 4 ) = 0 . 0  
GO TO 111 

106 KK0=3 
KKK=3 
A-0 . 0 
B=(R&R3)*  (R&R%R6)+R4*  (RWR6) 
CX3)=(R9R6)*(R%FR3+R4)+R4*(RZFR3) 
D (3) =$5*R6* (R2+R%R4)+R4*R6* (R2FR3) 
GO TO 111 

1 0 7  WRITE  (MM2,14) 
Do 3 0 7   L = 1 , 7  

3 0 7  WRITE(b@l2,12)L,S(L)  ,XX(L) 
WRITE (MM2,15) 
GO TO 1000 
END 

D(1)=(R&R5)*Rl*(R%R3)+R4*R5*(Rl+R2)-FRBR3*(R&R5) .. 
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5.3 Program No. 3* 

C KFY ELEMENT SEARCH 
C NONLINEAR  TECHNIQUE 

DIMENSION  G(3)  ,C(3)  ,D(3) ,S(5) ,xX(5) 
10 FORMAT ( 2 1 2 , 1 4 , A l )  
11 FORMAT (8F10.4) 
1 2  FORMAT ( 1 0 X , I 3 , 2 F 2 5 . 8 )  
13 FORMAT (60X,2(I2,'/'),I4/5Xy'Rl=',F9.4,3X,'G1=',F9.4/5Xy'R2=1,F9.4, 

2 3 X , ' G 2 = ' , F 9 . 4 / 5 X , ' R 3 = ' , F 9 . 4 , 3 X , ~ G 3 = ' , F 9 . 4 / 5 X , ' R ~ ' , F 9 . 4 / 4 X y ' R 5 = ' ,  
3F9.4) 

14 FORMAT ( / / / / / I  
15 FORMAT ('1;') 
16 FORMAT ( '+ I ,  12X,  3A1) 

"1= 2 
MM2=3 
READ("I,lO)  Ml,M2,M3,STAR 

KK1=0 
1000 READ(MM1,l.l) R2,R3,R4,R5,R6,   (G(L) , ~=1 ,3 )  

111 

C 

707 
616 
61 2 

610 

WRITE(MM2,13)   MlYM2,M3,R2,G(1)   ,R3,G(2) ,R4,G(3)   ,R5,R6 
A=R&RHR6 
B= (R3+R4) * (RHR6>+R3*R4 
C (1) =R3* (R&R%R6)+R4*  (R5+R6) 
C ( 2).=R4* (R5+R6) 
C (3) =R4*R6tRS*R6 
D ( 1 ) = 0 . 0  
D ( 2) =R3*R4* (R5+R6) 
D( 3) =R3*R4*R6+R5*R6* ( R 3 t R 4 )  
KKl=KKl+ 1 
ANUM=O . 0 
DENl=O. 0 
DEN 2=0.0 
CHOdSproG' &OT.A i- 
KLs=o 
A M M s = l O .  0 
x2=0.0 
z1=0. 0 
DO 707 L=1,3  
ALA=(A*D(L) -B*C(L))/+(D(L)+XBC(L))**2) 
z ~ = G ( L ) * A ~ - (  (A*x~+B) /(c(L)*x&D(L)))*ALA+z~ 
KLS=KLs+l 
x 2P=X 2+A"s 
z2=0.0' '. 

DO 610 L=1,3  
OLA=(A*D(L)-B*C(L))/((D(L)+X2WC(L))**2) 
Z2=G(L)*OLA-(  (A*X2NB) /(C(L)*X2EYD(L)))*OLA+Z2 
TEST=Zl*Z 2 
X2=X2P 
AZ l = Z  1 
Z l = Z 2  
I F  (TEST) 611,611,612 

*IBM 1130. 
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611 X 2 = X 2 - A " s  
2 1=AZ 1 
GO TO (613,614,815,816,110),KLS 

613 .O 
GO TO 616 

614 A"S=O. 1 
GO TO 616 

815 AMMS=O.Ol 
GO TO 616 

816 AMMS=O.OOl 
GO TO 616 

110 Xx(KKl)=X2 
S(KKl)=O.O 

DO 1 3 D O L H Q 3 I = 1 , 3  
130 S(KK1)=S(KK1)+(G(L) -(A*X2+B)/(C(L)*X&D(L)))**2 

GO TO (101, 1 0 2 , 1 0 3 , 1 0 4 , 1 0 5 ) , K K 1  
101 B=(R%R4)*(R%RS)+RBR4 

C (1) = R B  (R&R%R6) 
C ( 2) =It& ( R 3 t R 6 )  
C (3) =R5* (RGtR5)  
D (1) = R B R 4 *   ( R 5 f R 6 )  , 

D( 2) = R B R 4 *   ( R 5 t R 6 )  
D(~)P(R&R~)*R~*R&RBR~*R~ 
GO TO 111 

102 A=R%R3+R%R6 
B= (R%-R3) * (R5+R6) 
C (1) = R H  (R3+R5+R6) 
C (2)-(R%R3)*(R%R6) 
c (3) =R6* ( R % R ~ + R ~ )  
D ( l ) = ( R 5 + R 6 ) * R B R 3  
D ( 2 ) = 0 . 0  
D(3)=(R2+R3)*R5*R6 
GO TO 111 

B=(R&R6)*(R&R3)+R4*R6 
C ( l ) = R 4 * R & R B R 3  
C ( 2) =R4* ( R 2 t R 3 )  
C (3) = (R&R3+R4)*R6 
D ( 1) =R4*R6*R2+RBR3*  (R4tR6) 
D ( 2) =R4*R6* ( R S R 3 )  
D( 3) =R4*R6* (R%R3) 
GO TO 111 

104 B= (R4tR5)*  (R&R3)+R4*R5 
C (1) =R4*R2tRZkR3 
C ( 2) =R4* ( R a R 3 )  
C (3) = (R2+R3+R4)  *R%R4* ( R a R 3 )  
D(l)=RBR4*R%RZkR3*(R%-R5) 
D( 2)=R4*R5*(RSR3X 
D ( 3 ) = 0 . 0  
GO TO 111 

103 A=R&R3+R4 
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105  WRITE(MM2,14) 
AMAX=lOO. 0 
JL=O 
DO 333 J=1,5 
IF(S (J) -AMAX) 334,333,333 

334 AMAX=S (J) 
JL% 

333  CONTINUE 
DO 307 L=1,5 
WRITE(MM2,12)  L,S(L)  ,XX(L) 
IF(JL-L)  307 , 388,307 ' 

388  WRITE(MM2,16) STAR,STAR,STAR 
307  CONTINUE 

WRITE ("2 , 15) 
GO TO  1000 
END 
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5.4 Program No. 4* 

C KEY ELEMENT SEARCH 
C LINEAL  TECHNIQUE 

10 
11 
12 
13 

14 
15 
16 

200 

111 

20 1 

101 

DIMENSION G(4)  ,Q(4,7)  sC(4) yD(4) sVF(4) ,CM(4)  ,RES(7,2) 
FORMAT(212,14,Al) 
FORMAT(7FlO.4/4FlO.4) 
FORMAT(  4FlO. 4) 
F0~T(60X,2(12,'/'),14/5X,"',F9.4,3X,'G1=',F9.~,3X'~M1=',F9.4/ 
25X,'R2=',F9.4,3X,'G2=',F9.4,3X,'GM2=',F9.4/5Xy'R3=',F9.4,3X,'G3=', 
~F9.~,~X,'G~~~',F9.~/5Xy'R~',F9.4,3Xy'G~='yF9.~y3~y'~M~=',F~.~/5~, 
3'R5=',F9.4/5X,'R6=',F9.4/5X,'R7=',F9.4///9X,'J'y2lXy'~',26X,'SJ'/ 
2) 
FORMAT(5X,I5,2F28.8) 
FORMAT('1') 
FORMAT( '+ ' ,lox  3A1) 
"1= 2 
MM2= 3 
READ(MM1,lO) M1  ,M2 ,M3 , STAR 
READ(MM1,ll)  RlYR2,R3,R4,R5,R6,R7, (G(L)  ,L=1,4) 
KK1=0 
A=O . 0 
B=(R3+R2)*(R&R5+R6)+R4*(R%R6) 
C(l)=B 
D (1) =RBR3* (R&R%R6)+RBR4* (R9R6) 
DO  200 L=2,4 

D(2)=(R2+R3)*(R%Rs>*R4 
D(3)=(R2+R3+R4)*(R5*R7+R7*R6FR6*R5)f-(R~R3)*(B6*R7)*B4 
D(4)=R6*R5*(R2+R%R4)fR4*R6*fR2+R3) 
Xl=Rl 
KKl=KKl+l 
DO 201  L=1,4 
Q(L,KKl)=(Am(L)  -B*C(L))  /X(D(L)+Xl*C(L))*2) 
GO  TO (101,102,103,104,105,106,107),KK1 
A=R4+R5+R6 
B=(RSR4)*(RSRs)+R3*R4 
C (1) = (Rl+R3)*  (R&R)FR6)+R4*  (R5+R6) 
C (2)  =R4*  (R%R6) 
C (3)  =R7*  (R5+R6)+R4*  (R7+R6)+R5*R6 
C (4) =R6*  (R4+R5) 
D ( l ) = R l * R ~ ~ g ~ ~ 6 ) ~ ~ ~ ~ ~ ~ ) ~  
D ( 2)  =R3*B4* (RWR6) 
D(3)=R7*(R3+R4)*(RHR6)+R3*R4*(R7+R6)+R5*R6*(R3+R4) 
D(4)=(RSR4)*R5*R6t.R3*R4*R6 
Xl=R2 
GO TO 111 

C(L)=O.O 

_ .  

*IBM  1130 

II ~ ~~ 
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102 B=fRBR4)*(RS+R6)+RBR4 
C (1) = (R l+R2)*   (R4fRWR6)  
C ( 2) =Rh* (R5+R6) 
C (3) =R6* @&RH-R7)+RBR&R5*R7 
C (4) =R6* (R&R5) 
D(l)=RT*R2k(R&R5+R6)+(Rl+R2)*(RS+R6)*R4 
D ( 2) =R2kR4*  (R5tR6) 
D(?)=(R%R4)*(R5+R7+R7*R&R6*R5)+R2*R4*(R6tR7) 
D (4) = (R%R4)*R5*R&RBR4*R6 
X l = R 3  
GO TO 111 

103 A=R2+R3tR5+R6 
B= (RIHR3)*  (R5+R6) 
C (1) =R1* (R%R3”R5tR6)+R2*  (R3tRWR6) 
C(2)=(R&R3)*.(R5+R6) 
C(3)=R5*R7+R7*R&R6*R5+(R&R7)*(R%R3) 
C (4) =R6* (R2+R3+R5) 
D(l)=(R%R6)*(Rl*R&RBR%R3*Rl) 
D ( 2 ) = 0 . 0  
D(3)=(RNR3)*(R5*R7+R7*R&R6*R5) 
D (4) =eR2+R3)*R5*R6 
X1=R4 
GO TU 111 

104 A=R%R3fR4 
B=  (R&R6) * (R2+R3)+R4*R6 
C(1)=Rl*(R2+R3)+R4*(Rl+R2)+RBR3 
C ( 2) =R4*  (R2+R3) 
C(3)=(R&R7)*(R%R3tR4) 
C (4) = (R2+R3+R4)  *R6 
D(l)=(R&R6)*Rl*(R2kR3)+R4*R6*(Rl+R2)+RBR3*(R&R6) 
D ( 2) =R4*R6* (R2+R3) 
D(3)=R6*R7*(R%f-R4)+R4*R7*(R%R3)+R4*R6*(R2+R3) 
D(4)=R4*R6*(R&R3) 
X1=R5 
GO TO 111 

C (1) =R1*  (R2+R3)+R4*  (Rl+R2)+R2*R3 
C ( 2) =P4* (R2+R3) 
C(3)=(R5+R7)*(R%R%R4)+R4*(R&R3) 
C(4)=(R%R3+R4)*R5 
D(l)=‘fR&Rs)*Rl*(R2+R3)+R4*R5*(Rl+R2)+R2*R3*(R~R5) 
D ( 2) =R4*R5* ( R N R 3 )  
D(3)=R5*R7*(R2+RNR4)+R4*R7*(RIHR3) 
D( 4) =R4*R6* (R%R3) 
X l = R 6  
GO TO 111 

105 B=fR&~)*(Rz+R3)+R4*R5 
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106 

107 

208 

2 2 1  

2 2 0  

40 1 

400 

405 
404 

A-0 . 0 
B=(R%R3)*(R&RS+R6)+R4*(R%R6) 
C ( 1 ) - 0 . 0  
C(2)lO.O 
C (3) = (RWB6)*  (R2+RNR4)+R4*  (R2+R3) 
C ( 4 ) l O . O  
D(l)=(RctR. .Rs)*.(Rl*R%R~R~R3*Rl)+~Rl+R2)*(RH-Rd)*.R4 
D(2)=(R%+a3)*(R%R6)*R4 
D( 3) -R5*R6* (R&R3+R4)+R4*R6*  (R2+R3) 
D(4)=D(3)  
Xl-R7 
GO TO 111 
R K A D ( m l , l 2 )  (CM(L) ,L=1,4) 
WRITE(2@42,13) M 1 , M 2 , m Y R 1 , G ( 1 )  ,CM(1) , R 2 , G ( 2 )  ,CM(2) ,R3,G(3)   ,CM(3),  

vF230.0 
DO 208 L=1,4 
VF(l)*M(L)'G(L) 

2R4,G(4)   ,CM(4)  ,R5,R6,R7 

vF2=vF2kvF(L)**2 
DO 220 J=1,7 
ANUM=O . 0 
D E N 0 4  . 0 
DO 221 L=1,4 
ANUM=ANUM+vF (L) *Q (L J) 
DENeDENCWQ (L ,'J) ** 2 
ANUM=ANUM** 2/DENO 
DENO=VF 2 3ANUM 
RES (J , 1) =ANUM 
RES (J ,2) =DEN0 
A M a = O .  0 
JLF8 
DO 400 J=1,7 

AMAX=RES (J , 1) 
J L = J  
CONTINUE 
DO 404 J = 1 , 7  
WRITE(MM2,14) J , R E S ( J , l )   , R E S ( J , 2 )  
IF(JL-J) 404,405,404 
WRZTE(EM2,16)  STAR,STAR,STAR 
CONTINUE 
WRITE  (MM2,15) 
GO TO 1 0 7  
END . 

I F ( R E S ( J , l )  -AMAX) 400,400,401 
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5.5 Program No. 5" 

C ITERATIVE  METHOD-LEAD-IAG  NETWORK  APPLICATION 
DIMENSION  FREQ(10)  ,P(10,10)  ,X(4)  ,VO(lO)  ,SD(10)  ,F(10,4)  ,ETA(lO), 
2B(4,4)  ,BB(10,4)  ,PSI(4),  Ll(16)  ,M"1(16)  ,A(10,4)  ,B2B(4,4), 
3C2C(4,4) 
DOUBLE  PRECISION  CC  (100)  ,DET 

10  FORMAT(  212,214,6F10.5/4FlO.  5) 
11  FORMAT(4F10.5) 
12 FOREiAT(8Fl0.4/8FlO.4/4F10.4) 
13  FORMAT(5X,4E9.3,F24.6) 
14 FORMAT('1',60X,2(12,'/'),14///) 

DEFINE  V(Xl,X2,X3,X4,FR)=( SQRT(X3*Zkl./((6.283BFWX4)**2)))/ 
2(SQRT((X1/(1.+(6.2832kFR*X2kX1)**2~+X3)**2+((6.2832*FWX~Xl*Xl)/ 
3(1.+(6.283BFWXBX1)**2)+1./(6.2832*FRX4))**2)) 

15  FORMAT(13X,'NORMAL COMPONENTS',7X,'FRJ3QUENCIES',5X,tMEASUREMENTS', 
25X,'STANDARD  DEVIATION'/lOX,'Rl=  ',F8.5,' MEGOHM1,10X,F8.4,8X,F8.4 
3,13X,F6.3/10X,'Cl=  ',F8.5,' MICROFARADt,6X,F8.4,8X,F8.4,13X,F6.3/ 
410X,'R2=  ',F8.5,' MEGOHM1,10X,F8.4,8X,F8.4,l3X,F6.3/1OK,'C2= ',F8. 
55,' MICROFARAD1,6X,F8.4,8X,F8.4,13X,F6.3) 

16 FORMAT(39X,F8.4,8X,F8.4,13X,F6.3) 
17  FORMAT(5X,5(E18.8,2X)) 

19  FORMAT(//13X,'NORML VALlJES'/l3X,'FREQVENCIES',14X,'I/O REIATION'/ 

20 FORMAT(14X,F8.4,15X,F8.4) 

18  FORMAT(///) 

MM1= 5 
MM2= 6 
AMMAA=0.000001 
READ(MK1,lO)  Ml,M2,M3,MA,(FREQ(L)  ,L=l,MA) 

w1=1 
KKKKl=O 
DO 101 J=l,MA 
DO  101  I=l,MA 

READ(MM1,ll)  (X(1)  ,I=l  ,4) 
Xl=X(l)*l.E+6 

X3=X(3)*1.W6 

READ(MM1,12)  (VO(1)  ,SD(I)  ,l=l,MA) 
DO  102  J=l,MA 

WRITE(MM2,15)  (X(L)  ,FREQ(L)  ,VO(L)  ,SD(L)  ,L=1,4) 
IF  (MA-4)  1000,1000,150 

203  WRITE(MM2,14)  M1  ,M2,M3 

101  P(I,J)=O.O 

X2=X(  2)*1 .E-6 

X4=X(4)*1 .E-6 

102 P(J,J)=l./(SD(J)**2) 

150  WRITE(MM2,16)  (FREQ(L)  ,VO(L)  ,SD(L)  ,>5,MA) 
W R I T E  (MM2,19) 

*UNIVAC  1108 
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DO  181  L=l,MA 
FR=FREQ(L)*lOOO. 
ACCU=V(Xl,X2,X3,X4,FR) 

181  WRITE  (MM2,20)  FREQ(L)  ,ACCU 
WRITE  (MM2,14) M1  ,M2,M3 
MATRICES F AND  ETA 

1000 A I N I = ~ * X l  
AIN2=AMMAA*X2 
AIN3=A"AA*X3 
AINbA"U*X4 
DO 103  L=l,MA 
FR=FREQ(L)*1000. 
ANA=V(Xl,X2,X3,X4,FR) 
F(L, l)=(V(Xl+AINl,X2,X3,X4,FR) -ANA>/AINl 
F(L, 2)=(V(Xl,X2+AIN2,X3,X4,FR) -ANA)  /AIN2 
F(L,~)=(V(X~,X~,X~~AIN~,X~,FR)-AUA) /AIN~ 
F(L,4)=(V(XI,X2,X3,X&AIN4,FR) -ANA)  /AIN4 

MATRIX A 
DO 104  I=l,MA 
DO 104  J=1,4 
A(I,J)=O.O 
DO 104  L=l,MA 

MATRIX  PSI 
DO 105  I=1,4 
DO 105  J=1,4 
B(I,J)=O.O 
DO 105  L=l,MA 

KL=1 
DO 301  J=1,4 
DO 301  I=1,4 
CC(KL)=B(I,J) 
B2B(I,  J)=B(I, J) 

DO 152  J=1,4 

m=4 
CALL MINV(CC ,MU;DET,L~ , m i )  
WRITE (MM2,18) 
KL= 1 
DO 302  J=1,4 
DO 302  I=1,4 
B(I,J)=CC(KL) 

DO 153 J=1,4 

WRITE(MM2,18) 
DO 1002  J=1,4 

103 ETA(L)=VO(L) -ANA 

104 A(I,J)=A(I,J)+P(I,L)*F(L,J) 

105 B(I,J)=B(I,J)+F(L,I)*A(L,J) 

301  KL=KLfl 

152  WRITE(MM2,17)  (B(J,I)  ,I=1,4 ) 

302  KL=KL+l 

153  WRITE(MM2,17)  (B(J,I)  ,I=1,4) 

I .  
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DO  1002  I=1,4 
C2C(I,J)=O.O 
DO 1002  %1,4 

DO 1003  J=1,4 

DO  115  I=l,MA 
DO  115  J=1,4 
BB(I,J)=O.O 
DO  115  L=1,4 

DO 116  I=1,4 

DO 116  L=l,MA 

1002 C2C(I,J)=C2C(I,J)+B2B(I,L)*B(L,J) . 

1003  WRITE(MM2,17)  (C2C(J,I)  ,I=1,4) 

115 BB(I,J)=BB(I,J)+A(I,L)*B(L,J) 

PSI(I)=O.O 

116 PSI(I)=PSI(I)+ETA(L)*BB(L,I) 
Xl=Xl+PSI (1) 
X2=X&PSI(  2) 
X3=X3+PSI (3) 
X4=X&PSI(4) 
s2=0.0 
DO 117 k1,MA 
FR=FREQ(L)*1000. 

117 S2=S%k((VO(L)  -V(Xl,X2,X3,X4,FR))**2)  /(SD(L)**2) 
XXl=Xl*l.E-6 
XX2=X2*1.  FA6 
XX3=X3*1  .E-6 
XX4=X4*1.  E+ 6 
WRITE(MM2,13)  XX'I,XX2,XX3,XX4,S2 
WRITE  (MM2,18) 
GO TO (201,202)  ,KK1 

201  KKl=KKl+l 
208  Sl=S2 

WRITE  (MM2,14)  M1  ,M2,M3 
GO TO  1000 

204 KKKICl=KKKKl+l 
202  IF(ABS(Sl-S2) m.9,OOOOSJ) 2Q03?Q03zQO4 

IF(KKKK1-20)  208,208,203 
END 

WOTE 

The Subroutine MINV that  i s  call i n   t h i s  program belongs   to   the  math-pack 
of IBM/360 
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5.6 Program No. 6* 

C BODE DIAGRAM  TECHNIQUE 
C LEAD-LAG NETWORK 

REAL MINUS 
. WTA PLUS/~+'/MINUS/~-*/ BLK/'O'/ 

10 FORMAT(212,14,F10.4) 
11  FORMAT(4F12.6) 
12 FORMAT(70X,  2(12, ' / I )  ,14///SX,  'TEST FREQUENCY l=',F6.2, ' KC BREAK 
2 FREQUENCY 1=',F6.2,' KC  Rl=',F8.4,'  MEGOH"/5X,'TEST FREQUENCY 
22=',F6.2,' KC BREAK FREQUENCY 2=',F6.2,' KC R2=',F8.4,' MEGOHM 
4'/5X,  'TEST FREQUENCY 3=',F6.2, ' KC BREAK  FREQUENCY 3=',F6.2, ' KC 

14 FORMAT(  5X,'TEST FREQUENCY 45',F6.2,' KC  BREAK FR 
SEQUENCY 4=',F6.2,'  KC  C.2=',F8.4,' MICROFARADt/5X,'TEST  FREQUENCY 
7  5=',F6.2,'  KC',3X,'VARIATION  =',F6.2,'  PCt,3X,'AM=',F8.4) 

5 ci=' ,~8.4, MICROFARAD') 

13 FORMAT(9X,5('*',2X,F6.4,2X),'*',lOX,'*') 
20  FORMAT( '+ I, 65X,  'NORMAL') 
21  FORMAT('+' ,65X,  'R1  LOW') 
22 FORMAT( '+ ' , 65X,  'R1  HIGH') 
23  FORMAT( '+I, 65X,  'R2  LOW') 
24 FORMAT('+'  ,65X,  'R2  HIGH') 
25  FORMAT( '+ I, 65X,  'C1  LOW') 
26  FORMAT( ' + I ,  65X,  'C1  HIGH') 
27  FORMAT( '+I, 65X,  IC2 LOW') 
28  FORMAT( '+ I, 65Xy 'C2  HIGH') 
29  FORMAT(SX,  67( '*I)) . 
17 FORMAT(14X, '*',F7.3,'  *',F10.2, ' *',3(F7.2, ' * I ) )  

i8 Po~T('l',6OX,2(12,'/'),I4//14X,54(~*')/14X,'* KC * W 
2 * PR * IP * REL *'/14X,54('*')/14X,'*',9X,t*',12X 
3, '*I ,3(9X, '*I)) 

30  FORMAT(14X, 54( '*I)) 
31  FORMAT(  //9X,  67 (I*') /9X, '* GAIN 1 * GAIN 2 * GAIN 3 * GAIN 

32 FORMAT(gX,  '*',5(5X,AI,4X, '*I) ,lox, I*') 

8 4 * GAIN 5 * CONDITIOW'/9X,67('*')/9X,6('*',10X),t*') 
33 FORMAT( 1 ') 

MM1= 5 
MM2=6 
TPI16.2832 

READ(MM1,ll)  Rl,Cl,R2,C2 
AM=o. 10 
KK2-1 
Tl*l*Rl 
T2=C B R 2  
T12=Rl*C  2 
B=-((Tl+T2)  /(2.*Tl*T2)) 
C=SQRT( (B*2)  -(1.  /(Tl*T2))) 
SNl=B+C 

100 READ(MM1,lO) M1 ,M2,M3,AMMM 

WNIVAC 1108 

I 
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SN  2=B  -C 
B=-( (Tl+T&T12) /( 2.*Tl*T2)) 
C=SQRT(  (B**2) -(I. /(Tl*T2))) 
SDl=B+C 

FREQ(l)=O.O 
SD2=B-C 

FREQ  (5)=-SDiyTPI 

FREQ  (1  3)  =-SN2/TPI 
FREQ(17)=-SD2/TPI 
FREQ ( 21) =2 .*FREQ  (1  7)  -FREQ  (1 3) 

FREQ(~)=-SNI/TPI 

XBA= 1 
DO  180  L=1,5 
DIF=(FREQ(KBA+4)  -FREQ(KBA))  /4. 
FREQ  (KBA+l)  =PREQ  (KBA)+DIF 
FREQ(KBA+2)=FREQ(KRA+l)+DIF 
FREQ(KBA+3)=FREQ(KBA+2)+DIF 

LL= 1 
DO  102  L=5,17,4 
BREAK(LL)=FREQ(L) /1000. 

102  LL=LLtl 
LL=l 
DO  103  L=3,21,4 
TEST(LL)=FREQ(L) /1000. 

180  KBA=KBA+4 

103 LL=LWl 

305  WRITE(MM2,12)  MlYM2,M3,TEST(1)  ,BREAK(l)  ,R1,TEST(2)  ,BREAK(2)  ,R2, 
WRITE ("2 , 33) 

zTEST(3)  ,BREAK(3)  ,C1 
WRITE(MM2,14)  TEST(4)  ,BREAK(4)  ,C2,TEST(5) , A M Y A M "  

KK1= 1 

DO  106  J=1,9 
GO TO  (40lY402),KK1 

401  Tl=Cl*Rl 
T2=C  2*R2 
T12=Rl*C 2 
DO  105  L=1,5 
CM=TEST(L)*lOOO.*TPI 

DEN=ANVk*&((Tl+T2-T12)*2)*0W*2 
PR=(Am&(Tl+T2)*(Tl+T2+Tl2)*W*2)  /DEN 

REIA(L)=SQRT(PR*%AIPk*2) 

WRITE(MM2,13)  (RELA(JL)  ,JL=1,5) 
GO TO  403 

402  DO 408 J1=1,5 
IF  (RELU(J,Jl))  411,412,413 

406  WRITE ("2 , 3 1) 

ANU= - T1*T 2kW 2" 1. 

AIP=( (Tl+T2)*ANV*o"ANW(Tl+T2+Tl2)*OM) /DEN 

105  RELU(J,L)=REIA(L) 
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411 I F  (A"MtRELU(J,Jl)) 443,412,412 
443 REIA (Jl) =MINUS 

GO TO 408 
41 2 RELA (Jl) =BLK 

GO TO 408 
413 I F  (RELU(J,Jl) -AM") 412,412,444 

408 CONTINUE 

403 GO TO (107,108,109,110,111,112,113,114,115),J 
10 7 WRITE (MM2,20) 

444 REIA(J~)=PLUS 

WRITE(MM2,32) (REIA(J1) ,J1=1,5) 

RES=Rl 

GO TO 106 
108 WRITE (MM2,21) 

Rl=RES+AWRES 
GO TO 106 

109 WRITE (MM2,22) 
Rl=RES 
RES=R2 

GO TO 106 
110 WRITE(MM2,23) 

R2=RES+AWRES 
GO TO 106 

11 1 WRITE (MM2,24) 
R2=RES 
REs=c 1 
Cl=Cl-AM*Cl 
GO TO 106 

11 2 WRITE  (MM2,25) 
Cl=REs+ AM*REs 
GO TO 106 

11 3 WRITE  (MM2,26) 
Cl=RES 
REs=c 2 
c 2 = c 2 - m c 2  
GO TO 106 

114 WRITE(MM2,27) 
c 2=REs+AM*c 2 
GO TO 106 

115 WRITE(MM2,28) 
c 2=REs 

106 CONTINUE 
WRITE (MM2,29) 
GO TO (404,405) ,KK1 

DO 409 J=2,9 

R1=R1 -AM*R1 

R2=R2-AMkR2 

404 KKl=KKl+l 
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DO 409 L=1,5 

DO 1000 L=1,5 

GO TO 406 
405 GO TO  (301,301,301,500) , E 2  
301 KK2=E%l 

409 RELU(J,L)=RELU(J,L)  -RELU(B,L) 

1000 RELU(I,L)=O.O 

WRITE (MM2,33) 
AM=AM”o 0 10 
GO TO  305 

500’ WRITE(MM2,18) M1 ,M2,M3 
’ Tl=Cl*Rl 
T2=C B R 2  
T12=Rl*C 2 
DO  181  L=l, 21 
OM=TPI*FREQ (L) 

DEN=ANU’kk&((Tl+TZI-T12)*2)*0M**2 
PR=(ANW*2+(Tl+T2)*(Tl+T2+T12)*OM*2) /DEN 

REL=SQRT(PP%AIW*2) 

ANU=-Tl*T2kOW*2+1. 

AIP=( (Tl+T2)*ANWo“ANW(Tl+T2+T12)*OM) /DEN 

FRU=FREQ(L)/~~~~. 
181 WRITE(MM2,17)  FRU,OM,PR,AIP,REL 

WRITE (MM2,30) 
GO TO 100 
END 
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5.7 Program No.  7* 

C LEAD-LAG  NETWORK  (REMNANT  METHOD) 
REAL  K1  ,K2,KBB 

DIMENSION  COEF (6 , 9) , DIFX( 6) 
COMPLEX AA,m 

10 FORMAT(  212,14) 
11  FORMAT(5F10.6) 
12 FORMAT('1',T90,2(12,'/') ,I4) 
13 FORMAT(2X,'*',7(~,Fll.7y2Xy'*')) 
14 FORMAT(///lOX,'Rl  =',F9.6,3XY'C1 =',F9.6,3X,'BETHA=',~9.4/10Xy 

2'R2  =',F9.6,3XY'C2  =',F9.6/10X,'Kl  =',F9.6,3XY'K2  =',F9.6/ 
210X,'S1  =',E9.3,3XY'S2  =',E9.3  /lox, 
3'KKB=',F9.6,3X,'PHASE=',F9.6/1OXy'~ =',F9.6,3XY'IP  =',F9.6) 

15  FORMAT(//lOX,  'PROOF 2.*KKB*COS(-PHASE)+Kl+K2=' ,F10.6) 
16 FORMAT(// /2X,113('*') /2X,'*"INPUT'y2lXy'*'y2lXy'OUTPUT'y~OXy 

2'* ' ,15X, '* ' /2X,97( '* ' ) ,6X," ' ,6X,"/2X, '* ' ,6X,~HV1,7X, '* ' ,6X,~H 
3VI',6X,'*'~6X,4HVI'',5Xy'*'y6Xy'V0',7Xy'*'y6Xy3HV0'y6Xy'*'6Xy4HV0' 
4',5X,'*',15X,'*'/2Xy113('*')/2X,7(1*'y15X)y'*') 

17  FORMAT(2XY  113( I * ' ) )  

18  FBRMAT(lOX,'A2  =',E13.6,2XY'A1  =',E13.6,2XY'AD  =',E13.6  /10X,'B2 
2 =',E13.6,2XY'B1  =',E13.6,2XY'BC =' ,E13.6 /10X, 'VRI= ' ,F12 .6 ,2X, 'V01 
3=',F12.6,2X,'VR2=',F12.6y2Xy'V02=~yF12.6) 

19 FORMAT('1',70X,2(12,"),14//15Xy'ALLOWED COEFFICIENTS  VARIATION'/ 
215X,72(  '*')/15X,  '*COEFF.*  LOWER  BOUND * HIGHER  BOUND * NORMAL 
3VALUE * PERCENTAGE *'/15~,72('*')/15X,'*',6X,'*',4(15X,'*')) 

20 F0RMAT(15X,'*',6X,'*',3(1X,E13.6,'*'),1X,F13.3,' * ' )  
21  FORMAT('+',17XY'A2') 
22  FORMAT('+',17XY'A1') 
23  FORMAT('+',17X,'AO') 
24  FORMAT('+',17XY'B2') 
25  FORMAT( '+' ,17X, 'Bl') 
26  FORMAT('+',17XY'BO') 
27  FORMAT(15X,  72( I * ' ) )  

31 FORMAT('1',T90,2(12,"),14/10Xy'~ANT ANALYS~S'//10X,'A2=',E10. 
23,3X,'VA2=',E10.3,3X,'B2=',E10.3,3X,'VB2=',E10.3/10X,'A1=',E10.3,~ 
3X,'VA1=',E10.3,3X,'B1=',E10.3,~X,'VB1=',E10.~/1~X,'A~=',E~~.~,~X,' 
4VAO=',E10.3,3Xy'BO=',E10.3,3X,'VBO=',E10.3,//10X,107('*')/10X,'*', 
56X,'*',14X,'1NPUT',13X,'*',13X,'0UTPUT',13X,'* SCALAR * PARAM. 
6 * COEF.  *'/lOX,'*  CASE ',67('*'),3(10X,'*')/10Xy'*'y6Xy'*'y4X, 
7 ' V 1 ' , 4 X , ' * ' , 4 X , 3 H V 1 ' , 3 X , ' * ' , 3 X , 4 H V 1 " , 3 , ~ H V  
80',3X,'*',3X,4HVO~',3Xy'* REMNANT ' STATUS 8 NOR. *'/1oXy1O 
97('*'1/10X,  '*',6X,  '*',9(10Xy ' * I ) )  

30 FORMAT(/) 

32 FORMAT(lOX,107('*')) 
33  FORMAT(1OX,'*',I4,'  *',6(1XYF8.5,'  *'),E9.3 ,' * ',F5.1,1XYA2 
35 FORMAT(F8.2,A2,14) 

2' * *'I 

40 FORMAT('+' ,109x, 'YES') 
41 FORMAT( I+' , 1 0 9 ~ ~  'NO ') 

Km=o 
*UNIVAC  1108 

I -  
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KK2=1 
JJl=l 
ALL=O  .25 
INDICE=O 
MAXE=  30 
TCFl.8 
MM1=5 
MM2= 6 
READ(MM1 , lo) MI  ,M2,M3 
READ(MM1,ll) R1,Cl,R2,C2,BET~ 
RRRl=Rl 
RRR2=R2 
ccc l=C 1 
ccc 2=c 2 
VARl=O .O 
VAR2=O. 0 
VAR3=O. 0 
VAR4=O. 0 

1000  Tl=Rl*Cl 
T2=R2*C 2 
T12=Rl*C 2 
GO  TO  (501,502)  ,KK2 

501 A=-(Tl+T2+T12)/(2.*TL*T2) 
B=SQRT(A**2-(1./(Tl*T2))) 
A 1 =A+B 

Kl=(BETHA/(BETHA**2+Al**2))*(Al**2+((Tl+T2)*Al) /(Tl*T2)+1  ./(Tl*T2) 

K2=(BETHA/(BETHA**2+A2**2))*(A2**2f-((Tl+T2)*A2) /(Tl*T2)+-1.  /(Tl*T2) 

A 2=A  -B 

2) / (A1  -A2) 

2)  /(A2-A1) 
AA=CMPLX(O.O,-BETHA) 
KB=CMPLX(O.OY-2.*BETHA) 
KB= (BETHA-/= )*(Tl*T2frAA**2+-(Tl+T2)*AA+l.) /(Tl*Tz*AA** 
22+(Tl+T2+T12)*AA+l.) 
All=REA-(KB) 
A22=AIMAG(KB) 
AA1  l=All 
AA22=A22 
KBB=SQRT(All**2+A22**2) 
CALL  PHA(All,A22,PHASE) 
T=T(HO. 2 

' GO TO  (1001,1002,3001)  ,JJ1 
1001  WRITE(MM2,12)  Ml,M2,M3 

WRITE(MM2,14) R 1 , C 1 , B E T H A , R ~ , C ~ , K 1 , K ~ , A 1 , A 2 , ~ B , P ~ S E , ~ 1 1 , ~ 2 2  

WRITE ("2 , 15) SUM 
JJ1=2 

1002 WRITE(MM2,12)  M1  ,M2,M3 

SUM=2 .* (BB*COS ( -PHASE)+Kl+K2 
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502 

20 3 

50 3 

300 1 

8700 
108 

6006 

150 

151 

152 

153 

154 

Z Z l = T l * T 2  
ZZ2=Tl+T2  
ZZ3=Tl+T2+T12 
ZZ4=1 .0  
GO TO (203,203,6007) ,JJ1 
WRITE(MM2,18) 2 2 1 , 2 2 3 , 2 2 4 , 2 2 1 , 2 2 2 , Z Z 4 , V A ~ l , V A R 2 , V A R 3 , V A R 4  
WRITE  (MM2,30) 
GO TO (503 , 504) ,KK2 
WRITE  (MM2,16) 
INDICE=INDICE+l  
COEF (1 , INDICE)   =ZZ1 
COEF( 2, I N D I C E )   = Z 2 3  
COEF ( 3 , INDICE)   =ZZ4 
COEF(4 , INDICE)=ZZl  
COEF ( 5 , INDICE)  =ZZ 2 
COEF (6,  INDICE)   =ZZ4 
DO 108 J=l ,MAXE 
BET=BETHA*T 
V I = S   I N  (BET) 
V I  lP=BETHA*COS  (BET) 
VIzP=-BETHA**2*VI 
VO-~.*KBB*COS(BET-PHL~SE)+K~*EXP(A~*T)+KBEXP(A~*T) 
V 0 1 p = - 2  .*BETHA*KBB*SIN(BET-PHASE)+Kl*Al*EXP(Al*T)+K2*A2*EXP(A2*T) 
V02P=-2.*BETHA**2*KBB*COS(BET-PHASE)-FKl*Al**~EXP(Al*T)+K2*A2*~~2* 

2EXP  (A 2*T) 
SUM~T1*TBV02~(T1+T2+T12)*VO1P+VO-T1*T2*VI2P-(T1+T2)*~I1P-VI 
GO TO (8700,8700,108) ,JJ1 
WRITE(MM2,13) VI,V11P,V12P,V0,V01PyV02PySUM 
T=T+O. 2 
G O  TO (6006,6006, 502) , JJ l  
WRITE ("2 , 1 7 )  
KKl=KK1+1 
GO TO (150,151,152,153,154,155,156,157,158),KK1 
VARl=Rl*ALL 
Rl=Rl+VARl  
GO TO 1000 
R l = R l -  2. *VAR1 
VARl=-VARl 
GO TO 1000 
R l = R 1  -VAR1 
VARl=O. 0 
VAR2=Cl*ALL 
Cl=Cl+VAR2 
GO TO 1000 
Cl=C1-2.*VAR2 
V A R E  -VAR2 
GO TO 1000 
C l = C  1 -VAR2 
VAR2=O. 0 
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155 

156 

157 

158 

504 

60 1 

60 2 

60 3 

604 

60 5 

60 6 

VAR3=RBALL 
R2=R2+VAR3 
GO TO 1000 
R2=R2-2,*VAR3 
VAR3= -VAR3 
GO TO 1000 

VAR3=O. 0 
VAR4=C %ALL 
C  2=C 2+ VA R 4  
GO TO 1000 
Cz=C2-2.*VAR4 
VA R4= - R 4  VA 
GO TO 1000 
C 2=C 2 -VAR4 
VAR4=O. 0 
VARI=Rl*ALL 
Rl=Rl+VARl  
KK1=0 
KK2=KK2+ 1 
WRITE (MM2,12) M1  ,M2  ,M3 
GO TO 1000 
KKl=KKl+l  
GO TO (601,602,603,604,605,606,607,608),KK1 
R l = R 1 -  2.  *VARl 
VARl=-VARl 
GO TO 1000 
R l = R 1  -VAR1 
VARl=O. 0 
VAR2=C 1*ALL 
C  l=Cl+VAR2 
GO TO 1000 
C1=C 1 - 2. *VAR2 
VAR2=  -VAR2 

R2=R2-VAR3 

GO TO 1000 
C l = C  1 -VAR2 
VAR2=0.0 
VAR3=R2*ALL 
R2=R2+VAR3 
GO TO 1000 
R2=R2-2.*VAR3 
VAR3=-VAR3 
GO TO 1000 
R2XR2-VAR3 
VAR3=O. 0 
VAR4=C 2*ALL 
C 2=C  2+VAR4 
GO TO 1000 
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60 7 

608 

709 

710 
711 
7C8 

7 20 

7 21 
5005 
5000 
500 6 
5007 

5008 

102 
103 

104 

105 

101 
107 

109 

100 
150 

C2=C2-2.*VAR4 
VARb -VAR4 
GO TO  1000 
WRITE(MM2,lg)  Ml,M2,M3 
DO 707  J-1,6 
AMIN=COEF (J , 1) 
AMAX=COEF (J , 1) 
DO 708 ~=2,9 

AMIN=COEF (J , L) 
GO TO 708 

AMAX=COEF (J , L) 
CONTINUE 
P~R=((COEF(J,l)-AMIN)/COEF(J,1))*1~~. 
WRITE(MM2,20)  AMIN,AMAX,COEF(J,  1) ,POR 

GO TO (720,721,722,723,725,726),5 
WRITE  (MM2,21) 
GO TO 707 
WRITE  (MM2,22) 
IF(VVB0)  5000,5006,5006 
JKL= 2 
GO TO  (5007,5008) , JKL 
WRITE  (MM2,40) 
GO TO 205 
WRITE  (MM2,41) 
GO TO  205 
END 
SUBROUTINE  PHA(R,I,PHASE) 
REAL I 
IF(1) 100,101,102 
IF  (R) 103,104,105 
Rz-R 
PHASE=3.14159265-ATAN(I/R) 
RETURN 
PHASE=1.57079632 
RETURN 
PHASE=ATAN(I/R) 
RETURN 
IF  (R)  107,109,109 
PHASE=3.14159265 
RETURN 
PHASE=O .O 
RETURN 
IF(R) 150,151,152 
I= -I 
R=-R 
PHASE=-3.14159265”ATAN(I/R) 
RETURN 

IF(COEF(J,L)  -AMIN)  709,710,710 

IF(COEF(J,L)  -AMAX) 708,708 , 711 

DIFX(J)=AMAX-COEF(J,l) 
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151 PHASE=-1.57079632 
RETURN 

PHASE=-ATAN(I/R) 
152 I=-I 

RETURN 
END 

NASA-Langley, 1970 - 8 M532 


