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ABSTIAGT

An investigation of using the response of a circuit at selected test
frequencies to isolate faulty circuit components is made. A procrdure
using a sensitivity approach fer inteliigent selection of test frequencies
is developed. The developed procedure is tested and the results are
compared witn results using conventicnal procedures. The effect of
random, within tolerance variations of nonfaulty components on the

results is studied for “oth conventional and develcped procedures.
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T. INTRODUCTION

« A RATETE G 7T YT

Maintenance of electronic equipment is a problem that increases as
equipment becomes more complex. With ever increasing costs (of equip-
ment) it also becomes imperative to decrease equipment downtime as
much as possibie. To this end a fast, reliable method of locating
circuit failures must be used.

1t has been customary to isolate failures by testing individual conpo-

nents. This is usually done by isolating the fault to a particular stage,
followed by subassembly isolation and finally component isolation by
individual testing.

With the availability and flexibility of digital computers, a pos-
sible solution to the problem cf excessive downtime is to use a computer
to help isolate the fault. The first step in accomplishing this is the
development of a testing and isolation procedure which could be progiam-
med for the digital computer.

A recently oresented procedure has been examined by a number of
individuals [1], [2], [3]. and [4]. The procedure was described by Seshu
and Waxman [1] with other irvestigators testing and ﬁaking applications of
the procedure with few modifications.

The basic procedure is to examine the response of a circuit under test
at selected frequencies. Ccmparisons of the results with a 1ist of "library
results” can pinpoint a faulty component.

Most investigators have used test frequencies near the poles and zeros
of the function under consideration. Other frequencies have been chosen
between the pole and zero freguencies [2] and [4]. In this study an
alternate method of test freqdency selection was developed and tested and

results were compared with results using ~ther methods.
9
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The procedures for signaturg comparison used by other investigators
have not been explained in detail in most reports. However, it appears
that a nearest neighbor approach is the most common technique used to
date. Two alternate methods were xamined and are discussed with
conclusions as to their practicality.

Previous methods of fault determination after signature comparison
have also not been documented. Two possible methods were tried. The
first method used computer selection for each network function and manual
correlation for fault isolation. The second method was completely program-
med for digital computation. '

As far as can be detarmined from available reports no investigater
approached the problem of error due to in-tolerance variations of com-
ponents. This study included an investigation of that problem with both

the conventional and the proposed procedures.

19



it

II. PROCEDURAL BACKGROUND

A. FUNDAMENTAL CONCEPT

A1l components of a given network play a part in the formation of any
of the network functions. The sensitivity of any given network function
to a particular comporient is generally unique tc that component. That is,
in a network with K components a network function will have K sensitivity
functions, one for each component. A change in the value of a particular
component may cause a decrease in the magnitude of a network functicn at
one frequency and an increase in the magnitude at a different frequency.
There may in fact be frequencies at which the function sensitivity is
near or equal to zero for a particular component, excluding catastrophic
failures.

Specific knowledge about this behavior can be used to detect and
{solate component value changes. If, for example, it is known that the
input impedance is insensitive at low frequencies to changes in a specific
component, one would assume that component was not faulty if the input

{mpedance exhibits a significant change at low test frequencies.

B. POLE-SHIFT TECHNIQUE

The component variation effect on frequency response can be observed
with the pole-shift technique. A network function carn he represented by
a constant and a unique set of poles and zeros;'i.e.,

(s-2y)(s-2,) -+ (s-7))

Fls) = ($-p1)(s-py} -« (s-p,)

where

F(s) = any network function

K = constant
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Every component plays a part in pole and zero locations. However, a

few comporients may dominate the location of a given pole or zero frequency.

Thus, if one could detect the shift of the poles and zeros of a given
function, it may be possible to determine component variations. A simple
axample can best illustrate this point.

Example 1 - Consider the network shown in Figure 1.

Ry = 1 L =1
AMAA—— L XY -0t
+ I]
N N R, =10V,
Ao-

Figure 1. Example 1 - Low Pass Filter

|}
The network function T%-(s) is given by:

% . 2+ 115+ N

];‘ s2 + 103 +1

+ 1.113

9.887)(s
.995"' 00]

s +
s +
The pole and zero shifts were determined by varying each component

value by ten percent and observing the corresponding critical frequency

shifts. The results:

12
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Location (radians/sec) fercent Shift

coﬁlfi‘,‘lﬁ Py P2 H - L T e I -

Nominal 01 9.899  1.113  9.887 6o 0 0 0
Ry variation .101  9.899  1.020 9.889 0 0 .62 .02
C, variation .092 9.908 1.010 9.899 8.9 .09 9.25 .12
L, variation .101 8.990 1114 8977 . 0 9.2 .08 9.2

R, variation .092 10.908 1.101 10.899 8.9 10.2 1.07 10.2

TABLE II-1. Percent Pole and Zero Shifts

It is immediately obvious that a change in Rz or c] will cause a greater
shift in 2 than will a corresponding change in L] cr RI’ Also, Py and z,
are most affected by L.l and R2 and P is affected only by C} and R2'

C. CHANGES IN RESPONSE FRO:A POLE SHIFT

In practice the exuct location of the critical frequencies can usually
not be determined directly from the circuit. However, this does not rule
out the pole shift technique. Any shift in critical frequency causes a
change in the magnitude of the given function at all frequencies greater
than the shifted one. This can be seen from the simple Bode representation

of a pole:

16(f]

Figure 2. Bode Plot of Simple Pole
13
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If f, is changed to f, (indicated by dashed iine), the function
magnitude, at any frequency, fo’ greater than fc’ is changed (increased
in this case). The magnitude is not affected at frequencies less than
fﬁ‘

Now, from the network in Figura 1 we obtain:

Y 10 o0
V{' s2 + 11s + N (s + 9.887)(s + 1.113)

Figure 3a is the Bode plot for the functior VZ/VI' Figure 3b and
3¢ show the effect of increasing R] and of increasing Ll’ respectively.

The nominal respense is shown as a dashed line.

Hgy)db Py = 099 p, = 1.57 Hz
10 b,
0
-10
0 3 1. T

Figure 3a. V2/V] Bode Plot.

Hw)
\
10

Figure 3b. %NPR‘Maanm Figure 3c. QNPlewuw¢

14
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It can be seen that an increase in Rl causes a decrease in the
maghitude of the response between P and Ppe A lesser decrease is seen
at frequencies greater than Po- The response between Py and Po is
increased for an increase in Li while the response above Py is decreased.
Thus, if one examines the response at a frequency between Py and Py and
at a frequency greater than Py it will be a reasonably simple task to
distinguish between an increase in R.I or L]. This example is an over-
simplification of the procedure, but the application of which can be

appreciated.

15
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III. GENERAL PROGEUURE

TASTNW ICTIE T STIRY VSR T oy, mb’)ﬁ
b

A. SASIC PROCEDURE _
; . The basic procedures outlined by Seshu and Waxman [1] was followed
with modifications as explained herein. Two network functions were used
concurrently. Work done by Maenpaa, Stehman, and Stahl [5] indicated

that the redundancy from using two functions was more than adequataly

E compensated for by the increased fault detection capability.
The symbolic network functions were calculated by hand. It should
be pointed out that computer programs exist which calculate symbolic net-

work functions. These programs should be used ftor more complex circuits.

The functions were numerically evaluated and factored to determine
the poles and zeros. Test freauencies were then chosen. Previous
procedures generally selected test frequencies based on the pole and

zero locations. As a test of the procedure severai test frequencies were

chosen between the critical frequencies as weli as O hertz and one

frequency above the highest critical frequency. The actual selection

O T . Ll

was programmed for computer selection and is described in Section VII.

It was felt that the procedure of selecting test'frequencies based
on poles and zeros was, although intuitively satisfying, a somewhat
{1ogical procedure. The concern was not with the function itself but
with the behavior of that function with a parametric change. Thus,
sensitivity functions were calculated for each eiement. Based on these
functions, six test frequencies were chosei. Th.s procedure is discussed
in Sectior IV.

After selection of test frequencies, a worst case response, for

component values within 10 pefcent tolerance limits, was computed for

16
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each test frequency. This defined a nominal range of performance. This
is not necessarily the best method for definition of nominal range. This
range might be specified for a particular circuit. However, in the
absence of such specifications the above procedure was followed.

Each component was then allowed to take on Several discrete values
out of tolerance 1imits. All other components were held fixed at their
nominal value. The response at each test frecuency was then calculated
and catalogued for the entire collection of sets of component values.

The catalogued response vaiues were then quantized into nine levels
and labeled one through nine. Quantization level five was reserved for
response withia nominal limits. The setting of the levels is explainad
in Part B. Tha quantized respunses for a given set of component values
is defined as the signature for the givenr circuit configuration.

The signatures were computed for the following cases:

value = zero
+ 20%
+ 50%
100 times nominal.

The eatire set of signatures for a given function is defined as the
1ibrary for that functibn. There is no theoretical limit on the size
of the library. However, the inclusion of many more circuit configurations
would probably only complicate the matching procedure and not increase
detection capability. _

Using the primary test circuit the input impedance and voltage gain
at each test frequency was measured. Then, after quantization, the signa-
tures measured were compared with the library signatures and a "closest
match" was made. Thus, the faulty compenent was identified.

In order to test tle procedure, several error conditions were set and

the response caiculated. In order tc more closely approximate actual

17
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(uniform distribution) within 10 percent tolerance limits. Calculations
were made with and without the random variations to determine how much
effect this would have or the results.

The resitlts of 211 tests are presented in Section VI.

B. SETTING OF QUANTIZATION LEVELS

With the exception of selection of test frequencies the most critical
step in the procedure was the setting of quantization levels. Two methods
were used successfully. One was programmad as part of the main analyvsis
program. The second method. although not programmed is possibly adaptable
to computer selection. Both methods have nine levels of respoise with
level five reserved for the nominal range.

The nominal range was selected by taking the range between the
maximum positive and maximum negative deviation from normal for any
element value at + 10% from normal. The programmed method then set the
other eight levels as shown in Table III-1 in which F is a multiplying
factor used to force the possible response range to cover all quantum

levels with levels onc and nine assigned only for extreme cases.

Quantum Level Nornialized Response

(=, 1 +13 FN]

(Y + 13 FN, 1 + 7 FN]
(1 +7FN, 1 +4 FN]
(1 +4FN, 1 +N]
(1+H8,1-M)
[-M4,1-4mM
[1-4mM,1-7FH)
[D-7mM,1-13mM)
{1 - 13 FM, 0}

TABLE ITI-1. Quantization levels.
18
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cach. The maximum
deviation levels, 1 and 9, were selected based on the maximum deviaticn
from normal under any condition. The mid levels were then selected so
that the catalogued or library signatures would cover all quantum levels
as uniformly as possible.

The manual approach is acceptaple for small circuits but gets
unmanageable quickly as circuit size increases. Parts of the procedure

could be easily programmed. However, a suitable algorithm would have to

be developed prior to complete programming.

C. TWO COMPONENT VARIATIONS
It canrnot Ye assumed that only one component at a time will undergo
changes in value. In order to investigate the possibility of two compo-
nent values changing simultaneously, two possibilities were considered.
If one comoonent masks function changes due to variations in another
E component (i.e., no change in function magnitude), the entire procedure

will not work. However, iT one is primarily concerned with circuit

performance, the failure to detect component variations is of no concern
if there is no degrada;ion in circuit performance. .

The second situation considered was one in which there was an obvious
change in circuit response due to two components varying. The eriginal
procedure made allowances for varying only one component at a time. How-
ever, a slight modification allowed for the generation of a set of library
signatures for two component variations. The set is presented in the
computer output section.

It soon became apparent that in order to use the twe component.
variation 1ibrary, one needed apriori knowledge of the number of faulty

components. Since this is not usually available, the usefulness of two

19
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1

dominates the response. Thus, if two components have failed the single
3 component 1ibrary would probably isolate the dominant component. After
replacement of that component further testing could reveal the second
faulty component. Consequently no further investigation of multi-

component variation was undertaken.
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IV, FRIMARY TEST CIRCUIT

The primary circuit used throughout the investigation was a six-
element low-pass filter. (See Figure 4.) The unscaled frequency
response, represented by the voltage ratio transfer function, V2/V],
is shown in Figure 5 and the unscaled input impedance «s a function
of frequency is shown in Figure 6. On Figures 5 and 6 the poles are

reprresented by X and the zeros by 0.

R.l Ly Lz
___\/\/\/\_M___m o+
+

Figure 4. Primary Test Circuit.

The component values were magnitude scaled by 100 and frequency
scaled by 105. This yielded component values of &pproximately the
same magnitude. Ideally, the scaled cutoff frequengy should be 1 Hz.
However, with this scaling fé = .02 Hz and no difficulty was encounter-
ed.

The scaled network functions of interest are:

V2. 1634
N F7.675546. 8625242, 601s+.2124

.1634
= TsH17.31)(s+.0997) (s+1.325+33.25) (s+1.325-33.25)

21
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1 ub_Q X
-201
-4 .00 f
Figure 5. V2/V], Primary Test Circuit
V. X
1 Q
5 9
0 %01 ) 3 1. 0Tt

Figure 6. V]/I]. Primary Test Circuit

22




1. sH17.675+6.4625%42.6015+. 2124
L 5.88255+.1475%+ .617s+. 01634

- s+17.31)(s+.0997) (s+1.325+33.25)(s+1.325-
és'+.6?)(s+. 5. 00253

The poles and zeros in Hz are listed in Table IV-1 for convenience.

Vi/1, LIT2Y

Zeros* (Hz) Poles (Hz)

.0518 (Second Order) .0594 (Second Order)
.0159 .00319
2.76

* Zeros of V]/I] are the pcies of VZ/V}‘

TABLE IV-1. Pole and Zero Magnitudes.

23
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V. SELECTION OF TEST FREQUENCIES

E’ A. CONVENTIONAL METHOD

The conventional procedure was followed with regard to selecticn of
test freguencies in order to test the method. It soon became apparent
that the number of test frequencies was too large to handle with ease.

E Thus, only frequencies between the pole and zero frequencies were

selected as well as 0 Hertz and one above the mav.imum critical frequerncy.
The computer program written for implementation of the procedure (see
Program 1) did the frequency selection automatically. The test fre-

quencies were selected by taking i4]

i
£ = fl 4 € fe
test c - 2
for every fi where fi = ith critical frequency. If
; fi+1 _ fi . fi+2 _ fi+'t
f+c c s f - £ ¢
c 2 _1 ¢

one of the frequencies was eliminated. Test frequencies were computed
for the input impedai..e because the critical frequencies for VZ/V; are
E included in the critical vrequencies for V]/I]. {ne test fregquency was

eliminated due to the above inequality. This resulted in the selection

of the following seven test frequencies for a fourth order filter:

0.0 Radians
.001 Radians
.00498 Radians
.196 Radians
.5488 Radians

8.49 Radians

25.6 Radians

TABLE V-1. Conventional Method Test Frequencies
24
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B. SENSITIVITY APPROACH TO FREQUENCY SELECTION

Inspection of the signatures generated using the conventional method
showed that redundancy existed to the extent that the method was some-
what inefficient. Two test frequencies, D.C. and the lowest nonzeru test
frequency, gave nearly identical results. This indicated one of the two
frequencies was probably not required. It was also felt that uniess
further investigation was undertaken it would be possible to ignore a
range of frequencies which could be extremely helpful.

This investigaticn took the Torm of calculating and p]otting* functions
which defined the sensitivity of V2/V3 and I]/V] to variations in éach
compcnent. These plots are presented as Figures 7 through 18. Figure 19
is a superposition of the plots of the sensitivity function for I]/V1 and
Figure 20 is tiae same for VZ/VI' Idealily V]/I] should have been used.
However, the computer program ised in this portion of the study did not
ailow for using V]/I]. It vas felt that no loss of information would
result.

The superposition plots Figures 19 and 20 are very revealing. The
first observation is that VZ/VI is not sensitive to changes in R] and R2
at high frequencies nor to £'s or L's at low frequencies. While this
information is not new the sensitivity functions assist in determining
when C's and L's have 1ittle effect. This can be used to eliminate the
redundancy observed using the conventional method of frequency selection.

The mid-frequency range is the most interest%ng range for the selection
of test frequencies. For exampie, near .02 Hz VZIV] is very sensitive to

changes ia R] and CZ’ less sensitive to changes in LZ’ even less sensitive

* The program NASAP-70 was used to calculate the various sensitivity
functions.

25




to changes in Rz and C] and virtually insensitive to changes in L].
There is a peaking of the sensitivity functions for C]. CZ’ and L2 near
.06 Hz. At this same frequency the sensitivity functions for R], R2.
and L] are near zero.

The Il! and V] plots show that at near .3 Hz only the sensitivity
function for Ry is high. The fun§t1ons for L} and C] are low and the
ether functions are zero. At 3 Hz I]/V1 is about equally sensitive to
changes in L] and R] while the other functions are very close to zero.
It can aiso be seen that the frequeacies discussed in connection with
VZIV] are reasonably good choices for I]/V].

Based on the above observations the following .ix frequencies were

selected as test frequencies:

Number Frequency

1 .00048 Hz
.027 Hz
.06 Hz
.299 Hz

2.99 Hz

49.97 Hz

O WU N

TABLE V-2. Sensitivity Function Test Frequencies.

kfter some preliminary work it was observed that the response at .06
Hz was not well behaved. Since four sensitivity functions peaked for
I]/Vl, random variation within tolerance limits of these ccmpunents were
being observed as significant changes in response. In order to overcome
this problem, test frequency three was changed to .055 Hz. The new fre-
quency was off the peak enough to be useable and still yield the desired

information.
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C. COMPARISON OF METHOOS

The comparison of the results using the two methods of frequency
selection is included in Section VI. Some corments as to applicability
should be made at this point.

If one computes sensitivity functions by using the derivative of

the network function with respect to the element under consideration it

becomes
_ ”d S
fs(s) B dey géE}
a(s) éﬁ-é?— - p(s) dqe:
[a(s)3

where:

fs(s) = sensitivity function

d/dek = derivative with respect to element k

5{%}- = ratio of polynomials representing the network function.

Thus, the poles of the sensitivity function are the same as the poles of
the original function. Consequently, if one se!ects test frequencies on
the basis of function poles the selection is linked to the sensitivity
functions. Generally, however, the zeros of the sensitivity function are
unique and are thus ignored by any selection procedure based on the poles
and zeros of the original function.

From the preceding paragraph, some of the advantages of using sensi-
tivity functions for test frequency selection become apparent. However,
that method has the disadvantage of requiring the calculation of sensi-

tivity functions for each element.

4
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Nith the small circuit used as an exampie the value of sensitivity
functions are demonstrated. With more complex circuits it appears more

probable that important test frequencies might be overlocked if the sen-

sitivity functions are not used.
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VI. RESULTS WITH PRIMARY CIRCUIT

A. RESULTS USING BASIC PROCEDURE

Using the procedures outlined in Section ITI-A and V-A a set of
signatures was generated for the six selected circuit conditions.
These signatures are presented in Figure 25. A second set of signatures
was then generated for the same circuit conditions with random variation
allowed for the ci~:uii elements. The second set of signatures was input
to the selection program to determine what errors resulted from the random
variations. . '

Tabie VI-1 lists the input condition and the program output. The
numerical result was determired as follows:

1 = Selection was correct condition
2 = Selection was correct element
3 = One of multiple selections was the correct condition
4 = One of multiple selections was correct element
& = Incorrect selection.
By correlating the results from vz/v; and V]/I] a2 "hit", "miss®, or
"possible hit" rating was assigned for each test signature as follows.
A hit was assigned if both Vo/V; and V/1, yielded a 1 or 2 or if one
was 1 or 2 and the other was 3 or 4. A 3-5, 4-5, or 5-5 combination was
called a miss. All other combinations were.called possible hits. Fer
some cases deviations were warranted. For example, a 3-4 selection could
have been called a miss if a component other than the given component
was clearly indicated as being faulty.
The result was 21 hits, 9 possible hits and 6 misses for 58% hits and
83% hits or possible hits. Since only the circuit conditions used for

signature generation were used to generate the test signatures 100X

43

- e TR TG I AR TR I N T E T TR TR TS AR LT S TR DRI TRT TS IO E RS A L R st i TG e s e R TR T e TR e F ST

RS R O JP SV TS S S R T LA

JXY PPARRITR

AT Y




LVas il g 2 b fs 2

Circuit
Condition

Rl:

Ll

Ci:

Short
-50%
~20%
+20%
+50%
Open

Short
-50%
-20%

+20%

+50%
Open

Open
-50%

-20%
+20%

+50%
Short

: Short

-50%
~20%

+20%

+50%
Open

z B3

Program

Condition

Rl:
Rl:
R:
i2:
Rl:
Rl:

L2:
C2:
C2:

Short
-50%
Open
+20%
+20%
Open

Short
-50%
-20%

: +20%
s +20%
s +20%
: Open

: Open

+20%

: -50%
s +20%
: +20%
s +20%
: +20%

: Short
: -50%
: ~50%
: -20%

+20%
+20%
+20%

s +20%
: Open

TABLE VI-1.

Numerical

Result

]
1
2
5
2
1

—d P\ =sb TRy e

[P N ) ot

wi

-d

-t N

Basic Procedure Results.

a4

Program
Condition

R1:
L2:
L2:
R1:
R):
L2:
R1:

L1:
L1:
L1:

L1:
L1:
R2:

L1
Cl:
RY:
L1:

Ci:
c2:
Cl:

Z838

Cl:
Cz:
R2:
Cl:

Short
Open
+50%
+20%
+20%
Short
Open

-50%
-50%
-20%

-20%
-20%
+20%

+50%
-50%

-20%
-50%

+20%
+20%
Short

: Short
: -50%
: -20%
: -20%

+20%
+20%
+20%
Open

Numerical
Result

w N = O O3 =

ot wd N\

GINON
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L2: Short L2: Short 1 L2: Short
R1: Open
-50% L2: -50% 1 L2: -50%
-20% L2: -50% 2 L2: -20%
LY: +20% L2: +20%
+20% L2: +20% 3
£2: +20%
+50% L2: +20% 2 L2: Open
Open L2: -20% 2 L2: Open
3 C2: Cpen C1: +20% R2: +20%
Cz: -50% 4
-50% Cl: -20% 5 Cl: +50%
Cl: -20%
. €2: -20%
~20% Nominal 5 L2: +20%
+20% €2: +20% 1 C2: +20%
+50% Nominal 5 €2: +20%
Cl: +20%
Short C2: Short 3 C2: Short
R2: Short
TABLE VI-1 {Continued)
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nits or possibie hits could have been accomplished. Thus, using the
conventionai procedirs, within tolerance variations intrcduced 17% to

42% errors.

B. RESULTS USIMG SENSITIVITY FUNCTIOAS

llsing the frequencies determined from the sensitivity functions a
set of signatures was generated for the six circuit cond{tions. In order
to check the effect of variations within tolerance for this method the
same procedure as used in VI-A was followed. The result was 50 hits, 16
possible hits and 6 misses. The 6 misses included 3 dve to the test
signature showing normal response from the circuit. These results showed
an error rate of 11% - 31%.

Eight additional circuit conditions were simulated for each element

. to see what could be expected from a less artificial situation. Table

VI-2 lists all the conditions set and the numerical result. The numerical

result was assigned as follows:

1 - closest 1ibrary signature selected

2 - right element selected

3 - cne of multiple signature closest to given condition
4 - one of multipie signatures right element

5 - incorrect selection. '

Hits, misses and possible hits were also assigned as before. The
result was 115 hits, 43 possible hits and 10 misses. Or, 68% hits and
94% hits or possible hits.

€. USING SUBROUTINE DET FOR CORRELATION
The same set of test signatures used in VI-B was used to test the
programmed correlation and selection. The input and results are listed

in Table VI-3. The results are coded as follows:
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Bircuit Run 1 Run 2
Condition V2/V] V]/I] VZIV] VT/II
3 RY: Short 1 1 1 1
1 -90% 1 1 1 1
-70% 1 1 1 1
3 ~-50% ] 1 1 1
: -40% 1 1 1 1
4 -20% 1 5 3 ]
+20% ] 3 1 3
+30% 1 1 1 1
+50% 1 2 1 1
+60% ] 1 1 1
+90% 1 1 1 ]
x3 1 ] 1 1
X75 1 ] 1 1
Open 1 1 1 - K
LY: Short 1 1 1 1
~80% 1 1 1 1
-70% ] 1 2 2
~50% 1 ] 1 1
-40% 1 1 H 1
-20% ] 1 1 1
+20% 1 5 1 5
+30% 1 3 1 1
+50% 1 ] 1 1
+60% 1 1 1 1
+90% ] 1 1 1
X3 1 1 1 1
X75 1 1 ] 1
Openr 1 1 ] 1
R2: Short 3 3 3 3
-90% 3 5 3 Z
-70% 3 5 3 5
-50% 1 1 ] H
-40% 1 1 1 ]
-20% 1 1 3 |
+20% 1 H 1 1
+30% 1 1 1 |
+50% 1 } 1 3
+60% 1 1 1 1
+90% ] 1 1 1
Open ] 1 1 1

TARLE VI-2. Results Ysing Sensitivity Functions.
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VNI

SRR Y el et andandiante: Slandl an

n‘5—353555553511

s e o g g (V) AD) o g 7 0 L) 0

15533]435345]]

C1: Open
-90%
-70%
-50%
-40%
-20%
+20%
+30%
+50%
+60%
+90%
X3
X75
Short

Y X7 Xoz Kot Ko At Kot Kol il audl andl il e

211]2\!345355555

PNV T 2t At R Koe Kol andl ondl il ondb i

21!1!?!11235555551!

L2: Short
-90%
-70%
-50%
-40%
-20%
+20%
+30%
+50%
+60%
+90%
X3
X75
Open

1-1!1!1!3331.-1]1:]33

‘5543555r°35535

11.1!]133]]]1:]3«5

]]133553533533

TABLE VI-2 (Continued)
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1 - correct primary selection

2 - one of two primary selections count

3 - one of two secondary (no primary selections)
4 - incorrect primary selection.

The results were 61 rated 1, 12 rated 2, 21 rated 3 and 2 rated 4. '
Or, 63% completely correct and 98% with one of two selections correct.
This is rougnly the same result using manual correlation. The algorithm

used for determining primary and secondary selection is outlined in

Section VII-C.
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é Circuit Condition VZ/VI VI/II
2 ]
3 . -90% 1 1
3 -70% 1 ]
-60% 1 1
+30% 1 1
+60% 1 1
3 +90% 1 1
1 X3 1 1
] X75 1 1
i L
: -90% 1 1
-70% 2| 1
-60% 1 1
+30% 2 2
+60% 1 1
§ +90% 1 1
N X3 1 1
{ X75 1 1
= (W
3 -90% 3 3
-70% 1 1
-60% 3 3
+30% 3 2
+60% 3 2
+90% 1 1
X2 4 4
X75 1 1
R2
-90% 1 1
-70% 1 1
-60% 1 1
+30% i 1
+60% 1 1
+90% 1 1
X3 1 ]
X75 1 1

TABLE V1-3. Computer Correlation Results.
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L2

~90%
-70%
-60%
+30%
+60%
+90%

X75

c2
-90%
-70%
-60%
+30%
+60%
+90%
X3
X75

W W W RN A - W W

N G~ o =l L N W

TABLE VI-3 [continued)
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VII. COMPUTER PROGRAMS

Severai coiipitler prog
much of the mathematical work associated with this study. Four of the
programs are included herein with detaiied descriptions. Each of these
programs were used with several modifications. However, only the basic
program is presented in each instance. A1l listings are in the designated

section.

A. PRIMARY ANALYSIS PROGRAM

The primary analysis program contains the main program and three
subroutines. A fourth subroutine, PR(D, is used for root finding and
{s not included in the Tisting.

The program calculates the magnitude of both network furctions as a
function of the complex freqﬁency, s, finds the roots of the polynomials
involved and selects test frequencies.

Each 2lement in turn is then set to each out-of-tolerance value as
selected previously, the magnitude of each function at each test fre-
quency is ca}culated and all responses are quantized into signatures.

The output cons.cts of both network functioﬁs, the test frequencies,
the nominal response at each test frequency and the 1ist of library
signatures.

The listing is the program which calculates the test frequencies as
explained in Section IV-A. To modify the program for the selection from
sensitivity functions the portion of the program between indicated com-
ment cards was replaced with 2 read statement and the test frequencies
were used as the input.

Figure 2T is the flow graph for the main analysis program.
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3

SET NEW OUTPUT
COMPONENT NOMINAL
VALUES RESPONSE AND
TEST FREQS.
T :
CALCULATE . CALCULATE
V,/V, AND FUNCTION
MAGNITUDES
Vy/1,
I
FIND ROOTS
AND SELECT
REST FREQS.
NO
CALCULATE
FUNCTION
MAGNITUDE

Figure 21. Flowgraph of Primary Analysis Program
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B. TWO COMPONENT VARIATION PROGRAM

The main analysis program was medified to generate signatures for
simu]faneous tvio-component failure. Two different modifications were
made, orc generated signatures for only short and open element failures.
The other ailowed for short, -50%, +50% and open failures.

Since the programs were only modifications to the main analysis

program flow data are not included and the listings are omitted.

(. FAULTY COMPONENT SELECTION

This program was written to determine possible and probablg componént
failures from the two input signatures. The signature from V]/I] and
VZ/V1 are both processed. A component is flagged as possibly failed if

one ¢ the library signatures for that component is selected as a match.

_ If two or more library signatures for a component are selected as a match

that component is flagged as probabiy failed.

The flow graph for the program is shown in Figures 22-24. The main
program allows for saveral signatures to be read in and sent to subroutine
DET, one pair at a time.

Subroutine DET first checks to see if the signature indicates the
circuit is fﬁnctioning properly (i.e., signature is all 5s). If so, a
message is printed and control is returned to the main program. The first
entry into DET with a non-nominal signature results in the library signa-
tures being read in and stored.

When it has been determined that non-nominal signatures are being
processed, Loth input signatures are compaved with the library signatures
to determine the closest match distance. The signatures are compared a

second time and those library signatures that are the minimum distance




READ

INPUT
SIGNA-

TURES

ISIG=V,,/V, SIG
LS1G=V, /1,516

CALL DET )
(1516,LS16)

Figure 22. Flowgraph of Main Program for DET
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AN

READ SIG
(LIBRARY
SIGNATURES)

DETERMINE
MINIMUM DIS-
TANCE FROM
LIBRARY SIGNA-
TURES

e T

<

K

0

K=K+1

NO |

YES

WRITE: N({K-1}/6+1)
THE - SIGNATURE = .

IS NOMINAL N({K-1)/6+1)
1 41

RETURN

K=72?

YES

Figure 23. Flowgraph of Subroutine DET
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K=K+1
WRITE
ELEMENT K IS
YES | PRORABLY
FAULTY
WRITE
ELEMENT K IS
POSSIBLY
FAULTY
NO
K= 6?,;:>>
YES
|
RETURN

Figure 24. Flowgrapk of Subroutine DET {Continued)
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from the input are used to set fiags for determining possibie and
probable faulty components as described eariier.
The program is listed showing the nearest neighbor matching

procedure.

D. SUBROUTINE LSQ

Subroutine LSQ was viritten t> determine which 1ibrary signatures
most closely matched the input signature. LSQ is similar in instruction
flow to subroutine DET and therefore a flow chart is not presented.

In order to determize a match, LSQ uses a method similar to the
nearest neighbor concept. However, if one considers the signature to
be a vector with each test frequency a dimension, LSQ does not weigh
every dimension equally. If one diwmension can be strongly affected by
random variations in component values that dimension is not considered
equally with the other dimensions. Thus, the distance between the input

vector and the library vectors becomes:

a2 2
z ai(xi - Yi)

=1
where
} = b] ] 2X + b X3 4+ o0
= {nput vector
Y =

c]Yl + czY2 + c3Y3 +

library vector

a; = weighting factor for the ith dimension (or
frequency)

a; < 1.




1.SQ operates on only one signature at a time and selects the preper
library signature to match the input. The output is a list of the pus-
sible signatures and the component variation defined by each one.

One may choose to set each a; = 1. This wouid be the case i{f the
quantizaticn process was sufficient to take care of the random variation

preblem,
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VIIT. SUGGESTED FURTHER STUDIES

R. ALYERNATE AFPROACH TO SIGNATURE TABLE

Table VIII-1 lists the calculated response at each test frequency
for the primary test circuit. Table YiIl-2 lists the range of the
response at each Trequency and the maximum deviation from nominal respanse.

Zero output is not included.

5 Test Frequency (Hz) Response

:

| Vol Wiy

i 00048 ' -2.28 Db 12.86 Ohms
.027 -6.77 Ob 3.22 Ghms
: .055 -10.85 Db 14.32 Ohms
: .299 -56.8 Db 3.01 Ohms
§ 2.99 -120.3 Db 4.34 Obms
: 49.97 -215.5 Db 53.46 Ohms

; ) TABLE VIII-1. Nominal Response at Test Frequencies

g Test Frequency (Hz) Response Range Maximum Deviation
{ V,/V, (db) Vi/L{a) /¥ (db)  Vy/14(a)
.00048 0028 -29.91 3.0 66.77 -27.63 +53.91
027 15.58 -46.16 .246 300.2 -39.39 +266.98
055 -4.36 -55.7 3.0 302. ~44 .85 +287 .68
299 -20.94 -87.14 .23 300. -40.34 +296.99
2.99 -52.28 - -160.41 3. 319.5 +68.02 +315.26
49,97 -98.48 ~255.5 3. 5338. +117.02 +5284.54

TABLE VIII-2. Response Range and Maximum Deviation

One can see that the responses do not cover the same range of values nor
are the maximum deviation from the nominal response the same. From the nature
of the network functions it can be assumed that the responses at different
test frequencies are not independent ¢.r a given circuit condition. Due to

these situations it would seem logical to weigh equal changes at different

frequencies dif{erently.
Sl A 60
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the setting of quaatizatior levels and subsequent signature
generaticn is one way to accompiish this weighing. The setting of

quantization levels based on the selected situations tends to weigh

TFF R T AT

responses at some test frequencies less than others. HKHowever, this
is purely an “educated guess" method and has no analytical foundation.
An alternate scheme was studied b~iefly ané is suggested as the

subject of further study.

if one considers each test frequency as one of the dimensions in
an n-dimensional space tken each response would be a point in the n-
dimensicnal space. Insteaé 0# THniting calculations to & few selacted.
circuit conditions one cuuld g~.2r>te many points representing many
circuit conditions. One could then have a large enough sample of data
to dc some statistical operations. '

In order to remove dependence the normal procedure is to multiply
each vector, representing a point, by the inverse of the co-variance
matrix. The result is the collection of points irn a “"transfomed space"
where dependency is accountad for.

The problem is the construction of the co-variance ma‘rix. However,
since the data base is now sufficiently large,an estimate of the matrix
can be calculated from the data.

With a circuit under test the response would constitute a vector
whick would be multiplied by the inverse of the covariance matrix. At
this point there are several options for fault identification. One can
wmake a comparison with the stored data and make the fault identification
using the nearest neighbor technique. An alternate approach would be to
use an average ¢f the nearest m neighbors when m is some positive integer.

There are other possible procedures for matching.
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If one is only interested in which component is faulty {t might
also bg of interest to investigate any possible grouping of points which
would be usefu? as in pattern recognition. The urnknown could then be
assigred to a group according to its positicn. Reference 5 details the
necessary pattern recognition information.

The above described procedure would require a computer with sufficient
storage to process and store the information pertaining to the data base

and covariarce matrix. Howaver such a computer is readily available for

a nominal cost.

B. EXTENSION OF PROCEDURE
It soon becomes obvious that for even moderate sized circuits the

procedure would be very difficult to use. For example, a 25-element

- circuit with 6 possible element value perturbations would yield 150

signatures. For ease in tesiing the number of test frequencies should
be as small as pessible. However, with 150 signatures considerable
signature duplication is probable unless the number of test frequencies
is large.

Reference 3 shows how a ladder network may be divided into subnet-
works such that the voltage gain of a given subnetwork is independent of
the voltage gain of all precediny networks. Therefore, testing by add-
ing subnetworks one at a time can yield the fault component.

This procedure uses only the voltage gain but does show one approach
to handiry large circuits. In any case, a large network would have to

be divided into cubnetworks by some scheme in order to reduce the probiem

to 2 manageable size.
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IX. CONCLUSIONS

The rajority of the conclusions made as a result of this study wer:
based or a comparison of the results is section VI and results publishad
by other investigators.

Most investigators reported apnroximately 75% isolation using one
retwork function with no allowance for variation-within-tolerance of the
nonfaulty elements. One investigator [?] reported 78%-98% success. How-
ever, the results were not sufficiently documented to judge the merit of
the claim. | ' :

The results of this study show that an additional error rate of

17%-42% can be introduced by the within tolerance variations if the

~ conventional procedures are followed. Howaver, if sensitivity functions

are used to aid in selecting test frequencies the error rate due to other
element variations drops to 11%-31% for one network function. Further-
more, using twc network functions fault isolation is successfu, for up
to %4% of random single fault <onditions.

The high degree of successful fault isolation cleariy points out the
advisability of using at least two network functions for testing. The
two functions used for this study were VZ/V] and V1/11' Yowever, the
designed purpose of the circuit may dictate a’'divferent choice of
functions to be used. _

The results clearly show the improved accuracy of isolation using
sensitivity functions as a guide in test freguency seIection.. In addition
to improved isolation this method algo eliminates the possibility of

unknowingly picking test frequencies which yield the same information.
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45 CONT IMiFE
g%é;=,(3.112) (CLINMAGKTY g S oK) yK=19M6),40=6,9),1=1,6)
100 FORMAT (16X,1PE13,5)
101 FORMAT (6X,'V2/V] = ~= - - o 0w —
102 FORMAY (ISX.XFEI3.$.1X"*'olPFIE.S.IX"S**l +'19613 Se
11X C=e2 ¢ 9
W1PE1 &, 1X,$8%%3 4+ ¢ 1PE1R,S 1x,'gt*aa /) .
103 FOAMAY {13X,PF12,6§,0 + '1°F13 Se? Skx1 ¢+ *1PF13,.5,' S
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110 FORMAT (£5,0,15)
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113 FORMATY (1H )
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STOP
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RETURN
END
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100
101

~

10
17

el

22
25
i00
101
102

D8 1 <=1,9

READ(S5,100) (ISIG(IaKol s, ®106)2(1SIG(I460KaL)al21s6)

DO 4 Isi,12

DO & Ux1,9

DY 3 Ks1,6

JS15(<)=1S1531 1, J2K)

WRITE(6,51C1) 1,Ja(JSIG(KL1isKixn1,s6)

CALL LSG(1sJr S1G)

CONT INUE

FaRvAT(1212)

FORVAT(/,SX3THE INPYT 1S: ELEMENT'»J3,' VARe NBe'si2
END

SUBROBUTINE {S3(11,J1,JS1G)

REAL 1D636):15

DIMENSION 1S15(3656)2J51G(6)sKSIG(3€,6)sFACIE
IF (1%=1) 1,58.1 )

1F (Jlel) 1,9,

FAC{1i1s1,

FALC(2)203333
FAC(2)3e3333;FAZ(3)2eS653FAC(L)®ekb623FAC(S)nebOd
FACLE)34745

CY ¢ J=i,36 )
READ(S,100) (I1SIG(Ual)al=106)0(KS1G(Us1?s]3108)
IF(187) 3:7,7

D® 5 JUs§,36

IC(J)=0

DO & 121,56

JIDIsKSIG(JN1)»JSIS(:)
IDEUI=IDCJISFACITI)®[Dlee2

CONT INYF

GG 18 17

De 15 J=1,36

10(J)=0

D9 106 11,6

J01=1S1G{Je1)~yusSIG(])
10GJ)=ID(J)SFAC(])oID1522

CONT INUE

IS=1D(1)

D9 20 12,36

IFCID(J)=1S) 21,21025

1IF(11=7) 22,8.%8

WRITE(62101) Js(KSIG(Jr1J)e1J21s6)

Ge 7@ 2%

WhITE(62101) Uy LISIGIJaTUY21URL:6)

CEBNTINYE

FARMAT(612:16,512)

FORMAT(SX,*A PSSI3BLE SISNATURE 1S3'»13.5X0612)
FORMAT(INH )

WRITE(6,102)

RETURN

END

.

73

da wason o momen o

AT i




w - -
' od - O (=}
. (D U] 2] -t
. bt - - [
¢ L2 - D Qo
i i Ll L]
* b= -l - - ot povt
i (1] - ~N -~ - - -
' < - e el O [
: -t e - -~ &=
! (] - - - (L] - ZZ
4 « %4 O - — 1} w
; ik -~ - wv -l ZZ
& - 0 - ] -l [ (@] w]
~ 8 " - - Qa.
i - ¥4 [ - -l *E
- - - 0 » OO~
=0 (L) - - - x WG >
[{¥ o ] ¥ [ ) (4] [ 4 -d
Y " -~ o~ " W > >t
— L (L] - v -t . . 4
(Y81 7e} - (o] w - w (o] el ]
Pt} - v - - x <X
4 [T ™ - | < - - and
3 P O -~ o ve) - ownZ
! D0 - 'S - - o~ xQ
! (Dewr ~ - o0 OO 0 aawn
! (14%] 0} O w (22!} - -
_ A - o W~ o~ 1)
“ =1} - - ¢ T ] Lialenl 2] <
¢ tn= - n - ) o ~
i - o-d 3o w [1V, ] [ LD
H Lo~ » -0 [ -y L P~ [-4-4 o
/ =0 ¥ PR > V) & ity - —— 4 < O 20«
i -t - - N4 4 Q. har T i - e d [ 1 -t wled &
RO - Ll L] 2 o0 N » ° P4 - ~ ™~ - » N~ ot bt (D
: - bt XD - - e B 1t] -~ NN -t e n M~ 4 o af «
_ ey O *~ ori(D oD e v -t -~ Mmoo » oo aNUL WLV
: (et - b X1, T w — NN o VL # 0 - - - noZ "=
Y D=  wn 4= I —— At v adeitN - O nwo~ L - nwww
iy (L) ~ bt ) - | NN I 100 © M - o ~ITXTX
4 (X o ~ - - - Wiews  omom "o w v gy g Pt o~ o= [ I own Ot
," v OG-y - QU N - M whed % o » Ot g o g Fodon o
¥ (L e -— btbromt (XK [ t I = ONONDe O L T (AL ] OV Nomimen O NN -
i WOOOFONNOM et W Demem © & »+mOMm OMX XY O [y ] POr X a3 wenemO O o~
i EZ ool &~ tuimiadar (N & L vwUY i NN O » st oo et O C\onomengm g, | 00t | s Ei\rirnd ot ad
5 A rtrtomir amdomd | || op ™ _Qedeawaslll » ol ord gt OO oo || eirtmietll) )| monewerwelli il | § ¢ ol Qe o »
W. e fl B ol ) ol OO emem ]l OO U ittt | eriotomibmttrmtiot b 5DV et L Z W 2 DI e (Ot (VD) o e tur o
i DU Ot ™ I w0 = mSKI!N(NllKZK Hll NN U N udQurawtrdererward (e llo T MM wrGZ Zjm o fou o
5 oz ~ ~—li << Z N | w oo e OO0 OROO™OXNO=Qrmi<~Nw QU g g
3 (X Mottt QP L OVOOe O XX UM™Y db= b D " Yord QT X T W ) WA ot I o b ot bt o gt 90 3K L I o ot Z e oo e ee DX T XX
A [t 99 ¢ < ) O a2 O O wwlripowe € woe eiNwe Uil wilalZ ewrteriZ oot 2R XX O
e OOWROONMNXAd-O0Z U!.UFFORF.FFOEUUDUDDODO(S?QFTFSOUXF(F(OOFFROROEQOOWCNL

HgaYalal, Jalalaly Wk {817, VR TRTY) V10 Ot e (0 T 0L ot 0ot 0 O €208 0 € 1t ot 00t 0,2 1) 22 bt 0 ) ot ot ot et L) D) bt 20t Z it Z LD Qe FO BLOX U U U
ot

(i

« -t M & O~ N [ alnlaly] o 0N O~ Of~ W0 OIN VNN ONMen
b QO ot N 4ot [alululel I T QOO0

purp pepurpry
[

T T AT B RS ey

4

SEL N eT 4 e d Vastsk of ARl L bt

Fgﬁblkigl‘gi»iik. Zes) bl 0 L 8 A Nl AR Dk i cbigin




TNY

TETT O T T

TOVR WRTTISAST

F“NWW ¥ orT
] =

e e s

BIBLIOGRAPHY

Seshy, S. and Waxman, R., "Fault Isolation in Conventional Lineayr
Systems - A Feasibility Study," IEEE Transactions on Reliabilicy,
V. R’lS, NO- ]’ ppo ]1"]6’ May 1966:

Seshu, S. and Waxman, R., "Fault Isolation in Conventional Linear
Systems - A Progress Report," IEEE Transactions on Reiiability,
V. R‘]S’ Noo ]3 pp‘ ]2"]4’ Feb. 1969.

Lin, M. F-S and Chau, S. P., Fault Diagnosis of Liniear 3
ggggr prasented at Naval Postgraauate hool, Monterey, ua 1f'}nia,
] .

courville, J. D., A Topological Approach to Fault Isoiation, “.S.
Thesis, Naval Postaraduate School, 1969. -

Air Force Aero Propulsion Laboratory Report AFAPL-TR-68-107,
Dynamic Fault Diagnosis Techniques, by ¥. J. Stahl, J. H. Maenpaa,
ad C. J. Stehmar.

75

ot e G
Rl e L Y R A e

i bs e Bormtd 800 o andh )




VR YT T 7y IR AT

Lis g

O PR
den TR >
S i § UL

oo AR

UNCLASSIFIED

Secunty Classificacion

iAotk s sl e AL T Lk G -;:—t'w.ﬂtw*:x%:\“:;?

DOCUMENT CONTKOL DATA-R&D 1

(Security classitication of tlile, body of ahxtract and indexing annotatisn must be sntered when the averall report s clnssilied)

[ o.:ucm: n:c A.cnvu'rlv l!.'orpol:lo\.lumgf)
favai rostgraauvaie 2CN00 3

Honterey, Calitornia 93940

20, REPORT SELURITY CLASSIFICATION
Hn eV man 2L 2
VHLIadD 11Ty

2b. GROUP

3 REFORT TITLE

Fault Isolation Using Frequency Response Techniques

4 DESCRIPTIVE HNOTES (Type of repoet and, inciusive datds)

Engineer's Thesis, September 1970

$ AUTHORIS) (First name, middle ;niiial, iast nams)

Charles G. Martinache

$. REPORT DATE

1970

8. TOTAL NO. OF PAGES 1b. NO. OF mEFS

17 5

8A. CONTRACY OR GAANY NO.

8. PPOJIECY NO.

£8. ORICINATOR'S REPOART NUMBER(S)

~

N/A N/A
€. N A b, a“r:c'(':o'a’;:lfout NS ANy ether numbecs that ey be assigned
/ NA
.
10 DISTRIBUTICN STATEMEN™ . F
This document has been approved for public release and sale; its distribution
is unlimited.
1. SYPSLEMENTARY NOTES 12. SPONSOMING MILITARY ACTIVITY
Naval Postgraduate School
N/A Monterey, California
15. ABSIRACTY
-‘An frvestigation c¢f using the response of a circuit at selected test
frequancies to isolate faulty circuit components is made. A procedure using
a2 sensitivity approach for intelligent selection of test frequencies is
developed. The developed procedure is tested and the results are compared
with resuits using conventional procedures. The effect of random, within
tolerarnce variuations of nonfaulty components on the results is studied for
both conventional and, develcped procedures.
i

(PAGE 1)
S/M 0101-807-6811

D 0'30.:0'1 473 77

AR

Wﬁtiﬁﬂﬂm

4-31403




Wl T TR Ty TR TR BERRESS TR R, TN TR AT TSR R e R T TR T T SRR AR

RS T REE MR ST T TR AT W T g A

1~ ACCY
VUILLASOL
Secun

[odh 4
ri

<2

-
L
ty Cl

saification

LINK A LINK B [N
KEY WORODS nr e
3 RELE wT ROLE LAS fOL& wY

Fault Isolaticn
Circuit Teﬁting

1 Fault ldentification

DD ..M. 1473 teacks 78 UNCLASSIFIED

PR
$/8 0301-307-6821 Sscurity Classification A-33001




