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EXECUTIVE SUMMARY

This report is an investigation of the fault diagnosis algorithm attri-
buted to Dr. Ruey-wen Liu at the University of Notre Dame. This approach is
based on a faulty current concept in which a faulty component is modelled as a
nominal component with a parallel fault current source. single component
faults trace a line in a measurement space as the fault current source takes
on different values. Measurements taken on a sample circuit form a point in
the measurement space. The origin of the measurement space is the intersec-
tion of the fault lines of the various circuit components and represents the
circuit with all components at their nominal values. The Liu fault diagnosis

approach is to determine which fault line is closest to the measurement point
of the sample circuit.

The circuit used to evaluate the Liu approach is an eight-resistor
bridged-T dc network. This nonreactive circuit has been chosen to keep the
results simple enough to provide insight into the approach.. The dc circuit
has two ports, each driven by fixed current sources. The two=-port voltages
are the coordinates of the two-dimensional measurement space. The fect of
component tolerance was taken into consideration when evaluating each of the
eight single component faults. A S-percent worst case tolerance situation ‘was
simulated for each fault. In this simulation, components other than the fault
itgelf are set to either +5 percent tolerance or -5 percent tolerance. The
combination of tolerances producing the most severe deviation in the output
port voltages is chosen as the worst case situation. The fault resistance

value is allowed to range from 0 to infinity and the worst case point is
calculated.

The results of the investigation revealed that these points outline a
trapezoidal region representing the S-percent worst case tolerance for the
entire range of each single component fault, The regions outlined for the
eight components overlap considerably near the origin of the measurement space
making diagnosis difficult. However, when the faults become extreme the
regions separate, making fault diagnosis feasible.

The Lui approach has the advantage of allowing a continuous range of
faulty component values. As such, specific fault values are not required to
be prehypothesized. By comparison the traditional nearest neighbor rule which
uses a fault dictionary approach, has only discrete fault conditions as

potential fault candidates for diagnosis.
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SECTION 1
BACKGROUND

In an attempt to provide methods of fault detection and diagnosis in
analog circuits, various universities have participated in an effort sponsored
by the Office of Naval Research directed towards the development of new
mathematical tools. One of these efforts was directed by Dr. Ruey-wen Liu of
the University of Notre Dame. This report investigates the practical aspects
of implementation of this approach and evaluates its ability to correctly
identify known faults.
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SECTION 2
CANDIDATE DC CIRCUIT

. ,..l ',

4“’

SELECTION OF THE CANDIDATE DC CIRCUIT

Ay

}E The circuit selected for evaluation of the Liu approach to fault diag- Jl
NY nosis is a bridged-T resistive network. The circuit as shown in Figure 1
contains eight resistive components, The components are labelled as conduc-
- tances G4 through Gi11. Conductance is the reciprocal of resistance and is -*\
P used because it is more natural for the fault current model which is central ‘3
N to the Lui approach. This is covered in detail in Section 3. The conduc-
s tances of all the components except G111 are 1 mho. Component G11 has a |
R conductance of 2 mho. These values are listed in Table 1. The circuit is =3
' driven by two current sources I, and I, driving the ports. Voltages v, and Vv
are measured across the two output ports. For the purposes of this evaluation .
the current sources are either symmetric I, = I, = 1 ampere or asymmetric I = i
1 and I, = 2 amperes. The circuit has differing behavior under these two
conditichs.
? .
1
b\
ﬁ G11
4
R amdAYA AN AN—O-
b G6 G8 G1@ +
A4 ) § GS G? GS \' I
1 2 2
&
X
K4 -
' Fa
g -
- Figure 1. Candidate dc circuit.
Al
g
.
™ The measurements of v. and V., discussed in this report are incremental
y y changes of V. and Vv_ away from the quiescent state in which all components are
nominal, The incremental changes are caused by component variation due to
A either a single component fault or nonfaulty component tolerance or both. The
B term component tolerance is used to describe the variation of nonfaulty

components.
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Table 1. Nominal component values for dc circuit,

£ NI
. .l .' M
P

Component Nominal Nominal
% Number Resistance, ohm Conductance, mho
H . 4 R4 = 1.0 Ga =1
gy
+ SR 5 RS = 1.0 G5 =1

" !! 6 R6 = 1.0 G6 = 1
)

S 7 R7 = 1.0 G7 =1
.‘.\

H 7 8 R8 = 1.0 G8 =1

y 9 R9 = 1.0 G9 =1

: 10 R10 = 1.0 G10 = 1

i

+ - 1 R11 = 0.5 G11 = 2

o

This dc circuit was chosen as the core of our evaluation because it is
stx;aiqhtforward enough to provide insight into the Liu approach to fault
diagnosis. This approach adds fault current sources in parallel with each
branch. Even this circuit has a large number of variables associated with it.
Two output ports and two measurement gquantities 1limit the problem to two
dimensions, which makes for greater insight into the approach. The concept
may readily be extended to multidimensions but is much more difficult to
visualize. A non-reactive circuit allows the measurements to be at one
frequency (dc) and the measurements are not complex quantities. The approach
may readily be extended to multiple frequencies.
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SOLUTION OF THE CANDIDATE DC CIRCUIT

The candidate dc circuit is straightforward but the addition of a fault
current source in parallel with each component complicates the solution of the
circuit. The circuit is driven by current sources I, and I, and the output
port voltages V. and V., are the measured quantities. Using fault current
model from the Liu approach to fault diagnosis, there are eight component
currents, eight component voltages, and eight fault currents to be considered.

?-‘.A
~

I

It is necessary to carefully weigh which of these variables are dependent and
‘_’ & which are independent. The desired solution, given the component values,
- ﬁ which may deviate from nominal, and the driving currents I, and I_, is the

output port voltages V and V, and the slopes of the fault lines, The meaning
of these slopes is discussed fn Section 3.

* ;~§
o The circuit is solved using Kirchoff's Voltage Law and Kirchoff's Current
Law., The resultant equations form a 10 x 10 matrix. This matrix must be
ﬁ inverted to obtain the two output voltages and eight fault line slopes.
&)
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o SECTION 3 3
- LIU APPROACH TO FAULT DIAGNOSIS
{ O |
< INTRODUCTION :
W 3
e The Liu fault dianosis approach is based on the fault current concept. A -
. faulty component is modelled by a nominal component with a parallel fault .
current source. This current source produces exactly the same effect on the g
= circuit as the component becoming faulty. e
“,
;:} Measurements of currents or voltages within the circuit or at external -
(-7 ports form a multidimensional space in which each variable represents a dimen- =y
i sion. In a linear circuit the injection of fault currents linearly adds to e
the measurements in proportion to the fault currents. The locus of points i
ﬂd generated by the fault current taking on a range of values is a straight line. f1
3 In a nonlinear circuit the locus of points is also a line but it is not
x necessarily straight or even continuous. These lines are associated with each
o single component fault and are termed fault patterns. N
The Liu approach also considers the question of separability of the fault
tj patterns. If the fault lines lie close together it is difficult to distin-
" guish one from the other. A fault is diagnosed by making measurements on the f
“:- sample circuit which determine a point in the multidimensional measurement T
Aj space. The fault line lying nearest, by some criterion, is diagnosed as the
™ fault in the circuit. '
QQ LIU FAULT PATTERN APPROACH
3}\ The concept of fault currents is fundamental to the Liu fault diagnosis A
: approach. Figure 2 is an illustration of the fault current concept. The
' nominal component or branch has a complex admittance Y which is the reciprocal |
. of its complex impedance Z. This branch may be purely resistive, capacitive, ;1
Ny or inductive or a combination for purposes of the model. Admittances are ‘
“~ appropriate to illustrate the fault current concept. When the nominal
Nﬁ component becomes faulty it may be modelled by an increment in admittance AY :f
) which is parallel with Y. Admittances in parallel add so the faulty component -
- is modelled by an admittance Y+AY. The incremental admittance may be replaced
‘ by an appropriate current source J which mimics the behavior of the circuit N
swﬂ with a fault component. The sign and magnitude of J are such as to accomplish i
h> this replacement. With an applied voltage V across the branch, the fault
” current is J = V * AY. This current source is also referred to as the fault .
e compensator for this branch because it compensates the nominal component to xR
Mo appear as a faulty one. In general J, V, and AY may be complex quantities. A o
branch that is purely resistive, as is the candidate dc circuit, has a purely -
QA: real admittance symbolized by the conductance G, the reciprocal of the -1
a$ resistance. 1In the resistive case, then, J = V * AG. N |
§ PR
_% GENERATION OF FAULT PATTERNS .

Oone of the major consequences of the fault current model is particularly
interesting for linear circuits. The concept may be equally well applied to
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NOMINAL FRULTY FRULT CURRENT

COMPONENT COMPONENT MODEL

1 e

cL o o

ADMITTANCE = Y ADMITTANCE = Y + AY J =V - AY

Figure 2. Fault current concept.

nonlinear circuits. In a linear circuit the superposition theorem applies.
This theorem states:

The response to several independent current or
voltage sources is the sum of the responses to
each independent source with the remaining
sources zeroed (dead).

The consequence is that the measured values of currents or voltages in the
circuit are linearly proportional to the fault current. Some measurements may
be independent of fault currents or very slightly affected by them. This is
particularly likely when the fault current source and the measurement are
distant from each other in the network. The 1linear relationship of the
measurements and fault currents implies that the locus of points traced in the
multidimensional measurement space is necessarily a straight line. The fault
patterns for the candidate dc circuit are shown in Figure 3. The patterns
consist of straight lines of various slopes passing through the origin. The
origin in V_, V_ space is actually the port voltages measured with all nominal
components and no faults. 1In the figure, V., and V_ are actually increments
away from the nominal circuit. These lines }lo not gake into account the fact
that with physical components there are limits on the lines. The physically
limited locus of points on the fault line is determined by the faulty compo-
nent taking on values of R=0 (short) and R=infinity (open).

The physically limited fault patterns for the symmetric current source
case I_. = 1 ampere, I, = 1 ampere are illustrated by Figqure 4. The physically
limitecl fault patterns for the asymmetric current source case I, = 1 ampere,

= 2 amperes are illustrated by Figure 5. These are illustrations of two
dfstinct conditions and do not exhaust all possible current source values.
The increase in source current for I, to 2 amperes in the asymmetric case
increases the length of the fault lines but does not change their slope. This
is to be expected from the superposition theorem for a linear circuit. The

R N T T RN SR P, - N
e 2% . - .‘.\\.

,.‘\"'\‘*“'\.\ ‘. St
. "A:,c, A _n .Q

+
BECOMES T
Y > Y AY Yy | v CD 3

LR VT YA




.

AP P R S

0w <+
8 o
0 A —
L >
-y
[\ -
(t] o
N . A
o
o
<
) o
2
] g
¢ 3
® &8
| 3
—— } { } } } +H—mi 2
. (3]
e
i
< | 2
> »
0 g
R oon
S i)
S +
(8]
LJ
v -
5
=
1o 4
L
5 ke
i
3 =
4 ]
~4
(8
(&)
=]
NN (HXDEK  SACoUars  NGRARI  chx e |
SOOR .........\......nA g nl o'y A.................. ,sM.W\.\ A0 4

g .q.d
\x..q.\.s-.
'y e

T

v

g ....a."\'. % 3"

~.i.w.

v,

(\ -'.‘("NQ

N Y
5




oty

&1

28

>

D

g A

AR

S EES

<

ve
DC CIRCUIT FRULT VECTORS T
PHYSICAL LIMITS OF THE FAULT -
VECTORS FOR @< R <18,008 ohms
It= 1 12= 1
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-
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Figure 4. DC circuit fault vectors with physical limits (symmetric current sources).
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N fault lines are labelled at each end with R=0 (short) and R=10,000 (effec-
- tively an open). Any larger value for R would not show on the illustration.

The fault lines for input conductances G4 and G11 go to large values of V., and :
. . V., off the plot because they are in series with current sources I1 an 12, 4
.- respectively.
v SEPARABILITY OF FAULT PATTERNS

The pattern associated with single component faults is a fault line in
multidimensional space. Fault lines may have very similar slopes and cluster
' near each other. This is a problem particularly plaguing large, complex
RS circuits. Theoretically, faults may be correctly diagnosed no matter how

small the angular separation of the fault lines, This is because a single
o component fault, with the remaining component perfectly nominal, will produce
‘-‘:‘. a measurement falling exactly on the appropriate fault line. In practice even
a small amount of component tolerance may change the slope of many of the
fault lines. This is discussed in more detail in Section 4.
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EFFECT OF COMPONENT TOLERANCE

Figure 6 illustrates the effect of component tolerance on the fault line
(or vector) for component 6. The line (or vector) labelled G6 is that
obtained with all nominal component values with the exception of single
component faults in component 6. To illustrate the effect of component
tolerance, the line (or vector) labelled G6' which lies above the G6 line is
obtained with all nominal component values with the exception of R7, which is
1.3 ohms rather than 1 ohm, and the exception of single component faults in
component 6. The effect is to both shift the fault line and alter its slope.
The origin shift point on Figure 6 is labelled with an "*.* This is the point
in measurement space where component 6 takes on its nominal value of 1 ohm.
The origin has been shifted due to a tolerance of +30 percent in R7, In
addition, the slope of the component 6 fault line has become slightly smaller
due to the effect of +30 percent tolerance in R7 on the whole network.
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DECISION CRITERIA

For the ideal case where all components are exactly nominal with the
exception of the single fault, that fault would be diagnosed as belonging to
the correct fault pattern. An exception would be two fault lines identical in
slope. The decision criterion applied to determine which fault pattern is
"closest” to the measurement may affect which fault is diagnosed. Choosing
the fault pattern lying the closest in the Euclidean sense to the measurement
point is the nearest neighbor criterion. Choosing the most 1likely €fault
pattern is the maximum likelihood criterion. The maximum likelihood decision
criterion takes into account the probability distribution of each component's
tolerance and the probability distribution of each fault. The maximum like-
lihood criterion weighs the EBuclidean distance measure by the inverse of the
standard deviation of the associated probability distribution. The closest in
this sense is the most likely fault. The difficulty with this method is that
a probability density or at least a standard deviation must be known or
assumed for each component. If the standard deviations associated with the ]
components are assumed to be equal, then the maximum likelihood and nearest H
neighbor criteria become the same.
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Figure 6. Vector angle and origin shift due to component tolerance.
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ROBUSTNESS CONSIDERATION

The robustness of a fault-diagnosing scheme is its immunity to component
tolerance in the nonfaulty components. A lack of robustness is a major
shortcoming of most fault-diagnosing schemes. This is because actual circuits
do have variations in their component values which cause the fault patterns to
shift., Pault patterns which cluster near each other without component
tolerance become indistinguishable in the presence of component tolerance.
Fault patterns which have distinctly different stopes are more likely to be
distinguished in the presence of component tolerance. The greater the extent
of component tolerance the more likely faults may not be distinguished and
properly diagnosed. The greater the severity of a fault the more likely it is
to be correctly diagnosed.
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Yo SECTION 4

-\-

7 EFFECT OF COMPONENT TOLERANCE ON THE DC CANDIDATE CIRCUIT

L,

\

et INTRODUCTION

\}-‘!

ey The real challenge to a fault-diagnosing approach is component tolerance.

--::4 This is variation of the nonfaulty components away from nominal design values.

) For this evaluation the faulty component is allowed to range through a set of
physically attainable values. The remaining components are allowed to vary +5

‘;\‘\: percent or -5 percent as they would off-the-shelf. The reason that component

5§l tolerance is a challenge to the diagnosis approach lies in the pattern match-

; : ing, which is the basis of the approach. Measurements made on the sample
circuit produce a point in the measurement space. This point is matched to
one of the fault patterns. With no component tolerance this measurement point
would fall exactly on a fault pattern. Fault diagnosis is straightforward

XX with no tolerance. Component tolerance moves this point away from the correct

: fault pattern and possibly toward another fault pattern. The nearest fault

Y pattern may be the wrong choice. The greater the component tolerance, the

: more likely the fault diagnosis will be incorrect. .
WORST-CASE S—-PERCENT TOLERANCE

o

" To determine the robustness of the Lui fault diagnosis approach a worst- -

f '!- case analysis was implemented. This was done by computer simulation on the o

“"4 . Hewlett-Packard HP9826 computer and associated printer and plotter. Worst-

case fault region plots drawn on the HP plotter are presented as Appendix A. .
This hardware system is described in Appendix B. The software is listed in -
Appendix C. The software is described later in this section. Component
tolerance of 5 percent above and below nominal was chosen as representative of
the extreme state of tolerance for each nonfaulty component. These are the
upper and lower limits for 5 percent components typically found in practical
circuitry.

Single component faults were simulated for each of the eight components
G4 through Git. The faulty component was allowed to take on values from 0O to
50 ohms. Table 2 lists the set of values used to produce the fault region
plots to analyze robustness to tolerance., The resistance values are chosen to
produce relatively even increments along the fault line. They are not
intended to be uniform steps of resistance. The simulation illustrates the
conditions in which the driving current sources are the same I, = 1 ampere and
I2 = 1 ampere, and dissimilar I, = 1 ampere and I, = 2 amperes. These current

SEE5T
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e
1%

i:‘ source conditions are termed the symmetric and asymmetric cases, respectively.
AN
EYg! The worst-case region for each component and for the symmetric and

asymmetric current cases was determined by computer simulation. These regions
ad for each fault type are discussed in detail in Section 4.5. The regions are
“} traced by the voltages v, and V, computed for the set of faulty resistance
A values while the remaining components take on the worst possible set of +5
percent or -5 percent tolerances. The worst set of tolerances will have some
components at +5 percent and others at -5 percent. The set which causes the
7 calculated Vir Yy point to bs the furthest from the fault line is the wvorst-
e case set.
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~ Table 2. Fault resistance range.

. Resistance (ohms) Condition Simulated
™ 0.00 Short

':" 0.05 Low Value

0.10 Low Value

»

). 0.20 Low Value

zi 0.35 Low Value

-

¥

o 0.50 Nominal (R11 only)
S}: 0.70 Low (except R11) High (R11 only)
X

1.00 Nominal (except R11)

83
d 1.50 High Value

b 2,00 High value

~

~

S“ 3.50 High value

i 10.00 High Value

50.00 Open
%

WORST-CASE SIMULATION METHOD

‘a The worst case of component tolerance is that combination of S-percent
tolerance extremes above and below nominal in the seven nonfaulty components
which results in the greatest displacement of v, and V.. The displacement is

3'3 from v1 and v2 measurements wi the nonfaulty components at their exact

.gj nominal value. “ There are 128 = 2 such combinations that must be considered

to determine the worst possible combination.

% A rigorous network solution for all of these 128 combinations and for
each of 8 possible faulty components and each of 13 fault resistance values is
a lengthy calculation. There are a total of 13,312 such cases requiring a
X network solution. The HP9826 is extremely fast, but the dc circuit solution
requires 4,58 seconds to determine the port voltages. Performing the simula-
tion directly would require 1016 minutes, which is nearly 17 hours. This
A calculation time is for just the symmetric current source case and would be
:8 repeated for the asymmetric current case. While this is not beyond reason by
itself, there is also the interaction of the HP9872B plotter which takes
& several minutes for each fault region. Bearing this in mind, the simulation
i would require 3 working days for each current source condition. The plots
have individual artifacts which require running the entire program to discover
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:. and correct. This and the general problem of perfecting the program make a
& 3-day turnaround impractical. A linearization technique based on perturbation
:vj theory is an answer to this problenm.

N,

{. The network solution centers around the 10 x 10 connection matrix Q which
* is formed in the program DC CIRCUIT from component values in the network. The
:-; values in the Q matrix are actually component values and their location in the
N Q matrix is determined by the connection topology of the network. A rigorous
:':- solution of the network requires that Q be inverted. The actual output port
- vg;l.tages VvV, and V, are linearly formed from the input currents I, and I, and

Q which ls the inverse of Q. Small changes in component values are re%lec—

ted in small changes in Q and rturbation theory addresses the question of

oot what such perturbations do to Q0 which is the matrix from which Vv, and V_ are
.‘.: obtained. A perturbation in Q may be represented by a perturba‘tion in" the
identity matrix I multiplying Q since ¢ = IQ. The perturbed Q matrix is
Q = (I-P)Q. The perturbations are associated with the identity matrix and
ven a negative sign so they are appropriate for the Neuman series. Pertur-

o bation theory is based on the Neuman series, which is an expansion of the J
\.::' inverse of a perturbed iderﬁtity matrix I. P is a small perturbation in this
o matrix. The Neuman series:
NS (-P) ' =1+pPp+ P24 P+ ..., .
For a small enough perturbation matrix P relative to I, the higher terms
"ﬁ vanish relative to I. This concept is usually applied to rounding error which .
4'.( is very small (<0.1 percent) but applies well to the S5-percent tolerance we -
\5 are using in our worst-case model. The implication from perturbation theory
™ is that for small enough perturbations the inverse is linearly related to the
perturbation. Namely:
2 (1-p)" =1 + P,
"S .
N - - -
‘sj The perturbed matrix Qp = (I-P)Q has an inverse Qp ', o} 1(I-I-") ! from matrix
b A -
= theory. For a small enough perturbation, this becomes Qp ‘. Q 1(I+l=’), which
. -1 -1 -1
: evaluates as Qp =0 + Q@ P, So, the change in the inverse of Q is 1lin- X
SR early related to the inverse itself and is in fact just Q-1P. This is the
)
-'?:j mathematical basis of our linearization.
Computational evidence indicates linearization is feasible for S-percent
N component tolerance., The combined effect of multiple component tolerance may .
:\: be modelled as the sum of the effect of each component tolerance individually. :
,,-::, The 128 combinations of S-percent extreme component tolerance are tested with
&: this linearization technique to determine the worst-case combination. Al-
X though this linearized result is a reasonable approximation to the output
voltages V., and v2, a simple refinement is possible. This refinement is to
calculate exact network solution with the worst-case set of components.
: This method is much faster than solving the network problem 128 times.
A
2 ,
- Stewart, G.W., Introduction to Matrix Computations (New York: Academic

Press, 1973).,
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PROGRAM DESCRIPTIONS

DC WORST

This program generates the S5-percent tolerance worst-case plots. These
plots outline the worst-case region. For each of the eight components the
nominal fault line is generated by computing V., and V_, for the range of 13
fault values from 0 to SO ohms as shown in Table 2. The nonfaulty components
are at their nominal values to produce the nominal fault line. For each of
the 13 fault values it is desired to determine a combination of nonfaulty
component tolerances which cause the point in v_,, V. space to move the
furthest from the nominal fault line. Each nonfaulty _component may be at
either +5 percent or -5 percent tolerance. There are 2 =128 combinations of
tolerance conditions. The distance from the nominal fault line is examined
for each of these combinations. The network is not solved exactly 128 times.
A linearization technique based on the inverse of a perturbed identity matrix
is used to speed this calculation process. The origin shift and slope shift
are precomputed for a +5 percent and ~5 percent component tolerance for all
the components. These shifts are accumulated for the combination of toler-
ances at hand. ‘The program cycles through all 128 combinations until the one
is found that shifts the measurement point the furthest from the nominal fault
line. This combination is used to solve the network exactly. Summing a
precalculated shift is far faster than solving the network. This is particu-
larly significant since the calculation would have to be done 128 times to
merely find the worst case. The worst-case points are plotted and connected
to form the worst-case region.

DC CIRCUIT

This program is really the core of solving the Candidate DC Circuit.
Given the driving currents and component values, this program determines the
fault line slopes and voltages V., and V, at the output ports. It sets up the
connection matrix, solves the circuit ?for the dependent variables by matrix
inversion, and computes the desired results.

DC PLOT

This program initializes the plotting system and paints the background
for most of the illustrations. The V., and v axes are plotted and labelled
and the fault line slopes labelled as 84 through Gl11.

ATN

This is a two-quadrant arctangent function not supplied by Hewlett-
Packard. It returns an angle in degrees between +90 and -90, given the X and
Y coordinate of a point.

zsuwatt, G.W., Introduction to Matrix Computations (New York: Academic

Press, 1973).
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o MATMULT ;

.l
o
-

This simple subroutine multiples two real matrices. It simplifies matriv

VN operations used in the program DC CIRCUIT. i
{s
— MATINV ;
\‘.\: 3
;-’: This subroutine uses a factor™ approach to the Gauss-Jordan elimination R
‘-::‘{ algorithm to invert a matrix in place. Within the MATINV subroutine the ]
"W subroutine LU generates the lower and upper triangular factors. The function
_ FACTOR obtains permuted factors. ?
RN -
::;‘S DISCUSSION OF S-PERCENT FAULT REGIONS
<~ .
‘\-‘_\: Figures A-1 through A-16 in Appendix A show the fault regions for the *
als 5-percent tolerance worst case for faulty components 4 through 11, for 4

symmetric current sources, and then for asymmetric current sources.

-.) There are several possibilities that these regions bring up when deciding
;;:, if a given measurement belongs to one region or another. Especially near the
'_:{-:'- origin when the faulty component is nearly nominal, all of the fault regions
Ak overlap. As the fault becomes more severe, the regions begin to separate and
) become distinct from each other. There are also forbidden regions where a
v"::qf measurement would not fall into any of the regions. Obtaining such a
"2-: measurement implies a multiple component fault or component tolerance outside
..\-’: the 5-percent worst-case assumption. The type of decision criterion also
"i:.} makes a difference as to how these regions should be viewed. For example, a
AL measurement point could fall directly inside a measurement region but using
. maximum likelihood it could be diagnosed to be in an altogether different
% fault region. This is possible because maximum likelihood normalized the
"\:\:. distance measure by the standard deviation associated with a given fault.
.fj DEFINITION OF THE 5-PERCENT TOLERANCE FAULT REGION
4
The 5-percent tolerance fault region is formed by fault incidents in
4_\‘ which faulty components take on values from the list in Table 2. For each
.n"i fault value the seven remaining nonfaulty components take on all 128 combi-

g

X
VX

nations of +5 percent or -5 percent tolerance and the computer simulation

el solves the dc circuit for port voltages Vv, and V,_. The combination which
causes V, and V., to deviate the furthest from the f%ult line is chosen as the
worst S-percen%: tolerance case. The deviation is measured as Euclidean y
..;:3 distance from the fault line with no component tolerance on the nonfaulty
',~..; components, The method of this simulation is described in greater detail in
X Section 4, Worst-Case Simulation Method.
‘!:.'.4 <
Ry j
. 3Arden, Bruce W., and Kenneth N. Astill, Numerical Algorithmg: Origins and .
RN Applications (Reading, Massachusetts: Addison-Wesley Publishing Company, y

b 1970). J
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~ FAULT REGION FIGURES

The S-percent worst-case tolerance fault regions shown in Figures A-1
. through A-16 generally are finite two-dimensional trapezoids. 1In the special
case of a component fault in R4 or R10, the trapezoid becomes infinitely long,
as shown in Figures A-1, A-7, A-9 and A-15, respectively. These infinite
ra trapezoids occur because R4 and R10 are series input resistors to the candi-
S:N' date circuit and are driven by constant current sources. As R4 or R10 ranges
from a zero resistance (short) to an infinite resistance (open) the voltages
and V, range from zero to infinity. The voltage drops across the remainder
q o} the czrcuxt, other than R4 and R10, do not change since the driving forces
are two constant current sources. The fault region for component R11 is also
’ a special case. When the driving current sources I, = 1 ampere and I, = 1
ampere are symmetric, the R11 fault region reduces to a bounded line in V_,
vz, space as shown in Figure A-8. This line extends from V. = 0.05 volt and
v2 = 0.05 volt to v1 = -0,05 volt and V, = -0.05 volt. Wwhen the driving
current sources I. = 1 ampere and I, = 2 amperes are asymmetric, the R11 fault
region assumes the trapezoidal form shown in Figure A-16. The apparent slight
bowing out of the fault regions is an optical illusion related to Zollner's
illusion. Zollner's illusion is the earliest of the optical illusions and
dates to 1860. It is manifest when parallel lines are hatched and no longer
appear parallel to the eye.
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ROBUSTNESS CONSIDERATION

[

The fault regions illustrated by Figures A-1 through A-16 may be used to
gain sowe insight into the robustness of the Liu fault diagnosis approach.
The regions illustrated are the extreme examples of the worst case of
S-percent component tolerance. All of the worst-case fault regions overlap
each other, particularly near the origin., Single component faults R6, R8, and
R11 residing in the interior of the circuit have little effect on the measured
port voltages. In fact, with symmetric current sources, the value of R11 has
no effect at all on the measured port voltages., Faults in RS, R7, or R9 have
a substantial effect on the measured port voltages. With severe enough faults
to these components, the faults can be diagnosed. The fault regions for R6
¥ and R8 are very small and are bounded by less than 0.2 volt in V1 and vz.
3 These fault regions overlap all of the others and would be difficult to diag-

R ¥
>

27 e g :

m nose. The fault region for component R11 is a bounded line with symmetrical

Q current sources (Figure A-8). The fault region for component R11 with
asymmetric current sources is a bounded trapezoid and is typical of the major-

~ ity of the fault regions. In these worst-case examples, the Liu fault diag-
h_j nosis technique does not appear to be robust in terms of immunity to component

; . tolerance. A fault in R11 is completely undetectable if the current sources
) are symmetric., Even extreme faults in R6 or R8 fall within the same fault
‘3 region as R4, R5, R7, R9, or R10. Faults R4, RS, R7, R9, and R10 are separ-
able when at or near the extremes of the fault (open or short)., These form a

: ‘ nonintersecting set when near the extremes., The robustness of other fault
E '.'““ combinations may be estimated by comparing the fault regions involved. There
S are far too many possible combinations to treat in a detailed fashion. The

saving grace of the Liu fault diagnosis is that these examples are not likely

4"l't'.vlqmsky, 8., Optical Illusions (London: Permagon Press, 1964).
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:-:::4 to occur. The probable case is described in the next subsection. The worst 1
':_:.:-: case is illustrated only as a severe challenge to the Liu diagnosis concept. B
o
e PROBABLE CASE
L The 5~percent worst-case example for the candidate dc circuit assumes the
' worst possible combination of S-percent component tolerance. Each component
is at one 5-percent extreme or the other. It is interesting to compare this 3
worst case with the probable case. The seven component distributions are
assumed to be independent. The central limit theorem states:
AN The sum of many independent random variables
‘_‘ approaches a Gaussian-distributed variable.
,\."_'..
'-f:j-f Therefore, the sum of the effects of component tolerances on the port voltages
Vv, and V, as contributed by the nonfaulty components tends toward a Gaussian
: distribution. This is also a consequence of the linear effect of small per-
(.,, turbations in the component values. The previous illustration and discussion
::,.:: have been for the case where all nonfaulty components take on their most
1:‘_3; deleterious S5-percent extremes. This 1s an ex*tremely unlikely event in actual
::.‘-2. practice. The probable case includes the 68 percent of all component toler-
- ance states falling within one standard deviation on an assumed joint Gaussian
distribution.
"_“:"- In practice, +5 percent tolerance means that no compgnent from a produc-
:-3:.{: tion run will be allowed to fall outside tolerance range. If a component is
'f:- outside this range it is by definition faulty. The manufacturing and sorting
"4,": techniques employed for components tend to make the distribution of values
, bimodal., The values do tend to lie at the +5 percent or -5 percent extremes
.\_\4'- with few in the middle. If they should fall in the middle they would be
‘;:.: sorted out for 2-percent or even 1-percent components. So the sorting tech-
RAXS nique actually removes most components not at the extremes, thereby leaving a
\:%-} bimodal distribution.
. From the central limit theorem mentioned previously the effect of joint
‘ distribution of component tolerance on port voltages V. and V_ tends towards a
, Gaussian with increasing numbers of components. Assuming a Gaussian distribu-
tion, we can outline the probable case of component tolerance to contrast with ;
the worst case we have previously illustrated. Given a bimodal component J
distribution, the probability of +5 percent tolerance is 0.5 and the proba- <
bility of -5 percent tolerance is 0.5. The joint probalaility that all seven
nonfaulty components are at their worst-case is (0.5) = 0.0078. From a ]
';":: table  of Integrals of the Gaussian normal error function, this is 2,42 4
"
o> 5
! Westman, H.P., ed., Reference Data for Radio Engineers (New York: Howard W,
: Ssams & Co., Inc., 1972).
:’: 6Holma.n, J.P., Experimental Methods for Engineers (New York: McGraw-Hill Book
;: Company, 1978).
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standard deviations from the mean. Since one standard deviation encloses 68
percent of all cases, the fault region represented by the probable case would
shrink the region by a factor of 2.42 in both axes. The fault region area
would shrink by a factor of 5.86. The overlap of the fault regions in this
probable-case situation is very much less than the worst case we have illus-
trated. The likelihood of a correct fault diagnosis is much improved in the
probable case.
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:3'\-.. SECTION 5

-:\::

oS COMPARISON OF NEAREST NEIGHBOR RULE AND LIU APPROACH
-:“h'

-
-

FAULT DICTIONARY AND FAULT PATTERN APPROACHES

‘.-
\'
":‘ The benchmark for comparison with the Liu approach to fault diagnosis is
-:‘:w the classical nearest neighbor rule., For the nearest neighbor rule a fault
x:‘l dictionary is constructed which consists of a set of preselected fault condi-
tions. These faults must be discrete faulty component values. A short in

- some component may be one dictionary entry and an open in the same component

- may be another entry. Other less severe fault conditions in the same com-
J',_ ponent may form further entries in the fault dictionary. To adequately cover
’_, all potential faults may require a very large dictionary. Associated with

o each dictionary fault is the set of measurements in multidimensional space

i that this fault would produce. The dictionary represents a set of points in
eyl the multidimentional measure space. Each measurement port may be measured at

::'-: more than one frequency or may be complex and the number of dimensions may

{::' become very large. If the measurement is a complex voltage or current, the

:J-', number of dimensions is doubled. The magnitude or phase alone of the

::\.; measurement may be used, in which case the dimensions would not double,
r Measurements are made on a test circuit to determine if one of the faults
,\j in the fault dictionary is present. The measurements on the test circuit

g constitute a point in the multidimensional space. The dictionary faults also
‘;': reside as points in this space. The nearest neighbor rule associates the test
a point with the nearest (in the Euclidean sense) point in the fault div:ionary
"‘ set, This fault is diagnosed as the test circuit fault.

f_‘ The Liu approach is quite different. 1In this approach a set of fault

::: patterns is generated which corresponds to the fault dictionary of the nearest

. neighbor rule. These patterns are lines rather than poiats in multidimen-

Ny sional space. These lines are the locus of points formed in the measurement

space when a component or branch takes in all possible values. For example,

X the fault pattern of a resistance is the line formed when it takes on values

'\.“ from zero through infinity. 1In a linear circuit the fault patterns are

ol straight lines. |
b 3
o A test circuit measurement forms a point in the multidimensional measure- R

ment space, The fault line which is nearest (again in the Euclidean sense) to

o the point is the fault diagnosed for the circuit. For a circuit with all 3
e nominal values except for the fault, the measurement point will be exactly on by
.',-:. one of the fault lines. Particularly when all components are nominal, the Liu

'.'-,': approach can diagnose not only which component is faulty but what value it has .
" taken on. This is because the locus of points bears a one-to-one relationship l
with the value of the faulty component. This may not necessarily be true for

a nonlinear circuit. »
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B SEPARABILITY CONSIDERATION

The issue of separability of the fault dictionary entries in the nearest

. neighbor rule and the fault patterns in the Liu approach are considerably
. different. The first consists of a set of points and the second consists of a
set of lines passing through the origin. The origin is the point in measure-

.. ment space for which all components are nominal. These points or lines may
: form clusters which are either near each other in space or similar to each

other in slope. The further apart in space the fault dictionary entries are,

for the nearest neighbor rule, the more likely a fault may be correctly

E diagnosed. The greater the angular separation for the Liu fault patterns, the
- more likely this approach is tc correctly diagnose a fault.

_'1\ ROBUSTNESS CONSIDERATION

=

* The robustness of a fault diagnosing approach is a measure of its
—n immunity to tolerance in the nonfaulted components. The nearest neighbor and
}{ Ruey-wen Liu approaches do very well when the nonfaulted components are at

exactly their nominal values., The shortcoming of either approach becomes
evident when component tolerance is introduced. This is because the fault
dictionary of the nearest neighbor approach or the fault pattern of the Liu
approach assumes that the nonfaulted components are exactly at their nominal
values. The fault diagnosis is a form of pattern recognition. Component

w

o tolerance blurs the template which is being matched. 1In the nearest neighbor
f" rule the dictionary points become clouds of points as the components take on a

distribution of values. There is potential for overlap between these clouds.
The fault patterns of the Liu approach become regions around the nominal fault
line. Examples of this for the candidate dc circuit are illustrated by
Figures A-1 through A-16 in Appendix A. These are for S5-percent tolerance
worst cases for each of the fault patterns. For these worst cases the overlap
of the fault regions is considerable, especially for soft faults where the
fault is not extreme.
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SECTION 6
CONCLUSIONS AND RECOMMENDATIONS

The canonical nearest neighbor rule and the fuzzy distance measure attri-
buted to Dr. Samuel Bedrosian of the University of Pennsylvania are fault
diagnosis approaches based on a fault dictionary. These approaches hypothe-
size a set of fault conditions in which a component or components take on a
fault state with specific values. The nearest neighbor rule and Bedrosian
fuzzy distance measure approaches both match the test circuit measurements to
one or more of the hypothesized faults in the fault dictionary. The limita-
tion is that a component may fail in a way other than the finite number of
possibilities in the fault dictionary and not be properly diagnosed.

The Liu fault pattern approach has the tremendous advantage of represen-
ting an infinite and continuous number of fault conditions for a single com-
ponent fault. Its disadvantage is the restriction to a single component fault
situation. This is not considered a severe limitation since multiple faults
are not common enough to be of great concern.

Immunity to component tolerance is not a simple issue because it is so
dependent on the individual circuit topology and the individual components in
that circuit. 1In the fault dictionary approaches, the faults are represented
by points in the measurement space. Component tolerance on a statistical
basis replaces these points by more or less spherical clouds centered on the
points. The possibility exists that these clouds will intersect making
diagnosis unreliable. In the Liu fault pattern approach, the faults are
represented by lines which are the locus of points in measurement space as the
fault goes through a range of values., Component tolerance on a statistical
basis replaces those lines by more or less cylindrical clouds centered on the
lines. These cylindrical clouds all pass through the measurement space
origin., Near that origin all of the clouds overlap making diagnosis of soft
faults unlikely. As the severity of the faults increase and we move away from
the common origin, the cylinders become distinct from one another. Fault
diagnosis may become reliable in this case. The Liu fault pattern approach is
not fundamentally more immune to component tolerance than the fault dictionary
approaches. However, the Liu fault pattern approach is superior because it
can diagnose a continuum of fault conditions.
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APPENDIX B

COMPUTER HARDWARE DESCRIPTION

HP 9826 PROCESSOR

The HP 9826 Computer System is a high-performance instrument controller
with built-in display and mass storage. It is a desktop system with a 178 mm
diagonal CRT (cathode ray tube) display and 5.25-inch, 264 K-byte flexible
mini disk drive.

The system is based on the 16-bit 68000 state-of-the-art microprocessor
chip. The clock rate is 8 MHz. The 68000 has 32-bit internal architecture
and 16-bit external architecture. There are 65 K-bytes of high-speed RAM
(random access memory) in this configuration of the HP 9826.

The keyboard has 10 (20 with shift) user-defined softkeys, an HP-IB
interface, a real-time clock, a programmable beeper, and a 400 x 300 pixel
graphics display system. An unusual feature of the HP 9826 is the "knob"
which provides the user with an input device for editing or inputting Adata
which has an analog feel about it.

HP 9826 ENHANCED BASIC 2.0 LANGUAGE SYSTEM

The BASIC 2.0 language adds to the inherent simplicity of BASIC the
computational power found in FORTRAN, ALGOL, and APL. High-performance I/0
intensive constructs give this enhanced BASIC the highest performance found in
interactive instrument control systems. This enhanced BASIC language is quite
user friendly and provides immediate user feedback on a line-by-line basis.
Erroneous syntax is detected and reported as each line is entered. Erroneous
lines may not even be entered into a program, as they are caught at once.
Variable names may be up to 15 characters, which is useful for self-document-
ing programs. Statements are numbered but may also carry a descriptive
statement label. This too is useful for self-documentation of enhanced BASIC
programs. Local subroutines and function subprograms may be included. This
is a very powerful enhancement.

Additional enhancements include structured programming constructs,
labelled COM (common) statements, and extensive debug and trace tools.
Programs may be single-stepped or traced with a line-by-line log of 1line
numbers and variable changes while the program is running.

HP 2671G THERMAL PRINTER

The Hewlett-Packard HP 2671G is a companion printer to the HP 9826 desk-
top computer. Characters or graphics are formed with a printhead containing
15 thin-film resistors arranged in a vertical column. Characters are formed
on a high-resolution 18 x 15 dot matrix., Raster graphics resolution is 90
dots per inch both vertically and horizontally. Up to 720 dots are available
across the page, A throughput of 16,200 dots/second is made possible by
microcomputer control and buffering of the print mechanism.

B-3 PREVIOus p
IS BLANKAGE




e, T W -

An 8-bit HP-IB parallel interface is the 1link to the HP 9826 computer.
The microcomputer accepts and buffers characters, commands, and graphics data
over this interface, Handshake lines are used for intercept and acknowledg-
ment of data transfers.

The HP 2671G has many printing modes and features. The normal print mode
is 10 characters/inch (80 columns per line), which is printed at 120
characters/second. In the expanded mode there are 5 characters/inch (40
columns per line). In the compressed mode characters may be printed at 16.2
characters/inch (132 columns per line). Print enhancements include under-
lining, framing, and triple-pass bolding. Combinations of these print styles
can even be intermixed on a single line. 1In the character mode, printing is
bidirectional for greater speed. Character sets are available in foreign
languages. Page formatting features include margins, tabs, and vertical page
formatting. Graphics may be made directly from the HP 9826 graphics screen
and may be autocentered, windowed, offsetted, and expanded.

HP 9872B PLOTTER

The HP 9872B plotter is a four-pen microprocessor-controlled flat bed
plotter designed to create professional quality graphics for business and
industry. It is driven by the HP 9826 processor with BASIC commands through
an HP-IB interface. The graphics commands sent on the interface are in the
Hewlett-Packard Graphics Language (HP-GL) which offers easy-to-remember
mnemonic instructions. The BASIC commands are at a high level and actually
generate the HP-GL instructions for the user.,

Under program control the HP 9872B plotter can fetch any of its four pens
and return the pens to their holders. This can also be done under manual
control. Programmable pen velocity control is also featured. The extra-
ordinary quality of graphics is a result of precise pen control movement
through the use of sophisticated electronic circuitry. The addressable
resolution of 0.25 mm (0.001 inch) and the precise repeatability of the HP

9872B insure superb guality plots on both paper and transparency film media up
to 297 x 420 mm (11 x 17 inches). Pen selection and capping are fully under
program control, allowing multicolor plotting. The plotter is user friendly .
and convenient,
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APPENDIX C

PROGRAM LISTINGS
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10 ! WORST CASE ANALYSIS PROGRAM
20 ! DC_MWORST
'I 30 !
y o~ 40 !
, 50 ! THIS PROGRAM PRODUCES 5% WORST CASE PLOTS
E = 60 ! AND PERFORMS THE CIRCUIT SOLUTIONS
N 70 ! AND WORST CASE ANALYSIS NEEDED FOR THESE
;. 80 b PLOTS
30 !
- 100 !
N 110 !
' 120 ! THE DATA STATEMENTS FOR ORIGIN_LOW,
= 130 ! ORIGIN_HIGH, ANGLE_LOW, AND ANGLE_HIGH
" 140 ! ARE RE-CALCULATED AND OVERWRITTEN
: 120 ! BY THE PROGRAM.
- 160 !
1 170 ! THESE DATA STATEMENTS WERE USED IN
' 180 ! PROGRAM DEVELOPMENT AND HAVE BEEN
: égg ! RETAINED FOR INFORMATIONAL PURPOSES.
g 2 !
| 210 !
220 DIM Origin_low(4:11,1:2) ' ORIGIN SHIFT
o gzg ' FOR -5% COHPONENT TOLERANCE
A &
» 250 DATA -.0500, .0000, -.0177,-.0112
. 260 DATA -.0027,-.0005, -.0064,.-.0064
' 270 DATA -.0005,-.0027, ~-.0112,.,-.0177
: ggg ?ATR .0000,-.0500, .0000, .0000
o 300 READ Origin_low(*)
- 310 !

: 320 DIM Origin_high(4:11,1:2) | ORIGIN SHIFT FOR +5% COMPONE
NT TOLERANCE

" 330

> 340 Dar .0500, .0000, .0167. .0106,

350 DATA .0025, .0005, .0061, .0061,

360 DATA .0005, .0025. .0106. .0167,

370 DATA .0000, .0500,  .0000, .0000

380 !

- 338 READ Origin_high(*)
o 4 {

’ 410 DIM Anale_low(4:11,4:11) | VECTOR ANGLE FOR -5%
) TOLFRANCE ON COMPONENTS
. d 420
- 438 'Dszﬁ 00.0Q, 32.47, 11.31, 45.00, 78.69, 57.53,-90.00,-45
A 540 -Dsgﬂ 00.00. 32.47, 10.70, 45.25, 78.92, 57.9, -90.00,-46
o~ 11 !

> 450 DATA 00.00, 32.56, 11.31, 44.76, 79.49, 57.56,-90.00,-45
o .37 ! R6

o
X
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e
e 460  DATA 00.00. 32.37, 11,98, 45.00, 78.02, 57.63,-90.00,-4°¢
<o 00 V RY

- 470 DATA 00.00, 32.44, 10.51, 45,24, 78.69, 57.44,-90.00,-44
{ie .63 ! R8

SR 430 DATA 00.00, 32.10, 11.08., 44.75, 79.27, 57.53,-90.00,-43

BN .89 ! RS

;;: 430 DATA 00.00, 32.47., 11.31, 45.00, 73.69, 57.53,-90.00,-45

e .00 ' R10

= 500 DATA 00.00, 32.88, 12.22, 45.00, 77.78, 57.12,-90.00.-45
: 00 ! RM

o 510 !

N 520 READ Angle _low(*)

oo 540 DIM Anale _hight4:11,4:11) 1 VECTOR ANGLE FOR +57 COMPON

X EQT TOLERANCE

i 650 !

- 560 DATA 00.00, 32.47, 11.31, 45.00, 78.69, 57.53,-90.00.-45
< .00 ! R4
f:: 5;0 ‘DATA 00.00, 32.47, 11.83, 44.77, 78.48, 57.19,-90.00,-43
SN .96 ! RS
-~ 580 DATA 00.00, 32.39, 11.3%, 45.23, 77.94, 57.50,-90.00,-44
w .65 ! Rb

= 590 DATA 00.00. 32.57. 10.65, 45.00, 79.35. 57.43.-90.00.-45
5 600 DATA 00.00, 32.50, 12.06. 44.77. 78.69, 57.61,-90.00.-45
o .35 ! R8

) 610  DATA 00.00, 32.81, 11.52, 45.23, 78.17, 57.53.-90.00.-46
t .04 ' R9

iﬁ 5%0 'DQIS 00.00, 32.47, 11.31, 45,00, 78.69., 57.53,-90,00.,-45%
. \: . 0 . R
-&* 630 DATA 00,00, 32.07. 10.45, 45.00, 79.55, 57.93.-90.00,-45
o .00 t R11
- 640 !
N 650 READ Angle_high(3*)
o 660 !
o 670 DIM Angle(4:11) | nominal vector anale$
ﬁzﬂ 683 DATA 00.00, 32.47, 11.3%., 45.00, 78.69, 57.53,-90.00,-45
o égg READ Angle(+)
- 710  DIM X(0:255),Y(0:255) ,Error_ana(0:255)
o 720 DIM Measure_dist(0:25%)
e 730 DIM Delta _v(1:2,1:10)
-l ;gg ?IH Xplot(1:16,1:3),Yplot(1:16,1:3)
= 760 DIM R_value(1:13)
9 770 DATA 0,.05,.10,.2,.35,.5,.7.,1.1.5,2.3.5,10,50
Y} 780 READ R_value(*)
5 790 !
R 800 DIM R(4:11) ' RESISTOR ARRAY
i}' 810 R: DATA 1,1,1,1,1.1,1,.5
:;:_:
—a




b A

e
s, e g
S ]

Ty 8
)

Il
e

[} . A
» 4 B
AR ..'

PR )

<

L]

X4

4

Fs” »

-
&
.

820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
370
980
990
1000
1010
1020
1030
1040
1050
1060

READ R(*)
i
!
COM /HWorst/ Flag
IF Flag=0 THEN LOADSUB ALL FROM "MATMULT"
IF Flag=0 THEN LOADSUB ALL FROM “"MATINV"
IF Flag=0 THEN LOADSUB ALL FROM “ATN"
IF Flag=0 THEN LOADSUB ALL FROM "DC_CIRCUIT"
IF Flag=0 THEN LOADSUB ALL FROM "DC_PLOT"
flag=1

DEG ! SET DEGREE MODE FOR TRIG FUNCTIONS
!
RESTORE R
READ R(*)
I1=1
I12=1
!

% DETERMINE NOMINAL ORIGIN AND NOMINAL VECTOR ANGLES

CALL Dc_circuit(I?1,I2,R(%),V1,V2,Delta _v(*))

Origin(1)=V1

Origin(2)=V2

FOR Component=4 T0O 11
Angle(Component)=FNAtn(Delta_v(1,Component-3),Delta_

v(2,Component-3))

1070
1080
1090
1100
1110
1120
1130
9826
1140
1150
1160
1170
1180
RANCE
1190
1200
1210

?EXT Component

i CALCULATE ORIGIN SHIFT AND VECTOR ANGLE

! FOR +5% AND -5% COMPONENT TOLERANCE

: CHANGING ONE COMPONENT AT A TIME

i THIS CUSTOM CALCULATION REQUIRES 100 SECONDS ON THE HP

FOR Component=4 TO 11

RESTORE R

READ R(*)

R(Component)=.95#R(Component) ! -57% COMPONENT TOLE
INTRODUCED

CALL Dc_circuit(It1,I2,R(%),V1 V2 ,Delta_v(*))

FOR Comp=4 T0 11
Angle_low(Component,Comp)=FNAtn(Delta_v(1,Comp

-3),Delta_v(2,Comp-3))

1220
1230
1240
1250
1260
1270
RANCE

e
et
Al o s v

NEXT Comp
Origin_low(Component,1)=V1-0Origin(1)
Origin_low(Component,2)=V2-0riain(2)
RESTORE R
READ R(#*)
R(Component)=1.05#R(Component) ! +57 COMPONENT TOLE

.
------
.......
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1280 CALL Dc_circuit(Il,I2,R(*),V1,V2,Delta_v(*))

1290 FOR Comp=4 TO 11

1300 Angle_high{Component,Comp)=FNAtn(Delta_v(1,Com

p-3),Delta_v(2,Comp-3))

1310 NEXT Comp

1320 Origin_high(Component,1)=V1-0Origin(1!)

1330 Origin_high(Component,2)=V2-0riqin(2)

1340 NEXT Component

1350 !

o 1360 !

N 1370 !

e 1380 FOR Worst=8 10 8

- 1390 BEEP

N 1400 WAIT 1.0

a 1410 BEEP

~ lgEgDYQUTPUT 1:"POSITION PLOTTER PAPER - PRESS °“CONTINUE® WHEN .

1430 PAUSE

1440 CALL Dc_plot(Angle(*))

1450 CSIZE 3.5

1460 LORG 3

1470 MOVE -65,35

1480 LABEL "FAULT REGION FOR COMPONENT ";Worst

1430 MOVE -65,30

1500 LABEL "WORST CASE 5% TOLERANCE FOR"

1510 MOVE -65,25

) 1520 LABEL "REMAINING COMPONENTS®

) 1530 MOVE -65,20

. 1540 LABEL "CURRENT SOURCES It1=";It1;" I2=";1I2

o 1550 PENUP

. 1560 PEN O :

o 1570 Slope=1.E+10 ! VERTICAL VECTOR CASE

L 1580 IF ABS(ABS(Angle(Worst))-90)>1.0E-4 THEN Slope=TAN(Angle »

(Worst)) e

1590 !

1600 Nres=13 i

:g;g fOR Res=1 TOD Nres ! NRES=NUMBER OF FAULTY RESISTORS s

1630 RESTORE R

1640 READ R(%) -

1650 R(Worst)=R_value(Res) -

- 1660 CALL Dc_circuit(I1.I2,R(%),V1,V2,Delta_v(*))

X 1670 V1=V1-0rigin(1) t DELTA VOLTAGE

‘ 1680 V2=V2-0Origin(2) | DELTA VOLTAGE -

' 1690 Xplot(Res,2)=V1 -
1700 Yplot(Res,2)=V2 :
1710 PIVOT O
1720 FOR Combo=0 TO 2565 ! ALL COMBINATIONS OF COMPONENT

5 + OR - 5% TOLERANCE

N 1730 X(Combo) =0

1740 Y(Combo)=0

RFOGE — A
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E 1750 Error_ang(Combo)=0
' 1760 FOR I=0 70 7
- 1770 Component=1+4
1780 IF Component=Worst THEN Skip
.. 1790 IF BIT(Combo,I)=0 THEN
R 1800 X(Combo)=X(Combo)+0rigin_low(Component,!)
1810 Y(Combo)=Y{(Combo)+0rigin_low(Component,2)
1820 Error_ang(Combo)=Error_ang(Combo)+Angle_low(Comp
- onent ,WNorst)-Angle(Horst)
. 1830 ELSE
1840 X(Combo)=X(Combo)+0rigin_high(Component.1)
= 1850 Y(Combo)=Y(Combo)+0rigin_high(Component,2)
N 1860 Error_ang(Combo)=Error_ang(Combo) +Angle_high(Com
ponent,Horst)-Angle(Horst)
- 1870 END IF
-g 1880 Skip: NEXT I
~ 1890 !
1900 ! ROTATE AND TRANSLATE V1 AND V2 BY
" 1910 ! ERROR ANGLE AND ORIGIN SHIFT
& 1920 !
1930 X(Combo)=X(Combo) +V1#COS(Error_ang(Combo))-V2*SIN(Er
- ror_ang(Combo))
- 1940 Y(Combo)=Y(Combo) +V1*SIN(Error_ang(Combo) ) +V2*#COS(Er
S ror_ang(Combo))
4 1950 Measure_dist(Combo)=(+Slope#X(Combo)-Y(Combo))/SQR(S
i lope*Slope+1)
1960 {
1970 !
-y 1980 NEXT Combo
:} 1990 !
gg?g s FIND MINIMUM AND MAXIMUM
« 2020 Max=-1.E+10
~ 2030 Min=+1,E+10
2040 !
b 2050 FOR I=0 TO 255
o 2060 IF Measure_dist(I)>Max THEN
2070 Max=Measure_dist(I)
- 2080 Imax=1I
- 2090 END IF
2100 IF Measure_dist(I)<Min THEN
2110 Min=Measure_dist(I)
- 2,20 Imin=1]
(o 2130 END IF
- 2140 NEXT I
) 2150 {
o 2160 ! SOLVE EXACT CASE
a 2170 Pattern=0
. 2180 FOR I=0 TO 7
a 2190 Pattern=10#Pattern+BIT(Imin,7-I)
2200 IF I+4=Worst THEN Skip2

ey ; N I I R S e i Rt I e g TP ; S s e

-------------
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o 2210 IF BIT(Imin,I)=0 THEN R(I+4)=R(I+4)».95
e 2220 IF BIT(Imin,I)=1 THEN R(I+4)=R(I+4)%1.05
f 2230 Skip2: NEXT I y
- 2240 CALL Dc_circutt(I1,I2,R(%),V1,V2,Delta_vi*) )
- )
o 2250 X(Imin)=V1-Origin(1)
T 2260 Y(Imin)=V2-Origin(2) ]
< 2270 RESTORE R 2
~ 2280 READ R(*)
280 2290 R(Worst)=R_value(Res) B
o 2300 Pattern=0 2
T 2310 FOR I=0 TO 7 .
- 2320 Pattern=10%Pattern+BIT(Imax,7-1) 2
i 2330 IF I+4=Worst THEN Skip3 i
2340 IF BIT(Imax,I)=0 THEN R(I+4)=R(I+4)%.95
L 2350 IF BIT(Imax,I)=1 THEN R(I+4)=R(I+4)%1.05
N 2360 Skip3: NEXT I
A 2370 CALL Dc_circuit(It,I2,R(*),V1,V2,Delta_v(*))
Ny 2380 X(Imax)=V1-Origin(1)
N 2390 Y(Imax)=V2-0rigin(2) :
- 2400 Xplot(Res,1)=X(Imin)
apre 2410 Yplot(Res,1)=Y(Imin)
:?- 2420 Xplot(Res,3)=X(Imax)
N 2430 Yplot(Res,3)=Y(Imax)
Sy 2440 NEXT Res
N 2450 ! PLOT THE NOMINAL VECTOR AND
2460 ! MIN AND MAX TOLERANCE WORST CASE
L 2470 ! LINES
N 2480 LORG 5
y.. < 2490 PEN 2
o 2500 FOR I=1 T0 3
S 2510 MOVE 50*Xplot(1,I)+.25,50%(Yplot(1,I))+.75
o 2520 LABEL "."
KNP 2530 FOR Res=2 TO Nres
‘341 2540 MOVE 50%Xplot(Res-1,I),50%Yplot(Res-1,1)
oy 2550 DRAW 50%Xplot(Res,I),50*Yplot(Res,I)
s 2560 MOVE 50*Xplot(Res,I)+.25,50%Yplot(Res,I)+.75 3
e 2570 LABEL "." 3
psr 2580 NEXT Res )
= 2590 NEXT I -
gg?g : DRAW LINES FROM MIN TO MAX WORST CASE ]
"‘
2620 FOR Res=1 TO Nres ’
2630 MOVE 50#Xplot(Res,1),50%Yplot(Res,1) A
2640 DRAKW S50#Xplot(Res,2),50#Yplot(Res,2) v
v 2650 DRAW 50#Xplot(Res,3),50%Yplot(Res,3)
394 2660 NEXT Res .
20 2670 ! g
§$ %ggg % LABEL FAULT RESISTOR VALUE ON PLOT .

~ 2700 CSIZE 2.5

B R A R R s

*
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2710 IF Angle(Worst)>=0 AND Angle(Worst)<14. THEN LORG
6 VCENTERED
2720 IF Angle(Worst)>=14. AND Angle(KWorst)<=76. THEN LO
RG 3 'UPPER LEFT
2730 IF Angle(Worst)>76. THEN LORG 2
2740 IF Angle(Horst)<0 AND Angle(Worst)>-14. THEN LORG
4 VBOTTOM CENTERED
%;gg ¥F Angle(Worst)<=-14, THEN LORG 1 'LOWER LEFT
2770 I=3 !T DETERMINES WHICH SIDE OF THE PLOT THAT VA
LUE LABELS ARE PLACED
2780 IF Angle(Worst)<0 AND Angle(Worst)>-89. THEN I=1
2790 MOVE 50%Xplot(1,1),50%Yplot(1,1)
2800 LABEL USING ".DD";R_value(1)
2810 X_last=Xplot(1,I)
2820 Y_last=Yplot(1,I)
2830 FOR Res=2 TD Nres
2840 IF S0#ABS(Xplot(Res,I)-X_last)>1.8%(Digits+2) OR 5
0*ABS(Yplot(Res,I)-Y_last)>1.8 THEN
2850 MOVE 50#Xplot(Res,I),50*Yplot(Res,I)
2860 Digits=0
2870 IF R_value(Res)<1.0 THEN
2880 LABEL USING ".DD";R_value{Res)
2890 ELSE ‘
2900 Digits=1.0+INT(LGT(R_value(Res)))
%910 LABEL USING VAL$(Digits)&"D.DD";R_value(Res
2920 END IF
2930 X_last=Xplot(Res,I)
2940 Y_last=Yplot(Res,I)
2950 END IF
2960 NEXT Res
2970 LDIR 0
2980 PENUP
2990 PEN O
3000 NEXT Worst ! NEXT CASE
3010 !
3020 END
c-9
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10 SUB Dc_circuit(Il,I2,R(*) ,V1,V2 Delta_v(+) ,0PTIONAL Flag
)

Q, gg % PROGRAM "DC_CIRCUIT"®
N 40 ]
i}ﬁ 50 ! INPUTS TO THIS SUBROUTINE ARE CURRENT
g& 60 ! SOURCE VALUES I1 AND I2 AND THE RESISTANCE
- ég s ARRAY R(+) FOR THE DC CIRCUIT.
X 90 { OUTPUTS FROM THIS SUBROUTINE ARE PORT
T 100 ! VOLTAGES V1 AND V2 AND DELTA_V(*) HWHICH
e 110 ! IS THE ARRAY OF VOLTAGE CHANGES INDUCED
;} }gg s BY THE FAULT CURRENTS
140 ! THE PRINT FLAG IS AN OPTIONAL FLAG FOF
\; 150 ! PROGRAM DEVELOPMENT PURPOSES.
RO 160 !
}j 170 DI Q(1:10,1:10),B(1:10,1:10)
;{ 180 DIM Asave(1:10,1:10),Identity(1:10,1:10)
o 190 DIM Tolerance(1:3),Angle(1:3,4:11)
. 200 |
N 210 !
s 220 IF NPAR<7 THEN Print_flag=0
205 230 IF NPAR=7 THEN Print_flag=Flaag ! SET OPTION AL PRINT FLA
> G PARAMETER
o 240 !
) 250 !
260 RESTORE
= 270 !
2 280 |
N 290 !
) 300 pAtTA 1,~-1,-1,0,0,0,0,-1,0,0
» 310 bathA 0,0,1,-1,-1,0,0,0,0,0
v 320 DATA 0,0,0,0,1,-1,-1,1,0,0
Y 330 pATA 1,0,0,0,0,0,0,0,0,0
. 340 DATA 0,0,0,0,0,0,1,0,0,0
T 350 pAtpA 0,-1.,1,1.0,0,0,0,0,0
2, 360 pataA 0,0,0,-1,1,1,0,0,0,0
- 370 bAtA 0,0,-1,0,-1,0,0,.5,0,0
B~ 380 DATA t1,1.00,0,0,0,0,0,0.-1,0
jta 390 DATA 0,0,0,0,0,-1,1,0,0,1
3 400 N-10
25 410 FOR I-=1 TO N
- 420 FOR J=1 TO N
- 430 READ Q(I,J)
- 440 NEXT J
' 450 NEXT I
a 460 ! RESISTANCES
! 470 !
& 480  Q(9,1)=R(4)
) 430  0(6,2)=-R(5)
1954
3 ;
R 5
R c-10
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500 Q(9,2)=R(5)

510 Q(6.,3)=R(6)

520 Q(8,3)=-R(6)

530 Q(6,4)=R(7)

540 Q(7,4)=-R(7)

550 Q(7,5)=R(8)

560 Q(8,5)=-R(8)

570 q<7,6)=R(9)

580 Q(10,6)=-R(9)

590 Q(10.7)=R(10)

600 Q(8,8)=R(11)

610 !

620 !

630 IF Print_flag=1 THEN PRINT "Q MATRIX -- CONNECTION AND
COMPONENTS"

640 IF Print_flag=1 THEN PRINT
650 FOR I=1 TO N

660 IF Print_flag=1 THEN PRINT
670 FOR J=1 TO N

680 Asave(I,J)=0(I,J)

690 IF Print_flag=1 THEN PRINT USING "3D.DD,#";Q(I,J)
700  NEXT J

710 IF Print_flag=1 THEN PRINT
720  NEXT I

730 !

;gg : REPLACE MATRIX VALUES BY TRUE RESISTANCES
760 CALL Matinv(N,Q(*),B(*),Det)
770 ! DC CIRCUIT CASE

780 !

790 ! DEFINE F MATRIX

800 DIM F(1:10,1:10)

810 !

820 DATA 1,-1,-1,0,0,0,0,-1,0,0
830 DATA 0'091,-1,’1’090’09090
840 DATA 0,0,0,0,1,-1,-1,1,0,0
850 DATA 1,0,0,0,0,0,0,0,1,0
880 DATR 0,0.090.0,0,1,0.0’-1
876 DATA 0,0,0,0,0,0,0,0,0,0
880 DATA 0,0,0,0,0,0,0,0,0,0
830 DATA 0,0,0,0,0,0,0,0,0,0
900 DATA 0,0,0,0,0,0,0,0,0,0

910 DATA 0,0,0,0,0,0,0,0,0,0
920 !

930 FOR I=1 TO N

940 FOR J=1 TO N

950 READ F(I,J)

960 NEXT J

970 NEXT I

980 !

990 CALL Matmult(B(#).F(#),Q(#),N,N,N)

..........
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o

1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340

Delta_v(1,J),Delta_v(2,4))

1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450

A A AT AR AL SIS N B

M(1,1)=R(4)
M(1,2)=R(5)
M(2.6)=R(9)
?(2.7)=-R(10)

CALL Matmult(M(+),Q(*) Delta_v(#),2,10,10)
Vi=Ii*#Delta_v(1,9)+12%Delta_v(1,10)
V2=I1+Delta_v(2,9)+12*%Delta_v(2,10)

IF Print_flag=1 THEN

PRINT

PRINT "DELTA V VECTOR"

PRINT

FOR I=1 T0 2

PRINT

PRINT

FOR J=1 TO N

PRINT USING “ 4D.D.XX,#":24*Delta_v(I,J)
NEXT J

?EXT I

PRINT

PRINT "FAULT PATTERN ANGLES"

FOR J=1 TO N-2

PRINT USING "**G"",DD,XX,""ANGLE="",DDDD.DDD";J+3,FNAtn(

NEXT J

!

PRINT "V1=":;V1,"y2="392

END IF 4
I -
!

|

{ d
| ;
SUBEND i

Aadl
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10 SUB Dc_plot(Angle(*) ,O0PTIONAL Vm)

a gg I LIN-LIU FAULT VECTOR PLOT
- !

40  V .GENERATES THE BACKGROUND
. gg | INFORMATION FOR THE PLOTS

' 70 GINIT

- 80  GRAPHICS ON
- 90 11tPLOTTER IS 705, “HPGL"
o~ 100 Vmax=1.0

110  IF NPAR=2 THEN Vmax=Vm ! OPTIONAL SCALE FOR MAX VALUE
= OF VOLTAGE

£ 120 PEN 1
130  PENUP
- 140  FRAME
% 150 CSIZE S
- 160 LORG 5

176 SHOW -50,50,-50,50

by 180 MOVE -10,40
™ 190 LABEL *V2*
200 MOVE 40,.-10
. 210 LABEL *“v1"
o 220 DEG
. 230 MOVE -50,0
. 240 DRAK 50,0
il 250 MOVE 0,-50
260 DRAW 0,50
270 CLIP -50,50,-50,50
~ 280 AXES 10,10
P 290 CLIP OFF
300 CSIZE 3
" 310 LORG 6 | LABEL X AXIS
o 320 MOVE -50,0
k 330 LABEL USING "DD.D";-Vmax
- 340 MOVE 50,0
3 350 LABEL USING “DD.D":+Vmax
A 360 LORG 7 ! LABEL Y AXIS
370 MOVE 0,-50
- 380 LABEL USING "DD.D*;-Vmax
g 390 LORG 9
400 MOVE 0,50
, 410 LABEL USING "DD.D";+Vmax
. 420 LORG 1
v 430 FOR J=4 TO 11
- 440 MOVE 45#COS(Angle(J)),45*SIN(Angle(J))
g 450 IF J>9 THEN LABEL USING *"""G"*,DD":J
¥ 460 IF J<10 THEN LABEL USING “""**G"*,D":J
470 NEXT J
i‘ 480 SUBEND
r,:
o
E c-13
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10 DEF FNAtn(X,Y)

%g ! THWO QUADRANT ARCTANGENT FUNCTION
!
40 DEG

50 IF ABS(X)<1.E-4 THEN RETURN -90
gg RETURN ATN(Y/X)
!
80 ! KEEP THIS LINE FOR 4-QUADRANT VERSION IF X<0 THEN RETUR
N SGN(Y)*180+ATN(Y/X)
90 ! KEEP FOR 4-QUAD IF X>0 THEN RETURN ATN(Y/X)
100  FNEND

.
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v 130

i 140
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: 160

v 170

N 180
' 190
200
210

220
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SUB Matmult(A(=).B(»),C(*) N,K,M)
SUBROUTINE TO MULTIPLY TWO MATRICES
DIMENSIONS ARE N X K AND K X M

FOR N_index=1 TO N
FOR M_index=1 TO M
C(N_index.M_index)=0
NEXT M_index
NEXT N_index

FOR N_index=1 TO N
FOR M_index=1 TO M
FOR K_index=1 T0 K
C(N_index.M_index)=C(N_index,M_index)+A(N_

index,K_index)*B(K_index.M_index)

NEXT K_index
NEXT M_index
' NEXT N_index
SUBEND

...............
........................
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10 SUB Matinv(N,A(*) B(+) Det)
|

A Pt

20 !
30 ! INVERTS A REAL N X N MATRIX A AND
o 40 ! STORES THE RESULT IN B
N 50 !
e 60 INTEGER I,J
s 70 DIM P(1:10)
> 80 !
30 !
S ;?8 ?et=FNFactor(N,ﬁ(*),P(*))
N 120 IF ABS(Det)<1.E-20 THEN
< 130 ! BOMB CITY !
> ;g?RIX" PRINT "DETERMINANT LESS THAN 1E-20 =* NON-INVERTABLE
X 150 PRINT "VALUE OF DETERMINANT=",Det
3 160 RETURN
'y 170 END IF
» :gg z SET UP AUGMENTATION MATRIX B
- 200 FOR I=1 TO N
- 210 FOR J=1 TO N
K. 220 B(I,J)=0.
B 5o 230 IF I=J THEN B(I,J)=1.0
3 240 NEXT J
£ 250 NEXT I
. 260 !
e 270 !
o 280 CALL Lu(A(*),P(*) ,N,B(+},N)
N4 290 !
5 300 SUBEND
. 310
) 320 '
e 330 !
- ggg : DEFINE FACTOR FUNCTION
o 360 DEF FNFactor(N,A(#),P(%))
- 370 !
- 380 INTEGER I,J,K,K1,N1,Pk,Ppi
: 390 !
- 400 FOR I=1 TO N
- 410 P(I)=I
0 420 NEXT I
7 430 !
- 440 N1=N-1
Y 450 Delta=1.0
< 460 !
;ﬁ 470 FOR K=1 TO N1
2\ 480 Pk =P (K)
A 490 Max=ABS (A(Pk ,K))
500 FOR I=K TO N
o4
4
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510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
970
980
990
1000
1010

Ppi=P(I)
IF ABS(A(Ppi.K))<Max THEN
ELSE
Max=ABS(A(Ppi .K))
Pk=1
Delta=-Delta
END IF
NEXT I
)

IF Max>0 THEN
ELSE
RETURN 0
]

END IF
[}

Ppi=P(K)
P(K)=P(Pk)
P(Pk)=Ppi

K1=K+1
FOR I=K1 TO N
Ppi=P(I)
A(Ppi,K)=A(Ppi,K)/A(P(K) ,K)
FOR J=K1 TO N
A(Ppi,J)=A(Ppi.J)-A(Ppi,K)*A(P(K),J}
NEXT J
NEXT I
Delta=Deita*A(P(K) ,K)
NEXT'K

RETURN Delta*A(P(N),N)
]
FNEND
|

!
!
!
! SUB PROGRAM LU
!

SUB Lu(A(#) ,P(#),N,B(*),M)
!

DIM T(1:10)
INTEGER K,I,J,11lim,Ic,H,Ip!

FOR K=1 TO M
T(1)=B(P(1),K)
FOR I=2 TO N
H=P(I)
T(I)=B(H,K)
Ilim=I-1
FOR J=1 10 Ilim
T(D)=T(I)-A(H,. D *T())

c-17




b,
t'\
= 1020 NEXT J
(. | 1030 NEXT I
b 1040 T(N)=T(N)/A(P(N),N)
L 1050 B(N,K)=T(N)
o 1060 FOR I=2 TO N
7 1070 Ic=N+1-1
- 1080 H=P(Ic)

) 1090 Ipt1=Ic+i
00 FOR J=Ip1 TO N T
10 T(Ic)=T(Ic)-AH,J)*T(J) .
20 NEXT J
30 T(Ic)=T(Ic)/A(H,Ic)
40 B(Ic,K)=T(Ic)
50
60
7

NEXT 1
NEXT K
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