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ABSTRACT

This thesis addfesses‘itself to the two principal problems of
computer-aided-testing in analog circuits, namely, fault analysis and
postproduction tuning.

A unified approach to fault location in large analog circuits is
intfoduced. The approach closely meets the goals of practical criteria
for fault analysis. Network decomposition and logical analysis are
incorporated to identify faulty subnetworks. Necessary and almost
sufficient testing conditions for locating fault-free subnetworks are
derived. These conditions are based on.invéking KCL and topological
relations between subnetworks. The application of the approach to
practical linear and nonlinear networks is presented. Further fault
analysis is carried out to identify faulty elements or regions inside
the faulty subnetwork. Deterministic and approximate methods are
introduced for that respect. The approximate method utilizes an
estimation criterion, namely, the least-one objective function to
predict the most 1likely faulty elements. The deterministic methods
verify the existence of faults by examining the consistency of algebraic
equations or by matching the subnetwork response using faulty models of
the subnetwork elements. A number of network examples are considered to
illustrate the application of the introduced methods.

The deviation in the response of a manufactured circuit can often

be compensated by adjusting specified tunable elements. A number of
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aspects of the postproduction tuning problem are studied. In

particular, the relevant fundamental concepts and definitions are given,

the tuning algorithms either functional or deterministic are reviewed
and new techniques for choosing tunable parameters and critical response
points are introduced. Two new functional tuning techniques are
presented. The application of the new techniques in tuning a microwave
network example is illustrated. A comparison and evaluation of four
different tuning techniques are given by testing them in tuning an

active filter example.
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1

INTRODUCTION

The increased complexity of analog circuits and the mass
production of integrated circuits necessitate the use of computers in
all aspects of the production and maintenance processes, Computer-
aided-design (CAD) techniques that incorporate the multiple objectives

of cost reduction, yield maximization, tolerance optimization and design

centering are now well established and their application to actual
design problems is steadily increasing. Similarly, the use of computer-
aided-testing (CAT) techniques is in progress, especially for testing
digital circuits.

For analog circuits, CAT techniques are primarily associated with

the combined problems of fault location, parameter identification and

bostproduction tuning. The main objective is to adjust the manufactured

circuit to meet the design specifications. The adjustment process could
be carried out by two distinet approaches. In the first approach, the
sources of faults in the circuit are identified, then the faulty
elements and/or modules are replaced by nonfaulty ones. This is usually

suitable for catastrophic faults, when the faulty element produces

either a short circuit or an open circuit. In the second approach, the
deviation in the network response is compensated by adjusting tunable
parameters specified a priori. This is quite appropriate when the

malfunction of the circuit is due to modest changes in the parameters of



the circuit, referred to as soft faults. These soft faults could result
from manufacturing tolerances, aging or parasitic effects.
This thesis is addressed at the two main problems of computer-

aided -testing in analog circuits, namely, fault analysis and

postproduction tuning. 1In particular, a unified approach for locating
faults inside large analog circuits is introduced and optimal
postproduction tuning techniques and procedures are presented.

Chapter 2 presents a review of existing methods of fault analysis
in analog circuits. The methods are categorized according to the time
of simulation and number of excitations of the circuit under test. A
comparison between the methods is given and a set of criteria which a
practical fault analysis algorithm should achieve is discussed. This
chapter provides an adequate state-of-the-art review of the fault
analysis techniques.

In testing large analog circuits it is logical to locate the
faults within smaller parts of the network (subnetworks), then to locate
faults inside the identified faulty subnetworks. This usually
permits a systematic, fast way of identifying faulty elements. In
Chapter 3, the decomposition approach with logical analysis are utilized
to locate faulty subnetworks. Necessary and almost sufficient testing
conditions for fault-free subnetworks are derived. The effect of
tolerances on the application of testing conditions is discussed and a
probabilistic measure is introduced. The application of the technique
to practical linear and nonlinear networks is presented.

Locating faults inside faulty subnetworks is addressed in



Chapters 4 and 5. Chapter U4 deals with the use of the deterministic
techniques such as the fault verification method, internal-self-testing
method, combinatorial method and matching method. The effect of
tolerances on the application of the fault verification method is
discussed and a .linear programming formulation is introduced. The
decomposition approach that is used for finding faulty subnetworks is
utilized in the internal-self-testing method to locate faulty elements
and/or regions inside the faulty subnetwork. The combinatorial approach
is introduced to speed up the application of the fault verification
method. The matching method utilizes the fault models of the faulty
elements in matching the response obtained to that predicted using
fault models. The latter technique is more applicable to nonlinear
networks. The results of applying the techniques to different circuit
examples are presented.

In Chapter 5, the 17,1 norm is utilized for estimating the most
likely faulty elements. Two formulations are presented. The first
considers the situation when the measurements are obtained using a
single test vector. The second utilizes multiple test vectors to obtain
the measurements. In both cases the number of measurements is less than
the number of elements of the faulty subnetwork. The results of
applying the techniques to linear subnetworks are presented.

Chapter 6 deals with some important aspects that are related to
the postproducting tuning problem. The main aspects that are addressed
are the formulation of error functions from design specifications, the

tuning algorithm, either functional or deterministic, the choice of



tunable parameters and the choice of the critical samples of the
response. A review of these aspects in the literature is given together
with some original techniques for selecting tuning elements and critical
frequencies.

In Chapter 7 two new functional tuning algorithms are presented.
The techniques for selecting the tunable parameters and the frequencies
to be monitored during the tuning process are applied in an integrated
optimal tuning procedure for tuning a microwave circuit. A comparison
between functional and deterministic tuning algorithms based upon
testing four tuning techniques is then outlined.

The main contributions of this thesis are outlined in Chapter 8

together with some suggestions for future research work.
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FAULT ANALYSIS IN ANALOG CIRCUITS— A REVIEW

2.1 INTRODUCTION

The problems which fall into the field of fault analysis can, in
general, be classified into either fault location or parameter
identification.

The first group corresponds to the situation where we want to
locate an element or a number of elements which are faulty. By a fault
we mean, in general, any large change in the value of an element w.r.t.
its nominal value which can cause the failure of the whole circuit.

Parameter identification, in the context of electrical circuits,
is the process of finding the actual values of circuit components.

Dependent on a particular problem we may be interested in identification

of selected parameters, assuming all the other parameters are known or

in the identification of all parameters where only the circuit topology

and model description are known. The fault location and parameter
identification problems cannot be completely separated from each other.
Although many specific algorithms have been proposed for fault

analysis, they may naturally be classified into three categories:

(a) simulation-before-test,
(b) simulation-after-test with a single test vector, and
(e) simulation-after-test with multiple test vectors.




2.2 SIMULATION-BEFORE-TEST APPROACH

The simulation-before-test approach is referred to as the
dictionary approach for fault location. It is widely used for testing
digital ecircuits. Although it suffers from a number of limitations in

the testing of analog circuits it is still the most commonly used

.method.

2.2.1 General Description

The dictionary approach is a technique in which the unit under
test (UUT) is simulated off-line using certain input signals for a
number of hypothesized faults. The responses are stored as a
dictionary. The UUT is excited by the specified input signals and the
responses obtained in the field are compared with the simulated results
in an attempt to determine the cause of the malfunction of the UUT. The
fault candidate that produces the closest simulated responses w.r.t. a
certain measure to that produced in the field is declared the actual
fault.

It should be clear that the implementation of the dictionary
approach consists of the following two stages. Before conducting the
test, the dictionary is constructed to achieve the required degree of
diagnosability. At the time of actual testing a search process is
conducted using the stored data and the measurements to locaté the fault
or an ambiguity set that contains the possible fault.

The reported techniques of impleﬁenting the dictionary approach

differ mainly in the following features:



(a) the kind of input/output measurements,

(b) the fault signature,

(e) the procedure for selecting optimal signatures,
(d) the fault location technique itself, and

(e) the degree of diagnosability and fault isolation.

2.2.2 Dictionary Construction

The construction of the dictionary is initiated by choosing the
input signals to the circuit, the domain of analysis and the responses
to be measured. In Fig. 2.1 the different techniques are summarized
(Schreiber 1979).

One of the first techniques for constructing a fault dictionary
was given by Seshu and Waxman (1966). In their proposed technique the
linear, frequency-dependent circuit is excited at a number of
frequencies close to the break points of its transfer function and the
output voltage is measured at these frequencies. This is an example of
a steady-state analysis method with sinusoidal input and voltage
measurements.

DC testing of nonlinear circuits (video amplifier, power supply,
etc.) has proved to be very effective for diagnosis of nonlinear
circuits. The circuit is excited by a number of de inputs such that the
different states (off, on and linear) of the semiconductor devices are
exercised. The purpose is to be able to observe the fault at any of the
primary outputs (test nodes) of the circuit. Hochwald and Bastian

(1979) wutilized the voltages of the test nodes to construct their
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dictionary. For the video amplifier example that was considered in
their work two dec inputs were chosen to cover 95% of the assumed faults.
Lin (1982) described the application of the complementary pivot theory
in de fault diagnosis of analog circuits. The approach has the
advantage of faster dc analysis.

In the time domain analysis methods, the transient response of
the system is monitored. The simplest input which can be applied to a
circuit is a step input. Since the impulse response of a circuit is the
derivative of the step response, the response to the step is utilized in
determining the transfer function of the network under test. The
transfer function, through its coefficients, may be utilized in
constructing the dictionary.

Duhamel and Rault (1979) described a number of methods that
utilize the time domain analysis in constructing the fault dictionary.
Most of the methods are based on determining the impulse response of the
circuit and/or the transfer function coefficients from the measured
output using special types of inputs (e.g., white noise).

The complementary signal method by Schreiber (1979) requires the
analytical determination of the shape of the test signals. The

complementary signal consists of a sequence of piecewise constant

impulses: the first impulse puts the system under test in a nontrivial
state; the subsequent impulses bring back the system response to zero
within a time interval that depends on both the number of poles of the
transfer function and the passband of the system under test. The fault

dictionary is constructed using the changes in the locations of the
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poles in the complex s-plane and the changes in the locations of zero
crossings of the response in the time domain.

It is clear that in constructing the dictionary there is a
compromise between the degree of diagnosability and the stored
information. The optimum choice of the measured outputs (number of test
nodes, number of inputs, etc.) is required to store the minimum amount
of test data without affecting the desired degree of diagnosability.
For the specified hypothesized fault cases it is usually required, using
the stored data, to uniquely identify every faulty case, or at least to
identify it within very small ambiguous set. Two techniques are worth
mentioning. The first is due to Varghese, Williams and Towill (1979),
where'the measurements are chosen according to the required degree of
diagnosability and using a distance formula proposed to measure the
discriminating information of the fault cases considered. The second is
due to Hochwald and Bastian (1979). It uses logical manipulations in
choosing the set of measurements to be stored.

Instead of storing the fault signatures as a set of voltages,
Seshu and Waxman (1966) stored codes, which are much easier for
inspection. Other types of fault signatures were also used, e.g., the
loci of the changes in the poles and the zero crossings, as proposed by

Schreiber (1979).

2.2.3 Fault Location
Different techniques are utilized to find the most probable fault

using the stored data and measured response. Most techniques follow a
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fault tree approach, as shown in Fig. 2.2. First the UUT is diagnosed
to be either sick or healthy. If the UUT appears faulty the fault is
first assigned to a certain ambiguity set Qi. Then, the fault 1is

isolated to a component of this ambiguity set x if possible.

ij’
Let the fault dictionary corresponding to f faults and m
measurements be represented by the entries hij' where i = 1, 2, .., I

and j = 1, 2, ..., f. Any unknown fault is represented by the pattern

vector
v=1[v, v, ... vm] . (2.1)

where T denotes the transpose. Using the nearest neighbour rule the

distance

4 = [.? (= vpf1 2 5 a2, L, (2.2)
i=1
is computed for the f candidates and v is associated with the candidate
fault of minimum distance.

Following a completely probabilistic approach, Freeman (1979)
considered the tolerance effects on the elements together with the
errors in measurements.

If all faults are of equal probability the fault type is
identified by finding the minimum over j of the quantity

m m

121 221 ( v, = hij)(vz - hlj) W (2.3)

where wiz is a weighting factor, which depends on measurement errors and
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the parameter tolerances. Freeman showed:that (2.3) reduces to (2.2)
under special circumstances.

If the fault signature is stored as a code, the response is
transformed to this code then a complete matching to one of the stored
codes is carried out. If the complete matching is not achieved the
fault is not identified and the fault dictionary must be augmented to
include this type of fault.

Most fault dictionaries are constructed for catastrophic single
faults. As reported by Hochwald and Bastian (1979) 70 percent of single
point field failures can be detected/isolated. This percentage can be
further improved to 80 percent by including additional hard or soft
failure modes that are unique to the specific electronic technology used

in the system.

2.3 SIMULATION-AFTER-TEST USING A SINGLE TEST VECTOR

The responses of the network to a single input excitation are
analyzed to determine the faulty elements of the network. Consequently,
rather than simulating the network before the test as in the dictionary
approach, most of the network analyses and simulations are performed
after conducting the actual test. The techniques to be followed depend
upon the number of available measurements. If the number of independent
measurements is less than the number of the network elements, which is
typical, two main approaches are followed:

(a) estimation methods, where an estimation criterion is used to

identify the most probable fault, and
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(b) fault verification techniques, where an upper bound is assumed on

the number of simultaneous faults, usually less than the number

of performed measurements,

If the number of independent measurements is sufficient an
identification of all network elements can be carried out and the faulty
elements are thereby isolated. This situation is rare and impractical,

particularly if we are utilizing a single test vector.

2.3.1 Estimation Methods

Let the UUT have q input terminals, m output terminals and p

parameters. The input-output model of the UUT is given by

¥y =h(u, ¢, (2.4)
where y e R", u e RY and ¢ ¢ R, using a single input vector 21 we get
a single output vector x1

Yy =hu, ¢). (2.5)
m is assumed to be less than p, so a complete identification of all
network parameters is not possible. Different estimation criteria are
utilized to estimate the values of the elements of the UUT.

Ransom and Saeks (1973) and Hankley and Merrill (1971) utilized
the least-squares criterion in computing the deviations in the parameter
values. The basic assumption is that small deviations in parameter
values are more 1likely than large deviations. To a first-order
approximation the change in the outputs 21 from their nominal values z10

is given by
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by =y -y = () A¢p =B Ag, (2.6)

where TT
B4, (2.7)

is an m x p matrix of first derivatives evaluated at nominal and
0
YRR (2.8)

defines the change in the network parameters from their nominal go.

Among all solutions of the linear system (2.6) the solution

a9 = B ay, (2.9)
where
8* - g7 g 877! (2. 10)
minimizes
p
X A¢?. (2.11)
i=1 L

A linear approximation is utilized in finding Ag. Consequently, the
exact solution of the optimization problem that minimizes (2.11) subject
to (2.5) is not realized exactly.

An iterative procedure could be carried out until lIAg‘ju £ EPS,
where j refers to the jth iteration and EPS is a very small positive
number .

Based on the hypotheses that the difference between actual and
nominal values are much greater for the faulty parameters than for the
remaining parameters and that the chosen solution is the one with the

smallest number of faulty elements, Merrill (1973) devised the objective
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function

121 /Tho,l + 8 + o (ay - B o)™ (ay - B ag). (2.12)
The first term penalizes the nonzero element values and the
second term implies that the result should approximately satisfy (2.6).
The choice of a is very crucial and usually a large value of a is used.
§ is included in (2.12) to eliminate differential problems when A¢; = O.
Merrill (1973) considered a sequence of quadratic approximations to
(2.12). This led to solving a sequence of quadratic programming
problems, which converge to the optimum of the original problem (2.12).
If the original linear approximation (2.6) is not adequate the
procedure could be repeated until convergence is achieved. The reported
results of this method were very encouraging and the hypotheses agree
with the practical observation. This motivated Bandler, Biernacki and
Salama (1981) and Bandler, Biernacki, Salama and Starzyk (1982) to
consider a linear programming formulation of the problem.
For linear resistive networks, using just one single excitation,

the change in measurements from nominal can be expressed as
Ay = H s, (2.13)

where s = [s1 Sp e sp]T are specially defined error parameters and H
is a constant matrix obtained from a sensitivity analysis. Relation
(2.13) is exact. The error parameters s are found by solving the linear

program
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P
minimize I lsil (2.14)

i=1
subject to (2.13). For frequency-dependent networks two error
parameters are defined for every component such that all the

optimization variables are real. The details of the approach are

discussed in Section 5.2.

2.3.2 Fault Verification Techniques

If we assume that the number of simultaneous faults f is less
than m, the number of measurements, a search procedure can be
implemented to identify the faulty elements. Recalling (2.5) we may

write

1 1 0

g =l 60 agh, (2.15)

where AQF represents the vector of the changes in the f faulty elements.
Under the assumption that f < m (2.15) is an overdetermined system of
equations. A necessary condition for AQF to represent the changes in
the exact faulty parameters is that (2.15) is consistent.
The results reported in the literature address two main issues.
The first is the uniqueness of the diagnosable elements in both linear
and nonlinear circuits. The second is the development of techniques to
speed up the search for the faulty set.
' Visvanathan and Sangiovanni-Vincentelli (1981) studied the
problem of diagnosability of nonlinear circuits and systems. Following

their results the f faulty elements [¢1 ¢2 cee $ are locally unique

]
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if

3n oh 3h dh 3 3h dh

Rank [a¢1 3¢2 - 3¢f a¢x] > Rank [+— — —1, (2.16)

for all elements ¢x of the network other than the faulty elements. The

: F
computation of A¢ is obtained by minimizing

1 1 0

ly =-h(u’, ¢, AgF)u. (2.17)

Correct identification of the faulty parameters yields a zero value of
(2.17) if the actual values of nonfaulty elements are nominal.

For linear networks global sufficient conditions for the
uniqueness of the solution with graph theory implications have been
presented by Starzyk and Bandler (1982) and Huang, Lin and Liu (1982).

Sakla, El-Masry and Trick (1980) have provided a necessary
condition for locating single faults. They utilized Tellegen's theorem
and the adjoint network approach in deriving this condition. Their
technique could be extended to handle multiple fault location.
Biernacki and Bandler (1980a, 1981) considered the problem of multiple
fault location using a multiport approach. They developed a necessary
condition for a set of elements F to be the exact faulty set. The
condition is based on the consistency of a set of linear equations that
corresponds to (2.15) in the linear case. They also pointed out a
number of problems with the multiport approach.

Starzyk and Bandler (1981a) dealt in a rigorous way with the

multiport approach. They also introduced the concept of faulty nodes

(Starzyk and Bandler 1981b) and wutilized the nodal admittance matrix



19

representation of the network for locating these nodes. They designated
a node as faulty if a faulty element is incident with it. The location
of faulty nodes rather than faulty elements is much easier and, as they
reported, a graph th;oretical concept (k-connection) (Starzyk 1980),
could be utilized to check the uniqueness of the proposed faulty set.
Huang et al. (1982) independently produced quite similar results. They
stated a sufficient and almost nécessary condition for a network to be
k-fault testable. This condition could be utilized as a measure for
designing for testability.

The problem of 1locating the exact faulty elements 1is
combinatorial in nature. Different techniques have been devised to
reduce the computational effort.

Wu et al. (1982) presented an exact algorithm for locating a
single fault and a heuristic algorithm for the single and multiple fault
cases. The latter algorithm is based on a heuristic that the effect of
two faults will not cancel each other and that there is an upper bound
on the number of faults.

Salama, Starzyk and Bandler (1983) very recently presented a new
method for locating faults in very large analog networks. The details
of this approach are given in Chapter 3. It is based on a proper choice
of the measurement nodes such that a certain decomposition of the
network into subnetworks results. Utilizing KCL andnlogical analysis
the faulty subnetworks are isolated. Further fault analysis is carried
out inside each relatively small subnetwork to isolate faulty elements

or regions as is detailed in Chapters 4 and 5.
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2.3.3 Parameter Identification Techniques

If the number of independent measured quantities using a single
test vector is equal to the number of network parameters, full
identification of the network parameters is possible. As reported by
Saeks, Singh and Liu (1972) for linear systems, the resultant fault
diagnosis equations are almost linear and may be solved using a single
Sparse matrix inversion. If the number of measurements is less than the
network parameters, selected elements céuld be identified (Biernacki and
Bandler 1980b).

The main 1limitation of parameter identification is that the
number of required measurements grows linearly with the complexity of

the circuit.

2.4 SIMULATION-AFTER-TEST WITH MULTIPLE TEST VECTORS

One approach to reduce the test point requirements of the
simulation-after-test algorithm is to use multiple test vectors to
increase the number of equations derivable from a given set of test
points.

Sen and Saeks (1979) described the utilization of several
frequencies in diagnosing linear systems. A measure of testability and
diagnosability is derived. Based on the value of this measure either
full identification of all network elements or part of it is possible.
The equations to be solved are nonlinear and the computational effort is
quite excessive for the on-line implementation of the procedure.

Visvanathan and Sangiovanni-Vincentelli (1981) and Saeks et al.
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(1981) utilized the multiple inputs to nonlinear systems to formulate
the diagnosability conditions for dynamic and nondynamic nonlinear
networks.

If all nodes of a linear network are accessible the problem of
identifying all network elements reduces to that of solving a system of
linear equations. Trick, Mayeda and Sakla (1979) and Sakla (1979)
described techniques for isolating network elements that require access-
ibility to all network nodes. They utilized Tellegen's theorem with
multiple test vectors to identify network elements. Trick (1980)
further confirmed that the same results could be obtained by invoking
Kirchhoff's Current Law.

If the numbers of measurements is still less than the number of
network parameters the estimation criteria presented in Section 2.3.1
can be aéplied. Bandler et al. (1982) utilized the £, norm with
multiple test vectors. Details of their approach are presented in

Section 5.3 of this thesis.

2.5 DISCUSSION AND COMPARISON
Saeks (1981) proposed criteria by which different fault location
techniques can be judged. He examined the following points.

(a) Computational Requirements. The on-line and off-line

computational requirements of the different techniques are rated.
The optimum technique should have minimal on-line computational
requirements and moderate off-line requirements.

(b) Test Points. An optimum technique will be based on the




(e)

(d)

(e)

(f)

(g)
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utilization of a limited number of test points without
complicating the fault analysis problem computationally.
Robustness. The optimum approach should be robust against the

changes in the nonfaulty elements inside their tolerance region.

Models. The fault analysis technique should be able to utilize

both the nominal models and faulty models of the network

elements.

Module vs. Parameter Testing. It has been noted that a module

oriented CAT algorithm is preferred over a parameter oriented
algorithm if it can be formulated without compromising other
factors.

In-Situ Testing. The ideal CAT algorithm should allow for

in-situ testing. Such an algorithm should work with an arbitrary
input signal rather than a fixed set of test vectors.

Parallel Processing. The degree to which an algorithm can be

implemented in a parallel processing mode becomes a significant
factor in determining its viability with the increase in size of

the'networks.

In Table 2.1 the goals for an ideal algorithm are summarized and

the degree to which the various techniques achieve these goals is

indicated.

We believe that the simulation-after-test technique employing our

decomposition approach for fault analysis satisfies quite closely the

desired criteria, as we will attempt to show (in the following chapter).

The technique requires moderate off-line computational requirements and
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very reasonable on-line computational requirements, It needs only a
limited number of test points and can handle the effect of tolerances on
nonfaulty elements. Both nominal and faulty models are utilized. The
technique is module oriented and very suitable for in-situ testing and

parallel processing.
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FAULT LOCATION IN ANALOG CIRCUITS_
A DECOMPOSITION APPROACH

3.1 INTRODUCTION

In this chapter, we present a new simulation-after-test method
for fault location with the aim of keeping both the computations and
measurements to acceptable bounds. A nodal decomposition, Happ (1974),
of the network into smaller uncoupled subnetworks is carried out. The
measurement nodes must include the nodes of decomposition. The voltage
measurements are employed to isolate the faulty subnetworks. Utilizing
the incidence relations between subnetworks and Kirchhoff's Current Law
(KCL) we develop necessary and almost sufficient conditions for a
Subnetwork or a group of subnetworks to be fault free. Logical analysis
of the results of these tests is carried out to identify faulty
subnetworks.

In analog circuits the good network elements are usually not at
their nominal values, but are randomly distributed within specified
tolerance intervals. A probabilistic approach is used to check whether
the testing conditions can be satisfied under these random changes.

The application of the method to both linear and nonlinear

networks is discussed and illustrated using practical examples.

25
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3.2 NETWORK DECOMPOSITION AND LOGICAL ANALYSIS
3.2.1 General Description
The topology of the network under test is known. In the pre-test

stage we perform a nodal decomposition of the network. This results in

Subnetworks connected by the nodes of decomposition. There should be no

mutual coupling between any two subnetworks and the nodes of
decomposition should be chosen from the set where voltage measurements
can be performed. The decomposition is either performed by inspection
(for networks of relatively small size) or a special algorithm is used
for that purpose, e.g., the heuristic algorithm proposed by Sangiovanni-
Vincentelli et al. (1977).

Fig. 3.1 illustrates the situation. Subnetworks Si and Sj are
:» In actual testing we excite the

J
network, usually with a current source, and perform voltage measurements

linked at nodes of decomposition Ci

Testing conditions are applied to identify the nonfaulty
subnetworks. The application of a testing condition is referred to as a

test. The outcome of a test is classified simply as pass or fail. The

test passes if and only if all subnetworks involved in the test are
fault-free. The test fails if and only if at least one of those subnet-
works is faulty. A subnetwork is faulty if it contains one or more
faulty elements. A test that is applied to check whether subnetwork Si

is fault-free or not is described as a self-testing condition (STC). A

test that is applied to check whether a group of k subnetworks S. S

9 s 1]
ceey Sj are fault-free or not is called a mutual-testing condition
K - . '
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(MTC) . In practice, we utilize the measurements together with the

incidence relations between subnetworks to expedite these tests.

3.2.2 Hierarchical Decomposition

We follow a hierarchical decomposition approach (Gupta et al.

1982) . This is illustrated in Fig. 3.2 and is represented by the

so-called tree of decomposition. Vertices of this tree are assigned to

subnetworks. Various levels of decomposition can be considered. The
procedure can be continued until further division of subnetworks through
the measurement nodes is impossible. The subnetworks at the final level
are called blocks.

We begin by considering suitable STC and MTC situations for the
subnetworks at the first level of decomposition. (We assume that a STC
applied to S1 has confirmed a fault). If a subﬁetwork is declared
nonfaulty no further partitioning of it need be carried out. Faulty
subnetworks and those which we are not sure about are decomposed

further, if possible.

3.2.3 Logical Analysis

The results of different tests are analyzed to identify the
faulty and nonfaulty subnetworks. Logical functions are utilized for
this purpose. Every' subnetwork has associated with it a logical
variable 0, which takes the value 1 if the subnetwork is good and 0 if

it is faulty. Every test is associated with a logical test function

(LTF) which is equal to the complete product of variables °j if the
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test is a pass

A
T Z0.no,n ...no, , (3.1
It AP P I
where
A . . .
Jt = {31' sz csay Jk} ’ (3.2)
ji refers to subnetwork Sj y k is the number of subnetworks involved in
i
the test, or the complete union of complemented variables Bj
i
T, é‘aj uE u...uT, (3.3)
t 1 2 k

if the test is a fail.

A logical diagnostic function (LDF) is given by

g 2
Dz = (t? TJ )n (n T

J )’ (3.“)
1 %t t=g+1 “t

where the first g LTFs correspond to successful tests and % is the total
number of tests. In the LDF,‘the subnetworks which are represented by
Gi are faulty and those which are represented by o; are nonfaulty. If a
subnetwork is not represented in the LDF we assume nothing about its
status: more tests are necessary. We usually construct the LDF in a
sequential manner by combining the results of the current test to
previous tests. This usually reduces the number of tests needed since

some of the tests could be redundant.

3.2.4 Example 3.1: Illustration of Logical Analysis
In the decomposed network of Fig. 3.3 let 53 and 85 be - faulty

blocks in an otherwise fault-free network. There is no subnetwork for
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which we can check the STC. We will apply MICs to evaluate T35. T23.
T236’ T246 and T456‘ Only the test for T2ll6 is a pass so we have

Dy

(c3u 05) n (02u 03) n (°2u c3u 06) n
(0, n oy n gg) n (Euu 3511 36)
= o, n 33 n g, n 55 n o,

from which it is evident that S3 and 35 are the only faulty subnetworks.

3.3 APPLICATION OF TESTING CONDITIONS TO SUBNETWORKS

In this section we give necessary and almost sufficient
conditions for a subnetwork or group of subnetworks to be fault-free.
The conditions are based on invoking KCL and topological relations.

For analog circuits the effect of two independent faults is
highly unlikely to cancel at the measurement nodes. We adopt this

reasonable heuristic (Wu et al. 1982).

3.3.1 Description of Subnetworks
The input-output relation for a subnetwork Si, that is connected
to the rest of the network by mi+1 external nodes, as shown in Fig. 3.4,
with one of the nodes taken as the reference, is given by
Mi Mi Mi
L7(t) =h " (g (v, 9;1) ’ (3.5)

where Ql is the vector of the subnetwork parameters and the cardinality
M. M. M.

of 1 te), h " and v Yty is m;. We assume that the subnetwork S; is

connected, i.e., there exists a path between any two nodes of subnetwork

Si and the mi+1 external nodes do not decompose the subnetwork further ,
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i.e., we cannot partition Si into smaller uncoupled subnetworks using

only the set of m;+1 external nodes. Let

M, =M. uM,

i ia T Miy u MicS’ (3.6)

where Mia is the set of nodes where both voltages and currents are

kKnown, MiB is the set of nodes where only voltages are known, M., is the

iy

set of nodes where only currents are known, Mi& is the set of nodes

where neither currents nor voltages are known, and Mi is the set of the

m. nodes. Accordingly, we can rewrite (3.5) as

1
My Mia M Mg My Mis
L% =0 % THe), TR, v T, T, g, (3.Ta)
M, M

M. M. M. . M.
A O I N SR COM A (O NS ML (TP I I E N

~

M, M. Mi MiB Mi MiG
L) = n Ty e, g PP, v Y, v e, g L BaTe)

M. M. M. M. M. M.
1% = n Ty T,y R, v T,y P, g L (3uTa)

~

If the cardinality of the set Mia is greater than the cardinality

of the set Mi i.e., m, > a necessary condition for the

8’ ig 03§

subnetwork Si to be fault-free is that
M. M, M, M. M, M,
L% = h Ty TN,y R,y T,y T, ), (3.8a)

My iy M Mig M Mis 0

LY =T (T, y TR, Y,y P, ¢, (3.8b)
is a consistent system of overdetermined equations at any instant of
time, where gg is the vector of nominal parameter values of the

subnetwork. We refer to this condition as the internal-self-testing
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condition (ISTC). We utilize this condition in locating faulty regions

inside faulty subnetworks.

When all the voltages of Mi are known and ms o is greater than or

equal to one, we can state the following stronger result.

3.3.2 Lemma 3.1: Self-Testing Condition (STC)
A necessary and almost sufficient condition for a connected

subnetwork Si with mi+1 external nodes that do not decompose it further,

m. » 1andm. =m,_ =0 to be fault-free is that
ia iy 14 :
M; Mia M 0
Lo%e) - "%y ), 9) =0 ¥t (3.9

The necessity of (3.9) is obvious. For the sufficiency part of
Lemma 3.1 the adjoint network concept (Director and Rohrer 1969) can be

utilized to prove that any change in the subnetwork should be observable

M, M

at the my nodes, thus changing i L if no change has occurred in i
M,

from that computed using the given v : and the nominal parameters of the

ia

subnetwork, this implies that the subnetwork is fault-free. It 1is
sufficient to check Lemma 3.1 using only one external current to the
subnetwork. The proof is given in Appendix A.

Normallylq the voltages of the my nodes are directly measured.
The currents | la are not directly measured since it is difficult to
do so practically except when they represent the input excitation to the
whole network. The application of KCL and topological relations

overcome this difficulty. The currents are not measured: they are

computed using the nominal parameter values together with the measured
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voltages, then KCL is invoked.

Let us assume we have a set of k subnetworks Sy ie Jt’ which
are incident on common node ¢ as shown in Fig. 3.5. Each subnetwork is
assumed to be connected and has mi+1 external nodes that do not
decompose the subnetwork further. The input-output relation for every

Subnetwork is similar to that given in (3.5). The voltages of the my

external nodes are assumed to be measured. The current incident to the
common node ¢ from subnetwork Si is given by
it < nt oy e
c =h,~ (g ’ gi) . (3.10)
3.3.3 Lemma 3.2: Mutual-Testing Condition (MTC)
A necessary and almost sufficient condition for Si’ ie Jt’ to be
fault-free is that
M. M,
I oh oy (L, gfl.)) = 0 ¥t (3.11)
1eJt
i.e., the currents incident to the common node ¢ computed using the
measured voltages and nominalvparameter values should satisfy KCL.
Necessity is obvious. Sufficiency follows from the heuristic
that no two faults will cancel each other at the measurement nodes. If
(3.11) is satisfied, this implies that the current incident with the
measurement node ¢ from subnetwork Si is given by

M, M

i i 0
hc (v 7(t), Qi) ’ (3.12)

but from Lemma 3.1 this implies that the subnetwork S5 is fault-free and

thus all subnetworks Si’ ie Jt are nonfaulty.
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When the previous test is applied to two subnetworks which are

incident at a common node ¢ we refer to it as the bi-testing condition

(BTC).

3.3.4 Lemma 3.3: Generalized-Mutual-Testing Condition (GMTC)
Let Ei' ie Jt' denote some external nodes of the subnetwork Si‘
Each subnetwork Si is connected and has mi+1 nodes that do not decompose
it further, E; c M;. If the currents incident to E;, i e J_, form a cut
set, then a necessary and almost sufficient condition for these
subnetworks to be fault-free is that
M. M,
I I hjl(g tey, gg) =0  ¥t. (3.13)
leJt JsEi
3.3.5 Example 3.2: Illustration of Lemma 3.3
Consider the two subnetworks Sa and Sb that are incident with the
subnetwork Sc, which is faulty, as shown in Fig. 3.6. The BTC fails for
S, u S, and S, u S.. But the output branches that connect S, and S,
with S, form a cut set. So, according to the GMTC S, and S, are fault
free if and only if the computed currents using the measured external

voltages and nominal design values of S, and S, through the cut set

considered will sum to zero, i.e.,

.a ;a ; .b .
i) + 12 + 1+ 1 +1

—_
w o
=

3.4 TOLERANCE CONSIDERATIONS

The actual values of nonfaulty elements can deviate from their
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nominal values within prescribed tolerance bounds. Thus, in practice,
we face the situation that Lemmas 3.1-3.3 are not satisfied to the
required degree of accuracy. Taking the tolerance changes in the

subnetwork elements into consideration we may write condition (3.9) as

M. M. M

L% -0 TNy T, g e ag) = 0, (3.14)

A T . .
where Ag; = [A¢i1 A¢12 ven A¢ip] defines the tolerance changes in the p
elements of the subnetwork under consideration. For small tolerances
the first-order approximation can be utilized to describe the changes in
the network response. Accordingly, we may write (3.14) as

M

M, M. M p ohia
ia ia i 0 ~
L7(e) =h  (y (L), $) = T = A¢, ., (3.15)
4 j=1 %%y 1
Let
M. M. M. M.
. 1a A, 1la ia i 0
AL TT(E) =1 () - h (y (), $) = B; 8¢ (3.16)
where
ahMia 3h ia ahMia
gié[a; '; a; ]. (3.17)
i1 i2 ip

At a certain instant t  of time equation (3.16) is an underdetermined

system of linear equations in the variables A¢; . The weighted-least-
squares solution of (3.16) is given by
+ .Mia

Ag; =B, AL Tt , (3.18)

where



] (3.19)

and gi is a weighting matrix (Hankley and Merrill 1971, Merrill 1973).
For 8¢; normally distributed with mean Q and covariance matrix §;1, the
solution given in (3.18) 1is the conditional expected value of the
parameters Agi (Hankley et al. 1971) i.e.,

M,
Ap, = E [Ag 1 8% ”‘(to)J , (3.20)

where E denotes the expectation. Moreover, the solution is a minimum in
the weighted-least-squares sense. So A¢; is the solution of

minimize Ag§ §;1 A, (3.21)

subject to
Mia
51 Agi = AL (to) . (3.22)

Using the probabilistic interpretation of the result, namely
(3.20), we can have a measure of how far (3.9) is satisfied under the
variations caused by the tolerances. If any component of the computed
vector A¢; from (3.18) significantly exceeds its tolerance value we
consider that the test is unsuccessful. The consideration of the matrix
91 in (3.19) provides the possibility of considering the known
correlation between the elements of the subnetworks.

The effect of tolerances on conditions (3.11) and (3.13) is

treated in a similar way.
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3.5 FAULT LOCATION IN LINEAR NETWORKS

For linear networks, the matrix description of the subnetworks
greatly simplifies the computational effort needed for checking the
testing conditions. Without loss of generality we assume sinusoidal
excitations are applied. Whence, we represent the voltages and currents

by their phasor variables.

3.5.1 General Description
Consider a subnetwork Si which has mi+1 external nodes, one of
which is the reference node, and n, internal nodes. The nodal equations

are given by

i Mi Mi
ZMl i IMiNl : Vot Eg
= , (3.23)
Ni Ni
Y Y v I
~NiMl ~NiNi ~ ~g
where
ia
I = 9 ( -2’4)
~g 3
Mi
defines the current sources associated with the subnetwork, ¥ is the
N,
voltage vector of the external nodes, ¥ * is the voltage vector of the
M

internal nodes and [ * is the current input vector to the subnetwork
from outside through m; external nodes. Eliminating the ny internal

nodes we get
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I [IMi -y, ot INi] Ly - Y oty ] g
~ ~8 iNg NN, = ~M; M, Ny NN, ~NGM S
(3.25)
or more compactly
M, . M.
i i i
£ = QM_ Ig + ZM, v . (3.26)
i i
where
A -1
Hy =-lL -y T ! (3.20)
i ii ii
A -1
Iy [IM.M. - lfM.N. N IN.M.,] (3.28)
i ii ii i'i ii

and 1 is a unit matrix of order m, .

Equation (3.26) describes the input-output relation of the
subnetwork. This relation is the one we are interested in to verify
Lemmas 3.1-3.3.

Since the hierarchical decomposition is obtained prior to actual
testing, it is fixed at the time of testing and the characteristics of
the subnetworks, namely, ZMi and EM, ;; are computed off-line using
nominal values and stored before conducting the actual testing. At the
time of testing, the only on-line computation required is the matrix by
vector multiplication, namely Ty !ri. Let E define the set of
faulty subnetworks or the ones w;ich we are uncertain about. The

procedure in carrying out the tests can be summarized as follows.

3.5.2 Procedure for Locating Faulty Subnetworks
Step 0 j = 0.

Ej = {31}. (S1 is the network under test.)
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Step 1 Partition using the least number of test nodes every Si € Ej, if
possible, into smaller uncoupled subnetworks to constitute Ej+1'
Otherwise go to 8.

Comment Only decomposed parts of every S; ¢ Ej will be contained in Ej+1
or Si itself if it is not decomposable.

Step 2 For every Si € Ej+1’ find the sets Mia and MiB'

Step 3 Check the testing conditions of Lemmas 3.1-3.3.

Step 4 Identify faulty subnetworks using a logical analysis of the
tests.

Step 5 Utilize the nonfaulty subnetworks to determine the external
currents of the faulty subnetworks.

Step 6 Update the set Ej+1 by removing nonfaulty subnetworks.

Step 7 j = j+1. Go to 1.

Step 8 Print out the components of the set E = Ej.

3.5.3 Computational Effort

The number of nodes where measurements are performed and the
computational effort depend on the size of the blocks and the number of
levels of decomposition. If we assume that we have L levels of
decomposition and the resulting hierarchical decomposition is binary and
symmetric, the number of subnetworks (blocks) at the final level of
decomposition will be equal to 2L. If each block has n nodes and b is
the number of interconnection nodes between any two blocks, then the
total number of network nodes is approximately given by

Ny ok (n-b) + b . (3.29)
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Assume that all the interconnection nodes are measurement nodes. Then
their number Nm can be estimated from

N <2 - b, (3.30)

Accordingly, a measure of the needed degree of accessibility is

given by the ratio

Nm b
P=-ﬁ;im. (3.31)

For a smaller r, n should be much greater than b. On the other hand, we
wish to have n as small as possible to obtain better diagnosis and
decreased computational effort. There is clearly a compromise between
the degree of accessibility and the size of the block.

If the faulty elements are in one block, following the
hierarchical decomposition strategy and assuming binary partition, we
check the testing conditions for just two subnetworks at each level.
The total number of subnetworks to be considered is consequently 2L. 1In
a number of steps proportional to log (NT) Wwe 1isolate the faulty
subnetwork. Obviously, we do not need to measure all the voltages of

the test nodes. Less than bL measurements are actually required.

3.5.4 Example 3.3: Linear Network Example

The network under test is composed of two identical low-pass
filter sections in cascade. The low-pass filter section is shown in
Fig. 3.7 and its nominal elements values are given in Table 3.1
(Semmelman et al. 1971). The operational amplifier is modeled by a

controlled source and output resistance, as shown in Fig. 3.8. The
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TABLE 3.1

NOMINAL ELEMENT VALUES FOR THE LINEAR NETWORK EXAMPLE

Resistors (kQ) Capacitors (uF)
R: 0.182/0.1 C; 0.01/0.02
R3 1.57 C12 0.01
R5 2.64 C18 0.01
R6 10.00 C29 0.01
R7 10.00
R9 100.0
R10 11.1
R11 2.64
R1u 5. 41
R15 1.0
R17 1.0
R19 4,8y
R21 2.32
R22 10.0
323 10.0/6.0
R;5 500.0/100.0
R26 111.1
R27 1.14
Rog 2.32
R31 T2.4
R32 10.0
R3H 10.0

*
refers to a faulty element: its faulty value follows the slash.
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[OOu O.lxa
(Amp) .

Fig. 3.8 Equivalent circuit for the Op-Amp.
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network has 52 resistors and capacitors and 16 operational amplifiers.
In the first section, nodes 1,3,5,6,8,10,12,14,15,17 and 19 are taken to
be the measurement nodes. The corresponding nodes in the second section
are chosen as measurement nodes. We simulated the network with a
sinusoidal current source ig(t) = 0.01 cos 2000t A applied at node 1. A
number of faulty elements were randomly chosen in the first section and
they are identified by an asterisk in Table 3.1. The procedure follows.
Stage 0 E; = {S;}. (5, is the network under test).

Stage 1 S1 is decomposed as shown in Fig. 3.9 into 82 and S3.

E1 = {320 53}.
M2a = {1} , M23 = {19}
M3a = {37} , M3B = {19} .

From the results of Table 3.2, 52 is faulty and S3 is
nonfaulty.
E,=1S,}.
Stage 2 S, is decomposed as shown in Fig. 3.9 into Sy and Sg.
E, = {8y, Sg}.

M

b = (11 My = (10}

{19} , Mg o {10}

M5a
From the results of Table 3.3, Su and 55 are both faulty.

EZ={Su,SS}.
Stage 3 Su and S5 are decomposed as shown in Fig. 3.9. Sy is decomposed
into 3¢, 57 and S8’ 85 is decomposed into 39, 810 and S,,.
B3 = 8¢ Sg0 Sgr Sgr Sqge Syqke
Mg, = 10} , M63 = {1, 3, 6}
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TABLE 3.2

DIAGNOSIS FOR THE FIRST LEVEL OF DECOMPOSITION

Voltage Measurements Computed Currents Diagnosis Test
and Designed Currents
Measured Voltages If = 5.53-j0.0039 mA I1 - I? £0 T2
V, = 0.956+30.0044 V 12, = 7.05-j1.52 A
1 19 2 3
3 I19 + 119 £0 T23
V19 = 1.67-j0.265 V 119 = 9.66~-j1.57 mA
_ s 3 _ _ 13 .
V37 = 1.53-30.421 V 137 =0 137 137 =0 T3
Designed Currents
I1 = 10.0 mA
I37 =0

logical diagnostic function: D3 =

Gén(Eé u 83) n oy = 32 n og.

result: 83 is declared nonfaulty and I?g is known in Table 3.3.
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TABLE 3.3

DIAGNOSIS FOR THE SECOND LEVEL OF DECOMPOSITION

Voltage Measurements Computed Currents Diagnosis Test

and Designed Currents
4 -3 . -5 4

Measured Voltages I1 = 5.69x10 “=j1.05x10" - A I1 - I1 £0 'I‘,_l

V. known Iu = =17.72+j1.61 A

1 10 ) 5

V10 = -4,39+j0.386 V 110 = =3.91x10 “+3.44%10 " A :
5 _ 3 5

V19 known 119 = 0.67-0.81 A 119 + 119 £0 T5

Designed Currents

I1 = 10.0 mA

3
Tig = -Iyg

logical diagnostic function D3 = 0y n (on u 05) n 9 = Oy n O -

result: no new currents are designable.




Stage 4

M7a =

MSa =

=
n

9a

Mi0g

M

Mo

{0}

{8}

{g}
{8}
{19}

M

"

78

M86=

M

98
M08

53

{3, 6}

{1, 3, 6, 10}
{10, 12, 15}
{12, 15}

M118 = {10, 12, 15}

From the results of Table 3.4, subnetwork S11 is faulty and

further tests are needed for all other subnetworks.

E3 = {S6, S7, SB’ 59, 310. S11}.

Subnetworks S7. 58’ 310 and 811 are decomposed into 512.

514, 515, S16’ S17, 518’ 319, S20 and 321 as shown in Fig.

No further decomposition of 56 and 89 is possible using

the measurement nodes.

E, = {Sg S
Mg, = {0}
M12q = 10
Mizq = (8)
Miyg = 93
Mi5q = 10
M6 = 19}
My, = (8)
M17q = 101
Migq = (2
Mgy = 0}
M20q = 103
My = (19)

12* S13» Sqyr Sq50 S960 Sgv Sqqs Sqge Sqgs Spps

M6B

Mi28
138
Misg
Misg
Mi68
M98

Mi78
Miga
Mi9g

M203

Ma1g

{1,3,6}
{3,5}
{5,6}
{3,8}
{1,8}
{6,8, 10}
{10,12,15}
{12, 14}
{14,15}
{10,17}
{12,171}
{15,17}

813,
3~9-

only

21}
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TABLE 3.4

DIAGNOSIS FOR THE THIRD LEVEL OF DECOMPOSITION

Voltage Measurements Computed Currents Diagnosis Test
and Designed Currents

Measured Voltages I? = 8.911+j0.0143 mA I?+I? £ I1 T68
V. known 18 = _6657.25+34. 126 ma
1 3 6 .7 .8
6 I3+I3+I3 20 T678
Vi = -0.182-31.33 V. I] = -9.271430.823 mA
. 7 _ . 6 .7 -8
Vg = =25.1432.17 V I = -0.0142-30. 1328 mA Tg+IL+Ig 4 0 Terg
7
Vio known I6 = 13.446-31.1625 mA 8 .9 _11 -
8 T10*170*T10 = © T8, 9,11
Vi, = 0.103+j0.69 V I3 = 0.439-30.0301 mA 19
) . 8 _ . 9 _10 .1
Vis = 8.93-31.12 V IS = 0.0378-j0.0167 mA 10 +110+10 % 0 Ty 10,11
8 .
V19 known 16 = =3.9224+30.3392 mA 9 10 11
8 Tis*li5*ti5 20 Tg 40,11
Designed Currents 110 = 3.9039-30.3436 mA v
) 9 . 11 3
I1 = 10.0 mA 110 = -3.8546+j0.3389 mA 119 £ -119 T11
o .3 9 _ .
Ig = -I,3 I], = -0.0005-j0.0772 mA
195 = 3.8473-30.4837 mA
I:g = 0.0103+j0.0689 mA
I}?:-540.09—j2728.18 mA
10 = -0.0499+30.0052 mA
I:; = =0.0021+30.0018 mA
11; = 0.1083-30.0136 mA
1}; = 695.12-3593.77 mA

logical diagnostic funection Dg = (36 u 38) n 311.

although T8 9,11 is almost 0 it contradicts T11, hence we do not consider it
9, ’

in the LDF, otherwise the LDF = @.

result: no new currents are designable.
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From the results of Table 3.5 subnetworks S6’ 317 and 820 are faulty and
all other subnetworks are nonfaulty.
By = 8g0 Syp0 Syl

No further decomposition is possible for subnetworks Sg. 517 and 3,,
using the measurement nodes. So we have E = Eu = {36’317’820}‘ It is
to be noted that in four steps (levels of decomposition) we were able to
identify the faults to within very small subnetworks. Also since 53 is
fault-free after Stage 1, no further decomposition is carried out and,

accordingly, we do not need to consider measurements at the accessible

nodes inside S3.

3.6 TESTING OF NONLINEAR NETWORKS
3.6.1 General Strategy

In typical nonlinear networks, the network is dominantly linear
with a few nonlinear elements. The nodes of decomposition are chosen
such that the part of the network that contains the nonlinear elements
is decomposed into subnetworks, each of them having very few nonlinear
elements or being completely 1linear. The part of the network that
contains only linear elements is treated exactly as in the linear case.
We decompose the network into blocks that contain the nonlinear elements
and a number of subnetworks that contain only linear elements. The
latter could be decomposed further. In applying Lemmas 3.1-3.3 for
nonlinear networks we need a nonlinear network solver. Intuitively, by
having very few nonlinear elements in each subnetwork the nonlinear

network solver converges rapidly in just one or two iterations starting
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TABLE 3.5

DIAGNOSIS FOR THE FOURTH LEVEL OF DECOMPOSITION

Voltage Measurements Computed Currents# Diagnosis Test
and Designed Currents

Measured Voltages ;2--0 0142-3j0. 1328 mA I?+I 5 £ I T6 15
12_ .
V1 known I5 =-0,0435-j0.5034 mA 6 12 14
13 Ig¢I7+I5 " 40 T6,12, 14
V5 known I7=0.0435+0.5034 mA » 12
V_=0.141+j1. 33V 113213, 4462-31. 1625 ma 112,113 29 T
5=Y. 131+J1. 6 = ' Jt. 5 5 12,13
V. known 1 o1 20.0378-50. 0167 ma
6 3 8 13
15 _15 6+I6 *Is 20 Te,13,16
Vg=-0.392+30.339V I,°=-15°=0.4391-0.0301 mA » 13,
16 14 15 16 _
V10 known =-3.9224+30.3392 mA I8 +18 +I8 =0 T14,15,16
V... known I16=0.u768—j0.0468 mA
12 8 9 19
16 I10+ *I 0# 0 Ty, 16,19
17_ . 9 17 20
V15 known 112-0.0082+JO.0552 mA 112 # 0 T9’17’20
V..=1.08-30.136V 1)7.205.185+31379. 726 mA
17 14 17 .18
18 Tiy+Iqy #0 Ty7,18
V19 known I1u=-0.0225—j0.1787 mA i
. (18 9 18,21
Designed Currents 5--3 9556+30. 4974 mA 115 115 15 =0 T9,18,21
I,=10.0 mA I19=-1]2=-0.0493+30.0047 mA
1 17 I19+ 20, 21 " 40 T
3 20 20 17 7 19,20, 21
Ig=-T3g I%,=-17,2-0.0020+30.0017 mA
21 . 3 _
I75=0.1083-10.0137 mA 119+119 0 T,,

12;=_o 0590+30. 0130 mA

9-—9 66+3j1.57 mA

logical diagnostic function D11 = 36 n dy n gqo N 9q3 N gqy N o5 N oy D 317 n
9g " 919 M G0 M T
result: 56, 317 and 520 are faulty.

* for computed currents of S6 and 59 see Table 3.4.
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from the nonfaulty state. Also, analyzing several subnetworks
simultaneously is possible utilizing the parallel processing
capabilities of modern Automatic Testing Equipment (ATE).

For locating faulty elements within faulty blocks that contain
nonlinear elements we analyze the faulty block using assumed fault
models of its elements, then we compare the different cases using the

nearest neighbour rule. This technique is outlined in Section 4.7.

3.6.2 Example 3.4: Nonlinear Network Example

We considered the video amplifier circuit (Navid and Willson,
Jr. 1979) shown in Fig. 3.10. The nodes of decomposition are chosen as
nodes 1,2,5,7 and 10. The circuit is decomposed into eight uncoupled
subnetworks as shown in Fig. 3.11 and in abstract form in Fig. 3.12.
Every subnetwork contains at most one nonlinear element (transistor),
which agrees with our requirements on the decomposition.

We considered dc testing of the circuit. All capacitors are
therefore open circuits. To investigate faulty capacitors ac testing is
needed. The nominal values of circuit elements are given in Table 3.6.
We have considered the well known Ebers-Moll model of the transistor as
shown in Fig. 3.13. vThe nominal operating conditions for the circuit
are given in Table 3.7. All transistors are operating in their active
regions.

Different faulty situations have been simulated. The results for
four different cases with the nonfaulty parameters assumed at

nominal values are summarized in Tables 3.8-3.11. In Case 1 (Table
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TABLE 3.6

NOMINAL VALUES OF THE ELEMENTS
OF THE VIDEO AMPLIFIER

Element Value

R, 1.2 kQ
R, 3.0 kQ
Rs 5.672 kQ
R)4 1.2 kQ
R5 0.33 k@
R6 0.33 k&
R7 1.0 kQ
R8 1.7 kQ
R9 3.3 k@
Rio 0.078 kQ
R11 0.5 k@
R12 1.0 kQ
R13 1.0 kQ
C, 1.0 WwF
C2 3.3 uF
C3 1.0 W
CIJ 1.0 wF
VCC 28.0 Vv

v 28.0 V
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TABLE 3.7

NOMINAL OPERATING POINT AND PARAMETERS OF THE TRANSISTORS

Q1 02 Q3 Qu
I. 4,744 mA 9.091 mA 5.891 mA 3.048 mA
I -4,.791 mA -9.183 mA -5.951 mA -3.079 mA
VBE 0.764 Vv 0.798 V 0.776 V 0.741 V
Vge -11.767 V -14,506 V -10.208 V -15.315 V
ay 0.99 0.99 0.99 0.99
o 0.5 0.5 0.5 0.5
I 1.E-6 mA 1.E-6 mA 1.E-6 mA 1.E-6 mA

EO
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TABLE 3.8

CASE 1 - Q1 FAULTY

Measurements Computed Currents Diagnosis Test
V, = 27.1008 V 12 - 4.7437 mA 2 .13 40 T
1 - y 2° 2 2 23
V, = 3.1321 V
2 I:;’ = 9.9952 mA I:;’ + 174 1? +17 =0 Taser
V5 = 2.4126 V 3
V, = 1.7256 V ' I +I_+IZ +I- =0 T
! I3 = -1.9949 ma > 3 3456
Vi = 1.7606 V s g
M 17 + I7 =0 T58
I5 = 2.0104 mA
6 9
I + I =0 T
I2 = 1.0049 mA 10~ 10 69
5 _
I5 = 0.0101 mA
5 _
I7 = -1.050 mA
6
I1 = 0.5282 mA
Ig = 0.0053 mA
6
17 = Z11.5283 mA
1 - - . m
8 _
I7 = 1.0150 mA
9

I10 = 0.5335 mA

logical diagnostic function Dy = (32 u 33) n (03 N o5 N oog N o) N (03
Doy nogng)n (05 n og) n (gg n 09) =00 o3NogyNogghognag,n
og N dg.

result: 52 is the only faulty subnetwork.
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TABLE 3.9

FAULTY

CASE 2 - Q3

Measurements Computed Currents Diagnosis Test
V. = 26.1850 V. I2 = 4.7437 mA 2.+13=0 T
1 - ° 2 - 2 2 ° 23
V, = 11.6790 V
2 132 13.0057m  3.13418417 40 Tocer
V5 = 10.8809 V 3
' 12 = =U4,7437 mA 3 y 5 6
V7 = 10.8599 V 3 I5 + 15 + 15 + 15 £0 T3u56
I = -9.1620 mA
V10 = 10.1296 V 5 8
M I7 + I7 £ 0 T58
I5 = 9.0675 mA
6 9
I + I =0 T
12 = 5.8736 mA 107710 69
5 _ 2 7 8 4
I5 = 0.0593 mA 12 + I1 + I7 + I5
I7 = =5.9329 mA + 110 0 T24789
6
I1 = 3.0389 mA
IS = 0.0307 mA
6
110 = -3.0696 mA
17 = -23.2685 mA
1 - - 3.2 85 m
18 - 6.3882
7 = .3 ma
19 = 3.0696 mA
10 © “°°

logical diagnostic function D¢ = (o, n 63) n (33 u 35 u 36 u 57) n (33

u 3u u 35 u ?6) n (35 u 38) n (g n 69) n (o, n
noynogngnodnoao nodn .

result: 35 is the only faulty subnetwork.

0'71’1

°8 n g, n 09) = g,
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TABLE 3.10

CASE 3 - R 0 FAULTY

1

Measurements Computed Currents Diagnosis Test
2 2 3
V1 = 5.8645 V I2 = 2.8379 mA 12 + 12 =0 T23
V = -2. 6”’91 V
2 3 3.5 6 7
‘o I1 = 2.8379 mA I1 + 11 + I1 f I1 20 T3567
3 13 = -2.8379 mA s 4 s 6
V., = 0 IZ +I_ +IZ +1I- =0 T
7 Ig = 0.0000 mA 5757575 3456
\'f =0
10 M 13 + I? =0 T58
15 = 0.0000 mA
6 9
I + I =0 T
I? = 0.0000 mA 0" 710 69
IZ = 0.0000 mA
13 = 0.0000 mA
16 = 0.0000
1 =0 mA
Ig = 0.0000 mA
6
110 = 0.,0000 mA
T
11 = -283.7879 mA
18 = 0.0000
7 = 0. mA
17 = 0.0000 mA
10 = ~°

logical diagnostic function

(o, u ES u 36 u o, n(

3
n og

n 09.

7

D5 = (05 n °8> n (06

) n g, n g5 N 06) = g, n o3

result: 57 is the only faulty subnetwork.

n 09) n (02 n 03) n

ncuncsn%no.(
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TABLE 3.11

CASE 4 - 02 FAULTY

Measurements Computed Currents Diagnosis Test
V. = 26.1241 V.  I2 = 4.7437 mA 12413 40 T
1 - y 2~ 2 2 23
V, = 11.6001 V
2 ' 1? = 4.8414 mA I? + 1? + 1? + IZ £0 Tacer
V5 = 11.6001 V 3
12 = -4,8414 mA 3 4 5 6
V., = 10.8001 V IZ +I_ +I2 +1I° #£0 T
T Ig = 0.000 mA 5 5 5 5 3456
V10 = 10.8445 V 5 8
3 I7 + I7 =0 T58
I5 = 9,.6667 mA
6 9
I + I =0 T
12 = 6.2895 mA 10 " "10 69
5 _ 2 .7 .8 ;4.9 .
I5 = 0.0635 mA I2+I1+I7+I5+I10 =0 T24789
Ig = -6.3530 mA
6
I1 = 3.2533 mA
Ig = 0.0329 mA
6
Iip = -3.2862 mA

IZ = -24.0497 mA

10 °

logical diagnostic function Dy = (32 u 33) n (83 u 85 u 36 u 37) n (33 u
Su u gy u 05) n (°S n 08) n (°6 n 09) n (céAn oy N o, n ogn 09) = o, n
03 n ay n 05 n % n 07 n °8 n 09.

result: S3 is the only faulty subnetwork.
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3.8), we considered Q1 faulty, namely its collector-base junction is
shorted. A shorted junction is simulated by connecting a very small
resistance across the junction. 1In Case 2 (Table 3.9), the base-emitter
junction of Q3 is shorted, and in Case 3 (Table 3.10), the resistor R.,
is increased to 7.8 k% In Case 4 (Table 3.11), transistor Q has a
shorted base emitter junction. We considered also Case 2 when all
resistors are allowed to change within + 10% of their nominal values and
the transistor gain, B = (aN/1-GN), is allowed to change within + 10% of
its nominal values or equivalently 4 to change within + 0.1% of its
nominal value. The predicted changes in the subnetworks elements using
equation (3.18) for the different tests is summarized in Table 3.12
(Case 5). It is clear that the diagnosis of the different tests will be
exactly as in the nontolerance case (Case 2). The matrix ¢ in (3.19)
has been taken to be

2 02

0 02
9& = diag {w1¢i1, Wodios eeey W

phip! -

where p is the number of elements in the subnetworks considered in the
test that are subjected to tolerance changes and wi is an appropriate
positive weighting function.

In all the cases considered we were quite successful in
identifying the faulty subnetworks. In Case 3 further diagnosis may be
needed after repairing the faulty element R10 since, due to abnormal
operating conditions subnetworks Sn, S8 and 89 are short-circuited, and

any fault in them will not show up until R10 is repaired. Also, knowing

that S7 is faulty we compute
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TABLE 3.12

CASE 5 ~ Q3 FAULTY WITH TOLERANCES ON THE NONFAULTY ELEMENTS

Percentage Test 1 Test 2 Test 3 Test 4 Test 5 Test 6

Deviation T23 T3567 T3456 T58 T69 T24789
IAR1/R1I 0.0 0.0
IAﬂzlﬂzl 1.983 13.54 0.0
IAR3/R3| 1.774 2.1
IARu/Rul 26.99#% 4,076
IARS/Rsl 0.088 6.71 9.09
IAR6/R61 0.012 0.0 0.136
IAR7/R7I 46,47% 0.31 70.82%
*

IAR8/R8I 27.74 2.45
!AR9/R9I 0.878 1.382
IAR1O/R1OI 51.44% 8.96
|AuN1/aN1I 0.0224 0.026
'A“NZ/“NZ‘ 0.0513 0.71% 0.408%
IAaN3/aN3| 0.0 0. 001 0.194%
IAaNuquul 1.27% 0.072 0.14

Pass Fail Fail Fail Pass Pass
logical diagnostic function D6 = T23 n T3567 n T3456 n T58 n T69 n

Tou789
=02nq3ncun05n66nq7n08nog.
result: 85 is the only faulty subnetwork (see Table 3.9.).

Deviation significantly exceeds tolerance.
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7 --I':’—I? -I? = 2.8379 mA

which is the actual fault value.

3.7

CONCLUSIONS

We have described a novel method for fault location in analog

circuits. The method has the following characteristies:

(a)

(b)

(e)

(d)

Due to the decomposition of the whole network into smaller
uncoupled subnetworks, the method is directly applicable to large
networks.

The testing conditions are a result of network topology and KCL:
they do not depend on network type, so the method is applicable
to both linear and nonlinear networks. Also, depending on the
type of circuits the network could be tested using different
types of excitations.

The measurement nodes are chosen as the nodes of decomposition.
Their number can consequently be 1limited for practical
implementation.

For linear networks the on-line computational requirements are
minimal (matrix by vector multiplications) and the off-line
computation involves the analysis of the nominal network only.
For nonlinear networks the on-line computation is reduced by

performing the computation in a parallel processing mode.
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(e) The decomposition of the network into subnetworks allowed us to
deal with the tolerance problem at the subnetwork level, thus we
have localized its effects.

(f) The method is initially modular, where nominal circuit models are
used for the subnetworks. Subsequently, it is element oriented,
at which time faulty elements are located inside subnetworks.
Typical fault models may be utilized at this stage, as we will

elaborate on in the next chapter.

A computer program realizing this method has been written and
other practical examples (Hochwald and Bastian 1979) were tested

yielding positive results.
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FAULT LOCATION INSIDE FAULTY SUBNETHWORKS—
DETERMINISTIC METHODS

4,1 INTRODUCTION

After locating the faulty subnetwork, further fault analysis is
carried out to identify the faulty elements in the subnetwork. Two main
approaches are considered in this thesis. One of them utilizes an
estimation criterion to predict the most likely faulty elements. This

~approach is referred to as the approximate method for fault location and

is addressed in the next chapter. The deterministic approach methods

are dealt with in this chapter.

In the fault verification method a set of subnetwork elements are

designated as candidates for the faulty set. A set of algebraic
relations that is invariant on the candidate set is constructed. We
then test the consistency of the corresponding equations.

The effect of tolerances on the nonfaulty elements is considered
and a linear programming formulation of the fault verification problem
is devised. Since the search for the faulty set is combinatorial in
nature different strategies are suggested to reduce the computational
effort needed. The decomposition approach (Chapter 3) is utilized in
locating faulty regions inside the faulty subnetworks. This is achieved

by applying the internal-self-testing condition that is introduced in

Section 3.3.1. A combinatorial algorithm, one which does not exploit

topological interconnections within the subnetwork, is next presented.

T2
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In many subnetworks only a few elements are fault prone. In the
directory approach, as explained in Chapter 2, these are the only
elements that are considered in constructing the dictionary. A similar
procedure can be followed in the present case by considering faulty

models for the most probable faulty elements. The matching method

utilizes these fault models together with the input excitation to the
subnetwork to produce the subnetwork response. A matching between the
actual response and simulated response is carried out to verify the

existence of certain faults.

4,2 FAULT VERIFICATION METHOD
4,2.1 General Description

Let us assume that the subnetwork S has m+1 external nodes, one
of which is considered as the reference node, as shown in Fig. 4.1. The
m+1-pole subnetwork is considered as a subnetwork with m measurement
ports. The voltages of the external nodes YM are assumed to be
measured. The currents LM entering the subnetwork at these nodes are
assumed to be either measured excitations or computed using the measured
voltages and the nominal parameter values of the adjacent nonfaulty
subnetworks.

A change of value of a component with respect to nominal can be
represented by either a current or a voltage source in parallel or in
series, respectively, with the component, as shown in Fig. 4.2. Let us
assume that we have f faulty elements in the subnetworks, f1 of which

are represented by voltage sources VF1 and f2 of which are represented
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faulty

subnetwork

/77

Fig. 4.1 Faulty subnetwork with m+l external nodes.
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F2 A
by current sources, I so that f = f‘1 + f‘2. If we treat these
additional sources as external to the subnetwork, as shown in Fig. 4.3,

then the interior of the subnetwork is known, since it consists of
elements with nominal component values. Assuming that the hybrid matrix

H of the (m+f) - port network exists we obtain the following relation:

M E T Mo
x By Bwr,  Bwr X
1 2
l:'1 F1
I = H H H ) (4.1)
1M I;.11:1 F11‘-2
F F
2 2
v H H H I
L~ _ _._~F2M ~I=‘2F‘1 ~F2F2_ L~ ]
where
A oM M T My MM M. T
Vet Met L (4.2)
are the measured voltages and assumed currents,
Fi14 . F .F F T Fon . F F FiT
aYo = [V.] V2 * 00 f1] 1] '! = EVf1+1 Vf1+2 * o0 f] (u-3)
are the voltages at the fault ports and
Fia .F F F.T f2p F F F.T
5 = [I1 I2 o o0 If ] NI' = [If +1 If +2 o o If] (ucu)
1 1 2
are the currents associated with the fault ports.
From (4.1) the currents of the external nodes are given by
VF1
M ~
I = Hyy XM + [Hyp By ! (4.5)
1 2 F2

x
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and we may define

[ F,] [ F /]
v v
M A ~ ~
SELF RS RN T = Byp , (4.6)
1772 | F, F,
I e
S =

which we attribute to the faulty elements. A;I‘M is known since ;M and !M
are both assumed known and EMM is computed using nominal parameter
values of the subnetwork. If m > f, i.e., the cardinality of the
measured voltages and currents is larger than the cardinality of the

faulty set F, then (4.6) is an overdetermined system of equations. A

necessary condition for F‘1 and F2 to be candidates for the exact faulty
set is that (4.6) is a consistent overdetermined system of equations
(Biernacki and Bandler 1981). If BMF is of full colunn rank this

condition reduces to

M
(EMF -a =0, u.7)
where
A T -1 ,T
Ber = Bur Br Bep)” Byp - 8

and 1 is an identity matrix of appropriate dimension. For the set F to

be unique the following condition should be satisfied.

4.2.2 Uniqueness of the Faulty Elements
Lemma 4.1

The set of faulty elements F is unique if and only if

Rank [EMF1 }3“;-2 Hysl > Rank [54?1 541‘.2] =f ¥x¢eA-F, (49)

where A is the set of all elements of the subnetwork. (Note that
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element x is not in the set F.)

Proof

If (4.9) is not true then

so the column vector ﬂMx is of a nonzero linear combination of [HMF
1
1, i.e.,
ﬂupz

Bug = EEMF1 EMFZJ A

and we can replace a column of [EMF EMF ] that corresponds to nonzero
1 2

component value of A with H The resultant matrix will span the same

Mx °
subspace spanned by [EMF1 ﬂMFZJ' Another consistent solution of (4.6)
exists, hence the solution is not unique.

If (4.9) is true, but there exist two'sets of f elements which
satisfy (4.6), then the columns corresponding to each set span the same
subspace. This contradicts (4.9). Therefore, if (4.9) is satisfied,

the solution is unique.

4.,2.3 Computation of the Coefficients
The adjoint network concept is utilized to compute the required
F AF
. o1 .
coefficients to construct (4.6). With V =~ = 0 and I 2 = 0 the equations

adjoint to (4.1) are given by



_“M — r- T -
L Ham
~F ~
1 T M
;[' = 'I:I'MF1 .! . (4.10)
2| T
S
The currents I and I ~ as well as the voltages v are computed

with a unit voltage source connected to the ith measurement port and

the remaining measurement ports are short-circuited. This gives the

. . T T T
elements of the ith column of the matrices EMM' EMF1 and EMFZ'

Repeating this procedure for all measurement ports all the coefficients

of (4.5) are directly obtained as

r"M1

M2 “Mm T
MM o
AF.1 FL2 ~F.m
1 1 1 T
Z 5 ces 5 = EMF1 . (4.11)
GF21 -GFZZ GF2m HT
|~ ~ ~ | :MFZJ

Having calculated the voltages and currents in all the adjoint
network elements with different voltage excitations. ﬁMi, i=1,2 ...,
m, we can obtain the matrix EMF corresponding to any set F of faulty
elements. Thus, the adjoint network analysis does not have to be
repeated if the set of predicted faulty elements is changed.

The manner in which the matrix gMF is computed yields insight

into faulty situations when EMF is not of full column rank. Result 4.1

follows immediately.
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4,2.4 Result 4.1

If the set of faulty elements contains a subset consisting of

either

(a) a circuit formed by one-port elements, controlled current sources
or currents that control faulty voltage or current sources;

(b) a cut set formed by one-port elements, controlled voltage sources
or voltages that control faulty voltage or current sources;

then the test matrix Hyp contains linearly dependent columns.

Proof

The proof follows Starzyk and Bandler (1981a). Result 4.1 can be
used in constructing the appropriate combinations of the faulty elements
that produce a full column gMF matrix for test purposes. In general,
the sets of Result 4.1 define regions that contain the faulty set.
Identification of the elements within the faulty region is possible
using multitest vectors, as reported in Biernacki and Starzyk (1980) and

Starzyk, Biernacki and Bandler (1981).

4,3 TOLERANCE CONSIDERATIONS

The exact consistency of (4.6) can appear only if all nonfaulty
elements assume exact nominal values. In this section we consider the
effect of deviations in the nonfaulty elements. A linear programming
formulation for checking the consistency of (4.6), which has been
proposed by Bandler, Biernacki and Salama (1981), will be elaborated on.

Let us assume that EMF of (4.6) is of full column rank. We can
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then find f rows such that the submatrix EFF that is constructed using

these rows is nonsingular. Without loss of generality, we can assume

that they are the first f rows of EMF‘ Considering the first f

equations of (4.6) we have

A;F = EFF s , (4.12)
where
a4 arM A L. AT (4.13)
~F 1 f
and
Fy
A | Y
s = . (4.14)
F
1 2
Solving for the vector s we obtain
£ M f M-
SJ. = -z (AIi Aij/A) = . (AIi Aij) ’ J = 1' 2' e ey f ') (uo 158)
i=1 i=1
where
TV VI (4. 15b)
ij ij ° :

835 is the cofactor of the element (i,j) of Hpp and A denotes its

determinant. For any equation other than the first f equations of (4.6)

we have

AL =
J

23 Sj y £ = f+1, f+2, ..., m . (4.16)

o X
[ LI e M)
-

1

Subsituting (4.15) into (4.16) we obtain
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£
H,. ( Z
3
1 9 i

M
L

J

M
AT AIi Kij), 2 = f+1, f42, oo, m . (4.17)

n M

Due to the deviation in the nonfaulty elements from their nominal
values, the values of Hy, and Kij will deviate from their nominal and

(4.17) becomes

f

(H,. + Gﬂz.) (z AI

AL = : 23 j i Ai,]' Aij R

J

" ™y

i=1

2 = f+1, f+2, ..., m . (4.18)

The tolerance region of the elements supposed to be nonfaulty is defined

by

i € I [} (’4. 19)

'S-_<_A¢ii€i! e

1

where Ady & b3 ~ ¢g is the change of the ith element value w.r.t. its
nominal, €4 is its associated tolerance and Ie denotes the set of
indices of the p-f nonfaulty elements.

Now the consistency of (4.18) requires the existence of GHQJ and
SKij satisfying (4.19). It should be noted that although (4.18) gives
an exact relationship it is a nonlinear function in the unknown
variables. However, for a small tolerance region we can use the first-
order approximation and substantially reduce the computational effort

required. With 5sz and SKij given by the first-order changes (4.18)

becomes
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f oH, . f Y
AIZ L O(Hg,+ I 5—51 Ag ) (X AI? (Zij + I 3$ii A¢,)))
j=1 U kel 2" i=1 keI °%k
’ z = f+1’ f+2, ® o0 9 m . (4120)
After some manipulations and neglecting second-order terms we get
bz = I ag,. Ady., L= f+1, f+2, ..., m , (4.21)
kel
€
where
M f f M-
bz = AIz - 'Z sz (.Z AIi Aij)’ L = f+1, f+2, ..., m (4.22a)
J=1 i=1
and
£ f 3a, . f 9H . f
a2k = I sz (z AI? ggil) + I SE&J (z AI? zij)
j=1 i=1 k j=1 k i=1
» 2= f+1, f+2, oo, m . (4.22b)

In general, (4.21) is a complex system of linear equations.

After separating out the real and imaginary parts we have

T
Doy = Cpq As & = f41, 42, ..., m, (4.23a)
T
bgz = %o A%, &= f+1, f+2, ..., m, (4.23b)
where
bgq = Re (by), (4.24a)
b22 = Im (bl)’ (4.24b)
T
Sgp =Relay, a, ...a, 1, (4.24¢)
1 2 p-f
C,» = Im [a a a ]T (4.244d)
~22 Lk, "Lk, °°° “gk ) .

1 2 p-f
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Equations (4.23) together with (4.19) determine the consistency in
question, In other words, if a feasible solution exists we consider
(4.6) is consistent and, simultaneously, we verify the f selected
elements as a possible faulty set. If no feasible solution exists we
can be sure that there exist one or more faulty elements besides those
selected ones as long as the first-order approximation is justifiable.
_In order to find a meaningful feasible solution, we propose a

linear programming formulation of the form

minimize f(A¢) (4.25a)
subject to
by = 5188 % = f+1, £+2, ..., m, (4.25b)
bo = Spo B % = £41, £42, ..., m, (4.25¢)
-e; L 8¢, L&y, iel, (4.25d)

where f(A¢) is a suitable linear function of Ag¢.

It is to be noted that instead of the linear programming
formulation a weighted-least-squares-solution similar to that considered
in Section 3.4 could be used. In this case f(A¢) is a weighted-least-
squares objective function in the parameters A¢ and constraints (4.25d)
are not considered in the optimization problem. The solution obtained
is then compared to the tolerance deviations described by (4.25d). A
solution with any component of the computed A¢ which significantly
exceeds its tolerance value indicates that equation (4.6) 1is
inconsistent under the tolerance variations in the nonfaulty elements of

the subnetwork.
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4,3.1 Coefficients Computation
The coefficients and sensitivities which appear in (4.20), (4.21)
and (4.22) are calculated using the adjoint network approach. Recalling

(4.10) we have

P
~ T oM
= I."l'MF 'Y‘ . (ua 26)
AF,
-y

Considering only the first f columns of H;F’ (4.26) becomes

i
~ T °M
= EFF XF R s.27)
.FZ
-V

~ ~

where X? corresponds to the first f components of !M. In general, EgF

is a nonsingular square matrix. Solving (4.27) for the ith measurement

voltage V? we obtain

M

£ ~F
i~ z

i - 2
v Aij vj_f1 . (4.28)

"W oy

j=f1+1
Applying f independent excitations to the measurement ports of the

adjoint network we get
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[~ A ~ AF 1 ;\F 1 1 - “
M1 1°.T 2 T -
vy I 1" [=v°] i
AF .2 ~F.2
oM2 1°.T 2°,T -
vy ' 1" [V °] -
- = ° e ° (L"l 29)
~ AF.f ~F, £
Mf 1°.T 2°.T -
_Vi | -[L ] -v "1 | _Aif_
or, more compactly,
AM -
Vi =R b4 (4.30)

where the superscripts 1 to f stand for the f independent excitations.
The matrix R is independent of i. Using the LHS of (4.29) for different
i all the Kij coefficients can be computed.

The sensitivites of Zij relative to the nonfaulty elements are
evaluated by computing the sensitivities of the elements of the matrix 5
W.r.t. the nonfaulty elements. These sensitivities as well as the
sensitivities of the H . coefficients are directly obtained using the

23

adjoint network concept.

4.3.2 Calculation of Faulty Element Values
The following procedure could be followed to compute the faulty

element values.

(a) Perturb the nonfaulty elements of the subnetwork under test from
their nominal values by the feasible tolerance vector A¢ obtained
from the solution of (4.25).

(b) Evaluate the matrix Hyp of the perturbed subnetwork.
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(e) Solve equation (4.6) for ¥ and I “. Note that (4.6) is an

overdetermined system of equations. A direct way for solving it

is to choose f independent equations from (4.6).

. M
(d) Simulate the perturbed subnetwork with the input excitations V.,
!F1 and ZFa and calculate the responses at the fault ports and

also the controlling currents or voltages if one or more of the f
faulty elements are controlled sources.
(e) From (e), (d) and Fig. 4.2 calculate the changes in the faulty

parameters.

4.4 EXAMPLES

The examples considered in this section were treated as networks
rather than as subnetworks by Bandler, Biernacki and Salama (1981). In
general, any network can be considered as a subnetwork as long as the
appropriate nodes are identified as external nodes.

We utilized the IMSL Library routine ZX3LP for solving the linear
programming problem. The Library is available as a part of McMaster

University Computer Centre Library.

4,4,1 Ladder Subnetwork Example

Consider the ladder subnetwork shown in Fig. 4.4 with nominal
values of elements Gi = 1 and tolerances eg; = 0.05, i =1, 2, ..., 5.
The subnetwork is connected to the rest of the network through nodes 1,
2, 3 and the reference node. The voltages of these nodes and the

currents incident to these nodes are assumed to be known. In this
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example we have taken the subnetwork elements to be G1 = 1.02, G2 = 0.5,
03 = 0.98, Gy = 0.98 and Gg = 0.95. It is clear that element G, is
faulty ?nd all other elements are within tolerances. The voltages of
the external currents are given by V1 = 0.718 V, V2 = 0.183 V and V3 =
0.093 V. The currents incident to these nodes from outside of the
subnetwork are given by I1 = 14, 12 = 0 and 13 = 0. We have applied the
verification algorithm with a single fault hypothesis.

From the available measurements, two equality constraints are
constructed of the form of (4.25b). Using the optimization problem
(4.25) and taking f‘(A"Q) = 'ZI IA¢J.! , We check the single fault
hypothesis. The linear progr?ain sgives a feasible solution for the case
when 62 is considered faulty. No feasible solution was found for the
case when any of the other remaining faulty elements is considered
faulty.

Carrying out the procedure of Section 4.3.2 to calculate the
faulty element value, we find that G2 = 0.532, which is very close to

the actual value. The value differs because the feasible tolerance

vector found by the linear program is not the actual one.

4.4,2 Active Filter Subnetwork Example

Consider the active filter shown in Fig. 4.5 with the nominal
element values G1 = G2 = 1, C1 = 02 = 1and K = 1. Also, Wwe assume that
the amplifier has an output conductance Gout = 1. All elements are
assumed to have design tolerances of *5%. The subnetwork is assumed to

be connected to the rest of the network through nodes 1, 2, 3 and the



91

*9Tduex? yiomisuqns I23ITTF 9ATIOY G '8BT4

)




92

reference node. The voltages of these nodes together with the currents
input to the subnetwork though these nodes are assumed known.

= 0.5, G2 = 1.02, C1 >
= 0.98. The changes in C2

In this example we considered G = 0.98, C

1

= 0.5 and for the amplifier K = 1.02 and Gout

and G1 substantially violate the design tolerances and they are assumed
to be faulty.

We have applied the verification method to check whether or not
G1 and 62 are faulty. We have three measurements (complex), therefore
we have four equality constraints (4.25b, U4.25c). Using the same
approach as in Example 4.4.1 the program gives a feasible solution
corresponding to the combination of G1 and CZ' We have checked the
remaining 9 combinations for the double fault hypothesis and no feasible
solution was detected. Following the procedure for computing the faulty
elements we found G1 = 0.5 and 02 = 0.488 which are close to the exact
values.

4,5 INTERNAL-SELF-TESTING METHOD

The main drawback of the technique presented in Section 4.2 is
guessing the set F which contains all faulty elements and has a number
of elements f<m. Utilizing the internal-self-testing condition (ISTC)
presented in Section 3.3.1 we can identify fault-free regions and

regions that contain the faulty elements.

4,5.1 General Description

Let us decompose the subnetwork S into subnetworks 81. 32, ooy
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Sk‘ Let ¢y denote the cardinality of the set of Si nodes incident with

the other subnetworks, namely,

k

oy £ card (U Ny n N, (4.31)
3=1
j#i

where N, and Nj represent, respectively, sets of nodes of subnetworks S,
and Sj' Some of the Ci nodes could be measurement nodes. For the
subnetwork S; the four types of external nodes Mia' M, M. and Mié

ig* iy
defined in Section 3.3.1 may exist and

c. € Mis u MiY u Mis . (4.32)

M M
— (o B — — p— [o Jup
I By Huwm Hyw Buw J
aa a B oy a §
M M
18 H " H H H v B
= ~M M ~M M ~M M ~M M ~
B a B B By g6
- ,(4.33)
™ H H H H v
~ Y ~M M ~M M ~M M MM ~ Y
Y @ Y B YY Yy §
M M
| I's ] H H H Vs
...HM‘SMO‘ MGMB MSMY MM » _

where the subscript i is dropped for the interest of simpler notation.

From (4.33) we have

M, M M- My

AL A z EMaMa ﬂMaMB 1 EMQLMY gMaM 5 1
2 - = ,  (4.34)

M M M M

Y Y B §
A1 I H v H H
~ ~ ~ ~ ~ ~M ~

EMYMa M Mg MM, M Mg
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M M
which is quite similar to (4.6), with X Y and \J § representing the

unknown faulty sources. If mia > m; o (4.34) is an overdetermined system
of equations. A necessary condition for Si to be fault free is that

(4.34) is consistent, which is the internal-self-testing condition of

Section 3.3.1 for linear network.

Similar to Lemma 4.1 a sufficient condition for the subnetwork

-

could be obtained.

4,5.2 Result 4,2 (fault-free subnetwork)

If the system of equations (4.34) is consistent and

" 7 ~ .
Pu w EMM<S Pu x By w EMMG
Rank | %Y @ * | >Rank|{ *Y ¢ (4.35)
Buw o B By Buwm Buu
_ oYY Y § Y oYY Y 8| \

for all x, where x is any internal node of subnetwork Si' then there are

no faulty elements incident with nodes x. HM X and EM % represent

Y
transfer functions from a current source connected to node x to the

nodes M and M .

a Y

If (4.34) is not a consistent system of equations then Si is a
faulty subnetwork. The f‘éult verification technique can be applied to

locate these faults. Let Si contain f faults and mia > m, + f.

ié
Instead of (4.34) we consider
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M
M, v’
A% Huym Bum, Bur
QY o 8 o MG
= X ’ (4.36)
My
Al H H H
< ~M M ~M M, ~MF
Y'Y Y Y _,!F

where the added terms account for the faults inside the subnetwork.

Since my > m, +f (4.36) is overdetermined. A necessary condition for F

is
to contain the faulty set is that (4.36) is consistent. The set F is

unique if
EM M EM M& §M F EM X EM M EM M6 gM F
Rank @y @ @ ® | > Rank @Y ¢ @ (4.37)
Bav Bum Pur Bux Pum Pwm Bur
Yy ‘v§ ¥ Y Yy ‘yd8§ oy

for all x, where x is any internal node not incident with the faulty set
F. ‘

All matrices used in (4.33-4.37) are computed using nominal
element values and can be stored before performing the test. The
on-line computational effort will be only that of verifying the
consistency of (4.34) or (4.36), which requires elementary operations on
the matrices considered.

By combining the fault verification technique and internal-self-
testing condition method we reduce the number of different combinations
to be considered, since the detected faulty region inside the subnetwork
is usually much smaller than the subnetwork (contains fewer elements).

The procedure for carrying out the internal-self-testing-method is

summarized as follows.
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4.5.3 Procedure for Locating Faulty Regions and/or Identifying
Faulty Elements

The application of ISTC starts by partitioning the faulty subnet-
work Si into two smaller subnetworks Sj' Sk such that Si = Sj u Sk’ as
shown in Fig. 4.6. For at least one of these subnetworks and preferably
for both of them, mza > Moo where & = j or k, as appropriate.

Utilizing (4.34) we can identify whether S‘j or S, are fault-free
or not. We utilize the nonfaulty subnetwork to determine the currents
and voltages of the common nodes that are incident to it.

We continue the binary partitioning process in the identified
faulty region until we cannot find a partition that satisfies the
cardinality condition,_ namely my. > Mese At this stage we utilize
(4.36) if possible to identify the faulty elements inside the detected

faulty region.

4.5.4 Example of Applying ISTC

Consider the resistive subnetwork shown in Fig. 4.7 with the
nominal values of elements Gi =1,1=1, 2, «.., 20. All outside nodes
{1, 2, 3, 6, 7, 10, 11, 12} constitute our measurement nodes where both
voltages and currents are known and are given in Table 4.1. Node 12 is
taken as the reference ground node. Nodes 4, 5, 8 and 9 are internal
nodes where no measurements can be performed. Two faults are assumed in
the subnetwork in elements G2 and G18‘ The process of identifying the
faulty elements is summarized in the following steps,where E defines the

set of faulty regions.
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Fig. 4.6 Decomposition of S into two submetworks.
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Fig. 4.7 The resistive subnetwork S.
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TABLE 4.1

VOLTAGES AND CURRENTS OF MEASUREMENT NODES
OF THE MESH SUBNETWORK

Node No. Voltage Current

(Volt) (Amp)
1 1.246 1.0
2 0.8675 0.0
3 0.8222 0.0
6 0. 6494 0.0
7 0.5952 0.0
10 0.3740 0.0

1 0.3896 0.0
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Stage 1

S is decomposed as shown in Figs. 4.8 and 4.9 into Sy and 82.

M1a

{7, 111}, M1B = {3, 12}, M‘Y = {@}, Mis = {8}

M

20 {1, 2, 6, 10}, M2B = {3, 12}, 1‘42Y = {9}, M26 = {8}.

Applying condition (4.34), S, was found to be fault free and S, was

found to be faulty and the following currents and voltages were

computed
1 2
I3 = - I3 = 0.227 A,
1 2 _
I8 = - 18 = 0.162 A,
1 2
I12 = - 112 = -0.389 4,
V8 = 0.5736 V.
Stage 2

52 is decomposed as shown in Figs. 4.8 and 4.9 into 83 and Su.

M3a

{39 8y 12}9 M3B = {1, 1O}v M3Y = {Q}, M36 = {5}'

M

Lo
Applying (U4.34) 53 was found to be faulty and S, to be nonfaulty and the

{2’ 6}) MuB = {1. 10}9 MuY = {G}, Mua = {5}-

following currents and voltages were computed

I? - -113 = 0.3785 A,
y 3

I, =-I2 = -0.1017 &,
y o3

110 - —I1O - -00275u A’
V. = 0.7071 V.
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Fig. 4.8 The tree of decomposition for testing the
resistive subnetwork.
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Fig. 4.9 The subnetworks resulting during testing.
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Stage 3
53 is decomposed as shown in Figs. 4.8 and 4.9 into Sg and 86'
Msa = {113}’ MSB = {g}, M5Y = {g}g M56 = {u}’
M6a = {5, 8, 10, 12}, M66 = {91, M6Y = {g}, M66 = {4}.

Applying (4.34), 35 and Sg were found faulty.

Stage 4
S6 is decomposed into S7 and 88 as shown in Figs. 4.8 and 4.9.

85 is not decomposable according to our condition.

Mg, = 11, 31, M58 = {0}, M5Y = {0}, Mg = {41,
Myq = 110, 12}, M., = {0}, Moy = 103, Moo = {9},
Mg, = 15, 81, Mgg = {a1, Mgy = g}, Mgg = {4, 9}.
Using KCL we compute the following currents.
I = - 12 = —0.305 4,
Ig = - 1] =0.335 1,

and thus Mg = {4}, Moy = {9} and Mg, = 14,91.
Applying (4.34) 58 was found to be nonfaulty and S7 to be faulty
and the following voltages were computed

Vy = 0.8579 V,

Vg

0.4731 V.

Stage 5
For both 85 and S7 all external voltages and currents are known.
Searching for a single fault in both of them we found 62 in 55 to be

faulty and equal 0.5 and G18 in S7 to be faulty and equal 0.5. Hence,
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We were able to locate the faults in 5 steps.

4.6 COMBINATORIAL ALGORITHM

For a subnetwork with p elements if f of them are faulty, the
number of different combinations that is considered by the fault
verification technique will be equal to (?). For large subnetworks (p
large) this number is enormous and the required computations will be
prohibitive. The combinatorial algorithm (Starzyk and Bandler 1982)
utilizes the available measurements to reduce the number of
combinations. As the number of measurements increases the number of
combinations considered will decrease.

Similar to the internal-self-testing technique for fault
location, the combinatorial algorithm searches for a faulty set of w
elements that contains the faulty set F.

It is evident from the fault verification technique that if we
have m independent measurements then the maximum number of faulty
elements we can identify is equal to m-1. The algorithm begins by
identifying the set Rw of cardinality w that contains the faulty set F
of cardinality f << m-1. The elements of this set could be identified
using a technique similar to that presented in Section 4.3.2, and
consequently the faulty elements are immediately identified.
Alternatively, instead of identifying the faulty elements immediately
the algorithm could be carried further to reduce the cardinality of the
set Rw until no further reduction is possible (in this case the

cardinality of the set equals f if the faults are unique). The
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algorithm is summarized in the following steps.

4.6.1 Algorithm

Steg 1

Comment

Steg 2

Comments

Step 3

Divide arbitrarily the set of all subnetwork elements on k

distinct subsets 91, ceey Qk’ each of them of cardinality equal

to E((m-1)/f), where E(x) denotes the largest integer number

smaller than or equal to x.

If p/E((m=-1)/f) is not integer the last subset will have less

than E((m=1)/f) elements. So k > p/E((m-1)/f).

Examine all combinations of f subsets out of k subsets using

the fault verification technique.

(i) By dividing the subnetwork elements into k subsets, every
f subsets will constitute a set of cardinality less than
or equal to m-1 which can be checked by the fault
verification technique.

(ii) The number of combinations considered in this step 1is
equal to (?) which is smaller than (?). As the number of
measurements increases the number of subsets k decreases
and we have fewer combinations.

Construct a set Rw that corresponds to the f subsets which

contain the faulty elements. This set constitutes the first

identified fault region

where the set R, of cardinality w = f ¢ E((m=1)/f) and I = {11.

/

12, ey if} designates the f subsets.
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Comment Since w < m-1 a complete identification of the w elements is

possible using the given m measurements and the fault

verification technique could be ended at this point.

Step 4 Divide the set Rw arbitrarily on f+1 subsets and then check
which combination of f subsets contain all faults. Update the
set Rw by including only those subsets corresponding to
verified faults. If there is no such combination stop.

Comment At least E( w/(f+1)) elements are eliminated from the set Rw
and the cardinality of the updated set Rw is equal w =
w=E(w/(f+1)).

Step 5 If w=f stop. Otherwise go to 4.

4.6.2 Example of Applying the Combinatorial Algorithm

For the mesh circuit example considered in the previous section
we have p = 20, m = 7 and f = 2. The algorithm is realized as follows:

1. kz-—g_-r-zg%,wetakek=7.

E(——f—-)
2. We check (?) = (g) = 21 different combinations to find the first
fault region Rw with w = 6.
3. In every step of this stage (Step 4 of the algorithm) we check 3
combinations obtaining successively the following fault regions:
Ru, R3, and R2.
In this example, therefore, we have to check not more than 30
combinations instead of (go) = 190 if we apply the fault verification

technique directly.
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As we stated in the algorithm we divide the elements arbitrarily
on k subsets. This constitutes the main difference between this

approach and the internal-self-testing approach, where we divide the

elements according to the topology of the subnetwork.

4.6.3 Computational Aspects
In applying (4.7), EMF should be of full column rank. Since the
elements are arbitrarily chosen there is a good probability that EMF
will not be of full column rank. In this case we cannot apply (4.7)
directly.
A system of equations
Ay = b, (4.38)
where A is m x f matrix (not necessary of full column rank) and m>f has
a solution if b belongs to the column space of A. The solution will be
unique if rank A equals f. To check the existance of a solution
(consistency of the system of equations) we transform the system of

equations by elementary row operations into the row-echelon form

(1 x 0 ...x x X [
0 O 1 ...x X X
SRR B
R e R (4.39)
0O 0 0 ...1 X oeo X
0 b
N - I

where x indicate a non-zero value. If b, = 0 the system of equations

(4.38) is consistent. Even if matrix A is of full column rank the
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number of mathematical operations (multiplications and divisions) in
checking (4.7) is much higher than by transforming the matrix A to the
row-echelon form (see Starzyk and Bandler 1982). Also, (4.39) provides
us immediately with a solution y to (4.38). For ill-conditioned systems
the method of Householder for orthogonal transformations can be used to

reduce to zero the subdiagonal elements of A.

4.7 MATCHING TECHNIQUE FOR FAULT VERIFICATION

Practically, in any subnetwork there are some elements that are
fault prone. Fault models of these elements are usually known and in
the directory approach they are used to construct the dictionary. We
exploit this to our advantage by computing using the measured voltages

and the fault models

F.
M .
L, ¢ By Vo5=1,2, ek (4.40)

F
where EM% is constructed using the_ jth fault model and k different

faulty cases are considered. Utilizing the nearest neighbour rule
(Varghase et al. 1979), the exact faulty case is assumed to be the one

that has the minimum distance dj from the actual measured EM. where

d. = HIM

M
j g =L (4.41)
J
The on-line implementation of the method needs matrix by vector
F

multiplication to compute EMF since EMﬁ could be computed off-line

using the fault model and stored for the on-line use. If the number of

possible faulty cases, k, is small, e.g., by considering catastrophic
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faults only, the method could be very attractive for practical

implementation (Salama, Starzyk and '‘Bandler 1983).

4.8 CONCLUDING REMARKS

In this chapter we presented a number of techniques for locating
faults inside subnetworks. Except for the matching technique all other
techniques check the consistency of certain algebraic relations that are
invariant on the faulty set. We investigated the effect of tolerances
on the nonfaulty elements on the consistency of the algebraic equations.
A linear programming formulation for checking the consistency of the
equations was introduced.

The fault verification technique as presented by Biernacki and
Bandler (1981) considersavery large number of combinations. The
internal-self-testing condition is utilized in cutting down the number
of combinations. The technique locates faulty regions. It takes
advantage of the topology of the subnetwork to perform the required
partition.

The combinatorial algorithm searches for the faulty elements in a
very efficient way. The algorithm exploits all measurements, which
should be larger than the number of faults. The reduction of the system
of equations under consideration to the row-echelon form permits
arbitrary choice of partitions as devised in the algorithm. The
algorithm is not topology oriented and may be useful when the
implementation of the ISTC technique cannot be continued.

All the techniques could be applied to nonlinear networks, but
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the matching technique is the most suitable. A nonlinear network will
require a nonlinear equation solver. In the matching technique the
number of faulty cases is usually low and the utilization of on-line

parallel processing speeds up the required computations.
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FAULT LOCATION INSTDE FAULTY SUBNETWORKS—
APPROXIMATE METHOD

5.1 INTRODUCTION

In this chapter we utilize an estimation criterion to infer the
most likely faulty elements inside a faulty subnetwork. Practically,
the faulty components are very few and the relative change in their
values is significantly larger than in the nonfaulty ones (Merrill
1973).

Here, we use the least-one-objective function in estimating the
faulty elements in any of the detected faulty subnetworks. The number
of independent measurements is less than the total number of the
components of the subnetwork. The £1 norm identifies the most likely
faulty elements according to the aforementioned practical observations.

Two cases are considered in this chapter. The first considers
the situation when the measurements are obtained using a single test
vector (Bandler, Biernacki and Salama 1981). The second utilizes
multiple test vectors to obtain the measurements (Bandler, Biernacki,

Salama and Stérzyk 1982) .

5.2 FAULT ISOLATION USING THE 21 NORM WITH A SINGLE TEST VECTOR

Let us assume that for the subnetwork S (Fig. 4.1) the voltages

XM and the currents EM are both known. The change in any subnetwork

component i's represented by either a current source or a voltage source,

111
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as explained in Section 4.2.1.

We consider all the subnetwork elements as different from their
nominal values. Most of them have changes within their tolerances and a
few qf them have changes far from assigned tolerances. Recalling

equation (4.6) we have
M A M .
S W L Ty (5.1)

where s represents the changes in the subnetwork elements and the set F
is of cardinality equal to the total number of subnetwork elements p.
The matrices EMM and EMF are computed using the nominal component values
of the subnetwork.
Every component of S has the form

s; = Gy ® Vi Apy = S;q 43S0 1= 1,2 i, b, (5.2)
where qi = 0, 1 or -1 depending on the component type, ¢ is the angular
frequency, Aoy is the change' in component value, vy is the actual

contfolling voltage or current for the component as shown in Fig. 4.2

and j is the complex square root of -=1. The symbol s,

i represents a

_ voltage or a current source, 511 and 812 are its real and imaginary
parts, respectively. Normally, vi is unkﬁown unless a direct measurement
of its value has been carried out.

Equation 5.1 is an underdetermined system of linear equations in
the parameters s. Taking advantage of the dependency of S on the
changes in the parameters Ap we propose to assume that 3 defines the
error parameters. To estimate the value of the components of s we

construct the following linear optimization problem for linear resistive
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subnetworks.

P
Minimize I Isil (5.3a)
i=1
subject to
M

For linear frequency dependent networks, the error parameters ]

are, in general, complex and formulation (5.3) should be modified by

redefining our error parameters. Consider the 2p-dimensional real
vector
s
~1
g é 9 (5oua)
22
where
A A
3, =Re [3] and s, = Im [s]. (5. 4b)

Hence, the optimization problem can be stated as follows.

2p

Minimize I Ieil (5.5a)
i=1

Subject to the real linear equality constraints

M
Re[AI] RelHyp? -Im [Hyp]

Im([AT ] Im{Hyp] RelHypl

D

The optimization problems (5.3) and (5.5) can be easily converted to the
regular linear programming form by an appropriate transformation of the
variables.

The least-one objective function tends to satisfy the equality
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constraints (5.1) with the minimum number of error parameters different
from zero. This is consistent with the assumption that a few elements
are faulty inside the subnetwork.

Although the proposed optimization problem does not account for
chain faults, fault correlation or a knowledge of the most likely areas
of fault , this can be done by using appropriate weighting factors,
based on experience and knowledge of the particular UUT.

The result of the optimization problem provides us with ¢. The
subnetwork is then simulated using the known input currents to the
subnetwork ;M and e to find vy i=1,2, ..., p. The change in every
subnetwork component can be easily computed using (5.2). Comparing the
change in every component with its allowed tolerance the most likely
faulty components could be isolated.

It should be noted that the change in the element value is

S. w V. .6

and since both s; and V; are approximationsto the actual values, a
complex quantity may be obtained.

To overcome this difficulty we may either take Acbi as the
absolute value or the real value of the quantity obtained in (5.6). In
both cases an approximate value of the true A9 is obtained. This value
is then used to identify the faulty elements.

The formulations (5.3) and (5.5) do not destroy the linear

relation in (5.1) and they do not create more unknowns, since the
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unknown network response vy is included in the error parameter (5.2).
But, at the same time, for nonresistive networks, two error parameters
are defined for every component,which cannot be easily correlated and
this leads to obtainingacomplex quantity in (5.6). These formulations
are only valid for a single excitation at any time since any new

excitation will add a new set of error parameters.

5.3 FAULT ISOLATION USING THE !.1 NORM WITH MULTIPLE TEST VECTORS

Practically, we would like to have (5.1) less underdetermined.
This is achieved if we increase the number of measurements by exciting
the network more than once using different excitations, e.g., a
different frequency or different input signals to the network. We then
consider Acpi as the error parameter.

Equation (5.1) can be written as

"
AL" = Hyp @ vy A9, (5.7

where
" 4 diag {vy, Vo ..u, vp}, (5.8)
@y 2 dtag (G, ()*2, ..., ()P}, (5.9)
Agé CAd, Apy oo A¢p]T. (5.10)

To preserve the linear system (5.1) the subnetwork responses Vi
i=1,2, ..., p have to be known. Hence, they are initially assumed.
Conceptually, this is a linearization of the nonlinear functions that
relate ;M to ¢, as we discuss in Section 5.3.2. An iterative procedure
updates the values V., i = 1, 2, ..., p and at the same time computes

the changes in the component values.
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For k different excitations applied to the faulty network, we

consider, instead of (5.3) the following optimization problem.

p
Minimize I IA¢i/¢g| (5.11a)
Ap i=1
subject to
L -
M1 1 1 1
AL Bup Sy
M2 2 2 2
8% Br S 2
R . Ad, (5. 11b)
Mk K K K
al™ | Hr S 2y

where the superscripts 1 to k refer to the different k excitations. The
normalization w.r.t. ¢g in (5.11a) is needed when the nominal values of
the components are varied over a wide range. Formulation (5.11) can be

modified by adding the inequality constraints
X .
A¢i > - ¢i’ 1= 1, 2' e e oy p’ (5.11C)

where ¢; is the value of‘ the network element after being updated.
Initially, ¢§ is equal to the nominal design value ¢g. These
constraints prevent nonphysical solutions.

We utilize the measurements together with an updated model of the
subnetwork to compute A;Ml, ﬁ;F and 3;, £ =21, 2, .., k. The responses
vi, 2 =1, 2, ..., k, i =1, 2, ..., p are functions of the nodal
voltages. We update only the values of the internal node voltages since

the external node voltages are known from measurements.

The number of equations in (5.11) r = km is less than the number
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of unknowns p. In every iteration, the linear program will find a
solution that lies in a subspace spanned by at most r components of A¢.
All other components are set to zero.

The iterative process for computing the changes in element values

can be sumarized in the following steps.

5.3.1 Algorithm

Step 1 Using the nominal component values, construct the matrices
required by (5.11).

Step 2 Solve the linear optimization problem (5.11) and update the
subnetwork component values.

Step 3 If there is no appreciable change in the component values, stop.

Step 4 Recompute the matrices required by (5.11) using the updated

subnetwork. Return to step 2.

5.3.2 Convergence Properties of the Method
Recalling (3.5), the input-output relation of a subnetwork is
given by
="t o, (5. 12)

The changes A¢ from nominal values are not known. Utilizing a first-

order approximation we have, using the Taylor series expansion,

2 e oMy, (5.13)
where
an™ an" an™

a1 . (5.14)
p
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System (5.13) is underdetermined. For k different excitations (5.13)

can be written as

A"t 51'1
a2 52

. = |. Ag. (5.15)
ATk B

Equation (5.15) is equivalent to (5.11b). Since (5.15) is still an
underdetermined system of equations it has many solutions. Since only r
components of A¢ are allowed to vary from zero in every solution of
(5.11), we are implementing a restricted Newton iteration solving the
nonlinear equations (5.12). For a starting point that is close enough
to the final solution Newton's method is guaranteed to converge
quadratically. The nominal component values define a good starting
point, since just a few elements change significantly from nominal.

From (5.12) it is clear that the technique presented in this
Section is equally applicable to nonlinear networks. This is mainly due
to the iterative nature of the procedure used in finding the changes in

the subnetwork elements.

5.4 EXAMPLES

Similar to the examples of Section 4.4, the examples considered -
in this section were treated as networks rather than as subnetworks by
Bandler, Biernacki, Salama and Starzyk (1982). We consider them here as

subnetworks with the appropriate currents and voltages of external nodes
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are assumed known.

5.4.1 Mesh Subnetwork Example

Consider the resistive subnetwork shown in Fig. 4.7 with the
nominal values of elements Gi = 1 and tolerances €; = £ 0.05,1i=1, 2,
«+«y 20. This subnetwork has been considered earlier in Section 4.5.3.
All outside nodes are assumed to be accessible with node 12 taken as the
reference node. Nodes 4, 5, 8 and 9 are assumed internal, where no
measurements can be performed.

Two faults are assumed in the subnetworks in elements 62 and G18‘
For Case 1, we applied the fault isolation method with a single
excitation. We solved the optimization problem (5.3) for the error
parameters 3. Then, the changes in the component values were computed.
For Case 2, we considered two excitations applied sequentially. We
constructed optimization problem (5.11) and applied 3 iterations of our
iterative procedure. See Table 5.1 for the results.

Both methods have identified the actual faulty elements, but in
Case 2 the estimated changes in the faulty elements approach their true
values. Some of the changes in the nonfaulty components have slightly
exceeded their allowed tolerances, but these changes are small so we can
still consider them nonfaulty.

Subroutine ZX3LP of the IMSL Library was utilized in solving the

linear programming problems.
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TABLE 5.1

RESULTS FOR THE MESH SUBNETWORK EXAMPLE

Percentage Deviation

Element Nominal Value Actual Value

Actual Case 1 Case 2
G1 1.0 0.98 -2.0 4,15 -2.20
62 1.0 0.50 -50.0 -50. 42 -47.86
G3 1. 1.04 4.0 0.0 8. 60
G,4 1.0 0.97 -3.0 0.0 -2.46
G5 1.0 0.95 -5.0 0.0 -2.36
G6 1.0 0.99 -1.0 0.0 -0.14
G7 1.0 1.02 2.0 0.0 -2.49
G8 1.0 1.05 5.0 0.0 0.39
69 1.0 1.02 2.0 0.0 0. 84
G10 1.0 0.98 -2.0 0.0 -1.28
G11 1.0 1.04 4.0 0.0 0.0
G12 1.0 1.01 1.0 -3.06 1.55
613 1.0 0.99 -1.0 0.0 0.0
G1u 1.0 0.98 -2.0 0.0 2.47
615 1.0 1.02 2.0 0.0 1.51
G16 1.0 0.96 -4.0 =7.07 -6.69
G17 1.0 1.02 2.0 0.0 1.51
G18 1. 0.50 -50.0 -40.1 -46.90
G19 1.0 0.98 -2.0 -9.21 -3.38
620 1.0 0.96 -4.0 -6. 81 -6.14
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5.4,2 Amplifier Subnetwork Example

Consider the one stage transistor amplifier of Fig. 5.1 with its
equivalent circuit in Fig. 5.2. This example was originally considered
by Chen and Saeks (1979). The nominal component values together with
the actual values are listed in Table 5.2. Three faults are assumed in
the subnetwork, namely, C1. r. and By with all other elements within
their relative tolerances. We first considered optimization problem
(5.5). A single current excitation is applied at node 1 of angular
frequency 0.01 rad/sec. Voltage measurements are simulated at the
assumed accessible nodes 1, 2, 4, 5 and 6. For optimization problem
(5.11) we excited the network twice at node 1 using two different
frequencies, namely, 0.01 rad/sec and 0.0075 rad/sec, and voltage
measurements are obtained from the same accessible nodes. The results
of both cases are given in Table 5.2. Convergence in Case 2 occurred
after 5 iterations. It is clear that the results of Case 2 are much
sharper and they identify exactly the faulty elements. The solutions of
both optimization problems are obtained using the linear programming

routine ZX3LP.

5.5 CONCLUSIONS

We have presented a method for approximate fault isolation. The
method utilizes the properties of the 31 norm in isolating the most
likely subnetwork components which have exhibited large changes in their
values.

For a single test vector the solution is obtained by solving a
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TABLE 5.2

RESULTS FOR THE AMPLIFIER SUBNETWORK EXAMPLE

Percentage Deviation

Element Nominal Value Actual Value

Actual Case 1 Case 2
C1 20.0 10.0 - =50.0 -48.68 -50.0
Rs 75.0 76.92 2.56 0.0 -3.04
ry 10.0 10.2 2.00 0.0 -2.06
r. 40.0 66.67 66.66 -12.93 53.63
e, 15.0 14.0 -6.66 0.0 6.62
c, 25.0 24.0 -4.00 -0.32 -4,12
€n 10.0 5.0 -50.00 0.0% -46.21
Rc 10.0 9.8 -2.00 -1.36 2.55
C2 20.0 19.0 -5.00 -0.65 -5.59
RL 20.0 20.6 3.0 1.43 -3.44
Re 30.0 29. 4 -1.96 4,97 1.37
Ce 10.0 9.5 -5.00 0.0 -5.01
R1 10.0 10.05 0.5 -1.43 -0.50

A faulty element has not been detected.
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linear programming problem and it does not destroy the linear relation-
ship between the deviations in measurements and the defined error
parameters.

For multiple test vectors, the formulation of the problem
necessitates the application of an iterative procedure for its solution.
A lin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>