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MIXED INTEGER PROGRAMMING METHOD
FOR FAULT DIAGNOSIS OF LINEAR
ANALOGUE CIRCUITS

V. C. Prasad, S. N. R. Pinjala and K. G. Murty

Indexing terms: Fault diagnosis, Analogue circuits, Mathe-
matical techniques

Fault diagnosis of linear analogue circuits can be formulated
as a mixed integer programming problem. This avoids testing
all possible combinations of submatrices of the equations of
the network to determine faults.

Introduction: There are broadly two approaches for analogue
fault diagnosis [1, 4, 5]. They are the fault analysis approach
or simulation-after-test, and the fault dictionary approach or
simulation-before-test. In this Letter, we are concerned with
the first approach. In one kind of fault analysis approach
called fault verification, equations of the nominal network are
obtained. If k or less elements or nodes are faulty (a node is
said to be faulty if at least one of the elements connected to it
is faulty), then all submatrices of order k and above of the
equations of the network are to be tested for singularity. From
this information, faults can be identified. In general, this is
time consuming as all possible submatrices have to be tested.
Moreover, this is a brute force method. We formulate it as a
0-1 mixed integer programming problem which can be solved
efficiently in a systematic way.

Mixed integer programming formulation: Let N be any linear
analogue network which has to be analysed for faults. Extract
all independent sources and all pairs of nodes at which
voltage measurements are made as ports. Let these be m ports.
Create one port across each of the n elements to be tested for
faults. The equations of such a multiport network using short
circuit admittances can be decomposed into two matrix equa-
tions of the form

YllV
m + Yl2V" =

Y2,V + Y22V =

(1)

(2)

where lm(V) are vectors of curents (voltages) of the ports
corresponding to independent sources and measurement
ports. Similarly, /" and V refer to the set of ports created
across the elements which are likely to be faulty. The y param-
eters are for the nonfaulty network. Note that /" = 0. When a
fault occurs, an admittance y changes to y + Ay. This change
Ay is shown as an external connection at the port of the faulty
element. With this interpretation, /" for the faulty network (/")
is nonzero. In fact

and

/" = -AY.V"

M" = / " - / "

(3)

where V, V, I", lm refer to the port voltages and currents of
the faulty network. If our interest is in node fault diagnosis,
ports will have a common node called the reference node and
A/" is interpreted as changes in the nodal currents due to
faults [1].

Let

=vm - V" AV = V - V" jm _ jm

Therefore, the equations of the faulty network are

Y^V" + Y12V" = I" (4)

Y21V+Y22V = I"

From eqns. 1 and 4, we have

V,, AV"+ K12 AK" = 0

From eqns. 2 and 5, we have

Y21 AVm + Y22 AV = A/"

(5)

(6)

(7)

Using eqn. 7, solve for AV and substitute in eqn. 6. This gives
an equation of the form

YmAV = Y. A/" (8)

Inverting the coefficient matrix of AV, we obtain an equation
of the form

AV = Z A/" (9)

where Z is a rectangular matrix of order m x n. This type of
equation arises in many fault verification procedures [1, 4].
Eqns. 8 or 9 can be used to determine A/" and hence to
identify the faults. However, they cannot be solved as they are
because there are only m equations in n unknowns. Let k
elements be faulty (k < (m — 1)). Choose (n — k) components
of A/" as zero and solve for the remaining components of A/"
using eqn. 9. There are "Ct possible sets of such equations. All
fault verification procedures assume that only one of these sets
gives consistent equations to determine the fault uniquely [1,
5]. (The reader is referred to the literature for more details on
this.) We can avoid checking "Ck possible sets by formulating
it as a 0-1 mixed integer programming problem as shown
below.

Let

and

AI A A/" = [Ai\ A/2

AV ± AV = [AK, AV2

where the superscripts are deleted for simplicity of notation.
Let a be a large positive number such that the magnitude of

every component of A/ is less than a; then — txXj < AIj < aXj
and Xj = 0 or 1 for all j = 1, 2, . . . , n, i.e.

2oiXj - yj > 0 and > 0

where

= AIj + for all j = 1, 2 ... n (10)

Thus eqn. 9 can be written as

Zy - aZx = AV

y > 0 lax - y > 0 xs = 0 or 1

for all ; = 1,2... n (11)

J j=i Xj has a minimum value at the solution when xt is
allowed to take only two values 0 or 1. Therefore, solving eqn.
9 is equivalent to solving the following 0-1 mixed integer
programming (IP) problem:

Minimise £ x} subject to

Zy - aZx = AV y > 0 2ax - y > 0

x > 0 and xy = 0 or 1

for all j= 1 ,2 . . . n (12)

(-4)
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Once this problem is solved, the value of A/ can be computed
using eqn. 10.
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The problem (.4) is usually first solved as a linear program-
ming (LP) problem by relaxing the integer constraints (eqn.
12), i.e. by taking eqn. 12 as xt S 1 for all j = 1, 2 ... n. If the
solution of this LP gives integer values to the x variables, then
the solution of the LP is the same as that of the 0-1 mixed
integer programming problem described in (A). If the solution
of the LP is not integer valued, then values of the x variables
are adjusted iteratively starting from the LP solution to
obtain the solution of the IP in (A).

Several methods are available in the literature [3] to do
this. Out of these, the branch and bound (BB) method gives
satisfactory results in general [2].

We now illustrate the 0-1 mixed integer programming for-
mulation with an example extensively used in the literature [1,
4, 5]. Consider the linear network with 11 nodes (excluding
the reference node) and 20 elements shown in Fig. 1. Let
nodes 1, 2, 3, 6, 7, 10 and 11 be the accessible nodes. Assume
that the network has to be analysed for faulty nodes. Let the
nominal values of the elements be 1S each (Ct = 1S, i = 1, 2
... 20). Let the elements G9 and G18 connected to nodes 3, 7
and 9, reference node, respectively, be open in the faulty
network. An ideal current source of 14 is connected between
node 6 and the reference node both in the nominal and faulty
networks. For this network, the value of Z can be calculated
and the value of AV" is

[-0-3507 -0-3261 -0-3964

-0-2947 - 0 1 2 3 4 -0-2252 - 0 1 2 0 7 ] T

This is solved using the 0-1 mixed integer programming for-
mulation (A). A computer software package called LINDO
available on personal computers is used for this purpose.
Taking a = 500, the solution has been obtained with 19
branches only. Nodes 3, 7 and 9 are identified as faulty nodes.
It we do this by testing submatrices we may have to test all
the llC3 = 165 submatrices to identify the faulty nodes.

©

Fig. 1 Linear circuit with 20 elements
Accessible nodes 1, 2, 3, 6, 7 10 and 11

Discussion: Our computation experience shows the following:

(1) The number of branches taken and the convergence of the
algorithm are found to depend on the value of a chosen. In
fact, an improper value of a. leads to poorly scaled equations.
The selection of a proper value of a from these points of view
needs to be investigated. In principle, different values of a can
be chosen for different components of A/. The computational
efficiency of this needs to be investigated.

(2) If we know that there are no more than k faults, the value
of the objective function in the mixed integer programme
cannot be more than k. This information helps to reduce the
number of branches. A command called BIP in the LINDO
package can be used for this purpose. Even if this command is
not explicitly available, this can be realised by appending an
additional inequality constraint to the formulation (.4).
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(3) It has been found that the number of branches is in general
reduced if the equations in the equality constraint of the IP
are somewhat decoupled. This can be achieved using Gauss-
ian elimination on eqn. 9 or by formulating using eqn. 8 which
uses the admittance matrix instead of the impedance matrix.
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PROGRAMMABLE BiCMOS
TRANSCONDUCTOR FOR
CAPACITOR-TRANSCONDUCTOR FILTERS

J. Ramirez-Angulo and E. Sanchez-Sinencio

Indexing terms: Transconductors, Inverters, Filters, Circuit
theory and design

A simple linear programmable BiCMOS transconductor is
introduced. It mainly consists of an inverting amplifier with
an emitter degeneration. The driver transistor is bipolar and
the equivalent resistor is an MOS transistor operating in the
linear region. This transconductor can be employed in high
frequency continuous-time current-mode filters. Simulated
and experimental results of filters show the validity of the
proposed transconductor.

Introduction: Recent results in high frequency continuous-
time niters reported in the literature [1-3] favoured current-
mode signal processing because of the potential advantage at
low power and high frequency applications. We propose a
continuous-time transconductor used as a current-mode inte-
grator with the attractive analogue BiCMOS properties of
high transconductance, low noise performance and higher
packing density.

BiCMOS transconductor: The transconductor used as an inte-
grator is shown in Fig. la. The bipolar transistor operates in
the linear region, and the MOS that mimics a resistor oper-
ates in the triode region. Thus the MOS transistor yields with

Fig. 1 Programmable BiCMOS transconductor integrator and trans-
conductance characteristic Iout against V^

a Transconductor integrator
b Transconductance characteristic
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