
ABSTRACT

^^-,,_^lhir_^?,1pgr .dlresges the problem of fault diagnosis innonnnear resrstive circuits. Fault diagnosis equations areformulared wi t h the nonli nea*esiJiorJ U.lne ;pp-ri*i*ared bvpiecewise iinear s.egmenrs. By varying .iiitiii'o'"1, th.;;1linearity of the cirduit. is explbitea'to "gain ,noi.'l,iaupendent
measurements using the same test nodes. These adhitionalmeasurements are used to formulate linear fault diagnosisequations that can be solved to locate the faulty elements.

I. INTRODUCTION

Fault diagnosis of nonlinear circuits has become anincreasingly important, issue in circuit d;ifi, Jauri6rion anamainrenance Ii-2]._.Different merhods traujleen-pioposea foi
:1onrr.lpear, testrng. I'he.iinear programming techniq'ue was used
ll^.lj]l_-",nT-e il. nontinear elemenrs.weie replaied by rheirlinearized model. In [aJ the nerwork was abcomposrid inrolinear and nonlinear pait!, and under ti,e assum;rr6; that allnoniinear elements ire accessible necessaryl aid--iufficient
condirions for the testabirity of the nonlinear nei*o.i. *e.e
oertveo.
, ! In this pa.p€r we present a merhod for murt,ipre faurtlocalron ol nonlinear resistive circuits based on the faultverification principle [b-6J. The nonlineai iesis]ors are
3pg?,.it":!:1 b_t piece*ise'linear segmenrs. Conrequenify iitne. /th segm.gn! the equation reflresenting any 

'nonliirear
voltage controlled resistor'

.  . 0
t l=  t t ,+  t ( ,v  ( l )

rvhere t7 is rhe slope of the /rh segmen[ and r] is the cut-off
current.

."^_ " Ihg si's19ni of equations describing the circuit can,lneretore, De written as

T(,Xt- r + r/ (2)

u'here T, is the coefficient matrix rcprescnting the circuit, X, is
fhe output vector, IC reprcsents cut-off currents and I
represents the independent current sources with / denoting therggioir in which the circuit operares. It should b.;;rcj"h;;;
that in every region a nonlinear resistor is identlfiea liroueil
!,1v0 pararneters, the slope and- the cut-off current, rattrer ihin
lhe slope only, as in the case of linear resistors.

The basic procedure we follow in this paDer is the
so called assumFand-<heck method. The faults'JJassumed
to be within an f element set and the remaining ellrnents areverified to be fault-free. This verificarion is &iiieJ=out uichecling .the consisrency of a set of diagnoiis equ;lons'wnich
are invariant on fault,v elements. If the" assu^rition is-proved
to .b1e $'.rong, another- set of f erements 

"iJ 
cioseo'ffi-il;

venllcat,lon procedure is updated.
..This paper is organized as folrows. In section II thetautt dragnosis equations are formulated. The solution of these

d.ragnosrs equations is Ciscussed in section III with an illustra-
tive example. .A verification procedure with the ctasii-frcation
ot rautts rnto linear faults for linear elements and nonlinear
faults for nonlinear elements is presenieo in Seai;n"lv ;ith
another example.
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Substitutin8 for P, aad

II. FAULT DTAGNOSTS EQUATIONS

Assume that f-elements out of b of the circuit N are
faulty with the otber (b-f) elements fault-free. Accordingly,
we denote Cg as the vector of faulty elements which is giveu by

61= [yvyz ydT . (3)

But since any circuit output functiou xi cen be represented in a
symbolic form as a rario of two polyoohiats in { [s], x, can be
representd in the following fora

,.i=+ (4)

(5)* j Q j - t j = 0 .

Q;' we Eet

T f

vi *I I ri, i,ri,xi,
i l . l  i 2 . l

. .  *  T i , . . .  i rY r xz . . . x f  =  o  ( 6 )

where the values of the coefficients T depend only on the
values of the fault-free elements. For different outputs,
equations similar to (6) are formulated. This set of equaiioni
is called fault diagnosis equations. A sienificant fact'here is
that the nonlinearily of the circuit can be-exploited to increase
the number of independent melsurements by varying the
excitation currents. In fact, if the excitation crirre"nt is
changed slightly, in such a wa-y that the region of operation is
not altered, we will have another measuremlent x, that can be
used in the fault localion process. In other *or'ds, the same
9!.tput with different excitations,, more equations oi the form
(6) ga" X added ro tbe sec of diagnoiis equarions. The
number of independent measurements t-trat we ein get depends
on the topology of the network and the number df piec'ewise
Iinear segmetrts used to approximate the characteristics of the
DOnUnear reslstors.

uI. soLUTroN oF THE DTAGNOSTS EQUATTONS

W. n*d ({+1) .equations as (6) to verify rhe fautt
assumption, since f of these nonlinear equations can ue solved
using any iterative method. The values of the elements
obtained are substituted in the remaining equation. If this
eQgation is satisfied, tbe assumption is 6rrict; ot,herwise a
different set of faulty elements is chosen. However, due to the
structure of the diagnosis equations, we can form a let of linear
diagnosis elu.ationslhat can be easily solved to find the faulty
elements. This linearization procedure [S-+] can be explainei
in the following way.

Since t[e number of nonlinear terms in (6) is no more
l f

than (2'-f-l), therefore having 2'-l independenL equations as

T

"j*I"l
i ' l



(6), we can eliminate the nonlinear terms. This, in turn, wil l
lead to a system of f-linear equations in f unknowns. The
solution is used to check whether the remaining equat,ions are
satisfied. It is clear that more independent measur-ements will
be needed but the advantage is that we will end up solving a
s.y-slem of linear equations." It is also worth mentioning tEat
different circuit functions should be used to formulate ttre
diagnosis equations rather than only one functions &s in [S]
which might be insensitive to some elements.

Consider the cirflit of Fig. I with two oonliDear
resiston & .od q. The piecefrse linear segneDts that

approximate the cbaraaeristics of & aod & are showa in

Fie. 2. Assume that the uomind vaiues of tbe liuear resistors
ar; & = lO, i = l, 2,4 and the outputs are tbe uodal voitages

Vr, Vr and Vr.

The circuit nodal equations ue given by

;8r+tr az 0

l - s ,  E z * E r * B r  - g t
L o '-at &+&

We simulate the following faults. & hrs increased from i to 2

and the characteristic of R6 has cbanged as showa ia Fig. 3.

With Is = 6, the measr:red output voltages are Vt = 4.45,

Yz = 1.35 aad Vt = 0.65 V. It sbouid be uoted that these

voltages rnay as well be omputed using the algorithm given in
t7l. 

-Usius'(7) 
and substituting the 

-uomilal 
values- of the

issunea fiulitee eiemeuts Br,ig, trr we ca! reprete!,t the

nodal voltages is ten$ of gz, gs and It. Utiiizing the measrred

values of V1, V2 and V3, we get the foilowiug diagaosis

equatious:

1.8.tr - 3.1 6s + 6.85 tz& = 1.55 (8)

2.2 tz- 0.8 Es - Ir * 3.55 g2g5 - tzlr = 2.15 (9)

5.2 8z- 1.3 6s + 2Ir - 1.95 grgs * 3g2I, = 0.15 (10)

Equations (8)_, (9) and (10) can be solved ireratively to
find g2, g, and Ir. We can alsri uie the linearization procedure
described in the previous section to formulate linear fault
diagnosis equations. This can be done by changing the
excitation current slightly in such a way that- we sta! iithin
the same linear segminti of the nonlindar resistors. inother
set of three diagnosis equations can be formulated.
Consequently, the nonlinear teims grg, and grl, are eliminated
and we obtain three linear equations irr three unknowns gz, gs
and Ir.

IV.  FAULT VERIFICATION TVITH SEPARATiON
OF FAULTS

With the ciassification of faults as iinear faults for
faulty linear resistances and nonlinear faults for faulty
nonlinear resistances, we propose a fault verification techniqu-e
ttrat ex-plo.it the nonlinearity of the circuit to first identify
linear faults and then using this information to identify
nonlinear faults. This can be-achieved by driving the circuit
using different linear segments of the piecewise linear resistors.
The procedure is illustrated in the following exampie.

Examole 2- 
Consider again the circuit of Fig. I with the same set of

faults as before. 
- 

Therefore, there iJ a linear fault R, and

nonlinear fault Rr. With I, = 2, the mea.sured output voltages

are V, = 1.545, Vz = 0.636 and Vr = 0.318 V. Assuming that

g, is the only fault at this operating point, we get the following

diagnosis equations

1.545 (3+5gJ- (5gz+6)  =  0  (11)

0 .318 (3+582)  - (O.s+2.Sgr )  -6  (12)

from which we find that g, = 0.5 and the assumption that g, is

faulty is verified since (12) is satisfied.

Now using this value of g, and with Ir = 6.0, the values

of the measured output voltages will be as given in Example 1.
We get the following diagnosis equations

3.1 ts = 6.2

0.975 gr - 1.5 I5 = 1.05 .

from which we can find g, and Ir.

CONCLUSIONS

The problem of fault diagnosis of nonlinear resistive
circuits is investigated. Fault diagnosis equations are
formulated assumins that the faults are within f element set
and the remaining e'lements are fault-free. In these equations
which are invariant on faulty elemen0s, the characteristics of
the nonlinear resistors are approximated by piecewise linear
segments. By varying the excitations, the nonlinearity of the
cirtuit is exploited to obtain additional independent measure-
ments. These measurements can be used to linearize the
diagnosis equations. If the solution of these linear equations
satiifies th6 remaining fault diagnosis equations, tlien the
faults are located. Otherwise, i differedt set of faults is
assumed and the procedure is repeated. A special procedure
that separates between linear and nonlinear fault is also
suggested. Illustrative examples are also given.

(  l3 )

(14)
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Fig. I ltorilinear resisLive circuit.

F rg.  2  Piecev. / i  s*  I  inesr  cheracter i  s t i  cs

o f  R u  a n d  R s  .

F i g  3  P i e c e y r i s e  l i n e a r  c h o r s c t e r i s t i c s
o f  t h e  f  a u l t g  r e s ' i s t o r  R u
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