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ABSTRACT

A method is developed for the identification of the each of the
faulty elements in the linear Electronic Circuits when one or
more of the elements are simultaneously off from their nominal
value. Exact analytical expressions are presented for the
identification of one and two simultaneously fTaulty elements,
along with the algorithm for the multiple faulty elements case.
In general for an m element fault, Zm_ different measurements
are made (real and imaginary part). These measurements may
involve transfer function frequency response at 2"[1 different
frequencies, or in case of degeneracy, different functions such
as input inpedances, etc. , such that total different
measurements are 2m ~. Method is discussed by means of examples.
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1. INTRODUCTION

A method of fTault isolation in the linear circuits for a
single fTaulty element has been proposed by Martens and DyckCII
and othersl2l 172 using bilinear transformation. The method is
graphical in nature, producing frequency domain loci which
depend upon the value of the assumed faulty element. The
faulty element is identified by the location of the test meas-
urements of the equipment on a particular loci. Besides having
the limitation of being applicable to a single element fault
only, the method is cumbersome for automatic computer mecha-
nization. In this paper we present analytical expression for
the identification of one or two faulty elements and derive a
general algorithm for the multi elements fault case. We shall
assume that the symbolic transfer dunctions (or different
transfer functions between different sets of terminals) is
known1” The method of fTault identification is explained

by means of examples.

2. PROBLEM STATEMENT AND ASSUMPTIONS

The problem proposed consists in isolating faulty elements
(one or more) in a lumped, linear time iInvariant, active elec-
tronic networks. It iIs assumed that the topology of the
network and the nominal value of the components are known, so
that the symbolic transfer function can be obtained. It 1is
futher assumed that failures are not catastrophic and enough
test terminals are available to obtain frequency response
which is dependent on the value of elements which are faulty.

3. METHOD OF SOLUTION

3.1 Single fTaulty element

Let the various elements such as transistors, resistors
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etc. of the network be symbolized by p~, p2,-...,p , n being
the total number of elements. The nominal value of these ele-

ments be given by pl1lQ, P20 r**, "Pno*

Let
0 <Pl =x., i=1,....n 3.1.1
p10 1
When all x, (i=l,...,n) are unity, the equipments 1is not
faulty.

Let us consider the situation when a particular kth compo-
nent is faulty, such that x*1. Problem reduces to determining
all different x"s and thus the faulty element and its value.
The system transfer function T(s) can be written Iin n dif-

ferent formsl71l as

A,(s) x + B, (s)
T(s) =T(s,xk) = ¢ () x + D. s (k=I,...,n) 3.1.2

Let us obtain the frequency of this equipment at one particu-
lar frequency w, involving phase and amplitude measurement and
hence the real R(uj) and imaginary part X(w), yielding

Ak gw) xk + Bk (@w)
T@w= RGu + jx(u) ck (jw) xk + DK (ju) (k=1 ,n) 3.1.3

The test frequency is choosen with regard to the nominal poles
. . csa
and zeros locations, as discussed by Seshu and Waxman

Let
Ak@gw) = Ak (W) + jJAk (W)
1 2
Bk (gw) = BklI(w) + ~Bk2™w/
3.1.4
Ckgw) = c U) + jck™(m)
Dk (jo>) =

Dk (u) + jDk (w)
1 2



Substituting 3.1.4 into 3.1.3 and equating real and imaginary
part,

REC,  (©)X(BXC, , (TNX, + RMID, , (L)X (1))

Ak @)k + Bk (iD)

RMWC, @O+X)C ())x + (R(O)D @+X(W)D, ()

A (ox + B (O
k2 K K2

The relations 3.1.5 are true only when k¥h element symbolized
by Xy is the fTaulty element. The quantities AK (o) etc. are
computed Tfor the nominal values of other elements (except of
course the ktk element). Since both the equations of 3.1.5
should give the same value of xk, the condition that kth
element is indeed the fTaulty one is given by eliminating xk

from equations 3.1.5 to yield.

X2@)+R2())H)(C. WD, (@@, (PD. (@)) +
KI® ™ k2 k2 KI
+ R(i0)(D, (to)A, (©)+C, (t0)B (to)-D (to)A (t0)-C  (t0)B (a)))
K1 k2 K2 K1 K2 1 1 2

+ X(W)(C, (to)B (t0)+C (u)B  (<0)-D (to)A (to)-D (to)A (to))
K1 K1 k2 K2 K1 K1 K2 2

+ (Ak (W)Bk (to)-Ak (to)Bk () = Ak (@) = 0 3.1.6

Theoretically only frequency measurement at one frequency 1is
necessary, but due to noise consideration, the condition
3.1.6 may be verified at different frequencies. |IFf

1 m ~

h izl Ak@i}

is less than some precomputed number £, then the condition
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3.1.6 is considered fulfilled. Furthermore value of xk should

be positive.

3.2 Example

Consider simple circuit given in Figure 3.2.1

Let the nominal values of these various elements be

Rl = ?m= IO00 Kit
R? = RO = 3000 K2

The actual values of these elements are such that the frequen-

cy response u=( S)
at u=l 1is
R (W) 11
26 3.2.2
3
X(w) o6

Only one element is considered off from the nominal value. We
are required to find this element and its value.

Let

3.2.3
1.



u (s) 1+ Sc R, A(s)x + B(s)
TG) = 3.2.4
ul(s) 1+ Se, +R—2) nC’(sS)x-’l-D(sy
Thus
T(s,x1) Ti H scoRi1ox1 305
1+SCO <R10X1+R20>
1+SC R.
T(s,x2) = t2(s) = i+scO(r10+r20x2) 3.2.6
T(s.,x3) T () - 1+SCOR10X3 327
3 1+SCO (R10+R20)X3
All(w)= 0 o © m O A31(w)= 0
Al2<)= %V iot1 222()=0 A32(*)= “V 1o “1
3 b21<“)= 1 B31<*“)= 3
B12(U)=0 B22(W)= “corio=t °32()=0
0 C2lIU)= ° C311“)= 0

C12(U): UCQR]-O:]- C22<* ): “COR20=3 C32(W): wCO (rio+R20)=4

DII<“)= 1 D21(“)= 1 D31 (D)= 1

DI2 (W)= wcoR20=3  d22(“)= “corio=1 d32U)= 0

Substituting these values in 3.1.6, we obtain

Al - 77771 (-1) + M <2> " 86 <-3>- 1 =0 3.2.8
. _ 130 , . ,13. , v 3_ ,3*_ 4_ 3.2.9
A2 [Zb )2 (3) 26 (3) 26 (3 13

_ 130 / y\ , 11 ,/C\ 3 A\ 1 -9 3.2.10
A3 2 (4 + 26 (5~ 26 (0 1 26 T

[2b)
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Thus element is faulty and its value 1is obtained as

B, (@@)-R(@>)P. (W+X()D, (o))
Kl K1 k2

X1 Xk R@O)C (W)-X(WC. (@W-A. (W)
K1 k2 Kl

=2 3.2.11

Hence actual value of R™ is 2000 K.

When none of the determinants A™M(co) are zero, then
their is more than one element which is faulty. In case of
degeneracy such function such as iInput iImpedance is used for

identificationI”™3.
3.3 Fault with two faulty elements

Let and k2 be two faulty elements symbolized by
X, and X respectively. The transfer function can be

kl k2
written as

T(s) = T(s,kl,k2) =

A. - ) Xk x + B. , () x, + C. . () x + D. , (5)
kl,k2 kl k2 kl/k2 kKl kl/k2 k2 kI1® _I__I
|

K K ® K e T KR ® Ky * G ko X v kgL,

where A, (s) etc. are polynomials in s.
k1 k2
Let Ak k (oo) = A1) + J A2(w) etc. dropping the
1 2

indices k™,k2 ~or convenZence

T(Jw) = R(wW) + JX»)
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The real and imaginary part of 3.3.1 can yield the following

two equations.

CR(U)EL @ )-X(w)E2(UO-Ara0Ux" X~ +

+ CR(ai)F1 @D-X(())F2 (u)-BL(u)Ixk +

3.3.2
+ CR(ii))G1 (0j)-X(ci)G2 (0J)-CL (ci) :xk " +
+ CR(u H1 (@))-X(o)H2 (@)-DL(W)D = 0
-r @)E2 (W )+ X(u )EL (@)-A2(u)Dx  xk +
1 2
+ CR(W)F2 @)+ X(W)F1(t0)-B2 (@)3xk  +
3.3.3

+ CR(U)G2(U)+X(U)G1@D“C2 (@))3xk  +

+ CRw)H2 (w )+ X(w)HLI(w)-D2(w )1 = O

These equations can be rewritten as

PCDXy X+ a @x, +UCiox  + V(o) = 0 3.3.4

KADX. X +L(wdx + M(>x +N(co)=0 3.3.5

where

R(CO)EL(m) - X(u)E2(E) - A1(w)

RCUIF-A®) - X@Ww)F2@w) - BAw)

P(w)
U QV))
uw)

R(WGL(W) - X(c0)G2(i) - C™w) 3.3.6
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Vw) = R(O) (@) - X(wHH2(w) - D~w)
KW) = R(co)E2(co) + X(@DEL(W) - A2(u)
L(W) = R(W)F2(®D) + X(m)F1(@) " B2 (o)
M) = R(WG (W) 4 X(D)(@ - C2(w)
N(@) = RCMH2(@) + X(WIHI(M) - D2(w)

Let us now perform the frequency response test at two dif-
ferent frequencies and yielding R + j () and

R(w2) + jX(ti2). Substituting these in 3.3.6

P(W) _ —
lU = P1 etc., we obtain
PCO)I _
w o= w2 p2
+ .. + =0
pi VvV * 2 mJIXk 1 Ixk?2 Vi
+ + + . =0
Ki V 2 tiXkl m Ixk2 ni
+ + + =
g2\1 " «o\2 Tv2 =0
+ + =0

_ . + =
k2 VvV * 2 i2Xk1 2Xk2 n2

eliminating the product terms, these equations can be rewritten

as
+ + =0
allxkl = *12xk2 © a13
a2ixkl T az2axke T a2z T O 3.3.8
=0

+ + =
a31Xxkl a32xk2 a33
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where
_qgi s CE Vi nl
n - pj <1 12 5y " ai3 =~ -
- 1i . 12 ul u2 - V2
/ X — . a - 11 -
2L pp P2 2 b1 p2 23 Pl py
41 2 , A _u1 m2 "2
31 Pl k2 32 PI K2 33 Pl K2
ition that the K1 and K2 elements are faulty 1is
given as
11 al2 al3
21 a2 a23 ~aa - 9 xk0" x2-0 3-3.9
31 a32 a33
When 3.3.9 1is satisfies, the variables x,kl and K2 can

be solved from first two equation of 3.3.8. There are circuits
where degeneracy occures and one transfer function alone 1is
not sufficient to obtain the faulty elements In such a
situation more than one functions are necessary to identify
the faulty elements. Thus in case of example shown in

Fig. 4.3.1, the first two equations of 3.3.7 are obtained by
one function and the other two by another independent

function.

Example of two faulty elements:

Consider the same example discussed in Fig-4.3.1. Two
elements are assumed fault. At a frequency m=1, the trans-
fer function frequency response and input admittance fre-

quency response is given as

13 7 1
Tay 37 Y(n 37 3 %1 s>y0'6y 3-3.10
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we are required to identify the faulty component. This is a
degenerate network where different combinations of R”, R2 and
C may yield the same transfer function. Hence two different

functions are used for identification. Three different possible
sets are:

1+ Sx»

I1+Sx M +3Sx 2
RN and R2
3.3.11

I+ SCO are fTaulty

1+SC + SC”R

oR10x1

(a+S)
1+Sx -+35X2

20C0X2X3

1+Sx»

1+Sx 3+3Sx 2x 3
R2 and C
3.3.12
are fTaulty

1+SX3
I1+Sx 3+3Sx 2x 3
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resistor R and R2 are the faulty components. Their true value
is R1=2000 K, R2=4000 K.

Case 2. when R2 and C are considered faulty.

From T23(s) ,A =B =0, C =j3/D = I»E = 3j
|

H =
- 4 _ 24
P-M-q © ®% 37 =V 37
24 —
k-If -Lr© 9r 3 .N=-"
The equations in variables x2 and are
12X3X3 + 4x™ = 24
39x2x 3 -24X3 = 4

The solution 1is

X3 =2 ,x2=2/3

From Y23(s) , which is same as T~/is)

15 B B 30
P ,Q=0,U=537 ,v..9
21 B 30 5
Ko g7 -L=0,M=" 5 N 37

The two equations for variables x2 and x3 are

15x 2x 3 + 5X3

30

21x2X3 -30X3

I
)]

yielding the solution X3=1 , x2=5/3 . Since this solution is
not the same as obtained from T~is), the elements R2 end C
are not the faulty elements as a pair.
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Case 3. and C are considers faulty.
From T31(s) , A =Jjto, B =0, ¢ =0, D=1 ,
E=Jto, F =0, G=j30, H=1
_ _ 12 _ 24
P=3 ,Q0=0 ,u 37 - V = - 37 -
v _ 24 t _ M _ 39 Mo 4
N 3r = A~ 0O/ M y
The equations in and x», from the function T37(s)
N —
X1X_3 + 3XN = 6
- 24Xix3 +39x3 = 4

Thus

From Y3i(s) -« A =B =0, C m 0w ©p 3 = = tw
F=0 G=j3to, H=1
p U= 15 _ o
=37"q=0" ° 37 - 7 *
K g7 =L -on MT -3 oy - 37

The equations in x* and x3 Tfrom the function Y37(s)

Xix3 + 3x3 * 6 - 9

XIx3 -16x3 “ 5 = 0

yielding x*» = 3 , x3 =1

The solution from Y13() and T13(s) do not agree with
other, concluding that and C are not the faulty pair.
The conclusion reach is that R® and R2 are the faulty
resistors having actual value of 2000 K and 4000 K
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T — 1+SR10COX1X3
31 ®
I+SR10COX1X3 + SR20COX3

1+Sx3
I1+Sx1x3+3Sx3
RN and C
3.3.13
1 + SC x are fTaulty
Y3180 T R R F s

10 0173 206 "3

1+Sx /"

I +SXAXNM+3SxN

Case 1. RX and R2 are considered faulty

From £12(s)" A m= mC w©O D=H=1, B =F = j-
— — _4 | —— _24
P=K=0, Q=345 7 7§ V= g
24 m _ 39 4
Vv "7 - 37 N 37

The equations for variables x* and x2, from the T"2(s),
are
XN+ 3x2

I
o

-24x"™ + 39x2

I
N

The solution 1is given as Xx"=2, x2=4/3.
From Y 2(s) P =0, Q 5/737, U 15737, V

-30/37

K 0, L 7/37, M 21/37, N -212/37

The two equations iIn variable x* and x2 obtained from
Y12 (s ) degenerate into one equation

Xi + 3x2 = 6, which is satisfied by the solution
XN =2 and x2 = 4/3, confirming that indeed the
resistor R® and R2 are the faulty components. Their true
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3.4 Fault with three or more simultaneously faulty elements

With three faulty elements to be simultaneously identified
either we need four different function to measured at one
frequency (real and imaginary part) or one function at four
different frequencies ((if no degeneracy occures). In general
for a m element fault 2m ~ measurements (real and imaginary
part) of different functions, or one function test at 2
different frequencies 1is performed. For three element fault

the equations obtained are of the form

a, N, X X X + ai"v. X, X, + ajVv X, X, +
klk2k3 kI k2 k3 klk2 kI k2 k2k3 k2 k3

+ afl? x. X, + afi ™x + a, X +
k3kl k3 kIl kl kIl k2 k2

- _U)X - _(i)_n
+ ak3 xk3 + ao - °" 3.4.1

a 1, .==.8) ,
( #k3 , "k3/K~ = 1,e..,n)

The product terms are eliminated by successive subtractions

to obtain equations of the form

allxk1l T *12*k2 ¥ a13xk3 a14 ~ ©
a ,X + a + =0
. K 2 a24
21 kl 3-4-2
+ + =
A31Xkx T 237%2 aza = 0
+ =0

ag ApoXk2 T a43\3 + asa

The conditions that J}s k2 and k3 are the faulty elements
is given by

A, =det of A =0, A = {aj . (jujizi,. --oD 3.4.3



19

X > 0, X > 0, X, >0 3.4.4
K1 K2 K3

The quanties x , X , X are solved from first three

) k2 k3 . -
equations. The extension to m element fault is obvious.

4. CONCLUSION

A method has been presented for isolation of a fault when m
elements are simultaneously faulty. In general 2 different
measurements real and imaginary part are made to identify
the fTaulty elements. In case the transfer function alone can
not identify the faulty components, other functions such as
input impedance or transfer function between different sets

of terminals is used. Method is suitable for automatic fTault
identification via digital computer.
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