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1. Introduction

A method of fault isolation in the linear circuits for a single faulty element has
been suggested by Martens and Dyckl) and others [ZI—13 using bilinear transforma-
tion. 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 measurements of the equipment on a particular locus.
Besides having the limitation of being applicable to a single element fault only, the
method is cumbersome to run on an automatic computer. 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. The symbolic transfer function
(or different transfer functions between different sets of terminals) is assumed to be
known 41161 The method of fault identification is explained by means of examples.

2. Problem statement and assumptions

The problem consists in isolating faulty elements (one or more) in a lumped,
linear time invariant, active electronic network. The topology of the network and the
nominal value of the components are assumed to be known, so that the symbolic
transfer function can be obtained. It is further assumed that failures are not cata-
strophic 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 faulty element

Let the various elements such as transistors, resistors etc. of the network be
symbolized by py, ps, ..., p,, # being the total number of elements. The nominal
value of these elements be given by pig, Pags - - -5 Do

* The paper is written after Prof. Purl’s lecture held with the same title at the Technical Uni-
versity of Budapest in 16ih April of 1976.
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Let

O<—£i—=zi, i=1,...,n 3.1.1
Pio
when all ;, (=1, ..., n) are unity, the equipment is not faulty.
Let us consider the situation when a particular & component is faulty, such
that ¥, 1. Problem reduces to determining all different y’s and thus the faulty element
and its value. The system transfer function T'(s) can be written in » different forms(” as

AS)tst Bils)
Cil()i+Dils)
Let us obtain the frequency of this equipment at one particular frequency o, involving

phase and amplitude measurement and hence the real R(e) and imaginary part x(w),
yielding

T(s)=T(s, 7,)= k=1, ...,n) 3.1.2

: . A (jo)yi+ Bi(jo) A
T(jw)= R(w)+ jy(w)==EL2k —= k=1, ...,n). 3.1.2
(jo)= R(@)+jz(w) G+ Do) ( )
The test frequency is chosen with regard to the nominal locations of poles and zeros,
as discussed by Seshu and Waxmani®],

Let

A(jo)= A, (@) + A (@)

By (jw)= By, (0)+ B, (») 3.14
C(jo)= Cr (@) +)Cp ()

D (jo)y= Dy (w)+jDy ().

Substituting 3.1.4 into 3.1.3 and equating real and imaginary part,

[R(0)Cr, (@)= 1{@)Cro( @)+ [R(@) Dy, (@) — 1) Dy (@)= Ay ()74 + By () 315
[R(@)Cp,(0)+ 1(@)Cp ()] + [R(@)D g (0)+ 7(0) Dy ()] = (@) + Bi ().~

Relationships 3.1.5 are only true if the kth element symbolized by g, is the faulty
element. The quantities 4,,(w) etc. are computed for the nominal values of other
elements (except of course the kth element). Since both equations 3.1.5 should give
the same value of %, the condition that kth element is indeed the faulty one is given
by eliminating v, from equations 3.1.5 to yield

[72(@)+ RA@)]Ci()Dpa() — Cio @)Dy, ()] +
+ RO (0) A1 (00) + Ci (0B, () — Dy (0) A, () Co () By )]+
+ 1{(@)[C (@) B, (0)+ Cp (@) By, () — Dy (@) Ay, (0) — Dy () Ay ()] +
+ (4;, By, — A, Br)= A (0)=0 3.1.6
Theoretically only frequency measurement at one frequency is necessary, but due to
noise consideration, the condition 3.1.6 may be verified at different frequencies. If
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l - fAA(U)i)

is less than some precomputed number €, then the condition 3.1.6 is considered ful-
filled. Furthermore, value of y, has to be positive.

3.2. Example

Consider simple circuit given in Figure 3.2.1. Let the nominal values of these
various elements be

R] = R10: 1000 kQ
C =C, =1 uF=10-F 32.1

Re,
| ol
y Uz
| ©
Fig. 1
The actual values of these elements are such that the frequency response [u 8]
at m=11s
11
R(w)=3¢
322
3
X(w)= ~5 "

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

Let
%ZVD R%:Zza a%=/3 323
)= Zng: I+ i?j(;clilzzz) = é((gfi 1138 ' 324

Thus
76, 10=TiO=Tr 5oyl 325
76, 9= T~ Tr SO R 2 326
T(s, 1) = Tols) =S ool 327

1+ Sco(R10+ RZU)ZS
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Ay(@)=0 Ay ()=0 Ay()=0
Ap(@)=wCoRig=1 Ap(w)=0 Ap(w)=wCyRy =1
B(w)=1 B, (w)=1 By(w)=1

By(w)=0 By(w)=wCoRijg=1 By(w)=0

Cyy(w)=0 Cy(w)=0 Cy()=0
Cp(@)=wCoRi =1, Cp(w)=wCRy=3, Cyp(w)=wCRiy+ Ry=4
Dyy(w)=1 Dy(w)=1 Dyy(w)=1

Dp(0)=wCiRyg=3 Dy(@)=wCiRig=1 Dyy(w)=0.

Substituting these values in 3.1.6, we obtain

130 11 3

Jl—@g)z(~l)+%(2)——55(—3)-1:o 328
130 11 3 4

A:—W(“3)+§5(3)“§g(3)—§ 3.2.9
130 11 3 9

A (. falinl — N [P 3.2

Ay (26)2( Dt 3¢ (5)— 5z (O~ 1=5¢ 3.2.10

Thus element R, is faulty and its value is

B (@)= R(0)D; () + 1(0)Dy,(w) _ (26—20Y/26) _
/:‘_Zk-R[ico)Ckl(w)——Z(kw)Ck:(a))-—A,I\_l(a))“( 26 /<3>—2 3211

Hence actual value of R, is 2000 K.

In case none of the determinants 4,(w) are zero, then there is more than one element
which is faulty. In case of degeneracy such function such as input impedance is used
for identification®.

3.3. Faulr with two faulty elements

Let k; and k, be two faulty elements symbolized by y,, and y,, respectively.
The transfer function can be written as
A!cx,kz(S)Zk1Z/cz+ka,kz(s.)zm'{_Ckx,kz(S)Zlcz+Dl<1,kz(S)
By eV Tt Frey k(k Gy e+ Hie,1,(5)
where A4, ,,(s) etc. are polynomials in s.
Let
Ap, (jo)= Aw)+jdy(w) etc. dropping the indices ki, k, for convenience

T(j)=R(e)+j1 (o)
The real and imaginary part of 3.3.1 can yield the following two equations.

[R(@)E ()= 7o) Ex()— A ()]t s+ [ R()F ()~ (@) Fy(0)— Bz, +
+[R(0)G (@)~ 2()Ga(w)— C )]y, + [R(0)H (w) — 7{w)Ho(w)— Dy(w)]=0

3.3.1

T(s)=T(s, ky, ks)=

3.3.2



[R(0)Ey(w)+ (@) Ey(@0)— A @)ty 1a, + [R(@)Fy(w)+ 2(@)Fy(0) — By, +
+ [R(0)Gy(@)+ 2(0)G (@) — Co@)]ix, + [R(0)Hy (@) + (@) H (@) — Dy(@)]= 0
333
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These equations can be rewritten as

where

P} i, + Q@)yr, + U(@),+ V(w0)=0
K(@)ip dey+ L(@)y, + M(@), + N(w)=0

P(w)=R(0)E(w) — y(w)Ex(w) — 43(w)
O(w) =R(w)F(w) — yz(w)F(») — By(w)
U(w) =R(@)G () — 1(0)Gy(e) — Cy(w)
V()= R(w)H (@)— 7()H(e)— Dy(w)
K(w)= R(w)E;(0)+ y(0)E () — Ax{ @)
L(w)= R(0)F5(0) + y(w)F () — By()

M(w)= R()Gy()+ ()G () — Caw)
N(w)=R(w)H(0)+ 7(w)H (w)— Dy(w).

97

334

335

3.3.6

Let us now perform the frequency response test at two different frequencies
o, and o, yielding R{w,)+jz(»,) and R(w,)+ ji(e,). Substituting these in 3.3.6

P(w)l,_;=p, etc, we obtain

P(0)l, _2=p>
Pidiy it Qi+ i s, +0=0
Kyt oo+ Ll 100, + 1= 0
Dotk ik Gty + oy +02=0
Kap des+ B, + g+ 1, =0

eliminating the product terms, these equations can be rewritten as

Ay eyt Apaip, T a13=0
Aaifge, + Goaf, T+ A23=0
A3yhk, 3o, + a33=0

where

/, U, m p,on
i 1 i i 1
(1§ 52 e e e a,,:—— T e e
t k 2 pook 13 Pk
5 u U Dy D

fyy === 1> s Qyy=—t——2 ayy=—
P2 Py P2 Pi P2
a ly uy  Hiy g m
NET RET T EE R
¢’ P 2 P ks

The condition that the elements k; and k, are faulty is given as

Cay

s
|

t

a2 ay |

227 ay | =4,=0, 21=0, 72=0
i

433 as;z |

7 Periodica Polytechnica 21/1

Lo
(9%
~J

(0%
02
[ere]
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In case 3.3.9 is satisfied, the variables y;, and y,, can be solved from the first two
equations 3.3.8. There are circuits where degeneracy occurs and one transfer function
is not sufficient in itself to obtain the faulty elements. In such a situation more than
one function is 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 for two faulty elements:

Consider the example in Fig. 4.3.1. Two elements are assumed faulty. At a
frequency w=1, the transfer function frequency response and input admittance fre-
quency response are given as

13 .4 T .5\ -6
T(D—~3—7—-j§7, Y(D—-<§7—]ﬁ>10 V. 3.3.10
We are required to identify the faulty component. This is a degenerate network
where different combinations of R;, R, and C may yield the same transfer function.
Hence two different functions are used for identification. Three different possible
sets are:

1+S8CoR o1 1+87 A
Tu(s)zl+SC10R1021+SC10R20Z2:1+SZ1+3SZz R, and R, are faulty 33.11
Yo 1+5C, _1+s

2 1+SC R g7+ SCoRagys 1481+ 38,
T ()= 1+SR)Coys o 1+Sy ]

- 1+8R(Coys+ SRyCotars 14873+ 35713 R, and C are faulty  3.3.12
You(s)= 1+8Cqy5 _ 14Sy; -

ISR Corat SRyCotars 1+ S73+ 357013 )
Ty(s)= 1+ SR oCoxais _ 1+S7£17,3

THSRoConzst SRaCors 14872503575 | p and ¢ are faulty  3.3.13

Y. (5)= 1+8Cqy; _ 148y, !

i I+ SR oCoxitst SRy Coys  1+Sy73+38%s ]

Case 1. R; and R, are considered faulty.

From Tp(s), A=E=C=0, D=H=1, B=F=j, G=3j

4 12 24
‘P"‘K”‘Oﬂ Q"‘3‘7" U‘-g'—i: V*—ﬁ

37° 37° 37°
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Equations for variables 7, and ¥,, from T,(s), are

21+ 3%=6
Yielding 7,=2, 7,=4/3.
From Y,(s)
P=0, 0=5/37, U=15/37, V=-—30/37
K=0, L=7/37, M=21/37, N=-212/37.

The two equations in variable ¥, and y, obtained from Y,(s) degenerate into one
equation

¥+ 3y,=6, satisfied by the solutions
71=2 and y,=4/3, confirming that indeed resistors R; and R, are the faulty
components. Their true value is R;=2000 KQ, R,=4000 KQ.

Case 2. R, and C are considered faulty.

From Ts;(s)
A=B=0, C=j, D=1, E=3j, F=0, G=j, H=1
12 4 24
P—§;1-, 0=0, U"ﬁ’ V——?]
. 39 _ 24 .4
A—3—7—, L=0, M“‘"g?i’ N= 37 -

The equations in variables y, and y5 are

12%5y5+443=24
39%13—2473=4

The solution is

From Yo4(s), which is the same as To4(s)

15 ~ 30
P-—g—i, Q——O, U—5/37, V~—-—-§,7
21 30 5
T e = T |
K 370 L=0, M 37 N 37

The two equations for variables v, and %5 are
157275+ 3523=30
219573 3033=5
yielding the solution y3=1 y,=>5/3. Since this solution is not the same as obtained
from T,5(s), the elements R, and C are not the faulty elements as a pair.
'7*
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Case 3. R, and C are considered faulty.

From T5,(s)

A=jo, B=0, C=0, D=1
E=jo, F=0, G=j3w, H=1

4 12 24
P=g7. 9=0 U=5. V="3>
.24 39 4
k==g7, =0 M=55. N=r5

The equations in y; and ¥, from the function T,(s) are:
Li%3+373=6
—247,73+397;,=4
Thus

4
Zl:3/2s Z3:§ :
From Y;,(s)

A=B=0, C=jo, D=1

= jo, F=0, G=j3w, H=I1

3 i3 30
P=g7. 0=0, U=g, V=—7%
7 16
{ = e I = P i :——
K 375> L 0, M 37 N 5/317.

The equations in y; and %5 from function Y5(s) are

2173+ 373—6=0
Tyys—1673—5=0
Yielding

o)

11=3 7s=1.

Solutions from ¥ 5(s) and 7')5(s) do not agree with each other, thus R, and C are not

the faulty pair. The conclusion is that R, and R, are the faulty resistors having actual
values of 2000 K. and 4000 K, respectively.

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 be measured at one frequency (real and imaginary part) or one
function at four different frequencies (if no degeneracy occurs). In general, for a
m-element fault 2"—! measurements (real and imaginary part) of different functions,
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or one function test at 2m~! different frequencies is performed. For three-element
fault, the equations obtained are of the form

i - - Do, (O @ . .
al(c‘\)kzka,’:kxzkzlka_*.alf'g)kz/-kxlkz_{_ak'_vk:,ﬂkzlk;_’.ak:;kllk;/:kl
+al€';1)lkg+al£;)lk;+al(cls)xk;+a()”:o’ (i=1,...,8),

(kl?‘-:kz?ék:;, k], k?.’ k3=1, . .,n). 34.1

The product terms are eliminated by successive subfractions to obtain equations of
the form

Ay Lkt A dk,t A3 Y+ a15=0
Aoy Ly + Goa gy + A3 K i+ G24=0
@31 ey + B30k B33 % s T F34=0 3.4.2.
Ay Ly T Dol eyt Bazt sy + Aag=0.

The condition that ki, k, and &, are the faulty elements is given by

./J_,4=d€t Of A:O, A: {a,j}, I',jz l, . aay 4 3.4.3
L1, =0, 71 =0, Y, =0 344

The quantities %, 7., %, are solved by the first three equations. The extension to an
m-element fault is obvious.

4, Conclusion

A method has been presented for the isolation of a fault where m elements are
simultaneously faulty. In general 27! different measurements (real and imaginary
part) are made to identify the faulty elements. In case the transfer function in itself
cannot identify the faulty components, other functions such as input impedance or
transfer function between different sets of terminals is used. The method is suitable
for automatic fault identification via digital computer.

Summary

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