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Wavelet Transform in Fault
Diagnosis of Analogue Electronic Circuits

Lukas Chruszczyk
Silesian University of Technology
Poland

1. Introduction

The aim of the chapter is description of a wavelet transform utilisation in fault diagnosis of
analogue electronic circuits. The wavelet transform plays a key role in the presented
methods and is located in important step of a feature extraction.

The chapter, among wavelet transform, contains also applications of other modern
computational technique: evolutionary optimisation on example of a genetic algorithm,
which has proven to be robust and effective optimisation tool for this kind of problems
(Bernier et al. 1995; Goldberg, 1989; Grefenstette, 1981, 1986, Holland 1968; De Jong, 1975,
1980; Pettey et al., 1987; Suh & Gucht, 1987; Tanese, 1987).

The author’s intention is presentation of a practical utilisation of abovementioned methods
(and their combination) in field of testing (fault diagnosis) of analogue electronic circuits.

2. Fault diagnosis of analogue electronic circuits

An electrical and electronic circuit testing is an inseparable part of manufacturing process.
Depending on circuit type (analogue, digital, mixed), function (amplifier, oscillator, filter,
mixer, nonlinear etc.) and implementation (tube or semiconductor, discrete, integrated)
there have been proposed variety of testing methods. Together with development of
modern electronic circuits, test engineers face more and more difficult problems related with
testing procedures. Common problems are constant grow of complexity, density,
functionality, speed and precision of circuits. At the same time contradictory factors like
time-to-market, manufacturing and testing cost must be minimised while testing speed
maximised. Important problem is also limited access to internal nodes of integrated circuits.
All these problems are related to any “life epoch” of electronic circuit: from design itself,
through design validation, prototype characterisation, manufacturing, post-production test
(quality control) and finally board/field testing (Huertas, 1993). It must be noted: the later a
fault is detected, the faster grows related cost. While final functional testing is unavoidable,
there is still an effort in finding fast and simple methods detecting at least the most probable
faults in early life stage of a circuit.

The proposed description of testing methods is limited to fault diagnosis of analogue
electronic circuits (AEC). Testing of such circuits meets specific problems (i.e. components
tolerance, fault masking, measurement inaccuracy) not presented in testing other circuits
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198 Advances in Wavelet Theory and Their Applications in Engineering, Physics and Technology

types (e.g. digital). Utilisation of a wavelet transform can greatly improve efficiency of
selected fault diagnosis and, in some cases, makes the diagnosis feasible at all. The wavelet
transform is used here as a feature extraction procedure. It must be noted that despite of
dominant role of a digital and microprocessor electronic devices, there will never be escape
from analogue circuits. Growing complexity of analogue and mixed-level electronic systems
(e.g. system-on-chip - SoC) still rises the bar for testing methods (Baker et al., 1996; Balivada
et al., 1996; Chruszczyk et al. 2006, 2007; Chruszczyk & Rutkowski 2008, 2009, 2011;
Chruszczyk 2011; Dali & Souders 1989; Kilic & Zwolinski, 1999; Milne et al., 1997; Milor &
Sangiovanni-Vincentelli, 1994; Pecenka et al., 2008; Saab et al. 2001; Savir & Guo, 2003;
Somayajula et al., 1996).

2.1 Test environment
There have been taken following assumptions on the test procedure:

1. the only available test nodes of a circuit under test (CUT) are the external nodes,
2. CUT is excited by aperiodic excitation and its shape is optimised for given circuit,
3. the only available information about CUT state is read from measurement of four
quantities (fig. 1):
a. output voltage yi(t),
b. input current ys(t),
c. supply currents y3(t) and ya(t).

y3(t) Supply current “+”
Input current l
Excitation ; ya(t) Circuit under ) Circuit response
input voltage x(®) ’ test & output voltage
P & P &
ya(t) Supply current “~“

Fig. 1. Assumed test procedure

There are only measured output voltage yi(t) and input current y»(t) in case of a passive
circuits.

The optimisation goal is the best shape of input excitation voltage (in time-domain).
Generally, it can be described as a continuous time function x(t) (fig. 2):

x(t) ER; t € [0, tymax] 1)

Due to practical reasons, there has been assumed discrete form of excitation x(n) described
by sequence of Np samples x, with constant sampling period Ts. The sampling period
always conforms Whittaker-Nyquist-Kotelnikov-Shannon sampling theorem for excitation
x(t) and all measured CUT responses. Additionally, value of Ts is set to be 10 times smaller
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than the smallest time constant of a linear CUT. This ensures good approximation of a
continuous excitation x(t) by its discrete equivalent. Maximal time length tma.x of excitation
x(t) (so its discrete approximation x(n) as well) is set to be 5 times greater than the longest
time constant of a linear CUT. Value of each sample x, is quantised to K levels (fig. 3):

{x(t1), x(t2), x(t3), ... } € x(8) 2)
the1 —th =Ts =const; n=12,..,N,
0

tm:aks
[\,
t
Fig. 2. General form of an input excitation
4 x(n)
.................... = @-.,
X3 ST
e | 9 . Xata
3 o ts
‘ : ™ t:6 3 .X >
xi,t1 o : 9
tz  ts O
X5,t5 '..“ :.‘. X7,t7 n
X6 .

Fig. 3. Input excitation sampling

In order to consider influence of real digital-to-analogue (A/D) converters, there have been
used two types of x(n) approximations:

1. “step-shape” (Oth-order polynomial), fig. 4,
2. piece-wise linear (Ist-order polynomial), fig. 5.

There have been analysed only single catastrophic (hard) and parametric (soft) circuit faults,
because such faults are the most probable.
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2.2 General tester structure

Fig. 6 presents general tester structure. The tester generates excitation signal and makes
decision about CUT state (fault) based on analysis of measured CUT responses.

According to different goals of performed fault diagnosis (detection, location or
identification) structure of a diagnostic system is shown on fig. 7. The D-Tester (fault
detector) returns on of the following decisions:

¢ GO - meaning “non-faulty - healthy circuit”,
e NO GO - means “faulty circuit” or
e  “unknown” if, for any reason, classification cannot be performed.

A

x(n)
@
X3 a2

X2

t G -':: .‘.’?(81 t8>

X1, t1

Xs5,ts5

X6

Fig. 4. “Step-shape” (Oth-order polynomial) approximation of input excitation

A

x(n)

-1

Fig. 5. Piece-wise linear (1st-order polynomial) approximation of input excitation

If fault detection is the only performed diagnosis type, the “unknown” decision can be
replaced by NO GO decision (the worst case). This obviously reduces test yield, but does not
deteriorates diagnosis trust level.
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“ ?II

The L-Tester (fault location) points which circuit element is faulty or decision
classification cannot be performed.

, if proper

The deepest level: fault identification (information about faulty element value or at least its
shift - represented by I-Tester) has not been analysed in this work.

TESTER
T TTTTTTTTEETEEETIEEEEEEIEIEIEIEEEEEEEEIE TS I
| I
I Response :
I Response . |
+—| measurement ——p —p|{ Decision
| I analyser !
. & 4 I
. Cireuit I :
' ; o |
| under test _ | I
I
I —
f I Generator :
: (excitation) 1
I
|
| e e e e e e e

Fig. 6. General tester structure

[I-TESTER - fault identificator

D-TESTER - fault detector
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Information Decision
Circuit Fault > » GO
under test detection > N 06 01 NO GO

|

Fault [——»?
location +» Faulty element ID

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

W

Fault — ?

identification » Faulty element value or its
shift outside the tolerance

margin

Fig. 7. Fault diagnosis levels
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2.3 Fault detection: D-Tester design

Presented fault diagnosis method belongs to class SBT (Simulate-Before-Test) with fault

dictionary. The dictionary contains information related to selected faults that are simulated

before circuit measurements. There is defined set F containing selected Nr faults Fy, k =1, 2,
., Nr. Fault numbered 0 (F) is used to code healthy (non-faulty) circuit:

F ={Fy,F, F,, ..., Fyr} (4)

Figure below presents structure of the D-Tester (fault detector).

Circuit —
under test |:> Circuit
—
CUT responses
Excitation
x(n)
Fault
dictionary |:> Classifier
(signatures)

Decision:
GO,NOGOor ,b?”

Fig. 8. D-Tester (fault detector) structure

The fault dictionary S is built from simulated CUT responses (for all analysed faults). The
dictionary contains N + 1 fault signatures Sy, k = 0, 1, 2..., Ny, where each signature Sy
corresponds to fault Fy (fig. 9).

The example of the fault dictionary for single response y(n) is placed below:

={S0,S1, -, SnF} = I \ ()
Each particular signature Sy is vector containing samples of response y(n) = {y1, y2 ..., ynp }:
S S S
So ySo(n) [3’10 2R yNzg]
.o lsl \ B EETC ) I BT R R Y ©
o - T
yONF (n) y; NF ¥, NFo yNI:F

so, each signature can represented by discrete series of samples:
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Sk = vS5k(n) = s (n) = {51,52, ...,sz}k; k=0,1,.. Ng (7)

Faults -
> simulation |:> eSP((:lTses
F 0~ F N yz .
Excitation
x(n)

Fault dictionary
S

Fig. 9. Schema of fault dictionary creation

According to the test and measurement assumptions, excited passive CUT returns two
responses: output voltage yi(n) and input current y»(n), where excited active CUT returns
four responses - additionally positive y3(n) and negative supply current yi(n). The
dictionary S contains fault signatures Sy, k =0, 1, 2..., N for particular CUT responses yi(n).
Example for passive CUT is presented on fig. 10 (i = 1, 2):

_ SO —
Symo ] |1 )
S
Sy, ma 7'
s Syin Sr ()
S =[ yl(n)} — y1(n),NF — yl (8)

Sy | Syamo v (n)
el PO

—Sj/z (n),NF _yZSN-;(n)_

Tolerances of circuit elements must be taken into consideration when building fault
dictionary. There has been used Monte-Carlo (MC) function of a PSpice simulator. Values of
non-faulty elements are uniformly random within their tolerance interval. The result is
multiplication of CUT responses, thus fault signatures, by factor Nmc + 1, where Nyc is
number of performed Monte-Carlo analyses (without nominal circuit). The example below
is a fault dictionary for passive CUT (i = 1, 2) and two Monte-Carlo analyses (m = 0, 1, 2),
where m = 0 = ,,nom” denotes circuit with nominal values of elements:

S{y1 (M)} mc="nom" ]

S{y1(M)}mc=1

_ S{yl (n)} MC analysis . S{yl (n)}MC=2

sy, (n)}] 5= S{y, (M)} mc="nom" ©)
S{y,(M)}mc=1

S{y2 (M)} mc=2

S
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S;x means set of signatures of k-th fault for i-th response y;(n), obtained from Nyc Monte-
Carlo simulation, where k =0, 1, 2, ..., Nrand i = 1, 2 for passive or i = 1, 2, 3, 4 for active
circuit:

Sk,MCz"nom"
Sik=| Skmc=1 |; k=0,1,..,Ng (10)
Sk,mc=2

Totally, the fault dictionary for passive CUT contains 2-(Nmc+1)-(Ng+1) signatures and for
active CUT: 4-(Nmc+1)-(Ng+1) signatures.

Figure 10 contains exemplary signatures for single CUT response and two selected faults F;
and F,. Number of Monte-Carlo analyses is Nyc = 4. There has been assumed that location
of particular signature is distance from signature Sg°™ (healthy nominal circuit). If there are
no Monte-Carlo analysis performed (all circuits are nominal), the horizontal axis contains
only S/" signatures. The Monte-Carlo analysis introduces spread around nominal values and
single signatures turn into a group of signatures S/, where m =1, 2, ..., Nyc for i-th CUT
response yi(n) and k-th fault Fx. This enables finding border values of the signature sets

(groups) - fig. 10.

Set Sy Set §; Set S,
(CUT non-faulty) (fault F7) (fault F»)
Sonom - S¢? Sol S¢? S;3 §;1 §ymom §;2 S21 Spnom §p3 2
0 : : : : Distance to
nom
- . ] . - n
Somin Somax Slmin Slmax Szmin SZmax

Fig. 10. Example of signature sets (groups) for single response and Nr = 2, Nyic = 4

Distance of each circuit response y;(n) = {yl, Vo ee Yy wees pr}i from appropriate fault

m
‘ has been calculated in two alternative

. — m __ m —
signature S;, = S}, = s (n) = {51,52, wer S ...,sz}
i,

ways:
1. one-dimensional Euclidean distance d:

] Np . 2 k:O,l,...,N
d'(k,m) = \]z [yrll - Sir,rllc,n] m=20,1,.. ’ D

n=1

where: i =1, 2 for passive CUT ori =1, 2, 3, 4 for active one,

2. absolute difference d and selected threshold U,y

i 1 lf |yl_5m |>U i k=0ill "JNF
rt k,m :{ n i,kn min ; 12
( ) 0 elsewhere m=0,1,.., Nyc (12)
di(k,m) = YoM Y ri(k,m) (13)
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where: i =1, 2 for passive CUT or i =1, 2, 3, 4 for active CUT. Level of the threshold Uy, is
related to measurement accuracy and is chosen arbitrarily by test engineer.

2.4 Fault location: L-Tester design

According to fig. 7, step of the fault location is performed only, if fault detector returns
decision NO GO. Then, fault locator tries to find which element is responsible for circuit
fault or returns decision “?” (“unknown”). The structure, design and work of L-Tester is
similar to the D-Tester, except missing state Fy (healthy circuit) in set F of analysed circuit
faults. It must be noted that, despite of one CUT state less to classify from (Fo), the diagnosis
goal of fault location is much more difficult than fault detection.

Totally, the fault dictionary contains 2:(Nmc+1)-Nr signatures for passive circuit or
4-(Nmc+1)-Nr signatures for active CUT.

3. Utilisation of a wavelet transform

One of alternative methods for simultaneous time-frequency analysis is a wavelet transform
(Daubechies, 1992). The most important differences comparing to popular Fourier transform
are:

e use of base function with limited (or approximately limited) time domain. This implies
that base function must be aperiodic,
e  base function is scaled and shifted simultaneously.

Conceptually wavelet transform is equivalent to constant percentage bandwidth frequency
analysis: Af/f0=const, used. e.g. in acoustics, but differently implemented.

The formula below defines continuous real wavelet transform (Daubechies, 1992):

X(a,b) = ﬁf_‘;x(t) p(=2)dt;  a=#0; abeR (14)

The function w(t) is called base wavelet (or mother wavelet) and its stretched and shifted
form W, u(t) called just a wavelet:

Yar®) =9(=2);  a#0; abeR (15)

The parameter a (called scale parameter) is responsible for analysis “resolution”. Small value
corresponds to high detail level which can be analysed in function x(t). This is analogue to
high frequency harmonics in Fourier transform. The parameter b (shift) is responsible for
location on the time axis (fig. 11).

The inverse transform is defined as (Daubechies, 1992):

o

x(t) = [ f_w%X(a,b)ﬁrp (£2) db da (16)

where ¢ is a synthesising function, dual to the analysing wavelet function yp and satisfying
condition:
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a

Iy o (552) 0 (52) dbda =8t - ) (17)

1./71\ T POV Pg

el I-NVrgNE= [N

: 11l
PRVEA PIVEAN PRVEA

/\ a=1 a<1 a>1
> /\ |

\VARVAR \/\/TVVL

Fig. 11. Scaling and shifting of the base functions in short-time Fourier transform (STFT) and
in wavelet transform
3.1 Discrete wavelet transform

In case of a discrete function x(n), the parameters of scale a and shift b are discrete as well
and equation (14) is modified:

m

X(m,n) = a;7 ffooox(t) Ylag™ t —n by) dt (18)

In order to completely, but non redundantly cover domain of analysed function x(n), the
parameters a and b must be calculated as follows (Daubechies, 1992):

a=ay, b = nbyay*; mnecC; ap>1; by >0 (19)

Unfortunately, in case of a discrete wavelet transform, there is no guarantee of
reconstruction of x(n) based only on values of X(m,n) coefficients (Daubechies, 1992).
3.2 Applied modifications of a wavelet transform

Utilisation of a wavelet transform as a feature extractor is based on a continuous transform.
Numerical calculations (performed in Matlab environment) lead to following assumptions:

e domain of a function x(n) is limited:

supp[ x(n)] € [0; tmqx] (20)

e continuous function x(t) is approximated by discrete x(n) (0t order polynomial, fig. 4),
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e  values of scale parameter a are limited to natural numbers and value of amax is selected
by test engineer:

a= 1,2, .., Qmax (21)
e  values of shift parameter b are limited to natural numbers including 0:
b=0,1,..,Np—1 (22)

This allows following transformations of formula (14):

X(a,b) = =T o i x(®) p (57) dt (23)
X(a,b) = =X ox(m i p(57) dt (24)
X(a,b) = =32, x) (S0 v (7) de = 7, w(57) dt) (25)
where expression:
7, @t (26)

is calculated numerically, dependent on selected base wavelet (Daubechies, 1992). In
simplified case, when mother wavelet y(t) exists in analytical form, equation (25) can be
expressed directly in discrete form:

- a=12,..,a
X(@b)= Il xmy ()5, 0.1, Np—1 (27)

The above formula clearly shows, that there must performed Np operations of convolution
of sequence x(n) with discrete wavelet y(n) for each value of scale parameter a. This allows
easy evaluation of a numerical complexity of such transformation.

3.3 Fault detection with wavelet fault dictionary: DW-Tester

CUT returns discrete responses yi(n) for applied excitation x(n). According to eq. (25) or (27)
there is calculated set of wavelet coefficients Yj(a,b) for each response y;(n):

Yi(a,b) = TF[y;(n)] (28)

where i = 1, 2 for passive CUT or i =1, 2, 3, 4 for active CUT and TF is a transform with
selected base wavelet function, according to (25) or (27).

[ Y11 Yio Yinp-1 ]
Y = | Y21 YZZ YZ,Np—l (29)
|~Yamax'1 Yamax-2 Yamax'NP_1 AmaxXNp—1

Distance of a single CUT response yi(n) (represented by matrix of wavelet coefficients Yi ) to
appropriate fault signature (also in form of a wavelet coefficients S ,f 1) is calculated as:
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1. two-dimensional Euclidean distance:

Np=1_ .
d'(j, k) = \/ZZ’;‘;"‘Zb:O [Yi(a,b) - S (a,b)]

J

where i =1, 2 for passive CUT ori =1, 2, 3, 4 for active CUT;

2.  two-dimensional linear Pearson correlation:

dp

where:

and:

for:

where:

=

Np-1

Sale* Tyly [¥{@b)-V[sg" (@b)-si |

k = O, 1, ""NF

= 1, 2, ""NMC

— 1 a
Yl — Z maks
Amaks'(Np—1)
Fuj 1 Amak
S — maks
k amaks'(NP_l) Z
k=0,1,.., Ng

=0

a=1

a=1

Nt Yi(a, b)

Np—1 oF,i,j
bio Sk ”(a, b)

i=1, 2 for passive CUT ori=1, 2, 3, 4 for active CUT,
Y and S are mean values of elements of respectively matrixes Y and S,

_ . _ _ L —2
e gy e )71 5 5[5 ) -sE

(30)

(31)

(32)

(33)

S ,f 7 denotes wavelet signature (matrix of wavelet coefficients) of i-th response yi(n), for k-th
fault Fx and j-th Monte-Carlo analysis.

Excitation

x(n)

—

Circuit
under test

Fault dictionary
(signatures)
SF

-

Circuit
responses

4Ll

Wavelet
transform

igs

-

Classifier

iy

GO,

Decision:
NOGOor,?”

Fig. 12. Schematic of a DW-Tester
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3.4 Fault location with wavelet fault dictionary (LW-Tester)

According to fig. 7, the fault location is performed only, if fault detector returns decision NO
GO. Then, the fault locator points damaged element or returns decision: “?” (“unknown”).
The structure, design and work of LW-Tester is similar to the DW-Tester, except missing
state Fo (healthy circuit) in set F of analysed circuit faults.

Distance of a single CUT response yi(n) (represented by matrix of wavelet coefficients Y;j)

from appropriate fault signature (also in form of a wavelet coefficients S ) is calculated as
follows:

1. two-dimensional Euclid distance:

Np-1_ Qi 2 k=1,2,..,N
di( k) = “maxz Yi(a,b) — S™" (a, b =12 N 34
Gok) = Jz U Maen-siPanl S (34)
where i =1, 2 for passive CUT ori =1, 2, 3, 4 for active CUT;
2. two-dimensional linear Pearson correlation:
z:a.-maxz [Yi(ab) W[Sk”(ab) SFL]]
N 1 N (35)
Jz“maxz P ia )72 S 5P 5E (a.0) 5T
where:
Vi — 1 Amax NP 1
vt= Amax'(Np—1) Za:l vt (a b) (36)
and:
Fu) _ 1 Amax ~Np—1 oF,i,j
Sk V= amax-(NP—l)ZCl:l oo Sk “/(a,b) 37)
for:
k=1,2, ,NF j=1,2, INMC
where:

i=1, 2 for passive CUT ori=1, 2, 3, 4 for active CUT,

Y and S are mean values of elements of respectively matrixes Y and S,

S ,I: I denotes wavelet signature (matrix of wavelet coefficients) of i-th response yi(n), for k-th
fault Fx and j-th Monte-Carlo analysis.

4. Examples
4.1 Example 1: Biquadrate active low-pass filter

Fig. 13 presents biquadrate active low-pass filter [Bali9%]. Specialised excitation has been
found by means of a genetic algorithm and diagnosis efficiency has been compared to case
of testing using simple excitation: input voltage step. There have been selected 8 parametric
faults among 4 discrete elements: C;, C;, R, and Ry4: £10% above and below nominal values.
Tolerances of non-faulty elements were equal 2% for resistors and 5% for capacitors.
Sampling time of discrete excitation and CUT response was equal to Ts = 50 ns.

www.intechopen.com



210 Advances in Wavelet Theory and Their Applications in Engineering, Physics and Technology

There have been investigated three cases, different by method of comparison of CUT
responses with appropriate fault signatures and utilisation of wavelet transform.

1. The distance between CUT responses and fault signatures is calculated by means of
one-dimensional Euclidean distance (11) and wavelet transform is not used. The
excitation x(n) and CUT responses yi(n) were discretised by Np = 200 samples.

2. Fitness value fit of a particular solution in a genetic algorithm was modified by energy
density in found excitation frequency spectrum. This introduced positive selection
“pressure” on solutions (excitations) with lower high frequency components. The first
step was calculation of discrete frequency spectrum F(m) of a excitation x(n) [Lyon99]:

Fm) =YV x(m)-e /™ m=0,1,2..,Np— 1 (38)

n=0

Then, obtained spectrum was divided into two equal intervals: [0, i) and [ii), or

4T, 4T, 2T,
equivalently [O,% - 1] and [%, Np — 1]. In last step, total energy E; in each i-th interval was
calculated:

Np_y B
E =32 [Fm)* oraz E, =% " yIF(m) (39)
2
Finally, value of fitness function fit was modified as follows:
jeSli E; > E, to fit = 2 fit
o L1 (40)
jeSliE; < E, to fit — E'flt

3. There has been used wavelet transform to build fault dictionary. The excitation x(n) and
CUT responses yi(n) were approximated by Np = 100 samples.

1
| S
C1 10pF R6 10k
R? C2 10pF

—( —
AN 4
Uin o}~ R3 10k
10k — - e

+ 10k — |-
r’r 10k -
f‘i' Uout

Fig. 13. Biquadrate active low-pass filter [Bali96].

Ad. 1

Figure 14 presents found excitation in time domain and its normalised amplitude spectrum
can be found in figure 15. Table 1 shows efficiency of fault detection for step and specialised
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excitation (probabilities of a healthy circuit correct detection - true positive Hy; healthy
circuit incorrect detection - false negative Hg; faulty circuit correct detection - true negative
Fr and faulty circuit incorrect detection - false positive Fy). Similar data, but for case of fault
location (probabilities of fault Fy classified as Dy, with correct decisions in main diagonal)
can be found in table 2 for found excitation and in table 3 for diagnosis with step excitation.

—

= <«
o oo

|
= = =
[CT — T S

|
=
M=

Normalised amplitude

1 |
=2 2
[rs] (=}

1 1

05 1 15 2 25 3 35 4 45 5

Time [us]

|
[—
=

Fig. 14. Found specialised excitation x;(n)

3]

Normalised amplitude
e i e A .
= = R W H= o 1 A D
)
)
)
]
=
)
)]
)
|

e

3 4 5 6 7 8 9 10
Frequency [MHz]

=
—
]

Fig. 15. Normalised frequency (amplitude) spectrum of found excitation x;(n)
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Excitation | Hy Hg Fr Fu
x1(n) 0251 0.75 | 0.93 | 0.07
Step 0.03 |1 0.97 | 0.96 | 0.04

Table 1. Fault detection efficiency (ad. 1)

Dy D, Ds D4 Ds Ds D7 Ds
FrL 032 |002 |003 [029 [003 |0 027 |0
F, | 004 |036 | 010 {001 |0 005 |0 0.17
F; | 005 | 023 | 047 |0 004 |0 0 0.14
F, | 014 (004 | O 043 |0 018 | 0.08 | O
Fs | 001 |0 014 |0 073 |0 012 |0
Fe | O 001 |0 008 |0 071 |0 0.18
F» 1017 |0 0 003 |0 0 080 | O
Fs |0 019 (002 |0 0 005 |0 0.72

Table 2. Fault location efficiency for specialised excitation (ad. 1)

Dy D, D; Dy Ds Ds Dy Ds
F, | 014 |001 |O 019 029 |001 |012 |0.22
F |0 013 1003 |0.03 [037 002 |O 0.34
F; | 0 011 | 012 | 004 |035 |0 0 0.34
F, | 015 | 002 |O 0.28 1020 |003 |003 |021
Fs |0 0 006 | 014 | 041 |O 0.02 | 037
F¢ | 004 | 006 |0 005 | 021 [015 |O 0.37
F, 1010 | O 0 020 027 |0 0.27 | 0.16
Fs |0 021 | 0.04 |O 023 1001 |O 0.49

Table 3. Fault location efficiency for step excitation (ad. 1)

It can observed that found specialised excitation xi(n) increased test yield in case of fault
detection (tab. 1) and efficiency proper fault location was 1.5 + 5 times greater (tab. 2 and 3
main diagonals, better values marked red).

Ad. 2

Figure 16 presents found excitation in time domain and its normalised amplitude spectrum in
figure 17. Table 4 shows efficiency of fault detection for step and specialised excitation
(probabilities of a healthy circuit correct detection - true positive Hy; healthy circuit incorrect
detection - false negative H; faulty circuit correct detection - true negative Fr and faulty circuit
incorrect detection - false positive Fy). Similar data, but for case of fault location (probabilities
of fault F, classified as Dy, with correct decisions in main diagonal) can be found in table 5 for
designed excitation and in table 6 for diagnosis with step excitation.
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Fig. 17. Normalised frequency (amplitude) spectrum of found excitation x(n)
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Excitation | Hy Hg Fr Fu
x1(n) 0251 0.75 | 0.93 | 0.07
Step 0.03 |1 0.97 | 0.96 | 0.04

Table 4. Fault detection efficiency (ad. 2)

Dy D, D3 Dy Ds Ds D7 Ds
F, (032 | 002 | 003 |029 |003 |0 027 |0
F, | 004 036 |010 001 |0 005 |0 0.17
F; | 005 [023 |047 |0 004 |0 0 0.14
F, (014 (004 |0 043 |0 018 | 0.08 |0
Fs | 001 [0 014 |0 073 |0 012 |0
Fe | 0 001 |0 008 | O 071 | 0 0.18
F, | 017 | O 0 003 |0 0 080 |0
Fs |0 019 | 002 |0 0 005 |0 0.72

Table 5. Fault location efficiency for specialised excitation (ad. 2)

D4 D, D3 D, Ds Ds D7 Ds
F, (014 (001 |0 019 | 029 | 0.01 | 012 | 0.22
F |0 013 | 003 | 003 | 037 |0.02 |0 0.34
F; | 0 011 | 012 | 004 | 035 | O 0 0.34
F, | 015 [0.02 |0 0.28 | 020 | 0.03 | 0.03 | 0.21
Fs |0 0 006 | 014 | 041 | O 0.02 | 0.37
Fs | 004 | 006 |0 005 021 015 |0 0.37
F, | 010 | O 0 020 | 027 |0 0.27 | 0.16
Fs |0 021 | 004 | O 023 (001 |0 0.49

Table 6. Fault location efficiency for step excitation (ad. 2)

Found specialised excitation x2(n) increased test yield in case of fault detection (tab. 4) and,
in most cases, increased efficiency of a proper fault location (tab. 5 and 6).

Ad. 3

Figure 18 presents found excitation in time domain and its normalised amplitude
spectrum in figure 19. Table 7 shows efficiency of fault detection for step and specialised
excitation (probabilities of a healthy circuit correct detection - true positive Hy; healthy
circuit incorrect detection - false negative Hp; faulty circuit correct detection - true
negative Fr and faulty circuit incorrect detection - false positive Fy). Similar data, but for
case of fault location (probabilities of fault Fy classified as Dy, with correct decisions in
main diagonal) can be found in tab. 8 for found excitation and tab. 9 for diagnosis with
step excitation.
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Fig. 19. Normalised frequency (amplitude) spectrum of found excitation x3(n)
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Excitation | Hy Hg Fr Fu
x3(n) 0.17 | 0.83 | 0.90 | 0.10
Step 0.16 | 0.84 | 0.91 | 0.09

Table 7. Fault detection efficiency (ad. 3)

Dy D, Ds D4 Ds Ds Dy Ds
F, |035 |0 010 | 014 | 0.07 | O 030 |0
F. | 001 |024 (016 | 007 |0.01 |0.07 |O 0.28
F; | 0.04 | 019 020 |014 |0.02 |0.06 |O 0.07
F, |033 |002 |017 |015 | 005 |0.01 |018 | O
Fs 032 |0 018 | 023 | 011 | O 012 | 0
Fe (001 | 015 | 016 | 0.13 | 0.03 | 0.06 | O 0.31
F (008 |0 0 0 0 0 092 | 0
Fs |0 017 |0 0 0 013 |0 0.67

Table 8. Fault location efficiency for specialised excitation (ad. 3)

Dy D, Ds Dy Ds Ds D7 Ds
F, | 016 |0.02 | 010 |036 | 0.04 |0.07 | 0.04 |0.10
F. | 010 |0 015 | 0.09 | 0.02 | 0.05 | 0.05 | 0.45
F; | 0.07 |002 | 028 008 |0 0.04 | 0.01 | 0.40
F, |012 | 001 | 011 |037 | 0.04 |0.02 | 0.05 |0.16
Fs | 012 | 0.06 | 019 | 014 | O 0.06 | 0.05 | 0.26
F¢ | 011 | 0.02 | 025 | 0.08 | 0.06 |0.06 | 0.02 | 0.30
F, | 024 | 003 | 0.04 052 |0.01 {001 |0.09 |0.01
Fs | 005 | 003 |023 |0 0.01 {0.03 |0 0.57

Table 9. Fault location efficiency for step excitation (ad. 3)

Designed specialised excitation x3(n) together with utilisation of wavelet transform has
increased efficiency of a proper fault location (tab. 8 and 9), with exception of faults F3 and
Fi. However, it must be noted that specialised excitation together with wavelet transform
enabled proper location of faults F, and Fs (tab. 9, marked blue), which cannot be localised
at all using simple step excitation.

4.2 Example 2: Active low-pass filter

Figure 20 presents active low-pass filter (Kaminska et al., 1997). Designed excitation x(n) has
been approximated by a Oth order polynomial (fig. 4). Amplitude of each sample x, is binary
coded by N = 3 bits. Width t,, of each interval is changed in range 1 do 8 ps and its
resolution is Mg = 2 bits coded by Gray code. Non-faulty tolerances were equal 2% for
resistors and 5% for capacitors. There were selected 8 parametric (soft) faults of discrete
elements (R, Ry, R and C): £10% shift above and below nominal values.
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There have been analysed four active CUT responses (fig. 1). Assumed observation
windows was Tmax = 50 ps after last falling edge of the excitation. This value is also equal to

time when circuit reaches steady state after step excitation.

There have been investigated two cases:

1.
(11).
2.
(30).

Fig. 21 and 22 present found excitations for case 1 and 2 respectively. Tab. 10 presents

D-Tester (without wavelet transform) and one-dimensional Euclidean distance metrics

DW-Tester with Meyer base wavelet and two-dimensional Euclidean distance metrics

diagnosis efficiency for defined faults and excitations.

U1

1

1k

R1

o

10nF

R3
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1.5k

Fig. 20. Active low-pass filter (Kaminska et al., 1997)
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Fig. 21. Found specialised excitation for case 1
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Case | Excitation | F; F> F3 F,4 F5 Fe F7 Fg

x1(n) 0.68 | 0.63 | 0.58 | 0.63 | 0.74 | 0.68 | 1.00 | 1.00
Step 047 10421 0.79 | 0.63 | 0.37 | 0.47 | 0.74 | 0.89
x2(n) 058 | 0.63 | 0.68 | 0.47 | 0.89 | 0.74 | 1.00 | 1.00
Step 058 | 0.63 | 0.53 | 0.63 | 0.21 | 0.53 | 1.00 | 1.00

1

Table 10. Fault location efficiency
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Fig. 22. Found specialised excitation for case 2

Found specialised excitation improved efficiency of analysed single parametric (soft) faults.
Utilisation of wavelet transform brought further improvements: i.a. there has been reached
100% proper location of faults F7 and Fs. Improvement of fault diagnosis was also obtained
in testing using simple step excitation (tab. 10, case 2).

5. Conclusions

Utilisation of a wavelet transform as a feature extraction from CUT responses and in
building fault dictionary resulted in general improvement of diagnosis efficiency. There
have been investigated single catastrophic (hard) and parametric (soft) faults of passive and
active analogue electronic circuits. It must be emphasized that the last faults are much more
difficult to diagnose, because their influence on circuit behaviour (e.g. transfer function) is
much weaker than catastrophic ones. It must be also noted that fault location is more
difficult diagnostic goal than fault detection (“just” a differentiation between healthy and
faulty circuits). Wavelet transform has been found useful tool in diagnosis of analogue
electronic circuits, both in reference cases of simple excitations (step function, real Dirac
pulse, linear function) and in cases when excitation has been designed by genetic algorithm.
In every case, combination of specialised excitation and wavelet transform resulted in
highest efficiency of fault diagnosis.
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It has been also found that in some cases (example 2) utilisation of wavelet transform
allowed 100% location of a selected faults. Merging genetic algorithm and wavelet transform
in example 1 allowed design of test excitation which enabled location of faults completely
hidden for diagnosis using step excitation.

It must be also added that abovementioned results have been achieved for simple, non-
optimised classifiers based on simple, the closest neighbourhood metrics.
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