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Abstract—The symbolic technique for analog fault diagnosis
is presented in this paper. The cancellation-free Generalized
Parameter Extraction Method for parametric fault diagnosis of
electronic circuits is considered. The topological conditions of
diagnosability of the active analog circuit are discussed. The
algorithm for automotive fault diagnosis is proposed and
implemented with the Cirsym symbolic analyzer. The
experimental results on a filter circuit show the efficiency and
reliability of proposed technique.
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I. INTRODUCTION

The fault detection and diagnosis of analog circuits is an
important research area where a number of corresponding
theories and techniques have been developed [1-13]. Fault
diagnosis approaches are usually classified into two main
categories: simulation-before-test, including probabilistic and
fault dictionary techniques, and simulation-after-test,
including optimization, fault verification, and parameter
identification techniques.

The fault dictionary method compared the fault values of
the unknown conditions of the circuit under test with those
stored in the dictionary to match one of the predefined faults
according to preset criteria [1]. This is one of the most used
methods. The neural network [6, 7] is a popular technique to
build up a fault dictionary. Despite the advantages of fault
dictionary, there are still persistent challenges, such as test
point selection and potential faults simulations. To obtain the
differences between the faulty circuit response and fault-free
circuit response, wavelet technology can be used [7].

In parametric fault diagnosis procedures, the unknown
quantities are the actual component values. The measurements
are performed in the frequency domain. The number of
measurements must be not less than amount of unknown
parameters. The problem of diagnosis at a single test
frequency for the first time was studied in [8]. This approach
was to determine the currents and voltages of desired elements
from the measured currents and voltages of certain other
elements. But this method requires complicated and
inconvenient algorithm for construction of system of equation.
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More effective approach to diagnosis at a single test
frequency using nullors was proposed in [9]. Nullator-norator
models were used instead of the elements with unknown
parameters.

Symbolic analysis methods for multi-frequency parametric
fault diagnosis were successfully used in [10-12]. Symbolic
analysis is a technique for presenting the characteristics of a
circuit as closed-form functions, depending on circuit
parameters and complex frequency. But the circuit diagnosis
at the set of frequencies often deals with system of nonlinear
equations and needs special working mode to provide the
necessary accuracy and validity [10].

In this paper the symbolic technique based on Generalized
Parameter Extraction Method (GPEM) [13—15] for parametric
fault diagnosis at a single test frequency is proposed. The
description of proposed technique and algorithm for automatic
fault diagnosis procedures are presented in Section III and IV
correspondingly. The illustrative example can be found in
Section IV. Conclusions are summarizing the results of paper.

II. EXPLOITING SYMBOLIC ANALYSIS FOR PARAMITRIC FAULT
DIAGNOSIS

The representation of unknown parameters in form of
symbolic expressions provides the analysis of the general
properties of functions as well as it’s solvability. The fault
diagnosis can be reduced to symbolic analysis procedure by
means of compensation of the elements with unknown
parameters by oriented nullor models. The impedances,
admittances, controlled sources (CS) and signal sources with
unknown parameters are replaced (compensated) by oriented
norators [13]. The measuring voltages and currents are
modeled by means of oriented nullators and input sources. The
circuit transformed in that way is called compensated circuit.
The nonzero determinant of compensated circuit is a sufficient
condition of diagnosability [8].

GPEM is used for symbolic analysis of compensated
circuits in this paper. The main advantage of the method is
that it is cancellation-free comparing to matrix-based
techniques. An extension of the GPEM for the case of multiple
excitations the new circuit element is introduced — nullator
controlled multidimensional source [15]. Multidimensional
source can consist of an arbitrary number of current and/or
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voltage sources. The controlling nullator is the same for each
of them.

In accordance with GPEM the circuit response is a ratio of
two circuit determinants [14]. For example, the arbitrary
voltage function in complex form can be expressed as

V=ANAp, (D

where Ap is the determinant of the circuit, in which the input
excitations are equals to zero, Ay is the determinant of the
circuit with multidimensional source, in which the signal
sources is controlled by nullator inserted instead of voltage V.
Note that the multidimensional sources are oriented in
opposite to input sources.

For example let’s consider the test circuit in Fig. 1 (a). The
circuit with multidimensional source for calculation of
numerator determinant of current / is presented in Fig. 1 (b).
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Fig. 1. (a) Test circuit with n input voltage sources and s input current sources.
(b) Circuit with nullator controlled multidimensional source.

The calculation procedure of the determinants is based on
the recursive usage of the parameter extraction formula [14]:

A=y A(y—») + A(y = 0), 2)

where y is a parameter of arbitrary linear circuit element,
A(y—x) and A(y = 0) are corresponding determinants of the
circuit matrix in which the parameter of extracted elements
x— or y = 0 respectively.

Usage (2) to extract parameter £, in numerator circuit in
Fig. 1 (a) we obtained the circuit-algebraic expression shown
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The algorithm for automatic fault diagnosis is presented in
Section III.

III. THE ALGORITHM FOR AUTOMATIC FAULT DIAGNOSIS

A. Choosing the circuit nodes for measurements

The amount of measured currents and voltages must be
equal to number of unknown parameters. Note that the
measured variables must be control-free. The topological
conditions for identification of controlled currents and
voltages are presented in Table I. These conditions are results
from solvability rules for the linear active networks [8]. The
measured currents and voltages are represented in Table I by
ammeters and voltmeters correspondingly.

Let’s consider the topological conditions shown in Table 1.

1. All voltmeters must be included into one arbitrary
circuit tree. They cannot be connected into loops with
voltmeters, with voltage sources, with controlling
currents of CS or with nullators (see row 1 in Table I).

2. All ammeters must be included into arbitrary set of
circuit links. They cannot formed the circuit cuts with
ammeters, with current sources, with controlling
voltages of CS or with nullators (see row 2 in Table I).

3. The circuit element with unknown value (two-
terminal, input source or controlling source) cannot be
connected into loop with elements of the same type,
with input voltage sources, with controlled voltage
sources or norators (see row 3 in Table I).

4. The circuit element with unknown values cannot form
the circuit cuts with elements of the same type, with
input current sources, with controlled current sources
or with norators (see row 4 in Table I).

The rules presented in first four rows in Table I are
necessary but insufficient conditions for diagnosability of
circuit. The other causes of circuit degeneracies are possible
and some of them are shown in the fifth row in Table 1.

B. Formation of compencated circuit

All elements with unknown values (impedances,
admittances, input sources, CS) are replaced by norators in
compensated circuit. Each voltmeter is replaced by serial
connection of input voltage source and nullator, and each
ammeter is replaced by parallel connection of input current
source and nullator.

The transformation example of circuit with unknown
parameters of impedance Z» and current controlled current
source f» is presented in Fig. 2. The equivalence of circuit
models shown in Fig. 2 (a) and Fig. 2 (b) is proved in
accordance with indirect compensation theorem [13].

Indirect compensation theorem. The impedance element Z
in arbitrary linear network presented in Fig. 3 (a) with nonzero
circuit determinant can be modeled by means of nullor
elements and input voltage source connected between any pair
of nodes as it shown in Fig. 3 (b).

As can be seen from circuit shown in Fig. 3 (b) the current
at the modeling voltage source E is zero because the source
connected in series with nullator. So the source parameter E is
equal to measured voltage ¥ in circuit shown in Fig. 3 (a).
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TABLE 1. CONTROLLING CRITERIONS OF MEASURED VARIABLES
No Circuit classes
1 Circuits with loop consists of voltmeters, ammeters, voltage sources, controlling currents of CS and
nullators
() ® °
O, O,
() ()
O, O, O,
o ° (1) ® °
Y,
oP>P>o é oPP>o
() ()
O, O, O,
2 Circuits with cuts consists of voltmeters, ammeters, current sources, controlling voltages of CS and
nullators
(D] e D oD | |
3 Circuit with loop consists of elements with unknown parameters, voltage source, controlled voltage
sources and norators
? ?
Sa ' <
? ?
?
1 1 1
o — o L— o L
4 Circuit with cuts consists of elements with unknown parameters, current source, controlled current
sources and norators
? ?
5 Additional circuits
—o0—
gL v ) I E 1 14 E
U
| = “ O O L
Z.') 2 %\LVZ
L

(a)

Fig. 2. Transformation example: (a) circuit with unknown parameters; (b) circuit with compensated elements.
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(@) (b)

Fig. 3. The example of resistance compensation

The correctness of replacement of impedance Z by norator
is confirmed by following identity:

VL= VL 4)

In accordance with superposition principle the voltage V"
and current /. can be expressed as:

Vi=KiEw+KE and [L=YiE.+1HE, Q)

where K, and K, are the transfer voltage functions, Y; and Y»
are the transfer admittance functions to impedance Z from the
sources Ein, and E correspondingly.

Lets express the voltage/current ratio V. /. from (4) in
circuit-algebraic form using (5). In accordance with GPEM the
calculation of transfer function numerator deals with replacing
of input sources by norators and output signals by nullators.
Note, that the serial connection of norator and nullator leads to
open circuit, while the parallel connection of norator and
nullator leads to short:
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Now we have to present as circuit-algebraic expression the
voltage/current ratio V. /L. from (4):

1 1

Y _ (7
Ein

The extraction of parameter Z in expression (7) by means
of (2) provide the following identity:

®)

The voltage/current ratio V./I, in circuit shown in Fig. 3 (a)
is equal to impedance Z and can be expressed by means of (8) as:

+U

E in

The expressions (6) and (9) are identical because V = E
and inverting the sign of E;, in (9) leads to nullator direction
changing to opposite [14].

For another circuit element type the indirect compensation
theorem can be proved in the same way.

C. Testing of solvability of compensated circuit

Parameters of input sources in compensated circuit are
removed, and circuit determinant is calculating by means of
GPEM. If the expression of determinant is equal to zero than
fault diagnosis does not has solution for chosen voltages and
(or) currents measurements. In that case some different nodes
must be chosen and algorithm must be restarted.

D. Generation of circuit-algebraic formulae for unknown
parameters

Impedances and admittances of the unknown parameters
can be calculated as following:

AY
10 y=—"1,
(10) A

Y

7 :_A_Z
N

an

where A Z,AZ,Ay,AY — determinants of subcircuits derived

from transformed circuit. The upper indexes mean that norator
modeling unknown parameter is replaced by short, the bottom
indexes mean that norator is deleted.

For example let’s express in accordance with (10) the
circuit-algebraic formula for arbitrary impedance Z:

niieaive
RPN

I ; 3

¥

(12)

For unknown controlled source parameters the circuit-
algebraic formulae can be expressed in generalized form:

__ Ax=0)
A(y — nullor)’

(13)



2016 2nd International Conference on Industrial Engineering, Applications and Manufacturing (ICIEAM)

where jy is parameter of any controlled source; A(y =0) is
determinant of subcircuit in which controlled source parameter

X is zero, and A(y — nullor) is determinant of subcircuit in
which controlled source jy is replaced by nullor.

Circuit-algebraic formulae for unknown quantities of input
sources can be expressed as following:
A ALs
E,=— 2 and J =——— (14)
*TAE=0;J = AE=0,J=0)
where Ay and A’s are determinants of subcircuits in which

the voltage source is shorted and the current source is deleted;
A(E =0;J =0) is determinant of subcircuit in which input
sources values are nulling.

E. Generation of symbolic functions for unknown parameters

Symbolic expression for unknown parameter can be
calculated from expressions like (10), (11), (13) and (14) using
circuit-algebraic formulae (2)—(3) in accordance with GPEM
approach.

Presented parametric fault diagnosis algorithm has been
implemented by V. Filartov in freeware symbolic circuit

analyzer Cirsym (intersyn.net).

1V. EXAMPLE

Let’s consider analysis of the circuit of second order low-
frequency filter with ideal operational amplifier shown in
Fig. 4 (a). The equivalent nullor circuit of filter is presented in
Fig. 4 (b). We assume that values of resistances Ri, Rz, R3, R4
and Rs are all known and the symbolic expressions for
parameters of capacitors C;, C, and resistance Rs need to be
found. In accordance with proposed algorithm we performed
all five steps to obtain the solution.

[}
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Rl R3 1] C2
o— 1+ 1 R4
Vin
e T o
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Fig. 4. (a) Second order filter circuit; (b) Equivalent nullor circuit.

A. Lets choose the nodes 2, 4 and 6 for measuring of
voltages V>, V4 and Vs correspondingly. According to Table 1
these voltage are control-free.

B. Elements with unknown values C;, C; and resistance Rg
are replaced by norators in compensation circuit, as shown in
Fig 5 (a). The measured voltages V>, V4 and Vs are replaced by
serial connection of voltage sources and nullators. The nullor
elements must be numbered sequentially in order of increase.

C. Determinant of transformed circuit with nulling input
sources, as shown in Fig. 5 (b), need to be calculated for
verification of diagnosability of selected measuring nodes.
Each of resistances Ri, R, R3, R4 11 Rs is forming the loop with
norator or nullator so they parameters can be extracted in
accordance with GPEM. In that case resistance elements are
deleted from the circuit and the determinant of residual circuit
will be equal to unity. The symbolic expression of
compensated circuit determinant will be as follow:

D = R\R.R:R4Rs. (15)

So the determinant of compensated circuit is not equal to
zero and solution for filter fault diagnosis is exists.

D. The formulae for unknown parameters in accordance
with (4) can be expressed as:

ASCI ASCZ A

C1:_ 5 sz_ 5 Rez_%, (16)
P-Aser DAy A

where A, AC? Afand A, Ay, Age  are

determinants of subcircuit derived from compensated circuit in
Fig. 5 (a) by shorting of the norators 3, 4, and 5.

For example the circuit-algebraic expression for resistance
Rs will be as following:
1

R _ Rs
I R 3 alfs |6
V&3 3 Ry |; 4 12 215
% Ay,
Vz Vé
Re=—"— — '
— (17)
1 R > '_é 4 4| Ra 6
A —D>—H 5
" g3 R; 4
3 1 1
é é Ay, 2
v, 2 .

Note, that input sources are replaced by multidimensional
source controlled by nullator with number 5 in expression

7.

E. Next step is expansion of numerator circuit in
expression (17) by means of GPEM. The elements of nullor
marked by number 2 are connected in parallel and can be
shorted. Than the controlled sources with parameter Vs must
be extracted and replaced by norator marked by number 5. In
that case parameters of all other controlled sources will be
null. Each of resistances R, R», R3, R4 1 Rs is forming the loop
with norator or nullator so their parameters can be extracted in
accordance with GPEM. The determinant of residual circuit is
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equal to unity. So the symbolic expression of numerator will
be as follow:

N: R1R2R3R4R526 . (1 8)
R>
1 R L1
2 3
[ ]
Vm 3 §;3 Rs 1
@ Vs
V>
(@)
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Fig. 5. (a) Compensated circuit; (b) Determinant of compensated circuit.

Now let’s calculate the determinant of denominator circuit.
The resistance R4 is connected in series with nullator marked
by 2 and can be shorted. The mutual interchanging of the
norators marks / and 2 provide the shorting of nullor elements
marked by number 2 and changing the sign of expression.
Then parameter J4 can be extracted and voltage source can be
replaced by norator marked by number 5. In that case the
parameters of all other controlled sources are null. Now the
parameters Ri, R», R3 u Rs are extracting and corresponding
resistors are deleting. The determinant of residual circuit is
equal to unity. So the symbolic expression of denominator will
be as follow:

D = RiRoR5RsVs. (19)

After substitution of expressions (18) and (19) to circuit-
algebraic formula (17) and cancellation of equal terms the
formula for unknown resistance can be expressed as:

Re = — RaVs/Va. (20)
Symbolic cancellation-free expressions for other unknown
parameters have been calculated by means of Cirsym:

C1= -(-Rs5R4V1R2R3+R4Vo(R1(R2(R3+Rs5)+R3R5) +RoR3Rs +
Ri(-R2R3R4Vs-R3RaRs V1)) ApRIRsR2RaR3 V),
Co=Vo/(-pRs V). 2y
We will calculate the symbolic expressions for voltages V>,
Va4 and Vg in nullor equivalent circuit in Fig. 5 (b) by means of
Cirsym to verify the obtained results:

Vo=ViR:RsR4R3pCo/(pCo(R1R3pC1+R1+R3)RoR5 Ry
+RIR3pCo(R2+Rs5)R4-R1(R2R6-R4aRs)),
Va=-RsR4V\Ry/(pCo(RIR3pC1+R 1 +R3)R,
RsR4+R1R3pCo(R2+Rs5)R4-R1(R2R6-R4R5)),

V= RsRsVIRApCo(R1R3pC1+R1+R3)R2R5

R4+ RiR3pCo(R2+Rs5)R4-R1(R2R6-R4R5)). 22)
After substitution of voltages expressions to formulae of
unknown parameters one can obtain the identities R¢=Rs,

Ci=C; nu C,=C,. So the formulae (14) and (15) provide the
numerical result of fault diagnosis

Unlike of numerical methods of diagnosis the accuracy of
proposed symbolic technique depends only on precision of
known parameters and measured currents and voltages.

V. CONCLUSIONS

The symbolic analysis technique based on Generalized
Parameter Extraction Method successfully implemented in
parametric fault diagnosis of analog electrical -circuits.
Algorithm for automatic fault diagnosis is presented.
Symbolic solution obtained by proposed algorithm is
cancellation-free and provides the simple test for solvability.
Presented fault diagnosis algorithm has been implemented by
V. Filartov in symbolic circuit analyzer Cirsym.
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