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A great number of monitoring technologies have been developed especially for complex systems within
the critical zones such as electric power substations, nuclear energy systems. But also, there is no single
instruction or standardization in fault-focused on-line/off-line monitoring applications due to the accel-
eration of technological developments. Field experts have difficulty in choosing which test and measure-
ment systems should be used in which stage of the complex systems. In this study, the propositional
logic-based concept is presented, which field experts can use to manage this process. In this concept, test
and measurement systems can be grouped according to the priority-order. According to the results of the
graded groups on this concept, the suspected fault is verified by the cause of the occurrence. The appli-
cability of the proposed concept has been tried to be explained by creating possible failure scenarios on

Transformer
Fault the transformer. The theoretically validated concept can be used for even more fault situations. This con-
Diagnosis cept can also be used in another complex systems with a large number of T&M systems where very dif-

ferent fault conditions can occur. 2009 Elsevier Ltd. All rights reserved.
© 2020 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The propositional logic is used in many areas in the industry
and it is also a logical representation of the system especially in
complex structures [1-4]. It allows the relations between the parts
of the system to be seen and monitored as a whole. The proposi-
tional logic forms the basis of many different methods that are rec-
ommended afterward in the literature. The propositional logic is
preferred especially in fault diagnosis and prevention applications
in order to make a decision within existing alternatives [5-8]. It
consists of propositional formulas using logical connectives at each
node for propagation or contraction [9]. It is also suitable for pro-
gramming as software or in embedded systems. On-line or off-
line monitoring of the system can be possible by this way [3,4].
At this stage, although there is no valid method, it is very impor-
tant to establish the logical propagation and the rule base struc-
tures according to field specialists’ experiences and historical test
records.

Today, many monitoring and testing methods are being devel-
oped, especially for complex and critical equipment, and also their
diversity is rapidly evolving [10-14]. In this case, there are many
options to diagnose the same failure. Certainly, it can be done mul-
tiple tests in order to obtain more accurate information regarding
the fault. But here, it is obvious that there is a need to prioritize
of the test methods. When the applications in the literature are
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examined, on-line tests/measurements systems are usually at the
beginning of this process (first-order) as in Fig. 1. The tests per-
formed on the system while the system is disabled, are in the mid-
dle order. The tests carried out in the laboratory on samples taken
from the system, are in the last order.

However, grouping may actually be more difficult than the
assumptions shown in Fig. 1. To facilitate this, it is enough to pay
attention to the main criteria. Test, measurement, and installation
costs are the main criteria. It is very important whether it includes
online technology or offline technology. How long time these tests
and measurements take and their reliability are also important
parameters. The number of staff needed and the results of the risk
analysis of the test environment are among the parameters to be
evaluated. An accurate ranking is crucial in terms of implementa-
tion difficulty and cost.

The approaches and methods used when ranking these test
methods should also be logically appropriate. Logical propagation
of decision trees/fault trees at the basic level may not always pro-
vide a suitable solution, due to the application order difference of
each test method, for complex systems. This deficiency can be
explained in Fig. 2. These phrases are defined as inputs that are
converted into a digital signal and give the possibility of failure.
If the test result indicates a fault, it is defined as 1 (True) and if
there is no fault, it is defined as 0 (False).

When all possibilities are examined in this structure, it is under-
stood that there is no fault only in one case. And in all other possi-
bilities, it is understood that the system generates fault output.
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Fig. 1. Condition monitoring technology features.

0000000011111111

0000111100001111
Fault

0111111111111111

m 0011001100110011

S
3 ;

0101010101010101

06 00

Fig. 2. Cause and effect with fault trees.

This situation is not acceptable in real systems. Because, even if
only one of the four test inputs is True, the False expression is
obtained from the output of the system. In fact, the results of the
tests carried out here are made for the same fault type and they
should be consistent. Even if the logic gate type is changed (from
or to and), it cannot be found a solution in accordance with the
actual system nevertheless.

In such a case, it is necessary to perform all the tests related to
the fault. Since untested input is assumed to be False by default,
there is no sense whether the other entries are True or False. This
is a time and cost trouble, surely. It is also clear that there is no
precedence of the logic entries of the test results relative to each
other. In other words, all entries are equally important. All these
deficiencies reveal that the classical logic approaches at the basic
level cannot be used in advanced/complex systems.

In complex systems there are many pre-symptom, symptom,
sub-fault related to the main faults. Often, fault development fol-
lows this sequence but sometimes may not as shown in Fig. 3(a).
There are numerous test and measurement alternatives to identify
all these failures and root causes. At this stage, experts have to find
out which of these T&M methods, in which order to choose, and
determine the failure development before the failure occurs. There
are some constraints such as time, cost and risk forcing them. They
need to follow the gradual path to detect symptoms and sub-faults
as shown in Fig. 3(b) and eliminate the conditions that cause the
fault. If this cannot be achieved in a timely manner, the fault will
eventually occur.

For this reason in this study, a fault diagnosis concept based on
propositional logic has been developed as an alternative to the
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[ ] Symptom

O sub-fault

@ Fault

3 0<--->e<--->0
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1){ 0<--->0<--->0
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Fig. 3. Fault occurrence process.

methods developed in the literature. The motivation of the study
was to create a logic-based facilitator in the selection and ranking
of test and measurement systems for experts working on complex
systems. The innovations in the propositional logic-based concept
include: a) easy understanding and processing with propositional
logic expressions, b) adaptation to the embedded system or com-
puter program if desired c) ability to group test and measurement
methods.

2. The propositional logic concept for fault diagnosis

According to propositional logic, a statement or claim produced
by using logical connectives is either True or False, but not both
[15,16]. Where the True “1” and the False "0” can be specified.
Basic logical connectives are shown below;

—denotes not, —~W is the negation of W

1, pW)=0
oW ={ g 1)
\/denotes or, Z\/W is the disjunction of Z and W
_ 0. pW)=0; p(2)=0
pWVZ) = { 1, otherwise )
Ndenotes and, ZAW is the conjunction of Z and W
1. pW)=1; p@)=1
WAZ) = 3
PWNZ) {0, otherwise 3)

In the propositional logic, the other two connectives whose
expressions are conditional (—) and biconditional («+) can be
derived by the atomic propositions p that use the above connec-
tives. For example; P — Q can be expressed as —P\/Q, also P < Q
can be expressed as [(-P \/Q) A (—Q \/P)].

In the suggested concept, the tests to be applied to the system
for different fault types are grouped by evaluating in many respects
such as technology, applicability, costly, etc. Then, these arranged
test groups are ranked according to a priority order. The user can
choose to perform the desired test/s regardless of a group order.
Performing one of the equivalent tests is enough to generate infor-
mation about the fault. The concept structure for a single fault type
is shown in Fig. 4.

This structure can be replicated the same for other types of
faults. Test/measurement entries should be adept to the system
in accordance with the propositional logic principle. The X;; entries
must be set to “True” to activate the relevant j. test group for the
first fault type. When the test limit value which is determined in
the system related to the fault is exceeded, “True” is entered and
this is the statement Pj,,, that the system is faulty. When the test
limit value is not exceeded, the entry is set as “False” and this is the
statement that there is no fault in the system. The propositional
formulas are created for the tests group as (Pj;; \V Pjiz ...V Piz).
The subsequent processes are described below;
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Fig. 4. The propositional logic-based concept (sequential multiple-entry for one fault type).

L= (P, VP, -V P1,) AXit A(Xam) A(=Xim 1) - A(=X13) A(=X12)
Iy = (P1,, VP, -V Py ) AX12 A(=Xam) A (“Xagm-1y) --- A (—X13)

hm-n = (Pl‘im o VPi, 12 "'VP1<m nn> AXim-1y A(~X1m)
hin = (lel VP1m2 "'vplmu) /\le
4)

Q1 = lnVhaVhis - - \Vlim-1Vhm (3)

Wherein the statements are written according to the structure
shown in Fig. 4. But, if two or more tests are performed on different
groups in the structure, the later test result is more reliable. For
example, if the result for a suspected fault is true in the previous
test group and false in the next test group, the next test result will
be valid. If a similar situation happens, it means that the suspected
fault does not occur. In other words, a different fault is developing,
other than the suspected fault. Therefore, a new fault estimate
should be made with reference to the previous test results and
the procedure should be continued until the final result is
obtained. This concept is applicable to detect for all types of faults,
without a number limit. Whether or not the suspected fault occurs
according to the selected test results is indicated by w;; outputs. If
wy; is False, it indicates that it is on the right way, and if w is True, a
different fault type option should be considered instead of the sus-
pected fault.

Wi = ‘\[X]] — (Pln vpl]z o '\/le)]
Wiy = —‘[Xu — (P121 \/P122 "‘\/Plzn)]

| (6)
Wim = ﬁ[le - (lel \/lez o VP]"'")}

For all the other fault probabilities on the system the state-
ments may be given as below;

Qi =InVIaVhs---V5myVhn
Q=L VInVis--- Vi Vi

Qr=lLaVIaVIs--- V1) VI

3. Adaptation of concept on the power system equipment

This concept has been developed for fault diagnosis and moni-
toring of complex systems. For this reason, the equipment to be
selected as an example must also be a complicated system. The
power transformer is a complex element, as well as an investment
with expensive critical value required for operating a power sys-
tem [17,18]. They have many on-line/off-line technologies in order
to monitor or detect emerging/developing faults [19-21]. So, there
are dozens of tests and measurements that can be done even for a
single fault type. But of course, there is no obligation to do them at
the same time. It is a matter of expertise which test should be
selected in which order. By the proposed concept, we present a dif-
ferent alternative to the diversity in the literature, based on propo-
sitional logic.

3.1. Possible fault scenarios

There are several types of faults that can occur in the trans-
former. This section deals with possible fault scenarios to explain
that the method is available for the fault detection and diagnosis
processes on the power transformers. In fact, a fault is a result
and it can occur due to many different reasons. Therefore, it is
important to diagnose the cause of the fault. These tests/measure-
ments are grouped in accordance with the order of priority and
shown in Fig. 5. Here, these tests and measurements have the ben-
efit either directly or indirectly to determine the related fault. Also,
these groups can be supplemented with different tests for faults, or
a separate group can be created. The logical inferences “Pj,."
obtained according to the evaluation of the selected test results
are transferred as input to the designed conceptual structure. The
results produced by each grouped tests provide information to
the specialist about which of the test to be chosen in the next
grouped tests. Thus, the cause of the related fault can be diagnosed
more accurately and effectively by making only the necessary tests
in due course.

In this study, seven different failure scenarios have been created
for 4 main faults. The main faults are defined as thermal faults
(Q1), OLTC faults (Q2), winding faults (Q3), and Insulation faults
(Q4). Sub-fault conditions that cause these main faults to occur
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Fig. 5. T&M Group-order for different possible fault types on power transformer.

are also given in Table 1 as options in accordance with Fig. 5. One
or more options from the grouped T&M system can be selected for
each fault or sub-fault condition. These are the key options for sus-
pected fault/s. Where, the T&M options can be pre-configured by a
specialist for fault condition. In the next process, the technical staff
facilitates the process by tracking these configured options.

3.2. Output statements and interpretations

Table 2, which is created according to the configured options,
will help to determine the relevant main fault and the sub-fault
conditions that may cause it. Actually, the first group consists of
the on-line monitored parameters and provides preliminary infor-
mation about the occurrence of the fault, although the location and
the reason are unknown. The second order tests include easy-to-
use T&M systems, both online and offline. And they provide more
accurate estimates of the suspected malfunction. The third and last
order T&M systems include offline /on-site tests or laboratory tests.
The tests at this stage are used to determine the exact cause loca-
tion of the failure. In the following, the causes of different main

Table 1
Possible fault scenarios and T&M selections.

faults are tried to be determined by the proposed propositional
logic concept.

3.2.1. For the first main fault Q1 (Overheating)

The first order T&M indicate only the operating temperature is
above the limit value. Problems that may cause overheating of the
transformer are the failure of the oil circulation pump and fans.
When a problem occurs in one of these elements, the output Q1
will appear as True. Therefore, when one of these is detected, the
other T&M will not be necessary.

3.2.2. For the first main fault Q1 (Overloading)

The first order T&M indicates that the operating temperature
and current value are above the limits. In this case, we have to
eliminate structural fault options that may cause temperature rise.
These are the oil cycle pump and the fans. Then it should be
checked whether this is due to an internal fault. This can be
achieved by monitoring the H, gas increase rate. If all of these
options are False and if the CO2/CO ratio is greater than 3, it can
be assumed that there is a temperature increase due to
overloading.

Possible Fault Scenarios First order T&’M

Second order T&M

Third order T&M Last order T&M

Thermal fault - Q1

Overheating Py,,,P1,,,P1,,,P1,,
Overloading Py, P15 Prys, Py
Sludge, contamination Pi,,,Py,.P1,,,Pq,,
OLTC fault - Q2

Motor Py, P2y, P2, Pay,
Contacts Py, P2y, P2, P,
Winding - Q3

Axial or radial displacement Ps,,,P3,Ps3,,,P3,

Insulation - Q4

Aging, breakdown P4, Pay,,Pay . Pay,

P121
Plzl
P12|

Pay,
Py,

P4z3

Py, - -
‘Plzz’Plszlzs - -
‘Plzz’Plzs - P144
2 P2y, - -
P2y, P, -
P332 -
N Py, Pa,,
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Table 2
The logical inference entries Pj; and related fault diagnosis Q,,

The grouped T&M Thermal fault scenarios OLTC fault scenarios Winding Insulation
fault fault
scenarios scenarios

Overheating Overloading Sludge Motor Contacts Axial or Aging,
True (1) False True (1) False True (1) False True (1) False True (1) False radial breakdown
(0) (0) (0) (0) (0) displacement True (1) False
True (1) False (0)
(0)

The test group selected True X1 True X1 True X1 True Xo1 True Xo1 True X31 True Xa1

The voltage is not within allowable False Py, False Py, False Py, True Py, True Py, False P3,, False Py,

limit values

The current is above the limit value False Py, True Py, False Py, False Py, False Py, False P3, True P4,

The temperatures are above the limit True Py, True Py, True Py, False Py, False Py, False Ps,, False P4,

values

The oil level is below the limit value False Pi, False Pi, False Pi, False Py, False Py, False Ps, False P4,

There is invalid diagnosis False Wi False Wi False Wiy False Wy False Wy True W3 False Wy

The test group is pointing to the True I True I True I True I True I False I True I

fault

The test group selected True X12 False X12 True X12 True Xon True Xon False X3 True X

There is a problem in the fan motor False P, False Py, False Py, - - - - - - - -

There is a problem in the oil True Py, False Py, False Py, - - - - - - - -

pump/motor

There is a problem in H2 rising rate - - False P1,, B - False P, True Py, - B True Py,,

There is a problem with dissolved gas - - - - - - - - - - - - - -

ratios

The CO2/CO ratio is greater than 3 - - True Py, - - - - - - False Pa,,

Abnormal infrared thermography - - - - True P, - - - - - - - -

There is a problem in OLTC motor - - - - - - True Py, False Py, - - - -

There is invalid diagnosis False wya False Wy False Wya False Wao False W - - False Wao

The test group is pointing to the True I True I, True I True I True I - - True I

fault

The test group selected False Xi3 False Xi3 False Xi3 False Xo3 True Xo3 True X33 True Xa3

The off-line DGA analysis results - - - - - - - - True Py, - - - -

indicate fault

The FRA analysis results indicate fault - - - - - - - - - - True P3,, - -

The winding resistance results - - - - - - - - - - - - True Py,

indicate fault

The TRT results indicate fault - - - - - - - - - - - - - -

There is invalid diagnosis - - - - - - - - False Wa3 False W33 False Wa3

The test group is pointing to the - - - - - - - - True I3 True I3 True I3

fault

The test group selected False Xia False Xia True Xia False Xo4 False Xo4 False X34 True Xaa

The ECT result is above the limit - - - - - - - - - - - - - -

values

The Tans result is above the limit - - - - - - - - - - - - True Pa,,

values

The DST result is above the limit - - - - - - - - - - - - - -

values

The IFT result is above the limit - - - - True Py, - - - - - - -

values

The FT results indicate fault - - - - - - - - - - - - - -

There is invalid diagnosis - - - - False Wig - - - - - - False Waq

The test group is pointing to the - - - - True Ia - - - - - - True Isq

fault
TRUE Q TRUE Q TRUE Q TRUE Q> TRUE Q> TRUE Q3 TRUE Q4

3.2.3. For the first main fault Q1 (Sludge)

The first order T&M indicate only the operating temperature is
above the limit value. If there is no problem with the cooling
equipment, it is necessary to look at the thermal distribution of
the transformer. Infrared thermography is a good option for this.
If there is an imbalance in the thermal distribution, it would be
right to doubt the deterioration in the oil. Interfacial tension (IFT)
or viscosity tests are suitable for this. Thus, it can be understood
that the oil cannot perform cooling due to sludge.

3.2.4. For the first main fault Q2 (Motor)
The first order T&M indicate only the operating voltage is not
within the allowable limit values. Voltage adjustments of the

power transformers are carried out with the help of OLTC. If a drop
or increase in voltage is outside the desired values and cannot be
corrected with the help of OLTC, there may be a problem with
the OLTC mechanism. There are two options to be tested here, as
OLTC motor and contacts. If there is only a motor failure, no further
testing will be necessary.

3.2.5. For the first main fault Q2 (Contacts)

If there is no motor fault in the OLTC system, the problem may
be with the contacts. This can be detected by monitoring the gas
H,. For a much clearer diagnosis, dissolved gas analysis may be
required. However, in some cases the contacts may adhere. In this
case, the motor will not be able to rotate the OLTC contacts, so it

Journal, https://doi.org/10.1016/j.jestch.2020.01.011

Please cite this article as: Y. Bicen, Propositional logic concept for fault diagnosis in complex systems, Engineering Science and Technology, an International



https://doi.org/10.1016/j.jestch.2020.01.011

6 Y. Bicen/Engineering Science and Technology, an International Journal xxx (Xxxx) xXx

will be overloaded and can be detected as a fault in the OLTC
motor.

3.2.6. For the first main fault Q3 (winding displacements)

Especially during short circuit faults, the windings are forced
mechanically. Sometimes, the windings can be displaced in the
radial or axial direction. This change causes imbalance in impe-
dances or voltages. If no measures are taken, it will be vulnerable
to repeated short circuit faults. However, minor displacements in
the windings after these failures may not be detected in the first
indicators. Therefore, it is recommended to perform frequency
response (FRA) analysis test on the transformer after short circuit
faults. This test will provide very clear information about winding
displacement.

3.2.7. For the first main fault Q4 (insulation breakdown)

The cellulosic material used for the insulation of the windings
ages over time and consequently the insulation weakness may
occur. At some weak points, short circuits may occur between
the windings. This may cause imbalances in the current values.
Since this situation will cause point heating, gas increase rates
can be preferred in the second order in determining the related
failure. However, winding resistances or tand value may need to
be measured for a clearer determination.

4. Conclusion

Due to the diversity of test and measurement instruments used
in critical complex system or equipment, experts are faced with
certain difficulties even if they are very good in their fields. Fault
detection and diagnosis process can sometimes become very costly
because of wrong choices. Such problems can be eliminated by the
concept proposed in this study.

The adaptation of the proposed concept has been carried out for
different fault types on the power transformer. In this study, four
main faults and some of the sub faults that may be effective in their
emergence are discussed. In fact, in a complex system such as a
transformer, the number of main faults and sub faults is much
higher than it is here. However, the elements chosen are sufficient
to explain the function of the proposed concept.

One or more tests can be selected from the T&M system groups
in order to determine the cause and nature of the possible failures.
These selections can be determined once by an expert depending
on the type of faults. This roadmap can be followed in the next pro-
cess. However, if the indications of the suspected fault are not con-
firmed in the following test steps, the possibility of related fault
should be reviewed. So, another possible fault scenario and process
is repeated according to the roadmap determined by the expert.

The propositional logic-based concept resembles a kind of
action plan specified which test can be used at which stage. This
concept facilitates the management and decision-making process
of the experts regarding the type of fault. Surely, these structures
which are grouped in different numbers and orders may change
in parallel with the demands of the experts or technological devel-
opments. This concept could also be applied to different fault types

to evaluate the entire same system. Finally, we recommend this
concept for all complex systems containing different monitoring
systems.
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