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Abstract The analysis of the frequency response by the
Sweep Frequency Response Analysis method (SFRA) is a
diagnosis technique that can detect displacements, deforma-
tions and other mechanical and electrical failures in power
and distribution transformers. One of the main disadvan-
tages of the method is the lack of an international agreement
regarding the methodology for measurement analysis, which
is usually done by experts in the field, who normally make
the diagnosis with the aid of statistical parameters such as
correlation coefficient and standard deviation, or parameters
derived from modeling the frequency response as a complex
transfer function, represented by poles and zeros, or poles and
residues. This paper presents a new methodology for SFRA
measurement analysis, which makes use of the properties of
various types of parameters and expert knowledge through
the application of fuzzy causal diagnosis.

Keywords Power transformers - Frequency response
analysis - Fuzzy causal diagnosis.
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ADMR
AMMRR
ARA
ANC

CcC

CNS
DMSP
DMDP
DMSPDP

FAC

FCD
FF1

MF1
MM
MNC
NC

NTFC
Pert

PertN

SD

SFRA
TFC

Absolute difference of the magnitude of the
residues

Average min—max rate of the magnitude of
the residues

Ratio between the areas under the frequency
response magnitude curves

Absolute normal condition

Correlation coefficient

Consistency index

Diagnosis based on measurements on the
same phases

Diagnosis based on measurements on differ-
ent phases

Diagnosis based on measurements on both
the same and different phases

Failure condition (includes TFC and
NTFC)

Fuzzy causal diagnosis

Relative change of the first characteristic fre-
quency

Relative change in the magnitude of the first
characteristic frequency

Min—max ratio

Modified normal condition

Normal condition (includes ANC and
MNCs)

Not typified failure condition

Average percentage of the total amount of
coincident maxima and minima

Absolute change of the total number of max-
ima and minima over the entire frequency
range

Standard deviation

Sweep frequency response analysis
Typified failure condition
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1 Introduction

The sweep frequency response analysis (SFRA) method
involves measuring transfer functions in the transformer
windings when applied a sinusoidal voltage in a wide fre-
quency range and comparing afterwards present and refer-
ence measurements. This analysis could be performed by the
use of reference measurements performed on the same trans-
former phase (diagnosis based on measurements on the same
transformer phase—DMSP), or measurements on another
transformer having the same design, or comparing measure-
ments from different phases of a three-phase transformer
(diagnosis comparing measurements on different phases—
DMDP). However, the relationship between failures and
changes in the frequency response is not clearly known.

Although the method was introduced by Dick and Erven
[1] in 1978, the SFRA measurement fundamental concepts
and procedures are neither clear nor general, and the lack of
an internationally recognized procedure for analysis of the
measurements represents a significant disadvantage of the
method. The analysis is currently carried out by experts in
the field through visual inspection or using mathematical and
statistical parameters, which could lead to incorrect diagno-
sis if used on a non-systematic way. Research works [2] and
[3] provide a review of the metrology and diagnostics related
to SFRA. The SFRA method as a diagnostic technique has to
integrate off-line measurement and measurement interpreta-
tion to provide an accurate transformer condition assessment.

This paper proposes a new methodology for measurement
interpretation through an automated diagnostic system based
on the principles of Fuzzy causal diagnosis (FCD) [4,5].
This new methodology takes into account (1) the uncertainty
inherent in any type of measurement and the one arisen from
the calculation of the parameter that describe the character-
istics observed in the measurements; (2) the integration of
different types of parameters: mathematical, statistical and
rational approximation obtained from the measured complex
frequency response; and (3) the inclusion of the knowledge
given in the form of natural language by experts in the field,
for example, to qualitatively describe the characteristics that
can be seen in the measurements not only in the case of
particular type of fault but also in the cases of normal behav-
ior. Section 2 discusses some commonly used parameters
in SFRA analysis, identifying some individual advantages
and disadvantages of their implementation and introducing
other useful parameters for diagnosis. Section 3 describes the
general diagnostic strategy. Section 4 describes the normal
and abnormal behavior models proposed for SFRA diagno-
sis and how to relate one to each other. Section 5 presents
application examples and finally, Sect. 6 compiles the main
conclusions of this work. An introduction to the application
of FCD to SFRA measurement interpretation can be found
in the “Appendix”.
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2 Parameters used for SFRA diagnostics

For the development of an automatic diagnostic tool, it is
desirable that the information contained in the measurements
is described by means of several parameters whose deviations
from reference values make failure detection possible. The
use of multiple parameters simultaneously makes the diag-
nosis more reliable and robust.

The parameters considered for the characterization of the
measurements are classified into four types depending on
their nature and the information they are able to analyze, as
indicated below.

2.1 Type 1 parameters

They are suitable for the analysis of critical points (maxima
and minima of the frequency response magnitude), allowing
the behavior investigation of the resonance and antiresonance
frequencies, also known as characteristic frequencies. Ryder
[6] proposes the variation in the number of resonance fre-
quencies as a diagnostic criterion for SFRA, suggesting for
it the following parameters:

e Relative change of the first resonance frequency.

e Relative change in the magnitude of the first resonance
frequency (below 10 kHz).

e Relative change in the number of resonance frequencies in
the high frequency range (100 kHz—1 MHz). These para-
meters have been adopted and others have been introduced
with identical aim, i.e., the analysis of the characteristic
frequencies. They are shown in Table 1.

The parameters FF, and MF, are also introduced as in the
case of FF| and MF{, but considering the values of the sec-
ond characteristic frequency. Additionally, for the frequency
set frir2 = fr1 U fr2 which includes the critical points
(maximum and minimum) identified in both measurements
(note that a critical point identified in R; may not be in R»
and vice versa), the following parameters are defined:
Nriroout: Number of spot frequencies in set frig2
for which the absolute difference of magnitude and phase
between both measurements exceed pre-established limits
for diagnosis. Through the study of no-failure cases the val-
ues 0.7 dB and 0.1 rad. for, respectively, magnitude and phase
were determined and they are considered as suitable limits.

2.2 Type 2 parameters

Type 2 parameters are statistical and mathematical parame-
ters. Their application involves the use of magnitude and
phase of the frequency response and the subdivision in fre-
quency ranges. Four frequency ranges have been defined:
Range 1 (1 kHz-10 kHz), Range 2 (10 kHz-100 kHz), Range
3 (100 kHz-500 kHz) and Range 4 (500 kHz—1 MHz).
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Table 1 Type 1 parameters

Relative change of the first
characteristic frequency

Relative change in the mag-
nitude of the first character-
istic frequency

Absolute change of the total num-
ber of maxima and minima over the
entire frequency range

M
FFp =L (1) MF| = 52 (2)

Average percentage of the total amount of coincident maxima and minima

Prring, = 1{;—;1 %100 (5)

PcrtN = abs(Nt1 — N12) (3)

M 4) Pfring, = 4= %100 (6)

Pcrt = =V

R andR; reference and present frequency response measurements, respectively, f11 first characteristic frequency in Ry, fi2 first characteristic
frequency in R, M y11 magnitude of the first characteristic frequency in Ry, M y1> magnitude of the first characteristic frequency in Ry, Nt total

number of maxima and minima in Rj, N3 total number of maxima and minima in Ry, fri coincident maxima and minima in R| and R;

Table 2 Type 2 parameters

Correlation coefficient

Min-max ratio Average absolute error

Xi=xi —px (8)
Yi=yi—puy 9

iy and wy are the arithmetic
average for(x;}. {y;}it.x.

ZIN:l XiYi (7)

/N N N
ZI:I X12 ZI:I Yi2

CCkx, y) =

MM = Zrerminl,lyi)

N yi—xil
> max(lxi | Lyil) AAE(x, y) = Zi=tpnl gy

10)

The values x; and y; are the i-th elements of the frequency responses to be compared. N is the number of samples. In analyzing similarity by means
of CC, MM and AAE, the highest possible similarity level is CC =1, MM =1 or AAE =0

Table 3 Type 3 parameters

Absolute difference of the magnitude of the residues

Average Min—Max rate of the magnitude of the residues

ISR R (M) (5))— Ri (M2 (s))]
Nsr

ADMR(M((s), Ma(s))sr = 12)

ZNSR min(R; (M} (5)).R; (M)(s)))
i=1 max(R; (M| (5)),R; (M (5)))
Nsr

AMMRR(M|(s), M2(s))sr = 13)

M (s) is the function that fits the first measurement, M;(s)is the function that fits the second measurement, SR is the frequency range identifier,
Nsr is the number of residues belonging to the frequency range SR, andR; is the magnitude of the i-th residue belonging to the frequency range SR

Parameters such as the correlation coefficient (CC) and
Standard Deviation (SD), among others, have been analyzed
and used for analysis of the measurements [6,7]. From a sen-
sitivity analysis of different parameters [8], the parameters
listed in Table 2 were selected on the assumption that its
application is useful when used in a complementary man-
ner, combined with each other or with other parameters of
different types.

2.3 Type 3 parameters

Type 3 parameters are the poles and residues of the complex
frequency response. These parameters are obtained from the
function M, (s) that best fits the frequency response measure-
ment in the frequency domain. The identification of M, (s)
was carried out using the Vector Fitting algorithm [9,10].
Once the residues have been obtained and sorted by fre-
quency range, the calculation of the parameters listed in
Table 3 is carried out.

2.4 Type 4 parameters
These parameters are surface ratios and deviations. Purkait

[11] proposed parameters involving the ratio between the
areas under the frequency response magnitude curves (ARA)

Table 4 Type 4 parameters

Ratio between the areas
under the frequency
response magnitude
curves (ARA)

Percentage deviation in the areas
under the frequency response mag-
nitude curves (ADV)

| [ 1My (s)|ds— [ IMa(s)|ds

[ IMy(s)lds
ARA= 1My (s)lds

[ IMa(s)lds ADV=

(14) lioo (15)

| M (s)| is the magnitude of the frequency response of the first measure-
ment; [M5(s)| is the magnitude of the frequency response of the second
measurement

and the percentage deviation in the areas under the frequency
response magnitude curves (ADV) to detect insulation faults.
These parameters are sensitive to deviations of the amplitude
of the frequency response and, therefore, are useful for SFRA
diagnosis. Table 4 shows the mathematical expressions used
to calculate these parameters.

3 Diagnostic strategy

In using SFRA technique, it is desirable that reference mea-
surements (fingertips) should be available, but lamentably
it is not often the case. The consequence is that two diag-
nostic strategies are necessary: the first one is only focused
on cases for which reference measurements are available

@ Springer
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(Diagnostic Strategy A), and the second one is exclu-
sively based on the comparison of records from different
phases from the present measurements (Diagnostic Strategy
B). These strategies make use of the following diagnostic
procedures:

Diagnosis from Measurements on the Same Phase (DMSP)
Reference measurements are available, which represent the
normal condition of the transformer, so the diagnosis can be
made from measurements performed on the same phase at
different times.

Diagnosis from Measurements on Different Phases
(DMDP) There are no reference measurements and, there-
fore, the diagnosis must be made from measurements on the
phases of the same transformer.

Diagnostic strategy B only uses DMDP, whereas diagnos-
tic strategy A uses either DMSP or both DMSP and DMDP
for the case that the diagnosis from DMSP leads to an abnor-
mal condition, and DMDP is used to verify that DMSP is
correct.

Both DMDP and DMSP consist of two models, a normal
behavior model (NBM) and an abnormal behavior model
(ABM), so that there exist four behavior models. The normal
behavior model is used first to check whether a normal condi-
tion is met; otherwise, the abnormal behavior model is used
to classify the fault. Figure 1 depicts a simplified scheme of
the diagnostic strategy.

It is to be noted in this flow chart that the final decision for
strategy A takes the results of both DMDP and DMSP into
account.

4 Models for normal and abnormal behavior

These models have been developed on the basis of Fuzzy
Causal Diagnosis (see “Appendix”).

4.1 Normal behavior models

The normal behavior model aims to

1. detect inconsistencies between observations and the
symptoms describing the normal condition and

2. detect deficiencies in the measurements. The identifica-
tion of this type of cases speaks about the robustness of
the diagnostic system since it avoids them to be classified
as an abnormal condition.

The following types of variations are included in the normal
behavior model:

a. Changes due to interference and changes in the measure-
ment system related to the grounding system and the resis-
tance of the coaxial cable shieldings.

b. Slight variations caused by the measurement system,
specifically due to stray parameters of test leads, and the
magnetization condition of the iron core (when the trans-
former is put out of service to perform the measurements).

c. Design and construction variations between phases (i.e.
DMDP).

In order to meet these two objectives, two types of condition
are defined in the normal behavior model: Absolute Normal
Condition (ANC) and Modified Normal Conditions (MNCs).

The assumption in the case of ANC is that the observa-
tions must be consistent with the possibility distributions rep-
resenting the normal values of the attributes over the entire
frequency range.

The MNCs introduce possible variations in the measure-
ments due to the causes mentioned above, which are modeled
by modified possibility distributions derived from the ones
representing the normal values. The MNCs are able to diag-
nose the normal condition of the windings and also the low

Reference Present
Measurements Measurements |
|
Strategy B
Strategy A v s A \ 4 : 9y
trategy » DMDP <——~

Normal?
(NBM1)

Normal

Fault Type?
(ABM1)

Classified
Fault
Fig. 1 Simplified diagnostic stragegy flow chart
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Classified

Normal?
(NBM2)

Fault Type?
(ABM2)

Fault

Not Classified
Fault
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reproducibility in the tests, in the case of DMSP. For DMDP
these modified conditions indicate either external interfer-
ence or that the differences between phases are considerable.
The methodology used for the formulation of the different
conditions included in the normal behavior model is pre-
sented next.

4.1.1 Absolute normal condition-ANC

Two ANCs must be formulated, one for DMSP and another
one for DMDP. The ANC is defined for each type of diagnosis
and differs only in the limits of the possibility distributions,
which are stricter for DMSP than for DMDP.

In formulating the ANC each frequency range is evaluated
in detail by examining type 2 parameters AAE, MM and CC,
and type 4 parameters ARA and ADV. Subsequently type 1
parameters Pcrt and PcrtN are evaluated, which involve the
entire frequency range. The ANC is defined by the following
requirements:

Reql. (AAERq is normal) AND (CCRry is normal) AND
(MMR; is normal) AND (ARAR is normal) AND
(ADVR; is normal)

Req2. (AAER;3 is normal) AND (CCRy is normal) AND
(MMR3 is normal) AND (ARAR3 is normal) AND
(ADVR2 is normal)

Req3. (AAER3 is normal) AND (CCrs is normal) AND
(MMR3 is normal) AND (ARAR3 is normal) AND
(ADVR3 is normal)

Req4. (AAERy is normal) AND (CCry is normal) AND
(MMRy is normal) AND (ARARyq is normal) AND
(ADVRy4 is normal)

Req5. (Perty is normal)

Req6. (PertNr is normal),

(16)

where Reql, Req2, Req3 and Reg4 are the requirements for
frequency ranges 1, 2, 3 and 4, respectively, and Req5 and
Req6 for the entire frequency range; AND represents the
aggregation operator Soft-AND.

Bold words, e.g. AAERj, correspond to the observations,
while the word “normal” refers to the concept of fuzzy symp-
tom. Values in parentheses represent consistency indices of
the parameters with the corresponding condition.

The detailed evaluation by frequency ranges, i.e. require-
ments 1 to 4, is done by estimating the consistency between
the observations, described by the parameters AAE, MM,
CC, ARA and ADV, with their corresponding normal condi-
tion attributes. The consistency index aggregation is achieved
through the aggregation operator Soft-AND (S-AND), since
it allows to enhance the robustness and sensitivity typical
of a diagnostic system [12]. This operator is an operator in
between the AND operator and the generalized mean opera-
tor as indicated in expression (17):

S — AND(xq, ..., x3)
) 1—x)P7l/»
:1—[—ZZ=""2 ik } p € 1,00 (17)

After performing a sensitivity analysis it has been found that
the factor p = 5 gives a good sensitivity and robustness per-
formance in the measurement evaluation.

The aggregation of the six requirements is made by means
of the following expression:

(w1, Reql) @ (w2, Req2) & (w3, Reg3)

18
@ (w4, Reqd) @ (ws, ReqS) @ (wg, Reqb) , (18)
where
wi, ..., We: weight assigned to each requirement.
wi, ..., wqs = 1; ws, weg = 0.9

@ is the weighted Soft-AND aggregation operator whose
expression is given by the Eq. (19)

(-x9 wx) @ (y? wy)

1/

wl (1—x)P +wh (1 —yr "

=1_ 12 12 pE[l,OO)
wy + wy

(19)

Weighting factors are considered in the final evaluation, since
requirements 5 and 6, which are related to Pcrt and PcrtN,
typically have less information than requirements 1, 2, 3 and
4, which assess in detail each frequency range and take sev-
eral parameters into account.

4.1.2 Modified normal conditions

The MNC identification is achieved evaluating the consis-
tency and relevance indices of the observations in certain
frequency ranges using the attributes described by the normal
condition, and the consistency and relevance using attributes
other than those defined for the normal condition in other
frequency ranges. This methodology is also used to identify
the type of fault. As an example, the description of MNC1 is
presented below.

MNCI (same phase and different phases) This condition
includes slight variations in the measurements as a result
of changes in the measurement system or the core magne-
tization, which arise in the first frequency range. The iden-
tification of this condition is possible by the analysis of the
consistency of the observations with the normal condition
attributes for the frequency ranges 2, 3 and 4, and of the con-
sistency of the observations of range 1 with the attributes of
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the slightly modified condition (increased or reduced) in this
range. The requirements defining this condition are

Reql. (AAER; is slightly increased) OR (MMR; is
slightly reduced)OR (ARARy is slightly modified")
OR (ADVR; is slightly increased)

Req2. (Pert is normal) AND (PertN is normal)

Req3. (AAET_R1 is normal) AND (CCr is normal) AND
(MMr_R1 is normal)

Req4. (ARAT_R is normal) AND
(ADVT1_R1 is normal)
*for this parameter modified can be

increased or reduced

(20)

The mathematical description of the MNCs and also of fault
conditions is achieved by linking the requirements through
the operators OR (max) and AND (min) as indicated in the
description of the MNCI. In this case the aim is to achieve
a good sensitivity to deviations from the normal value of
the parameters within range 1 and also that the parameters
calculated for the other frequency ranges to be consistent with
the possibility distributions describing the normal condition.
The aggregation factor of the requirements for all modified
conditions is p = 5 and the weights of the requirements are
wy; =1, wy =1, w3 =0.95 and wyg = 0.95.

4.2 Abnormal behavior model

The abnormal behavior model is made up of conditions that
describe short-circuit, deformation and displacement fail-
ures. In this case, the main characteristics observed to identify
the type of failure are

1. The behavior of the first characteristic frequencies.

2. The appearance and disappearance of characteristic fre-
quencies.

3. Major displacements of characteristic frequencies and

4. Absolute value variations in the frequency response. As
an example, the description for the deformation condition
is given next.

4.2.1 Mechanical fault: winding deformation

The findings presented in the report “SFRA and Hoop Buck-
ling” [13] and other documented failure cases [14—17] have
been used for the definition of this fault. The evidence shows
that this type of failure involves significant deviations in the
parameters calculated for the faulted phase regarding sound
phases in the range of low and medium frequency, up to
approximately 500 kHz. Such changes include displacement
of characteristic frequencies and major changes in amplitude.

@ Springer

For the identification of the severe deformation failure the
attributes of conditions different from normal are analyzed,
especially in the frequency ranges 2 and 3. If the observations
are consistent with the attributes of the modified conditions
(other than normal) in range 2 and also with the normal con-
dition attributes in range 3, this case is identified as a severe
deformation failure. If the observations are consistent with
the attributes of the modified conditions in ranges 2 and 3,
the condition will also be considered as a severe deformation
failure.

The following expressions describe the severe defor-
mation condition, whose effects are observed in ranges 2
and 3:

Reql. (Pertis slightly reduced)OR(Nout
is equal to or greater than increased)

Req2. (AAER; is equal to or less than slightly increased)
AND (CCRy is equal to or greater than slightly
reduced) AND (MMRyis equal to or greater than
slightly reduced)

Req3. (AAER» is equal to or greater than increased) OR
(CCraisequal to or less than reduced) OR (MMRg2
is equal to or less than slightly reduced) OR
(ADVRz is equal to or greater than increased)

Req4. (Rresgz is equal to or less than reduced) OR
(ARAR3 is equal to or less than reduced/
is equal to or greater than increased)

Req5. (AAERs3 is equal to or greater than increased) OR
(CCRrszis equal to or less than reduced) OR
(MMRa3 is equal to or less than slightly reduced)
OR (ADVR3 is equal to or greater than increased)

Req6. (Rresgr3 is equal to or less than reduced)

OR (ARARj3 is equal to or less than reduced/
is equal to or greater than increased)

2

The aggregation factor of the requirements for all modified
conditions is p = 5 and the weights of the requirements are
wi=1w =095 wi=1Lws=1 ws=1yws = 1.

4.3 Linking the models

This section describes how the models of normal and abnor-
mal behavior are to be linked.

First, the diagnosis based on measurements on different
phases (DMDP) is described and afterwards the diagnosis
based on measurements on the same phase and on different
phases (DMSPDP).

‘& | Journal: 202 MS: 0286 [ TYPESET []DISK [JLE [JCP Disp.:2013/11/11 Pages: 16 Layout: Large

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418



419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

442

443

444

445

446

447

448

Electr Eng

4.3.1 Diagnosis based on measurements on different phases

In this case the measurements are processed first by the nor-
mal behavior model. In the event that these are consistent with
this model, the final diagnosis will be a normal condition of
the windings. Otherwise, the measurements are processed
by the abnormal behavior model, which checks if it is about
a typified fault or not. The corresponding algorithm for the
assessment of the winding condition consists of four steps.
Step I Individual evaluation of each measurement pair j
(for each phase j = 1,2,3) using the normal behavior model.
The following definitions are given:

CNSanc(j): Consistency between observations of the
measurement pair j and the ANC.

CNSwmncs(j): Consistency between observations of the
measurement pair j and the MNC S.

S represents the MNC having the highest consistency with the
observations. In addition to the absolute normal condition,
27 different MNCs have been defined for DMDP based on
the analysis of actual cases representing slight deviations in
different frequency ranges.

The measurements on different phases are classified by
the normal behavior model on the basis of the correspond-
ing consistency values according to the diagram depicted in
Fig. 2.

Step 2 Evaluation of the three measurement pairs and even-
tually by the abnormal behavior model if any abnormality is
detected. Two scenarios are possible:

a. If a normal condition (absolute or modified) is diagnosed
for all measurement pairs, the general diagnosis for all
windings is normal condition.

CNSanc
A
1.0

ANC: Very low
probability
zone

I
Absolute Normal |
Condition (ANC) |

|

Modified
Normal
Conditions
No Normal (MNC)
Condition

06 0.7 1.0 —CNSMNCS

Fig. 2 Consistency values for classification of measurements on dif-
ferent phases according to the normal behavior model

b. If for one or more measurement pairs there is no con-
sistency with a normal condition (absolute or modified),
it follows that they do not represent the normal condi-
tion of the windings. Consequently, for each measurement
pair the diagnosis is obtained from the abnormal behavior
model.

The consistency index between the measurement pair j and
the failure condition having the greater consistency and rele-
vance with it is named CNSpgac (j). Regarding the abnormal
behavior model, if CNSgac > 0.6, it is assumed that the
failure has been classified; otherwise it is assumed that the
diagnosis is not typified failure. The different fault condi-
tions included in the abnormal behavior model can be found
in Table 5.

Step 3 Final diagnosis and identification of the faulted
phase(s) if any.

The final diagnosis depends on the results of steps 1
and 2.

As an example, assume the case of SFRA diagnosis for
star-connected windings, where each measurement provides
information of an individual phase, as shown in Table 6.

A possible consistency analysis result is

Jj =1 (UINI1-VINI1): condition compatible with absolute
normal condition CNSanc—pn1 = 0.8.

Jj =2 (VINI-WINI): condition compatible with abnor-
mal condition with Id = 1 (short circuit); CNSgac_ph2 =
0.7.

Jj =3 (WINI1-UINI): condition compatible with abnor-
mal condition with Id = 1 (short circuit); CNSgac_ph3 =
0.7.

Itis, therefore, possible that the phases associated to the mea-
surement pair (j = 1), U and V, are in normal condition.

Table 5 Different conditions of the abnormal behavior model

Id Description

1 Short circuit fault without important mechanical damage
due to deformation and displacement

2 Short circuit fault with possible mechanical change,
detected in frequency range 2

3 Short circuit fault with possible mechanical change,
detected in frequency range 3

4 Short circuit fault with important mechanical change,
detected in frequency ranges 2 and 3

5 Deformation failure detected in frequency range 2. High
severity

6 Deformation failure detected in frequency range 3.
Moderate severity

7 Deformation failure detected in frequency range 2, 3.
High severity

8 Displacement failure detected in frequency range 3, 4.
High severity

@ Springer

& | Journal: 202 MS: 0286 [ ] TYPESET []DISK [JLE []CP Disp.:2013/11/11 Pages: 16 Layout: Large

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

Electr Eng

Table 6 Nomenclature for measurements on star-connected windings

Winding Measurement Voltage applied Voltage measured at Corresp. phase
between
Primary star direct UIN1? Ul-ground Ul-ground / N1-ground U
VINI Vl1-ground V1-ground / N1-ground v
WINI1 W1-ground W1-ground / N1-ground W

2 The number indicates the winding on which the measurements are performed

Table 7 Diagnoses from SFRA measurements performed on the same
or on different phases

Diagnosis description DRDP
Normal condition NC
Undefined condition: Contradiction situation, the ucC*
phase labeled as normal behaves similar to the
other two phases, whereas the phases labeled as
abnormal behave differently to each other.
Abnormal condition—typified fault TFC
Abnormal condition—not typified fault NTFC

NC normal condition, UD undefined condition, T7FC typified fault
condition, NTFC not typified fault condition
* Not for measurements on the same phases

The other two measurement pairs (j = 2 and j = 3) are
consistent with the short circuit fault condition, since the two
measurement pairs are related to phase W and consequently
it possibly has a short circuit failure.

Table 7 summarizes the possible diagnosis when examin-
ing measurements on different phases.

Step 4 Assessing the quality of measurements

The normal behavior model gives a linguistic estimation
for the test conditions and whether significant design and
construction variations between the phases exist. This infor-
mation will be useful for future diagnosis based on present
measurements.

MNC:s are slightly different from the absolute normal con-
dition in one or more frequency ranges, and the deviations
could be slight or moderate. To linguistically describe the uni-
formity of the measurements the following linguistic terms
have been used: very high, high, slightly high, slightly low,
low, very low.

4.3.2 Diagnosis based on measurements on the same
phases and on different phases

The main assumption for this type of diagnosis is the avail-
ability of reference measurements which describe the normal
condition of the transformer. The diagnosis is first based on
measurements on the same phases and then the results are
checked using the diagnosis based on measurements on dif-
ferent phases.
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Fig. 3 Consistency values for classification of measurements on the
same phases according to the normal behavior model

The algorithm for assessing the condition of the windings
have five steps: the first four steps are based on measurements
on the same phases and are similar to those presented for
diagnosis based on measurements on different phases. The
fifth step, which is the linkage with the diagnosis based on
measurements on different phases, gives the possibility to
detect any abnormality. The mentioned steps are described
below.

Step 1 Individual evaluation of each measurement pair
performed on the same phases by the normal behavior model
(DMSP). At this step criteria are defined to decide whether
each pair of measurements is consistent or not with the con-
ditions defined in the normal behavior model.

For DMSP the normal behavior model is made up the
absolute normal condition and 11 MNCs based on real cases
representing typified slight variations in different frequency
ranges.

The measurements on the same phases are classified by
the normal behavior model on the basis of the correspond-
ing consistency values according to the diagram depicted in
Fig. 3.

Step 2 Measurement evaluation using the abnormal behav-
ior model based for measurements on the same phases if
any abnormality is observed. As for the case of measure-
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ments on different phases, the three pairs of measurements
are processed. Two situations may arise:

a. If all measurement pairs are consistent with the normal
condition, the general diagnosis for the windings will be
normal condition. In this case an analysis using measure-
ments on different phases is not performed.

b. If one or more measurement pairs on the same phases are
not consistent with any condition of the normal behavior
model, an evaluation by the abnormal behavior model is
required. This situation can be the consequence of the
following scenarios:

e The test conditions during the reference and the present
measurements differ considerably, i.e. there is a very
poor reproducibility between measurements on the same
phases.

e The measurements evidence a fault. If the consistency
index of the failure condition has the greatest consistency
with the measurements CNStec > 0.7, the associated
windings are assumed to have such failure condition and
the failure has been fypified. If the consistency index is
CNSTrc < 0.7 the result of the diagnosis is not typified
failure.

Step 3 Final diagnosis based on measurements on the same
phases (DMSP).

The possible diagnosis result is the same as in the case of
measurements on different phases (see Table 7), except for
UC that does not exist in this case.

Step 4 Quality assessment of the measurements on the
same phases.

In this paragraph the term quality is referred to the exis-
tence of high reproducibility in the measurements. This
means that the test conditions during reference and present
measurements are very similar, leading to almost no observ-
able differences in the records. To linguistically describe the
uniformity of the measurements on the same phases, the
following linguistic terms have been used: very high, high,
slightly high, slightly low, low and very low. It should be
noted that this step is only done when the result of the previ-
ous step is normal condition.

Step 5 Supplementary analysis based on measurements on
different phases (DMDP).

As already mentioned, there are three possible diagnoses
when examining measurements on the same phases: NC,
TFC and NTFC (see Table 7). If a faulted condition (typified
or not) is diagnosed, the next step is to evaluate the measure-
ments using the model based on measurements on different
phases. From this last analysis it can be inferred either that
the observed abnormalities between measurements on the
same phases are due to poor test reproducibility, and to avoid

giving a wrong failure diagnosis or to confirm the presence
of a failure, thus making more reliable the final diagnosis.
Two cases are possible:

Case 1: The result of DMSP is typified fault (TFC)

In this case a diagnosis is made based on records of differ-
ent phases using the present records in order to confirm the
presence of failure. Table 8 describes the possible DMSPDP
results.

The starting point for this case is a typified faulted condi-
tion of the windings determined using measurements on the
same phases. Although it is not expected that the evaluation
of measurements on different phases results in a normal con-
dition of the windings, this situation has been included in the
case DMDP = NC. In this contradictory case the first diag-
nosis given by DMSP is accepted, since a greater amount
of information has been considered to give this diagnosis,
i.e. both present and reference measurements. Moreover, the
consistency with the typified abnormal condition is greater
than 0.7. Similarly, DMSP is accepted as final diagnosis
for the case DMDP = UC. The cases DMDP = TFC and
DMDP = NTFC confirm the presence of a failure; the differ-
ence is the ability of DMDP to typify the failure.

Case 2: The result of DMSP is not-typified fault (NTFC)

The starting point for this case is a not-typified faulted
condition of the windings determined using measurements
on the same phases. A diagnosis based on the measurements
on different phases using the reference records is made first
and then the same is done using the present records.

In this case there may be significant differences between
the measurements on the same phases as a result of poor test
reproducibility, a condition that could be inferred when the

Table 8 Diagnosis grid based on measurements on the same phases
and on different phases DMSPDP

DMSP
NC TEC NTFC
DMDP (present NC Nc® TEC® NC®)
measurements*) ucC N TFC® NTFC®
TEC NC® TEC® NTEC®
NTEC N TEC® NTFC®

* Note: DMDF is performed on the present measurements except for
the case labeled (5) in which it is also performed on the reference
measurements

(1) Normal condition, given by DMSP. DMDP is NOT performed.
Strictly speaking, this is not a DMSPDP case, but a DMSP case and
was only included for the sake of completeness

(2) Abnormal condition, according to DMSP

(3) DMDP = UC, the phase labeled as normal is similar to the other
two, while the abnormal phases differ from each other. Abnormal
condition, according to DMSP

(4) The abnormal condition is confirmed

(5) Normal condition. The differences observed between the measure-
ments on the same phases are due to very low test reproducibility
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separate diagnoses of measurements on the same phase and
those on different phases lead to a normal condition of the
windings [Table 8, cell labeled (5)].

Except for the case labeled (5) in Table 8, where
DMDP(reference) = DMDP(present) = NC, only DMDP
(present) is used. Since the diagnosis based on measure-
ments on the same phases (DMSP) is not conclusive,
DMDP(present) is accepted in the case that DMDP = NC
and as in the case before a low test reproducibility is assumed
for measurements on the same phases. For the case DMDP
= UC, the conclusion is that there is an abnormality in the
windings, even though it could not be typified. The cases
DMDP = TFC or DMDP = NTFC confirm the presence of
a failure and the only difference is the ability of DMDP to
typify the failure in each case.

5 Diagnostic procedure validation

5.1 Application example 1—diagnosis based on
measurements made on both the same and different
phases- DMSPDP

In the following the condition of the primary and secondary
windings of a 230/138/13.8 kV 150 MVA YYD transformer
is investigated. Reference measurements (A) made in 2003
and new measurements (B) made in 2005 are available. The
first set of data was obtained at factory, and the second was
obtained at substation.

A. Primary windings

Figure 4 shows the measured magnitude frequency resp-
onse on the same phases for the primary windings. The dif-
ferent diagnosis steps for this case are described below.

Step I Individual evaluation of each measurement pair on
the same phases.

As noted in Sect. 4.3 the measurements are first checked
for consistency with the ANC. For the three phases the con-
sistency indexis 0.2 < CNSanc < 0.8; therefore, an analysis
of consistency and relevance with the MNCs is performed.
This analysis indicates that the MNC 6 is the condition that
best explains the measurements on phase Ul. The measure-
ments on phase V1 are more consistent with MNC 2 and the
measurements on phase W1 are more consistent with mod-
ified normal condition 7. Table 9 summarizes the results of
the normal behavior model for the measurements on the same
phases.

Since the MNCs have a very low value, the conclusion of
this step is that there is a failure, and the diagnosis procedure
leads to step 2.

Step 2 Measurement evaluation using the abnormal
behavior model based for measurements on the same phases.
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Fig. 4 Measurements on the same phases. Primary windings

The three pairs of measurements are processed with the
abnormal behavior model. Table 10 summarizes the results
with the abnormal behavior model.

Step 3 Final diagnosis based on measurements on the same
phases (DMSP).

The diagnosis result based on measurements on the same
phases indicates short circuit fault.

Step 4 Assessing the measurement quality

Because of the measurements are not consistent with the
normal behavior model this step is skipped.

Step 5 Supplementary analysis based on measurements on
different phases (DMDP).

Since a typified fault condition was diagnosed by the
DMSP, the next step is to evaluate the measurements using
the model based on measurements on different phases. In this
case a diagnosis is made based on records of different phases
using the present records in order to confirm the presence
of failure. Figure 5 shows the present measured magnitude
frequency response on different phases (2005).

The measurements are evaluated with the normal behavior
model based on measurements in different phases. An abnor-
mal condition is detected for the measurements pairs U1-V 1
and V1I-W1. The measurements pair W1-UT1 is consistent
with MNC 27 with a value of 0.75; this state identifies low
variations in the measurements system observable in range
1, 2 and low interference in range 3 and 4. For the abnormal
conditions an analysis with the abnormal behavior model
is performed for the measurements pairs classified as “not
normal” by the NBM indicating that a short circuit fault is
the condition that best explains the measurements. Table 11
summarizes the results based on measurements on different
phases (DMDP).
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Table 9 Diagnosis summary using the normal behavior model. Primary windings

Measurement pair Phase ANC consistency index MNC having the highest consistency
Condition Id. Consistency index
UINI1(A)/UINI(B) Ul 0.31 6.Variations due measurement system observable in 0.18
range 1 and Low interference in range 4
VINI(A)/VINI(B) Vi 0.28 2. Variations due measurement system observable in 0.14
range 1 and range 2
WINI(A)YWINI(B) Wi 0.31 7. Variations due measurement system observable in 0.18

range 1 and medium interference in range 4

Table 10 Diagnosis summary using the abnormal behavior model. Primary windings

690

691

692

693

Measurement pair Phase Abnormal condition having the highest consistency
Condition Id. Consistency index
UINI(A)/UINIL(B) Ul 1. Short circuit fault without important mechanical 1.00
damage due to deformation and displacement
VINI(A)/VINI(B) A\l 1. Short circuit fault without important mechanical 1.00
damage due to deformation and displacement
WINI(A)YWINI(B) Wi 1. Short circuit fault without important mechanical 1.00

damage due to deformation and displacement
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Fig. 5 Measurements on the different phases. Primary windings

According to the diagnosis grid for measurements on the
same phases and on different phases (DMSPDP) given in
Table 8, the final diagnosis is an abnormal condition and the
typified fault is a short circuit. Also the analysis based on

measurements on different phases indicates that the fault is
associated with phase V.

B. Secondary windings

Figure 6 shows the measured magnitude frequency resp-
onse on the same phases for the secondary windings. The
different diagnosis steps for this case are described below.

Step I Individual evaluation of each measurement pair on
the same phases.

Table 12 summarizes the results based on measurements
on different phases (DMDP).

This analysis indicates that the MNC 1 is the condition that
best explains the measurements on phases U2 and W2, but
with a lower consistency value. The measurements on phase
V2 are directly related to an abnormal condition. The con-
clusion of this step is that there is a failure, and the diagnosis
procedure leads to step 2.

Step 2 Measurement evaluation using the abnormal
behavior model based for measurements on the same phases.

Table 11 Diagnosis summary based on measurements on different phases (DMDP). Primary windings
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Measurement pair Phase Abnormal condition having the highest consistency

Condition Id.

Consistency index

Ul-V1 Ul 1. Short circuit fault without important mechanical 1.00
damage due to deformation and displacement
1. Short circuit fault without important mechanical
damage due to deformation and displacement
27. Low variations in the measurements system
observable in Range 1, 2 and low interference in

Range 3 and 4

VI1-Wl1 Vi 1.00

WI-Ul Wil 0.75
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Fig. 6 Measurements on the same phases. Secondary windings

The three pairs of measurements are processed with the
abnormal behavior model, Table 13 summarizes the results:

Step 3 Final diagnosis based on measurements on the same
phases (DMSP).

The diagnosis result based on measurements on the same
phases indicates a short circuit fault.

Step 4 Assessing the measurement quality

Because the measurements are not consistent with the nor-
mal behavior model, this step is skipped.

Step 5 Supplementary analysis based on measurements on
different phases (DMDP).

-10
-20
o
E | /\
o) v
3 0 | ;
c
o) 4
@
=
-40 |
‘50 T \J\\l\‘ \JJ\\H‘ T T T TTT
1 10 100 1000
Frequency [Hz]
Fig. 7 Measurements on different phases. Secondary windings

Since a typified fault condition was diagnosed by the
DMSP, the next step is to evaluate the measurements using
the model based on measurements on different phases. In
this case a diagnosis is based on records of different phases
using the present records to confirm the presence of failure.
Figure 7 shows the present measured magnitude frequency
response on different phases (2005).

The measurements are evaluated with the normal behavior
model based on measurements on different phases. An abnor-
mal state is detected for the measurement pairs U2-V2 and
V2-W2; the measurements pair W2-U2 is consistent with
the ANC. For the measurements having abnormal conditions
an analysis with the abnormal behavior model is performed
indicating that a short circuit fault is the condition that best
explains the measurements. Table 14 summarizes the results
based on measurements on different phases (DMDP).

Table 12 Diagnosis summary using the normal behavior model. Secondary windings

Measurement pair Phase ANC consistency index MNC having the highest consistency
Condition Id. Consistency index
U2N2(A)/U2N2(B) U2 0.31 1. Variations due measurement system observable in 0.26
range 1
V2N2(A)/V2N2(B) V2 0.14 - -
W2N2(A)/W2N2(B) W2 0.34 1. Variations due measurement system observable in 0.26

range 1

Table 13 Diagnosis summary using the abnormal behavior model. Secondary windings

Measurement pair Phase Abnormal condition having the highest consistency
Condition Id. Consistency index
U2N2(A)/U2N2(B) U2 1. Short circuit fault without important mechanical 1.00
damage due to deformation and displacement
V2N2(A)/V2N2(B) V2 4. Short circuit fault with important mechanical 1.00
change, detected in frequency ranges 2 and 3
W2N2(A)/W2N2(B) W2 1. Short circuit fault without important mechanical 1.00

damage due to deformation and displacement
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Table 14 Diagnosis summary based on measurements on different phases (DMDP). Secondary windings

Measurement pair Phase Abnormal condition having the highest consistency
Condition Id. Consistency index
U2-v2 U2 3. Short circuit fault without important mechanical 0.89
damage due to deformation and displacement
V2-W2 V2 3. Short circuit fault without important mechanical 1.00
damage due to deformation and displacement
Ww2-U2 w2 0. ANC 1.00

According to the diagnosis grid based on measurements
on the same phases and on different phases (DMSPDP) given
in Table 8, the final diagnosis is an abnormal condition and
the typified fault is short circuit. Also the analysis based on
measurements on different phases allows to relate the fault
to phase V.

The analysis performed on secondary windings using
the abnormal behavior models based on same and different
phases resulted in more severe conditions than those iden-
tified for the primary windings, giving an indication of the
voltage level in which the damage is present.

5.2 Application Example 2—diagnosis based on
measurements made on both the same and different
phases

In the following the condition of the primary windings of a
66/13.8/6.6 kV 20/20/6 MVA YYD transformer is investi-
gated. Reference measurements (A) made in 2003 are avail-
able and also measurements (B) made in 2005. The two sets
of data were obtained at substation.

Figure 8 shows the measured magnitude frequency resp-
onse on the same phases. The different diagnosis steps for
this case are described below.

Step I Individual evaluation of each measurement pair on
the same phases.

As noted in Sect. 4.3 the measurements are first checked
for consistency with the ANC. For the three phases the consis-
tency index is 0.2 < CNSanc < 0.8; therefore, an analysis
of consistency and relevance with the MNCs is performed.
This analysis indicates that the MNC 4 (moderate interfer-

Magnitude [dB] — (shifted)

TTTT T T

1 10 100
Frequency [Hz]

T

1000

Fig. 8 Measurements on the same phases. Primary windings

ence) is the condition that best explains the measurements
related to phases V1 and W1. The measurements related to
phase Ul are more consistent with MNC 5 (severe interfer-
ence). Table 15 summarizes the results of the normal behavior
model for the measurements on the same phases.

The MNCs 4 and 5 identify significant changes in the mea-
surement reproducibility conditions as an effect of external
interference or changes in the measurement system layout
(system grounding and test leads) whose effects are observed
in the high frequency range.

Since consistency values for the MNCs are greater than
0.75, these conditions are assumed. The conclusion is that

Table 15 Diagnosis summary using the normal behavior model. Primary windings

Measurement pair Phase  ANC consistency

MNC having the highest consistency

Reproducibility conditions

index (measurement quality)
Condition Id. Consistency index
UINI1(A)/UINI1(B) Ul 0.23 5. Low interference in range 3 and 0.88 Slightly low
medium interference in range 4
VINI1(A)/VINI(B) V1 0.35 4. Medium interference in ranges 4  1.00 Slightly high
WINI(AY/WINI(B) WI 0.32 4. Medium Interference in ranges 4  1.00 Slightly high
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there were a low reproducibility between measurements
instead of a failure and the diagnosis procedure leads to
step 4.

Step 4 Assessing the measurement quality

Since the three measurement pairs are consistent with
modified normal conditions, the quality of the measurements
is checked as next step. The condition having the highest con-
sistency is determined for each measurement pair, giving a
linguistic description of them (see last column of Table 9).

The diagnosis given by experts from the visual inspec-
tion of the measurement records is the normal condition of
the transformer, which is compatible with the actual normal
operation of the transformer. The measurements were made
as part of preventive equipment maintenance.

6 Conclusions

The proposed normal behavior models, one for diagnosis
based on measurement on the same phases and the other
for diagnosis based on measurements on different phases,
show high robustness and sensitivity. Both fault detection
and identification of normal deviations in the records are
satisfactorily performed.

The failure type identification in the models of abnormal
behavior is limited. This is a consequence of the fact that
SFRA is sensitive not only to deformation, displacement and
short circuit faults in the windings, but also to changes such
as those in the leads connecting HV/LV windings to the bush-
ings for example, about which there is no enough information
to allow its typification.

The transformer condition evaluation on the base of mea-
surements on the same phases in the presence of low test
reproducibility between reference and present measurements
can erroneously lead to an incorrect diagnosis of abnormal
condition of the windings by the normal behavior model. This
situation has been identified and dealt with through a second
diagnosis based on the measurements on different phases.

The diagnosis based on measurements on different phases
has the advantage that the measurements are performed
under similar test conditions, i.e. with the same measuring
equipment, layout and procedure, similar noise and interfer-
ence environments. These conditions have similar effects on
all three measurements. Hence, if the analysis of measure-
ments on the same phases gives an abnormal condition of
the windings and the analysis of measurements on different
phases gives a normal condition, the conclusion is that the
measurements were done under low reproducibility condi-
tions.

The proposed general model is not restricted to the evalua-
tion of specific transformers. Transformers of different sizes
that range from 17 MVA to 150 MVA have been diagnosed
successfully.

@ Springer

The model is not limited to the analysis of measurements
made using a particular terminal connection either. If there is
no reference data the measurements on different phases are
used, which were performed under the same test conditions.
On the other hand, if reference data are available it could
be possible that the corresponding test layout and that of the
present measurement differ. This situation is identified by the
model based on both measurements on the same and on dif-
ferent phases (DMSPDP) as a condition of low reproducibil-
ity between measurements performed on the same phases.

Acknowledgments The co-author J.R. Secue would like to thank the
German Academic Exchange Service (DAAD) for the financial support
of this work.

7 Appendix: Principles of fuzzy causal diagnosis—FCD

SFRA diagnosis can be considered as an uncertain reasoning
problem, since the information, knowledge and representa-
tion of the observed features in the measurements by means
of parameters have uncertain nature. Consequently, a solution
method based on the principles of FCD described by Dubois
et al. [4] has been adopted. This methodology combines the
features of classical diagnostic methods based on consistency
and abductive diagnosis, through the calculation of consis-
tency and relevance indices. In applying FCD, observations
may or may not be accurate and the relationship between
symptoms and causes may or may not be fully known, as
in the case of transformer diagnosis. The variables used in
SFRA diagnosis and the calculation procedure of consistency
and relevance indices are given next.

a. Attributes (p,) Parameters used to describe the variations
observed in the measurements. For example, the correla-
tion coefficient (CC), min-max ratio (MM), average per-
centage of coincident critical points (Pcrt), among others.

b. Observations (Oi) Parameter intervals to describe the
uncertainty in the parameter measurement and calculation.
The individual value of each parameter is transformed into
an interval according to the expression:
Oi = [px — Apx, px + Apx], (22)
where py is the value of the parameter p, (e.g. CC, ARA,
etc.) calculated for both measurements, Ap, is a value
representing the uncertainty in the parameters. It can be
given by an expert, or can be expressed as in terms of the
standard deviation of the parameter (oy).

c. Fuzzy symptoms K. are possibility distributions repre-
senting the knowledge of the more or less plausible values
of parameter p,, at given state, e. As an example Fig. 9
shows the type of possibility distribution used for the para-
meters Pcrt, CC, MM and AMMRR.
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Fig. 9 Type 1 possibility distribution

For parameters to be calculated by frequency ranges, the
limits of the possibility distributions describing the normal
values of an attribute vary according to the frequency range;
they are sharper for low frequencies and more relaxed as
frequency increases. This characteristic is a consequence of
the following tendencies observed during the measurements:

1. Since the measurementis made using alogarithmic sweep,
there is more information in the low-frequency range.

2. The accuracy of the meter decreases as the frequency
increases.

3. The higher the frequency, the more sensitive is the mea-
surement to external interference and noise.

As an example, Fig. 10 shows the limits for the normal AAE
attribute as a function of the frequency range.

The pairs [0,1], [L1(R1),1]and [L2(R1),0] are the limits of
the type 2 possibility distribution of the normal AAE attribute
for the first frequency range (R1). Similarly, the pairs [0,1],
[L1(R4),1] and [L2(R4),0] are the range limits for the fourth
frequency range (R4).

d. Consistency index calculation between an observation
and a fuzzy symptom: The presence of a state e is consis-
tent with the observation O; if and only if O; N K} = @
[4]. For example, if in presence of state e the more or less
plausible values of the attribute ADV in range 4 belong to
the set that describes the concept markedly increased, then
the consistency between a particular observation Oi such

Fig. 10 Relationship between A
frequency range and AAE
normal attribute

as the one shown in Fig. 11 and the symptom is calculated
as

cs (0 (u), Kf(u))
= sup {min (nio (n), ni“’(u)) ‘u € Ui}

cs (O (u), Kf(u))

. (23)
min (nAODV—R4(u1)’ ”f&DV—R4(”l))
= Sup . 0 .
min (nADV—R4(u2)’ ”ADV—R4(”2))
=mp
where
O; = OADV-R4 = [PADV—R4 — APADV—R4,
PADV—R4 + ApADV-_R4] = [u1, us]

PADV—R4: ADV value calculated between a pair of mea-
surements in range 4.

Apapv-—Rra: value that represents the uncertainty of ADV
in range 4.

TS pv_Rra: Possibility distribution representing the more
or less plausible values of the parameter ADV in the range
4 in presence of state e.

K & pyv_ga: fuzzy set corresponding to the distribution of
possibility 75y _ga-

A consistent value equal to 1 indicates that the observa-
tion and the fuzzy symptoms are entirely consistent.

. Relevance index calculation between an observation and

a fuzzy symptom: Once all states have been calculated it
may happen that several states have consistency equal to
1. To select the one that best explains the present obser-
vations, the fuzzy inclusion between observations and
symptoms that describe the different states is calculated
by means of the Dienes—Rescher implication [4]. Follow-
ing the example above, the relevance between the obser-
vation and the symptom is

v (0;(w), Kf (u)) = 325 (nio(u)gnf(u))

0 L1(R1)

L e e — — — . Ranget __
\ . N \

. N Range 2
S N, | N0 et
. | \ __.Range3__.

. \
’ \ “.\‘ ‘.L\ \ Range 4
\ Y | '\\ \
. L2(R1) *, L2(R2) - L2(R3) L2(R4)

A *y | Y N\, >
1 1 1 T t >
L1(R2) L1(R3) L1(R4) AAE
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v (0 (w), K{ ()

0
max (1 — 7y ga (1), Ty _ga (1))

= inf
wel | max (1 — 7§y _pa(12). Thpy_pa(12))
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