
R
ev

is
ed

 P
ro

of

Electr Eng
DOI 10.1007/s00202-013-0286-6

ORIGINAL PAPER

New SFRA measurement interpretation methodology
for the diagnosis of power transformers

Janneth R. Secue · Enrique E. Mombello

Received: 17 January 2012 / Accepted: 21 October 2013
© Springer-Verlag Berlin Heidelberg 2013

Abstract The analysis of the frequency response by the1

Sweep Frequency Response Analysis method (SFRA) is a2

diagnosis technique that can detect displacements, deforma-3

tions and other mechanical and electrical failures in power4

and distribution transformers. One of the main disadvan-5

tages of the method is the lack of an international agreement6

regarding the methodology for measurement analysis, which7

is usually done by experts in the field, who normally make8

the diagnosis with the aid of statistical parameters such as9

correlation coefficient and standard deviation, or parameters10

derived from modeling the frequency response as a complex11

transfer function, represented by poles and zeros, or poles and12

residues. This paper presents a new methodology for SFRA13

measurement analysis, which makes use of the properties of14

various types of parameters and expert knowledge through15

the application of fuzzy causal diagnosis.16

Keywords Power transformers · Frequency response17

analysis · Fuzzy causal diagnosis.18
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AAE Average absolute error20

ADV Percentage deviation in the areas under the21

frequency response magnitude curves22
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ADMR Absolute difference of the magnitude of the 23

residues 24

AMMRR Average min–max rate of the magnitude of 25

the residues 26

ARA Ratio between the areas under the frequency 27

response magnitude curves 28

ANC Absolute normal condition 29

CC Correlation coefficient 30

CNS Consistency index 31

DMSP Diagnosis based on measurements on the 32

same phases 33

DMDP Diagnosis based on measurements on differ- 34

ent phases 35

DMSPDP Diagnosis based on measurements on both 36

the same and different phases 37

FAC Failure condition (includes TFC and 38

NTFC) 39

FCD Fuzzy causal diagnosis 40

FF1 Relative change of the first characteristic fre- 41

quency 42

MF1 Relative change in the magnitude of the first 43

characteristic frequency 44

MM Min–max ratio 45

MNC Modified normal condition 46

NC Normal condition (includes ANC and 47

MNCs) 48

NTFC Not typified failure condition 49

Pcrt Average percentage of the total amount of 50

coincident maxima and minima 51

PcrtN Absolute change of the total number of max- 52

ima and minima over the entire frequency 53

range 54

SD Standard deviation 55

SFRA Sweep frequency response analysis 56

TFC Typified failure condition 57
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1 Introduction58

The sweep frequency response analysis (SFRA) method59

involves measuring transfer functions in the transformer60

windings when applied a sinusoidal voltage in a wide fre-61

quency range and comparing afterwards present and refer-62

ence measurements. This analysis could be performed by the63

use of reference measurements performed on the same trans-64

former phase (diagnosis based on measurements on the same65

transformer phase—DMSP), or measurements on another66

transformer having the same design, or comparing measure-67

ments from different phases of a three-phase transformer68

(diagnosis comparing measurements on different phases—69

DMDP). However, the relationship between failures and70

changes in the frequency response is not clearly known.71

Although the method was introduced by Dick and Erven72

[1] in 1978, the SFRA measurement fundamental concepts73

and procedures are neither clear nor general, and the lack of74

an internationally recognized procedure for analysis of the75

measurements represents a significant disadvantage of the76

method. The analysis is currently carried out by experts in77

the field through visual inspection or using mathematical and78

statistical parameters, which could lead to incorrect diagno-79

sis if used on a non-systematic way. Research works [2] and80

[3] provide a review of the metrology and diagnostics related81

to SFRA. The SFRA method as a diagnostic technique has to82

integrate off-line measurement and measurement interpreta-83

tion to provide an accurate transformer condition assessment.84

This paper proposes a new methodology for measurement85

interpretation through an automated diagnostic system based86

on the principles of Fuzzy causal diagnosis (FCD) [4,5].87

This new methodology takes into account (1) the uncertainty88

inherent in any type of measurement and the one arisen from89

the calculation of the parameter that describe the character-90

istics observed in the measurements; (2) the integration of91

different types of parameters: mathematical, statistical and92

rational approximation obtained from the measured complex93

frequency response; and (3) the inclusion of the knowledge94

given in the form of natural language by experts in the field,95

for example, to qualitatively describe the characteristics that96

can be seen in the measurements not only in the case of97

particular type of fault but also in the cases of normal behav-98

ior. Section 2 discusses some commonly used parameters99

in SFRA analysis, identifying some individual advantages100

and disadvantages of their implementation and introducing101

other useful parameters for diagnosis. Section 3 describes the102

general diagnostic strategy. Section 4 describes the normal103

and abnormal behavior models proposed for SFRA diagno-104

sis and how to relate one to each other. Section 5 presents105

application examples and finally, Sect. 6 compiles the main106

conclusions of this work. An introduction to the application107

of FCD to SFRA measurement interpretation can be found108

in the “Appendix”.109

2 Parameters used for SFRA diagnostics 110

For the development of an automatic diagnostic tool, it is 111

desirable that the information contained in the measurements 112

is described by means of several parameters whose deviations 113

from reference values make failure detection possible. The 114

use of multiple parameters simultaneously makes the diag- 115

nosis more reliable and robust. 116

The parameters considered for the characterization of the 117

measurements are classified into four types depending on 118

their nature and the information they are able to analyze, as 119

indicated below. 120

2.1 Type 1 parameters 121

They are suitable for the analysis of critical points (maxima 122

and minima of the frequency response magnitude), allowing 123

the behavior investigation of the resonance and antiresonance 124

frequencies, also known as characteristic frequencies. Ryder 125

[6] proposes the variation in the number of resonance fre- 126

quencies as a diagnostic criterion for SFRA, suggesting for 127

it the following parameters: 128

• Relative change of the first resonance frequency. 129

• Relative change in the magnitude of the first resonance 130

frequency (below 10 kHz). 131

• Relative change in the number of resonance frequencies in 132

the high frequency range (100 kHz–1 MHz). These para- 133

meters have been adopted and others have been introduced 134

with identical aim, i.e., the analysis of the characteristic 135

frequencies. They are shown in Table 1. 136

The parameters FF2 and MF2 are also introduced as in the 137

case of FF1 and MF1, but considering the values of the sec- 138

ond characteristic frequency. Additionally, for the frequency 139

set fR1R2 = fR1 ∪ fR2 which includes the critical points 140

(maximum and minimum) identified in both measurements 141

(note that a critical point identified in R1 may not be in R2 142

and vice versa), the following parameters are defined: 143

NT 1T 2out: Number of spot frequencies in set fR1R2 144

for which the absolute difference of magnitude and phase 145

between both measurements exceed pre-established limits 146

for diagnosis. Through the study of no-failure cases the val- 147

ues 0.7 dB and 0.1 rad. for, respectively, magnitude and phase 148

were determined and they are considered as suitable limits. 149

2.2 Type 2 parameters 150

Type 2 parameters are statistical and mathematical parame- 151

ters. Their application involves the use of magnitude and 152

phase of the frequency response and the subdivision in fre- 153

quency ranges. Four frequency ranges have been defined: 154

Range 1 (1 kHz–10 kHz), Range 2 (10 kHz–100 kHz), Range 155

3 (100 kHz–500 kHz) and Range 4 (500 kHz–1 MHz). 156
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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

FF1 = f11
f12

(1) MF1 = M f 11
M f 12

(2) Pcrt N = abs(NT 1 − NT 2) (3)

Average percentage of the total amount of coincident maxima and minima

Pcrt = Pf ri NT 1 +Pf ri NT 2
2 (4) Pf ri NT 1 = f r i

NT 1
∗ 100 (5) Pf ri NT 2 = f r i

NT 2
∗ 100 (6)

R1 andR2 reference and present frequency response measurements, respectively, f11 first characteristic frequency in R1, f12 first characteristic
frequency in R2, M f 11 magnitude of the first characteristic frequency in R1, M f 12 magnitude of the first characteristic frequency in R2, NT 1 total
number of maxima and minima in R1, NT 2 total number of maxima and minima in R2, f r i coincident maxima and minima in R1 and R2

Table 2 Type 2 parameters

Correlation coefficient Min–max ratio Average absolute error

CC(x, y) =
∑N

i=1 Xi Yi√∑N
i=1 X2

i

∑N
i=1 Y 2

i

(7)

Xi = xi − μx (8)

Yi = yi − μy (9)

μx and μy are the arithmetic
average for{xi }, {yi }i=1..N.

MM =
∑N

i=1 min(|xi |,|yi |)
∑N

i=1 max(|xi |,|yi |) (10) AAE(x, y) =
∑N

i=1 |yi −xi |
N (11)

The values xi and yi 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

ADMR(M1(s), M2(s))SR =
∑NSR

i=1 |Ri (M1(s))−Ri (M2(s))|
NSR

(12) AMMRR(M1(s), M2(s))SR =
∑NSR

i=1
min(Ri (M1(s)),Ri (M2(s)))
max(Ri (M1(s)),Ri (M2(s)))

NSR
(13)

M1(s) is the function that fits the first measurement, M2(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, andRi is the magnitude of the i-th residue belonging to the frequency range SR

Parameters such as the correlation coefficient (CC) and157

Standard Deviation (SD), among others, have been analyzed158

and used for analysis of the measurements [6,7]. From a sen-159

sitivity analysis of different parameters [8], the parameters160

listed in Table 2 were selected on the assumption that its161

application is useful when used in a complementary man-162

ner, combined with each other or with other parameters of163

different types.164

2.3 Type 3 parameters165

Type 3 parameters are the poles and residues of the complex166

frequency response. These parameters are obtained from the167

function Mx (s) that best fits the frequency response measure-168

ment in the frequency domain. The identification of Mx (s)169

was carried out using the Vector Fitting algorithm [9,10].170

Once the residues have been obtained and sorted by fre-171

quency range, the calculation of the parameters listed in172

Table 3 is carried out.173

2.4 Type 4 parameters174

These parameters are surface ratios and deviations. Purkait175

[11] proposed parameters involving the ratio between the176

areas under the frequency response magnitude curves (ARA)177

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)

ARA=
∫ |M1(s)|ds∫ |M2(s)|ds

(14) ADV= |∫ |M1(s)|ds−∫ |M2(s)|ds|∫ |M1(s)|ds
100 (15)

|M1(s)| is the magnitude of the frequency response of the first measure-
ment; |M2(s)| is the magnitude of the frequency response of the second
measurement

and the percentage deviation in the areas under the frequency 178

response magnitude curves (ADV) to detect insulation faults. 179

These parameters are sensitive to deviations of the amplitude 180

of the frequency response and, therefore, are useful for SFRA 181

diagnosis. Table 4 shows the mathematical expressions used 182

to calculate these parameters. 183

3 Diagnostic strategy 184

In using SFRA technique, it is desirable that reference mea- 185

surements (fingertips) should be available, but lamentably 186

it is not often the case. The consequence is that two diag- 187

nostic strategies are necessary: the first one is only focused 188

on cases for which reference measurements are available 189
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(Diagnostic Strategy A), and the second one is exclu-190

sively based on the comparison of records from different191

phases from the present measurements (Diagnostic Strategy192

B). These strategies make use of the following diagnostic193

procedures:194

Diagnosis from Measurements on the Same Phase (DMSP)195

Reference measurements are available, which represent the196

normal condition of the transformer, so the diagnosis can be197

made from measurements performed on the same phase at198

different times.199

Diagnosis from Measurements on Different Phases200

(DMDP) There are no reference measurements and, there-201

fore, the diagnosis must be made from measurements on the202

phases of the same transformer.203

Diagnostic strategy B only uses DMDP, whereas diagnos-204

tic strategy A uses either DMSP or both DMSP and DMDP205

for the case that the diagnosis from DMSP leads to an abnor-206

mal condition, and DMDP is used to verify that DMSP is207

correct.208

Both DMDP and DMSP consist of two models, a normal209

behavior model (NBM) and an abnormal behavior model210

(ABM), so that there exist four behavior models. The normal211

behavior model is used first to check whether a normal condi-212

tion is met; otherwise, the abnormal behavior model is used213

to classify the fault. Figure 1 depicts a simplified scheme of214

the diagnostic strategy.215

It is to be noted in this flow chart that the final decision for216

strategy A takes the results of both DMDP and DMSP into217

account.218

4 Models for normal and abnormal behavior219

These models have been developed on the basis of Fuzzy220

Causal Diagnosis (see “Appendix”).221

4.1 Normal behavior models 222

The normal behavior model aims to 223

1. detect inconsistencies between observations and the 224

symptoms describing the normal condition and 225

2. detect deficiencies in the measurements. The identifica- 226

tion of this type of cases speaks about the robustness of 227

the diagnostic system since it avoids them to be classified 228

as an abnormal condition. 229

The following types of variations are included in the normal 230

behavior model: 231

a. Changes due to interference and changes in the measure- 232

ment system related to the grounding system and the resis- 233

tance of the coaxial cable shieldings. 234

b. Slight variations caused by the measurement system, 235

specifically due to stray parameters of test leads, and the 236

magnetization condition of the iron core (when the trans- 237

former is put out of service to perform the measurements). 238

c. Design and construction variations between phases (i.e. 239

DMDP). 240

In order to meet these two objectives, two types of condition 241

are defined in the normal behavior model: Absolute Normal 242

Condition (ANC) and Modified Normal Conditions (MNCs). 243

The assumption in the case of ANC is that the observa- 244

tions must be consistent with the possibility distributions rep- 245

resenting the normal values of the attributes over the entire 246

frequency range. 247

The MNCs introduce possible variations in the measure- 248

ments due to the causes mentioned above, which are modeled 249

by modified possibility distributions derived from the ones 250

representing the normal values. The MNCs are able to diag- 251

nose the normal condition of the windings and also the low 252

Fig. 1 Simplified diagnostic stragegy flow chart
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reproducibility in the tests, in the case of DMSP. For DMDP253

these modified conditions indicate either external interfer-254

ence or that the differences between phases are considerable.255

The methodology used for the formulation of the different256

conditions included in the normal behavior model is pre-257

sented next.258

4.1.1 Absolute normal condition-ANC259

Two ANCs must be formulated, one for DMSP and another260

one for DMDP. The ANC is defined for each type of diagnosis261

and differs only in the limits of the possibility distributions,262

which are stricter for DMSP than for DMDP.263

In formulating the ANC each frequency range is evaluated264

in detail by examining type 2 parameters AAE, MM and CC,265

and type 4 parameters ARA and ADV. Subsequently type 1266

parameters Pcrt and PcrtN are evaluated, which involve the267

entire frequency range. The ANC is defined by the following268

requirements:269

Req1. (AAER1 is normal) AND (CCR1 is normal) AND
(MMR1 is normal)AND (ARAR1 is normal) AND
(ADVR1 is normal)

Req2. (AAER2 is normal) AND (CCR2 is normal) AND
(MMR2 is normal) AND (ARAR2 is normal) AND
(ADVR2 is normal)

Req3. (AAER3 is normal) AND (CCR3 is normal) AND
(MMR3 is normal) AND (ARAR3 is normal) AND
(ADVR3 is normal)

Req4. (AAER4 is normal) AND (CCR4 is normal) AND
(MMR4 is normal) AND (ARAR4 is normal) AND
(ADVR4 is normal)

Req5. (PcrtT is normal)
Req6. (PcrtNT is normal),

(16)

270

271

where Req1, Req2, Req3 and Req4 are the requirements for272

frequency ranges 1, 2, 3 and 4, respectively, and Req5 and273

Req6 for the entire frequency range; AND represents the274

aggregation operator Soft-AND.275

Bold words, e.g. AAER1, correspond to the observations,276

while the word “normal” refers to the concept of fuzzy symp-277

tom. Values in parentheses represent consistency indices of278

the parameters with the corresponding condition.279

The detailed evaluation by frequency ranges, i.e. require-280

ments 1 to 4, is done by estimating the consistency between281

the observations, described by the parameters AAE, MM,282

CC, ARA and ADV, with their corresponding normal condi-283

tion attributes. The consistency index aggregation is achieved284

through the aggregation operator Soft-AND (S-AND), since285

it allows to enhance the robustness and sensitivity typical286

of a diagnostic system [12]. This operator is an operator in287

between the AND operator and the generalized mean opera-288

tor as indicated in expression (17):289

S − AND(x1, ..., xn) 290

= 1 −
[∑

i=1,n (1 − xi )
p

n

]1/p

p ∈ [1,∞) (17) 291

292

After performing a sensitivity analysis it has been found that 293

the factor p = 5 gives a good sensitivity and robustness per- 294

formance in the measurement evaluation. 295

The aggregation of the six requirements is made by means 296

of the following expression: 297

(w1, Req1) ⊕ (w2, Req2) ⊕ (w3, Req3)

⊕ (w4, Req4) ⊕ (w5, Req5) ⊕ (w6, Req6) ,
(18) 298

299

where 300

w1, . . ., w6: weight assigned to each requirement. 301

w1, . . ., w4 = 1; w5, w6 = 0.9 302

⊕ is the weighted Soft-AND aggregation operator whose 303

expression is given by the Eq. (19) 304

(x, wx ) ⊕ (
y, wy

)
305

= 1 −
[

w
p
x (1 − x)p + w

p
y (1 − y)p

w
p
x + w

p
y

]1/p

p ∈ [1,∞)

(19)

306

307

Weighting factors are considered in the final evaluation, since 308

requirements 5 and 6, which are related to Pcrt and PcrtN, 309

typically have less information than requirements 1, 2, 3 and 310

4, which assess in detail each frequency range and take sev- 311

eral parameters into account. 312

4.1.2 Modified normal conditions 313

The MNC identification is achieved evaluating the consis- 314

tency and relevance indices of the observations in certain 315

frequency ranges using the attributes described by the normal 316

condition, and the consistency and relevance using attributes 317

other than those defined for the normal condition in other 318

frequency ranges. This methodology is also used to identify 319

the type of fault. As an example, the description of MNC1 is 320

presented below. 321

MNC1 (same phase and different phases) This condition 322

includes slight variations in the measurements as a result 323

of changes in the measurement system or the core magne- 324

tization, which arise in the first frequency range. The iden- 325

tification of this condition is possible by the analysis of the 326

consistency of the observations with the normal condition 327

attributes for the frequency ranges 2, 3 and 4, and of the con- 328

sistency of the observations of range 1 with the attributes of 329
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the slightly modified condition (increased or reduced) in this330

range. The requirements defining this condition are331

Req1. (AAER1 is slightly increased) OR (MMR1 is332

slightly reduced)OR (ARAR1 is slightly modified∗)333

OR (ADVR1 is slightly increased)334

Req2. (Pcrt is normal) AND (PcrtN is normal)335

Req3. (AAET−R1 is normal) AND (CCT is normal) AND336

(MMT−R1 is normal)337

Req4. (ARAT−R1 is normal) AND338

(ADVT−R1 is normal)339

∗for this parameter modified can be340

increased or reduced (20)341
342

The mathematical description of the MNCs and also of fault343

conditions is achieved by linking the requirements through344

the operators OR (max) and AND (min) as indicated in the345

description of the MNC1. In this case the aim is to achieve346

a good sensitivity to deviations from the normal value of347

the parameters within range 1 and also that the parameters348

calculated for the other frequency ranges to be consistent with349

the possibility distributions describing the normal condition.350

The aggregation factor of the requirements for all modified351

conditions is p = 5 and the weights of the requirements are352

w1 = 1, w2 = 1, w3 = 0.95 and w4 = 0.95.353

4.2 Abnormal behavior model354

The abnormal behavior model is made up of conditions that355

describe short-circuit, deformation and displacement fail-356

ures. In this case, the main characteristics observed to identify357

the type of failure are358

1. The behavior of the first characteristic frequencies.359

2. The appearance and disappearance of characteristic fre-360

quencies.361

3. Major displacements of characteristic frequencies and362

4. Absolute value variations in the frequency response. As363

an example, the description for the deformation condition364

is given next.365

4.2.1 Mechanical fault: winding deformation366

The findings presented in the report “SFRA and Hoop Buck-367

ling” [13] and other documented failure cases [14–17] have368

been used for the definition of this fault. The evidence shows369

that this type of failure involves significant deviations in the370

parameters calculated for the faulted phase regarding sound371

phases in the range of low and medium frequency, up to372

approximately 500 kHz. Such changes include displacement373

of characteristic frequencies and major changes in amplitude.374

For the identification of the severe deformation failure the 375

attributes of conditions different from normal are analyzed, 376

especially in the frequency ranges 2 and 3. If the observations 377

are consistent with the attributes of the modified conditions 378

(other than normal) in range 2 and also with the normal con- 379

dition attributes in range 3, this case is identified as a severe 380

deformation failure. If the observations are consistent with 381

the attributes of the modified conditions in ranges 2 and 3, 382

the condition will also be considered as a severe deformation 383

failure. 384

The following expressions describe the severe defor- 385

mation condition, whose effects are observed in ranges 2 386

and 3: 387

Req1. (Pcrt is slightly reduced)OR(Nout 388

is equal to or greater than increased) 389

Req2. (AAER1 is equal to or less than slightly increased) 390

AND (CCR1 is equal to or greater than slightly 391

reduced) AND (MMR1is equal to or greater than 392

slightly reduced) 393

Req3. (AAER2 is equal to or greater than increased) OR 394

(CCR2 is equal to or less than reduced) OR (MMR2 395

is equal to or less than slightly reduced) OR 396

(ADVR2 is equal to or greater than increased) 397

Req4. (RresR2 is equal to or less than reduced) OR 398

(ARAR2 is equal to or less than reduced/ 399

is equal to or greater than increased) 400

Req5. (AAER3 is equal to or greater than increased) OR 401

(CCR3 is equal to or less than reduced) OR 402

(MMR3 is equal to or less than slightly reduced) 403

OR (ADVR3 is equal to or greater than increased) 404

Req6. (RresR3 is equal to or less than reduced) 405

OR (ARAR3 is equal to or less than reduced/ 406

is equal to or greater than increased) (21) 407
408

The aggregation factor of the requirements for all modified 409

conditions is p = 5 and the weights of the requirements are 410

w1 = 1, w2 = 0.95, w3 = 1, w4 = 1, w5 = 1 y w6 = 1. 411

4.3 Linking the models 412

This section describes how the models of normal and abnor- 413

mal behavior are to be linked. 414

First, the diagnosis based on measurements on different 415

phases (DMDP) is described and afterwards the diagnosis 416

based on measurements on the same phase and on different 417

phases (DMSPDP). 418
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4.3.1 Diagnosis based on measurements on different phases419

In this case the measurements are processed first by the nor-420

mal behavior model. In the event that these are consistent with421

this model, the final diagnosis will be a normal condition of422

the windings. Otherwise, the measurements are processed423

by the abnormal behavior model, which checks if it is about424

a typified fault or not. The corresponding algorithm for the425

assessment of the winding condition consists of four steps.426

Step 1 Individual evaluation of each measurement pair j427

(for each phase j = 1,2,3) using the normal behavior model.428

The following definitions are given:429

CNSANC(j): Consistency between observations of the430

measurement pair j and the ANC.431

CNSMNCS(j): Consistency between observations of the432

measurement pair j and the MNC S.433

S represents the MNC having the highest consistency with the434

observations. In addition to the absolute normal condition,435

27 different MNCs have been defined for DMDP based on436

the analysis of actual cases representing slight deviations in437

different frequency ranges.438

The measurements on different phases are classified by439

the normal behavior model on the basis of the correspond-440

ing consistency values according to the diagram depicted in441

Fig. 2.442

Step 2 Evaluation of the three measurement pairs and even-443

tually by the abnormal behavior model if any abnormality is444

detected. Two scenarios are possible:445

a. If a normal condition (absolute or modified) is diagnosed446

for all measurement pairs, the general diagnosis for all447

windings is normal condition.448

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- 449

sistency with a normal condition (absolute or modified), 450

it follows that they do not represent the normal condi- 451

tion of the windings. Consequently, for each measurement 452

pair the diagnosis is obtained from the abnormal behavior 453

model. 454

The consistency index between the measurement pair j and 455

the failure condition having the greater consistency and rele- 456

vance with it is named CNSFAC (j). Regarding the abnormal 457

behavior model, if CNSFAC > 0.6, it is assumed that the 458

failure has been classified; otherwise it is assumed that the 459

diagnosis is not typified failure. The different fault condi- 460

tions included in the abnormal behavior model can be found 461

in Table 5. 462

Step 3 Final diagnosis and identification of the faulted 463

phase(s) if any. 464

The final diagnosis depends on the results of steps 1 465

and 2. 466

As an example, assume the case of SFRA diagnosis for 467

star-connected windings, where each measurement provides 468

information of an individual phase, as shown in Table 6. 469

A possible consistency analysis result is 470

j = 1 (U1N1-V1N1): condition compatible with absolute 471

normal condition CNSANC−Ph1 = 0.8. 472

j = 2 (V1N1-W1N1): condition compatible with abnor- 473

mal condition with Id = 1 (short circuit); CNSFAC−Ph2 = 474

0.7. 475

j = 3 (W1N1-U1N1): condition compatible with abnor- 476

mal condition with Id = 1 (short circuit); CNSFAC−Ph3 = 477

0.7. 478

It is, therefore, possible that the phases associated to the mea- 479

surement pair (j = 1), U and V, are in normal condition. 480

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
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Table 6 Nomenclature for measurements on star-connected windings

Winding Measurement Voltage applied
between

Voltage measured at Corresp. phase

Primary star direct U1N1a U1-ground U1-ground / N1-ground U

V1N1 V1-ground V1-ground / N1-ground V

W1N1 W1-ground W1-ground / N1-ground W

a 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

phase labeled as normal behaves similar to the
other two phases, whereas the phases labeled as
abnormal behave differently to each other.

UC*

Abnormal condition—typified fault TFC

Abnormal condition—not typified fault NTFC

NC normal condition, UD undefined condition, TFC 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) are481

consistent with the short circuit fault condition, since the two482

measurement pairs are related to phase W and consequently483

it possibly has a short circuit failure.484

Table 7 summarizes the possible diagnosis when examin-485

ing measurements on different phases.486

Step 4 Assessing the quality of measurements487

The normal behavior model gives a linguistic estimation488

for the test conditions and whether significant design and489

construction variations between the phases exist. This infor-490

mation will be useful for future diagnosis based on present491

measurements.492

MNCs are slightly different from the absolute normal con-493

dition in one or more frequency ranges, and the deviations494

could be slight or moderate. To linguistically describe the uni-495

formity of the measurements the following linguistic terms496

have been used: very high, high, slightly high, slightly low,497

low, very low.498

4.3.2 Diagnosis based on measurements on the same499

phases and on different phases500

The main assumption for this type of diagnosis is the avail-501

ability of reference measurements which describe the normal502

condition of the transformer. The diagnosis is first based on503

measurements on the same phases and then the results are504

checked using the diagnosis based on measurements on dif-505

ferent phases.506

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 507

have five steps: the first four steps are based on measurements 508

on the same phases and are similar to those presented for 509

diagnosis based on measurements on different phases. The 510

fifth step, which is the linkage with the diagnosis based on 511

measurements on different phases, gives the possibility to 512

detect any abnormality. The mentioned steps are described 513

below. 514

Step 1 Individual evaluation of each measurement pair 515

performed on the same phases by the normal behavior model 516

(DMSP). At this step criteria are defined to decide whether 517

each pair of measurements is consistent or not with the con- 518

ditions defined in the normal behavior model. 519

For DMSP the normal behavior model is made up the 520

absolute normal condition and 11 MNCs based on real cases 521

representing typified slight variations in different frequency 522

ranges. 523

The measurements on the same phases are classified by 524

the normal behavior model on the basis of the correspond- 525

ing consistency values according to the diagram depicted in 526

Fig. 3. 527

Step 2 Measurement evaluation using the abnormal behav- 528

ior model based for measurements on the same phases if 529

any abnormality is observed. As for the case of measure- 530
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ments on different phases, the three pairs of measurements531

are processed. Two situations may arise:532

a. If all measurement pairs are consistent with the normal533

condition, the general diagnosis for the windings will be534

normal condition. In this case an analysis using measure-535

ments on different phases is not performed.536

b. If one or more measurement pairs on the same phases are537

not consistent with any condition of the normal behavior538

model, an evaluation by the abnormal behavior model is539

required. This situation can be the consequence of the540

following scenarios:541

• The test conditions during the reference and the present542

measurements differ considerably, i.e. there is a very543

poor reproducibility between measurements on the same544

phases.545

• The measurements evidence a fault. If the consistency546

index of the failure condition has the greatest consistency547

with the measurements CNSTFC ≥ 0.7, the associated548

windings are assumed to have such failure condition and549

the failure has been typified. If the consistency index is550

CNSTFC < 0.7 the result of the diagnosis is not typified551

failure.552

Step 3 Final diagnosis based on measurements on the same553

phases (DMSP).554

The possible diagnosis result is the same as in the case of555

measurements on different phases (see Table 7), except for556

UC that does not exist in this case.557

Step 4 Quality assessment of the measurements on the558

same phases.559

In this paragraph the term quality is referred to the exis-560

tence of high reproducibility in the measurements. This561

means that the test conditions during reference and present562

measurements are very similar, leading to almost no observ-563

able differences in the records. To linguistically describe the564

uniformity of the measurements on the same phases, the565

following linguistic terms have been used: very high, high,566

slightly high, slightly low, low and very low. It should be567

noted that this step is only done when the result of the previ-568

ous step is normal condition.569

Step 5 Supplementary analysis based on measurements on570

different phases (DMDP).571

As already mentioned, there are three possible diagnoses572

when examining measurements on the same phases: NC,573

TFC and NTFC (see Table 7). If a faulted condition (typified574

or not) is diagnosed, the next step is to evaluate the measure-575

ments using the model based on measurements on different576

phases. From this last analysis it can be inferred either that577

the observed abnormalities between measurements on the578

same phases are due to poor test reproducibility, and to avoid579

giving a wrong failure diagnosis or to confirm the presence 580

of a failure, thus making more reliable the final diagnosis. 581

Two cases are possible: 582

Case 1: The result of DMSP is typified fault (TFC) 583

In this case a diagnosis is made based on records of differ- 584

ent phases using the present records in order to confirm the 585

presence of failure. Table 8 describes the possible DMSPDP 586

results. 587

The starting point for this case is a typified faulted condi- 588

tion of the windings determined using measurements on the 589

same phases. Although it is not expected that the evaluation 590

of measurements on different phases results in a normal con- 591

dition of the windings, this situation has been included in the 592

case DMDP = NC. In this contradictory case the first diag- 593

nosis given by DMSP is accepted, since a greater amount 594

of information has been considered to give this diagnosis, 595

i.e. both present and reference measurements. Moreover, the 596

consistency with the typified abnormal condition is greater 597

than 0.7. Similarly, DMSP is accepted as final diagnosis 598

for the case DMDP = UC. The cases DMDP = TFC and 599

DMDP = NTFC confirm the presence of a failure; the differ- 600

ence is the ability of DMDP to typify the failure. 601

Case 2: The result of DMSP is not-typified fault (NTFC) 602

The starting point for this case is a not-typified faulted 603

condition of the windings determined using measurements 604

on the same phases. A diagnosis based on the measurements 605

on different phases using the reference records is made first 606

and then the same is done using the present records. 607

In this case there may be significant differences between 608

the measurements on the same phases as a result of poor test 609

reproducibility, a condition that could be inferred when the 610

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

DMSP

NC TFC NTFC

DMDP (present
measurements*)

NC NC(1) TFC(2) NC(5)

UC NC(1) TFC(3) NTFC(3)

TFC NC(1) TFC(4) NTFC(4)

NTFC NC(1) TFC(4) NTFC(4)

* 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 and611

those on different phases lead to a normal condition of the612

windings [Table 8, cell labeled (5)].613

Except for the case labeled (5) in Table 8, where614

DMDP(reference) = DMDP(present) = NC, only DMDP615

(present) is used. Since the diagnosis based on measure-616

ments on the same phases (DMSP) is not conclusive,617

DMDP(present) is accepted in the case that DMDP = NC618

and as in the case before a low test reproducibility is assumed619

for measurements on the same phases. For the case DMDP620

= UC, the conclusion is that there is an abnormality in the621

windings, even though it could not be typified. The cases622

DMDP = TFC or DMDP = NTFC confirm the presence of623

a failure and the only difference is the ability of DMDP to624

typify the failure in each case.625

5 Diagnostic procedure validation626

5.1 Application example 1—diagnosis based on627

measurements made on both the same and different628

phases- DMSPDP629

In the following the condition of the primary and secondary630

windings of a 230/138/13.8 kV 150 MVA YYD transformer631

is investigated. Reference measurements (A) made in 2003632

and new measurements (B) made in 2005 are available. The633

first set of data was obtained at factory, and the second was634

obtained at substation.635

A. Primary windings636

Figure 4 shows the measured magnitude frequency resp-637

onse on the same phases for the primary windings. The dif-638

ferent diagnosis steps for this case are described below.639

Step 1 Individual evaluation of each measurement pair on640

the same phases.641

As noted in Sect. 4.3 the measurements are first checked642

for consistency with the ANC. For the three phases the con-643

sistency index is 0.2 < CNSANC <0.8; therefore, an analysis644

of consistency and relevance with the MNCs is performed.645

This analysis indicates that the MNC 6 is the condition that646

best explains the measurements on phase U1. The measure-647

ments on phase V1 are more consistent with MNC 2 and the648

measurements on phase W1 are more consistent with mod-649

ified normal condition 7. Table 9 summarizes the results of650

the normal behavior model for the measurements on the same651

phases.652

Since the MNCs have a very low value, the conclusion of653

this step is that there is a failure, and the diagnosis procedure654

leads to step 2.655

Step 2 Measurement evaluation using the abnormal656

behavior model based for measurements on the same phases.657

Fig. 4 Measurements on the same phases. Primary windings

The three pairs of measurements are processed with the 658

abnormal behavior model. Table 10 summarizes the results 659

with the abnormal behavior model. 660

Step 3 Final diagnosis based on measurements on the same 661

phases (DMSP). 662

The diagnosis result based on measurements on the same 663

phases indicates short circuit fault. 664

Step 4 Assessing the measurement quality 665

Because of the measurements are not consistent with the 666

normal behavior model this step is skipped. 667

Step 5 Supplementary analysis based on measurements on 668

different phases (DMDP). 669

Since a typified fault condition was diagnosed by the 670

DMSP, the next step is to evaluate the measurements using 671

the model based on measurements on different phases. In this 672

case a diagnosis is made based on records of different phases 673

using the present records in order to confirm the presence 674

of failure. Figure 5 shows the present measured magnitude 675

frequency response on different phases (2005). 676

The measurements are evaluated with the normal behavior 677

model based on measurements in different phases. An abnor- 678

mal condition is detected for the measurements pairs U1–V1 679

and V1–W1. The measurements pair W1–U1 is consistent 680

with MNC 27 with a value of 0.75; this state identifies low 681

variations in the measurements system observable in range 682

1, 2 and low interference in range 3 and 4. For the abnormal 683

conditions an analysis with the abnormal behavior model 684

is performed for the measurements pairs classified as “not 685

normal” by the NBM indicating that a short circuit fault is 686

the condition that best explains the measurements. Table 11 687

summarizes the results based on measurements on different 688

phases (DMDP). 689
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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

U1N1(A)/U1N1(B) U1 0.31 6.Variations due measurement system observable in
range 1 and Low interference in range 4

0.18

V1N1(A)/V1N1(B) V1 0.28 2. Variations due measurement system observable in
range 1 and range 2

0.14

W1N1(A)/W1N1(B) W1 0.31 7. Variations due measurement system observable in
range 1 and medium interference in range 4

0.18

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

Measurement pair Phase Abnormal condition having the highest consistency

Condition Id. Consistency index

U1N1(A)/U1N1(B) U1 1. Short circuit fault without important mechanical
damage due to deformation and displacement

1.00

V1N1(A)/V1N1(B) V1 1. Short circuit fault without important mechanical
damage due to deformation and displacement

1.00

W1N1(A)/W1N1(B) W1 1. Short circuit fault without important mechanical
damage due to deformation and displacement

1.00

Fig. 5 Measurements on the different phases. Primary windings

According to the diagnosis grid for measurements on the690

same phases and on different phases (DMSPDP) given in691

Table 8, the final diagnosis is an abnormal condition and the692

typified fault is a short circuit. Also the analysis based on693

measurements on different phases indicates that the fault is 694

associated with phase V. 695

B. Secondary windings 696

Figure 6 shows the measured magnitude frequency resp- 697

onse on the same phases for the secondary windings. The 698

different diagnosis steps for this case are described below. 699

Step 1 Individual evaluation of each measurement pair on 700

the same phases. 701

Table 12 summarizes the results based on measurements 702

on different phases (DMDP). 703

This analysis indicates that the MNC 1 is the condition that 704

best explains the measurements on phases U2 and W2, but 705

with a lower consistency value. The measurements on phase 706

V2 are directly related to an abnormal condition. The con- 707

clusion of this step is that there is a failure, and the diagnosis 708

procedure leads to step 2. 709

Step 2 Measurement evaluation using the abnormal 710

behavior model based for measurements on the same phases. 711

Table 11 Diagnosis summary based on measurements on different phases (DMDP). Primary windings

Measurement pair Phase Abnormal condition having the highest consistency

Condition Id. Consistency index

U1–V1 U1 1. Short circuit fault without important mechanical
damage due to deformation and displacement

1.00

V1–W1 V1 1. Short circuit fault without important mechanical
damage due to deformation and displacement

1.00

W1–U1 W1 27. Low variations in the measurements system
observable in Range 1, 2 and low interference in
Range 3 and 4

0.75
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Fig. 6 Measurements on the same phases. Secondary windings

The three pairs of measurements are processed with the712

abnormal behavior model, Table 13 summarizes the results:713

Step 3 Final diagnosis based on measurements on the same714

phases (DMSP).715

The diagnosis result based on measurements on the same716

phases indicates a short circuit fault.717

Step 4 Assessing the measurement quality718

Because the measurements are not consistent with the nor-719

mal behavior model, this step is skipped.720

Step 5 Supplementary analysis based on measurements on721

different phases (DMDP).722

Fig. 7 Measurements on different phases. Secondary windings

Since a typified fault condition was diagnosed by the 723

DMSP, the next step is to evaluate the measurements using 724

the model based on measurements on different phases. In 725

this case a diagnosis is based on records of different phases 726

using the present records to confirm the presence of failure. 727

Figure 7 shows the present measured magnitude frequency 728

response on different phases (2005). 729

The measurements are evaluated with the normal behavior 730

model based on measurements on different phases. An abnor- 731

mal state is detected for the measurement pairs U2–V2 and 732

V2–W2; the measurements pair W2–U2 is consistent with 733

the ANC. For the measurements having abnormal conditions 734

an analysis with the abnormal behavior model is performed 735

indicating that a short circuit fault is the condition that best 736

explains the measurements. Table 14 summarizes the results 737

based on measurements on different phases (DMDP). 738

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
range 1

0.26

V2N2(A)/V2N2(B) V2 0.14 – –

W2N2(A)/W2N2(B) W2 0.34 1. Variations due measurement system observable in
range 1

0.26

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
damage due to deformation and displacement

1.00

V2N2(A)/V2N2(B) V2 4. Short circuit fault with important mechanical
change, detected in frequency ranges 2 and 3

1.00

W2N2(A)/W2N2(B) W2 1. Short circuit fault without important mechanical
damage due to deformation and displacement

1.00
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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
damage due to deformation and displacement

0.89

V2–W2 V2 3. Short circuit fault without important mechanical
damage due to deformation and displacement

1.00

W2–U2 W2 0. ANC 1.00

According to the diagnosis grid based on measurements739

on the same phases and on different phases (DMSPDP) given740

in Table 8, the final diagnosis is an abnormal condition and741

the typified fault is short circuit. Also the analysis based on742

measurements on different phases allows to relate the fault743

to phase V.744

The analysis performed on secondary windings using745

the abnormal behavior models based on same and different746

phases resulted in more severe conditions than those iden-747

tified for the primary windings, giving an indication of the748

voltage level in which the damage is present.749

5.2 Application Example 2—diagnosis based on750

measurements made on both the same and different751

phases752

In the following the condition of the primary windings of a753

66/13.8/6.6 kV 20/20/6 MVA YYD transformer is investi-754

gated. Reference measurements (A) made in 2003 are avail-755

able and also measurements (B) made in 2005. The two sets756

of data were obtained at substation.757

Figure 8 shows the measured magnitude frequency resp-758

onse on the same phases. The different diagnosis steps for759

this case are described below.760

Step 1 Individual evaluation of each measurement pair on761

the same phases.762

As noted in Sect. 4.3 the measurements are first checked763

for consistency with the ANC. For the three phases the consis-764

tency index is 0.2 < CNSANC < 0.8; therefore, an analysis765

of consistency and relevance with the MNCs is performed.766

This analysis indicates that the MNC 4 (moderate interfer-767

Fig. 8 Measurements on the same phases. Primary windings

ence) is the condition that best explains the measurements 768

related to phases V1 and W1. The measurements related to 769

phase U1 are more consistent with MNC 5 (severe interfer- 770

ence). Table 15 summarizes the results of the normal behavior 771

model for the measurements on the same phases. 772

The MNCs 4 and 5 identify significant changes in the mea- 773

surement reproducibility conditions as an effect of external 774

interference or changes in the measurement system layout 775

(system grounding and test leads) whose effects are observed 776

in the high frequency range. 777

Since consistency values for the MNCs are greater than 778

0.75, these conditions are assumed. The conclusion is that 779

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

Measurement pair Phase ANC consistency
index

MNC having the highest consistency Reproducibility conditions
(measurement quality)

Condition Id. Consistency index

U1N1(A)/U1N1(B) U1 0.23 5. Low interference in range 3 and
medium interference in range 4

0.88 Slightly low

V1N1(A)/V1N1(B) V1 0.35 4. Medium interference in ranges 4 1.00 Slightly high

W1N1(A)/W1N1(B) W1 0.32 4. Medium Interference in ranges 4 1.00 Slightly high
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there were a low reproducibility between measurements780

instead of a failure and the diagnosis procedure leads to781

step 4.782

Step 4 Assessing the measurement quality783

Since the three measurement pairs are consistent with784

modified normal conditions, the quality of the measurements785

is checked as next step. The condition having the highest con-786

sistency is determined for each measurement pair, giving a787

linguistic description of them (see last column of Table 9).788

The diagnosis given by experts from the visual inspec-789

tion of the measurement records is the normal condition of790

the transformer, which is compatible with the actual normal791

operation of the transformer. The measurements were made792

as part of preventive equipment maintenance.793

6 Conclusions794

The proposed normal behavior models, one for diagnosis795

based on measurement on the same phases and the other796

for diagnosis based on measurements on different phases,797

show high robustness and sensitivity. Both fault detection798

and identification of normal deviations in the records are799

satisfactorily performed.800

The failure type identification in the models of abnormal801

behavior is limited. This is a consequence of the fact that802

SFRA is sensitive not only to deformation, displacement and803

short circuit faults in the windings, but also to changes such804

as those in the leads connecting HV/LV windings to the bush-805

ings for example, about which there is no enough information806

to allow its typification.807

The transformer condition evaluation on the base of mea-808

surements on the same phases in the presence of low test809

reproducibility between reference and present measurements810

can erroneously lead to an incorrect diagnosis of abnormal811

condition of the windings by the normal behavior model. This812

situation has been identified and dealt with through a second813

diagnosis based on the measurements on different phases.814

The diagnosis based on measurements on different phases815

has the advantage that the measurements are performed816

under similar test conditions, i.e. with the same measuring817

equipment, layout and procedure, similar noise and interfer-818

ence environments. These conditions have similar effects on819

all three measurements. Hence, if the analysis of measure-820

ments on the same phases gives an abnormal condition of821

the windings and the analysis of measurements on different822

phases gives a normal condition, the conclusion is that the823

measurements were done under low reproducibility condi-824

tions.825

The proposed general model is not restricted to the evalua-826

tion of specific transformers. Transformers of different sizes827

that range from 17 MVA to 150 MVA have been diagnosed828

successfully.829

The model is not limited to the analysis of measurements 830

made using a particular terminal connection either. If there is 831

no reference data the measurements on different phases are 832

used, which were performed under the same test conditions. 833

On the other hand, if reference data are available it could 834

be possible that the corresponding test layout and that of the 835

present measurement differ. This situation is identified by the 836

model based on both measurements on the same and on dif- 837

ferent phases (DMSPDP) as a condition of low reproducibil- 838

ity between measurements performed on the same phases. 839
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7 Appendix: Principles of fuzzy causal diagnosis—FCD 843

SFRA diagnosis can be considered as an uncertain reasoning 844

problem, since the information, knowledge and representa- 845

tion of the observed features in the measurements by means 846

of parameters have uncertain nature. Consequently, a solution 847

method based on the principles of FCD described by Dubois 848

et al. [4] has been adopted. This methodology combines the 849

features of classical diagnostic methods based on consistency 850

and abductive diagnosis, through the calculation of consis- 851

tency and relevance indices. In applying FCD, observations 852

may or may not be accurate and the relationship between 853

symptoms and causes may or may not be fully known, as 854

in the case of transformer diagnosis. The variables used in 855

SFRA diagnosis and the calculation procedure of consistency 856

and relevance indices are given next. 857

a. Attributes (px ) Parameters used to describe the variations 858

observed in the measurements. For example, the correla- 859

tion coefficient (CC), min-max ratio (MM), average per- 860

centage of coincident critical points (Pcrt), among others. 861

b. Observations (Oi) Parameter intervals to describe the 862

uncertainty in the parameter measurement and calculation. 863

The individual value of each parameter is transformed into 864

an interval according to the expression: 865

Oi = [px − �px , px + �px ] , (22) 866
867

where px is the value of the parameter px (e.g. CC, ARA, 868

etc.) calculated for both measurements, �px is a value 869

representing the uncertainty in the parameters. It can be 870

given by an expert, or can be expressed as in terms of the 871

standard deviation of the parameter (σx ). 872

c. Fuzzy symptoms K e
i . are possibility distributions repre- 873

senting the knowledge of the more or less plausible values 874

of parameter px , at given state, e. As an example Fig. 9 875

shows the type of possibility distribution used for the para- 876

meters Pcrt, CC, MM1 and AMMRR. 877
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Fig. 9 Type 1 possibility distribution

For parameters to be calculated by frequency ranges, the878

limits of the possibility distributions describing the normal879

values of an attribute vary according to the frequency range;880

they are sharper for low frequencies and more relaxed as881

frequency increases. This characteristic is a consequence of882

the following tendencies observed during the measurements:883

1. Since the measurement is made using a logarithmic sweep,884

there is more information in the low-frequency range.885

2. The accuracy of the meter decreases as the frequency886

increases.887

3. The higher the frequency, the more sensitive is the mea-888

surement to external interference and noise.889

As an example, Fig. 10 shows the limits for the normal AAE890

attribute as a function of the frequency range.891

The pairs [0,1], [L1(R1),1] and [L2(R1),0] are the limits of892

the type 2 possibility distribution of the normal AAE attribute893

for the first frequency range (R1). Similarly, the pairs [0,1],894

[L1(R4),1] and [L2(R4),0] are the range limits for the fourth895

frequency range (R4).896

d. Consistency index calculation between an observation897

and a fuzzy symptom: The presence of a state e is consis-898

tent with the observation Oi if and only if Oi ∩ K e
i = ∅899

[4]. For example, if in presence of state e the more or less900

plausible values of the attribute ADV in range 4 belong to901

the set that describes the concept markedly increased, then902

the consistency between a particular observation Oi such903

as the one shown in Fig. 11 and the symptom is calculated 904

as 905

cs
(
Oi (u), K e

i (u)
)

= sup
{
min

(
π O

i (u), πe
i (u)

) : u ∈ Ui
}

cs
(
Oi (u), K e

i (u)
)

= sup

{
min

(
π O

ADV−R4(u1), π
e
ADV−R4(u1)

)

min
(
π O

ADV−R4(u2), π
e
ADV−R4(u2)

)

}

= m12

(23) 906

907

where 908

Oi = OADV−R4 = [
pADV−R4 − �pADV−R4, 909

pADV−R4 + �pADV−R4
] = [u1, u2] 910

pADV−R4: ADV value calculated between a pair of mea- 911

surements in range 4. 912

�pADV−R4: value that represents the uncertainty of ADV 913

in range 4. 914

πe
ADV−R4: possibility distribution representing the more 915

or less plausible values of the parameter ADV in the range 916

4 in presence of state e. 917

K e
ADV−R4: fuzzy set corresponding to the distribution of 918

possibility πe
ADV−R4. 919

A consistent value equal to 1 indicates that the observa- 920

tion and the fuzzy symptoms are entirely consistent. 921

e. Relevance index calculation between an observation and 922

a fuzzy symptom: Once all states have been calculated it 923

may happen that several states have consistency equal to 924

1. To select the one that best explains the present obser- 925

vations, the fuzzy inclusion between observations and 926

symptoms that describe the different states is calculated 927

by means of the Dienes–Rescher implication [4]. Follow- 928

ing the example above, the relevance between the obser- 929

vation and the symptom is 930

rv
(
Oi (u), K e

i (u)
) = inf

u∈U

(

π O
i (u)→

D
πe

i (u)

)

931

Fig. 10 Relationship between
frequency range and AAE
normal attribute
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Fig. 11 Calculation of consistency and relevance indices

932

rv
(
Oi (u), K e

i (u)
)

933

= inf
u∈U

{
max

(
1 − π O

ADV−R4(u1), π
e
ADV−R4(u1)

)

max
(
1 − π O

ADV−R4(u2), π
e
ADV−R4(u2)

)

}

934

= m11 (24)935
936
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