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Abstract— A machine is a device to realize the mutual con-1

version of electric energy and mechanical energy. This work2

mainly discusses the applicability of impulse frequency response3

analysis (IFRA) to detect the stator winding short circuit faults.4

The parameters of excitation waveform and signal sampling were5

carefully selected. A solid-state nanosecond pulsed power source6

prototype was developed for resonant excitation of windings. The7

proposed method was then verified on a 5-kVA, 380-V, two-pole,8

the salient synchronous machine (SM) through artificial fault9

experiments. Finally, the proposed method was compared with10

other traditional methods. The method has the advantages of11

fast measurement, rich high frequencies, high stability, and low12

cost. Since the principle of IFRA is also applicable to large SMs,13

this method and device may also be applied to detect large SMs14

winding short circuit faults. It can be used as an auxiliary and15

alternative method in the nondestructive fault detection of SMs.16

Index Terms— Fault detection, frequency response, measure-17

ment, synchronous machine (SM), winding.18

I. INTRODUCTION19

IN RECENT years, in order to avoid production loss and20

reduce the possibility of maintenance, the safe operation21

of machines has attracted extensive attention. Especially for22

small- and medium-sized synchronous machines (SMs), they23

can be used as both generators and electric machines and has24

many applications in the industry. However, short circuit faults25

of stator windings, common faults of SM, may eventually26

cause catastrophic failure. The short circuit fault can be27

divided into interturn short circuit (ITSC), and ground short28

circuit (GSC) faults. Many factors are responsible for the short29

circuit failure of the stator winding, for instance, the staff’s30

operation errors, physical damage caused by the transportation31

process, the poor operating environment, and the lifetime32

limitation. The slight ITSC fault can be easily overlooked.33

If it is not processed in time, the entire machine may even34

be burned down by developing short circuit faults. Therefore,35
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accurate detection of the stator winding short circuit fault is 36

significant to the SM safe and reliable operation. 37

The fault detection technology of machine winding is 38

mainly divided into online and offline. Online detection tech- 39

nology can track and feedback the state of the machine wind- 40

ing in time. However, the dynamic changes in temperature, 41

load, speed, and other conditions during machine operation 42

will lead to changes in electrical parameters. The online 43

detection technology is difficult to reflect the real state of 44

machine winding accurately. In contrast, some existing online 45

detection technologies, such as the current characteristic analy- 46

sis method [1], [2], [3] and coil detection method [4], need 47

to install current, voltage, magnetic flux, and other sensors on 48

the machine’s internal structure. It has high requirements for 49

sensors and machines’ installation and insulation performance, 50

which is difficult to achieve. Especially for the machine that 51

has been put into operation, its compact internal structure is 52

difficult to install other sensors. 53

The offline detection technology is mainly to conduct 54

regular preventive tests on the machine under the condition 55

of machine shutdowns, such as the inductive impedance 56

method [5] and repetitive surge oscilloscope (RSO) [6]. Its 57

advantages are simple operation and fast detection. However, 58

there are still deficiencies in the detection ability of the degree 59

and type of slight short circuit fault. Based on this, frequency 60

response analysis (FRA) has been introduced into the short cir- 61

cuit fault detection of machine windings in recent years. Exist- 62

ing FRA is mainly used to detect the mechanical deformation 63

of power transformer windings because of its fast, sensitive, 64

nondestructive, and easy application features. Uhrig et al. [7] 65

suggest that according to the nature of the excitation signal, 66

FRA can be divided into sweep FRA (SFRA) and impulse 67

FRA (IFRA). Platero et al. [8], Blazquez et al. [9], and [10] 68

Platero use SFRA to detect induction and SM winding ITSC 69

faults. Meanwhile, SFRA is used to detect the rotor fault of 70

a 106 MVA SM, and the effect of stator winding status on 71

the SFRA curve is analyzed [11]. In addition, Uhrig et al. [7] 72

use SFRA to detect the damp winding broken rod failure 73

in the SM without disassembling the machine. The results 74

show that the broken rod in the damp winding can cause an 75

obvious deviation in FRA measurement between the rotor and 76

stator. IFRA method is performed when SMs are off the line 77

and during maintenance. Therefore, the method is to inject 78
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nanosecond pulses to excite the winding and thus obtain a79

high-frequency signal to detect winding faults. According to80

[12], high-frequency signals are very sensitive to winding81

minor faults. Any phase of the stator winding that can be82

represented as an equivalent circuit, composed of resistances,83

inductances, and capacitors, in series or parallel connection.84

According to [13], the resonant frequency of the winding is85

f = 1/2π(LC)1/2; assuming that the winding state changes,86

in the high-frequency (HF) band, the effect of the inductance87

is less than the capacitance due to the skin effect. Thus, the88

ratio of the resonant frequency f2 under fault compared with89

the resonant frequency f1 without fault when ignoring small90

changes in inductance L is f2/ f1 = 1/(1+�C/C)1/2. In turn,91

the higher frequency band of FRA could characterize the small92

changes in parameters, namely, the minor fault. However,93

the upper-frequency limit of conventional SFRA equipment94

is only 2 MHz. Thus, traditional SFRA may not easily detect95

minor faults. Meanwhile, SFRA is time-consuming in actual96

application.97

In this context, to provide an alternative, simple, fast, easy,98

and sensitive method, IFRA is introduced to detect short circuit99

faults of stator windings in the SM, and the applicability of100

IFRA is discussed. IFRA can be measured when the machine101

is in shutdown and maintenance, easily implemented in offline102

status, especially with condition-based maintenance technique.103

Besides, IFRA uses the pulse signal with a lower rising time104

as the excitation signal. The excitation contains rich high-105

frequency components, which can be sensitive to minor wind-106

ing faults. At the same time, it has a short measurement time107

and low requirements for external environmental conditions.108

IFRA can be an alternative and auxiliary method. The novel109

contribution of this article is to introduce IFRA into fault110

detection of SM windings for the first time and demonstrate its111

applicability from experiments using the statistical index of the112

first anti-resonance features of IFRA. In addition, an adequate113

pulse parameter is determined for the exact purpose.114

Section II presents the method and principle and carefully115

selects system parameters. A solid-state pulse source that can116

excite the windings is then developed and tested in Section III.117

Section IV studies the rotor’s influence on the measurement,118

and then the experiment and analysis of winding short circuit119

fault are introduced. Section V discusses the performance of120

the IFRA method by comparing it with other methods. Finally,121

the conclusions are presented in Section VI.122

II. PRINCIPLE AND SYSTEM PARAMETER SELECTION123

A. Method and Principle124

At HFs (1 kHz–1 MHz), each slot in the stator can be125

represented by an equivalent lumped parameter circuit unit126

composed of resistance, inductance, and capacitance. The127

magnetic core has a negligible effect [8], [9], [10]. High-128

frequency signals are more sensitive to minor faults. However,129

the wiring and other factors could have a noticeable influ-130

ence on the measurement result. Therefore, the frequencies131

below 1 MHz are typically analyzed.132

The equivalent circuit of the entire stator is a cascade133

connection of several lumped parameter circuit basic units.134

Fig. 1. Schematic of broadband equivalent circuit model of stator wind-
ing [14].

Specifically, each basic unit can be seen as one π-type 135

circuit composed of inductance, capacitance, and resistance, 136

as shown in Fig. 1 [14]. Rsi and Li represent the resistance 137

and inductance of stator winding, Ki and C2i represent the 138

series capacitance and grounding capacitance, and Mni is the 139

mutual inductance between the nth inductance unit and i th 140

inductance unit. The parameters in the model of Fig. 1 are 141

frequency dependent, and maximum frequency depends on the 142

rise and fall time of the incident pulse wave [15], [16]. 143

Fig. 2 shows a flowchart for evaluating the applicability 144

of IFRA in the stator winding short circuit fault detection. 145

When an excitation pulse signal vin is injected into the winding 146

terminal, the response signal vout or iout can be measured at 147

the other winding terminal. iout is used in this study. Both vin 148

and iout are simultaneously recorded in the time domain. The 149

spectrum components of excitation and response signals are 150

obtained by transforming signals from the time domain to the 151

frequency domain. The fast Fourier transform (FFT) is often 152

used. Finally, the system’s transfer function is obtained, and 153

it is usually expressed as H (ω) [17] in the logarithmic form 154

and expressed in units of decibel. The calculation equations 155

of the transfer function are as follows (1)–(3). The amplitude 156

of H (ω) at different frequency points represents the IFRA 157

curve. The excitation pulse should have a wide frequency 158

characteristic, and the edges and width of the excitation 159

pulse determine the upper-frequency limit. Therefore, high and 160

wide frequencies should be obtained by setting appropriate 161

parameters of the excitation pulse 162

Vin(ω) =
N−1�
n=0

vin(n)e− j 2π
N ωn (1) 163

Iout(ω) =
N−1�
n=0

iout(n)e− j 2π
N ωn (2) 164

H (ω) = 20 log10
|Iout(ω)|
|Vin(ω)| (3) 165

where vin(n) is the N points sampled signal of excitation 166

voltage; iout(n) is the N points sampled signal of response 167

current; Vin(ω) and Iout(ω) are FFT of vin(n) and iout(n). 168

When the stator winding has a slight fault, the structure or 169

electrical parameters of the equivalent circuit will change, and 170

the transfer function will change, according to the nature of 171

the fault [11]. Therefore, it is possible to detect a winding 172

fault and even recognize the fault degree and types by hori- 173

zontally or vertically comparing the IFRA curves of healthy 174

and faulty winding. The IFRA curve of healthy winding 175

can also be called a “fingerprint.” The vertical comparison 176

means comparing the difference between the IFRA curve 177
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Fig. 2. Flowchart for evaluating the applicability of IFRA in stator winding short circuit fault detection.

Fig. 3. Time- and frequency-domain waveform of square wave pulses.
(a) Time-domain waveform. (b) Frequency spectrum.

of measured winding and its “fingerprint.” The horizontal178

comparison means comparing the IFRA curve of measured179

winding with the curves of other phases or other electrical180

machinery of the same type.181

B. Critical Parameters of Excitation Pulse and Signal182

Sampling183

1) Width of the Excitation Pulse: The selection of the184

excitation pulse parameters has a significant impact on the185

measurement results of the IFRA method, which is described186

in [18]. We select the square wave pulse to improve the187

reproducibility and controllability of the excitation impulse188

signal. Not considering the double exponential voltage, its189

waveform is significantly affected by the load.190

The time-domain waveform of the square wave pulse is191

shown in Fig. 3(a). The rise time should be considered in the192

actual square wave pulse. Therefore, set the pulse amplitude is193

E , the pulsewidth parameter to tω, and the rise time parameter194

to tr , and the time-domain expression is shown as follows:195

V (t) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

E

tr

�
t + tr + tω

2

�
, −tr − tω

2
≤ t ≤ − tω

2

E, − tω
2

≤ t ≤ tω
2

E

−tr

�
t − tr − tω

2

�
,

tω
2

≤ t ≤ tω
2

+ tr .

(4)196

Equation (4) is processed by FFT, and the expression of its 197

frequency spectrum is expressed as follows: 198

F( jω) =
⎧⎨
⎩

4E

trω2
sin

trω

2
sin

(tr + tω)ω

2
, ω �= 0

E(tω + tr ), ω = 0.

(5) 199

Equation (5) shows that the first zero-crossing point of 200

the frequency spectrum is ω0 = 2π /(tω + tr ), as shown in 201

Fig. 3(b). The excitation pulse energy is mainly concentrated 202

in [0, 2π /(tω + tr )]. The larger the pulsewidth and rise time, 203

the lower the frequency point ω0 is. To improve the effective 204

frequency range to detect minor winding faults and avoid 205

pseudo resonant points on the IFRA curve induced by ω0 [19], 206

the main concentration area of the frequency spectrum should 207

be as large as possible. Therefore, the pulsewidth and rise time 208

should be as low as possible. Since the frequency band used 209

in IFRA needs to cover at least [0, 1] MHz, the pulsewidth 210

parameter should not be higher than 1000 ns. We considered 211

the influence of noise and other disturbances in the field test 212

and the pulse generator device; the pulsewidth is selected as 213

no more than 700 ns, and the rise time is less than 50 ns. 214

2) Amplitude of Excitation Pulse: Due to the core loss and 215

dielectric loss of the pulse signal with a frequency component 216

below 2 MHz in the propagation process of the winding, the 217

amplitude of the signal gradually attenuates, and the higher the 218

frequency component attenuates faster. The voltage attenuation 219

can be roughly expressed by (6), U1 is the initial voltage 220

amplitude of the injected pulse, U2 is the voltage amplitude 221

at l, l is the total length of winding that the pulse signal 222

propagates along, and δ is the attenuation index 223

U2 = U1e−lδ. (6) 224

Suppose the amplitude of the excitation pulse signal is 225

not large. In that case, the signal-to-noise ratio (SNR) of the 226

response signal will be very low, and the noise will seriously 227

affect the frequency response curve. 228

The stator of a 380-V, 5-kVA SM is excited by different 229

pulse signals (amplitude: 2–28 V, pulsewidth: 300 ns). The 230
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Fig. 4. IFRA curves of stator excited by input different pulse voltage
amplitudes.

IFRA curves corresponding to various amplitudes are shown231

in Fig. 4. A constant value is subtracted from the vertical232

axis of each curve to separate IFRA curves, and better show233

their difference. In Fig. 4, when the pulse amplitude is less234

than 12 V, the noise affects the IFRA curve. Therefore, the235

lowest pulse amplitude is suggested as 12 V in this study.236

Although the selection of this amplitude is the experimental237

result on a simulated experimental machine, the variation law238

of this amplitude applies to other power machines, but the239

selection of amplitude will be different. In practical applica-240

tion, if there is large noise in the IFRA curve, the impulse241

amplitude should be increased appropriately.242

Due to the equivalent circuit model of SM being a linear243

system, the variation of the upper amplitude of excitation will244

not change the IFRA of the machine unless the core is satu-245

rated under excitation voltage. However, the high voltage will246

induce insulation problems for the turn-to-turn and grounding247

insulation. According to [20], [21], a pulse signal (rise time:248

200 ns, pulsewidth: 1 μs) is injected into the twisted pair249

(diameter: 1.45 mm) of the machine. The results show that250

when the voltage reaches 1.2 kV, the probability of partial251

discharge (PD) of the twisted pair is close to 100%. Thus,252

the excitation voltage should be less than several kilovolts.253

To keep a certain margin, we roughly and preliminary provide254

a suggested voltage. The maximum pulse amplitude is recom-255

mended to be 500 V. In engineering applications, the amplitude256

of the excitation pulse signal may be different for machines257

of other rated power. However, the suggested amplitude can258

still be referenced for machines of similar power ratings.259

3) Key Parameters of Signal Sampling: According to the260

Nyquist sampling theorem, the sampling rate should be more261

than two times the upper frequency of the analyzed signal to262

ensure that the signal amplitude is not significantly distorted.263

In engineering, however, this value can reach ten times. This264

study sets the sampling rate and acquisition points to 25 Msps265

and 10 000 points. The parameter requirements for pulses are266

shown in Table I.267

III. DESIGN AND IMPLEMENTATION OF A SOLID-STATE268

NANOSECOND PULSE SOURCE PROTOTYPE269

For the first time, this article introduces IFRA to270

detect the SM winding fault. And there is no low-cost271

TABLE I

PARAMETER REQUIREMENTS FOR EXCITATION PULSE
AND SAMPLING SELECTION

commercial nanosecond pulse generator specifically designed 272

for SM winding fault detection, which also matches the 273

above-suggested pulse parameters. Therefore, this article 274

designs and manufactures a solid-state nanosecond pulse 275

source prototype. According to Section II, the output pulses 276

of the pulsed power source are designed as adjustable para- 277

meters. Pulse amplitude: 0–3 kV, pulsewidth: 0–1000 ns, 278

repetition frequency: 1–1000 Hz. The pulsed power source 279

comprises Marx’s main circuit, high voltage power module, 280

power MOSFET driving module, and control module. The 281

circuit schematic is shown in Fig. 5. 282

The working principle of the pulsed power source is as 283

follows. First, the control module transforms the original 284

trigger pulse signal generated by the signal generator into 285

four synchronous trigger signals. Because the optical fiber has 286

the advantages of anti-interference between the heavy-current 287

and weak-current parts, the optical fiber and optical fiber 288

connector (HFBR-1414TZ and HFBR-2414TZ) is selected 289

as the isolation and medium to transfer the trigger signals 290

to the power MOSFET driving module. Second, the power 291

MOSFET driving module mainly amplifies the signal through 292

the driver chip to control MOSFETs’ switching, which adjusts 293

the pulsewidth and repetitive frequency of the final output 294

pulse. Besides, the high voltage power module controls the 295

power supply of the Marx circuit by adjusting the parameters 296

on the PC to control the amplitude of the final output pulse. 297

Some virtual devices and parameters are selected as follows. 298

A. Capacitor of Marx Circuit 299

The Marx main circuit consists of four-stage charging 300

capacitors, whose capacitance value C0 must satisfy (7). 301

941C12P47K is selected as the energy storage capacitance 302

C ≤ τV0

�Vd Rload
(7) 303

where C is the equivalent series capacitance of four stages, 304

C0 = 4C , τ is the maximum pulsewidth, V0 is the amplitude 305

of output pulse voltage, Vd is the allowable falling amplitude 306

of output pulse voltage, which is generally 5%–10%, and Rload 307

is the load resistance. 308

1) MOSFET and Fast Recovery Diode: In the Marx circuit, 309

IXFX26N120P is selected as the MOSFET switch to control 310

the pulse power supply to generate the pulse signal of nanosec- 311

ond pulse rise time and pulsewidth. Besides fast recovery 312

diode functions as the isolation between two stages in the 313

Marx circuit, we choose DSE160-12A as a diode. The forward 314

current and reverse breakdown voltage of the diode should 315
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Fig. 5. Circuit schematic of nanosecond pulsed power source prototype.

meet the relationship as shown in the following equation:316 	
V > Vmax

I > Imax
(8)317

where Vmax is the maximum voltage of a capacitor when the318

Marx circuit is in discharging mode, Imax is the maximum319

current that flows through the fast recovery diode when the320

Marx circuit is in charging mode, and V and I are the reverse321

breakdown voltage and forward current for the fast recovery322

diode.323

2) Chips and High Voltage Power Module: The 74HC245324

is selected to transform one trigger signal into four signals325

and improve the driving ability. The DS75451N is a dual and326

peripheral gate driver, and it is chosen to keep the output327

multiple trigger signals consistent. The IXDN609 has a high328

current output and short rise time, especially suitable for329

driving MOSFET. The DW-P102-DC100C5D is selected to330

adjust the output voltage linearly.331

Fig. 6 shows the performance of the pulse device, including332

pulse amplitude adjustment and pulsewidth adjustment exper-333

iments. In Fig. 6(a), the pulse amplitude can be variable from334

200 to 2500 V. The rise time of nanosecond pulse is within335

40 ns. Besides, Fig. 6(b) shows that the width of the pulse336

signal can be continuously adjusted from 200 to 1000 ns.337

IV. EXPERIMENT AND ANALYSIS OF WINDING338

SIMULATED SHORT CIRCUIT FAULTS339

This section artificially simulated the winding short circuit340

faults on the salient SM (rated power: 5 kVA, rated voltage:341

380 V, pole pairs: 1, number of slots: 36) mentioned. First,342

the influence of rotor position on the IFRA signature of343

the stator winding is investigated. Second, the short circuit344

fault of the winding is simulated, three terminals were led345

out from the wires in slots #2, #3, and #4 of the stator346

phase-U winding, and the turns that correspond to the three347

terminals are 4%, 8%, and 12% of entire turns, respectively.348

The test connection diagram of the IFRA method is shown349

Fig. 6. Performance test of pulsed source. (a) Continuous adjustment of
pulse amplitude. (b) Continuous adjustment of pulsewidth.

in Fig. 7. The excitation voltage and response current are 350

measured by a broadband voltage probe (Tektronix P5100A, 351

bandwidth: 500 MHz) and a current sensor (Pearson, model: 352

150, bandwidth: 40 Hz–20 MHz, sensitivity: 0.5 V/A). The 353

waveforms are recorded by Tektronix MDO4104C oscillo- 354

scope (bandwidth: 1 GHz). The IFRA tests were conducted 355

several times in the same state of machinery. Both excitation 356

and response signals of 64 measurements were averaged to 357
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Fig. 7. Test connection diagram of IFRA method. (a) IFRA connection
diagram. (b) Field image of test diagram for IFRA method.

Fig. 8. Schematic of rotor and IFRA curve. (a) Rotation direction of rotor for
two-pole machines. (b) Influence of rotor position on IFRA curves of stator
winding.

reduce the influence of white noise on measurement. The358

averaged signals functioned as the time-domain signals for359

analysis.360

TABLE II

INFLUENCE OF ROTOR POSITION ON RF OF IMPULSE FREQUENCY
RESPONSE CURVE FOR STATOR WINDING

A. Influence of Rotor Position on IFRA Signature of Stator 361

Winding 362

For salient poles SM, the position of the rotor may influence 363

the frequency response curve. Therefore, the effect of rotor 364

position on the IFRA signature of stator winding was tested 365

and analyzed. First, we measured the IFRA signature of the 366

stator winding without a rotor. Second, a slot of the stator core 367

was marked as the initial position, and the rotor was installed 368

under different angles concerning the initial position, including 369

0◦, 90◦, 180◦, and 270◦, respectively, simulating different situ- 370

ations of the rotor. The rotation direction of the rotor is shown 371

in Fig. 8(a). The IFRA curves of stator phase-U winding 372

measurement results are shown in Fig. 8(b). To carry out the 373

quantitative analysis of variable IFRA curves, we refer to the 374

Chinese power industry standard DL/T911, which is used for 375

FRA of power transformers. Relative factor (RF) Rxy is used. 376

The formula for calculating Rxy [22] is shown in (9)–(12) and 377

the Rxy in (10) evaluates the similarity of the two frequency 378

response curves (Xi and Yi ). [23] suggests that 1–100 kHz 379

is the low frequency (LF) band, 100–600 kHz indicates the 380

medium frequency (MF) band, and 600–1000 kHz represents 381

the HF band. Although the frequency division method is used 382

for FRA analysis of transformer, it can still be used for 383

reference in machine analysis. The RF is calculated and shown 384

in Table II 385

Dx = 1

N

N�
i=1



Xi − 1

N

N�
i=1

Xi

�2

(9) 386

Dy = 1

N

N�
i=1



Yi − 1

N

N�
i=1

Yi

�2

(10) 387

Cxy =
1
N

N�
i=1

�
Xi − 1

N

N�
i=1

Xi

�
×

�
Yi − 1

N

N�
i=1

Yi

�


Dx Dy
388

(11) 389

Rxy =
	

10, 1 − Cxy < 10−10

−log10

�
1 − Cxy

�
, otherwise

(12) 390

where Xi and Yi are sequences of length N , i = 0, 1, 391

2, . . . , N− 1, Dx and Dy are the standard variance, and Cxy 392

is the normalized covariance coefficient. 393

As shown in Fig. 8(b) and Table II, the value of Rxy is less 394

than 0.5 and 1 in LF and MF bands, respectively. There is 395

a significant difference between IFRA curves corresponding 396

to the rotor’s presence or absence. The Rxy corresponding to 397

different rotor positions shows a significant difference. The 398
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reasons are as follows: the rotor will change the equivalent399

electrical parameters of the stator, and the variation of the air400

gap and magnetic flux is more significant. Thus, the inductive401

region of the IFRA curve possessed a considerable change.402

The rotor’s different positions will change the parameters of403

the stator, especially the inductance, which will undoubtedly404

change the IFRA curves. Also, in frequency ranges below405

600 kHz, the inductance and capacitance are dominant, and the406

variations of IFRA curves are significant. In HFs (>600 kHz),407

the flux penetration into the core is neglected, and the effect408

of the rotor is insignificant. Thus, the IFRA curves are409

unchanged.410

However, the value of Rxy is close between 0◦ and 180◦,411

and the Rxy value corresponding to 90◦ and 270◦ are close.412

Because the machine is a geometric symmetrical structure, the413

IFRA curves of winding with the rotor of 0◦ and 180◦ and 90◦
414

and 270◦, almost coincide, respectively. Therefore, the rotor415

positions have a significant influence on the IFRA curve of the416

stator. The rotor position should be marked and fixed for each417

experiment when the IFRA method is applied in practice.418

B. ITSC Fault Test of Stator Winding419

We shorten terminals #2 and #3 and #2 and #4 to simulate420

the ITSC fault. The IFRA curves of the phase-U were then421

measured. Besides, the ITSC fault will reduce effective turns,422

and the equivalent series inductance of the electrical model has423

decreased [23]. Thus, we simulate this fault by changing series424

inductance to obtain more data on ITSC fault. The first step is425

to estimate the equivalent inductance of winding. The winding426

impedance mainly determines the inductance L at LF, and427

the inductance can be calculated by (L = |Z | sin θ/2π flow),428

where Z is the impedance in the low-frequency band, flow429

and θ is the frequency and phase angle [24]. Thus, the phase-430

U impedance curve was measured by a Keysight impedance431

analyzer (E4900A), shown in Fig. 9. We calculated some432

inductances using several points in the low-frequency band433

and found that the inductances are approximately equal. Thus,434

we randomly selected eight points on the impedance curve435

in the low-frequency band and calculated the average value,436

as shown in Fig. 9(b). The equivalent inductance of one turn437

is estimated to be 112 μH. However, artificially decreasing438

the series inductance of winding is challenging to implement;439

this article, in turn, simulates such an effect by paralleling an440

inductance to two terminals. This protocol also verifies that the441

winding ITSC will affect the series inductance. The inductance442

of 10 and 100 μH is connected to terminals #2 and #3. Finally,443

we measured the IFRA curve under each situation, and raw444

time-domain waveforms and IFRA curves of ITSC fault are445

shown in Fig. 10. Table III presents the RF.446

In Fig. 10(b), the changing trend of the IFRA curves in the447

low-frequency band is approximately the same for different448

cases. In Table III, for indirect and artificial short circuit449

fault, the frequency shift of first anti-resonance is as high as450

10.55%, not to mention the direct short circuit fault, which451

demonstrates that IFRA shows a high sensitivity. Besides,452

with the increase of the fault degree, the curves are shifted453

to the high-frequency band. The larger the fault degree, the454

Fig. 9. Impedance characteristic curve of stator phase-U winding.
(a) Impedance characteristic curve of phase-U winding in [0–5] MHz.
(b) Impedance characteristic curve of phase-U winding in [0–8] kHz.

Fig. 10. Raw time-domain waveforms and IFRA curves of ITSC fault.
(a) Raw time-domain waveforms. (b) IFRA curve.

larger the extent of IFRA curve variation. This phenomenon 455

can be explained based on ( f = 1/2π(LC)1/2), where L 456

is the impedance and C is the capacitance. The inductance 457
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TABLE III

RF AND FREQUENCY SHIFT OF FREQUENCY RESPONSE
CURVES OF ITSC FAULT

TABLE IV

RF AND FREQUENCY SHIFT OF FREQUENCY RESPONSE

CURVE OF GSC FAULT

mainly determines the resonant frequency if the resistance is458

ignored and the effect of capacitance is not significant, at least459

less than the change of inductance. The winding inductance460

decreases gradually with the increase of ITSC fault extent and461

the corresponding resonant frequency increases.462

C. GSC Fault Test of Stator Winding463

The GSC fault is also one of the common fault types in464

the machine. This article also experimentally simulates and465

analyzes the GSC fault of the stator winding. First, terminal #2466

of the stator phase-U winding was directly grounded, and the467

IFRA curve was measured. Second, the resistance of 20, 40,468

and 60 � is connected in series to the grounding wire, respec-469

tively, to simulate different fault degrees. The corresponding470

IFRA curves were measured. The raw time-domain waveforms471

and IFRA curves are shown in Fig. 11. The RF is shown in472

Table IV.473

As shown in Fig. 11(b) and Table IV, the IFRA curves474

of GSC faults are significantly different from healthy wind-475

ing, especially in LF and MF bands. Besides, the first476

anti-resonance of the IFRA faulty curve is shifted to the477

LF band, and simultaneously, the GSC leads to a large478

increase in the gain of the first anti-resonance point. With479

the increase of GSC fault resistance, the gain of the first480

anti-resonance point decreases. In addition, it can be seen481

from Figs. 10(b) and 11(b) that the changes of the first482

anti-resonance point caused by different faults are different483

so that IFRA can distinguish different types of short circuit484

faults.485

After the ITSC and GSC fault experiments, the results show486

that the frequency characteristic points of ITSC and GSC fault487

are concentrated below 1 MHz. However, there are many types488

of faults in SM. Whether the range of other fault types or more489

Fig. 11. Raw time-domain waveforms and IFRA curves of GSC fault. (a) Raw
time-domain waveforms. (b) IFRA curve.

minor fault feature points is greater than 1 MHz needs to be 490

further studied. 491

V. COMPARISON OF IFRA METHOD WITH 492

OTHER METHODS 493

To verify the performance of the IFRA method, it is 494

compared with traditional SFRA and RSO. 495

A. Comparison of IFRA With SFRA Method 496

First, we used a commercial FRA analyzer (model: 497

SFRB-R, sweep frequency range: 10 Hz–2 MHz, repetition 498

rate of same phase test: 99.5%) to measure the SFRA curve 499

of each phase winding, respectively. Fig. 12 shows the com- 500

parison of SFRA and IFRA signatures for three-phase stator 501

winding. It can be seen that there is a constant difference 502

between the SFRA and IFRA signatures of the same phase, 503

which is because the nature of response signals for the two 504

methods are different. For IFRA, the IFRA curve is the ratio of 505

the response current to excitation voltage, namely, the transfer 506

admittance. However, for SFRA, the response signal is the 507

voltage on the output impedance of 50 � (cable); the SFRA 508

curve is a voltage ratio. Thus, the constant difference of gain is 509

20∗log10(50) = 34 dB in the entire frequency range. Besides, 510

the IFRA curve corresponds to the SFRA curve. Therefore, the 511

status of winding can be characterized by the IFRA signature, 512

and the developed nanosecond pulse source is feasible for 513

exciting the resonant points of IFRA curves. 514
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Fig. 12. Comparison of SFRA and IFRA method for three-phase stator.

Fig. 13. SFRA curves corresponding to the ITSC and GSC faults. (a) ITSC
fault test. (b) GSC fault test.

For simplicity, the repeatability result of SFRA is not515

shown in this study. However, high repeatability is foreseeable,516

referring to the nameplate of the SFRA instrument. In Fig. 12,517

the variation trend of the IFRA and SFRA curves is consistent.518

The trend of the curves obtained by the two methods is the519

same.520

To further compare the performance of IFRA and SFRA,521

we also simulate and test the ITSC and GSC faults with SFRA,522

the experimental results are shown in Fig. 13. The RF is shown523

in Table V.524

It can be seen from Figs. 13(a) and 10(b) that the trend525

of the frequency response curve of ITSC faults with different526

degrees is consistent. With the increase of fault degree, the first527

TABLE V

RF AND FREQUENCY SHIFT OF SFRA OF ITSC AND GSC FAULT

TABLE VI

SENSITIVITY (S) INDEX OF SFRA AND IFRA UNDER WINDING FAULT

characteristic frequency point moves toward HF. In addition, 528

from Tables III and V, the changing trends of the Rxy and 529

frequency shift of the first characteristic points are consistent 530

for both methods. However, the values of Rxy and frequency 531

shift of the first anti-resonance are different due to the different 532

wiring of IFRA and SFRA. 533

Meanwhile, as shown in Figs. 13(b) and 11(b), the fre- 534

quency response curves of IFRA and SFRA are also similar. 535

In order to compare the sensitivity of IFRA and SFRA to 536

the same fault, the sensitivity (S) index is used to evaluate 537

and calculate the relationship between the index and the 538

quantitative fault degree (X). S is obtained by fitting each 539

statistical index value with the quantitative value of fault 540

degree through the least square method. The Equation is shown 541

in (13). X represents the quantitative degree (the quantitative 542

degree of each fault type X is quantified as 1, 2, 3, and 4, 543

respectively), and Y represents the index value. The calculation 544

results are shown in Table VI. 545

As can be seen from Table VI, S is a negative number, 546

indicating a negative correlation between the index and the 547

fault degree. Since the S value of the first anti-resonance is 548

larger than that of Rxy , the priority of analyzing the frequency 549

change rate of feature points should be greater than Rxy for 550

the judgment of fault degree. Although the Rxy and frequency 551

shifts of the first characteristic point of SFRA and IFRA are 552

not similar, it can be seen that the sensitivity S of the two 553

methods is relatively close. So, SFRA and IFRA methods 554

have similar performance in fault detection. Both methods can 555

detect short circuit faults 556

S = XY − X · Y

X2 − (X)
2 . (13) 557

B. Comparison of IFRA With RSO Method 558

The basic principle of RSO is to inject two identical 559

high-frequency pulse waves from both ends of the winding 560

and then calculate the difference between the two response 561
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Fig. 14. Connection of RSO test and pulse signal parameter setup.

Fig. 15. IFRA and RSO curves of stability test at different times and ambient
temperatures. (a) IFRA stability test. (b) RSO stability test. The term “h”
means the hours experienced after the first measurement. The term “C” means
the centigrade of ambient temperature when the measurement was conducted.

waveforms to obtain the “characteristic curve.” Whether the562

“characteristic curve” shows a bulge is used as the basis of563

fault detection. First, the stability experiments of the IFRA564

and RSO methods were carried out. The connection between565

the RSO test and pulse signal parameter setup is shown in566

Fig. 14. Variable ambient temperatures are set by performing567

tests under different conditions, such as in the morning,568

afternoon, or in an air-conditioned room. The cosine similarity569

indicator is used to calculate the similarity of the two curves.570

Fig. 15 shows the IFRA and RSO curves of the stability571

experiment.572

In Fig. 15(a), the IFRA curves measured at different periods573

and ambient temperatures are coincident, which indicates574

that the proposed IFRA method is applicable in engineering.575

In Fig. 15(b), the cosine similarity indicator of RSO is not576

as high as that of the IFRA method. Second, referring to the577

experiment setup in Figs. 10 and 11, the RSO experiment is578

carried out under different winding fault situations. In each579

state, the pulse signals are injected into phase-U and phase-580

W, respectively, and then the response curves of the two581

measurement modes are subtracted to obtain the RSO feature582

Fig. 16. RSO feature waveforms correspond to different fault types and
degrees. (a) Winding ITSC fault. (b) Winding GSC fault.

TABLE VII

SENSITIVITY (S) INDEX OF RSO UNDER WINDING FAULT

waveforms. The aberration area of the RSO feature waveform 583

is used as the fault factor to characterize the fault severity. 584

Fig. 16 shows the result. Table VII shows the sensitivity 585

calculation results. 586

In Fig. 16, the more serious the fault, the larger the 587

aberration area. It can be seen in Table VII that the sensitivity 588

of RSO to detect ITSC and GSC faults is lower than IFRA 589

and SFRA. In addition, it is difficult to directly recognize 590

the winding fault type from the time-domain waveforms of 591

Fig. 16. 592

C. Performance Summary of Three Methods 593

We compare the performance of IFRA, SFRA, and RSO 594

methods. The detection time, cost, repetition rate, sensitivity, 595

and fault detection of there are discussed and summarized. 596

Since the S of frequency shift of first anti-resonance points 597

is better than the correlation coefficient Rxy , frequency shift 598

of first anti-resonance points is selected to represent the S of 599

IFRA and SFRA. The performance parameters are shown in 600

Table VIII. 601

As shown in Table VIII, IFRA and RSO have advantages 602

over SFRA in cost and detection time. Still, it cannot be 603

ignored that the high stability of SFRA makes it stable for 604

application on important occasions. Meanwhile, IFRA and 605
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TABLE VIII

COMPARISON OF PERFORMANCE INDEXES OF IFRA, SFRA, AND RSO

SFRA have advantages over RSO in fault type identification606

and fault degree. The larger upper-frequency limit of IFRA607

makes it a more promising method for detecting incipient and608

minor winding faults. In summary, IFRA can be used as an609

auxiliary and alternative method in the nondestructive fault610

detection of SM. Further work is in progress to detect different611

types of SM and verify the generalization of the IFRA.612

VI. CONCLUSION613

In this article, a detection method of winding short circuit614

fault of SM based on IFRA is proposed for the first time.615

To evaluate the applicability of IFRA for stator winding616

short circuit fault detection, a nanosecond pulse power source617

for stator winding short circuit fault detection of small-618

and medium-sized SM is designed and manufactured. The619

high-voltage nanosecond pulse generated by the pulse power620

source is regarded as a high-frequency excitation to the621

machine winding. In response to the current of the machine622

winding, the IFRA curve is obtained to detect the state of the623

winding fault. The main conclusions are as follows.624

1) For the tested 5-kVA machine, this study provides a625

suggested value for the pulsewidth and amplitude of the626

excitation signal, which is 100–700 ns and 12–500 V,627

respectively. This amplitude can still be referenced for628

machines of similar power ratings. At the same time,629

A low-cost, adjustable, solid-state nanosecond pulsed630

power source prototype is designed and implemented in631

this article. The nanosecond pulses with parameters of632

0–3 kV, 100–1000 ns, and 1–1000 Hz can be controlled633

and produced by the homemade high voltage pulsed634

source.635

2) The position of the rotor can significantly affect the sta-636

tor winding IFRA. The position of the rotor changes the637

inductance and capacitance parameters of the equivalent638

circuit of the stator winding. Therefore, when comparing639

IFRA detection data with reference data, it is necessary640

to consider whether the rotor position is consistent.641

3) The fault experiment results verify that the stator’s ITSC642

and GSC faults can be successfully detected by IFRA.643

Among them, for the minimum ITSC and GSC faults644

simulated in this article, the offset between IFRA curve645

and reference data is 10.55% and 89.50%, respectively,646

indicating that IFRA has high sensitivity. The frequency647

response characteristics of hundreds of kilohertz fre-648

quency bands can effectively reflect the degree and type649

of SM winding short circuit fault, which has practical 650

engineering potential. 651

4) Compared with SFRA and RSO, IFRA has a fast 652

inspection speed (less than 1 s), low cost (less than 653

$2000), and high sensitivity. In addition, IFRA has rich 654

high-frequency signals (larger than 2 MHz), which can 655

detect more minor faults. It can be used as an alternative 656

method in the fault detection of SM. 657
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