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ABSTRACT The widely use of covered conductor increases the reliability of distribution network. However,
a new problem of partial discharge caused by covered conductor at the position of tower head is generated at
the same time. This kind of partial discharge will damage the insulation layer or accelerate the deterioration
of insulation, which may cause the single-phase grounding fault and affect the power supply reliability.
At present, there is few systematic studies on the characteristics of this partial discharge. This paper mainly
analyzes the electric field distribution near the covered conductor around tower head, builds the partial
discharge experiment platform, and obtains the pulse current characteristics of partial discharge under
different working conditions. The results show that the maximum electric field intensity is located at the
interface between covered conductor, binding wire and air. The main causes of partial discharge are the wet
and dirty of the surface of porcelain insulator and conductor insulation. The minor cause is the breakage
of covered conductor insulation. Under different conditions, the initial partial discharge pulse current wave
front time is 8ns ∼ 45ns, the tail time is 30ns ∼ 150ns. The discharge time interval can be as low as 30µs.
In addition, it is found that there are two types of partial discharge through spectral analysis. One occurs
when the covered conductor insulation is damaged under binding wire; the other is the covered conductor
insulation is intact.

16

17

INDEX TERMS Covered conductor, distribution network tower head, impulse current characteristic, partial
discharge.

I. INTRODUCTION18

In 2021, total electricity consumption of China has exceeded19

8.3PWh, which is the highest in the world [1]. Over the20

past few decades, China has invested most resources into its21

transmission network while only a few attentions were given22

to distribution network. Chinese Average Interruption Hours23

of Customer (AIHC) in 2019 is 823 minutes. By contrast,24

some developed countries are only 20 to 30 minutes, such as25

German, Japan, and America [2], [3], [4]. In 2019, more than26

40 percent of distribution network power outage in China is27

caused by equipment failure. It suggests that the equipment28

status significantly affects the reliability of power supply.29

The associate editor coordinating the review of this manuscript and

approving it for publication was Pavlos I. Lazaridis .

Using covered conductor to replace bare conductor is an 30

effective method to increase reliability. It has reduced the 31

flashover and earthing a lot [17]. However, a new problem of 32

partial discharge has arisen on covered conductor insulation 33

surface around tower head [37]. Recently, with the increasing 34

attentions to the reliability of distribution network, more and 35

more 10kV covered conductor insulation damages caused by 36

partial discharges have been discovered all over the country, 37

such as Zhangzhou of Fujian Province [5], Dalian of Liaoning 38

Province [6], Shenyang of Liaoning Province [7], Hefei city 39

of Anhui province [8], Beijing [9], Nanning of Guangxi 40

province [10]. This problem has a wide distribution and 41

large scope of influence. Figure 1 and 2 below illustrates the 42

partial discharge problem occurs on the 10kV covered con- 43

ductor around tower head according to our field investigation. 44
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FIGURE 1. Partial discharge problem and burned insulation on covered
conductor in Coastal areas.

FIGURE 2. Partial discharge problem and burned insulation on covered
conductor in Inland areas.

Figure 1 comes from the maintenance team of power com-45

pany in Fujian Province. Figure 2 comes from the mainte-46

nance team of power company in Beijing City and Anhui47

Province.48

Among them, Zhangzhou and Dalian are coastal cities with49

high pollution level. The burning of conductor insulation is50

serious and causes high risk of flashover. In addition, dis-51

charge arcs can melt XLPE insulation material. XLPE will52

drop to the ground and may trigger a fire [5]. The distri-53

bution network reliability and safety are affected dramati-54

cally. In other inland cities, the degree of covered conductor55

damages is relatively lower. However, the risk of earth fault56

and fire still cannot be neglected. According to statistical57

data of Liaoning power supply recovery, the average recovery58

time of covered conductor failures exceeds 38 hours [7].59

Operation and Maintenance team spent plenty of time on60

locating the earth point. As showed in figure 2, damaged61

insulation is usually covered by binding wire [9]. Without62

proper inspection devices, this damage is hardly to find.63

During our line patrol actions in Hefei in 2019 [8], we found 64

that some partial discharges on covered conductor can only 65

be detected in some certain weathers, such as high humidity 66

environments. Therefore, lots of partial discharges on covered 67

conductor cannot be discovered due to their high stealthiness 68

and the lack of continuousmonitoring device. As the length of 69

10kV distribution overhead line has exceeded 4,370,800km in 70

China [1], the number of potential partial discharge problems 71

is high. 72

Although the partial discharge is weak initially, it can 73

develop into spark discharge and damage the covered con- 74

ductor slowly. This will finally cause flashover, broken line, 75

or single-phase earth fault. The reliability of distribution 76

network is decreased. Although there are troubleshooting 77

methods of ground and short faults, prevent partial discharge 78

from the beginning is still the best solution in economic 79

viewpoint [37]. 80

Covered conductors are fixed on the porcelain insulator top 81

by metal binding wires. In this area, there are three kinds of 82

dielectric mediums, which are XLPE of covered conductor 83

insulation, metal binding wire, and air. Thus, a junction area 84

of these three mediums is formed. The maximum intensity 85

of electric field is always in this area [11]. Kiitam calculated 86

the electric field distribution in this junction area and further 87

proved that the maximum electric field intensity is around the 88

outermost turns of binding wires [20]. When the equipment 89

insulation level is degraded to a certain degree, especially 90

in offshore regions, partial discharges will primarily occur 91

near the junction area [14]. However, how the distribution of 92

electric field changes with working conditions is still unclear. 93

Only a few current research focuses on the partial discharge 94

on covered conductor around tower head. Some of them are 95

investigations and surveys of covered conductor damages [7], 96

[8], [9], [10]. The cause of partial discharge is not explained. 97

Others only focus on the pollution level in coastal areas while 98

other conditions are not analyzed. Authors claimed that the 99

heavy pollution will not only increase the electric field inten- 100

sity in the air gap between the conductor and bindingwire, but 101

also increase the leakage current and flashover risk [5], [6]. 102

High leakage current is another reason of insulation burning. 103

Currently, the researches of partial discharge on covered 104

conductor mainly focus on the contacted trees [15], [16]. 105

Unlike cables, if covered conductor is contacted by external 106

objects, partial discharge may happen. The trees are the most 107

common objects. As the origin of these partial discharges is 108

totally different with the one happens in tower head, these 109

researches have little help to our study. 110

In general, there are few studies on the characteristics 111

of partial discharge and detection methods for the partial 112

discharge happened in the junction area formed by covered 113

conductor, binding wire, and air. The operation and main- 114

tenance team can neither eliminate damages in the early 115

stage of partial discharge, nor have targeted solutions. Clear 116

characteristics of partial discharges are the precondition of 117

successful detection and prevention. As the partial discharge 118

on covered conductor around tower head happens all over 119
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the country, the environments around the damaged equipment120

have huge differences. Therefore, the systematic research121

must be carried out to obtain the complete characteristics122

for all working conditions. The purpose of this paper is to123

study the characteristics of partial discharge happened in the124

junction area. An experiment platform for 10kV overhead125

covered conductor is built to reproduce the partial discharge,126

and 240 types of working conditions are tested. Through this127

systematic research of experiments and electric field simula-128

tion, the causes of partial discharge are discussed. The pulse129

current frequency spectrum, phase distribution, amplitude,130

front time, and tail time in different working conditions are131

calculated. These outcomes can not only provide the theoret-132

ical basis for partial discharge prevention, status monitoring,133

and failure risk assessment, but also have high significance of134

scientific and engineering of covered conduction partial dis-135

charge prevention and treatment. Thus, this paper can make136

contributions to improving distribution network reliability.137

II. PARTIAL DISHARGE POSITION IN OVERHEAD LINE138

It is proved that high electric field intensity is the root cause139

of partial discharges in air. Equation (1) below is a commonly140

used equation to calculate electric field intensity around a141

long cylinder. The parameters m and n are related to cylinder142

diameter and the distance between the electrode and the143

ground. The electric field will increase when electrode is144

close to the ground.145

E =
U

ε0r
(
lnm
ε1
+

ln n
ε0

) (1)146

Based on the structure of overhead lines, this equation can147

also be used to qualitatively analyze the electric field around148

covered conductor. Between towers, the ground is at about149

6m away from overhead conductor. However, at tower head,150

this distance is less than 20cm as themetal crossarm is usually151

grounded. Thus, disregard to external objects, the area around152

tower head has the highest electric field intensity and partial153

discharge risk.154

In normal conditions, insulator bears most of the volt-155

age drop. However, in some cases, this voltage drop will156

be mainly applied on the gap between covered conductor157

and binding wire [5]. Partial discharges are then occurred.158

According to current researches, there are two possible scenes159

of developing partial discharges around tower head:160

a. Because of pollution, weather and equipment quality,161

initial partial discharge on covered conductor around tower162

head will occur [14].163

b. As time goes by, the insulation of covered conductor is164

damaged gradually. The conductor will be exposed to the air165

at last. In addition, the induced lightning strikes may directly166

cause the perforation on conductor insulation without initial167

partial discharge stage [21], [22], [23].168

Without the insulation, spark discharge may occur between169

the conductor and binding wire. The conductor insulation170

material also may be ignited by discharge arcs. Thus, the171

FIGURE 3. Simulation model.

FIGURE 4. Electric field distribution around the junction area.

risk of earth fault, overhead line broken, and fire is extremely 172

high. 173

Calculate electric field distribution is the basis for reveal- 174

ing partial discharge positions in a system. Figure 3 illustrates 175

a simple simulation model for electric field distribution cal- 176

culation based on typical 10kV distribution network tower. 177

PS-15/300 insulators, 17mm diameter covered conductors 178

with 3.4mm insulation layer, 1mmdiameter bindingwire, and 179

6m height tower are built. The metals in model are treated as 180

perfect conductor, so their relative dielectric constant is set to 181

infinite [18]. 182

Figure 4 shows the electric field in normal condition with 183

11.5kV voltage. It is clearly to see that the high inten- 184

sity area is in the junction area. In addition, the maximum 185

intensity sections are around the outermost turns of binding 186

wire, which matches the actual damage position and other 187

researches. By creating different defects in simulation model 188

showed in figure 5, the calculated maximum intensity can be 189

3 times higher at most. Insulation damage and moisture are 190

the most significant factor. Whatever the conditions are, the 191

position of the maximum intensity is always in the junction 192

area. It means that the partial discharge will firstly occur 193

in this area. To detect or prevent partial discharge from the 194

beginning, the partial discharge characteristics in this area 195

must be studied. 196

III. EXPERIMENT PLATFORM AND METHODS 197

A. PLATFORM STRUCTURE 198

Partial discharge experiment platform is the indispensable 199

key to observe the physical process of partial discharge 200

and obtain related data in different working conditions. 201
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FIGURE 5. Defects in simulation.

FIGURE 6. Experiment platform structure.

A platform demonstrated in figure 6 is built for this purpose.202

2m length JKLYJ covered conductor is fixed on PS-10/300203

insulator by 1mm diameter metal binding wire. The insulator204

is installed on a grounded metal crossarm and lifted for205

2 meters. PD-free power frequency test system is used to206

apply maximum 20kV voltage to the covered conductor. The207

partial discharge pulse current is measured by a 100� shunt208

and the applied voltage is measured by a 200M� divider.209

A 500MHz bandwidth Pico digitizer model 6424D is used210

to record the outputs of shunt and divider. The digitizer is set211

to 312.5MHz sample rate, 1M� input impedance, and 20ms212

measurement length.213

One of the keys of this experiment is to measure the214

pulse current of partial discharge correctly. Therefore, the215

FIGURE 7. Frequency response of 100� inductance-free shunt.

performance of shunt is very important. A vector network 216

analyzer (VNA) model E5061B from Keysight is used to 217

measure the response of the shunt. The result is showed in 218

figure 7. It proves that the shunt is inductance-free and has 219

at least 50MHz bandwidth. Meanwhile, the maximum white 220

noise of digitizer is 2mV, so the sensitivity of pulse current 221

measurement can reach 20µA. 222

B. EXPERIMENT VARIABLES AND METHODS 223

Based on the practical working conditions and simulation 224

results, the main factors that can affect the electric field 225

are: 226

a. Covered conductor and insulator. The structure damage 227

can be caused by flaws, mechanical wear, lightning, etc. [19], 228

[24], [25]. The electric field distribution will be changed. 229

b. Pollution. After the equipment is put into operation, the 230

pollution on its surface will gradually increase, and resulting 231

in a decrease in the insulation performance. 232

c.Moisture.Waterdrops cannot be prevented on the surface 233

of outdoor equipment. This will change the surface structural 234

parameters and insulation properties of the equipment, result- 235

ing in more corona [26]. 236

This paper uses the control variable method to perform 237

experiments. Referring to the above factors, the variables are 238

shown in table 1. It can be calculated that there are totally 239

240 combinations of all five variables. We tested all of them 240

to measure the partial discharges. 241

Artificial pollution method is based on standard 242

IEC-60507. According to the classification of environmental 243

pollution range in standard GB/T-16434 and Q/GDW-152, 244

there are four different pollution solutions been prepared as 245

showed in table 2. The liquid is distilled water with 1µS/cm 246

conductivity. Solid pollution is kaolin for NSDD, and pure 247

NaCl for ESDD. Prepared pollution solutions are applied 248

after the insulator is washed and dried. 249

We made a chamber with fog generation system. The 250

samples are put inside for 3 minutes, and moisture will 251

evenly condense on the sample surfaces with no waterdrops 252

falling. In order to prevent pollution from being wiped by 253

moisture, insulator is washed and re-polluted after each 254

test. 255

The standard stipulates that the maximum allowable work- 256

ing line voltage of 10kV distribution line is 11.5kV. The 257

highest phase voltage on the line is 11.5kV considering a 258
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TABLE 1. Experiment variables.

TABLE 2. Configuration Of pollution solutions.

single-phase ground fault as a long-time voltage. Other oper-259

ating transient overvoltage can reach 22kV [27]. In order to260

obtain the partial discharge characteristics under power fre-261

quency withstand voltage, the maximum rms voltage during262

experiment in this paper is set to 20kV/1min. The experiment263

steps are:264

a. Prepare the equipment according to the variables. Check265

environment temperature and humidity.266

b. Increase the applied voltage until pulse current occurs.267

Record this voltage value as initial voltage. Record the wave-268

form of voltage and current at the same time.269

c. Increase the voltage step by step until 20kV. Record the270

waveform of voltage and current under different voltages.271

d. Choose a new condition and repeat steps from a to c until272

all 240 working conditions are tested.273

IV. RESULTS AND DISCUSSIONS274

There are 240 working conditions been tested. An ultraviolet275

camera is used to located the partial discharges and typical276

ultraviolet image is showed in figure 8. It should be noted that277

the partial discharges observed in this paper are all happens278

in this junction area.279

A. EXPERIMENT RESULT280

According to the test results, when the surface of insulator and281

covered conductor is dry, there is no partial discharge been282

observed whatever other variables are. Therefore, following283

summarizes of experiment results in this paper have ruled out284

the condition of dry surface.285

Insulator structure broken or different binding wire shapes286

also have no significant effect on initial voltages of partial287

discharge as well. These two factors can only change the288

electric field distribution around themselves. They cannot289

change the maximum electric field intensity of the entire290

FIGURE 8. Partial discharge position.

TABLE 3. Partial discharge initial voltage in different working conditions.

covered conductor system, which is around the junction area. 291

Therefore, they cannot be treated as key factors of partial 292

discharge. 293

The partial discharge initial voltages of other working 294

conditions are listed in table 3. It is clearly to see that, with 295

the rising of pollution level and covered conductor insulation 296

damage severity, the initial voltage is dropping. 297

1) DIFFERENT COVERED CONDUCTOR INSULATION STATES 298

According to table 3, the covered conductor insulation state 299

has significant effect on partial discharge initial voltages. 300

With the moist pollutions on system surface, the initial volt- 301

age drops with the decreasing of the distance between broken 302

point and binding wire. In other words, partial discharge is 303

more likely to happen. For instance, with pollution level II and 304

moisture, the partial discharge initial voltage is around 6kV 305

when covered conductor insulation is broken under binding 306

wire. This is already lower than normal operation phase 307

voltage of 6.6kV. 308

Figure 9 illustrates the waveform of pulse current and 309

applied voltage with pollution level III and moisture. It sug- 310

gests that the main effect of covered conductor insulation 311

damage on the pulse current is the partial discharge phase. 312

When covered conductor is intact, pulse currents occur 313

around the peak area of applied voltage. If covered conductor 314

insulation is broken, pulse currents will occur after the zero- 315

crossing point of applied voltage. 316

2) DIFFERENT POLLUTION LEVELS 317

According to table 3, the initial voltage drops with the rising 318

of pollution level. Partial discharge is more likely to happen. 319

98144 VOLUME 10, 2022



L. Zhou et al.: Characteristics of Partial Discharge on 10 kV Covered Conductor Around Tower Head

FIGURE 9. PD waveform under pollution Level III and moisture.

During rising applied voltage to 20kV with level I pol-320

lution and moisture, partial discharge occurs when covered321

conductor insulation is broken under binding wire. However,322

if broken point is 2cm away from the binding wire, partial323

discharge occurs occasionally. This situation changes if pol-324

lution level rises. During rising applied voltage to 20kV with325

level II pollution and moisture, partial discharge occurs in326

all cases. After pollution reaches level III, partial discharge327

will occur below 6.6kV operation phase voltage if there328

is broken on covered conductor insulation. In other words,329

in overhead covered conductor in operation, the insulation330

damage besides binding wire will probably cause the partial331

discharge.332

Figure 10 illustrates the waveform of pulse current and333

applied voltage when covered conductor insulation is dam-334

aged under binding wire. It shows that different pollution335

levels cannot change the phase of partial discharge.336

In addition, with the rising of pollution level, the amplitude337

of partial discharge pulse current is increasing even if applied338

voltage is dropping.339

B. PHASE DISTRIBUTION OF PARTIAL DISCHARGE PULSE340

CURRENT341

Figure 11 illustrates the Phase Resolved Partial Discharge342

(PRPD) of level III pollution with moisture. It is clearly to see343

that the PRPD patterns can be divided into two cases: pulse344

currents occur around the peak area of applied voltage or after345

FIGURE 10. PD waveform of damaged covered conductor insulation
under binding wire.

the zero-crossing point of applied voltage. Meanwhile, PRPD 346

patterns of other pollution levels also follows the same rule. 347

These results demonstrate that the phase distribution of partial 348

VOLUME 10, 2022 98145



L. Zhou et al.: Characteristics of Partial Discharge on 10 kV Covered Conductor Around Tower Head

FIGURE 11. PRPD pattern of pollution Level III and moisture with 16kV
applied voltage.

discharge will not change with pollution level. These can help349

us to classify the partial discharge type happened in covered350

conductor system.351

FIGURE 12. Measured waveform of single pulse current.

PRPD pattern represents the partial discharge type [28]. 352

Therefore, the features of PRPD patterns can be used to 353

distinguish different discharge types, such as partial discharge 354

caused by free metal particle, discharge caused by bubble 355

in the dielectric, corona discharge on pointed end, and so 356

on. In this paper, two different types of PRPD patterns are 357

observed as showed in figure 11. The partial discharge in 358

picture a), b) and c) happens when the covered conduc- 359

tor is intact, or the damage of covered conductor insula- 360

tion is besides the binding wire. The partial discharge in 361

picture d) happens when the covered conductor insulation 362

under binding wire is damaged. According to our ultraviolet 363

camera, all partial discharges happen in the junction area. 364

Space charges generated by discharges are the root cause of 365

different PD types. In case a) to c), space charges cannot 366

dissipate quickly. They collected between covered conductor 367

and binding wire, and changed the electric field. Thus, the 368

partial discharge starts from the zero-cross point of applied 369

voltage. In case d), space charges can dissipate through the 370

conductor core quickly. Electric field is only affected by 371

applied voltage. Thus, the partial discharge happens around 372

the peak of applied voltage. 373

C. TIME DOMAIN CHARACTERISTICS OF PARTIAL 374

DISCHARGE PULSE CURRENT 375

1) ANALYSIS METHOD 376

A single pulse current measured in our experiment platform 377

is showed in figure 12. It is clearly that the waveform is in 378

bi-exponential distribution shape. This kind of waveform can 379

be represented by the bi-exponential formula [29]: 380

i (t) = K
(
e−αt − e−βt

)
(2) 381

In equation (2), parameter K is the factor of pulse current 382

peak. e−αt represents ionic current while e−βt represents 383

electron current. Since electrons move faster than ions, β is 384

usually higher than α. In other words, α and β is depended 385

on the rising and falling time of pulse current respectively. 386

In the fitting curve in figure 12,K equals to 18.02, α equals to 387

3.34, and β equals to 22.23. The electron concentration at the 388

initial moment and the difference between α and β together 389

determine the shape of the pulse current. 390

For example, when the working condition or covered con- 391

ductor insulation status changes, the electric field distribution 392

is changed. This will lead to the changes in the moving speeds 393
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FIGURE 13. Pulse current parameter definitions in IEC standard.

TABLE 4. Pulse current parameters in different working conditions.

and paths of electrons and ions, and finally forms different394

pulse current patterns under different working conditions.395

Standard IEC-62475 has stipulated related evaluation396

methods of the bi-exponential shape pulse current as showed397

in figure 13. This paper will use amplitude, front time T1,398

and tail time T2 to describe a single partial discharge pulse399

current.400

2) TIME DOMAIN CHARACTERISTICS401

Table 4 shows the ranges of front time, tail time and amplitude402

in different working conditions. Figure 14 and 15 show the403

boxplot of changing of front time, tail time and amplitude404

with different applied voltages. According to test results,405

following rules can be revealedwith the condition of pollution406

and moisture on equipment surface.407

a. The covered conductor insulation status under binding408

wire can affect the pattern of partial discharge pulse current.409

When the insulation is damaged under binding wire, the front410

time is smaller compared with other conditions. However, the411

tail times are in the same range.412

b. When the covered conductor insulation is intact or the413

damage is besides the binding wire, with the increasing of414

pollution level, the front time and the tail time both show an415

increasing trend.416

c. When the covered conductor insulation is damaged417

under binding wire, with the increasing of pollution level, the418

front time has no obvious changes, but the tail time shows an419

increasing trend.420

FIGURE 14. Pulse current parameters with intact covered conductor and
Level III moist pollution.

d. The pulse amplitude increases with the rising of pollu- 421

tion level and the damage of covered conductor. 422

e. With the increasing of applied voltage, the minimum, 423

maximum and average values of front time and tail time 424

do not show obvious rules. However, if covered conductor 425

insulation is damaged under binding wire, the averages are 426

increasing with applied voltage. 427

f. In the same working condition, the amplitude of pulse 428

currents increases together with the applied voltage. In other 429

words, the partial discharge intensity is increasing, which is 430

obviously. 431

g. In the same pollution level, the amplitude range of pulse 432

currents decrease with the increasing distance between cov- 433

ered conductor damage point and binding wire. It suggests 434
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FIGURE 15. Pulse current parameters with covered Fig. 1. Conductor
damage under binding wire and Level III moist pollution.

that the electric field intensity in the junction area is435

decreasing.436

h. In the same applied voltage, he amplitude of pulse437

currents increases together with pollution level. It suggests438

that the pollution level can cause the electric field distortion439

in the junction area.440

The partial discharge of usually happens between the bind-441

ing wire and covered conductor [14], [30]. This type of442

discharge is greatly affected by space charge [31], [32], [33].443

If the covered conductor insulation is damaged under binding444

wire, the space charge generated by the partial discharge445

can rapidly escape through the uncovered conductor under446

the action of a strong electric field. Thus, the charge accu-447

mulation on the surface of the equipment is reduced, the448

FIGURE 16. Definition of 1u and 1t patterns.

difference between the ionic current and the electronic current 449

is increased. Finally, the front time is decreased compared 450

with the intact covered conductor insulation. 451

D. PARTIAL DISCHARGE PULSE CURRENT PATTERN 452

1) ANALYSIS METHOD 453

CIGRE proposes more than 20 types of PD patterns, and 454

1u/1t is one of them. The relationship between space charge 455

and electric field can be describe by 1u pattern, while 1t 456

pattern can be used to the dissipation information of space 457

charge [28]. Figure 16 shows the definition of the patterns. 458

In the plotted pattern, each dot represents a partial discharge 459

while its position represents the relationship between its last 460

and next discharge. In1u pattern, dots near X-axis mean the 461

applied voltage is almost the same in its next discharges while 462

a dot near Y-axis means the applied voltage is almost the 463

same in the last discharges. In1t pattern, the rule is the same 464

except applied voltage becomes time interval of discharges. 465

Therefore, if a dot is near original point, the discharges are 466

continuous and dense. This pattern can be used for status 467

evaluation by describing dot distributions with numerical 468

parameters. For example, using neural networks to identify 469

different shapes. However, fulfilling status evaluation is the 470

next step of our research. Therefore, this paper analyzed the 471

shape of dots manually and extracted the average values of 472

1t and 1u. 473

For the continuous partial discharge that occurs in a short 474

period of time, the residual space charge of each discharge 475

will affect the development of the next discharge [34]. A sin- 476

gle pulse current cannot represent the entire development 477

process of partial discharge.1u and1t patterns can eliminate 478

the interference of applied voltage on the partial discharge 479

analysis. The data of different applied voltages can be plotted 480

into a same pattern so the number of samples is expanded. 481

Thus, the discharge can be easily classified for each working 482

condition. 483

2) PATTERN OF 1U 484

Figure 17 shows 1u pattern of different working conditions. 485
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FIGURE 17. 1u pattern of different working conditions (Left: Covered
conductor is damaged under binding wire; Right: Covered conductor is
intact under binding wire.)

Left three pictures represent the condition of damaged486

covered conductor insulation under biding wire. In these487

patterns, most values of 1u dots are below 1kV. The dots488

are distributed diagonally in the first and third quadrants, and489

symmetrical to the origin. With the decreasing of pollution490

level, the dots in 1u pattern gradually converge towards the491

origin. In other words, the slope of applied voltage is rela-492

tively low when the partial discharge happens. The low slope493

area is around the peak of voltage waveform. The average494

values of 1u in level II, III and IV pollutions are 0.11kV,495

0.68kV and 1.45kV respectively.496

Right three pictures represent the condition of intact cov-497

ered conductor insulation under bidingwire. In these patterns,498

the value of 1u varies greatly with the range of 0kV to 3kV.499

But most of them are still below 1kV. The dots are fan-shaped500

distributed in the x-axis, y-axis, first quadrants, and third501

quadrants. They are also symmetrical to the origin. However,502

with the decreasing of pollution level, the dots in 1u pattern503

do not gradually converge towards the origin. The average504

values of 1u are between 0.2kV to 0.5kV.505

FIGURE 18. 1t pattern of different working conditions (Left: Covered
conductor is damage under binding wire; Right: Covered conductor is
intact under binding wire.)

According to the definition of the pattern, it can be known 506

that the first quadrant in the 1u pattern represents the partial 507

discharge occurs in the rising period of the applied voltage, 508

and the third quadrant represents the partial discharge occurs 509

during the falling period of the applied voltage. As all patterns 510

are symmetrical to the origin, it shows that the distribution 511

of partial discharge pulses is similar in positive and negative 512

polarities under different working conditions. In addition, 513

when covered conductor insulation is intact under biding 514

wire, the values of 1u are higher than damaged case. This 515

represents the partial discharge is distributed more widely in 516

a power frequency period. 517

3) PATTERN OF 1T 518

Figure 18 shows 1t pattern of different working conditions. 519

Left three pictures represent the condition of damaged 520

covered conductor insulation under biding wire. In these 521

patterns, most values of1t dots are below 0.3ms. The dots are 522

gathered around the origin. With the decreasing of pollution 523

level, the dots gradually converge towards the origin. This 524
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represents the partial discharge occurs around the peak of525

applied voltage. For the level II, III, and IV pollution level,526

the average values of 1t are 0.04ms, 0.15ms, and 0.30ms527

respectively, the maximum values of 1t are 0.4ms, 2.7ms,528

and 4.5ms respectively.529

Right three pictures represent the condition of intact cov-530

ered conductor insulation under bidingwire. In these patterns,531

most values of1t dots are below 0.8ms, and the dots are also532

gathered around the origin. With the decreasing of pollution533

level, the dots do not gradually converge towards the origin.534

For the level II, III, and IV pollution level, the average values535

of 1t are between 0.1ms and 0.15ms, the maximum va- lues536

of 1t are 4.5ms, 5.1ms, and 4.4ms respectively. There is no537

obvious rule in the changing of 1t values.538

Compare two different insulation status in figure 18, the539

dots are more gathered around the origin when the covered540

conductor insulation is intact under binding wire. In other541

words, the partial discharges happen more intensely. In the542

view of microscopic analysis, the result shows that the reten-543

tion charges from partial discharge can be rapidly conducted544

and released through uncovered conductor if the covered545

conductor insulation is damaged under binding wire. This546

results in the weakening of the reverse superposition effect547

of the electric field generated by charges, so the next partial548

discharge can occur more quickly. On the contrary, if the549

covered conductor insulation is intact, the charges formed by550

partial discharge do not have a fast release path. Therefore,551

their residence effect is stronger and the dissipation speed is552

slower. Finally, the reverse superposition effect of the electric553

field causes the time interval between two partial discharges554

to increase.555

E. DISCUSSIONS556

Though this study used existing measurement methods to557

obtain characteristics, it has some differences. First, this study558

gives systematic research on the partial discharge on cov-559

ered conductor around tower head, which has not been done560

before. So, the causes of partial discharges can be discussed.561

Moreover, this study analysis the and relationship between562

pulse current patterns and working conditions. This provides563

a guidance for equipment status assessment.564

1) ANALYSIS OF PARTIAL DISCHARGE CAUSES565

According to table 3, under the combined effect of various566

factors such as covered cable insulation damage, the partial567

discharge initial voltage is lower. Several conclusions can be568

obtained:569

a. There is no partial discharge under 20kV without mois-570

ture. In addition, the initial voltage drops with the increasing571

of pollution level. It shows that the pollution and moisture are572

necessary conditions for partial discharge in the junction area.573

b. The partial discharge initial voltage is the lowest when574

covered conductor insulation is broken under binding wire.575

When the broken point gets away, the initial voltage raises.576

Therefore, the damage on covered conductor insulation577

distorts the electric field distribution in the junction area, 578

especially when it is near binding wire. 579

c. When insulator and binding wire structure changes, the 580

variation range of partial discharge initial voltage is less than 581

0.2kV. They have no obvious effect on the partial discharge 582

in the junction area. 583

The main causes of partial discharges in the junction area 584

are pollution level, moisture, and covered conductor insu- 585

lation status. The moisture greatly enhances the degree of 586

electric field distortion with the combined action of other 587

factors. In moist condition, the conductivity of pollutions on 588

surface can rise to 160µS/cm. This value is around 2µS/cm 589

in dry condition [35], [36]. Thus, the surface resistance of the 590

insulator is reduced, so the voltage it bears is also reduced. 591

Most of the voltage is applied to the gap formed by the 592

covered conduction insulation and binding wire. This results 593

an increase in the electric field strength in the junction area 594

and causes partial discharges. For example, the maximum 595

normal operation line voltage of 10kV distribution overhead 596

line is 6.6kV. In the condition of damaged covered conductor 597

insulation, the initial voltage can be lower than 6.6kV when 598

the moist pollution level is higher than II. 599

2) FEASIBILITY ANALYSIS OF EQUIPMNENT STATUS 600

ASSESSMENT BASED ON PARTIAL DISCHARGE PULSE 601

CURRENT 602

Partial discharge characteristics can be used to obtain the 603

mapping relation between equipment states and pulse current 604

patterns. Equipment status assessment is then carried out 605

base on it. The patterns used for assessment is usually called 606

‘‘data fingerprint’’. According to the experiment results in 607

this paper, following fingerprints can be obtained. 608

a. The fingerprint of front and tail time. The range of 609

times are changing with different pollution levels according 610

to table 4. Therefore, this fingerprint can be used to assess 611

current pollution level. 612

b. The fingerprint of pulse current peak value. The peak of 613

the pulse current represents the intensity of partial discharge. 614

This fingerprint can be formed based on a series of peak 615

values of continuous partial discharge. However, according 616

to figure 14, figure 15 and table 4, the differences of peak 617

values are small in different working conditions. Therefore, 618

the assessment result based on peak values has a relatively 619

low confidence. 620

c. The fingerprint of PRPD. According to figure 9 and 621

figure 10, there are two different types of phase distribution. 622

This fingerprint can be used to judge whether the covered 623

conductor insulation under binding wire is intact. 624

d. The fingerprint of 1u and 1t patterns. Figure 17 and 625

figure 18 also illustrate two different distribution types: one 626

is the dots are gathered around the origin while the other 627

one is the dots are diffused. This fingerprint can also be 628

used to judge whether the covered conductor insulation under 629

binding wire is damaged. 630

In summary, the covered conductor insulation state can be 631

determined based on the fingerprints of 1u, 1t, and phase 632
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distribution. If applied voltage cannot be measured, this pur-633

pose can be fulfilled by 1t fingerprint alone. In addition, the634

probability of the equipment pollution levels can be obtained635

by analyzing the fingerprints of pulse current front time, tail636

time and peak value. Therefore, it is feasible to achieve the637

equipment status assessment for covered conductor around638

tower head by using multiple partial discharge fingerprints.639

V. CONCLUSION640

This paper carried out systematic study in the characteris-641

tics of partial discharge on 10kV covered conductor around642

tower head. An experiment platform for covered conductor643

is built and partial discharge is reproduced. By pulse current644

measurement and electric field simulation, partial discharge645

causes in different working conditions are analyzed and char-646

acteristics is obtained. The main conclusions are as follows:647

a. Electric field simulation of the area in 10kV distribution648

network tower head is carried out. The results show that649

the highest electric field always locates in the junction area650

formed by covered conductor, binding wire, and air.651

b. The causes of partial discharge in the junction area is652

analyzed. It is proved that moisture and pollution are the main653

reasons of partial discharge. The secondary cause is the dam-654

ages on covered conductor insulation. The structural integrity655

of the insulator and binding wire shapes have little effect656

on the partial discharge. They will cause voltage drop be657

mainly withstood by the small gap between covered conduc-658

tor and binding wire. This finally results in high electric field659

and partial discharge. When covered conductor is damaged660

and pollution level is greater than class II, partial discharge661

may occur under the normal operation voltage.662

c. Through the experiment platform, partial discharge pulse663

current characteristics is obtained. Results show that continu-664

ous pulse currents are generated in both positive and negative665

cycles of applied voltage. The time interval of pulse currents666

can be as short as 30µs. Under the normal operation phase667

voltage of 6.6kV, the amplitude of pulse current in class III668

and IV moist pollution can exceed 2mA, while the peak669

is lower than 0.5mA in class I or II moist pollution. Two670

different types of partial discharges are discovered by PRPD671

pattern and 1u/1t pattern. One kind of partial discharge672

occurs around the peak section of the applied voltage, which673

is happened when covered cable insulation under binding674

wire is damaged. The other one occurs from the zero-crossing675

point of applied voltage. It is observed when covered conduc-676

tion insulation under binding wire is intact.677

d. Equipment status assessment can be achievedwith a suit-678

able classification algorithm. Pollution level, covered cable679

insulation states can be analyzed based on the pulse current680

characteristics.681

This paper preliminarily analyzed the causes of partial dis-682

charge in 10kV distribution network tower head. The results683

provide a theoretical basis for the fulfillment of equipment684

status assessment. Our future work will focus on the follow-685

ing aspects.686

a. Measure pulse currents of other working conditions in 687

actual 10kV overhead covered conductor. 688

b. Build a feature library of partial discharges in 10kV 689

distribution network covered conductor. In addition, related 690

classification algorithmwill be studied to fulfil the equipment 691

status assessment. 692

REFERENCES 693

[1] Research Report on Market Prospect and Investment Opportunity of China 694

Electric Power Industry, Nat. Energy Admin. China, Beijing, China, 695

Jan. 2022. 696

[2] National Power Reliability Analysis of 2019, China Electr. Council, Nat. 697

Energy Admin. China, Beijing, China, Jun. 2020. 698

[3] (2018). Japan Electric Appliances Association. [Online]. Available: 699

https://www.fepc.or.jp/ 700

[4] (2018). Tokyo Electric Power. [Online]. Available: https://www. 701

tepco.co.jp/ep/support/index-j.html/ 702

[5] W. Xiaojie, W. Xinyuan, Z. Lingjuan, X. Xiaojian, and D. Chaoping, 703

‘‘Analysis on ablation reason of overhead insulation line at Fujian off- 704

shore area,’’ Insulating Mater., vol. 54, no. 3, pp. 78–83, 2021, doi: 705

10.16790/j.cnki.1009-9239.im.2021.03.013. 706

[6] L. Qu, Research on Reason and Prevention about Ablation of Aerial 707

Insulation Line. Dalian, China: Dalian Univ. Technol., 2015. 708

[7] L. Zhou, Y. Tian, W. Chen, N. Xiang, Y. Liang, K. Bian, and 709

Z. Fu, ‘‘Partial discharge characteristic analysis of distribution net- 710

work overhead line based on remote detection,’’ in Proc. IEEE Int. 711

Conf. High Voltage Eng. Appl. (ICHVE), Sep. 2020, pp. 1–4, doi: 712

10.1109/ICHVE49031.2020.9279412. 713

[8] Distribution Line Inspection and Evaluation Report, in Typical Discharge 714

Detection and Diagnosis Services for Overhead Equipment of Distribution 715

Lines, Anhui Electr. Power Res. Inst., Hefei, China, 2019. 716

[9] Ultrasonic Partial Discharge Detector Application Report for 10kV Over- 717

head Line, State Grid Beijing Electr. Power Company, Beijing, China, 718

2017. 719

[10] D. Feng, ‘‘Prevention and treatment of molten-conductor accident on 10kV 720

overhead power distribution lines,’’ Guangxi Electr. Power, vol. 2006, 721

no. 2, pp. 58–59, 2006, doi: 10.16427/j.cnki.issn1671-8380.2006.02.018. 722

[11] J. Pihler and I. Ticar, ‘‘Design of systems of covered overhead conductors 723

by means of electric field calculation,’’ IEEE Trans. Power Del., vol. 20, 724

no. 2, pp. 807–814, Apr. 2005, doi: 10.1109/TPWRD.2004.839210. 725

[12] Quantitative Evaluation of Degraded Environment for Power Distribution 726

Materials, Electr. Cooperat. Res. Assoc., Arlington, VA, USA, 2013, 727

vol. 69, p. 3. 728

[13] Y. Jiang, L. Li, D. Jiang, Z. Liang, and F. Li, ‘‘Electric field of high 729

voltage direct current overhead transmission lines with covered conduc- 730

tors,’’ in Proc. 3rd Asia Energy Electr. Eng. Symp. (AEEES), Mar. 2021, 731

pp. 110–113, doi: 10.1109/AEEES51875.2021.9403161. 732

[14] Y. Liang, Study on Partial Discharge Characteristics and Defect Detection 733

of Overhead Binding Insulated Conductor. Hefei Univ. Technol., Hefei, 734

China, 2021. 735

[15] O. Kabot, J. Fulnecek, S. Misak, L. Prokop, and J. Vaculik, ‘‘Partial 736

discharges pattern analysis of various covered conductors,’’ in Proc. 737

21st Int. Sci. Conf. Electr. Power Eng. (EPE), Oct. 2020, pp. 1–5, doi: 738

10.1109/EPE51172.2020.9269171. 739

[16] P. Pakonen, ‘‘Characteristics of partial discharges caused by trees in contact 740

with covered conductor lines,’’ IEEE Trans. Dielectr., Electr. Insul., vol. 15, 741

no. 6, pp. 1626–1633, Dec. 2008, doi: 10.1109/TDEI.2008.4712666. 742

[17] J. Xie, ‘‘Overhead insulated conductors used in the distribution network 743

transformation project,’’ Telecom Power Technol., vol. 31, no. 5, pp. 74–75 744

and 78, 2014, doi: 10.19399/j.cnki.tpt.2014.05.030. 745

[18] X. Kuang, ‘‘Discussion about metal dielectric constant,’’ J. Sichuan Univ. 746

Technol., vol. 2, pp. 75–78, Sep. 2006. 747

[19] F. Qi, ‘‘Application of ultrasonic-based partial discharge monitoring in 748

10kV overhead line,’’ Hunan Electr. Power, vol. 36, no. 1, pp. 40–42, 749

2016. 750

[20] I. Kiitam, P. Taklaja, and K. Tuttelberg, ‘‘Effect of electrode shape 751

on medium voltage covered conductor insulation durability under 752

electric stress,’’ in Proc. IEEE 59th Int. Sci. Conf. Power Electr. 753

Eng. Riga Tech. Univ. (RTUCON), Nov. 2018, pp. 1–6, doi: 10.1109/ 754

RTUCON.2018.8659862. 755

VOLUME 10, 2022 98151

http://dx.doi.org/10.16790/j.cnki.1009-9239.im.2021.03.013
http://dx.doi.org/10.1109/ICHVE49031.2020.9279412
http://dx.doi.org/10.16427/j.cnki.issn1671-8380.2006.02.018
http://dx.doi.org/10.1109/TPWRD.2004.839210
http://dx.doi.org/10.1109/AEEES51875.2021.9403161
http://dx.doi.org/10.1109/EPE51172.2020.9269171
http://dx.doi.org/10.1109/TDEI.2008.4712666
http://dx.doi.org/10.19399/j.cnki.tpt.2014.05.030
http://dx.doi.org/10.1109/RTUCON.2018.8659862
http://dx.doi.org/10.1109/RTUCON.2018.8659862
http://dx.doi.org/10.1109/RTUCON.2018.8659862


L. Zhou et al.: Characteristics of Partial Discharge on 10 kV Covered Conductor Around Tower Head

[21] T. Nishi, R. Hanaoka, F. Murdiya, and K. Miyagi, ‘‘Influence of waterdrop756

on wire surface on negative creeping discharge along aerial insulated757

wire,’’ IEEJ Trans. Power Energy, vol. 137, no. 8, pp. 589–595, 2017, doi:758

10.1541/ieejpes.137.589.759

[22] W. Chen, ‘‘Measures to prevent lighting-caused breakage of overhead760

insulated conductors in 10kV distribution networks,’’Power Syst. Technol.,761

vol. 22, pp. 34–37 and 68, May 2007.762

[23] J. He, ‘‘Analysis on wire breakagemechanism of 10kV insulated conductor763

for distribution lines,’’ Electr. Power Construct., vol. 2001, no. 7, pp. 6–9,764

2001.765

[24] H. Ohara and Y. Shumuta, ‘‘Aging properties of insulation coating for766

high and low voltage electric wires,’’ IEEJ Trans. Power Energy, vol. 138,767

no. 12, pp. 948–956, 2018, doi: 10.1541/ieejpes.138.948.768

[25] Y. Zhou, M. Strong, Y. Yao, S. Chen, and L. Deng, ‘‘Review of gallop-769

ing mechanism and preventive measures of overhead lines in distribu-770

tion network,’’ Proc. CSU-EPSA, vol. 34, no. 4, pp. 83–89, 2022, doi:771

10.19635/j.cnki.csu-epsa.000900.772

[26] Q. Hu, Z. Wu, L. Shu, X. Jiang, S. Yang, and Q. Xu, ‘‘The corona char-773

acteristics of the conductor attached with water drops under AC electrical774

field,’’ Trans. China Electrotech. Soc., vol. 30, no. 18, pp. 237–245, 2015,775

doi: 10.19595/j.cnki.1000-6753.tces.2015.18.029.776

[27] H. Wang, ‘‘Research on internal overvoltage of 10kV distribution net-777

work,’’ Electrician, vol. 2015, no. 8, pp. 30–35, 2015.778

[28] Z. Tang, M. Tang, J. Li, J. Wang, C. Wu, and K. Wang, ‘‘Review on779

partial discharge pattern recognition of electrical equipment,’’ High Volt-780

age Eng., vol. 43, no. 7, pp. 2263–2277, 2017, doi: 10.13336/j.1003-781

6520.hve.20170628023.782

[29] D. Xiao, H. Wei, and X. Pengju, ‘‘Study on corona discharge characteristic783

of high voltage transmission line and calculation of its electromagnetic784

radiation field,’’ Power Syst. Technol., vol. 31, no. 21, pp. 52–55, 2007.785

[30] L. J. Zhou, Y. Tian, W. J. Chen, S. Ling, Z. Fu, K. He, N. W. Xiang,786

and K. Bian, ‘‘Study on the discharge characteristic and detection787

method on the faulty of distribution insulators,’’ in Proc. 2nd Int. Conf.788

Electr. Mater. Power Equip. (ICEMPE), Apr. 2019, pp. 447–453, doi:789

10.1109/ICEMPE.2019.8727302.790

[31] D. Wang, ‘‘Research on air-gap discharge characteristic and space791

charge effect under AC, DC and AC–DC combined voltage,’’792

Ph.D. dissertation, Chongqing Univ., Chongqing, China, 2020, doi:793

10.27670/d.cnki.gcqdu.2020.000336.794

[32] H. Liu, ‘‘Measurement and influence of space charge distribution in corona795

cage based on sound pulse method,’’ Ph.D. dissertation, Chongqing Univ.,796

Chongqing, China, 2020, doi: 10.27670/d.cnki.gcqdu.2020.000092.797

[33] Y. Wang, ‘‘Space charge analysis and equivalent circuit model research on798

AC corona discharge in transmission line,’’ Ph.D. dissertation, Chongqing799

Univ., Chongqing, China, 2020.800

[34] K. Zhou, G. Wu, K. Cao, and L. Zhou, ‘‘Space charge effects on801

patrial discharge activities under pulse voltage,’’ Trans. China Electrotech.802

Soc., vol. 2008, no. 10, pp. 11–17, 2008, doi: 10.19595/j.cnki.1000-803

6753.tces.2008.10.003.804

[35] M.Qian, G. Cui, and Z. Guan, ‘‘Classification of pollution levels by surface805

conductivity,’’ Insulators Surge Arresters, vol. 1994, no. 6, pp. 12–14,806

1994, doi: 10.16188/j.isa.1003-8337.1994.06.003.807

[36] Y. Song, G. Liu, and X. Chen, ‘‘Influence of rain flushing on conduc-808

tivity of insulator surface pollution layer and dynamic contamination809

accumulation,’’ High Voltage App., vol. 49, no. 11, pp. 43–48, 2013, doi:810

10.13296/j.1001-1609.hva.2013.11.009.811

[37] T. Ye, C. Weijiang, N. Xin, B. Kai, Z. Xiaoming, X. Nianwen, and812

Z. Lijun, ‘‘The application situation of the non-contact on-line detection813

technology on overhead equipment in distribution network,’’ in Proc. Int.814

Conf. Power Syst. Technol. (POWERCON), Nov. 2018, pp. 4010–4014,815

doi: 10.1109/POWERCON.2018.8601787.816

LIJUN ZHOU was born in Wuhan, China,817

in February 1990. He received the B.S. degree in818

electrical engineering from the Huazhong Univer-819

sity of Science and Technology, Wuhan, in 2012,820

and the M.S. degree in electrical engineering821

from University College London, London, U.K.,822

in 2013. He is currently pursuing the Ph.D. degree823

with the China Electric Power Research Institute.824

His research interests include high voltage and825

insulation technology.826

YE TIAN (Member, IEEE) was born in Shenyang, 827

China, in February 1983. He received the B.S. 828

degree in electrical engineering from the Shenyang 829

University of Technology, China, in 2005, and 830

the M.S. and Ph.D. degrees in electrical engi- 831

neering from the University of Tokushima, Japan, 832

in 2008 and 2011, respectively. He has been a 833

Research Fellow of the Central Research Insti- 834

tute of Electric Power Industry, Yokosuka, Japan, 835

since 2014, the Electric Power Research Institute 836

of China Southern Power Grid, Guangzhou, China, since 2016, and as a Post- 837

doctoral Fellow of China Electric Power Research Institute Company Ltd., 838

Beijing, China, since 2019. He has been a Research Fellow of the Electric 839

Power Research Institute, State Grid Liaoning Electric Power Company Ltd., 840

Shenyang, since 2019. His current research interest includes the development 841

of diagnostic techniques for electric power apparatus and facilities. 842

WEIJIANG CHEN (Senior Member, IEEE) was 843

born in Shandong, China, in 1958. He received 844

the B.Sc. degree from the Hefei University of 845

Technology, Hefei, China, in 1982, and the 846

M.Sc. degree from the China Electric Power 847

Research Institute (CEPRI), Beijing, China, 848

in 1985. From 1985 to 2005, he had been 849

with CEPRI, as a Professor. He was the Presi- 850

dent of the High Voltage Research Department, 851

from 1995 to 2000, the Vice President of CEPRI, 852

from 2000 to 2005, and the President of the Wuhan High Voltage Research 853

Institute, from 2005 to 2008. He has been the Vice Director of the UHV 854

Department, State Grid Corporation of China (SGCC), since 2008, taking 855

in-charge of constructing UHV transmission lines of SGCC. He is the 856

author of many books and technical papers. His research interests include 857

overvoltage protection, ultrahigh voltage (UHV) transmission, insulation 858

coordination, surge arrester, and electromagnetic environment in power 859

systems. He was appointed as the President of the IEEE-SA UHV Working 860

Groups, in 2011, forming three IEEE standards. He is the Chairperson of the 861

HV Professional Committee of Chinese Society for Electrical Engineering 862

(CSEE) and the Chairman of China EMC Standardization Technology 863

Committee, he has been recommended as the Chief Editor of the High 864

Voltage journal which is co-published by IET and CEPRI (the China Electric 865

Power Research Institute). 866

SHENGXIN HUANG was born in Shandong, 867

China, in 1988. He received the B.S. and M.S. 868

degrees in electrical engineering from Chongqing 869

University, Chongqing, China, in 2012 and 2015, 870

respectively, and the Ph.D. degree from the China 871

Electric Power Research Institute, Beijing, China. 872

He is currently an Associate Professor with the 873

Hefei University of Technology. His research 874

interests include the broad area of high-voltage 875

engineering, with emphasis given to long spark 876

discharges and lightning protection. 877

TAO WEN was born in Shaanxi, China, in 1990. 878

He received the B.S. and Ph.D. degrees in elec- 879

trical engineering from Xi’an Jiaotong Univer- 880

sity, Xi’an, China, in 2012 and 2017, respectively, 881

and the Ph.D. degree from Tokushima University, 882

Tokushima, Japan, in 2018. He is currently a Pro- 883

fessor with the School of Electrical Engineering 884

and Automation, Hefei University of Technology. 885

His research interests include pulse power technol- 886

ogy and gas discharge and its applications. 887

888

98152 VOLUME 10, 2022

http://dx.doi.org/10.1541/ieejpes.137.589
http://dx.doi.org/10.1541/ieejpes.138.948
http://dx.doi.org/10.19635/j.cnki.csu-epsa.000900
http://dx.doi.org/10.19595/j.cnki.1000-6753.tces.2015.18.029
http://dx.doi.org/10.13336/j.1003-6520.hve.20170628023
http://dx.doi.org/10.13336/j.1003-6520.hve.20170628023
http://dx.doi.org/10.13336/j.1003-6520.hve.20170628023
http://dx.doi.org/10.1109/ICEMPE.2019.8727302
http://dx.doi.org/10.27670/d.cnki.gcqdu.2020.000336
http://dx.doi.org/10.27670/d.cnki.gcqdu.2020.000092
http://dx.doi.org/10.19595/j.cnki.1000-6753.tces.2008.10.003
http://dx.doi.org/10.19595/j.cnki.1000-6753.tces.2008.10.003
http://dx.doi.org/10.19595/j.cnki.1000-6753.tces.2008.10.003
http://dx.doi.org/10.16188/j.isa.1003-8337.1994.06.003
http://dx.doi.org/10.13296/j.1001-1609.hva.2013.11.009
http://dx.doi.org/10.1109/POWERCON.2018.8601787

