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ABSTRACT In the pantograph-catenary system, the change of the surface roughness of pantograph sliding
plate directly affects the current collection quality of electric locomotive. In this paper, a large number of
current-carrying friction experiments have been carried out on the self-developed high-performance sliding
electric contact experimental machine, and the effects of the surface roughness of the sliding friction pair
on important performance parameters have been studied, including pantograph-catenary contact resistance
(Rj), current carrying efficiency (η), current collection stability (δ) and the friction coefficient (µ). Further,
the current conduction mechanism is revealed by the microscopic approach. In order to quantitatively reveal
the effect of roughness on each evaluation index of current collecting performance, the paper formulates
the functional relationship between Ra (arithmetic mean height of contour) and Rj, η, δ, µ by nonlinear
fitting. On this basis, a comprehensive evaluation equation is established by the entropy weight method,
and then the optimal Ra value is derived for the best pantograph-catenary current collecting performance.
The experimental results show that with the increase of the surface roughness Ra of the sliding plate, Rj
decreases first and then increases, while η increases first and then decreases, δ increases monotonically, and
µ gradually increases. The optimal pantograph-catenary current collection condition can be achieved by
reconciliation of these indices. The research results of this paper provide a theoretical basis for improving
the current collection quality of pantograph-catenary systems, and is useful for material selection or new
type design of pantograph sliding plates.

18 INDEX TERMS Sliding electrical contact, roughness, current collection quality, optimal roughness.

I. INTRODUCTION19

In electrified railway, the sliding electrical contact between20

pantograph slide plate and catenary conductor (abbreviated21

as ‘‘pantograph-catenary system’’) is the main way of elec-22

tric energy transmission of electric locomotive. In the cur-23

rent collection process, changes of the surface roughness24

of the sliding plate will greatly change the contact state25

between the sliding friction pairs, which directly affects the26

power transmission quality of the high-speed railway, and27

The associate editor coordinating the review of this manuscript and

approving it for publication was Harikrishnan Ramiah .

also shortens the service life of sliding plates. Appropriate 28

roughness will reduce friction loss and the contact resis- 29

tance between friction pairs, and improve the current collec- 30

tion efficiency and stability of pantograph-catenary systems. 31

Therefore, it is important to study the impact of surface 32

roughness of sliding friction pairs on the current collection 33

performance of pantograph-catenary systems and determine 34

the optimal roughness value. 35

In recent decades, domestic and foreign scholars have 36

conducted a lot of research work on how to improve the cur- 37

rent collection quality of pantograph-catenary systems from 38

the two aspects of experimental simulation and simulation 39
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calculation, and have achievedmany positive results. In terms40

of macro experiments, many scholars have deeply discussed41

the evolution law of contact resistance, and have carried42

out a large number of experiments under conditions with43

different traction current, sliding speed and contact pressure.44

The relationship between dynamic contact resistance and45

these three conditions [1] has been clarified by establishing46

the corresponding mathematical model [2]. The experimental47

results show that increasing the contact pressure, reducing the48

sliding speed and contact current can appropriately reduce49

the contact resistance and improve the pantograph-catenary50

current collection quality [3]. In addition, some scholars have51

obtained the best normal load of pantograph during actual52

operations by comprehensively considering the current col-53

lecting efficiency, current collection stability and wear rate54

of sliding plate [4]. As for the influence of the properties55

of friction pair materials on the current collection condition56

of pantograph-catenary systems, Guo et al. [5] have verified57

that under the same contact pressure and contact current, the58

contact resistance of copper impregnated carbon sliding plate59

is greater than that of copper based powder metallurgy sliding60

plate, but the wear resistance of the former is better than that61

of the latter. Bohua et al. [6] have reviewed the characteristics62

and existing problems of several common electrical contact63

materials, providing a reference for the further development64

of graphene materials with better performance. Some schol-65

ars [7], [8], [9], [10], [11] have conducted in-depth research66

on the effects of the temperature, morphology and lubricant67

of the pantograph-catenary friction pair surface for current68

collection. However, most of these literatures have discussed69

under macro experimental conditions, and the conduction70

mechanism of pantograph-catenary current have not been71

thoroughly studied from the aspect of micro roughness char-72

acteristics of materials.73

In the research into the impact of the surface roughness74

characteristics of sliding friction pairs on the current col-75

lection quality of pantograph-catenary, domestic and foreign76

scholars have mainly carried out simulation calculations by77

establishing the contact model between sliding friction pairs78

of pantograph-catenary [12], [13], [14]. Liu et al. [15] stud-79

ied the influence of contact position on contact resistance80

by establishing a finite element rough contact model, and81

concluded that positions at convex peaks of the contact sur-82

face will produce greater contact resistance. Bai et al. [16]83

discussed the influence of surface roughness on static contact84

resistance by taking the commercial electrical contact as85

the research object. Wang et al. [17] established a complex86

model of contact between two rough surfaces based on fractal87

theory, and obtained the quantitative relationship between88

contact resistance, current density and surface roughness89

under arbitrary load; Ueno et al. [18] studied the contact90

voltage drop between the graphite brush and the slip ring91

under different roughness conditions through experiments.92

The results showed that when the two roughness were the93

same, the contact voltage drop became larger. Gao et al. [19]94

revealed the reason why surface roughness affects contact95

FIGURE 1. Structural diagram of sliding electrical contact testing scheme.

resistance by proposing the concept of similarity index. How- 96

ever, these documents have not comprehensively considered 97

the influence of roughness on the current collection indicators 98

of pantograph-catenary systems. 99

According to the existing literature, the research on the cur- 100

rent collection characteristics of pantograph-catenary mainly 101

focuses on the macro experimental conditions, while the 102

research on the roughness characteristics of friction pair 103

materials is relatively few, and the optimal roughness value is 104

not given. In this paper, a large number of experiments have 105

been carried out to clarify the variation rule between the sur- 106

face roughness of the pantograph sliding plate and the current 107

collection evaluation indexes, reveal the current transmission 108

mechanism from the microscopic approach. And on this 109

basis, a comprehensive evaluation equation is established, 110

and the optimal roughness value is obtained, under which the 111

current collection performance is the best. 112

The paper consists of four sections. The definition of exper- 113

imental system, experimental scheme and evaluation indexes 114

are introduced in Section II. In Section III, the variation rules 115

of different roughness parameters and evaluation indexes are 116

discussed, and nonlinear fitting of the experimental results 117

is performed. In Section IV, the comprehensive evaluation 118

equation of pantograph-catenary current collection quality is 119

established by using entropy weight method, and the optimal 120

roughness value for best current collection performance is 121

calculated by using mathematical method. Finally, Section V 122

concludes this paper. 123

II. EXPERIMENTAL SYSTEM AND SCHEME 124

A. SLIDING ELECTRIC CONTACT EXPERIMENTAL SYSTEM 125

A high-performance pantograph-catenary sliding electric 126

contact experimental machine developed by the research 127

group is used to carry out the current carrying friction experi- 128

ment. The structural diagram of the experimental system is 129

shown in FIGURE 1. In order to adjust the contact pres- 130

sure FN between sliding friction pairs and truly simulate the 131

‘‘zigzag’’ trajectory of pantograph -catenary in actual opera- 132

tion, the experimental machine is equipped with horizontal 133

and vertical sliding platforms. In addition, the size of the 134
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TABLE 1. Experimental materials and their performance.

TABLE 2. Specifications of tools of experiment.

loop current I can be adjusted by the voltage regulator, and135

the sliding speed V and the running distance D can be set136

by the host computer. The experimental machine is equipped137

with JLBV13Hall voltage sensor andHAL200-SHall current138

transformer, which can measure the voltage and current sig-139

nals online during operations. The experimental parameters140

can be read and stored in real time through USB310XA data141

acquisition card, and finally are fed back to the computer for142

further processing and analysis. Therefore, the experimental143

machine completely satisfies the experimental requirements144

under different roughness conditions.145

B. EXPERIMENTAL SCHEME146

Pure carbon sliding plates with overall dimension of147

250mm∗36mm∗27mm and copper wire with a cross-sectional148

area of 120mm2 are selected as sliding electrical contact149

materials in this experiment. At room temperature, the phys-150

ical properties of pure carbon sliding plate and copper cate-151

nary conductor are shown in TABLE 1.152

In order to avoid the influence of mechanical wear on153

the surface roughness of friction pairs in the experiment,154

the sliding distance is reduced as much as possible on the155

premise of obtaining effective data. The macro experimental156

conditions set in this study are I = 50A, V = 30km/h,157

FN = 50N and D = 0.2km.158

The different roughness values of the carbon sliding plate159

surface are formed by grinding in the same direction with160

different types of sandpaper and files (its specifications are161

shown in TABLE 2). At the same time, in order to min-162

imize the experimental error, the roughness of the sliding163

plate surface is obtained by taking the average of repeatedly164

measurements on five different contact areas before and after165

the experiment.166

C. ROUGHNESS PARAMETER AND167

PANTOGRAPH-CATENARY CURRENT COLLECTION168

EVALUATION INDEX169

Ra, which represents the arithmetic mean height of the170

contour of the micro convex on the surface of the sliding171

FIGURE 2. Physical meaning of roughness parameter Ra.

FIGURE 3. Profile curve of sliding plate (Ra = 5.392 µm).

plate, is selected in the Geometric Product Specification 172

(GPS) ISO4287-1997 standard as a characteristic parameter 173

to measure the surface roughness of sliding friction pairs. 174

Ra value not only reflects the change of surface roughness 175

of friction pairs, but also contains important information 176

related to pantograph-catenary current collection character- 177

istics. As shown in FIGURE 2: Ra is the average arithmetic 178

deviation from the contour curve to the least square centerline 179

within the sampling length l, which can be calculated by 180

formula (1). Its unit is µm. 181

Ra =
1
l

∫ l

0
|Zi|di (1) 182

where Zi is the distance from a point on the evaluation curve 183

to the center line. It can be seen that the larger the Ra value 184

is, the rougher the surface of the sliding plate is. 185

In the experiment, the surface roughness Ra of the sliding 186

plate is directly measured by SJ-210 roughness measuring 187

instrument (the accuracy is 0.001um, and the actual measured 188

contour measurement curve is shown in FIGURE 3). The 189

temperature rise of the sliding plate surface is obtained by 190

real-time measurement and average of the whole experiment 191

with FLIRT530 infrared thermal imager. 192

In the process of electric energy transmission of high- 193

speed railway, contact resistance, current carrying efficiency, 194

current receiving stability and friction coefficient are the 195

key indicators to measure the current receiving quality of 196

pantograph-catenary system. They directly reflect the quality 197

of electric contact performance between friction pairs and 198
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are the key factors affecting the current receiving status of199

pantograph-catenary system. Therefore, it is very necessary200

to study the influence of surface roughness of sliding friction201

pair on these four current receiving indexes.202

The contact resistance value Rj is the averaged value com-203

puted from instantaneous voltage and current values mea-204

sured by the data acquisition card, according to Ohm’s law.205

Its value directly reflects the electrical contact performance206

between friction pairs [20], and it is the key factor affecting207

the current collection condition of pantograph-catenary sys-208

tems.209

Current carrying efficiency of pantograph-catenary η is the210

ratio of the averaged dynamic current carrying value I to the211

static given current IS , calculated from formula (2) [21].212

η = I/IS (2)213

The relative stability of contact current between sliding214

friction pairs is denoted by the relative stability coefficient δ215

of contact current, and its calculation formula is shown in (3).216 
δ = SI/I × 100%

SI =

√√√√ 1
n− 1

n∑
i=1

(Ii − I )2
(3)217

where SI is the standard deviation of dynamic contact current.218

The higher the value of δ, the better the current collection219

stability of the pantograph-catenary system.220

The friction coefficient µ is indirectly calculated by mea-221

suring the torque of the disc table of the experimental222

machine, and its calculation formula is derived as follows [5]:223

µ =
Ft
Fr
=
NBFtr
NBFrr

=
Tt

NBFrr
=
T − T0
NBFrr

(4)224

where Ft is friction force, Fr is loading force, NB is the225

number of friction pairs, r is radius of rotary table, Tt is226

friction torque, T is load torque and T0 is no-load torque.227

Under the same pressure, the greater the value of µ, the228

greater the friction between the sliding friction pairs and the229

greater the wear of the sliding plate.230

III. EXPERIMENTAL RESULTS AND DISCUSSION231

The current carrying sliding friction experiment is carried out232

under the preset experimental conditions, aiming to obtain233

the variation relationship between pantograph-catenary con-234

tact resistance, current carrying efficiency, current carrying235

stability and friction coefficient under different roughness236

conditions. At the same time, in order to intuitively reflect the237

variation relationship between each electrical contact index238

and Ra, the experimental data are fitted with cubic polynomi-239

als, sin functions, peak functions and exponential functions,240

as shown in FIGURE 5 to FIGURE 8.241

A. INFLUENCE OF Ra ON PANTOGRAPH-CATENARY242

CONTACT RESISTANCE243

It can be seen from the experimental results in FIGURE 4 that244

the dispersion of the data is large, and according to the245

FIGURE 4. Relationship between Ra and contact resistance.

FIGURE 5. Temperature of sliding plate surface under different roughness
Ra.

FIGURE 6. Relationship between Ra and current-carrying efficiency.

change trend of the four fitting curves, with the increase of 246

the roughness value Ra, the contact resistance first decreases 247

and then increases, which is approximate to the ‘‘V’’ shape 248

change trend. When Ra = 6 µm, Rj reaches the minimum 249

of about 0.54 �. Among the four fitting curves, the fitting 250
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FIGURE 7. Relationship between Ra and current collection stability
coefficient.

FIGURE 8. Arc image between friction pairs under different roughness
conditions.

degree of the peak function is the highest, which can better251

reflect the variation relationship of Rj and Ra.252

The main reason for the variation of contact resistance253

with roughness is that when the external conditions remain254

unchanged, the average height of conductive spots on the255

plate surface gradually increases with the increase of rough-256

ness Ra.257

On the one hand, when the value of Ra increases within258

a small range, the pressure on a single micro convex body259

becomes larger and the contact state between friction pairs260

is improved. The actual conductive area increases, and the261

current line shrinkage decreases, so the contact resistance262

gradually decreases. At Ra = 6µm, the contact resistance263

reaches the minimum. Then, with the increase of Ra, the264

surface of the sliding plate becomes rougher and rougher,265

and the contraction degree of the current line increases.266

At the same time, due to the joint action of mechanical heat,267

joule heat and arc heat, the temperature of contact area rises268

rapidly, and the temperature effect gradually increases the269

contact resistance [20]. Under different roughness conditions,270

the temperature of the sliding plate surface is shown in271

FIGURE 5.272

On the other hand, according to the G-W statistical contact 273

model, the total conductivity G of the expected contact of the 274

friction pair is [22]: 275

G = 2Nρ−1β
1
2

∫
∞

d
(z− d)

1
2φ(z) dz (5) 276

where N is the total number of micro convex bodies of the 277

friction pair, ρ is the resistivity, β is the radius of curvature 278

of the micro convex body, d is the distance between the two 279

reference planes, φ(z) is the probability density of the distri- 280

bution of the surface micro convex body, and z is the height 281

expected to contact any rough body; When other conditions 282

remain unchanged, the increase of Ra and the effect of plate 283

temperature rise will affect ρ and z in the model, so that the 284

contact resistance first decreases and then increases with the 285

increase of roughness Ra. 286

B. EFFECT OF Ra ON CURRENT CARRYING EFFICIENCY OF 287

PANTOGRAPH-CATENARY 288

FIGURE 6 shows the relationship between the current carry- 289

ing efficiency of pantograph-catenary systems and the surface 290

roughness Ra of sliding plate. According to the distribution 291

of experimental data and the change trend of fitting curve, 292

it can be seen that with the increase of roughness Ra, η first 293

increase and then decrease. And in the whole experimental 294

range, when Ra is about 4.55 µm, the maximum value of η 295

obtained is 0.884. Then with the increase of Ra, η gradually 296

decreases. According to the nonlinear curve fitting results, the 297

cubic polynomial has the highest goodness of fit, which can 298

better reflect the relationship between Ra and η. 299

This is because the contact resistance is one of the key fac- 300

tors affecting the current carrying efficiency of pantograph- 301

catenary systems.When the roughnessRa is small, the contact 302

resistance gradually decreases, and the deviation of dynamic 303

current from the static given current also decreases, and 304

hence the current carrying efficiency increases. When Ra > 305

5 µm, the contact state of the friction pair surface becomes 306

worse, the number of micro convex body actually participat- 307

ing in the current conduction on the plate surface decreases, 308

thus the current receiving area decreases. At the same time, 309

Ra > 6 µm, the gradual increase of contact resistance also 310

makes the pantograph-catenary current collection efficiency 311

gradually reduce. 312

C. EFFECT OF Ra ON CURRENT CARRYING STABILITY OF 313

PANTOGRAPH-CATENARY 314

As can be seen in FIGURE 7, the experimental data are rela- 315

tively concentrated, and the overall change trend is obvious. 316

With the increase of roughness Ra, the value of δ also gradu- 317

ally increases, and the pantograph-catenary current collection 318

stability becomesworse. According to the fitting results of the 319

four curves, the goodness of fit of the exponential function 320

is the highest and the sum of squares of the residuals is the 321

smallest, δ varies approximately as an exponential function of 322

Ra. That is, the increase of the surface roughness of the sliding 323

friction pair makes the current collection stability coefficient 324
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FIGURE 9. Relationship between Ra and friction coefficient.

larger and the pantograph-catenary current collection stability325

worse.326

The main reasons why the surface roughness of the sliding327

plate affects the current carrying stability of the pantograph-328

catenary are: on the one hand, with the increase of Ra, that is,329

the average height of the micro convex peak on the surface330

of the sliding plate gradually increases, and the micro convex331

body participating in current conduction is more likely to be332

sheared and broken under the action of the plate temperature333

rise, and the contact point is damaged [5], so that a newmicro334

convex body will replace the previous conductive spots. The335

larger Ra, the more intense this change, the dynamic change336

of the number of conductive spots makes the fluctuation337

of contact current larger and the stability of current collec-338

tion worse; On the other hand, under the set experimental339

conditions, the increase of the surface roughness Ra of the340

sliding plate makes the conductive spots flow more charges341

at the micro crest, and the arc energy generated by the342

friction pair at the offline moment is larger, which makes343

the pantograph-catenary current collection stability worse.344

Under different roughness conditions, the arc image between345

friction pairs taken by Phantom VEO-710 high-speed camera346

is shown in FIGURE 8. It can be seen from the figure that347

the arc brightness and arc area between friction pairs tend to348

increase with the increase of roughness.349

D. EFFECT OF Ra ON FRICTION COEFFICIENT350

It can be seen in FIGURE 9 that the friction coefficient µ351

gradually increases with the increase of roughness Ra, but352

in the early stage when Ra < 3µm, the friction coefficient353

decreases slightly. When Ra = 3µm, the friction coefficient354

reaches the minimum value of about µ = 0.57. According355

to the fitting results of four nonlinear curves, the fitting356

degree of sin function is higher and the fitting difference is357

smaller. Therefore, it can be considered that the variation358

relationship between friction coefficient µ and roughness Ra359

is approximately a sin function.360

With the increase of Ra, the rougher the surface is, the361

smaller the curvature radius of the micro convex body is, and362

FIGURE 10. Calculation process of entropy weight method.

the worse the contact state of the friction pair is. The friction 363

factor is composed of three parts: the deformation component 364

µd of the surface asperities, the plowing component µp by 365

wear particles and hard asperities, and the adhesion compo- 366

nent µa of the flat portions of the sliding surface [23]. When 367

Ra is small, the deformation component µd of the micro 368

convex body is also small. According to the experimental 369

results, with the increase of roughnessRa, due to the reduction 370

of shear resistance of micro convex body, the abrasive wear 371

and adhesion wear on the sliding plate surface are serious, 372

and the plowing component µp increases, which makes the 373

friction coefficient gradually increase with the increase of 374

roughness Ra on the sliding plate surface. 375

IV. ESTABLISHMENT OF COMPREHENSIVE EVALUATION 376

EQUATION AND OPTIMAL RA VALUE 377

After obtaining 59 sets of experimental data, this paper uti- 378

lizes the entropy weight method to obtain the weight coeffi- 379

cients of the relative changes of each current collection eval- 380

uation index under different roughness conditions, and then 381

η, δ, µ and Ra, so as to establish a comprehensive evaluation 382

equation of pantograph-catenary current collection. 383

A. DETERMINATION OF WEIGHT COEFFICIENT BASED ON 384

ENTROPY WEIGHT METHOD 385

Entropy weight method is an objective weighting method 386

based on the dispersion degree of data itself. It calculates 387

the corresponding information entropy according to the vari- 388

ation degree of each characteristic index, and then obtains 389

the entropy weight of Rj, η, δ, µ, which is used to make 390

corrections to get more objective index weights. That is, the 391

more scattered the data, the smaller the entropy, the more 392

information contained in the index, and the greater theweight. 393

The specific calculation process of entropy weight method is 394

shown in FIGURE 10. 395

In order to eliminate the unit differences among the indica- 396

tors, the data need to be processed forward. Because Rj, δ and 397

µ are reverse indicators, reverse processing is required. Here 398

η is a positive indicator and needs to be processed in a positive 399

way. The calculation formula of positive standardization of 400

data is shown in formula (6). 401
Positive index : Zij =

xij−Min(xij)
Max(xij)−Min(xij)

Nagetive index : Zij =
Max(xij)− xij

Max(xij)−Min(xij)

(6) 402
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TABLE 3. Parameter values for curve fitting results.

where Zij is the data after the normalization of the i-th sample403

in the j-th index. There are four evaluation indexes in this404

experiment, so j = 4 is taken. The calculation formula of405

information entropy ej of each index is shown (7).406

ej = −
1
ln n

n∑
i=1

pij ln(pij) (7)407

where pij is the proportion of the i-th sample under the j-th408

index. The weight of each index can be calculated by formula409

(8).410

Wj = dj/
4∑
j=1

dj = (1− ej)/
4∑
j=1

(1− ej) (8)411

where dj is the information utility value of each index.412

Through the computer-aided software to calculate the413

information utility value of each index, the weights of the414

four evaluation indexes respectively are: WRj = 0.28903,415

Wη = 0.16817, Wδ = 0.28083, Wµ = 0.26197. According416

to the obtained weight coefficient, it can be seen that WRj >417

Wδ > Wµ > Wη, and with the change of roughness value Ra,418

the variation degree of each evaluation index is η > µ > δ >419

Rj, which provides a theoretical basis for the comprehensive420

evaluation of the current collection condition of pantograph-421

catenary systems.422

B. MATHEMATICAL MODEL OF EACH CHARACTERISTIC423

INDEX AND Ra424

Standardize the experimental data according to formula (6),425

and comprehensively consider the goodness of fit and the sum426

of squares of residuals of the four fitting curves. In this paper,427

peak function, cubic polynomial, sin function and exponential428

function are selected to fit the standardized experimental data429

respectively, so the functional relationship between each eval-430

uation index and roughness parameter Ra can be expressed431

as (9).432 
fRj = a1 + (2 ∗ b1/π ) ∗ (c1/(4 ∗ (Ra − d1)2 + c21))
fη = a2 + b2 ∗ R1a + c2 ∗ R

2
a + d2 ∗ R

3
a

fδ = a4 + b4 ∗ exp(c4 ∗ Ra)
fµ = a3 + b3 ∗ sin(π ∗ (Ra − c3)/d3)

(9)433

where the fitting results of each parameter in the formula are434

shown in TABLE 3.435

FIGURE 11. Comprehensive evaluation values under different roughness
conditions.

C. ESTABLISH A COMPREHENSIVE EVALUATION 436

EQUATION AND OBTAIN THE OPTIMAL Ra VALUE 437

After obtaining the corresponding weight coefficients of 438

each evaluation index, the comprehensive evaluation equation 439

of pantograph-catenary current collection characteristics is 440

established by comprehensively considering the influence of 441

roughness on Pantograph-catenary contact resistance, current 442

carrying efficiency, current collection stability and friction 443

coefficient, as shown in formula (10). 444

F(Ra) = WRj fRj +Wηfη +Wµfµ +Wδfδ (10) 445

where F(Ra) is the comprehensive evaluation index. Since all 446

evaluation indexes are standardized as positive, the larger the 447

value of F(Ra), it means that under this roughness condition, 448

the contact resistance and friction coefficient are smaller, and 449

the current carrying efficiency and current collection stability 450

are better, that is, the overall current collection condition of 451

pantograph-catenary system is better. Therefore, within the 452

experimental range, the Ra value that maximizes F(Ra) is the 453

optimal roughness value. 454

The weight coefficient and functional relationship of each 455

evaluation index are substituted into formula (10), and the 456

comprehensive evaluation curve drawn under different rough- 457

ness conditions and the corresponding comprehensive eval- 458

uation values calculated through experiments are shown in 459

FIGURE 11. 460

According to the calculation method of derivative in math- 461

ematics (the calculation formula is shown in formula (11)), 462

the roughness parameter Ra = 5.86 µm, F(Ra) reaches 463

the maximum value, that is, the pantograph-catenary current 464

collection condition is the best at this time. 465{
F ′(Ra) = WRj f

′
Rj +Wηf ′η +Wµf ′µ +Wδf ′δ

F ′(Ra) = 0
(11) 466

V. CONCLUSION 467

(1) The change of surface roughness of friction pairs in 468

sliding electrical contact will affect the current collection 469
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characteristics of pantograph-catenary systems. The experi-470

mental results have shown that, with the increase of roughness471

Ra, the pantograph-catenary contact resistance first decreases472

and then increases, showing an approximate ‘‘V’’ shape473

change trend.WhenRa is 6µm, the contact resistance reaches474

the minimum.475

(2) With the change of the surface roughness Ra of the fric-476

tion pairs, the current carrying efficiency of the pantograph-477

catenary system first increases and then decreases, while the478

current collection stability gradually becomes worse. With479

the increase of Ra, the friction coefficient between the pan-480

tograph sliding plate and the catenary gradually increases,481

which is approximate to the variation in exponential form.482

(3) The surface roughness Ra of pantograph sliding plates483

is not the smaller the better. According to the established com-484

prehensive evaluation equation, when the experimental con-485

ditions are V = 30km/h, I = 50A, FN =50N, Ra =5.86µm,486

the comprehensive evaluation index F(Ra) achieves the max-487

imum value, and the pantograph-catenary current collection488

performs the best at this time.489
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