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ABSTRACT Paper concerns the effects of electrodynamic forces that act on the contacts of the tulip contact
system that is often implemented in high voltage circuit breakers. The high voltage circuit breaker often
consists of two such systems. One of the systems is treated as an arcing one - made of tungsten coated
elements. Capable of implementing the phenomenon of thermal-expansion. The second is made of one or
two crown laces. The first system consists of a single piece of large mass, cut in such a way as to obtain
the effect of increasing the contact surface. The second is a system, often of several dozen contacts, so as
to increase the contact area and reduce the transition resistance. The main problem of actual validation
through dynamic measurements (electrodynamic forces) is the specificity of the circuit breaker operation.
The contact system is located directly in the switch chamber filled with CO2 or SF6 gas. Hence, tests under
normal working conditions are very difficult - even impossible. Therefore, the authors proposed employment
of FEM (Finite Element Method) in order to obtain values of electrodynamic forces acting on the contact
system by executing the detailed 3D coupled simulation. The analysis of the results brought interesting
conclusions that concerned operation of such contact layouts in short circuit conditions.

14 INDEX TERMS Electrodynamic forces, FEM, tulip contact, high voltage, circuit breakers.

I. INTRODUCTION15

The formation of electrodynamic forces in the contacts of16

electrical devices is related to the flow of high currents,17

mostly short-circuit currents. Depending on the design of18

the contact system, the occurrence of electrodynamic forces19

is undesirable, as it can lead to welding of the contacts20

during electrodynamic bounces or even to their rupture and21

destruction. On the other hand, the electrodynamic recoil22

force is used to increase the speed of contact propagation23

in circuit breakers by employing appropriate loop shaping of24

the contact current paths. Due to the complexity concerning25

the occurrence of electrodynamic forces in contacts, in order26

to verify the structure in terms of resistance to electrody-27

namic contact bounces, tests are performed with the use of28
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special devices under model conditions. Model systems for 29

testing contact welding should reflect the real conditions 30

in the circuit breakers to the greatest extent and should 31

allow for adjustment of mechanical contact parameters, e.g. 32

spring pressure. The phenomenon of electrodynamic bounce 33

is revealed in two cases: 34

· when contact is closed during the flow of short-circuit 35

current; 36

· at the moment of switching. 37

The phenomenon of electrodynamic contact bounce can 38

lead to the formation of metallic bridges at the point of 39

contact. It is caused by condensation of current streamswhich 40

was shown in Figure 1 above. As a result of the high current 41

flow at the point of contact, the contact material may evapo- 42

rate. This creates additional forces and pressures greater than 43

the generated electrodynamic forces, which can lead to the 44

opening of the contacts and their damage by an electric arc. 45
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FIGURE 1. Generation of electrodynamic forces at the contact point
caused by the condensation of current streams.

According to the complexity of the electrodynamic con-46

tact bouncing mechanism it is very hard to experimentally47

measure forces and phenomena occurring. Therefore authors48

propose to employ FEM in order to execute advanced coupled49

analysis and highlight values of electrodynamic forces and50

their influence that acts on high voltage circuit breaker tulip51

contact systems in two different versions. Moreover, this pub-52

lication presents an approach for simulating electrodynamic53

forces in a tulip contact system that concerns the whole inner54

and outer crown not only one contactor (single lamella).55

II. ANALYSIS OF ELECTRODYNAMIC FORCES56

PHENOMENA IN ELECTRICAL APPARATUSES57

The phenomenon of electrodynamic contact bounce occur-58

ring in the contacts of high current electrical devices is related59

to the narrowing of the current lines at the point of the60

actual contact of conductors during the current flow. The61

microstructure of the contact surfaces is not perfectly even,62

there are specific current conduction zones in it, precisely63

illustrated below in the Figure 2.64

FIGURE 2. Conduction zones in the microstructure of contact surfaces;
1) electrically conductive zones, 2) semi-conductive zones - tunnel
electric conduction, 3) non-conductive zones with coating layers [5].

When performing analytical calculations concerning the 65

determination of electrodynamic contact bouncing forces that 66

result in contacts abrupt repulsion, the main difficulty is 67

determining the actual points of conductors contact. It is often 68

the case that there are many zones of contact, which results 69

in the formation of several parallel densities of the current 70

lines as in the Figure 1 above. As a result, the electrodynamic 71

contact bounce force is reduced. In the case of a single point 72

of actual contact between the conductors surfaces, the force 73

value can be determined from the dependency: 74

Fez = 10−7 · i2 · ln
D
2a

(1) 75

where: i is instantaneous current value;D is outer diameter of 76

the contact and a is radius of the actual contact surface. 77

In the case of contacts with a cross-section other than 78

cylindrical, e.g. rectangular, of the equivalent diameter (D) 79

the circular cross-section is determined. An example may be 80

rectangular contact strips for which in practice the equivalent 81

diameterD is determined. In the case of frontal loop contacts, 82

apart from the Fez force, there is also a loop electrodynamic 83

force Fep resulting from the loop shape of the contact, which 84

additionally increases the effect of electrodynamic bounce. 85

In some constructions it is used to accelerate the opening 86

velocity of moving contacts during short-circuit currents. 87

An example of this type of solution with a contact system for 88

a low voltage circuit breaker is shown in the Figure 3 below. 89

FIGURE 3. An example diagram of a LV switch contact, where the
electrodynamic bounce force was used to accelerate the opening of the
moving contact during the flow of short-circuit current.
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FIGURE 4. Initial 3D model of a contact geometry consisting of a movable
and fixed contact.

The electrodynamic bouncing force between the contacts90

can be determined from the formula:91

Fep = 2 · 10−7 · i2 ·
l
b
kD (2)92

where: l, b are dimensions of the equivalent rectangular cur-93

rent loop of the contact, kD is Dwight coefficient which value94

is depending on the cross-section of the contact arms.95

It is assumed that the electrodynamic bouncing of the96

contacts starts when the electrodynamic force is greater than97

the values of the pressure springs which is expressed by98

relation (3):99

Fe = Fez + Fep ≥ Fs (3)100

where: Fs is contact spring pressure force.101

In practice, it turns out that the propagation of the contacts102

and the appearance of an electric arc start already with the103

resultant electrodynamic force Fe lower than the pressure104

force of the springs pressing the contacts - Fs. This is due to105

the force generated by the rapid heating of the contact point106

and the explosive liquid decomposition of the formedmetallic107

bridge. The extra force had impulse characteristics.108

III. ELECTRODYNAMIC FORCES IN FEM SIMULATIONS 109

In order to determine the value of the electrodynamic force 110

for the contact system, a 3D model was made for numerical 111

analysis. The model was made for one actual point of sur- 112

face contact. Initial stage of model geometry was shown in 113

Figure 4 below. 114

After preparing the model and loading it into the Ansys 115

Maxwell 3D environment, it was possible to assign boundary 116

conditions, assign material properties and impose a current 117

of 6 kA on the analyzed contact, in this case without a non- 118

periodic component. Waveform of the short-circuit current in 119

a single-point contact used during this analysis was shown in 120

Figure 5 below. 121

The computational simulation of the short-circuit current 122

flow through the contacts allowed to determine the current 123

density at the actual point of contact and it was shown below 124

in Figure 6. 125

As can be seen from the waveform in Figure 7 below, the 126

interaction of the components in theY direction is responsible 127

for the repulsion of one contact from the other. In order to 128

illustrate this phenomenon even better, the Y components of 129

the two contacts are summarized on the waveform below. 130

The presented forces in this case can lead to electrodynamic 131

bounces in the case when the spring pressing the moving con- 132

tact has a lower value than the sum of the forces presented as 133

in equation (3) above and in the waveform in Figure 8 below. 134

In order to determine the vectors of the generated elec- 135

trodynamic forces in the analyzed single-point contact, the 136

results of calculations from Maxwell 3D were imported to 137

the Ansys Transient Structural calculation module. On the 138

basis of the performed analyses, it was possible to generate 139

the values of the electrodynamic force vectors, which reached 140

the highest value in the contraction of the contact, with the 141

highest short-circuit current density. 142

Two components of electrodynamic forces can be dis- 143

tinguished from the analysis of electrodynamic forces in a 144

contact system layout presented above: 145

FIGURE 5. Short-circuit current waveform in a single-point contact layout—6 kA.
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FIGURE 6. Distribution of the short-circuit current line flowing through a
contact consisting of a movable and fixed contact with one point of
actual contact.

• adial component,146

• axial component.147

Radial component of the generated electrodynamic forces148

causing compression of the contact material at the point149

of contact. Axial component of the resulting electrody-150

namic forces tending to break the contacts. The phenomenon151

from the analysis performed is illustrated in detail in the152

Figure 9 below.153

The occurrence of electrodynamic forces in the con-154

tacts of electrical devices is a generally unfavorable phe-155

nomenon, which significantly reduces the contact pressure156

force, or at high values of the short-circuit current it leads157

to their abrupt opening. In order to prevent this phenomenon, 158

electrodynamic force compensation systems are used. This 159

is done by increasing the contact pressure force by applying 160

the special cuts in the current paths or appropriate shaping of 161

the current path inside an electrical apparatus, e.g. a circuit 162

breaker. While current is flowing, forces are pressing the 163

movable contacts or any contact elements to the fixed con- 164

tact, compensating the electrodynamic bounce force. In tulip 165

contacts, due to the uniform distribution of the contacts in 166

relation to each other, with unidirectional current flow, the 167

contacts are pressed against the pin, which in this case is a 168

favorable phenomenon. 169

IV. INFLUENCE OF ELECTRODYNAMIC BOUNCES ON THE 170

CONTACT WELDING 171

Due to the flow of short-circuit currents, electrodynamic 172

forces influence in the contacts may result in bouncing and 173

erosive changes on the contact surfaces. During the opening 174

of the contacts, bridges of the molten metal may form, which 175

may lead to permanent grafting of the connector contacts 176

while the contacts are closing. 177

During the closing of the electrical device contacts, the 178

movable contact collides with the fixed contact. The mov- 179

able contact of the apparatus is influenced by the forces 180

from the pressure spring of the connector, electrodynamic 181

forces and forces from the generated intra-arcuate pres- 182

sure (directed against the forces coming from the connec- 183

tor drive). After the contacts collide, the kinetic energy is 184

converted into potential energy in the form of elastic stress 185

in the movable contact of the switch, and then the poten- 186

tial energy is again converted into kinetic energy of the 187

FIGURE 7. Determined X , Y and Z components of electrodynamic forces in a contact with one actual point of contact.

99302 VOLUME 10, 2022



M. Szulborski et al.: Electrodynamic Forces in a High Voltage Circuit Breakers

FIGURE 8. Determined Y components of the generated electrodynamic forces in the analyzed contact system with one actual point of contact.

FIGURE 9. Components of electrodynamic forces in an analyzed contact system.

contact movement of the opposite sense. The reciprocal188

motion is magnified by the value of the generated electro-189

dynamic forces.190

The state without electrodynamic bounces usually occurs191

only after several bounces with decreasing amplitude and a192

shorter time of loss between the moving contact and the fixed 193

contact. 194

Over the years, various methods have been developed to 195

measure the duration of electrodynamic bounces. The sim- 196

plest direct measurement of a single and total bounce time 197
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is the recording of the voltage on a bouncing moving contact,198

fromwhich the obtained data allow to draw a curve describing199

changes in the gap between the contacts while electrody-200

namic bounce occurs.201

Another direct method is to use the laser beam as an202

optical probe to measure the length of the gap between the203

contacts placed between the light source (laser), the photo-204

sensor. In this case, the light source must be set so that the205

generated contact movement during electrodynamic bounces206

causes a change in the amount of light reaching the sensor.207

This method, however, requires optical access to the contacts208

and is not applicable in the case of an electric arc between the209

contacts.210

Due to the above-mentioned difficulties, it is recommended211

to use indirect optical methods to measure electrodynamic212

bounces, including the method of recording light by a CCD213

(charge-coupled device) camera, which allows for the record-214

ing and then reading of an electrical signal proportional to215

the amount of incident light that lights on it. An example of a216

system for measuring electrodynamic springs of the method217

using a CCD camera is shown in the Figure 10 below.218

It should be noted that it is not enough to register only219

the movement of the movable contact, because also the fixed220

contact is usually subject to elastic vibrations caused by the221

hitting of the movable contact against it.222

Mechanical models for studying the phenomena of electro-223

dynamic bounce as shown in Figure 11. Below.224

Those can be used to study impact phenomena or to deter-225

mine the coefficient of impact for a certain material.226

FIGURE 10. Recording of light reflected from contacts by CCD camera
(1 - fixed contact; 2 - moving contact; 1a, 2a - contrast strips connected
with contacts; 3 - lens; 4 - CCD sensor; 5 - CCD driver; 6 - transient
recorder; 7 - computer; 8 - graphic screen; 9 - light source [5]).

In the designed contact, the clamping force value of the227

movable contact should be selected in such a way that in the228

case of the peak current of the connector, the spring pressure229

forces are greater than the expected electrodynamic force.230

In order to analyze the kinematic system that checks the time231

and amplitude of electrodynamic bounces, various contact232

models with specific degrees of contacts freedom are used,233

FIGURE 11. Shaw’s contact bouncing control mechanism [5].

a model with two degrees of freedom will be reflected and 234

will vibrate, causing bounces of smaller amplitude in turn, 235

until those stop. 236

Due to the problematic effects of electrodynamic interac- 237

tions in the form of bounces and electrodynamic repulsion 238

force, various methods of limiting electrodynamic phenom- 239

ena in contacts have been developed. These are among others 240

listed below. 241

1. Setting the working surfaces of contacts at an angle an 242

adynamic shaping shown in Figure 12: 243

Fe = F ′ez + Fek (4) 244

F ′ez = 2 · Fez · cos
α

2
(5) 245

FIGURE 12. Setting the contact surfaces at an angle and electrodynamic
compensation by means of adynamic shaping of the contact.

2. Contact sharing shown in Figure 13: 246

Fe = n · Fez (6) 247

Fez = k · (1, 3 ·
i
n
)
2

(7) 248

Fe =
1, 69
n
·k · i2 (8) 249

Fe = 0, 84 · 5 · k · i2 for n = 2 (9) 250

3. Electrodynamic compensation by dividing one con- 251

tact into more parallel contacts (tulip contact) shown 252

in Figure 14: 253

Fe = Fez −
Fek
2

(10) 254

Fek = 0, 25 · k1 · i2 · l (11) 255

4. Compensation by shaping the current path in the form 256

of a loop (single-loop, two-loop, multi-loop contacts) 257

99304 VOLUME 10, 2022



M. Szulborski et al.: Electrodynamic Forces in a High Voltage Circuit Breakers

FIGURE 13. Sharing of a contact into several parallel contacts.

FIGURE 14. Electrodynamic compensation by splitting one contact into
more parallel contacts (tulip contact system).

shown in Figure 15:258

Fe = Fez − Fek (12)259

Fek = k1·i2 · l (13)260

FIGURE 15. Compensation by shaping the current path in the form of a
loop (single-loop, two-loop, multi-loop contacts).

5. Setting the working contact surfaces at an angle – for261

that scenario equations (4), (5) and (14) are employed.262

That was shown in Figure 16:263

F ′ez < 2Fez (14)264

In circuit-breakers with high current-carrying capacity of265

contacts, the system shown in Figure 16 is often used,266

in which the working surfaces of the contacts are set at an267

angle α in relation to the direction of interaction of the contact268

forces. In this case, the resultant force F ′ez is smaller than269

the sum of the electrodynamic forces Fez, which is more270

FIGURE 16. Setting the working contact surfaces at an angle.

favorable than in a typical contact. The circuit shown in 271

Figure 12 has additional, more advantageous features due to 272

the adynamic shape of the contact allowing for additional 273

electrodynamic compensation of the forces that push the 274

contacts away from each other. For contactors and circuit 275

breakers, the example shown in Figure 13 is used, which is 276

employed to separate the flowing current by using several 277

parallel contacts. In this case, the arising electrodynamic 278

forces in the contact have smaller values because the cur- 279

rent value in a given contact is lower. Example shown in 280

Figure 16 is found in medium voltage circuit breakers which 281

are equipped with tulip contacts. Evenly spaced contacts are 282

pressed against the pin by compression springs. In this case, 283

during the flow of rated or short-circuit currents, the contact 284

pressure force through the pressure springs is increased by the 285

additional action of electrodynamic forces Fek compensating 286

the electrodynamic forces Fez acting at the contact point of 287

the contact system. 288

The above-mentioned theoretical methods of the compen- 289

sation of electrodynamic forces in the contacts of electric 290

devices were used by the authors in order to perform simu- 291

lation calculations to verify the presented methods. 292

For this purpose, a 3D model presenting the geometry of 293

the system 5 (Figure 16) was made, where the working sur- 294

faces of the contacts were positioned at an angle α in relation 295

to the direction of interaction of contact forces, in accordance 296

with the theoretical assumptions. After importing the model 297

to the software, the boundary conditions were assigned and a 298

simulation for a short-circuit current of 40 kAwas performed. 299

After the computational simulation was performed, the 300

current density distribution in the analyzed contact system 301

was derived. The highest values of the short-circuit cur- 302

rent density were found at the contact points, as shown 303

in Figure 17 below. 304

The determined values of the electrodynamic forces in the 305

executed simulation reached the average of 10 – 40 N/m3. 306

The maximum value achieved was witnessed in the right con- 307

tact of the current path shown and it amounted to 50 N/m3. 308

This was shown in Figure 18 below. 309

The performed calculations confirmed the presented return 310

of the electrodynamic forces Fez acting in the contact, 311

which at the same time confirms the thesis that the angular 312

arrangement of the contacts allows for the reduction of the 313
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FIGURE 17. Current density distribution in the system compensating the
effect of electrodynamic forces—arrangement of the contacts at an angle.

electrodynamic forces value that ought to open the analyzed314

contact. ForceF
′
ez value was smaller than forceFez value. It is315

worth noting that the highest stresses in the computational316

simulation performed occurred in the center of the contact317

strips, where the radial component of the generated electro-318

dynamic forces was revealed, causing the contact material319

to compress at the point of actual contact of. The stress320

distribution in the analyzed contact system is presented in321

Figure 19 below.322

V. ELECTRODYNAMIC FORCES IN CLASSIC TULIP323

CONTACT LAYOUT324

Analyzing furtherly the theoretical assumptions concerning325

the compensation of electrodynamic interactions in contacts,326

a 3D model of a tulip contact with specially elongated327

contacts of the contact crown was prepared. In this case, 328

the generated force pressing the tulip lamellas against the 329

arcing contact and the forces pushing the contacts at the 330

point of contact with the pin were analyzed. In order to 331

determine the interaction of electrodynamic forces in the tulip 332

contact, a short-circuit current of 40 kA was passed through 333

the contact along with the non-periodic component of the 334

current raising it to 50 kA in the initial phase of its duration. 335

The obtained waveform is shown below in Figure 20. The 336

voltage level value for those simulations was set at 72,5 kV. 337

For this voltage, the device can be filled with CO2 or SF6 gas. 338

Of course, the extinguishing medium determines the current 339

carrying capacity. And so for CO2 gas this load capacity is, 340

for example, 2750 A, and for the same cross-sections when 341

filled with SF6 gas it is equal to 4000 A. Undoubtedly, it is 342

related to the ability to receive energy from the electric arc 343

and deionizing the contact gap. The key decision related to 344

the selection of the contact system for research and analysis 345

was the trend: 346

• restrictions on the use of SF6 gas, 347

• developing the process and mechanism of thermal 348

exposure to the next generations, 349

• research on the use of CO2 gas and its mixtures and also 350

other gases. 351

Current flowing through the tulip contact was analyzed, the 352

highest current density was demonstrated at the contact points 353

between the lamellas and the contact pin inserted into the 354

crown formed by the system. Additionally, the distribution of 355

the short-circuit current density flowing through the contact 356

is presented in the Figure 21 above. 357

FIGURE 18. Distribution of electrodynamic forces in a contact - arrangement of contacts at an angle.

99306 VOLUME 10, 2022



M. Szulborski et al.: Electrodynamic Forces in a High Voltage Circuit Breakers

FIGURE 19. Distribution of electrodynamic forces in a contact - arrangement of contacts at an angle.

FIGURE 20. Generated simulation of the short-circuit current passed through the analyzed tulip contact.

After exporting the obtained computational data to358

the mechanical solver, it was possible to generate the359

distribution of the resulting electrodynamic forces in the360

analyzed tulip contact. In this case, the theoretical assump-361

tions were confirmed, where forces Fez were generated at362

the contact points, repelling the contacts of the contact363

crown from the contact pin. In the remaining parts of the 364

contactor, electrodynamic forces Fek were created, press- 365

ing all the contacts inwards, thus eliminating the impact 366

of the forces repulsing the lamellas. The generated electro- 367

dynamic force vectors are shown below in the Figure 22 368

above. 369
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FIGURE 21. Short-circuit current density flowing through the tulip contact.

FIGURE 22. Distribution of the interacting electrodynamic forces at the actual contact points and the entire tulip contact body.
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FIGURE 23. Contact mechanical deformations in a tulip contact related to the interaction of electrodynamic forces.

In order to verify which electrodynamic forces are greater,370

an additional mechanical analysis was performed to check371

where the greatest mechanical deformations occur. In the372

computational simulation, it turned out that the electrody-373

namic forces at the point of contact have a much lower value374

than the forces pressing the contactors. This is illustrated in375

detail in Figure 23 above, where the deformations related to376

the occurrence of the discussed forces in the tulip contact are377

presented.378

VI. ELECTRODYNAMIC FORCES IN HIGH VOLTAGE379

APPARATUSSES—LIVE TANK CIRCUIT BREAKER380

High voltage electrical apparatuses such as circuit breakers381

and disconnectors are connected in series to the protected382

circuit. When disturbances in the form of short-circuits occur,383

the flowing short-circuit currents can be greater multiple384

times than the rated currents of these devices. In effect, gen-385

eration of mechanical stresses is a result of electrodynamic386

interactions.387

Manufacturers of alike devices can successfully use mod-388

ern numerical methods in order to design and manufacture389

apparatuses resistant to the impact of electrodynamic forces.390

Simulation analyses allow to determine the value of electro-391

dynamic forces originating from peak short-circuit currents392

and mechanical stresses resulting in the developed layouts of393

high voltage electrical apparatuses. The electrodynamic force394

of the designed device is defined by the peak value of the395

current switched off, for example, by a high-voltage switch 396

without depriving it of its ability to be used further (it is not 397

causing its damage). 398

One of the most important high voltage apparatuses are 399

circuit breakers. Those allow for switching off fault currents, 400

e.g. short-circuit currents in a protected circuit after receiving 401

a signal from the protection automatics in order to start the 402

circuit breaker drive. An example of the design of a circuit- 403

breaker with three poles mounted on a common supporting 404

beam with a common operating mechanism is shown below 405

in Figure 24. 406

Development of the structure and production of a high- 407

voltage circuit breaker requires from the manufacturer not 408

only constructional knowledge and ‘‘know-how’’, but also 409

a large technical base and machinery park. Global manu- 410

facturers such as ABB, SIEMENS or ALSTOM produce 411

overhead circuit breakers for voltages up to 300 kV and 412

for currents up to 50 kA in a single-break version, i.e. 413

with one set of connection chambers for a particular pole 414

of the HV switch. In the case of higher voltages, sys- 415

tems with a double set of switching chambers (420 kV) 416

and with a four set of switching chambers (800 kV) are 417

used. 418

There are two typical designs of SF6 gas overhead switches 419

in the circuit breaker design. The first type are the live- 420

tank circuit breakers, the connection chamber of which is 421

built into a porcelain or composite insulator at high potential 422
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FIGURE 24. LTB-D high voltage Live-Tank circuit breaker by ABB.

during operation. The second type of switches are dead-tank423

constructions, the tank of which, together with the connection424

chamber, works at the ground potential.425

In this type of SF6 circuit-breakers, the switching cham-426

bers are equipped with a puffer type, in which the gas is427

compressed by a piston or a cylinder directly coupled with428

the contact system. In the third generation of switches in the429

switching chambers, the thermal expansion effect is addi-430

tionally used. The energy generated by the burning of the431

electric arc helps to extinguish it. During the opening or432

closing operation of the switch, the gas is compressed by433

a piston moving in a cylinder. The forced SF6 gas into the434

extinguishing chamber flows around and cools the burning435

electric arc.436

Currently used high-voltage circuit breakers are equipped437

with two-stream structures of extinguishing chambers, where438

SF6 gas from the compression chamber is forced into a439

double system of nozzles with arcing contacts made of440

the main and auxiliary nozzles. Development work on441

the use of electric arc energy to increase the arc extin-442

guishing efficiency during the zero crossing of the cur-443

rent, enabled the development of compression chambers444

consisting of two smaller chambers: thermal-expansion com-445

pression and mechanical compression. An example of the446

compression chambers built into the circuit breaker switching447

chamber is presented below in Figure 25.448

FIGURE 25. Longitudinal section of the HV circuit breaker connection
chamber with SF6 - third generation thermo-expansion.

FIGURE 26. Schematic drawing of cables connecting the mechanisms of
HV switch for 3 poles.

FIGURE 27. The pictorial drawing of a common drive for HV storage
circuit breaker.

The arcing contacts built into the switching chamber are 449

most exposed to the effects of an electric arc during switching 450

operations. The arcing contact system and the main con- 451

tact system in the switching chamber operate in a specific 452

switching sequence. When switching off e.g. fault currents, 453

first the main contact of the switch opens without arcing, 454

and then the arcing contact opens, taking over the erosive 455

processes related to the action of the electric arc for which 456

it is adapted (made of an alloy of tungsten or molybde- 457

num with copper). When closing the circuit-breaker, the arc 458

sequence of the arcing contact and the main contact are 459

reversed. 460
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FIGURE 28. Modeled 3D assembly of the HV switch according to the
executed measurements.

VII. LIVE TANK CIRCUIT BREAKER 3D MODEL AND461

ELECTRODYNAMIC FORCES SIMULATIONS462

To create a 3D simulation model of a live tank high volt-463

age circuit breaker, the dimensions were taken from a real464

object. From the outside, the switch pole was made of a465

supporting insulator to which the extinguishing chamber of a466

single-break switch is screwed. The circuit-breaker has con-467

nections for screwing high-voltage cables and screw fittings468

for mounting the pole on the support beam of the three-469

pole system. Inside the circuit breaker, at the height of the470

supporting insulator, there is a string coupled with a piston471

moving inside the cylinder in the connection chamber. The 472

traction layer is mechanically stressed with the mechanism 473

of the entire circuit breaker. The power from the drive is 474

transferred by means of strings to individual poles, where the 475

contacts of the switch are closed or opened. An illustrative 476

drawing of the mechanical system of the traction layers is 477

presented in Figure 26 below. The traction layers are driven 478

from the switch storage drive located under the middle pole 479

of the switch (phase B). The energy from the closing and 480

opening springs is transferred to the circuit-breaker poles by 481

means of the strings. The main components of the storage 482

drive of the high-voltage circuit breaker are described in 483

Figure 27 below. 484

In the switching chamber, on the moving piston, there is a 485

movable part of the arcing contact in the form of six lamellas 486

and a movable part of the main contact of the analyzed circuit 487

breaker (sleeve). The fixed elements of the arcing contact and 488

the main switch, due to the fact that the circuit breaker was 489

of the single-motion type, are the main crown with the main 490

contact contacts and the arcing contact in the form of a bar 491

overlapping the crown. 492

The circuit breaker components have been accurately mea- 493

sured and dimensioned. This allowed for the preparation of 494

3D models of individual elements of the high-voltage circuit 495

breaker connection chamber, including: main contacts, arcing 496

contact, nozzle, cylinder and other elements. The prepared 497

3D assembly of modeled elements of the high-voltage switch 498

structure is shown in Figure 28 above and in 499

The 3D modeled simplified structure of the high-voltage 500

circuit breaker chamber made it possible to perform simula- 501

tion analyses of electrodynamic forces for the short-circuit 502

FIGURE 29. Modeled 3D assembly of the HV switch according to the executed measurements—cross section.
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FIGURE 30. Optimized geometry of HV breaker in Ansys space claim module.

FIGURE 31. Density distribution of the short-circuit current flowing through the contacts of the switching chamber of the high-voltage circuit breaker.

conditions declared by the manufacturer in the form of 40 kA503

of rated short-circuit breaking current.504

For this purpose, the prepared 3D model of the circuit 505

breaker connection chamber was imported into the Ansys 506
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Workbench software, where in the Space Claim Geometry507

module, the geometry was thoroughly checked and508

simplified in terms of the quality of modeled parts - redundant509

surfaces and duplicated unnecessary edges. The geometry510

was prepared in this way, devoid of any non-linearities and511

inaccuracies causing problems during calculations. It was512

shown in Figure 30 above.513

In order to prepare a computational simulation, the 3D514

model was exported to the Ansys Maxwell 3D computa-515

tional module. The simulation analysis to determine the elec-516

trodynamic forces in the contacts of the circuit breaker at517

the moment of the short-circuit current occurrence was per-518

formed for the closed main and arcing contacts of the circuit519

breaker. The imported 3D model of the circuit breaker into520

the Ansys Maxwell 3D environment was properly prepared521

for simulation. For the calculations, environmental conditions522

in the form of SF6 gas were adopted and material properties523

were assigned to individual parts of the analyzed assembly524

of the HV switch. Examples of material properties for tung-525

sten adopted for the arcing contact pin are shown in the526

Table 1 below.527

After setting the material properties, the model was given528

current forces in the form of specific short-circuit currents.529

The initial direction of current flow for calculations was530

assumed from the fixed contacts to the moving contacts of the531

circuit breaker. Simulation analyses to determine the value532

of electrodynamic interactions in the circuit breaker contacts533

were performed for two cases of short-circuit current:534

• 40 kA without non-periodic component,535

• 40 kA with a non-periodic component increasing the536

short-circuit current up to 60 kA.537

Boundary conditions for the prepared simulation were538

properly determined, it was necessary to determine the simu-539

lation time, the duration of which was assumed to be 200 ms.540

The time step for the computational iterations performed was541

assumed every 0.5 ms, which gave a total of 400 iteration542

steps that the solver had to perform.543

In the case of the ‘‘mesh’’ calculation, elements of the544

‘‘tetrahedra’’ type were used. On the contact points of the545

crown of the main contact and the arcing contact, the com-546

putational grid was additionally densified in order to obtain547

greater accuracy of calculations. In the first computational548

iteration, the number of mesh elements was 534379, the549

‘‘Adaptive Mesh Refinement’’ function was employed, the550

mesh was compacted by a solver in places where it was551

additionally required.552

Numerical calculations were started, the total time of553

which was 10.5 hours. From the obtained results, it was554

possible to check which elements of the switching chamber555

are most exposed to electrodynamic influences generated by556

the flow of short-circuit currents. At this stage of the calcu-557

lations, it was also possible to analyze the generated approx-558

imate Ohm losses in each of the analyzed active parts of the559

circuit breaker. Additionally, the software made it possible560

to view the density distribution of the short-circuit current561

flowing through the closed contacts of the high-voltage562

TABLE 1. Examples of material properties for tungsten used for
calculations in the simulation analysis for the switching chamber
of the high-voltage circuit breaker.

switch, an example of the density distribution in the contact 563

system is shown below in Figure 31. In the case of the 564

simulation analysis performed, particular attention was paid 565

to the forces occurring in the contacts of the main and arcing 566

contacts. 567

For the first numerical simulation, for an undistorted short- 568

circuit current of 40 kA, the values of electrodynamic forces 569

in the main contact were similar to the order of magnitude 570

for all 24 main contactors (lamellas) (force values in kN). 571

However, the calculated values of electrodynamic forces for 572
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FIGURE 32. 1 of 24 lamellas (contactors) of the main contact in high voltage circuit breaker before simulation.

FIGURE 33. Values of electrodynamic forces acting on one of the main contact lamella for 40 kA without non-periodic component.

the contact points were different and ranged from 0.01 to573

1.2 kN. An example of the generated electrodynamic forces574

for 1 of the 24 main lamellas is presented in Figure 32 above 575

and Figure 33 below. 576
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FIGURE 34. 1 of 6 lamellas (contactors) of the arcing contact in high voltage circuit breaker before simulation.

FIGURE 35. Values of electrodynamic forces acting on one of the arcing contact lamella for 40 kA without non-periodic component.

In Figures 34 above and Figure 35 below the simulation577

for 1 of 6 lamellas of the arcing contact were depicted for the578

40 kA current without non-periodic component.579

The results of the second computational simulation for the580

current with a non-periodic component shown that contacts581

were under influence of significant electrodynamic loads. 582

It was dependent on the presence of a non-periodic com- 583

ponent boosting the short-circuit current in the initial phase 584

of its duration. The momentary boost of the short-circuit 585

current value resulted in higher electrodynamic loads in the 586
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FIGURE 36. Values of electrodynamic forces acting on one of the main contact lamella for 40 kA with a non-periodic component increasing the
short-circuit current up to 60 kA.

FIGURE 37. Values of electrodynamic forces acting on one of the arcing contact lamella for 40 kA with a non-periodic component increasing the
short-circuit current up to 60 kA.

circuit breaker contacts. In the case of the main contact,587

the maximum value of the electrodynamic forces reached588

twice the value of about 2.5 kN, and then at the time of the589

decay of the non-periodic component, these values decreased590

to the level of the results from the previous calculations.591

Sample waveforms for a selected contactor are shown in592

Figure 36 below.593

The electrodynamic effects for 40 kA current with a non- 594

periodic component in the arcing contact are much greater. 595

In relation to the simulation results for the arcing contact 596

loaded with a current without a non-periodic component the 597

calculated values are twice as high, reaching over 40 N. 598

The values for the selected arcing contactor are shown in 599

Figure 37 below. 600
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FIGURE 38. Values of electrodynamic forces acting on all lamellas of the arcing contact of the Live Tank high-voltage circuit breaker for short-circuit
current without non-periodic component—arcing contact.

FIGURE 39. Values of electrodynamic forces acting on all lamellas of the main contact of the Live Tank high-voltage circuit breaker for short-circuit
current without non-periodic component—main contact.

The obtained values illustrate the formation of momentary601

significant increases in electrodynamic interactions in the602

initial phase of the current flow in relation to the previous603

calculations for the short-circuit current without the non-604

periodic component.605

The use of the 3D model of the circuit breaker switching 606

chamber made it possible to perform very time-consuming 607

calculations aimed at determining the electrodynamic inter- 608

actions on all contacts. This unique approach made it possible 609

to verify that all contacts in the contact system are evenly 610
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FIGURE 40. Values of electrodynamic forces acting on all lamellas of the main contact of the Live Tank high-voltage circuit breaker for short-circuit
current with non-periodic component—arcing contact.

FIGURE 41. Values of electrodynamic forces acting on all lamellas of the main contact of the Live Tank high-voltage circuit breaker for short-circuit
current with non-periodic component—arcing contact.

loaded. Calculations were executed for 1.265.243 generated611

computing nodes. As a result, it was possible to gener-612

ate the resultant waveforms of electrodynamic interactions613

affecting the main and arcing contacts. It was presented in614

Figures 38-41 below.615

VIII. SIMULATION RESULTS SUMMARY 616

The generated waveforms allowed for the analysis and con- 617

clusions that the main and arcing contacts are not uniformly 618

electrodynamically loaded during a 40 kA short-circuit with a 619

course not deformed by a non-periodic component. The same 620
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computational approach was performed for the short-circuit621

current much more unfavorably from the point of view of622

electrodynamic exposures, which contains a non-periodic623

component. This type of short-circuit current is much more624

harmful from the point of view of mechanical stresses -625

deformation or even contact damage. The calculations made626

in the form of generated waveforms for the main and arcing627

contact contacts for a more unfavorable short-circuit current628

were collected on the waveforms depicted in Figures 38-41.629

In the case of the conducted analysis concerning the deter-630

mination of the electrodynamic forces affecting the contacts631

of the main and arcing contact, the simulation approach pre-632

sented by the authors may now be one of the simpler and very633

useful methods for determining the approximate values of the634

electrodynamic forces. Depending on the accuracy of the 3D635

model adopted for calculations, the obtained results are much636

more reliable than simplified analytical methods. In the case637

of such a complex structure as a high-voltage circuit breaker,638

and more precisely in the case of the performed analysis of its639

switching chamber, it is not possible to determine the exact640

values of the interacting electrodynamic forces in an analyti-641

cal manner with the use of formulas and simplifications. Even642

if such computational steps were taken, the obtained results643

were subject to error and uncertainty.644

IX. CONCLUSION645

In the performed simulation, authors used an accurate 3D646

model prepared on the basis of measurements of individ-647

ual parts of the dismantled pole of the high-voltage circuit648

breaker. The 3D model obtained in this way allowed for the649

performance of reliable simulation analyses, which helped to650

visualize how the contacts of the HV circuit breaker can actu-651

ally behave in the event of the flow of short-circuit currents652

and to what electrodynamic exposures those are subjected to.653

Interestingly, on the basis of the obtained results, the654

authors illustrated that the individual contacts of both the655

main contact and the arcing contact are not evenly elec-656

trodynamically loaded. From the generated electrodynamic657

force waveforms for each contact point, doubts were raised658

as to the possibility of using simplifications and performing659

calculations only for 1 contact point, which can be found in660

the literature. The obtained results show that the values of the661

electrodynamic forces can differ even from 2 kN, which in662

turn may initiate the deformation of the contact or even the663

damage of the whole contact system. Performing this type664

of numerical analysis on even more accurate 3D models in665

the form of structural models in R&D departments allows666

for obtaining precise data on electrodynamic exposures. Each667

improvement or change in design can be quickly simulated,668

which in the process of creating a prototype, e.g. of cur-669

rent circuits and contacts of a high-voltage circuit breaker,670

is extremely important in terms of cost reduction and limiting671

the number of prototypes for experimental tests in research672

laboratories.673

Authors conducted thorough research of the literature674

which confirms the lack of information on the study of675

electrodynamic forces in high voltage contact systems. In the 676

R&D manufacturers departments of contact systems and 677

static breakers, static tests can be found [x]. The works 678

concern only the contact system made of one element, cut 679

in an appropriate manner. Then, outside the circuit breaker 680

chamber, it is possible to conduct tests by pulling out one of 681

the contacts and determining the force statically. It is not a 682

force related to the flow of current. It is a mechanical force 683

obtained through the elasticity of thematerial, sometimes also 684

by pressure springs. 685

The authors referred to the global trend in the research of 686

contact systems of high-voltage devices and focused on the 687

correct selection of: 688

• materials, 689

• boundary conditions, 690

• physics issues. 691

Authors tried to recreate some of the research in laboratory 692

conditions, in a short-circuit laboratory. 693
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