CIC ]

dandelon.com

May be used for personal purporses only or by
libraries associated to dandelon.com network

Electrical Feed Drives
iIn Automation

Basics, Computation, Dimensioning

By Hans GroS, Jens Hamann and Georg Wiegartner

Publicis MCD Corporate Publishing



Contents

11
111
112
113
114
115
116

121
122
123

13
131
132

14

141
142
143
144

151
152
152
154
155

16
17

18
181
182

Fundamentals of Control Theory . . . . . . . . . .. . 12
Terminology. . . . . . . . . . 1
Open Control Chain and Closed Control Loop .~ . . . . . . . 12
Closed Control Loop Signals = . . . . . . . . . . . . . 13
Sampling . . . . 16
Linearization : . . . . . . ... 19
Normaizing . . . . . . . . . . 19
Referenced Variables ., . . . . . . .. 20
Response Characteristics . . . . . . . . . . . . . . . .. 21
Steady-state transfer characterigtic . . . . . . . . . . . . 21
Dynamic Response = . . . . . . . .. 21
Basic Transfer Elements . = . . . . . . . . . . 23
Representetion in the Time Domain . . . . . . . . . . . . 35
Differentid Equation . . . . . . . . . .. 35
SeepResponse . . . 42
Representation in the Frequency Domain . = . . . . . . . . a7
Frequency Response . .~ . . . . . . . . . ... 47
Bode Diagram.™ . . . . . . .. 51
P-T,and P-TrResponse . = . . . . . . . . . . . .. 52
Frequency Response Measurement . . . . . . . . . . . 61
RootLoci. . . . . . . . . . ... ... .. .. S ......8
Representation . . . . . . . . . 61
Poles . . . . . 62
ZeXos ... 63
Root Loci of the P-To-Element . . . . . . . . . .. . . . . 64
Root Loci of 1-and 2-Mass Oscillators = = . . . . . . . . | 66
Linking of Transfer Elements .~ . . . .~ . . . . . . . . 76
Comparison of the Description Methods = . .~ .~ . . . . . 79
Appendix . . . .. o 80
Fundamentds of Control Theory. . =~ . . .~ . . .~ . . . | 80

Analogies between electrical and mechanical oscillators . . . 89.



21

211
212
213
214
215

2.2

216
222
223
224
225

23
231
232

24
241

242

243
244
245
246

25

251
252

2.6

26.1
2.6.2

2.7

31
311
312

Control Loops for Feed Drives . . . . . . . . . . . . 92
Terminology. . . . . . . . . . . 92
Block Diagram . . . . . . . . . ... 92
Step Function . . . . . . . 94
Accuracy. . . ... 95
Frequency Responses . . . . . . . . . . . . .. . .. .. .. 96
Characteristic Stability Values . . . . . .~ . . . . . .97
Controller Design Options . . . . . . . . . . . . . . . .. 99
Feed Drive Controllers . . . . . . . . . .. .. .. .. .. .| 99
Analog PI Controller. o 102
Digital PI Controller . . . . . . . . . . . . ... 103
Sampling Controller. . .~ .~ .~ . . . .. 105
Pl Controller with Reference Model. . . . . . . .~ . . . . . 110
Optimization Rules L 113
DoubleRatios . . . . . . . . . . ... 113
Symmetrical Optimum, Absolute Value Optimum o 114
Dynamic Response Characteristics . . . . . . . . . . .. 115
Command Frequency Response of the PI Controller

with Reference Model. . . . . . . . . . . . .. ... 115
Command Frequency Response of the Conventional Pl

Controller. .~ . . . . . . . 116
Interference Frequency Response of the PI Controller . . . 117
Determining the Controller Parameters . . . . . . . . = . 117
Standard 2™ and 3™ Order Drive Frequency Responses . ... 118
Summary \ 121
Command and Disturbance Response in the Time Domain . . 121
Command Response . . . . . . . . 121
Disturbance Response . . . . . . . . . . . . 124
Command and Disturbance Response in the Frequency

Domain . . . . . . . . 125
Command Response . . . . . . . . . . 127
Disturbance Response . . . . . . . . . . . ... . . 127
Modeling an example of the Speed Control Loop . . . . = 129
Feed Drive Position Control. . . . . . . . . . . . 14
Terminology, Basics = . . . . . . . . . S
Configuration and Function . . . . . . . . . . . . R X

Position Measurement . . . . . . . . . . ... .. 143



313
314

32

321

322

323

33
331
332

333

334

335
34
35

36

361
362
3.6.3
3.64
365
37

41

4.2

421
422
423

4.2.4.

4.3
431

Parameters and Characteristics of Position Control Loops . . . 146
Modeling Linear Position Control Loops = . . . . . . . . . | 149
Dynamic Response Characteristics of Linear Position

Control Loops . . . . . . . . 154
Command Response of Linear Position Control

Loops with Indirect Measuring System = .~ . . . . 154
Command Response of Linear Position Control

Loops with Direct Measuring System. ... . .~ . . . . . . . . 160
Disturbance Response of Linear Position Control Loops. . . . 166
Circular Contour Errors . . . . . . . . . . . ... 177
-Causes, Influencing Variables . =~ . . .~ . . . . . . . 177
Errors caused by the Command Response

a the Indirect Measurement Syslem . . . . . . . . . . . 178
Errors caused by the Command Response at the Direct

Measuring System . . . . . . 188
Circular Contour Distortions by the interaction

of bothfeedaxes . . . . . . . . . . . . ... ... 189

Summary of the Errors and Distortions on the Circular Contour 194

Feed Forward Control. . . . . . . . . . . .. . ... 200
Command Variable Control. . . . . . . . . . .. . . . 203
Position Control Limits for Oscillatory Mechanical Systems . 206
Natural Frequencies . . . . . . . . . . . . ... ... 206
Frequency Response of the Mechanical System ... . . . 208
Feed AxisModeling . =~ . . . . . . . 210
Disturbance Optimum and Damping Optimum . . . . . = . . 213
Influence of the Sampling Periods . . . . = . . . . . . . 225
Final Conclusions regarding the K, Factor. . . . = . . . = . . | 226
Steady-State Layout and Calculation . . . . . . . . . 231
Calculation Methods . . . . . . . . . . . . . ... 231
Steady-state Layout . . . . . . 232
Requirements .= . . . . . . .. .. 232
Feed Drive with Lead Screw. . . . . . . . . . . . . . .. 233
Rack-and-Pinion Feed Drive . . = .~ . . . . . . . . . . .. 241
Linear Motor Drive . . . . . . . . ... 245
Steps for the Dynamic Layout = . . . . . . . 247

Requirements =~ . . . . . . 247



432
433
434

44

441
442
443
444
445
4.4.6

45
451

51
52
53
54
55

10

Rough Sizing Estimate . . . . . . . . . . . . .. .. 247
Requirements based on Speed and Acceleration . . . . . . 248
Examples = . . . .. 252
Motion Diagrams . . . . . . . . .. 260
Jerk limitetion .~ . . . . .. . 260
Running Travel Distances . = . . . . . . . . . . . . . .. 266
Edimating the Positioning Time . . . . . . . . . . . . 282
Energy Content of theMoved Masses . . . - . . . . . = . 285
Attainable Acceleration . . . . . . . . . ] 286
Periodic Duty Cycle . .~ . . . . . ... 290
summary. oo 296
Feed Drive Layout based on a How Diagram . . . . . 296
Technical Appendix .~ . .~ . . . .. 306
FormulaSymbols . = . . . . . .. ... 306
SUnits . * .. 319
ConversonTables . . . . . . . . . .. ... ... . 322
Equations . . . . . ... 326
Technical Data of Motors and Power Converters . . . . . | 327



