Contents

1 Introduction. ......... ... .. . . . ... ..
1.1 Role and Objectives of Power Electronic Converters
inPower Systems. .. ...... ... .
1.2 Requirements of Modeling, Simulation and Control
of Power Electronic Converters. . .......................
1.3 Scope and Structure of the Book . . .. ........... ... .....
References. . .. ... ..

Part I Modeling of Power Electronic Converters

2 Introduction to Power Electronic Converters Modeling . . . . . . . ..
2.1 Models. . ..o
2.1.1 WhatIsaModel?.......... ... ... ... ...

2.1.2 Scopeof Modeling. . .............. . ... . .....

2.2 Model TypeS. . v v oottt e e
22.1 SwitchedModels. ........... . ... .. .. ...

222 Sampled-DataModels. . ........................

223 AveragedModels. .......... ... . .. ...

2.2.4 Large-Signal and Small-Signal Models. .............

225 Behavioral Models..................... ... ...
226 Examples. ... ... ..

23 UseofModels. . ...... ... ...
2.3.1 Relations Between Various Types of Models. . .. ... ..

2.3.2 Relations Between Modeling and Control . . . .........

2.3.3 Other Possible Uses of Models. . ..................

24 Conclusion. .......... .
References. . . ...

&~

10
11
12
14
15
15
19
20
22
22
23
24
24
24

Xvii



Xviii

3

5

Contents
Switched Model . . . ........ ... ... .. . . . .. . 27
3.1 Mathematical Modeling . . . .......... ... ... ... ..... 27

3.1.1 General Mathematical Framework . . . ........... ... 27

3.1.2 BilinearForm.......... ... ... ... .. ... .. .. 29
3.2 Modeling Methodology . . ............. .. 30

3.2.1 Basic Assumptions. State Variables. . .............. 30

322 General Algorithm . . ............ ... ... ... . ... 31

323 Examples. ... ... 32
3.3 Case Study: Three-Phase Voltage-Source

Converteras Rectifier. . . ............ ... ... .. ... ... 40
34 Conclusion. ....... ... 47
Problems. . . ... ... 48
References. .. ... . 53
Classical Averaged Model . . . ............................. 55
4.1 Introduction. ........... ..ttt 55
4.2 Definitionsand Basics. . . ......... ... L oL 56

42.1 Sliding Average. .. .. ...ttt 56

4.2.2 State Variable Average . . .. ......... ... ... ... .. 57

423 AverageofaSwitch......... ... ... ... .. ....... 58

4.2.4 Complete Power Electronic Circuit Average. ......... 58
4.3 Methodology of Averaging. . ........... ... ..., 59

4.3.1 Graphical Approach. ........................... 60

4.3.2 Analytical Approach. ............ ... ... ...... 61
4.4 Analysis of Averaging Errors. . ...... ... ... .. ... 62

4.4.1 Exact Sampled-Data Model . ..................... 63

4.4.2 Relation Between Exact Sampled-Data

Model and Exact Averaged Model . .. .............. 64
4.5 Small-Signal Averaged Model . .. ....................... 67

4.5.1 Continuous Small-Signal Averaged Model . . .. ....... 67

4.5.2 Sampled-Data Small-Signal Model . .. .............. 68

453 Example. . ... ... 68
4.6 Case Study: Buck-Boost Converter. .. ................... 71
4.7 Advantages and Limitations of the Averaged Model.

Conclusion . . .. ..ot 81
Problems. .. ... .. 82
References. . ... ... 95
Generalized Averaged Model . . . . ......................... 97

5.1 Introduction. ............... ... iuiiinnnnn... 97
52 Principles. . ... .. . 98
5.2.1 Fundamentals....................... .. ...... 98
5.2.2  Relation with the First-Order-Harmonic Model. . . . . .. 100
5.2.3 Relation with Classical Averaged Model. ........... 101
5.3 Examples. ... ... 102
5.3.1 Caseof aState Variable. . . ..................... 102

532 CaseofaPassive Circuit. . ...............o..... 103



Contents

5.3.3 Case of a Coupled Circuit. . ....................
5.3.4 Switching Functions . . .. .......................
5.4 Methodology of Averaging. ... .......................
5.4.1 Analytical Approach. . ........................
5.4.2 Graphical Approach. ..........................

5.5 Relation Between Generalized Averaged Model
and Real Waveforms. . ..... ... ... ... ... ... ... ...
5.5.1 Extracting Real-Time-Varying Signal from GAM. . . . .
5.5.2 Extracting GAM from Real-Time-Varying Signal . . . . .

5.6 Using GAM for Expressing Active and Reactive
Components of AC Variables. . .......................
57 CaseStudies. .. ...
5.7.1 Current-Source Inverter for Induction Heating . . . . . . ..
5.7.2  Series-Resonant Converter. . . ...................
5.7.3 Limitations of GAM: Example. . .................
5.74 PWM-Controlled Converters. . .. ................
5.8 Conclusion. .. ...
Problems. . . ... ..
APPENdiX . . . v
References. . ... ...

6 Reduced-Order Averaged Model . . . ... ....................
6.1 Introduction. ........... ... ...t
6.2 Principle. ... ...
6.3 General Methodology . .. ......... ... ... .

6.3.1 Example with Alternating Variables:
Current-Source Inverter for Induction Heating . . . ......
6.3.2 Example with Discontinuous-Conduction Mode:
Buck-Boost Converter. . . ...
6.4 Case Studies. .. ...ttt e
6.4.1 Thyristor-Controlled Reactor Modeling. . ............
6.4.2 DC-DC Boost Converter Operating
in Discontinuous-Conduction Mode . . . . ............
6.5 Conclusion........ ... ... . . . . .
Problems. . . ... ... .
References. . ... e

Part I Control of Power Electronic Converters

7 General Control Principles of Power Electronic Converters. . . . ..
7.1 Control Goals in Power Electronic Converter Operation. . . . . . .
7.2 Specific Control Issues Related to Power Electronic

CONVEITEIS . . o oottt ettt e e
7.3 Different Control Families. . ... .......................
74 Conclusion. ......... .. ... i
References. . .. ...

Xix



XX Contents
8 Linear Control Approaches for DC-DC Power Converters. . . . . .. 187
8.1 Linearized Averaged Models. Control Goals
and Associated Design Methods . . .. .................... 187
8.2 DirectOutput Control. .. ... ... ... i 188
8.2.1 Assumptions and Design Algorithm................ 189
8.2.2 Example of a Buck-Boost Converter. ............... 191
8.3 Indirect Output Control: Two-Loop Cascaded
Control Structure . . .. ... . e 194
8.3.1 Assumptions and Design Algorithm................ 195
8.3.2 Example of a Bidirectional-Current
DC-DCConverter. . ........ouuuinneeeeeennn.. 199
8.3.3 Two-Loop Cascaded Control Structure for DC-DC
Converters with Nonminimum-Phase Behavior. . . ... .. 204
8.4 Converter Control Using Dynamic Compensation
by Pole Placement. . ............. ... ... ... 208
8.4.1 Assumptions and Design Algorithm................ 208
8.4.2 Example of a Buck Converter. . .................. 211
8.5 Digital Control Issues. . ... ........... .. 213
8.5.1 Approaches in Digital Control Design. . ............. 214
8.5.2 Example of Obtaining Digital Control Laws
for Boost DC-DC Converter Used
in a Photovoltaic Application. . ................... 216
86 CaseStudies. ...........uiiiiiiiiiiiiiiin 219
8.6.1 Boost Converter Output Voltage Direct Control
by Lead-lagControl . . ...............ciiun. ... 219
8.6.2 Boost Converter Output Voltage Direct Control
by Pole Placement. .. .......................... 223
87 Conclusion. ..... ... ... ... .. 229
Problems. . . ... .. 230
References. . ... ... 235
9 Linear Control Approaches for DC-AC
and AC-DC Power Converters. .. ...............ccoeeeo... 237
9.1 Introductory Issues.............. ... .. .. 237
9.2 Controlin Rotatingdg Frame . . ... ............... ... ... 238
9.2.1 Example of a Grid-Connected Single-Phase
DC-ACConverter. . .......oovvueeiinnnnnnnnnnn. 243
9.3 Resonant Controllers. . ............ . ... ... vo... 248
9.3.1 Necessity of Resonant Control. . .................. 248
9.3.2 Basics of Proportional-Resonant Control . . ........... 250
933 DesignMethods. . .............. .. .. ... ... 254
9.3.4 Implementation ASpPectS. . ..........ccuueueeeeennn 261
9.3.5 Use of Resonant Controllers in a Hybrid dg-Stationary
Control Frame . . .. ... ... ... .. ... 264

9.3.6 Example of a Grid-Connected
Three-Phase Inverter. . . .............. ... ... .... 265



Contents XX1

10

11

9.4 Control of Full-Wave Converters. ... ................... 269
9.5  Case Study: dg-Control of a PWM Three-Phase
Grid-Tie Inverter. . . .. ... .. . 276
9.5.1 SystemModeling................... .. ....... 277
9.5.2  Comments on the Adopted Control Structure. ....... 278
9.5.3  Design of the Inner Loop (Current) Controllers. . . . . . 279
9.54  Simulations Results Concerning the Inner Loop. . .. .. 280
9.5.5 Design of the Outer Loop (Voltage) Controller. . . . . . 283
9.5.6  Simulations Results Concerning the Outer Loop. . . . . 284
9.6 ConClusion. . . .........uuuu it 286
Problems. . ... ... 287
References. . . ... 295
General Overview of Mathematical Tools
Dedicated to Nonlinear Control . . . .. ................... ... 297
10.1 Issues and Basic Concepts. ... ......c.ouiineeunnnnn..n 297
10.1.1 Elements of Differential Geometry............... 297
10.1.2 Relative Degree and Zero Dynamics. . ............ 301
10.1.3 Lyapunov Approach. ............... ... ....... 303
10.2 Overview of Nonlinear Control Methods for Power
Electronic Converters. . . .. .....ouuu ettt .. 304
References. . ... ... . 305
Feedback-linearization Control Applied
to Power Electronic Converters. ... ....................... 307
11.1 Basics of Linearization via Feedback . . .. ................ 308
11.1.1 Problem Statement. . ......................... 308
11.1.2 MainResults. . .......... ... . ... . ..... 308
11.2  Application to Power Electronic Converters. . ............. 311
11.2.1 Feedback-Linearization Control
Law Computation. . .. ..., 311
11.2.2 Pragmatic Design Approach. . .................. 313
11.2.3 Examples: Boost DC-DC Converter
and Buck DC-DC Converter. . .. ................ 314
11.2.4 Dealing with Parameter Uncertainties. . . . .. ....... 318
11.3  Case Study: Feedback-Linearization Control
of aFlyback Converter. . ............. ... ..., 319
11.3.1 Linearizing Feedback Design. .. ................ 319
11.3.2 Outer Loop Analysis. . . ......... ... ... ... 322
11.3.3  Outer-Loop PI Design Without Taking
into Account the Right-Half-Plane Zero. . . ... ... .. 324
11.3.4 Outer-Loop PI Design While Taking
into Account the Right-Half-Plane Zero. . ... ...... 324
11.4 ConClusion. . ... .......uuu e 328
Problems. . . ... .. 328



Xxii

12

13

Contents

Energy-Based Control of Power Electronic Converters. . . ... ...

12.1 BasicDefinitions. . . ........... i
12.2  Stabilizing Control of Power Electronic Converters. . . ... ...
12.2.1 General Nonlinear Case . . .. ...................
1222 Linearized Case........... ...,
12.2.3  Stabilizing Control Design Algorithm. ............
12.2.4 Example: Stabilizing Control Design
for a Boost DC-DC Converter. . .................
12.3  Approaches in Passivity-Based Control. Euler—Lagrange
General Representation of Dynamical Systems. . ...........
12.3.1 Original Euler-Lagrange Form
for Mechanical Systems. . . ....................
12.3.2 Adaptation of Euler-Lagrange Formalism
to Power Electronic Converters. . .. ..............
12.3.3  General Representation of Power Electronic
Converters as Passive Dynamical Systems. .........
12.3.4 Examples of Converter Modeling
in the Euler-Lagrange Formalism. . ..............
12.4 Passivity-Based Control of Power Electronic Converters. . . . . .
12.4.1 Theoretical Background. ......................
12.4.2 Limitations of Passivity-Based Control . . .. ........
12.4.3 Parameter Estimation: Adaptive
Passivity-Based Control . . . ....................
12.4.4 Passivity-Based Control Design Algorithm. .. ... ...
12.4.5 Example: Passivity-Based Control of a Boost
DC-DCConverter. . ..........vuiuuuneeenn..
12.5 Case Study: Passivity-Based Control of a Buck-Boost
DC-DC Converter. . .. ......uuuuueeeeee...
12.5.1 Basic Passivity-Based Control Design. . ...........
12.5.2 Damping Injection Tuning. . . ..................
12.5.3 Study of Closed-Loop Small-Signal Stability. .......
12.5.4 Adaptive Passivity-Based Control Design. .........
12.5.5 Numerical Simulation Results. . . ................
12.6 ConCluSion . . . .. e e e e e
Problems. .. ... ..
References. . ... ...

Variable-Structure Control of Power Electronic
CONVerters. . . . ... oottt
13.1 Introduction. ........... ... ...
13.2 Sliding Surface. . ......... ... ... ...
13.3  General Theoretical Results. . .. .......................
13.3.1 Reachability of the Sliding Surface:
Transversality Condition. . . . ..................
13.3.2 EquivalentControl...........................
13.3.3 Dynamics on the Sliding Surface. ...............



Contents XXiii

13.4  Variable-Structure Control Design. . .. .................. 400
13.4.1 General Algorithm. ... ....................... 400
13.42 Application Example. . ... .......... ... ... ... 400
13.4.3 Pragmatic Design Approach. . .................. 404
13.5 Supplementary Issues. ..............couiiineennn.. 405
13.5.1 Case of Time-Varying Switching Surfaces. .. ... ... 406
13.5.2 Choice of the Switching Surface. .. .............. 406
13.5.3 Choice of the Switching Functions. . . . ... ........ 408
13.5.4 Limiting of the Switching Frequency............. 409
136 Case Studies. . . ..o 413
13.6.1 Variable-Structure Control of a Single-Phase
Boost Power-Factor-Correction Converter. . . ....... 413
13.6.2 Variable-Structure Control of a Three-Phase
Rectifier as a MIMO System . . . ................. 423
137 Conclusion. ............. ... ... . . 430
Problems. . . ... ... 431
References. . . ... 440
General Conclusion . . . ......... ... ... .. ... . . . 443
References. .. ... .. 444



2 Springer
http://www.springer.com/978-1-4471-5478-5

Power Electronic Converters Modeling and Control
with Case Studies

Bacha, S.; Munteanu, |.; Bratcu, Al

2014, XX, 454 p. 301 illus.,

ISEMN: 278-1-4471-5478-5



