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Abstract
The research documented in this PhD thesis refers to the innovative control techniques

for the Three-phase Voltage Source Converter in three applications: a current controlled

inverter feeding an induction motor; an active rectifier used as grid interface stage and a

three-wire active filter compensating highly distorted currents. The use of the VSC in

applications characterised by such a wide range of voltage and current waveforms is due to

the availability of advanced design and control techniques. 

The VSC allows the conversion of energy from a dc source to an ac one and viceversa.

The standard configuration of this converter employees six power devices with turn-off and

bidirectional current capabilities. Two of these switching devices in series form a leg across

a dc bus with a dc capacitor. The common point is connected to one of the ac phases

through a mainly inductive impedance. The dc voltage across the capacitor is used to

generate an ac voltage through the complementary switching of the devices of each leg.

The control of the switching can be made through the modulation of the width of the

devices on/off state on a period (Pulse Width Modulation). 

Through the control of the ac voltage it is possible to get the ac current control. Then

through the ac current control, the dc bus level could be regulated in relation with the

device connected on the dc bus.

The design and control of the VSC in the three chosen applications are introduced in

Chapter 1 of this thesis. In all the applications the digital control techniques both of the dc

voltage and of the ac current have been tested. They can be classified as follows: linear

such as PI-based or dead beat-based, non-linear and fuzzy logic-based. The first group

allows an exact study of the dynamic and stability of the system needed especially when an

ac LCL-filter is used. The second one allows fast and easy controls needed in low cost

commercial drives. As for the third group, the fuzzy logic is based on the use of particular

sets which allow an element, differently from what happens in traditional logic, to partially

belong to more than one of them, as described in the Chapter 2. Fuzzy logic offers the

possibility to design a non-linear controller on the basis of the knowledge of many non-well

defined relations among the variables of the system, and suitable of optimal performances
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in several working conditions. The fuzzy logic based controls presented in this thesis are

particularly relevant to the design criteria.

In Chapter 3 the current loop, the inner loop of the Field Oriented Control of the

induction motor drive is investigated. The inverter's current control is responsible of the

harmonic content and of the reference tracking of the stator currents. A good control allows

a high efficiency of the converter and an optimal operation of the torque and speed loops. 

The current control is crucial also in the active rectifier field studied in Chapter 4. The

active rectifiers are designed to obtain sinusoidal ac currents, unity power factor and

controllable dc voltage. One of the limits of the active rectifier is due to the cost, thus it

arises the industrial interest for sensorless applications. Another limitation is due to the

harmonic pollution caused by the switching, that can disturb other EMI sensitive equipment

on the grid. One of the most interesting solutions is the use of a LCL-filter on the ac side.

This needs a step-by-step procedure for the filter design, the selection of the passive or

active damping and the verification of the system’s dynamic and stability. 

An interesting alternative to the use of the active rectifiers is the use of active filters.

The most used type is the shunt configuration described in Chapter 5. Its control could be a

high demanding task especially if highly distorted currents have to be compensated.

Moreover the polluting currents depend on the considered non-linear load thus it is

proposed the use of virtual instrumentation for analysis and simulation of load oriented

compensation solutions. Moreover also a fuzzy control could offer the possibility to track

sudden slope changes due to highly distorted currents. 

In conclusion the use of a simple and reliable conversion structure such as the VSC

needs advanced design and control criteria to be used in many applications characterised by

different goals. This PhD thesis exploits the digital control in the Z-domain and the fuzzy

logic to face problems related to stability, dynamic and compensation of the system non-

linearities. 



Table of contents Innovative control techniques of power converters for industrial automation

XI

Table of contents
Prefazione I

Introduzione III

Preface VII

Abstract IX

Chapter 1 Three-phase voltage source PWM converters 1

1.1 The PWM Voltage Source Converter: applications, control and filtering tasks 2
1.2 Analysis of the VSC 5

1.2.1 Active components 10
1.2.2 Passive components 13

1.3 Inverter feeding induction motor 16
1.4 Boost active rectifier 18
1.5 Three-wire shunt active filter 21
1.6 Ac current/dc voltage control issues 24
1.7 Filtering issues 27
Bibliography 29

Chapter 2 The fuzzy logic approach to the control of power converters 35

2.1 Fuzzy logic impact in the power converter field 36
2.2 Fuzzy logic based control 37
2.3 Fuzzy logic review 39

2.3.1 Fuzzy set 39
2.3.2 Fuzzy set operations 39
2.3.3 Linguistic variable 40
2.3.4 Fuzzy system 41
2.3.5 Fuzzy rule 43
2.3.6 Fuzzy inference process 44

2.3.6.1 One rule with one antecedent 46
2.3.6.2 One rule with two antecedents 46
2.3.6.3 Multiple rules with multiple antecedents 48

2.3.7 FLC step-by-step design procedure 49
2.3.8 Implementation of a FLC 50

2.3.8.1 Fuzzyfication 51
2.3.8.2 Rules and defuzzyfication 52

2.4 Review of the tested applications of the fuzzy logic control at power converters 55
2.4.1 Fuzzy logic control of a boost converter in wind turbine applications 56

2.4.1.1 Simulation results 59
2.4.2 Fuzzy logic based current controlled modulation 62



Table of contents Innovative control techniques of power converters for industrial automation

XII

2.4.3 Fuzzy logic based control of the charge-discharge process 65
Bibliography 66

Chapter 3 Current control of the PWM VSI in diode-rectifier front-end-type
induction motor drives 67

3.1 Use of CC-PWM inverters in variable speed drives 68
3.2 Overview of current controlled PWM techniques 69

3.2.1 System analysis 72
3.2.2 Hysteresis-based current control 73
3.2.3 PI-based current control 73

3.2.3.1 PI-based design in Z-plane and d-q rotating frame 74
3.2.3.2 Fixed carrier modulated techniques 76
3.2.3.3 Random carrier modulation techniques 77

3.2.4 Non-linear predictive control 77
3.2.5 Linear predictive control 79
3.2.6 Double look-up table control 79
3.2.7 Separate-phase duty cycle fuzzy control 81
3.2.8 Fuzzy logic adaptive PWM control 84
3.2.9 Emf influence on the current control 85
3.2.10 Emf estimation 87

3.2.10.1 Estimation by the motor model 87
3.2.10.2 Estimation by the converter model 87
3.2.10.3 Emf based duty cycle correction 87

3.3 Fuzzy logic based current controlled space-vector modulation 89
3.3.1 The current error reduction analysis 89
3.3.2 A fuzzy approach to the control action definition 93
3.3.3 The influence of the emf 94
3.3.4 The switching sequence 96
3.3.5 Fuzzy logic controller design 97

3.3.5.1 Fuzzyfication 98
3.3.5.2 Fuzzy rules principle 99
3.3.5.3 Fuzzy rules minimisation 100

3.3.6 Reduced algorithm for low cost implementation 103
3.3.6.1 The current error reduction 103
3.3.6.2 Non-fuzzy choice of the voltage vectors 104
3.3.6.3 Fuzzy choice of the voltage vectors duty cycle 106

3.3.7 Discussion on the new fuzzy logic controller 107
3.4 Performance evaluation of current controlled PWM techniques 108

3.4.1 Steady state analysis 109
3.4.2 Transient analysis 111
3.4.3 Emf influence on the current control 112
3.4.4 Fuzzy logic based current controlled space-vector modulation performances114

3.4.4.1 Complete algorithm performances 114
3.4.4.2 Reduced algorithm performances 117

List of Symbols 119
Bibliography 120



Table of contents Innovative control techniques of power converters for industrial automation

XIII

Chapter 4 Design and advanced control of the boost active rectifier 123

4.1 Use of the active rectifier in drives applications 124
4.2 Basic function, operating limits and mathematical models 126

4.2.1 Rectifying/regenerating modes and charge/discharge process 127
4.2.2 Operating limits 131
4.2.3 Active rectifier’s models 135

4.2.3.1 Model based on three components vector y(t) 136
4.2.3.2 Model based on space-vector ( )ty 138
4.2.3.3 Use of a rotating frame 139
4.2.3.4 Use of averaging and linearisation 140

4.3 The Voltage Oriented Control 142
4.3.1 Ac current control 143

4.3.1.1 PI-based current control 143
4.3.1.2 PI-based current control design example 151
4.3.1.3 Implementation of the controller 156
4.3.1.4 Feedforward current control 157

4.3.2 Dc voltage control 160
4.3.2.1 Energy-based analysis 161
4.3.2.2 PI-based voltage control 162
4.3.2.3 PI-based voltage control design example 165
4.3.2.4 Stability of the voltage loop 167
4.3.2.5 Implementation of the controller 168
4.3.2.6 Fuzzy Logic based voltage control 169

4.3.3 Modulation 171
4.3.3.1 Fuzzy Logic based space-vector modulation 172

4.4 Input filter 175
4.4.1 Constraints on the LCL filter design 176
4.4.2 LCL-filter design procedure 178
4.4.3 LCL-filter design example 180
4.4.4 The control of the LCL filter based active rectifier 182
4.4.5 Rotating frame orientation and angle displacement 185
4.4.6 Stability analysis 186

4.4.6.1 Instability of the undamped current control loop 187
4.4.6.2 Passive damping of the current control loop 190
4.4.6.3 Active damping of the current control loop 194

4.5 Unbalance conditions 199
4.6 Performances evaluation 201

4.6.1 Simulation and laboratory set-up 202
4.6.2 PI-based control of the boost active rectifier 207

4.6.2.1 L-filter active rectifier 207
A. Effects of delays and antialiasing filter 208
B. Effects of the position of the grid sensors after a big reactance 210
C. Grid unbalance effect 211
D. Evaluation of the performances of the overall system 212

4.6.2.2 LCL-filter active rectifier 213
A. Comparison between the L-filter and LCL-filter systems 215
B. Change of the controllers parameters due to non-ideal conditions216
C. Validation of the simulation model 219
D. Evaluation of the performances of the overall system 221
E. Stability of the LCL-filter based active rectifier 225



Table of contents Innovative control techniques of power converters for industrial automation

XIV

4.6.3 Feedforward current control and fuzzy logic dc voltage control and modulation 227
4.6.3.1 Parameters calculation 227
4.6.3.2 Comparison with non fuzzy control 228

Bibliography 231

Chapter 5 Three-wire shunt active filters 235

5.1 Use of active filters for compensation of drive’s electromagnetic pollution 236
5.2 Identification of the polluting load 238
5.3 Design of the active filter control 241

5.3.1 Reference current calculation and dc voltage control 242
5.3.1.1 Fast Fourier Transformer method 242
5.3.1.2 P-q method 243
5.3.1.3 Fuzzy regulation of k gain 246

5.3.2 Ac current control 248
5.3.2.1 Hysteresis current controller 248
5.3.2.2 P2ID-based current control 248
5.3.2.3 Dead beat current controller 249
5.3.2.4 Fuzzy logic based current controller 252

A. FLC design based on a trial and error procedure 253
B. FLC design based on a mathematical approach 258

5.4 Performance evaluation 267
5.4.1 Hysteresis current control 269
5.4.2 P2ID-based current control 270
5.4.3 Dead beat current controller 271
5.4.4 Fuzzy logic-based current controller 272

5.4.4.1 FLC designed with a trial and error procedure 272
5.4.4.2 FLC designed with a mathematical approach (steady state) 274
5.4.4.3 FLC designed with a mathematical approach (transient state) 276

Bibliography 278

Conclusion XV



If you want the PhD thesis 

“Innovative control techniques of power converters for
industrial automation”

please write to liserre@ieee.org

mailto:liserre@ieee.org

