Contents

1 Imtroduction.............. . .. ... .. ...
1.1  Energy Situation and Environmental Issues ................
1.2 Renewable Energy-Based Distributed Power Generation

SYSIEM . . et
1.3  Key Issues of LCL-Type Grid-Connected Inverters . .........
1.3.1 Design and Magnetic Integration of LCL Filter. . . . ...
1.3.2  Resonance Damping Methods of LCL Filter . ... ... ..
1.3.3  Controller Design of Grid-Connected Inverters . . ... ..
1.3.4  Effects of Control Delay and the Compensation
Methods . ...
1.3.5  Suppression of Grid Current Distortion Caused
by Grid Voltage Harmonics. . .. ..................
1.3.6  Grid-Impedance Effects on System Stability
and the Improvement Methods . ..................
14 Summary ........ .
References. . .. ... ..

2 Designof LCLFilter............... ... ... ... .. ..........
2.1 PWM for Single-Phase Full-Bridge Grid-Connected Inverter . .
2.1.1 Bipolar SPWM .. ... ... ... ... ..

2.1.2  Unipolar SPWM . ... ... ... ... .. . ..

2.2 PWM for Three-Phase Grid-Connected Inverter.............
221 SPWM. ...

2.2.2  Harmonic Injection SPWM Control. ... ............

2.3 LCLFilter Design. ... ...,
2.3.1 Design of the Inverter-Side Inductor . . . . ...........

2.3.2  Filter Capacitor Design . ... .....................

2.3.3  Grid-Side Inductor Design. . .....................

2.4  Design Examples for LCL Filter. .. ......................
2.4.1 Single-Phase LCL Filter. ... .....................

—_—

[c BN e L\

13

16

22
23
23

31
32
32
35
37
38
41
46
47
55
55
56
57

Xiii



Xiv

Contents

242 Three-Phase LCL Filter . . .......................
25 Summary ...
References. . . ... ..

Magnetic Integration of LCL Filters .. .......................
3.1  Magnetic Integration of LCL Filters . .. ...................
3.1.1  Magnetic Integration of Single-Phase LCL Filter. . . . ..
3.1.2  Magnetic Integration of Three-Phase LCL Filter . . . . ..
3.2 Coupling Effect on Attenuating Ability of LCL Filter. .. ... ...
3.2.1 Magnetic Circuit of Integrated Inductors. .. .........

3.2.2  Characteristics of LCL Filter with Coupled
Inductors . .. ... ..
33 Design Examples .. ......... ... ... .. ...
3.3.1  Magnetics Design for Single-Phase LCL Filter . . . .. ..
3.3.2  Magnetics Design for Three-Phase LCL Filter. . .. . ...
3.4  Experimental Verification..............................
3.4.1 Experimental Results for Single-Phase LCL Filter. . . ..
3.4.2  Experimental Results for Three-Phase LCL Filter . . . ..
3.5 0 Summary . ...
References. ... ... ...

Resonance Damping Methods of LCL Filter . . . ................
4.1 Resonance Hazard of LCL Filter. .. ........ ... ... ... .....
4.2 Passive-Damping Solutions. . . .............. ... ... ...,
4.2.1 Basic Passive Damping . . ............. ... ... ....
422 Improved Passive Damping. .....................
4.3  Active-Damping Solutions . .............. ... ... ... .....
4.3.1 State-Variable-Feedback Active Damping . ..........
4.3.2  Notch-Filter-Based Active Damping ...............
4.4 SUMMATY ..ot
References. .. ... ..

Controller Design for LCL-Type Grid-Connected Inverter
with Capacitor-Current-Feedback Active-Damping . ............
5.1  Modeling LCL-Type Grid-Connected Inverter .. ............
5.2 Frequency Responses of Capacitor-Current-Feedback
Active-Damping and PI Regulator .. ........... ... ... ....
5.3 Constraints for Controller Parameters. .. ..................
5.3.1 Requirement of Steady-State Error . ...............
5.3.2  Controller Parameters Constrained by Steady-State
Error and Stability Margin. . .. ...................
5.3.3  Pulse-Width Modulation (PWM) Constraint . ........
5.4  Design Procedure for Capacitor-Current-Feedback
Coefficient and PI Regulator Parameters. . .. ...............
5.5  Extension of the Proposed Design Method. . ...............



Contents XV

5.5.1 Controller Design Based on PI Regulator

with Grid Voltage Feedforward Scheme ... ......... 107
5.5.2  Controller Design Based on PR Regulator. . ......... 108
5.6 Design Examples .. ......... ... ... ... ... ... 110
5.6.1 Design Results with PI Regulator .. ............... 111
5.6.2  Design Results with PR Regulator. ... ............. 112
5.7  Experimental Verification.................... .. ... ..... 115
5.8 Summary .. ... 119
References. . .. ... ... 120
6  Full-Feedforward of Grid Voltage for Single-Phase LCL-Type
Grid-Connected Inverter. . .. .......... .. ... ... ... ... ..... 121
6.1 Introduction ........... ... .. .. ... 121
6.2  Effects of the Grid Voltage on the Grid Current. ... ......... 122
6.3  Full-Feedforward Scheme for Single-Phase LCL-Type
Grid-Connected Inverter . . ... ......... ... ... ... ... .... 126
6.3.1  Derivation of Full-Feedforward Function of Grid
Voltage . ... ..o 126
6.3.2  Discussion of the Three Feedforward Components . ... 128
6.3.3  Discussion of Full-Feedforward Scheme with Main
Circuit Parameters Variations .................... 130
6.4  Experimental Results . ................. ... .. ... ..... 132
6.5  Summary . ... ... .. 136
References. . .. ... ... 137
7  Full-Feedforward Scheme of Grid Voltages for Three-Phase
LCL-Type Grid-Connected Inverters. ........................ 139
7.1  Modeling the Three-Phase LCL-Type Grid-Connected
Inverter. . ... ... . 140
7.1.1  Model in the Stationary o—f Frame................ 140
7.1.2  Model in the Synchronous d—q Frame. ............. 143
7.2 Derivation of the Full-Feedforward Scheme
of Grid Voltages. . . ... ... . 145
7.2.1  Full-Feedforward Scheme in the Stationary o—pf
Frame . ...... ... ... .. . . 145
7.2.2  Full-Feedforward Scheme in the Synchronous d—¢q
Frame ... ... ... .. . . .. 146
7.2.3  Full-Feedforward Scheme in the Hybrid Frame. . . . . .. 147
7.3 Discussion of the Full-Feedforward Functions .............. 150
7.3.1 Discussion of the Effect of Three Components
in the Full-Feedforward Function . ................ 151

7.3.2  Harmonic Attenuation Affected by LCL Filter
Parameter Mismatches. .. ............ .. ... .. .. .. 154



XVi

Contents
7.3.3  Comparison Between the Feedforward Functions
for the L-Type and the LCL-Type Three-Phase
Grid-Connected Inverter . ....................... 154
7.4  Experimental Verification. . ............. ... ... ... ...... 155
7.4.1  Description of the Prototype ... .................. 155
7.4.2 Experimental Results. .......................... 156
7.5 Summary .. ... 162
References. . .. ... ... 163
Design Considerations of Digitally Controlled LCL-Type

Grid-Connected Inverter with Capacitor-Current-Feedback

Active-Damping. . . ... . 165
8.1 Introduction .......... ... . ... ... 165
8.2  Control Delay in Digital Control System . ................. 167
8.3  Effect of Control Delay on Loop Gain and
Capacitor-Current-Feedback Active-Damping. . ............. 168
8.3.1  Equivalent Impedance of Capacitor-Current-Feedback
Active-Damping .. ...... ... .. .. L 168
8.3.2  Discrete-Time Expression of the Loop Gain . ........ 172
8.3.3  RHP Poles of the System Loop Gain .............. 174
8.4  Stability Constraint Conditions for Digitally Controlled
SYSIEM . . et 176
8.4.1 Nyquist Stability Criterion. . ..................... 176
8.4.2  System Stability Constraint Conditions . ... ......... 177
8.5  Design Considerations of the Controller Parameters of
Digitally Controlled LCL-Type Grid-Connected Inverter . . . . .. 179
8.5.1 Forbidden Region of the LCL Filter Resonance
Frequency . ...... . ... . ... . 179
8.5.2  Constraints of the Controller Parameters . ... ........ 180
8.5.3  Design of LCL Filter, PR Regulator and
Capacitor-Current-Feedback Coefficient. ... ......... 182
8.6  Design of Current Regulator for Digitally Controlled
LCL-Type Grid-Connected Inverter Without Damping . . . .. ... 183

8.6.1  Stability Necessary Constraint for Digitally
Controlled LCL-Type Grid-Connected Inverter

Without Damping .. ......... ... ... ... ... ..... 184
8.6.2  Design of Grid Current Regulator and Analysis
of System Performance . ........................ 184
8.7 Design Examples . ....... ... .. . ... . i 186
8.7.1  Design Example with Capacitor-Current-Feedback
Active-Damping .. ........ ... ... ... 187
8.7.2  Design Example Without Damping . ............... 190
8.8  Experimental Verification.............................. 191

8.8.1  Experimental Validation for the Case
with Capacitor-Current-Feedback Active-Damping . ... 191



Contents

10

8.8.2  Experimental Validation Without Damping..........
8.9  Comparison of System Performance with Three Control

Methods . . ... ..o
810 Summary .. ...
References. .. ... . .

Reduction of Computation Delay for Improving Stability and
Control Performance of LCL-Type Grid-Connected Inverters. . . . .
9.1 Effects of Computation and PWM Delays .................
9.1.1  Modeling the Digitally Controlled LCL-Type
Grid-Connected Inverter ... .......... .. ... ... ..
9.1.2  Improvement of Damping Performance
with Reduced Computation Delay. ................
9.1.3  Improvement of Control Performance
with Reduced Computation Delay.................
9.2  Real-Time Sampling Method . . .......... ... ... ... ... ...
9.2.1  Sampling-Induced Aliasing of the Capacitor Current . . .
9.22 Design Example .......... ... ... .. .. .. ..
9.2.3  Experimental Verification .......................
9.3  Real-Time Computation Method with Dual Sampling

9.3.1 Derivation of the Real-Time Computation Method . . . .
932 Design Example . ............ .. ... .. ... .. .....
9.3.3  Experimental Verification . ........... ... ... .. ..
9.4 Summary ........ ..
References. ... ... ...

Impedance Shaping of LCL-Type Grid-Connected Inverter
to Improve Its Adaptability to Weak Grid . ...................
10.1 Derivation of Impedance-Based Stability Criterion
for Grid-Connected Inverter . . ................ ... ... ....
10.2  Output Impedance Model of Grid-Connected Inverter ... ... ..
10.3 Relationship Between Output Impedance and Control
Performances ... ... ... ... ... . .. ..
10.4  Output Impedance Shaping Method . ... ....... ... ... .....
10.4.1 Parallel Impedance Shaping Method . ... ...........
10.4.2 Series—Parallel Impedance Shaping Method. . ... ... ..
10.4.3 Discussion of the Series—Parallel Impedance
Shaping Method . .......... ... .. ... .. ... . ...
10.5 Experimental Verification................ ... ... ... .....
10.5.1 Prototype Design. .. ......... ... ... . ... .......
10.5.2 Experimental Results. .. ........................
106 Summary . ... ..
References. . . ... ...

Xvii

193

194
195
196

197
198

198

202

205
208
208
210
212



XViii Contents

11 Weighted-Feedforward Scheme of Grid Voltages
for the Three-Phase LCL-Type Grid-Connected Inverters
Under Weak Grid Condition . .. ............................
11.1 Impedance-Based Stability Criterion. .....................
11.2  Stability Analysis Under Weak Grid Condition .............
11.2.1 Derivation of Output Impedance of
Grid-Connected Inverter .. .......... ... ... .. ...
11.2.2 Stability of Grid-Connected Inverter Under Weak
Grid Condition ................ ... ... ... ......
11.3  Characteristics of the Inverter Output Impedance . . ..........
11.3.1 Characteristics of the Inverter Output Impedance
Without Feedforward Scheme . . ..................
11.3.2 Inverter Output Impedance Affected by the
Full-Feedforward Scheme .. .....................
11.4 Weighted-Feedforward Scheme of Grid Voltages............
11.4.1 The Proposed Weighted-Feedforward Scheme
of Grid Voltages . . . .......... ... .. ...
11.4.2 Realization of the Weighted-Feedforward Scheme
of Grid Voltages . . ............. ... ... ... ......
11.4.3 Tuning of the Weighted Coefficients. ... ...........
11.5 Experimental Verification................ ... ... ... .....
11.5.1 Stability Test. .. ....... ... ...
11.5.2 Harmonic Suppression Test. .....................
11.6  Summary . ....... ...
References. . .. ... ...

12 Prefilter-Based Synchronous Reference Frame Phase-Locked
Loop Techniques. ... ....... ... .. ... .. .. . .. .. . . i,
12.1 Introduction . ........... ... ...t
12.2  Operation Principle of SRF-PLL. ... .....................
12.3  Prefilter-Based SRF-PLL ......... ... ... ... ... ........

12.3.1 Complex-Vector-Filter Method (CVFM)............
12.3.2 Derivation of the Prefilters with the CVFEM. . ... ... ..
12.4 Generalized Second-Order Complex-Vector Filter . ..........
12.5 Third-Order Complex-Vector Filter. . ... ..................
12.6  Simulation and Experimental Verification. . ................
12.6.1 Simulation Results. . .......... . ... ... .. ... ...
12.6.2 Experimental Results. ... .......................
12.6.3 Brief Comparison . ........... ... ... ... ...,
127 Summary .. ...
References. . . ... .. .



2 Springer
http://www.springer.com/978-981-10-4276-8

Control Techniques for LCL-Type Grid-Connected
Inverters

Ruan, X.; Wang, X.; Pan, D.; Yang, D.; Li, W.; Bao, C,
2018, XX, 305 p. 203 illus., 190 illus. in color.,
Hardcowver

ISBEN: 278-981-10-4276-8



	Contents

