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Abstract

This thesis addresses a systematic design and implementation of control sys-
tems of power converters in microgrids to guarantee system level stability and im-
prove performance and efficiency. Due to the high penetration of power converters
in power systems, proper operation of converters in different situations is crucial to
maintain the entire system stable. Therefore, depending on the role of the power
converter in the system, the control system should be designed properly to address
control objectives. With respect to the control objectives and converter configura-
tions, design of the control system faces various challenges. For a single-converter
system, uncertainties and practical issues may affect the system performance and
its stability. For a multiple-converter system, the interaction among power con-
verters along with its impact on the system stability, and also the overall efficiency
optimization introduce other challenges for the control system. In this research, the
proposed systematic control system design for a single- and multiple-converter sys-
tems are investigated, simulated and experimentally verified as summarized below.

First, a robust control system for a single-phase photovoltaic (PV) converter
with an LCL-filter under weak grid operation is proposed. The control system guar-
antees system robustness against weak grid uncertainties such as grid impedance
variations and voltage harmonics. Moreover, the controller compensates the system
delays. The control system minimizes the bus voltage fluctuations caused by vari-
ations of PV system power generation. Furthermore, power decoupling is achieved
by the control system without any auxiliary circuit.
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For converter control systems, a systematic and optimal control design ap-
proach is proposed for control structures which involve multiple cascade, or nested,
loops. The proposed approach relaxes the limiting condition that the internal loops
must be much faster than the external loops. Therefore, faster yet smoother re-
sponses can be achieved using the proposed design approach. As an example, the
method is also used to systematically design a cascade control system, including
voltage and current control loops, for a single-phase standalone inverter.

To further investigate the performance of the individual inverters in a micro-
grid, an approach is proposed for modeling and stability analysis of a single-phase
standalone microgrid containing parallel inverters. Using the approach, interactions
among parallel inverters and the impact of each parameter variations on the sys-
tem are studied in details. Based on this approach, a nonlinear microgrid can be
linearized, and the microgrid behaviors can be assessed using several tools avail-
able for linear systems. As an example, the model and stability of a single-phase
microgrid with two parallel inverters are provided. It is shown that the proposed
model predicts the system responses more accurately than the existing modeling
approaches, especially, for systems with a small stability margin.

Finally, to improve the overall efficiency of the investigated microgrid at light
loads, a communicationless modified droop strategy is introduced. The main idea
is to revise the power sharing among parallel inverters such that the output power
of each inverter is maintained within a proper range with respect to the inverter
efficiency curve and the load demand instead of the proportional power sharing,
realized through the conventional droop control strategy. Moreover, to evaluate the
performance of the proposed method, a system with parallel inverters is simulated
and experimentally tested. It is observed that the proposed strategy can improve

the overall system efficiency by up to 14% at light loads.

iii



Acknowledgements

Firstly, I would like to express my deeepset gratitude to my supervisors, Prof.
S. Ali Khajehoddin, for his immense knowledge and valuable suggestions that helped
me over the course of my Ph.D. studies. His gentle personality, enthusisiasm, and
rigorous attitude toward research have made the past couple of years the most
constructive and gratifying experience.

My appreciation is extended to Prof. Gregory Kish, Prof. Alan Lynch, and
other members of my committee for their constructive comments and feedbacks.

I would like to aknowledge Dr. Masoud Karimi-Ghartemani, Dr. S. Mohsen
Azizi, and Dr. Ahmadreza Tabesh for all of the insightful and productive discus-
sions. [ am deeply indebted to Mohammad Ebrahimi and Mohammad Daryaei
for sharing their experiences and providing intellectual inputs. My greatest ap-
preciation is extended to Ali Sheykhi. Our collaboration significantly facilitates
accomplishing our mutual research objectives.

I would like to offer my thanks to my fellow graduate students in the uAPEL
lab, especially, Rouzbeh Reza Ahrabi, Atrin Tavakoli, Mohammad Shahabbasi,
Amin Khakparvar, Navid Shabanikia, Morteza Mahdavifard, and Manouchehr Fathi
for their constructive comments and friendship during the last few years.

The last but certainly not the least, my warmest gratitude goes to my lovely
wife, my parents, and my sister for all their invaluable emotional support, en-
couragement, and devotion. Without their support, none of this would have been

possible.

v



Dedicated to my lovely family



Contents

Abstract ii
Acknowledgements iv
List of Figures ix
List of Tables xiv
Abbreviations XV
1 Introduction 1
1.1 Robust Control of Single-phase Converters in Weak Grids . . . . . . 2
1.1.1  Current Controller . . . . . ... .. ... ... ... .... 3

1.1.2  Voltage Controller . . . . .. . ... .. ... ... ..... 4

1.2 Cascade Control Systems . . . . . . . .. .. ... ... ... ..., 6
1.2.1 Existing Control System Structures . . . . . . . . . ... .. 7

1.2.2  Conventional Design of Cascade Control Systems . . . . . . 8

1.3  Modeling and Stability Analysis of Single-phase Microgrid . . . . . 9
1.3.1 Implementation of Single-phase Control Systems . . . . . . . 10

1.3.2  Existing Stability Analysis Approaches of Single-phase Systems 11

1.3.3  Existing Modeling Approaches of Single-phase Systems . . . 12

1.4 Parallel-inverter System Efficiency Improvement . . . . . . . . . .. 14

1.5 Thesis Objectives . . . . . . . . . . . ... 16

1.6 Thesis Outlines . . . . . . . . .. .. . o 17

2 Investigation of Robust Controllers for Inverter Applications 19
2.1 Current Controller Design . . . . . .. ... ... ... ... ..., 20
2.1.1 Current Loop Uncertainty Models and Performance Constraints 21

2.1.2 Weight Function Selection . . . . . .. ... ... ... ... 26

2.1.3 Robust Current Controller Design . . . . . . .. .. ... .. 28

2.2 DC Link Voltage Controller Design . . . . . . ... ... ... ... 29
2.2.1  Dynamics of the Voltage Control Loop . . . . . .. ... .. 29

2.2.2  System Disturbances . . . . . ... ... 30

2.2.3 Formulating MIMO System for H,, Controller Design . . . . 32

2.2.4  Robust Controller Design Based on H,, Method . . . . . . . 33

2.3 Robustness Analysis and Simulation Results . . . . . .. ... ... 35
2.3.1 Current Controller Robustness Analysis and Simulation . . 35

2.3.2 DC Link Controller Robustness Analysis and Simulation . . 38

vi



2.3.3 Feedforward and PLL Loops Robustness Analysis and Simu-

lation in a Weak Grid . . . . ... ... ... ... 39
2.4 Experimental Results . . . . . .. ... ... 0L 42
2.5 Robust Control System for Standalone Inverters to Form a Microgrid 44
2.6 SUmMmary . . oL ... 46

Cascade Control Design Based on Intra-loop State Feedbacks 48

3.1 Linear Quadratic Tracking Method . . . . . . ... ... ... ... 49
3.2 Problem Statement . . . . .. ... ... L 53
3.3 Cascade Control Design Using Proposed Intra-Loop State Feedbacks 57
3.3.1 Proposed Control structure . . . . . . ... .. ... .... 58
3.3.2  Proposed Design Procedure Based on LQT Method . . . . . 59
3.3.3 Step-by-step Design Algorithm . . . . ... ... ... ... 64
3.4 Design Cascade Control System for Single-phase Standalone Inverter 65
3.5 Summary ... .. 70
Modeling and Stability Analysis of Single-phase Microgrids Con-
trolled in Stationary Frame 71
4.1 Proposed Modeling Approach . . . . . ... ... ... ... .... 73
4.2 Microgrid Equations in Stationary Frame . . . . . . . . . .. .. .. 76
4.2.1 Droop-controlled Inverter Equations in Stationary Frame . . 76
4.2.2  Microgrid Load Equations in Stationary Frame . . .. . .. 81
4.3 Microgrid Equations in Rotating Frame . . . . . . . . .. .. .. .. 82
4.3.1 Proposed Approach Implementation . . . . . . ... ... .. 82
4.3.2  Droop-controlled Inverter Equations in Rotating Frame . . . 83
4.3.3 Microgrid Load Equations in Rotating Frame . . . . . . .. 87
4.4 Stability Analysis and Model Verification . . . . . . . .. . ... .. 88
4.4.1 Stability Analysis of Microgrid . . . . . . ... .. ... ... 88
4.4.2 Model Verification . . . . . ... ... ... .. ... ... 90
4.5 Interactions Among GFM and GFL Inverters. . . . . . . . ... .. 97
4.6 Experimental Results . . . . . .. .. ... ... L. 100
4.7 Summary ... 101
Modified Droop Strategy for Wide Load Range Efficiency Improve-
ment of Parallel Inverter Systems 103
5.1 System Configuration and Single Inverter Modeling . . . . . . . .. 104
5.2 Proposed Method . . . . . . ... ... ... ... ... ... 109
5.2.1 Efficiency Improvement . . . . . . ... ..o L. 109
5.2.2 Implementation of the Proposed Method . . . . . . . . . .. 110
5.2.3 Inverter Lifetime Extension . . . . ... ... ... ... .. 113
5.3 Design of System Parameters . . . . . .. .. ... ... .. .... 114

5.3.1 Voltage and Current Controllers . . . . . . . ... ... ... 114



5.3.2 Droop Coefficients . . . . . . ... ... 115

5.3.3 Virtual Impedances . . . . . . .. ..o 115

5.3.4 Frequency Controllers . . . . . .. ... ... ... ..... 117

5.3.50 Hysteresis Bands . . . . . ... .. ... ... ... 120

5.4 Simulation Results . . . . . ... ... ... ... ... ... ... 120
5.5 Experimental Results . . . . . . . . ... ... ... ... ...... 123
5.5.1 Two Online Inverters . . . . . . . .. ... ... ... .... 123

5.5.2 Three Online Inverters . . . . . . .. ... ... ... .... 127

5.6 Summary ... ... 128

6 Summary and Future Work 130
6.1 Summary of Contributions . . . . . . . .. ... .. ... .. .... 130
6.2 Future Work . . . . . . . ... 131
Bibliography 133

Appendix A Derivation of Grid Current Transfer Function with Re-
spect to Uncertainties 152

Appendix B Derivation of Linearized Small-signal Equations of Single-

phase Standalone Microgrid 154
Appendix C Systematic Design of Enhanced Dynamic Cascade Con-
trol for Three-phase PV Systems 158
C.1 Imtroduction . . . . . . . . ... 158
C.2 Study System . . . . . ... 158
C.3 Cascade Control Design for Study System . . . . . ... ... ... 160
C.3.1 Proposed Cascade Control Design . . . . . . ... ... ... 160
C.3.2 Conventional Cascade Control Design . . . . . . .. ... .. 167
C.4 Performance Comparison . . . . . . . . . . .. ... ... ... ... 170
C.4.1 Similar Overshoots/Undershoots at Lower DC Link Capacitance170
C.4.2 Transients Improvement and Similar DC Link Capacitors . . 174
C.5 LVRT Capability . . . .. ... ... ... ... ... .. .. ..., 175
C.6 High-order Filter in Weak Grid Situation . . . . . .. .. ... ... 177

C.7 Experimental Results . . . . . . .. ... ... ... ... ...... 182



List of Figures

1.1
1.2
1.3

1.4
1.5

1.6

1.7

2.1

2.2

2.3

24

2.5
2.6

2.7
2.8
2.9

2.10

2.11

2.12

2.13
2.14

Configuration of a single-phase converter connected to a weak grid.

General configuration of a cascade control system. . . . . . . .. ..
Control system structures: (a) single-loop transfer function, (b) state
feedback, and (c) conventional cascade structure. . . . . ... . ..
Single-phase microgrid with parallel inverters. . . . . . .. .. ...
Comparison of single-phase control systems in stationary and rotat-
ing frames. . . . . . ...
Control system implementation and existing modeling approaches for
a single-phase droop-controlled inverter: (a) controlled and modeled
in the rotating frame, and (b) controlled and modeled in the station-
ary frame. . . . ... L
Power sharing among three parallel inverter using the conventional

13

3
droop strategy P, = > P, = 0.5 and the efficiency curve of inverters. 14
k=1

Conventional double-stage inverter structure with control loops for
PV application. . . . . . . ...
Extended model of the system including system parameters uncer-
tainties (2.5) and delay uncertainties (2.10). . . . . .. .. ... ..
Single update mode PWM, calculation delay, and PWM delay in the
presence of triangular carrier. . . . . . ... . ... ...
Phase difference between the original delay function e~7¢* and the
approximated function. . . . . . .. ...
Bode plot of the weight transfer function We(s). . . . . . . ... ..
Transfer function Wy (s) of equation (2.15) in bold line, and the

M in dashed lines. . . . ... .. ...
del,n(s)

DC link voltage control loop. . . . . . . . . .. ... ... ..
Augmented model of the dc link voltage control loop. . . . . . . ..

transfer functions

p-synthesis condition (2.17) for the original controller (42 order) and
the reduced-order controller (15 order). . . . . ... ... ... ...
Tracking performance of the proposed controller: (a) nominal system,
and (b) deviated system with Ay, = +70%, Agr, = +70%, Ar =
+40%. ..
Disturbance rejection capability: (a) grid voltage, and (b) injected
current. . . ... oL L e e
Steady-state error signal of the H,, controller and p-synthesis con-
troller for the system with nominal parameters. . . . . . . . .. ..
Bode plot of the dc link control loop. . . . . . . .. ... ... ...
H, robustness criteria in equation (2.26). . . . .. ... ... ...

X

20

22

23

24
27

36



2.15

2.16
2.17
2.18
2.19
2.20
2.21

2.22

2.23

2.24

3.1

3.2

3.3

3.4

3.5

3.6

3.7
3.8

4.1

H, dc link voltage controller performance: (a) magnitude of the grid
reference current I’/ determined by H, controller, and (b) de link

voltage. . . . . . 39
Closed-loop block diagram of the system in a weak grid situation. . 40
Dominant closed-loop poles with L, = 0 mH (stiff grid). . . . . .. 40
Root locus analysis of the dominant closed-loop poles with L, =

1087 mH. . . . . . 41
Injected current into the weak grid with L, = 10.87 mH. . . . . . . 41
Experimental setup configuration. . . . . . . ... ... ... 42

Performance of the proposed controller for the system with the nom-
inal parameters. . . . . . . ... Lo L 43
Performance of the proposed controller for the system with deviated
parameters: (a) Ay, = +70% and Ag, = +70% (weak grid situa-
tion), and (b) Ay, = =70% and Ag, = =70%. . . . . . .. ... .. 43
Harmonic contents of the injected current for the case of distorted
grid voltage containing 5% of the 374, 5" and 7' voltage harmonics. 44
Single-phase droop-controlled standalone inverter: (a) system config-
uration, and (b) control system. . . . . . ... ... 45

Block diagram of the current control loop for the single-phase grid-
connected inverter. . . . . . ... L L 50
An example of the cascade control system utilization for the integra-

tion of the PV system to the grid: (a) system configuration, and (b)
control block diagram. . . . . . . ... ... 000 54
Closed-loop poles of conventional cascade control systems designed
based on: (a) Approach 1 (slow external loop), and (b) Approach 2 (fast
external loop). . . . . . .. oo 55
Performance comparison of conventional cascade control systems de-
signed using Approach 1 and Approach 2: (a) dc link voltage, (b)

current reference determined by the external controller ¢f and its
limited value i,f, and (c) injected current to the grid. . . . . . . . . 57
Proposed cascade control structure based on intra-loop state-feedback
Systems. . . .o 58
Single-phase standalone inverter: (a) system configuration, and (b)
proposed cascade control system. . . . .. ... ..o 66
Closed-loop poles of the current loop. . . . . . . ... .. ... ... 67
Closed-loop poles of the voltage loop. . . . . . . . . ... ... ... 69

Single-phase microgrid with parallel inverters. . . . . . .. ... .. 72



4.2

4.3
4.4

4.5
4.6

4.7
4.8

4.9

4.10

4.11
4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

5.1

Control system implementation and proposed modeling approach for
a single-phase droop-controlled inverter: (a) implementation, (b)
model containing the original, imaginary, and augmented systems in
stationary frame, and (c¢) proposed model containing the transformed
system in rotating frame. . . . . .. .. ...
Control loops of a droop-controlled inverter in the stationary frame.
Control block diagrams of the original, imaginary, and augmented
systems for N parallel inverters in stationary frame. . . . . . . . . .
Droop configuration of the n* inverter. . . . . . . . ... ... ...
Control block diagrams of the transformed system for N parallel
inverters in the rotating frame. . . . . . .. ... 0L

74
7

84
36

88

Dominant poles of the system consisting of droop-controlled inverters. 90

Model prediction errors and robustness against load-side inductance
Loy, Lag variations. . . . . . . ... oL
Active power injections of the first inverter controlled either in the
stationary or rotating frame (Scenario-I). . . . . .. ... ... ..
Dominant pole variations due to the drop of Loy and Loy to 40% of
their nominal values. . . . . . . . . ... ... ... ... ... ..
IAE comparison. . . . . . . . .. ... ...
Dominant pole variations due to m, s changes to have a marginal
stability operating mode. . . . . . . . ...
Active power injection responses for actual systems, controlled in

either the stationary or rotating frame, and their models predictions.

Active power injections of the first inverter controlled in the station-
ary or rotating frame (Scenario-II). . . . . . . . . .. .. ... ...
Voltage and current waveforms of the actual system controlled in the
stationary frame and the proposed model predictions. . . . . . ..
Dominant poles of system containing droop-controlled and CCM in-
VEILEIS. . . . . . Lo s
Interactions among the CCM and droop-controlled inverters due to
P! jumps and the proposed model predictions (Scenario-IIT).

Synchronous operations of CCM and droop-controlled inverters and
the proposed model predictions. . . . . . ... .. ... ... ...
Experimental results for the normal operating of two parallel invert-
ers: load jumps and returns from 260 W and 40 VAr to 440 W and
80 VAr. . . . .
Experimental results for the marginal stability operating mode with
a droop coefficient of m, » = 0.015 (a) current and voltage waveforms,
(b) oscillation frequency f,s. measurement, and (c) time constant 7T,
measurement. . . ... oL oL Lo

Power sharing and inverter efficiency comparison of three parallel
inverters in the (a) conventional droop and (b) proposed method.

92

93
94

94

95

96

97

98

99

100

101

102

104



5.2
5.3
5.4
5.9
5.6
5.7
5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

Parallel inverter system configuration. . . . . . ... ... ... ...
Control system structure of the k¥ inverter. . . . . . ... ... ..
Typical efficiency curve of an inverter. . . . . . .. ... ... ...
Proposed controller of the & inverter. . . . . . ... ... ... ..
Droop characteristics of the inverters operating in Mode 1 and Mode 2
at different load profiles. . . . . . . . ... ...
Droop characteristics of the inverters operating in Mode 3 at (a) the
beginning, and (b) the final operating points. . . . . . . . ... . ..
Step 1 of designing LY": selecting the proper range according to the
root locus of the system dominant poles by variations in Ly™. . . . .
Step 2 of designing L}": obtaining the optimum value of L} by min-
imizing the IAE index; (a) active power characteristics of Inverter 1
in response to a simultaneous step change in the loads and no-load
frequencies of the inverters, and (b) power errors of Inverter 1. . . .
Step 1 of designing by"°P: selecting the proper range according to the
root locus of the system dominant poles by variations in b7,

Step 2 of designing b7"°": obtaining the optimum value of by"*" by
minimizing the TAE index; (a) active power characteristics of In-
verter 1 in response to a step change in the load, and (b) power
errors of Inverter 1. . . . . . . . . ...
Step 1 of designing bi™: selecting the proper range according to the
root locus of the system dominant poles by variations in b, . . . .
Step 2 of designing b'™: obtaining the optimum value of 5" by min-
imizing the TAE index; (a) active power characteristics of Inverter 1
in response to a step change in the load, and (b) power errors of
Inverter 1. . . . . . . . .
Efficiency comparison between the proposed and conventional meth-
ods at different load levels: (a) system efficiencies, (b) inverter active
power injections, (¢) Mux selector signals, and (d) inverter no-load
frequencies. . . . . ...
Overall system efficiency comparison between the proposed and con-
ventional methods. . . . . . . ... oo oo
Experimental setup. . . . . .. ..o
Experimental results with two online inverters: performance of the
proposed method in improving the efficiency by deactivating the un-
necessary inverter in Mode 3. . . . . . . .. ... L.
Experimental results with two online inverters: performance of the
proposed method in improving the efficiency by deactivating the un-
necessary inverter in Mode 1. . . . . . . . .. ... ...
Experimental results with three online inverters: performance of the
proposed controller in improving the efficiency by deactivating the
unnecessary inverters. . . . ... ... ...

112

113

116

117

118

118

119

119

122

123

124

125

126



C.1 Study system configuration and the flow of power. . . . . . . . . ..
C.2 Proposed current control loop. . . . . . . . .. ...
C.3 Closed-loop poles of the proposed current control loop. . . . . . ..
C.4 Block diagram of the current control loop used in the proposed and

conventional methods. . . . . . .. ..o
C.5 Effects of oy on the current control loop characteristics: (a) step

responses, and (b) system’s zero. . . . ... ...
C.6 Proposed dc link control loop. . . . . . . ... .. ...

C.7 Structure of the proposed control system containing the delay model.

C.8 Conventional dc link control loop with 2DOF PI controller. . . . . .
C.9 Satisfy maximum fluctuation (r = 10%), desirable damping ((; =
0.7), and appropriate speed of the external loop ((ow,, = 100). . . .
C.10 Effects of af’ on the conventional dc link control loop: (a) step
responses, and (b) system’s zero. . . . ... ...
C.11 Reconfigured dc link control loop. . . . . . . . .. .. ... .. ...
C.12 Proposed poles of the dc link voltage control loop. . . . . . . . . ..
C.13 Effects of a on the proposed dc link control loop: (a) step responses,
and (b) system’s zero. . . . . ...

C.14 Performance comparison of proposed and conventional control sys-
tems for PV system with L filter: (a) Case 1, and (b) Case 2 (Cy.=

C.15 LVRT capability of the proposed method and conventional method.
C.16 Single-stage PV system with an LCL filter connected to a weak grid.
C.17 Block diagram of the current control loop used in the proposed and
conventional methods for the inverter with the LCL filter. . . . . .
C.18 Modified proposed dc link loop for the inverter with the LCL filter.
C.19 Linearized small-signal model of the dc link loop for the inverter with
the LCL filter. . . . . . . . . . . . ..
C.20 Robustness of the proposed cascade control system against parame-
ters mismatches: (a) L, variations from 0 mH to 4 mH, and (b) Cy,
deviations from C}°™ =130 pF. . . . 00000000
C.21 Performance comparison of proposed and conventional control sys-
tems for PV system with LCL filter in a weak grid situation (L, =
4 mH): (a) Case 1, and (b) Case 2 (Cyqe=850 pF). . . . ... ...
C.22 Picture of the experimental setup. . . . . . . . ... ... ... ...
C.23 Experimental results for the full power jump (1 kW): (a) proposed
control system, and (b) conventional control system. . . . . . . . ..
C.24 Experimental results for the grid amplitude jump: (a) proposed con-
trol system , and (b) conventional control system. . . . . . . . . ..
C.25 Experimental results for LVRT capability of the proposed control
system. ...

164
166
167
169
169
171
172
173
174
176
177

178
179

179

181

183
184
185

186



List of Tables

2.1

3.1
3.2

4.1
4.2
4.3
4.4

5.1
5.2

5.3

C.1
C.2
C.3
C4
C.5

System nominal parameter and maximum deviation values. . . . . . 35
Parameters of the single-phase standalone inverter . . . . . . . . .. 65
Parameters of the proposed current and voltage controllers . . . . . 69
Nominal system parameters of microgrid . . . . .. ... ... ... 89
Parameters of current and voltage controllers . . . . . . . .. . .. 89
Transfer functions of conventional OSG methods . . . . . .. . .. 90
Parameters of CCM inverter . . . . . . . . .. ... ... ... .. 98
System parameters . . . . . .. ... 121
Experimental efficiency comparison between the conventional and

proposed methods for two inverters . . . . . . ... ... ... ... 127
Experimental efficiency comparison between the conventional and

proposed methods for three inverters . . . . . ... ... ... ... 128
System parameters . . . . . . ... 159
Parameters of proposed current controller for L filter . . . . . . .. 162
Parameters of conventional dc link controller for L filter . . . . . . . 169
Parameters of proposed dc link controller for L filter . . . . . . . .. 173
Design parameters of proposed controller for LCL filter . . . . . . . 182

X1v



Abbreviations

2DOF Two-degree-of-freedom
APF All-pass Filter
CCM Current-controlled Mode

DG Distributed Generator

DSP Digital Signal Processor

FAE Fictive Axis Emulation

FF Feedforward

GFL Grid-following

GFM Grid-forming

TIAE Integral of Absolute Error

LFT Linear Fractional Transformation
LHP Left Hand Plane

LPF Low-pass Filter

LQG Linear Quadratic Gaussian
LQR Linear Quadratic Regulator
LQT Linear Quadratic Tracking

LTI Linear Time-invariant

LVRT Low Voltage Ride Through
MIMO  Multiple-input Multiple-output
MPP Maximum Power Point

MPPT  Maximum Power Point Tracking

OID Online-inverter Detection
OSG Orthogonal Signal Generation
P Proportional

PCC Point of Common Coupling
PI Proportional-integral

XV



PLL
PR
PV
PWM
RBOSG
SCR
SOGI
THD
UuPS
VSC
WT

Phase-locked Loop

Proportional-resonant

Photovoltaic

Pulse-width Modulation

Reference-based Orthogonal Signal Generation
Short Circuit Ratio

Second-order Generalized Integrator

Total Harmonic Distortion

Uninterruptible Power Supply

Voltage Source Converter

Wind Turbine



Chapter 1

Introduction

Usage of power converters has been growing up considerably in power systems
and renewable energy applications such as photovoltaic (PV) and wind turbine
(WT) systems [1-6]. A power converter is a piece of equipment with different
applications and dynamics. In each application, the control system of the power
converter plays a crucial role in proper operation of the entire system. Therefore, the
control system should be designed properly to address control objectives. Depending
on the control objectives and converter configurations and its applications, the
design of the control system faces various challenges.

For one converter, power system uncertainties such as grid impedance varia-
tions, load changes, etc. may affect the converter stability and performance. Also,
practical issues such as nonlinear behavior of system elements and delays, which are
due to the micro-processor calculation, measurement, and pulse-width modulation
(PWM), are other challenges of the control system, which should be compensated,
in the one-converter level.

Owing to the high penetration of power converters in power systems, interac-
tions among power converters lead to other challenges such as power system instabil-
ity and system performance degradation in the multi-converter level. Furthermore,
in some cases, integrating multiple power converters with different dynamics into
a power system makes the entire system nonlinear. As there are only few tools to
study nonlinear systems, a linear model of the entire system is required to study
the system dynamics, stability, and etc. by using several tools available for linear
systems.

Another control challenge in the multi-converter level is to determine an effi-

cient power-sharing strategy that optimizes the overall efficiency of the system with
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respect to the load profile. For this purpose, a reliable model of the system is also
required to guarantee the stable operation of the system for the efficiency optimiza-
tion strategy. In this thesis, some of the aforementioned issues are discussed in
detail for single-phase systems, and the control challenges are addressed by using

proposed methods.

1.1 Robust Control of Single-phase Converters in
Weak Grids

Integration of remote renewable energy systems like WT and PV systems into a
grid via long transmission lines may result in a weak grid operation [7]. According to
the IEEE Transmission and Distribution Committee, the short circuit ratio (SCR)
is used to describe the grid strength. A grid is defined as a weak grid if SCR< 3 [8].
As mentioned, weak grid situations happen in remote areas due to the impedance of
transmission and distribution lines. Fig. 1.1 represents a configuration of a single-
phase converter connected to a grid. If the grid is stiff, typically, a dual-loop control
system is used for the system shown in Fig. 1.1. However, in a weak grid situation,
system dynamics become more complicated, and the control system faces various
challenges due to the grid impedance uncertainties. It is desired to use the same
control system for both stiff and weak grids.

As shown in Fig. 1.1, the outer loop is a dc link control loop, designed to
regulate the dc link voltage. The inner loop is a current control loop which should
follow the current reference determined by the dc link controller. This configuration
is normally used as the second converter in two-stage PV systems [1]. Depending on
the application of the power converter and weak grid features, the control system
of the aforementioned system faces several challenges such as grid impedance un-
certainties, grid harmonics rejection, practical issues like delays, damping resonant
oscillations, and power decoupling. Each control loop is responsible to address some

of the aforementioned challenges which are discussed in the following.
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Fig. 1.1: Configuration of a single-phase converter connected to a weak grid.

1.1.1 Current Controller

The current control loop is commonly much faster than the dc link control loop.
Thus, the current control loop tackles to control objectives with faster dynamics.
The current control loop is normally responsible to track the current reference sig-
nal, damping resonant oscillations of high-order filters, compensate grid voltage
deviations, keep the system stability against system uncertainties, and compensate
delays in practical implementations.

Diverse current control strategies have been introduced for grid-connected volt-
age source converters (VSCs) to mitigate issues with grid voltage harmonics, which
are common in weak grids, and resonant oscillations. Predictive control [9] and
linear quadratic gaussian (LQG) control [10] methods are used to design a current
controller for inverter with high-order filter. In [11], a repetitive controller is used
to deal with undesirable harmonics and grid frequency variations. However, delay
uncertainties are not compensated, and the range of inductance variation is not ex-
plicitly indicated. The admittance compensation method is utilized in[12, 13] where
extra capacitor voltage or current feedbacks are used to improve the system stability
and to attenuate resonant oscillations. Whereas, such methods cannot ensure the
system robustness in the presence of system parameter uncertainties.

Using the H,, method, a robust current controller is designed for grid-connected

VSCs in [14-16]. However, in proposed control methods, an additional damping
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loop must be used to damp the resonant oscillations, so it needs multiple state mea-
surements. Other robust controllers against system uncertainties are proposed in
[17-22]. However, either the range of grid impedance variation is not wide enough
to be suitable for weak grid applications, or delay impacts are not compensated.
Adaptive control is used to design current controller in [23]. However, performance
and robustness analysis techniques used for adaptive systems are not as straight-
forward and standard as those of the linear systems, e.g. root locus, bode plot,
phase/gain margins, system norms, p-synthesis, H.,, etc. Moreover, in [23], delay
uncertainties are not compensated.

As mentioned earlier, in practical implementation of each control system, there
are some delays owing to the micro-processor calculation, measurement, and PWM.
Also, there are some delay uncertainties caused by aliasing and quantization effects
[24]. The aforementioned issues may lead to steady-state errors or even system
instability [25, 26]. Therefore, the current controller is responsible to compensate
practical delays to avoid impacts of delays on the system. There are several studies
conducted on this issue in the literature [25-32]. Although they have compensated
the effect of delay on the control system performance by using predictive control,
area equalization concept, etc., either they do not compensate the effect of delay
uncertainties, or they are not robust against grid impedance variations which are

expected in a weak grid application.

1.1.2 Voltage Controller

As shown in Fig. 1.1, the dc link controller regulates the dc link voltage by
determining the reference signal for the inner loop. Because dynamics of the dc link
control loop are conventionally much slower than the inner loop, the dc link control
loop addresses control objectives with slower dynamics.

As stated before, control objectives may vary based on the system applications
and specifications. In two-stage PV systems, the dc link reference is usually kept

constant for the second converter. Therefore, for this specification, the dc link
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control of a single-phase grid-connected converter faces two challenges: 1) power
coupling between dc link and ac grid, which leads to double-frequency oscillations
on the dc link [1, 33, 34]; and 2) PV input power variations leading to dc link voltage
fluctuations [34].

Power decoupling is usually achieved by using a large electrolytic capacitor.
However, this solution is not desirable because it makes the system bulky and
expensive, and also reduces the system lifetime. Using auxiliary circuits is another
solution proposed in the literature to supply the double frequency component of the
power. By using auxiliary circuits, the ripple power is supplied by another energy
storage components which can tolerate higher ripples of the current or voltage.
Thus, the dec link capacitance can be reduced [35-39]. However, using auxiliary
circuits needs extra switches and energy storage components, which decrease the
total system efficiency and increase costs.

The aforementioned approaches suffer from either short lifetime and huge sys-
tem volume, or low efficiency and high costs. Another approach to address power
decoupling and double frequency mitigation is based on the control systems. For this
purpose, [1, 33] use a proportional-integral (PI) controller with a modified PWM to
remove double frequency ripples from the injected current into the grid. However,
the robustness of the proposed method is not studied.

Other challenge of the dc link control loop of a single-phase grid-connected
converter is to suppress dc link fluctuations caused by input power variations. If
the dc link voltage deviates considerably from its nominal value, such fluctuations
may damage the dc link capacitor and/or the inverter switches or at minimum will
activate the protection system leading to frequent shutdowns and system efficiency
drop [33, 40, 41]. To suppress the effects of disturbances on the dc link, a nonlinear
control method is proposed in [42] for three-phase systems. However, this method is
not applicable for single-phase systems as the control system should address power

decoupling as well. Typically, simple controllers such as proportional (P) and PT are
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Fig. 1.2: General configuration of a cascade control system.

used as the dc link controller [43, 44]. Different methods for the design of conven-
tional controllers exist such as pole placement, pole-zero cancellation, and criteria
optimization methods [1, 33, 34, 45]. However, these methods cannot guarantees

system robustness against input power variations.

1.2 Cascade Control Systems

Control system approaches to achieve a desired performance and output con-
trol in a power converter include classic transfer function methods, state-feedback,
or other alternative control techniques. Methods such as state-feedback and pole-
placement cannot directly shape and control individual modes of the system. Cas-
cade, or nested-loop, control systems, however, can control individual variables and
have been widely used in various power electronic applications such as renewable
energy converters, motor drives, battery chargers, etc [46-50].

Fig. 1.2 depicts a general structure of a cascade control system. Respecting
the consecutive impacts of system variables on each other, multiple control loops
are placed into one another where each loop provides the reference for its internal
loop. For example, this approach is used in a grid-connected inverter [51-56], where
the inner loop controls and limits the current and maintains its quality, e.g. low
harmonics, while the outer loop controls the dc link voltage.

Considering Fig. 1.2, an advantage of the cascade control approach is to pro-
vide the intermediary variables (yi°f, y5°f, ... | y™)) that serve as the references
for the corresponding variables. This allows to closely keep those variables under

control and shape their dynamics. For example, by inserting a limiter function after
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Fig. 1.3: Control system structures: (a) single-loop transfer function, (b)
state feedback, and (c) conventional cascade structure.

each reference variable, the control system limits those variables in response to un-
expected and/or severe disturbances such as short-circuit grid faults in an inverter.
This advantage cannot be directly achieved using a regular single-loop control or a

state-feedback approach.

1.2.1 Existing Control System Structures

Fig. 1.3 illustrates three common approaches to control the same plant: single-
loop, state-feedback, and cascade control systems. Contrary to the first two, the
cascade control structure, whose only two loops are shown for simplicity, provides
the opportunity to have a direct control on internal variable y; in addition to con-
trolling the system output y. This approach also breaks down the controller into
simpler ones, i.e. Cont. 1 and Cont. 2 have simpler structures than Cont. TF in

general.
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1.2.2 Conventional Design of Cascade Control Systems

Besides shaping both the individual modes and the system output, another
advantage of cascade control structure is to simplify the control system design by
breaking it down to multiple stages. In this case, the most internal loop is designed
first while all external loops are ignored; then, the other loops are consecutively
designed until the entire system is designed. Each external loop is conventionally
designed to be sufficiently, e.g. 10-20 times, slower than its internal loop. Therefore,
the internal loop dynamics is either ignored or approximated by a low-pass filter
with the cut-off frequency equal to the internal loop bandwidth, while designing
the external loop. This is a widely-used procedure to design the control system in
either the stationary or synchronous rotating frame [7, 48, 57-65]. Despite the clear
advantage of this approach in facilitating the control system design, the required
timescale difference between the loops poses a limitation that can lead to an overall
sluggish performance.

On the other hand, if it is desired to have a fast outer loop at a timescale
close or comparable to that of the internal loop, the internal loop dynamics should
be considered in the design procedure of the external loop controller. In this case,
the design procedure and structure of the external controller would be complicated
because the external controller should handle a high-order system that contains the
internal control loop plus the original plant without having access to its full-state
variables.

To improve the dynamic performance of a cascade control system, reference
feedforward [66-68] and disturbance feedforward techniques [48, 69, 70] have been
proposed. However, the feedforward techniques reportedly are not usually as effec-
tive as a cascade control system with a fast external loop [71]. Moreover, depending
on the application, the disturbance feedforward technique may require more sensors
for the disturbance measurement, and the technique may make the reference noisy

in practice [72].
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The backstepping control techniques have also been used to design nonlinear-
feedback control systems [73-76]. Also, the system stability is verified using the
Lyapunov analysis [77]. However, it needs heavy computational efforts, its imple-
mentation could be complicated in practice, and the load of extra control loops may

negatively affect the dynamic performance of the entire system [78].

1.3 Modeling and Stability Analysis of Single-phase
Microgrid

Parallel power converters are commonly used in power systems to achieve ad-
vantages such as modularity, flexibility, reliability, and power rating enhancement
[47, 79-84]. Parallel system configurations are implemented in different applications
like PV and W'T systems, standalone and grid-connected microgrids, and hybrid mi-
crogrids as interlinking converters [81, 83, 85, 86].

As mentioned earlier, depending on the role of each converter in a microgrid
and microgrid configuration, proper control strategy should be selected. A general
categorization of control strategies for converters can be grid-following (GFL) and
grid-forming (GFM) strategies. The GFL strategy is used in grid-connected micro-
grids. In this strategy, the frequency and voltage are forced by the grid at the point
of common coupling (PCC). Therefore, converters inject/consume active and/or re-
active powers with respect to their control objectives [48, 87]. On the other hand,
the GFM strategy is commonly utilized in standalone microgrids. In this strategy,
a converter is responsible to regulate the frequency and voltage of the microgrid at
the PCC. Also, the converter participates in the load sharing to supply microgrid
loads [48, 87].

Due to the aforementioned features of the GFM converters, they are increas-
ingly used in single-phase microgrids such as shown in Fig. 1.4, mostly for remote

areas where there is no access to the main grid or for sensitive applications such as
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Fig. 1.4: Single-phase microgrid with parallel inverters.

hospitals [47, 88, 89]. As their level of penetration increases, single-phase GFM con-
verters can significantly affect the voltage, frequency, and stability of single-phase

microgrid.

1.3.1 Implementation of Single-phase Control Systems

A single-phase control system can be implemented in the stationary frame or
the rotating frame. In both frames, output-feedback, such as the proportional-
resonant (PR) in the stationary frame or the PI in the rotating frame, state-
feedback, or more complicated compensators can be used. However, an orthogonal
signal generation (OSG) unit to enable Park’s (af — dg) transformation [90] is
required in rotating frame.

Orthogonal signals are generated by phase-shift methods such as time-domain
delay [91], Hilbert transform [92], or second-order generalized integrator (SOGI)
[93]. While the steady-state performance of the phase-shift approaches is acceptable,
these OSG methods add undesirable dynamics leading to slower and oscillatory
responses. Fictive axis emulation (FAE) method [94] generates orthogonal signals
by emulating [-axis circuit in the processor. However, its accuracy depends on
system parameters, and a parameter mismatch may lead to steady-state errors

in the orthogonal signals, which makes the system responses more oscillatory. In
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Fig. 1.5: Comparison of single-phase control systems in stationary and ro-
tating frames.

reference-based OSG (RBOSG) method [95], the orthogonal signal is generated
based on the reference values in the rotating frame. In this method, the reference
value of 8 — awxis is considered as the orthogonal signal of the measured signal,
a — axis component, and used in Park’s transformation. However, this method is
useful only when the reference values are available in the rotating frame.

As the literature indicates, the stability analysis and design of the control
system in the rotating frame are simple, but the OSG units compromise the per-
formance and limit the stability margins. Contrarily, the implementation of the
control system in the stationary frame provides more robust performances with im-
proved stability margins, but the stability analysis and design become challenging
due to mixed ac/dc variables and nonlinear dynamics [96]. Fig. 1.5 briefly compares
advantages and disadvantages of the control systems implemented in the stationary

frame and rotating frame.

1.3.2 Existing Stability Analysis Approaches of Single-phase
Systems

Fig. 1.4 illustrates a single-phase standalone microgrid consisting of parallel
droop-controlled inverters and loads. To achieve a stable operation of parallel in-
verters in a microgrid, not only must each inverter be stable, but also the stability

of the entire system should be investigated because interactions among converters

11
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may lead to the system instability. The stability analysis of the aforementioned sys-
tem is challenging as the entire system that includes cascade control loops (droop,
voltage, and current control loops), filters, and loads becomes nonlinear. To study
the stability of the system shown in Fig. 1.4, some approaches are proposed in the
literature which are explained in the following.

In [97], the stability analysis is addressed for two uninterruptible power supply
(UPS) systems. However, the nonlinearity caused by the droop terms is not con-
sidered. In [64], load sharing strategies are proposed for droop-controlled inverters
in microgrids. However, the interaction among inverters is not discussed. A small-
signal stability analysis is carried out by using the common rotating frame analysis
for three-phase systems in [6, 98]. However, this analysis and similar three-phase
analysis approaches are not applicable to single-phase systems controlled in the sta-
tionary frame due to the lack of orthogonal ac variables to transform the system
to the rotating frame. In [99], the Nyquist stability criterion is used. However, it

cannot predict how a parameter variation may change the system pole locations.

1.3.3 Existing Modeling Approaches of Single-phase Sys-

tems

Conventionally, the control implementation and modeling are both done either
in the stationary or in the rotating frame. Fig. 1.6 illustrates these two different
perspectives in the implementation and mathematical modeling of a single-phase
droop-controlled standalone inverter. Fig. 1.6(a) shows the approach in the rotating
frame. From the control system perspective, it requires the implementation of OSGs
to generate the quadrature signals and to convert the system to the rotating frame.
From the modeling point of view, OSG dynamics are not (and probably cannot be)
modeled because OSG dynamics is arisen from its state; to convert the OSG state
to the rotating frame, another OSG is needed to generate the required quadrature
state for the Park’s transformation. This makes the system modeling inaccurate

for the control system design. Also, the system stability study based on analyzing

12
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Fig. 1.6: Control system implementation and existing modeling approaches
for a single-phase droop-controlled inverter: (a) controlled and modeled in
the rotating frame, and (b) controlled and modeled in the stationary frame.

the eigenvalues of the mathematical model, shown in Fig. 1.6(a), would not be fully
reliable, especially, when the system operates close to its stability margins.

The alternative approach is to implement the control system and model it in
the stationary frame as depicted in Fig. 1.6(b). In this approach, no OSGs are
used in the control system. However, as shown in this figure, the system contains
mixed dc and ac state variables. Moreover, due to the power calculation block
and droop characteristics, the system is nonlinear. For the small-signal stability
analysis, the system should be linearized around an operating point. However, due
to the sinusoidal nature of the ac variables, no operating point can be found for the
system. Therefore, the mathematical model, shown in Fig. 1.6(b), is not directly

usable for the stability analysis using common eigenvalue analysis.
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1.4 Parallel-inverter System Efficiency Improve-
ment

As stated before, parallel GFM inverters are widely utilized in power systems.
In some applications, the system may operate at light loads for a period of time
such as portable battery-powered energy storage systems, PV systems, and remote
microgrids where the load profile is below half of the peak value for the majority
of the day [100]. In such light-load applications, the efficiency of the inverter is
normally low. Hence, improving the system efficiency of parallel inverters in the
low-power operating ranges plays a key role in energy savings of such systems.

The droop control method has been conventionally used to share the required
power by the loads among parallel inverters proportional to their power capacity.
However, this method does not guarantee efficient power sharing, especially at light-
load conditions, where the inverters only process a portion of the low output power
forcing them to operate at their low efficiency curve region as shown in Fig. 1.7.
Hence, the power sharing among inverters needs to be revised to reduce the losses
and increase the system efficiency. Control strategies proposed in the literature to
improve the inverter system efficiency can be classified into three categories.

The first category includes optimization algorithms used to minimize the losses
and enhance the system efficiency. An adaptive control method based on an ex-

haustive optimization algorithm is presented in [101] to enhance the reliability and
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efficiency of parallel wind power converters by optimizing the power sharing. A hy-
brid control structure to optimize the system efficiency is proposed in [100], where an
average power control method is utilized to determine the power-sharing ratio that
enhances the efficiency of blocks of interconnected inverters. The loss minimiza-
tion problem of parallel inverters is solved in [102] by particle swarm optimization
algorithm to achieve optimal power sharing among the units. A similar method
is proposed in [103], where the current reference of each inverter is determined
by particle swarm optimization with the purpose of optimizing the overall system
efficiency.

The second category involves efficiency-improvement methods through hierar-
chical control strategies. A forward-backward sweep method based on the tertiary
level of hierarchical control strategy is developed in [104] to determine the opti-
mal power sharing of parallel inverters. Such tertiary-level control can also stabi-
lize the voltage using the hierarchical control framework[105]. The efficiency and
reliability[106] improvements can also be achieved by the secondary control level of
hierarchical control schemes, where finite state machine model is utilized in [107] to
find the optimal number of inverters to share the load power. Although the men-
tioned methods in the first and second categories are beneficial for the efficiency
optimization, their main drawback is the need for communication links among the
units, which could lead to expensive infrastructure especially in remote areas, sys-
tem instability in case of communication disconnection, and reliability mitigation
due to time delays and data dropouts that may cause oscillations and even collapse
of the system [108-111].

The third category is based on the droop control strategy, which has not been
fully investigated in the literature. Optimal conditions to obtain the maximum
system efficiency are derived using Lagrange multiplier method in [112], where the
droop parameters of the inverters are retuned to adjust the power sharing among
the inverters and increase the overall efficiency. A similar adaptive droop strategy is

proposed in [113], where the authors improve the method of [112] by incorporating
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both active and reactive powers and achieving optimal reactive power sharing, using
a dynamic impedance compensation loop. Despite the benefits of the aforemen-
tioned methods, the methods have several drawbacks, such as the optimal system
efficiency dependency on the system component variations, efficiency improvement
for nonidentical converter cases only, and the lack of a clear strategy to optimally

turn on and off the inverters at light loads.

1.5 Thesis Objectives

The main objective of this thesis is to propose robust, optimal, and systematic
control design methods and structures for power converters in microgrids. More-
over, a systematic approach is proposed to model a single-phase microgrid including
several GFM inverters and to analyze its stability. Eventually, a communicationless
unequal power-sharing strategy is proposed to improve the overall efficiency of a
microgrid containing multiple GFM inverters. For each proposed method, an ap-
propriate model, systematic approach, and detailed stability analysis are developed.

Briefly, the thesis’s objectives are:

1. To design a robust dual-loop control system for a single-phase inverter in weak
grid operation while addressing grid impedance variations, delay compensa-

tion, grid harmonic rejection, and power decoupling.

2. To propose and develop a systematic and optimal approach to design a cascade

control system for power converters.

3. To derive an accurate large- and small-signal models for a single-phase micro-
grid including parallel GFM inverters with nonlinear control system in order

to study the stability of the microgrid.

4. To propose and develop a communicationless modified droop strategy, based
on the unequal power sharing, to enhance the overall efficiency of a parallel

inverter system.
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5. To verify the system design and analysis using simulation and experimental

results.

1.6 Thesis Outlines

In Chapter 2, the design procedure of a robust control system for a single-phase
grid-connected inverter under a weak grid operation is proposed. For the current
control loop, the p-synthesis method is used to design the current controller, which
only relies on the output current feedback. Also, the p-synthesis current controller
compensates delays arising due to PWM, etc. Furthermore, the current controller
rejects the impacts of the grid voltage harmonics on the injected current to the
grid to meet the IEEE 1547 standard. In addition, the active damping is achieved
without using partial or full state-feedback systems. Then, an H,, dc link controller
is proposed for the external loop, which guarantees the system robustness against
input power variations. Also, the power decoupling between ac and dc systems is
achieved by the control system without using any auxiliary circuits.

In Chapter 3, an optimal and systematic design method for cascade control
systems is proposed based on the linear quadratic tracker (LQT) method. The
proposed method considers interactions among cascade loops using intra-loop state
feedback, which results in relaxing the limiting condition that the inner loops must
be much faster than the outer loops in conventional approaches. After that, the
proposed approach is used to design a cascade control system, containing current
and voltage control loops, for a single-phase standalone inverter.

In Chapter 4, an approach is proposed to systematically model and perform
stability analysis for a single-phase microgrid consisting of multiple GFM inverters
with stationary-frame controllers. The approach is based on defining a complemen-
tary system that allows transformation to the rotating frame without using OSG
units, introducing time-varying (double-frequency) terms, and altering the stability
properties. The proposed model considers the control system nonlinearities and is
proper for the small-signal stability analysis because it contains only dc variables.
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Also, the stability analysis clearly represents how the closed-loop poles of the entire
system are affected due to the variations of each system parameter.

In Chapter 5, a communicationless modified droop strategy is proposed to
improve the overall efficiency of a single-phase standalone microgrid with parallel
inverters. The main idea is to revise the power sharing among parallel inverters such
that the output power of each inverter is maintained within a proper range with
respect to the inverter efficiency curve. As a result, according to the load demand,
an optimal number of inverters supply the load, and the unnecessary inverters do
not share any power. It is observed that the proposed power-sharing strategy can
enhance the overall system efficiency as much as 14% at light loads compared with
the conventional droop strategy.

Finally, Chapter 6 summarizes the contributions of the thesis and represents

the future work.
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Investigation of Robust Controllers

for Inverter Applications

In systems with several uncertainties, robust controllers seem a viable option
as disturbances, uncertainties, and stability of the system are considered in the
design procedure. As the ultimate objective of this research is the design and sta-
bility analysis of microgrid systems that include single-phase inverters, this chapter
investigates the robust control approach for this application.

In this chapter, first, robust current and dc link voltage controllers are pro-
posed based on p-synthesis and H,, methods, respectively, for a single-phase PV
inverter with an LCL filter under weak grid operation as shown in Fig. 2.1. The
p-synthesis current controller guarantees system robustness against weak grid un-
certainties such as grid impedance variations and voltage harmonics. Moreover,
the controller compensates the system delays arising from calculation and PWM as
well as delay uncertainties. The current controller only uses the grid current feed-
back which eliminates the requirement for additional loops or state measurements
utilized in partial or full state-feedback systems.

Additionally, the H,, dc link voltage controller minimizes the bus voltage fluc-
tuations caused by variations of PV system power generation. The controller ensures
system robustness against such power variations, which conventional controllers fail
to perform. In the proposed system, power decoupling is achieved by the control
system without any auxiliary circuit. The stability and robust performance of the
phase-locked loop (PLL) in a weak grid with major impedance changes are also

verified.
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Fig. 2.1: Conventional double-stage inverter structure with control loops for

PV application.

Finally, the feasibility of using robust control systems for single-phase stan-

dalone inverters operating in the microgrid is briefly reviewed and compared with

grid-connected inverters.

2.1 Current Controller Design
In this section, a robust current controller is proposed to address the following

control objectives:

e tracking the reference signal,
e cnsuring system robustness against weak grid uncertainties such as grid impedance

variations and voltage harmonics, and delay uncertainties,

e suppressing undesirable resonant oscillations.

According to Fig. 2.1, the following equations represent the current control loop

dynamics
1
iz‘m; = Gz‘im, (Umv - Uc)a szv é L_a
1S
. . a1
Ve = Gvc(zinv - 19)7 Gvc = aa (21>
A 1

lg = Gz Ve — Vg), G’L = ——
g g( g) g L28 + R2
where Ly and R, represent the lumped values of filter and grid inductance and

resistance, respectively, i.e. Ly = Loy + Ly and Ry = Roy + R,.
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The objective is to design a robust controller with respect to the grid impedance
variations and delay uncertainties by applying the p-synthesis method. It is worth
mentioning that, in this section, the current controller will be designed for every part
of Fig. 2.2 except for the feedforward (FF) and PLL loops, which are demonstrated
in “red” color. The robustness analysis of the FF and PLL loops will be performed

later in Section 2.3.3.

2.1.1 Current Loop Uncertainty Models and Performance

Constraints

2.1.1.1 Current Loop Parameter Uncertainties

The grid-side inductance and resistance are the uncertain parameters of the

system shown in Fig. 2.1. Therefore, they can be written as follows

RQ = Rz(l + 5R2£R2)7

W=

where , “07, and “&” indicate a parameter nominal value, the “normalized
uncertainty variable” such that |§| < 1, and the “maximum percentage deviation”,
respectively.
If a transfer function matrix G is defined as bellow
G G

G = , (2.3)
G21 G22

the upper linear fractional transformation (LFT) operator for the transfer function

G and variable ¢ is defined as
gzU (G, 5) = G22 + G215(I - Gllé)_lglg, (24)

where [ is the identity matrix. Substituting the values provided for L, and R, from
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.
s

N EERRREEES

1

[ m‘ VUsensed

Fig. 2.2: Extended model of the system including system parameters un-
certainties (2.5) and delay uncertainties (2.10).

(2.2) into (2.1) and using the LFT definition (2.4), the following equations can be
derived (detailed derivation is provided in Appendix A)

i 51,
Gi,(s) = Fu | Gi,(s), ,
OR,
B ) (2.5)
_ A 1 —LQéELQS _R2£R2 1

E28+R2 —Eg(b@LQS —RzgRQ 1

Using equations (2.1), (2.2), and (2.5), the extended system control diagram
which contains the system parameters uncertainties is derived as depicted in Fig. 2.2.
In this figure, the block M is used to model the inverter gain, and the block Z,
denotes the grid impedance where Z, = Ry + sL,.

Moreover, in Fig. 2.1, it is depicted where the voltage is measured and sensed
Usenseq fOTr the FF as well as the PLL loops. Thus, in case of a stiff grid connection,
ie. Ly =0 mH and R, = 0 €, the input voltage of PLL and FF signal is equal
to the grid voltage vsensed = v4. Otherwise, for a weak grid connection, the sensed
voltage is different from the grid voltage, i.e. Vsensea = Vg + Rytg + Lg%g, which is

used instead of the grid voltage by the FF and PLL loops [114]. The case of a weak

grid connection will be studied in Section 2.3.3.
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2.1.1.2 Time Delay Uncertainties

In practical applications, there are some delays due to the micro-processor
calculation, measurement, and PWM. Also, there are some delay uncertainties
caused by the aliasing and quantization effects [24]. If the effects of these delays
are not compensated by the controller, they may result in undesirable controller
performance and system instability. The magnitude of these delays depends on
the sampling frequency, carrier waveform such as sawtooth waveform or triangular
waveform, and updating rate of the PWM mode, i.e. single updating or multiple
updating. Fig. 2.3 shows the formation of such delays [24]. In this figure, the signals
ms(t), c(t), and Viso(t) are the modulating signal, the carrier waveform, and the
PWM waveform, respectively. As indicated in this figure, in the worst case scenario,
the calculation delay is equal to the sampling time T [24]. Also, the amount of the
PWM delay is equal to a half of the sampling time. Thus, the total delay is equal to
Ty = 1.5T [24]. The controller should not only compensate the effect of this delay,
but also should guarantee the system robustness with respect to delay uncertainties
caused by aliasing and quantization effects. For this purpose, the system and delay

uncertainties should be modeled and considered in the controller design process.

-
T

Fig. 2.3: Single update mode PWM, calculation delay, and PWM delay in
the presence of triangular carrier.
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Fig. 2.4: Phase difference between the original delay function e~7¢* and the
approximated function.

A time delay of T, in the time domain can be modeled by the transfer function

—Tys

e in the frequency domain, where s = jw. Since this transfer function is not

—Tds

rational, it cannot be used for designing the controller. Thus, e is approximated

by a rational transfer function as follows

—T,
Td8+1

Gdel(s) =T .
Ss+1

(2.6)

As shown in Fig. 2.4, for the desired frequency range, which is about 10% of the
switching frequency, the phase difference between the original delay function e~7¢*
and the approximated function (2.6) is less than 0.5°. Thus, the approximated
transfer function (2.6) can be used to design the current controller.

As discussed, the time delay Ty is uncertain, so it can be rewritten similar to

other uncertain parameters in (2.2)
Ty =Ty(1+ 67,67,). (2.7)

The nominal value of Gy (s) is defined at T, = T, as follows

—T,
Td3+1

= :
s+ 1

Gdel,n(s) = (28)

If the weight transfer function Wy (s) is defined as the upper envelope on the

Gae1(s)=Gaer,n(s

amplitudes of all the transfer functions ) in the frequency domain, the
Gdel,n(s)
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transfer function Gy (s) can be rewritten as

|Gaer(s)| = |Gaern(8) (1 + Saer|[Waer(s)])- (2.9)

Using the upper LFT definition provided by (2.4), the transfer function G g(s)

can be reformulated as

Gael(s) = Fu (édel<3)> 5dez) )

= 0 Gdel,anel <210>
Gdel(s) é .
1 Gdel,n

Now, the delay uncertainties are modeled by (2.10) as shown in the extended system

control diagram Fig. 2.2.

2.1.1.3 Performance Constraints

The p-synthesis method ensures the system performance if appropriate perfor-
mance constraints are defined [115]. For this purpose, as shown in Fig. 2.2, G.(s)
and G,(s) are defined as the transfer functions from igef to the current error e
(e 2 igef — i), and from the disturbance v, to the input u, respectively. Based on

these definitions, the performance constraints are presented as bellow

- 1
A’
1

Gu(s)Wy(s) < A

Ge(s)Wels) o)
2.11

where W, (s) and W, (s) are the weight transfer functions chosen based on the control
objective. Furthermore, the parameters A, and A, specify the constraints tightness.
The two criteria in (2.11) are shown in Fig. 2.2 by using the parameters A, and A,.

These weight transfer functions will be designed next.
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2.1.2 Weight Function Selection

In order to achieve the control objectives, the weight transfer functions We(s)
and W, (s) should be defined properly. In the following, the choice of W,(s) which

amplifies the error between the reference and output signals is discussed.

2.1.2.1 Reference Tracking

We(s) should have a pole at s = 0 to provide a high gain for low frequencies in
addition to preventing steady-state dc error. Moreover, according to the Internal
Model Principle, We(s) must include two poles at s = +jw, where w, = 2760 %.
Furthermore, in order to compensate grid voltage harmonics, the control system
bandwidth must be wide enough to comprise the harmonics. Thus, W,(s) should
include two zeros at s = +jw, with different damping ratios to limit the effects of

the added poles around s = +jw, as follows

s2 + 600s + wg
52 4+ 0.15 + w? ’

(2.12)

The effect of (2.12) is concentrated around w, frequency and has a negligible effect

on other frequency ranges.

2.1.2.2 Harmonic Compensation

In this section, it is assumed that the grid voltage may contain the 37, 5" and
7" harmonic voltages. Therefore, the controller should have the ability to reject
these harmonics. Thus, similar to the fundamental frequency, W, (s) should include
transfer functions similar to (2.12) to compensate each undesirable harmonic. W, (s)

should contain the following transfer function

H s2 +600s + (kw,)?

. 2.13
524 0.1s + (kwy)? (2.13)

k=1,3,5,7
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Fig. 2.5: Bode plot of the weight transfer function W,(s).

Additionally, since the bandwidth of the control system should be much smaller
than the switching frequency, a pole at s = —5000 is added to (2.13) to limit the

bandwidth of the closed-loop system.

2.1.2.3 Active Damping Resonant Oscillations

One major issue which must be considered in choosing W,(s) is how to damp
the resonant oscillations due to the existence of an LCL filter. One of the control
objectives is to damp the resonant oscillations without using any additional mea-
surement or inner loop. On the one hand, if the closed-loop control system has
enough gain at the resonant frequency w, = 1/ \/W, the controller can ac-
tively damp the resonant oscillations without using any additional measurements or
passive elements. On the other hand, since L, is an uncertain element and subject
to variations, w, may vary in a frequency range. Hence, the closed-loop control
system should have enough gain in this frequency range to damp resonant oscilla-
tions. Finally, to satisfy all of the aforementioned considerations, W, (s) is selected
as follows

We(s)

2 2 2
59 H s° 4 600s + (kw,) (2.14)

~ 5(0.0002s + 1) ety 82+ 0Ls £ (k)
The Bode plot of W,(s) is indicated in Fig. 2.5.

The function W, is the weight of the controller, and its value is set to 107°. It is
worth mentioning that the weight selections are accomplished after a few iterations

of a trial-and-error process, which is a standard common practice in robust control

design techniques.
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Fig. 2.6: Transfer function Wy (s) of equation (2.15) in bold line, and the
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transfer functions Ca ol ) in dashed lines.

2.1.2.4 Time Delay

To model delay uncertainties, the weight transfer function Wy (s) is defined as

the upper envelope on the amplitudes of all the transfer functions %Gg”(s),

in the frequency domain. For the case of Ty = 1.5T = 37.5us [24] and &r = 40%,

as shown in Fig. 2.6, the weight transfer function Wy (s) is attained by using the

fitmag command in Matlab as below

b282 + b18 + bg

952 + a5+ ap’

Waa(s) = K (2.15)

where K = 0.01, by = 1.967 x 1078, b; = 4.138 x 1073, by = 7.079, a; = 10719,
a; = 2.755 x 107°, and ag = 2.429.

2.1.3 Robust Current Controller Design

In order to design a robust controller based on the p-synthesis method for the
system, the extended model of the system in Fig. 2.2 is converted into the A/G/C
structure. The vector A is defined as the normalized uncertainty matrix which

contains all the system uncertainties and performance constraints in (2.2), (2.5),

28



Chapter 2. Investigation of Robust Controllers for Inverter Applications

(2.7), (2.9), (2.10), and (2.11) as

A - dlag([(SLz 5R2]T7 5d6l7 Ae? Au>7 <216)

where C'is defined as the system controller, and G is defined to include the dynamics
of all transfer functions in Fig. 2.2.
To achieve a robust controller, the controller C'(s) should be designed such that

it can satisfy the following p-synthesis condition [115]
1a(F(G(s),C(s) < 1. (2.17)

To design the controller in p-synthesis framework, the extended control system
depicted in Fig. 2.2 is first formulated. Then, the robust controller is designed by

using the dkit command in Matlab.

2.2 DC Link Voltage Controller Design

In this section, a robust dc link controller is proposed to address the following

control objectives:

e tracking the dc link reference,
e rejecting harmonics from the reference of the gird current,

e ensuring bus voltage robustness against system disturbances.

As shown in Fig. 2.1, the dc link voltage controller determines the amplitude of
the reference current for the current controller. In the following, the process of

designing a robust dc link voltage controller based on H, is presented.

2.2.1 Dynamics of the Voltage Control Loop

According to Fig. 2.1, assuming that the input power is denoted by P;, and
the power injected into the grid is denoted by Fj,4, and if any losses are ignored,
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the power balance equation can be written as

-Pin - Pdc + PLCL + Pgrida (218>

where P,. and Prcp represent the instantaneous power of dc link and LCL fil-

ter, respectively. Also, the instantaneous power of the dc link is equal to Py. =

d(v?
%Cbus ( dC). The control loop is closed on v4. and the system is linearized using

dt
the following approximation for the capacitor energy Eg. [33]

1 2
Edc = §Cbus (Vchef + Vge — V'd’r:f> ;
. (2.19)
Edc = _§Cbus(‘/drc€f>2 + Cbus‘/gcefvdc;

where Vdrcef denotes the reference value for the dc link voltage. According to equa-

tion (2.19), v4. is linearized as vg, ~ - Eﬁ‘l/cref —l—%Vdff . Therefore, Fig. 2.7 depicts the
bus Ve
detailed model of the dc link voltage control loop comprising the linearized model,

where C'C refers to the inner current control loop.

2.2.2 System Disturbances

As shown in Fig. 2.7, the extracted power P, from the first stage is considered
as a disturbance signal for the dc link controller because its value always changes,
and it depends on different parameters such as cell temperature and irradiation
level. The P;,, variations cause dc link voltage fluctuations. Thus, the dc link
controller should appropriately reject P, disturbances. Furthermore, the double-
frequency ripples are generated due to the single-phase operation of inverter. These
ripples are injected into the dc link control loop where the output signal of C'C'
block is multiplied to v, signal shown in Fig. 2.7. Therefore, the instantaneous
power injected to the grid P4 contains a dc component and a double-frequency
component as represented in the following

Voly | Val,

Pyria = vgiy = VyI,co8*(w,t) = 5 ¢+ Tcos(?wgt). (2.20)
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Fig. 2.7: DC link voltage control loop.

Moreover, the LCL filter consumes instantaneous power, which introduces an-
other source of nonlinearity to the loop. Using equation (2.1) and ignoring the
grid-side resistance Ry, Prcp is calculated as follows
1 dZ) 1 d(
—C (vC) + L ( 9)

dt 27 dt 27t

1
Prer = 51 (2.21)

It is assumed that the C'C' block is fast enough to make the grid current in
phase with the grid voltage. In this case, the transients of C'C' block are ignored
as compared with the dc link control loop, and the grid voltage and current are
considered as v, = Vycos(w,yt) and i, = [ cos(w,t). Thus, using equations (2.1) and
(2.21), Proyr at steady-state condition is reformulated as follows

1
Pror= 5Llwgﬂ

inv

1 1
sin(2w,t + 2¢iinu)+§ngV§sin(2wgt + 2¢Uc)+§L2ng§sin(2wgt),
(2.22)

where Liny, @inv, Ve, and ¢, are defined below

Vow,C
Iy = \JVPu2C? + (1 = Lyw?CP, 6y, = avctan (fgu = i’gwgc))’ (2.23)

I,w L2
_ 2 _ 9%
Vo =/ Ijw2Ls5 + V2, ¢, = arctan (T)
As equations (2.20), (2.22), and (2.23) show, the double-frequency ripples are
injected into the dc control loop due to the single-phase operation of inverter and
instantaneous power consumption of the LCL filter. Furthermore, all of the double-
frequency ripples are functions of the magnitude of the grid current determined by

the dc link controller. According to equations (2.20), (2.22), and (2.23), the system
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Fig. 2.8: Augmented model of the dc link voltage control loop.

is nonlinear and time-varying.

To achieve a linear time-invariant (LTI) system, the aforementioned double-
frequency ripples are considered as a disturbance to the system. As they are func-
tions of I,, to consider the worst case scenario, the maximum magnitude of the
grid current [;"** is selected to generate the maximum double-frequency ripples as
a disturbance. Therefore, Fig. 2.7 is simplified as shown in Fig. 2.8. Now, the
system shown in Fig. 2.8 is LTI, and a robust controller based on H,, method can

be designed for it.

2.2.3 Formulating MIMO System for H,, Controller Design

As mentioned earlier, since P;, depends on unpredictable parameters such as
environmental temperature and irradiation level, the H., method is used to attain
a robust controller for the dc link voltage.

To design the H,, controller, firstly, a multi-input multi-output (MIMO) system
should be defined based on H,, performance requirements. Fig. 2.8 demonstrates
the augmented model of the dc link control loop where W; and Wy are the output
weight transfer functions. Two types of inputs are defined for the system. One
input type is the disturbances, denoted by u; and us, that consist of P;,, double-
frequency ripples, and Vr‘icf The other input type is the signal determined by the
H, controller, denoted by us3.

Similarly, two types of outputs are considered for the system. One output type
is denoted by y; and y,, which are the output signals of the transfer functions W;

and W5. These weight transfer functions should be selected properly to minimize
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y1 and s in the required frequency ranges and to obviate the effect of the double-
frequency ripples on the magnitude of the grid current. The other output type is
the error signal, denoted by ;.

After defining the inputs and outputs as shown in Fig. 2.8, the MIMO system

can be written as follows

N uy Gu G G
yo | = Gac(s) | ug |, Gae(s) = | Gax Gan Gos | (2.24)
Y3 u3 Gs1 Gso Gas
where the transfer function Gy.(s) is defined based on Fig. 2.8 as follows
[ —W(s) VaWils) T
—— 0.5 —
Cbus V;it}s ! <S) 2vaus V;Cécf S
Gac(s) = 0 0 Wa(s) (2.25)
-1 V
—— 0.5 —9d
L Cbusv;et}s 2Cbus‘/;"ecfs .

Thus, the system transfer function is determined based on the defined inputs and

outputs.

2.2.4 Robust Controller Design Based on H,, Method

According to Fig. 2.8, the weight functions W; and W5 are applied to the error
signal y3 and the output signal of the H,, controller us, respectively. To properly
design the H., controller, W; should be small within the desired control bandwidth
(500 %) to achieve an acceptable rejection capability for disturbances, i.e. P,
variations. Moreover, W5 should be small outside the control bandwidth to ensure
system robustness and stability margin. However, to mitigate the impact of the
double frequency ripples on the controller performance, W5 should provide a high

gain at the double frequency point.
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Therefore, by tuning Wj, the following control loop characteristics are ad-
dressed: 1) high dc gain to minimize steady-state error, and 2) high control band-
width to suppress effects of P;, variations on v,.. For this purpose, W; is selected as
Wi(s) = (%Piﬁ According to this equation, W, has a zero at s = 0 in order
that the H,, controller has high gain in low frequencies. Also, by appropriately tun-
ing ky and wy, the acceptable control bandwidth is achieved. Moreover, £ denotes
the damping ratio. The values of ki, wy, and £ are set to k; = 550, wy = 0.05 %’l,
and £ = 0.707.

The dc link control bandwidth should not contain the second harmonic fre-
quency. On the other hand, the bandwidth should be wide enough to achieve fast
dynamic response. Thus, W, is tuned in a way that it eliminates the undesirable

effects of double-frequency ripples on I,. Therefore, the W5 transfer function is se-

s )24 € g
lected as Wy (s) = ko (20 oo

2wg
2 3
(205 )" T gz 511

except at s = 2w, where it has a peak. Thus, the H,, controller has a very small

. W5 has small magnitude in all frequency ranges

gain at this frequency to eliminate the impact of double-frequency oscillations on ;.
This peak is regulated by coefficients ks and ks whose values are set to ko = 0.01 and
ks = 15000. It is worth mentioning that the weight designs are accomplished after
a few iterations of a trial-and-error process, which is a standard common practice
in robust control design techniques.

The H. controller can be designed by using the hinfsyn command in Matlab.

Also, the following criteria must be satisfied to guarantee the system robustness

Hy(Gdc(S)ach(S))HOO < 17 (226>

where Cy.(s) denotes the H, dc link voltage controller.
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Table 2.1: System nominal parameter and maximum deviation values.

Parameter | Value | Parameter | Value Parameter | Value
Ly 3mH Chus 44 uF &L, 70 %
C 2uF Ve 200V &r, 70 %
Lo 4mH Ve 120V Ep 40 %
Ry 10mQ Poom 200 W
Ty 37.5 us I 3A

2.3 Robustness Analysis and Simulation Results

In this section, the p-synthesis current controller and the H,, dc link voltage
controller are designed, analyzed, and simulated for the system whose nominal val-
ues and maximum percentage of deviations are represented in Table 2.1. Moreover,
the effects of PLL dynamics and FF signal on the system stability and robustness
are investigated analytically and by simulation.

2.3.1 Current Controller Robustness Analysis and Simula-

tion

The designed current controller must satisfy the robustness criteria mentioned
in equation (2.17). Fig. 2.9 shows that the criteria is satisfied, which implies that the
proposed current controller can stabilize the system, ensure the system robustness,
and satisfy all of the aforementioned current control objectives in the presence
of the system parameter uncertainties d,, dg,, and the delay uncertainties 4.
Furthermore, since the order of the designed controller is 42, the reduce command
is used in Matlab to decrease the order of the controller down to 15. The reduced
order controller also satisfies the p-synthesis condition (2.17) as shown in Fig. 2.9.
In the following subsections, the performance of the proposed current controller is

evaluated and also compared with the H.,, method proposed in [14].
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Fig. 2.9: p-synthesis condition (2.17) for the original controller (42 order)
and the reduced-order controller (15 order).
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Fig. 2.10: Tracking performance of the proposed controller: (a) nominal
system, and (b) deviated system with Ay, = +70%, Ag, = +70%, Ar =
+40%.

2.3.1.1 Proposed Robust Current Controller Performance

Fig. 2.10 illustrates the tracking performance of the p-synthesis controller for
the case of nominal system and deviated system including 70% increase in Ly and
Ry, and 40% increase in time delay T;. Moreover, as shown in this figure, the
resonant oscillations are damped.

In addition, the proposed current controller can compensate the grid volt-
age harmonics to inject a high-power-quality current to the grid. As indicated in
Fig. 2.11(b), the system injects a pure sinusoidal current to the grid in the presence

of the 37, 5 and 7% grid voltage harmonics depicted in Fig. 2.11 (a).

2.3.1.2 Performance Comparison with H,, Method

As an alternative to p-synthesis, the H,, method can be used to design a
robust current controller for a grid-connected VSC with an LCL filter, shown in
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Fig. 2.11: Disturbance rejection capability: (a) grid voltage, and (b) injected
current.

Fig. 2.1. In [14], the H,, method was used to design a robust controller to ensure
the system robustness against the grid-side inductance variations. However, the
proposed method has some deficiencies. In the following, to have a fair comparison,
the proposed p-synthesis current controller is designed for the system parameters
used in [14].

Firstly, the PWM delay is not considered in designing the H,, current con-
troller in [14]. Although the H,, controller maintains the closed-loop stability in
the presence of the delays, the reference signal is tracked with a considerable steady-
state error. Fig. 2.12 depicts the steady-state error of the H,, current controller
and our proposed p-synthesis current controller for the system with nominal pa-
rameters. Although no parameter uncertainty is present, for the H,, controller, the
error amplitude is about 15.43% of the reference signal. However, for our proposed
p-synthesis controller, this ratio is about 0.11%. Moreover, both controllers are
robust to the Ly with a value of 30 times bigger than the nominal value. In an-
other scenario, the time delay is increased by 40%. In this case, the ratio is about
23.04% and 0.66% for the H,, controller and our proposed pu-synthesis controller,
respectively.

Thus, by using the H,, controller [14], the injected current into the grid follows
the reference signal with a steady-state error. Moreover, the H,, controller in [14]
does not have the ability to compensate the grid voltage harmonics. In addition

to the aforementioned defects, the H, control system in [14] requires an additional
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Fig. 2.12: Steady-state error signal of the H,, controller and p-synthesis
controller for the system with nominal parameters.
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Fig. 2.13: Bode plot of the dc link control loop.
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Fig. 2.14: H., robustness criteria in equation (2.26).

current feedback i;,,, and hence an additional current sensor, which is not required

by the proposed u-synthesis controller.

2.3.2 DC Link Controller Robustness Analysis and Simula-
tion

The H., dc link controller is designed for the system, whose nominal param-
eters are represented by Table 2.1. The order of the proposed controller is 5, and
Fig. 2.13 demonstrates the magnitude of Bode plot of the open-loop dc link con-
trol system. The open-loop control system has high gain in low frequencies and
extremely attenuates the second harmonic frequency. Also, the proposed dc link

controller satisfies the robustness criteria mentioned in equation (2.26) as shown in

Fig. 2.14.

38



Chapter 2. Investigation of Robust Controllers for Inverter Applications

N~

[\S]
T
1

T
¢

Current (A)

(a)

300 T T | T T

! = = = Reference Voltage DC Link Voltage|

100 L 1 1 1
0.3 0.4 0.5 time (sec) 0.6 0.7 0.8

(b)
Fig. 2.15: H, dc link voltage controller performance: (a) magnitude of the
grid reference current Igef determined by H,, controller, and (b) dc link
voltage.

Voltage (V)
N
f=]
(=]

As mentioned before, P;, varies randomly due to the variations of unpredictable
factors such as temperature and irradiation level. In this scenario, P, changes
from zero to its nominal value at t = 0.4 s with the slope of 20 W/ms. Then, it
decreases to half of the nominal value at ¢ = 0.6 s with the slope of —20 W/ms.
Fig. 2.15 illustrates the simulation results for this scenario. Although P, variations
are significant, the H,, dc link controller successfully suppresses the effect of the
P, disturbance on the dc link voltage. Moreover, Fig. 2.15 shows that although
the dc link control loop contains double frequency ripples, the magnitude of the
grid current I, does not contain any second harmonic oscillations. Therefore, the
proposed dc link controller ensures system robustness against system disturbances

and obviates the second harmonic oscillation from the magnitude of the grid current.

2.3.3 Feedforward and PLL Loops Robustness Analysis and

Simulation in a Weak Grid

The current controller designed so far is for the case of a stiff grid in which the
grid voltage is directly measured for the FF loop and used as a feedback for the
PLL loop. However, in the case of a weak grid, the grid voltage cannot be directly
measured, and instead the voltage at the point of contact between the LCL filter
and the grid impedance Z; is measured and used for the FF and PLL loops. This
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Fig. 2.17: Dominant closed-loop poles with L, = 0 mH (stiff grid).

measured voltage is different from the grid voltage due to a non-zero grid impedance,
which may lead to system instability and poor performance [17]. Therefore, some
performance analysis and simulation results are required in order to guarantee the
robustness of the designed controller in the presence of a weak grid. To this end,
the closed-loop system block diagram including the inverter and LCL filter model,
current controller, delay model, PLL, and grid impedance (Z,= R,+sL,) is depicted

in Fig. 2.16 where Fpr(s) = = V2w, and w, = 2760 "¢ [116]. Using

the closed-loop block diagram of the system in this figure, the robustness analysis
can now be performed by using the root locus technique for different values of L,.

The dominant closed-loop poles with the stiff grid, L, = 0, are depicted in
Fig. 2.17. This figure indicates that the poles are confined to the two dashed lines
which intersect at the origin. In order to maintain the damping behavior and hence
the performance of the closed-loop system in a weak grid situation, L, # 0, all poles
should stay to the left of these two intersecting dashed lines.

The root locus analysis in Fig. 2.18 shows that the closed-loop poles of the
system for L, = 10.87 mH are all confined to the left of the two intersecting dashed
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lines, and for any L, values greater than 10.87 mH the closed-loop poles will pass
through the two intersecting lines. Therefore, the root locus analysis guarantees that
the performance of our designed controller is robust to the maximum impedance
value L, = 10 mH of a weak grid. This result is also tested by simulations, in which
L, =10 mH is used for the weak grid. The simulation result depicted in Fig. 2.19
confirms the satisfactory performance of our proposed controller in the presence of
a weak grid, in which the grid voltage is not measurable and instead the voltage of

PCC is measured and used for the FF and PLL loops.
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Fig. 2.20: Experimental setup configuration.

2.4 Experimental Results

An experimental verification of the proposed controllers for the configuration
shown in Fig. 2.1 is carried out by using Texas Instrument Solar Inverter HV DC-
AC Board, Chroma PV Simulator 62050H-600S, Chroma Programmable AC Source
61502, and Texas Instrument TMS320F28335 DSP. The calculation time of the
proposed control system is 14 ps, while it is 9 us for a traditional control system.
Also, in this experiment, switching frequency and digital signal processor (DSP)
speed are 40 kH z and 150 M H z, respectively.

Fig. 2.20 presents the experimental setup configuration. Also, the system pa-
rameters are presented in Table 2.1. Fig. 2.21 displays the experimental results
for the system with nominal parameters. As shown in this figure, the proposed
p-synthesis current controller provides a satisfactory reference tracking and steady-
state performance. Also, the controller actively damps the resonant oscillations.

Moreover, Fig. 2.22 illustrates two cases in which the grid-side impedance de-
viates with Ay, = £70% and Ag, = £70% from its nominal values. This figure
shows the performance of the proposed current controller in the presence of grid-side
impedance uncertainties and delay uncertainties. In this case, the total harmonic

distortion (THD) of the injected current is 2.38% and 3.11% for Ay, = Ag, = 70%
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Fig. 2.22: Performance of the proposed controller for the system with devi-
ated parameters: (a) Ap, = +70% and Ag, = +70% (weak grid situation),

and (b) Ay, = —70% and Ag, = —70%.

(weak grid situation) and Ay, = Ag, =
ations, the injected current satisfies the IEEE 1547 standard [117], which requires

the THD to be less than 5%.

Furthermore, in another test, the disturbance rejection capability of the pro-
posed controller in a distorted grid voltage condition is evaluated. In this test, the
grid voltage is polluted by 5% of the 3"¢, 5 and 7" grid harmonics. The harmonic

contents of the injected current for the distorted grid voltage are demonstrated in
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Fig. 2.23: Harmonic contents of the injected current for the case of distorted
grid voltage containing 5% of the 3", 5** and 7" voltage harmonics.

Fig. 2.23. As shown in this figure, the harmonic contents of the injected currents
meet the IEEE 1547 standard. The injected current THD and grid voltage THD for
sinusoidal voltage are 2.54% and 0.438%, respectively. Moreover, the current THD
and grid voltage THD for polluted voltage are 3.14% and 8.4%, respectively. It is
worth mentioning that the application of the proposed controller is for micro and
mini inverters, where several modular low-power inverters are connected in parallel,
and the whole system is connected to the grid. In this kind of application, a higher
THD is acceptable for each inverter as compared with high-power rating inverters.
Also, because the power density is an important factor for this application, sys-
tem components are physically smaller. As a result, ripples and distortions become

bigger in comparison with the fundamental harmonic.

2.5 Robust Control System for Standalone In-
verters to Form a Microgrid

Fig. 2.24 depicts the configuration of a droop-controlled standalone inverter
and its control block diagram. As shown in this figure, the cascade control system
contains robust current, voltage, and droop control loops. The current control loop

is responsible to track the current reference 75! determined by the voltage control
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Fig. 2.24: Single-phase droop-controlled standalone inverter: (a) system
configuration, and (b) control system.

loop. Also, the voltage controller adjusts the capacitor voltage of the output filter
v, with respect to the reference determined by the droop controller v™*f. Eventually,
the droop specifies the angular frequency w and voltage amplitude V, for the system
based on the active and reactive powers demanded by the load.

Unlike the grid-connected operation mode where the sinusoidal current should
be injected into the grid to comply with standards, in the standalone operation
mode, the voltage quality is important, and the inverter is required to generate a
sinusoidal voltage. Therefore, in addition to tracking the reference voltage v**f, the
voltage controller is responsible for harmonic rejection as well. Moreover, compared
to the grid-connected system investigated earlier in this chapter, the droop loop is
nonlinear. Also, as the frequency is not forced by the grid in the standalone mode,
the system frequency may change due to the load variations.

A robust control system can be designed for the standalone system shown in
Fig. 2.24 using p-synthesis and H,, methods as discussed in this chapter. However,
considering the aforementioned differences between a standalone and grid-connected
systems, especially, system nonlinearities due to the droop loop and frequency vari-
ations, the design procedure would be more complicated than the grid-connected
system, and, more importantly, the resulting controller will be more complicated.
Also, the complexity of selecting proper weight transfer functions for robust con-

trollers makes the design procedure even more challenging. Moreover, as mentioned
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in Section 2.3, robust control techniques adopted to design current and voltage con-
trollers for a grid-connected system leads to high-order controllers, i.e. the current
controller is of order 15, and the voltage controller is of order 5. Consequently,
since the standalone system is more complicated and has more control loops than
the grid-connected one, it is expected that using robust control design approach to
address control objectives in the standalone operation mode yields a very high-order
system. As one of the thesis objective is to study a single-phase microgrid that con-
tains multiple standalone inverters and how inverters interact with each other, using
such a high-order control system for each standalone inverter makes the microgrid
analysis too complicated. Accordingly, robust controllers are not used in the rest
of this thesis. In the next chapter, a systematic approach is introduced to design
cascade control systems based on the intra-loop state feedback technique where the

order of the proposed control system is the same as the conventional control system.

2.6 Summary

This chapter investigates the usage of robust controllers for inverters oper-
ating in grid-connected or standalone mode. Robust current and dc link voltage
controllers are proposed based on u-synthesis and H,, methods, respectively, for a
single-phase PV inverter with an LCL filter that operates in a weak grid situation. It
is demonstrated that the current controller ensures system robustness against weak
grid impedance variations and also compensates time delay arising from calculation
and PWM as well as delay uncertainties. The controller provides active damping
of undesirable resonant oscillations as well. On the other hand, the proposed dc
link voltage controller ensures system stability and robustness against input power
variations. The dc link controller quickly suppresses voltage fluctuation caused by
input power variations thanks to its wide control bandwidth. Furthermore, the
proposed controller satisfies power decoupling and double-frequency mitigation to
inject high-power-quality current into the grid and prevent power factor deviation
and third harmonic injection. In addition, the stability and robust performance of
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the PLL loop in a weak grid with major impedance changes is proven. Moreover,
the viability of using robust control systems for single-phase standalone inverters
operating in a microgrid is briefly reviewed. It is explained that using robust control
design approach in the standalone operation mode yields a very high-order control
system, which makes the microgrid analysis too complicated. Consequently, robust

controllers are not used in the rest of this thesis.
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Chapter 3

Cascade Control Design Based on

Intra-loop State Feedbacks

The approach of using cascade control loops to construct and design a con-
trol system has been widely used in various power electronic applications such as
renewable energy converters, motor drives, battery chargers, etc [46-50]. Cascade
control structures are inspired from the successive impacts of system variables on
each other, where multiple control loops are placed into one another, and each loop
provides the reference for its immediate internal loop.

As discussed in Chapter 1, it is normally assumed that each inner loop is
sufficiently faster than its immediate outer loop. Thus, the inner loop dynamics
are practically invisible to the outer loop and can be ignored when designing the
outer loop [7, 48, 57-64]. Such assumption has been essential to simplify the design
procedure of the cascade control system. However, the distinct timescale assignment
between the loops limits the design flexibility and may lead to excessively slow
dynamic responses at outer loops.

On the other hand, if a fast outer loop at a timescale close or comparable to
that of the internal loop is required, the internal loop dynamics should be considered
in the design of the outer loop controller. Consequently, the design procedure
and structure of the external controller would be complicated because the external
controller should handle a high-order system that contains the internal control loop
plus the original plant.

The proposed method in this chapter removes the aforementioned limitation
on the timescales of the cascade loops while retaining the cascade control structure

and its advantages. The proposed idea is to include the inner loop dynamics in the
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design of the outer loops using intra-loop state feedbacks. Therefore, a systematic
design approach is introduced to maintain the design simplicity advantage of cascade
control systems. In fact, similar to the conventional approach, the proposed design
procedure starts from the most inner loop and successively proceeds outwardly to
design all loops so that the design simplicity is maintained.

In the following, first, the LQT method proposed in [118] to optimally design
a state-feedback controller is briefly reviewed. Next, drawbacks and constraints
of conventional design approaches for cascade control systems are stated. Then,
inspired by the LQT method, the proposed cascade control system is structured
based on the intra-loop state feedbacks, and the corresponding design approach is
presented, which resolves the shortcomings of the conventional design approaches.
Finally, the proposed approach is used to design a cascade control system, containing
current and voltage control loops, for a single-phase standalone inverter, and it is

shown that the distinct timescale constraint is relaxed using the proposed method.

3.1 Linear Quadratic Tracking Method

The linear quadratic regulator (LQR) method is a well-known approach that
can be used to optimally design gains of a state feedback controller. The appli-
cation of this control design approach to power converter systems has some chal-
lenges, which have been discussed in the literature. In [119], a controller is designed
based on the conventional LQR method to control a three-phase inverter in the
synchronous rotating frame. In [120], an LQR-based controller is used for a three-
phase inverter where its cost function is arranged such that it contains errors of the
state variables. Therefore, the approach relies on the availability of the reference
values of system state variables to achieve zero steady-state tracking error [118].
The aforementioned approaches have the following drawbacks. First, the reference
and disturbance signals are not considered in the controller design procedure, which
is an important issue for applications where the tracking feature is required. In ad-
dition, there is no meaningful correlation between weight factors in the cost function
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Fig. 3.1: Block diagram of the current control loop for the single-phase grid-
connected inverter.

and the state variables of the tracking problem, which does not provide insight in
the design procedure.

To resolve the above mentioned drawbacks, an approach is introduced in [118]
to transform the state-space model of the system to a new state-space model with
a well-defined cost function for the sinusoidal tracking problem. Additionally, using
this approach, the tracking error explicitly appears in the cost function; therefore,
minimizing the cost function results in the error minimization as well.

The approach is used to optimally design a state feedback current controller
for a single-phase grid-connected inverter with an LCL filter, whose block diagram
is depicted in Fig. 3.1. For this purpose, first, the state-space equations of the
controller and plant, including the inverter and LCL filter, should be derived.

To track a sinusoidal reference with zero steady-state error, its dynamics must
be included in the transfer function of the controller based on the internal model

principle. Thus, a resonant controller with the following transfer function is used

N(S) k‘QS + k’l
C(s) = Als) = T (3.1)

where wy refers to the grid angular frequency. Therefore, the state-space equation

of the resonant controller is

x.=A.x.+ B.e (3.2)
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T . .. . .
where x.= [z, Teo) and e=iy , — i is the tracking error. Also, matrices A, and

B, are derived in the controllable canonical form as

According to Fig. 3.1, the state-space equations of the plant are
Xp = Apxy + Byu + Bgug, yp = Cpxy, (3.4)

where x, = [i1 v, ig]T, Yp =12, and u refers to the control signal. Thus, the state-

space matrices A,, B, B, and C, are

0 —z 0 - 0
A= CL, 0 _c% . B,=(0]|,B,=| 0 |, Cp:[o 0 1]. (3.5)
0 % 0 0 -4
Augmenting (3.2) and (3.4) yields
5{ - A.X + Buu + BrefiQref + Bw”g, (36>

where x =[x, xp]T, and A, B,, B, By, and C are given by (3.7)

A, -B.C, 0 B. 0
A= Bu=| [ Bu=| |Bu=| [.Cc=]o | 67
0 A B

P Bp

In addition, the control signal is defined as u=—kx where k= [k, k|, k. =[k1 k2],
and k, = [k3 k4 k5).

Define the operator D(p) according to A(s) in (3.1) as D(p) =p® + w] in the
time domain, where p = (¢/at) is the time-derivative operator. It is also assumed
that the grid voltage is a sinusoidal waveform as v, = Vsin(wgt). Thus, multiplying

D(p) to vy results in D(p)vy=(#"/ar2) (Vsin(wyt)) + w? (Vsin(wyt)) =0. By the same
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token, it is concluded that D(p)is, , =0. Consequently, applying the transformation
D(p) to both sides of (3.6) yields

z = Az + B,v, (3.8)

where z and v are the transformed state vector and control signal, respectively, and
they are defined as z = D(p)x= X + w}x and v = D(p)u = ii + w)u. Furthermore,

according to (3.2) and (3.3), it can be seen that
21 = T + w?md =e, 29 =T+ wgarcg = ¢é. (3.9)

Now, the LQR method can be used to optimally design the controller gains for
the system represented by (3.8). In this case, the following cost function would be

minimized by the LQR method

J = / (zTQz + 7“112) dt = / (q1€2 + 26 + ZZQPZP + 7"112) dt, (3.10)
0 0

where v=—kz, and Q=diag (¢1, ¢2, Q,) and Q,=diag (g3, qs,gs5) are positive semi-
definite weight matrices. Also, r (r>0) refers to the weight factor of the transformed
control signal v. Generally, by modifying the value of r, the penalization dedicated
to the control signal in (3.10) is adjusted accordingly. Thus, the weight factor r
can be used to limit the control effort. Moreover, according to (3.10), the tracking
error ¢ and its derivative é explicitly appear in the cost function, which indicates
the cost function is well-defined as its minimization leads to the error minimization.
Therefore, regarding to the definition of Q and (3.10), the weight factors ¢; and g
directly affect the tracking error and its derivative.

To sum up, the LQT approach converts the tracking and disturbance rejection
problems to a regulation problem. In this approach, the transformation D(p) =
det(pI — A.) is used to map x to z=D(p)x and u to v=D(p)u. The transformed

state-space equation in the new coordinate is z = Az + B, v, where the definitions
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of the state-space matrices A and B, are provided in (3.7). It is worth mentioning
that the transformation D(p) nullifies both the disturbance and the reference signals
as they are all sinusoidal, i.e. D(p)v, =0 and D(p)is,, =0, because the dynamics
of v, and iy, are included in the controller’s dynamics denoted by A(s). Finally,
by applying the LQR method to the transformed state-space equation (3.8), the
optimal values of the controller gains k can be calculated in Matlab software using
the 1qr command.

As explained in this section, the proposed LQT method is used to design a
current controller for a single-phase grid-connected inverter. In Section 3.3, the
application of the LQT method is extended to propose a systematic design approach
for a general cascade control system which has intra-loop state feedbacks. Then,
the proposed approach is used to design a cascade control system, consisting of the

voltage and current control loops, for a single-phase standalone inverter.

3.2 Problem Statement

As mentioned earlier, cascade control systems can be used in several power
electronic applications. Fig. 3.2 shows an example of cascade control system used
for the integration of a single-stage PV system to the grid. The system configuration
is shown in Fig. 3.2(a). Also, Fig. 3.2(b) illustrates the block diagram of the cascade
control system of the inverter. In this figure, the internal controller is responsible
for the current quality indices such as harmonics and also current limiting to ensure
the current does not cross the limits during fast transients. The external controller
regulates the dc link voltage by determining the current reference ;. Also, the
limiter block is used for protection to ensure that the current reference lies within
the acceptable range during harsh transients

c

i [1%¢| < Imax
et =4 el = e (3.11)

SEN(i5er) Imax  |ifes| > Tmax
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Fig. 3.2: An example of the cascade control system utilization for the in-
tegration of the PV system to the grid: (a) system configuration, and (b)
control block diagram.

where . and I, refer to the output of the limiter block and the maximum
acceptable current, respectively.

Regarding Fig. 3.2(b), the current controller can be designed using the LQT
method as explained in Section 3.1. For the conventional design of the voltage con-
troller, two different approaches can be chosen which are explained in the following.

Approach 1, which is more common, is to consider the external loop sufficiently
slower (10-20 times) than the internal loop to avoid the interaction between cascade
loops. In this case, as the internal loop dynamics are invisible to the external loop,
the internal loop dynamics can be ignored for the design of the external controller,
which simplifies the design procedure. However, this approach sacrifices the fast
and swift responses of the external controller that could have been achieved by a
faster controller.

In Approach 2, the internal loop dynamics are considered in the design proce-
dure of the external controller. Therefore, as the cascade loop interactions are in-
cluded in the design procedure, a faster external loop can be designed at a timescale
close or comparable to that of the internal loop. In this case, the design procedure of
the external controller becomes more complicated compared with the first approach
because the external controller should consider a high-order plant, including the in-

ternal control loop and the original plant. Moreover, due to the limiter block placed
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Fig. 3.3: Closed-loop poles of conventional cascade control systems designed
based on: (a) Approach 1(slow external loop), and (b) Approach 2(fast
external loop).

between the external controller and internal loop, the output of the fast external
controller may be saturated easily during transients because of the large control ef-
fort applied by the external controller, which may degrade the overall performance
of the system or can enter the system to limit cycles if not unstable.

Fig. 3.3 displays the closed-loop poles of the conventional cascade control sys-
tems which are designed based on Approach 1 (slow external loop) and Approach 2
(fast external loop), where an LQT-based controller is used as the current con-
troller and a PI controller with the transfer function Cp;(s)=kb;" + ksﬁ is used
to regulate the dc link voltage. According to Fig. 3.3(a), the dominant poles of the
voltage controller are placed far from the dominant poles of the current controller in

Approach 1, which leads to slower dynamic responses at the external loop. On the
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other hand, in Approach 2, the poles of the voltage controller are placed close to the
current controller poles as depicted in Fig. 3.3(b) to enhance the dynamic perfor-
mance of the external controller. However, the external loop dynamic improvement
is achieved at the price of slowing down the internal loop dynamics. In fact, as the
poles of the conventional voltage controller move to left side by changing the gains
of the PI controller, the poles of the current controller are pushed to the right side,
which leads to slower dynamics for the internal loop.

Fig. 3.4 displays the simulation results for the single-stage PV system of Fig. 3.2,
whose cascade control system is designed using either Approach 1 or Approach 2.
The extracted power from the PV panel p.,, jumps from 0 to 10 kW at t=0.1s. Ac-
cording to Fig. 3.4(a), it is observed that the dc link of the control system designed
based on Approach 2 experiences smaller fluctuations thanks to the faster external
controller. Then, p.,; decreases to from 10 kW to 9 kW at ¢ =0.21 s, and V.,
changes from 600 V to 500 V at the same time. Fig. 3.4(b) shows that the output
of the dc link controller in Approach 2 is excessively saturated due to the harsh
transient. Fig. 3.4(a) also illustrates the dc link tolerates more extreme deviations
than the system with slower external controller (Approach 1), which indicates that
the controller’s saturation degrades the performance of Approach 2. Moreover, as
displayed in Fig. 3.4(c), the control system designed using Approach 2 fails to limit
the injected current within the acceptable range during the transient, which may
damage the inverter or activate the protection system.

To sum up, as highlighted by this example, it is concluded that using Ap-
proach 2 can lead to the external controller’s saturation and/or design complexity
in general. Therefore, Approach 1 is commonly used to design such systems, where
the cascade control loops must have distinct timescales. However, this translates
into an overall sluggish performance at the outer loop. In the next section, the
proposed method is presented to resolve the aforementioned drawbacks of the con-

ventional design approaches.
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Fig. 3.4: Performance comparison of conventional cascade control systems
designed using Approach 1 and Approach 2: (a) dc link voltage, (b) current
reference determined by the external controller if,; and its limited value 4,ef,

and (c) injected current to the grid.

3.3 Cascade Control Design Using Proposed Intra-

Loop State Feedbacks

This section describes the proposed cascade control structure,

loop state feedback, and the corresponding proposed design approach based on the

LQT method.

o7

containing intra-
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Plant 2 Plant 1 lw (disturbance),
Yref ~E2 X2 Y1,ref — €1 .
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t Xp2,

Fig. 3.5: Proposed cascade control structure based on intra-loop state-
feedback systems.

3.3.1 Proposed Control structure

Fig. 3.5 shows the proposed cascade control structure, where two loops are
depicted in a simple block diagram. The proposed structure maintains the cascade
structure property and allows tight control and limiting of the internal variable, e.g.
y1. As depicted in Fig. 3.5, state variables of the internal loop are feedbacked to the
external loop through k,»x,s to generate the external loop control signal ¥ e that
is the reference signal for the internal loop. The proposed method takes account of
the interaction among loops, and the distinct-timescales constraint is alleviated.

Assuming the cascade control contains several loops, the design procedure of
the proposed system illustrated in Fig. 3.5 is as follows. Firstly, the most internal
loop is designed using the LQT approach. Then, the dynamics of the internal loop
are feedbacked to the design of the external level. At this level, again a full-state
feedback, including all the state variables at both levels, is optimally designed.
The plant and controller of each internal loop together form a new plant for the
next external loop as shown in Fig. 3.5. This process is continued until all loops
are designed. This way, it is not required to assume that the internal loops are
much faster than the outer loops because the full-state feedback design ensures the
stability and smooth responses.

It is worth mentioning that the proposed approach not only guarantees stability
but also the optimality of controllers using the LQR method. Moreover, the order
of the proposed control system is the same as the conventional control system. This

procedure is formulated and illustrated below.
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3.3.2 Proposed Design Procedure Based on LQT Method

In this section, the proposed design approach for the cascade control system,
depicted in Fig. 3.5, is presented in general. For this purpose, the internal loop
is first considered. As discussed in Section 3.1, it is assumed that the dynamics
of the internal loop reference signal y; o and disturbance signal w are included in
the internal controller’s dynamics to achieve zero steady-state tracking error. In
other words, the denominator of the internal controller A;(s) is selected based on
the internal model principle. According to Fig. 3.5, the state-space equation of the

internal controller is

Xe1 =A% +Beer, (3.12)

where x.; refers to the state vector of the internal loop controller and e; =y ref —1
is the error of the internal loop. Also, matrices A.; and B,; are in the controllable
canonical form.

The state-space equations of the internal loop plant (Plant 1) are
Xpl = Ap1Xp1 —f-BplU, + wa, (313)

ylszlxpl +Dp1u+wa, (314)

where x,; and y; stand for the state vector and output of the internal loop plant,
respectively. Now, (3.12)-(3.14) are augmented to form the state-space equations of

the internal loop as
X1 = A1x; + Bl + B1™ Yy o + BYw, (3.15)

y1 = Ciz1 + Dpiu + Dyw, (3.16)
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T : 1,ref
where X1 =[X.1 Xp1]", and matrices A1, BY, B BY, and C; are defined as follows

A, -B,C 0
A, = 1 1Cp1 BU— 7
0 A 1 B 1

g g (3.17)

1,ref BCl w 0

B = , By = ,C1 = [0 Cpl}‘
0 B,
Also, u is the internal control signal and defined as

u = —kclxcl - kplxpl = —k1X1, (318)

where k; =[ka k1], and k4 and k,,; are the gain vectors of the internal controller.
Similar to Section 3.1, to convert the tracking problem to a regulation problem,

the transformation D;(p) is defined as follows
Di(p) = det(pl — Act) = p™ + am1p™ ™" + ... + ap, (3.19)

where p = (4/ar) is the time-derivative operator and m refers to the order of the
internal controller. Since the dynamics of the internal reference signal y; ,es and
disturbance signal w are included in the internal controller, the transformation
nullifies both the internal reference and disturbance signals, i.e. D;(p)y1 ref =0 and

D, (p)w=0. Consequently, applying D;(p) to both sides of (3.15) yields
Zl = A1Z1 + B%Ul, (320)

where z; = D;(p)x; and v; = D;(p)u are the transformed internal loop state vector
and control signal, respectively. Now, as indicated in Section 3.1, if the matrices
A, and B, are in the controllable canonical form, the transformed state variables

of the internal controller z., = D;(p)x. =[z11 -+ - zlm]T are related to the internal
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loop error e; and its derivatives as, [118],

d@l dm_lel

dey o, A 3.21
a0 M T g (3:21)

211 = €1, 212 =

Then, applying the LQR method, k; can be optimally calculated in Matlab software

using the 1qr command to minimize the following cost function

J :/ (z{ Qiz1 + r1v7) dt:/ (quziy + - + Qi + 20 Qpizp + r1v7) dt,

’ ' (3.22)
where Q1 =diag (11, - - , ¢im, Qp1) is the weight matrix for the transformed internal
loop state variables zq, and r is the weight factor related to the transformed internal
loop control signal v;. According to (3.21) and (3.22), the internal loop tracking
error and its derivatives explicitly appear in the cost function of the internal loop,
which means the cost function is well-defined as its minimization results in the error
minimization for the internal loop.

To design the external loop controller, the whole internal loop is considered as
a new plant (Plant 2), i.e. Xy =X; = [Xea Xp1] . Similar to the internal loop, it
is assumed that the dynamics of the external loop reference signal 1. is included
in the external controller’s dynamics As(s). According to Fig. 3.5, the state-space

equation of the external loop controller is
XC2:AC2X62 +B02627 (32?))

where x., stands for the state vector of the external controller, and es = yef — ¥ is
the error of the external loop. Also, A, and B, are in the controllable canonical
form.

For the external loop plant (Plant 2), as the disturbance impact w is compen-

sated in the internal loop, the state-space equations are
XpQ - Ap2xp2 +Bp2y1,ref7 (324>
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y:Cp2xp2+Dp2yl,ref7 (325)

where x,5 and y refer to the state vector and output of the external loop plant,
respectively. Since the internal loop is considered as the external loop plant, sub-
stituting (3.18) into (3.15) results in Ay =A; — Bik; and By :B?mf. Assuming
Xy = [Xeo Xp2]T7 the state-space equations of the external loop are derived by aug-

menting (3.23)-(3.25) as
Xy = Aoy 4 By et + B e (3.26)

y = Coxo + Dpayi ret, (3.27)

. 1,ref
where matrices Ay, By, B, and C, are

A2_ A02 _Bc2Cp2 7 B;’ref_ 0 7
0 A B,
(3.28)
ref BCQ
B2 - ’ CQZ |:0 Cp2:|
0
Also, the external loop control signal y; , is defined as
Yiref = —KeaXe2 — KpoXp2 = —KoXo, (3.29)

where ky = [k ko], and ke and ke are the gain vectors of the external loop
controller.

Similar to the internal loop, to convert the tracking problem to a regulation
one, the transformation Dy(p) is defined as Do(p) = det(pl — A.2) to map x5 to
zo = Ds(p)x2 and i yer t0 V2 = Da(p)y1 rer. Note that Do(p)yrer =0 because the dy-
namics of the external loop reference signal y,¢¢ is included in the external controller.

Therefore, by applying Ds(p) to both sides of (3.26), the transformed state-space
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equation of the external loop in the new coordinate is
79 = Ayzy 4+ BL v, (3.30)

As stated earlier, this transformation correlates the transformed state variables of
the external controller z.o = Dy(p)Xe2 =201 - - - Zgn]T to the external loop error e,

and its derivatives as follows

de d" e
Z9] = €2, Za2 = d_tQ’ T, Rop = W_f’ (3.31)

where n denotes the order of the external controller.
Next, the optimum value of ky can be calculated in Matlab using the 1qr

command to minimize the following cost function

0 0
JQZ/ (z2TQ2z2 + 7“21)3) dt:/ (q21z§1 + o qonza, + szZngng + 7“21)%) dt,

’ ' (3.32)
where Qe =diag (¢o1, - - - , g2n, Qp2) is the weight matrix for the transformed external
loop state variables and r, denotes the weight factor of the transformed control
signal. According to (3.31) and (3.32), it is observed that the cost function contains
the external loop error and its derivative terms, which indicates the cost function
minimization leads to the external loop error minimization as well. It is worth
noting that, by modifying ry, the external loop control effort y ,f will be adjusted
and saturation can be avoided.

As discussed in this section, the proposed approach based on the LQT method
considers cascade loop interactions in the design procedure. Hence, the distinct-
timescale constraint among cascade loops is relaxed here. Moreover, the proposed
design approach explicitly engages the internal and external loop errors and their
derivatives in the corresponding LQR cost functions. Therefore, there is a trans-
parent correlation between weight factors and error minimization in this approach.

The proposed design algorithm, including the weight factor selection, for the cascade
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control system shown in Fig. 3.5 is summarized below.

3.3.3 Step-by-step Design Algorithm

3.3.3.1 Internal Loop Design

Step 1 : Form the denominator of the inner loop controller A;(s) based on the
internal model principle to ensure the reference tracking and disturbance re-

jection.
Step 2 : Find A, and B, in the controllable canonical form.
Step 3 : Derive state-space matrices of Plant 1, A1, By, Cpi, and Dy

Step 4 : Augment the inner loop controller and Plant 1 equations to derive (3.15)
and (3.17).

Step 5 : Select =1 and Qq =diag (¢11,- - , ¢1m, Qp1), and solve the LQR prob-
lem for (3.20) to minimize (3.22) and to find the optimum values of k.; and
k,i. For this purpose, firstly, a weight value ¢, is assigned for ¢;;, which is
applied to the internal loop error e; (3.22), and other weight factors are set to
zero Qi =diag (qi11,,0,- -+ ,0). Observe how the closed-loop poles vary due to
the assigned value for the weight factor ¢;;. Repeat the same procedure for
other weight factors ¢y; (i >2) until all the poles of the internal loop system
are mapped to appropriate places. It is worth mentioning that it is not nec-
essary to assign values for all weight factors, and some of them can be set to
zero. Finally, the value of r; can be tuned to adjust the internal loop control

effort as well.

3.3.3.2 External Loop Design

Step 6 : Similar to Step 1, form the denominator of the outer loop controller Ay (s)

using the internal model principle.

Step 7 : Similar to Step 2, derive A, and B, in the controllable canonical form.
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Step 8 : Form state-space matrices of Plant 2 as A, =A; —B7k; and B, = B}’ref

by using k; = [k k1] of Step 5.

Step 9 : Augment the outer loop controller and Plant 2 equations to derive (3.26)
and (3.28).

Step 10 : Select 7, =1 and Q2 = diag (g1, , ¢2n, Qp2), and solve the LQR
for (3.30) to minimize (3.32) and to find the optimum values of k., and k,».
Similar to Step 5, the value of 75 can be modified to avoid the control effort

saturation.

3.4 Design Cascade Control System for Single-
phase Standalone Inverter

In this section, the voltage and current control loops of a single-phase stan-
dalone inverter are structured and designed based on the proposed method. Fig. 3.6
shows the system configuration and the proposed cascade control system based on
the intra-loop state feedback. System parameters are listed in Table 3.1.

To design the cascade control system, the internal loop is first considered. As

discussed earlier, to track the sinusoidal reference of the internal loop i5 ., a resonant

ref?

controller with the following transfer function is used as the internal controller

kc12s + kein
82 + w?

Ci(s) = , (3.33)

Table 3.1: Parameters of the single-phase standalone inverter

Parameter | Value
Pom 1 kW
Ly 2 mH

Cy 2.2 uF

Lo 2 mH
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Fig. 3.6: Single-phase standalone inverter: (a) system configuration, and
(b) proposed cascade control system.

where k. = [ke11 ke12] and w refers to the angular frequency. According to (3.33),
the denominator of the internal controller is selected as Aj(s)=s? + w? (Step 1).

The State-space equation of the current controller is
X1 = Auxa + Bae, (3.34)

where e; =145, — %9 is the error of the current loop. Also, matrices A, and B, are

formed in the controllable canonical form (Step 2) as

0 1 0
Acl = 5 Bcl - . (335)
—w? 0 1

According to Fig. 3.6(b), the state-space equations of Plant 1, containing the

inverter and its filter, are

Xpl = Aplxpl + Bplu + BLULa Y1 = Cplxph (336>
where x,; = [i1 v, iQ]T and y,1 = [i2 UC]T. Also, i1, v., 12, u, and vy, refer to the
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Fig. 3.7: Closed-loop poles of the current loop.

current of the inverter-side inductor L, the capacitor voltage Cy, the current of
the load-side inductor Ls, the internal loop control signal, and the load voltage,

respectively. Moreover, A, B,1, B, and C,; are defined as follows (Step 3)

0 7 0 - 0
Apl — CLf 0 8_; y Bpl - 0 ) BL = 0 )
A . » (3.37)
Ly Ly

Cp1:|:Cp1i Cplv]Tycpli:[O 0 1];Cp1v:|:0 1 O}-

Now, (3.34) and (3.36) are augmented to form the state-space equation of the

entire internal loop (Step 4)

5(1 = A1X1 + quU/ + B%’refl.g + BEUUL, (338)

ref

where the definitions of Ay, B%, B{™ and BY are provided by (3.17).

Eventually, =1 and Q; =diag (¢11, ¢12, .-, q15) are selected as weight factors
of the LQR cost function for the internal loop (3.22). Now, by solving the LQR
problem, the poles of the current control loop can be mapped to appropriate places
and the optimum values of k. and k,; are found (Step 5). Fig. 3.7 shows the
displacement and final locations of the current control loop poles while varying the
weight factors.
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To track the sinusoidal reference of the external loop v.,_,, the following resonant

controller is used
keaos + kean
s2 + w?

Cy(s) = , (3.39)

where ke = [kea1 keoa] and w. According to (3.39), the denominator of the voltage
controller is Ay(s)=s%+w? (Step 6). Also, the State-space equation of the voltage

controller is

Xeo = AcaXeo + Beoes, (3.40)

where es =v, . — v, is the voltage error. Also, matrices A, and B,y are the same

ref
as A, and B, in (3.34), respectively (Step 7).

As mentioned earlier, to include the internal loop dynamics in the design pro-
cedure of the external controller, the entire internal loop is considered as a new

plant for the controller (Plant 2). Therefore, the state-space equation of Plant 2 is
Xy = AgXy + By™ iy + Bify, . (3.41)

where A, =A; — Bik; and B,,=B|"™" (Step 8).
After that, (3.40) and (3.41) are augmented to form the state-space equation
of the external loop (Step 9)

X2 = A2X2 + Bé7ref7;2ref + Bgefvcref' (342>

where the definitions of Ay, By™, and B! are given by (3.28).

Finally, the weight factors of the LQR cost function for the external loop (3.32)
are chosen as 1o =1 and Qs =diag (¢a21, ¢22, ---, @27). By solving the LQR problem,
the closed-loop poles of the voltage control loop can be placed properly and the
optimum values of k., and k,» are calculated accordingly (Step 10). Fig. 3.8 depicts
the displacement and final locations of the voltage control loop poles with respect to
variations in the weight factors. Table 3.2 represents parameters of the current and

voltage controllers designed based on the proposed design approach. Simulation
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Fig. 3.8: Closed-loop poles of the voltage loop.

and experimental results of the proposed cascade control system within different
scenarios are presented in Chapter 4 and Chapter 5.

It is worth mentioning that the proposed approach can be used to design a
cascade control system for three-phase systems as well. However, to maintain the

thesis’s consistency, the example is provided in Appendix C.

Table 3.2: Parameters of the proposed current and voltage controllers

Parameter Value

ke —3.08 x 107

kc12 —3.89 x 104
Current Controller | k,1q 20.58

Ep12 0.13

kpis —0.82

keon —6.6 x 10*

keoo —162

kpo1 —4.36 x 103
Voltage Controller | ko 2.75 x 103

kpa3 0.09

ko4 6.9 x 1073

kpos —0.22

A2 | —8.11 x 10* £ j1.55 x 10?
Closed-loop poles Asq | —1.09 x 103 j:jl.09 x 103

Asg | —7.05 x 103 £ j2.14 x 10*

A7 —1.23 x 104
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3.5 Summary

A method to restructure and design cascade control loops is proposed based
on the linear quadratic theory in this chapter. By considering the interactions
among cascade control loops, the proposed method alleviates the limitation on the
timescales of the loops. Therefore, using the proposed method, the external loops
can be designed much faster than the conventional approach. Consequently, the
proposed control system can exhibit swifter and smoother responses. The proposed
method is also used to design a cascade control system, including voltage and cur-
rent control loops, for a single-phase standalone inverter. Moreover, in Chapter 4
and Chapter 5, where interactions among parallel inverters and the efficiency im-
provement in a single-phase microgrid are studied, the proposed method is used to
structure and design voltage and current control loops of inverters operating in the

microgrid.
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Chapter 4

Modeling and Stability Analysis of
Single-phase Microgrids Controlled

in Stationary Frame

Modern microgrids are transitioning toward having an increasing portion of
GFM converters to support nontraditional sources such as renewable energy and
energy storage systems while aiming to improve system stability, reliability, power
rating, and flexibility. Understanding the interaction among parallel GFM con-
verters to guarantee the microgrid stability within various operating conditions is
necessary.

As discussed in Chapter 1, for single-phase systems, when the controllers are
implemented in the rotating frame to facilitate the stability analysis and design, the
required OSG units degrade the system stability. In fact, in the rotating frame, be-
cause the dynamics originated from OSG units is not modeled, the accuracy of the
entire model and the stability analysis are questionable. On the other hand, when
the controllers are implemented in the stationary frame to avoid OSG-related prob-
lems, the stability analysis becomes particularly challenging due to nonlinearities
and mixed dc and ac state variables.

In this chapter, a new approach is proposed to systematically model and per-
form the stability analysis of a single-phase GFM inverter controlled in stationary
frame. The proposed approach is based on defining a complementary imaginary
system that allows transformation to the synchronous rotating frame without in-
troducing time-varying (double-frequency) terms and without altering the stability

properties. Therefore, this study uses the preferred way of implementation of the
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Fig. 4.1: Single-phase microgrid with parallel inverters.

controller that is in the stationary frame without OSGs, while modeling it in the
preferred frame that is the rotating frame to achieve dc quantities.

The proposed model can be used for small-signal stability analysis, tuning sys-
tem parameters, and studying the system sensitivity against parameter variations.
Moreover, the proposed model is able to represent behaviors of the fast dynamic
variables of the internal loops such as currents and voltages. Also, the proposed
imaginary system does not affect the actual system dynamics because the imaginary
dynamics does not interact with the system variables directly. In fact, there is no
feedback from the imaginary system to the original system, and the imaginary sys-
tem is only augmented with the system to allow the transformation to the rotating
frame. Eventually, the proposed approach is used for modeling and stability anal-
ysis of the system containing parallel GFM inverters controlled in the stationary
frame such as shown in Fig. 4.1. It is worth mentioning that, to address variable
frequency tracking in this study, a standalone microgrid is studied where the fre-
quency is not fixed, and adaptive resonant controllers are successfully implemented

in simulations and practice.
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4.1 Proposed Modeling Approach

As discussed in Chapter 1, in the conventional approaches, both controller
implementation and modeling are done in the same frame. However, each approach
has some drawbacks that make the mathematical modeling either unusable or not
fully accurate for the stability analysis. The proposed approach to resolve the
aforementioned problems is displayed in Fig. 4.2. As shown in Fig. 4.2(a), the
control system is designed and implemented in the stationary frame. Since the
mathematical model in the stationary frame consists of dc and ac state variables, the
stationary frame model is not proper for small-signal stability analysis. Therefore,
the mathematical model should be derived in the rotating frame to contain only dc

variables. For this purpose, an imaginary system is defined such that it is the same

ref8

as the ac subsystem of the original system, and its input comes from the droop v,

as shown in Fig. 4.2(b). In this case, because the inputs of the ac subsystem of the

refa

refo and the imaginary system v**% are orthogonal, the imaginary

original system v
system generates orthogonal variables of the ac subsystem of the original system.
Therefore, the augmented system, which is the combination of the original and
imaginary systems, is ready for the conversion to the rotating frame. Fig. 4.2(c)
illustrates the transformed system that is the accurate mathematical model of the
single-phase droop-controlled standalone inverter in the rotating frame. This model
is also suitable for the small-signal stability analysis.

In general, consider state-space equations of the original ac subsystem, con-

taining a-axis components, are represented by
x* = Ax® 4+ Bu®, y® = Cx” + Du". (4.1)

Therefore, for the imaginary system, which contains [-axis components, the state-

space equations would be

x’ = Ax® + Bv’, y’ = Cx’ + Du’. (4.2)
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Fig. 4.2: Control system implementation and proposed modeling approach
for a single-phase droop-controlled inverter: (a) implementation, (b) model

containing the original, imaginary,

and augmented systems in stationary

frame, and (c) proposed model containing the transformed system in rotat-

ing frame.

After defining the imaginary system, the original system and the imaginary

system are combined to form the augmented system in the stationary frame. Thus,

the state-space equations of the augmen

Xaﬁ:Aa,BXaﬂ+Ba,3uaﬁ’

ted system are

yaﬁ — Caﬁxa,8+Daﬁua67

AQ’B: A Ol1 ><l1
_Ol1 ><l1 A |
Caﬁz C 0l3><l1
_0l3><11 C i
where x*=[x* x?]" yof=[y> y#]",

and u®=[u” v”] T

Ba'Bz B Ol1 ><l2

_Oll ><l2 B i (43>
Daﬁ: D 013><l2

_Olgxlg D |

. Also, [y, l5, and I3 denote
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the dimensions of the state vectors x, x”, input vectors u®, u”, and output vectors
vy, y? of the ac subsystem of the original and imaginary systems.

Now, similar to a three-phase system transformation to the rotating frame that
is widely discussed in the literature [48, 121, 122], the state-space equations of the

augmented system (4.3) are transformed to the rotating frame and represented by

x% = Adixda L Blayl yda — Claxde 4 Dlayde,

4.4
A wIll 7 qu:BOcﬁ’ quzca/a” qu:Doc/J” ( )
—wIll A

where x%= [Xd xq] T, ydi= [yd yq} T, and u%= [ud uq] T Also, w refers to the rotating
speed of the frame. Observing (4.3) and (4.4), based on elementary rules of linear
algebra, it is concluded that A\(A%) = \(A*’) + jw and A\(A*?)=\(A). Thus,
the proposed approach does not alter the stability property, i.e. Re ()\(Adq)) =
Re (A(A)).

In summary, in the proposed modeling approach, the imaginary system (4.2)
is defined the same as the ac subsystem of the original system (4.1) and excited by
the quadrature signal u?. Also, there is no feedback from the imaginary system to
the original system. Therefore, the proposed modeling does not alter the stability
properties of the original system. Moreover, the control system is designed and
implemented in the stationary frame (without OSGs), and the imaginary system
is only used for the system modeling and stability analysis. Thus, parameters’
mismatch, which is a challenge in FAE method [94] and leads to steady-state errors
in the orthogonal signals, does not have such a negative effect on the control system
performance. This is further explained in Section 4.4.

The following algorithm summarizes the framework of the proposed approach.

Details of how to run the algorithm are discussed subsequently.
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Proposed Step-by-step Modeling Algorithm:

Step 1 : Derive state-space equations of the original system.

Step 2 : Consider the ac subsystem of the original system as a-axis system, i.e.

(4.1).

Step 3 : Define an imaginary system, (-axis system, the same as the system of

Step 2 excited by the quadrature signal, i.e. (4.2).

Step 4 : Combine (4.1)-(4.2) to derive the state equations of the augmented system

in the stationary frame, i.e. (4.3).

Step 5 : Apply Park’s transformation to (4.3) to derive the equations in the ro-
tating frame, i.e. (4.4).

4.2 Microgrid Equations in Stationary Frame

In this section, the entire state-space equations of the microgrid, depicted in
Fig. 4.1, including the parallel inverters and microgrid load are derived in the sta-
tionary frame. Also, as all inverters are in a parallel connection with each other, the

state-space equations for one of the parallel inverters are derived in the following.

4.2.1 Droop-controlled Inverter Equations in Stationary Frame

The control system of a droop-controlled inverter contains three cascade loops
which are the current, voltage, and droop control loops as depicted in Fig. 4.3. The
two inner current and voltage control loops have only ac state variables such as volt-
ages, currents, and controllers’ state variables. The droop control loop introduces
dc variables such as the active and reactive powers. The droop control also contains
nonlinear and trigonometric functions. Therefore, the entire system mixes both ac

and dc variables and linear and nonlinear dynamics.
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Fig. 4.3: Control loops of a droop-controlled inverter in the stationary frame.
4.2.1.1 Current Control Loop

The structure of the current control loop of an inverter with an LCL filter is
shown in Fig. 4.3. The state-space equations of the plant, containing the inverter

and its filter, are
Xp = ApXp + Bpviy + Byrvr, yp = Cpx,p, (4.5)

where x, = [i; v, ig]T and y, = [iz UC}T. Also, iy, v, 9, Viny, and vr refer to the
current of the inverter-side inductor, the capacitor voltage, the current of the load-
side inductor, the inverter voltage, and the load voltage, respectively. Moreover,

A,, B,, B,;, and C, are defined as follows

0 ;—11 0 L% 0
Ap: CLf 0 E_fl 7Bp: 0 7BpL: 0 ) (4 6)
0o L 0 0 —1 '

Lo Ly

sz[cp1 Cp2]T,Cp1:[0 0 1],Cp2=[0 1 0],

where L;, Cy, and Ly denote the inverter-side inductance, capacitance, and the
load-side inductance of the LCL filter.
As one of the control objectives is to regulate the load-side current iy, the

current control loop is closed on that current. In this study, the resonant controller
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introduced in Section 3.3 is used, and its transfer function is as follows

Uc kleS + kcll
Zc _ Teen | el 4.
E. s24w? (4.7)

where u, is the resonant current controller effort, k.;; and k.o are the controller
parameters, and e, = i% —i, is the current tracking error. Thus, the State-space

equation of the current controller is

Xc = AcXc + Bcem

0 1 0 (4.8)
AC = 5 Bc = )
—w? 0 1

where x. = [z4 xcg]T is the state vector of the current controller, and w is the
operating angular frequency determined by the droop.
Considering vy, = —kax—kp1x, where ko = [kc11 keio] and ki =[kpn -+ kpas),

(4.5)-(4.8) form the state-space equations of the current control loop as

: -ref
Xee = Achcc + BchQ + BcL”L, Yee = Cccxccu

Ac _BcCpl
Acc = 5
“B,k. A, Bk, (4.9)
Bc 02 1
B.= chL: g 7Ccc:|: 01x2 CpQ :|7
0351 BPL

where x..=[x, xp]Tand Yee=v.. The gain vectors k.; and kj; are designed using the

LQT method as discussed in Section 3.4.
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4.2.1.2 Voltage Control Loop

The voltage control loop is also shown in Fig. 4.3. The voltage controller is

also a resonant controller with the following transfer function

U, keaas + kean
—_ == = 4.10
E, 24+ w? (4.10)

where u, is the resonant voltage controller effort, k., and k.o are the controller
parameters, and e, = v'*! — v, denotes the voltage error. Also, the state-space

[

equation of the voltage controller is
x, = A%, + Bye,, (4.11)

where x, = [y va]T is the state vector of the voltage controller. Also, A, and B,
are equal to A, and B, in (4.8), respectively.

Using 5 = —keox, —kpoX. Where koo = [keo1 keoo] and kpo=[kpa1 -+ kpos], the
state-space equations of the resonant controller (4.11) and the current control loop

(4.9) are augmented to derive the voltage control loop equations

Y ref
Xve = Avcxvc + Bvcvc + BUL/U[M Yoe = Cvcxvm

Av _Bchc
A-'UC - 9
_BCCk02 Acc - Bcckp2 (412>
Bv 02 1
Bvc: aBUL: ) ) Cvc:[ 02><4 Cp }7
05><1 BcL

where x,.=[x, XCC]T and y,.=y,. Moreover, k.o and k,» are optimally designed

using the LQT method as explained in Section 3.4.

4.2.1.3 Droop Control Loop

The droop control loop consists of the voltage control loop, all-pass filters, vir-

tual impedance, power calculation block, low-pass filters, and droop characteristics
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as shown in Fig. 4.3.
All-Pass Filter Block: First-order all-pass filters (APFs) are used to introduce

90° phase-shift. The state-space equations of the APFs are

Xap = Aapxap + Bap“ap; Yap = Capxap + Dapuapa

(4.13)
Aap = _WI27 Bap = WI27 Cap = 2127 Dap = _127

where x,, is the state vector of the APFs, u,,=[is UC]T, Yap=lizp vcbﬁ and I, is the
identity matrix of dimension 2.

Virtual Impedance Block: An RL virtual impedance, Gi; = Ryir + LyirS, is used
to fix the output impedance of the inverter and to improve the stability of parallel
inverters [123, 124]. Considering i and v, as the input and output of this block,
respectively, the voltage drop across the virtual impedance is vy, = Ryito + Lvir%.
For a sinusoidal signal with the angular frequency w, the derivative term can be

d(iz) __

approximated as =7 = —wig, Where iy, is the 90° phase-shifted signal of i, and is

generated by the APF. Therefore, the virtual impedance equation is rewritten as

Yvir = Dviruvir7 Dvir = Rvir _Lvirw ) (414)

. . T
where uvir:[ZQ Z2b] and Yvir = Uyir-
Power Calculation Block: It calculates the instantaneous active and reactive

powers, and its equation is given by

T
Yoq = £pa(0pq), £pg = [ Iv [ ] ] (4.15)

where u,,=l[is iz V. vcb]T and y,,=[p q]T. Also, power calculation functions f, and

fq are

fp =0.5 (Ucig + Ucbigb) s fq =0.5 (UcbiQ — Ucigb) . (416)

This block adds nonlinear dynamics to the system.
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Low-pass Filter Block: Low-pass filters (LPFs) are used for the power measure-
ment to smooth down active and reactive power characteristics. Also, LPF's give an
inertia-type behavior to the inverter [125]. For first-order LPFs with the transfer

function Gy,(s)= where 7y, is the time-constant of the LPFs, the state-space

1
Tips+1?
equations are

Xip = Alelp + Blpulp7 Yip = Clpxlpa

Ap= i1, B, = ~1,, Cp=1I 4
lp — Tip 2, lp — Tip 2, p — 12,
T T
where u;,=[p ¢|" and x,,=y;,=[P Q] .
Droop Block: Droop characteristics are expressed by
b =w, v* =V cos o,
(4.18)

_ . nl _ oyl
w=w"—=myP, V=V"—=m,Q,

where w, V', and ¢ refer to the angular frequency, amplitude, and angle of the
reference voltage v™f. Also, w™ and V™ denote the no-load angular frequency and
amplitude of the no-load voltage, and m, and m, are the droop coefficients. These

equations can be rewritten in the state-space form as

T
tq=Bgug, ya="Ffi(wq,0q)= [fd(wdﬂld) D2dud}
(4.19)

Bd:Dzd:[—mp 01 O},

where z,=¢, us = [P Q w™ V”Z]T, ya=[v" w]T, and fy = (V™" —m,Q) cos . The
droop loop introduces dc state variables such as the active and reactive powers, and

also nonlinear and trigonometric terms.

4.2.2 Microgrid Load Equations in Stationary Frame

It is assumed that the microgrid load is a combination of series resistive R,

inductive L, and capacitive C' components. Therefore, the load voltage can be

diy

calculated as vp=Riy+ L]

+ v, . The capacitive component C' introduces a new
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state variable as ., = &ir, where v, and iy are the capacitive part of the load
voltage and the current, respectively. According to i = ij:l i9,, and dfj% =
—vcgij, the load voltage is written as
R ZNZl 7:27 + L ZNZl Ve,n + v
v, = n=lon n=1To, " “cL (4.20)

A Y

where A=1+LY % Hereinafter, the indices “,n” and “n” refer to signals,
=1 Ton,

variables, and components of the n** inverter. The state-space equations of the

microgrid load are

2, = Brug,yr = Crap +Druy,

1 1
B, = —ones(1,2N), C, = {—} ,

C A (4.21)
L L
D, RXOHGS(l,N) E LQ,N:|
L A )
. . T
where uz=[is1 - doN Ve1 *** VenN| » TL=V¢, , YL=UL.

To sum up, in this section, the state-space equations of the microgrid, depicted
in Fig. 4.1, are derived in the stationary frame. Therefore, in the next section, an
imaginary-twin system is defined with respect to (4.5)-(4.21) to generate required

signals for Park’s transformation without adding any OSGs.

4.3 Microgrid Equations in Rotating Frame

4.3.1 Proposed Approach Implementation

According to the proposed modeling algorithm in Section 4.1, first, all state
equations of the original system, derived in Section 4.2, are considered to form the
a-axis system (Step 1 and Step 2). Then, the imaginary system, [-axis system,
is defined accordingly, (Step 3). In this case, the state-space equations containing

ac variables in Section 4.2, i.e. (4.5)-(4.14) and (4.21), are valid for the imaginary
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system as well. Also, as the inputs of the imaginary system ™% and the ac sub-
system of the original system v**/ are orthogonal, their variables are orthogonal
as well. Now, the original and imaginary systems are combined to form the aug-
mented system in the stationary frame as depicted in Fig. 4.4 (Step 4 ). Finally, the
equations of the augmented system are converted to the rotating frame (Step 5).
In this study, all state-space equations are transformed to the first inverter frame,
whose angle is determined by the first inverter droop angle ¢; and rotates with the

angular frequency w; = %.

4.3.2 Droop-controlled Inverter Equations in Rotating Frame

In the following, the equations of the n'* droop-controlled inverter (4.12)-(4.19)
are transformed to the rotating frame using the equation derived for the transfor-
mation (4.4) [48].

Regarding the voltage and current control loops of the n' inverter, equation
(4.12), which contains both loops dynamics, is written in the rotating frame as

-dqg __ Adg dg dq  refdq dq dq
Xoen = Avc,nxvc,n + Bvc,nvc,n + BvL,nvL )

dg  _ (dq dg
yvc,n - Cvc,nxvc,nﬂ

A wil B 0
dg _ ve,n 147 dg _ ve,n 7x1
AUCJ’L_ ) Bvc,n_ 5 (422>
_wl:[? Avc,n 07><1 Bvc,n
qu BvL,n 07><1 qu Cvc,n O2><7
vLn™ » Moe,nT )
07)(1 BvL,n O2><7 Cvc,n
where x% = [x? xd  x9 xI }T and yd =T[id ol il v }T Also, x% =
ve,n T v,n “*ee,n tun “ree,n YUC,TL_ 2n Yenm “2m Yen] v ’ ce,n

d wd <q g 1T dg _[:d ,d :d 4 .q 3
[x Xpn Xen Xp,n} and x —[z Vg U9y 115 U, 0

da 1T
c,n “*pn DN 1,n Yemn “2n } .

2n

The next step is to transform the state-space equations of the droop loop

to the rotating frame. Considering the state-space equations of APFs (4.13), the
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Fig. 4.4: Control block diagrams of the original, imaginary, and augmented
systems for N parallel inverters in stationary frame.
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transformed equations are

da _ Adg dq dg .dg
Xap’n - Aap,nxap,n + Bap7nuap7n7
dg  _ (dg dg dg ,dq
yapvn _ Capvnxapzn + Dapvnuap7n7
d Aap,n wlIQ d Bap,n 02><2
Ada — Bl — (4.23)
ap,n ’ ap,n )
_w112 Aap,n 02><2 Bap,n
C 0 0
qu _ ap,n 2x2 qu _ ap,n 2x2
ap,n » “ap,n J
02><2 Cap,n 02><2 Dap,n
dg _[:d ,d .4 q} dgq _[-d d .4 q }T
where uap,n_ [22,11 Uc,n Z2,n Uc,n ) Yap,n_ Z2b,n Ucb,n ZQb,n Ucb,n '

Considering (4.14), the transformed equation of the virtual impedance block

in the rotating frame is

D.; 0
dg __ 1dg dq dg vir,n 1x2
yvir,n - Dvirm,uvir,n? DVir,n - ) (424>
01><2 Dvir,n
dg _f:d d ;q ;a4 1T d¢ _[ .4 a 1T
where uvir’n— [127” Z2b,n 22777, Zgb,n] ’ yvir,n_ [Uvir,n Uvir,n]

As for the power calculation block, (4.15) can be rewritten based on the rotating

frame variables as

T
d
Ypgn = gpq,n(upg,n)v 8pgn = [ Ipn  Gqn ] ) (4.25)

d dqg .dq  dq ,dq T T
q —|q ) q —
where upq,n_ 22,71 ZQb,n Uc,n Ucb,n:| ) qu,n—[pn qn] and

_ d .d q ;4 d .d q ;q
gp,n_0'25 (Uc,nZQ,n+Uc,n22,n+vcb,nl2b,n+Ucb,n22b,n) )

(4.26)
d .d . d .d -
Yqn =0.25 (Ucb,nZQ,n+Ugb,nZ%,n_Uc,nZZb,n_Ug,nlgb,n) :
For the LPF block of the n' inverter, (4.17) is rewritten as
le,n = Alp,nxlp,n + Blp,nulp,na Yipn = Clp,nle,na (427>
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Fig. 4.5: Droop configuration of the n™ inverter.

where ulp,n:[pn Qn] and Xipn=Ylpn=— [P Qn] .
Fig. 4.5 depicts the droop block diagram that illustrates how the reference

refa refﬂ

signals are generated for the original system v;*'* and the imaginary system v
In this figure, as ¢, is a ramp function, it is not proper for the system linearization
and finding the operating point. Since all equations are transformed to the first
inverter rotating frame, a new state variable zg, is defined as z4, £ On — O1.
Although both ¢,, and ¢; are ramp functions, their difference z,,, is a dc variable.

According to the new variable definition and (4.18), the droop characteristics of the

n'™ inverter in the rotating frame are

Z n:¢n - ¢1=WZZ - mp,nPn — W,
refg — 17 sin Zdns (4.28)

n

refd

v, "=V, co8 24 p, VU

nl nl
Wy =W, —MpnPn, Vo=V" —myn Q.

Therefore, according to (4.19) and (4.28), the state-space equations of the droop

characteristics in the rotating frame are

T
dq dq dq
Bd n d n? yd n- |: gd(zd,na ud’n) D3d,nud’n

(4.29)
Bg,qn: |: Bd,n —1 :| ) Dggl,n: |: D2d,n 0 ] )

dqg T _dq _ [, refd , ref T
where uy’, = [Wap wi], Yn= [vn vreta wn} , and

n n . T
gd:[(an — Myn@n)COS Zd 1, (an — My n@Qp)sin zdm]

It is worth mentioning that because all equations are transformed to the first inverter
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rotating frame, the droop state of the first inverter z;; is automatically removed

from the state-space equations of the microgrid in the rotating frame.

4.3.3 Microgrid Load Equations in Rotating Frame

Using the proposed method, the state-space equations of the microgrid load in

the rotating frame are

dq dq dq dq dgq dq dq dq dq
XL Apx +Brup, yp = Crx + Difuy,
dq 0 wi| 4 | Br  Ouen
AL: 7BL: 9
—w1 O0ixon  Bg (4.30)
g |CL 0 g | Pz Ouxen
CL: aDL_ 9
0 Cgp Oixon Dy
dg_1,d ,q 17 da_71,d ,a17T
where xL—[UCL UCL] ,yL—[vL UL} , and
G_[id, il vl oy i e a0 ]T
Uy =%, LaN Uca UeN 21 LN Ve Ve N -

Finally, based on (4.22)-(4.30), Fig. 4.4, which illustrates the microgrid model,
including the original, imaginary, and augmented systems in the stationary frame,
can be redrawn as depicted in Fig. 4.6. This figure shows the mathematical model
of the single-phase microgrid in the rotating frame based on the proposed approach.
This model only contains dc variables; thus, the stability analysis of the microgrid
and the parameter sensitivity can be studied as explained in Section 4.4.

Furthermore, according to Fig. 4.4 and Fig. 4.6, it is observed that, for N par-
allel inverters, the total number of state variables of the augmented and transformed
systems equals 21N + 1. On the other hand, the number of state variables of the
original system is equal to 12N + 1. Although the proposed method for modeling a
single-phase microgrid, controlled in the stationary frame, increases the order of the
entire system, the transformation does not affect dynamics and stability properties

of the original system as discussed in Section 4.1.
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Fig. 4.6: Control block diagrams of the transformed system for N parallel
inverters in the rotating frame.

4.4 Stability Analysis and Model Verification

In this section, the microgrid stability analysis is addressed using the proposed
model, shown in Fig. 4.6. Then, the accuracy of the proposed modeling approach
is verified and compared with existing approaches. For this purpose, linearized

small-signal equations are required that are provided in Appendix B.

4.4.1 Stability Analysis of Microgrid

The linearized equations, presented in Appendix B, are used for the small-
signal stability analysis of a microgrid consisting of two inverters with numerical
parameters represented in Table 4.1 that feed an RL load (R=28 Q, L =5 mH).
In this case (N =2), the original system and the proposed model are of order 25
and 43, respectively. Also, Table 4.2 points out the parameters of the voltage and
current controllers. Using the proposed model, closed-loop poles of the linearized

system are calculated. Fig. 4.7 shows the dominant closed-loop poles for all those
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Table 4.1: Nominal system parameters of microgrid

Parameter Value Parameter Value
P! 1 kW pf! 2 kW
Lia 2 mH Lis 3 mH
Cia 2.2 uF Cyo 1 pF
Lsa 2 mH Lo 2 mH
Ly 1 2 mH Lyir 2 2 mH
Ryir 1 0.1Q Ryir2 0.1Q
Tip.1 oS Tip2 oS
wi 2760.5%4 wy! 2760.5%4
v 170 V Vi 170 V
Mp,1 % Mp,2 2?)%
Mg 1 0.01 Mg2 0.005

Table 4.2: Parameters of current and voltage controllers

Parameter Value Parameter Value
ke, —3.08 x 107 Eei12 —3.03 x 107
kci2, —3.89 x 104 ko2 —4.07 x 104
e k 11’1 20.58 k 11,2 31.63
Controller P pll,
Fp1z.1 0.13 kpi2,2 0.11
Fp13,1 —0.82 kp13.2 —8.63
ke211 —6.6 x 10% keo1.2 6.2 x 10%
keaz1 —162 ke22.2 —172
Voltage :p21,1 —24;;6 ><1123 Kp21,2 —3.38 x 1(;3
Controller p22,1 75 x 10 Kpa2 2 2.23 x 10
kp2s 1 0.09 kpo3.2 0.07
Fp2a 6.9 x 107° Fp24,2 1.9x 1073
Kp2s.1 —0.22 ko5 2 031

whose absolute values of their real parts are under 1000s7!.

All closed-loop poles

are on the left side of complex plane, which means that the system is stable. The

accuracy of the proposed and existing models and also the impact of parameter

variations on the system stability are studied below.
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Fig. 4.7: Dominant poles of the system consisting of droop-controlled in-

verters.

Table 4.3: Transfer functions of conventional OSG methods

Ga (S) _ kdwbs

_ wp—S T 824-kgqwpstw?

Ghr(s)== b
wp+s G (8) o kdwb

B - s2+kdwbs+wg

wp: Angular frequency.
kq: Damping factor (k;=0.7).

4.4.2 Model Verification

Scenario-1: In this scenario, first, the models’ accuracy is assessed at nominal
parameters represented in Table 4.1. Fig. 4.8 shows the difference of active power
injection of the first inverter P; between the models and actual system responses
ep, = P1model — P1actual, for four cases: the system controlled in the stationary frame
and its proposed model, and systems controlled in the rotating frame using Hilbert
transform, SOGI, and FAE for OSG and their models. The transfer functions of
the conventional OSG technique are also represented in Table 4.3. As illustrated in
Fig. 4.8(a)-4.8(d), at nominal system parameters, all models predict the responses
of their actual systems successfully, and error signals, shown in green for nominal
system parameters, are damped to zero quickly.

Moreover, Fig. 4.8 compares the dynamic performance of the systems controlled
in the stationary or rotating frames and their models accuracy when there is 30%

mismatch between the nominal values and actual values of the load-side inductance
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Fig. 4.8: Model prediction errors and robustness against load-side induc-
tance Lg 1, Lo variations.

of inverters, i.e. Ly;=70%LyY" and Lgo=T0%L5%". According to this figure, the
proposed model successfully represents the system controlled in the stationary frame
in the presence of the inductance value mismatches. However, the system controlled
in the rotating frame with FAE is much more sensitive to the parameter mismatches
and becomes unstable. The reason is that the FAE is a model-based approach,
which makes the FAE sensitive to system uncertainties. In fact, the mismatches

between the nominal and actual system parameters lead to steady-state errors in
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Fig. 4.9: Active power injections of the first inverter controlled either in the
stationary or rotating frame (Scenario-I).

the orthogonal signal generations, which make the system responses more oscillatory
than other OSG methods such as Hilbert transform and SOGI. That is why double-
frequency oscillations appear on the active power injection characteristics as shown
in Fig. 4.8(d). However, this situation does not happen for the proposed approach
because the imaginary system, used for deriving the accurate mathematical model,
is not even implemented in the actual controller. Thus, it does not create sensitivity
to uncertainties.

In addition, Fig. 4.9 compares active power responses of the first inverter,
controlled either in the stationary or rotating frame, at the nominal parameters
and when Lo =70%L39" and Ly »="70%L3%". Although the time responses of the
systems are almost similar at the nominal parameters as depicted in Fig. 4.9(a),
the system controlled in the rotating frame with FAE becomes unstable as shown
in Fig. 4.9(b) due to the model-based nature of the FAE method.

The impact of a parameter mismatch on the stability and performance of the
aforementioned systems, controlled in either the stationary frame or the rotating
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Fig. 4.10: Dominant pole variations due to the drop of Ls; and Lg s to 40%
of their nominal values.

frame, is studied in the following. For this purpose, it is assumed that the values
of Lyy and Lys vary from 100% to 40% of their nominal values Ly and Lyo"
due to the system uncertainties such as weak microgrid situations, saturation of
the inductor cores, and so on. Fig. 4.10 shows how the dominant poles are affected
due to the inductance value mismatches. As depicted in this figure, the dominant
poles move toward the marginal stability border. Also, the integral of absolute
error (IAE) index [126] is used to compare the accuracy of the proposed model for
the system controlled in the stationary frame with models for systems controlled in

the rotating frame. For this purpose, IAE index is calculated for e‘F),iOposed, epibert,

eISD?GI, and egf?E for different inductance value mismatches in a specific time period
as displayed in Fig. 4.11. The proposed model has the minimum [AE index among
the other existing models, which indicates that the proposed model for single-phase
systems controlled in the stationary frame is more reliable than models for systems
controlled in the rotating frame for the stability analysis and studying the system
behavior in the presence of parameter mismatches.

Scenario-1I: In this scenario, the aforementioned systems are pushed close to
the border of instability to evaluate the models’ accuracy in this operating mode
and to highlight how the undesirable dynamics of OSG methods affects the stability

of the systems controlled in the rotating frame. For this purpose, the droop slope of

the second inverter m, 2 is increased to 0.015. Fig. 4.12 depicts how the dominant
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Fig. 4.12: Dominant pole variations due to m,,» changes to have a marginal
stability operating mode.

poles change and approach to the instability border. The dominant poles are finally
located at A = —3.197 £+ j61.77. Fig. 4.13 shows the active power injection of
the first and second inverters in the marginal stability operating mode when the
actual system is controlled in the stationary frame and modeled using the proposed
method, and also for cases that the system is controlled in the rotating frame using
Hilbert transform, SOGI, or FAE for OSG and modeled in the rotating frame. The
real part of the dominant poles predicts the response time constant of 7 = ﬁ =
0.31 s which is confirmed in Fig. 4.13(a) (7 = 0.3 s). Moreover, the imaginary
part of the dominant poles indicates an oscillation at a frequency of 9.83 Hz which
matches the actual system response modeled by the proposed approach shown in
Fig. 4.13(a), where f,sc = 9.8 Hz.

Furthermore, Fig. 4.14 displays active power injections of the first inverter,
controlled either in the stationary or rotating frame, in the marginal stability op-

erating mode. According to Fig. 4.12 and Fig. 4.14, the systems controlled in the
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Fig. 4.13: Active power injection responses for actual systems, controlled in
either the stationary or rotating frame, and their models predictions.
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Fig. 4.14: Active power injec?;gfls( SZ)f the first inverter controlled in the
stationary or rotating frame (Scenario-II).
rotating frame, which use Hilbert transform or SOGI, become more oscillatory or
unstable, and their responses do not match the dominant poles that their models
predict. This is due to the undesirable OSG dynamics, which is overlooked in the
design and stability analysis of the systems controlled in the rotating frame.

Scenario-111: In this scenario, the capability of the proposed modeling approach
for predicting the internal loops dynamics, i.e. voltage and current loops, is assessed.
Fig. 4.15 displays current and voltage waveforms of the actual system controlled in
the stationary frame and the proposed model predictions. According to this figure,
the parallel inverters start operating at ¢ = 0.1 s. Also, the system load varies
from 500 W and 33 VAr to 985 W and 65 VAr at t = 0.4 s. As shown in this
figure, the proposed model can precisely represent the fast dynamic responses of
the actual system controlled in the stationary frame as well. Moreover, the figure
demonstrates that the parallel inverters are synchronized with each other.

To summarize, considering Scenario-1 and Scenario-1I, the system controlled
in the stationary frame has wider stability margins than the system controlled in
the rotating frame due to the undesired dynamics of OSG blocks, and the proposed
model provides an accurate tool to analyze the stability of such system controlled in
the stationary frame. Moreover, according to Scenario-II1, the proposed modeling

approach is able to accurately predict and model the internal loops dynamics.
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Fig. 4.15: Voltage and current waveforms of the actual system controlled in
the stationary frame and the proposed model predictions.

4.5 Interactions Among GFM and GFL Inverters

In the previous section, the interactions among droop-controlled inverters,
GFM inverters, are studied, and the accuracy of the proposed modeling approach
within different scenarios is verified. In the following, to cover a more general case,
it is assumed that the microgrid, shown in Fig. 1.4, contains two droop-controlled
inverters in addition to a current-controlled mode (CCM) inverter, GFL inverter.

In this case, the current control loop equations of the CCM inverter can be
derived in the stationary and rotating frames using the proposed approach as ex-
plained in Sections 4.2, 4.3. The equation derivation process for the CCM inverter
is the same as stated in Sections 4.2 and 4.3. Then, the equations of the CCM

inverter are combined with the equations of droop-controlled inverters to form the
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Fig. 4.16: Dominant poles of system containing droop-controlled and CCM
inverters.

Table 4.4: Parameters of CCM inverter

Inverter 3
Parameter Value
pyom 500 W
L3 2.8 mH
Cis 1.5 puF
Lo 3 2 mH
kei1.3 9 x 10*
Current ZCIQ’?’ _4'22822 107
Controller pil3 '
kpia3 0.14
Epis,s -0.9

microgrid equations in the stationary and rotating frames.

Similar to Section 4.4, the system equations in the rotating frame should be
linearized for the small-signal stability analysis of the microgrid, which consists of
two droop-controlled inverters and the CCM inverter whose parameters are listed in
Table 4.4. In this case, the order of the original system equals 30, and the proposed
model is of order 53. Fig. 4.16 shows the dominant closed-loop poles of the linearized
system. As depicted in this figure, all poles fall in the left hand plane (LHP), which
indicates that the system is stable.

Fig. 4.17(a) shows a sample of the simulation results of the system operating

at the nominal parameters and the proposed model predictions. As shown in this
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Fig. 4.17: Interactions among the CCM and droop-controlled inverters due
to Pif jumps and the proposed model predictions (Scenario-III).

figure, the reference power of the CCM inverter Pif jumps from 25 W to 150 W at
t=0.6 5. Then, Pl decreases to 100 W at t=0.9 s. It is observed that the proposed
model accurately predicts system responses and the interactions among the different
inverters. Moreover, Fig. 4.18 displays the synchronous operations of the CCM and
droop-controlled inverters and also accurate predictions of the proposed model for
the fast dynamics system responses.

Next, it is assumed that there is 50% mismatch among the nominal and actual
values of the load-side inductances, i.e. Ly = 50%L3%", Loo = 50%L3%", and
Ly3=>50%L3%". Time responses of the system are depicted in Fig. 4.17(b) for the
same variations of Pi*f. According to this figure, the proposed model successfully
represents the system controlled in the stationary frame in the presence of the
inductance value mismatches as well.

To sum up, it is shown that not only can the proposed modeling approach
be used to analyze the stability and to predict the time responses of the systems

controlled in the stationary frame, but also the proposed model is able to accurately

99



Chapter 4. Modeling and Stability Analysis of Single-phase Microgrids Controlled
in Stationary Frame

200

— A AARR [ A AR stationary
= MARAAARRAARRAARRARRRARRRARARRAARRARRN e
5 oHHHHTHH R i
2 O N T T —
S | l|lll‘l|||||||‘,, ‘|||||}|lllllll|||'||l|.||||||;|l| ...... Ves Y
S Y e
1 R !

o AR AR A AR ALY
25 —ia

2 . .
o i 2
)
E Ll \
@)

-4 L 1 | 1 | 1

4 ! ! ! ! ! ! . stationar;
g 2 | { _ZZ‘Qatc.thal‘ly
= —==i2, 2700l
é 0
= 2H
@)

-4 1 | | | | |
_ 4 T T T T T T i stationary
3 2k | 2,3actual |
)
5 5L ]
O-i /Pgeff 1 1 /Pgef‘ 1 1

0.9 1 1.1 1.2 1.3 1.4 1.5
time (s)

Fig. 4.18: Synchronous operations of CCM and droop-controlled inverters
and the proposed model predictions.

predict the interactions among different types of inverters.

4.6 Experimental Results

In the experimental setup, the dc supplies are implemented with Chroma pro-
grammable dc power supply 62012P and Sorensen programmable power supply
SGX500X10C. The inverter controllers are implemented on dSPACE MicroLab-
Box (RTI 1202). For the numerical parameters in Table 4.1, Fig. 4.19 illustrates
the normal operating of two inverters with cascade control loops (droop, voltage,
and current control loops) when the system load jumps from 260 W and 40 VAr to
440 W and 80 VAr, and then, goes back to the previous condition.

In the next scenario, the system is pushed to the instability border by changing
the droop slope of the second inverter m,,. Fig. 4.20 depicts current and voltage
waveforms, and active power injection of two inverters in the marginal stability

operating mode. The oscillation frequency f,. equals 10.09 Hz, and the system
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Fig. 4.19: Experimental results for the normal operating of two parallel
inverters: load jumps and returns from 260 W and 40 VAr to 440 W and
80 VAr.

time constant 7 equals % = 0.29 s. Comparing the experimental results, shown in
Fig. 4.20, with the simulation results, depicted in Fig. 4.12, confirms the accuracy

of the proposed model.

4.7 Summary

In this chapter, a method is proposed for modeling and stability analysis of
a single-phase microgrid including parallel inverters controlled in the stationary
frame. The modeling is based on the introduction of an imaginary system to be
augmented with the original system and form an equivalent system in the stationary
frame based on a-axis and (-axis components. Therefore, using the method, all ac
state variables can be converted to dc variables. The proposed model does not
alter the eigenvalues, nor does it introduce time-varying terms. The accuracy of
the proposed model is verified using simulation and experimental results. It is also

shown that a single-phase system controlled in the stationary frame is more stable
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Fig. 4.20: Experimental results for the marginal stability operating mode
with a droop coeflicient of m,, 5 = 0.015 (a) current and voltage waveforms,
(b) oscillation frequency f,s. measurement, and (c¢) time constant 7,s. mea-
surement.

and robust than the same system controlled in the rotating frame due to drawbacks

of inevitable OSG blocks in control loops.
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Chapter 5

Modified Droop Strategy for Wide
Load Range Efficiency Improvement

of Parallel Inverter Systems

Parallel inverters are increasingly used in many modern power applications,
and thus, improving the parallel-inverter system efficiency plays a key role in en-
ergy savings. As explained in Section 1.4, the conventional droop strategy, which
is commonly used for power sharing among inverters, leads to a low efficiency es-
pecially at light loads. The reason is that the low power demand is divided among
inverters, which forces them to process a fraction of the low power at a low efficiency
according to their efficiency curve depicted in Fig. 5.1(a).

To avoid such operating conditions, a communicationless modified droop strat-
egy is proposed in this chapter to improve the overall system efficiency of parallel
inverters. The main idea is to revise the power sharing among parallel inverters such
that the output power of each inverter is maintained within a proper range with
respect to the inverter efficiency curve. As a result, according to the loads demand,
an optimal number of inverters supply the loads, and the unnecessary inverters do
not share any power as depicted in Fig. 5.1(b).

On the other hand, in very-light load situations where P, < O.SPJ "and k=
1,2,3, none of the inverters can operate within the proper power range. In this
case, the proposed method uses a communicationless online-inverter detection (OID)
approach introduced in [127] so that each inverter detects other available inverters
in the system, and the inverter with the lowest rated power supplies the load to

achieve a higher system efficiency.
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(b) Load power using proposed method: P;, = P; = 0.5 pu.

Fig. 5.1: Power sharing and inverter efficiency comparison of three parallel
inverters in the (a) conventional droop and (b) proposed method.

As the proposed method is decentralized and modular, more inverters can be
added to the system without changing the settings of the previously installed in-
verters. Moreover, the proposed method is still operational even if some inverters
become offline due to disconnection or going out of service, which indicates that
there is no single point of failure. Ultimately, the lifetimes of inverters with higher
rated powers are extended by the proposed method since they operate at a fraction
of the time that they would otherwise do in the conventional droop method. Simu-
lation and experimental results at different load levels verify the effectiveness of the

proposed method.

5.1 System Configuration and Single Inverter Mod-
eling

The parallel inverter system configuration is illustrated in Fig. 5.2. It consists of

three parallel single-phase inverters that are connected to the loads via LCL filters.
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Fig. 5.2: Parallel inverter system configuration.
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Fig. 5.3: Control system structure of the k" inverter.

To verify the performance of the proposed method in different scenarios where
identical or nonidentical inverters are online in the system, the full-load powers of
Inverter 2 and Inverter 3 are assumed to be twice the full-load power of Inverter 1,
ie. P{'=P/' =2P/' =2 kW,

Each inverter has a decentralized cascade control system shown in Fig. 5.3.
The inner loops control the voltage and current of the inverter. The outer loops, in-
cluding the frequency restoration loop, proposed controller, and conventional droop
controller generate the reference voltage for the inner loops. As depicted in Fig. 5.3,
the proposed controller determines the no-load frequency wi! of the droop controller
to modify the contribution of the k™ inverter in the power sharing. More details
on the principles of operations of the proposed controller and how it interacts with
other controllers is provided in Section 5.2. In the following, state-space models of
the k™ inverter are derived. Hereinafter, the indices “i”, “v”, “p”, “c”, “L”, and

“k” represent the signals and variables of the current control loop, voltage control
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loop, plants, controllers, loads, and A inverter.

The system load is assumed to be a combination of series resistive Ry, inductive
Ly, and capacitive C';, components. Therefore, the load voltage is calculated as
vr=R1 L—i—LL%L + v., , where v., and ¢;, are the capacitive part of the load voltage

and the load current, respectively, given by

3
1 ) ) .
Ve, = C_L irdt, i = E 02,k (5.1)
k=1

For the current controller, the inverter and LCL filter are considered as the

plant. The state-space equation of the current control loop plant is given by

. _ inv
Xpiw = Api,kxpi,k + Bpi,kvk‘ + BpL,]C UL, (5'2)

inv

where X, , = [i1x Ve iox]t, and iy, Ve, G2k, and v refer to the current of the
inverter-side inductor L, j, voltage of the capacitor Uy, current of the load-side
inductor Ly, and inverter voltage, respectively. Moreover, A, ., B, , and Bpm

are defined as follows

-1 1
0 Ly g 0 Ly g 0
Api=lar 0 &5 Bew=| 0 |\By,=| 0 | (5.3)
1 -1
0 Tor 0 0 Tor

The state-space equation of the resonant current controller is

Xci,k = Aci,kxci,k + Bci,keiJﬂ (54)

where x,, , is the state vector of the current controller and e;, = z'};ef — lg is the

current tracking error. Moreover, A, and B, , are
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Assuming x; , =[Xc, , Xp, k]T and v}gm’: —k; 1x; 1, where k; j, is the current controller

gain vector, (5.2)-(5.5) form the state-space equation of the current control loop as

. pinv -ref
Xik = (Ai,k - B kz‘,k) X+ Bigiy,

A.. -B..C,
A= |7 T g =0 0 1),
0 A, (5.6)
,vinv 0 Bcik:
ik - ’ Bi,k - 7
Bpi,k 0

For the voltage control loop, the current loop represented by (5.6) is considered
as a new plant with state variables x,, , =[x, , X;,,]", and state matrices A, , =
Aix — ij;vki,k, B,, . = Bix. Additionally, the voltage controller is a resonant

controller, whose state-space equation is

Xc'u,k = Acv,kxcv,k + Bcv,kevzk7 (57>

where x,, , is the state vector of the voltage controller, and e, ; = vzelﬁ — v, denotes

the voltage tracking error. Furthermore, A, , and B, , are equal to A,,, and B, ,
in (5.5), respectively. Then, similar to the current loop, define x,; = [x.,, xpvyk]T
and i};ef: —k, X, 1, Where k, j is the voltage controller gain vector. Thus, (5.6) and

(5.7) are augmented to form the state-space equation of the voltage control loop as

iref

. 3 ref
X,k = (Av,k - Bv,kkv,k> Xo,k + Bfu,kvk )

A -B., . C

Av’k: Cu,k Cu,k —Pu,k 7va — |:O O O 1 O] :
0 A, ! (5.8)
e 0 B,
z;,kf - ) B'U,k - *
Bp'u,k 0

A virtual impedance L} is also used to improve the stability of the system and
ensure inductive impedance between the inverter and the loads [47, 123]. Consider-

vir

ing 791 and v as the input and output of the virtual impedance block, respectively,

107



Chapter 5. Modified Droop Strategy for Wide Load Range Efficiency Improvement
of Parallel Inverter Systems

the voltage drop across the impedance is v} = inrd%’k.
Moreover, an LPF is used to provide virtual inertia and improve the stability of

the inverter similar to virtual synchronous machines [6, 128, 129]. For a first-order

LPF with the transfer function Glp(s)zsj:;f - where w, is the cut-off frequency, the

state-space equations are

Xipk = AiprXipk + Bk, Yipk = CipaXip ke, (5.9)

Alp,lc = —wch2, Blp,lc = chI27 Clp,lc = I,

where I is the identity matrix of dimension 2, w,, ;= [px qk]T, and X,k =Yipr=
[Py Qk]T. In addition, pg, qx, Py, and @ refer to the instantaneous and filtered
active and reactive powers.

The equations of the droop controller that generates the reference voltage is

summarized as
WE = w,:” — mp,kPk, ¢k = /wkdt
(5.10)

Vi = Vit = mguQp, v = Vi cos ¢y,
where wy, Wi, my, 1, Py, and ¢, denote the reference frequency, no-load frequency,
frequency-droop coefficient, filtered active power, and reference voltage phase an-
gle, respectively. Moreover, Vi, V", m,, and Qi refer to the reference voltage
amplitude, no-load voltage amplitude, voltage-droop coefficient, and filtered reac-
ref

tive power, respectively. Additionally, v;* is the reference voltage.

Ultimately, a PI controller is utilized in the frequency restoration loop as follows

Uy = b Pe, p + O / ewrdt, (5.11)

where gk, ok, by 7, and bi™ refer to the controller output, frequency error, pro-

portional gain, and integral gain.
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5.2 Proposed Method

The main idea of the proposed method is to maintain the output power of
the inverters within a desired range, corresponding to a high efficiency, by reducing
the output power of the unnecessary inverters to zero. In addition to efficiency
improvement, the inverter lifetimes can be extended by the proposed method as

explained in this section.

5.2.1 Efficiency Improvement

The efficiency curve of the ABB 2-kW solar inverter [130] is considered as
the typical efficiency curve of the inverters in this study. To derive a mathematical

model for the efficiency curve, the quadratic power loss model [131] is used as follows

Pl = ag 4 ay P2 + ag POV (5.12)

where ag, a;, and ay are constant parameters that can be obtained via efficiency
curve fitting, as depicted in Fig. 5.4 for active powers from 0.1 pu to 1 pu, where
1 pu corresponds to the full-load power, P,f L According to the curve, if the output
power of each inverter is maintained within 0.3P,§c ' and O.SPJ ! ie. the desired
power range, the inverter efficiency will be higher than 95.5%. As a result, the

overall system efficiency will be improved.

97
96
=95
A
5 93 /
E 92

=91 /

90

Desired Power Range

01 02 03 04 05 06 07 08 09 1
Power (pu)

Fig. 5.4: Typical efficiency curve of an inverter.
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5.2.2 Implementation of the Proposed Method

Fig. 5.5 presents the details of the proposed control system of the & inverter,
where the no-load frequency wi of the droop controller is determined through a
multiplexer (Mux). If the inverter power is within the desired range, the output

of the Mux wzl’mux is equal to the output of the frequency controller u,, and the

frequency is restored at 60 Hz; otherwise, wzl’mux is set to wyom = 2760 radfs. In
other words
l Whom Sel, =1
phmux (5.13)
Uw,k S €lk =2

where Sely is the selector signal of the Mux, which is determined as follows
Sel, = Hysl,k + HySng + VLS, (514)

where Hys; , and Hysg, are the output of Hysteresis-1;, and Hysteresis-2;, respec-
tively, and V LS} is the very-light load correction signal, which will be activated at
very-light loads. The objective of Hysteresis-1; and Hysteresis-2; is to determine
whether the inverter power is below or above 0.3P,f "and O.SPJ l, respectively. Con-

sidering P{'=PJ'=2P/'=2 kW and taking the possible load levels into account, the

nom—p] 1 nl,mux
O o O
ok lok Mux ¢, > >
(Dnom PI Controller > 2 Droop pref
A k
nl,cod LS
, Sele| o v
(Y Hysteresis-1;
/ !
Frequency Hysl.,k‘ ) VLS P Ok
Restoration 0 - (“>
min max
My hy
Proposed
Power P
Ve k—p] Controller
Calculation Hysteresis-2¢ / ontrotier
+ Low-Pass Ok 1
iry—» Filler [—> Hys) i <
2k 0 2 OID + Very-Light
hzf‘/.:' ha /, Load Correction
nl.cod VLS k
Uy k—> > -
Online-Inverter If Inverter k has the lowest
Hysl,k—> o> among online inverters, —
] Detector | PRe "y /g, — 1, else VLS, = 0
k Vector

Fig. 5.5: Proposed controller of the & inverter.
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system operates in 3 different modes described in the following.

5.2.2.1 Mode 1 (Normal Operation)

At least one of the inverters operates within the desired power range and re-
stores the system frequency at 60 Hz. In this mode, the injected power by the
inverters operating out of the desired power range would be zero since their no-load
frequencies wi! are equal to the system frequency at wyom. Fig. 5.6(a) depicts the
droop curves of inverters operating in Mode 1 when a light load is connected to
the system. Since Pj, only lies within the desired power range of Inverter 1, this
inverter solely supplies the load. In Fig. 5.6(b), the load increases to an amount
more than O.8P1f !, Thus, Inverter 2 starts to supply the load. It is worth noting
that in case that two or more inverters have the same rated power, the inverter with
the smallest assigned ID “k” supplies the load before the others. Finally, as shown
in Fig. 5.6(c), when the load increases to an amount more than 0.8P/' +0.8P', all

three inverters supply the load, while operating within the desired power range.
5.2.2.2 Mode 2 (Very-Heavy Load)

In this mode, all inverters operate above the desired power range, i.e. O.8P,f '«
P, < Pk’f "and k= 1,2,3. Therefore, the no-load frequency of each inverter wi is set
t0 wnom t0 Operate similar to the conventional droop, and the loads demand is shared
among the inverters proportional to their power ratings. Fig. 5.6(d) illustrates the
droop characteristics of the inverters when a very-heavy load is connected to the
system, with a power such that i O.SPJI < P, < i P,fl.

k=1 k=1

5.2.2.3 Mode 3 (Very-Light Load)

This mode happens if all inverters operate below the desired power range, i.e.
P, < O.SP,f "and k=1,2,3. In this case, all online inverters should be detected

by the OID approach proposed in [127]; consequently, the inverter with the lowest
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Fig. 5.6: Droop characteristics of the inverters operating in Mode 1 and
Mode 2 at different load profiles.
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Fig. 5.7: Droop characteristics of the inverters operating in Mode 3 at (a)
the beginning, and (b) the final operating points.

rated power restores the frequency at 60 Hz and supplies the loads, while the other
inverters share no power.

Fig. 5.7 illustrates the droop characteristics of the inverters in the very-light
load situation, i.e. Mode 3. First, the inverters start to share the power propor-
tionally, as depicted in Fig. 5.7(a). Then, the OID is activated, and it is observed
that all three inverters are online. Since Inverter 1 has the lowest rated power, only
Inverter 1 supplies the load as shown in Fig. 5.7(b).

It is worth mentioning that if there is more than one inverter with the lowest
rated power in the system, the OID determines which inverter should supply the
load. More details of this operating mode and the OID approach are comprehen-
sively provided in [127].

5.2.3 Inverter Lifetime Extension

There is a correlation between the lifetime consumption of the inverters and how
long they contribute to power sharing [132-134]. Therefore, the capability of the
proposed method in extending the lifetimes of the inverters should be investigated.

According to the proposed method, to improve the system efficiency, the inverters
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with smaller power ratings supply the light loads, and the inverters with higher
power ratings will be added to the system to supply heavy loads. In light-load
cases, the inverters with smaller power ratings can be programmed to automatically
reschedule on a regular basis, e.g. every month, such that the inverter IDs are
substituted with each other so that different inverters turn on at lighter loads every
month, and their lifetimes are extended. Furthermore, the inverters with higher
power ratings, which are more expensive, are considered as valuable assets of the
system. Such inverters are only added to the system at heavier loads while operating
at a high efficiency with a low loss. Hence, their lifetimes are automatically extended

by operating in an optimum range instead of sharing power at all times.

5.3 Design of System Parameters

A step-by-step design procedure is described in this section to find the optimal
values of the system parameters. First, the voltage and current controllers are tuned
to achieve proper voltage and current tracking responses. Subsequently, the droop
coefficients are determined such that the frequency and voltage drops caused by the
droop strategy lie within an acceptable range. Afterwards, the virtual impedances
and the frequency controllers should be designed to improve the system stability
and restore the frequency, respectively. Finally, the hysteresis bands are designed

according to the desired power ranges of inverters.

5.3.1 Voltage and Current Controllers

Voltage and current controllers are designed using the LQT method introduced
in Chapter 3. This method converts the tracking and disturbance rejection problems
to a regulation problem that can be solved using the well-known LQR method. The
design procedure of the current and voltage controllers for Inverter 1 is provided in

detail in Section 3.4.
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5.3.2 Droop Coefficients

As the deviations of voltage amplitude and frequency at different load levels
are dependent on the droop coefficients, m,  and mg should be designed properly
to maintain the deviations within an acceptable range. Considering the system
operating modes, the maximum frequency is fuom = 60 Hz. Moreover, when the
system is operating in Mode 2, the frequency drops to its minimum value at full load,
where the no-load frequency and power injection of Inverter k are wi! = 2760 rad/s
and P, = P,f l, respectively. Assuming the minimum allowable frequency, w,fl, to
be 1% below 2760 rad/s; the frequency-droop coefficient is obtained from (5.10) as

follows
w,?l — w,{ !

P/

Similarly, the voltage-droop coefficient can be derived by assuming a maximum of

Mpk =

(5.15)

3% voltage deviation around the nominal value, where V¥ =170 V and Q= £l.
Therefore, according to (5.10), the voltage-droop coefficient is given by

anl _ ka l

. (5.16)
k

Mgk =

5.3.3 Virtual Impedances

The design objective of tuning the virtual impedances is to minimize the ac-
tive power oscillations caused by load variations. Since the inverters with higher
rated powers have higher voltage drops at their output, the virtual impedances are

assumed to be related to the rated powers as follows
Ly P’ = LyP{' = Ly P (5.17)

The design procedure includes two steps. In the first step, the effect of the vir-
tual impedance variations on the system dominant poles is observed, and a proper
parameter range, in which the system is stable, is selected. In the next step, the

system is simulated with different values of the virtual impedance to monitor its
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Fig. 5.8: Step 1 of designing LY": selecting the proper range according to
the root locus of the system dominant poles by variations in LY.

impact on the active power oscillations in the worst-case scenario, which is a si-
multaneous change in the loads and no-load frequencies applied at the beginning of
the simulation. The power error is defined as epy, = Pss ), — Py, where Py, is the
steady-state value of the active power, and Py is the value of active power at any
point of time. Then, the IAE performance index for the k™ inverter, IAE},, and the

entire system, IAF.., are obtained as follows

o0 3
IAE, = / lepi(t)|dt, IAE gm = > IAE;. (5.18)
0 k=1
The virtual impedance at which IAF;, is minimized is selected as the optimum
value.

Also, if LY" is tuned, Ly" and LY are obtained accordingly (5.17). Fig. 5.8
illustrates the displacement of the dominant poles of the system with respect to
variations in LY from 0 to 3.75 x 10~% pu. Hence, the proper range for LY" is
selected from 0.5 x 107 pu to 3 x 107* pu. As the next step, Fig. 5.9(a) depicts
the active power responses of Inverter 1 with respect to changes in L}, and the
corresponding power errors are presented in Fig. 5.9(b). The optimum value of L
that minimizes IAEi is found to be 1.75 x 10~* pu, corresponding to the purple
lines in Fig. 5.9.
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Fig. 5.9: Step 2 of designing L}": obtaining the optimum value of L by
minimizing the IAE index; (a) active power characteristics of Inverter 1 in
response to a simultaneous step change in the loads and no-load frequencies
of the inverters, and (b) power errors of Inverter 1.

5.3.4 Frequency Controllers

To design the frequency controllers, it is assumed that the system is operating in
Mode 1, and the controllers should be designed such that the power oscillations are
minimized. Since the inverters with the lower rated powers are supposed to supply
the lighter loads, their frequency restoration process needs to be faster. Thus, the

controller parameters are assumed to be related to the rated powers as follows
! ! !
b{’mpPlf = bSmpPQf = bgmpP{ , (5.19)

b = P = oy (5:20)

The design procedure of the frequency controllers is the same as the virtual
impedances with the exception that in the second step, the step change is only
applied in the load since the no-load frequencies are controlled by the frequency
controllers.

Fig. 5.10 shows the displacement of the dominant poles of the system with
respect to variations in b"°P from 0 to 5. The proper range for b} is selected from

0 to 1.25 since this range corresponds to a faster and more stable system according
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to the pole locations. As the second step, Fig. 5.11(a) depicts the active power
responses of Inverter 1 with respect to changes in b7"", and the corresponding
power errors are presented in Fig. 5.11(b). It is worth remarking that since the
frequency controllers are changing the droop no-load frequencies, the steady-state
powers of the inverters will be different for different values of b}"". The optimum

value of b"" that minimizes IAFq, is found to be 0.8, whose response is shown

by the purple lines in Fig. 5.11.
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Fig. 5.12: Step 1 of designing bi": selecting the proper range according to
the root locus of the system dominant poles by variations in b,
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Fig. 5.13: Step 2 of designing b'™: obtaining the optimum value of bi"* by
minimizing the IAE index; (a) active power characteristics of Inverter 1 in
response to a step change in the load, and (b) power errors of Inverter 1.

The optimum value of '™ can be found by the same procedure. Fig. 5.12 shows
the displacement of the dominant poles of the system with respect to variations in
b from 0 to 400. The proper range for b is selected from 100 to 300. As the
second step of design, Fig. 5.13(a) depicts the active power responses of Inverter 1
with respect to changes in b, and the corresponding power errors are presented in

Fig. 5.13(b). The optimum value of b" that minimizes [AF, is found to be 300,

which corresponds to the red lines in Fig. 5.13.
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5.3.5 Hysteresis Bands

The hysteresis blocks check whether or not the active powers of inverters lie
within the desired power range. Considering (5.14), the hysteresis bands should
be selected such that redundant activations and deactivations of the inverters due
to changes in the hysteresis outputs are avoided. Thus, supposing a margin of
+10% around O.BPJ " and 0.8PJ l, the upper and lower bands of Hysteresis-1, and

Hysteresis-2; are given by

mn = 0.9(0.3P]"), hPe* =1.1(0.3P]"), (5.21)

o = 0.9(0.8P]"), hyw* =1.1(0.8P/"). (5.22)

5.4 Simulation Results

The parallel inverter system with the parameter values presented in Table 5.1 is
simulated to evaluate the performance of the proposed controllers in improving the
overall system efficiency. Since Inverter 3 is identical to Inverter 2, its parameters
are the same as that of Inverter 2.

As illustrated in Fig. 5.14, first, a very-light load of 0.2 kW is connected to the
system at t =0.2 s. Therefore, the OID is enabled during 0.6 s<t <1 s, and it is
detected that all three inverters are online. In this case, Inverter 1, which has the
lowest rated power, starts to solely supply the load. At t =3 s, the load changes
to 1.2 kW, and Inverter 1 increases its power to supply the load; however, since
the load is above 0.8P1f ! Inverter 2 should turn on to contribute to the load power
sharing. Next, the load jumps to 3 kW at ¢t =5 s, where Inverter 3 is also turned
on to supply the load. Afterwards, the load increases to 5 kW at ¢t =6 s, where all
three inverters operate at almost full-load power. Then, at t=7 s, the load drops
to 1.5 kW, where Inverter 2 and Inverter 3 supply the load, and Inverter 1 does
not share any power. At t="7.5 s, Inverter 1 is disconnected from the system, and

only the identical inverters are online until the end of the simulation. Eventually,
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Table 5.1: System parameters

Inverter 1 Inverter 2
Parameter | Value | Parameter | Value
p! 1 kW pf' 2 kW
Lia 2 mH Lo 3 mH
Cia 2.2 uF Cha 1 uF
Lo 2 mH Lo s 2 mH
Lyr 5.04 mH Lyr 2.52 mH
M1 0.0038 My 2 0.0019
Mg 1 0.005 Mg2 0.0025
v 170V Vi 170 V
byroP 0.8 bhrP 0.4
bint 300 bint 150
hfiln 270 W h‘f}iz“ 540 W
hy'T* 330 W hy'5* 660 W
hg}iln 720 W h;‘éﬂ 1440 W
hy'T™ 880 W hy'5* 1760 W

at t =8 s, the load changes to 0.5 kW, which is a very-light load for the identical
inverters. Thus, the OID is activated during 8.5 s<t <8.9 s, and it is recognized that
only the second and third inverters are available. Hence, only Inverter 2 supplies
the load due to having a smaller assigned inverter ID.

Fig. 5.14(a) compares the overall efficiency of the system operating under the
proposed and conventional load-sharing methods. It is observed that during the
steady-state conditions, the efficiency of the proposed method is higher than or
equal to that of the conventional method. In light-load situations, i.e. at 1 s<t<3s
and 9 s<t <11 s, the efficiency improvement can be as much as 14%. Nevertheless,
there are two types of transient efficiency drops in the proposed method. The first
type is during the OID detection period, which is resolved quickly when the online
inverters are detected. The second one, which occurs for a very short period of time,
is during the activation/deactivation of the inverters. Furthermore, the inverter

active power injections and system operating modes are depicted in Fig. 5.14(b).
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Fig. 5.14: Efficiency comparison between the proposed and conventional
methods at different load levels: (a) system efficiencies, (b) inverter active
power injections, (¢) Mux selector signals, and (d) inverter no-load frequen-
cies.

Additionally, the Mux selector signals and inverter no-load frequencies are shown
in Fig. 5.14(c) and Fig. 5.14(d), respectively.

Fig. 5.15 compares the overall system efficiency curves of the proposed and
conventional methods within the entire range of loads that the system can support
with three online inverters, i.e. 0 W < Pp, < 5 kW. The proposed method signifi-
cantly increases the overall system efficiency at light loads. As shown in Fig. 5.15,
Inverter 1 supplies the load until the inverter power reaches O.8P1f !. Then, Inverter 2
is activated to help Inverter 1 supply the load until its power reaches 0.8P2f l, and

SO O11.
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5.5 Experimental Results

The experimental results are obtained in two scenarios where two and three

inverters are online in the system.

5.5.1 Two Online Inverters

In the first scenario whose experimental setup is depicted in Fig. 5.16, two
single-phase parallel inverters with power ratings of Plf '=200 W and ng ‘=400 W
are connected to the loads via LCL filters. The dc supplies are implemented with
Chroma programmable dc power supply 62012P and Sorensen programmable power
supply SGX500X10C. Furthermore, the inverter controllers are implemented on
dSPACE MicroLabBox (RTI 1202). The following experiments are conducted to

evaluate the effectiveness of the proposed controllers.

5.5.1.1 Transition between Mode 1 and Mode 3

Fig. 5.17 shows the experimental results when the inverters are operating in
Mode 1 and Mode 3. In the beginning, the load is 40 W which is considered as
a very-light load. Thus, Inverter 1 solely supplies the load, and the system is
in Mode 3. Next, the load increases to 240 W. Since 240 W is higher than O.8P1f L

Inverter 1 cannot supply the load individually, and a portion of the demanded power
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Fig. 5.15: Overall system efficiency comparison between the proposed and
conventional methods.
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Fig. 5.16: Experimental setup.

is supplied by Inverter 2, which indicates that the system is operating in Mode 1.
Eventually, the load drops to 40 W. As the mode changes from Mode 1 to Mode 3,
the OID is enabled and detects that both inverters are online. Hence, Inverter 1
starts to solely supply the load due to having the lowest rated power. In addition to
the active power injections, the load-side inductor currents, capacitor voltages, and
no-load frequencies are shown in Fig. 5.17. It should be noted that the active power
transients during the turn on process of Inverter 2, i.e. 400 ms < t < 600 ms, are
not seen by the load as they are internal transients between the inverters without
affecting the sum of all powers provided to the load. Therefore, the load power
remains constant during the process of inverters turning on and off since the load
is supplied by the sum of P, and P, by the droop control strategy and the load
power reaches its steady-state value much faster than the transient time of turning

on Inverter 2.

5.5.1.2 Operation in Mode 1

Fig. 5.18 illustrates the experimental results when the inverters are operating
in Mode 1. Initially, the load is 100 W that lies within the desired power range of
Inverter 1. As shown in Fig. 5.18, only Inverter 1 contributes to supplying the load,
and the system operates in Mode 1. Next, the load changes to 240 W. In this case,
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Fig. 5.17: Experimental results with two online inverters: performance of
the proposed method in improving the efficiency by deactivating the unnec-
essary inverter in Mode 3.

Inverter 2 cooperates with Inverter 1 in feeding the load. Finally, the load returns
to 100 W. Consequently, the proposed controller of Inverter 2 reduces its power
injection, and Inverter 1 keeps supplying the load merely. It is worth mentioning
that since the inverters proportionally share the power similar to the conventional

droop strategy in Mode 2, this mode is not included in the experimental results.

5.5.1.3 Discussions

In the experimental results depicted in Fig. 5.17 and Fig. 5.18, it is observed
that the power distribution among the inverters is different for the 240 W load. The
reason is that the power distribution among the inverters depends on the previous
load, system mode, and the changing rate of no-load frequencies. In Fig. 5.17,

a very-light load of 40 W is connected at the beginning, and Inverter 1 is solely
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Fig. 5.18: Experimental results with two online inverters: performance of
the proposed method in improving the efficiency by deactivating the unnec-
essary inverter in Mode 1.

supplying the load in Mode 3. Then, the load changes to 240 W and the system
mode changes to Mode 1, where Inverter 1 and Inverter 2 inject 80 W and 160 W,
respectively. In Fig. 5.18, although Inverter 1 is feeding the load at the beginning
of the experiment, its operating mode is Mode 1. When the load changes to 240 W,
while the system remains in Mode 1, Inverter 1 injects 70 W and Inverter 2 supplies
170 W.

Considering the efficiency curve depicted in Fig. 5.4, the experimental system
efficiency under the proposed and conventional methods can be compared using Ta-
ble 5.2. It is observed that the system efficiency is improved at light loads in com-
parison with the conventional power sharing. Furthermore, according to Fig. 5.17,
Fig. 5.18, and Table 5.2, it is concluded that both Inverter 1 and Inverter 2 operate

within their desired power ranges at a 240 W load.
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Table 5.2: Experimental efficiency comparison between the conventional
and proposed methods for two inverters

] Pi=40 W P=80W P=100 W Pi=70W
Efficiency
P,=0W P,=160 W P=0W Py,=140 W

M 94.3% 95.8% 96% 95.7%

M2 - 95.8% - 95.85%
Tsys,prop 94.3% 95.8% 96% 95.8%
Tsys,conv 86.5% 95.8% 93.6% 95.8%
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Fig. 5.19: Experimental results with three online inverters: performance
of the proposed controller in improving the efficiency by deactivating the
unnecessary inverters.

5.5.2 Three Online Inverters

For the second scenario, three single-phase parallel inverters with power ratings
of P/'=200 W and P{'= P{'=400 W are connected to the loads via LCL filters.
Fig. 5.19 shows the experimental results of the system with three online inverters
operating in Mode 1 and Mode 3. First, the load is 40 W which is considered as a

very-light load. Hence, Inverter 1 solely supplies the load, and the system operates
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Table 5.3: Experimental efficiency comparison between the conventional

and proposed methods for three inverters

P=40 W P=90 W P =70 W P=40 W
Efficiency | P,=0W P,=150 W P,=150 W P,=0W
P;=0W Py=0W P;=140 W P,=0W
M 94.3% 95.9% 95.7% 94.3%
M2 - 95.75% 95.75% -
73 - - 95.7% -
Tsys,prop 94.3% 95.8% 95.72% 94.3%
Nsys,conv 80% 94.9% 95.7% 80%

in Mode 3. Next, the load increases to 240 W. Since Inverter 1 cannot supply the
load individually, Inverter 2 starts to supply the load, and the system mode changes
to Mode 1. Subsequently, the load jumps to 360 W which should be fed by all three
inverters. Finally, the load drops to 40 W. As the mode changes from Mode 1
to Mode 3, the OID is activated and detects that all inverters are online. Thus,
Inverter 1 starts to supply the load solely due to having the lowest rated power.
In addition to the active power injections, the load-side inductor currents and the
LCL filter capacitor voltages are shown in Fig. 5.19.

Considering the efficiency curve depicted in Fig. 5.4, the experimental system
efficiency under the proposed and conventional methods can be compared using

Table 5.3. It is observed that the efficiency improvement is more significant in the

second scenario in comparison with the first scenario.

5.6 Summary

A communicationless modified droop strategy is proposed in this chapter to
improve the overall system efficiency of parallel inverters. It is observed that the
overall system efficiency can be increased by up to 14% at light loads in comparison
with the conventional droop strategy. The proposed method maintains the modu-

larity and flexibility in case more inverters will be added to the system. Ultimately,
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the proposed method would improve the reliability and system efficiency without
any single point of failure. Ultimately, the lifetimes of inverters with higher rated

powers are extended by the proposed method.
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Chapter 6

Summary and Future Work

6.1

Summary of Contributions

In this thesis, control design, stability analysis, efficiency optimization, and

experimental verification for single-phase inverters in microgrid application is pre-

sented. The objective of the thesis is to propose systematic, optimal, and robust

control methods for inverters operating in a microgrid and to address the stabil-

ity analysis and efficiency optimization of the overall system while the proposed

controllers are deployed. The main contributions and conclusions of this thesis are

summarized below.

(i)

A robust control system is proposed for a single-phase inverter in a weak grid
operation. The proposed control system compensates weak grid uncertainties
and practical uncertainties such as computational, and PWM delays. Further-
more, the proposed control system achieves power decoupling between ac and

dc sides without any auxiliary circuit.

An optimal and systematic design approach for a cascade control system is
proposed based on the LQT method. This method does consider the interac-
tion among cascaded loops, which leads to relaxing the timescale restriction
that the inner loops must be much faster than the outer loops in conventional
approaches. Therefore, the speed of the internal loop and the external loop
can be similar. Using the proposed method, a cascade control system based
on intra-loop state feedback is structured and systematically designed for a

single-phase standalone inverter.
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(iii)

(iv)

6.2

An accurate approach is proposed to derive the mathematical model of a single-
phase microgrid containing parallel droop-controlled inverters in details. The
proposed model can be used for small-signal stability analysis, tuning the
system parameters, and studying the system sensitivity against parameter
variations. Moreover, the proposed model is able to represent behaviors of the

fast dynamic variables of the internal loops such as currents and voltages.

A communicationless modified droop strategy is proposed to improve the over-
all efficiency of a standalone microgrid with parallel inverters. In this strategy,
in stead of proportionally sharing the power among all inverters, only a num-
ber of inverters contribute to supplying the load such that the output power of
each inverter is maintained within a proper range with respect to the inverter
efficiency curve. The proposed power-sharing strategy can enhance the overall
system efficiency by up to 14% at light loads compared with the conventional
droop strategy.

Future Work

There are a number of directions that this research could proceed in; four of

the most promising are outlined below:

(i)

(i)

(i)

Using the proposed systematic design method to design a cascade control
system for a grid-connected inverter in weak grid operation, which includes

design of current control, dc link control, and PLL loops.

Using the proposed systematic design method to design a fast control system
that limits the short circuit current of GFM inverters in the grid-connected

operation mode.

Using the proposed modeling approach to precisely study the stability of single-
phase grid-connected inverters with nonlinear stationary-frame controllers, in-

cluding the dc link and current controllers.
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(iv) Using the proposed unequal power-sharing strategy to improve the overall

efficiency in dc microgrids.
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Appendix A

Derivation of Grid Current Trans-
fer Function with Respect to Un-

certainties

Detailed derivation of the equation (2.5) is as follows:

1 A 1
= — = =
L28+R2 Lg(l+£L25L2)8+R2<1+@@R2(532)
1

Gig (8)

o ] ) 51,
(Las + Ro) + | Lobas Rac, | i
Ro

0L,
OR,

KA { L6, Ry&r, } A2 { Or3 } , (A.2)

1

[_42(5228 RQéaRQ :|
I/QS + RQ I_/QS + RQ

(Las + Ry) (1 + [

Now, auxiliary matrices K and A are defined as follows:

EQS -+ Rg EQS + RQ

Substituting (A.2) into (A.1) results in:

1 -1
G =——— (1+KA
7 LQS -+ R2 ( * )

1 -1
= — — (1 - KA(1+ KA
L25+R2( ( + ) )

(A.3)
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Appendix A. Derivation of Grid Current Transfer Function with Respect to
Uncertainties

Based on the upper LFT (2.4) and defining matrices G171, G12, Ga1, and Gay in (2.3)

as shown in (A.4), G, (s) and G;,(s) in equation (2.5) can be derived as represented

in (A.5):

1
GiQ(S) = yU L2$ ii_ R2 ,A
O Ls+ R A
o . o —L2£L28 —Rgng ( ’ )
Gll — G21 =-K = = = = = s
LQS -+ RQ LQS + R2
1
Go =Gy =————
12 22 LQS_’_RQ’
= G’(11 CTY12
iy () =
G21 G22
1 _EQéaLQS —RggRQ 1

S LastRe | L& s —Rebn, 1|
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Appendix B

Derivation of Linearized Small-signal
Equations of Single-phase Standalone

Microgrid

In this section, the linearized small-signal equations of the microgrid are derived
with respect to the equations provided in Section 4.3 to study the microgrid stability
using the Jacobian matrix. Suppose z=[z; --- 2.]7, and h=[hy --- Iy, ]" is a
function on z, where h : R%* — IR'*. Thus, the Jacobian matrix of the function h

18

Ohi(z) . Ohi(z)
0z1 0z,
@)= (B.1)
oMy, (2) Ohy, (2)
321 U 8le
Now, consider x=[x; -+ xy,]T, u=[u; -+ uy|", and y=[y; -+ y,]” as the state,

input, and output vectors of a system, where x = f(x,u) and y = g(x,u). In this
case, using the Jacobian matrix (B.1), the linearized small-signal equations of the

system are
X = APxX 4 BOP)y, y = ClP)x 4 DOP)y,

AP = Je(x)[x=X08) BOP) = Jp () =X, (B.2)
o x=X (op) op) __ x=X (op)
CP) = J, (x) X=X o) DP) = J4(u) e T

b

The superscript “(op)” refers to the operating point, and the accent “~” denotes
small-signal perturbations around the operating point. Eventually, the operat-
ing point can be obtained by numerically solving f (X(Op), U(Op)) =0 and Y =

g (X(Op)’ U(Op))_
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Appendix B. Derivation of Linearized Small-signal Equations of Single-phase
Standalone Microgrid

According to the microgrid model in the rotating frame depicted in Fig. 4.6,
(4.25)-(4.29), except (4.27), are explicitly nonlinear. Moreover, as w,, is an output
of the droop block, (4.22)-(4.24), and (4.30) are nonlinear as well due to the multi-
plication of w, to other system states or inputs. Therefore, (4.22)-(4.30) should be
linearized around an operating point for the small-signal stability analysis by using
(B.2).

The equations of the voltage and current loops (4.22) are linearized as

~dq d ~ ~
_ q(op) dq dq Nrequ dq
chn Avcn ve,n Bvcn c,n +Ban L +-
wi(op) > wn(op) ~ — Q% xda
Bvcln Wi +B ggn wn’ YUC'IZ Cvcn ve,n?
da(op) _ (o) _ DAY da(op)
q(op q w1 (op ve,n q(op
Avcn Avc 7 |y, = w Bvcl, awl o, 7w(op>ch,n ) (B3>
0, n=1
Bwn(op)
vean OA%d dq(op)
8:}2" ‘w :w,(fp) ch,n ’ TL# 1

Regarding the APF block, its state-space equations (4.23) are linearized as

X _Adq(op Zdq +qu op) 344 —i—B“l op) oy +Bwn(0p @ns

ap,n ap n ap,n ap n api,n apa,n
Tda dq dg 73dq
yapn - Capn ap,n Dap nuap n’
dq(op) dg dg(op) _ Rdq
Aap n Aap n ‘ 7(LOP) ) Bap n Bap n |wn_w(0p) s
dg (B.4)
BM(OP) Zapn daq(op)
api,n 8&]1 o, 7w(op) ap,n
oB%
ap,l —
Bw»(op) w1 ’m:w OP)U‘W 1 n=l
apz,n d '
alAaq,n dq Op ap,n dq Op)
OMSha| o KU U, it
The equation of the virtual impedance block (4.24) is linearized as
Sda dg(op) ydg wn(op) ~ dg(op) __1ydq
Yvir n_Dvlr n Uy, n +Dv1r n Wn Dvir,n Dvlr n ‘w 7w<°p)
Dwn (op) Y virn dg(op)
vir,n awn o, —w(0p> vir,n
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Appendix B. Derivation of Linearized Small-signal Equations of Single-phase
Standalone Microgrid

For the power calculation block (4.25), the linearized equations are as

Ypan = D;Z?T)luzgm’ D = Jgpq n ( Uy, n) _ydaton)’
pan=Upa's
O9pn O9pm . O9pn  Ogp.n (B.6)
(op) azg,n aigm 8”gb,n 8vgb,n
P 99¢n  99g.m . 99qm  99qm
0§, iz 0%, ey ue  _yydalop)

prq,n rq,n

As the equations of the LPF block (4.27) are linear, the small-signal and large-

signal equations are the same. Thus, the small-signal equations of the LPF are

ilzu,n = Alp,nilp,n +Blp,nﬁlp,m ylp,n = Clp,nilp,n' (B'7)
As for the droop block, equations (4.29) are linearized as

~ vl _ dalor) > dg(op) ydq
Rdn = Bdnudn’ yd,n_Cdn n_l_D dn7

_ (op)

dg(op) _ Zdn=2Zg p,

C =J z ;
d,n gd, n( d n) ugq :UZ%OP) ) (B8)
T
(op)
dg(op) dq Zd, an dq
Dd,n - Jgd,n( d, n) | —U ZQ(OP) D3d,n

Considering the droop block equations (4.28) and (4.29), as w™ and V™ are con-
stant values, their small-signal perturbations are equal to zero, i.e. @;;l:f/gl:o.
In this case, the small-signal input vector of the droop block ﬁj?n is reduced to
qu —[P Qn wl}T. Therefore, the linearized small-signal droop equations (B.8)

are simplified as

_ dg =d ~dg de(op) dg(op)=d
Zdn B% g T;J’ydn Cd,n n+D‘1(P) q

Td,n
ngn — [—mp,n 0 —1i|7
T
dq(op) _ [ (0P)g (op) (op) (op) }
0  —my,cos ZSE) 0
Mo =10 —my,sinZY 0],

—Mpn 0 0
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Appendix B. Derivation of Linearized Small-signal Equations of Single-phase
Standalone Microgrid

where V%) = vl — m, Q). Also, B and D% in (B.9) refer to the reduced
forms of By, and DY’ in (B.8).

Finally, the microgrid load equations (4.30) are linearized as

~d op)~ ~ wi(op)~
XLq _ Aqu( p)Xqu 4 Bcquu%q 4 BLl( P)w17
~d dg~d dg~d
y; = C'x;' + Diaf’, (B.10)
dq
dq(op) __ A dg wi(op) __ 8AL dq(op)
A - B G|
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Appendix C

Systematic Design of Enhanced Dy-
namic Cascade Control for Three-

phase PV Systems

C.1 Introduction

In this appendix, a cascade control containing an intra-loop state feedback,
introduced in Chapter 3, is designed based on the approach proposed in Section 3.3
for a grid-connected PV system as a practical example. It is shown that the pro-
posed methodology can reduce the size of dc link capacitor up to 7 times without
compromising its performance compared with the conventional design approach.
Alternatively, the proposed method can improve the performance using the same
capacitor size for applications that a large dc capacitance is required. These ad-
vantages are achieved because the proposed design approach relaxes the distinct-
timescale requirements among cascade loops as discussed in Chapter 3. Also, the
low voltage ride through (LVRT) capability of the proposed control system is veri-
fied by the simulation and experimental results to demonstrate the proposed control
system can tolerate large-signal disturbances. Eventually, the proposed method is

also expanded to inverters with high-order LCL filters and weak grid operations.

C.2 Study System

A single-stage grid-connected PV system is considered as the study system,

and a cascade control system is designed using both the proposed and conventional
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Three-phase PV Systems

3ph Inverter I

+
PV Vde =Clc -|<

Pext Dy
PCq4cV Dloss pL
Fig. C.1: Study system configuration and the flow of power.

Table C.1: System parameters

Parameter Value
Ve 692 V

PV 1. 18 A
Vup | 600V

Piom | 10 kW
Inverter Jow | 10 kHz
L 5 mH

Grid Ja 00 Hz
Voo | 208V

methods in Section C.3 and Section C.4. Fig. C.1 depicts the study system configu-
ration where the grid is a three-phase 208 V/60 Hz system and the PV includes 500
modules of 20 W (10 series-connected modules per string and 50 parallel strings).
This indicates a nominal power of 10 kW at the maximum power voltage of 600 V.
The open-circuit voltage of PV is 692 V, and its short-circuit current is 18 A. The
inductance L =5 mH is used to filter the switching ripples of the inverter current.
Further details of the study system are presented in Table C.1. For the study sys-
tem shown in Fig. C.1, the control design is challenging because only one converter
has to address the PV-side aspects (including input power variations, dc load con-
nection/disconnection, and voltage reference variations to address maximum power
point tracking (MPPT)) as well as the grid-side objectives (consisting of current
limiting, grid voltage disturbances, and fault ride-through).
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C.3 Cascade Control Design for Study System

In this section, a cascade control system, which contains the dc link and current
control loops, is designed for the system shown in Fig. C.1. The control system
is developed by the proposed and the conventional methods in the synchronous
rotating frame (D@ frame) where system variables are dec, and active and reactive
powers can be controlled independently by d-axis current ¢y and g-axis current i,

respectively. The performance of both methods is assessed in Section C.4.

C.3.1 Proposed Cascade Control Design

According to Section 3.3, we start from the internal loop, current loop, and
design its controller. For this purpose, dynamic equations of the internal loop are

firstly derived. The dynamic equation of the current controller is
icldq = Aqxcmq + Bc16idqa (Cl)

where A., =0 and B,, =1. Also, z, 4o ad €iqg = lgg, . —iaq are the current controller
state variables and the error signals of the internal loop, respectively. The dynamic

equations of Plant 1 are

1

id = Wiq + z (Uinvd - Ugd)7
| : (C.2)
iq = —wzd+ E (Uinvq —/qu) s

where i4q, Vinvdg, and vyqq are the injected currents, inverter voltages, and grid volt-
ages, respectively. Also w is the rotational speed of the rotating frame. Assuming
that the coupling terms in (C.2) are compensated to control the current of each
axis separately, Fig. C.2 illustrates the proposed current control loop in the rotat-
ing frame.

According to the design algorithm described in Section 3.3, Steps 1-5 are fol-

lowed to design the internal controller. As the command I, , and the disturbance
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I .
dret €id Current
Controller
iq
I .
dref Ciq Current
Controller
lq

Fig. C.2: Proposed current control loop.

Ugaq are dc variables, then Aq(s) =s (Step 1). The state-space equation of the
current controller (Step 2) is represented by (C.1). The state-space equations of
Plant 1, including the inverter, L filter, and grid, (Step 3), are

Lpraqg = Aplxpldq + By, Vinvdg + BuwVgdq; Yprag = Cp, Lprags (C.3)

where ,,, . Ay, By, By, and C,, are defined as xy,,, =¥p,,, =tdg, Ap, =0, By, =
%, B,= —%, Cp, =1. Then, the state-space equations of the current controller and
Plant 1 are augmented using (3.15)-(3.17) to form the equation of the internal loop

as below (Step 4)
T1ag = A1T14q + B%Uinvdq + BlLrefIeref + Bi'Vgdq, (C.4)

where x4, are the state variables of the internal loop 214 = [, Tpyy, | T, and Jgq
are determined by the external controllers. Finally, assign an appropriate ()1, and
solve the LQR problem for the internal system to find the optimum values of K,
and K, (Step 5). For the numerical parameters of Table C.1, Fig. C.3 shows how
the closed-loop poles of the current control loop are placed using the LQT method.
Table C.2 represents the values of ¢y;’s, the controller gains, and the final values of

poles locations.
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1000

w07 03 0.1
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Fig. C.3: Closed-loop poles of the proposed current control loop.

Table C.2: Parameters of proposed current controller for L filter

Parameter Value
Internal loop state weights q11 7.94 x 107
q12 12.59
K, —8912
Current controller gains K,, 10.09
Qg 0.9

Current controller poles | 1o | —1008 £ 5875

The block diagram shown in Fig. C.2 can be modified as shown in Fig. C.4,
which has been introduced as two-degrees-of-freedom (2DOF) PI controller in the
literature [66-68]. In this figure, a; (—1 < oy < 1) is used to further adjust the
rise-time and swiftness of the internal loop. According to Fig. C.4, it is concluded

that
]dQ(S) _ alels - K

= . C.5
[dqref (8) LS2 + Kpls - Kcl ( )

As shown in (C.5), a; only changes the zero of the transfer function and keeps the
poles invariant. Thus, the optimum values of K. and K, are still valid for the

1,ref .
1

modified current loop. Also, according to Fig. C.4 and (C.5), the matrix B, in

(3.17) is updated as below

1,ref T C
By - Bcl alBPlel ) ( 6)
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Plant 1

Ig,. % Vinvd S iq’
7R
Vgq
Lot Zq*

Fig. C.4: Block diagram of the current control loop used in the proposed
and conventional methods.

1000 < 05
0.7
@ 500 o
N ap = 0.15 a; = 0.9
B Qo€ foRcRa'a s HRREE:
‘§J ay increment
£ 500 S
0.7 -

0 e 4 -1000 N ., X 05
0 1 2 3 4 5 6 7 8x10 -7000 -6000 -5000 -4000 -3000 -2000 -1000 0
time (s) Real(1/s)

(a) (b)

Fig. C.5: Effects of a; on the current control loop characteristics: (a) step
responses, and (b) system’s zero.

Fig. C.5 depicts how the change of a; would affect system swiftness, rise-time, and
zero of the system. According to this figure, the appropriate swiftness and rise-time
of the internal loop are achieved with a; = 0.9.

After designing the internal loop, we move forward to design the external con-
trol loop. To design the dc link controller, the dynamic equations between the dc
link voltage and the injected current are used. According to Fig. C.1, pext, Poy,
Dioss; Pr, and p, are the instantaneous extracted power from the PV panel operating
at the maximum power point (MPP), stored power in the dc link capacitor, power
loss of the inverter, power of the filter, and injected power into the grid, respec-

tively. Thus, the power conservation law results in pc, = pext — (Ploss+P1+Dg). In
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Plant 2 ) pext
2 Plant 2
x I ) 1)2
dcreg €y | dc Link C2 d Current Zd‘ §V Pg 2 de
Controller Loop "2 Ve[ Cacs >
2
Ve

Fig. C.6: Proposed dc link control loop.

this design, pioss and py, are ignored, which is a common practice for the inverter
operating mode. Therefore, pc, =~ pext — pg, Where p, and pc,. can be calculated
using p, = % (Vgata + Vgqiq) and pe,, = %%éc). Also, Cy. and vg. are the capacitor
and the voltage of dc link, respectively. As the PLL finally sets vy,,=0 and vgd:f/g,
where ‘A/g is the grid voltage amplitude, the grid power is simplified as p, = %vgdid
48].

The block diagram of the dc link control loop is depicted in Fig. C.6. According

to this figure, the dynamic equation of the dc link controller is given by
Tey = Aoy Ty + Beyey, (C.7)

where A., =0 and B, =1; also, z., and e, = V7, —vj, are the dc link controller
state variable and the error signal of the external loop. In Fig. C.6, Plant 2 is the
internal loop containing the current controller, inverter, L filter, and grid. It is then
modified to form the standard structure of the proposed cascade control system
introduced in Section 3.3 (Fig. 3.5). Thus, firstly, dynamic equations for Plant g
are derived as

a'cp; = Ap/zxp; + Bpgldmf’ Yp, = lg = Cp;xpfz, (C.8)
where x » =x14, and matrices A /, B/, and C , are
Po Py ) )
u 1,ref
Ay = A~ BIK,, B, = BI™ Cpg:[o 1] (C.9)

According to Fig. C.6, the states of Plant 2 should be augmented with the dc link
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T
variable to form the standard structure for Plant 2 (z,, = [a:p; vﬁc] ). Thus, the

state-space equations for Plant 2 are
Tpy = AP2$P2 + Bp2[dref’ Ypy = Ugc = szxpw (C.lO)

where matrices A,,, B,,, and C,, are defined as

Ap/ 0 Bp/
A’P2 = 3 2 ) Bp2 = >
e’ 0 (c11)

Cm:[o 0 1}.

The dc link controller is designed by following Steps 6-10 of the design al-
gorithm. As the reference V7 = and the disturbance pec are dc variables, then
Ay(s)=s (Step 6). The state-space equation of the voltage controller (Step 7) is
represented by (C.7). Also, the state-space equations of Plant 2 (Step 8) are given
by (C.10) and (C.11). Now, the state-space equations of the voltage controller and
Plant 2 are combined to form the equation of the dc link control loop (Step 9) as
below

iy = Aoy + By + BYVE (C.12)

where the definitions of Ay, By™ and B! are provided by (3.28). Finally, assign
an appropriate ()2, and solve the LQR problem for the external system to find the
optimum values of K., and K,, (Step 10).

Technical Consideration:

In practice, there is an implementation delay T; due to the inherent features of
the PWM and processor calculation. This delay can lead to the system oscillations
and instability [53, 135]. The delay can be considered in the design procedure of

the proposed control system as explained in [118], where the delay transfer function
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e~T4* may be approximated by

—T,
—%s+1
e Tt 7%— (C.13)
7‘18 +1
Then, the state-space equation of the delay approximation is derived as
i 2 + 2 2 (C.14)
Tg=——xq+ —u = 2wy — u. .
d T, d T, Ya d

where z; denotes the state of the delay approximation (C.14). Also, u(t) and
ya(t) refer to the control effort and the approximation of the delayed control effort
u(t — Ty), respectively. Next, (C.14) is combined with the state-space equations of
Plant 1 (C.3) to form the augmented plant for the internal loop, i.e. x5 =[x, 2"

Therefore, the state-space matrices of the augmented plant containing the delay

model are derived as

2B —-B
aug __ P1 p1 au D1
Ap1g - 0 2 ) Bplg - 2 )
T, T,
(C.15)
=" o= o, o

Finally, considering (C.15) as the state-space equations of the augmented plant of
the internal loop, gains of the proposed control system can be designed by following
the same design procedure explained earlier. Also, Fig. C.7 displays the structure

of the proposed control system consisting of the delay model [118].

Plant 2 Plant 1 lw((listurb;mrv)

Le U y_,
Cont. 1 : o -|<

I\I()(l;/‘,l

Yref €2

Cont. 2

Fig. C.7: Structure of the proposed control system containing the delay
model.
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Vdcref € Id Zd pg vd

v Current = c
1 PI 13 > 2 >
> s Ki2 Loop 1279 Cacs 4
v 2
dc

Fig. C.8: Conventional dc link control loop with 2DOF PI controller.

C.3.2 Conventional Cascade Control Design

To have a fair comparison between the proposed and conventional dc link con-
trollers, the same internal current control loop is used for both methods as shown
in Fig. C.4.

Similar to the proposed approach, the dynamic equation between the dc link
voltage and the injected current is used to control the dc link voltage. The dc link
control loop with a 2DOF PI controller is illustrated in Fig. C.8. In the conventional
method, the dc link control loop is designed 10-20 times slower than the current
control loop. In this example, the control objective is to minimize the dc link
capacitor and maintain the fluctuation of de link less than 10% of the nominal
voltage for the full power jump. According to Fig. C.8, the transfer function from

Pext t0 V2, 18

2
2
Ve _ i , (C.16)
Dext C1dc 32 + 2C2wn28 + W%Q
where (¢, and w,, can be calculated as
3V, KP! 3V,KE!
2own, = 9 2 _T79 (C.17)

Y no
Cdc Cdc

(C.16) can be written in time domain as

2pext _ . ( )

2 _ Cownot 2

vi.(t)= e 2'sin {wp,y/ 1 — (51 . C.18
dc( ) Cdc . /—1 C22 2 CQ ( )
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To find the peak of v3,, the equation 93, = 0 is solved to find out the peak time

t, = m cos™! (¢z) . Substituting ¢, in (C.18), the peak value of v3, is
9 —Cgeos” 1 (¢y)
P = e VG (C.19)

Cdcwng

o 2 2 . . .
Therefore, as Vac,en. = \/Vpeak + Viie,,,» considering r as the maximum acceptable

Udcpeak _Vdcref )

the minimum capacitor
Vdcref ’

ratio of fluctuation with respect to Vg, ., (r =
that guarantees r percent fluctuation of dc link due to the full power jump can be

calculated by substituting r in (C.19) as

% —Co cos™1(¢9)
Ce = et visg C.20
= A VR o (C.20)

According to (C.17), the gains of the dc link controller K7 and K}’ can be easily
calculated for desirable values of ¢, and wy,

Y

; - C.21
A (©21)

Since the real part of the poles of the current control loop are around —1000s~*
in Fig. C.3, the real part of the poles of the voltage control loop should be around
—100s7, ie. Cown, = 100 that is 10 times slower. Finally, considering pey =
10 kW, (o = 0.7, (owy, = 100, and r = 10%, the minimum capacitor is equal to
Cye = 850 puF using (C.20). Also, Fig. C.9 depicts how these criteria intersect each
other. After calculating Cy., Kpp2 ! and Kg I based on the control objective, which
is minimizing dc link capacitor and maintaining the dc link fluctuations less than
10%, using (C.20) and (C.21), the other voltage controller variable ol is selected
such that it further adjusts the rise-time of the dc link loop and limits the overshoot
caused because of Vdchef jump to 10% as displayed in Fig. C.10. Table C.3 shows the
current controller parameters (K27, K7, and of”), dc link controller parameters

(K;;I , KT, and o), and poles of the conventional cascade control system.
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Fig. C.9: Satisfy maximum fluctuation (r = 10%), desirable damping ({, =
0.7), and appropriate speed of the external loop ((aw,, = 100).
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Fig. C.10: Effects of o’ on the conventional dc link control loop: (a) step
responses, and (b) system’s zero.

Table C.3: Parameters of conventional dc link controller for L filter

Parameter Value
KPPl 33 %107t
Dc link controller gains Kg I 3.4 x 1072
9 0.7

Dc link controller poles | A5 | —100 £ ;j100.2
Current controller poles | A34 | —1016 £ 71287

)

Resonant poles Xse | —1008 £ 5875
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C.4 Performance Comparison

In this section, two designs for the proposed dc link controller, shown in
Fig. C.6, are provided and compared with the conventional design for the following

cases:

Case 1 : similar overshoots/undershoots at lower dc link capacitance for the pro-

posed method,

Case 2 : transients improvement for the proposed method with similar dc link

capacitors for both methods.

As it is explained in the following subsections, it is observed that, for similar over-
shoots/undershoots, the proposed method requires smaller capacitance, and, for the

similar capacitance, the proposed method achieves superior performance.

C.4.1 Similar Overshoots/Undershoots at Lower DC Link

Capacitance

The external loop of the proposed method can be designed much faster than the
conventional controller, which decreases the size of the required dc link capacitor.
The minimum dc link capacitance is designed so that it maintains the dc link voltage
fluctuations for a full power jump less than 10% of its nominal voltage. According
to Fig. C.6, because the system is of order 4, it should be firstly approximated
with a lower order system to find the minimum capacitance maintaining dc link
fluctuations within the acceptable level. Accordingly, Fig. C.6 is reconfigured as
shown in Fig. C.11.

In this figure, the dashed lines include the current loop and two state feedbacks

(Ze,, iq). The transfer function ¢ is
19 Id

1, B o Ky s — K,
I L2+ Ajs+ Ay’

(C.22)
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Fig. C.11: Reconfigured dc link control loop.

where Ay = K, + K,,,, L + 1K, K,,, and Ay =y K, K}, — (1 + K,,,,) K.,. This
transfer function has two poles at p; = —1062 s and p, = —2935 s! and a zero

at z; = —982 s'. Due to the zero-pole cancellation (z; and p;), (C.22) can be

approximated with a first-order transfer function §—7 ~ T?jl, where A3 = “Ker and
d
T= Tl% s. As the pole of this transfer function is far from the dominant poles of

the voltage loop, the transfer function can be approximated with a constant gain

within the voltage loop bandwidth as §—2‘ ~ A3. In this case, the dc link control loop
d

illustrated in Fig. C.11 becomes a second-order system. Therefore, similar to the

conventional system discussed in Section C.3.2 (C.16)-(C.20), we get

2
2
Zde _ R (C.23)
Pext  Cle s2 + 2w, s + w),,
where ¢, and w,,_ can be calculated as
C o =BV KAy 2 BV KA
W, = —orepmd 2 OYeealls (C.24)
2 C1dc : Cdc

Thus, (C.20) can be used to approximate the minimum capacitance based on the
desirable ¢, and w;w to maintain the dc link fluctuations less than 10% of the nominal
voltage. The pole of %, that is the loop depicted in the dashed frame in Fig. C.11,
is almost three times of the dominant poles of the voltage control loop. In other
words, % is not 10-20 times faster than the voltage loop to completely ignore its

dynamics in comparison with the voltage control loop. Therefore, the capacitance

is selected almost 20% — 30% higher than the value calculated in (C.20) to be on
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Fig. C.12: Proposed poles of the dc link voltage control loop.

the safe side. It is worth mentioning that the simplification of the current control
loop, shown in Fig. C.11, is only used to approximate the capacitance required
to maintain the dc link fluctuations less than the acceptable range, and the full
model of the current control loop, depicted in Fig. C.4, is used to design the voltage
controller as explained in Section 3.3 (Steps 6-10).

For the parameters in Table C.1, the minimum capacitor holding the fluctua-
tions less than 10% of the nominal voltage is Cy. =120 uF. Fig. C.12 depicts how
the closed-loop poles of the whole system are placed properly using the proposed
method. In comparison with the conventional method, the required capacitor is 7
times smaller. It is worth mentioning that, in Case I, the dc link capacitance is
reduced for applications where there is no overriding requirement on the capacitor
size. Table C.4 represents the values of go;’s selected for the dc link control loop,
the controller gains, and the final values of poles locations. Similar to the internal
loop, the rise-time and swiftness of the external loop can be modified using «s. The
selection of ay =0.55 limits the overshoot caused due to the V., jump to 10% as
shown in Fig. C.13. According to this modification, the matrix B in (3.28) is up-
dated as B5 =[B,, ayB,,K,,,]", where K,

p23 P23

is the feedback gain of the controlled
state variable v3,.
Fig. C.14(a) shows performances of both systems within different scenarios.

The extracted power from PV panel pey; jumps from 0 to 10 kW at t=0.1 s, and
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Table C.4: Parameters of proposed dc link controller for L filter

vie (V)

Parameter Value
d21 0.141
. 0.2
External loop state weights 122 —
q23 10
q24 5.01 x 1078
K., 0.376
Kp,, 781.4
Dc link controller gains Ko 0.661
K,,, —6 x 1074
Qo 0.55
Dc link controller poles A12 —983 £+ 5302
Current controller poles Aza | —1016 £ 51287
1500 07.% 05
1000 |
S s00f
= (\2*().11 ¥
%‘ O F @ erveemmeemii G O DD e 4
£ ap increment x
E -500 zero of o
-1000 | internal loop ff:’
1500 ‘ ‘ ‘ . 07%.05
. 8x107 6000 -5000 -4000 -3000 -2000 -1000 0
time (s) Real(1/s)
(a) (b)

Fig. C.13: Effects of ay on the proposed dc link control loop: (a) step

responses, and (b) system’s zero.

both control systems successfully suppress the dc link fluctuations to less than 10%.

A 3 kW dc load is connected to the dc link at t = 0.2 s. Then, pey d

ecreases

from 10 kW to 7 kW at ¢t = 0.3 s, which leads to the change of Vj. , to achieve

MPPT. After that, the reference of the reactive power jumps to 3 kVAr at t=0.4 s.

Finally, the amplitude of the grid voltages f/g increase 10% at t = 0.5 s. Both

systems exhibit almost similar overshoots and undershoots. However, the settling

time of responses is much smaller for the proposed method, during different types

of practical disturbances while the capacitance of the proposed method is 7 times

smaller.
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Similar Overshoots/Undershoots, Capacitance Improvement
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Fig. C.14: Performance comparison of proposed and conventional control
systems for PV system with L filter: (a) Case 1, and (b) Case 2 (Cy. =
850 pF).

C.4.2 Transients Improvement and Similar DC Link Capac-
itors

In this part, it is shown how the dynamic response of the dc link control loop
can be improved by using the proposed control at the same capacitor size of the
conventional system. The external loop of the proposed method is designed fast to
achieve a better transient response. It is designed as fast as possible while the real
parts of the dominant poles of the dc link loop must not exceed the real parts of
the dominant poles of the current loop. The closed-loop poles of the dc link control

loop are placed properly similar to the last part depicted in Fig. C.12. Eventually,
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the swiftness and rise-time of the external loop can be tuned by as as stated before.
Fig. C.14(b) illustrates how the proposed control system can improve the dynamic
response of the control system as compared to the conventional system when the
same capacitor is used in both systems. It is clearly depicted that during the
different scenarios, the proposed dc link experiences much smaller fluctuations in

comparison with the conventional control system.

C.5 LVRT Capability

Due to the ever increasing penetration of renewable distributed generators
(DGs) in power systems, DGs play a significant role in maintaining the system
stability during harsh conditions such as short circuit faults. They should ride
through the disturbance and contribute to feeding the local loads and compensate
for the voltage sag [136, 137]. Detailed desired DG response during a short circuit
interval is dictated by various national standards. However, to meet the LVRT stan-
dard requirements, a fast control system is essential to follow commands during the
voltage sag interval and after that to reduce the post-fault recovery time [95]. In the
following, the LVRT capability of the proposed and conventional control systems
are compared by the simulation results.

In a rotating frame, active and reactive power can be controlled independently

by I; . and [,

Qref?

respectively. In normal operation, I, . is determined by the dc link

ref ref

controller and I, , is set to regulate the desired reactive power. However, depending
on depth and duration of the voltage sag, the LVRT standard specifies the amount
of the reactive power I, _, to be injected to the grid [138]. In one approach, namely
the constant peak current strategy, the maximum current capacity of the DG is

used in LVRT by setting I, as

Idref = \/ ]1’2IIaX - ‘[q2ref7 (C25>
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Fig. C.15: LVRT capability of the proposed method and conventional
method.

where I,.x is the maximum current capacity of the DG without tripping due to the
over current. In this study, Danish grid code [139] is used to determine the reactive
power requirement for a PV system during a voltage sag interval.

Designing the proposed controller as discussed in section C.4.1 with 7 times
smaller dc link capacitance (Case 1), its LVRT performance is compared with the
conventional method, and results are presented in Fig. C.15. The grid voltage drops
to 0.1 pu at t=0.15s. According to Danish grid code, for this depth of voltage sag,
the maximum reactive power must be injected to the grid to compensate the voltage
=0, I,

drop, i.e. Iy Ihax. As depicted in Fig. C.15, both control systems

ref ref

represent an acceptable performance in decreasing the active current iy to zero
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Fig. C.16: Single-stage PV system with an LCL filter connected to a weak
grid.

and using the maximum current capacity to inject the maximum reactive current
tq to the grid. However, when the grid voltage is recovered to 1 pu at ¢ =0.2 s,
the proposed controller significantly outperforms the conventional method, thanks
to much faster dc link control loop. The post-fault recovery time of the proposed
control system is around 5.9 ms, less than half a cycle, while the conventional system
being around 37.2 ms, more than two cycles. Also, since power converters are able
to tolerate 20% —40% overcurrents [140], the post-fault overcurrents of the proposed
and conventional methods fall within the acceptable overcurrent range as displayed

in Fig. C.15.

C.6 High-order Filter in Weak Grid Situation

In this section, to show the flexibility of the proposed approach, it is extended
to the design of the cascade control system for an inverter with an LCL filter op-
erating in a weak grid situation. Fig. C.16 depicts the system configuration where
Li=1mH, C;=3 pF, and Ly =0.6 mH. Also, L, represents the grid interfacing
inductance, which is considered to vary in the range of 0 to 4 mH. Moreover, the
capacitor voltage is considered as the PCC.

Similar to Section C.3, assuming the couplings between the quadrature axes
are compensated, Fig. C.17 depicts the modified proposed current control loop for

the inverter with the LCL filter. Thus, the state-space equations of the current
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Fig. C.17: Block diagram of the current control loop used in the proposed
and conventional methods for the inverter with the LCL filter.

controller and Plant 1 are
j;C1dq = Aclxcldq + Bc1 €idq» (026)

Tprag = Aplxpmq + By, Vinvdg + BuwVgdg Yprag = Cp, Tp1aq> (C.27)

where 2, =[i1dq Vedq 12dq) > Ypray, = P2dg> Aey =0, and B, =1. Moreover, A,,, By,

By, Cp, are defined as

0 -z 0 -
Ap=|& 0 —2|,By=1|0
C cy | T ’
L ! (C.28)
0 iz O 0
T
By=[0 0 ~2-] . Gu=]0 0 1].
Augmenting (C.26)-(C.28) leads to
149 = A1%10g + B Vinwg, + B adg + By Vgags (C.29)

where the definition of Ay, BY, and BY are given by (3.17). Also, B;™ =[B,, a1B,,K,,,
where K, , is the controller gain applied to the controlled state variable ¢4,. Thus,

by solving the LQR problem for the internal loop, we find the optimum values of
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Fig. C.18: Modified proposed dc link loop for the inverter with the LCL
filter.
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Fig. C.19: Linearized small-signal model of the dc link loop for the inverter
with the LCL filter.

K., and K, . The results are summarized in Table C.5.

Fig. C.18 shows the modified proposed dc link control loop for the inverter
with the LCL filter. Since the capacitor voltage is used for the power calculation
Py, Plant 2 becomes nonlinear. Therefore, the system should be linearized at an op-
erating point by using the small-signal technique. Fig. C.19 illustrates the linearized
small-signal model of the dc link control loop where the accent “.” and superscript
“op” refer to the small-signal perturbations and operating point values of the sys-
tem variables, respectively. The state-space equations of the dc link controller and

Plant 2 are

Toy=Ae, Ty + Beyby, (C.30)

: T ~ 1T -
Iplg :Aplgxp; + Bp; I2drcf7 yp; = |:Ucd 22di| = CPIZ l’p;, (C3]_>
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where A.,=0 and B.,=1; also, Ap’z’ Bp’z’ and Cp; are

. Lref 0010
Ap; =A — B1 K17 Bp; :Bl ) Cp’z = . (C'32>
0 0 01

Now, with respect to Fig. C.6, the states of Plant 2 are augmented with the dc link

state variable v3, to derive the state-space equations of Plant 2 as

* ~ = - 9 -

Tpy = ApaTpy + Bpyladyes Upy = Uge = Cpy Ty (C.33)
where matrices A,,, B,,, and C,, are defined as

Ap/ 0 Bp/
Am = ° ) Bp = e

- 2
—e-MCy 0 0 (C.34)

Cra=10 0 0 0 1], M= vr|.

Assuming PgP = Poii = Puom, VP =0V, and ;) =0 A at the operating point, the
values of I,7 and V7 in (C.34) can be calculated using

3 op 70 0 o O
S Ve 15 = Paom, Voi* + [w(La + L) I7] =V (C.35)

9
Augmenting (C.30)-(C.34) forms the state-space equations of the dc link loop
as

y = Aoty + By Iy, + BY'VE, (C.36)

ef ?

where the definitions of A, and By™ are given by (3.28). Also, By =[B., asB,, K,

P25
where K,

]T
is the related feedback gain of the controlled state variable 92.. Finally,
solving the LQR problem for the external loop leads to the optimum values of K.,
and K, as noted in Table C.5. For the system configuration depicted in Fig. C.16,
the minimum capacitor maintaining the dc link fluctuation less than 10% of the

nominal voltage is Cy.=130 uF.

To study the impact of a parameter mismatch on the proposed control system,
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Fig. C.20: Robustness of the proposed cascade control system against pa-
rameters mismatches: (a) L, variations from 0 mH to 4 mH, and (b) Cy.
deviations from Cjo™ = 130 uF.

two scenarios are considered. In the first scenario, the grid inductance L, is varied
from 0 mH to 4 mH. Fig. C.20(a) shows how this affects the closed-loop poles of
the system. The poles remain adequately stable, which means that the proposed
control system is robust against L, variations. In the second scenario, the dc link
capacitance Cy. deviates £20% of its nominal value C59™. Fig. C.20(b) displays
the variations of the system poles due to this mismatch where the cascade control
system is shown to be robust against Cy. variations as well.

Finally, the performances of the proposed and conventional control systems in
a weak grid situation (L, =4 mH) are compared in Case I and Case 2 for the same
scenarios discussed in Section C.4. To have a fair comparison, the current loop of

the conventional system is considered the same as the proposed system, illustrated

in Fig. C.17. The conventional dc link controller is also designed as stated in
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Table C.5: Design parameters of proposed controller for LCL filter

Parameter Value
K., —2917.4
K, 8.13
Current controller gains | K, 0.098
K, —4.84
aq —0.5
K., 0.22
K, 764.87
K,,, 0.238
Dc link controller gains | K,,, 6.07 x 1073
K,,, —0.061
K,,. —4 x 107*
Q9 0.53
Dc link controller poles | Aj2 —822 4+ 5532
Current controller poles | A3 4 —851 + 5943
Resonant poles As6 | —3065 £ 729966

Section C.3.2. Fig. C.21(a) shows the simulation results for Case 1. According to
this figure, both systems exhibit almost similar overshoots/undershoots, however,
the settling time of responses is much smaller in the proposed method while using
6.5 times smaller capacitance size. Moreover, Fig. C.21(b) displays how the dynamic
response of the dc link control loop can be improved using the proposed control in
Case 2 where the same capacitor (Cy.=850uF) is used for both the proposed and
conventional dc link controllers. Also, it is clearly observed that the dc link voltage

of the proposed control system experiences much smaller fluctuations in Case 2.

C.7 Experimental Results

An experimental verification of the proposed and conventional control systems
for the configuration depicted in Fig. C.1 is carried out in this section. The nominal

parameters of the system are S, =1 kVA, v4.=400 V, L=6 mH, V,. =450V, I,.=

182



Appendix C. Systematic Design of Enhanced Dynamic Cascade Control for
Three-phase PV Systems

Similar Overshoots/Undershoots, Capacitance Improvement

640 [\ L § Vie (proposed) i
E/ | *2Cgc = 850uF v, (conventional) | |
0200 T ACy = 130pF )
£ 600 Sonet .
G - -
> 580 §
,<E a0+ i2 d (proposed) |
:g i,4 (conventional)
5}
= 201 \ 7
=] ‘3,6 -
7l DA R N
(a)
Transients Improvement, Similar Capacitors
§ 640+ Vie (proposefi) i
:; 620k Vie (conventional) | |
80 .V
£ 600 et -
o
> 580 .
2 40 F i2 d (proposed) |
\é./ i 2d (conventional)
5}
= 201 .
= A v
oo
@) 0 Y eﬂ“\ éG\J ? @L\\ Q\ Q %\ |
0.1 0.2 0.3 0.4 0.5 0.6
time (s)
(b)

Fig. C.21: Performance comparison of proposed and conventional control
systems for PV system with LCL filter in a weak grid situation (L, = 4 mH):
(a) Case 1, and (b) Case 2 (Cy.=850 uF).

275 A, V,,,=400 V, and I,,,,=2.5 A, where V.., I, Vyp, and I,,,, refer to the open-
circuit, short-circuit, and maximum power point characteristics of the PV simulator.
A view of the experimental setup is shown in Fig. C.22. The PV is emulated with
Chroma 62050H-600S and the grid is simulated with a Chroma 3-phase ac source
61703. The controller is implemented on Texas Instrument TMS320F28335 DSP.
The minimum capacitors which maintain the dc link fluctuations less than 10% of
the nominal voltage due to the full power jump are 35 uF for the proposed system
and 191 uF for the conventional system.

Fig. C.23 shows the performance of the proposed and conventional designs

when a full power jump (1 kW) occurs. The proposed controller suppresses the dc
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Fig. C.22: Picture of the experimental setup.

link fluctuations much faster. The overshoots/undershoots of the proposed system
due to the full power jump are less than half of the conventional one. Different time
divisions are selected for the conventional and proposed control systems to display
oscillations more clearly.

Fig. C.24 shows the performance when the grid amplitude increases 10% and
vice versa while the inverter is injecting 1 kW active power to the grid. The grid
amplitude variations causes poorly damped oscillations on the dc link of the con-
ventional system. However, this has negligible effect on the dc link of the proposed
system. Although the dc link capacitor of the proposed system is almost 5 times
smaller than the conventional system, the proposed control system shows much
better performance in all scenarios.

The LVRT performance of the proposed controller is also examined in the
experiments, and results are shown in Fig. C.25. The grid voltage in this test drops
to 10% of its nominal value. In response, the controller successfully enters the LVRT
mode and injects all the inverter capacity as reactive power to the grid according

to the Danish grid code. As no active power is injected during the fault, the dc link
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Fig. C.23: Experimental results for the full power jump (1 kW): (a) proposed
control system, and (b) conventional control system.
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Fig. C.24: Experimental results for the grid amplitude jump: (a) proposed
control system , and (b) conventional control system.

186



Appendix C. Systematic Design of Enhanced Dynamic Cascade Control for
Three-phase PV Systems
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Fig. C.25: Experimental results for LVRT capability of the proposed control
system.

voltage rises to V,. according to the V-I characteristics of the PV panel. Inverter
current in both pre- and post-fault transitions are shown to be well within the limits
of the inverter. The inverter goes back to its normal operation and regulates the dc

bus voltage to address MPPT after the post-fault recovery time At.
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