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ENGLISH SUMMARY 

Power converters have been widely used in renewable energy generation systems, 
whose high penetration into the grid is changing the characteristic of the traditional 
power system and imposing new challenges. Among different topologies of power 
converters, the LCL-filtered Voltage-Source Inverter (VSI) is the most commonly 
used interface between the renewable energy generation system and the power grid. 
However, the LCL-filtered VSI may introduce resonance into the system which 
reduces the power quality and more seriously, triggers system instability. Moreover, 
compared with the simple L-filtered VSI, the LCL-filtered VSI is sensitive to low-
order harmonics, due to its small impedance at low frequencies as seen from both 
the inverter-side and the grid-side.  

On one hand, to enhance the system stability, the resonance of the LCL-filter must 
be damped properly using either active or passive damping techniques. Although the 
principle of the damping function is simple, its implementation may cause more 
losses, increased cost and design complexity of the system. Recent publications have 
researched the fundamental mechanism and the parameter design of active damping, 
but there is limited discussion about its practical implementation issues and stability 
enhancement techniques. On the other hand, to enhance the harmonic attenuation 
performance of the LCL-filtered VSI, diverse control methods have been developed. 
However, there is still not a cost-effective solution for harmonic suppression of the 
system with inverter-side current control in which the grid-current harmonics can 
freely flow into the capacitor without control. Moreover, most grid standards work 
on the premise of a harmonic-free grid, which is inconsistent with the real cases. It 
has been reported that an IEEE-1547-compliant PV inverter produces over 20 % 
total demand distortion under 3 % grid voltage distortion. Harmonic attenuation of 
the grid-connected VSI under distorted grid voltage is still an open research. 

This thesis has developed corresponding solutions to cope with the aforementioned 
issues. The first contribution of this thesis lays on the development of two advanced 
digital differentiators which can ensure a cost-effective implementation of the active 
damping. Then, a robust damping gain is derived for the grid-current control system 
and a time-delay compensation technique is developed to further enhance the system 
stability. The knowledge obtained in the former is then used to develop a simple 
harmonic mitigation strategy for the LCL-filtered VSI with inverter-side current 
control. Finally, an improved Quadrature-Signal Generator (QSG) is proposed for 
grid synchronization, which inherits the simplicity of the second-order generalized 
integrator based QSG while still has an enhanced harmonic attenuation performance.  

All the developments presented in this thesis have been validated by simulation 
and/or experimental results. These contributions have been published in 8 journal 
papers and 7 conference papers.
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DANSK RESUME 

Energiomformere er I udvidet grad blevet brugt I vedvarende energi generation 
systemer, hvis høje markedsindtrængen ændre karakteristikken af det konventionelle 
energisystem, og skaber store tekniske udfordringer. Blandt forskellige topologier 
om energi omformere, er LCL-filreret Voltage-Source Inverter (VSI) den mest 
almindeligt brugte grænseflade mellem vedvarende energiudvindingssystemer og 
højspændingsnettet. Med hensyn til LCL-filtreret VSI, bliver to udfordringer 
gentagende gange indrapporteret, som er relateret til systemets stabilitet og 
energikvalitet. 

Særligt LCL-filteret kan skabe resonans, hvilket skal dæmpes på forsvarlig vis, 
enten ved brug af aktive eller passive dæmpningsstrategier, for at sikre systemets 
stabilitet. Selvom principperne af dæmpningsfunktionen er simple og lige til, kan 
implementeringen heraf forårsage flere tab, forøgede omkostninger og/eller 
designkompleksitet af vekselrettersystemet. På trods af den store mængde af 
litteratur omhandlende stabilitetsanalyse og dæmpningsdesign af LCL-filtreret VSI, 
er der stadig begrænset analyse om de praktiske implementeringsudfordringer og 
teknikker for stabilitetstiltag af den aktive dæmpningskontrol. En anden udfordring 
skabt af LCL-filtreret VSI er den ringe energi, apparater producerer under 
forvrænget netværksspænding. Det er nyligt anerkendt at lav induktans af LCL-
filteret potentielt skaber kraftige strømforvrængninger i højspændingsnettet under 
bare lidt forvrænget spænding i højspændingsnettet. Især hidtil, for den kommercielt 
fortrukne styringsplan (vekselretter-sidestrømskontrol), er der stadigvæk ikke nogen 
effektiv løsning i eksisterende litteratur. 

Dette speciale udviklede tilsvarende løsninger for at tage højde for de førnævnte 
problemstillinger. Det første bidrag fra dette speciale ligger i udviklingen af to 
avancerede digitale differentiatorer, som hjælper til at forstå en omkostnings-
effektiv implementering af den aktive dæmpnings funktion. Det andet bidrag er den 
robuste dæmpningsforøgelse udledt af højspændingsnettets strømkontrolsystem, og 
en kompensationsteknik for tidsforsinkelse udviklet for at forbedre stabiliteten af 
kontrolsystemet. Den forefundne viden i de to bidrag bliver herefter brugt til at 
udvikle en simpel men effektiv harmonikontrolstrategi for det LCL-filrerede VSI, 
ved brug af en vekselretter-strømnings feedbackkontrol. Den forslåede 
kontrolordning er ækvivalent med et system der anvender en proportionalkontrol til 
vekselretter-strømningen og en resonansstyreenhed til strømmen i 
højspændingsnettet, hvis parameterdesign kan være ligeså simple som de typiske 
enkelt-loop strømningskontrolsystemer. Endeligt, bliver en forbedret 
kvadreringssignalgenerator (QSG) forslået, hvilket kan blive brugt til 
højspændingsnetssynkronisering. Den forslåede QSG arver simpliciteten af den 
grundlæggende SOGI-QSG, men har en forbedret filtreringsydeevne, hvilket 
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medfører, en mere fremragende ydeevne i tilfælde af forvrængninger 
højspændingsnettet. 

Alle de præsenterede udviklinger i dette speciale er blevet valideret af simulations- 
og/eller eksperimentale resultater. Disse bidrag er blevet publiceret i 8 
tidsskriftsartikler og 7 konferenceindlæg. 
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CHAPTER 1. INTRODUCTION  

1.1.  BACKGROUND  

From 2015 to 2040, the global electricity demand is predicted to rise by 60 %, 
which, inevitably, will continue to drive the greenhouse gas emissions higher that 
have already risen by 50 % from 1990 to 2014 [1]. To address the environmental 
issues, energy production is changing from conventional fossil fuels to renewable 
energies, such as wind, solar and biofuels which are expected to be more than tripled 
from 2014 to 2040 [2]. At the same time, the grid-connected inverters, which are the 
interfaces between the power generators (wind generator, solar panel, and hydro-
electric generator) and the grid, are becoming more and more popular in the power 
system, making the conventional power system more power-electronic based. 
However, it has gradually found that the high penetration of power converters 
changes the characteristic of the power system and imposes new challenges to the 
end-consumers and the distributed system operators in terms of safety operation and 
power quality [3] [4]: 

 The capacitance in filters (e.g. LCL-filter) and power factor correction units, 
as well as the parasitic capacitance in power lines, combined with the 
inductances, may introduce resonances which threat the safe operation of 
the power system. Moreover, the interactions among the control systems of 
different power inverters are also susceptible to the generation of harmonic 
oscillations. 

 The grid-connected inverter, if not controlled properly, may generate low 
harmonic impedance which can produce severe grid-current distortion even 
when the grid voltage is slightly distorted. This problem can be even more 
serious with the increased use of nonlinear loads in the power system. 

Therefore, it is essential to develop necessary control strategies for grid-connected 
inverters in order to cost-effectively enhance the stability and the power quality of 
the renewable energy generation systems and then to enable a further increase of the 
contribution of the renewable energies to the global electricity demand.  

Among different power conversion topologies, the Voltage-Source Inverter (VSI) is 
usually applied for the renewable energy sources to regulate the power injected to 
the grid [5]–[8]. To avoid the adverse effects of power converters, low-distortion 
output current is required by grid standards (e.g. IEEE 1547-2003). Therefore, series 
line filters are used as the interface between the VSI and the grid in order to 
attenuate the high-frequency switching harmonics generated by the Pulse Width 
Modulation (PWM) process. Generally, this filter can be either an L filter or an LCL 
filter, while the latter is much preferred in practice owning to its strong filtering 
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performance obtained with reduced inductance and cost [9]–[11]. Figure 1-1 shows 
the typical structure of a three-phase VSI system which is connected to the grid 
through an LCL-filter. The line filter contains inverter-side inductor L1, capacitor C, 
and grid-side inductor L2. Generally, either the grid-side current i2 or the inverter-
side current i1  is controlled in order to regulate the power injected to the grid. 
Besides, the grid voltage vg  or the capacitor voltage vC  is measured for grid 
synchronization.  
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Figure 1-1 Typical structure of the three-phase Voltage-Source Inverter (VSI) system. 

1.1.1. LCL-FILTER 
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Figure 1-2 Single-phase equivalent circuit of the grid-connected VSI with LCL-filter. 

The single-phase equivalent circuit of the LCL-filtered VSI is shown in Figure 1-2. 
Regarding the design of the LCL-filter, typically, the inverter-side inductance should 
be designed to limit the ripple current within 15 % ~ 40 % of the rated current for 
safe operation [11]–[14]. As for the capacitor, small capacitance will lead to large 
inductance for the same attenuation performance, making the LCL-filter lose its 
advantage. On the other hand, a large capacitance can cause large reactive power 
provided by the inverter, which leads to low efficiency of the VSI system [13]. In 
practice, the capacitor current should be restricted to 5 % ~15 % of the rated current 
[14]. The grid-side inductance should ensure that the switching harmonics in the 
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grid current can finally be attenuated below the limits required by grid standard. 
However, with the increased penetration of power converters in the power system, 
design of the LCL-filter should also consider the robustness of the system against 
grid-impedance variation and the immunity of the system to grid-voltage distortion. 

1.1.2. CURRENT REGULATION 

To regulate the output power of the VSI, both the grid-side current and the inverter-
side current can be controlled. The control system can be implemented in either 
synchronous frame using a Proportional Integral (PI) controller or stationary frame 
using a Proportional Resonant (PR) controller. As for the Grid-Current Feedback 
(GCF) control, the grid current is regulated directly, which means that the low-order 
current harmonics injected to the grid can be controlled using Harmonic Controllers 
(HCs). However, its main disadvantage is extra cost for grid-current measurement. 
This drawback can be well overcome by the Inverter-Current Feedback (ICF) 
control, since current sensors have been installed in inverter-side for overcurrent 
protection and thus, extra sensors for the control loop can be avoided. However, the 
main disadvantage of the ICF scheme is its indirect regulation of the injected grid 
current, which limits the harmonic controllability. Despite the simplicity of the GCF 
and ICF control, development of the appropriate control schemes, which are able to 
overcome the drawbacks of these two schemes and, at the same time, retain their 
advantages, has important practical value. 

1.1.3. ACTIVE DAMPING 

The main issue of the LCL-filter is that it may introduce resonances into the system, 
which reduce the power quality and threat the system stability. Generally, the 
resonances can be damped passively by adding resistors in the LCL-filter network. 
However, the passive damping strategies usually generate high losses and reduce the 
efficiency of the system [15]. Therefore, active damping is suggested in [15]–[19], 
whose basic working principle is to mimic a resistor through feeding back some 
variables in the control loop. The variables can be the capacitor current iC [18], [20], 
[21], the capacitor voltage vC  [17], [19], [22], and the grid current i2  [23], [24]. 
Although there are plenty of papers published about active damping, its practical 
implementation issues and the stability enhancement techniques are still not well 
investigated. 

1.1.4. HARMONIC CONTROL 

Generally, in order to avoid the adverse effects of the power converters on power 
quality, low-distortion output current is required by the grid standards such as IEEE 
1547-2003 which specifies the limits of both low- and high-frequency harmonics 
[25]. However, most grid standards work on the premise of a harmonic-free grid, 
which is inconsistent with the real case [25], [26]. It has been reported that an IEEE-
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1547-compliant PV inverter produces over 20 % Total Demand Distortion (TDD) 
under 3 % grid voltage distortion, which, in comparison, has only 0.66 % TDD 
under an ideal grid condition [26]. As mentioned previously, this issue is especially 
tough for the ICF control system, since the grid-current harmonics can freely flow 
into the filter capacitor without control. Due to the loss of harmonic information, 
traditional HCs are helpless for the ICF control system to mitigate the grid-side 
current distortion. Although this issue can be solved by the grid-voltage feedforward 
scheme [27], the required second-order differentiator may cause noise amplification. 
Therefore, harmonic attenuation of the grid-connected inverters under distorted grid 
voltage is still an open research challenge [28]–[30]. 

1.1.5. GRID SYNCHRONIZATION 

Grid synchronization provides the phase and/or frequency information of the grid-
voltage for the control system, which should be fast and accurate in order to ensure a 
high-performance operation of the grid-connected VSI especially under adverse grid 
condition. The synchronization function can be implemented by either frequency-
domain methods (e.g. discrete Fourier transform) or time-domain methods (e.g. 
Phase-Locked Loop, (PLL)) [31]. Among these methods, the PLL is widely used in 
power converter applications. For single-phase-system usage, the main difference of 
the PLL-based methods is the implementation of the phase detector which is usually 
built by a Quadrature Signal Generator (QSG). The widely reported QSGs in 
literature are T/4 delay technique, Hilbert transform, inverse-park transform, and 
adaptive filters (e.g. enhanced PLL and SOGI-QSG). Among these techniques, the 
SOGI-QSG is a promising candidate since it is able to track the input exactly [32]. 
Moreover, for three-phase systems, the SOGI-QSG is very flexible to be applied for 
extracting the positive and negative components from the grid voltage, which is 
useful especially under greatly unbalanced grid conditions [33]. However, the basic 
SOGI-QSG is sensitive to the input harmonics and dc offset [34], [35]. In order to 
enhance its performance, it is necessary to develop some advanced structures. 

1.2. RESEARCH OBJECTIVES 

To address the aforementioned challenges, this thesis has the following objectives: 

1. How to implement active damping cost-effectively without extra current sensors? 

The active damping implemented by feeding back capacitor current is a commonly 
used approach, which, however, needs additional sensors to measure the capacitor 
current. Economically, the capacitor voltage can be used to calculate the capacitor 
current, if it has already been used for grid synchronization. However, the 
differentiator, when discretized, suffers from noise-amplification and phase-error 
issues. This thesis will investigate the impacts of traditional discretization methods 
on system stability and explore improved digital differentiators to solve the issues. 
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2. How to enhance the system stability under grid impedance variation? 

Active damping can damp the LCL-filter resonance and ensure the system stability. 
However, grid impedance variation may reduce the system stable margin and even 
cause system instability. This thesis will develop suitable control strategy to enhance 
the system stability. 

3. Why is the LCL-filtered VSI sensitive to the low-order grid-voltage harmonics, 
and how to improve the harmonic control performance of the ICF-controlled VSI? 

This thesis will explore the root causes of the harmonic issues of the LCL-filtered 
VSI, especially when the ICF control scheme is applied. Limitations of the 
traditional solutions will be analyzed and solutions will be explored.  

4. How to improve the harmonic-attenuation and dc-rejection performance of the 
SOGI-QSG and, at the same time, retain its simplicity in parameter design and 
implementation? 

Harmonics and dc offsets can cause errors at the output of SOGI-QSG, which should 
be suppressed. This thesis will develop improved algorithm to reduce these effects. 

1.3. LIMITATIONS 

This thesis mainly concentrates on the stability analysis of the inner current control 
loop, while the impacts of the outer loops, such as the power control loop, are not 
studied in the thesis. Moreover, although the proposed methods in the thesis are 
appropriate to many renewable energy generation applications, they have not been 
tested under a real mission profile. Further, the parasitic resistances of the filters and 
the non-linear factors in the system (e.g. deadtime effect, modulation schemes and 
the saturation of the inductors) also have impacts on the system stability, which are 
not investigated in the thesis. 

1.4. THESIS OUTLINE 

This thesis is written as a collection of articles, which mainly contains two parts. 
The first part is the thesis report and the second part is the attached published papers. 
The thesis report contains 6 chapters which are introduced as follows: 

Chapter 1 gives the background, objectives, and list of publications. 

Chapter 2 addresses the practical implementation issue of the active damping 
control. It begins by modeling the single-loop GCF and ICF control systems, based 
on which, the stable regions and unstable regions of these two systems are identified. 
Next, the practical implementation issues of active damping are analyzed. To solve 
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the problem, two differentiators based on the non-ideal Generalized Integrator (GI) 
and the Second-Order Generalized Integrator (SOGI) are proposed.  

Chapter 3 focuses on the stability enhancement of the current control system using 
time-delay compensation strategy. To begin with, an optimized inner-loop damping 
gain is determined for the dual-loop GCF scheme with active damping, which is able 
to fix the stable region of the system always below a critical frequency, regardless of 
the variation of the grid impedance and LCL-filter parameters. Finally, an improved 
time-delay compensation method is presented to enhance the system stability.  

Chapter 4 begins by investigating the sensitivity of the ICF-controlled VSI to the 
grid-voltage harmonics. The limitations of the traditional harmonic suppression 
strategies, such as harmonic controllers and grid-voltage feedforward schemes, are 
identified. Finally, a simple and effective control scheme is proposed to overcome 
the problems.   

Chapter 5 first presents a comprehensive review of the SOGI-based filters from a 
first-order system and a circuit perspective, based on which, the principle of the 
SOGI-based filters are intuitively understood. Further, two advanced SOGI-QSGs 
are proposed. The first one is a fourth-order system, which has enhanced filtering 
performance for both low-frequency and high-frequency components. The second 
one is a second-order system, which has similar performance to the basic SOGI-
QSG but it can realize parameter design based on desired transient performance. 

Chapter 6 gives the summary and future works of the thesis. 

1.5. LIST OF PUBLICATIONS 

A list of journal papers related to the thesis, which have been published or submitted 
till now, is given as follows: 

J1. Z. Xin, X. Wang, P. C. Loh, and F. Blaabjerg, “Realization of digital 
differentiator using generalized integrator for power converters,” IEEE Trans. 
Power Electron., vol. 30, no. 12, pp. 6520–6523, Dec. 2015. 

J2. Z. Xin, P. C. Loh, X. Wang, F. Blaabjerg, and Y. Tang, “Highly accurate 
derivatives for LCL-Filtered grid converter with capacitor voltage active 
damping,” IEEE Trans. Power Electron., vol. 31, no. 5, pp. 3612–3625, May 
2016.  

J3. Z. Xin, X. Wang, Z. Qin, M. Lu, P. C. Loh, and F. Blaabjerg, “An improved 
second-order generalized integrator based quadrature signal generator,” IEEE 
Trans. Power Electron., vol. 31, no. 12, pp. 8068–8073, Dec. 2016. 

J4. Z. Xin, X. Wang, P. C. Loh, and F. Blaabjerg, “Grid-current-feedback control 
for LCL-filtered grid converters with enhanced stability,” IEEE Trans. Power 
Electron., vol. 32, no. 4, pp. 3216–3228, Apr. 2017. 
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J5. Z. Xin, R. Zhao, P. Mattavelli, P. C. Loh, and F. Blaabjerg, “Re-investigation of 
generalized integrator based filters from a first-order-system perspective,” IEEE 
Access, vol. 4, pp. 7131–7144, Nov. 2016. 

J6. Z. Xin, P. Mattavelli, W. Yao, F. Blaabjerg, and P. C. Loh, “Mitigation of grid-
current distortion for LCL-filtered voltage source inverter with inverter-current 
feedback control,” IEEE Trans. Power Electron., under review.  

Besides, there are two journal papers related to the extended application of the 
SOGI-QSG, which were published during the PhD period and are shown as follows. 
These two papers were not evaluated by the PhD Thesis Assessment Committee. 

J7. Z. Xin, R. Zhao, F. Blaabjerg, L. Zhang, and P. C. Loh, “An improved flux 
observer for field-oriented control of induction motors based on dual second-
order generalized integrator frequency-locked loop,” IEEE J. Emerg. Sel. 
Topics Power Electron., vol. 5, no. 1, pp. 513–525, Mar. 2017. 

J8. R. Zhao, Z. Xin, P. C. Loh, and F. Blaabjerg, “A novel flux estimator based on 
multiple second-order generalized integrators and frequency-locked loop for 
induction motor drives,” IEEE Trans. Power Electron., in press, 
10.1109/TPEL.2016.2620428. 

A list of conference papers related to this thesis is given as follows. Some of them 
have been submitted to journals for peer review. Only paper C5 was evaluated by 
the PhD Thesis Assessment Committee. 

Conference Papers 

C1. Z. Xin, X. Wang, P. C. Loh, and F. Blaabjerg, “SOGI-based capacitor voltage 
feedback active damping in LCL-filtered grid converters,” in Proc. of PEDG’15, 
pp. 1–6, Jun. 2015. 

C2. Z. Xin, X. Wang, P. C. Loh, and F. Blaabjerg, “Enhanced stability of capacitor-
current feedback active damping for LCL-filtered grid converters,” in Proc. of 
ECCE’15, pp. 4729–4736, Sep. 2015. 

C3. Z. Xin, X. Wang, P. C. Loh, and F. Blaabjerg, “Digital realization of capacitor-
voltage feedback active damping for LCL-filtered grid converters,” in Proc. of 
ECCE’15, pp. 2690–2697, Sep. 2015. 

C4. Z. Xin, R. Zhao, X. Wang, P. C. Loh, and F. Blaabjerg, “Four new applications 
of second-order generalized integrator quadrature signal generator,” in Proc. of 
APEC’16, pp. 2207–2214, Mar. 2016. 

C5. Z. Xin, C. Yoon, R. Zhao, P. C. Loh, and F. Blaabjerg, “Realization of 
quadrature signal generator using accurate magnitude integrator,” in Proc. of 
ECCE’16, pp. 1–8, Sep. 2016. 

C6. Z. Xin, Z. Qin, M. Lu, P. C. Loh, and F. Blaabjerg, “A new second-order 
generalized integrator based quadrature signal generator with enhanced 
performance,” in Proc. of ECCE’16, pp. 1–7, Sep. 2016. 
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C7. Z. Xin, P. Mattavelli, W. Yao, F. Blaabjerg, and P. C. Loh, “Mitigation of grid- 
current distortion for LCL-filtered voltage-source inverter with inverter-side 
current control,” in Proc. of ECCE Asia’17, accepted. 

Equation Chapter (Next) Section 1
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CHAPTER 2. STABILITY ANALYSIS 

AND ACTIVE DAMPING OF GRID-

CONNECTED VSI WITH LCL-FILTER 

This chapter focuses on the practical implementation issue of the active damping 
control as shown in Figure 2-1. It begins with the modeling of the single-loop GCF 
and ICF control systems, based on which, their stable and unstable regions are 
identified. Next, the problems of the digital differentiator in the active damping loop 
are analyzed. To cope with these issues, two digital differentiators based on the non-
ideal GI and the SOGI-QSG are proposed, whose effectiveness is finally validated 
by experimental results. 
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Figure 2-1 Control system implementation of the LCL-filtered VSI with active damping. 

2.1. SYSTEM MODELING [J4, J6] 

With the symbols defined in Figure 2-1, the VSI system, when the active damping 
loop is not considered, can be described by the following transfer functions: 

    1 2
dsTv F s e i i   ,                                         (2.1) 

1 1 CsL i v v  ,                                                  (2.2) 

2 2 C gsL i v v   ,                                                   (2.3) 

1 2CsCv i i  ,                                                 (2.4) 
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where the filter parasitic resistances are neglected. The grid-side inductor L2 and the 
grid impedance Lg are combined as Lʹ2 for simplicity. F(s) is the transfer function of 
the current controller. Td is the total time delay in the system, which is approximated 
as 1.5Ts considering sampling, computation, updating of the compare registers, and 
the zero-order-hold effect of PWM [36]. The scalar notation is used for simplicity, 
which should be modified as space vectors for the αβ-frame implementation. The 
transfer functions for relating the inverter output voltage v to the output current	i1, 
grid current i2, and capacitor current iC are given by: 
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where ω0	and ωr are the anti-resonance frequency and resonance frequency of the 
LCL-filter, whose expressions are given by: 
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For each control strategy (ICF and GCF), a PR controller plus HCs can be used for 
current regulation. Transfer function of the controller is given by (2.10), where Kp, 
h, Krh, J and ω0 represent the proportional gain, harmonic order to be suppressed, 
resonant gain of each harmonic component, maximum harmonic order specified for 
attenuation, and the fundamental grid frequency, respectively. 
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 .                               (2.10) 

With the above transfer functions, the control block diagrams of the ICF and GCF 
control systems are shown in Figure 2-2. The transfer functions iC(s) i1(s)⁄  and 
i2(s) iC(s)⁄  can be derived by dividing (2.5) from (2.7) and (2.7) from (2.6) 
respectively, which are given as: 
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Figure 2-2 Control block diagrams of the single-loop (a) Inverter Current Feedback (ICF) 
scheme and (b) Grid Current Feedback (GCF) scheme [37]. 

The open-loop transfer functions of the single-loop ICF and GCF systems are: 

     1 1
dsT

i iT s F s e G s                                     (2.13) 

     2 2
dsT

i iT s F s e G s                                     (2.14) 

 

2.2. STABILITY ANALYSIS AND ACTIVE DAMPING [J4] 

The Nyquist Stability Criterion (NSC) is applied to investigate the stability of the 
system. In the open-loop Bode plot, the phase crossings at the  ±(2k+1) 180° (k is 
an integer) lines from below to top and from top to below are defined as the positive 
crossing and negative crossing respectively. For convenience, the number of positive 
crossings is noted as N  and the number of negative crossings is notated as 	N . The 
NSC states that the open-loop poles must be equal to 2(N N ) in order to ensure 
the system stability.  

2.2.1. STABILITY OF THE SINGLE-LOOP INVERTER-CURRENT 
FEEDBACK (ICF) AND GRID-CURRENT FEEDBACK (GCF) CONTROL 
SYSTEMS 

It can be found that the number of the open-loop unstable poles is zero for both Ti1 
and Ti2. To ensure the system stability, the number of positive crossings and the 
number of negative crossings should be the same i.e.	N N  according to the 
NSC. To illustrate it, the open-loop Bode plots of the two single-loop schemes are 
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plotted in Figure 2-3 with four different LCL-filter resonance frequencies obtained 
by changing the value of the filter capacitor according to Table 2-1. 

Table 2-1 LCL Parameters and Resonance Frequencies [37] 

Converter-side 

inductance L1 
3 mH 

Grid-side inductance      

L2 + Lg 
1.8 mH 

Capacitance C 25 µF 11 µF 5 µF 2 µF 

Resonance 

Frequency 

 fr1  = 0.95 

kHz  

fr2  = 1.43 

kHz 

fr3  = 2.12 

kHz 

fr4  = 3.36 

kHz 
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Figure 2-3 Open-loop Bode plots of the single-loop (a) ICF and (b) GCF schemes with four 
LCL resonance frequencies [37]. 
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For the ICF scheme, two phase jumps accompanied by a magnitude trougn and a 
magnitude peak can be observed in each open-loop Bode plot as shown in Figure 
2-3(a). The resonance and anti-resonance frequencies can be derived from (2.8) and 
(2.9) respectively [38]. When fr is larger than fs/6 (e.g. fr3, fr4), an effective negative 
crossing will be generated at fr (e.g. fr3, fr4) accompanied by a positive magnitude 
peak. On the contrary, the phase crossing 180° at f03 or f04 is not a positive crossing, 
since the magnitude is always smaller than 0 dB. Consequently, the numbers of 
positive crossings and negative crossings are different and the system is unstable 
according to the NSC. On the other hand, if fr is smaller than fs/6 (e.g. fr1, and fr2), 
the numbers of positive crossings and negative crossings will both be zero. In this 
case, the system can be stable as long as the proportional gain of the current 
controller is designed properly. In conclusion, the stable region of the single-loop 
ICF scheme is (0, fs/6) and the unstable region is (fs/6, fs/2). 

The stability characteristic becomes opposite for the single-loop GCF scheme, 
whose open-loop Bode plot is shown in Figure 2-3(b). It is noted that only one phase 
jump occurs at fr, where a positive magnitude peak always exists. Despite this phase 
jump, neither negative crossing nor positive crossing occurs when fr is larger than 
fs/6 (e.g. fr3, fr4). The system can thus be stable when fr is located in (fs/6, fs/2) with a 
properly designed proportional gain of the current controller. On the other hand, an 
effective negative crossing occurs when fr is smaller than fs/6 (e.g. fr1, fr2), since the 
magnitude is always larger than 0 dB due to the magnitude peak. Therefore, the 
system is unstable in (0, fs/6), because no corresponding positive crossing is present. 
As a result, the unstable region of the single-loop GCF scheme is (0, fs/6) and the 
stable region is (fs/6, fs/2).  

Since the frequency fs/6 separates the stable and unstable regions of the two systems, 
it is thus called the critical frequency [39], whose value is mainly determined by the 
phase lag of the time delay in the digital control system [36]. 

2.2.2. ACTIVE DAMPING AND PRACTICAL IMPLEMENTATION ISSUES 

To damp the LCL-resonance, active damping schemes that need no passive element 
have been suggested in practice [15]–[19]. Generally, active damping can be 
realized by either inserting a notch filter into the forward loop of the control system 
or feeding back some variables in the control loop. The basic principle of the notch-
filter based active damping can be illustrated by the Bode plot in Figure 2-4, where a 
GCF control system is taken as an example. The notch-filter based active damping 
uses the magnitude through of a notch filter to cancel out the magnitude peak 
introduced by the LCL-filter. At the same time, the phase jump associated with the 
magnitude peak can be compensated by the notch filter, which reduces the risk of 
system instability. However, the notch frequency of the filter should be accurately 
tuned at the LCL-filter resonance frequency in order to guarantee the effectiveness, 
which is difficult to realize in practice due to the uncertainty of the resonance 
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frequency caused by grid impedance variation. To solve the problem, a self-
commissioning notch filter is proposed in [40], where the resonance frequency is 
detected online to tune the notch frequency. Despite its effectiveness, this method 
suffers from complexity and also high computational burden. 
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Figure 2-4 Bode plots of the GCF scheme with and without the notch-filter based active 
damping. 
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Figure 2-5 Control block diagrams of the GCF control system with the capacitor-current 
feedback active damping (a) basic structure (b) equivalent structure [37]. 

To realize a real-time tracking of the resonance frequency, the notch filter can be 
realized by feeding back some variables in the control loop. The effective variables 
can be the capacitor current [18], [20], [21], the capacitor voltage [17], [19], [22], 
and the grid current [23], [24]. The control diagram of the capacitor-current 
feedback active damping is shown in Figure 2-5(a) and the equivalent structure is 
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shown in Figure 2-5(b). Through an equivalent transformation, the active damping 
function can be described by the transfer function of the shaded part in Figure 
2-5(b), whose Bode plot is given in Figure 2-6(a) accompanied by the open-loop 
Bode plots of the single-loop and the dual-loop GCF schemes. To illustrate it, the 
time delay in the shaded part is first ignored. It is interesting to note that Figure 
2-6(a) is almost the same with Figure 2-4, where the magnitude trough and the phase 
jump provided by the inner loop cancel out the magnitude-peak and phase jump 
introduced by the LCL-filter. Hence, the working principle of the capacitor-current 
feedback active damping is in agreement with the notch-filter based active damping, 
while the former is superior to the latter since its notch frequency is self-adaptive.  
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                                                                         (b) 

Figure 2-6 Open-loop Bode plot of the GCF scheme with the capacitor-current feedback 
active damping (a) with the inner-loop delay (b) without the inner-loop delay. 



ADVANCED CONTROL AND STABILITY ENHANCEMENT OF GRID-CONNECTED VOLTAGE-SOURCE INVERTER 
WITH LCL-FILTER 

16
 

Unfortunately, in practice, the time delay in the inner loop influences the damping 
performance, which can be seen from the Bode plot in Figure 2-6(b) when the inner-
loop time delay is considered. Detailed discussion about this issue and a solution 
will be provided in Chapter 3. 

Another challenge of the capacitor-current feedback active damping is the increased 
numbers of sensors for capacitor current measurement. In practice, the capacitor 
voltage is measured for grid synchronization, which can thus be used to calculate the 
capacitor current at the same time in order to reduce the total cost of sensors. This 
approach is especially attractive for applications at MW range below 1000V, where 
the cost of a current sensor is much higher than that of a voltage sensor. Capacitor-
voltage feedback active damping has thus been applied in [22], where it is found that 
among proportional, integral and derivative feedbacks, only the derivative of the 
capacitor voltage has damping effect. However, accurate implementation of a digital 
differentiator is difficult. For instance, the differentiator discretized by the Tustin 
method can preserve the 90° phase lead, but the magnitude becomes infinite at the 
Nyquist frequency as observed from Figure 2-7, which may introduce noise 
amplification. In terms of the backward Euler discretization, it faces the problem of 
large phase error at high frequency where the LCL-filter resonance frequency may 
locate and the active damping may lose its effectiveness. The forward Euler method 
has a phase lead characteristic which realizes delay compensation at the same time. 
However, unstable poles of the closed system are produced when the forward Euler 
discretization is used to differentiate the capacitor voltage.  

 

Figure 2-7 Frequency response of the differentiators discretized by the traditional 
discretization methods [41]. 

Alternatively, the lead-lag differentiator was proposed in [17] and [19] for resonance 
damping, which works as a differentiator around the resonance frequency. However, 
similar to the problem of the notch-filter based active damping, it is very sensitive to 
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grid impedance variation, which makes it only suitable for a strong grid. To improve 
the performance of the digital differentiator, two new differentiators are presented 
hereinafter based on either the non-ideal GI or the SOGI-QSG. 

2.3. NON-IDEAL GENERALIZED INTEGRATOR (GI) BASED 
ACTIVE DAMPING [J2] 

2.3.1. BASIC PRINCIPLE 
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Figure 2-8 Bode plots of the ideal Generalized Integrator (GI), the non-ideal GI, the ideal 
differentiator and the pure integrator [41]. 

The GI has widely been used as controllers, whose transfer function is written as: 

 
2

2 2

s
GI s

s








                                            (2.15) 

where ω' is the center frequency of GI at which it has an infinite gain, and ω'2 is 
added here for better illustrating the differentiation characteristic of GI. Substituting 
s jω to (2.15), the magnitude and phase expressions can be given by: 

 
2

2 2
GI j

 
 




 
,                                        (2.16) 

   2 2sgn 90GI j       .                          (2.17) 

When ω ≪ ω', (2.16) and (2.17) can be simplified to ω and 90, which is equivalent 
to an ideal differentiator. Oppositely, when ω ≫ ω', the GI is equivalent to a pure 
integrator. These characteristics can be observed clearly from Figure 2-8 which 
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shows the Bode plot of (2.15). However, it is noted that the GI also has an infinite 
gain, which is susceptible to noise amplification. To avoid the problem, the non-
ideal GI can be used, whose transfer function is given by 

 
2

2 2
c

s
GI s

s s


 


 
 

                                       (2.18) 

where ω  determines the damping extent of the non-ideal GI whose Bode plot is 
shown in Figure 2-8. To flatten the infinite peak of GI, ωc should be designed higher 
than that for a resonant controller, which is 5000 rad/s in Figure 2-8. The other 
difference from the typical application is the design of ω', which is set to the Nyquist 
frequency in order to obtain the widest differentiation characteristic. 

2.3.2. DISCRETIZATION OF THE NON-IDEAL GI 

The non-ideal GI differentiator should be discretized appropriately before it is used 
in a digital system. The discretization methods can be Tustin, pre-warped Tustin, 
backward Euler, forward Euler, Zero-Pole Matching (ZPM), First-Order Hold 
(FOH), Zero-Order Hold (ZOH), or Impulse Invariant (IMP) method [42]. The 
corresponding Bode plots are shown in Figure 2-9(a) and (b). It can be observed 
that, the forward and backward Euler methods produce the best magnitude match, 
but unstable poles or large phase errors are produced. The Tustin method shifts the 
frequency of the magnitude peak, which can be avoided by the pre-warped Tustin. 
But the pre-warped magnitude response has a high gain at the Nyquist frequency, 
which may introduce noise amplification. Figure 2-9(b) further shows that the ZOH, 
ZPM and IMP methods are not suitable due to the large phase mismatches. Finally, 
the FOH method, which provides the closest characteristic to the s-domain non-ideal 
GI differentiator, is selected for digital implementation. 

  
(a)  
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 (b) 

Figure 2-9 Frequency responses of 8 different discretized non-ideal GI differentiators [41]. 

2.3.3. COMPARISON WITH EXISTING DIFFERENTIATORS 
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Figure 2-10 Frequency responses of differentiators (A) discretized with Tustin method, (G) 

discretized with backward Euler method, and (B to F) FOH-discretized non-ideal GI with ωc 
= 0, 5000, 10000, 20000 and 42000 rad/s [41]. 

Performance of the proposed non-ideal GI differentiator is compared with that of the 
Tustin and backward Euler differentiators. Figure 2-10 shows the Bode plots of these 
methods, where for the non-ideal GI four values are chosen for ωc  which are 0, 
5000, 10000, 20000 and 42000 rad/s. It is noted that the ideal GI and the Tustin 
differentiators have the same frequency response, which can be illustrated by the 
FOH-discretized GI function in (2.19). 
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                   (2.19) 

Since ω' has been set to the Nyquist frequency, (2.19) can be simplified to (2.20)
which is the same with the function of Tustin discretization. 

  2 1

1FOH
s

z
GI z

T z





                                       (2.20) 

Interestingly, when ωc increases to 42000 rad/s, the characteristic of the non-ideal 
GI differentiator is close to that of the backward Euler differentiator. Considering ωc 
can be tuned easily, the characteristic of the non-ideal GI differentiator can be 
designed conveniently according to the requirements of the phase error and noise 
attenuation performance. 

2.3.4. EXPERIMENTAL VALIDATION 

 

Figure 2-11 Experimental setup [41]. 

To validate the effectiveness of the non-ideal GI differentiator, an LCL-filtered grid-
connected VSI system was built in the laboratory as shown in Figure 2-11. A 
detailed description about the experimental setup can be found in J2. In the control 
system, the grid current was measured for control and the capacitor voltage is 
measured for grid synchronization and active damping. A differentiator was inserted 
into the inner damping loop for computing the capacitor current from the capacitor 
voltage. It can be observed from Figure 2-12 that the system is stable with the non-
ideal GI differentiator but unstable with the backward Euler differentiator. The 
reason is the large phase error of the backward Euler differentiator, which makes the 
active damper poor in effectiveness. 
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(a)                                                                        

 
(b) 

Figure 2-12 Experimental waveforms when the differentiator changes between non-ideal GI 
and backward Euler [41]. 

2.4. SECOND-ORDER GI (SOGI) BASED ACTIVE DAMPING [J2] 


v

  

 

k
v vk



qv

v

dv

 

Figure 2-13 Principle of SOGI based differentiator [41]. 

The structure of the SOGI-QSG is shown in Figure 2-13, where the output v' and qv' 
are the in-phase and quadrature signals of the input, which has been widely used for 
power converter applications such as single-phase grid synchronization. Apart from 
these two outputs, there is another output which is the differentiation of the input 
and can be used to implement the active damping function. To begin with, the 
transfer function for relating v'	to the input v can be expressed as 

  2 2

v k s
D s

v s k s


 

 
 

  
.                                   (2.21) 
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where ω' is the center frequency and k is the damping factor. At the frequency ω', 
the output v' is in-phase with the input v, and the output vd' is the differentiation of 
the input at ω'. If the input of SOGI-QSG is the capacitor voltage, the output vd'	will 
be the capacitor current when ω' is tuned at the LCL-filter resonance frequency. To 
illustrate it, the transfer function for relating the output 	vd' to the input v is first 
given by (2.22), which, for digital implementation, should be discretized by the pre-
warped Tustin method. 

 
2

2 2dv

v k s
G s

v s k s


 


 

   
.                               (2.22) 

Next, Bode plots of (2.22) and its discretized transfer function are shown in Figure 
2-14. It can be found that the working principle of the SOGI-based differentiator is 
similar to the lead-lag differentiator, while the former has a more accurate phase 
characteristic. Moreover, the SOGI-based differentiator has a smaller gain than the 
ideal differentiator both above and below the working frequency, which is helpful 
for noise attenuation. However, active damping based on SOGI-based differentiator 
needs online grid-impedance estimation or resonance-frequency detection to tune its 
working frequency. These algorithms make the overall scheme more complicated 
[28]. 

Bode Diagram

 

Figure 2-14 Frequency responses of the discretized SOGI-QSG, the continuous SOGI-QSG 
and the ideal “s” derivatives [41]. 

It is known that the time delay in the control loop weakens the stability of the single-
loop GCF control system, which can be improved through time delay compensation. 
It is noted from Figure 2-14 that the SOGI-based differentiator has a phase-lead 
characteristic below the 90°-crossing frequency and a phase-lag characteristic above 
the 90°-crossing frequency. The phase-lead characteristic contributes to time-delay 
compensation and enhances the stability of the control system. For the parameter 
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design of the SOGI-based differentiator, it is therefore advised to set its 90°-crossing 
frequency at the resonance frequency where the grid inductance is zero. In this case, 
even if the grid inductance varies, the resonance frequency can only become smaller 
than the 90°-crossing frequency of the SOGI-based differentiator, and its phase-lead 
characteristic will enhance the system stability. In this case, an additional grid 
impedance estimation algorithm can be avoided. Detailed description about the 
principle and parameter design can be found in J2. 

2.5. SUMMARY 

In this chapter, the digital implementation issues of the active damping control are 
analyzed. To overcome the problems, two digital differentiators based on non-ideal 
GI and SOGI-QSG are proposed. Performance of the non-ideal GI differentiator can 
be adjusted conveniently according to the application requirement, which alleviates 
the noise-amplification and phase-error issues of the traditional Tustin differentiator 
and backward Euler differentiator. On the other hand, the SOGI-based differentiator 
has a fixed characteristic, but it can achieve delay compensation at the same time. 
The proposed two differentiators can also be employed in other applications, even 
though they have only been discussed for active damping in this thesis. 

Equation Chapter (Next) Section 1 
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CHAPTER 3. STABILITY 

ENHANCEMENT OF THE CURRENT 

CONTROL SYSTEMS USING TIME-

DELAY COMPENSATION [J4] 

This chapter focuses on the stability enhancement of the current control system 
using time-delay compensation approach as shown in Figure 3-1. To begin with, an 
optimized inner-loop damping gain is determined for the dual-loop GCF scheme 
with active damping, which is able to fix the stable region of the system always 
below the critical frequency, regardless of the variation of the grid impedance and 
LCL-filter parameters. Finally, an improved time-delay compensation method is 
presented to enhance the system stability. 
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Figure 3-1 Control system implementation of the LCL-filtered VSI with active damping. 

3.1. STABILITY ENHANCEMENT TECHNIQUES FOR SINGLE-
LOOP ICF AND GCF SCHEMES  

As mentioned previously, the critical frequency is the division between the stable 
and the unstable regions of the two control systems. To enhance the stability of the 
single-loop ICF scheme, the stable region can be widened by increasing the critical 
frequency with time delay compensation methods such as shifting the sampling 
constants [18], inserting a prediction block into the control loop [43], or using the 
state observers [44]. On the other hand, to widen the stable region of the single-loop 
GCF scheme, the critical frequency should be decreased, which means that the time 
delay should be enhanced rather than reduced. However, a large time delay reduces 
the controller bandwidth and degrades the control performance significantly [43]. 
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Therefore, the stable region of the GCF scheme cannot be widened directly by 
decreasing the critical frequency. 

To cope with this issue, the capacitor-current feedback AD control method shown in 
Figure 2-5(a) is advised for the GCF control system. If the stability characteristic of 
the dual-loop GCF control can be the same with that of the single-loop ICF control, 
i.e. stable in (0, fs/6) and unstable in (fs/6, fs/2), the stable region can then be widened 
using time-delay compensation techniques like the single-loop ICF control. 

Unfortunately, it is not always true that the expected stable region (0, fs/6) can be 
retained with the active damping control. For example, if the grid impedance varies 
in a wide range, or the damping gain Ka and the controller gain Kp are not designed 
properly, the expected stable region (0, fc) may become the unstable region again. To 
clearly illustrate this problem, Figure 3-2(a) and (b) show the root loci of the dual-
loop GCF control system with four resonance frequencies and two AD gains for 
each resonant frequency. Before plotting the root locus, the s-domain open-loop 
transfer function of the dual-loop GCF scheme should be discretized first. To do 
this, the control diagram in Figure 2-5(a) is equivalently transformed to that in 
Figure 3-3, where the damping gain Ka is written as mKp in order to study the 
influence of the relation between Ka and Kp on the system stability. 
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                                         (a)                                                                  (b) 

Figure 3-2 Root loci of the dual-loop GCF control system with two  damping gains (a) Ka = 
0.5 Kp, (b) Ka = 1.25 Kp [37]. 
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Figure 3-3 Equivalent block diagram of the dual-loop GCF control scheme [37]. 

From Figure 3-3, the s-domain open-loop transfer function of the dual-loop GCF 
control system is given by: 



CHAPTER 3. STABILITY ENHANCEMENT OF THE CURRENT CONTROL SYSTEMS USING TIME-DELAY 
COMPENSATION [J4] 

27 

         2ad d inner iT s F s G s G s G s                                (3.1) 

where Ginner(s) is the inner closed-loop transfer function, which can be expressed by: 
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.                                  (3.2) 

For digital implementation, the transfer functions Gi2(s) and GiC(s) are discretized by 
the ZOH discretization as follows: 
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For simplicity, it is assumed that the resonant gains of the PR controller are properly 
designed, and thus the phase lag caused by them can be negligible. In this case, the 
z-domain transfer function of the PR controller F(z) can be expressed by a simple 
proportional gain Kp. The corresponding z-domain transfer function of (3.2) is given 
by: 
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The z-domain open-loop transfer function of the dual-loop GCF can thus be 
expressed by: 
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               (3.6) 

The root locus of the dual-loop GCF system is determined by the denominator poles 
of the closed-loop transfer function with the change of the controller gain. The 
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relevant expression can be derived using the formulation of 1 + Tad(z) = 0, which can 
be given by (3.7): 
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(3.7) 

With the above expressions, the root loci are finally plotted in Figure 3-2. It can be 
seen from Figure 3-2(a) that the frequencies fr3 and fr4, which are higher than fs/6, are 
in the stable region, while the frequencies fr1 and fr2, which are lower than fs/6, are in 
the unstable region. In contrary, Figure 3-2(b) shows that the higher frequencies (fr3 
and fr4) are in the unstable region, and the lower frequencies (fr1 and fr2) are in the 
stable region. It can be seen that different damping gains result in different stability 
characteristics for the dual-loop GCF scheme. As mentioned previously, in order to 
widen the stable region of the GCF control system without increasing the time delay, 
the stable region of the system should be fixed at the low frequency region (0, fs/6). 
However, this is not easy to realize with the existing design method for the damping 
gain, but it can be easily realized with the proposed design rule in this chapter. 

3.2. NECESSARY ACTIVE DAMPING GAIN TUNING 
REQUIREMENT 

The single-loop ICF scheme can be equivalently transformed to a dual-loop GCF 
scheme as shown in Figure 3-4, whose inner damping gain is fixed to Kp. Hence, the 
dual-loop GCF system has the same stability characteristic with the single-loop ICF 
control, i.e. stable in (0, fs/6) and unstable in (fs/6, fs/2).  
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Figure 3-4 Equivalent transformation of the single-loop ICF to dual-loop GCF scheme [37]. 

To prove it, the root loci of the three systems are presented in Figure 3-5 to illustrate 
the stability characteristic of the dual-loop GCF system when Ka = Kp is selected. It 
is noted that the stable regions of the single-loop ICF in Figure 3-5(a) and the single-
loop GCF in Figure 3-5(b) are in agreement with the results in Figure 2-3. As for the 
dual-loop GCF scheme with the damping gain Kp, its root loci are shown in Figure 
3-5(c). It is interesting to find that Figure 3-5(c) is the same with Figure 3-5(a), 
which indicates that these two systems may have the same stability characteristic. 
The conclusion can be proved by deriving the closed-loop characteristic equation of 
the single-loop ICF system using the formulation of 1 + Ti1(z) = 0, where Ti1(z) 
expressed by (3.8) is the open-loop transfer function. The closed-loop characteristic 
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equation is given by (3.9). It is noted that (3.9) and (3.7) have the same 
characteristic roots, which thus lead to the same root loci in Figure 3-5(a) and (c). 
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Figure 3-5 Root loci of the single-loop ICF, single-loop GCF, and the dual-loop GCF with its 
damping gain set to Kp [37]. 

3.3. SOGI BASED TIME DELAY COMPENSATION  

After finding out the damping gain to fix the stable region at (0, fs/6), next task is to 
research how to widen the stable region of the dual-loop GCF scheme. Although 
several time delay compensation techniques [18], [20], [21] have been proposed 
recently to enhance the system stability, they still suffer from some practical issues. 
To cope with them, a new time delay compensation method based on SOGI-QSG is 
presented as follows. In terms of the SOGI-QSG in Figure 2-13, the error signal εv 
has a notch characteristic, whose corresponding transfer function is given by 
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Figure 3-6 Bode plots of (a) E(s) and Er(s), (b) Ern(s) and Er(z) when ωʹ is tuned to the 
Nyquist frequency [37]. 

The solid line in Figure 3-6 shows the Bode plot of (3.10) when ωʹ is set to 2π*1000 
rad/s. Due to the notch-filter characteristic, the phase of E(s) first reduces from 0 to -
90° below ωʹ, and then jumps from -90° to 90° at ωʹ, and finally reduces back to 0. 
Below ωʹ, the phase characteristic of E(s) has a similar phase-lag characteristic of 
the time delay. Therefore, a very simple idea to compensate the phase lag of the time 
delay is using the opposite phase characteristic of E(s), which can be obtained by 
calculating its reciprocal function as given by (3.11). 
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The phase-lead characteristic of Er(s) can be clearly observed from the dashed Bode 
plot in Figure 3-6(a). To make full use of the phase-lead characteristic, ωʹ is set to 
the Nyquist frequency. However, an infinite gain exists at ωʹ as shown in Figure 
3-6(b), which may introduce noise amplification. The infinite gain also exists in the 
method proposed in [20]. Differently, the infinite gain of the SOGI-based method 
can easily be avoided by replacing the resonant term in (3.11) with its non-ideal 
version. The resulting transfer function is given by (3.12). The FOH discretization 
was used to discretize (3.11) for digital implementation. The Bode plot of the 
discretized transfer function is shown in Figure 3-6(b) where the characteristics of 
Ern(s) and Ern(z) are very close to each other, implying that the FOH discretization is 
indeed a suitable technique.  
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3.4. EXPERIMENTAL VALIDATION  

According to the analysis, the dual-loop GCF scheme is equivalent to the single-
loop ICF scheme when the inner damping gain is set to Kp. As a result, similar to the 
single-loop ICF scheme, the dual-loop GCF scheme is stable when the resonance 
frequency is lower than the critical frequency. To prove it, an LCL-filtered grid-
connected VSI system was built in the laboratory as shown in Figure 3-7. A detailed 
description about the experimental setup can be found in J4. Figure 3-8(a) shows the 
waveforms generated by changing the inner damping gain from Kp to zero. The 
LCL-filter resonance frequency is 1.31 kHz, which is in the stable region of the 
single-loop ICF scheme while in the unstable region of the single-loop GCF scheme. 
It is noted from Figure 3-8(a) that, when the inner damping gain is Kp, the dual-loop 
GCF scheme is stable, because it is equivalent to the single-loop ICF scheme. In 
comparison, when the inner damping gain is changed to 0, the control system cannot 
be unstable any more since it becomes the single-loop GCF system. Similar result is 
shown in Figure 3-8(b) with the inner-loop gain changed from Kp to 0.5Kp. Due to 
the additional damping provided by the inner loop, the instability in Figure 3-8(b) is 
not as serious as that in Figure 3-8(a) where the inner-loop gain is changed to 0. 
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Figure 3-7 Experimental setup[37]. 

     
(a)                                                            

 
(b) 

Figure 3-8 Experimental results with the dual-loop GCF control, where the inner damping 
gain is changed from Kp to (a) 0 and (b) 0.5Kp [37]. 



CHAPTER 3. STABILITY ENHANCEMENT OF THE CURRENT CONTROL SYSTEMS USING TIME-DELAY 
COMPENSATION [J4] 

33 

Next, the LCL-filter resonance frequency is increased to 1.85 kHz which is larger 
than the critical frequency of 1.67 kHz. If the inner damping gain is still Kp, the 
dual-loop GCF scheme cannot be stable anymore in principle. However, the 
parasitic resistance and the core loss of the inductor help to stabilize the system even 
though the resonance frequency is slightly larger than the crictical frequency, which 
can be seen from the steady-state waveforms in Figure 3-9(a). Nevertheless, in the 
dynamic state, the resonace is still activated due to the weak damping ability of the 
whole system, which can be found from Figure 3-9(a) when the current command is 
changed from 5 A to 10 A. In comparison, when the proposed SOGI-based time 
delay compensation is enabled, the resonance in the dynamic process is eliminated 
and the system shows enhanced damping ability as shown in Figure 3-9(b), which 
proves the effectiveness of the proposed method. 

      
(a) 

t (4 ms/div)  
(b) 

Figure 3-9 Experimental results with the dual-loop GCF control (a) without and (b) with the 
proposed time delay compensation [37]. 
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3.5.  SUMMARY 

The relationship between the single-loop ICF scheme and dual-loop GCF scheme is 
investigated in this chapter. According to the result, the inner damping gain can be 
determined, which fixes the stable region of the dual-loop GCF scheme below the 
critical frequency regardless of the variation of LCL-filter parameters and grid 
impedance. Next, a SOGI-based time delay compensation approach is proposed to 
enhance the stability of the dual-loop GCF scheme, whose effectiveness is finally 
validated by experimental results. 

 

Equation Chapter (Next) Section 1 
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CHAPTER 4. HARMONIC MITIGATION 

OF LCL-FILTERED VSI WITH INVERTER 

CURRENT CONTROL [J6] 

This chapter focuses on the harmonic mitigation of the LCL-filtered VSI as shown 
in Figure 4-1. It begins by investigating the sensitivity of the LCL-filtered VSI to the 
grid-voltage harmonics, especially when the inverter-side current is controlled. The 
limitations of the traditional harmonic mitigation strategies, such as the harmonic 
controllers and the grid-voltage feedforward schemes, are identified. Finally, a 
simple and effective control scheme for the LCL-filtered VSI with the inverter-side 
control is proposed to overcome the problems.   
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Figure 4-1 Typical structure of the three-phase VSI system. 

4.1. HARMONIC ISSUES  

Despite the excellent high-frequency attenuation performance of an LCL-filter, its 
low-inductance increases its susceptibility to low-order current distortions. Instead 
of increasing the inductance, it is much preferred to use control methods to deal with 
the low-order harmonics. The ICF control is mostly selected in industrial products, 
since current sensors have been installed in inverter-side for overcurrent protection 
and extra sensors for the control loop can be saved [27], [30], [45]–[47]. Besides, the 
ICF system has inherent damping characteristics [47], while for the GCF system, 
additional damping function has to be applied in the system in order to guarantee the 
stability of the system under weak grid conditions. 

However, in an ICF control system, the grid current is regulated indirectly, which 
may suffer from severe distortion in face of grid-voltage harmonics, because the 
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harmonic current can freely flow through the capacitor without control [48], [49]. 
This issue can be well explained by the experimental result in Figure 4-2, where the 
inverter current is controlled to zero by the PR controller plus resonant HCs. 
However, it is noted that the grid current is seriously distorted by the grid-voltage 
harmonics, which flows into the filter capacitor without control. 

2i

Ci

1i

gv

 
Figure 4-2 Output current waveforms of the ICF-controlled VSI under distorted grid-voltage. 

4.2. TRADITIONAL SOLUTIONS 

4.2.1. HARMONIC CONTROLLERS 

Thanks to the infinite gains introduced by the HCs (resonant controller or repetitive 
controller), in an ICF system, the inverter current can be free of low-order distortion, 
no matter the harmonic sources are from the inverter-side or the grid-side. In case of 
inverter-side disturbance (e.g. dead-time effect), the grid current can also be free of 
distortion as long as the low-order harmonics have been eliminated from the inverter 
current before they flow into the grid-side inductor. However, in case of grid-voltage 
distortion, the resulting grid-current harmonics cannot be rejected by the HCs any 
more, due to the uncontrolled harmonic currents in the filter capacitor. To state the 
grid-current harmonic attenuation ability of the ICF control system explicitly, the 
grid harmonic impedance of the ICF control system is given by (4.1), which 
indicates the relationship of the grid voltage and the resulting grid current [27]. 
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According to (4.1), at low and high frequencies, the harmonic impedance can be 
approximated by (4.2) and (4.3) respectively, 

2

g
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i
  ,                                            (4.2) 
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It can be seen from  (4.2) and (4.3) that the harmonic impedance shows resistive 
characteristic at low frequency and inductive characteristic at high frequency. The 
resistance is determined by Kp, while the inductance is determined by the grid-side 
inductor Lʹ2. Especially, at the frequencies where the HCs work, Gc(s) becomes 
infinite and (4.1) can be approximated by: 

2
2

1g
gHarmonic

v
Z sL

i sC
   .                                    (4.4) 

These three characteristics can intuitively be illustrated with the help of the circuit 
model of the control system given in [50], where the principle of the PR controller is 
represented by a resistor and a bank of LC circuits as shown in Figure 4-3. The 
findings from this equivalent circuit can be concluded as follows: 

 At very low frequency, the inductor impedance is very small and the 
capacitor impedance is very large, which is seen as a short circuit and an 
open circuit respectively. In this case, the current contributed by the grid 
voltage mainly flows in loop A, whose impedance is dominated by the 
resistance with the value of Kp.  

 At very high frequency, the capacitor is seen as a short circuit, and thus the 
current contributed by grid voltage mainly flows in loop B, whose 
impedance is dominated by Lʹ2.  

 At frequencies where the HCs work, the impedance of the LC circuits 
become infinite. Thus, the current contributed by the grid voltage mainly 
flows in loop B whose impedance is dominated by Lʹ2 and the filter 
capacitor C. 
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2
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Figure 4-3 Equivalent circuit of the LCL-filtered VSI with the inverter-side current controlled 
by a proportional-resonant controller plus resonant HCs. 
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To illustrate these characteristics more exactly, Figure 4-4 shows the Bode plot, 
which compares the harmonic impedances of the ICF control systems whose 
harmonic controllers are disabled and enabled respectively. The controllers are 
designed according to [51]. The fundamental resonant controllers of these two 
systems are both disabled in order to clearly distinguish their difference coming only 
from the harmonic controllers. 
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Figure 4-4 Bode diagram of the grid harmonic impedance for the ICF control system when 

harmonic controllers are enabled and disabled. 

It can be observed from the Bode plot that around the working frequencies of the 
HCs, the harmonic impedance of the system is slightly larger than that when the 
HCs are disabled, because the current contributed by the grid voltage can flow both 
in loop A and loop B when the HCs are disabled, which has a lower impedance than 
loop B due to the parallel topology. It can be concluded that, although the HCs of 
the ICF control system cannot reject the grid-current harmonics completely, their 
existence help to attenuate the harmonics to some extent. However, the attenuation 
is quite limited, which is always below 40 dB in the provided case. Moreover, at the 
working frequencies of HCs, the impedance values are only determined by L2 and C 
(see (4.4) and Figure 4-4), since the grid-current harmonics only flow from L2 to C 
when the HCs are enabled. Therefore, the harmonic attenuation capability is fixed 
by the filter parameters and cannot be improved by designing the controller 
parameters. Unfortunately, in commercial products, in order to get a similar filtering 
performance, a comparative large capacitor is preferred instead of a large grid-side 
inductor in order to reduce the volume and cost of the filter stage. As a result, the 
harmonic impedance will be small according to (4.4). 

4.2.2. GRID-VOLTAGE FEEDFORWARD 

To cope with the harmonic issue of the ICF control system, the feedforward scheme, 
which has been used widely for the L-filtered VSI, has also been extensively 
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researched for the ICF-controlled LCL-filtered VSI [27], [30], [45]. A proportional 
grid-voltage feedforward strategy was applied in [30], which was said to have 
excellent harmonic-attenuation performance, since the LCL-filter was simply treated 
as an L filter by the authors. However, its effectiveness is deteriorated when the 
filter capacitor is considered. Instead of using the proportional feedforward, a 
transfer function was derived and inserted into the feedforward loop [45], aiming for 
eliminating an undesirable admittance effect. Unfortunately, the grid current can still 
be distorted by grid-voltage harmonics, since the feedforward term is the capacitor 
voltage rather than the grid voltage. In [27], an accurate feedforward function for 
grid voltage was derived, which can eliminate the influence of the grid voltage on 
the grid current completely. However, a second-order differentiator is required in 
order to synthesize the feedforward function, which is sensitive to noise and makes 
the method impractical. Although an alternative capacitor-current feedforward 
scheme was also given in [27] to overcome the drawback, it is still impractical due 
to the increased cost for capacitor-current measurement. 

4.2.3. CAPACITOR-CURRENT FEEDFORWARD 

In addition to the above two methods, another solution is to make the current 
reference contain the full harmonic information, which can be implemented by 
calculating the capacitor current from the capacitor voltage and then adding it to the 
reference. This idea was reported to be effective for the ICF control system with the 
novel D-Σ digital controller [46]. However, it is hardly used in the typical PR or PI 
controlled ICF system in literature, which may be attributed to the instability risk 
introduced by the feedforward loop. Specifically, since the modified system is 
equivalent to the GCF system, its stable region becomes the same with the GCF as 
well, which is (fs/6, fs/2) rather than (0, fs/6). In this case, additional damping needs 
to be designed in order to ensure the system stability under weak grid condition. 
Detailed analysis of the problem was provided in J6. 

 

4.3. PROPOSED HARMONIC MITIGATION STRATEGY 

4.3.1. CONTROL STRUCTURE 

To avoid the instability of the system with capacitor-current feedforward, a direct 
solution is to insert multiple band-pass filters into the feedforward loop, which only 
allows the predefined harmonics to pass. Despite its effectiveness, as the number of 
the harmonics to be attenuated increases, the computational burden increases as 
well. To solve the problem, a very simple scheme is proposed, which has the same 
computational effort but has a different feedforward position as shown in Figure 4-5. 
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Figure 4-5 Three-phase ICF-controlled LCL-filtered VSI with the proposed control. 

4.3.2. STABILITY AND HARMONIC IMPEDANCE ANALYSIS 

In the proposed method, the capacitor current is only processed by the resonant 
controllers instead of the proportional controller. Since the stability of the control 
system is mainly determined by Kp, the added feedforward term will not influence 
the stable and unstable regions of the control system. To illustrate it, the root loci of 
the proposed system are plotted in Figure 4-6 with three resonance frequencies. It 
can be observed that the stable region of the proposed system is in agreement with 
the typical single-loop ICF control system despite an additional feedforward loop. 
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Figure 4-6 Root loci of the proposed system when the LCL-filter resonance frequency is 
below the critical frequency, (a) full root loci (b) partially enlarged root loci. 

In terms of harmonic attenuation, the proposed scheme is, however, much superior 
to the single-loop ICF control system, as observed from the Bode plot in Figure 4-7, 
where the infinite impedance is obtained at the working frequencies of the HCs 
thanks to the grid harmonic information provided by the feedforward term. Looking 
back at Figure 4-5, it is interesting to find that the proposed scheme is actually a 
combination of an ICF control system and a GCF control system (the inverter 
current is controlled by the proportional controller, while the grid current is 
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controlled by the resonant controllers). That is the reason why the proposed scheme 
can inherit the stability characteristic of the single-loop ICF control system and the 
harmonic control capability of the single-loop GCF control system simultaneously. 
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Figure 4-7 Bode plot of the grid harmonic impedance when the proposed feedforward term is 

enabled and disabled. 

4.3.3. DIGITAL DIFFERENTIATOR DESIGN 

To calculate the capacitor current, a differentiator is needed in the proposed method, 
which is difficult to be implemented accurately in a digital system. To overcome the 
drawback, the adjustable digital differentiator developed in [52] is applied in the 
proposed control system. The proposed control system is not so sensitive to the 
magnitude error of the differentiator, since the error can be eliminated by the 
integration characteristic of the resonant controllers. However, the sensitivity of the 
proposed method to the phase error is unknown, which should be investigated to 
ensure an accurate harmonic control. Detailed investigation was provided in J6. 

4.3.4. CONTROLLER DESIGN 

When the parameter of the LCL-filter is specified, stability of the system will mainly 
be determined by the proportional gain of the current controller. Considering that the 
proportional control branch of the system is the same with the typical single-loop 
ICF control system, the proportional gain can be designed similarly. Generally, for 
LCL-filtered VSI, the proportional gain Kp of the current controller is designed using 
the same procedure for an L-filtered system. To illustrate it, the open-loop transfer 
function of the single-loop ICF control system is given by: 

   1
dsT

i p pT s K e G s .                                           (4.5) 
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where Gp(s) is the plant transfer function. For ICF and GCF control, it can be given 
by (4.6) and (4.7) respectively. 
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At low-frequency, (4.6) and (4.7) can both be reduced to: 

 1 2

1
pG

s L L



.                                             (4.8) 

Thus, the phase response of (4.5) at low frequency is dominated by the inductor and 
the total time delay, whose phase contributions are - π 2⁄  and -ωTd respectively. For 
a specified phase margin m , the crossover frequency can be calculated by: 

2 m
c

dT





 .                                              (4.9) 

The proportional gain can then be calculated by setting the open-loop gain to be 
unity at the crossover frequency, which is given by: 

 1 2p cK L L   .                                       (4.10) 

Since the approximation of an L filter is only reasonable at low frequency, this 
method makes sense for the system whose LCL-filter frequency is far from the 
bandwidth, such as the traditional GCF control system [39], or the ICF system with 
the LCL-filter resonance frequency designed beyond the Nyquist frequency [11].  

However, this design method is not proper for parameter design of the typical ICF 
control system, whose LCL-filter resonance frequency is designed below the critical 
frequency for stability concern, where the plant cannot be approximated as an L-
filter anymore. Figure 4-8 shows the open-loop Bode plot of an ICF control system. 
It is observed that three 0-dB crossing frequencies always exist, due to the resonance 
peak and the anti-resonance peak of the magnitude response. Among these three 
frequencies, the largest one relates to the smallest phase margin, which should be 
selected for the Kp design.  

Before designing Kp, the crossover frequency should first be calculated according to 
a given phase margin. It is noted that, between the antiresonance frequency and the 
resonance frequency, the phase jump leads to a short duration of larger phase 
margin, after which, the phase becomes decided by the inductor and the time-delay 
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again. Therefore, it is reasonable that, (4.9) can still be used for the crossover 
frequency calculation, since it is a stricter constraint. The proportional gain Kp can 
next be calculated by setting the open-loop gain to be unity at the crossover 
frequency. However, (4.6) cannot be simplified to (4.8) near the LCL-filter 
resonance frequency anymore, which means (4.10) will be inaccurate when used for 
Kp calculation. To avoid the problem, the magnitude-frequency equation should be 
derived from (4.6), with which, Kp can be designed by: 

 3
1 2 1 2
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2 1

c c
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.                                    (4.11) 

As for the gain of the resonant controller, it can be designed by ensuring that its 
phase contribution is small at the crossover frequency [39], [51], i.e., 

   
20
p c
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 .                                                 (4.12)  

To ensure the system stability and a fast dynamic response, the phase margin is set 
to 40° in the target system, and the sampling frequency is 20 kHz in the setup, which 
results in the crossover frequency of 1.85 kHz. The Bode plot of the open-loop 
transfer function derived from the proposed control structure in Figure 4-5 is shown 
Figure 4-8. It can be seen that the phase margin is 40.4° and the crossover frequency 
is 1.84 kHz, both of which are very close to the designed values. 
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Figure 4-8 Bode plot of the proposed control system with a 40° designed phase margin. 

4.3.5. EXPERIMENTAL VALIDATION 

Figure 4-9 shows the experimental setup in the lab to validate the effectiveness of 
the proposed method. The parameters of the system can be found in J6. Figure 
4-10(a) shows the waveforms of the inverter current and the grid current under an 



ADVANCED CONTROL AND STABILITY ENHANCEMENT OF GRID-CONNECTED VOLTAGE-SOURCE INVERTER 
WITH LCL-FILTER 

44
 

ideal grid condition. Thanks to the HCs, the THD of the grid current is only 0.6 % 
under ideal grid condition, which is much lower than the 5 % required by the grid 
standards. 

 

Figure 4-9 Experimental setup. 
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                                    (c)                                                                      (d) 

Figure 4-10 Experimental waveforms of the grid current and inverter current (a) with HCs 
under ideal grid, (b) without HCs under distorted grid, (c) with HCs under distorted grid, and 

(d) with the proposed control under distorted grid. 

In comparison, the grid voltage output from the simulator is set to be distorted by 
low-order harmonics (5th, 7th, and 11th, THD 4.9 %) in Figure 4-10(b). It is noted 
that both the grid current and the inverter current become seriously distorted without 
HCs. Especially, a THD of 9.9 % is observed in the grid current in Figure 4-10(b), 
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which exceeds 5 % required by the grid standard, showing the severe influence of 
the grid-voltage harmonics on the grid-current quality. 

In order to mitigate these harmonics, the conventional resonant HCs tuned at the 5th, 
7th, and 11th harmonic frequencies are enabled in Figure 4-10(c). As a result, the 
inverter current becomes less distorted due to the infinite harmonic impedance 
provided by the HCs. However, despite the effectiveness of the HCs on the inverter 
current harmonic rejection, they fail to mitigate the grid-current distortions, which 
become even more serious with the THD increased to 12.26 % in Figure 4-10(c). 

The proposed scheme is then enabled in Figure 4-10(d), where the capacitor current 
is calculated from the GI-based differentiator and fed forward to the input of the 
resonant controllers. Since the capacitor current contains the harmonic information, 
the proposed control makes sure that all harmonics are produced from the inverter 
side rather than the grid-side. As a result, the grid current can be free of distortion in 
principle. Obviously, it is observed from Figure 4-10(d) that, with the proposed 
method, the grid-current waveform becomes much less distorted, which has only a 
THD of 2.77 % and complies well with the grid standard. The experimental results 
are in agreement with the theoretical analysis and the simulation results. Hence, the 
effectiveness of the proposed method under grid voltage distortion is validated. 

 

Figure 4-11 THD of the grid current i2 for three different control systems at different 
operating point. 

To give a more comprehensive comparison, for the three control schemes used in 
Figure 4-10, the THD of the grid current are measured at different operating point: 
from 10 % to 100 % of the rated power. The grid voltage distortion is the same with 
that in the previous experiments. The results are recorded in Figure 4-11 and shown 
by the bar chart, where it can be observed that the proposed method has the lowest 
THD at all operating points among the three control schemes. Specifically, above 

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

W/O HCs 42,63%29,55%22,10%17,82%15,21%13,47%12,19%11,22%10,49% 9,90%

With HCs 38,91%27,42%20,52%16,68%14,42%13,09%12,32%11,94%11,90%12,26%

Proposed 12,21% 4,16% 2,30% 2,36% 2,51% 2,53% 2,60% 2,65% 2,72% 2,77%
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30 % of the rated power, the proposed method can guarantee the THD to always be 
lower than 3 %, while for the other two control systems, the THD are almost all 
larger than 10 %. Although the relative THD of the proposed method at 10 % of the 
rated power is 12.21 %, its corresponding absolute value becomes 1.2 % which is 
still lower than the 5 % required by the grid standard. Besides, it is noted that, above 
60 % of the rated power, the use of HCs even worsens the grid current quality as a 
larger THD is observed compared with the system without HCs. 

4.4. SUMMARY 

This chapter proposes a very simple and effective grid-current harmonic mitigation 
strategy for the LCL-filtered VSI using ICF control, which makes the inverter 
possible to inject high-quality current to the grid even under grid voltage distortion. 
The proposed method is equivalent to a control system using a proportional 
controller for the inverter current control, while resonant controllers for the grid 
current control. As a result, the proposed system inherits the superior stability 
characteristic of the ICF control system and the excellent grid-current harmonic 
controllability of the GCF control system simultaneously. To implement the control 
algorithm, a differentiator realized by the non-ideal GI is employed to avoid extra 
current sensors. Eventually, the experimental results are presented to verify the 
effectiveness of the proposed method. 

Equation Chapter (Next) Section 1 
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CHAPTER 5. GRID SYNCHRONIZATION 

OF LCL-FILTERED VSI BASED ON 

SECOND-ORDER GENERALIZED 

INTEGRATOR [J5] 

This chapter focuses on the performance improvement of the SOGI based grid 
synchronization scheme. To begin with, a comprehensive review of the SOGI-based 
filters from a first-order system perspective and a circuit perspective is presented, 
through which, the principle of the SOGI-based filters can be intuitively understood. 
Furthermore, two improved SOGI-QSGs are proposed. The first one has a fourth-
order transfer function and thus has enhanced filtering performance at both low- and 
high-frequency. The second one is a second-order system, which is similar to the 
structure of the basic SOGI-QSG, while the proposed one can realize accurate 
parameter design based on a desired transient performance. 
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Figure 5-1 Typical structure of the three-phase VSI system. 

5.1. INTUITIVE UNDERSTANDING OF SOGI-BASED FILTERS 

5.1.1. DEVELOPMENT TIMELINE OF THE SOGI-BASED QUADRATURE 
SIGNAL GENERATOR (SOGI-QSG) AND SEQUENCE FILTER 

Figure 5-2(a) shows the development timeline of the SOGI-QSG, which was early 
employed in [53] and [54] for the instantaneous power calculation in a single-phase 
system. It was then used as a prefilter of PLL to implement the grid synchronization 
under a grid distortion condition [55], [56]. Further, the authors of [57] developed a 
Frequency-Locked Loop (FLL) based on SOGI-QSG and the scheme coincides with 
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the Adaptive Notch Filter (ANF) proposed in [58]. The ANF was developed based 
on the research of [59], [60], and [61]. Later, the multiple SOGI-FLL was proposed 
for harmonic extraction in [62]–[64], which can also be realized by the ANF in 
[65]–[67]. Besides these applications, the SOGI-QSG has also been used in many 
other fields [41], [68]–[73], reflecting its importance in industrial applications. 

             
                                                  (a)                                                     (b) 

Figure 5-2 Development timeline of (a) SOGI-QSG based filters and (b) Sequence Filter (SF) 
based filters . 

The SOGI-QSG block can be looked as a summation of two complex filters which 
when used to build closed-loop system lead to the Sequence Filters (SF) for either 
positive-sequence or negative-sequence component extraction. The development 
timeline of the SF is very similar to the SOGI-QSG, as in Figure 5-2(b). Despite the 
wide applications of SOGI-QSG and SF, their structures and principle illustrations 
are complicated, making them difficult to be distinguished and applied properly in a 
short time. To overcome the drawback, two novel approaches are presented to re-
investigate these filters. One is from the First-Order System (FOS) perspective and 
the other is from the circuit perspective. 

5.1.2. INTUITIVE UNDERSTANDING OF THE SOGI-QSG FROM A FIRST-
ORDER SYSTEM PERSPECTIVE 

5.1.2.1 Three first-order systems 

1) Standard First-Order System (FOS) 
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Figure 5-3(a) shows the structure of the standard FOS which is built by a pure 
integrator. The output of the FOS is able to track the dc input signal thanks to the 
infinite gain of pure integrator. The step response of the FOS is shown in Figure 
5-3(b), where it is noted that the output converges to the input gradually, verifying 
the dc-signal tracking capability of the FOS. The error between the input and output 
of the FOS is 1.83% at the time 4/k which is defined as the settling time ts in [74]. 

1

s
k

        

 100k

 
                                      (a)                                                                  (b) 

Figure 5-3 Block diagram (a) and step response (b) of the First-Order System (FOS) [75]. 

 2) Pure Sinusoidal Integrator and Sinusoidal FOS 

The FOS, however, cannot be used to track the sinusoidal signal, because the pure 
integrator has a finite gain at non-zero frequencies. This problem can be solved by 
shifting the infinite gain of the pure integrator to the frequency of the sinusoidal 
signal, which then results in the structure of the sinusoidal FOS (SFOS) shown in 
Figure 5-4(a). The response of the SFOS is plotted in Figure 5-4(b), where it can be 
seen that the amplitude response of the SFOS follows that of the FOS all the time, 
i.e. the SFOS and the FOS share the same settling time ts.  

1

s j
k

          
                                    (a)                                                                     (b) 

Figure 5-4 Block diagram (a) and step response (b) of the Sinusoidal FOS [75]. 

3) Symmetrical Sinusoidal Integrator and Symmetrical Sinusoidal FOS 

The input of SFOS should be a complex vector, which is difficult to get in a single-
phase system. To solve this problem, a positive-sequence Pure Sinusoidal Integrator 
(PSI) and a negative-sequence PSI are combined as a Symmetrical Sinusoidal 
Integrator (SSI) which avoid the implementation of the complex constant j. To 
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investigate the effectiveness of the resulting Symmetrical SFOS (SSFOS) in Figure 
5-5(a) for sinusoidal signal tracking, its response is shown in Figure 5-5(b), which is 
very close to that of the SFOS. Although the SSFOS has a second-order transfer 
function, it is denoted as “first order” since its magnitude response has an FOS 
characteristic. 

2 2

2


s

s
k

         
                                     (a)                                                                     (b) 

Figure 5-5 Block diagram (a) and step response (b) of the Symmetrical Sinusoidal FOS [75]. 

5.1.2.2 Re-evaluation of SOGI based filters from an FOS and a circuit 
perspective 

The above three systems (FOS, SFOS, and SSFOS) can be employed to illustrate 
many SOGI based filters, which not only provides a generalized way to investigate 
their principles but also simplifies their parameter design procedures. Hereinafter, 
three filters are explained from the FOS and circuit perspective as examples, while 
more examples can be found in J5. 

1) SOGI-QSG 

Figure 5-6(a) shows the structure of SOGI-QSG whose transfer functions are given 
by (2.21) and (5.1), where the former is a band-pass filter with zero phase-shift and 
unity gain at ωʹ and the latter is a low-pass filter with 90° phase shift and unity gain 
at ωʹ [33]. The SOGI-QSG is essentially an SSFOS. To illustrate it, transfer function 
of the SSI is re-written as (5.2) which can be seen as a closed-loop transfer function 
of a system with a gain ωʹ s⁄  in both its feedback path and forward path. Based on 
this understanding, the SSFOS can be described by the structure in Figure 5-6(b). It 
is interesting to note that the structures of the SOGI-QSG and the SSFOS are 
essentially the same when kʹ is set to 2k/ωʹ. Therefore, the parameter of SOGI-QSG 
can be designed according to that of the SSFOS. 
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                                         (a)                                                                        (b) 

Figure 5-6 Block diagram of (a) the SOGI-QSG and (b) the SSFOS [75]. 

The principle of SOGI-QSG can be explained by the circuit in Figure 5-7, where Zb 
is the base impedance. In Figure 5-6(a), if kʹ	is looked as the admittance, the error 
signal v – vʹ	will be the voltage across the resistor with the value Zb/k. The generated 
current then flows into the shaded part of Figure 5-6(a), where the two integrators 
are equivalent to an inductor and a capacitor connected in parallel. In this case, vʹ is 
the voltage across the capacitor and inductor, while qvʹ	is the current in the inductor. 
Parallel resonance can hence be generated between the inductor and capacitor, 
which leads to two in-quadrature signals iL (qvʹ) and uc (vʹ) in steady state. The 
principle of the SOGI-QSG can thus be intuitively understood. 

bR Z k 

bL Z 
 b1C Z 

R

CL

 

Figure 5-7 Equivalent circuit of the SOGI-QSG. 

2) Modified SOGI-QSG 

The basic SOGI-QSG structure is sensitive to the dc component in the input signal 
[34], [35], since qvʹ is the low-pass-filter version of the input. To solve the problem, 
the authors of [35] proposed a modified SOGI-QSG structure shown in Figure 
5-8(a), where an extra integrator was added into the basic SOGI-QSG to extract the 
input dc component. Finally, the outputs vʹ and qvʹ can be free of dc influence. The 
modified SOGI-QSG is actually a combination of an FOS and an SSFOS with a 
common feedback shown in Figure 5-8(b), which makes the parameter design of the 
modified SOGI-QSG clear. Moreover, Figure 5-9 shows the equivalent circuit of the 
modified SOGI-QSG, where one extra capacitor is added into the circuit of SOGI-
QSG for representing the additional integrator. It is evident that any residual offset 
from the input signal can be prevented by the capacitor. The working principle of 
the modified SOGI-QSG can thus be explained intuitively. 
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                                      (a)                                                                     (b) 

Figure 5-8 Block diagram of the (a) modified SOGI-QSG and (b) combined FOS [75]. 

bR Z k 
bL Z 
 b1C Z 
 0 b 0C k Z k   

R

CL

 

Figure 5-9 Equivalent circuit of the modified SOGI-QSG. 

3) Sequence Filter 

The SF was presented in [76] for extracting either positive-sequence or negative-
sequence component, whose structure can be found in Figure 5-10(a). The other 
structure called Complex-Coefficient Filter (CCF) was proposed in [77] to realize 
the same function, whose structure is shown in Figure 5-10(b). Both of these two 
structures are equivalent to the SFOS since both of them are built by a sinusoidal 
integrator as seen from (5.3) and (5.4). Their equivalent circuit is shown in Figure 
5-11, which contains two sub-circuits coupled with each other through two voltage-
controlled current sources.  
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                                    (a)                                                                               (b) 

Figure 5-10 Block diagrams of (a) the sequence filter [78] and (b) the complex-coefficient 
filter [77]. 
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Figure 5-11 Equivalent circuit of the SF. 

5.2. PROPOSED SO-SOGI-FLL WITH ENHANCED HARMONIC 
ATTENUATION  

The FOS concept also provides convenience for developing new structures with 
improved performances. For example, in order to get a strong filtering performance, 
the SOGI-QSG and SF based filters can be modified to ‘‘second-order’’ systems 
whose structures can be derived by referring to the relationship between the standard 
FOS and the standard SOS. To explain it, an example is given as follows. 

5.2.1. STANDARD SECOND-ORDER SYSTEM 

To begin with, (5.5) shows the closed-loop transfer function of the standard SOS, 
where ωn and ζ are the undamped natural frequency and the damping ratio of the 
SOS [74]. Its block diagram is next shown in Figure 5-12(a), where it is noted that 
the open-loop transfer function is composed by a pure integrator and a first-order 
inertia element. Since the first-order inertia element can be seen as an FOS, the 
structure of the SOS can thus be updated to the block diagram in Figure 5-12(b).   

   
2

2 22


 


 

n

n n

S s
s s

                                     (5.5) 

 
2

2




n

ns s


        

1

s
 1k 1

s
 2k

2 2 nk 1 2  nk

 
(a)                                                                         (b) 

Figure 5-12 Block diagrams of the SOS, (a) block diagram implemented with open-loop 
transfer function, and (b) block diagram implemented with two pure integrators [75]. 
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5.2.2. STRUCTURE DERIVATION OF THE PROPOSED SO-SOGI-FLL 

The difference between the FOS in Figure 5-3 and the SSFOS in Figure 5-5 is their 
integrators. For the SOS in Figure 5-12(b), when the two integrators are replaced by 
two PSIs, the proposed SO-SOGI-QSG can be obtained. A more detailed structure is 
next shown in Figure 5-14 when the transfer functions of the PSIs are realized by 
block diagrams. Besides, an FLL block is added in order to make the algorithm 
frequency-adaptive. Although the SO-SOGI-QSG is actually a fourth-order function, 
it is named as a “second order” since it is derived from the standard SOS. 
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Figure 5-13 Structure of SO-SOGI-QSG implemented with transfer functions [75]. 
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Figure 5-14 Structure of SO-SOGI-FLL implemented with ideal integrators [75]. 

The characteristic of the SO-SOGI-QSG is then investigated by first deriving its 
open-loop transfer function from Figure 5-14 as 
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The transfer functions for relating the input v and the two outputs can be given by  

   
 

 
    

2 2
1 2

2 2 2 2 2 2
2 1 2

1s

v s O s K K s
D s

v s O s s K s s K K s


   

 
  

       
    (5.7) 

   
    

3
1 2

2 2 2 2 2 2
2 1 2

s s

qv s K K s
Q s D

v s s s K s s K K s


   

 
  

      
     (5.8) 



CHAPTER 5. GRID SYNCHRONIZATION OF LCL-FILTERED VSI BASED ON SECOND-ORDER GENERALIZED 
INTEGRATOR [J5] 

55 

To evaluate the performance of the SO-SOGI-QSG, the Bode plots of (5.7) and (5.8) 
are given in Figure 5-15(a) and Figure 5-15(b), which are compared with the method 
in [35] and the basic SOGI-QSG. The same comparison has also been organized in 
Figure 5-16(a) and Figure 5-16(b) for the Bode diagrams from [79]. To be fair, the 
parameters of these methods are set to ensure the same settling time. It can be seen 
that the SO-SOGI-QSG has the most excellent attenuation above and below ωʹ. 

      
                                     (a)                                                                        (b) 

Figure 5-15 Bode diagrams plotted with method from [35], proposed SO-SOGI-QSG, and 
basic SOGI-QSG for relating (a) vʹ to v, and (b) qvʹ to v [80]. 

1 0 1 2 3 4

       
   (a)                                                               (b) 

Figure 5-16 Bode diagrams plotted with method from [79], proposed SO-SOGI-QSG, and 
basic SOGI-QSG for relating (a) vʹ to v, and (b) qvʹ to v [80]. 

5.2.3. EXPERIMENTAL VALIDATION 

The effectiveness of SO-SOGI-QSG is verified by the experimental results and 
shown in Figure 5-17. The grid voltage contains the 5th, 7th and 11th harmonics and 
dc offset, which is processed by the SOGI-QSG, the algorithms in [35] and [79], and 
the SO-SOGI-QSG. It is noted that the vʹ output of SOGI-QSG is distorted and its 
qvʹ output contains an obvious dc offset. Although the dc offset is rejected in both vʹ 
and qvʹ of the method in [35], its vʹ output is distorted like SOGI-QSG. As for the 
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method in [79], a smoother vʹ is observed than that produced by SOGI-QSG. 
However, the dc offset exists in qvʹ. The results obtained from SO-SOGI-QSG show 
the best performance, for which vʹ has the lowest distortion and the dc offset is 
rejected from qvʹ.  

 
                          (a)                                           (b)                                             (c) 

 
                          (d)                                            (e)                                            (f)                                                    

 
                          (g)                                            (h)                                             (i)                                                    

 
                         (j)                                              (k)                                            (l)                                         

Figure 5-17 Experimental results obtained with SOGI-QSG from (a) to (c), method in [35] 
from (d) to (f), method in [79] from (g) to (i), and SO-SOGI-QSG from (j) to (l) [80]. 

5.3. PROPOSED ACCURATE-MAGNITUDE INTEGRATOR BASED 
QUADRATURE SIGNAL GENERATOR (AMI-QSG) WITH 
ACCURATE RESPONSE DESIGN  

Block diagram of the SOGI-QSG is shown in Figure 5-6(a), where the parameter kʹ 
determines the settling time of the QSG and thus should be designed properly in 
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order to ensure a fast and stable response. Generally, the principle of the SOGI-QSG 
can be understood from either a filter perspective or a first-order feedback system 
perspective, which correspondingly lead to two parameter design approaches. 

From a filter perspective, the structure of SOGI-QSG can be seen as a combination 
of two filters: one is a band-pass filter relating to its in-phase output vʹ and the other 
is a low-pass filter relating to its quadrature output qvʹ. Both of these two filters 
possess second-order transfer functions and thus the dynamic response of the SOGI-
QSG can be designed by referring to a standard SOS, whose settling time is defined 
as the time when its output takes to get and stay within 2% of the final value [81]. 
This design rule is simple and straightforward and thus has been adopted without a 
doubt for the parameter design of the SOGI-QSG in most existing papers. However, 
different from the standard SOS, the effective input of the SOGI-QSG is a sinusoidal 
signal rather than a dc signal, which possesses three variables (frequency, phase, and 
magnitude) at the same time. Consequently, the settling time is not clear since it 
cannot tell which variable the designed response time refers to. 

Alternatively, the SOGI-QSG can be understood from a FOS perspective, where the 
inner SOGI block shows magnitude-integration characteristic to the input sinusoidal 
signal when its working frequency is tuned to the input signal frequency. As 
mentioned previously, this working principle is in agreement with the dc-integration 
characteristic of the pure integrator which is the core building block of an FOS for 
dc-signal tracking. Consequently, the magnitude response of the SOGI-QSG to a 
sinusoidal input signal coincides with that of the FOS to a dc input signal. Therefore, 
the dynamic response of the SOGI-QSG can be designed easily by referring to that 
of the FOS. However, theoretical analysis shows that this design rule is only 
effective when the settling time of the SOGI-QSG is large enough, which yet 
becomes inaccurate when a fast response of the SOGI-QSG is required. 
Unfortunately, in most power converter applications, the settling time of the SOGI-
QSG is expected to be around (or even less than) one fundamental period, making 
this design rule lose its effectiveness. 

5.3.1. PROBLEM ANALYSIS OF THE SOGI-QSG 

As mentioned, the pure integrator of an FOS has an infinite gain at zero frequency 
and thus can achieve dc signal tracking. Different from the pure integrator, the GI is 
combined by two complex integrators (see (5.9)), which leads to two infinite gains 
at both the positive and the negative frequency. Especially, if the feedback system is 
built by a complex integrator, the tracking characteristic (see (5.10)) will be 
accurately consistent with that of the FOS. However, for the SOGI-QSG with a 
sinusoidal input signal, only one complex integrator in (5.9) works for signal 
tracking, while the other one disturbs the tracking process which leads to a different 
dynamic response of the system compared with the FOS. The influence is negligible 
when the dynamic response of the system is slow enough. However, when the 
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required settling time is very small, the response of the SOGI-QSG will become 
different from that of the FOS. To explain this issue explicitly, the response of the 
SOGI-QSG to a sinusoidal input signal v(t)	=	Asin(ωt+φ) is derived. 
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To begin with, the Laplace transform of the sinusoidal signal can be given by: 
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The Laplace transform of the output of SOGI-QSG can be derived by multiplying 
(5.11) with (2.21) (vʹ(s)	=	v(s)*D(s)). Then, the time-domain response can be derived 
by calculating the inverse Laplace transform of vʹ(s), which results in (5.12) when ωʹ 
was tuned to ω. Compared with the ideal response in (5.10), (5.12) has the same 
steady-state term but a different exponential-attenuation term. Specifically, when k 
is much smaller than ωʹ, (5.12) can be simplified to (5.13) whose characteristic is 
close to (5.10) except for an additional exponential term which has much smaller 
value and will not influence the overall transient response so much. In this case, the 
dynamic response of the SOGI-QSG is close to that of the FOS, which explains the 
simulation result in Figure 5-18(a) where the settling time is designed to be 0.2 s.  
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The second case has a much smaller settling time of 0.005s and the simulation result 
is given in Figure 5-18(b), where an obvious tracking error 15.46 % is produced by 
the SOGI-QSG at 0.005 s. However, the error is only 1.83 % for both the FOS and 
the ideal system in (5.10). Therefore, the design rule cannot be used anymore for the 
target SOGI-QSG system with a very fast dynamic response. 
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                                          (a)                                                                (b) 

Figure 5-18 Responses of SOGI-QSG to a sinusoidal input signal with different settling times 
(a) 0.2 s and (b) 0.005 s. 

5.3.2. PRINCIPLE OF THE PROPOSED AMI-QSG 

It can be observed from (5.12) that the transient response of SOGI-QSG is highly 
nonlinear which makes its parameter design difficult. One solution to this problem is 
to find a sinusoidal integrator which when used to build a closed-loop system can 
lead to the same magnitude response with that of the FOS. Clearly, the complex 
integrator is one of the candidates, but its corresponding system needs a complex 
input signal which is difficult to obtain in a single-phase system. To solve the 
problem, an alternative integrator is presented in the follows, which is derived 
reversely from the ideal response (5.10) and is then used to build a QSG which has a 
much closer magnitude response to the FOS than SOGI-QSG. 

5.3.2.1 Derivation of the accurate magnitude integrator 

To start with, for a sinusoidal signal v(t)	=	Asin(ωt+φ), its Laplace transform is: 

  2 2 2 2

cos sin  
 

 
 

A As
v s

s s
.                                   (5.14) 

The ideal magnitude response has been given by (5.10) whose Laplace transform is:  

   
 2 2 2 2 2 2

cos sin sincos sin Ak AsA As
v s

s s s k

    
  

 
   

   
.            (5.15) 

With the above two transfer functions of the input and output signals, the closed-
loop transfer function of the tracking system can be derived and then the open-loop 
transfer function can be calculated as: 
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.                    (5.16) 

Finally, (5.16) is the transfer function of the ideal sinusoidal integrator which 
ensures that the magnitude response of its corresponding tracking system is the same 
with that of the FOS. Unfortunately, it is noted that the transfer function O(s) is 
related to the initial phase of the input signal, which is not easy to obtain in practice 
and thus complicates the implementation. Herein, assuming a special case when the 
phase φ is zero, (5.16) can then be simplified as: 

 
2

2 2

2ks k
O s
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                                             (5.17) 

Similar to the GI, (5.17) is only related to the signal frequency and the time constant, 
which is thus easier to implement than (5.16). Considering that (5.17) is derived 
from a special case, its effectiveness should be validated for the general cases. To do 
it, the transfer function of the closed-loop system built by (5.16) is first given by: 
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Considering again v	=	Asin(ωt+φ) as the input signal of the system, the response can 
be derived as : 

       sin sin
sin sin kt ktk t

v t A t A t e A e
 

   


                (5.19) 

It is interesting to note that (5.19) is actually the same as (5.13). However, different 
from (5.13) which can only be satisfied when the settling time is small enough, 
(5.19) is always true regardless of the system parameters. The settling time of the 
corresponding system can therefore be designed more accurately. 

5.3.2.2 Structure realization of the AMI based QSG 
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Figure 5-19  Structure of the Accurate-MI based QSG (AMI-QSG). 

To implement the QSG with the proposed AMI, (5.17) is rewritten as 
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                        (5.20)    

The right-side term of (5.20) can be looked as the closed-loop transfer function of a 
system which has a gain ωʹ s⁄  in both its feedback path and the forward path. Thus, 
its block diagram can easily be obtained as shown in Figure 5-19. To understand the 
principle of the AMI-QSG, transfer functions for relating vʹ to v, εv to v, qv1ʹ to v, and 
qv2ʹ to v can be given by (5.18) and (5.21) - (5.23) respectively. Their Bode 
diagrams are plotted in Figure 5-20. It can be concluded that, at ωʹ, vʹ is the low-
pass-filtered version of the input with no phase shift, εv is the notch-filtered version 
of the input, qv1ʹ is the high-pass-filtered version of the input with 90° of phase shift, 
and qv2ʹ is the integral-filtered version of the input with 90° of phase shift. The 
integral characteristic of Q2(s) will have the dc drift problem like the pure integrator. 
Therefore, qv1ʹ is finally used as the quadrature output of the proposed AMI-QSG. 
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In practice, the measured signal contains a dc component, which may be produced in 
the A/D process or when a fault occurs. Due to the low-pass characteristic of D(s), 
the dc component will be transferred to the output vʹ and introduce errors in the 
estimated results. Even worse, the dc component can cause the integrator before the 
output qv2ʹ into saturation. If the integrator is saturated, the overall QSG algorithm 
will fail to work. Therefore, it is necessary to add an extra integrator as shown in 
Figure 5-21 to extract the input dc component. Detailed experimental validation can 
be found in C5. 
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Figure 5-20 Bode diagrams of AMI-QSG, (a) E(s) and D(s), (b) Q1(s) and Q2(s). 
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Figure 5-21 Structure realization of the AMI-QSG with dc rejection. 
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5.4. SUMMARY 

This chapter presents two approaches to re-investigate the SOGI-QSG based filters, 
which are from the FOS perspective and the circuit perspective respectively. With 
these two approaches, the principle of the SOGI-based filters can be intuitively 
understood. Further, two advanced SOGI-QSGs are proposed and their effectiveness 
is validated by simulation and/or experimental results. 
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CHAPTER 6. SUMMARY AND 

CONCLUSIONS 

6.1. SUMMARY AND ACHIEVEMENTS 

To cope with the stability and the power quality issues of the LCL-filtered VSI and 
to enhance its performance in case of abnormal grid conditions, this thesis has 
proposed a series of solutions which advances the systems, including: two advanced 
digital differentiators for active damping control, stability enhancement strategy for 
the grid-current control system, harmonic control strategy for the inverter-current 
control system, and improved QSGs for grid synchronization.  

Specifically, the non-ideal GI differentiator has an adjustable characteristic and it 
alleviates the noise-amplification and phase-error issues of the typical differentiators. 
On the other hand, the SOGI-based differentiator has a fixed characteristic, while it 
contributes to the time-delay compensation which can enhance the stability of the 
control system. With these two schemes, active damping can be implemented cost-
effectively.  

A robust active damping gain is derived, which fixes the stable region of the dual-
loop GCF scheme below the critical frequency regardless of the variation of the 
LCL-filter parameters and the grid impedance. A time-delay compensation 
technique is further proposed to widen the stable region of the dual-loop GCF 
control system, which highly improves the robustness of the control system against 
LCL-filter parameters and grid-impedance variations. 

The findings obtained in the former two contributions help to develop an advanced 
harmonic control scheme for the ICF-controlled VSI. Different from the traditional 
methods, the developed method applies harmonic controllers and the feedforward 
scheme simultaneously, and the instability risk introduced by the feedforward loop 
can be ingeniously avoided through a special selection of the feedforward position, 
which maintains the inherent stability characteristic of the ICF control system. 
Besides, parameters of the proposed control system can be designed conveniently by 
referring to that of the typical single-loop ICF control system. 

Finally, a comprehensive review of the SOGI-based filters is provided from a first-
order system and a circuit perspective, based on which, an improved SO-SOGI-QSG 
is proposed. The proposed method inherits the simplicity of the basic SOGI-QSG 
and at the same time, it has an enhanced filtering performance. The proposed 
method is more appropriate for adverse grid conditions.  
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6.2. CONCLUSIONS 

The high penetration of power converters used for the renewable energy generation 
systems imposes new challenges to the power quality and the stability of the power 
system. This thesis focuses on the performance improvement of the gird-connected 
LCL-filtered VSI system and has developed a series of strategies to optimize the 
control system implementation, enhance the system stability, and improve the power 
quality. Specifically, the non-ideal GI differentiator ensures accurate implementation 
of the active damping control in a digital control system. Besides, the SOGI-based 
time-delay compensation technique extends the stable region of the control system 
and hence enhances the system stability. Further, the proposed harmonic control 
strategy makes the ICF-controlled system be able to mitigate the grid-side current 
harmonics. Finally, the proposed SO-SOGI-FLL has enhanced harmonic attenuation 
performance, which is able to provide accurate grid synchronization even under 
distorted grid condition. In conclusion, the strategies developed in this thesis 
contribute to the improvement of the stability and power quality of the renewable 
energy generation systems, which are expected to promote a further increase of the 
contribution of the renewable energies to the global electricity demand. 

6.3. FUTURE WORK 

The achievements of this thesis also open opportunities for further development and 
research. Several issues of high interest for future research are listed as follows: 

(1) Influence of the dq-frame decoupling term on the system stability 

The control system can also be implemented in the synchronous frame. However, 
different from the stationary frame, a cross-coupling term exists between the d-axis 
and q-axis currents in the synchronous frame, which needs to be decoupled to ensure 
a high-performance operation. On the other hand, the influence of the decoupling 
term on the system stability is unknown, which should be investigated based on a 
precise modeling of the control system in dq-frame. 

(2) Systematical design of the current control system considering the control 
performance and the system stability simultaneously 

The critical damping gains for the ICF and GCF schemes have been derived in 
recent research, which can ensure the system stability regardless of the location of 
the LCL-filter resonance. However, the condition of this gain is very strict, since it 
requires the system to obtain passivity, which may limit the control performance of 
the system. Systematical design of the dual-loop current control system considering 
both the system stability and the control performance needs to be researched. 
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(3) Optimized LCL-filter design considering the grid impedance variation and 
grid-voltage distortion 

The typical design of LCL-filter mainly considers the switching-ripple attenuation, 
volume, cost, efficiency, etc., which often leads to a small grid-side inductance. As a 
result, the resonance frequency will be sensitive to the grid impedance variation and 
may cause instability. Besides, compared with the L filter, the total inductance of the 
LCL-filter is very small due to its strong attenuation performance, which, on the 
other hand, limits its attenuation performance to the low-order harmonics and makes 
it sensitive to the grid-voltage distortion. Optimized LCL-filter design considering 
these requirements should be investigated. 

(4) Stability analysis of the control system taking account of the outer loops 

Apart from the inner current control loop, the outer loops (such as the voltage 
control loop, phase-locked loop, and power control loop) also influence the response 
and the stability characteristics of the control system. Modeling and analysis of the 
control system considering the outer loops is also worth to investigate.  

(5) Advanced control techniques 

The PI (or PR) controller was the most widely used technique for power converter 
applications. Despite its wide applications, it has some fundamental limitations. For 
instance, the integral term, though critical to eliminate the stead-state error, 
introduces saturation risk and reduces the stability margin of the system due to its 
phase lag. To increase the performance and stability of the power converter control 
system, it is necessary to seek and research alternative control techniques for the 
power converter systems. The active disturbance rejection control, which believes to 
be a capable replacement of PI control in control fields, is a promising candidate. 

(6) Accurate modeling and stability analysis of the VSI system considering the 
deadtime effect, the modulation schemes, and the saturation of the inductors 

Previous modeling has mainly concentrated on ideal systems, which ignores some 
non-linear factors such as the dead-time effect, the modulation schemes, and the 
saturation of the inductors. The shaping effects of these factors on the impedance of 
the VSI system are still unknown, which may introduce inaccuracy to the stability 
analysis. It is thus of great importance to explore more accurate models of the VSI 
system including these non-linear factors.
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Appendix A. Experimental parameters 
of Chapter 2 

System Parameters 

Grid frequency f0 50 Hz Grid inductance Lg 1.25 mH 

Switching  frequency fsw 10 kHz Sampling  frequency fs 10 kHz 

Parameters of the LCL Filter  

Inverter-side inductance L1 4.9 mH Grid-side inductance L2 1.8 mH 

Filter capacitance C 5 μF Resonance frequency fr 2.26  kHz 

 

Appendix B. Experimental parameters 
of Chapter 3 

System Parameters 

Grid frequency f0 50 Hz Grid inductance Lg 0 mH 

Switching  frequency fsw 10 kHz Sampling  frequency fs 10 kHz 

Parameters of the LCL Filter  

Inverter-side inductance L1 1.8 mH Grid-side inductance L2 1.25 mH 

Filter capacitance C 10 μF Resonance frequency fr 1.85  kHz 

 

Appendix C. Experimental parameters 
of Chapter 4 

System Parameters 

Output Power Po 7.5 kW Grid voltage vg 220 Vrms 

Grid frequency f0 50 Hz Grid inductance Lg 0 mH 

Dc-link voltage vdc 650 V   

Switching  frequency fsw 20 kHz Sampling  frequency fs 20 kHz 

Parameters of the LCL Filter  

Inverter-side inductance L1 1.1 mH Grid-side inductance L2 1.1 mH 

Filter capacitance C 20 μF  
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