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Introduction

A paradigm shift from large power plants to small distributed generation (DG)
systems located at the point of consumption is an emerging trend in the field of
electricity. In recent years, DG systems have been powered by photovoltaic (PV)
cells, wind turbines, wave generators, fuel cells, small hydro-powered, and gas-
powered combined heat and power stations [1-5]. As reported by the Global
Renewable Energy Policy Multi-Stakeholder Network RENZ21, solar PV cells
and wind are currently the mainstream options in the power sector with an
increasing number of countries generating more than 20% of their electricity.
As shown in Figure 1.1, the installed renewable power capacity increased beyond
200 GW in 2019 (mostly with solar PV cells), which is the largest increase ever.
During the same year, 57% of renewable power capacity additions were using solar
PV cells (direct current) followed by wind power (approximately 60 GW for 30%)
and hydropower (approximately 16 GW for 8%). The remaining 5% of additions
were from bio-power, geothermal power, and concentrating solar thermal power.
For the fifth year in a row, net additions of renewable power generation capacity
clearly outpaced the net installations of fossil fuel and nuclear power capacity
combined as shown in Figure 1.2. Globally, 32 countries had at least 10 GW of
renewable power capacity in 2019; a decade earlier, it was only 19 countries. In
most countries, producing electricity from wind and solar PV cells is cost-effective
than generating electricity from new coal-fired power plants.

1.1 Architecture of DG Grid-Connected Converter

Regardless of the type of renewable energy source, a DG grid-connected converter
is essential for converting the energy produced by the source to the grid [2, 3]. Con-
sidering their high degree of modularity, scalability, adaptability, maintainability,
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Figure 1.1 Estimated renewable share of total final energy consumption, 2018.
Source: [1]/REN21.
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Figure 1.2 Renewable and non-renewable shares of net annual additions in power
generation capacity, 2009-2019. Source: [1]/REN21.

and autonomic behavior, DG grid-connected converters have been widely
employed in many commercial, industrial, and domestic applications.

The basic structure of a modern DG grid-connected converter is similar to that of
power electronics systems. It consists of a power conversion stage (PCS) and a
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Figure 1.3 Architecture of DG grid-connected converter.

controller. Its architecture is shown in Figure 1.3. The controller includes basic
functions, specific functions, and ancillary functions [4]. The basic functions
are necessary to ensure normal operation of the system and specific functions
are used to meet the industrial requirements. The ancillary functions are optional
depending on specific applications such as microgrid applications [5]. The
basic functions of the controller are typically composed of grid synchronization
or phase-locked loop (PLL), DC-link voltage regulation, and output current
regulation.

1.1.1 Power Conversion Stage

The PCS of DG grid-connected converter consists of a switching network and an
output filter as shown in Figure 1.3. The switching network converts incoming DC
power into high-frequency AC power. The output filter allows the line-frequency
component to pass and attenuate, thus switching harmonics to the grid to meet
statutory requirements, such as IEEE519-2014 [6] and IEC61727-2004 [7].

1.1.1.1 Switching Network

Based on input source types, the switching network of DG grid-connected conver-
ters can be classified into two basic types as shown in Figure 1.4 [8]. Figure 1.4a, b
depict a two-level bridge for the current source converter and voltage source con-
verter (VSC), respectively. The number n varies with the system configuration.

5



6 | 1 Introduction

(a) (b)
" 1 " u2u nnn "] " vv2n nnn

] CJ% IChe-] |

-
j4 ] J | | J

O

0]

(o
O

Figure 1.4 Configurations of switching networks. (a) Current source converter;
(b) voltage source converter.

Considering that a VSC with bidirectional power feature plays a major role in
distributed renewable generation systems, switching networks with n = 1, 2,
and 3 for single- and three-phase voltage-source inverters (VSIs) are extensively
studied.

1.1.1.2 Output Filter
The power grid is an infinite bus bar; hence, the grid interfacing circuit at the
point-of-common-coupling (PCC) must be inductive. The simplest form of output
filter for VSI is an inductor (L). The lower limit of the filter inductance is deter-
mined by the harmonic requirement of the grid-injected current according to IEEE
519-1992, where the percentage relative to the nominal grid-side fundamental cur-
rent is specified in Table 1.1. The harmonic currents at different harmonic frequen-
cies can be calculated from the ratio of corresponding harmonic voltage
amplitudes to the filter impedance characteristics. The first-order L-type filter
has a simple structure and is easy to install; however, it has relatively poor atten-
uation of switching harmonics, resulting in a very large size.

Thus, as shown in Figure 1.5, the industry prefers to use higher-order filters,
such as a third-order inductor-capacitor-inductor (LCL) filter or a third-order

Table 1.1 Maximum permitted harmonic current distortion in percentage of current /,
according to |IEEE 519-1992.

Individual harmonic order h  h<11 11<h<17 17<h<23 23<h<35 35<h THD

Percentage (%) 4.0 2.0 1.5 0.6 0.3 5.0
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LCL filter with a parallel notch circuit (LLCL filter) [9] to achieve better switching
harmonic attenuation with small reactive elements.

1.1.2 Control Stage

Depending on their operation, DG grid-connected converters can be classified into
grid-feeding, grid-supporting, and grid-forming power converters [10, 11].

The grid-forming converters can be represented as an ideal AC voltage source
with a low-output impedance by setting the voltage amplitude E* and frequency
w” of the local grid using a proper control loop as illustrated in Figure 1.6a.

Correspondingly, grid-feeding power converters are designed to deliver power to
an energized grid. They can be represented as an ideal current source connected to
the grid in parallel with high impedance. The simplified scheme of the grid-feeding
power converter is depicted in Figure 1.6b where P* and Q" represent the active
and reactive powers to be delivered, respectively. In this application, it is important
to note that the current source should be perfectly synchronized with the AC
voltage at the connection point to accurately regulate the active and reactive power
exchanged with the grid. Currently, the grid-feeding power converter is still the
mainstream of grid-connected converters, and it is also the focus of the following
study.

(a) AC micro-grid  (b) AC micro-grid
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Figure 1.6 Simplified representation of grid-connected power converters.
(@) Grid-forming; (b) grid-feeding.
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1.2 Challenges for Controlling DG Grid-Connected VSCs
with High-Order Power Filter

Modern DG grid-connected VSC must remain stable for different grid conditions,
especially when higher-order output filters such as LCL or LLCL filters are used to
minimize the size of reactive components. Additionally, they are necessary to
address many intrinsic and extrinsic challenges in current regulation, such as
oscillation due to filter resonance, filter parametric sensitivities, digital delay,
uncertainty of the grid condition, and disturbances at the PCC.

1.2.1 Intrinsic Challenges

o Filter resonance

To reduce the size and weight of the filter, the most commonly applied solution
is to use a high-order LCL or LLCL filter instead of a first-order L filter. However,
the presence of multiple reactive elements, such as inductive and capacitive com-
ponents, results in resonant frequencies. Thus, the output resonates when the
inverter with LCL or LLCL filter is subject to disturbances [9]. In particular, filter
resonance results in system instability [12, 13].

Depending on the output current detection positions as shown in Figure 1.7a,
there are two methods for regulating the output current of the system: (i) by
directly controlling the grid current or (ii) by controlling the converter-side cur-
rent. The transfer function characteristics in the frequency domain are plotted
in Figure 1.7b where the resonant poles are formed by the parallel converter
grid-side inductors and filter capacitor, and the complex-conjugate zeros are
formed by the grid-side inductor(s) and filter capacitor. If single-loop converter-
side current regulation is chosen, the conjugate zeros aim to reduce the effect
of resonant poles and improve system stability [14]. Hence, this type of regulation
is commonly used in many practical applications owing to its inherent damping
capability and overcurrent protection purposes [15, 16]. However, it is challenging
to design a controller by considering both the variable resonant poles and conju-
gate zeros under variable grid conditions. Moreover, the converter-side current
regulation does not directly offer harmonic rejection capability of grid current
against grid harmonic voltage. If single-loop grid-side current regulation is chosen,
the phase angle around the resonant poles decreases sharply and the resonant
peak excites the potential oscillation around the filter resonant frequency, thus
affecting the system stability. In digital control implementation, the sampling-
and-computational delay time would be favorable in regulating the grid-side cur-
rent owing to its inherent damping properties, which was reported in previous
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Figure 1.7 Different current regulation schemes and their characteristics. (@) Two main
current regulation configurations; (b) comparison of open-loop transfer characteristics.

studies [17]. However, the filter resonant frequency must be higher than the crit-
ical frequency and one-sixth of the sampling frequency.

1.2.1.1 Filter Parametric Sensitivities

It is essential to design a system that is stable for specific filter parameters. How-
ever, the significant tolerance of filter parameters for example, +20% variation of
inductance and +10% variation of capacitance still challenges the system stability.
Thus, parametric sensitivities should be examined in the controller design.
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Figure 1.8 Significant phase delay with sampling delay.

1.2.1.2 Digital Delay

Digital delays, such as sampling and computational delays, are inherently present
in digital control systems. This results in a significant phase delay as the frequency
increases as shown in Figure 1.8. This adversely affects the system robustness and
control bandwidth.

1.2.2 Extrinsic Challenges

1.2.2.1 Grid Impedance Variation

Owing to the growing integration of decentralized DG systems with long transmis-
sion cables and transformers, the non-negligible grid impedance poses challenges
to circuit designers in developing an effective control scheme that can ensure the
operational stability of inverters both in stiff and weak-grid conditions [18, 19].
This is because the filter resonant frequency varies with grid impedance as shown
in Figure 1.9. Thus, impedance levels must be considered when installing inverters
in large power plants or remote areas. For simplicity, the grid impedance level is
usually denoted as a percentage of the base impedance value of the inverter or
short-circuit ratio at the PCC between the short-circuit power of the AC power sys-
tem and maximum apparent power of the shunted inverter [3].

1.2.2.2 Disturbances at the PCC

A pure sinusoidal grid voltage is produced by an ideal AC generator built with
finely distributed stator and field windings that operate in a uniform magnetic
field. However, nonlinear electronic loads in shunted grids cause the current to
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Figure 1.9 Transfer characteristics with grid impedance variation.

vary disproportionately with the grid voltage during each cyclic period. When
there is significant impedance in the path from the power source to a nonlinear
load as shown in Figure 1.10, these current distortions will also produce distortions
or harmonics in the voltage waveform at the load [20, 21]. Thus, disturbances at
the PCC caused by the source or nonlinear loads can sometimes affect the normal
operation of the inverter. Conversely, inverters with slow dynamics or poor har-
monic suppression deteriorate the voltage distortion at the PCC [22].
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Figure 1.10 Disturbances caused by nonlinear loads at the PCC.
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1.3 Methods for Controlling DG Grid-Connected VSCs
with High-Order Power Filter

1.3.1 Methodologies to Assess the Stability of DG
Grid-Connected VSCs

To address the abovementioned challenges, it is essential to develop effective mod-
eling and analysis of the harmonic stability problem of DG grid-connected VSCs.

1.3.1.1 Eigenvalue-Based Analysis

Eigenvalue-based analysis is widely used to assess the small-signal stability of AC
power systems [23, 24]. This analysis is usually based on the study of eigenvalues of
a system state space model matrix and requires adequate information of the ele-
ments in the system, including the physical characteristics and control parameters
[25]. However, the control parameters of grid-tied inverters are generally unavail-
able especially when analyzing the stability of a large-scale power-converter-based
AC distributed power generation system (DPGS).

1.3.1.2 Impedance-Based Stability Analysis

Impedance-based stability analysis is based on generalized Nyquist stability crite-
rion proposed by Middlebrook to assess the stability of the DC system [26]. It is
used to analyze the stability of AC DPGS [22, 25-29].

A detailed description of impedance-based stability method for current-
controlled grid-tied inverters that are widely used in DPGSs is given in [22]. As
shown in Figure 1.11, a current-controlled inverter has a current source I.. in par-
allel with the output impedance Z, under zero grid impedance condition, and the
grid is represented by a voltage source V, in series with the equivalent grid imped-
ance Z,. The grid impedance consists of line impedance and transformer output
impedance; however, Z, for a local current-controlled inverter still depends on
the number of grid-tied inverters connected to the PCC [30].

Figure 1.11 Equivalent
circuit of a current-control-
based grid-tied inverter.
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Based on Thevenin and Norton equivalent circuits, if the grid voltage is assumed
to be stable without the inverter and the inverter is assumed to be stable when the
grid impedance is zero, the injected current from the grid-tied inverter is defined as
follows:

Vg(s)} . 1
Zo(s)| 1+ Zg(s)/Zo(s)

I(s) = [Ic(s)— (1.1)
For the current-controlled grid-tied inverter system to be stable, the minor-loop
gain Zy(s)/Z,(s) must satisfy the generalized Nyquist stability criterion.

1.3.1.3 Application Issue Related to Impedance-Based Stability Analysis

The principle of impedance-based stability analysis is widely accepted by academic
and industrial communities. However, many scholars are still divided in their
opinion on the application of impedance-based stability analysis to the design
of grid-tied power converters in AC DPGS.

Impedance-based stability analysis is a type of small-signal analysis method, and
AC DPGS has no time-invariant operating point. Hence, researchers performed
the analysis in a rotating (dq) reference frame. As a result, the minor-loop-gain
matrix has four items: Zyq, Zgq, Zag, and Zgq. In addition, different stability criteria
were induced; however, a more convincing mathematical analysis and derivation
of these stability criteria need further exploration. Moreover, an effective stability
criterion in the dq frame has not been investigated for a three-phase unbalanced
AC DPGS [31].

In addition to the dq frame, impedance-based stability analysis was performed in
a stationary frame [22, 31]. From an engineering point of view, it can be noted that,
as long as the switching frequency of the inverters is higher than the line frequency
of 50/60 Hz, small-signal analysis can be simplified.

In fact, for a linear-control-based grid-tied inverter, system stability assessed by
impedance-based stability analysis is approximately equal to that of the Bode dia-
gram analysis. Impedance-based stability analysis focuses on the interaction
between Z; and Z, of the local grid-tied inverter while Bode diagram analysis
focuses on the stability of the entire system including Z,. Unlike Bode diagram
analysis, the impedance of the grid can be tested or estimated online using imped-
ance-based stability analysis. However, universal quantitative stability indices for
the AC system, such as phase margin and gain margin in Bode diagram analysis,
have not been defined for impedance-based stability analysis.

Theoretically, impedance-based stability analysis should sample grid impedance
information online. However, the measured grid impedance may not be reliable
because of the possible harmonic voltages at the PCC. Currently, it is difficult
to use impedance-based stability analysis to derive guidelines for designing the
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controller for converters quantitatively. Nevertheless, it is still a useful tool for
qualitatively analyzing the enhancement of the stability of an AC DPGS. For exam-
ple, as shown in Figure 1.2, Z,, Z,, or both Z, and Z, can be reshaped to ensure the
stability of the local LCL-filter-based current-controlled grid-tied inverter thereby
enhancing the stability of the AC DPGS.

1.3.2 Methods to Mitigate Filter Resonance

To mitigate the resonance caused by the high-order filter and improve the stability
margin of the system, proper damping is mandatory. Damping can be achieved by
either passive or active methods, such as online grid impedance estimation, inher-
ent damping, passive damping, active damping, and hybrid damping.

1.3.2.1 Online Grid Impedance Estimation

Theoretically, as long as Z, can be estimated accurately and periodically, the con-
trol parameters can be adjusted online to modify Z, and thereby ensure system
stability under any grid condition [18, 32]. To estimate the variation in grid para-
meters, many online estimation methods were proposed [31, 33-50]. Based on the
mode of realization, these methods can be classified into active, passive, and quasi-
passive methods.

Active estimation methods, including noncharacteristic harmonic injection
[33], broadband signal injection [34], LCL resonance excitation [35], and reactive
power variation method [36, 37] deliberately disturb the grid and extract feedback
information to estimate the grid impedance.

Passive estimation methods [31, 38-46] are based on direct measurement and
evaluation of grid information using least-squares estimation algorithm [40], suc-
cessive approximation estimation [38], inherent switching feature application
[39], and plant time constant identification algorithm [40].

Quasi-passive estimation methods [47, 48] combine the nonintrusive advantage
of a passive estimation method and accuracy of an active estimation method. In
this method, passive estimation is first selected to estimate the grid impedance.
When the value exceeds a selected evaluation index, the quasi-passive method
switches to active estimation online.

The accuracy of grid impedance estimation method is inevitably affected by the
harmonics generated by other grid-tied inverters at the same PCC. However, the
accuracy, detection speed, and anti-interference ability of the online grid imped-
ance estimation method must be improved. Currently, the grid impedance estima-
tion method cannot be independently applied to grid-tied inverters, but it can be
adopted as an additional method for enhancing their stability [49, 50].
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1.3.2.2 Inherent Damping

The digital time delay induces inherent damping (ID) effect in the current control
loop [14, 17, 51-54]. ID effect depends on the location of sensing of current and set
time delay. Yin et al. [17] studied the damping characteristic of time delay in a grid-
current-feedback-based single-loop control system, and many other studies
[51-53] discussed the ID region of a grid-tied inverter. Wang et al. [54] summar-
ized the previous research and derived the time delay range using different current
feedback methods to improve the stability of a single-loop control system. As pre-
sented in [54], when inverter-side-inductor current feedback is used, the related
time delay should satisfy the following condition:

1
! (1.2)
-1 _ . <4k_+1(k_12 )
4 ¢ o, T

where Ty is the total time delay and f; = [(L; + L, + Lg)/(L1(L> + Lg)C]U 2/2mis the
filter resonance frequency (L, is the inverter-side inductor, L, is the grid-side
inductor, L, is the grid inductor, and C is the filter capacitor).

When the grid-side-inductor current feedback is used, the related time delay
should satisfy the following condition:

4k +1 4k +3
< Tg< ———(k=0,1,2,..), (1.3)
4f 4f ;
Based on the ongoing research, two key points must be considered when using
the ID technique:

1) When Z, changes, f; cannot shift across the critical frequency, which is
defined as:

fcrit = 1/4TTS (1'4)

where 77T is the total delay, including the computational delay and pulse-width
modulation (PWM) delay.

2) If the cable is long enough, the system may have multi-resonance peaks where
gains are greater than 0dB owing to the distributed capacitances [55, 56].
Therefore, Egs. (1.2) and (1.3) should be satisfied at every resonant frequency.

In addition, it is difficult to apply the ID technique to a current-controlled
inverter independently when Z, varies and multiple resonance peaks exist.

1.3.2.3 Passive Damping
Passive damping (PD) is easy to implement and widely used in industrial applica-
tions [57-61]. The parameter design of PD is based on the physical characteristics
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Figure 1.12 Possible passive damping methods for a grid-tied inverter.

of the system, such as resistive region [58] and Q-factor [59]. Figure 1.10 illustrates
the different types of PD where L¢is the trap inductor for the LLCL filter. As shown
in Figure 1.12, the insertion of a resistor(s) to damp the possible resonance results
in extra power losses.

Figure 1.13 shows the open-loop Bode diagram of iy(s)/igref(s) for a grid-tied
inverter with only RC passive damping [32, 59]. It can be observed that a single
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Figure 1.13 Open-loop gain ig(s)/igrer(s) Of the LCL-filter-based grid-tied inverter
with RC damper.
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PD-based system cannot achieve high bandwidth in a weak grid. However, a com-
posite PD method can handle the variation in Z, at the cost of additional materials
and increased damping power losses [60].

1.3.2.4 Active Damping

Active damping (AD) is a unique method in state feedback-based control. In con-
trast to PD, AD [51, 62-80]has received more attention over the years because of its
flexibility and decreased damping power losses; however, it increases the control
complexity and cost of the sensors [63]. There are two main types of AD: single
loop and multiloop. Figure 1.14 shows the control block of an LCL-filter-based
grid-tied inverter with a digital filter and AD with capacitor current feedback
where Gy(s) is the zero-order-hold delay, Gq4(s) is the computational delay, 1/T;
is the sampler, T is the sampling period, Giy,y is the inverter gain, K;. and K,
are the feedback constants of the capacitor current and grid current, respectively,
G(s) is the proportional controller, and Hgi,(s) is the digital filter.

As shown in Figure 1.14, when K;. = 0, a single-loop control AD is obtained.
The digital filter Hgio(s) used in single-loop control consists of a notch filter,
lead-lag network, and bi-quad filter [64]. Alzola et al. [65] proposed a self-
commissioning notch filter to deal with the variation in Z,. However, this method
still relies on the accuracy of the real-time resonance frequency estimation, which
is inevitably affected by harmonics at the PCC. Yao et al. [66] suggested a digital
notch-filter-based AD technique in which the notch filter frequency is different
from the nominal resonant frequency of the LCL filter. Nevertheless, if multi-
resonance peaks appear, this damping method may become ineffective.

Gy ()

. forer ) iy (5)
Hdig(s) Kig <

Figure 1.14 Control diagram of LCL-filter-based grid-tied inverter using a digital
filter and AD method with capacitor current feedback.

G (9) Gy ()
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A
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Figure 1.15 Open-loop gain ig(s)/igrer(s) Of System using capacitor current feedback
damping method.

Multiloop AD methods include a virtual resistor [67-69], capacitor current
feedback [70-75], capacitor voltage feedback [76-79], and LC-trap voltage feed-
back [80].

Figure 1.15 depicts the open-loop gain iy(s)/igref(s) of a current-controlled
inverter using capacitor current feedback damping method only. When the char-
acteristic frequency of the system is greater than f, the system exhibits a non-
minimum-phase response as a result of the appearance of right-half-plane poles,
thus complicating the controller design.

Many different methods have been proposed for modifying the capacitor current
feedback AD. Yang et al. [72] proposed a real-time computational method to
reduce the computational delay, which can simplify the closed-loop design and
improve the system performance effectively. However, when the grid voltage
has many harmonics or many other factors exist that result in a sharp variation
of duty cycle of the grid-tied inverter, this method will not work efficiently. Wang
et al. [67] and Li et al. [74] aimed to increase f; from 1/6T to 1/4T or 1/3T by
modifying the feedback loop where the damping region can be widened. However,
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the high-pass filter inserted into the capacitor current feedback inner loop [67]
increases the high-frequency noise interference and the proposed optimal damp-
ing coefficient in [74] cannot be derived precisely.

To ensure the stability of the system when f; changes across f.;, Pan et al. [70]
modified the capacitor current feedback AD by inserting a phase-lag component in
the control loop. With a digital delay of 0.75T, this method can maintain system
stability when Z, varies widely. However, the phase margin of the system is not
sufficiently large when the characteristic frequency is close to fi;. To ensure a suf-
ficient phase margin, Bao et al. [73] proposed the forbidden frequency region of
[(Q = Efrit, (1 + E)ferit), Where £ is the coefficient of the forbidden region. Never-
theless, when . is strictly less than (1 — &)f.y, it is difficult to maintain high
bandwidth of the system in a weak grid. Additionally, when f; is strictly within
the range of [(1 + &)fui, 1/2Ts), it is difficult to maintain a good phase margin
in the parametric design of LCL filter when Z, varies significantly.

Similar to the capacitor current feedback AD method, the derivative feedback of
capacitor voltage can also induce effective AD [76-78]. Using an LLCL filter,
Huang et al. [80] compared the capacitor current feedback AD with the LC-trap
voltage feedback AD and found that the latter had a wider damping region. How-
ever, as the grid voltage experiences a sudden and large change, it is difficult to
choose a suitable feedback coefficient to ensure a satisfactory damping effect under
different grid voltage conditions.

Furthermore, similar to the ID method, if multi-resonance peaks appear owing
to the distributed capacitance of the cable, AD method (single-loop or multiloop)
may not be effective especially when Z varies over a wide range and the grid back-
ground harmonics are abundant.

1.3.2.5 Hybrid Damping
Hybrid damping (HD) techniques have been discussed in previous research works
[32, 81, 82]. These techniques result in a trade-off between the power losses and
damping robustness of the system. Lei et al. [81] proposed a hybrid damper that
uses a resistor in series with a filter capacitor along with capacitor current feedback
control where the extra damping losses may be high. The RC damper is preferred
in HD because the extra power losses are negligible [32, 61, 82].

Liu et al. [32] combined an RC damper with a digital notch filter to dampen the
resonance caused by an LLCL filter. The control diagram is shown in Figure 1.16.

Zo(s) = (RqCas + 1)(LfoS2 +1)
¢ - L¢C;Cqys® + RyCyCys? + (Cd + Cf)S’

(1.5)

where Ry and Cy are the parallel PD resistor and capacitor, respectively. A high
control bandwidth can be achieved when Z, varies widely. Therefore, a
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Figure 1.16 Control diagram of the hybrid damper composed of PD of RC and AD of the
digital filter. Source: [32]/IEEE.

proportional plus resonant controller can be used to attenuate the low-frequency
grid background harmonics.

1.3.3 Harmonic distortion Mitigation Methods

To mitigate the disturbances at the PCC caused by the source or nonlinear loads,
there are three basic ways to suppress the effect of background harmonic
voltage (BHV):

1)

2)

3)

First is the grid-voltage feed-forward method, which is widely used to suppress
the low-order harmonics of the grid-injected current [83-85]. For example, [9]
adopted an adaptive feed-forward grid voltage method to obtain an appropriate
phase margin or high control bandwidth while the equivalent grid impedance
changes. However, the reliability of this method still relies on the accuracy of
detection of the feed-forward grid voltage and estimated grid impedance; how-
ever, it is difficult to maintain reliability in a real grid full of high-order BHVs.
Second is to insert a proportional resonant regulator with a harmonic compen-
sator (PR + HC regulator) for a grid-tied inverter using a low control bandwidth
[86] where the lowest frequency of HC is higher than the control bandwidth
under any grid condition. The compensated gain at the high-order harmonic
frequencies should be large enough to suppress the effect of BHV, thus making
the grid-tied inverter susceptible to the frequency drift of the grid.

Third is to adopt a PR+ HC regulator for a grid-tied inverter based on a
high-bandwidth control strategy [18, 87, 88] as presented in Figure 1.17a. In
Figure 1.17b, the frequency of the highest HC should be within the control
bandwidth under any grid condition to ensure the overall stability of the
system. In this case, the control bandwidth of the grid-tied inverter is expected
to be as high as possible in the weakest grid state.
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Figure 1.17 Control characteristics with selective harmonic compensator. (a) Control
architecture; (b) open-loop gain.

1.4 Supplementary Note

In terms of topology, the LCL/LLCL filter design method introduced in this study
can be used for single-phase inverters and three-phase four-wire grid-connected
inverters. A similar idea of filter design can be used for three-phase three-wire
grid-connected inverter circuits. The switching order and double-frequency
switching order harmonics in the output voltage spectrum of a three-phase
three-wire inverter with PWM modulation are relatively abundant. Therefore,
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compared to the LCL filter, the advantage of LLCL filter in saving inductance is not
obvious. Note: In the future, a three-phase three-wire grid-connected inverter sys-
tem with a new filter topology scheme can be developed.

Additionally, the performance of the controller improves when the control of the
grid-connected inverter gradually shifts from classic linear control [89] to nonlin-
ear control [90-93] and finally develops into intelligent control. This study intro-
duces the concept of classic linear control methods that are limited to the length
and focus of this study. The nonlinear control of grid-connected inverters and
intelligent control methods will be introduced in the future.

References

10

Renewables Global Status Report 2020 Update. http://www.ren21.net/ (accessed
June 2020).

Xue, Y., Chang, L., Kjaer, S.B. et al. (2004). Topologies of single phase inverters for
small distributed power generators: an overview. IEEE Trans. Power Electron. 19 (5):
1305-1314.

Blaabjerg, F., Teodorescu, R., Liserre, M., and Timbus, A.V. (2006). Overview of
control and grid synchronization for distributed power generation systems. IEEE
Trans. Ind. Electron. 53 (5): 1398-1409.

Teodorescu, R., Liserre, M., and Rodriguez, P. (2011). Grid Converters for
Photovoltaic and Wind Power Systems. Hoboken: Wiley.

Guerrero, J.M., Vasquez, J.C., Matas, J. et al. (2011). Hierarchical control of droop-
controlled AC and DC microgrids - a general approach toward standardization.
IEEE Trans. Ind. Electron. 58 (1): 158-172.

IEEE (2014). 519-2014 - IEEE Recommended Practice and Requirements for
Harmonic Control in Electric Power Systems. IEEE.

IEC (2004). 61727:2004 — Photovoltaic (PV) Systems — Characteristics of the Utility
Interface. IX-1EC.

Azmi, S.A., Ahmed, K.H., Finney, S.J., and Williams, B.W. (2011). Comparative
analysis between voltage and current source inverters in grid-connected
application. IET Conference on RPG, pp. 1-6, Edinburgh (September 2011).
London: IFT.

Wu, W., He, Y., and Blaabjerg, F. (2012). An LLCL powetr filter for single-phase grid-
tied inverter. IEEE Trans. Power Electron. 27 (2): 782-789.

Engler, A. (2004). Control of inverters in isolated and in grid tied operation with
regard to expandability in tutorial: power electronics for regenerative energy.
Proceedings of the IEEE Power Electronics Specialists Conference, Aachen, Germany
(20-25 June 2004).



11

12

13

14

15

16

17

18

19

20

21

22

23
24

25

References |23

De Brabandere, K., Bolsens, B., Van den Keybus, J. et al. (2007). A voltage and
frequency droop control method for parallel inverters. IEEE Trans. Power Electron.
22 (4): 1107-1115.

Zue, A.O. and Chandra, A. (2006). Simulation and stability analysis of a 100 kW grid
connected LCL photovoltaic inverter for industry. Proceedings of the Power Energy
Society General Meeting, p. 6, Montreal, QC (June 2006). New York: IEEE.
Blasko, V. and Kaura, V. (1997). A novel control to actively damp resonance in
input LC filter of a three-phase voltage source converter. IEEE Trans. Ind. Appl.
33 (2): 542-550.

Tang, Y., Loh, P.C., Wang, P. et al. (2012). Exploring inherent damping
characteristic of LCL-filters for three-phase grid-connected voltage source inverters.
IEEE Trans. Power Electron. 27 (3): 1433-1443.

Liserre, M., Blaabjerg, F., and Hansen, S. (2001). Design and control of an LCL filter
based three-phase active rectifier. Proceedings of the IEEE 36th IAS Conference,
Pp- 299-307 (30 September—4 October 2001). New York: IEEE.

Teodorescu, R., Blaabjerg, F., Borup, U., and Liserre, M. (2004). A new control
structure for grid-connected LCL PV inverters with zero steady-state error and
selective harmonic compensation. Proceedings of the IEEE 19th APEC, pp. 580-586,
Anaheim, CA (February 2004). New York: IEEE.

Yin, J., Duan, S., and Liu, B. (2013). Stability analysis of grid-connected inverter
with LCL filter adopting a digital single-loop controller with inherent damping
characteristic. IEEE Trans. Ind. Inf. 9 (2): 1104-1112.

Liserre, M., Teodorescu, R., and Blaabjerg, F. (2006). Stability of photovoltaic and
wind turbine grid-connected inverters for a large set of grid impedance values. IEEE
Trans. Power Electron. 21 (1): 263-272.

Chen, X., Gong, C.Y., Wang, H.Z., and Cheng, L. (2012). Stability analysis of LCL-
type grid-connected inverter in weak grid systems. Proceedings of the IEEE
Renewable Energy Research and Applications Conference, pp. 1-6, Nagasaki, Japan
(November 2012). New York: IEEE.

Yao, Z. and Xiao, L. (2013). Control of single-phase grid-connected inverters with
nonlinear loads. IEEE Trans. Ind. Electron. 60 (4): 1384-1389.

Mazumder, S.K., Burra, R.K., Huang, R. et al. (2010). A universal grid-connected
fuel-cell inverter for residential application. IEEE Trans. Ind. Electron. 57 (10):
3431-3447.

Sun, J. (2011). Impedance-based stability criterion for grid-connected inverters.
IEEE Trans. Power Electron. 26 (11): 3075-3078.

Kundur, P. (1994). Power System Stability and Control. New York: McGraw-Hill.
Ilic, M. and Zaborszky, J. (2000). Dynamics and Control of Large Electric Power
Systems. New York: Wiley.

Belkhayat, M. (1997). Stability criteria for ac power systems with regulated loads.
PhD dissertation. Purdue University, West Lafayette.



24

1 Introduction

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Middlebrook, R.D. (1976). Input filter considerations in design and application of
switching regulators. Record of 1976 IEEE Industry Applications Society Annual
Meeting, pp. 366-382, Chicago, IL. New York: IEEE.

Mao, H., Boroyevich, D., and Lee, F.C. (1998). Novel reduced-order small signal
model of a three-phase PWM rectifier and its application in control design and
system analysis. I[EEE Trans. Power Electron. 13 (3): 511-521.

Wen, B. (2014). Stability analysis of three-phase AC power systems based on
measured D-Q frame impedances. PhD dissertation. Virginia Polytechnic
Institution and State University, Blacksburg, VA.

Liu, F., Liu, J., Zhang, H., and Xue, D. (2014). Stability issues of Z+Z type cascade
system in hybrid energy storage system (HESS). IEEE Trans. Power Electron. 29 (11):
5846-5859.

Agorreta, J.L., Borrega, M., Lopez, J., and Marroyo, L. (2011). Modeling and control
of N-paralleled grid-connected inverters with LCL filter coupled due to grid
impedance in PV plants. IEEE Trans. Power Electron. 26 (3): 770-785.

Sun, J., Bing, Z., and Karimi, K.J. (2009). Input impedance modeling of multipulse
rectifiers by harmonic linearization. IEEE Trans. Power Electron. 24 (12):
2812-2820.

Liu, Y., Wu, W., He, Y. et al. (2016). An efficient and robust hybrid damper for LCL-
or LLCL-based grid-tied inverter with strong grid-side harmonic voltage effect
rejection. IEEE Trans. Ind. Electron. 63 (2): 926-936.

Timbus, A.V., Teodorescu, R., Blaabjerg, F., and Borup, U. (2004). Online grid
measurement and ENS detection for PV inverter running on highly inductive grid.
IEEE Trans. Power Electron. 2 (3): 77-82.

Roinila, T., Vilkko, M., and Sun, J. (2014). Online grid impedance measurement
using discrete-interval binary sequence injection. IEEE J. Emerging Sel. Topics
Power Electron. 2 (4): 985-993.

Liserre, M., Blaabjerg, F., and Teodorescu, R. (2007). Grid impedance estimation via
excitation of LCL-filter resonance. IEEE Trans. Ind. Appl. 43 (5): 1401-1407.
Timbus, A.V., Rodriguez, P., Teodorescu, R., and Ciobotaru, M. (2007). Line
impedance estimation using active and reactive power variations. Proceedings of the
IEEE PESC, pp. 1273-1279, Orlando, FL (17-21 June 2007). IEEE.

Ciobotaru, M., Teodorescu, R., Rodriguez, P. et al. (2007). Online grid impedance
estimation for single-phase grid-connected systems using PQ variations.
Proceedings of the IEEE PESC, pp. 2306-2312, Orlando, FL (17-21 June 2007). IEEE.
Cobreces, S., Bueno, E.J., Pizarro, D. et al. (2009). Grid impedance monitoring
system for distributed power generation electronic interfaces. IEEE Trans. Instrum.
Meas. 58 (9): 3112-3121.

Cobreces, S., Rodriguez, P., Pizarro, D. et al. (2007). Complex-space recursive least
squares power system identification. Proceedings of PESC, pp. 2478-2484, Orlando,
FL (17-21 June 2007). IEEE.



40

41

42

43

45

46

47

48

49

50

51

52

53

References

Ciobotaru, M., Agelidis, V., and Teodorescu, R. (2011). Line impedance
estimation using model based identification technique. Proceedings of the

IEEE EPE2011, pp. 1-9, Birmingham, UK (30 August-1 September 2011).

IEEE.

Gu, H., Guo, X., Wang, D., and Wu, W. (2012). Real-time grid impedance estimation
technique for grid-connected power inverters. Proceedings of the IEEE ISIE2012,
pp. 1621-1626, Hangzhou, China (28-31 May 2012). IEEE

Vidal, A., Yepes, A.G., Freijedo, F.D. et al. (2015). A method for identification of the
equivalent inductance and resistance in the plant model of current-controlled grid-
tied inverters. IEEE Trans. Power Electron. 30 (12): 7245-7261.

Pedersen, K.O.H., Nielsen, A.H., and Poulsen, N.K. (2003). Short-circuit impedance
measurement. IEE Proc.-Gener. Transm. Distrib. 150: 169-174.

Bien, A., Borkowski, D., and Wetula, A. (2007). Estimation of power system
parameters based on load variance observations - laboratory studies. Proceedings of
EPQU, pp. 1-6, Barcelona, Spain (9-11 October 2007). IEEE.

Hoffmann, N. and Fuchs, F. (2014). Minimal invasive equivalent grid impedance
estimation in inductive-resistive power networks using extended Kalman filter.
IEEE Trans. Power Electron. 29 (2): 631-641.

Beres, R.N., Wang, X., Blaabjerg, F. et al. (2016). Optimal design of high-order
passive-damped filters for grid-connected applications. IEEE Trans. Power Electron.
31 (3): 2083-2098.

Ghorbal, M.J.-B., Ghzaiel, W., Slama-Belkhodja, 1., and Guerrero, J.M. (2012).
Online detection and estimation of grid impedance variation for distributed power
generation. Proceedings of the [IEEE MELECON, pp. 555-560, Yasmine Hammamet,
Tunisie (25-28 March 2012). IEEE.

Berriri, H., Naouar, M.W., and Slama-Belkhodja, I. (2012). Easy and fast sensor fault
detection and isolation algorithm for electrical drives. IEEE Trans. Power Electron.
27 (2): 490-499.

He, Y., Chung, H., Ho, C.N.M., and Wu, W. (2017). Direct current tracking using
boundary control with second-order switching surface for three-phase three-wire
grid-connected inverter. IEEE Trans. Power Electron. 32 (7): 5723-5740.

He, Y., Chung, H.S.H., Ho, C.N.M., and Wu, W. (2017). Modified cascaded
boundary-deadbeat control for a virtually-grounded three-phase grid-connected
inverter with LCL filter. IEEE Trans. Power Electron. 32 (10): 5723-5740.

Parker, S.G., McGrath, B.P., and Holmes, D.G. (2014). Regions of active damping
control for LCL filters. IEEE Trans. Ind. Appl. 50 (1): 424-432.

Zou, C., Liu, B., Duan, S., and Li, R. (2014). Influence of delay on system stability
and delay optimization of grid-connected inverters with LCL filter. IEEE Trans. Ind.
Inf. 10 (3): 1775-1784.

Tang, Y., Yoon, C., Zhu, R., and Blaabjerg, F. (2015). Generalized stability regions of
current control for LCL-filtered grid-connected inverters without passive or active

25



26

1 Introduction

54

55

56

57

58

59

60

61

62

63

64

65

66

damping. Proceedings of IEEE Energy Conversion Congress and Exposition,

pp- 2040-2047, Montreal, Canada. IEEE.

Wang, J., Yan, J., Jiang, L., and Zou, J. (2016). Delay-dependent stability of
single-loop controlled grid-connected inverters with LCL filters. IEEE Trans. Power
Electron. 31 (1): 743-757.

Zhang, S., Jiang, S., Lu, X. et al. (2014). Resonance issues and damping techniques
for grid-connected inverters with long transmission cable. IEEE Trans. Power
Electron. 29 (1): 110-120.

Jiang, Y., Wu, W., He, Y. et al. (2017). New passive filter design method for
overvoltage suppression and bearing currents mitigation in a long cable based PWM
inverter-fed motor drive system. IEEE Trans. Power Electron. 32 (10): 7882-7893.
Beres, R., Wang, X., Blaabjerg, F. et al. (2016). A review of passive power filters for
three-phase grid-connected voltage-source inverters. IEEE Trans. Power Electron.

4 (1): 54-69.

Balasubramanian, A.K. and John, V. (2013). Analysis and design of split-capacitor
resistive inductive passive damping for LCL filters in grid-connected inverters. IET
Power Electron. 6 (9): 1822-1832.

Wu, W, He, Y., Tang, T., and Blaabjerg, F. (2013). A new design method for the
passive damped LCL- and LLCL-filter based single-phase grid-tied inverter. IEEE
Trans. Ind. Electron. 60 (10): 4339-4350.

Wu, W., Sun, Y.J., Huang, M. et al. (2014). A robust passive damping method for
LLCL-filter-based grid-tied inverters to minimize the effect of grid harmonic
voltages. IEEE Trans. Power Electron. 29 (7): 3279-3289.

Alzola, R.P., Liserre, M., Blaabjerg, F. et al. (2013). Analysis of the passive damping
losses in LCL-filter-based grid inverters. IEEE Trans. Power Electron. 28 (6):
2642-2646.

Hanif, M., Khadkikar, V., Xiao, W., and Kirtley, J.L. (2014). Two degrees of freedom
active damping technique for filter-based grid connected PV systems. IEEE Trans.
Ind. Electron. 61 (6): 2795-2803.

Bahrani, B., Vasiladiotis, M., and Rufer, A. (2014). High-order vector control of
grid-connected voltage-source inverters with LCL-filters. IEEE Trans. Ind. Electron.
61 (6): 2767-2775.

Dannehl, J., Liserre, M., and Fuchs, F. (2011). Filter-based active damping of voltage
source inverters with LCL filters. IEEE Trans. Ind. Electron. 58 (8): 3623-3633.
Alzola, R.P., Liserre, M., Blaabjerg, F. et al. (2014). Self-commissioning notch filter
for active damping in three phase LCL-filter based grid inverters. IEEE Trans. Power
Electron. 29 (12): 6754-6761.

Yao, W, Yang, Y., Zhang, X. et al. (2017). Design and analysis of robust active
damping for LCL filters using digital notch filters. IEEE Trans. Power Electron.

32 (3): 2360-2375.



67

68

69

70

71

72

73

74

75

76

77

78

79

References

Wang, X., Blaabjerg, F., and Loh, P.C. (2010). Virtual RC damping of LCL-filtered
voltage source inverters with extended selective harmonic compensation. IEEE
Trans. Power Electron. 30 (9): 4726-4737.

Wang, X., Blaabjerg, X.F., and Loh, P.C. (2016). Grid-current-feedback active
damping for LCL resonance in grid-connected voltage source inverters. IEEE Trans.
Power Electron. 3 (1): 213-223.

Pan, D., Ruan, X., Bao, C. et al. (2014). Capacitor-current-feedback active damping
with reduced computation delay for improving robustness of LCL-type grid-
connected inverter. IEEE Trans. Power Electron. 29 (7): 3414-3427.

Pan, D., Ruan, X., Bao, C. et al. (2015). Optimized controller design for LCL-type
grid-connected inverter to achieve high robustness against grid-impedance
variation. IEEE Trans. Ind. Electron. 62 (3): 1537-1547.

Liu, F., Zhou, Y., Duan, S. et al. (2009). Parameter design of a two-current-loop
controller used in a grid-connected inverter system with LCL filter. IEEE Trans. Ind.
Electron. 56 (11): 4483-4491.

Yang, D., Ruan, X., and Wu, H. (2015). A real-time computation method with dual
sampling modes to improve the current control performances of the LCL-type grid-
connected inverter. IEEE Trans. Ind. Electron. 62 (7): 4563-4572.

Bao, C., Ruan, X., Wang, X. et al. (2014). Step-by-step controller design for LCL-type
grid-connected inverter with capacitor-current-feedback active-damping. IEEE
Trans. Power Electron. 29 (3): 1239-1253.

Li, X., Wu, X,, Geng, Y. et al. (2015). Wide damping region for LCL-type grid-
connected inverter with an improved capacitor-current-feedback method. IEEE
Trans. Power Electron. 30 (9): 5247-5259.

Kukkola, J. and Hinkkanen, M. (2016). State observer for grid-voltage sensorless
control of a inverter equipped with an LCL filter: direct discrete-time design. IEEE
Trans. Ind. Appl. 52 (4): 3133-3145.

Dannehl, J., Fuchs, F.W., Hansen, S., and Thogersen, P.B. (2010). Investigation of
active damping approaches for PI-based current control of grid-connected pulse
width modulation inverters with LCL filters. IEEE Trans. Ind. Appl. 46 (4):
1509-1517.

Alzola, R.P., Liserre, M., Blaabjerg, F. et al. (2014). Systematic design of the lead-lag
network method for active damping in LCL-filter based three-phase inverters. IEEE
Trans. Ind. Inf. 10 (1): 43-52.

Xin, Z., Loh, P.C., Wang, X. et al. (2016). Highly accurate derivatives for LCL-
filtered grid inverter with capacitor voltage active damping. IEEE Trans. Power
Electron. 31 (5): 3612-3625.

Komurcugil, H., Altin, N., Ozdemir, S., and Sefa, I. (2016). Lyapunov-function and
proportional-resonant-based control strategy for single-phase grid-connected VSI
with LCL filter. IEEE Trans. Ind. Electron. 63 (5): 2838-2849.

27



28

1 Introduction

80

81

82

83

84

85

86

87

88

89

920

91

92

93

Huang, M., Wang, X., Loh, P.C., and Blaabjerg, F. (2016). Active damping of LLCL-
filter resonance based on LC-trap voltage or current feedback. IEEE Trans. Power
Electron. 31 (3): 2337-2346.

Lei, Y., Xu, W., Mu, C. et al. (2014). New hybrid damping strategy for grid-
connected photovoltaic inverter with LCL filter. IEEE Trans. Appl. Superconduct.
24 (5).

Mukherjee, N. and De, D. (2013). Analysis and improvement of performance in LCL
filter-based PWM rectifier/inverter application using hybrid damping approach.
IET Power Electron. 6 (2): 309-325.

Xu, J., Xie, S., and Tang, T. (2014). Improved control strategy with grid-voltage
feedforward for LCL-filter-based inverter connected to weak grid. IET Power
Electron. 7 (10): 2660-2671.

Li, W., Ruan, X., Pan, D., and Wang, X. (2013). Full-feedforward schemes of grid
voltages for a three-phase LCL-type grid-connected inverter. IEEE Trans. Ind.
Electron. 60 (6): 2237-2250.

Yang, D., Ruan, X., and Wu, H. (2014). Impedance shaping of the grid-connected
inverter with LCL filter to improve its adaptability to the weak grid condition. IEEE
Trans. Power Electron. 29 (11): 5795-5805.

Wang, X., Blaabjerg, F., and Loh, P.C. (2015). Virtual RC DAMPING of LCL-filtered
voltage source converters with extended selective harmonic compensation. IEEE
Trans. Power Electron. 30 (9): 4726-4737.

Shen, G., Zhu, X., Zhang, J., and Xu, D. (2010). A new feedback method for PR
current control of LCL-filter-based grid-connected inverter. IEEE Trans. Ind.
Electron. 57 (6): 2033-2041.

Timbus, A., Liserre, M., Teodorescu, R. et al. (2009). Evaluation of current
controller for distributed power generation systems. IEEE Trans. Power Electron.
24 (3): 654-664.

Wu, W., Liu, Y., He, Y. et al. (2017). Damping methods for resonances caused by
LCL-filter-based current-controlled grid-tied power inverters: an overview. IEEE
Trans. Ind. Electron. 64 (9): 7402-7413.

Li, H., Wu, W., Huang, M. et al. (2020). Design of PWM-SMC controller using
linearized model for grid-connected inverter with LCL filter. IEEE Trans. Power
Electron. 35 (12): 12773-12786.

Zhao, J., Wu, W., Shuali, Z. et al. (2020). Robust control parameters design of PBC
controller for LCL-filtered grid-tied inverter. IEEE Trans. Power Electron. 35 (8):
8102-8115.

Chen, X., Wu, W., Gao, N. et al. (2020). Finite control set model predictive control
for LCL-filtered grid-tied inverter with minimum sensors. IEEE Trans. Ind.
Electron. 67 (12): 9980-9990.

Luo, S., Wu, W., Koutroulis, E. et al. (2021). A new virtual oscillator control without
third-harmonics injection for DC/AC inverter. IEEE Trans. Power Electron. 36 (9):
10879-10888.



