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Global warming has emerged as a significant issue, primarily due to the use
of fossil fuels for power generation. Renewable energy adoption has surged.
However, stability issues arise when integrating the primary source and
inertia-less nature of converter-interfaced renewable energy sources (RESSs)
into the traditional power system, due to its intermittent and uncertain nature.
The proposed solution involves controlling converter-interfaced RES to
emulate the characteristics of a conventional synchronous generator (SG),
commonly known as a virtual synchronous generator or synchronverter. As it
fundamentally functions as a power converter, it is crucial to consider the
appropriate filter design for the synchronverter. Additionally, by emulating
the characteristics of SG, the values of “virtual” inertia and droop coefficients
must be chosen accurately to provide a robust response under different
operating scenarios of the synchronverter. Hence, this paper proposes a novel
LLCL filter-based synchronverter system along with an adaptive control
strategy using a fuzzy logic controller (FLC). The system is simulated under
different operating scenarios in MATLAB/Simulink. The proposed system
demonstrated improved frequency response and reduced total harmonic
distortion compared to the conventional synchronverter model for all the
different operating scenarios, thus enhancing grid stability and power quality.
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1. INTRODUCTION

Transitioning to renewable energy is an effective way of reducing the carbon footprint in electrical
generation. However, stability issues arise when integrating primary source and inertia-less nature of converter-
interfaced renewable energy sources (RESs) into the traditional power system, due to its intermittent and
uncertain nature. Thus, this has posed a significant challenge for the power grid. When faced with an extreme
condition of low inertia and insufficient power reserve, load shedding has to be activated in order to prevent
loss of synchronism or blackouts [1], [2]. As a result, significant efforts have been devoted to studying and
implementing control strategies for converter-interfaced RES to support the grid under normal and extreme
conditions. One of the emerging fields is the grid-forming control strategy, notably the virtual synchronous
generator, also known as the synchronverter model, offers a promising solution for controlling converter-
interfaced RESs by emulating the characteristics of synchronous generator (SG) in the power grid [2]-{7].
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There have been different studies conducted under the general term “virtual synchronous
generator/machine”. The first approach, proposed in a study by Beck and Hesse [8] and called virtual
synchronous machine (VISMA), derives the seventh-order model of the synchronous generator (SG) into the
control system. This approach inherits all the characteristics of the SG but exhibits poor dynamics behavior
under islanding operation and complexity in implementation [4]. In contrast, many studies have been conducted
under the names synchronverter and virtual synchronous generator (VSG) using low-order equations of the SG
due to their simplicity and good performance. The VSG is based on the application of the SG swing equation
in the control strategy [2]-[4], [6], [7], [9], [10]. The synchronverter model, on the other hand, describes the
mathematical equations of the stator and rotor of the SG. Moreover, the application of the synchronverter model
for converter interfaced RESs is easier when compared with the VSG model since the performance of the VSG
depends on many parameters and components of controller. Therefore, the synchronverter model will be further
studied and applied in this paper.

The concept “Synchronverter” allows converter interfaced RESs to mimic the principles of SG and
has been well-developed further in previous studies [11], [12]. Research on the synchronverter model varies
across various aspects. Preview study by Zhong and Weiss [13], an introduction to the synchronverter-based
control strategy for power systems and microgrid applications is proposed. Additionally, research on improving
the dynamic response under fault conditions of the synchronverter is presented in study by Schulze et al. [14].
Control parameter design and tuning methods for the synchronverter are proposed in Dong and Chen [15]
based on mathematical analysis. Moreover, Rodriguez-Cabero et al. [16] extensively present the relationship
of parameters in the stability performance of the entire system using small signal analysis. This helps in
determining parameters for the synchronverter for stable operation. Parallel operation of multi-synchronverter
systems is also a trending research topic. Yap et al. [17] propose adaptive control strategies using fuzzy control
system. Lastly, the study of filter design and its contribution to the stable operation of the synchronverter has
been examined, albeit only with the LCL filter [18]-[20]. In the aspect of adaptive control, research has been
conducted on adaptive damping, control, or self-adaptive synchronverters, as mentioned in previous studies
[17], [21], [22]. However, Wang et al. [22] only focus on the switching method with fixed values of control
parameters. On the other hand, Li et al. [21] provide online calculation of both droop and inertia values but
following a fixed control rule. In contrast, Yap et al. [17] employ fuzzy logic control (FLC) along with
optimization methods to calculate more adaptive control parameters, but it is a time-consuming task. The
applications of FLC for determining “adaptive” control values of both inertia and droop coefficients to which
follow different operating scenarios in synchronverter systems have not been explored yet. Furthermore, the
utilization of the LLCL filter, which offers better performance in harmonic limitation compared to the LCL
filter, has not been studied or implemented in synchronverter systems.

Therefore, this paper proposes a novel LLCL filter based synchronverter system, along with an FLC-
based adaptive control system to determine both inertia and droop coefficient values under different operating
conditions. The paper is divided into four parts: i) Studies on VSG and Synchronverter system together with
research gap are introduced in Section 1, ii) Section 2 provides the background of the system and the proposed
adaptive control strategy based on FLC, iii) Section 3 outlines the case studies and the respective simulation
results, and iv) Section 4 summarizes the findings of the proposed system.

2. MATHEMATICAL MODEL OF THE LLCL FILTER-BASED SYNCHRONVERTER SYSTEM

The following subsections provide a brief description of the theoretical background of the
conventional synchronverter model. Firstly, a mathematical model of the conventional synchronverter is
presented. Then, the well-known LLCL filter is shown with a brief comparison to the LCL filter. Finally, the
control method deriving fuzzy for the proposed control strategy of the LLCL filter-based synchronverter
system is provided.

2.1. Synchronverter model

The first model of synchronverter, described in study [13], derived the swing equation of a
synchronous generator as the active power loop (APL) to control the virtual rotor angle and active power
output. Additionally, the reactive power loop (RPL) was implemented to adjust the reactive power generation
and voltage magnitude at the terminal of the synchronverter. The mathematical equation describes the RPL is
expressed as (1).

Ko S0 = (@ = Qo) + 50 20 V7 = Uyy) "

Where Qg and U, are reactive power generation and terminal voltage of synchronverter, respectively;
the upper script “*” stands for the setting/reference value. 1 is the virtual field flux. The reactive droop
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coefficients Dq and RPL response speed parameter Ky can be chosen as in research [23]. The under script “f”
defines the filtered signals through the low-pass filter with the time constant Tr also defined in research [23].
Then, Dong and Chen [24] proposed an active damping correction loop to enhance the dynamic response speed
of the APL. The general mathematical equations describing the synchronverter are provided in researches [15],
[23]-[25], and expressed as in (2).

dwf _ * da Tef
Jo— =Tm—Tes + D,(w; — wy) — Dy = (wf) 2)

Where Jgy is virtual inertia coefficient, T and Ter are mechanical and electrical torque of
synchronverter, D, and D are droop and damping parameters of the APL and active damping loop,
respectively, w, and wy are the output and reference angular velocity of the synchronverter. Output voltages
of the synchronverter are then described by (3). Furthermore, the self-synchronism property of SG is emulated
by employing the control strategy outlined in study [23]. These control phases fulfill the capability of emulating
the characteristics of SG in the synchronverter. In this paper, the conventional model described in study [15]
and applied with certain modifications for the LLCL-based synchronverter system.

e = 0yYy[sin (0) sin(0 + 27T/3) sin (60 — 2”/3)] @)

2.2. LLCL filter

The recent passive LLCL filter, with an additional inductor in the capacitor trap circuit, have made it
superior to the traditional LCL, especially in switching harmonics limitation [26]. With output transfer
functions, the responses of the LLCL- and LCL-based converter system do not show many differences in the
low frequency range. Then, the LLCL-based synchronverter system will be deployed for the first time to
analyze performances of the proposed adaptive control strategy using FLC. Huang et al. [26] also proposed
details about the LLCL filter design procedure and constraints which will be applied as design guidelines in
this paper.

2.3. Adaptive control strategy with fuzzy logic controller

This paper proposes an adaptive FLC-based control strategy for the synchronverter system with an
LLCL filter. The fuzzy logic controller consists of three main parts [27]. The fuzzification phase aids in
transforming crisp sets of input values into fuzzy membership functions. The second part is the fuzzy inference
engine, which includes the rule base where the relationships between inputs and outputs states are defined.
Finally, the defuzzification process translates the fuzzy output values into the crisp values.

3. THE PROPOSED METHOD OF CONTROL STRATEGY FOR THE LLCL FILTER BASED
SYNCHRONVERTER SYSTEM
The design procedure and simulation of the proposed method of control strategy for the LLCL filter
based synchronverter system are inherent in previous researches [15], [25]. Since the synchronverter model
itself is based on the study by Dong and Chen [15] and with the purpose of comparison to previous studies in
order to clarify the advantages of the proposed system. Table 1 presents the parameters utilized for filter design
and simulation. These parameters are referenced from [15], [25] for the purpose of comparison.

Table 1. System parameters

Notation Parameters Values  Notation Parameters Values
Sb Rated/base power 1.6 MVA  VDC  DC link voltage 13 kV
Vb Rated/base line-line voltage 6.6 kV Df Active damping coefficient 1.13 Vs2/rad
fb Rated/base frequency 60 Hz Dq RPL droop coefficient 3711 var/lV
b Rated/base angular frequency 377 rad/s Kg Integrator parameter in the RPL 27980 var.rad/\V
fsw Switching frequency 12 kHz Tf Low-pass filter time constant 0.01s
Ts Sampling time 833.33 ns

3.1. LLCL filter parameters

Following the design constraints and procedure outlined in study by Huang et al. [26], the parameters
of the LLCL filter employed in this paper are then determined. In addition, the design process for the LCL
filter is similar to that of the LLCL filter. The parameters for the LLCL and LCL filters are presented in Table
2 along with some comments as follows. Firstly, the grid-side inductance of the LLCL filter is significantly
reduced compared to the LCL filter which then helps in lowering total mass and capital requirements for the
LLCL filter while still maintaining the ability to limit harmonics. Then, the damping resistance in the trap
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circuit of the LLCL filter is much smaller, which helps to reduce the power loss of the filter. Finally, with the
additional inductance in the trap circuit, the LLCL filter exhibits better performance in limiting harmonics
around the switching frequency. Figure 1 illustrates the Bode plot of the transfer functions for the LCL filter
(dashed blue line) and LLCL filter (solid red line) with the design parameters presented in Table 2.

Table 2. Filter design parameters

Parameters LLCL filter LCL filter
Converter side inductance (L1, [mH]) 3.6 3.6
Grid side inductance (L2 in [mH]) 0.32 0.64
Capacitance of resonance branch (Cf, [uF]) 214 214
Damping resistance (Rd, [m€]) 0.3 8.3
Inductance of resonance branch (Lf, [uH]) 82 -
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Figure 1. Bode plot of the designed LLCL and LCL filter

3.2. The adaptive control strategy based on fuzzy logic controller

The FLC system in the proposed control strategy are illustrated in Figure 2. The normalized frequency
deviation and the rate of change of frequency deviation are utilized as inputs for the fuzzy system while the
outputs correspond to the values of the virtual inertia (Jg) and active power droop (Dy) coefficients. To ensure
consistency, the input variables are normalized within the range of [-1, 1]. Additionally, the rate of change of
frequency deviation input is sampled at a time frame of approximately 83.3 ms to mitigate sub-transient noises
while still capturing the evolution of the system's frequency variation [28]. Drawing upon the principles outlined
in [21], the attributes and numbers of membership functions together with the rule base can be varied based on
system design expert. Then, leveraging accumulated experience from simulation practices, the proposed FLC-
based control strategy in this paper adopts trapezoidal membership functions together with the rule base as; the
five input attributes are classified as: negative big (NB), negative small (NS), zero (Z), positive small (PS), and
positive big (PB). Similarly, the outputs employ type 1l Gaussian membership functions and are defined as: low
(1), medium (m), and high (h), as shown in Figure 2(a) and Figure 2(b). The 5x5 rule base table for the fuzzy
inference engine which visually represents the membership functions of the inputs, outputs, and the rule base of
the fuzzy inference engine utilized in the proposed control strategy, respectively, is given in Figure 2(c).

3.3. The LLCL filter-based synchronverter system with the proposed adaptive control strategy

Figure 3 until Figure 5 depict the simulation models implemented in the MATLAB/Simulink
environment for the LLCL based synchronverter system with the proposed control strategy. These simulation
models include the control block diagram and represent the integration of the FLC and LLCL filter into the
synchronverter system. Figure 3 shows the control block diagrams of the APL with active damping as in (2)
and RPL as in (1) [23]-[25] where the adaptive coefficients of virtual inertia (“Jg_fuzzy”) and droop
(“Dp_fuzzy”) are calculated by the FLC. As observed from the control model, changes in the values of the
virtual inertia and droop coefficients directly affect the virtual rotor angle (“theta”), thereby adjusting the
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0

frequency response of the synchronverter. Then from the voltage magnitude with virtual rotor angle as in (3),
reference voltage control signals for the synchronverter are created [15], as shown in Figure 4. Lastly, Figure
5 showcases the complete LLCL based synchronverter system with the proposed control strategy outlined in
this paper. A two-level three-phase inverter that functions as the synchronverter and encapsulates the

integration of the LLCL filter, FLC, and the synchronverter system.
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Based on the provided model figures, the proposed system differs from the conventional model in the
following. Firstly, the online values of virtual inertia and droop coefficients are obtained from the proposed
adaptive FLC-based control strategy. Then, the LLCL filter-based synchronverter system in this paper omits a
proportional integral (PI) controller in the APL, which is otherwise required for the self-synchronization
capability of the conventional model [24], [27]. This introduces the novel implementation of the LLCL filter
in the synchronverter system.

4.  SIMULATION RESULTS & DISCUSSION

In this section, simulation results of the LLCL filter based synchronverter system with the proposed
control strategy are presented under various operating scenarios. The frequency response of the synchronverter
system in this paper is compared to the conventional model described in studies [15], [25], highlighting the
advantages in terms of islanding and grid-connected operation. Additionally, the LLCL filter's capability to limit
harmonics is evaluated by comparing it with the LCL filter based synchronverter model.

4.1. Case studies
Figure 5 shows the general simulation model in MATLAB/Simulink which parameters are given in

Table 1 and Table 2. The simulation includes three main cases that represent different operating conditions to

highlight the capabilities of the proposed LLCL filter based synchronverter system and compare it to

conventional models from previous studies. The details of these cases are:

- Islanding mode: This case simulates the system operating in islanded mode, where the synchronverter is
disconnected from the grid and supplies power to local loads. The islanding mode simulation runs from 0.8
to 3.2 s and includes the following events: At 1.8s, a three-phase fault scenario occurs and lasts for 200 ms,
representing a fault in the local distribution system. At 2.4 s and 2.8 s, there are increases in the local load
by 30% of the rated power, representing changes in the load demand. Then, at 3.2s, the system transitions
back to grid-tied operation.

- Grid-tied operation: This case represents the synchronverter being connected to the grid and operating in
synchronization with the grid. The simulation runs from 3.2 to 5 s and includes the following events: At
3.6 s, there is an increase in the reference active power generation, representing a change in the desired
power output of the synchronverter. Then, from 4 to 4.5 s, a grid frequency contingency of decreasing 1%
rated value occurs, representing a disturbance in the grid frequency.

- Comparisons between the proposed system with the conventional model under control strategy perspective:
In this case, the system performances of currents and voltages are then evaluated between proposed control
strategy of the LLCL-based synchronverter system with the conventional model in studies [23]-[25] and
includes the following events: At 1s the system is in island mode operation then at 2 s, the system is
reconnected to utility.
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These simulation cases are designed to assess the performance of the proposed LLCL filter based
synchronverter system and its control strategy under different operating conditions, including fault scenarios,
load changes, and grid disturbances. By comparing the results to conventional models, the advantages, and
improvements of the proposed system can be evaluated.

4.2. Simulation results & discussion
4.2.1. Under islanding mode operation

In Figures 6(a) and 6(b), the frequency response and active power generation of the synchronverter
models under islanding operation (from 0.8 to 3.2 s) are shown, while Figure 6(c) displays the values of inertia
and droop coefficients obtained via the FLC in the proposed control strategy of the LLCL filter-based
synchronverter system. Figure 6(b) demonstrates that the proposed system successfully provides inertia
response, self-synchronism, and governor response, enabling stable islanding operation with continuous power
generation. The response of the proposed system, equipped with either the LLCL or LCL filter, shows
similarity to conventional models.

This suggests that the type of filter does not significantly impact the active power generation response
of the synchronverter, assuming that active power losses in the filter are negligible. In contrast, Figure 6(a)
reveals significant differences in the frequency response between the proposed system and the conventional
synchronverter model. The proposed system reaches a steady state approximately 0.25 s after the islanding state
with a small amplitude and highly damped oscillation, represented by the black line in Figure 6(a). In contrast,
the conventional model takes nearly three times longer to reach a steady state and exhibits substantial high-
amplitude oscillation, represented by the red and blue dashed lines in Figure 6(a). The amplitude of the
oscillations in the conventional model is approximately 5% of the rated value and decays slowly after 0.75 s.
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Figure 6. Responses of synchronverter models: (a) frequency, (b) active power generation of synchronverter
models at the point of common coupling (PCC), and (c) output values of droop and inertia parameters using
FLC in the LLCL filter based synchronverter system with the proposed control strategy

This notable difference in performance can be attributed to the proposed control strategy, particularly
the adaptive determination of inertia and droop coefficients under different scenarios, as shown in Figure 6(c).
The proposed system outperforms the conventional model, which employs a virtual impedance obtained through
trial-and-error and an additional PI controller in the active power loop (APL) to achieve self-synchronization
capability. The proposed system, in contrast, omits the P1 controller and employs randomly fixed values for the
virtual impedance, yet still provides a better frequency response as mentioned before.

Figures 7(a)-7(d) display the total harmonic distortion of the current (THD;) values for the LLCL. LCL
filter-based synchronverter models under a 3-phase fault are shown in Figures 7(a)-7(b) and high load demand
are shown in Figures 7(c)-7(d). Figures 7(e)-7(f) present the total harmonic distortion of the voltage (THDy)
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values for the LLCL and LCL filter-based synchronverter models under high load demand. From Figures 7(a)-
7(d), it can be observed that the THD; values of the LLCL filter-based synchronverter are approximately half of
those of the LCL-based model. The same trend is observed for the THD, values in Figures 7(e)-7(f) under
islanding operation. This demonstrates the superior harmonic limitation capabilities of the LLCL filter compared
to the LCL filter. Furthermore, as shown in Figures 7(a)-7(f), the magnitudes of harmonics around the switching
frequency of the LCL filter-based synchronverter model are over twenty times that of the LLCL under different
scenarios. These results provide strong evidence of the superior harmonic limitation capabilities of the LLCL
filter over the LCL filter, particularly under the islanding operation of the synchronverter model.
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Figure 7. THD values of output currents and voltage of proposed model under islanding operation-based
synchronverter model: (a) THD; under 3P fault scenario of LLCL filter, (b) THD;under 3P fault scenario of
LCL filter, (c) THD; under high load scenario of LLCL filter, (d) THD; under high load scenario of LCL filter,
(e) THDy under high load scenario of LLCL filter, and (f) THDy under high load scenario of LCL filter

4.2.2. Under the grid-tied operation

The scenarios under grid-tied operation are designed to examine the power generation capabilities
under normal conditions and grid support capabilities during contingencies of the proposed system.
Figures 8(a) and 8(b) show the frequency and active power responses of the proposed system and conventional
models under different operating scenarios. As shown in Figure 8(b), the active power generation of all models
follows the reference value within 0.4 s and without any overshoot. Due to the rule base applied in the fuzzy
inference engine of the proposed system, there are slight changes in the values of inertia and droop parameters,
resulting in similar frequency and active power responses between the models under a frequency contingency
period, as depicted in Figures 8(b) and 8(c). Furthermore, in Figure 8(a), the synchronverter demonstrates
its capability to emulate inertia response of a synchronous generator (SG), particularly in supporting the grid
during contingencies. Figures 9(a)-9(d) present THD; values of LLCL and LCL filter-based synchronverter
models under changes in the reference active power (Figures 9(a) and 9(b)) and grid frequency contingency
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(Figures 9(c) and 9(d)). Similarly, from Figures 9(a)-9(d), the THD; values of LLCL filter-based synchronverter
are lower than those of the LCL-based model. In addition, the magnitudes of harmonics around switching
frequency of the LLCL-based synchronverter system are significantly lower than that of the LCL based, the
same as operating under islanding mode in Figure 7. Therefore, these results further emphasize the superior
harmonic limitation capabilities of the LLCL filter-based synchronverter system over the LCL filter under both
islanding and grid-tied operations across different scenarios.
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Figure 8. Responses of (a) frequency response of synchronverter models, (b) active power generation of
synchronverter models at PCC, and (c¢) output values of droop and inertia parameters using FLC in the LLCL
filter based synchronverter system with the proposed control strategy
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Figure 9. THD values of output currents and voltage of proposed model under grid-tied operation:
(a) THD; under changes in the reference active power of LLCL filter based synchronverter model,
(b) THD; under changes in the reference active power of LCL filter based synchronverter model,
(c) THD;under grid frequency contingency of LLCL filter based synchronverter model, and
(d) THD; under grid frequency contingency of LCL filter based synchronverter model
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4.2.3. Comparison between the proposed control strategy and conventional synchronverter systems

The conventional model in [23]-[25] requires a virtual impedance together with a PI controller to
obtain the self-synchronism characteristic of the synchronous generator. Parameters of the virtual impedance
and P1 controller need choosing carefully in order to obtain smooth dynamic response. Table 3 shows the sub-
study cases with different sets of control parameters of the conventional model that have been conducted in
simulation to evaluate performances to the proposed system. Figures 10(a)-10(b) show simulation results of
output current at PCC and frequency response between the proposed system and conventional model with sub-
study cases under island mode operation.

Then, Figures 10(c) and 10(d) show simulation results of output current at PCC and frequency
response between the proposed system and conventional model with sub-study cases under grid-tied operation.
From the simulation results, some comments are derived as follows. Firstly, the transient responses between
the proposed system and conventional model with sub-study cases show similarity in output current dynamics
under grid-connected contingency, as shown in Figures 10(a), 10(c), and 10(d). However, the conventional
model of sub-study case No.4 shows poor dynamic performance as in Figure 10(c). However, a major
improvement of frequency response under islanding contingency is obtained via the proposed system with a
fast response to steady state and low overshoot, as shown in Figure 10(b) with the black line.

Table 3. Control parameters of the proposed system and conventional model with sub-study cases

Model Virtual impedance P1 controller parameters Virtual damping (droop)
and inertia coefficient
The LLCL based synchronverter Fixed Eliminated Adaptive based on FLC
system with proposed control strategy ~ (Lv =2 mH, Rv =0.0369 Q)
Conventional model Casel Lv=2.1mH,Rv=0.0464Q Kp = 5; ki = 50; Fixed
Case2 Lv=0.848mH,Rv=0.0224Q Kp =40; ki =10; Fixed
Case3 Lv=21mH,Rv=0.0679 Q Kp = 2; ki = 80; Fixed
Case4 Lv=14mH,Rv=0.0224 Q Kp = 40; ki = 10; Fixed
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Figure 10. Transient responses between the proposed system and conventional model under different sub-study
cases with: (a) output current, (b) frequency variation of the synchronverter system under disconnecting to
utility, (c) output current, and (d) frequency variation of the synchronverter system under grid tied operation
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Secondly, from Figure 10(b), the conventional model cases show low damping oscillations with high
amplitude, the amplitude of oscillation can be improved by choosing appropriate coefficients of the Pl
controller, but a slow steady state still remains. Furthermore, in the conventional model, the parameters of the
controller and virtual impedance must be determined in order to obtain a fine response. Furthermore, the
interval between grid-connected and island mode of the conventional model cannot be too small since it
requires more time to get to a steady state [23], in simulation results shown in Figure 10 it requires more than
0.5 s. In contrast, the proposed system with FLC has eliminated the PI controller, and virtual impedance
parameters are easily determined and fixed, as shown in the above simulation results. Table 4 shows
comparisons between the LLCL-based synchronverter system with FLC-based adaptive control strategy and
the studied control strategy of synchronverter models on the control values, input parameters, and complexity
of the control strategy. The proposed system in this paper obtains smooth output performances as analyzed
above with low order of complexity.

Table 4. Comparisons of the studied synchronverter models and the LLCL-based synchronverter system
with adaptive FLC

Scheme Control values Parameters considered for control Complexity
strategy

Adaptive control using fixed rules Droop and inertia FrDe and RoCoF Low - fixed values of control
[15], [16] parameters parameters leading oscillation
Fuzzy logic application with GA Virtual inertia FrDe, RoCoF, and penetration High - approaching only one control
method [22] Level of non-SG parameter
The proposed LLCL based Droop and inertia FrDe and RoCoFrDe Low - approaching both control
synchronverter system parameters parameters with continuous values

5. CONCLUSIONS

This study introduces a control strategy utilizing a fuzzy logic controller to determine adaptive values
for virtual inertia and droop coefficients. The primary aim is to enhance the frequency responses of LLCL
filter-based synchronverter systems during both grid-tied and islanding operations. The LLCL filter is
implemented for the first time in the synchronverter model to mitigate harmonics, particularly those arising
around the switching frequency.

Simulation results demonstrate that the proposed adaptive control strategy for LLCL filter-based
synchronverter systems significantly improves frequency response during islanding and grid-connected
transient conditions compared to conventional synchronverter models. Furthermore, the proposed system
eliminates the need for a meticulously designed virtual impedance and a PI controller, which are typically
prerequisites for the self-synchronization functionality in conventional synchronverter models. Across various
simulation scenarios, the proposed model incorporating the LLCL filter exhibits reduced total harmonic
distortion in both output current and voltage, notably in mitigating harmonics around the switching frequency.
This performance outperforms that of models utilizing LCL filters.
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