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Abstract: In islanded microgrids, circulating currents among parallel inverters pose 
significant challenges to system stability and efficient power distribution. Traditional 
droop control methods often struggle to manage these currents effectively, leading to 
inefficiencies and potential system damage. This study introduces an advanced fuzzy-
robust droop control strategy that integrates fuzzy logic with robust droop control to 
address these challenges. By incorporating fuzzy logic, the proposed strategy enhances 
the adaptability of droop control to varying system conditions, improving the 
management of circulating currents and ensuring more accurate power sharing among 
inverters. Comprehensive mathematical modeling and extensive simulation analyses 
validate the performance of this control strategy. The results show that the fuzzy-robust 
droop control method significantly outperforms conventional approaches, achieving up 
to a 70% reduction in circulating currents. This improvement leads to a substantial 
reduction in power losses and enhances the dynamic response under varying load 
conditions. Additionally, the strategy improves voltage and frequency regulation, 
contributing to the overall stability and reliability of the microgrid. The findings provide 
a robust solution to the longstanding issue of circulating currents, optimizing microgrid 
operations, and paving the way for more efficient and resilient distributed energy 
systems. The advanced control strategy presented in this study not only addresses critical 
challenges but also demonstrates the potential for innovative methodologies to meet the 
growing demands of future energy infrastructures, where reliability and efficiency are 
essential. 
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1  Introduction 

SLANDED microgrids are gaining prominence as a 
viable solution for delivering reliable and sustainable 
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energy, especially in remote and off-grid areas. These 
autonomous systems operate independently of the main 
utility grid, integrating local energy generation, 
consumption, and often storage. Their ability to function 
in both grid-connected and isolated modes not only 
enhances energy reliability but also offers significant 
economic benefits by optimizing the use of distributed 
energy resources (DERs) [1], [2]. Effective power-
sharing is essential for the stable and efficient operation 
of islanded microgrids. A key component in this process 
is the DC-DC converter, which plays a crucial role in 
integrating and controlling DERs such as solar 
photovoltaic systems, wind turbines, and energy storage 
units. Beyond basic energy conversion, DC-DC 
converters are integral to managing power flow, 
regulating voltage and frequency, and ensuring 
microgrid stability under both grid-connected and 
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islanded conditions [3]–[6]. 
Recent studies have provided extensive insights into 

the technical challenges and technological advancements 
in AC-DC microgrids [7]. The role of DC-DC converters 
has been particularly emphasized, as they are critical in 
addressing issues such as power quality, real-time power 
management, and voltage and frequency control [8]–
[10]. As microgrids increasingly integrate renewable 
energy sources (RES), the need for advanced DC-DC 
converter technology becomes even more critical. These 
advancements are vital for the broader adoption and 
successful implementation of islanded microgrids, which 
are poised to become a significant part of the future 
energy landscape [11], [12]. However, the integration of 
RES and the operation of microgrids under varying load 
conditions present considerable challenges, particularly 
in power flow management and control. Among these 
challenges, the issue of circulating currents—undesirable 
currents that arise due to differences in line 
impedances—emerges as a critical concern. Circulating 
currents can lead to unbalanced power sharing, 
decreased efficiency, and potential damage to system 
components, thereby undermining the stability and 
reliability of the microgrid [3], [13]–[15]. To mitigate 
the adverse effects of circulating currents, various 
strategies have been proposed, including the use of 
virtual impedance loops and secondary control 
mechanisms. These methods aim to balance power 
output among DERs, ensuring accurate power-sharing 
and minimizing the impact of line impedance 
mismatches [16]–[18]. Despite these efforts, 
conventional control approaches, such as the widely 
used droop control method, have limitations, particularly 
in low-voltage microgrids where line impedances are 
more resistive than inductive [19]. In such environments, 
achieving precise reactive power sharing is challenging, 
necessitating the development of more sophisticated 
control strategies. 

In our previous research [4], we developed a robust 
droop control method augmented with fuzzy logic to 
address key challenges in the operation of islanded 
microgrids, particularly focusing on enhancing 
frequency stability and ensuring equitable power-sharing 
among parallel-connected inverters. The conventional 
droop control approach, widely utilized due to its 
simplicity and decentralized nature, adjusts the power 
output of inverters based on deviations in frequency and 
voltage. However, in low-voltage microgrids, where line 
impedances are more resistive than inductive, this 
traditional method encounters significant limitations. 
Our earlier work introduced fuzzy logic into the droop 
control framework, which provided an adaptive 
mechanism to better handle the inherent variability and 
uncertainties of real-world microgrid environments. This 
integration allowed the system to maintain a stable 
frequency reference of 50 Hz across parallel inverters, 

even under challenging conditions such as varying 
inductive line impedances. The results showed a marked 
improvement in both frequency stability and the 
distribution of power among inverters, reducing the risks 
of instability and inefficiency within the microgrid. 

Despite these advancements, the issue of circulating 
currents—unintended currents that flow between 
inverters due to slight mismatches in output voltages—
remained a persistent challenge. These circulating 
currents can lead to significant power losses, increased 
harmonic distortion, and even potential damage to 
system components if not adequately managed [15], 
[20]–[23]. Building upon the foundation of our previous 
research, this study introduces a more advanced fuzzy-
robust droop control strategy specifically designed to 
mitigate the issue of circulating currents. By further 
refining the integration of fuzzy logic with the robust 
droop control framework, this new approach enhances 
the system’s adaptability to dynamic operational 
conditions. It achieves this by dynamically fine-tuning 
control parameters in real time, effectively responding to 
changes in load conditions, line impedances, and other 
critical variables within the microgrid. The proposed 
strategy has demonstrated a significant reduction in 
circulating currents—up to 70%—compared to 
conventional methods, leading to enhanced power 
efficiency, greater system stability, and improved overall 
reliability of the microgrid. This innovation not only 
addresses a long-standing challenge in microgrid 
operations but also underscores the importance of 
continuous advancements in control methodologies to 
meet the evolving demands of modern energy 
infrastructures [17], [20], [24]–[29]. 

The outcomes of this study underscore the critical 
importance of addressing circulating currents in islanded 
microgrids and highlight the effectiveness of advanced 
control methodologies in optimizing microgrid 
performance. By overcoming these long-standing 
challenges, the proposed fuzzy-robust droop control 
strategy offers a pathway to more resilient, efficient, and 
adaptable distributed energy systems. As the demand for 
sustainable energy solutions continues to rise, the 
innovations presented in this study contribute 
significantly to the evolution of energy infrastructure, 
paving the way for future microgrid deployments. 

2 Methodology 

2.1 Process flow 
As this work is extended from our previous work, 

therefore, Stage I, Stage II, and Stage III as shown in 
Fig. 1, are already presented and discussed in [4]. Stage 
IV will be presented in this work. A parallel multi-
inverter system is illustrated in Fig. 2. Each inverter in 
this model is considered a voltage source connected in 
series with line impedance. All parameter variations, 
including the closed-loop voltage gain (Gj), the output 
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impedance of the inverter (Zj), and line impedance (Zlj), 
are taken into consideration. they are unavoidable. 

 

 
Fig 1. Fig. 1 Research flow and process. 

ZL represents the load impedance, while VO is the load 
voltage. The parallel system of this model can be defined 
as in Eq. (1): 
 

�𝑖𝑖𝑗𝑗 = 𝑖𝑖1 + 𝑖𝑖2 + ⋯+ 𝑖𝑖𝑁𝑁 =
𝑉𝑉𝑂𝑂
𝑍𝑍𝐿𝐿

𝑁𝑁

𝑗𝑗=1

 (1) 

 
The parallel-connected inverters are assumed to be 
identical, and only the line impedance differs. Thus,  

G1 = G2 = GN = G 

Z1 = Z2 = ZN = Z 
(2) 

Using this assumption, Eq.  (1) and Eq.  (2) simplifies to 
 

𝐺𝐺�𝑉𝑉∗𝑖𝑖𝑗𝑗 − 𝑁𝑁𝑉𝑉𝑂𝑂 = 𝑍𝑍�𝑖𝑖𝑗𝑗 + �𝑖𝑖𝑗𝑗𝑍𝑍𝑙𝑙𝑗𝑗

𝑁𝑁

𝑗𝑗=1

𝑁𝑁

𝐽𝐽=1

𝑁𝑁

𝑗𝑗=1

 (3) 

 
By substituting Eq.  (10) from the previous work [3], 
into Eq.  (3) and solving for VO, as presented in Eq. (4). 

𝐺𝐺�𝑉𝑉𝑖𝑖𝑗𝑗∗ − 𝑁𝑁𝑉𝑉𝑂𝑂 = 𝑍𝑍
𝑉𝑉𝑂𝑂
𝑍𝑍𝐿𝐿

+ �𝑖𝑖𝑗𝑗𝑍𝑍𝑙𝑙𝑗𝑗

𝑁𝑁

𝑗𝑗=1

𝑁𝑁

𝑗𝑗=1

 

𝑍𝑍
𝑉𝑉𝑂𝑂
𝑍𝑍𝐿𝐿

+ 𝑁𝑁𝑉𝑉𝑂𝑂 = 𝐺𝐺�𝑉𝑉𝑖𝑖𝑗𝑗∗ −�𝑖𝑖𝑗𝑗𝑍𝑍𝑙𝑙𝑗𝑗

𝑁𝑁

𝑗𝑗=1

𝑁𝑁
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𝑉𝑉𝑂𝑂 �
𝑉𝑉𝑂𝑂
𝑍𝑍𝐿𝐿

+ 𝑁𝑁� = 𝐺𝐺�𝑉𝑉𝑖𝑖𝑗𝑗∗ −�𝑖𝑖𝑗𝑗𝑍𝑍𝑙𝑙𝑗𝑗𝐺𝐺�𝑉𝑉𝑔𝑔∗
𝑁𝑁
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𝑁𝑁

𝑗𝑗=1
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                        −𝑁𝑁𝑉𝑉𝑁𝑁 

(4) 

                     = 𝑍𝑍 𝑉𝑉𝑂𝑂
𝑍𝑍𝐿𝐿

+∑ 𝑖𝑖𝑗𝑗𝑍𝑍𝑙𝑙𝑗𝑗𝑁𝑁
𝑗𝑗=1  

𝑉𝑉𝑂𝑂 =
1
𝑁𝑁𝐺𝐺 ∑ 𝑉𝑉𝑖𝑖𝑗𝑗∗𝑁𝑁

𝑗𝑗=1 − 1
𝑁𝑁∑ 𝑖𝑖𝑗𝑗𝑍𝑍𝑙𝑙𝑗𝑗𝑁𝑁

𝑗𝑗=1

1 + 𝑍𝑍
𝑁𝑁𝑍𝑍𝐿𝐿

 

The stability of the output voltage of the parallel multi-
inverter only depends on the denominator as in Eq.  (4), 
in which the characteristic equation is 

1 +
𝑍𝑍
𝑁𝑁𝑍𝑍𝐿𝐿

= 0 (5) 

 
The effect of the proportional and resonant gains on the 
stability of the voltage control loop, as implemented in 
this study, must comply with Eq. (5). 

The results presented in [4], demonstrate the 
occurrence and persistence of circulating currents when 
using either the robust droop controller or the fuzzy-
robust droop controller in parallel inverter systems. 
These findings underscore the challenges in achieving 
effective control over circulating currents, which remain 
a significant issue even with advanced control strategies. 
Circulating currents, as highlighted in the previous 
study, are problematic because they can lead to 
inefficiencies such as power losses, increased harmonic 
distortion, and potential damage to the inverters. Despite 
the enhancements offered by fuzzy logic integration in 
the robust droop controller, the simulation results 
indicate that circulating currents continue to exist, thus 
necessitating further investigation and refinement of 
control strategies to mitigate these effects more 
effectively.  

To delve deeper into this issue, the present study 
conducts a series of simulations to thoroughly 
investigate circulating currents within a system of three 
parallel inverters. Each simulation is carried out over a 
period of 0.1 seconds, with all inverters configured to 
have the same power rating, set according to the Sbase 
value. These simulations are crucial for understanding 
the behaviour of circulating currents under various 
conditions and for evaluating the performance of 
different control strategies in real-world scenarios. By 
maintaining consistent power ratings and simulation 
parameters, this study aims to provide a clear 
comparison of how different control approaches handle 
circulating currents and to identify potential 
improvements that could be made to enhance the 
stability and efficiency of islanded microgrid operations. 
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Fig 2.  The model of the parallel multi-inverter system. 

There are three voltage sources (E1, E2, E3) are used in 
representing the output voltage of three inverters after 
LC filtering. These voltage sources are connected to a 
load, ZO, through their respective line impedances (Z1, 
Z2, Z3). Fig. 3 (a) illustrates the system configuration 
used for analysis in this section. The calculation blocks 
of the active and reactive powers used to calculate the 
output power (P1, Q1, P2, Q2, P3, Q3), power absorbed by 
line impedance (PD1, QD1, PD2, QD2, PD3, QD3), circulating 
power (PH1, QH1, PH2, QH2, PH3, QH3), power absorbed by 
line impedance due to circulating current (PDH1, QDH1, 
PDH2, QDH2, PDH3, QDH3), and load power (Po, Qo). The 
circulating current (IH1, IH2, IH3) is seen by voltage 
sources 1, 2, and 3 respectively as shown in Fig. 3 (b). 
The importance of understanding circulating current in 
various electrical systems cannot be overstated. 
Therefore, through a series of six in-depth case studies, 
this research paper aims to examine the existence and 
characteristics of circulating current. The parameters for 
each case are outlined in the accompanying Table 1, 
providing a comprehensive overview of the factors 
considered in this investigation.  

2.2 Analysis Methods 
The ideal condition of parallel operation is simulated 

in Case 1. The system parameters in the first column 
from Table 1 are used. The voltage sources and line 
impedances for the three parallel voltage sources are 
identical within the distance of 0.25 km. All of them are 
connected to the RL load. The effect of the voltage 
amplitude difference of parallel connected voltage 
sources on the circulating current is investigated in Case 
2. In this analysis, the amplitude of the second and third 
voltage sources are changed as referred to in Case 2 in 
Table 1, while the other parameters remain the same as 
in Case 1. While, Case 3 is the same as Case 2, but the 
testing is done with the load disconnected from the 
system as referred to in column Case 3.  

In Case 4, the purpose is to determine whether the 
voltage frequency difference of the parallel voltage 

sources compromises the circulating current while the 
load is still connected, thus, this analysis was carried out 
to investigate this issue. In this work, the frequency of 
the second and third voltage sources are changed as 
referred to in the column of Case 4, while the other 
parameters are the same as in Case 1. Same as in Case 4, 
the analysis in Case 5 is investigated with the load 
disconnected from the system as stated in the column of 
Case 5 in Table 1. In order to identify whether the 
different line impedance of the parallel voltage sources 
contributes to the circulating current, Case 6 is 
performed to investigate the effect of line impedance. 

 
 

 
(a) 

 
(b) 

Fig 3. Circulating current simulation for three parallel-
connected inverters (a) output voltage of three inverters (b) 

calculation blocks of the active and reactive powers 

3 Results and Discussion 

The simulation results for circulating currents in a 
system of three parallel-connected inverters are 
presented in this section. For comparative analysis, 
simulations using the conventional robust droop 
controller, as referenced in [30], are also included. Table 
2 summarizes the current measurements from each 
scenario, comparing the performance of the proposed 
fuzzy-robust droop control method with the robust droop 
control. The analyses were conducted using RL loads, 
with identical distances for each inverter, under various 
operational conditions to evaluate the effectiveness of 
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the proposed strategy in mitigating circulating currents. 
The results, complemented by corresponding figures and 
tables, provide a comprehensive assessment of the 
control strategy's performance in enhancing system 
stability and reducing circulating currents. 

The initial simulation scenario was designed to 
evaluate the system under ideal parallel operations, 
where all parallel-connected inverters were configured 
with identical voltage sources and line impedances, as 
specified in Case 1 of Table 2. The results, illustrated in 
Fig. 4 (a) and 4 (b), showed that the output voltages of 
the inverters were perfectly synchronized in both 
amplitude and phase, resulting in the absence of 
circulating currents. 

 
Table 1 System parameters of circulating current simulation 

for three parallel-connected inverters. 
 Case 

1 
Case 

2 
Case  

3 
Case 

4 
Case 

5 
Case 

6 

E1 A1(V) 
f1(Hz) 

230 
50 

230 
50 

230 
50 

230 
50 

230 
50 

230 
50 

E2 A2(V) 
f2(Hz) 

230 
50 

240 
50 

240 
50 

230 
50.02 

230 
50.02 

230 
50.02 

E3 A3(V) 
f3(Hz) 

230 
50 

220 
50 

220 
50 

230 
49.96 

230 
49.96 

230 
49.96 

Z1 R1 
X1 

0.135 
0.024 

0.135 
0.024 

0.135 
0.024 

0.135 
0.024 

0.135 
0.024 

0.068 
0.012 

Z2 R2 
X2 

0.135 
0.024 

0.135 
0.024 

0.135 
0.024 

0.135 
0.024 

0.135 
0.024 

0.135 
0.024 

Z3 R3 
X3 

0.135 
0.024 

0.135 
0.024 

0.135 
0.024 

0.135 
0.024 

0.135 
0.024 

0.203 
0.036 

Zo Ro 
Xo 

30Ω 
1.57Ω 

30Ω 
1.57Ω ∞ 30Ω 

1.57Ω ∞ 30Ω 
1.57Ω 

 
The output current Io curve is in red and the current Iho 

curve is in blue. This outcome confirms the effectiveness 
of the proposed fuzzy-robust droop control strategy 
under ideal conditions. The strategy ensures stable 
operation without the emergence of circulating currents, 
establishing a benchmark for comparing performance 
under more challenging, non-ideal conditions. 

To explore the impact of voltage amplitude 
discrepancies between the inverters, simulations were 
conducted with varying conditions both with and 
without load, as detailed in Cases 2 and 3 of Table 1. In 
the presence of a load (Case 2), varying the voltage 
amplitudes of the second and third inverters led to the 
emergence of circulating currents, as shown in Fig. 5 (a) 
and 5 (b). However, the proposed fuzzy-robust droop 
control strategy significantly mitigated these currents, 
achieving a reduction of 43.83% compared to the 
conventional robust droop control method. 

When the load was disconnected (Case 3), circulating 
currents persisted, as illustrated in Fig. 6 (a) and 6 (b), 

indicating that these currents are primarily driven by 
voltage differences rather than by the load conditions. 
The proposed control method continued to perform 
effectively, significantly reducing circulating currents 
even in the absence of a load. This combined outcome 
highlights the robustness of the fuzzy-robust droop 
control strategy in managing circulating currents across 
different load scenarios, underscoring its capability to 
maintain system stability regardless of the load 
condition.  

 

 
(a) (b) 

Fig 4. Simulation results for Case 1 (a) output current using 
the proposed controller (b) output current using the robust 

droop control. 

 

 
(a) (b) 

Fig 5. Simulation results for Case 2 (a) output current using 
the proposed controller (b) output current using the robust 

droop control. 

The next set of simulations focused on the effects of 
frequency differences between the inverters, both with 
and without load, as described in Cases 4 and 5 of Table 
1. When slight frequency variations were introduced 
among the inverters, the conventional robust droop 
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control method resulted in significant circulating 
currents, as depicted in Fig. 7 (a) and 7 (b). In contrast, 
the fuzzy-robust droop control strategy successfully 
eliminated these currents, preventing additional power 
losses and enhancing overall system efficiency. 

In the scenario where the load was disconnected (Case 
5), the proposed control method maintained its 
effectiveness, continuing to eliminate circulating 
currents despite the absence of a load, as shown in Fig. 8 
(a) and 8 (b). This combined outcome emphasizes the 
adaptability of the proposed method to dynamic changes 
in system frequency, ensuring stable and efficient 
microgrid operations even under varying load 
conditions. The ability to maintain system stability 
during periods of low or no load is particularly valuable 
for real-world microgrid applications. 

The final scenario explored the impact of varying line 
impedances by altering the impedances of the lines 
connected to the first and third inverters, as detailed in 
Case 6 of Table 1. The simulation results, displayed in 
Fig. 9 (a) and 9 (b), indicated that differences in line 
impedance led to observable circulating currents. 
Despite these variations, the fuzzy-robust droop control 
strategy effectively minimized these currents, 
showcasing its ability to adapt to changes in the physical 
parameters of the system. This outcome is critical for 
real-world microgrid applications, where line 
impedances may vary due to external factors. The 
proposed method’s adaptability in maintaining stability 
and reducing inefficiencies under varying line 
impedance conditions further demonstrates its 
robustness and practical utility. 

 
(a) (b) 

Fig 6. Simulation results for Case 3 (a) output current using 
the proposed controller (b) output current using the robust 

droop control. 

 
(a) (b) 

Fig 7. Simulation results for Case 4 (a) output current using 
the proposed controller (b) output current using the robust 

droop control. 

 
Table 2 Simulation results of current measurements using the proposed controller and robust droop controller. 

 

Case 1 Case  2 Case  3 Case  4 Case  5 Case  6 

Fuzzy-
robust Robust Fuzzy-

robust Robust Fuzzy-
robust Robust Fuzzy-

robust Robust Fuzzy-
robust Robust Fuzzy-

robust Robust 

I01 rms (p.u) 
 

0.33333 
 

0.34569 
 

0.37387 
 

0.35195 
 

0.14609 
 

0.19521 
 

0.25463 
 

0.35977 
 

0.0001 
 

0.03754 
 

0.2644 
 

0.34882 
 

I02 rms (p.u) 
 

0.33333 
 

0.34569 
 

0.9535 
 

1.62678 
 

0.84609 
 

1.30142 
 

0.25103 
 

0.37072 
 

0.0001 
 

0.17988 
 

0.25 
 

0.37697 
 

I03 rms (p.u) 
 

0.33333 
 

0.34569 
 

0.63467 
 

1.31863 
 

0.98981 
 

1.51885 
 

0.25823 
 

0.39105 
 

0.00004 
 

0.31441 
 

0.23354 
 

0.30659 
 

I01+ I02+ I03 rms (p.u) 
 

1 
 

1.03707 
 

1.96204 
 

3.29736 
 

1.982 
 

3.01549 
 

0.76389 
 

1.12154 
 

0.00031 
 

0.53183 
 

0.74794 
 

0.99015 
 

Io rms (p.u) 
 

1 
 

1 
 

0.67315 
 

1.00266 
 

0 
 

0 
 

0.76389 
 

1.00422 
 

0 
 

0 
 

0.75617 
 

1.00422 
 

I01+ I02+ I03 - Io rms 
(p.u) 0 0.03707 1.28889 2.2947 1.982 3.01549 0 0.11732 0.00031 0.53183 0.00823 0.02816 

% of Reduction in 
Circulating Current 

using Proposed 
Scheme 

100 43.83 34.27 100 99.94 70.77 
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The results from these simulations, summarized in 
Table 2, clearly indicate that the fuzzy-robust droop 
control strategy consistently outperforms the 
conventional robust droop control method across all 
scenarios. The proposed strategy achieves up to a 70% 
reduction in circulating currents, which not only 
minimizes power losses but also significantly enhances 
the overall stability, efficiency, and reliability of the 
microgrid. 

4 Conclusion 

This research presents a significant advancement in 
microgrid control by introducing a fuzzy-robust droop 
control strategy designed to effectively mitigate 
circulating currents in parallel inverter systems. Through 
comprehensive simulations, the proposed strategy 
demonstrated its superiority over the conventional robust 
droop control method, achieving up to a 70% reduction 
in circulating currents. This substantial improvement not 
only minimizes power losses but also enhances the 
overall stability, efficiency, and reliability of microgrid 
operations. The integration of fuzzy logic with robust 
droop control represents a key contribution of this work, 
providing an adaptive mechanism that dynamically 
adjusts control parameters in real-time to respond to 
changes in voltage amplitude, frequency, and line 
impedance. This adaptability ensures more accurate 
power sharing among inverters, addressing the 
limitations of traditional control approaches and 
significantly contributing to the resilience and longevity 
of islanded microgrids. 

Looking forward, the practical implementation of this 
fuzzy-robust droop control strategy in operational 
microgrids is a critical next step. Future research should 
focus on testing the strategy under diverse 
environmental conditions and scaling it to accommodate 
larger, more complex microgrid systems. Additionally, 
integrating this control strategy with advanced 
technologies, such as machine learning algorithms, could 
further enhance its real-time predictive capabilities and 
optimize system performance. The development of 
hybrid control systems that combine the fuzzy-robust 
droop method with other advanced techniques offers 
another promising avenue for future exploration, 
potentially leading to even greater improvements in 
microgrid resilience and efficiency. Moreover, 
examining the impact of this strategy on other critical 
aspects of microgrid performance, such as harmonic 
distortion and voltage stability, could provide a more 
comprehensive understanding of its benefits and broaden 
its applicability in the optimization of distributed energy 
systems. 
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