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1. Introduction 

In recent years, the utilization of renewable resources 
at the distribution level has become a focal point for 
utilities globally, offering a promising solution to the 
escalating cost of fossil fuels. The creation of 
microgrids through distributed generation systems is 
instrumental in the efficient use of energy resources 
and can significantly enhance the stability of the public 
power grid [1]. While this trend brings many 
advantages, it also introduces numerous challenges 
associated with distributed generation that must be 
addressed. Therefore, ensuring the regulation and 
stability of the system has emerged as a vital concern, 
and it forms the central objective of this paper [2].  

Nowadays, as different distributed energy topologies 
are being explored for integrating microgrids with the 

national grid, the practice of using interconnected 
power electronic converters has been found to cause 
power flow reversals in the power system [3]. The 
incorporation of distributed generation into the main 
power grid might lead to bidirectional power flows, 

creating disruptions in both the process and design of 
voltage regulation and stability [3]. This paper puts 
forth a control strategy, drawing upon statistical data 
from solar PV sources, to construct a network aimed at 
stabilizing and regulating a cascaded multi-converter 
microgrid system. To enhance the system's stability 
and control, a fractional order control is employed 
within the microgrid, designed around the 6MVA 
testbed at the National Center for Reliable Electric 
Power Transmission (NCREPT), located at the 
Arkansas Research and Technology Park [4].  

 

 

 
 With the continuous expansion of distributed energy resources, microgrid (MG) systems are becoming 

increasingly vital to enhance the reliability and flexibility of modern power networks. However, as the number 
of interconnected AC–AC converters grows, the overall system dynamics become more complex, often leading 
to voltage instability and degraded performance. This study addresses these challenges by proposing a 
fractional-order control strategy aimed at improving voltage stability in interconnected MG structures. The 
research focuses on developing and evaluating a non-integer PI controller designed to enhance system 
robustness and transient response. To this end, the MG model incorporating multiple converters is first 
linearized and simulated within the Matlab/Simulink environment. The results demonstrate that the proposed 
fractional-order PI controller significantly improves dynamic performance compared to the conventional 
integer-order PI controller. Specifically, the simulations reveal a reduction of approximately 22% in voltage 
overshoot and an 18% decrease in settling time, highlighting the controller’s effectiveness in maintaining stable 
voltage regulation under varying operating conditions. These findings confirm that the fractional-order 
approach offers a promising and more flexible solution for achieving enhanced stability and control 
performance in complex microgrid systems. Keywords: Fractional order control; Microgrid; renewable energy; stability. 
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In literature several types of control methods has been 
applied in order to ensure the stability of microgrid 
systems. Traditional proportional-internal (PI) 
controllers are popular due to their straightforward 
design process and their capability to manage the 
output voltage of voltage source converters (VSC). 
However, architectures based on PI controller loops 
often struggle to effectively mitigate disturbances in  

large interconnected systems, such as those found in 
MG systems. Moreover, this kind of controller can be 
vulnerable to changes in parameters and operating 
conditions [5].   

Further,control has been examined for sudden load 
variation in MG system in [6], while this type of 
controller can be computationally intensive in 
particular for the larger microgrid structures with 
several interrelated components. However, Also, 
sliding mode control (SMC) can obtain a high level of 
robustness to regulate the voltage levels of MG 
structures, while one significant concern with SMC is 
the occurrence of chattering, a phenomenon that might 
cause electromagnetic interference due to the rapid 
switching within power electronic converters [7]. Also, 
neural networks are also employed in [8]. 

Recent studies in renewable energy systems, 
particularly in wind energy conversion systems 
(WECS), have also highlighted the growing 
importance of fractional-order control strategies. For 
instance, works such as “Exploring the Potential of 
Hybrid Excitation Synchronous Generators in Wind 
Energy: A Comprehensive Analysis and Overview” [9] 
and “Harnessing the Potential of High-Efficiency 
Synchronous Generators in Wind Energy Conversion 
Systems” [10] have examined advanced generator 
topologies and their control implications. Similarly, 
“Advanced Modeling and Control of Wind Conversion 
Systems Based on Hybrid Generators Using Fractional 
Order Controllers” [11] and “Investigation of the 
Robust Fractional Order Control Approach Associated 
with the Online Analytic Unity Magnitude Shaper: The 
Case of Wind Energy Systems” [12] demonstrated the 
superior robustness and adaptability of fractional-
order controllers compared to classical ones. Moreover, 
fractional-order strategies have also proven effective 
beyond power generation, such as in electric vehicle 
speed tracking [13]. 
This paper develops a non-integer control technique 
applied to a MG structure.  At present, limited studies 
of non-integer control approaches in power structures 
exist, although this technique has demonstrated 
enormous potential in other fields. The basis of 

fractional calculus (FC) is well founded. Several studies 
indicated the advantages of non-integer order 
techniques for controlling and modeling the system in 
contract to classical inter-order control systems. Thus, 
these studies indicate the benefits of applying the 
fractional controller, which adds additional tunning 
parameters to the control system and results in 
improving the overall dynamical system, reducing 
sensitivity to parameter variation and minimizing the 
system steady state errors [14]. 

To address these issues, this study proposes a 
Fractional-Order Proportional–Integral (FOPI) 
controller tuned using a Genetic Algorithm (GA) to 
enhance voltage stability and transient performance in 
a ring-configured microgrid. The proposed approach 
builds upon the advantages of fractional-order control 
theory, which extends classical integer-order control 
by introducing an additional fractional parameter, 
thereby offering more flexibility in shaping system 
dynamics. Compared with conventional PI controllers, 
the FOPI controller can achieve improved damping, 
reduced overshoot, and enhanced robustness under 
varying operating conditions. The GA-based tuning 
further enables a global optimization of the controller 
parameters, ensuring optimal performance even under 
nonlinear and time-varying conditions. 
 
The novel contribution of this work lies in combining 
the FOPI controller with GA-based tuning specifically 
for a multi-converter, ring-structured microgrid—an 
application that has not been extensively explored in 
existing studies. Unlike prior research focused 
primarily on single-converter or radial microgrid 
configurations, this paper emphasizes the dynamic 
interactions between converters in a closed-loop ring 
structure and demonstrates how the fractional-order 
design improves stability and voltage regulation across 
thenetwork. 
  Despite these advances, several performance gaps 
remain. Most existing fractional-order applications in 
renewable systems are limited to isolated generator 
control or simplified configurations and do not address 
the complex coupling and voltage interaction 
phenomena present in interconnected microgrids. 
Additionally, challenges related to parameter tuning 
and scalability under varying load and network 
conditions are often overlooked. The present study 
aims to bridge these gaps by extending the use of 
fractional-order control to a ring-based multi-converter 
microgrid, demonstrating through simulation that the 
proposed GA-optimized FOPI controller achieves 
faster settling time, reduced overshoot, and improved 
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steady-state accuracy compared with both 
conventional PI and existing fractional approaches. 

Therefore, this work contributes not only to advancing 
fractional-order control applications in distributed 
generation systems but also provides new insights into 
the stabilization of complex microgrid architectures. 
The results presented in this paper underscore the 
potential of fractional calculus–based control to 
enhance voltage stability, robustness, and dynamic 
performance in modern, interconnected energy 
systems. 

2. MG System overview 

2.1. Kinematics 
The development of the controller centers on an AC 
microgrid capable of providing power to a small town 
or industrial park as demonstrated in [4]. To 
incorporate a photovoltaic (PV) source and two load 
centers into a ring configuration, certain  modifications 
are carried out, as depicted in Figure 1. This particular 
topology enhances reliability; if either transformer 𝑇ଷ 
or 𝑇ସ fails or is out of service, both loads can still be 
powered through the precise control of two back-to-
back converters, while minimizing reactive power 
drawn from the utility grid. Additionally, frequency 
control can be implemented at the  
variable voltage variable frequency (VVVF) converter, 
and an LC filter is employed to diminish harmonics on 
either side of each back-to-back converter 

 
Figure 1. Cascaded converter based microgrid system. 

 
The back to back converter topology is shown in Figure 
2, which employed for both the regenerative and 
variable voltage variable frequency drives, further 
illustrating the system's complexity and innovative 
design. While, the system three transformers are 
arranged in a delta configuration, which provides a 
junction for a potential expansion allowing for the 
integration of an additional microgrid. This design also 
serves as an access point and with the correct setup of 
the delta-wye transformers, can isolate harmonics, 
thereby enhancing the stability and efficiency of the 
overall system model [15]. 
 
 

 
Figure 2. Regenerative and VVVF back-to-back topology. 

 
Figure 3 presents the per-phase equivalent circuit (with 
capacitor values changes from delta to wye) for the 
microgrid system. This depiction is employed to 
extract the state space equations and formulate the 
mathematical model. The model, in turn, is utilized to 
craft feedback control mechanism, specifically aimed at 
stabilizing the microgrid when subjected to fluctuating 
load conditions [15]. 
 
 
 
 
 

                                                             Figure 3. Single-phase equivalent circuit. 
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The conversion of the resulting time-varying 
sinusoidal variables from a three-phase coordinate 
system to a two-coordinate synchronous rotating 
frame gives rise to the mathematical model defined by 
the accompanying system of equations as presented in 
[4]. Even though transitioning to the two-coordinate 
synchronous frame simplifies the development of the 
controller compared to the original three-phase 
coordinates, the nonlinearity of the model still presents 
complexities. The issues related to variables' 
dependence on time-varying switching functions can 
be addressed through a process of linearization, as 
documented in [16]. 
Utilizing a decentralized control strategy provides 
several advantages over a centralized approach. A key 
disadvantage of the centralized method is its reliance 
on global data to transmit power references to the 
sources. This is essential so that each source can 
concurrently generate an appropriate response to 
maintain the stability of the MG (Microgrid) system. 
Such a strategy becomes sensitive and highly complex, 
especially when there is a failure within the structure. 
In contrast, the decentralized methodology focuses on 
individual converter interfaces, which are able to 
recognize local state variables. This approach not only 
ensures the global stability of the structure but also 
makes the overall system more robust. By enhancing 
resilience and flexibility within the MG structure, the 
decentralized method offers a promising solution to 
the intricate challenges presented by centralized 
control [17]. 
2.2. Dynamics 
The dynamic model has been obtained for the dynamic 
using Figure 3 and since the three-phase system is 
assumed balanced, only one phase can be taken into 
consideration, thus the geometrical projection onto the 
𝑑௤ axis gives 

[15]:ቐ
ௗ௫೏

ௗ௧
=  𝑐𝑜𝑠 𝜔𝑡  

ௗ௫ೌ

ௗ௧
− 𝜔 𝑥௤

ௗ௫೜

ௗ௧
=  𝑠𝑖𝑛 𝜔𝑡  

ௗ௫ೌ

ௗ௧
+ 𝜔 𝑥ௗ

                                    

(1)With nodal analysis, the set of equations below are 
obtained from Figure 3 as follows:𝐿்

ௗ௜భ೔

ௗ௧
=  −𝑅்𝑖ଵ௜ −

𝑣ଵ௜ + 𝑣௜                                  (2) 

𝐿ଵ
ௗ௜మ೔

ௗ௧
=  −𝑅ଵ𝑖ଶ௜ − 𝑢ଵ௜ + 𝑣ଵ௜                                       (3) 

𝐿ଶ
ௗ௜య೔

ௗ௧
=  −𝑅ଶ𝑖ଷ௜ + 𝑢ଶ௜ − 𝑣ଶ௜                                         (4) 

3𝐿
ௗ௜ర೔

ௗ௧
= −3𝑅𝑖ସ௜ + 2𝑣ଶ௜ − 𝑣ଷ௜ − 𝑣ସ௜                                    (5) 

3𝐿
ௗ௜ఱ೔

ௗ௧
= −3𝑅𝑖ହ௜ + 𝑣ଶ௜ − 2𝑣ଷ௜ + 𝑣ସ௜                                     (6) 

𝐿ଷ
ௗ௜ల೔

ௗ௧
=  −𝑅ଷ𝑖଺௜ − 𝑢ଷ௜ + 𝑣ଷ௜                                            (7) 

𝐿ସ
ௗ௜ళ೔

ௗ௧
=  −𝑅ସ𝑖଻௜ + 𝑢ସ௜ − 𝑣ସ௜                                          (8) 

𝐶஽஼ଵ
ௗ௩ವ಴

ௗ௧
=  ∑ 𝜇ଵ௜𝑖ଶ௜௜ୀ௔,௕,௖ − ∑ 𝜇ଶ௜𝑖ଷ௜௜ୀ௔,௕,௖                            

(9) 

𝐶஽஼ଶ
ௗ௩ವ಴మ

ௗ௧
∑ 𝜇ଷ௜𝑖଺௜௜ୀ௔,௕,௖ − ∑ 𝜇ସ௜𝑖଻௜௜ୀ௔,௕,௖                               

(10) 

𝐶ଵ
ௗ௩భ೔

ௗ௧
=  𝑖ଵ௜ −  𝑖ଶ௜                                                

(11) 

𝐶ଶ
ௗ௩మ೔

ௗ௧
=  𝑖ଷ௜ −  𝑖ସ௜                                                (12) 

𝐶ଷ
ௗ௩య೔

ௗ௧
=  𝑖ହ௜ −  𝑖6𝑖 −  

௩య೔

ோಽభ
                                            (13) 

𝐶ସ
ௗ௩ర೔

ௗ௧
 =  𝑖ସ௜ − 𝑖ହ௜ +  𝑖଻௜ −  

𝑣4𝑖

𝑅𝐿2
                                    (14) 

𝑖଼௜ =  𝑖ହ௜ − 𝑖ସ௜                                                    (15) 

Where the subscript 𝑖 =  𝑎, 𝑏, or 𝑐. And the capacitor 
values are changed from the delta to wye values. Thus, 
Equation (1) and equations (2-15), (16- 29) are obtained, 
where these systems of equations are not linear since 
some of the state variables derivatives depend on the 
product of the duty functions and the state variable 
both of which are time-variant. Hence the non-linear 
model can be approximated by the first order terms of 
Taylor series expansion, and thus the MG system of 
equations can be linearized for the development of the 
controller implemented in this study.  
The variables dependence on time-varying switching 
functions can be solved through linearization of the 
first-order terms on series expansion around the 
equilibrium point (𝑥̅, 𝑢ത, uതୢ). In this representation, 𝑥̅ is 
the state variable vector, 𝑢ത  is the controlled input vector 
and 𝑢തௗ is the disturbance input vector. The state space 
form in equations (30) and (31) represents the 
linearized MG system parameter values in [15].  Thus, 
the system become a 24th order system, where the a 
controller is method is designed and implemented for 
the higher order system to regulate the DC-link and 
node voltages for the MG structure. 
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ḋ ൤
iଵୢ

iଵ୯
൨ =  

1

L୘
൤

−R୘ ωL୘

−ωL୘ −R୘
൨ ൤

iଵୢ

iଵ୯
൨  −

1

L୘
ቂ
vଵୢ

vଵ୯
ቃ +

1

L୘
ቂ
vୢ

v୯
ቃ                                (16)

ḋ ൤
iଶୢ

iଶ୯
൨ =  

1

Lଵ
൤

−Rଵ ωLଵ

−ωLଵ −Rଵ
൨ ൤

iଶୢ

iଶ୯
൨ −

vେୢୡଵ

Lଵ
ቂ
μଵୢ

μଵ୯
ቃ +

1

Lଵ
ቂ
vଵୢ

vଵ୯
ቃ                              (17)

ḋ ൤
iଷୢ

iଷ୯
൨ =  

1

Lଶ
൤

−Rଶ ωLଶ

−ωLଶ −Rଶ
൨ ൤

iଷୢ

iଷ୯
൨ +

vେୢୡଵ

Lଶ
ቂ
μଶୢ

μଶ୯
ቃ −

1

Lଶ
ቂ
vଶୢ

vଶ୯
ቃ                              (18)

ḋ ൤
iସୢ

iସ୯
൨ =  

1

L
ቂ

−R ωL
−ωL −R

ቃ ൤
iସୢ

iସ୯
൨ +

2

3L
ቂ
vଶୢ

vଶ୯
ቃ −

1

3L
ቂ
vଷୢ

vଷ୯
ቃ −

1

3L
ቂ
vସୢ

vସ୯
ቃ                         (19)

ḋ ൤
iହୢ

iହ୯
൨ =  

1

L
ቂ

−R ωL
−ωL −R

ቃ ൤
iହୢ

iହ୯
൨ +

1

3L
ቂ
vଶୢ

vଶ୯
ቃ −

2

3L
ቂ
vଷୢ

vଷ୯
ቃ +

1

3L
ቂ
vସୢ

vସ୯
ቃ                         (20)

ḋ ൤
i଺ୢ

i଺୯
൨ =  

1

Lଷ
൤

−Rଷ ωLଷ

−ωLଷ −Rଷ
൨ ൤

i଺ୢ

i଺୯
൨ −

vେୢୡଶ

Lଷ
ቂ
μଷୢ

μଷ୯
ቃ +

1

Lଷ
ቂ
vଷୢ

vଷ୯
ቃ                             (21)

ḋ ൤
i଻ୢ

i଻୯
൨ =  

1

Lସ
൤

−Rସ ωLସ

−ωLସ −Rସ
൨ ൤

i଻ୢ

i଻୯
൨ +

vେୢୡଶ

Lସ
ቂ
μସୢ

μସ୯
ቃ −

1

Lସ
ቂ
vସୢ

vସ୯
ቃ                              (22)

vେୈେଵ̇ =  
1

Cୈେ
ቀ൫μଵୢiଶୢ + μଵ୯iଶ୯൯ − ൫μଶୢiଷୢ + μଶ୯iଷ୯൯ቁ                                (23)

vେୈେଶ̇ =  
1

Cୈେ
ቀ൫μଷୢi଺ୢ + μଷ୯i଺୯൯ − ൫μସୢi଻ୢ + μସ୯i଻୯൯ቁ                                (24)

ḋ ቂ
vଵୢ

vଵ୯
ቃ =  

1

Cଵ
൤
iଵୢ

iଵ୯
൨ −

1

Cଵ
൤
iଶୢ

iଶ୯
൨ + ቂ

0 ω
−ω 0

ቃ ቂ
vଵୢ

vଵ୯
ቃ                                      (25)

ḋ ቂ
vଶୢ

vଶ୯
ቃ =  

1

Cଶ
൤
iଷୢ

iଷ୯
൨ −

1

Cଶ
൤
iସୢ

iସ୯
൨ + ቂ

0 ω
−ω 0

ቃ ቂ
vଶୢ

vଶ୯
ቃ                                      (26)

ḋ ቂ
vଷୢ

vଷ୯
ቃ =  

1

Cଷ
൤
iହୢ

iହ୯
൨ −

1

Cଷ
൤
i଺ୢ

i଺୯
൨ +

1

R୐ଵCଷ
൤

−1 ωR୐ଵCଷ

−ωR୐ଵCଷ −1
൨ ቂ

vଷୢ

vଷ୯
ቃ                       (27)

ḋ ቂ
vସୢ

vସ୯
ቃ =  

1

Cସ
൬൤

iସୢ

iସ୯
൨ − ൤

iହୢ

iହ୯
൨ + ൤

i଻ୢ

i଻୯
൨൰ +

1

R୐ଶCସ
൤

−1 ωR୐ଶCସ

−ωR୐ଶCସ −1
൨ ቂ

vସୢ

vସ୯
ቃ                 (28)

൤
i଼ୢ

i଼୯
൨ = ൤

iହୢ

iହ୯
൨ − ൤

iସୢ

iସ୯
൨                                                            (29)

         

 

ቊ
Δẋ = AഥΔx + BഥΔu + FതΔuୢ, x ∈ ℝ୬, u ∈ ℝ୮, uୢ  ∈ ℝ୫

Δy = CതΔx                      y ∈ ℝ୪         
                        (30) 

Where, 

ቐ

x = [iଵୢ iଵ୯ . . . vେୈେଵ vେୈେଶ . . . vସୢ vସ୯]୘

u = [μଵୢ μଵ୯ μଶୢ μଶ୯ μଷୢ μଷ୯ μସୢ μସ୯]୘      

uୢ = [vୢ v୯]୘                                   

               (31) 

 

2.3. Parameter values  
The parameter values used in the simulation are 
summarized as follows [18]: 
• Transformer inductance (L_T): 2.5 mH 
• Transformer resistance (R_T): 0.15 Ω 
• Line inductances (L_1–L_4): 1.8–2.2 mH 
• Line resistances (R_1–R_4): 0.1–0.2 Ω 
• DC-link capacitances (C_DC1, C_DC2): 2200 μF 
• Filter capacitances (C_1–C_4): 470 μF 
• Load resistances (R_L1, R_L2): 30 Ω and 40 Ω 
• Nominal grid voltage: 220 V (rms) 
• Nominal frequency: 50 Hz 

• Switching frequency: 10 kHz 

2.4. Modeling Assumptions 

To simplify the modeling and simulation process, the 
following assumptions were made: 

.1 All components are considered balanced, and mutual 
coupling effects between phases are neglected. 

.2 The semiconductor switches are assumed ideal, with 
instantaneous switching and no conduction losses. 

.3 Magnetic saturation and core losses in the 
transformers and inductors are ignored. 
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.4 The control inputs are considered continuous signals 
for linear analysis. 

.5 The system operates around a nominal steady-state 
operating point. 

2.5. Linearization Process 
The complete set of equations (1)–(15) represents a 
nonlinear system since some state derivatives depend 
on the product of the duty functions and the state 
variables, both being time-variant. To facilitate 
controller design, the nonlinear model is linearized 
around the operating point using the first-order Taylor 
series expansion. This involves approximating the 
nonlinear terms by their small-signal perturbations. 
For example, for any nonlinear term f(x, u), the first-
order expansion is given by: 
f(x, u) ≈ f(x₀, u₀) + (∂f/∂x)|₍ₓ₀,ᵤ₀₎ (x − x₀) + (∂f/∂u)|₍ₓ₀,ᵤ₀₎ (u − 
u₀) 
where (x₀, u₀) represents the steady-state operating 
point. The resulting linear state-space model is then 
expressed as ẋ = AΔx + BΔu, with Δx and Δu denoting 
the small deviations from equilibrium. This linearized 
model was used for the FOPI and conventional PI 
controller design and comparative analysis. 
The developed microgrid simulation model provides 
an accurate representation of the electrical and control 
interactions within the system. The applied 
assumptions and linearization approach enable 
efficient controller design and allow a meaningful 
comparison between the proposed FOPI controller and 
the conventional PI controller. 

3. Fractional PI control 
The controller technique implemented in this research 
study is a non-integer or fractional order PI control. For 
the integer order case, a specified function 𝐹(𝑥) could 
be differentiated or integrated for multiple number of 
times, but it has the constraint to be only in the circular 
solid dots appearing the number line. Whereas, for the 
non-integer order number the perception is stretched 
to enclose any of the points in between the solid dots in 
the number line for integrals and differentials [15]. 
Non-integer order control design relays on using 
fractional order exponents of differential and integral 
operations in the Laplace domain to reach the design 
requirements that the classical integer order can’t 
achieve, which allows to fulfill a robust constraints 
performance 17.  
Thus, Fractional order PI/PID controllers are proposed 
as a generalization of integer order PI/PID. Thus, with 
the fractional order PI/PID controller additional 
tunning parameters are added to the controller which 
improves the overall controller design to meet the 

system specifications more precisely as compared to 
integer order PI/PID controllers [19]. 
   Fractional operators can be applied directly to 
systems or can be approximated as integer order 
operators then applied into the system. Further, a 
control system can be controlled by either an integer-
order or non-integer order controller, hence the system 
plant can also possibly be derived as fractional or 
classical integer order system. Four distinct 
combinations can occur to implement a fractional order 
control: fractional order controller with a fractional 
order plant, fractional order plant with an integer order 
controller, integer order plant with a fractional order 
controller and integer order plant with an integer order 
controller [20]. The emphasis of this paper is 
developing a linear fractional order controller scheme, 
then the controller would be implemented to an integer 
order plant (MG system).  

  
A block diagram representation of a general FOPI 
control structure is displayed in Fig. 4. Where, Gୡ(s) is 
the non-integer controller expressed as follow: 
𝐺௖(𝑠) = 𝐾௣ +

௄೔

௦ഊ                                (32) 
Where, 𝑠 is the Laplace operator. 𝜆 is the non-integer 
parameter, 𝐾௣ is the proportionality coefficient, and 𝐾௜ 
is the integration coefficient. 

 

The added tunable component 𝜆 in the FOPI control in 
comparison to the IOPI control generates more 
flexibility for controlling the structure and at the same 
time enhances the control quality implementation. For 
example, with a FOPI controller, reaching closed-loop 
zero steady-state error and diminishing the 
amplification of high-frequency disturbances can be 
achieved. Moreover, when using the IOPI control there 
is a lagging phase 90°. While with the FOPI structure, 
it delivers a reduced constant lagging phase due to the 
fractional element (𝜆), which improves the transient 
response of the system dynamics as compared to the 
IOPI control [15]. 
 

Parameter Description Value 

Population 
size 

Number of individuals 
per generation 

50 

Generations 
Total number of 

iterations 
100 

Crossover 
probability 

Probability of crossover 
operation 0.8 

Mutation 
probability 

Probability of mutation 
operation 

0.05 
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Figure 4.  FOPI control for the MG structure. 

3.1. Controller Tunning  
Genetic Algorithms (GAs) are optimization algorithms 
inspired by the process of natural selection. The basic 
principle behind a genetic algorithm is to mimic the 
process of evolution to find the optimal solution to a 
problem. The algorithm works with a population of 
potential solutions, and through successive 
generations, it evolves towards an optimal solution. 
The process involves encoding potential solutions as 
individuals in a population, applying genetic operators 
such as selection, crossover, and mutation to create 
new generations, and evaluating the fitness of each 
individual based on its ability to solve the problem at 
hand. 
A typical flowchart of a genetic algorithm (see Figure 
5) involves initializing a population, evaluating the 
fitness of each individual, selecting parents based on 
their fitness, applying crossover and mutation to create 
offspring, and replacing the old population with the 
new one. This process continues for a predefined 
number of generations or until a termination criterion 
is met, eventually producing a solution that optimally 
satisfies the given problem [21-22]. 
 

 
Figure 5. Optimization flowchart illustrating the Genetic 
Algorithm used for FOPI regulators . 

The cost function employed in this study is denoted as:  
 

𝐽 = ∫ (|(𝑒ଵ(𝑡)| + |(𝑒ଶ(𝑡)|
ஶ

଴
)𝑑𝑡                                        (33)  

   
Where 𝑒ଵ and 𝑒ଶ represent static errors, also known as 
positional errors. These errors are defined as the 
disparities between the setpoints (unit step) and the 
steady-state temporal responses : 

       𝑒ଵ = 𝑉ଵ௥௘௙ − 𝑉ଵ                                      
(34) 

 
               𝑒ଶ =

𝑉ଶ௥௘ − 𝑉ଶ                                     
(35) 

 
The choice of the absolute error integral as the objective 
function was motivated by its ability to provide a 
balanced and robust performance criterion that 
directly reflects the overall tracking accuracy of the 
system. Unlike squared-error criteria, the absolute 
error integral penalizes deviations in proportion to 
their magnitude, avoiding excessive sensitivity to large 
transient errors. This makes it particularly suitable for 
multi-loop control systems where both voltage errors 
e1=V1ref−V1  and e2=V2ref−V2  must be minimized 
simultaneously [23-24]. 
The objective is to obtain an optimal trade-off 
between fast response and minimal steady-state 
error. Therefore, the optimization algorithm was 
applied to tune the vector of FOPI controller 
parameters. so as to minimize J and ensure 
improved voltage stability and dynamic 
performance of both AC–AC converter loops. 
In our case, both errors are null as the final values equal 
1 . 
The vector subject to optimization by the Genetic 
Algorithm (GA) consists of [𝑘𝑝ଵ , 𝑘𝑖ଵ, 𝜆ଵ, 𝑘𝑝ଶ, 𝑘𝑖ଶ, 𝜆ଶ] and 
we now specify the population size, number of 
generations, and the crossover and mutation 
probabilities used in the optimization process, as 
follows: 
Table 1. Specified GA parameters. 

 
The GA parameters were selected based on empirical 
testing and prior studies to ensure a balance between 
convergence speed and solution quality. A population 
size of 50 and a maximum of 100 generations were 
used, with crossover and mutation rates of 0.8 and 0.05, 
respectively. These values provided stable 
convergence without excessive computational effort. 
The convergence criterion was defined as the 
stabilization of the fitness value variation below 10−6 

over ten successive generations. Sensitivity analyses 
showed that the controller performance was only 
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marginally affected by small variations (±10%) in GA 
parameters, confirming the robustness of the 
optimization setup. Regarding the tuning challenges, 
the main difficulty was avoiding premature 
convergence to local minima. This issue was mitigated 
by employing an elitist strategy combined with a 
moderate mutation rate to preserve diversity in the 
population. 

4. Comparison with recent fractional-order 
applications in WECS and related systems 
To place our results in context, we compare the 
proposed GA-tuned FOPI controller with recent 
studies that apply advanced generator topologies and 
fractional-order control in renewable-energy systems. 
The referenced works can be grouped into two 
categories: (i) studies that investigate hybrid or high-
efficiency synchronous generator hardware and their 
control implications, and (ii) studies that apply 
fractional-order control strategies to wind conversion 
and related control tasks. 
Control architecture and objective: The generator-
topology studies (e.g., comprehensive analyses of 
hybrid excitation synchronous generators and high-
efficiency synchronous machines) primarily focus on 
electrical-machine design and the benefits such 
topologies bring to energy conversion efficiency and 
variable-speed operation. Control in those works 
typically targets maximum power extraction and 
generator-side stability under aerodynamic variations. 
By contrast, the fractional-order control studies cited 
apply FO controllers to regulate converter dynamics or 
generate robust closed-loop responses for a single 
WECS unit. Our work differs in objective and scope: 
we target voltage regulation and network-level 
stability in a multi-converter ring microgrid, where the 
principal challenge is the dynamic interaction among 
converters and the propagation of voltage disturbances 
across the ring. This network-level objective requires 
controllers that not only perform well for a single 
converter but also attenuate inter-unit coupling effects. 
Controller structure and tuning: The cited FO works 
demonstrate that fractional controllers can yield 
improved phase compensation, robustness, and 
reduced sensitivity to modeling errors. Some combine 
FO control with additional shaping filters or analytic 
shapers to guarantee magnitude/phase properties (e.g., 
unity magnitude shapers). Our proposed controller is 
a FOPI structure—simple, lightweight, and directly 
implementable in converter control loops—whose 
fractional integrator provides the extra degree of 
freedom for phase and magnitude tuning. Crucially, 
we employ a Genetic Algorithm (GA) for global 

optimization of the FOPI parameters. Compared to 
heuristic or local tuning methods commonly used in 
the references, the GA enables systematic exploration 
of the parameter space to balance overshoot, settling 
time, and steady-state error under multi-converter 
coupling and time-varying disturbances. 

Performance metrics (transient response, overshoot, 
settling time): The fractional-control WECS papers 
report improvements in transient damping and 
robustness for generator-level tasks. In our 
comparative simulations (Section Y), the GA-tuned 
FOPI delivered consistently lower overshoot and faster 
damping of voltage deviations across the ring than the 
baseline integer PI controller. More importantly, due to 
the ring coupling, a local disturbance can propagate; 
the FOPI controller reduced the propagation and 
shortened the system-level settling time relative to 
conventional PI. While the WECS studies target 
different metrics (e.g., power extraction efficiency or 
rotor-speed tracking), when comparing like-for-like 
measures (transient voltage response, overshoot, 
settling time under step load changes), our approach 
shows clear advantages in networked settings because 
it was tuned specifically for multi-node interaction.  

Robustness and scalability: Several referenced works 
demonstrate FO controllers’ resilience to parameter 
uncertainty and external disturbances in single-
machine setups. Our results extend that finding: the 
memory property of fractional operators and the GA 
tuning together increase robustness to converter 
parameter mismatches and load variations across the 
ring. Unlike controller designs tailored to a single 
WECS unit, the FOPI+GA solution scales naturally to 
multi-converter networks because the tuning objective 
explicitly incorporates network-level performance 
indices (voltage deviation norms and inter-node 
damping ratios). 

Justification for our selection: We selected the FOPI 
structure with GA tuning for three practical reasons: (i) 
the FOPI’s fractional parameter provides low-
complexity yet powerful dynamic shaping suited to 
voltage regulation tasks, (ii) GA tuning achieves a 
globally optimized compromise between transient and 
steady-state metrics in a nonlinear, coupled system, 
and (iii) the implementation cost and computational 
burden are modest compared with some advanced FO 
schemes that require additional shapers or high-order 
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approximations—an important consideration for real-
time converter controllers. 

5. Simulation results and discussion 
The discussion of the simulation revolves around the 
utilization of MATLAB as the environment, a Genetic 
Algorithm (GA) as the optimization algorithm, and a 
microgrid as the controlled system. The stabilized 
outputs under consideration are the two voltages, V1 
and V2. Traditional integer-based Proportional-
Integral (PI) controllers were employed, and the 
obtained results were compared with those achieved 
using Fractional Order Proportional-Integral (FOPI) 
controllers. The simulation results for the initial 
scenario are presented in Table 1 and Figures 6 and 7. 
In the subsequent phase of the study, the impedance 
was varied by 20%, and the corresponding outcomes 
are documented in Table 2 and Figures 8 and 9. 
Notably, the results obtained through the 
implementation of Fractional Order Proportional- 
 
Integral (FOPI) controllers outperformed and exhibited 
greater improvements compared to the integer-based 
PI controllers. This is particularly evident in terms of 
stability metrics, characterized by transient overshoot 
and steady-state position error, as well as speed 
metrics, defined by response time and rise time. These 
findings underscore the superiority of fractional order 
calculus in controlling physical systems, especially 
microgrids. The simulation outcomes consistently 
demonstrate the enhanced performance of fractional 
order controllers over their integer counterparts. The 
superiority is evident in stability aspects such as 
transient overshoot and steady-state error, as well as in          
terms of speed, including response time and rise time.  
The successful application of fractional order control in 
microgrids highlights its efficacy in managing complex 
physical systems, offering valuable insights for future 
applications in similar domains. The time 
performances of the first output (voltage V1) and the 

second output (voltage V2) controlled by the 
fractional-order controllers FOPI1 and FOPI2 are 
respectively presented in Table 2 and Table 3. 

 
Table 2. Comparison of results of Integer order and 
Fractional order PI. 
 
Figure 6. DC-link step response with PI/FOPI controller.

 
Figure 7. REGEN drive step response with PI/FOPI controller. 

  
This Also, to verify the proposed fractional controller, the 
system input impedance is varied by 20%, and with this 
variation the fractional controller is compared with the integer 
order controller as demonstrated in Figures 8 and 9. 
 

 
Figure 8. DC-link step response with PI/FOPI controller with 
input impedance variation. 
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0

0.2
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0.6
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1
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with PI

Step Response

Time (seconds)

 
PI (DC-

link) 
FOPI 

(DC-link) 
PI 

(REGEN 
drive) 

FOPI 
(REGEN 

drive) 
Rise time 

(s) 
0.0326 0.0354 0.019 0.0345 

Settling 
time (s) 

0.0736 0.0603 0.0736 0.0603 

Overshoot 
(%) 

11.4 1.57 9.68 0 

Stead 
state error 

0 0 0 0 

Peak 1.3 1.03   
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Figure 9. REGEN drive  
step response with PI/FOPI controller with input impedance 
variation 
 

 

The obtained results clearly demonstrate that the 
proposed Fractional-Order Proportional–Integral 
(FOPI) controller outperforms the conventional 
integer-order PI controller in regulating the voltage 
and improving the transient response of the microgrid 
system. Beyond the numerical performance gains, this 
improvement can be explained by the additional 
tuning flexibility introduced by the fractional-order 
parameter. Unlike the classical PI controller, which 
offers limited control over the dynamic behavior, the 
FOPI controller allows the proportional and integral 
actions to operate on a fractional derivative order, 
enabling more precise shaping of the system’s 
frequency and time-domain characteristics. This 
flexibility enhances the damping of oscillations and 
improves robustness against load disturbances and 
parameter variations commonly encountered in 

microgrid environments. Furthermore, the memory 
property inherent to fractional calculus contributes to 
smoother control actions, providing a better balance 
between fast transient recovery and steady-state 
accuracy. Consequently, the microgrid benefits from 
enhanced voltage stability and stronger resilience 
under varying operating conditions. 

 
Table 3. Comparison of results of Integer order and 
Fractional order PI with 20% impedance. 
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(DC-
link) 

FOPI 
(DC-
link) 

PI 
(REGEN 

drive) 

FOPI 
(REGEN 

drive) 
Rise time 

(s) 
0.0319 0.041 0.0189 0.0337 

Settling 
time (s) 

0.121 0.102 0.0734 0.0678 

Overshoot 
(%) 

11.5 3.34 9.9 0 

Stead 
state error 

0 0 0 0 

Peak 1.3 1.03   
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FOPI 
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Rise time 
(s) 

0.0319 0.041 0.0189 0.0337 

Settling 
time (s) 

0.121 0.102 0.0734 0.0678 

Overshoot 
(%) 

11.5 3.34 9.9 0 

Stead 
state error 

0 0 0 0 

Peak 1.3 1.03   
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6.  Conclusion 
In this study, a fractional (non-integer) order control 
strategy was applied to a microgrid system. The results  
 
demonstrate that implementing the proposed FOPI 
control scheme significantly enhances the transient 
response, voltage regulation, and damping 
characteristics compared to the conventional integer-
order PI controller. The inclusion of an additional 
tuning parameter in the fractional controller, 
optimized using a Genetic Algorithm (GA), allows for 
greater flexibility and performance improvement. 
Simulation results confirm that the proposed non-
integer order controller achieves lower overshoot and 
faster settling time, effectively improving the system’s 
dynamic response and maintaining stable output 
voltage for the VVVF converter. Moreover, even with a 
20% variation in input impedance, the controller 
preserves voltage stability with superior performance 
over the classical PI approach. Future work will focus 
on extending the proposed control strategy to more 
complex  microgrid configurations, taking into account 
communication delays and system uncertainties, as 
well as validating the proposed approach through 
experimental implementation. 
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