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This paper presents a research and educational tool for islanded AC microgrids. 

High penetration of renewable energy can cause instability in traditional power 

grids. Microgrid technology addresses this by effectively integrating local 

renewable sources, managing energy through intelligent coordination, and can 

support the main power grid. However, obtaining test beds for research and 

education remains challenging due to system complexity, cost, and limited 

scalability in existing solutions. In this paper, the hierarchical control design of 

an islanded AC microgrid, which includes inner loop Proportional-Resonant 

controllers for voltage regulation, Phase-Locked Loop-based synchronization, 

virtual impedance for decoupling active and reactive powers, droop control for 

power sharing, and a secondary controller for voltage and frequency restoration 

as well as reactive power compensation is detailed. The experimental setup 

consists of two distributed generators (inverters) feeding linear and nonlinear 

loads. It is controlled by a dSPACE platform, with STMF4 Discovery 

microcontrollers generating Pulse-Width-Modulation signals to reduce the 

computational burden on dSPACE and facilitate scalability. Experimental 

results demonstrate that the testbed maintains stable operation under various 

load conditions, achieves proper power sharing, and restores the microgrid’s 

frequency and voltage to predefined levels. Its modular design supports future 

expansion for both research and teaching, enabling hands-on experimentation 

and analysis. 
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1. INTRODUCTION 

The electrical power systems are undergoing a significant shift toward decentralization and 

decarbonization. Motivated by increased electrification as the society is moving toward a more 

"electrical everything" future, and the need to integrate renewable energy sources (RES) like solar and 

wind to combat climate change. Thus, electricity networks are moving away from centralized fossil 

generation toward distributed renewable resources (DERs) (Hirsch et al., 2018). With high penetration 

levels of RES into existing grids presents significant challenges related to intermittency, variability, and 

grid stability (Daneshvar et al., 2021).  

In this context, microgrids have emerged as a flexible way to integrate diverse DERs at the local level 

(Hirsch et al., 2018). Defined as localized energy systems that integrate multiple distributed generators 

(e.g., solar panels, wind turbines), energy storage systems (e.g., batteries), and various loads, operating 

in a coordinated manner to manage energy flow intelligently. They can function in islanded mode, 

disconnected from the main grid, or in grid-connected mode, providing services such as black start, 

reactive power compensation, and voltage regulation (Guerrero et al., 2011). Their role in integrating 

renewable energy with high penetration is essential, as they enable decentralized generation, reduce 

transmission losses, and support grid stability during outages (Quizhpe et al., 2024). Moreover, these 

features make microgrids attractive for critical infrastructure and remote communities 

(Rodriguez-Martinez et al., 2023). 

However, deploying microgrids also raises complex control challenges, especially in islanded operation. 

Unlike a stiff grid, an islanded microgrid must maintain voltage and frequency by internal means. A 

common approach is droop control, where each inverter adjusts its output frequency and voltage 

amplitude in proportion to active and reactive power output (Govind et al., 2023). To achieve accurate 

power sharing and maintain stability, droop controllers are often enhanced with virtual impedance 

methods and advanced voltage controllers (Buraimoh et al., 2022). Additionally, virtual impedance is 

utilized for soft-start procedures, harmonic mitigation, and to enhance overall system robustness and 

stability (Prasad & Parimi, 2023). To restore the frequency and the voltage amplitude of the microgrid 

to their nominal values, a secondary control layer is used, which is part of a hierarchical control structure, 

operating on a slower time scale than the primary control, which integrates inner control loops and the 

droop mechanism (Khayat et al., 2020). Secondary control generally requires communication among 

generators; thus, ensuring a reliable, fault-tolerant communication network is a key concern. Distributed 

or peer-to-peer control architectures have been proposed to improve robustness by avoiding single points 

of failure (Chakraborty et al., 2024; Lian et al., 2023). 

Given these multifaceted challenges, hardware testbeds have become indispensable tools for advancing 

research and education in microgrid technology (He et al., 2022). Although, advanced simulation 

software tools such as XENDEE and HOMER-PRO could provide powerful capabilities for the design, 

sizing, and optimization of microgrids (Uddin et al., 2023), this study does not focus on software 

optimization or power-flow analysis. Despite their importance, existing experimental microgrid setups 

face significant challenges, including complexity, high cost, and limited reproducibility (Lidula & 

Rajapakse, 2011). For instance, the Oak Ridge National Laboratory built an advanced microgrid testbed 

that uses 480 V three-phase systems and high-end controllers to simulate real microgrid operations 

(Ferrari et al., 2024). Although it is very modern and powerful, this kind of setup is too expensive and 

complex for most universities or research labs to use for teaching or experiments. To bridge this gap, 

recent work has developed laboratory-scale microgrid platforms. Haidekker et al. (2023) introduced a 

low-voltage (12 V AC) tabletop AC microgrid with modular inverter and load units. This system allows 

students to safely test things like frequency, phase, and power sharing. Their SmartGridLab shows that 

low-cost and flexible microgrids can work in classrooms, but they also reveal some challenges: these 
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setups can still be hard to build, require expensive hardware, and may not scale well if more generators 

are added. Uddin et al. (2023) point out that inconsistent regulations and policies make it hard to 

replicate microgrid setups, especially in developing countries. This makes it tough for smaller 

institutions and educational programs to use these setups, limiting their widespread use (Wang R. et al., 

2020).  

To address these issues, we propose in this work a low-cost, scalable, single-phase islanded microgrid 

testbed suitable for both research and education. To the best of the authors’ knowledge, the proposed 

experimental architecture for a single-phase islanded AC microgrid testbed is novel. The main 

contributions of this paper can be summarized as follows: 

 A modular experimental architecture for the microgrid is proposed, which allows easy 

expansion for additional distributed generators. 

 Low-cost STM32F4 Discovery microcontroller boards are used to generate PWM signals for 

each inverter in order to reduce the computational load on the main dSPACE platform. 

 The design methodology of the key microgrid hierarchical control strategies (droop control, 

virtual impedance, and secondary voltage restoration) is presented to help students and 

researchers understand, reproduce, and implement similar setups. 

 Experimental results are provided to demonstrate the performance of the proposed testbed. 

 The proposed architecture balances simplicity, cost, and functionality, making it suitable for 

laboratories and educational systems with limited resources. 

The remainder of this paper is organized as follows. Section 2 describes the single-phase islanded 

microgrid testbed under study. Section 3 presents the development of primary and secondary control 

algorithms for voltage regulation and power sharing. Section 4 reports experimental results and analyzes 

the system’s performance under different conditions. Finally, Section 5 summarizes the conclusions and 

contributions of this work. 

2. SYSTEM DESCRIPTION  

In this work, we propose a novel experimental architecture for a single-phase islanded AC microgrid 

testbed dedicated to research and education. The microgrid setup consists of two distributed generators 

(DGs) powered by a DC bus, representing a renewable energy source combined with an energy storage 

system to enhance dispatchability, as depicted in Fig. (1). LC filters are integrated at the inverter outputs 

to mitigate high-order harmonics and stabilize the voltage. These two DGs are connected to a common 

bus, known as the Point of Common Coupling (PCC). The system accommodates both linear and 

nonlinear loads connected to the PCC, with the nonlinear loads implemented using a single-phase diode 

bridge rectifier coupled with a complex RC impedance. 

Current and voltage acquisition boards were developed using LA55P current sensor and LV25P voltage 

sensor, respectively. Additionally, two isolation and adaptation boards were realized based on 

optocouplers (4N25) to generate 15 V level PWM signals for the inverter drivers, ensuring proper 

isolation between the control circuit and the power circuit. This isolation boards gets the PWM signals 

for each inverter from two different STM32F4 Discovery boards, which are considered as budget-

friendly yet capable microcontrollers. This development boards were programmed using the Waijung 

17.03a Toolbox, an open-source tool that integrates directly with Simulink. This toolbox was used to 

generate PWM signals, which are subsequently employed to control the inverter, thereby relieving the 

dSPACE system from this task and consequently reducing the computational burden. 
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Fig 1. Schematic of the experimental microgrid setup. 

3. CONTROL STRATEGY 

The control of this AC microgrid is based on the hierarchical control architecture, as shown in Figure 2. 

In this paper, tertiary control is not addressed, as it focuses more on energy management and planning 

in the mid- and long-term (Guerrero et al., 2011). As described in Fig. (2), each control level operates 

on a different time scale. The closer the control level is to the inverter, the higher the bandwidth becomes, 

resulting in a faster controller response (Shrivastava & Subudhi, 2020). 

 

Fig 2. General scheme of the hierarchical control in islanded microgrids. 
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Figure (3) presents the overall hierarchical control strategy for the studied single-phase islanded AC 

microgrid. The measurement acquisition and control calculations are performed by the dSPACE1103 

platform, and the duty cycle references are sent to two STM32F4 Discovery boards to generate the PWM 

signals for each inverter, enabling a modular structure that can integrate additional distributed 

generators. 

 

Fig.3. Overall control strategy of the single-phase islanded AC microgrid experimental setup. 

3.1 Inner Control Loops  

The voltage reference 𝑉𝑟𝑒𝑓, generated by the upper control levels of the hierarchical strategy, is 

transmitted to the inner control loops. These loops consist of a cascaded structure: an outer voltage 

control loop and an inner current control loop as shown in Fig. (4). The purpose of the inner loops is to 

regulate the inverter’s output current flowing through the filter inductance, as well as the voltage across 

the filter capacitor in the LC filter. Proportional-Resonant (PR) controllers are employed in both loops 

due to their effectiveness in tracking sinusoidal references with zero steady-state error (Vasquez et al., 

2013). The PR controller structure used is expressed as follows: 

𝐺𝑣(𝑠) = 𝑘𝑝_𝑉 + 
𝑘𝑟_𝑉  𝑠

𝑠2 + 2 𝜔𝑐𝑠 + 𝜔0
2                                                          (1) 

𝐺𝑖(𝑠) = 𝑘𝑝_𝐼 + 
𝑘𝑟_𝐼 𝑠

𝑠2 + 2 𝜔𝑐𝑠 + 𝜔0
2                                                           (2) 
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Fig 4. The inner voltage and current loops.  

The block diagram of the single-phase inverter is depicted in Fig. (5), where 𝐺𝑃𝑊𝑀(𝑠) is a delay element 

representing the PWM Inverter block, which includes sampling and transport delays between the control 

and the plant. The sampling delay equals one sampling period 𝑇𝑠,  and the transport delay is modeled as 

0.5𝑇𝑠 (Sreekumar & Khadkikar, 2017). Thus, we can write: 

𝐺𝑃𝑊𝑀(𝑠) =
1

1 + 1.5𝑠
                                                                  (3) 

We have applied Mason’s theorem for block reduction and derived the following equation: 

𝑣𝑐1(𝑠) =
𝐺𝑣(𝑠)𝐺𝑖(𝑠)𝐺𝑃𝑊𝑀(𝑠)

𝐿𝐶𝑠2 + 𝑅𝐶𝑠 + (𝐶𝑠 + 𝐺𝑣(𝑠))𝐺𝑖(𝑠)𝐺𝑃𝑊𝑀(𝑠) + 1
𝑣𝑟𝑒𝑓1(𝑠)                    

−
𝐿𝑠 + 𝐺𝑖(𝑠)𝐺𝑃𝑊𝑀(𝑠)

𝐿𝐶𝑠2 + 𝑅𝐶𝑠 + (𝐶𝑠 + 𝐺𝑣(𝑠))𝐺𝑖(𝑠)𝐺𝑃𝑊𝑀(𝑠) + 1
𝑖𝑜1(𝑠)                                             (4) 

This is represented in the form:  

𝑣𝑐1(𝑠) = 𝐺𝑐𝑙(𝑠) 𝑣𝑟𝑒𝑓1(𝑠) − 𝑍𝑜(𝑠) 𝑖𝑜1(𝑠)                                                  (5) 

Where 𝐺𝑐𝑙(𝑠) the close loop is transfer function of the control system, and 𝑍𝑜(𝑠)  is the output 

impedance. 

 

Fig 5. Block diagram of the inner control loops.  

Figure (6) shows the Bode diagram of the closed-loop transfer function 𝐺𝑐𝑙(𝑠), which represents how 

well the output voltage 𝑣𝑐1(𝑠) follows the reference voltage  𝑣𝑟𝑒𝑓1(𝑠). Unity gain (0dB) around 50 Hz 



 Journal of Renewable Energies 28 (2025) 319 – 343 

325 

indicate good tracking performance based on the system parameters given in Table (1). Additionally, 

Fig. (7) shows the Bode diagram of the output impedance 𝑍𝑜(𝑠), which represents how much the output 

voltage is affected by load current 𝑖𝑜1(𝑠). A lower magnitude in 𝑍𝑜(𝑠), especially around 50 Hz, 

indicates better disturbance rejection and improved voltage regulation under load changes. Around 

608 Hz, there is a clear impedance peak of +28 dB. This comes from the closed-loop dynamics of the 

LC filter and the controllers. This kind of peak is typical in voltage‑controlled inverters. It means that 

without some form of damping, either active feedback or passive resistors (Xu & Xie, 2018), the system 

becomes more sensitive at those higher frequencies, where harmonics can excite the resonance. 

 

Fig 6. Bode diagram of the closed-loop transfer function of the inner control.  

 

Fig 7. Bode diagram of the output impedance transfer function.  

To analyze the stability of the inner control, the open-loop transfer function of the inner control is 

derived as follows: 

𝐺𝑂𝐿𝑖𝑛𝑛𝑒𝑟(𝑠) = 𝐺𝑣(𝑠)𝐺𝑖(𝑠)𝐺𝑃𝑊𝑀(𝑠)𝐺𝐿𝐶(𝑠)                                              (6) 

With: 

𝐺𝐿𝐶(𝑠) =  
1

𝐿𝐶 𝑠2 + 𝑅𝐶 𝑠 + 1
                                                            (7) 



 Journal of Renewable Energies 28 (2025) 319 – 343 

326 

The Bode diagram of the open-loop transfer function is depicted in Fig. (8). The analysis shows a phase 

margin of 84.3° at 50.7 Hz and a gain margin of 12.55 dB at 664.3 Hz, which are well above the 

recommended design lower limits of 30° for phase margin and 6 dB for gain margin. It should be noted 

that in the design, the internal resistance of the inductor, which in our case is equal to 0.5 Ohm, must be 

considered because it plays an important role in damping the system at the LC filter resonance frequency 

around 580 Hz. If not sufficient, other passive or active damping techniques can be applied. At 50 Hz, 

the open-loop transfer function exhibits a high gain of 29.1 dB, which is expected when using a PR 

controller. In our application, this gain is acceptable; however, in some applications with noise around 

50 Hz, the gain may need to be reduced by adjusting the parameters of the non-ideal PR controller, such 

as increasing its bandwidth or reducing the proportional and resonant gains (Yao et al., 2017). 

Table 1. AC microgrid setup parameters 

 Symbol Value Description 

P
o
w

er
 s

ta
g
e 

𝐿1 1.5 𝑚𝐻 Inverter-side filter inductor  

𝐶 50 𝜇𝐹 Filter capacitor 

𝑅𝑙_1, 𝐿𝑙_1 0.5Ω ,1 𝑚𝐻 Feeder line impedance for DG1 

𝑅𝑙_2, 𝐿𝑙_2 0.5Ω ,0.5 𝑚𝐻 Feeder line impedance for DG2 

𝐶𝐷𝐶 2000 𝜇𝐹 DC link Capacitor of the inverter 

𝑉𝐷𝐶 40 V Nominal DC link Voltage 

𝑉𝑜 22 Vrms Output voltage set point 

𝑓𝑜 50 Hz Frequency set point 

𝑓𝑠 20 kHz Sampling frequency 

𝑓𝑠𝑤 10 kHz Switching frequency 

P
ri

m
a
ry

 C
o
n

tr
o
l 

𝑘𝑝_𝐼 1.2 Proportional gain of current PR controller 

𝑘𝑟_𝐼 0.5 Resonant gain of current PR controller 

𝑘𝑝_𝑉 0.12 Proportional gain of voltage PR controller 

𝑘𝑟_𝑉 0.5 Resonant gain of current PR controller 

𝐿𝑣 3 𝑚𝐻 Nominal value of the virtual inductance 

𝑚 0.03 rad/s/W Frequency drooping gain 

𝑛 0.01V/VAR Voltage drooping gain 

S
y

n
ch

ro
n

iz
a
ti

o
n

  

𝐾𝑆𝑂𝐺𝐼 0.7 SOGI damping factor 

𝛾 0.4 FLL integral gain 

𝐾𝑝_𝑠𝑦𝑛𝑐 0.0001 PLL proportional gain of the PI 

𝐾𝑖_𝑠𝑦𝑛𝑐 0.0006 PLL integral gain of the PI 

   

S
ec

o
n

d
a

ry
 C

o
n

tr
o
l 𝑘𝑝𝜔_𝑠𝑒𝑐 0.0001 Frequency proportional gain 

𝑘𝐼𝜔_𝑠𝑒𝑐 2 Frequency integral gain 

𝑘𝑝𝐸_𝑠𝑒𝑐 0.0002 Voltage amplitude proportional gain 

𝑘𝐼𝐸_𝑠𝑒𝑐 2 Voltage amplitude integral gain 

𝑘𝑝𝑄_𝑠𝑒𝑐 0.0005 Reactive power compensation proportional gain 

𝑘𝐼𝑄_𝑠𝑒𝑐 0.015 Reactive power compensation integral gain 

𝑡𝑑 5ms Delay of the low bandwidth communication 
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Fig 8. Bode diagram of the Inner control open-loop. 

3.2 Synchronization Process 

The synchronization procedure begins by connecting one inverter to form the microgrid. Then, the 

second inverter is operated without connecting it to the microgrid. During this phase, the synchronization 

process is enabled, which involves adding the appropriate phase angle to the second inverter using a 

Second-Order Generalized Integrator SOGI-based PLL enhanced with a Frequency-Locked Loop 

(FLL), also known as the SOGI-FLL PLL (Rodríguez et al., 2012), as shown in Fig. (9). The 

synchronization is based on the stationary reference frame (Han et al., 2016). The measured voltage at 

the point of common coupling 𝑣𝑝𝑐𝑐 is passed through the SOGI block to generate output signals. This 

block removes noise and produces two outputs: one in phase with the input and the other in quadrature 

in the stationary reference frame (𝛼, 𝛽). The output voltage signals and the closed-loop transfer functions 

can be written as follows: 

𝑣`𝑝𝑐𝑐⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = (
𝑣`𝑝𝑐𝑐𝛼
𝑣`𝑝𝑐𝑐𝛽

)
𝛼,𝛽

                                                              (8) 

𝐷(𝑠) =
𝑉`𝑝𝑐𝑐_𝛼(𝑠)

𝑉𝑝𝑐𝑐(𝑠)
=

𝑘𝑆𝑂𝐺𝐼 𝜔` 𝑠

𝑠2 + 𝑘𝑆𝑂𝐺𝐼𝜔` 𝑠 + 𝜔`
2
                                            (9) 

𝑄(𝑠) =
𝑉`𝑝𝑐𝑐_𝛽(𝑠)

𝑉𝑝𝑐𝑐(𝑠)
=

𝑘𝑆𝑂𝐺𝐼 𝜔`
2

𝑠2 + 𝑘𝑆𝑂𝐺𝐼 𝜔`𝑠 + 𝜔`
2
                                          (10) 

Where 𝑣`𝑝𝑐𝑐 is the filtred version 𝑣𝑝𝑐𝑐,  𝑘𝑆𝑂𝐺𝐼 is the damping factor of the SOGI, and 𝜔` is the resonance 

frequency, which sould be adapted to the input signal frequency. This is realized using the FLL, which 

uses the frequency error defined as: 

𝜀𝑓 = (𝑣𝑝𝑐𝑐 − 𝑣`𝑝𝑐𝑐𝛼)𝑣`𝑝𝑐𝑐𝛽                                            (11) 

It is shown in (Rodríguez et al., 2011) that the average of this frequency error is positive when  𝜔 < 𝜔`, 

negative when 𝜔 > 𝜔`, and zero when 𝜔 = 𝜔` . This is why this error is passed through the integral 

gain 𝛾 with a negative sign, to drive the input toward zero based on the following equation: 
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𝑑𝜔`

𝑑𝑡
= −𝛾𝜀𝑓                                                                      (12)  

On the other hand, we can also choose 𝑣𝑐2 to be the reference and write: 

𝑣𝑐2⃗⃗⃗⃗⃗⃗ = (
𝑣𝑐2
0
)
𝛼,𝛽
                                                               (13) 

We derive the amplitude of the vector product as follows: 

‖𝑣`𝑝𝑐𝑐⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ X 𝑣𝑐2⃗⃗⃗⃗⃗⃗ ‖ = |𝑣`𝑝𝑐𝑐_𝛽 ∗ 𝑣𝑐2|                                                     (14) 

To synchronize 𝑣𝑐2 with 𝑣𝑝𝑐𝑐, we aim to drive the amplitude of the vector product to zero. In this case, 

the average value of the amplitude of the vector product, calculated by the low pass filter, is passed 

through PI controller, which also serves as the virtual oscillator of the PLL and generates the phase angle 

added to 𝑣𝑐2 until it becomes synchronized with 𝑣𝑝𝑐𝑐, as described in Fig. (9). The SOGI-FLL also 

determines the frequency and amplitude of the  𝑣𝑝𝑐𝑐 signal. In our context, these values are known, and 

each inverter has the same nominal value at the start of the setup. Since no load is applied yet, 𝑣𝑝𝑐𝑐 is 

the same as 𝑣𝑐1, which is why we focus solely on the phase. 

Another important aspect often overlooked is the freezing block. After the synchronization process is 

completed and the second inverter is connected, the synchronization block must be stopped. This is 

because continuous synchronization is unnecessary, as a power angle, which is the phase angle 

difference between the inverter output voltage and 𝑣𝑝𝑐𝑐, is required to transfer power from the inverter 

to the PCC. However, stopping the synchronization block must be done while retaining the phase angle 

already added to 𝑣𝑐2; otherwise, its sudden removal could lead to an unwanted surge in power flow. The 

freezing block, depicted in Fig. (9), memorizes the phase angle and continues sending the same amount 

to 𝑣𝑐2 even after the synchronization process is stopped.  The synchronization parameters are shown in 

Table (1). 

 

Fig 9. The synchronization process based on the SOGI-FLL PLL. 

 



 Journal of Renewable Energies 28 (2025) 319 – 343 

329 

3.3 Droop Control 

The droop-based load sharing method is a widely used approach for managing linear loads without the 

need for a centralized controller. In this method, each inverter-based distributed generator (DG) mimics 

the behavior of a conventional synchronous generator (Wang L. et al., 2023). It reduces its frequency 

when delivering more real power and lowers its voltage when supplying more reactive power. This 

strategy is commonly referred to as the conventional droop control (Guerrero et al., 2011). The 

frequency (𝜔) and voltage amplitude (𝑉𝑝) of the reference signal can be defined as functions of the active 

and reactive power, respectively, as follows: 

𝜔 =  𝜔∗ −𝑚 𝑃                                                                         (15) 

𝑉𝑝 = 𝑉𝑝
∗ − 𝑛 𝑄                                                                         (16) 

Where 𝜔∗ and 𝑉𝑝
∗represent the nominal frequency and peak voltage of the inverter output under no-load 

conditions. 𝑃 and 𝑄 denote the fundamental active and reactive power delivered by the inverter, 

respectively. The parameters 𝑚 and 𝑛 are the droop coefficients, which define the sensitivity of the 

frequency and voltage adjustments in response to changes in the active and reactive power outputs. For 

each distributed generator i, 𝑚𝑖 and 𝑛𝑖, are given by (de Souza et al., 2015): 

𝑚𝑖 =
∆𝜔

𝑃𝑖𝑟𝑎𝑡𝑒𝑑
                                                                            (17) 

𝑛𝑖 =
∆𝑉

𝑄𝑖𝑟𝑎𝑡𝑒𝑑
                                                                            (18) 

Where, ∆𝜔 and ∆𝑉 are the allowed angular frequency voltage magnitude deviations, respectively, and 

𝑃𝑖_𝑟𝑎𝑡𝑒𝑑 and 𝑄𝑖_𝑟𝑎𝑡𝑒𝑑 are the rated active and reactive powers of the DG𝑖, respectively. 

For an islanded microgrid with two identical distributed generators DGs, Fig. (10). (a) shows the 𝑃 − 𝜔 

droop, where the slopes are identical. Since frequency is a global variable, the DGs experience the same 

frequency deviation, enabling them to share the same amount of active power. On the other hand, Fig. 

(10). (b) shows the 𝑄 − 𝑉 droop of the two DGs. Even though they have the same slope, the voltage 

deviation differs slightly due to line impedance mismatch. As voltage is a local variable that varies 

between DGs due to impedance mismatch, 𝑉𝑃𝐶𝐶 is lower, resulting in an error in the steady state for 

reactive power sharing (Mohammed et al., 2023). Some designers ignore this issue, but in this paper, 

we address it further. 

 

Fig 10. Active and reactive power sharing in an islanded ac microgrid with two DG,                            

(a) 𝑃 − 𝜔 Droop, (b) 𝑄 − 𝑉 Droop. 
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The power calculation procedure followed by the droop control is depicted in Fig. (11). Let us write 

𝑣𝑐(𝑡) = 𝑉𝑐  cos (𝜔𝑡) and 𝑖𝑜(𝑡) = 𝐼𝑜 cos (𝜔𝑡 − 𝜑). The instantaneous power of this single-phase system 

can be expressed as follows: 

𝑝𝑖𝑛𝑠𝑡(𝑡) = 𝑣𝑐(𝑡) 𝑖𝑜(𝑡)                                                                 (19) 

𝑝𝑖𝑛𝑠𝑡(𝑡) =
𝑉𝑐  𝐼𝑜
2
cos(𝜑) +

𝑉𝑐  𝐼𝑜
2
 cos(2𝜔𝑡 − 𝜑)                                   (20) 

The term cos(2𝜔𝑡 − 𝜑) can be expanded to derive the instantaneous active power  𝑝1(𝑡) and the 

instantaneous reactive power 𝑞1(𝑡) as below: 

{
 

 𝑝(𝑡) =
𝑉𝑐  

√2

 𝐼𝑜

√2
cos(𝜑)[1 + cos(2𝜔𝑡)]

𝑞(𝑡) =
𝑉𝑐  

√2

 𝐼𝑜

√2
sin(𝜑) sin(2𝜔𝑡) 

                                         (21) 

From the previous development, we can see that passing the instantaneous power 𝑝𝑖𝑛𝑠𝑡(𝑡) through a 

low-pass filter eliminates the fluctuating part, giving the average active power. To obtain the average 

reactive power, we apply a delay of a quarter-period of the fundamental frequency to the input voltage, 

resulting in 𝑣𝑐` = 𝑉𝑐  sin(𝜔𝑡) (Yang & Blaabjerg, 2013) . The corresponding instantaneous power is 

then calculated as follows: 

𝑝`𝑖𝑛𝑠𝑡(𝑡) = 𝑣𝑐`(𝑡) 𝑖𝑜(𝑡) = 𝑝`(𝑡) + 𝑞`(𝑡)                                        (22) 

Where: 

{
 

 𝑝`(𝑡) =
𝑉𝑐  

√2

 𝐼𝑜

√2
cos(𝜑) sin(2𝜔𝑡) 

𝑞`(𝑡) =
𝑉𝑐  

√2

 𝐼𝑜

√2
sin(𝜑)[1 + cos(2𝜔𝑡)]   

                                      (23) 

By using a low-pass filter on the instantaneous power 𝑝`𝑖𝑛𝑠𝑡(𝑡), we can obtain the average reactive 

power, which is used along with the average active power in the droop control to determine the angular 

frequency and voltage amplitude to be added to the voltage reference generator in the inner control 

loops. The reference voltage from the droop controller is expressed as: 

𝑣𝑑𝑟𝑜𝑜𝑝 = 𝑉𝐷𝑟𝑜𝑜𝑝 sin (𝜔𝐷𝑟𝑜𝑜𝑝 𝑡)                                                     (24) 

 

Fig 11. Power calculation and droop control for DG1. 
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3.4 Virtual Impedance 

The aforementioned droop control equations are primarily valid for inductive networks, such as those 

found in high-voltage transmission systems. However, in low-voltage microgrids particularly in 

residential applications, the line impedance is predominantly resistive, as the reactance-to-resistance 

ratio (X/R) is typically much less than 1 (John et al., 2017). In such contexts, conventional droop control 

becomes less effective due to the stronger coupling between active and reactive power. To address this, 

virtual impedance control is employed to emulate an inductive impedance. This emulation helps 

decouple active and reactive power flows and mitigates the impact of line impedance on power sharing 

accuracy (Prasad & Parimi, 2023). Consequently, the droop controller’s output reference voltage is 

modified to include the virtual impedance 𝑍𝑣 , resulting in an adjusted reference voltage 𝑣𝑟𝑒𝑓, which can 

be expressed as follows: 

𝑣𝑟𝑒𝑓 = 𝑣𝑑𝑟𝑜𝑜𝑝 − 𝑍𝑣  𝑖𝑜                                                           (25) 

The implementation of the virtual impedance block is detailed in Fig. (12), where the virtual resistance 

is multiplied by the input current. For the virtual inductor, a high-pass filter is used to implement the 

derivative action, with a cutoff frequency of 𝜔𝑐_𝐻𝑃 = 314 𝑟𝑎𝑑/𝑠. This structure represents a derivative 

action in series with a low-pass filter to reduce high-frequency noise. 

 

Fig 12. The virtual impedance block for DG1. 

3.5 Secondary Control 

To compensate for the steady-state errors introduced by the droop control, the secondary control system 

sends restoration reference signals, which are added to the reference voltage signal of each inverter 

(Guerrero et al., 2011; Khayat et al., 2020). These signals are based on the nominal values of frequency 

and voltage amplitude. In this case, a centralized secondary control architecture is implemented as 

shown in Fig. (13), where Proportional-Integral (PI) controllers are employed to ensure accurate voltage 

and frequency restoration (Esmaeili Karkevandi et al., 2018). The control mechanism can be expressed 

as follows: 

𝜔𝑠𝑒𝑐 = 𝑘𝑝𝜔𝑠(𝜔𝑀𝐺
∗ −𝜔𝑀𝐺) + 𝑘𝑖𝜔𝑠  ∫(𝜔𝑀𝐺

∗ −𝜔𝑀𝐺) 𝑑𝑡                           (26) 

𝐸𝑠𝑒𝑐 = 𝑘𝑝𝑉𝑠(𝐸𝑀𝐺
∗ − 𝐸𝑀𝐺) + 𝑘𝑖𝑉𝑠  ∫(𝐸𝑀𝐺

∗ − 𝐸𝑀𝐺) 𝑑𝑡                                (27) 

Where, 𝑘𝑝𝜔𝑠, 𝑘𝑖𝜔𝑠,  𝑘𝑝𝑉𝑠and 𝑘𝑖𝑉𝑠 are the control parameters of the secondary controller. 
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It should be noted that the references produced by the secondary controller, 𝜔𝑠𝑒𝑐 and 𝐸𝑠𝑒𝑐, must be 

limited to not exceed the allowed deviations. Fig. (13) shows the block diagram of the secondary control 

loops, used to design the PI controller parameters and analyze the stability of the system. Figure (13). 

(a) presents the frequency restoration loop, where the communication delay is modeled as a first-order 

lag represented by the transfer function 𝐺𝑑(𝑠) (Vasquez et al., 2013). The active power droop control 

loop is also included with its low-pass filter 𝐺𝐿𝑃𝐹(𝑠). A simple model representing the PLL loop is 

added to feature the frequency measurement effect. In this case, as the PLL bandwidth is much larger 

than that of the secondary control, a simple first-order delay is chosen, where 𝜏 is a constant representing 

how quickly the PLL responds, set to  𝜏 = 30𝑚𝑠 in our study (Wang R. et al., 2023). Moreover, Fig. 

(13). (b) shows the block diagram of the voltage amplitude restoration loop, taking into account the 

communication delay, as explained previously, modeled by 𝐺𝑑(𝑠), and the reactive power droop control 

loop. The measurement of the voltage amplitude is considered a unity gain in this case. From the above 

diagrams, we can derive the following close-loop equations: 

𝜔𝑀𝐺 = 
𝐺𝜔_𝑠𝑒𝑐(𝑠)𝐺𝑑(𝑠)

1 + 𝐺𝜔_𝑠𝑒𝑐(𝑠)𝐺𝑑(𝑠)𝐺𝑃𝐿𝐿(𝑠)
𝜔𝑀𝐺
∗ −

𝑚𝐺𝐿𝑃𝐹(𝑠)

1 + 𝐺𝜔_𝑠𝑒𝑐(𝑠)𝐺𝑑(𝑠)𝐺𝑃𝐿𝐿(𝑠)
𝑝𝑖𝑛𝑠𝑡     (28) 

𝐸𝑀𝐺 = 
𝐺𝐸_𝑠𝑒𝑐(𝑠)𝐺𝑑(𝑠)

1 + 𝐺𝐸_𝑠𝑒𝑐(𝑠)𝐺𝑑(𝑠)
𝐸𝑀𝐺
∗ −

𝑛𝐺𝐿𝑃𝐹(𝑠)

1 + 𝐺𝐸_𝑠𝑒𝑐(𝑠)𝐺𝑑(𝑠)
𝑝`𝑖𝑛𝑠𝑡                      (29) 

 

Fig 13. Block diagram of the secondary control loops, (a) frequency restoration,                                      

(b) Voltage amplitude restoration.  

The step response of the system to a sudden change in the active power reference by 200 W at t=1s, is 

depicted in Fig. (14), where the 𝑝𝑖𝑛𝑠𝑡 − 𝑡𝑜 − 𝜔𝑀𝐺  transfer function is used, and the parameters of the 

secondary control detailed in Table 1 are considered. The system demonstrates good performance in 

handling this sudden change, smoothly restoring the frequency to the nominal value of 50 Hz with no 

(a) 
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overshoot after approximately 3.5 seconds, which is accepted from the perspective of the secondary 

control response timescale. 

 

Fig 14. Step Response 𝑃-to- 𝜔𝑀𝐺 : 200 W Disturbance at t=1 s with 5 ms communication delay. 

Figure (15) shows the Bode diagram of the closed-loop transfer function of the frequency restoration 

secondary control. At low frequencies, the gain is 0 dB, which means the reference is tracked without 

amplification. The bandwidth of the controller is estimated at -3 dB to be 0.35 Hz, which is within the 

standards for islanded AC microgrids, as it ensures that the secondary controller does not interact with 

the inner controller.  

 

Fig 15. Bode diagram for the Close-Loop transfer function 𝜔𝑀𝐺
∗ − 𝑡𝑜 − 𝜔𝑀𝐺. 

Moreover, to analyze the stability of the system, the Bode diagram of the open-loop frequency 

restoration control is presented in Fig. (16). It shows a gain margin of 45.9 dB at 31.2 Hz and a phase 

margin of 88.8° at 0.318 Hz, demonstrating the stability of the control system. However, the gain margin 

indicates an overdamped system, as the recommendation for a safe zone is a gain margin greater than 6 

dB. Reducing the PI controller gains is the usual procedure to lower the gain margin, but this would 

increase the bandwidth, which should be avoided for the secondary control. 

Figure (17) depicts the step response of the transfer function for a sudden change of 100 VAR in the 

reactive power. The secondary control demonstrates good capability to restore the voltage magnitude of 

the microgrid to the nominal value of 22 V in a smooth manner after 4 seconds. At the same time, the 

closed-loop Bode diagram in Fig. (18) shows unity gain at low frequencies and a bandwidth of 0.35 Hz 

at -3 dB, which is what the designer of the secondary control aims for, as explained previously. The 

stability of the voltage amplitude restoration secondary controller is also analyzed using the Bode 



 Journal of Renewable Energies 28 (2025) 319 – 343 

334 

diagram of the open-loop transfer function presented in Fig. (19), which shows an infinite gain margin 

and a phase margin of 89.4°. As explained previously, the objective is not only to optimize the controller 

characteristics but also to maintain the bandwidth of the secondary controller far from the inner control 

loops to eliminate any interaction. 

 

Fig 16. Open-Loop Bode Diagram for the frequency restoration. 

 

Fig 17. Step Response: 100 VAR Disturbance at t=1 s with 5 ms communication delay. 

Reactive power sharing between inverters remains challenging even when advanced droop control 

techniques are employed. This difficulty primarily arises from line impedance effects that cause voltage 

variations at different points in the network (Micallef et al., 2014). Since reactive power distribution 

largely depends on voltage amplitudes, achieving a balanced share among generators is inherently 

complex. To address this, we implemented a centralized secondary control strategy that sends reference 

commands to both inverters, ensuring that reactive power is distributed proportionally to their nominal 

capacities, the dedicated centralized secondary controller is applied as follows: 

𝑉𝑞𝑠𝑒𝑐1 = 𝑘𝑝𝑄𝑠(𝑄𝑚 − 𝑄1) + 𝑘𝑖𝑄𝑠  ∫(𝑄𝑚 − 𝑄1) 𝑑𝑡                              (30) 

𝑉𝑞𝑠𝑒𝑐2 = 𝑘𝑝𝑄𝑠(𝑄𝑚 − 𝑄2) + 𝑘𝑖𝑄𝑠  ∫(𝑄𝑚 − 𝑄2) 𝑑𝑡                             (31) 

Where, 𝑄𝑚, the mean value of the reactive power, in the case of two DGs we have: 
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𝑄𝑚 =
𝑄1 + 𝑄2

2
                                                                 (32) 

This consensus algorithm ensures convergence, allowing each generator to share the appropriate amount 

of reactive power and eliminate the steady-state error introduced by the droop control (Khayat et al., 

2020; Wu et al., 2014). 

 

Fig 18. Bode diagram for the Close-Loop transfer function 𝐸𝑀𝐺
∗ − 𝑡𝑜 − 𝐸𝑀𝐺. 

 

Fig 19. Open-Loop Bode Diagram for the voltage amplitude restoration. 

4. EXPERIMENTAL RESULTS  

Figure (20) shows the experimental setup, which uses SEMIKRON SEMITEACH IGBT-based 

inverters, selected for their robustness and suitability for research applications. Each inverter provides 

individual gate access to each IGBT driver through BNC connectors. The PWM signals are generated 

by STM32F4 Discovery microcontroller boards, chosen for their reliability, low cost, and easy 

integration with Simulink via the Waijung Toolbox. These boards receive the duty-cycle references 

computed by the dSPACE 1103 platform and generate the corresponding PWM signals. 4N25 
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optocouplers ensure galvanic isolation between the control and power stages and boost the PWM voltage 

from 3.3 V to 15 V. These components are well known, low cost, and widely available, making them a 

good choice for reproducible research setups. A closer view of the LEM current and voltage 

measurement cards, together with the STM32F4 board and isolation interface, is shown in Fig. (21). 

Table (1) summarizes the main parameters of the setup. 

 

Fig 20. Experimental setup of the islanded AC microgrid.  

 

Fig 21. Measurements and PWM signals generation.  

Figure (22) shows the interactive interface for the experimental test bench, developed using dSPACE 

ControlDesk. This platform allows real-time visualization of electrical parameters (voltages and 

currents), total harmonic distortion (THD) levels of voltages, active and reactive power generation, and 

control parameters, activating the synchronization process, droop control, and secondary control with 

reactive power compensation, all of which can be adjusted in real time. Figure (23) displays the three 

output voltages measured at the capacitors of the LC filters of the distributed generators, as well as at 

the common bus, where the apparent difference in amplitude is due to variations in the measurement 

gains of the LEM LV 25-P sensors. The PCC voltage is particularly significant in power quality studies, 

as it determines the voltage supplied to newly connected loads within the microgrid. To illustrate this 

concept, a test with a non-linear load, realized using a diode bridge feeding an RC circuit, is performed. 

Figure (24) shows the output voltages and the 𝑣𝑃𝐶𝐶 voltage in the presence of a non-linear load, revealing 

that the voltage quality at the PCC, with a THD of 7.42%, is more affected than the inverter output 

voltages (THD_𝑣𝑐1 = 2.97% and THD_𝑣𝑐2 = 3.29%). This is due to the harmonic voltage drop in the 

feeder line impedances caused by the non-linear current, which worsens the 𝑣𝑃𝐶𝐶 quality. Additionally, 

the difference in voltage quality between the inverters is attributed to the absence of harmonic 
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compensation control; since the developed inner control and power sharing address only the 

fundamental frequency, the harmonic current, as shown in Fig. (25), flows           through the path with 

less impedance. Given the line impedances  𝑍𝑙𝑖𝑛𝑒_1 (𝑅𝑙_1 = 0.5 Ω,  𝐿𝑙_1 = 1 mH) and 𝑍𝑙𝑖𝑛𝑒_2 (𝑅𝑙_2= 0.5 

Ω, 𝐿𝑙_2 = 0.5 mH), more harmonic current passes through Z_line2, leading to a greater harmonic voltage 

drop across the output impedance of distributed generator 2, resulting in higher distortion (THD_𝑣𝑐2 = 

3.29%). This indicates that an appropriate harmonic compensation strategy is needed to reduce distortion 

and ensure proper harmonic current sharing. 

 

Fig 22. Interactive platform developed using dSPACE-ControlDesk for the microgrid test bench. 

 

Fig 23. Output voltages at the DGs and PCC with a linear load. 

The synchronization of the generation units was achieved using a SOGI-FLL PLL technique, known for 

its robustness against disturbances, as illustrated in Fig. (26), which shows the synchronization process 

between the DG2 generator and the PCC bus. The process starts at 788.02 s experimental time, as 

depicted in the leftmost plot of Fig. (26), and concluding around 796.27 s, taking approximately 8 s, 

which is acceptable from an experimental perspective. The freezing block ensures that the voltage 

remains synchronized even after stopping the synchronization process. After connecting DG2 to the 

microgrid, we disable the synchronization and enable droop control by clicking on a specific button in 

the interactive interface, and we connect after a linear load consisting of a variable resistance of 33 Ω in 

series with an inductor of 18 mH. The performance of the droop control is shown in Fig. (27), where 
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equitable active power sharing is achieved between the two distributed generators (DGs) without 

communication, relying solely on frequency as a global variable. However, for reactive power sharing, 

droop control alone cannot achieve equitable sharing, reducing the reactive power difference but leaving 

a steady-state error, as shown in Fig. (27), due to impedance mismatches and the fact that voltage is not 

a global variable in the microgrid. To address this, a reactive power compensation technique is 

implemented at the secondary control level; after enabling this control via the interactive interface, the 

steady-state error is eliminated, as shown in Fig. (28), where both active and reactive power are equitably 

shared between the DGs. 

 

Fig 24. Output voltages at the DGs and PCC with a non-linear load. 

 

Fig 25. Inductor and output currents of the DGs with a nonlinear load. 

 

Fig 26. Synchronization process using the SOGI-FLL PLL technique. 

The performance of the secondary control for frequency and voltage restoration in the microgrid is 

presented in Fig. 29. Figure (29) (a) shows the system without secondary control, with a 𝑣𝑃𝐶𝐶 voltage 

magnitude of 21.16 V and a frequency of 49.91 Hz. After enabling the secondary controller, the results 

are depicted in Fig. (29)(b). The voltage magnitude at the PCC reaches 21.76 V, the output of the first 

inverter (DG1) reaches 22.07 V, and the output of the second inverter (DG2) reaches 22.11 V, while the 

microgrid frequency is restored to 50 Hz. This demonstrates the effectiveness of the secondary control 

in restoring both the frequency and voltage amplitude to their nominal values, with some acceptable 

errors in voltage amplitudes.  
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Fig 27. Power sharing using only the droop control.  

 

Fig 28. Power sharing using droop control and reactive power compensation. 

 

 

Fig 29. Secondary control performance for voltage amplitude and frequency restoration. 
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5. CONCLUSION  

Moving toward a more electrical and sustainable future, integrating more renewable energy into power 

systems is inevitable. However, renewables like solar and wind, at high penetration levels, cause 

instability in traditional power grids due to their variable nature. Microgrids offer a solution by locally 

managing renewable sources and coordinating energy production and demand intelligently. They reduce 

losses in transmission lines and support the main grid with auxiliary services like black start, voltage 

regulation, reactive power compensation, and power quality improvement. Despite the importance of 

this subject, building test beds for research and education is tough because existing solutions are 

complex, expensive, and not scalable. Our goal was to create a practical, affordable tool for researchers 

and students to learn and experiment with AC microgrid control by developing and validating a single-

phase islanded AC microgrid setup. We aimed to explain core control concepts to help students and 

researchers understand and build on microgrid technology.  

The microgrid uses two distributed generators (inverters) feeding linear and nonlinear loads. The design 

is modular and cost-effective, using STM32F4 Discovery boards to generate PWM signals, reducing the 

computational load on the dSPACE system. A dSPACE1103 was enough to handle all calculations and 

implement the full hierarchical control strategy, which includes inner loop Proportional-Resonant 

controllers for voltage regulation, Phase-Locked Loop synchronization based on Second-Order 

Generalized Integrator with Frequency-Locked Loop (SOGI-FLL), virtual impedance for decoupling 

active and reactive powers, especially important in resistive low-voltage systems, droop control for 

power sharing, and a secondary controller for voltage amplitude, frequency restoration, and reactive 

power compensation.  

Experimental results show the system maintains stable voltage, synchronizes inverters at the point of 

common coupling, shares load effectively between inverters, and restores microgrid voltage and 

frequency to nominal values under various load conditions. Looking ahead, as harmonic control is an 

important auxiliary control, we plan to improve voltage quality at the primary control level and 

coordinate the harmonic compensation effort between the DGs. It is also known that distributed 

secondary control is more robust than the centralized one, as the latter has a single point of failure. We 

will consider using distributed consensus schemes at the secondary level. The realized setup can also be 

optimized by applying advanced methods like predictive control, adaptive droop control, and energy 

storage integration. Furthermore, integrating the complete renewable energy system, including source 

dynamics with different penetration levels, would provide a more comprehensive experimental platform 

for studying the interaction between renewable sources and microgrid control. 
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