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Recently, industrial sectors have become more and more enthusiastic about 

microgrid solutions. Most of these microgrids are based on using green and 

renewable energy sources. Such microgrids can either be connected to the 

main utility grid for purposes like cost savings, or they can be standalone 

independent island microgrids. Typically, microgrid control systems employ 

a three-layer method: primary, secondary, and tertiary. One major issue for 

islanded microgrids is that they lack a reference point for voltage and 

frequency since they are not connected to the utility grid. The Camel 

Algorithm (CA) is an optimization method inspired by nature that imitates 

how camels adapt and travel in desert environments. This paper applies the 

CA to adjust the active power droop coefficient dynamically in real time. The 

case scenario is a microgrid powered by a three distributed generator (DG) 

AC Island capable of standing alone with an actively varying load from 5 kW 

to 10 kW through unequal feeder impedances. Simulation results indicate that 

the proposed controller can maintain the microgrid frequency in a narrow 

range of 49.95-50 Hz, with a settling time of about 0.22 s. Moreover, the 

proposed method improves the active power-sharing dynamics and 

significantly reduces frequency deviations compared to the conventional 

fixed-droop control schemes. 
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1. INTRODUCTION 

The world's demand for electricity has increased substantially due to rapid industrialization, urbanization, 

and economic development. This has further raised the question of the environmental effects of conventional 

fossil fuel-based power generation. In addition to other problems, the burning of coal, natural gas, and diesel 

generators has caused a high level of greenhouse gas emissions and environmental degradation  [1][2]. There 

is currently a significant transformation towards sustainable and decentralized power systems with the 

integration of distributed energy resources (DERs) and DG units in microgrids, mainly driven by the concerns.  

Traditional power generation heavily depends on non-renewable resources like coal, gas, and diesel, which 

significantly contribute to environmental pollution. Meanwhile, the rapid economic growth and development 

have caused a sharp increase in energy demand [3][4]. The increasing penetration of DGs is considered a key 

element in the development of modern microgrids, as they are able to enhance the technical and economic 

performance of distribution networks [5][6]. DGs are installed close to load centers, unlike traditional 

centralized power plants, thus reducing power transmission distance and feeder current. This local generation 

cuts down the network losses, improves the voltage regulation, relieves the line congestion, and improves the 

overall operational efficiency of the electrical system. In terms of operation, the presence of DGs enhances the 

microgrids’ flexibility and resilience by allowing for both grid connection and islanded modes of operation 

[7][8]. During grid disturbances or outages, local DGs may be able to continue providing critical loads, thus 

improving service reliability and energy security. Inverter-interfaced DGs can also provide various ancillary 

services, such as voltage support, reactive power compensation, frequency regulation, and power quality 

improvement, which are crucial for the stable operation of microgrids under different load and renewable 

generation conditions. To address these challenges, modernizing the grid infrastructure is essential to enable 

the integration of DG units that utilize DERs for cleaner and more sustainable electricity production.  

Furthermore, the combination of solar PV, fuel cells, energy storage, and wind turbines connected to the 

utility grid at the point of common coupling (PCC) offers a very green way of cutting down pollution and 

making power supply more stable [9][10]. Deploying DGs in this way makes the system more scalable and 

ensures a cleaner energy supply. Such a set-up is termed a hybrid microgrid (MG) [11]-[15]. Furthermore, an 

MG has an islanded mode operation, in which DGs are linked to a separate network without the utility grid. 

The difficulty with this mode is that the power output from the DGs is frequently interrupted, leading to 

frequency and voltage changes [16][17]. Moreover, the sudden opening and closing of resistive and inductive 

loads connected to a bus add even more to frequency and voltage deviations. To provide top-grade power and 

tight voltage and frequency regulation, the MG control system has to accurately divide power among the DGs 

while keeping voltage and frequency within allowable limits. Such a control system needs to have excellent 

steady-state performance, be capable of frequency tracking, and be able to synchronize DGs with the energy 

network [18]-[21]. 

Recently, many control techniques have been proposed for operating microgrids (MGs) in grid-connected, 

islanded, and transitional modes [22]-[24]. Most of these techniques were based on hierarchical control 

structures that first separated control objectives into different time scales and, thus, decoupled the dynamics 

and the transients [25]. The hierarchical control structure consists of three levels: primary, secondary, and 

tertiary. One of the most common methods used at the primary level is the droop control method, which in the 

MG is used for DG power-sharing and as a stabilizing element within the microgrid [26]-[29]. This is the 

quickest control layer; however, the main problem is that nominal voltage and frequency tracing come with 

fluctuations that cause changes in both. The secondary layer can act as a compensator to reduce these voltage 

and frequency deviations [29]. Secondary control will maintain these changes within the given limits. Its 

changes are at a slower pace than those of the primary level. Lastly, the tertiary level, which is not only the 

slowest but also the highest-level control layer, makes an MG that is connected to a main grid adhere strictly 

to voltage and frequency regulations. Tertiary control mainly deals with the optimization of overall microgrid 

operation through economic dispatch and power flow optimization [30][31]. It ensures that DERs are 

efficiently utilized in terms of costs, that running costs are kept to a minimum, and that the overall efficiency 

of the system is improved. The power level of this control regulates the power interchange with the main grid, 

adhering to grid codes, and the planning of long-term generation and load management as well as demand 

response and MG coordination [32]. Accordingly, during a grid failure, their capacity for autonomous operation 

is especially advantageous, guaranteeing the continuity of essential services amidst a crisis [33]. The droop 

control method has proven to be an effective solution for microgrids, obviating the necessity for external 

communication among inverters [34][35]. This approach is particularly pertinent in an environment where 

communication may be restricted or prone to disruptions. Traditional droop control relies on the relationship 

between active power and frequency (P/F) and reactive power and voltage (Q/V), enabling the separation of 

active power control from reactive power control [36][37]. 
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The studies [38]-[41] have explored various modifications to the traditional droop control method to 

enhance its performance. These modifications often involve adjusting the droop coefficients or using the 

secondary layer with the primary layer under different operating conditions. In [42], a three-tier hierarchical 

control structure has been employed. The tertiary layer uses the Lagrange method to allocate current, which 

informs the secondary control layer. The secondary control layer adjusts the voltage to the nominal voltage, 

improving system efficiency in parallel-connected converters. The droop value remains fixed for each 

converter, while the secondary control provides adaptive adjustments. In [43], the droop control strategy is 

adjusted based on the operational mode using particle swarm optimization, with delays introduced to fine-tune 

power-sharing parameters. However, in a specific mode, the droop remains constant throughout operation, 

limiting its ability to mitigate load-current overshoots during transients. The study in [44] presented primary 

and secondary control layers, with a switching method that adjusts the droop gain according to a time-

dependent protocol to regulate the MG frequency. The results show the robustness of the control when DGs 

are introduced at the bus.  

 In [45], the power sharing and voltage regulation are fine-tuned by the secondary and tertiary control 

layers through the tuning of the droop coefficients and voltage references. But these layers are slower and less 

effective in fast-changing conditions. The authors in [46] presented experimental results to validate the 

effectiveness of the proposed control strategy in both transient response and steady-state frequency restoration. 

In this study, the maximum frequency error is influenced by the secondary control layer parameters, which are 

inherently constrained by a trade-off between response speed and accuracy. The study in [47] analyzed the 

interactions of several DGs in a microgrid operating independently and having mostly resistive line 

impedances. The aim is to maintain stable frequency and voltage regulation during the disturbance, for 

example, load changes, while at the same time achieving accurate power sharing. The proposed hierarchical 

control framework is composed of Finite Control Set Model Predictive Control (FCS-MPC)-based zero-level 

control, inverse droop-based primary control, and a finite-time optimal distributed secondary controller (SC). 

FCS-MPC does very accurate voltage and current regulation via the generation of optimal switching pulses for 

each DG; consequently, it enhances power delivery precision. In [48], an adaptive secondary control scheme 

for islanded AC microgrids (MGs) is proposed. The aim is to fully restore the frequency and voltage in a 

reliable manner and share power proportionally. This is a major departure from typical distributed stochastic 

control techniques, which mostly collapse under communication noise and variable delay conditions. Here, the 

studied method accommodates these uncertainties by fusing a control Lyapunov function (CLF)-inspired 

nominal model with a deep deterministic policy gradient (DDPG) learning algorithm. However, in an 

autonomous droop-based microgrid, the system voltage and frequency (VaF) will change due to load 

variations. Although there are several control techniques that try to adjust the system frequency only at the 

secondary control level and without using any communication infrastructure, the problems of these techniques 

and the extent to which they can simultaneously bring the microgrid VaF back to the desired levels have not 

been explored completely. This study in [49] presented a multi-input multi-output (MIMO) model reference 

adaptive controller (MRAC) that can not only restore VaF but also ensure that power sharing among distributed 

generators (DGs) is accurate. 

Although droop control is widely used in island microgrids, deciding on a fixed active-power droop 

coefficient suitable for the system is still quite difficult. An increased droop coefficient usually results in better 

active power-sharing dynamics and shorter transient response times; nevertheless, such a change can cause 

increased frequency deviations. On the other hand, a decreased droop coefficient, while decreasing the 

frequency deviations, typically slows the power-sharing dynamics and the settling time. Hence, there is a 

significant compromise between the transient performance and the steady-state frequency regulation. This 

paper introduces an adaptive droop-gain tuning method based on the Camel Algorithm (CA) that is capable of 

dynamically modifying the active-power droop coefficient per the microgrid operating conditions. 

The main contributions of this work are summarized as follows: 

• A centralized adaptive droop-control strategy was developed where the tuning of the active-power 

droop coefficient is done online via the CA algorithm. 

• The problem of the trade-off between transient response speed and steady-state frequency regulation has 

been solved, which is a typical side effect of the fixed-droop control. 

• The proposed method has been tested via comprehensive simulations of a three-distributed-generator 

islanded AC microgrid scenario encompassing various operating situations. 

The rest of this paper is organized as follows: Section 2 presents the microgrid model and control systems, 

while Section 3 discusses the Synchronization of DGs. Section 4 introduces the droop control method, while 

Section 5 presents the proposed control method. Section 6 presents the results and discussion. Finally, Section 

7 concludes the research. 
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2. MICROGRID MODELING 

The MG control system block diagram for each DG is shown in Figure 1. The current measurement 𝑖1  is 

taken before the LC filter and transformed to the αβ reference frame (𝑖1𝛼, 𝑖1𝛽). Similarly, the current and 

voltage measurements (𝑖𝑜, 𝑣𝑜) after the LC filter are transformed to the 𝛼𝛽 reference frame (𝑖𝑜𝛼 , 𝑣𝑜𝛼 , 𝑣𝑜𝛽, 𝑖𝑜𝛽) 

to calculate active and reactive power (P and Q) through the power control loop. The droop control generates 

reference voltage amplitude and frequency using equations (1) and (2). The sinusoidal signal generator block 

produces the reference sinusoidal voltage 𝑣∗, which is transformed to  𝑣𝛼
∗ and 𝑣𝛽

∗ using (1) and (2). These 

voltages are then fed into the voltage control loop, which generates the reference current  𝑖∗ . This reference 

current is subsequently passed to the current control loop. 

 𝑣𝛼
∗ = 𝑉 𝑐𝑜𝑠(𝑤𝑡 − 𝑘𝑝𝑃 + 𝛥𝛷) (1) 

 𝑣𝛽
∗ = 𝑉 𝑠𝑖𝑛(𝑤𝑡 − 𝑘𝑝𝑃 + 𝛥𝛷) (2) 

More details on the current and voltage control loops can be found in [50]. Finally, the voltage 𝑣𝑔 
∗ is 

transformed back to the abc space to drive the DG inverter via pulse-width modulation generation (PWMG). 

In equation (1) and equation (2), the gain 𝑘𝑝 is used to accelerate the system's transient response to rapid 

changes in active power. The current control loop, along with a voltage control loop and an external power 

control loop, generates switching patterns to compensate for frequency deviation. The current control loop 

regulates the current flowing through the grid, while the voltage control loop keeps the voltage within the 

specified limits. 

 

 
Figure 1. The block diagram of the MG control system for each DG 

 

3. SYNCHRONIZATION OF DGS 

It is important to note that the DG output voltage needs to be synchronized with the other DGs at the point 

of common coupling (PCC) before the DG is linked to it via the switch 𝑠1. A phase-locked loop (PLL) block 

can be used to do this. Only when the converter is ready to connect to the microgrid, when switch 𝑠1 is open 

and ready to be closed, the PLL is enabled. The PLL's main job is to synchronize the microgrid voltage (𝑣), 

sensed on the right side of the switch, with the converter's output voltage 𝑣𝑜. As seen in Figure 2, the sinusoidal 

signal generator block receives the PLL's output (𝛥𝜙). As seen in (1) and (2), this output is utilized to update 

the voltage 𝑣𝑐𝑝
2 phase. The cross-product of the input voltages must be forced to zero for the PLL to function. 

The stationary reference frame for the cross product of 𝑣 and 𝑣𝑜 may be expressed using the formula [51]: 
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 𝑣𝑐𝑝
2 = 𝑣𝑜𝛼𝑣𝛽 − 𝑣𝑜𝛽𝑣𝛼 (3) 

To eliminate the harmonics and noise present in the cross-product of sinusoidal AC signals, a discrete 

low-pass filter is utilized. Figure 2 illustrates typical PLL block diagram. Once synchronization is achieved 

through the PLL, the DG can be safely connected to the microgrid. Subsequently, the droop controller regulates 

frequency and power sharing, while the proposed CA-based adaptation mechanism continuously adjusts the 

droop coefficient to improve overall system performance. However, two factors are taken into consideration: 

• It is decided that the cut-off frequency of the LPF will be one decade lower than the frequency of the 

microgrid. This will ensure a considerable reduction in the incidence of voltage harmonics. 

• When selecting the PI gains, it is important to do so in a manner that can guarantee a rapid transient 

response from the PLL. Because the PLL can only function when the DG is detached from the load, no 

disturbances occur due to rapid fluctuations in its phase increment. 

 

 
Figure 2. Typical PLL block diagram 

 

4. CLASSICAL DROOP CONTROL METHOD 

The main goals of the droop control method are the control of power sharing and the stabilization of 

voltage amplitude and frequency. The droop method is a popular method for primary control. Droop control is 

based on the behavior of synchronous generators in large power systems, where the frequency of the generator 

output decreases with an increase in load and vice versa. In a microgrid context, “droop” is the change of the 

DG output power according to the microgrid frequency or voltage. The active and reactive instantaneous 

powers are defined in the droop control loop as [52]: 

 𝑝 =
3

2
(𝑣𝑜𝛼𝑖𝑜𝛼 + 𝑣𝑜𝛽𝑖𝑜𝛽) (4) 

 
𝑞 =

3

2
(𝑣𝑜𝛼𝑖𝑜𝛽 − 𝑣𝑜𝛽𝑖𝑜𝛼) (5) 

Where 𝑣𝑜𝛼 , 𝑣𝑜𝛽, 𝑖𝑜𝛼 , and 𝑖𝑜𝛽 are the DG’s voltage and current outputs in α and β coordinates. The active 

and reactive powers pass through a low-pass filter (LPF); thus, 𝑃 and 𝑄 can be evaluated from (6) and (7), 

where 𝜔𝑐 is the cutoff frequency of the LPF. 

 𝑃 =
𝑠

𝑠 + 𝜔𝑐

𝑝 (6) 

 𝑄 =
𝑠

𝑠 + 𝜔𝑐

𝑞 (7) 

The reference frequency 𝜔∗ and amplitude voltage 𝑉∗ are calculated from the frequency droop coefficient 

(𝑚𝑝) and the voltage droop coefficient (𝑛𝑞) as [53]: 

 𝜔∗ = 𝜔𝑛 − 𝑚𝑝𝑃 (8) 

 𝑉∗ = 𝑣𝑛 − 𝑛𝑞 𝑄 (9) 

where 𝜔𝑛 and 𝑣𝑛  are the microgrid's nominal angular frequency and nominal voltage amplitude, respectively. 

Choosing the droop control parameters 𝑚𝑝 and 𝑛𝑞 in a microgrid depends on various factors, including the 

system dynamics and control objectives. 
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5. PROPOSED DROOP CONTROL METHOD 

Because the active-power droop coefficient is mainly responsible for frequency regulation and sharing 

active power, the frequency deviation was chosen as the target for optimization. The voltage is kept at the right 

level by the inner voltage-control loop and the reactive-power droop controller. This section introduces the 

proposed primary control layer, a key contribution of this paper. This section has been divided into two 

sections: the first focuses on the CA principle, and the second addresses the adjustment flow chart for the droop 

gain 𝑚𝑝. 

 

5.1. Camel Algorithm Description  

The CA is a nature-inspired optimization technique based on the behavior of camels traveling through 

deserts. In CA, the candidate solutions are camels looking for the best food source, while temperature, 

endurance, and visibility are used to balance exploration and exploitation. Besides, CA is used to adaptively 

tune the active-power droop coefficient (𝑚𝑝) so that the frequency deviation of the islanded microgrid is 

minimized. The original mathematical formulation of CA, which is from [54], is adopted and changed here for 

the online droop-gain adjustment. 

      At the beginning of the caravan travel, we suppose that there are Nc camels spread out through the desert, 

looking randomly for the food supply as given below: 

 𝑥𝑑
𝑖,𝑖𝑡𝑒𝑟 = (𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛)𝑅𝑎𝑛𝑑 + 𝑥𝑚𝑖𝑛 (10) 

where 𝑥𝑚𝑖𝑛 is the camel location's minimal limit, 𝑥𝑚𝑎𝑥is its maximum limit, d is the environment dimension, 

where 𝑑 =  1, 2, . . . , 𝐷, and Rand designates a random number uniformly distributed between 0 and 1. The 

location of the camel 𝑖 position at iteration (𝑖𝑡𝑒𝑟) through the food searching area is represented by the vector 

 𝑥𝑖,𝑖𝑡𝑒𝑟 = [𝑥1
𝑖,𝑖𝑡𝑒𝑟  𝑥2

𝑖,𝑖𝑡𝑒𝑟  𝑥3
𝑖,𝑖𝑡𝑒𝑟 … … 𝑥𝐷

𝑖,𝑖𝑡𝑒𝑟]. The temperature T of camel 𝑖 at the iteration iter is fluctuating 

between a minimum amount of temperature 𝑇𝑚𝑖𝑛 and a maximum amount of temperature 𝑇𝑚𝑎𝑥  as follows: 

 𝑇𝑑
𝑖,𝑖𝑡𝑒𝑟 = (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)𝑅𝑎𝑛𝑑 + 𝑇𝑚𝑖𝑛 (11) 

The camel endurance 𝐸𝑑
𝑖,𝑖𝑡𝑒𝑟

 is affected by temperature changes as given below: 

 𝐸𝑑
𝑖,𝑖𝑡𝑒𝑟 = 1 −

(𝑇𝑑
𝑖,𝑖𝑡𝑒𝑟 − 𝑇𝑚𝑖𝑛)

(𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)
 (12) 

Some camels may be unable to see the dunes, making it difficult for them to adjust their path to the grassed 

spot that a particular camel has discovered. As a result, there are two ways to update each camel's position. The 

update function is provided when the camel visibility v exceeds a particular visibility threshold (𝑣𝑡ℎ): 

 𝑥𝑑
𝑖,𝑖𝑡𝑒𝑟 = 𝑥𝑑

𝑖,𝑖𝑡𝑒𝑟−1 + 𝐸𝑑
𝑖,𝑖𝑡𝑒𝑟(𝑥𝑑

𝑏𝑒𝑠𝑡 − 𝑥𝑑
𝑖,𝑖𝑡𝑒𝑟−1) (13) 

where, according to a particular fitness function, 𝑥𝑑
𝑏𝑒𝑠𝑡 denotes the optimal location for all previous iterations 

(global best). 𝑥𝑑
𝑏𝑒𝑠𝑡 represents the matrix of the PI controller parameters as follows: 

 𝑥𝑑
𝑏𝑒𝑠𝑡 = [

𝑘𝑝

𝑘𝑖
] (14) 

The frequency error’s absolute value serves as the fitness cost function, 

 𝑓(𝑥) = |𝑤𝑛 − 𝑤| (15) 

In this research, the algorithm was modified to depend on the error value and the sampling time (𝑇𝑠), rather 

than the number of iterations, thus enabling online optimization at each 𝑇𝑠.  

The waiting period of (𝑇𝑠) is introduced to avoid excessive droop-gain updates at every simulation step 

and to allow the measured frequency error to reflect the effect of the previous control action. This small delay 

smooths the adaptive process without noticeably reducing the control bandwidth. The proposed algorithm 

performs as shown in Figure 3. The number of camels has been set to 20, D is 2, the visibility is 0.5, and 𝑒𝑚𝑎𝑥 

equals 0.2 rad/sec to provide a wide range for varying the 𝑚𝑝  value from 10~150 µrad/(W·s). It is worth 

mentioned, that the visibility is a random variable between 0 and 1 which is used for repeating the optimization 

process to get a better optimization variable: 
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Figure 3. Flowchart of the Proposed CA 

 

Despite the use of 20 camels, the online optimization problem remains one-dimensional since only the 

active-power droop coefficient (𝑚𝑝) is being optimized by tuning the PI controller parameters (𝐾𝑝, 𝐾𝑖) In 

another words, the PI controller’s input is the frequency error, while the output is the droop coefficient. Thus, 

the computational effort is quite low as compared with that of multi-variable optimization problems. That is 
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why the proposed approach can be easily run on standard DSPs or industrial microcontrollers. In an actual 

scenario, the adaptive layer could even run at a slower sampling rate of the supervisory level than the inner 

voltage and current loops. 

Contrary to the original offline CA, the new approach can be considered an online adaptive tuner. 

Therefore, convergence is not considered a finite-iteration optimization problem but rather a continuous time 

minimization of the frequency deviation. The droop coefficient is limited by the specified lower and upper 

bounds, which stops unstable parameter updates. As the frequency error reduces, the adaptive changes in (𝑚𝑝) 

are smaller, enabling the controller to stay around the value of the operation that results in the least frequency 

deviation. The Proposed algorithm training pseudocode is summarized as follows: 

 

Algorithm 1. Pseudocode of the CA strategy  

1: Initialization: Set the parameters: Number of camels Nc, 𝑇𝑚𝑎𝑥 , 𝑇𝑚𝑖𝑛, D, 𝑣𝑡ℎ, and  𝑇𝑠. 

2: Initialize the location of each camel from Eq. (10). 

3: Initial Evaluation: Subject the camel positions to measure the corresponding costs 𝑓(𝑥) for each camel 

from Eq. (15). Determine the current best position that has the minimum cost. Randomly generate a 

velocity (v) for the next step. 

4: While (𝑓(𝑥)>𝑒𝑚𝑎𝑥): 

If v < 𝑣𝑡ℎ then 

for 𝑖 = 1:Nc 

Compute the temperature T from Eq. (11) 

Compute the endurance E from Eq. (12) 

Update the camel positions from Eq. (13) 

End for 

Else 

for 𝑖 = 1: Nc 

Update the camel positions from Eq. (13) 

End for 

End If 

Subject the new positions to measure the corresponding costs 𝑓(𝑥) from Eq. (15) 

Determine the position that has the minimum cost as the best position 

Randomly generate a new velocity (v) for the next step 

Wait for a duration of 5 𝑇𝑠 

End While 

5: Output: The current position is the Global Value (𝐾𝑝, 𝐾𝑖) 

 

6. RESULTS AND DISCUSSION 

This section presents the simulation results that validate the effectiveness of the proposed control strategy. 

The system consists of three DGs, line impedances, and a main load. The following subsections present the 

detailed simulation setup, the tests conducted, and a discussion of the results. 

 

6.1. Simulation of the Proposed MG 

The studied MG system for this simulation is shown in Figure 4. The used MG consists of three DGs, 

each equipped with a grid-forming converter programmed as a controller. Each converter includes a three-

phase IGBT full-bridge power inverter and an LC filter. The impedances 𝑍1, 𝑍2, 𝑍3, 𝑍𝐿1, and 𝑍𝐿2 represent the 

impedances of the microgrid element of the transformers and transmission lines. The results are based on a 

discrete time-domain simulation with a sampling time of 𝑇𝑆 = 10−6 seconds.  MATLAB/SIMULINK 2023a 

is used to execute the control strategies under the study. The parameters of the studied MG are presented in 

Table 1. The tested load is a balanced three-phase, using a constant power load with active power fluctuating 

between 5 kW and 10 kW. 

Two simulation results were conducted to validate the proposed control approach. In the first test, constant 

droop gains are used. The results of this test are analyzed to compare a constant-𝑚𝑝 system against the proposed 

adaptive-𝑚𝑝 controller. Each test followed the same procedures with different 𝑚𝑝 gains: DG1 was soft-started 

at 𝑡=0 s, followed by the closing of switch 𝑆1 to connect DG1 of the PCC. At 𝑡 = 2 s, DG2 was soft-started and 

connected via a switch 𝑆2 as shown in Figure 4. Finally, DG3 was connected at 𝑡 = 4 s, completing the load-

sharing process. Each DG connection (at 𝑡 = 0 s, 𝑡 = 2 s, and 𝑡 = 4 s) is considered. All DGs were 

programmed using the control parameters listed in Table 2. 
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Figure 4. Proposed microgrid topology 

 
Table 1. Specifications of the proposed microgrid  

Parameter Symbol Value Units 

Microgrid nominal power S 5 KVA 

Inverter output inductors L 6 mH 
Inverter output capacitors C 12 μF 

DG1 Line impedance 𝑍1 0.065+0.063j Ω 

DG2 Line impedance 2 𝑍2 0.08+0.05j Ω 

DG3 Line impedance 3 𝑍3 0.13+0.054j Ω 

Bus Line impedance between DG1 and DG2 𝑍𝐿1 0.067+0.0075j Ω 

Bus Line impedance between DG2 and DG3 𝑍𝐿2 0.078+0.0075j Ω 

Main Load Load 5~10 Kw 

 
Table 2. Proposed control parameters 

Parameter Symbol Value Units 

Microgrid nominal angular frequency 𝜔𝑛 100π Rad/Sec. 

Microgrid nominal Voltage V 
𝑠𝑞𝑟𝑡(2)
∗ 230 

V 

Power control loop cut off frequency 𝜔𝑐 2π Rad/Sec. 

Sampling time 𝑇𝑆 10−6 Sec. 

Current loop proportional factor 𝑘𝑝𝑖 12 V/A 

Voltage loop proportional factor 𝑘𝑝𝑣 0.1 A/V 

 

6.1 Testing Under Classical Method  

To validate the proposed control strategy, the analysis and discussions of the trade-off between droop 

gain and system performance were conducted. In the first simulation, a constant 𝑚𝑝 droop gain of 200 

µrad/(W·s) was employed. As illustrated in Figure 5, this configuration enables fast and precise power sharing 

with a maximum frequency deviation of 0.23 Hz. As will be shown in the next subsection, the proposed control 

strategy significantly reduces this error. In Figure 6, the droop gain was decreased to 50 µrad/(W·s), while this 

results in a lower maximum frequency error of 0.12 Hz, the slower response time compromises the power-

sharing process, leading to an accumulated error. This outcome constant-𝑚𝑝e is undesirable and contradicts 

the anticipated behavior of the control strategy. The proposed control strategy aims to significantly reduce the 

maximum frequency error observed in the previous tests. 

These tests illustrate that while choosing a large value 𝑚𝑝 results in fast response time and precise power 

sharing, it causes greater frequency deviations. On the other hand, a small value 𝑚𝑝 causes a slow response 

time at the expense of fewer frequency deviations. By dynamically adjusting the droop gain, the control system 

can achieve more balanced power sharing among the DGs while maintaining a lower frequency deviation. This 

approach leverages the trade-off between fast response and accurate power sharing, allowing the system to 

adapt to changing conditions and ensure stable operation. The suggested controller was able to deliver stable 

results when subjected to various scenarios of DG connection and load sharing conditions. Every time the 

adaptive droop method worked out a way to strike a compromise between rapid transient response and precise 

frequency regulation. 
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Figure 5. Frequency (top) and Active power (bottom) responses at 𝑚𝑝=200 µrad/(W·s) 

 

 
Figure 6. Frequency (top) and Active power (bottom) responses at 𝑚𝑝=50 µrad/(W·s) 

 

6.2 Testing with Proposed Control Strategy  

Figure 7 illustrates the active power and frequency responses for a test using the proposed control strategy. 

The minimum and maximum values of the dynamic droop gain (𝑚𝑝,𝑚𝑖𝑛  = 50 µrad/(W·s) and 𝑚𝑝.𝑚𝑎𝑥= 200 

µrad/(W·s)) were selected based on the test results from the previous subsection with the constant droop gain. 

The results demonstrate accurate frequency recovery and a significant reduction in the maximum frequency 

deviation reaches to 0.05 Hz after less than 1 second. Notably, the system's response speed is sufficient to 

achieve precise power sharing during multi-event scenarios. By leveraging the trade-off between fast response 

and accurate power sharing, the proposed control strategy effectively minimizes the maximum frequency error. 

Note that, when the active power rate changes rapidly at 𝑡 = 0, 𝑡 = 2, and 𝑡 = 4, the event is detected and, 

hence, the proposed controller adjusts 𝑚𝑝 towards its maximum to increase the power-sharing step response 

of the system. When the active power rate decreases toward zero, the controller reduces 𝑚𝑝 toward its 

minimum to restore the frequency. It can be seen that by dynamically adapting the droop gain, the proposed 

controller achieves a fast response with minimal steady-state error. As illustrated in Figure 7(D), the 𝑚𝑝 value 

is determined after the CA adjusts the parameters of the adaptive PI controller to generate the optimal control 

value.  

The proposed Camel Algorithm-based adaptive strategy shows 60 ms (0.22 s vs 0.28 s) improvement in 

settling time over the fixed low-𝑚𝑝 setting (𝑚𝑝= 50). Although the improvement is small, it is of paramount 

practical significance for inverter-dominated autonomous microgrids. The lack of physical inertia inherent in 
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such topologies results in a very high rate of change of frequency (ROCOF) during the first few milliseconds 

of a disturbance. Thus, the time period of transient electrical stress on the power electronic switches and energy 

storage systems is effectively reduced by about 21% in terms of frequency settling time. Most importantly, this 

rapid restoration prevents nuisance tripping of very sensitive under-frequency protection relays (UF) which 

normally operate on strict millisecond thresholds, thus avoiding unnecessary load shedding or possible 

cascading blackouts. 

The adaptive behavior of the proposed controller can be seen for each DG connection event. When a 

sudden active-power mismatch occurs, the frequency deviation increases, and the CA reacts by increasing the 

droop coefficient toward its maximum limit. This action expedites the power reallocation among the DGs and 

diminishes the settling time. As the system approaches steady-state operation and the frequency deviation 

decreases, the droop coefficient gradually approaches its lower bound, so the frequency restoration accuracy is 

improved. Therefore, the adaptive mechanism always balances the transient performance and steady-state 

regulation as a function of the instantaneous operating condition of the microgrid. 

 

 

 
Figure 7. Frequency response (A), Active power response (B), Active power change rate (C), and the 𝑚𝑝 

response(D) with the proposed controller 

 

6.2. Comparative Performance Analysis 

The performance of the proposed adaptive control scheme is critically assessed against two static (fixed) 

configurations of the primary droop coefficient (𝑚𝑝): a high-inertia setting (𝑚𝑝  = 50 µrad/(W·s)) and a low-

inertia setting (𝑚𝑝  = 200 µrad/(W·s)). This comparison is designed to empirically validate the necessity of the 

adaptive approach by demonstrating the fundamental trade-off limitations of static droop control. The results 

clearly demonstrate the limitations of fixed-droop operation effectiveness. Increasing the droop coefficient 

helps to share power better, but at the same time, it causes bigger frequency deviations, while decreasing the 

droop coefficient has the opposite effect on frequency deviation but results in worse transient performance. 

The CA-based adaptive controller presented in this paper changes the droop coefficient nonlinear in line with 

system operating conditions and successfully achieves a balance between these opposing objectives. Table 3 

demonstrates that the proposed controller can provide the least frequency deviation but still retain a fast 

dynamic response across all operating events. Quantitative results in Table 3 clearly show that the CA-based 

adaptive controller performed very well. Certainly, these findings support the idea that the controller corrects 
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the inherent trade-off between the speed of the transient response and steady-state frequency regulation, which 

is a feature of conventional droop control. 

 
Table 3. The Comparison between the Proposed Control and the Traditional Control 

At 𝒎𝒑=200 µrad/(W·s) 

Time period 

(sec.) 

Frequency response settling time 

(Sec.) 

Power response settling time 

(Sec.) 
Frequency range (Hz) 

0-2 0.41 0.67 49.73-49.85 

2-4 0.22 0.21 49.85-49.92 

4-6 0.15 0.25 49.92 ~49.95 

At 𝒎𝒑=50 µrad/(W·s) 

0-2 0.28 0.74 49.78-49.95 

2-4 0.13 1.25 49.95-49.98 
4-6 0.12 0.95 49.98-49.99 

At Dynamic 𝒎𝒑(from the Proposed Control) 

Time period 

(sec.) 

Frequency response settling time 

(Sec.) 

Power response settling time 

(Sec.) 

Frequency range 

(Hz) 

0-2 0.22 0.68 49.95-50 
2-4 0.18 0.3 49.95-50 

4-6 0.15 0.4 49.95-50 

 

6.2.1. Trade-Off of Fixed Droop Control 

Table 3 confirms the inherent conflict in selecting a fixed 𝑚𝑝 value: 

• -Low-inertia 𝒎𝒑  (200 µrad/ (W·s)) - Focus on Steady-State: 

Steady-state performance: this value is effective at minimizing the frequency deviation, keeping the 

frequency within the tighter range of 49.73hz to 49.95 hz over the 0-2s period compared to the low 𝑚𝑝 

setting. 

Trans penalty: pursuing lower steady-state error (tighter range) comes at a high cost to the dynamic 

response. The high stiffness causes poor damping, resulting in oscillations and slower power response 

settling times (0.67s, 0-2s period). This configuration is unsuitable for systems requiring fast transient 

recovery. 

• High inertia 𝒎𝒑  (50 µrad/ (W·s)) - Focus on Transient Stability: 

Transient Benefit: The low droop gain provides better damping and faster frequency settling times (0.28s, 

0-2s period), indicating superior transient stability immediately following a load disturbance. 

Steady-State Penalty: This is achieved at the expense of a severely widened frequency band. The 

frequency operates within a broader, less stable range (e.g., 49.78 Hz to 49.95 Hz) during 0-2s and, 

critically, fails to achieve frequency restoration as effectively as the high 𝑚𝑝 setting. This configuration 

is prone to cumulative frequency drift. 

The analysis clearly establishes that no single static 𝒎𝒑 value can simultaneously satisfy both the transient 

stability requirement (fast, low-oscillation response) and the minimum steady-state frequency deviation 

requirement. This limitation mandates the development of an adaptive mechanism. 

 

6.2.2. Superiority of the proposed dynamic control 

The third configuration, which uses the Dynamic 𝑚𝑝 tuned adaptively by the Camel Algorithm (CA), is 

designed to navigate this trade-off by adjusting the droop coefficient in real time based on the system state. 

• Optimized Transient Response: The Dynamic 𝒎𝒑 approach achieves the best possible frequency settling 

time (0.22s, 0-2s period) among all three configurations. Crucially, it maintains this speed while keeping 

the frequency within the tightest range (49.95 Hz to 50 Hz), demonstrating superior damping and minimal 

transient overshoot. 

• Minimized Frequency Deviation: Unlike the two static settings, the Dynamic 𝒎𝒑 consistently forces the 

frequency into the narrowest, most stable band (49.95 Hz to 50 Hz) across all load conditions. This 

significant reduction in frequency deviation relative to the static cases (𝒎𝒑=50 and 𝒎𝒑=200) confirms 

the effectiveness of the CA in finding near-optimal parameter adjustments that stabilize the system near 

its nominal value. 

• Enhanced Power Response: The power response settling time for the Dynamic 𝒎𝒑 is consistently faster 

or comparable to the best static performance, particularly for the critical load changes (0.3s at 2-4s, and 

0.4s at 4-6s). This validates that the adaptive mechanism enhances frequency stability without 

compromising the accuracy or speed of active power sharing. 
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In summary, when compared to previous classical droop-control methods, the CA-based controller 

offered here features a straightforward online optimization scheme with very minimal computational effort. 

Whereas conventional fixed-gain strategies remain unchanged throughout operation, the approach modifies the 

droop coefficient progressively based on the microgrid operating condition. The results achieved show 

enhanced frequency regulation and active power-sharing abilities along with keeping the implementation 

structure simple. 

 

7. CONCLUSIONS 

The present study presents a new control scheme that will bring about an enhancement in frequency 

regulation and a decrease in the time of the transient phase corresponding to the sharing of active power. 

However, the CA-based adaptive controller presented here is the one that outperformed all other techniques 

because it changed the droop coefficient in an online manner. This controller reduced the time required for 

frequency stabilization to approximately 0.22 seconds. Additionally, during all the operating events, the 

microgrid frequency was kept within a very small range of 49.95 and 50 Hz. Also, the reaction of sharing 

electrical power was kept active with settling times of between 0.30 s and 0.40 s during the next DG 

connections, which are a positive demonstration of the ability to strike a balance between transient performance 

and steady-state accuracy. The results obtained clearly indicate that the proposed adaptive droop-control 

method is a very efficient technique computationally for the primary control of the islanded microgrids since, 

online, only a single parameter of control is being optimized. Thus, the proposed controller enhances frequency 

stability and power-sharing accuracy without the increase of control complexity. However, it is important to 

note that our study relies solely on simulation and employs a centralized communication architecture. Hence, 

future work will be dedicated to implement experiments, real-time hardware validation, communication-delay 

analysis, comparison with other adaptive optimization algorithms, and the extension of the adaptive tuning 

concept to reactive-power droop control. 

 

ABBREVIATIONS 

The following abbreviations are used in this manuscript. 

 
Microgrid : MG 

DER : Distributed Energy Sources 

RER : Renewable Energy Sources 

DG : Distributed Generators 

CA : Camel Algorithm 

PLL : Phase Locked Loop 

PI : Proportional and Integral 
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