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In this paper, an intelligent brain emotional learning-based intelligent controller (BELBIC) 
technique is presented for the secondary frequency control of microgrid. The effects of 
renewable energy sources and load changes, power fluctuations and dynamic disturbances 
along with uncertainty affecting the microgrid frequency are all considered in the studied 
islanded microgrid. In the intelligent method for tuning and stabilizing the microgrid 
frequency, the learning of BELBIC technique is based on emotional factors and is able to 
adjust the microgrid frequency by including nonlinear terms and overcoming the effects of 
model uncertainty, disturbances, environmental changes and low inertia due to renewable 
energy sources. The behavior of the system against various changes and disturbances is 
investigated and compared with the optimal PID control methods. The advantages of the 
proposed method include low overshoot / undershoot, short settling time and minimization 
of frequency deviation. According to the simulation results obtained in different scenarios, 
the proposed control method shows good performance for network frequency stabilization. 
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1. INTRODUCTION

The issue of energy and how to supply it is one of the most
important issues for researchers and one of the most important 
branches is related to power systems and electrical networks 
[1-4]. In recent years, the use of microgrids has been 
developing rapidly, especially in rural and inaccessible areas 
[5-7]. The concept of microgrid was first proposed by the 
Consortium for Electric Reliability Technology Solutions 
(CERTS) in 1998 [8-9]. The purpose of introducing this 
concept in power generation systems was to increase 
reliability, flexibility, speed and ease in upgrading and 
updating, improving the economic and environmental 
indicators common in power generation systems and to 
increase efficiency. Microgrids are used in two modes: 
islanded mode or network-connected mode [10]. Of course, in 
some cases, the combined mode, i.e. switching between 
islanded mode and network-connected mode, has also been 
used. Due to their economic viability and less environmental 
damage, more islanded microgrids are used in recent years, 
especially in rural and remote areas [11-12]. Figure (1) shows 
the microgrid schematic. 

Due to the need for ancillary sources (such as wind or solar 
energy) to compensate the load fluctuations and production in 
the islanded mode, and mention that the regulation of 
frequency and voltage of the microgrid in the state connected 
to the network is supported by the main network, islanded 
microgrids are much more difficult to control than networked 
ones [13]. 

Low inertia, uncertainty and dynamic complexities are very 
important challenges of microgrids due to the presence of 
renewable resources in microgrids along with the nonlinear 
structure and alternating nature of DER. Also, energy storage 
is very important in microgrids due to the low inertia of the 

resources, i.e. the slow response time. Of course, the need for 
storage resources to improve the performance and reliability 
of the system in the event of an emergency such as load 
breakdowns or power outages is very important. Economic 
and environmental constraints have the greatest impact on the 
choice of distributed resources for an islanded microgrid 
system. Of course, it is necessary to state that the power 
generated by the distributed sources depends on the weather 
conditions, so they cannot be used in secondary frequency 
control. 

If there is no match between load and generation, the 
voltage and frequency of the microgrid will be different from 
the nominal value, and this deviation can even lead to the 
shutdown of the microgrid. One of the most important study 
challenges in microgrids is finding a way to prevent the 
frequency deviation of microgrids in the islanded mode [14-
16]. Diesel turbines and diesel engine generators, which 
typically supply electricity to compensate for demand 
shortages, have a low impact factor on the load which can lead 
to system shutdowns and intensify system low inertia and 
consequent large fluctuations [17]. However, there is still a 
slow response time and a lack of microgrid control against 
sudden changes in load and power [13]. In microgrids, similar 
to conventional power grids, there is a hierarchical approach. 
The three main control levels are regional or primary control, 
secondary control and general control [18-20]. When 
oscillation occurs during power generation and consumption 
in the microgrid system, the controller must return the 
frequency to the nominal value. The reference to the nominal 
value of the frequency is made in the secondary controller. The 
secondary control must ensure the compatibility of the optimal 
microgrid request with the set points of the microgrid and 
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adjust the voltage and load frequency deviations to zero, after 
changing the load or generation [21]. 

Two centralized and decentralized structures are introduced 
for secondary control in [22-23], the centralized design is 
based on the microgrid central controller and the decentralized 
design is with the possibility of interaction of different units 
within the microgrid. The centralized structure is usually more 
suitable for the islanded microgrid used in this paper, and the 
decentralized structure is used for the network-connected 
microgrid. As mentioned, an independent microgrid can 
consist of renewable energy sources to compensate a strong 
shock to the microgrid power because of irregular wind speed 
(when using wind energy source) and deflection of solar 
radiation (when using solar energy). On the other hand, it was 
stated that the diesel engine generator, due to its small capacity, 
reduces the inertia of the system and will lead to large and 
severe fluctuations in the system [24]. Serious concerns 
regarding to the observation of frequency deviations and 
voltage fluctuations in the microgrid system have been 
investigated in [25-26]. 

The dependence of renewable sources on nature and the lack 
of support for the diesel generator to respond to the demand 
for microgrid power to sudden changes due to longer time 
response, has led to the use of battery energy storage system 
for rapid system balance. We need a controller to ensure the 
adjustment of the microgrid frequency deviation for any 
change in source or load and the optimal compatibility 
between the need and the set points of the microgrid [27]. 

Due to these advantages, in addition to advanced 
measurement in the distribution system, advanced 
communication technologies, modern control strategies, the 
conventional structure of the distribution system to the multi-
network system have been improved over the past decades 
[28]. 

According to what has been said so far, in order to reduce 
fluctuations and to have sufficient confidence in the optimal 
dynamic performance of the islanded microgrid system in the 
presence of parametric uncertainty and irregular power 
supplies RES, we have to use a load frequency controller. 
These facts indicate that for the stable operation of the 
microgrid system, we must use an efficient and appropriate 
load frequency control method. Different control methods, 
including meta-innovative or traditional intelligent controllers, 
have been introduced to adjust the microgrid frequency 
according to the nominal frequency of the system. 
Metaphorical techniques fall into three general categories, 
including evolutionary algorithms, swarm intelligence 
algorithms (SI), and physics-based algorithms [29]. 

In evolutionary algorithms, the search for the optimal 
solution is based on evolutionary principles found in nature. 
Differential evolution, genetic programming, evolutionary 
programming and bio-based optimization can be mentioned as 
some examples of evolutionary algorithms. Physics-based 
algorithms are written based on the laws of physics. 
Algorithms such as galaxy based search, gravitational search 
algorithm, black hole algorithm, big-bang big-crunch 
algorithm and Ray optimization algorithm are among this 
section. Others use meta-innovative methods based on 
crowded intelligence techniques, including the social behavior 
of groups and herds. Methods such as particle swarm 
optimization (PSO), gray wolf algorithm (GWO), firefly 
algorithm, Bat algorithm, Krill Flock algorithm, and cuckoo 

search algorithm are some of the most popular SI-based 
algorithms. PSO is perhaps the most popular method [30]. 

Accordingly, some aspects of secondary control in 
microgrids are discussed in [31-34]. A report on intelligent and 
classical frequency control methods is presented in the 
following articles. Authors in [35] used the H-Infinity 
controller to minimize fluctuations. The meta-heuristic 
optimization algorithms are introduced in [31-32] to adjust the 
frequency deviations such as Hopfield fuzzy-neural method 
and particle swarm optimization combination. To regulate PID 
gains, techniques based on aggressive intelligence are 
introduced in [36]. In [37-39] the technique is based on PI 
controller and in [40] controller is based on Ziegler-Nichols. 
In [41-42] to determine the PID parameters to control the 
frequency in the presence of uncertain parameters, the 
combination of H2 / H-infinity and PSO combined with H2/H-
infinity have been used. In [43], gray wolf optimization has 
been used to control the automatic production of the 
interconnected power system range. Authors in [44-45] have 
been used genetic algorithm and biogeographical optimization, 
respectively. [46] proposed load frequency control based on 
the internal model. In [47] a multiple system including wind 
turbine generator and diesel engine generator and fuel cell and 
eco-electrolysis, which uses hydrogen produced by eco-
electrolysis as fuel cell input, with PI controller are trying to 
stabilize the frequency. 

With all the controllers designed and introduced, the 
research continues into a newer controller that performs better. 
In this article, we use the BELBIC method to address the 
challenges. This method is a kind of situation-based learning 
that is expressed in simple language. A type of conditional 
learning that is regulated by external emotional stimuli such as 
rewards and punishments received from various real-life 
situations. Because these external emotional stimuli can 
provoke and create different internal emotional states such as 
joy, sadness and fear, which affect our future decisions. 
Although traditional and classical controllers have been used 
extensively throughout the history of control science due to 
their easier construction and adjustment of workstations in 
industrial control systems, but their characteristics are always 
degraded due to changes in device parameters and set points. 
Therefore, in recent decades, to solve the problems of these 
controllers, we have seen their development by combining 
them with different adaptive control schemes [48-49]. 
Advances in soft computing techniques have been the main 
reason for designing intelligent control techniques such as 
neural networks, fuzzy logic or genetic algorithms, etc., which 
have been successfully implemented in various applications 
[50-52]. In this regard, the use of human emotional behavior 
was modeled in [53-54] and proposed in BELBIC method [55] 
and modifications were made on it [56]. 

The proposed BELBIC control method for microgrid 
frequency regulation is an intelligent learning-based technique 
and is able to handle the following challenges simultaneously. 
1- Nonlinear dynamics of islanded microgrid in the presence
of different elements; 2- Low inertia due to energy sources; 3-
Distributed generation due to renewable and non-renewable
sources; 4- Model parametric uncertainty; 5- Generation
changes due to environmental changes; 6- Load changes due
to consumer behavior; 7- Other Disturbances in the microgrid
system. Taking into account the above, the proposed BELBIC
method is able to quickly adjust the microgrid frequency and
eliminate its deviations which ultimately offers better



Brain Emotional Learning-Based Intelligent Controller for Frequency Regulation of Uncertain Islanded..../ J. New Mat. Electrochem. Systems 

148 

performance than other compared methods in terms of 
fluctuations, settling time, overshoot or undershoot and other 
characteristics.    

The rest of this article is organized as follows: After 
introducing some of the abbreviations used in this study in the 
following, the modeling of microgrid is presented in the 
second part and in the third part, the BELBIC control method 
is described. The fourth part presents the simulation results of 
the proposed model in three different scenarios and in the fifth 
part, the conclusion and the path of future studies are presented. 

MG: microgrid; RES: Renewable energy sources; KE: Gain 
of DEG; BESS: Battery Energy Storage System; KBES: Gain of 
BESS; LFC: Load Frequency Control; TWTG: Time constant of 
WTG; DG: Distributed Generation; KWTG: Gain of WTG; SPV: 
Solar Photovoltaic; A: Swept area; DEG: Diesel Engine 
Generator; BELBIC: brain emotional learning-based 
intelligent controller; PSO: particle swarm optimization; TBES: 
Time constant of BESS; ACE: Area Control Error; TE: Time 
constant of DEG; FC: Fuel Cell; β: blade pitch angle; WTG: 
Wind Turbine Generator; CP: Performance coefficient; ΔF1: 
Frequency deviation in microgrid-1; ΔPWT: Change in output 
wind power; ρ: air density factor; λ: tip speed ratio; Vrated: 
nominal wind speed; Δψ: Change in solar radiation; R1: Speed 
regulation constant of microgrid-1; VW: wind speed; R2: Speed 
regulation constant of microgrid-2.;  ΔPC: Control signal to 
governor; Psize: Population size; PID controller: Proportional-
Integral-Derivative controller; ΔPL: Change in Load; T12: 
Synchronizing coefficient between microgrid-1 and 
microgrid-2; iter: Current iteration; GWO: Grey wolf 
optimization; itermax: Maximum iterations; Kp

max: upper 
bound of proportional gain ; Kp

min: lower bound of 
proportional gain; Ki

max: upper bound of integral gain; Ki
mix: 

lower bound of integral gain ; Kd
max: upper bound of derivative 

gain; Kd
min: lower bound of derivative gain; ΔPTie–line: 

incremental change in tie line power exchange between 
microgrid-1 and microgrid-2; ΔPDG: Change in DEG output 
power; ΔPBES: Change in BESS power; T1: Governor Time 
constant; ΔPPV: Change in Solar power; T2: Transportation 
delay time constant; Prated: Rated wind power output; D: Load 
damping constant; PWT: Power from wind Turbine; H: Inertia 
Constant 

2. MODELING Of MICROGRID SYSTEM

The book size should be in A4 (8.27 inches × 11.69 inches).
Do not change the current page settings when you use the 
template.   

In this paper, a system is investigated which forms a 
centralized islanded microgrid system and connects small 
loads through feeders to distributed micronutrients such as 
micro turbines, DEG, BESS, WTG and PV. 

A simple structure of the microgrid is shown in Figure (1). 
Figure (2) also shows an islanded microgrid block diagram. In 
the studied microgrid system, the load demand is normally 
supplied by RES and the system consists of a DEG, WTG, 
solar photovoltaic and BESS. Due to the intermittent nature of 
RES resources, there is a possibility of not being able to meet 
the load demand, and a diesel generator has been used as a load 
demand balancer to enhance the reliability of the system. The 
BESS system is also used for short-time support to ensure the 
dynamic stability of the system. Excess RES power is used to 
charge the battery. Another important point is the possibility 
of expanding the sub-network system in case of increasing 

load demand. The controller output is connected to the diesel 
generator system and BESS, while reduce the frequency 
deviation, it also has a faster steady state response. 

Figure 1. Schematic view of Microgrid System 

Figure 2. Block diagram of islanded microgrid 

2.1 Diesel Engine Generator 

The block diagram of the first-order DEG transfer function 
is shown in Figure (3). The task of the DEG unit in an islanded 
microgrid, given the inevitable changes in solar and wind 
energy, is to maintain a balance between electricity demand 
and its generation through the control of the governor speed. 

Figure 3. Block diagram of diesel engine generator transfer 
function model 

2.2 Wind Turbine Model 
The wind turbine converts the kinetic energy of the wind 

into mechanical energy and this mechanical energy is 
transferred to the generator rotor. The generator shaft 
mechanism is used to convert the mechanical energy generated 
by the rotor into electrical energy. Equation (1) indicates the 
mechanical output of a wind turbine related to ratio of tip 
speed 𝜆, air density coefficient 𝜌, wind speed 𝑉, power factor 
𝐶௉, area in square meters 𝐴 and pitch angle 𝛽 [57]. 

𝑃ௐ் ൌ
1
2
𝜌𝐴𝐶௉ሺ𝜆,𝛽ሻ𝑉ௐ

ଷ (1) 

𝑃ௐ்
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⎩
⎪
⎨

⎪
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0,
0,

𝑃௥௔௧௘ௗ,

0.001312𝑉௪଺ െ 0.04603𝑉௪ହ ൅ 0.3314𝑉௪ସ

3.687𝑉௪ଷ െ 51.1𝑉௪ଶ ൅ 2.33𝑉௪ ൅ 366

𝑉௪ ൏ 𝑉௖௨௧ି௜௡
𝑉௪ ൐ 𝑉௖௨௧ି௢௨௧
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𝑒𝑙𝑠𝑒
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⎨
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11.061𝑉௪ଶ െ 102.2𝑣௪ ൅ 2.33ሿ.∆𝑉ௐ
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𝑉௪ ൐ 𝑉௖௨௧ି௢௨௧

𝑉௥௔௧௘ௗ ൑ 𝑉௪ ൑൑ 𝑉௖௨௧ି௢
𝑒𝑙𝑠𝑒

(3)
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Figure 4. First Order Transfer Function model of Wind 
Turbine. 

Equation (3) is used to evaluate the proposed systems for 
the small signal stability and the change rate of wind output 
power. The first-order transfer function block diagram of the 
WTG model is shown in Figure (4). 

2.3 Battery Energy Storage System 

In microgrid systems, the continuous development of 
energy storage systems balances the stochastic behavior of 
renewable energy sources and the required power in the 
microgrid and ensures uninterrupted and stable power for 
loads. Because with the increasing penetration of renewable 
energy sources, the stability and reliability of the microgrid 
will be affected because those energy sources are intermittent 
[5,6]. 

Energy storage systems play a special role in electric power 
systems. Due to the fact that renewable energies are not stable, 
and are always affected by natural factors, ESSs play a special 
role in solving the problem of variability of renewable energies 
and increasing the reliability of the power system.  

Some of the advantages of energy storage systems in 
microgrids are as follows: 

1- maintaining uninterrupted and stable power flow to loads
2- peak shaving/load leveling
3-support for black-start and decrease the risk of blackouts
4- The possibility of using mobile/remote energy

applications for remote areas or independent systems 
5-Reducing the need for new investments to have a suitable

transmission capacity 
6- Stabilization of voltage levels between an acceptable

range 
7- Improving power quality
8- Increasing reliability
9-Postponing the need to upgrade infrastructure
The inadequacy of a conventional frequency regulator such

as DEG to regulate the frequency of dynamic load changes due 
to high inertia has been investigated in [58]. As a result, there 
is a need for a device to adjust the frequency quickly and 
dynamically as BESS for taking into account sudden changes 
in load. In Figure (5), the first-order transfer function of BESS 
is modeled. BESS can operate in charge or discharge mode. 

Figure 5. BESS First Order Transfer Function model 

2.4 Solar Power 

In Figure (6), the first order transfer function of solar PV 
power is modeled in [58]. 

Figure 6. Solar Power First Order Transfer Function model 

3. BRAIN EMOTIONAL LEARNING BASED
INTELLIGENT CONTROLLER (BELBIC)

In the BELBIC method, the roots of learning include 
emotional factors such as emotions and anxiety. In this article, 
the roots of anxiety are hypothesized as stimuli. The purpose 
of the designed control system is to reduce the anxiety of the 
system caused by these stimuli. We know that the amygdala 
and the orbitofrontal cortex are responsible for the brain 
emotional learning (BEL). The inputs of the amygdaloid part 
are from the thalamus and the cortical areas, but in the orbital 
part, the inputs are only the cortical and amygdala areas. On 
the other hand, this part of the system receives an amplified 
signal (REW). Figure (7) presents a model of emotional 
learning in the amygdala nucleus and orbitofrontal cortex.  

Figure 7. Scheme of BELBIC structure [59] 

BELBIC has a number of input sensors with two different 
modes that can be selected by the designer. The different states 
of the sensors are described as (4): 

𝐴௜ ൌ 𝑠௜𝑣௜ 

𝑂௜ ൌ 𝑠௜𝑤௜ 
(4) 

Where 𝑠 is the input sensor, 𝑣 and 𝑤 are two different states 
that depend on the input of the sensor. Index 𝑖 specifies the 𝑖th 
sensor and its associated state. According to [60-61], Equation 
(5) can be updated by

∆𝑣௜ ൌ 𝛼𝑠௜𝑚𝑎𝑥 ቀ0, 𝑟𝑒𝑤 െ෍𝐴௜ቁ 

∆𝑤௜ ൌ 𝛽𝑠௜ ቆ𝑟𝑒𝑤 െ෍𝐴௜ െ෍𝑂௜ െ𝑚𝑎𝑥ሺ𝑠௜ሻቇ 
(5) 

In Equation (5), 𝛼 and 𝛽 are the training coefficients and 
𝑟𝑒𝑤 is the reward signal. Because the orbitofrontal nucleus 
performs the preventive action and the amygdala acts as a 
stimulus, this relationship represents a BELBIC signal. 

𝑢 ൌ෍𝐴௜ െ෍𝑂௜ (6) 

Because we intend to use the BELBIC continuous mode, the 
following equations are used to update the various BELBIC 
modes: 

𝑣పሶ ൌ 𝛼𝑠௜ሺ𝑟𝑒𝑤 െ 𝐴௜ሻ 

𝑤పሶ ൌ 𝛽𝑠௜ሺ𝑟𝑒𝑤 ൅ 𝑠௜ ൅ 𝑂௜ െ 𝐴௜ሻ 
(7) 

Given that the 𝑘௘೔ is constant and 𝑒௜   states system error, 
there is a design of BELBIC controller in equation (8) to adjust 
the frequency of the microgrid system. Figure (8) shows the 
general structure of this control structure. 

𝑠௜ ൌ 𝑘௘೔𝑒௜ (8)
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Figure 8. Control system configuration using BELBIC 

One of the signals that plays an important role in BELBIC 
is the reward signal. The reward function planned by the 
system designer must be defined in such a way that its 
maximum values are obtained in the most desirable areas. To 
achieve this result, it is better to select the reward function as 
a linear function of the system error. This important point is 
formulated in (9) so that 𝑘ଵ௜and 𝑘ଶ௜ are positive parameters of 
the reward function. Figure (9) shows the reward function 
designed for the BELBIC controller. 

𝑅𝑒𝑤௜ ൌ 𝑘ଵ௜𝑒௜ ൅ 𝑘ଶ௜ (9) 

Figure 9. Reward Function 

Figure 10 shows the proposed control method flowchart. 
After starting and obtaining the values by the sensor, the 
microgrid frequency is calculated. If the calculated frequency 
is equal to the nominal frequency of the microgrid, no action 
is applied by the controller, otherwise the control signal 
calculated by the proposed BELBIC method is applied to the 
microgrid system. After applying the control signal, the 
microgrid frequency is recalculated and the above steps are 
repeated. 

4. SIMULATION RESULTS

In this section, several simulations have been performed in
different time intervals on the islanded microgrid to show the 
proposed frequency regulator capabilities in the presence of 
parametric uncertainty and load disturbances. In this paper, 
BELBIC control method is compared with PID, optimized PID 
with PSO, TLBO and GWO algorithms and also the 
performance of the proposed control method is evaluated. 
Three simulation scenarios have been performed to investigate 
the microgrid frequency response. Table (1) presents the 
various parameters considered in the system. 

Table 1. Parameters considered in the system 
Wind turbine parameters 𝐾ௐ்ீ ൌ 1,𝑇ௐ்ீ ൌ 1 

Solar PV system parameters 𝐾௉௏ ൌ 0.0075,𝑇௉௏ ൌ 0.03 

BESS 𝐾஻ாௌ ൌ 1,𝑇஻ாௌ ൌ 0.1 

Valve Actuator 𝑇ଵ ൌ 0.025,𝑇ଶ ൌ 2,𝑇ଷ ൌ 3 

Diesel Engine 𝐾ா ൌ 1,𝑇ா ൌ 3 

Speed Regulation Constant 
𝑅ଵ,ଶ ൌ 5

𝐻𝑧
𝑃.𝑈.𝑀𝑊

Synchronizing power 

coefficient 

𝑇ଵଶ ൌ 0.225 

Rotor Swing-1 𝐾௉ଵ ൌ 60,𝑇௉ଵ ൌ 18 

Rotor Swing-2 𝐾௉ଶ ൌ 60,𝑇௉ଶ ൌ 18 

Figure 10. Flowchart of the proposed control method 

The controller parameters are as follows: 
𝑘௘ ൌ 1000 , 𝑘ଵ ൌ 1 , 𝑘ଶ ൌ 0.01 ,𝛼 ൌ 1 ,𝛽 ൌ  െ10ଷ (10) 

Scenario 1: step load disturbance 
As it can be seen in Figure (11), in this scenario a load step 

deviation is applied to the microgrid system at t=30s. 
Frequency deviation and control signals are presented in 
Figures (12 and 13) under different control methods, 
respectively. As it can be seen in Figure (12), compared to PID 
and optimized PID, the proposed BELBIC control method is 
more successful in the microgrid frequency regulation. Better 
settling time, control and minimization of frequency 
deviations indicate the proper performance of the BELBIC 
controller. Carefully in the Figure (12), the overshoot/ 
undershoot rate is much reduced compared to the other 
algorithms and the proposed controller offers a more favorable 
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response. On the other hand, comparing the settling time of the 
algorithms, it can be seen that the proposed scheme offers the 
best settling time, and in a very short time after applying a step 
deviation in the load, the system reaches its steady state, and 
this is another important achievement of the proposed 
controller. This development can be examined in Figure (13). 
As can be seen from Figure (13), the control signal obtained 
from the proposed method has a non-zero value only at the 
moment of the load change, and after quickly adjusting of the 
frequency value to the nominal value, it adopts zero value. 

Figure 11. Step load deviation 

Figure 12. Frequency deviation of the islanded microgrid 
system under different controllers in scenario 1 

Scenario 2: multi-step load disturbance 
In the second scenario, in order to evaluate the proposed 

controller capabilities as much as possible, load disturbances 
are multi-stage and applied to the system in 10, 30, 60 and 80 
seconds. The pattern of multiple load changes is shown in 
Figure (14) and the frequency deviation of an islanded 
microgrid based on the BELBIC controller and PID controllers 
are presented in Figure (15). Figure (16) shows the control 
signal. Low overshoot, small settling time, less control effort 
are some of the advantages of the proposed BELBIC control 
method. In this stage, as in the first scenario, for each load step 
deviation, the desired settling time, less time compared to 
other algorithms to reach a steady state, and the much less 
overshoot / undershoot indicate the high desirability of the 
proposed design. The PID methods optimized by PSO, TLBO 

and GWO algorithms show slower and worse behaviors in 
terms of transient response despite the gentle and appropriate 
response to load changes and also the elimination of frequency 
deviation. 

Figure 13. Control signals obtained under different control 
methods in scenario 1 

Figure 14. Multiple step load disturbance 

Figure 15. Frequency deviation of the islanded microgrid 
system under different controllers in scenario 2 
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Figure 16. Control signals obtained under different control 
methods in scenario 2 

Figure (16) shows the control signals obtained from the four 
methods used in the simulation. The Optimized PID methods, 
despite their low amplitude, take a non-zero value most of the 
time in the simulation, while the proposed BELBIC method 
has a non-zero value only at load change moments and is then 
in standby mode. 

Scenario 3: Simultaneous step load disturbance and 
parametric uncertainty 

In the third scenario, at the same time as applying the 
parametric changes to the microgrid system according to Table 
(2), a load step disturbance also occurs at t = 30s. By applying 
step load disturbance according to Figure (11), the results of 
frequency deviation and control simulation are given in 
Figures (17 and 18), respectively. Figure (17) shows the 
frequency deviation and lower settling time for the BELBIC 
control method than other methods. As can be seen from 
Figure (17), the BELBIC method regulates the microgrid 
frequency to the nominal frequency in the shortest possible 
time. The optimized PID methods suffer more from high 
settling time as well as frequency deviation error despite their 
superior overshoot. The control signals obtained in this 
scenario also confirm the facts of the previous scenarios. The 
control signal from the proposed BELBIC method has the 
relatively large amplitude in the moments of uncertainty and 
disturbances, and a value of zero at other moments due to the 
rapid regulation of the microgrid frequency, while other 
methods have non-zero values in almost all moments and are 
not able to quickly eliminate frequency deviations. By 
simulating these scenarios, it can be accurately claimed that 
the proposed BELBIC control method offers better 
performance than other compared methods in terms of 
fluctuations, settling time, overshoot / undershoot and other 
characteristics.  

Table 2. Parameter changes 
Change% Parameter No 

+5%R 1 

-25%D 2 

+30%H 3 

Figure 17. Frequency deviation of the islanded microgrid 
system under different controllers in scenario 3 

Figure 18. Control signals obtained under different control 
methods in scenario 3 

To better evaluate the performance of the proposed control 
method in terms of eliminating frequency deviations and 
zeroing the error, the amount of frequency tracking error in 
four methods based on different definitions of error is given in 
Tables 4 to 6. Tables 4 to 6 provide the error value based on 
the Integral square error (ISE), Integral absolute error (IAE), 
Integral time absolute error (ITAE) and Integral time square 
error (ITSE) criteria. The definition of the mentioned criteria 
is based on equations (11) to (14), respectively: 

𝐼𝑆𝐸 ൌ න𝑒ሺ𝑡ሻଶ.𝑑𝑡 (11) 

𝐼𝐴𝐸 ൌ න|𝑒ሺ𝑡ሻ|.𝑑𝑡 (12) 

𝐼𝑇𝐴𝐸 ൌ න𝑡. |𝑒ሺ𝑡ሻ|.𝑑𝑡 (13) 

𝐼𝑇𝑆𝐸 ൌ න𝑡. |𝑒ሺ𝑡ሻଶ|.𝑑𝑡 (14) 

As can be seen from Tables 3 to 5, the best performance in 
terms of different error criteria is obtained by the proposed 
BELBIC method. After BELBIC method, in terms of ISE and 
ITSE errors, GWO-PID method offers better performance than 
PSO-PID and TLBO-PID methods. While from the point of 
view of IAE and ITAE errors, the PSO-PID method provides 
a better response than the two TLBO-PID and GWO-PID 
methods. 
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Table 3.  Performance index comparison through error 
criteria in scenario 1 

Controllers 
Scenario 1 

ISE ITSE IAE ITAE 

BELBIC 2.98e-7 1.70e-5 0.0039 0.2848 

GWO-PID 2.66e-4 0.0088 0.0485 1.7048 

PSO-PID 2.95e-4 0.0094 0.0449 1.5288 

TLBO-PID 2.83e-4 0.0092 0.0465 1.6028 

Table 4.  Performance index comparison through error 
criteria in scenario 2 

Controllers 
Scenario 2 

ISE ITSE IAE ITAE 

BELBIC 2.11e-7 
9.00e-

6 
0.0028 0.1515 

GWO-PID 0.0014 0.0650 0.2308 11.3609 

PSO-PID 0.0014 0.0657 0.2179 10.4347 

TLBO-PID 0.0015 0.0667 0.2237 10.8418 

Table 5.  Performance index comparison through error 
criteria in scenario 3 

Controllers 
Scenario 3 

ISE ITSE IAE ITAE 

BELBIC 3.43e-7 1.92e-5 0.0040 0.2868 

GWO-PID 2.65e-4 0.0087 0.0483 1.6968 

PSO-PID 2.94e-4 0.0094 0.0447 1.5234 

TLBO-PID 2.83e-4 0.0091 0.0463 1.5935 

5. CONCLUSION

In this paper, BELBIC method is proposed to control the
islanded microgrid frequency. According to the proposed 
structure, the planned technique was able to provide a rapid 
response for regulating the microgrid frequency, while due to 
changes in power generation in renewable energy sources, the 
presence of uncertainty parameters as well as disturbances in 
microgrid system load, management of nonlinear microgrid 
structure has become more difficult. Compared to the 
conventional and optimized PID controller, the simulation 
results indicate the better performance of the proposed method 
to stabilize the microgrid frequency and minimize the system 
frequency deviation with less settling time and lower 
overshoot/ undershoot. Simulations in the presence of single 
and multi-step disturbances as well as in the presence of 
parametric uncertainty showed that the proposed BELBIC 
control method is the fastest approach for microgrid frequency 
regulatory and offers the best performance from different 
definitions of error. Also, the control signals obtained from the 
simulation showed that the proposed BELBIC method is in 
standby mode at other times by applying the appropriate 
control signal at the moment of changes in the microgrid 
system. Considering the limitations of different parts of the 
microgrid system can open new research paths for the future 
study to develop the performance of the microgrid system. 
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