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1 Introduction

An islanded microgrid's in
impact on its frequency stabilit 7 Power-electronic
converters are commonly used to gnable the interchange
of power between the microgrid and energy sources like
WT and PV because of their low moment of inertia [2,
3]. However, this low inertia poses a serious problem,
endangering the microgrid's frequency stability [4].
Numerous control loops have been thoroughly
investigated for frequency regulation in islanded

inerfla has a major
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microgrids in order to overcome this problem. They are
as follows: 1) VIC, 2) PC, and 3) SC [5]. These
strategies seek to improve the system's overall frequency
stability and lessen the effects of low inertia.
Interestingly, although the other control loops in the
microgrid remain slow, the VIC control loop is dynamic
and sensitive to changes in load [6]. The quantity of
kinetic energy stored in the spinning components of the
microgrid is a major factor in its ability to adjust to
changes in load [7]. During sudden fluctuations in load,
this Kinetic energy serves as a buffer to assist the system
in maintaining frequency stability [8]. It is feasible to
increase the microgrid's resistance to these disruptions
and guarantee dependable functioning by utilizing
sophisticated control techniques [9, 10].

The microgrid's inertia determines whether kinetic
energy is absorbed or transmitted. The PC takes around
10 to 30 seconds to restore the frequency to a new stable
condition after events or interruptions. In a similar
manner, the SC restores the frequency to its nominal



state between 30 seconds and 30 minutes following
frequency aberrations. As a result, the VIC, as defined
by [11], is crucial for preserving frequency stability in an
islanded microgrid. In essence, the main catalyst for
enhancing and maintaining such stability is this specific
element included in virtual synchronous generators [12].
Other energy storage technologies, including batteries,
pumped hydro systems, and hydrogen systems, can also
serve as alternate VIC components in a microgrid [12,
13]. By employing VIC technology, these energy storage
devices which may be thought of as virtual sources of
inertia achieve power system performance comparable to
SG [14]. However, in an islanded microgrid, significant
disturbances and uncertainty in parameter values pose a
threat to VIC's effectiveness [15]. Several control
techniques have been wused to improve VIC's
effectiveness  against  these  disturbances  and
uncertainties brought on by system characteristics [16—
42].

It was discovered in [16, 17] that using the fuzzy
controller improved the VIC efficiency in islanded
microgrids. However, because of its intricate and
demanding design, the use of a fuzzy controller is
limited. Fuzzy controllers' inefficiency in the face of
internal microgrid disruptions, including load dlsruptlons
or interruptions in renewable energy sources, is @
disadvantage. The MPC controller was used ig
to improve microgrid VIC efficiency. The
effectively provide VIC with sufficient perfor
using an accurate microgrid model.
mentioned, nonetheless, that the MPC controlle

using an Hoo controller to
microgrids that are subj
interruptions  [21, 22]. Spec this kind of
controller is resilient to micro disturbances and
works to reduce their effects as much as possible. It
further exhibits robustness to uncertainty related to
microgrid parameters. However, it must be recognized
that one of this controller's main drawbacks is its
dependence on the system model. However, the lack of
an accurate model for the microgrid might decrease the
Hoo controller's efficacy. Furthermore, because of its
complexity, incorporating the Hoo controller into an
islanded microgrid is difficult. In [23], the paper
discusses a study that aims to enhance the performance
of VIC within the microgrid. The improvement is
achieved through the adoption of an adaptive VIC,
which incorporates a bang-bang control mechanism. One
of the key shortcomings of this control system is its

performance degradation in the presence of disruptions
and generating sources. The coefficient diagram method
is used in [24] to regulate the microgrid uniquely. This
method has limitations since it requires intricate
calculations and offers little protection against load
variations. In addition, [25] adds a neuro-fuzzy network
to the microgrid's VIC structure to regulate frequency. It
is important to keep in mind, nevertheless, that applying
this strategy to VIC presents computational complexity
issues. To control the frequency and improve stability in
the islanded microgrid, a novel method known as the
RPWFNN was used inside the VIC structure [26].

When it comes to putting this strategy into practice
within VIC systems, it must be acknowledged that a
major obstacle is its computational complexity.
Furthermore, a new and sgphisticated dynamic controller
has been used in ] a d [28] to enhance VIC
performance in isola s with one or more
regions. This d shows exgeptional resilience to
uncertainties

frequéncy and improve stability in the context of
islanded microgrids [29-36]. PI controllers [29, 30], PID
controllers [31], PID controllers implemented using the
ZN method [32], PID controllers made with GA [33],
PID controllers made with PSO [34], PID controllers
made with BBO [35], and PID controllers made with
QOH [36] are the controllers used in this study.
Although the standard PID controller only has one
degree of freedom, the traditional FOPID controller
offers two. Its use has several benefits, including
increased precision, enhanced stability, and robust
performance even in systems impacted by parameter
uncertainties and disruptions [37]. As explained in [38,
39], the FOPID controller was used to efficiently
regulate the microgrid's frequency regulation. Moreover,
other research [40], [41], and [42], showed how different
optimization strategies applied to the FOPID controller's
parameters improved the performance and stability of
the islanded microgrid's frequency. Specifically, a neural
network was used for parameter tuning in one study,
while other studies employed optimization methods such
as SWA [40], SCA [41], and HSA [42]. These
advancements exemplify  significant contributions
towards improving frequency stability within the
microgrid system. In system control, it has been
demonstrated that cascaded controllers perform better
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than single controllers such as PID and FOPID [43-45].
In order to improve frequency in power systems, the [43]
uses DSA to optimize a FOPI-FOPD controller's
characteristics. Similarly, by adjusting its settings using
the chaotic BOT, the PI-TID controller was utilized in
[44] to improve frequency management in the microgrid.
Additionally, by using the GOT to optimize its settings,
the PI-FOPID controller was used in [45] to increase
frequency in islanded microgrids.

Although the control methods considered for
controlling VIC in islanded microgrids have improved
frequency stability, they have not been resistant to
severe disturbances (disruptions of load and distributed
generation sources) and also to the uncertainty of
islanded  microgrid parameters [16-42]. Severe
disturbances and uncertainties in islanded microgrids
have made the performance of the VIC difficult.
Therefore, there is a need to design a suitable control
method for the VIC that can be resistant to these severe
disturbances and uncertainties.

In the paper, a new method named PD-FOPID
cascaded controller is put forward by the authors to
boost the efficacy of VIC applied in microgrid. The
parameters of this controller are meticulously fine-tuned
using the ROA. A prominent reason for mcorporatmg
the PD FOPID cascaded controller into the stru

microgrids. This attribute empowers VIC to €
superior performance when confronted with

Within the architectur
responsibility for opti
with the cascaded <0
advantages offered by

ABC, users can enjoy enhan uracy, expedited
convergence rate, reduced parameter requirements, and
improved capacity to augment solutions. The paper
presents several noteworthy advancements and
contributions. Firstly, the utilization of PD-FOPID
cascaded controller results in improved VIC and FR
within islanded microgrids. This approach represents a
significant  departure  from  previous  methods.
Additionally, the introduction of an ROA (which has not
previously been employed in the context of VIC) allows
for the optimization of suggested controller settings (PD-
FOPID). The inclusion of this optimization technique
enhances the precision and effectiveness of the proposed
controllers. Furthermore, a thorough evaluation is
conducted to assess the performance of this novel
approach compared to various algorithms such as PSO,

GA, GWO, and ABC for PD-FOPID controller
parameter optimization. The evaluation takes into
consideration important objective functions (IAE and
ITAE) resulting in comprehensive insights into
controller efficacy. Lastly, performance testing is
undertaken on the ROA-PD-FOPID suggested controller
with aims to enhance VIC performance under conditions
involving disruptions and uncertainties within isolated
microgrid parameters. This rigorous testing ensures that
any implemented solution is capable of operating
robustly under challenging circumstances.

The key contributions of this paper are as follows:

. Introduction of the PD-FOPID Controller as
Part of the VIC Framework:

. Designing of the Rain Optimization Algorithm
(ROA) for Parameter Tunimg:
Comprehensiye Evaluation of the PD-FOPID
Controller
Algorithms:

Section 2 delves into an exploration of
microgrid. In Section 3, our attention
towards sketching the proposed controller in order
plish a desired VIC within the framework of
said Zfslanded microgrid structure. Moving ahead, a
presentation of simulation outcomes and subsequent
discussions ensue in Section 4. Ultimately, concluding
thoughts are offered in Section 5.

2 The investigated microgrid

In this part, we shall discuss the various components of
the investigated islanded microgrid as well as delve into
the dynamic model of said microgrid.

2.1. The various components of the investigated
microgrid

The structure of the studied islanded microgrid is
shown in Fig. 1 [17-19]. This microgrid consists of a
thermal power plant boasting a capacity of 12 MW, a
WT capable of producing 7 MW, a PV system with an
output potential of 9 MW, loads able to handle up to 15
MW, and lastly an energy storage resource equipped
with a capacity reaching 4 MW. Collectively, these
aforementioned elements constitute the foundation upon
which our islanded microgrid operates [17-19]. Within
this specific realm we encounter what is known as VIC-
our LFC system. Implemented on our energy storage
resources within this intricate setup - it serves to
function as a compensator aimed towards achieving
balance amidst both generation and consumption factors
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[17-19].

2.2. The model used to analyze the behavior of the
microgrid under study

As seen in Fig. 2, a dynamic model pertaining to the
microgrid under study is examined. The microgrid is
thoroughly analyzed in this model [18-20]. This
system's thermal power plant consists of a turbine with a
dead-band governor and limiter. The lowest and
maximum values of the steam valve's opening and
closing speeds are denoted by VL and Vu, respectively
[18-20]. The dynamic model of the microgrid has a
hierarchical control framework to guarantee appropriate
frequency management. The VIC loop, SC loop, and PC
loop are the three separate control loops that make up the
controller's structure. A droop coefficient of 1/R is
incorporated into the primary control loop to provide

:._ _________________________
J Thermal power
lant
. :
b=y

Wind Turbine
farm

Photovolfaic far

stability [18-20]. Furthermore, the SC loop contains
both an integrator controller as well as a control error
system with its corresponding gain Kl [21]. The
microgrid being studied requires a common electrical
system for frequency regulation that includes a
transferring function of first-order. This function
incorporates both a damping constant, D, and an inertia,
H, to ensure proper balancing of the microgrid. WT
systems and PV systems exemplify renewable energy
sources, portrayed as first-order transfer functions with
fortuitous inputs [21]. As depicted in Fig. 2, the
proposed controller (ROA-PD-FOPID) is employed
within the VIC structure to augment the resilience of the
self-sustained microgrid and uplift frequency steadiness.
Table 1 presents the parameters associated with the
microgrid [17-19].

|| Inverter
DC/AC

Energy storage system

Fig. 1 The structure of the studied islanded microgrid [17-19].
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Table 1. the parameters associated with the microgrid [17-

19]

parameter value parameter
Twr(s) 1.50 B(pu.MW/

Vu (pu.MW) 0.30 Tess(s)
Tq(s) 0.10 D(pu.MW/Hz) 0.015
Tels) 0.40 0.051
Trv(s) 2.42
Kvi(s) 0.0833

Vi (pu.MW)

3. The formulation of the controller intended to
achieve the desired performance of the VIC
in the microgrid structure.

This section discusses the proposed controller's
structure, the analysis of the ROA, and the plan of the
controller using the ROA.

3.1. The proposed controller

The PD-FOPID controller that is used in cascaded
form has dual benefits - it can reduce the effects of
disturbances and uncertain factors in the VIC structure
which cause frequency deviations, and also enhance the
inertia of the isolated microgrid. There are two
controllers in the proposed control mechanism - the PD

die
nd the\FOPID controller. The set-point of the

; n this configuration, the PD controller
mes a primary or external role, whereas the FOPID
functions as a secondary or internal entity.
illustrates how the recommended PD-FOPID
controller for VIC in a microgrid is structured, with
equation (1) representing its transfer function within the
inner loop.

4 Wl

Fig. 3 The recommended PD-FOPID controller for VIC in the
studied system

Y,(8) = A(5)U;(5) "

In equation (1), Ax(s) is the transfer function of the
internal process, and Ux(s) is the process's input signal.
With Al(s) denoting the inner loop's output and Ui(s)
denoting the reference signal, equation (2) illustrates the
outer loop's transfer function. The PD controller in the
outer layer is represented by Bi(s) in Fig. 3, while the
FOPID controller in the inner layer is represented by
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Ba(s). Equations (3) and (4) provide the transfer
functions for the PD and FOPID controllers,
respectively. The controller's whole internal structure is
shown in Fig. 4.

Y(s) = A(s)U,(s) +d(s) )

B, (8) = Kpy +Kyss 3)

Fig. 4 The complete internal structure of the controller

In order to minimize two different objective functions,
IAE and ITAE, the recommended settings for this
controller were obtained by applying the Rain
optimization algorithm (ROA). Equations (5) and (6)
respectively reflect these goal functions. To shed further
light on these objective functions, the restrictions are
illustrated using equation (7).

tS
IAE = [|Af|dt
0

3.2 Rain optimization algorithm (ROA)

About any optimization method such as GA, PSO,
GWO, and ABC algorithm, the rain optimization
technique has its advantages [46-48]:

v Simplicity: ROA is easy to implement so it is
widely known. Normally all that is needed is a
few basic formulas and there is no need for
complicated calibration of parameters.

v' Efficiency: Since ROA has the ability to
efficiently exploit the promising regions of the
search space, it can often be said to converge on

the optimal solutions in a relatively short time.
Because of this, it can be applied to tasks with a
complex topology or large dimensionality of
search space.

v' The delicate balance between exploration and
exploitation: ROA also allows being aggressive
and seeking new solutions while at the same
time being conservative and using available
solutions that are better. This peculiar feature
prevents it from being trapped in locally
optimal solutions.

v" Robustness: ROA tends to exhibit robust
performance across various problem domains.
It can handle both continuous and discrete
optimization problems, making it versatile in

efer tuning.
problem possesses the

~“The defining attribute of these raindrops is
radius, which fluctuates steadily over time —

ing whenever a connection with another droplet
is established [48]. Once an initial set of potential
solutions has been established, each droplet's radius is
attributed at random from within a suitable range [46]. In
every subsequent iteration, individual droplets survey
their surroundings in accordance with their size [46-48].
Those solitary drops that remain disconnected from any
others simply acknowledge their physical boundaries
without regarding external factors [46-48]. When
tackling problems existing within n-dimensional space,
each drop represents n variables: it is during this first
stage that we examine variable one's minimum and
maximum thresholds; these boundaries are determined
by the respective droplet's radius [46-48]. Upon
proceeding to the subsequent phase, a meticulous
examination is conducted on two opposing terminations
of variable two, prolonging this course until the final
variable is assessed [46]. It is during this juncture that
the cost function associated with the foremost droplet
undergoes an amendment by descending it in position
[47]. Such an act should not be misconstrued as its
ultimate disposition; rather, ascertained through the
gradual diminishment of the cost function, it remains
steadfastly bound to its downward trajectory [47]. This
operation shall be executed ubiquitously for each
droplet, promulgating both their respective positions and
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costs collectively [48]. Furthermore, alterations shall
occur twofold about the radius measurement warranted
for every distinct droplet.

In the event that two minuscule droplets, each with
their respective radii denoted as r; and rp, find
themselves in such proximity to one another that a
shared region is created between them, it becomes
possible for these droplets to amalgamate and give rise
to a grander entity - an enlarged droplet of radius R
(equation 8) [46-48]. In equation (8), the variable "n"
represents the count of variables within each droplet.

v' If a droplet of size r; remains stationary, the
degree to which it is absorbed into the soil, as
indicated by a, may vary and result in a certain
proportion of its volume being adsorbed
(equation 9).

1

R=(ar)"

In equation (9), the symbol o denotes the proportion,
expressed as a percentage, of a droplet's volume that can
be assimilated during each successive iteration. This
value lies within the range of 0 to 100 percent [46].

development of larger droplets capable of exploration'@
a broader scale [48]. By expanding the scope o
investigation for each droplet,
localized search increases in di

the initial population dwindles ificantly due to an
accelerated pace in uncovering thg”correct answer(s). In
essence, the initial configuration of this algorithm
encompasses crucial tuning parameters [46]. These
components consist of the number of raindrops at the
beginning (population size), as well as the scope in
which each population will search for potential solutions
(raindrop radius) [47]. In the preliminary phase of the
algorithm, a distinct value is bestowed upon each droplet
in correspondence with its performance according to the
cost function [47]. Subsequently, every individual
droplet commences its downward trajectory [48]. To
ensure efficacy, an evaluation by means of the cost
function is made when assessing both ends of a given
droplet [46-48]. Once started, the droplet always moves
along its trajectory until it reaches at least one minimum

point during its journey [47]. For each droplet, the same
series of events unfolded. Along their way, neighboring
droplets could coalesce, dramatically increasing the
performance of the algorithm [47]. When a droplet
reached its end, it would start to lose mass, but this
allowed a significant betterment of solution accuracy
[48]. With the application of this method, the algorithm
is capable of locating all the peak values in the target
function [48].

3.3. The plan of the proposed controller utilizing the
ROA

The VIC structure is utilized to undertake multiple
stages for optimizing the control parameters of the PD-
FOPID controller in an islanded microgrid using the
ROA:

1) Before setting ouk,on the path, it is crucial that
we look more closelyfat the problem: particularly, the
definition of the goal i s to be made clearer,
i i ly the minimization
the control system. It

the population: Propose a random
ible solutions which are the sets of the

ulation is assessed by IAE, and ITAE of every
member using the PD-FOPID parameters from
the previous member.

4) Update the best solution: Use the better
candidates from the present generation to evaluate their
merits.

5) Generate new solutions: New candidate
solutions are created using the new proposed candidates
by using paradigm perturbation, a technique used to
form new solutions from the best solutions.

6) Evaluate the fitness of new solutions: The
fitness of the new solutions is worked out by evaluating
IAE, and ITAE in consideration of the new set of PD-
FOPID parameters.

7) Update the best solution: Whenever any fitness
of the new solution is greater than the best previous
fitness, perform a suitable modification to the best
solution.

8) Update the population: In the current
population the worst solutions are eliminated and new
solutions are incorporated.

9) Repeat steps 5-8: Either for a specified number
of iterations or until a termination condition is satisfied,
repeat steps 5 through 8.

10) Output the best solution: A descriptive
presentation and analysis of IAE, and ITAE with the best
PD-FOPID parameters will be given after the algorithm
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termination event.

Fig. 5 shows how the ROA technique is used to optimize
the PD-FOPID controller parameters in an autonomous
microgrid. The process is carried out within the VIC
framework.

PD-FOPID
controller

The islanded Af

microgrid

Fig. 5 The ROA technique is used to optimize the PD-FOPID
controller parameters

Implementing the proposed method in a real
environment may entail several challenges, including:

v' Computational complexity and convergence
time: Implementing the ROA algorithm and
fine-tuning the controller paramete
require  complex and

time, @
v/ Sensitivity to initial settings: The initia pgs

calculations.
of the controller and the optimization algo
may affect the final performance and requ
different experiments that must be tested under
different conditions, and
different scenarj@s are u
v" Cost and i
Implementing
environment may
technical expertise.
4. Simulation Results and Dis
In this specific portion, different scenarios have been
simulated to assess the islanded microgrid. In the first
scenario, there are two segments. The first segment
assesses the performance and convergence of the ROA
algorithm in optimizing the parameters of the PD-
FOPID controller. It also compares the ROA algorithm's
performance with other algorithms such as PSO, GWO,
GA, and ABC. Secondly, comparing the proposed ROA-
PD-FOPID controller with numerous methods such as
controllers 1 to 6 and in the studied system during load
disruptions. In scenario (2), the proposed method is
subjected to a comparative analysis alongside various
other methods including controllers 1 to 6 in the studied
system. This analysis evaluates how well they perform

when faced with load disruptions and uncertainties
related to the parameters of the system. The
effectiveness of the proposed method in managing load
disruptions, interruptions in renewable energy sources,
and minor uncertainties in the system's parameters are
evaluated and compared to other methods in the scenario
(3). Scenario (4) involves comparing the proposed
method's performance with other methods in terms of its
capability to handle load disruptions, interruptions in
WT, and significant uncertainties in the studied system's
parameters.

4.1. Scenario (1)

Within this particular scenario, a disruption of
APL=0.1pu seamlessly integrates with the autonomous
microgrid at t=1 seconds, as evident in Fig. 6. Table 2
provides the initial parameters for both the PD-FOPID
and the ROA. Fig. 7 sérves to depict the progression of
various algorithms su GA, PSO, GWO, and

espectively. The optimized parameters of
D-FOPID controller can be seen in Table 3,
several optimization algorithms, namely ROA,
GWQ@; GA, ABC, and PSO. The IAE and ITAE are
taken into consideration as the objective functions.
Based on the results presented in Fig. 7 and Table 3, it
was concluded that the ROA algorithm is the most
effective method for optimizing the parameters of the
PD-FOPID controller and will be used in this scenario.
This scenario involves applying a disturbance to the
microgrid, which is shown in Fig. 6. The objective is to
maximize the efficiency of the PD-FOPID controller
under these conditions. The applied signal generated by
the proposed controller for this microgrid can be
observed in Fig. 8. Additionally, Figs 9. a and 9.b
exhibit FR of the system employing various control
strategies. To further analyze Scenario (1), referring to
Table 4 presents results from different control methods
utilized in this Scenario. Based on the data provided in
Table 4, it is observed that the proposed method
employing a VIC based on a ROA-PD-FOPID controller
yields an MFD of 0.0071 Hz and ST of 0.172 seconds.
The MFD and ST using controller 1 are 0.0391 Hz and
0.542 seconds, respectively. The MFD and ST using the
controller 2 are 0.0763 Hz and 14.625 seconds,
respectively. The MFD and ST using controller 3 are
0.127 Hz and 24.65 seconds, respectively. The MFD and
ST using controller 4 are 0.183 Hz and 17.795 seconds,
respectively. The MFD and ST using controller 5 are
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0.256 Hz and 26.417 seconds, respectively. The MFD
and ST without using controller 6 are 0.345 Hz and
21.56 seconds, respectively. Concurring with the
outcome of scenario (1), the proposed strategy has
illustrated palatable execution compared to other utilized
strategies in  moderating the impacts of stack
disturbances, altogether lessening recurrence deviations
caused by stack disturbance. Also, the ST related to
recurrence deviations caused by stack disruption has
been quickened utilizing the proposed strategy.

. :

01

0.08
S0.06F
2
-
o004
0.02r-
o
0 5 10 15 20 25 30 3‘5 40
Time (seconds)
Fig. 6 A disruption of the system
0.008
----- PSO-PDFOPID
0.007
----- GA-PD-FOPID
0-006 GWO-PD-FOPID)
0005 N N TTTNgeel e ABC-PD-FOPID
4 0004 —ROA-PDFOPID

0.003

0.002

0.001

O L
0 20 40 60
Tterations

Fig. 7 The progression of various algorithms such as ROA,
ABC, GWO, GA, and PSO in their end optimize the

Table 2. The parameters fo D and the ROA
parameter valu valu
e e
Variables 2 K 0
number of
each KPZ,min’ KI ,min? Kd 2,min
raindrop
Initial 0.03 K PLmax Kdl’max, 100
raindrops 6
diameter KPZ,max' Kl,max' Kd 2,max
Initial 100 0
. ﬂ’min ! :umin
raindrops
number

maxlteration 100 1
s /?'max ! :umax
=
E
=
5
E
&5
0 5 10 15 20 25 30 35 40

005 1

dAfiHz)
&=
=
=

=

=
v

Time (seconds)

Fig. 8 The signal generated by the proposed controller,
Scenario (1)

IC based on ROA-PD-FOPID controller
"""" VIC based on H-infinite controller

VIC based on MPC controller

"""" Adaptive VIC controller

VIC based on optimized PI controller
------- VIC

20 Pal 30 3 40
Time (seconds)

Fig. 9.a The FR of the system, Scenario (1)

e VI btsed on ROA-PD-FOPID controller 1

o VIC based on H-infinite controller

VIC based on MPC controller o

st e Adaptive VIC controller '
VIC based on optimized P1 controller

. i (0

, NoVIC

L [] I | | it | L
| 1 3 4 5 ]
Time (seconds)

Fig. 9.b. The FR of the system, Scenario (1)
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Table 3. The best settings for the PD-FOPID controller have been found using different optimization methods like ROA, GWO, GA,

ABC, and PSO.

Controller Kp1 K1 Kpa Ki Kdz A y IAE ITAE
ROA-PD-FOPID 9536  91.85  87.97 97.91 88.48 0.396 0.23  0.0023 0.0089
GWO-PD-FOPID 90.76  86.01  94.42 90.53 87.01 0.284 0.18  0.0027  0.0106
GA-PD-FOPID 89.49 86,55  91.33 91.66 79.23 0.387 007 0.0028  0.0113
ABC-PD-FOPID 73.99 9111  87.66 7424  80.42 0.426 031  0.0033 0.0154
PSO-PD-FOPID 70.27 8498 7421 78.76 82.86 0.231 009 0.0036  0.0157

Furthermore, the proposed method has effectively

Table 4. The MFD and ST associated with frequency deviation
utilizing various control strategies, Scenario (1)

Controller MFD (Hz) ST(sec)
VIC based on ROA-PD- 0.0071 0.172
FOPID controller
Controller 1 0.0391 0.542
Controller 2 0.0763 14.625
Controller 3 0.127 24.65
Controller 4 0.183 17.795
Controller 5 0.256 26.417
Controller 6 0.345

4.2. Scenario (2)

In this scenario, a stack disturbance has been
to the system, taking under consideration the inst
related with the parameters (H = -50%). The app
signal generated by the proposed controller for this
microgrid can be observed in Fig. 1
b illustrate the FR of thg syste

various control strategi
Table 5, the MFD and ST

rding to

ly. The MFD
and ST using controller 1 ar 3 Hz and 0.77
seconds, respectively. The MFD ST using controller
2 are 0.10 Hz and 23.81 seconds, respectively. The MFD
and ST using controller 3 are 0.146 Hz and 26.07
seconds, respectively. The MFD and ST using controller
4 are 0.21 Hz and 22.16 seconds, respectively. The MFD
and ST using controller 5 are 0.38 Hz and 29.85
seconds, respectively. The MFD and ST using the
controller 6 are 0.43 Hz and 22.78 seconds, respectively.
In light of the findings from scenario (2), the method put
forth has demonstrated commendable effectiveness
when juxtaposed with alternative methods employed in
addressing disturbances and uncertainties tied to system
parameters. It has proven particularly adept at
diminishing frequency deviations induced by load
disruptions, thereby mitigating their impact significantly.

10

expedited the ST associated with frequency deviations
emanating from load disruptions and uncertainties
stemming from system parameters.
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Table 5. The MFD and ST associated with frequency deviation
using various control strategies, Scenario (2)

Controller MFD (Hz) ST(sec)
VIC based on ROA-PD- 0.0087 0.189
FOPID controller

Controller 1 0.053 0.77
Controller 2 0.10 23.81
Controller 3 0.146 26.07
Controller 4 0.21 22.16
Controller 5 0.38 29.85
Controller 6 0.43 22.78

4.3. Scenario (3)

Fig. 12 presents a scenario where the system
experiences both load disruptions and disruptions in WT.
Moreover, a slight level of uncertainty (H=-5%) is taken
into account for the microgrid parameters within this
particular setting. The figure below portrays the signal
applied by the proposed controller to operate the system
(Figure 13). In Fig. 14. a, 14.b, and 14.c, the FR_@

0.266 Hz. The MFD using controller 3 is 0.331 Hz. Th
MFD using controller 4 is 0.389 H

(3), the proposed st
caused by stack disturbance

disturbances, and slight in
parameters.

04k Residental load | - | E— y

=== |nduslrial load
=== Solar farm

03F === Wind farm 1 ! 1 f =N .

| D/N\/\% < M J<

| 1 1 1 1 \
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Time (seconds)

dp (pu)

Fig. 12 The disruptions in both load and renewable energy
sources are imposed on the microgrid, Scenario (3)
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0.1
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Fig. 13 The signal generated by the proposed controller,
Scenario (3)
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Table 6. The MFD using various control strategies, Scenario L ' '
(3) 05F, 3
Controller MFD(Hz) 0 b o B
VIC based on ROA-PD-FOPID 0.0028 ¥ ;."“‘ﬂ"
controller - 05T P :
T I VIC based on H-infinite controller
Controller 1 0.053 =1 -Lr ';: VIC based on MPC controller
Controller 2 0.266 5k """"" Adaptive VIC controller
- VIC based on optimized P1
Controller 3 0.331 N
Controller 4 0.389 )
Controller 5 0.717 251 : . . " " " .

100 200 300 400 500 600 700 800
Controller 6 0.806 Time (seconds)

Fig. 16.a. The FR of the system, Scenario (4)

4.4. Scenario (4)
_The microgrid in _Flgure 12 is subjected to both stack W V1 beved o ROAPDFOPID ccaailer |
disturbances and disturbances from renewable energy : ‘ """"" [C hased on H-infinite controller

sources. In this situation, noteworthy instability within 04F MgV Ceonollr |
- - _ 3 . o aptivi controller
the microgrid ~parameters ((Tg=+50%, H=-85%, pimiedtt

T=+90%) is additionally considered. Fig. 15 showcases ”_é 02f
the signal implemented by the proposed controller to the K
system. In Figs. 16. a, 16.b, and 16.c, the FR of the
system using various control strategies is depicted. Table 02
7 displays the outcomes of different control approaches
employed in scenario (4). According to Table 7, The
MFD using the proposed method is 0.0031 Hz. The
MFD using controller 1 is 0.064 Hz. The MFD using B The FR of the system, Scenario (4)

500 520 540 360 580
Time (seconds)

0.51 Hz. The MFD using controller 4 is O -. — : : : :

=—V1C based on ROA-PD-FOPID controller

altogether decreasing
stack disturbances.
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03r Time (seconds)
Fig. 16.c The FR of the system, Scenario (4)
‘302 r
% Table 7. The MFD using the various control methods,
501 Scenario (4)
i Controller MFD (Hz)
h=
07 VIC based on ROA-PD- 0.0031
FOPID controller
) ) ) ‘ ) ) ‘ ‘ Controller 1 0.064
00 200 300 400 500 600 700 8OO
Time (seconds) Controller 2 0.46
Fig. 15 The signal generated by the proposed controller, Controller 3 0.51
Scenario (4) Controller 4 0.72
Controller 5 2.3
Controller 6 2.7

12 Iranian Journal of Electrical & Electronic Engineering, Vol. XX, No. X, December YYYY



5. Conclusion

In this paper, a novel and robust approach for enhancing
VIC performance in islanded microgrids was developed,
introducing the PD-FOPID cascaded controller
optimized using the ROA. The proposed approach
demonstrates remarkable advancements in addressing
challenges posed by load disturbances, renewable energy
source fluctuations, and uncertainties in microgrid
parameters. Compared to other metaheuristic algorithms
such as PSO, GA, GWO, and ABC, the ROA proved
highly effective in optimizing the PD-FOPID controller's
parameters, offering superior convergence speed,
enhanced accuracy, reduced complexity, and fewer
parameter requirements. The evaluations showed that the
ROA-PD-FOPID controller significantly outperformed
six alternative control strategies across various
scenarios. The proposed controller (ROA-PD-FOPID)
NOMENCLATURE:

ABC Artificial bee colony

BBO Biogeography-based
optimization

BOT Butterfly optimization technique

DSA Dragonfly search

FOPID Fractional order PID

FR Frequency response

GA

GTO

GWO

HSA

T1AE Integral absolute error

ITAE Integral time absolute error

MPC Model predictive control

MFD Maximum frequency deviation

PSO Particle swarm optimization

Iranian Journal of Electrical & Electronic Engineering, Vol. XX, No. X, December YYYY

reduced MFD by up to 95% and ST by up to 76%
compared to conventional methods under complex and
challenging scenarios. The ROA-PD-FOPID effectively
mitigated frequency deviations caused by uncertainties
and parameter variations, ensuring reliable performance
even under extreme conditions. Unlike traditional
methods, the ROA-PD-FOPID controller rapidly
responded to changes in system dynamics, maintaining
robust frequency regulation in islanded microgrids. The
use of the ROA in this context represents a significant
step forward in VIC optimization, providing a practical
and scalable solution for real-world applications. By
addressing the limitations of existing approaches, such
as dependency on accurate models and limited
robustness under uncertainties, this method bridges
critical gaps in microgrid fkequency control.

SWA swarm algorithm-

SC Se€ondary control
ST Settling time
IC Virtual inertia control

AP, Load Variations
Frequency Variations

Tees Time Constant of Energy
Storage System

AP Thermal Power Plant Generated

m . .

Power Variations

AP, Governor Power Variations

AP, Control Signal for Secondary
Contro

To Time Constant of Photovoltaic
System

Tor Time Constant of Wind Turbine

T, Time Constant of Thermal
Power Plant Turbine

T Time Constant of Governor

Y
AP Photovoltaic Power Variations

solar

13



PC Primary control

QOH Quasi-oppositional harmony
search algorithm

ROA Rain optimization algorithm

SCA Sine cosine algorithm

SG Synchoronous generators

K, Gain for Virtual Inertia Contro
AP, Wind Turbine Power Variations
RPWFNN Recyrrent probabilistic wavelet
fuzzy neural network
PV Photovoltaic
WT Wind Turbine
ZN Ziegler-Nichols
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