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In recent years, renewable resources have widely been used to provide necessary energy due to the increasing fossil fuel prices,
environmental pollution concerns, and the necessity to meet the growth in energy demands. Te output of renewable resources
especially solar and wind energies is associated with meteorological parameters, so their reliability creates many challenges for the
energy sector.Te consumption peak of the gas network is taken into account to adjust the frequency of the microgrid (MG). Both
gas network load and electric load distributions are adjusted at the same time. In a multicarrier network, the frequency is regulated
in a nonlinear manner. Meanwhile, new necessary loads for production and electric vehicles have imposed new loads on the power
network; if proper management is not performed to respond to these new loads, the increase of network frequency deviations may
lead the network to fail and even break down. In this paper, a network of various sources including the wind turbine, solar panel,
storage (battery and fywheel), electric vehicle (EV), diesel generator (DG) electric power generation, and multicarrier energy hub
(MCEH) with combined heat and power (CHP) was designed to examine vehicle-to-grid (V2G) electric vehicles. Te ANFIS
adaptive fuzzy control method was used to provide a fne-tuning frequency of the network. A comparison between the suggested
approach and a fuzzy controller system was carried out to examine the superiority of the introduced approach to the frequency
control. Te simulations were obtained using MATLAB/SIMULINK software. Te simulation outcomes indicated that the
SMART controller can achieve good efciency in frequency regulation and reliable output power in the examined microgrid.
Further comparison in terms of efective (RMS) values and maximum frequency deviation indicates the superior performance of
the proposed method over the fuzzy method.

1. Introduction

Grid-connected and islanding are the two main modes used
for operating MGs. To operate a microgrid network in the
islanding mode, it is required to add several active dis-
tributed energy resources (DER) including CHP units,
microgenerators, photovoltaic (PV), wind- or hydropower
generators, and power storage batteries in the power net-
work [1, 2]. By considering all the various DER technologies,
the CHP unit is widely used in MGs [3, 4].

According to the numerous published articles, using
electric vehicles can reduce greenhouse gas emissions [5, 6].
So, it was predicted that the electric vehicles in the US in
2020, 2030, and 2050 include 35%, 51%, and 62% of the total
vehicles, respectively [7]. Due to the need for electricity for

rechargeable electric vehicles, a new load will be added to the
grid. Terefore, the problem of controlling and stabilizing
the frequency of power networks must be addressed by the
increase in the use of electric vehicles [8].

Renewable electricity reliability can increase with the
increase in electric vehicle numbers [9]. An electric vehicle
acts as a controllable load or source of output when it is
connected to the grid [10]. Numerous electric vehicles in the
grid can be viewed as large storage battery on the order of
several MW, which is mentioned as vehicle-to-grid or V2G
systems in the literature. Tese systems can create a reliable
backup storage source that balances power in the grid
network by providing a rapid response to disruptions [11].
Fuzzy control is used to control the network vehicles par-
ticipating in the load frequency control [12, 13]. Equipment
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planning of a multicarrier MG with reliability is introduced
along with a new model of load response program [14]. In
this paper, the importance of reliability indicators on cost
decrease is investigated.

Te authors of reference [15] suggested a two-tier op-
timizationmodel to defne the sales approach in the previous
day’s market considering comprehensive technologies of
renewable wind energy. Te uncertainty of wind and load
sources is modeled by the Monte Carlo scenario generation
method considering their interdependence and the Copula
method. Te proposed model also provided a linearized
model of IC load distribution to reduce the complexity of the
problem. Daealhaq et al. [15] proposed a top-of-the-line
DC-DC solid-state transformer for two-way parking of
photovoltaics/EV batteries with network vehicle service
(V2G-PVBP). By considering the advantages of energy
storing capacity of EVs, V2G-PVBP showed efciency in
both satisfying the usual needs of electric vehicle owners and
preparing load handling and load adjustment performance
to the MG. Qin et al. [16] introduced the optimal perfor-
mance of a fuzzy controller to obtain balancing between
energy consumption and energy generation in an in-
dependent microgrid (S-MG) in the presence of EVs. Prusty
et al. [17] presented a new modifed optimization algorithm
for adjusting scale coefcients and membership functions
related to type 2 fuzzy PI controller (GT2FPI), which suc-
ceeded in reducing the frequency defection of the MG
network which caused by load consumption variation.
Khooban et al. [18] proposed a new primitive design of
frequency control based on V2G capability in an industrial
MG network, which includes the proper harmony of the
charge storing center operator, EV collector, and EV op-
erator [19]. Fan et al. [20] suggested a frequency adjustment
method in a three-zone load frequency control (LFC) sys-
tem, in which PEVs are utilized to regulate frequency under
various load disorders. Teir outcomes showed that the
suggested LFC method could efectively remove frequency
disorders while considering delays in the network and giving
robustness to the system against PEV uncertainties. Te
simulation results obtained from MATLAB by the results of
Yan et al. [21] proved that the use of a hybrid energy storage
system (HESS) can properly stabilize the frequency of in-
tegrative multizone systems. Moreover, the proposed
powerful controller was quite efective.

Xu et al. [22] studied a novel original energy storage
system by using the framework of pumped hydropower
storage (PHES) for an integrated renewable energy MG
(REMG) network. Also, an LFC was proposed for the un-
derstudy system. In this research, the challenge of opti-
mizing LFC controllers for REMG was investigated and
optimal controllers were designed for multiple regions in
REMG. Ivanova et al. [23] showed that the energy and heat
generation system has a relatively high electrical application
for strengthening the power production sector. Murali et al.
[24] utilized the energy storage system (ESS) infrastructure
to examine the derivative-based virtual inertia simulation
using and analyze its efect in adjusting frequency of power
system. In which, a primary efcient optimization algorithm
called the opposition-based volleyball premier league

(OVPL) was utilized to obtain optimal fundamental con-
troller and ESS parameters. By considering the two-level and
dual two-level voltage source inverter framework in sup-
plying nonlinear loads, the implementation of virtual inertia
was investigated in both of them [25, 26]. Obtaining of
virtual inertia was performed using the derivative control
technique. For obtaining an automatic control of HPS load
frequency, in a work performed by Irudayaraj et al. [27],
a physics-derived atom search optimization (ASO) algo-
rithm was designed for tunning the fractional-order pro-
portional necessary manage (FOPID) parameters. In this
study, the authors tried to investigate the stability of the HPS
frequency with the use of Matignon’s theorem. In reference
[28], an electric vehicle and a heat pump with HPS were used
to control the frequency. Te operation of both EV and heat
pump (HP) as customer electrical appliances reduces the use
of stand-alone energy storage units for HPS. Lund and
Kempton [29] connected electrical wires as a controllable
load or source of output to the grid.Teir results showed that
the reliability of renewable sources will increase by growing
the use of electric vehicles. Many electric vehicles in the
network can be used as a huge storage battery on a scale of
several MW, which is mentioned as vehicle-to-grid or V2G
systems in the existing literature. V2G systems can create
a backup storage source for balancing the power in the grid
network and providing a rapid response to disruptions.

Jan et al. [30] studied an independent MG including
a heating generator, wind power generation system, PV, and
EV. In this research, the fuzzy PI method and adaptive droop
control were used. Aliabadi et al. [31] investigated a smart
charging method for electric vehicles to control the MG
frequency. In this work, the smart charging technique was
performed by applying fuzzy control. Amamra and Marco
[32] provided frequency and voltage support based on a feet
of integrated V2G electric vehicles in the power network.
Te designed scheme was able to provide optimal regulation
services as well as voltage regulation support for the grid
network. In addition to providing the necessary ancillary
services, issues related to the EV battery failure were also
investigated. Kumar and Jaladi [33] designed a battery
charging station supply by using three grid sources, a pho-
tovoltaic system (PVS), and a battery energy system (BES).
BES was applied as a bufer with excessive energy storage
under mild load conditions and its supply if required. In its
infrastructure, a converter of two-way DC/DC type is ac-
tivated by the control unit for charging and discharging. To
provide necessary circumstances for the DC/DC converter,
the highest control point tracking technique was applied to
attain the maximum yield power from PVS under diverse
conditions for obtaining reasonable pulses. By considering
a renewable permeable energy based network, an adaptive
fractional-order fuzzy proportional integral derivative (FO-
Fuzzy-PID) controller was proposed by Annamraju and
Nandiraju [34] for LFC. In the center point of this research,
an initial application was created to adjust simultaneously all
feasible parameters of the fuzzy, the FO, and PID controllers
to deal with uncertainty factors caused by fast variation of
renewable sources, loads, and parametric changes. A co-
ordinated distributed model predictive control (DMPC)
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proposed by Liu et al. [35] for the LFC in a power network
that contains naturally variable wind-power generations.
Kong et al. [36] developed a hierarchical distributed model
predictive control (HDMPC) model to obtain proper ad-
justment of network frequency. Dashtdar et al. [37] pro-
posed a frequency control of the islanded MG that included
renewable resources. In this suggested control method, the
model predictive control (MPC) is continuously utilized to
adjust the controller coefcients, in which the algorithm of
optimization of particle swarm algorithm was employed to
achieve the best conditions in the control method. Srivastava
et al. [38] used a power generation network to study
a synchronized control grid with virtual power plant (VPP)
with a parabolic. Te power network composed of various
devices including solar collector thermal system (PTSCTS),
a wind generator, and an EV. Two-stage (PI)−(1 + PD)
controllers and the proportional integrator derivative (PID)
simultaneously were included in the developed frequency
adjusting approach. Furthermore, four algorithms including
butterfy optimization algorithm (BOA), the frefy algo-
rithm (FA), recent grasshopper optimization algorithm
(GOA), and PSO were utilized to obtain optimal parameters
of the controllers. Fixed-time determined controller potency
was proposed to fulfll the most extreme power derivation
issue in a wind power generation system [39].

A controller was proposed by using the concept of
perturbation observer to obtain a high amount of power
from a wind power generation system with entirely unclear
parameters [40]. Zadeh et al. [41] utilized fuzzy-neural
controllers to develop a frequency control of low inertia
MGs to obtain equivalency for the values of production and
demand of electricity power. Various electricity power
sources including wind turbine, PV panel, energy storage
system, and diesel generators were used to design the MG
network. To compute load changes in the network, both
virtual inertia compensation and a fuzzy-neural controller
were utilized to design an exact control technique. Gummala
et al. [42] studied the efectiveness of the Jaya algorithm
optimization frequency control in an independent MG of
various renewable energy sources. In this research, sec-
ondary frequency control was performed using the adaptive
fuzzy logic controller (AFLC). Negahban et al. [43] rec-
ommended a novel control approach by using the concept of
the adaptive fuzzy model control. In this research, the de-
veloped control technique was simultaneously compared
with an optimal PI and an adaptive optimal model predictive
control. Te obtained results were used to improve the
strength of the developed control technique. Shubham et al.
[44] studied the frequency stabilization and tie-line elec-
tricity power in a designed cluster consisting of a PV solar
plant, microhydropower system, diesel power generator,
fywheel device, super magnetic electricity storing system,
and electric vehicle. To obtain a proper frequency control,
a new jellyfsh search optimization-based dual-stage
(1 + proportional integral) tilt-integral derivative controller
was used in this paper. Padhy et al. [45] studied the ability of
PD−(1 + PI) controller device to regulate frequency in an
MG system with several energy resources that was designed
using a marine predator algorithm. Te potency of the

developed algorithm was examined by comparing it with
three common techniques including grey wolf optimization,
the genetic algorithm, and diferential evolution. MATLAB/
SIMULINK software was applied to carry out the simulation.
Mondal et al. [46] proposed a frequency regulation approach
for a hybrid shipboard MG network utilizing a BOT-based
controller. Te electricity generation network was composed
of various resources including a dish-stirling solar-thermal
system (DSTS-)based marine vessel, wind-driven generator
(WDG) system, solid oxide fuel cell (SOFC) electricity
generation, superconducting magnetic energy storage
(SMES) device, two various AC-loads, and propulsion loads
are utilized as an ISHMG. Bouaddi et al. [47] conducted
a load frequency analysis using a mathematical model of an
autonomous MG by considering both uncontrollable and
controllable power sources. Tis research utilized a fuzzy
logic proportional-integral (FLPI) controller in order to
decrease frequency fuctuations in the designed MG. Fur-
thermore, an innovative hybrid algorithm of water cycle
optimization and moth fame was proposed using the ITAE
ftness function. Tripathi and Singh [48] analyzed frequency
control by considering an MG consisting of a diesel gen-
erator, wind generation, and solar generation. Tis research
used both PI and MPC to compare their results. Javanmardi
et al. [49] studied the power fuctuation problem in an MG
system by considering renewable energy sources. In this
research, a dynamic output feedback controller (DOFC) was
designed in MG by taking into account the contraction
observer for mitigation. Sahoo et al. [50] analyzed the po-
tency of a new green leaf-hopper fame-based optimization
algorithm (GLFOA) to control the frequency in hybrid MGs
consisting of solar-thermal power/electric plants, wind
power generation plants, PV solar cells, biogas combustion
turbine, biodiesel power generation system, and power
electricity storing devices. Comparing the proposed algo-
rithm and several popular optimization algorithms showed
the superiority of GLFOA’s performance. For minimizing
the frequency fuctuations occurring in the MG networks,
a modifed multiverse optimizer (MMVO) approach was
proposed by Mishra et al. [51] to tune the specifcation of
a fuzzy PID controller with a freedom degree of 2. A power
network composed of renewable energy including wind
turbine, solar plant, electricity storing devices, and a fywheel
electricity storing system equipped with a hydrogen aqua
electrolyzer and a fuel cell unit were employed in the
designed MG model. Both super twisting sliding mode and
PI control schemes were used by Amine et al. [52] to conduct
a comparative examination to analyze the impacts of control
approaches on HESSs in remote DC-MG networks. In this
paper, three confgurations including integrating
proportional-integral with super-twisting sliding mode
controllers (STSMCs) in dual-loop frequency regulation
frameworks, time-specifcation, and present bandwidths of
the HCC were utilized to realize the efcient performance of
the HESS control. Singh and Gope [53] proposed an LFC of
a two-areaMMG renewable network with a tie-lin consisting
of biodiesel power electricity plant, electricity storing sys-
tem, PV plant, minihydro power generation system, biogas
power electricity plant, and multiload disorder. In this
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proposed approach, a PID control scheme was applied by
utilizing the grey wolf optimization (GWO) algorithm to
adjust frequency fuctuations and achieve balancing between
demand and energy power generation. Besides, other hybrid
methods such as GWO-PSO [54], Harris hawk-particle
swarm optimizer (HHOPSO) [55], quasi-oppositional har-
mony search (QOHS) algorithm [56], grey wolf optimizer
sine cosine algorithm crow search algorithm (GWO-
SCACSA) [57], and lightning search algorithm (LSA) [58]
are used in the literature.

Eshetu et al. [59] V2G electric vehicles were used asmoving
energy storage units. In an independent MG, these transferable
power electricity storage batteries can be a promising resolving
key for LFC. In this paper, the ANFIS adaptive neural fuzzy
system is used as a basic framework to design an intelligent LFC
technique, and the LFC controller based on theANFIS adaptive
neural system is compared to other controllers.

Considering all the benefts and challenges of EVs and
ANFIS controllers, this paper provides the following insights
and contributions:

(i) Te ANFIS neural fuzzy controller is used to control
an electric vehicle to regulate the frequency in
multicarrier MGs. Terefore, two scenarios are
designed for the proposed control structure.

(ii) Tis work has considerable diferences from other
works in the literature (e.g., the work presented in
[59]), CHP and diesel generator (DG) by the clas-
sical controller are optimized by the genetic algo-
rithm as the main secondary frequency controller in
the frst scenario.

(iii) In the second scenario, the V2G-equipped electric
vehicle is used to perform the secondhand fre-
quency regulation with the proposed ANFIS con-
troller. As well as the presence of storage devices
(batteries and fywheels) as backup sources can
increase the reliability of the under-study MG,
which is not mentioned in the reference [59].

(iv) Te proposed method can show acceptable per-
formance in reducing frequency deviations and
improving dynamic responses. It also can show
a highly efcient control of the output power in MG
resources.

(v) Other sections of the paper are structured as the
following. Te MG model is provided in Section 2.
Te model of EVs is provided in Section 3. Te
multicarrier microgrid model is provided in Section
4. In Section 5, a brief literature review on controller
research is provided. Section 6 contains the results
simulation analysis and related discussions. Ulti-
mately, the summary of the study is provided in
Section 7 and the study is concluded in Section 8.

2. The Proposed Multicarrier MG Model

Figure 1 demonstrates the layout of the suggested isolated
MG. Te practical power of the MG is 1MW, and the MG
network is composed of three types of resources. First,

renewable resources include wind turbines and solar cells.
Second, storage facilities include fywheel, battery, and V2G
electric vehicles as mobile storage systems. Tird, fuel-using
resources include diesel generators and CHP (simultaneous
generation of electricity and heat). A circuit breaker was
equipped to protect the whole network from overload or
short circuits. Given that the frequency is constant
throughout the system, all loads and power output are
modeled on a bus. It should be noted that EVs are simul-
taneously used as battery storage and load consumption in
the proposed network.

3. Model of Electric Vehicles (EVs)

Te EVs system is modeled according to work performed
[12]. Figure 2 illustrates the identical EV model utilized for
LFC. More details regarding battery and charger according
to the charging and discharging specifcations of the EV
model is accessible in reference [12].

T e is the time constant of EV, which can be interpreted
from Figure 2, the LFC signal transmitted to EV is dem-
onstrated by ∆uE, the up and down limit capacity of the
inverter is seated between ±μe, and the up and down limit of
power ramp rate is seated between ±δe. E is the stored
electricity in the EV charging storage capacitor. Emin and
Emax are the minimum and maximum useable power
electricity of the EV charging storage capacitor, respectively.
Te inequality among the confned energy and current
stored electricity of the EV charging storage capacitor are
shown by K1 and K2, respectively. Te related formulas to
calculate them are K1� E− Emax and K2� E− Emin.

At last, ∆PE indicates the charging/discharging of battery
electricity capacity. EV stay in the idle state when the value of
∆PE is equal to zero; EV stay in the discharging state when
the value of ∆PE is greater than zero; and EV stay in the
charging state when the value of ∆PE is less than zero. Te
charging and discharging amounts of the EV only changed
between the range of ±μe. After all, when the power elec-
tricity capacity of the EV exceeds that of the upper limit
(Emax), the discharging process of EV is only reached to
(−μe). Also, when the EV energy decreases below the least
limit (Emin), the charge range for EV is (−μe∼0).

4. Multicarrier Microgrid Control Model

Te proposed controller structure according to the parameters
of Tables 1 and 2 in the multicarrier MG is demonstrated in
Figure 3. Since the EV is used simultaneously as a source and
load consuming in the MG networks, the user’s charging re-
quirement/departure time request is considered in the model.

5. The Proposed Controllers

5.1. Fuzzy Logic Controller. Te system’s frequency de-
viations and its derivatives of the two signals input and
power as the yield of the fuzzy control design were studied.
Frequency disorder is shown in Figure 4 of membership
functions. Te related specifcations for both the input and
output fgures of the introduced control scheme are shown

4 International Transactions on Electrical Energy Systems



as a set of seven words as follows: NM (medium negative),
NB (big negative), PS (small positive), Z (zero), NS (small
negative), PB (big positive), and PM (medium positive).
Tese defned variables have a member of the subsets whose
membership’s degree varies between [−1, 1]. In the proposed
controllers, 49 fuzzy constraints taken into account that
demonstrated in Table 3.

5.2. Adaptive Neuro Fuzzy Interface System (ANFIS)
Controller. In this work, ANN and fuzzy inference systems
(FIS) were integrated to develop neuro-fuzzy techniques.
ANFIS shows privilege compared to both fuzzy and ANN
[61, 62]. To carry out various modes of functions, the
learning capability of neural networks and information

depiction of fuzzy logic were integrated using the developed
controller. Te ANFIS controller was integrated into the
multicarrier MG in a centralized way, and the centralized
control architecture is commonly applied in isolated MGs.
Te energy management system (EMS)/central controller is
primarily in charge of the MG amount raise and the optimal
expansion of its operation in a centralized controller
framework. In this approach, the information transfer (re-
gional control connection) between the MG operatives and
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Figure 2: Te equivalent EV model for controller [60].
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Figure 1: Te layout of the isolated MG.

Table 1: Proposed MG parameters [59].

Parameters Values
D (pu/Hz) 0.015
2H (pu s) 0.1667
TFess (s) 0.1
TBess (s) 0.1
R (Hz/pu) 3
Tg (s) 0.08
Tt (s) 0.4
Tt/c (s) 0.004
TIN (s) 0.04
— —

Table 2: Specifcations of the MG scheme [60, 64, 65].

Grid components Parameters Values

CHP

Xc 0.6 (s)
Yc 1 (s)
TCR 0.1 (s)
TF 23 (s)
Cg 1
bg 0.05 (s)
TCD 0.2 (s)

EVs

Te 1 (s)
Δe 0.01 (pu.MW/s)
μe 0.25 (pu.MW)

Emax 0.95 (pu.MW/h)
Emin 0.8 (pu.MW/h)

PI (optimized AG) Proportional gain −0.355
Integral gain −0.375
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their regional controllers happens on both sides. Te EMS
specifed the best collection stages for the distributed gen-
eration (DG) of electricity power and regional controllers
(LCs) in the MG which is accomplished using inputs in-
cluding weather forecasting, load demand, radiation in-
tensity, and energy pricing.

Te ANFIS design is composed of a multilayer fexible
neural network which is fulflled according to a fuzzy in-
ference scheme controller. Figure 5 demonstrates the design

of the ANFIS procedure [61, 62]. Tis paper used two sets of
inputs (Δf, _∆f) and one output u (power) to design the fuzzy
inference system. Two fuzzy rules including Takagi and
Sugeno were utilized to design the rule base as the following:

Rule 1: Let ∆f beX1 and _∆f beY1, then u1 � p1∆f +

q1∆f +r1

Rule 2: Let ∆f idX2 and _∆f isY1, then u2 � p2∆f + q2
∆f +r2

Σ

controller

Σ-

Battery

Flywheel
EVS

PV

Wind

DG

CHP
PI 

optimized (AG)

1
R

1
R

+ -
+ -

ΔPWind

ΔP
Fly

ΔP
Bat

ΔP
EV

ΔPPV

ΔP
CHP

ΔP
DG

ΔLoad

1
2HS+D Δf

Figure 3: Te control scheme of the proposed MG.
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Figure 4: (a) Membership functions of fuzzy controller, (b) fuzzy input membership, and (c) output fuzzy membership.

Table 3: Controller’s fuzzy rules.

Inputs Δf
NB NM NS ZO PS PM PB

Δf/dt

NB PB PB PB PB PM PS ZO
NM PB PB PB PM PS ZO PS
NS PB PB PM PS ZO NS NM
ZO PB PM PS ZO NS NM NB
PS PM PS ZO NS NM NB NB
PM PS ZO NS NM NB NB NB
PB ZO NS NM NB NB NB NB
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Layer 1. Tis layer is mentioned as the fuzzifcation level and
work as an adaptive node. Te layer’s parameters change in
terms of the error mark and create the appropriate amount for
each membership function. Each node is indicated as I, which
is defned by an adaptive node function as the following:

o
1
i � μXi

(∆f) for i � 1, 2,

o
1
i � μYi−2

( _∆f) for i � 3, 4,
(1)

where Δf (or ( _∆f)) represents input at node I and Xi (or Yi)
represents a linguistic label (fuzzy sets: big, small) that
represents the membership functions of each node.

Layer 2. Te outputs of the Layer 1 are multiplied and
forwarded to the later one. Also, the nodes of Layer 2 are
precisely determined and labeled as II.

Te product of all incoming signals is used to calculate
the output of each node. Te yield related to each node in
this layer is defned as the following;

o
2
i � wi � μxi

(∆f) × μyi
( _∆f) for i � 1, 2. (2)

An activation degree or (strength of fring WI) of a rule
can be interpret by using the calculated output.

Layer 3. Tis layer is labeled as N (normalization) and is
defned to determine the adjusted fring stability related to
each rule. Similar to Layer 2, each node is considered to be
fxed in this layer. So, the normalized fring stability is the
yield of this layer. For ith node, the adjusted fring stability
(w1) is defned by the following formula:

o
3
i � w1 �

wi

w1 + w2
for i � 1, 2. (3)

Layer 4. Te adaptive nodes are included in this layer and
the related output is calculated as the following:

o
4
i � wlui � wl pi∆f + qi

_∆f + ri)i � 1, 2, (4)

where w1 and {pi, qi, ri} are the yield of the Layer 3 and the
parameter collection of this node, respectively. Tese pa-
rameters are mentioned as ensuing parameters.

Layer 5. Te ending layer of the ANFIS network that
generates the yield U and labeled as , which calculate the
total output by aggregating of all received marks in the node
via the following equation:

o
5
i − U �  wlui �

 wiui

 wi

. (5)

Te ANFIS methods are applied to hybrid-learning algo-
rithms that integrated from various algorithms, the minimum
squares approaches are utilized to fx the specifcations of both
linear and gradient-descent, which are applied to determine the
premise parameters. ANFIS edit toolbox is utilized for pro-
duction (ANFIS-FIS) in MATLAB environment. Training and

experimental data are used to train the adaptive neural fuzzy
system. For more details to understand the steps of the ANFIS
design, see this reference [63].

6. Simulation Results

To obtain a proper comparison between the proposed
method and fuzzy controller, simulations were performed in
fve case studies in SIMULINK/MATLAB. Te capability of
the developed frequency adjusting approach is evaluated by
two criteria of numerical evaluation of the mean frequency
power deviations RMS (Δf) and the maximum size of the
frequency deviations (max(ӀΔfӀ)) Table 4.

6.1. Study A. Tis study was conducted to show the potent
performance of the network to response against the mul-
tistage load disorder (ΔPL). Time seconds (2-5-15-25-33) are
applied to the microgrid according to Figure 6(a), and the
frequency response of the network is pictured in Figure 6(b).
Clearly, when the developed ANFIS system is used, the
frequency fuctuations and deviations are decreased com-
pared to the fuzzy controller. As a result, the developed
controller shows a proper performance in the frequency
response. In the proposed ANFIS method, the efective
(RMS) values and maximum frequency (max) deviation
according to Table 4 show a decrease of 54% and 45%,
respectively, compared to the fuzzy controller. Te obtained
fndings showed that the developed approach in frequency
control indicates proper performance.

6.2. Study B. In this study assumed in winter, the multi-
carrier hub (MCH) network is faced with production
shortages due to a sharp drop in gas pressure, and no
available CHP in the network results in the reduced fre-
quency. At this point, a relatively large disturbance of 0.2
(pu) is applied to the network in 27 seconds. Te results of
this simulation in Figure 7 show the robustness of the fuzzy
and ANFIS intelligent controllers of the under-study system.
Figure 7 shows that ANFIS performs better in reducing
frequency deviations than fuzzy. In the proposed method,
the efective (RMS) values and maximum frequency (max)
deviation, according to Table4 show a decrease of 175% and
45%, respectively, compared to the fuzzy controller.

6.3. StudyC. Power system parameters change continuously
over time, and this may afect the frequency response of the
system. Intelligent control methods can show privilege in
resistance against surroundings and dynamic variations. At
this stage, the main parameters of the power system include
damping factor (D), generator time constant (Tg), drop
constant (R), turbine time constant (Tt), inertia constant (H),
battery time constant (TBESS), and fywheel time constant
(TFESS) changes to respond the frequency fuctuations
according to Table 5. By implementing the changes in the
microgrid system, the closed-loop frequency response is
depicted in Figure 8. Te optimal resistance of the proposed
controller against the considered uncertainties was in-
vestigated. Also, the proposed method demonstrates better
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damping than the fuzzy one and enhances the efciency of
the frequency adjusting in the proposed MG network. In the
suggested method, the efective (RMS) values and maximum
frequency deviation (max) according to Table 4 were re-
duced by 15% and 36%, respectively, compared to the fuzzy
controller.

6.4. StudyD. In this study, disturbance in the PV system and
wind system (wind) was managed to occur in 17 and
32 seconds, respectively. Te system responses to power
fuctuations with and without PV system, and also with and
without wind turbines are shown in Figures 9 and 10. Te
simulation results in Figure 11 show an ANFIS-based
control method has a better performance in regulating
frequency deviations and acceptable strength against

perturbations than the fuzzy method. Also, in the proposed
method, the efective (RMS) values andmaximum frequency
deviation (max), according to Table 4 were improved by 49%
and 41%, respectively, compared to the fuzzy controller.

6.5. Study E. In this study, the yield power results of the
developed ANFIS-based controller in a system including
a battery, diesel generator (DG), and electric vehicle (EV)
were compared to a fuzzy controller. Te yield power of the
fuzzy controller and the ANFIS controller are illustrated in
Figures 12(a) and 12(b), respectively. Our fndings showed
that the ANFIS-based intelligent controller has a more stable
output power than the fuzzy controller. As a result, the
proposed method has a good performance in power stability.
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Figure 5: ANFIS network structure [35].
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Figure 6: (a) Multiple-step load disorders and (b) response of MG frequency.

Table 4: RMS and maximum values of frequency inconstancy.

ANFIS Fuzzy
0.0058 Study A (RMS·pu) 0.0126
0.0044 Study B (RMS·pu) 0.0121
0.0036 Study C (RMS·pu) 0.0046
0.0054 Study D (RMS·pu) 0.0106
0.1163 Study A (max·pu) 0.2124
0.0262 Study B (max·pu) 0.0480
0.1133 Study C (max·pu) 0.1777
0.0289 Study D (max·pu) 0.0490
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7. Summary

Te proposed ANFIS control scheme and a fuzzy control
scheme was compared in fve scenarios in terms of the
frequency control. Te simulation fndings showed that
frequency adjustment is properly conducted by considering
uncertainties such as load changes, renewable energy
sources, gas changes, changes in the power system param-
eters, and as well as system stability interruption. Te de-
veloped technique can show good performance and
signifcantly reduce frequency deviations. Finally, the

developed technique (ANFIS) was evaluated by considering
the performance of the control methods in these references
[31, 34], in which the algorithm colonial competition was
used to optimize the fuzzy controller in [31] and the FO-

Table 5: Uncertain specifcations and fuctuation range.

Parameters Variation ranges
R +60%
D −35%
H −40%
T t +60%
T g +60%
T FESS +70%
T BESS +70%
— —
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Figure 8: Frequency reaction based on the parameter’s variation
depicted in Table 5.
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Figure 9: Te output power of the proposed network by con-
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Figure 10: Te output power of the proposed network by con-
sidering wind and without considering wind.
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fuzzy-PID controller was used in reference [34]. In the
simulation, a disturbance of
0.3 puwas utilized to theMG in 16 seconds.

Figure 13 shows the frequency inconstancy of the de-
veloped approach and the methods presented in these ref-
erences [31, 34]. Te simulation fndings in Figure 13 show
the optimal function of the developed method and the
abovementioned references in terms of reducing frequency
deviation and resistance to disturbances. Furthermore, ef-
fective (RMS) values and maximum frequency deviation
(max) of the developed method were examined by con-
sidering the results of two reference methods according to
Table 6. According to the obtained results of the developed

method in Table 6, the efective values and maximum fre-
quency deviation are decreased from [31] up to 61% and
77%, respectively, and compared to [34] are decreased up to
53% and 75%, respectively. Terefore, better performance in
frequency regulation for the proposed method than the
presented controllers in the literature [31, 34] was observed.

8. Conclusion

Tis paper aimed to introduce a frequency control in
a multicarrier MG. Te understudy MG includes nonlinear
factors that mimic the real-world behavior of the system.
Considering that the MG is naturally nonlinear, traditional
controllers show weak performance in this situation.
Terefore, smart controllers are used due to their acceptable
performance in nonlinear conditions. In the under-study
multicarrier MG, CHP sources and diesel generators were
used for the secondary frequency controlling as the main
sources by the classical Pi controller optimized by the genetic
algorithm. Te main discussion of this research is the
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Figure 12: Deviation of output power (battery-DG-EVs); (a) fuzzy response and (b) ANFIS response.

Fr
eq

ue
nc

y 
de

vi
at

io
n 

(H
Z)

0 5 10 15 20 25 30 35
Time (s)

ANFIS

Method*

Method**

40

0

0.1

0.05

-0.05

-0.1

-0.15

-0.25

-0.2

-0.3

Figure 13: Comparison of frequency inconstancy based on the control and proposed methods in references [31]∗ and [34]∗∗.

Table 6: Maximum values and RMS of frequency inconstancy.

Reference methods [34] Reference
methods [31] Proposed methods

RMS (0.0115 pu) RMS (0.0136 pu) RMS (0.0054 pu)
Max (0.1078 pu) Max (0.1138 pu) Max (0.0264 pu)
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presence of V2G electric vehicles as moving batteries con-
trolled by the intelligent participant ANFIS neural fuzzy in
secondary frequency as a backup power source. Te potency
of the suggested ANFIS controller was evaluated in 5 case
studies. SIMULINK/MATLAB software was used to perform
simulations. Also, the level of resistance of the developed
control scheme to various parameters and resistance to
changes was evaluated. Finally, our fnding was compared to
the literature results that showed the efective values and
maximum frequency deviation decreased up to 61% and 77%
compared to the research, respectively; and compared to
another decreased by up to 53% and 75%, respectively.
Terefore, the proposed method shows better performance
in frequency regulation compared to the presented con-
trollers in the literature. Te potency of the developed
ANFIS control scheme should be additionally investigated in
terms of the district heating networks, hydrogen storage, and
uncertainty modeling approaches that can be studied in
future works.

Nomenclature

2DOF-FPID: 2 Degree of freedom fuzzy PID
AFLC: Adaptive fuzzy logic controller
ANFIS: Adaptive neuro-fuzzy inference system
ASO: Atom search optimization
BES: Battery energy system
BOA: Butterfy optimization algorithm
CHP: Combined heat and power
DER: Distributed energy resources
DG: Diesel generator
DMPC: Distributed model predictive control
DOFC: Dynamic output feedback controller
DSTS: Dish-stirling solar thermal system
ESS: Energy storage system
EV: Electric vehicle
FA: Firefy algorithm
FLPI: Fuzzy logic proportional-integral
FO-Fuzzy-PID: Fractional-order fuzzy proportional

integral derivative
FOPID: Fractional-order proportional integral

control
GLFOA: Green leaf-hopper fame optimization

algorithm
GOA: Grasshopper optimization algorithm
GWO: Grey wolf optimization
GWOSCACSA: Grey wolf optimizer sine cosine algorithm

crow search algorithm
HDMPC: Hierarchical distributed model predictive

control
HESS: Hybrid energy storage system
HHOPSO: Harris hawk-particle swarm optimizer
HP: Heat pump
LFC: Load frequency control
LSA: Lightning search algorithm
MCEH: Multicarrier energy hub
MFO-WC: Moth fame and water cycle optimization
MG: Microgrid
MMVO: Modifed multiverse optimizer

MPC: Model predictive control
MPPT: Maximum power point tracking
OVPL: Opposition-based volleyball premier

league
PI: Proportional-integral
PID: Proportional integrator derivative
PSO: Particle swarm optimization
PTSCTS: Parabolic trough solar collector thermal

system
PV: Photo-voltaic
PVS: Photo-voltaic system
QOHS: Quasi-oppositional harmony search
REMG: Renewable energy microgrid
SMES: Superconducting magnetic energy storage
SOFC: Solid oxide fuel cell
STSMC: Super-twisting sliding mode controller
V2G: Vehicle-to-grid
VPP: Virtual power plant
WDG: Wind-driven generation.
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