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ABSTRACT Standalone rural microgrid (MG) systems are considered as a sustainable and economical
solutions towards rural area electrifications. Specific control schemes are necessary to adopt for reliable
and economic performance of these rural MGs. This study focuses on the optimal utilization of biomass
potential considering specific applications of bio generator (BG) with BG-PV-WT-BSS and BG-PV-SMES
based standalone rural MG systems. In the first case of the BG-PV-WT-BSS, the optimal sizing/selection
of DGs of a rural MG has been proposed using the improved-MILP (I-MILP) approach. The objectives of
this study were to minimize total net present cost (TNPC), the levelized cost of energy (LCOE) and GHG
emissions. In the second case of BG-PV-SMES, the simulation model of the rural microgrid consisting of a
variable speed bio generator (VSBG) and photovoltaic (PV) has been developed. Afterwards, a simplified
EMS has been designed for the coordinated operation control of the distributed energy resources (DERs)
in the rural MGs using MATLAB/Simulink R© environment. For the DGs connected via power converter,
FOSMC and FCS-MPC based coordinated control has been proposed in the simplified EMS. The purpose
of the FOSMC and FCS-MPC based power converter is the improvement of the system performance (for
instance power quality, regulated voltage and THD) under external disturbances. Simulation analysis shows
the better operation of FOSMC and FCS-MPC under less THD and improved power quality.

INDEX TERMS Techno-economic analysis, simplified energy management system, power quality, stan-
dalone microgrid, rural electrification, hybrid energy systems, sustainable energy, social aspects.

NOMENCLATURE
BSS Battery Storage System
COE Cost Of Energy
DERs Distributed Energy Resources
DGs Distributed Generations
DR Demand Response
DSM Demand Side Management
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EMS Energy Management System
ESS Energy Storage System
FCS Finite Control Set
FLC Fuzzy Logic Controller
FOSMC Fractional Order Sliding Mode Control
GHG Greenhouse Gas
HRES Hybrid Renewable Energy System
ICE Internal Combustion Engine
LCOE Levelized Cost Of Energy
LPO Load Power Observer
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MG Microgrid
MILP Mixed Integer Linear Programming
MPC Model Predictive Control
PCC Point of Common Coupling
PI Proportional Integral
PR Proportional Resonant
PV Photovoltaic
RE Renewable Energy
RERs Renewable Energy Resources
SMES Super Conducting Magnetic Energy Storage
SVPWM Space Vector Pulse Width Modulation
THD Total Harmonic Distortion
TNPC Total Net Present Cost
VSBG Variable Speed Bio Generator
WT Wind Turbine

I. INTRODUCTION
There are many regions in remote areas of developing coun-
tries that still require electricity. Expansion of the centralized
electrical power system is not feasible to these regions due
to higher energy costs and power losses. Standalone elec-
trical systems such as rural microgrids could be a possible
option. It was discovered that dissimilar to bigger standalone
electrical systems, rural microgrid’s energy requirement is
lower due to primarily domestic and street lighting loads [1].
Sustainable power with renewable energy (RE) integrations
are the new pattern for energy-generating plants because of
their green, and environmentally friendly energy generation
[2]. Worldwide, various nations are expanding their environ-
mentally friendly power-sharing so as to mitigate the solid
reliance on fossil fuel. The most ideal choice to serve elec-
tricity to the standalone rural areas where grid-extension is
impractical is by utilizing diesel or bio generator (BG). Diesel
or BG have low initial investments and better voltage regula-
tion but, generator size imposes a restriction for large power
generating units. The reason is that a generator is constantly
chosen depending on the value of peak load whereas more
often it feeds the base-load [3]–[6]. The ongoing progress in
sustainable power frameworks with renewable energy (RE)
integration has resulted in their higher penetrations. Nonethe-
less, the primary issue with these frameworks is the climat-
ically dependent. For such a circumstance, a hybrid energy
system combining both the RE and diesel or BG is the most
achievable plan.

Recently, great quanta of research attempts have been
focused on standalone HRES. An optimization tool based on
Sequential Linear Programming (SLP) is developed to model
HRES including PV-WT and biomass fuel generators with
backup units in [7]. In [8], a Genetic Algorithm (GA) based
control strategy is examined to reduce the overall total net
present cost and least cost of energy of a solar PV, wind, fuel
cells, biogas, and biomass integrated HRES. The main aim is
to determine the profitable option for electrification via the
optimization process considering the hybrid energy system
control, sizing, and component selection. Impact of energy

dispatch strategy on the designing the size of HRES com-
ponents is studied including three control strategies (simple
rule-based, advanced rule-based, and dynamic programming)
in [9] and results showed that feasible design options could
differ depending on the control strategies. With an optimal
control strategy, life cycle costs can be reduced by 5-10%.
Energy management strategies consider the optimum match-
ing of energy production with demand. To facilitate the miti-
gation of renewable intermittency, [10] studied a multicarrier
generation scheduling scheme for standalone microgrids to
dynamically optimize dispatch factors in the coupling of effi-
cient energy conversion of an HRES containing biogas-solar-
wind portfolio. The proposed optimal multi-energy schedul-
ing scheme could accomplish higher renewable penetration
and lower degradation cost while satisfying end-users’ energy
demand. In [11], how anMPC based EMS can perform better
to improve the precision of the load forecasting algorithm
for HRESs is examined. After a year of the test, the results
demonstrated that 14.1% reduction in energy unbalance and
8.7% in annual operational costs were achieved when the load
forecast correction was accomplished. MPC application is
found in present literature including DSM-MPC in [12] for
reducing fluctuations in power exchanged with the grid and
preventing peaks for more favorable energy purchased from
the grid.

Finite control ser model predictive control (FCS-MPC)
is perceived as the most reliable methodology for online
optimization of non-linear discrete state systems with mul-
tivariable control, lower current distortions, and decreased
switching loss [6]. Recently, model predictive control (MPC)
is attracting an increasing interest due to its simplicity, out-
standing constraint handling ability, and excellent tracing
principle. The two-step horizon (N = 2) predictive approach
of FCS-MPC minimizes the switching frequency as well as
a computational burden. MPC easily considers nonlineari-
ties and constraints, calculates in advance required system
signals, and the algorithm is straightforward [13]. In gen-
eral, MPC is classified into two basic categories based on
how the optimization is applied or performed: Finite Con-
trol Set Model Predictive Control (FCS-MPC) and Continu-
ous Control Set Model Predictive Control (CCS-MPC) [14],
[15]. CCS-MPC generates a continuous that is modulated
before its application to the converter. Contrary to CCS-MPC,
FCS-MPC applies the algorithm’s output directly to the con-
verter. The CCS-MPC makes use of a modulator to produce
the switching signals desired for the power converter with
minimum computational burden, whereas, the FCS-MPC
considers the discrete nature of power converters requiring
longer duration to locate the optimal option [16]. However,
FCS-MPC has a drawback of the fixed time duration of
voltage vector, variation in switching frequency, causing the
high value of total harmonic distortion [17].

Sliding mode control (SMC) is a nonlinear variable
structure controller which is applied to different power sys-
tems due to its built-in characteristic of simplicity regard-
ing implementation, fast reference tracking, robust operation,
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minimum disturbance to parametric variations and strongly
applicable for VSC, electrical converters andmicrogrids [18].
The energy extraction from the solar PV system is imple-
mented in [19] with a new controller design scheme for
tracking the maximum power point (MPP) of a solar PV
system by using a sliding mode controller (SMC) method
with self-optimization.

On the other hand, fractional order sliding mode control
(FOSMC) is a robust controller with a sliding surface for
both additional parameters (i.e. adjustable non-integer frac-
tional differentiator and integrator) that increase the dynamic
response of the system, to ensure the convergence, providing
more degree of freedom and efficient strategy to minimize the
chattering phenomenon [20], [21]. In recent time, FOSMC is
implemented in solving different issues of power system.

In this paper, Biomass energy potential and applications
in rural areas are explored, introduced and implemented.
A novel EMS with coordinated operation control is designed,
implemented and verified employing a simplified simula-
tionmodel implemented inMATLAB/Simulink R©. The novel
EMS is based on SMES control. It aims to uphold load
balancing and extraction of maximum power from the PV
integrated rural MG and stabilizing fixed load voltage under
BG-PV generation variations. The effectiveness of FOSMC
is analyzed through the MATLAB/Simulink environment.
Moreover, the simulation results of the implemented FOSMC
is compared with FCS-MPC and proportional-integral (PI)
control.

Multiple advantages can be achieved from the proposed
method for rural MGs. Some of them are, but not limited to
the following:
• More efficient system due to local generating sources
and electricity generation/storage.

• More reliable and secure operation because of off-grid
operating capability, on-site generation control at the
distribution level.

• Minimum total operating cost with the local on-site
generation facilities.

• Improved rural microgrid operation by reducing pro-
duction cost based on fuel and increased penetration of
renewable energy resources (RERs).

• Water pumping for agricultural processing and irriga-
tion.

• Quality power supply to a remote community in rural
areas.

• Minimum fuel consumption with a reduction in green-
house gases.

• No or less transmission losses.
• Rural street/community lighting systems for evening
time activities/businesses (charging stations, internet
cafes, computer/information and communication tech-
nologies (ICT) centers, local industries, rural tourism).

• Reliable supply during grid faults/interruption and
demand reduction on utility grid to prevent grid failure.

• Maximum utilization of renewable energy resources
(RERs) in rural areas.

• Tomaximize electricity access rates across rural regions.
• To promote efficient utilization of energy supply for
rural communities.

• To accomplish universal access to modern energy
by 2030 in reaching out to the remotest rural population.

• To highlight untapped potential points of RERs in rural
areas.

• Heat generation, cooling and refrigeration/preservation
for agricultural food/products and rural households.

• Availability of environment friendly green energy for
rural areas.

Moreover, major portion of the population of developing
countries belongs to rural areas and most of them have no
access to electricity. Wind and solar PV are the cheapest
sources of new energy generation in these developing com-
munities. There is currently an over-dependence on imported
fossil fuels, outdated coal technologies and hydro with expen-
sive, seasonal and delayed generations. With the increase of
renewable energy (RE) share by 2030, developing countries
can have the following benefits:

• Improved energy security via diversified generation
sources and reduced reliance on fossil fuels import.

• Less economic pressure through the reduction in coal
and liquefied natural gas (LNG) import.

• Less energy cost will lessen the burden of additional
tariff costs on prosumers and businesses while reducing
the cost-tariff deficit by addressing circular debt.

• More reduced cost of renewable sources (such as solar
andwind) via energy policies will support residential RE
industries.

• Diversified investment in clean energy with local and
international investors.

• Reduction of transmission and distribution losses.
Mostly rural areas in developing countries without elec-
tricity have the following common features:

• These regions are located in remote areas with challeng-
ing terrain (for instance, hilly area, forest, desert and
island). Moreover, forest areas could separate the town
and placement of live electricity conductors is difficult
from grids.

• These regions are situated away from electricity grids.
• These regions have deficient community members
(under 500) with 2 to 200 households.

• These regions have less energy demand, probably still in
the near future, due to mostly lighting load.

• These communities have the least facilities of transports
and communication.

• These communities have lower income levels and less
energy affordability.

• These communities have inadequate literacy level with
less technical skills.

Tremendous benefits of MGs for rural electrification can
be achieved. Health benefits include refrigerators for anti-
venom and other medicines. Social benefits include small
and micro enterprise (SME) including cafe, carpentry and
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tailor shops. Social benefits also include schools and vocation
institutes with water pumps, study lights, and workshops on
carpentry, welding and information technology (IT). Electric
rice cookers will save time and high cost of cooking fuels
such as wood, charcoal and kerosene. Other social benefits
include extended daylight hours with solar home system
(SHS) for basket weaving during night or late-night study,
ironing accessibility, selling perishable food items in restau-
rants, operating electric ricemills, entertainment on television
(TV) and electronic devices, rise of household incomes in
rural community with RER based MGs, reduction of mortal-
ity rate of maternal and children due to decrease in smoke of
kerosene for lighting, improved education results with high
rural literacy rate due to electric lights. Economic benefits
include reduction in cost compared to low qualities energy
fuel and technology, light-emitting diode (LED) lighting and
mobile charging facilities through MGs rather than kerosene
and candles. Due to lower cost, more reliability and environ-
mentally friendly, diesel-RER based MGs are seemly a more
standard approach as compared to 100% diesel-based MGs.
Moreover, MGs also provide excess electricity as back-stops
during grid outage.

This paper is organized as follows: Section II talks
about the methodology including the complete hybrid
model including VSBG controller, fuzzy logic controller
(FLC) speed controller, LPO algorithm, MPC and FOSMC.
Section III finishes up the acquired simulation results while
section IV sums up the conclusion of the proposed work.

II. METHODOLOGY
The following part describes the detailedmodeling and analy-
sis for each part of the proposed rural MG system, along with
the employed control techniques.

A. ECONOMIC MODELING OF THE RURAL MG
The detailed modeling of the DGs are explained in [22]. For
rural MG, three types of costs are investigated in optimal
sizing and selection ofDGs. These costs include TNPC, COE,
and annualized system cost. TNPC is the present value of
all capital and operation costs minus the salvage value in
a project life cycle. TNPC involves net present factor β to
accumulate the investment cost, replacement cost, operation
& maintenance cost, fuel cost, capacity shortage cost and
salvage value to time zero [23]. The levelized cost of energy
(COE) is the average cost per kWh of the useful electrical
energy produced by the DGs in the rural MG. The total annu-
alized system cost (ASC) or annualized total cost (ATC) in
$/yr is the sum of system capital cost per annum, annualized
maintenance cost, and annualized replacement cost for each
model component which is expressed as follows [24]:

ASC = Acapt,cost + Amaint,cost + Arepl,cost + Afuel,cost (1)

Similarly, TNPC and COE can be calculated as follows [25]:

NPC =
Ct,ann

CRF(i,N)
(2)

CRF =
i(i+ 1)N

i(i+ 1)N + 1
(3)

COE =
Ct,ann

Et,ann
(4)

i =
i− f
1+ i

(5)

where, Ct,ann represents total system annualized cost ($/yr),
and CRF (i, N) shows capital recovery factor. Whereas i,
f and N represent annual interest rate (%), inflation rate (%)
and a project lifetime (yr), respectively. And Et, ann is the
total electrical load served (kWh/yr). So, the objectives of this
problem are as follows [23]:

min(TNPC) = β


INVT

(
i, j,Pg,We

)
+REPL

(
i, j,Pg,We

)
+O&M (i, j,Pg,We, t)
+Fuel(i,Pg, a, b, c)

+ENS(Wens)+ EM (i,Pg)
−SALV

 (6)

where β is the discount factor to calculate the TNPC; INVT,
REPL, O&M, FUEL, ENS, EM and SALV are the invest-
ment, replacement, operation & maintenance, fuel, energy
not served, emission and salvage costs, respectively; and are
calculated as follows [23]:

INVT =
N∑
t=1

( T∑
j=1

PgjxjtKpjt +
T∑
k=1

WekyktKpjt
)

(7)

REPL =
N∑
t=1

( T∑
j=1

PgjxjtKrjt +
T∑
k=1

WekyktKrjt
)

(8)

O&M =
N∑
t=1

( T∑
j=1

Pgjxjt tKomjt

+

T∑
k=1

WekyktKomjt + PGtKcoet z
)

(9)

Fuel =
N∑
t=1

( T∑
j=1

{
a
(
Pgjs

)2 xjt + b (Pgjs)2 xjt + c}) (10)

ENS =
N∑
t=1

(WntsKcoet ) (11)

EM =
N∑
t=1

( T∑
j=1

Pgjsxjt tEPgjKemjt

+

T∑
k=1

WekyktKomjt + PGt tEPGKemjt
)

(12)

where Pgj is the rated power of the new generating unit type
j in kW, xjt the counter for unit j in time t. Wek is the rated
energy of the new storage unit type k, ykt is the counter for
the unit k in time t. PG is the power from/to the grid. Kpjt and
Krjt are the costs in $/kW. While Komjt and Kcoet are costs in
$/kWh. Kemjt is the cost in $/tons. z is a binary variable for
grid connectivity. t is the time in hours. For RER based pure
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green energy, the renewable fraction in the generation-mix
should be maximized or in other words the non-renewable
fraction (RF) should be minimized as follows [26]:

min(nonRF) =
(
1−

A+ B∑N
t=1 PLt t

)
A =

T∑
j=1

N∑
t=1

Pgjxjt t

B =
T∑
k=1

N∑
t=1

Wekt ykt (13)

where Pgjxjt t is the energy generated in kWh by generating
unit type j in time t,Wekt ykt is the energy supplied in kWh by
storage unit type k in time t and PLt t is the energy consumed
in kWh by the load in time t. The Emissions can beminimized
by putting penalty on their generation sources as follows [27]:

min(EM ) =
T∑
j=1

N∑
t=1

EpgjPgjxjt t +
N∑
t=1

EPGPGt tz (14)

where Epgj and EPG are the emissions in (tons/kWh) by the
unit types j and power grid in time t. These objectives are
subject to the constraints of power balance, generator’s oper-
ating limit, and the battery’s SOC limit [23]. Power balance
is an equality constraint which ensures that the sum of all
generating and storage units should be equal to peak load
demand. Mathematically, it can be written as follows [28]:

T∑
j=1

N∑
t=1

Pgjxjt +
T∑
k=1

N∑
t=1

Wek xkt
t
≥

N∑
t=1

(
′

PLt + Prest

)
(15)

where Pgjxjt t is the power capacity in kW for all generation
units,

Wek xkt
t is the power capacity in kW for all storage units,

′

PLt is the peak load demand at any time t and Prest is the
reserve power capacity of all the generating units.
• The generator’s operating limit is an inequality con-
straint which ensures that generator should be operated
under specified limits as follows [29]:

Pgjmin ≤ Pgj ≤ Pgjmax (16)

• Battery’s SOC limit is also an inequality constraint
which ensures that battery should be charged and dis-
charged under specified limits as follows [30]:

SOCmax ≤ SOC ≤ SOCmin (17)

B. PROBLEM FORMULATION WITH SYSTEM
DESCRIPTION AND CONTROL TECHNIQUES
Fig. 1 shows the optimal sizing and selection strategy of rural
microgrids using proposed I-MILP strategy. The proposed
integrated and generic online simplified energy management
system (S-EMS) approach of a standalone rural hybrid MG
system is shown in Fig. 2. The system description and control
techniques is explained in the following sections [31].

1) DESIGN OF VSBG SPEED CONTROLLER
The speed variation of VSBG depends on the amount of
power required to generate electricity [11]. A look-up table
is employed to ensure the optimal speed response during
generation of the speed reference based on the required load
demand as shown below [31]:

Pe = Pload + PSMES − PPV (18)

where Pe shows the required load demand from VSBG, Pload
is the demand Power, PPV is the PV Power generation and
PSMES is the extra power generation (addition or subtraction)
from VSBG for the recovery of SMES current. Based on the
power-speed curve, the bio generator (VSBG) will operation
at optimal speed under the coordination of the VSBG output
power generation with higher speed efficiency. The value of
reference speed is calculated below:

Pe → [P− SpeedLU Table]→ ωref (19)

Tdemanded =
(
ωref − ωVSBG

) (
Kp +

KI
s

)
(20)

where ωref is Reference speed and ωVSBG shows real rotor
speed. The controlled rectifiers are implemented as a power
converters for the control of output current of VSBG. The
VSDG mathematical model in dq coordinates is represented
as follows [32]:

Vd = R.id + p.Ld .id − ωe.Lq.iq (21)

Vq = R.iq + p.Lq.iq + ωe.Ld .id + ωef (22)

Te =
2
3
Np.

[
ψf . iq −

(
Ld − Lq

)
id .iq

]
(23)

where Vdq represents dq-axis stator voltages where as idq
shows the dq-axis stator currents. While, Ldq represents dq-
axis stator inductances, p is differential operator d/dt,R shows
stator resistance, Np represents number of poles, ψf shows
flux and ωr represents rotor electrical angular speed, Te
represents electrical torque [33]. For the surface mounted
permanent magnet machine (SMPMM) which is used in this
paper, the dq-axis inductances are equal. Hence, the torque
formula is expressed as:

Te =
2
3
Pn.

[
ψf . iq

]
(24)

The d-axis current is zero for attaining maximum torque per
ampere, (id = 0) [34]. The flux linkage is a constant due to
the permanent magnets; there is a linear relationship between
the electromagnetic torque (EMT) and the q-axis current.
Hence, EMT is easily controlled with the regulation of q-axis
current as:

Te =
Pe
ωr

(25)

Pe =
2
3
.Pn.ωr

[
ψf .iq

]
(26)

therefore, ωref can be calculated from:

iqref =
3.pe

2.Np.ωref .ψf
(27)
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FIGURE 1. Flowchart of proposed I-MILP strategy for rural MGs.

VdRef and VqRef can be generated by:

VdRef =
(
idref − id

)
.

(
Kp +

Ki
s

)
+
(
ωr .Np. (Ld + Ls)

)
.iq (28)

VqRef =
(
iqref − iq

)
.

(
−Kp −

Ki
s

)
−
(
ωr .Np.(Ld + Ls).id

)
+
(
ωr .Np.ψf

)
(29)

where Ls represents inductance connected in series for
the compensation of generator current and limiting it to the
maximum value. VdqRef shows reference voltages that are
implemneted for the control of power converter. Whereas
the speed acceleration of VSBG is associated with the output
generator power.

2) DESIGN OF SPEED CONTROLLER USING FLC
During the enhancement of generator speed by the speed
controller while the power extracted from VSBG is higher,

decrease in speed acceleration will occur. On the other hand,
the increase in speed acceleration will occur during the low
output power from the generator. When there will be a sud-
den shutdown of the load, the generator can undergo an
over speed. To enhance the speed response of the VSBG
(i.e. higher acceleration under an increased load and higher
deceleration under sudden load shutdown), FLC is employed
in both intervals to ensure the required value of reference
current. FLC adjusts the output of the generator during accel-
erating mode with fast speed acceleration; while the speed of
the generator will be slowed down under higher output with
deceleration mode. Under steady-state operation, the value
of reference current will be adjusted accordingly. The speed
difference can be computed as follows:

Speeddifference(1ω) = Speedactual − Speedreference (30)

The applied FLC is illustrated in Fig. 5 that has two calculated
inputs (i.e., iqRef and λω, respectively). The input mem-
bership functions are illustrated in Fig. 3 while the output
membership functions are illustrated in Fig. 5. Selector signal
is employed for the control of input current to the q-current
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FIGURE 2. Implemented novel energy management system (EMS) of rural microgrid with
configuration.

FIGURE 3. FLC Input Membership functions for a) current b) speed.

controller. Under accelerating interval, when the value of
speed reference is higher compared to the real speed, the FLC
will generate a small current reference to enhance the speed of
a diesel engine and the switch selects reference current to q-
current controller via the selector signal. Under deceleration
mode, when the value of speed reference is lower than real
speed, the FLCwill generate a higher current reference for the
speed reduction of diesel generator while the selector signal
will act as a reference current to q-current controller. The
implemented rules of the current reference and the selector
switch are shown in Table 1 and Table 2, respectively.

From Figs. 3 & 4 and Tables 1 & 2, FLC uses mem-
bership functions for every input variable for defining the
degree which effect physical values based on the variable

FIGURE 4. FLC output Membership map for a) Iq-current b) selector
switch.

TABLE 1. Defined principle of current reference with selector switch.

set. The FLC functional blocks such as fuzzification, rule
base (inference and defuzzification. The fuzzification block
performs conversion of the real number input values into
fuzzy values. The fuzzy inference use the input data for the
calculation of output data according to IF and THEN rules.
The real numbers of output values are then converted into
the defuzzification processes. In this work, the objective of
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TABLE 2. Defined principle of current reference with selector switch.

control processes is the generator speed. Generator speed is
the important parameter, which decides the generator work-
ing states according to the external variations of load and PV
power. Moreover, fuel utilization of the generator is always
associated with the generator speed. Speed error and variable
speed error are the two inputs of fuzzy controller. Speed error
is compared with the reference speed and speed feedback
signal which is taken from the generator output. In roder
to perform the fuzzy control process, the speed error and
variable speed error are taken as the input values of the fuzzy
controller. The two inputs and one output of FLC are designed
for this work. The input signals of FLC are speed error
=(set-point speed – measured speed)/set-point speed, and
variable speed error =(current speed error – previous cycle
error). Moreover, the ouput values of FLC are also found
as generator speed. The set of speed error, variable speed
error and generator speed is CS, CM, CH, SL, SOK,SH for
current (small, medium, large) and speed differene (low, zero,
high), respectively. The experimental strategy is implemented
to establish the rule base of FLC. The range for input and
output values is [−1, 1]. Moreover, triangular membership
function is selected for FLC. The fuzzy inference is the main
part of FLC consisting of both experimental knowledge and
decision making logics; which are then applied for deciding
the selected control actions.

3) IMPLEMENTATION OF PV GENERATION WITH LPO
The output curve of the solar PV generator is non-linear, and
hence it is impacted by different factors (for instance solar
irradiations and temperatures). The MPPT algorithm is also
variable under themeteorological circumstances. Under these
conditions, an efficient strategy is needed for the extraction of
maximum power at every time instant when the load is some-
times smaller than the maximum value of solar PV power
generation while the storage systems are fully charged. Due
to this condition, the load power observer (LPO) scheme as
shown in Fig. 6 is suggested. In LPO, power is extracted from
the solar PV generator based on the load demand. At each
time interval, both the voltage and current of the solar PV
generator are measured for the calculation of Ppv (t) and
PLoad. The min value of Ppv (t), PLoad is compared with
the value of Ppv (t-1) that was calculated in the previous
time interval. If the output generation power is smaller than
the required load power, then Vpv is aligned further in the
same direction as in the previous time interval. If the output
generation power is higher than the demanded power, Vpv
is adjusted in the opposite direction as in the previous time
interval. Vpv is thus regulated at each time interval of LPO.
Once the demanded load power point is obtained, Vpv will

oscillate around the optimum point that is the required point
for the particular value.

4) DESIGN OF FCS-MPC
Finite control set model predictive control (FCS-MPC) with
detailed modeling of FCS-MPC is explained in [24]. Mathe-
matical equations can be represented as follows:

Vi − Vc = L
di
dt

(31)

i− io = C
dV
dt

(32)

The continuous state-space (CSS) mathematical model is:

dx
dt
= Ax(t)+ B1Vi(t)+ B2io(t) (33)

The discrete model in αβ-frame is:


Vcα(k + 1)
Vcβ (k + 1)
Vf α(k + 1)
Vf β (k + 1)

 =


1 0
Ts
C

0

0 1 0
Ts
C

−
Ts
L

0 1 0

0 −
Ts
L

0 1




Vcα(k)
Vcβ (k)
Vf α(k)
Vf β (k)



+


0 0
0 0
Ts
L

0

0
Ts
L


[
Viα(k)
Viβ (k)

]

+


−
Ts
C

0

0 −
Ts
C

0 0
0 0


[
ioα(k)
ioβ (k)

]
(34)

The voltage vector of all switching states is represented as
follows:

Vi =


2
3
Vdcej(i−1) for i = 1, 2, . . . 6

0 for i = 0, 7
(35)

And the applied cost function is represented as follows:

gv =
n∑
j=1

[
(V ref

cα − V
k+j
cα )2 + V ref

cβ − V
k+j
cβ )2

]
(36)

5) DESIGN OF FOSMC
The comparison of FOSMC with other SMC techniques is
shown in Table 3 [35]. In islanded mode, the VSC of energy
storage (ES) must inject desired current at PCC depending
upon the disturbance situation [36]. By applying Kirchhoff
voltage law (KVL) at PCC, three-phase voltage and current
equations can be written as [37]:

L
di
dt
= v− vp − Ri C

dv
dt
= i− ip (37)
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FIGURE 5. Block diagram of the suggested system.

where, vp, ip, v, i,R and L represent the terminal voltage at
PCC, current at PCC, output voltage of VSC of ES, out-
put current of VSC of ES and line parameters, respectively.
By solving for i, we get:

d2vp
dt2
= −

R
L
dvp
dt
−

vp
LC
−

1
C
dip
dt
−
Rip
LC
+

v
LC

(38)

where fd and fq are two nonlinear functions as:

fd = 2ω
dvd
dt
−
R
L
dvd
dt
+ (ω2

−
1
LC

)vd

+
Rω
L
vq −

1
C
did
dt
+
ω

C
iq −

R
LC

id (39)

fq = −2ω
dvq
dt
−
R
L
dvq
dt
+ (ω2

−
1
LC

)vq

+
Rω
L
vd −

1
C
diq
dt
+
ω

C
id −

R
LC

iq (40)

The proposed sliding surfaces for the VSC of BS under
control law are defined as [37]:

Sd = e·d + λD
α−1(sig(ed )γ ) (41)

Sq = e·q + λD
α−1(sig(eq)γ ) (42)

where,

ed = vdp − vdref (43)

eq = vqp − vqref (44)

where, ed and eq represent the voltage-tracking error, Dα−1

represents the fractional integral of (α−1)th order. Similarly,
positive parameters α, γ and λ are design parameters (such
that α < 1 and γ < 1). The sig is defined as [38]:

sig(x)γ = |x| sign(x) (45)

where as, sign is defined as [38]:

sign(x) =


x
|x|

if x 6= 0

0 if x = 0
(46)

TABLE 3. Comparison of SMC controllers.

The resultant relation can be written as [38]:

S ·d = fd + zmd + τd + λDα(sig(ed )γ ) (47)

S ·q = fq + zmq + τq + λDα(sig(eq)γ ) (48)

where, τd and τq are model uncertainty terms, For the VSC
with a modulation index (m = 2v/vdc) [38],

z =
vdc
2L

(49)

The proposed control law ensures the convergence of current
tracking error on the sliding surface. The controller processes
the error signals ed and eq, and control law generates the
modulation signals md and mq for the SPWM scheme for
VSC of BS as [38]:

md =
−
[
fd + λDα(sig(ed )γ )+ Kd sgn(sd )

]
z

(50)

md =
−
[
fq + λDα(sig(eq)γ )+ Kqsgn(sq)

]
z

(51)

where kd and kd are sliding gains. Fig. 7 shows the dia-
gram for the VSC of BS in islanded mode in dq reference
frame, in which the modulating signals are found according
to the suggested control laws of (50) and (51). The volt-
age signals in dq reference frames are used as error inputs
to the FOSMC controller. Moreover sinusoidal pulse width
modulation strategy is implemented for the generation of
the gate signals of the voltage source inverter (VSI). The
main drawback of conventional SMC is addressed here in
terms of undesireable chattering phenomena due to higher
switching frequency which produce higher oscillations, more
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FIGURE 6. Flowchart of load power observer (LPO) Algorithm.

power losses, and lower control accuracy during the operation
of the MG system. Therefore, FOSMC scheme completely
reduce the chattering process and accelerates the reaching
speed [39], [40].

III. SIMULATION RESULTS AND ANALYSIS
A. SIMULATION RESULTS OF I-MILP OPTIMIZATION
The residential area of Peshawar is selected with wind gen-
eration details. The estimated peak load is 6.030 kW, and
the annual energy demand is 35.940 kWh per day. The load
profile for two households of the selected community with
detailed estimation is explained in Table 4. Fig. 8. showswind
data (speed and temperature) while Fig. 9 [41] shows solar
energy data and global horizontal irradiance. Fig. 10 is the
load profile.

Table 5 shows the various parameters (Input economic,
PV and Wind, Biomass, battery, inverter). The detailed

TABLE 4. Estimation analysis of household load.

description of the results for the optimized model of rural
MG system are described in Table 6. The battery cost is
almost twice the cost of BG. The WT cost is almost half
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FIGURE 7. Control diagram for the VSC of BS in islanded mode (a) d reference frame, (b) q reference frame.

FIGURE 8. Wind profile of speed and temperature.

as compared to PV cost while PV is contributing three time
to the energy demand as compared to WT. The renewable
fraction (RF) is 96.9% as shown in Table 7 which shows
less GHG emission for the proposed configuration plan
(BG-PV-WT-ESS-Converter).

Table 8 and Table 9 shows all feasible configuration plans
for the proposed site. The suggested configuration plan
(BG-PV-WT-ESS-Converter) comprises of 8.99kW PV,
3kW WT, 6kW BG, 14 battery units with 5.66kW con-

verter rating. The LCOE is 0.141 $/kWh while TNPC
is $37101. The optimized system has LCOE which
is 11.4 times less as compared to BG alone system
(base case).

B. SIMULATION RESULTS OF CONTROL SYSTEM
The suggested scheme for rural MG design and control
was implemented for the load of a proposed rural dairy
industry load, where the utility grid is not available. It con-
sists of a solar PV generating system, a VSBG as the
primary power source, and a controlled super conduct-
ing magnetic energy storage (SMES) system for the reg-
ulation of power exchange between the generation and
utilization. The importance of SMES based rural MG inves-
tigation is described in [42] with detailed review that only
one paper out of 120 publications has considered SMES
as energy storage system (ESS) in MG applications. The
existence of the DC bus is helpful to incorporate multi-
ple conventional and RE resources without requirement for
AC synchronization. MATLAB/Simulink is utilized for the
investigation of the suggested schemes. Parameters of both
control units are shown in Table 10 whereas the mathe-
matical model parameters with filter values are shown in
Table 11.
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TABLE 5. Various parameters data.

1) CASE-I: SVPWM-PI
The PI control with FLC is implemented and Fig. 11 rep-
resents the speed response of the PI control that obviously
shows that the real speed is following the reference speed.
Speed controller with FLC provides a better performance
while the speed tracks the required speed much faster under
accelerating mode and the speed of VSBG also reduces much
faster under the de-accelerating mode. Fig. 12 illustrates
the output generation and load powers of DERs (PV and
VSBG) with fixed unbalanced load by utilizing PV MPPT
with FLC. The load power observer (LPO) is implemented
for the prevention of PV from excess generation of power
which will be more than load requirement. The solar PV
power is same as the load demanded power plus the power
needed for charging the SMES unit and this scheme will
save SMES from overcharging. At time t = 1 sec, the PV
power and Pvsdg both are low, still it is supplying load power
to 1 PU. The difficient power is suppied by energy storage
system i.e. SMES in this case. The SMES current is shown
in Fig. 13. Fig. 14 illustrates the dc voltage that represents

FIGURE 9. (a) Monthly energy output from PV (b) Global horizontal
irradiance.

FIGURE 10. Load curve of two households.

a stable performance with a better SMES response. Fig. 15
illustrates q-current response using FLC. Fig. 16 illustrates
the difference in speed between reference and real value of
the speed that is almost equal to zero during the simulation
interval. Fig. 17 illustrates load voltagewith the zoomed value
is represented in Fig. 18. And load current with zoomed graph
are shown in Fig. 19 and Fig. 20, respectively. It is evidently
noticed that the waveform is not a pure sinusoidal due to the
different values of positive and negative peaks. Output power
is also ilustrated in Fig. 21.

2) CASE-II: FCS-MPC
The system performance is exceedingly enhanced under the
implementation of the suggested FCS-MPC scheme. Fig. 22
illustrates load voltage that is ripple-free. The load current is
shown in Fig. 23.
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TABLE 6. Detailed description of the optimized MG model.

TABLE 7. Electricity generation/utilization in kWh/yr of the optimized MG configuration.

TABLE 8. Feasible configuration plans based on NPC.

TABLE 9. Feasible configuration plans based on optimal design.

TABLE 10. Details of control parameters.

3) CASE-III: FOSMC
The improved performance of the proposed rural MG model
is observed after applying the suggested FOSMC scheme.
Fig. 24 shows three-phase output voltage. The three-phase
load current is shown in Fig. 25.

4) CASE-IV: TOTAL HARMONIC DISTORTION (THD)
Ripples are reduced significantly with FCS-MPC and
FOSMC as compared to PI controller. Fig. 26 illustrates the
THD under PI control that is higher in value (i.e. 4.92%) as
compared to the FCS-MPC and FOSMC controllers which
are only 2.03% and 2.21%, respectively. Hence, the better

TABLE 11. Details of model parameters.

performances of FCS-MPC and FOSMC controllers are
observed.

5) CASE-V: EXPERIMENTAL RESULTS OF FOSMC AND PI
It is obvious from Fig. 29 that the settling times of the speed
responses are 0.18 s and 0.09 under the PI and FOSMC con-
trol at startup transient time. it also can be seen that the speed
drop under the control of PI, and FOSMCmethods is 700 and
400 rpm, individually. Moreover, the current responses under
the PI and FOSMCmethods at a reference speed of 1500 rpm
with motoring load of 10 Nm is added at 5 s, which are
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FIGURE 11. Speed response between reference and actual value of VSBG
using FLC.

FIGURE 12. Output load power under a fixed load.

shown in Fig. 30. As seen from this picture, the FPSMC
method has fastest transient response, smallest current ripple
and chattering than PI method, respectively. Therefore, it can
be concluded that FOSMC is much faster under transient
time, smooth in steady state operation and smaller current
ripple under whole operation than that of PI, respectively.
The oscilloscope results for speed responses under the PI
and FOSMC controls are shown in Fig. 31 and Fig. 32,
respectively. Figures 31 and 32 are the experimental results
and the per division units of x-axis and y-axis are expressed
in terms of time (s) and current (A), respectively. Moreover,
the Figure 31 and 32 are the experimental results, which are
taken from the oscilloscope as picture (PNG). Therefore, the
legends are already mentioned in the Figure 31 and 32 for
the speed, current and time as rpm, ampere (A) and second
(s), respectively under the load and no-load conditions. More-
over, the data of the speed, current of experiments are plotted
in the Matlab for better comparison of the PI and FOSMC,
under the load and no-load, which are shown in Figure 29 and
30, separately.

C. CRITICAL ANALYSIS AND DISCUSSION
First, optimal sizing of PV integrated rural MG system
is proposed for the specified rural area. Second, coordi-
nated control integrated into simplified energy management
system (EMS) is proposed for the feasible rural MG sys-
tem. Moreover, three control techniqes such as proportional

FIGURE 13. The SMES current.

FIGURE 14. DC voltage waveform at the input side of load inverter.

FIGURE 15. Q-Current waveform.

integral (PI), finite control set model predictive control
(FCS-MPC) and fractional order sliding mode control
(FOSMC) are implemented for the voltage control of load
side converter. FLC is generating speed reference. These con-
trollers are related to the control of voltage source converter
and therefore they are tracking the output of VSC up to the
desired reference. Third, experimental verification of PI and
FOSMC are investigated for practical motor load such as
water pumping system for irrigation purpose. The noteworthy
results of the proposed PV-WT-BG-BSS converter based rural
microgrid system are closed beneath:
• The optimal hybrid rural MG is the BG-PV-WT-BSS-
Converter system, which contains an 8.99 kW PV, 3 kW
WT, 6 kW BG, 5.66 kW power converter and 14 battery
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FIGURE 16. Difference in speed between reference and real value of
VSBG.

FIGURE 17. Load voltage during PI control.

FIGURE 18. Zoomed load voltage during PI control.

storage system with 2.37 kWh each. This configuration
corresponds to an investment cost of $26,039, an opera-
tion cost of $5,891/yr, a TNPC of $ 37101 and a levelized
COE (LCOE) of $0.141/kWh under load following (LF)
dispatch strategy.

• Negligible GHG discharge is found and less bio fuel
utilization is not required for the proposed rural MG
model. While 321 kg/yr emissions are found.

• The reduction of capital and replacement cost of bio gen-
erator has a significant impact on the optimal configu-
rations, TNPC and levelized COE. The BG-PV-WT-BSS-
Converter is found to be the most optimal configuration
for the selected rural area. While PV-WT-BSS-Converter

TABLE 12. Details of controller parameters.

FIGURE 19. Load current under PI control.

FIGURE 20. Zoomed load current during PI control.

(pure green energy) is the second most optimal config-
uration. It is found that a PV-based BG-BSS-Converter
system is more feasible with about half TNPC and COE
as compared toWT-basedDiesel-BSS-Converter system.
As compared to the cost of the BG-based system (base
case), the ratio of the TNPC for the BG-PV-WT-BSS,
PV-WT-BSS, BG-PV-BSS and BG-WT-BSS systems are
10.4%, 10.2%, 8.8% and 7.8%, respectively. The TNPC
and COE values of the BG-WT-BSS system increase
twice as compared to PV-WT-BG-BSS and Diesel-PV-
BSS systems, while almost six times reduction as com-
pared to BG-only system.

The noteworthy results of the proposed BG-PV-SMES
based rural microgrid system are closed beneath:
• A novel EMS with coordinated operation control
is designed and verified employing a simulation
model developed in MATLAB/Simulink R© software.
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FIGURE 21. Three-phase load power during PI control.

FIGURE 22. Zoomed load voltage under FCS-MPC control.

FIGURE 23. Zoomed load current under FCS-MPC control.

The simplified EMS with load power observer (LPO) is
based on SMES. It aims to maintain load balance and
extract maximum power from the optimal rural MG and
regulating AC bus voltage during PV and BG generation
fluctuations and abrupt load changes.

• FOSMC and FCS-MPC are implemented and built for
optimal operation of the rural MG. As compared to
traditional linear PI control with complicated feedback
loops, slow dynamics and time-consuming PI tuning, the
FOSMC and FCS-MPC can balance power in a fast and
safe manner when load changes.

• During unbalanced loads, the PCC voltage is regulated
much faster with great accuracy after each switching
interval. Comparison of results with the PI-based

FIGURE 24. Zoomed load voltage under FOSMC control.

FIGURE 25. Zoomed load current under FOSMC control.

FIGURE 26. Voltage THD spectrum with SVPWM-PI.

controller shows much better performance under tran-
sient and steady-state conditions for the proposed
schemes. The brief voltage dip due to switching of a
heavy load can be controlled rapidly by the suggested
schemes under better settling time compared to the
PI-based controller strategy.

• The control schemes enable a faster and accurate volt-
age control during connection of the BG to a host stan-
dalone rural MG. The proposed control schemes present
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FIGURE 27. Voltage THD spectrum with FCS-MPC.

much better performance under transient and steady-
state conditions compared to the PI-based controller.

• For robustness assessment, stable performance of the
suggested schemes and accurate control of the PCC
voltage are observed during the external disturbances
of RERs and load.

• In this control scheme, a single step prediction horizon
is applied for FCS-MPC. Hence, it has a light burden
of computations. This feature is very crucial for online
control cases and practical implementation.

For optimal sizing, MILP scheme is applied by considering
real load demand curve of specified rural area. For coordi-
nated control integrated into EMS, only one case study with
constant load is simulated and analyzed in this paper in order
to avoid complexity and pages length of the paper. However,
the future extension of this work also includes incorporation
of real load demand curve including different types of loads
such as linear, unbalanced and non-linear loads for different
applications of rural areas electrification.

D. EXPLANATIONS WITH THEORETICAL BACKGROUND
There are various factors which should be considered by the
engineers and planners during the designing phase of the rural
microgrid systems, which includes. Following are overall
considerations for designing rural MGs:
• The power network is only accessible to limited pro-
sumers due to a specific layout.

• There is a variety of loads ranging from single-phase
to medium capacity three-phase. For instance, irrigation
water pumping requires three-phase power supplies.

• The system reliability requirement is under average.
The following questions need to be answered for the
estimation of loads and PV generations:

• What will be the structure of the rural microgrid system
in order to meet the loads?

FIGURE 28. Voltage THD spectrum with FOSMC.

FIGURE 29. Speed responses under the PI and FOSMC control.

• What will be the sizing criteria of rural microgrid com-
ponents?

• Where will the PV based DERs be installed? Following
are the inputs which are required during the design
procedure:

• The available local resources of power generation with
their precise locations.

• The possible restrictions in terms of roads and different
kinds of obstacles.

• The possible future growth in community loads, busi-
ness opportunities and living standards.

• The estimated costs of PV based DERs with other acces-
sories, the significant costs including installation and
operation.

The design objectives include optimal sizing of rural
microgrid with the following constraints:
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FIGURE 30. Current responses under the PI and FOSMC methods at a
reference speed of 1500 rpm with motoring load.

FIGURE 31. Oscilloscope results for speed responses under the PI control.

• From the perspective of energy balance, analyzing the
minimum possible sizes of PV based DERs for con-
tinuous and reliable electricity supply to the targeted
community loads.

• Considering the practical component parameters for the
design of PV based DERs.

• Justifying the need of deployment of available RERs in
rural areas.

• Designing a feasible PV based standalone rural MG
systems.

• Assessing the suggestedMG performance by employing
the real village load, authentic sources data and realistic
prices of MG components.

• Analyzing the impact and feasibility of bio generator use
to reduce GHG emissions.

• Analyzing the influence of sustainability indicators on
levelized cost of energy (LCOE) and total net present
cost (TNPC) of the MG system.

Further explanation of the proposed rural microgrid sys-
tems are closed beneath:
• MGs based on RERs need energy storage systems to
handle the power unbalancing, which is particularly
caused due to variable and intermittent behavior of
RERs. However, higher costs and limited life span
depending on charging and discharging cycles limit
energy storage applications. The life of energy storage

FIGURE 32. Oscilloscope results for speed responses under the FOSMC.

bank can be improved with the help of optimized opera-
tion control by controlling the charging and discharging.
Inevitably, the optimized operation control of energy
storage bank in a MG based on RERs need to be coordi-
nated with the control for achieving other control objec-
tives. For example, how to improve the efficiency of the
MG under different system conditions will be naturally
involved in the designing of control scheme of the MG.
Therefore, the optimal control of MG based on RERs
certainly is multiple objectives ones.

• One of the major goals of the future intelligent or smart
microgrids is to shift towards 100% electricity produc-
tion from RERs. However, the disparate, intermittent,
and typically widely geographically distributed nature
of RERs complicates the integration of RERs into the
MG. Actually, the curtailed RER generation systems
due to their intermittency is the biggest problem delay-
ing the transition towards pure green renewable energy
integration into the MG system. But, despite all this,
a pure green rural MG system with suitable capacity
ESS can be controlled to operate well by developing the
robust control system for stabilizing the fluctuating and
intermittent RERs.

• In low voltage distribution networks, voltage unbalance
is viewed as one of the fundamental power quality issues
in three phasemicrogrid systems. It has a critical effect at
the distribution level to voltage sensitive loads. Uneven
distribution of single-phase loads is one of the signifi-
cant reason causing a voltage to unbalance. Tradition-
ally, an active filter can be applied with the distribution
lines for lessening the degree of voltage unbalances.
Another possible way is to infuse negative sequence
current to adjust the flow in the distribution lines and
compensate unbalancing. Nonetheless, all these tech-
niques require extra compensation hardware, which may
increase the total investment cost of rural MG. In the
MGs framework, the high usage of interfacing convert-
ers makes it conceivable economically to utilize DG
units to improve the voltage unbalance of rural MG.

• Power quality is an important aspect for the reliable
and economic operation of MGs. And total harmonic
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distortion (THD) is a widely accepted standard index
for the assessment of power quality. Currently, MGs
are generally designed with higher penetration of RERs,
which are connected through power converters. The
operation of switching converters and nonlinear loads
alter the power characteristics of distribution networks
by introducing unwanted harmonics to load current and
bus voltage. Also, for the MGs connected to main grids,
the unwanted harmonics from them may cause a severe
power quality degradation on point of common coupling
(PCC). To tackle the harmonic problem of MG, effec-
tive control methods are essential, which are required
to reduce the total THD to less than 5% (according
to the IEEE 519 standard) because traditional methods
to control harmonics are very expensive and not ade-
quate for rural MGs. Compared to the existing conven-
tional schemes, the least possible THD of MGs may be
achieved without expensive cost by employing optimal
control strategies in converters. For instance, FCS-MPC
and FOSMC are offering advantages of multi-variable
control with fast and robust dynamic response, if is
used in the converters of rural MGs, multiple rigorous
requirements of voltage balance and low harmonics may
be simultaneously handled. Besides, FCS-MPC is more
intuitive in implementation as compared to classical
control methods.

• It is advisable to design a kind of integrated EMS
with low cost for automatically optimizing operation
of rural MGs. Due to rising cyber-attacks and cyber-
mistakes, the major issue is to choose a particular area
with proper architecture and guidelines for implement-
ing a robust and stable integrated EMS of rural MG
operation. On other hand, the integration of RER based
DGs in the main grid or in grid-forming islanded MG is
increasing as the most alternative promising solutions to
large traditional centralized power stations for the rural
area electrification. So, the stability control of MGs is
becoming more complicated due to the high penetration
of RER and the switching of MG operation modes.

• To sum up the above, the integrated EMS of rural MGs
should be a multi-function ones that integrates coor-
dinated control of DGs and loads for system stability,
device protection, load scheduling, energy management
(ESS efficiency and lifespan, utilization of renewable
resources etc.) and improvement of power quality.

• The proposed integrated EMS with coordinated control
method, which simplifies the control structure and facil-
itates the parameter design. In the proposed integrated
EMS, the full state-variable FCS-MPC is used to manip-
ulate the power switches directly in order to attain rapid
tracking of the reference signals. The architecture of
the proposed scheme is suitable to achieve the superior
performance of multiple control objectives, the capacity
of easy upgradation and expansion of DGs in plug-and-
playmode, the robustness of operation and the resiliency
to communication failure.

• An integrated EMS with coordinated operation con-
trol is designed and verified employing a simulation
model developed in MATLAB/Simulink R© software.
The developed EMS is based on generator speed control
with charging/discharging of ESS. It aims to maintain
load balance and extract maximum power from the opti-
mal rural MG and regulating AC bus voltage during PV
power fluctuations and abrupt load changes, meanwhile
keeping the ESS charging within the allowable limits.

• FCS-MPC and FOSMC are implemented and built for
optimal operation of the rural MG.

• As compared to traditional linear control with com-
plicated feedback loops, slow dynamics and time-
consuming PI tuning, the FCS-MPC and FOSMC based
interlinking power converter (IPC) can balance power in
a fast and safe manner when load changes.

• During unbalanced loads, the PCC voltage is regulated
much faster with better accuracy after each switching
interval. Comparison of results with the PI-based con-
troller shows much better performance under transient
and steady-state conditions for the proposed FCS-MPC
and FOSMC based schemes. The brief voltage dip due
to switching of a heavy load can be controlled rapidly
by the suggested EMS scheme under better settling time
compared to the PI-based controller strategy.

• The regulation performance of the controller is proper
and fast when switching loads. The control scheme
enables a faster and accurate voltage control during
connection of the load to a host standalone rural MG.
The proposed control schemes present much better per-
formance under transient and steady-state conditions
compared to the PI-based controller strategy.

• For robustness assessment, mismatch for RLC filter val-
ues show stable performance of the suggested scheme
and accurate control of the PCC voltage are observed
during the external disturbances of RERs and load.

• In this MPC control scheme, a single step prediction
horizon is applied. Hence, it has a light burden of com-
putations. This feature is very crucial for online control
cases and practical implementation.

IV. CONCLUSION
First, this study accomplished an optimal system of
PV/WT/BG/battery based rural MG under the intermittent
RERs. The techno-economic analysis is implemented with
the proposed I-MILP scheme. Feasible sizes of rural MG are
obtained with the most viable option under PV, WT, battery
and converter units. Practical load with meteorological data is
used for the investigation of simulation results. The feasible
option with PV/WT/BG/battery units is achieved with the
minimum TNPC of $37101 and LCOE of 0.141 $/kWh.
Hence, 96.9% RERs is ensured with no electricity shortage.
The vital function of BG with emission is discovered for
islanded rural MG. Therefore, BG-only is not encouraged
during islanded mode. The carbon emission of the proposed
system is only 321 kg/yr. The proposed model comprises
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TABLE 13. Literature studies for the optimal design and operation of rural microgrids.

TABLE 14. Salient features of urban vs rural MGs [63].

8.99 kW PV, 3 kW WT, 6 kW BG, 5.66 kW power con-
verter and 14 battery units with 2.37 kWh rating for each
unit. Second, a novel EMS is suggested for the rural micro-
grids in which control of power converter is developed with
FCS-MPC and FOSMC. Simplified EMS also coordinates
with other conventional controllers, which are designed for
practical distributed energy resources (DERs) in rural hybrid
MGs during priority load requirements and availability of
renewable energy resources (RERs) for the priority load.
The applied novel EMS is validated with improved outcomes
fluctuating energy resources. FCS-MPC and FOSMC based
coordinated controllers are implemented for a standalone
BG-PV-SMES system with enhanced power quality. The
suggested FOSMC and FCS-MPC based strategies take less
rise and fall time intervals during disturbances of DC volt-
age. The suggested methodologies improved the load voltage

and fully tracked the reference value of the voltage with no
steady-state error under stable system operations. For the
regulation of voltage, the suggested FOSMC and FCS-MPC
schemes ensured enhanced power quality during steady state
and transient conditions. Novel EMS and LPO with SMES is
analyzed under the unbalanced loads. PI control is employed
for the extraction of the maximum solar PV power with
regulated DC voltage. Load power observer (LPO) scheme
is suggested for the enhancement of the solar PV generation
capacities for an islanded rural microgrid in order to reduce
the sizes of the storage unit that will finally reduce the system
cost. FLC is used for tracking the speed of the VSBG in
order to gradually reduce the generator output power for the
prevention of over-speeding during storage of extra energy in
SMES. Moreover, PI, FOSMC and FCS-MPC control strate-
gies are investigated and analyzed for the control of the power
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converter. Lower harmonics in voltage with enhanced power
quality is obtained. FOSMC and FCS-MPC controls for the
rural microgrid design shows much higher performance as
compared to PI controller (for instance, smooth power with
THDs of only 2.21% and 2.03% compared to 4.92% for PI
control.Moreover, experimental results of FOSMC and PI are
compared. Future work include comparison of experimental
results of FCS-MPC with FOSMC and PI under different
conditions of RERs generations and loads.

APPENDIX A
From Table 13, it can be seen that very less work is done in
the context of rural MGs in the entire world, especially in
developing countries.

APPENDIX B
Table 14 shows the main differences between urban MGs
and rural MGs in developing countries. Apart from other
differences, it can be seen that the major difference between
urban and rural MG is the power density per km2.
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