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ABSTRACT In this work, the evaluation of the design and optimization of proposed offgrid hybrid
microgrid systems for different load dispatch strategies is presented by assessing the component sizes,
system responses and different cost analyses of the proposed system. This study optimizes the sizing of
the Barishal and Chattogram (two popular divisions in Bangladesh) hybrid microgrid systems consisting
of wind turbine, storage unit, solar PV, diesel generator and a load profile of 27.31 kW for five dispatch
techniques: (i) generator order, (ii) cycle charging, (iii) load following, (iv) HOMER predictive dispatch and
(v) combined dispatch strategy. The considered microgrids are optimized for the least CO, gas emission,
Net Present Cost, and Levelized Cost of Energy. The two microgrids are analyzed for the five dispatch
techniques using HOMER software, and subsequently, the power system performance and feasibility study
of the microgrids are performed in MATLAB Simulink. The results in this research provide a guideline to
estimate different component sizes and probable costing for the optimal operation of the proposed microgrids
under various load dispatch conditions. The simulation results suggest that ‘Load Following’ is the best
dispatch strategy for the proposed microgrids having a stable power system response with the lowest net
present cost, levelized cost of energy, operating cost, and CO, emission rate. Additionally, the combined
dispatch strategy is determined to be the worst dispatch technique for the proposed off-grid hybrid microgrid
design having the maximum levelized cost of energy, net present cost, operating cost and CO; emission.

INDEX TERMS Microgrid, dispatch strategies, optimization, techno-economic analysis, power system
performance.

I. INTRODUCTION
The demand for power is increasing rapidly due to global-
ization and industrialization. As a result, the dependency on
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various power sources is increasing which increases carbon
emissions and associated costs, resulting in a focus by many
countries on investment in alternative sources of energy.
Renewable energy solutions, such as solar and wind, are
particularly attractive as fossil fuels diminish and, in the
meantime, their consumption results in the emission of

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 77325


https://orcid.org/0000-0003-0863-5169
https://orcid.org/0000-0003-3636-8977
https://orcid.org/0000-0001-9382-3935
https://orcid.org/0000-0002-7373-0149
https://orcid.org/0000-0002-6335-3773
https://orcid.org/0000-0001-9185-4658
https://orcid.org/0000-0001-6077-8031
https://orcid.org/0000-0002-0596-4816
https://orcid.org/0000-0002-8089-5419

IEEE Access

M. F. Ishraque et al.: Techno-Economic and Power System Optimization of Renewable Rich Islanded Microgrid

poisonous gases. To introduce these distributed renewable
resources into the power system network, microgrids (MG)
are a feasible and highly effective solution [1]-[3], partic-
ularly since the extension of the conventional power grid
often becomes more costly than setting up a MG for a
remote offgrid location [4]. The effectiveness of MGs, have
attracted several researchers to the topic [5]-[7], [9], [10],
[14] recently. MGs mainly contain distributed renewable
generation sources like wind turbines, fuel cells and photo
voltaic (PV) cells that integrate different sources and loads
like light emitting diodes (LED) in the system. Hybrid
alternating current (AC)/ direct current (DC) MGs contain
both DC and AC buses which can integrate both DC and
AC sources and loads in the network [10]. To introduce
these sources with conventional power sources, an appro-
priate energy management system (EMS) is needed [11].
An EMS-based multi-agent system (MAS) is conceptualized
in [12] where a hybrid MG consisting of solar PV and hydro
energy sources for high altitude using virtual bidding (VBD)
and an optimal dispatch for the distributed generators is
obtained. Although a control strategy is developed here
for a MG, but no optimization or dispatch strategy was
considered.

Solar and wind energy oriented standalone hybrid
MGs can provide a better solution for the decentralized
and remote distribution of electrical power. However, such
operation is challenging due to the intermittent nature of
the solar and wind energy resources [10] which can cause
some uncertainty issues in a standalone MG. Because of the
significant deviation in both power consumption and gener-
ation, the reliability of the power system has always been a
vital issue for a standalone renewable MG [13]. Moreover,
frequency and voltage fluctuation can occur because of the
rapid and sudden changes of the power consumption in the
distribution system that directs to system instability [14].

In MGs, electrical power is generated and distributed in
a localized way. Distributed power stations produce power
for a localized area. The insertion of different distributed
power generators has an important contribution to the power
system. Thus, the need for efficient methods to maintain the
generators and loads has also increased [15]. It is therefore
critical for a system designer to make sure that the loads
are being reliably satisfied by the generators. A ““dispatch
strategy”’ is the part of the control algorithm of the system
that deals with the flow of energy within the system [4]. The
dispatch strategy has effect on the overall system cost and
guides in designing a more economic and efficient system.
In MGs, economic dispatch (ED) is used as a guideline
to ensure economic and safe operation of the MG [16].
ED ensures the repletion of the demand at a reduced cost by
scheduling the output of the predefined generation units and
satisfying the system and all generation units’ equality and
inequality constraints [17]. An efficient ED technique can
save an ample amount of renewable resource consumption
and money and can reduce the emission of greenhouse gases
significantly [18].
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Assessment of the dispatch methodologies and
optimization algorithms for offgrid MG draws more research
interest for renewable energy management systems. In recent
years, due to the high efficiency, MG along with ED has
been an appealing topic among researchers [19], [20].
ED-related problems can be solved by either a central-
ized control technique or a distributed control technique.
A bidirectional communication link is required for cen-
tralized control between the centralized controller and all
the generator units which, in turn, increases communica-
tion complexity, cost and cyber-attack risk. On the other
hand, distributed control uses distributed controllers which
control only a specific area offering simpler control and
communication network [21]. In [22], a novel distributed
control theory was developed for the solution of ED problems
based on a consensus algorithm. This algorithm allowed
the generators to learn the mismatch between demand
and generation. This assumed mismatch data was sent
to each generator and thus the amount of power gener-
ation was adjusted to compensate the demand-generation
mismatch.

At present, several theories have been introduced to
solve ED related problems. Deterministic methods for
ED problems are proposed in [23] but such approaches
are not efficient for complex systems such as large-scale
renewable-driven systems (e.g., battery charging and dis-
charging scheduling, adjusting to uncertainty in solar and
wind energy resources, generator back-up synchronization,
considering dynamic loads), as they consider renewable
sources as negative loads and they cannot take the uncertain
character of the renewable energy sources into account [24].
In [16], a dynamic ED model was proposed for an AC/DC
hybrid MG having a target of regular operating cost
reduction.

Distributed economic alternative dispatch strategies for
designing an offgrid MG was proposed in [26]. The
multi-agent system (MAS) based energy management sys-
tem considering real-time power dispatch techniques was
reported in [27]. In [29], a robust energy distribution plan
was implemented with the dispersed ED strategy for a MG to
maintain the high renewable energy penetration. A dynamic
active power dispatch strategy with a hierarchical model pre-
dictive controller for the wind-based hybrid energy system
was proposed by Wen et al. [30] to improve the system
stability of the network. The authors in [31] presented a
technologically advanced dispatch model for the islanded
MG to tune the system frequency within the acceptable
range, but no voltage response analysis was considered in
the work. Researchers demonstrated an advanced optimal
dispatch strategy with the distributed technology for the
unbalanced three-phase islanded MG in [32] with no com-
parative dispatch strategy analysis. In [40], a dispatch strategy
based hybrid renewable MG design and optimization is done
considering four different locations of Northern Bangladesh.
In this study, both the power system response and techno
economic analysis is considered and best and worst dispatch
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strategy for the proposed locations have been determined by
analysis.

From the literature study, it is quite evident that none of the
existing studies to the best knowledge of the authors, consid-
ered a techno-economic analysis (e.g., optimal sizing, costing
and emission) considering both the power system response
of different MG components and various dispatch strate-
gies for the proposed locations of Barihal and Chattogram
(two southern divisions of Bangladesh). In [40], the authors
have taken four northern divisional areas of Bangladesh into
consideration. The concerned areas have a lower renewable
resource profile because of their geographical location and
the frequency response of the MGs are not much smooth. So a
research gap exists in this concerned area which is being filled
up in this research work by considering a more renewable
rich area of Barishal and Chattogram, which are also com-
mercially very much important for the country. In this present
work, the response of MG frequency is also found better than
the mentioned work as better renewable resource is available
in the present locations.

Bangladesh has enough wind and solar energy resources
[25]. The main purpose of this research work is to design
and evaluate solar PV-wind turbine-diesel generator-battery
based standalone hybrid MG along with the already avail-
able distribution network for the Barishal and Chattogram
divisions of Bangladesh. The preliminary design of the MGs
were optimized using HOMER pro. Then, for the proposed
MGs, the system responses were analyzed using the Matlab/
Simulink platform for five selected dispatch strategies. The
core contributions of this work are three-fold:(to the best of
the authors’ knowledge, such a study does not exist in the
literature)

o first, utilizing HOMER MG software platform, to deter-
mine the most suitable MG component combination
for the optimal operation of the MG which will ensure
the lowest Net Present Cost (NPC), Levelized Cost of
Energy (LCOE) and CO; emissions for the proposed
MG:s for five dispatch techniques;

« second, ensuring stable and feasible operation of the
designed and optimized MG by conducting a power
system performances (frequency and voltage responses
of the optimized MG) analysis using Simulink; and

« third, finding the most suitable dispatch strategy for
the proposed MGs on the basis of minimum harmful
gas emissions, different costs and best power system
responses.

The remainder of the research paper is organized as fol-
lows. The modelling of a standalone MG along with the
system equipment and power conversion process is pre-
sented in section II. The next section presents method-
ology for this research work with necessary formulation.
The result of this research work along with relevant dis-
cussion and findings is presented in Section IV. Section V
finally concludes the research work with a summary of the
core contribution of this work with the findings of this
research.
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Il. MODELLING OF AN ISLANDED MICROGRID

In this study, for two divisional area in Bangladesh, Bar-
ishal and Chattogram have been considered and two hybrid
MG systems for the two locations have been designed
and optimized. Barishal is located in the south-central part
of Bangladesh and Chattogram division is located in the
south-eastern part of the country. Both of the locations are
gifted with sufficient renewable sources such as solar irra-
diation and wind speed, so off-grid hybrid MGs in these
areas can help reduce the energy problems of the country.
As the divisions are being situated in the same territory of the
country, having similar meteorological conditions, the study
can provide a complete idea of hybrid MG implementation
in that part of the country. A simple block representation
of proposed MG along with the MG equipment and their
mutual relations is presented in Fig. 1. The MG comprises
converter module, wind turbine (WT), diesel generator (DG)
solar panels, storage units, and different loads. Direct current
DC power is provided in the MG by battery storage units and
solar PV modules. Before being connected to the AC bus bar,
the DC supply is converted to alternating current (AC) using
inverter (DC/AC converters). In the MG system, AC power is
directly being generated by DG and WT. Thus it is directly
connected to the AC bus bar only after a simple voltage level
conversion. The AC loads are fed from the AC bus bar and
DC loads are directly fed from the DC bus. Voltage source
controller (VSC) has been inaugurated for the bidirectional
AC/DC converter [31].
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FIGURE 1. A schematic diagram of the proposed hybrid microgrid.

lll. METHODOLOGY

In this section the methodology of this research work is
demonstrated in two subsections comprising several sub sub-
sections. In the first subsection, dispatch strategy and the var-
ious types are discussed and the next subsection formulates
the problem.
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A. DISPATCH STRATEGIES

A dispatch strategy is a bunch of rules used for the control
of the generator and the storage bank operation whenever
there is insufficient renewable energy to supply the load [31].
In this research, five different dispatch techniques:
(i) combined dispatch (CD), (ii) load following (LF),
(iii) generator order (GO), (iv) HOMER Predictive Dis-
patch (PS) strategy, and v) cycle charging (CC) are imple-
mented for optimization. In LF strategy, as a generator
is needed, enough capacity is delivered to satisfy the pri-
mary load such that the load demand should have been
fulfilled by renewable resources to keep the system stable and
feasible [32]. The CC dispatch technique operates the gen-
erator to the full limit at whatever point it is required and
any surplus power is utilized to charge the storage device.
CC strategy is mostly ideal in systems having practically zero
renewable energy resources [32]. In GO strategy, a predefined
order of generator combinations fulfils the demand by accept-
ing the generator combination that first meets the operating
capacity. In GO, the usage of battery unit is only permissible
in special circumstances. The CD dispatch strategy abstains
from the future net-load assumption using the present net
load evaluation to determine whether to charge the storage
devices using the generator. When the load demand is low, the
CD dispatch technique abstains from using of the generator
and chooses the least costly optimal combination of the com-
ponents to decide whether to choose the LF or CC strategy
in every time step [33]. In the HOMER PS dispatch strategy,
the upcoming probable electric and thermal load demand and
the availability of the upcoming resource (solar irradiation
and wind speed) is already known by prediction. With the
use of this technique, system’s overall operating cost can be
reduced [41].

The influence of back-up generator and renewable
resources on generation of electrical power according to the
five different dispatch techniques for the proposed hybrid MG
is shown in Fig. 2. That analysis shows that the GO has the
best impact on the back-up generator and LF strategy has the
highest influence on renewable resources. Dispatch strategies
guide optimal sizing and power management criteria in a
standalone MG. In all five dispatch strategies, the utilization
strategy of the diesel generator back-up is very much signif-
icant when the availability of renewable resources and load
demand are subject to sudden changes.

B. PROBLEM FORMULATION
1) OBJECTIVE FUNCTION
The main objective of economic dispatch strategies imple-
mentation in case of MG optimization is to minimize the
MGs cost for all nodes in a sustainable way [26]. Traditional
objective function in a single quadratic function can be used
to approximately represent the objective function of the tra-
ditional ED problems mentioned below [18], [34]-[36].

Neen

min cost = Z Fi(P)) ()

J=1
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FIGURE 2. Impact of diesel generator and renewable resources according
to the five dispatch techniques for hybrid microgrid.

where, F;(P;) = aj + bjP; + chjZ. Here, aj, bj, and ¢; are the
j™ generator’s fuel cost coefficients. The term Ngen indicates
the total number of generators, P; is the power output of the
j™ generator unit measured in MW and F;(P;) is the fuel cost

function of the j generator in dollars per hour.

2) EQUALITY AND INEQUALITY CONSTRAINTS
The problems relating economic dispatch should satisfy the
constraints below.

a: ACTIVE POWER BALANCE CONSTRAINT

The total power generation should be equal to the total loss
in transmission network (Pj,s) plus the total demand of the
system (Pgemana) [18]. Then,

Ngen
ZFj(Pj) = Piemand + Pioss- )
J=1

where, Pj,; can be evaluated by using B coefficients as,

Ngen Ngen Ngen
Pioss = Z ZPiBiij + ZPiBoi + Boo (3)
i=1 j=1 i=1

In eq. (3), Byj, Boi and B,, are the loss coefficients.

b: GENERATION CAPACITY CONSTRAINTS

The power Pgen(;) generated from the i source have to be
greater than or equal to the minimum limit of generation
Pgen.mingy and must be less than or equal to the maximum
capacity of the source Pgenmax(iy [18], [34], [36]. Now,

Pgen.min(i) =< Pgen(i) =< Pgen.max(i) (4)

The combined total power losses (Pjysses), total load
demand (Pgemana) and storage power (Psorage) should be
equal to the total power generation [18].

Einen(i) = Pemand + Plosses + Pstorage (5)
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¢: OPTIMAL SIZING AND COST FUNCTION REDUCTION

The optimization problems (equations) required to be solved
to get the optimal sizes and the required number of power
generation units [37] are mentioned below. Here, f1, f2, 3
are weights to reveal the significance of the corresponding
component and a, b, ¢, d are corresponding sizes of different
equipment in the system. Corresponding component’s lev-
elized cost of energy is denoted by LCOE, corresponding
component’s net present cost is denoted by NPC and GHG,
and e.CO; quantifies the gas emission from the Diesel Gen-
erator unit. Here, subscript PV = solar photo voltaic cell,
WT = wind turbine, DG = diesel generator, BT = battery
unit and Total = summation of individual values.

min
m(ﬁ (a.LCOEPV + bLCOEWT
+c.LCOEpG + d.LCOEBT)) (6)
min
WGZ(G.NPCPV + bNPCWT
+c¢.NPCpg + d.NPCgr)) (7)
min
W(ﬁ(&COzgc)) (3)

min
m(ﬁ LCOE7pa1 + f2NPCrotal + 3GHG1p1a1)  (9)
d: CALCULATION OF LCOE

The levelized cost of energy (LCOE) for the proposed hybrid

system can be evaluated in HOMER using the formula
below [38].

Cannual ' (10)
LPrimary +Lg + Egs

Here, Cypnuai = annualized total cost, Egg = total energy
sold to the conventional grid per year, Lpyjmary = total pri-
mary load, and L; = total deferrable load.

LCOE =

e: CALCULATION OF NPC
The Net Present Cost (NPC), Cypc of the proposed hybrid
microgrid can be evaluated using the following formula [38].

Cannual (1 1)

Cnec = o
CRF(i, Tproject)

In (11), i = interest rate, Tpojecr = lifetime of the project,
CRF (.) = capital recovery factor, and Cynuqr = annualized
total cost.

f: CO, EMISSION CALCULATION
CO;, emissions from the microgrid can be quantified as
follows [38],

e.COy = 3.6607 x mpye; X FHV x CEFfye X Xc.  (12)

Here, FHV = fuel heating value in MJ/L, e.CO; = CO,
emissions, my; = amount of fuel in liters, CEFy,,; = carbon
emission factor measured in ton carbon/TJ, and X, = oxi-
dized carbon fraction. Another part should be considered is
that 3.667g of CO, contains 1g of carbon.
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g: ECONOMIC DISPATCH

The optimization problem can be stated by formulating the
economic dispatch problem through the use of following
equations [39].

e (13)
Subject to:
minG’_max
Pg, G (14)
YiPg; = Pp (15)

The power generation cost is decreased by utilizing the
objective function in (13), where Cg, is the cost (marginal)
of each generator unit and Pg, is the quantity of it’s power
generation. The term in eq. (14) requires that all the gen-
erators’ maximum or minimum limits must not be violated,
while eq. (15) stipulates that total generation of power must
be equal to the demand of electricity Pp.

h: FREQUENCY STABILIZATION

A stable MG frequency can be ensured by keeping
frequency nadir (fnadir) and the post—fault rate of change
of frequency (RoCoF) within their precarious inceptions as
below [30]:

|ROCOF| §ROCOFmax,fmin anadir Sfma)c (16)
The frequency response of the hybrid microgrid can be
administered by the swing equation below,

dA

2H ;;(t) = Xl: APGi(t) + ; APsj(t) = DAF(1) = Py

A7)

Here H = inertia of the MG, D = damping factor of load
demand and Af(f) = deviation in frequency. APg;(¢) and
APg;(t) are respectively the power variations of synchronous
unit i and battery storage j and Py denotes the power imbal-
ance in MG.

i: VOLTAGE STABILIZATION

An appropriate optimal function can be utilized to keep the
voltage profile constant. The following equation can be uti-
lized in this case [39].

min Z(Vi - Vsetpoint,i)z (18)
i

here, particular node voltage V; and reference node voltage is
Visetpoint,i- For this case, the objective function minimizes both
the negative and positive fluctuations of the voltage output
from the intended set-point or reference value.

Fig. 3 demonstrates a simplified line diagram of the
proposed integrated hybrid MG system (IHMS) for four divi-
sional area of Southern Bangladesh considered in the Mat-
lab/ Simulink analysis. The model considered in Simulink
consists of diesel generator, solar PV module, battery storage
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FIGURE 3. Simulink oriented single line diagram of proposed microgrid system.

TABLE 1. NPC, CO, emission and COE variation from HOMER study for different dispatch strategies for Barishal and Chattogram.

Barishal
Dispatch Strategies NPC (USD) COE (USD/kWh)  Operating Cost (USD/year)  COs2 Emission (kg/year)
Cycle Charging (CC) 303,723 0.389 19,024 38,716
Combined Dispatch (CD) 410,877 0.526 15,490 18,310
Generator Order (GO) 193,616 0.267 3,377 0
Load Following (LF) 163,316 0.223 3,854 3,416
Predictive Strategy (PS) 207,831 0.266 10,598 19,662
Chattogram
Dispatch Strategies NPC (USD) COE (USD/kWh)  Operating Cost (USD/year)  CO2 Emission (kg/year)
Cycle Charging (CC) 312,144 0.400 19,454 39,431
Combined Dispatch (CD) 363,015 0.465 15,893 23,651
Generator Order (GO) 186,209 0.256 3,182 0
Load Following (LF) 160,360 0.219 3,752 3,297
Predictive Strategy (PS) 206,301 0.264 10,627 19,723

system, wind turbine, different controllers, loads and convert-
ers, as shown in Fig. 3. In Fig. 4 the complete flow chart of
the design, optimization and evaluation process is shown for
the proposed IHMS. The process of optimization begins with
module selection and input of various parameters like load
profile, component sizes and resource data followed by the
economic and technical constraints, load profile evaluation
and then defining the dispatch strategies in HOMER plat-
form. If the required load demand is fulfilled, then the costing
of the system is evaluated. If the load demand is not ful-
filled, then the components are resized and the simulation is
repeated until the load requirements are fulfilled. According
to the various costs and emission from the MG, the optimum
MG design is chosen and then the optimal sizes obtained
from the simulation are categorized and implemented for the
power system performance analysis to check for the techni-
cal validity of the designed model using Matlab/Simulink.
According to the performance in both techno-economic and
power system aspect, the best and worst MG design with
respect to dispatch strategy is chosen.

77330

IV. RESULTS AND DISCUSSION

This section analyzes the performance of the proposed MG
systems in Barishal and Chattogram division. First, a study
to explore the design of an optimal size MG system for
two-division is exposed and then the voltage and frequency
responses of that MG are described through the use of various
dispatch strategies. Accordingly, a dedicated comparison is
also provided in this section to explore the best performance
of MG system. The details study of these experiment is done
in the following section.

A. OPTIMAL SIZING OF THE PROPOSED MICROGRID

Table 1 reports a comparative study on basis of proposed
MG’s CO, emissions, COE and NPC among the five dif-
ferent dispatch techniques for the two divisions according
to HOMER simulation. This comparison is demonstrated
in Fig. 5 in a normalized fashion for both the divisions.
From which, an idea of comparative analysis of the emissions
and different costs for different dispatch strategies can be
obtained. The LF dispatch technique has the lowest LCOE,
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FIGURE 4. Complete system flow diagram for the design, optimization and evaluation process of the

proposed microgrids.

NPC and CO; emission of 0.219 $/kWh, 160,360$ and
3,297 kg/year, respectively and the CD dispatch strategy has
the highest of 0.526 $/kWh, 410,877$ and 18,310 kg/year,
respectively for Chattogram and Barishal. The reason behind
the lower costing of the LF strategy is that, as discussed
above, LF satisfies the primary load first and lower priority is
given to storage devices and deferrable loads and only feeds
them if the renewable energy generation is considerably in
excess to the need. The CD strategy on the other hand chooses
between CC and LF and most often selects CC which gives
priority on charging the battery unit first and then feds the
dedicated primary load demand. Thus the costing becomes
higher.

Accordingly, for the optimum operation of the MG,
the optimized sizing of different MG components (i.e. diesel
generator, solar PV, battery, converter and wind turbine)

VOLUME 9, 2021

found from HOMER simulation result analysis, are shown
in Table 2. On the contrary, for Simulink study, all the
HOMER provided component sizes in Table 2, didn’t always
give stable and feasible power system performance. For
this reason, Table 2 results have been re calibrated on a
‘trial and error’ basis to get stable and feasible voltage and
frequency response in Simulink MG model analysis and
the modified sizes of different MG components are shown
in Table 3. Here, ‘stable’ refers to a response within allow-
able limit and ‘feasible’ refers to practically implementable.
Thus, the HOMER simulation predicted optimized compo-
nents sizes in Table 2 have been modified wherever necessary
in Table 3 for real-time power system performance analysis
in Simulink. Fig. 6 and Fig. 7 respectively show the optimum
sizes of different MG components used in designing Barishal
and Chattogram MG found from HOMER and Simulink in a
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TABLE 2. Optimum sizes of different components of proposed microgrid from HOMER study.

Barishal
Dispatch Strategies PV (kW)  Wind (kW) DG (kW) Battery (kWh)  Converter (kW)
CC 10 1 8 132 14.9
CD 30 10 12 538 27.1
GO 75 1 1 207 39.4
LF 65 1 3 142 14.2
PS 30 1 7 112 14.6
Chattogram
Dispatch Strategies PV (kW)  Wind (kW) DG (kW)  Battery (kWh)  Converter (kW)
CC 10 1 8 139 17.5
CD 25 8 12 388 21.9
GO 75 1 1 194 36.1
LF 65 1 3 135 15.7
PS 30 1 7 106 14.2
TABLE 3. Optimum sizes of different components of proposed microgrid from simulink study.
Barishal
Dispatch Strategies PV (kW)  Wind (kW) DG (kW) Battery (kWh)  Converter (kW)
CC 10 1 8 132 14.9
CD 30 10 9 210 27.1
GO 75 1 1 194 394
LF 65 5 8 638.7 14.2
PS 30 1 7 112 14.6
Chattogram
Dispatch Strategies PV (kW)  Wind (kW) DG (kW) Battery (kWh)  Converter (kW)
CC 10 1 8 132 17.5
CD 25 8 12 120 21.9
GO 75 1 1 194 36.1
LF 65 5 8 638.7 15.7
PS 30 1 7 110.799 14.2
—e—NPC (USD) cc Chattogram Barishal HOMER) Barishacl éSimulink)
1
o ——PV (kW) 1 cC
COE
(USD/lel)PS <= @« Wind (kW)
-o- i P
2s:tratmg - =DG (kW)
(USD/kWh)
co2 Battery
Emission (kWh)
(kglyear) LF == Converter
(kW)

(2) (b)

FIGURE 5. Various costs using different dispatch strategies (normalized)
for (a) Barishal division and (b) Chattogram division.

normalized (per unit) way. From the figures it can be seen
that, for the optimized operation of the MGs, the required
component sizes vary along with the various dispatch strate-
gies. The size of PV is largest for GO strategy for both the
MGs and lowest for CC strategy. It is also evident from the
figures that the component sizes obtained in the HOMER
analysis is not always suitable for the MGs stable operation
and thus can be observed in the Fig. (b) of Fig. 6 and Fig. 7.

B. POWER SYSTEM RESPONSES FOR VARIOUS DISPATCH
TECHNIQUES

In this work, power system performance refers to ‘“within
considerable limit” and stable frequency and voltage
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(b)

FIGURE 6. Optimum Sizes for Barishal division using (a) HOMER
(normalized) (b) MATLAB simulink (normalized).

responses found from Simulink study. Various components
sizes shown in Table 3 have been utilized to form the
Simulink MG model presented in Fig. 3 and accordingly by
simulation, the responses of the system have been observed
and their voltage and frequency responses are demonstrated
in the following section.

1) VOLTAGE RESPONSE FOR VARIOUS DISPATCH
STRATEGIES

The responses for voltage for different system components
(i.e., battery voltage, solar PV voltage, load voltage, wind
turbine output voltage and diesel-generator output voltage)
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TABLE 4. Range of stable voltage for various sources using different dispatch strategies.

Barishal
Dispatch Strategies PV Voltage (V)  Wind Voltage (V)  Peak to Peak DG Voltage (V)  Battery Voltage (V)  Peak to Peak Load Voltage (V)
Cycle Charging 600-650 V 440-500 V 1000 V 323-3235V 400 V
Combined Dispatch 600-650 V 440-500 V 1000 V 323.5-323.8V 400 V
Generator Order 630-660 V 440-500 V 1000 V 324.3-324.5V 400 V
Load Following 620-660 V 440-500 V 1000 V 324V 400 V
Predictive Strategy 600-660 V 440-500 V 1000 V 323.3-323.7V 400 V
Chattogram
Dispatch Strategies PV Voltage (V)  Wind Voltage (V) DG Voltage (V) Battery Voltage (V) Load Voltage (V)
Cycle Charging 600-650 V 440-500 V 1000 V 322.8-3232V 400 V
Combined Dispatch 600-650 V 440-500 V 1000 V 323.3-323.7V 400 V
Generator Order 620-670 V 440-500 V 1000 V 324.35-324.5V 400 V
Load Following 610-660 V 440-500 V 1000 V 324V 400 V
Predictive Strategy 600-660 V 440-500 V 1000 V 323.2-323.7V 400 V
imuli TABLE 5. Comparison of different performance parameters in between
Chattogram (CI-ICOMER) Chaﬁogram (Simulink) the designed Il-I:MS, other HRES andp conventiona[: power plant (CPP).
——PV (kW) |
<@+ Wind (kW) Parameters Proposed HRES [38] CPP [38]
COg /Year (Kt) 0.003182  198347.984  198,348.00
- ¢=DG (kW) NPC/Year (USD) 160,360 288,194 297,000.00
COE (USD/kWh) 0.219 1.877 0.380
Battery Operating Cost (USD) 3,182 19,516 —
(kWh)
= Converter
(kW)

(2) (b)

FIGURE 7. Optimum Sizes for Chattogram division using (a) HOMER
(normalized) (b) MATLAB simulink (normalized).

found for Barishal and Chattogram division are illustrated
in Fig. 8 and Fig. 9, respectively for various dispatch strate-
gies. From the analysis, it is seen that all the voltage responses
mentioned above are stable within 2 to 3 seconds time frame.
The quantitative measurements from the mentioned voltage
responses are reported in Table 4. It is observed that all
the PV voltage responses are stable within 600 V to 670 V,
wind voltage is stable within 500 V to 440 V, battery voltage
is stable within 322.8 V to 324.5 V, the three-phase DG
voltage is stable within 1000 V (peak to peak) voltage and
the three phase load voltage is stable within 400 V (peak
to peak) voltage. From Fig. 8 and Fig. 9, it is evident that
all the responses are within limit and are stable and thus
can be declared as ‘technically feasible’ responses. All these
responses has been obtained from simulink analysis where
the different components had the optimal sizes as shown
in table 3. The component sizes used are also available in
the market and hence according to the voltage responses,
the MGs can be declared as ‘feasible’ ones.

2) FREQUENCY RESPONSES/FEASIBILITY ANALYSIS

Fig. 10 shows the frequency response for Barishal division for
various dispatch strategies. In spite of having some variations
in the frequency amplitudes, the responses of frequency have
been stable for the considered time limit of 2 to 3 seconds and
is within the endurable limit of 50 4/ —2 Hz. In Fig. 10 (a) for

VOLUME 9, 2021

the CC strategy, from starting at 2 seconds, the frequency
is about 49.817 Hz and, after having a downward slope up
to 2.3 seconds, a rise in frequency can be observed up to
2.45 seconds. From 2.45 seconds to 2.6 seconds, there is a
downward slope and from 2.6 to 2.7 seconds the frequency
is approximately constant. In 2.7 to 3 seconds, the frequency
response has some ups and downs and finally settles down
to 49.825 Hz. Similar results can also be found for other dis-
patch strategies for Barishal division and for the five dispatch
strategies for Chattogram division as exposed in Fig. 11.
From Fig.10 and Fig.11, it can be observed that all the fre-
quency responses are within tolerable limit and are ‘stable’
in nature. So, on the context of the frequency responses,
the MGs can be declared as feasible. From the figures it
is also evident that LF dispatch strategy, for the both MGs
offer a better frequency response than the other dispatch
strategies although all the responses are stable. LF strategy
fulfills the primary load first and lower priority is given to
storage devices and deferrable loads and only feeds them if
the renewable energy generation is considerably in excess to
the need and thus offers a better system frequency.

C. COMPARISON OF THE DESIGNED MG WITH OTHER
WORKS

From the simulation result analysis, it can be determined
that, in comparison with the NPC for other HRES designs
and the other conventional power plants, the NPC found
for the proposed islanded hybrid MG systems (IHMS) has
been reduced significantly as reported in Table 5. Table 5
shows a brief comparison between the designed IHMS,
conventional power plants and other HRES design on the
basis of NPC, CO, gas emission, operating cost and COE.
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FIGURE 10. Frequency responses of microgrid for Barishal division using various dispatch strategies (a) CC (b) CD (c) GO (d) LF, and (e) PS.

From the comparative study, the COE of the proposed IHMS
is 88.33%, the operating cost is 83.70%, and the NPC is
44.36%, the CO, gas emissions of the proposed IHMS
are 99.99% less than other HRES respectively and the COE
of the proposed IHMS is 42.37%, the NPC is 46%, and the
CO; emissions of the designed IHMS are 99.99% less than
conventional fossil fuel based power stations. The optimiza-
tion results are better than the conventional power stations as
the conventional plants are mainly dependent on fossil fuel
for power generation and the proposed hybrid MGs rely on
mainly renewable energy based generation techniques. The
results are also more feasible than other HRES because the
other researcher’s did not consider dispatch strategy based

77336

analysis. As previously stated, dispatch strategy optimally
manages the energy flow in the system with lower cost and
component sizes. Accordingly, the optimal sizes required
for this work is much less than the compared HRES and
conventional power plants.

D. DETERMINATION OF BEST AND WORST DISPATCH
TECHNIQUE

From the critical analysis in power system response
aspects, techno-economic analysis and environmental pol-
lution aspects it can be determined that the LF strategy
has the best overall performance for all the criteria for
the proposed MGs. On the other hand, for environmental
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and techno-economic aspects, the CD strategy has the
worst response for the MG’s sustainable optimization and
operation. The LF strategy works by a principle that meets
the primary load demand at first given that there is a suf-
ficient generation by renewable sources. The primary load
includes dedicated or predefined loads such as the household
loads. The storage devices and deferrable loads are given low
priority in this strategy. On the other hand, the combined
dispatch (CD) strategy works by an arrangement that decides
the cheapest route to select either the load following or
cycle charging strategy. This requires additional system cost
and component sizing which may worsen the outcome. The
considered sites in this work consist of adequate renewable

VOLUME 9, 2021

24 2.6
Time (s)

(©)
ng various dispatch strategies (a) CC (b) CD (c) GO (d) LF and (e) PS.

sources in the form of solar and wind that aid the LF strategy
to perform superior for these specific locations. Alternatively,
the CD strategy chooses the CC strategy for the studied
systems and degrades the system response and optimal sizing.

Additionally, on basis of the power system response, both
PS and CC strategies have the worst performance because of
the delay and long term instability in the mitigation of voltage
and frequency stability.

V. CONCLUSION

This work designed islanded hybrid microgrids using wind
turbine, backup diesel generator, solar PV, and battery storage
device for two different locations for the optimal operation
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and resource planning on the basis of various dispatch strate-
gies. Further, the frequency and voltage responses of the
simulated microgrid have been analyzed in Simulink platform
from which it can be observed that ‘load following’ is the
best strategy and ‘combined dispatch’ is the worst dispatch
strategy in terms of minimum and maximum LCOE, CO,
emissions, NPC, and best and worst power system (frequency
and voltage) responses respectively. The load following dis-
patch strategy have lowest LCOE, NPC and CO, emission
of 0.219 $/kWh, 160,360$ and 3,297 kg/year and combined
dispatch strategy has highest of 0.526 $/kWh, 410, 877$ and
18,310 kg/year respectively. From the comparative analysis,
the COE of the designed and optimized microgird is 88.33%),
the NPC is 44.36%, the operating cost is 83.70%, and the
CO; gas emissions of the proposed IHMS are 99.99% less
than other HRES designs respectively and the COE of the
proposed IHMS is 42.37%, the NPC is 46%, and the CO»
gas emissions of the proposed IHMS are 99.99% less than
conventional fossil fuel based power stations. The designed
microgrids are optimized to ensure system stability (stable
frequency and voltage responses) and techno-economic fea-
sibility for ensuring uninterrupted supply of electrical power
for the proposed areas of the Barishal and Chattogram micro-
grids. This optimized standalone hybrid microgrid is feasi-
ble for application especially for the isolated and islanded
region and the analysis is suitable for locations having similar
load profiles and meteorological conditions anywhere in the
world. The limitation of this work is that the distribution line
considered in the Simulink study does not actually replicate
the real-life Barishal and Chattogram distribution network.
The analysis can be improved by considering the actual dis-
tribution network data as well as the stochastic behaviour of
the wind and solar resources while optimizing the microgrid
design.
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