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Abstract: In this research project, the optimal design and design evaluation of a hybrid microgrid
based on solar photovoltaics, wind turbines, batteries, and diesel generators were performed. The
conventional grid-tied mode was used in addition to dispatch strategy-based control. The study’s
test location was the loads in the Electrical, Electronic and Communication Engineering (EECE)
department at Pabna University of Science and Technology (PUST), Pabna, Bangladesh. DIgSILENT
PowerFactory was employed to determine the power system-based behaviors (electrical power,
current, voltage, and frequency) of the proposed hybrid system, while a derivative-free algorithm
was used for the expense, optimal size, and emission assessments. While developing the microgrid,
load following (LoF) and cycle charging (CyC) control were employed. The microgrid is supposed
to have a 23.31 kW peak load requirement. The estimated microgrid’s levelized cost of energy (LE),
its net present cost (NC), its operating cost, and its annual harmful gas emissions were estimated
in this work. Additionally, since the microgrid is grid-connected, the amount of energy output that
might be exported to the grid was also estimated, which will potentially increase during blackouts.
The power system responses found in this study ensure that the various microgrid components’
voltage, frequency, current, and power outcomes are steady within the designated range, making the
microgrid practical and robust.

Keywords: renewable energy; optimization; dispatch control; grid connectivity; power system analysis

1. Introduction

The world is developing and the population is increasing rapidly. Every day, the global
demand for electrical energy is increasing substantially due to the fast growth of both the
population and the economy. An increasing amount of the world’s continuously growing
electricity demand is met by fossil fuels. The problem with producing electricity from
fossil fuels is that they will eventually run out and that this kind of energy production is
detrimental to the environment [1]. This demonstrates the need for an alternative source
that will be a dependable, sustainable, and green source of energy. An option could be
the usage of renewable energy sources such as hydro, wave, solar, geothermal, wind, etc.,
which are potential sustainable substitutes [2].
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Renewable energy sources can be very effectively operated and governed within a
setup named “microgrid”. A microgrid is a condensed form of a conventional grid system
that generates and distributes power across a comparatively small area, primarily using
renewable resources. Microgrids are created when numerous sources of renewable energy
and loads are integrated within a specific area. With hybrid microgrids, a range of electricity
sources (especially renewable) are combined with the ability to access AC as well as DC
power supplies and loads [3]. Because of their high efficiency and sustainability, microgrids
provide an extremely interesting research topic [4]. Microgrids mostly employ solar and
wind power as their intermittent energy sources, and therefore a robust energy management
system is necessary to ensure that the microgrid runs efficiently and meets its goals. In this
regard, the dispatch strategy (DiS), an energy management system, controls and regulates
the microgrid’s energy flow [5] as well as cost-related functions and performances [6].
A microgrid’s dispatching strategy (DiS) is a set of rules or guidelines that control the
generating and storage units in order to satisfy the demand for electricity. It is a technique
for controlling the microgrid such that the demand is efficiently satisfied. The microgrid’s
total size, system costs, and system performance are all impacted by the dispatch control
implementation. In addition to other DiSs, like predictive dispatch and generator order,
load-following (LoF) and cycle-charging (CyC) dispatch techniques have been considered
in this research endeavor since prior studies found that these strategies worked better in
their study [1].

Even though microgrid designs and evaluations have been widely shared by scholars
worldwide, some studies taking into account distinct DiSs have suggested a new field of
study in microgrid designing. DiSs are characterized as control strategies that may be used
inside the microgrid to efficiently manage the production and distribution of electrical
energy [5]. The DiS may be defined as a collection of different rules for managing the
system’s storage and generator, which will eventually ensure an efficient load demand
accomplishment [7]. The DiS has an effect on the entire system, which can lead to reduced
greenhouse gas (GHG) emissions, smaller component sizes, and lower system costs. It also
helps in the construction of more practical, economical, safe, and reliable microgrids [1].

DiSs are significant for proper and appropriate resource management within micro-
grids. Being a comparatively new domain of interest, researchers have focused more on the
technological and economic perspectives of a new microgrid design than on its dispatch
control. Optimal sizing and technoeconomic studies of hybrid microgrids without dispatch
strategy-based control offer a higher cost, a larger system size, higher emissions, and
comparatively inefficient resource management. Moreover, in addition to dispatch control,
it is also significant to assess the proposed system based on how good or acceptable the
power system response of the system is. In [8], a technoeconomic analysis using HOMER
Pro was conducted for an off-grid microgrid without considering power system analysis
or a dispatch strategy-based study. A similar type of work has been performed in [9]
for a remote location in Iraq. A technoeconomic analysis was also conducted in [10,11].
The research studies mentioned have not considered dispatch control in their analysis of
the hybrid system.

A novel technique for hybrid microgrid optimization and operation has been pro-
posed in [12]. The core contribution of this work was to reduce the various costs related
to hybrid microgrid system operation and, further, to maximize renewable resource uti-
lization. The work discussed the technoeconomic factors while optimizing the microgrid.
The concept of this research work could be extended if the impact of the dispatch strategy
was analyzed. Further, the concept could have been well evaluated if the power system
responses, like voltage, power, current, frequency, etc., from the system with the proposed
algorithm were discussed. Another research work proposes a novel mathematical ap-
proach that will lead to the optimal operation of a grid-connected hybrid system [13]. A
demand-response-oriented demand-side management issue was solved in the research by
not considering the dispatch control or the power system characteristics.
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With a thorough focus on technoeconomic factors and the operational and pollution
costs of the electricity and gas subsystems, [14] examines a variety of storage technologies
found in multi-energy microgrids. Further, a technique was created that includes an
optimization model that makes it easier to identify the best sites for storage systems inside
microgrids. The model further includes a sensitivity analysis to determine the investment
and maintenance costs related to the storage systems. A systematic technoeconomic
and socio-environmental design optimization with an HOMER optimizer is presented
in [15]. A similar type of work involving virtual synchronous generators and electric
vehicle charging stations in hybrid microgrids is presented in [16]. Using vehicle-to-grid
(V2G) engineering, a technoeconomic study is presented in [17]. This article evaluates the
possibility of a hybrid backup system within the microgrid. Various hybrid backup system
working setups are examined. Further, an improved power management approach is used
for the hybrid backup system to increase the system’s resilience and reliability. Researchers
in [18] analyzed the technoeconomic perspectives of manufacturing hydrogen for fuel
cell buses in Fiji. This article considers both off-grid and grid-connected scenarios when
sizing hybrid microgrids with solar panels and wind turbines as the main power source for
hydrogen production. However, the researchers in both works overlooked the responses of
the system to various dispatch modes.

Researchers in [19] conducted a technoeconomic assessment of a hybrid model for a
campus microgrid. Four different configurations of the microgrid were studied in the work,
and related comparisons were presented. The dispatch control was not implemented, and
the assessment of the proposed microgrid on power system response was not conducted in
the study. A similar type of study was conducted by researchers in [20], where hydrogen
loads and storages were incorporated with grid connectivity. An HOMER optimizer was
utilized in the work for the optimization. A technique for optimizing energy management
in a hybrid system was proposed in [21]. A technique to maximize energy management
(EM) in a microgrid featuring distributed generation and a battery storage system (BSS)
is presented in this article. The main goal was to solve the problem of operating the
microgrid in a way that is both economical and environmentally friendly, with an emphasis
on reducing operational costs and emissions by utilizing the BSS as efficiently as possible
throughout the daily schedule. In [22], a novel power-to-hydrogen (PtH) framework for
using hydrogen as a clean, adaptable energy storage medium was presented. A short-term
prediction model based on the artificial neural fuzzy inference system (ANFIS) was used to
fine-tune the power management solution for daily operations. In [23], a technoeconomic
optimization of a renewable microgrid was achieved using a PSO algorithm. Neither of
these works considered dispatch control in their studies or a power system response-based
evaluation of the work.

The gap in the abovementioned available research between technoeconomic analysis,
dispatch strategy-based analysis, and power system response analysis was tried to be filled
in [1,3]. But the researchers designed off-grid microgrids, which are disconnected from
conventional grid connectivity and which are mainly suitable for various islanded areas,
where the grid is unavailable and the establishment of grid connectivity is not feasible and
becomes expensive.

A grid-connected microgrid can be used to provide uninterrupted power to a proposed
site. The main contribution of this proposed work is to find a bridge inbetween the opti-
mized design of a grid-tied microgrid, to find the technical, economic, and environmental
parameters most suitable for the microgrid, to make a power system feasibility study based
on stable and feasible voltage and frequency responses, all on the basis of various DiSs, and
finally to determine the best dispatch approach suitable for the specific microgrid, which is
the Deptartment of Electrical, Electronic and Communication Engineering (EECE), Pabna
University of Science and Technology (PUST). Here, the proposed site is supplied mainly
with renewable energy sources, and whenever the sources have a scarcity of supply (as
they are intermittent sources), the load is satisfied with a backup conventional utility grid
power supply. This work’s primary contribution will be as follows:
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• First, figure out the best configuration and optimal dimensions for the hybrid grid-
connected microgrid components based on renewable energy, such as converters, solar
PVs, wind turbines, etc., using a derivative-free technique. This will ensure that the
net present cost (NC) and levelized cost of energy (LE) of the different options are as
low as possible in the selected locations.

• Second, by investigating the electrical performance of the system (active power, cur-
rent, frequency, and voltage fluctuations of the developed microgrid) using the DIgSI-
LENT PowerFactory structure, the best possible, cost-effective, stable, and dependable
functioning of the optimum microgrid layout (based on the results obtained in the
prior step) is guaranteed. In the future, the simulated results can be realistically used
for the development of microgrids in real life.

The structure of the rest of the research paper is as follows: Section 2 includes the
modeling, Section 3 is devoted to the methodological approach, Section 4 is devoted to the
research findings and discussion, and Section 5 wraps up the study.

2. Demonstration of the Grid-Connected Microgrid System
2.1. Proposed Location

This study was conducted at the Department of Electrical, Electronic and Communica-
tion Engineering (EECE), Pabna University of Science and Technology (PUST), Pabna 6600,
Bangladesh. The department is located on the second floor of a six-story academic building,
and is located close to 24°00′44.7′′ N, 89°16′49.1′′ E, beside the Dhaka-Pabna highway.
The department is equipped with two classrooms, a teachers’ lounge, a chairman’s office,
two restrooms, and a computer laboratory and circuit laboratory. The suggested location is
ideal for the planned microgrid since it has a sufficient wind and solar profile.

2.2. Information on Load Demand

Table 1 provides an estimate of the gross interconnected demand of the load at the
suggested site. The highest demand is defined as an overall load collection of 23.31 kW,
and the microgrid was developed with this in mind. The demand of the load is highest on
the warmer days, in March through August, and lowest on the colder days, in September
through February.

Table 1. Estimated connected load.

Type of Load No. of Units Power Rating Total Watt

CCTV, computer with accessories 30 250 W 7500 W

Ceiling fan 30 100 W 3000 W

Other laboratory equipment (during lab time) - - 2410 W

Lighting load 50 40 W 2000 W

Air conditioner 4 2000 W 8000 W

Photocopy machine 2 200 W 400 W

Gross peak load (connected demand) 23,310 W

2.3. Summary of the Resources

The solar radiation pattern and the wind speed characteristics at the suggested site
are typically referred to as “resources” in microgrid design. This research work’s resource
profile is displayed in Figures 1 and 2. Figure 1 represents the yearly average solar radiation
data along with the clearness index for the proposed location, whereas Figure 2 shows the
yearly average wind speed data for the proposed location. From the illustration, it can
be observed that the radiation is the highest in the month of April compared to the other
months of the year and it is approximately 6 kW/m2/day, and in September, the radiation
is the lowest and is approximately 4 kW/m2/day. For the rest of the months, the radiation
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stays between 4 and 6 kW/m2/day. July has the lowest clearness index at 0.4, and January
and December have the highest indexes at 0.65. Looking deeper into Figure 2, it is clear
that June and July have the highest average wind speed at about 5.5 m/s, and the lowest
speed of 3 m/s can be found in October and November. The rest of the months have speeds
between 5.5 and 3 m/s.
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Figure 1. Solar radiation and clearness index.
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2.4. Construction of the Prototype of the Proposed Microgrid

The suggested microgrid includes solar PVs to harvest electricity from solar radiation,
a wind turbine to transform wind energy into electrical power, a battery backup to store
excess energy from intermittent wind- and solar-based renewable sources, a diesel generator
backup to be used only in the event that neither the grid nor the renewable sources can
meet the load demand, and other essential inverters/converters as well as both AC and DC
loads. Figure 3 shows a suitable illustration for the proposed microgrid. From the figure, it
is evident that the microgrid consists of two buses, i.e., a DC and AC bus. The DC loads are
connected to this bus. The AC busbar contains the AC sources, i.e., the wind turbine, the
backup diesel generator, the grid connectivity, the AC loads, and the solar PV supply after
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the necessary conversion and/or inversion to the AC. Transformers have been integrated
for the necessary voltage level transformation, and converters have also been implemented
wherever necessary.

AC Bus

AC Load

Solar PV 

unitTransformer

Transformer

Voltage Source 

Converter

DC Load Converter

DC Bus

Wind Turbine
 Converter

Grid

Diesel 

Generator

Figure 3. Model of the proposed grid-connected microgrid.

3. Methodological Approach of the Research Work

In this work, the following factors were considered:

• Real field component costs (gathered from market analysis) and meteorological re-
source data (wind speed and sunlight radiation data) were employed for the purpose
of optimal size assessments.

• The suggested system’s ability to produce stable and practicable responses was de-
termined by analyzing the microgrid power system responses using the DIgSILENT
PowerFactory platform with the appropriate system model. This ensured that the
designed microgrid operated steadily and reliably.

A flow chart providing a basic description of the process is shown in Figure 4. As the
algorithm starts, the required input data need to be input into the algorithm. Then, ac-
cording to the different dispatch control approaches, the hybrid model is simulated for
the optimum solution. If the model is enough for the load satisfaction, the various costs
and emissions for the optimum system are identified, and if the model is unable to satisfy
the demand, the components are resized and the simulation is run again. Then, the power
system responses are estimated within the PowerFactory platform. If the required stable
performance is obtained, the result is evaluated; otherwise, the components are resized,
and the process from the third stage is repeated.

The block model for the DIgSILENT PowerFactory model, which was used for the
power system response-based evaluation of the suggested microgrid, is shown in Figure 5.
Here, for the simulation, the microgrid model was recreated, and, along with the optimum
data input, the model was simulated for the evaluation of the power system responses.
Here, all the necessary sources and loads are incorporated, along with the necessary
converters and storage.
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Figure 4. Research methodology/flow diagram.
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Figure 5. Block model of DIgSILENT PowerFactory study.
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3.1. Load-Following (LoF) DiS

In the LoF technique, the generator only provides the precise quantity of electricity
required to meet the load demand. Any remaining power once the principal loads are
met is used only for charging batteries, which mainly require renewable energy sources.
Figure 6 displays the LoF DiS flow chart. From the diagram, it can be seen that, first, the
total demand and renewable power generation are evaluated. If the generation is greater
than or equal to demand, the primary demand is satisfied, and if the battery needs charging,
it is also charged. On the other hand, if the generation is less than the demand, the battery
state of charge (SoC) is checked, and if needed, a backup diesel generator is used to charge
the battery. If the battery is already charged, then it can be used to supply the primary load
if it has a lower cost than is needed to bring the diesel generator into operation.

Figure 6. Flow diagram for LoF strategy.

3.2. Cycle-Charging (CyC) DiS

When utilizing the CyC method, the generator always runs at full power. Thus, excess
electricity is produced in this case. The excess energy is used to charge the storage device [5].
The CyC DiS flow chart is displayed in Figure 7. In this approach, unlike in LoF, the diesel
generator is operated at its rated capacity to supply primary demand and to charge the
storage unit with the extra energy generated. The battery SoC is checked multiple times,
and, if needed, it is charged. Between operating the generator and battery, the least costly
option is brought into action to fully satisfy the load demand.
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Figure 7. Flow diagram for CyC strategy.

3.3. Problem Formulation

This section and the successive subsections present the research work’s mathemati-
cal formulation.

3.3.1. Objective Function

Minimizing the microgrid’s cost for each node in a sustainable manner is the primary
goal of implementing economic dispatch (ED) solutions in cases of microgrid optimiza-
tion [24]. The objective function of the conventional ED issues discussed below can be
roughly represented by a conventional objective function that uses a single quadratic
equation [25].

Expenseminimum =
Numg

∑
t=1

Ft(Pt) (1)

where Ft(Pt) = xt + ytPt + ztP2
t . Here, xt, yt, and zt are the fuel cost coefficients of the tth

generator. The term Pt is the power output of the tth generator in MW, Numg indicates
the total number of generators, and Ft(Pt) is the fuel cost function of the tth generator in
dollars/h.

3.3.2. Equality and Inequality Constraints

The following limitations need to be met by the economic dispatch issues.
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Active Power Balance Constraint

The overall electricity production is supposed to be equal to the sum of the system’s
total demand (Ed) and the transmission network’s total loss (El) [26]. Then,

Numg

∑
t=1

Ft(Pt) = Ed + El . (2)

where El can be evaluated by using B coefficients as

El =
Numg

∑
t=1

Numg

∑
t=1

EiBitEt +
Numg

∑
i=1

EiBoi + Boo (3)

In Equation (3), Bit, Boo, and Boi are the loss coefficients.

Generation Constraints

According to [25,26], the power Eg(i) produced by the ith source must be less than or
equal to the highest possible output of the source Eg.mx(i) and larger than or equal to the
lowest permitted amount of generation Eg.m(i). Now,

Eg.m(i) ≤ Eg(i) ≤ Eg.mx(i) (4)

The overall production of electricity shall be equal to the sum of the total power losses (El),
storage power (Es), and total load demand (Ed) [26]:

ΣiEg(i) = Ed + El + Es (5)

3.3.3. Optimal Sizing and Cost Function Reduction

The optimization equations, also known as the problems that need to be solved to
obtain the optimal operating sizes and the needed quantity of power generation units [27],
are given below. Here, v1, v2, and v3 are weights to reveal the significance of the corre-
sponding component, and u, w, x, y, and z are the corresponding sizes of different pieces
of equipment in the system. The corresponding components’ levelized cost of energy is
denoted by LE, the corresponding components’ net present cost is denoted by NC and GG,
and C.CO2 quantifies the gas emission from the diesel generator unit. Here, the subscript
WT = wind turbine, SPVC = solar photovoltaic cell, BU = battery unit, DG = diesel generator,
G = conventional grid, and Net = summation of individual values.

min
u,w,x,y,z,v1ϵN0 (v1(u.LEG + w.LESPVC + x.LEWT+

y.LEDG + z.LEBU))
(6)

min
u,w,x,y,z,v2ϵN0 (v2(u.NCG + w.NCSPVC + x.NCWT+

y.NCDG + z.NCBT))
(7)

min
C,v3ϵN0 (v3(C.CO2DG )) (8)

min
v1,v2,v3ϵN0 (v1LENet + v2NCNet + v3GGNet) (9)

3.3.4. Formulation of LE Calculation

The LE for the proposed micro system can be calculated utilizing the proposed
derivative-free algorithm using the formula below [27].

LE =
Exyearly

DemP + DL + Psg
(10)
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Here, Exyearly = net yearly expense, Psg = yearly gross energy sold to grid, DemP = gross
primary demand, and DL = deferrable gross demand.

Formulation of NC Calculation

The NC, ENC, of the proposed hybrid microgrid can be evaluated using the following
formula [27].

ENC =
Exyearly

C.R.F(x, L fp)
(11)

In (11), x = interest rate, L fp = project life, C.R.F(.) = capital recovery factor, and Exyearly = net
yearly expense.

Formulation of CO2 Emission

CO2 emissions from the system can be assessed as [27]

C.CO2 = 3.667 × L f × F.H.V. × C.E.F.l × Cox (12)

Here, F.H.V. = fuel heating value in MJ/L, C.CO2 = CO2 emissions, L f = fuel in liters,
C.E.F.l = carbon emission factor in ton carbon/TJ, and Cox = oxidized carbon fraction.
Another fact that should be considered is that 3.667 g of CO2 contains 1 g of carbon.

Formulation of Economic Dispatch

The economic dispatch problem can be formulated using the following equations to
explain the optimization problem [27]:

PowGeni

∑
i

CGi PowGeni (13)

Subject to
Powmin

Geni
≤ PowGeni ≤ Powmax

Geni
(14)

ΣiPowGeni = PD (15)

The objective function in (13), where CGi is the cost (marginal) of each generator unit
and PowGeni is the quantity of its power generation, is used to reduce the cost of power
generation. While Equation (15) states that the total power generated must equal the
demand for electricity PD, the term in Equation (14) mandates that none of the generators’
maximum or minimum restrictions may be broken.

Formulation of Frequency Stabilization

Maintaining the post-fault rate of change in frequency (RCF) and frequency nadir
( f nadir) within their problematic inceptions as follows will guarantee a constant MG fre-
quency [28]:

|RCF| ≤ RCFmax, f min ≤ f nadir ≤ f max (16)

Using the swing equation below, the hybrid microgrid’s frequency response can
be controlled. If D = damping factor of load demand, ∆ f (t) = deviation in frequency,
I = inertia of the MG, ∆PowGeni (t) and ∆PSj(t) are, respectively, the power variations
in synchronous unit i and battery storage j, and Powim denotes the power imbalance in
MG, then,

2I
d∆ f (t)

dt
= ∑

i
∆PowGeni (t) + ∑

j
∆PSj(t)− D∆ f (t)− Powim. (17)
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4. Result and Discussion

The primary results of this research effort are outlined in this part, along with relevant
critical analyses. Two subsections will be used to discuss the outcome for convenience. One
concentrates on technoeconomic prospects and ideal sizing, while the other evaluates the
suggested design based on power system responses.

4.1. Technoeconomic Analysis

An overview of the recommended microgrid size and related costs for the two sug-
gested DiSs can be observed in Table 2. From the table, it can be observed that applying
both of the dispatch strategies has the same impact on the optimal size and cost of the
microgrid. This occurred as the proposed location is situated where the resources are
available in such a quantity that both the dispatch algorithms are applicable with the
lowest cost and size profiles. Being connected to the grid, the hybrid system is capable of
both providing electricity to the grid and purchasing electricity from the grid. In this case,
the hybrid system will purchase 57,914 kWh of electricity from the grid annually, as the
intermittent sources of the hybrid system are not capable of supplying electricity for all
of the day. On the contrary, the microgrid is capable of selling 1.3 kWh of electricity on an
annual basis to the conventional grid. The predicted hazardous gas emissions for the two
DiSs from the proposed microgrid during practical operation are summarized in Table 3.
As the two dispatch strategies suggested have the same component size, they also have
similar gas emissions. The highest emitted harmful gas is carbon dioxide, which has an
estimated emission amount of 36,602 kg/year.

Table 2. Summary of the outcomes of the optimization procedure.

DiS
Generator

(kW) PV (kW)
Battery
(kWh)

Wind Turbine
(kW)

Grid Converter
(kW)

LE
(AUD/kWh) NC (AUD) Operating Cost

(AUD)EnS EnP

LoF 25 1.73 2 1 1.3 57,914 0.365 0.096 74,742 3814

CyC 25 1.73 2 1 1.3 57,914 0.365 0.096 74,742 3814

Here, EnP is equal to the energy (in kWh) acquired from the traditional grid; EnS is the amount of energy provided
in kWh to the traditional grid.

Table 3. Generation of hazardous gas from the suggested microgrid.

Name of the Gas CyC Quantity (kg/year) LoF Quantity (kg/year)

Hydrocarbons (Unburned) 0 0

CO 0 0

CO2 36,602 36,602

Oxides of N2 77.6 77.6

SO2 159 159

Particulate Matter 0 0

4.2. Power System Assessment

This part of the study discusses the second part of the research outcome, which
is the power system study to evaluate the hybrid system design. The obtained system
frequencies, voltage outputs, currents, and active power responses were studied from
DIgSILENT PowerFactory simulations.

System’s Frequency Response

Figure 8 displays the frequency output from different components of the proposed
microgrid. A time duration ranging from 0 to 3 s was selected to more effectively display
the variations in the response. From the response, it can be seen that, at about 0.25 s, there
is a dip down to 0.996 p.u. in the grid and AC load frequencies, and this is the greatest
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fluctuation. According to the standard power system rule, a frequency of deviation of ±2%
Hz is acceptable. Here, a highest deviation of only 0.4% is observed. Within this time range,
up to about 1.4 s, the diesel generator frequency stays roughly constant at 1 p.u. Just after
the dip at 0.25 s, a positive spike of a height of 1.001 p.u. is found in the grid frequency,
and a somewhat smaller deviation is observed for the AC load frequency. At about 0.6 s,
two smaller positive spikes are observed for the grid and AC load frequencies. After this
time and for the rest of the period, the AC load and grid offered a stable response of q p.u.
The diesel generator offered fewer fluctuations than the other two and only had fluctuations
at around 1.5 s. At about 1.4 s, a dip is observed that is smaller than the previous dip,
and at 1.5 s, a positive spike occurs of about the same height as the first spike in the grid
frequency. However, without considering these small disturbances, the result indicates that
the microgrid operates at a steady frequency limit.

Figure 8. Microgrid component’s frequency responses.

4.3. Voltage Responses of the Microgrid Components

Figure 9 illustrates the various microgrid components’ (i.e., wind turbine, diesel
generator, grid, and solar PVs) voltage responses. Within an acceptable range, all of the
voltages are steady. It can be observed that the responses have turbulence within the
transient period of 1 s. After that period, the responses become stable at 1 p.u. From about
0.2 s to 0.6 s, diesel generation suffers from a 90% dip in the response, and from 0.6 s to
about 1 s, a rise in the voltage up to about 120% is also found in the response. The response
of the wind turbine shows the most stable response at 1 p.u., excepting a slight negative
spike at 0.6 s. The solar PV offers a negative spike down to about 0.05 p.u. at 0.3 s, and a
sag is also observed from 0.4 to 0.6 s down to 0.02 p.u. After that, the response becomes
stable at 1 p.u., which is not a significant stability issue in the power system. The grid offers
a similar response to the solar PV, except that the negative spike previously found in the
solar PV at 0.3 s here is a bit smaller in magnitude.

Figure 9. Voltage responses of the various components within the microgrid.

Figure 10 shows another set of voltage responses for the AC, DC loads, solar PV,
and wind turbine. The AC load and wind turbine (both of the AC components) have
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similar responses over the period. They offer a steady performance of 1 p.u. over the time,
excepting the sag at 0.2 to 0.6 s to down to just below 1 p.u. Within the period, the DC load
also has a voltage sag of 0.01 p.u. magnitude from 0.2 to 0.6 s. In the time period, there are
a significant amount of fluctuations in the response, but after about 0.6 s, the response is
stable at 1 p.u. On the other hand, the solar PV, another DC source, has a similar sag to the
AC load and wind turbine at 0.2 to 0.6 s; moreover, it has a significant increase in voltage
from 0.6 to 1.2 s, with a peak just below 1.4 p.u. After that, the response becomes stable.

Figure 10. Voltage responses of the various components within the microgrid.

4.4. Current Responses

The current responses of the solar PV, wind turbine, and diesel generator (the three
generating devices within the design) are shown in Figure 11. The responses show fluc-
tuations up to 0.75 s, and after that, all the responses become stable to their steady state
values. Starting at about 0.8 p.u., the diesel generator suffers a decrease in current value
to 0 p.u. from 0.2 to 0.6 s. After that, the response becomes stable at 0.8 p.u. for the rest
of the time. Starting at 1.5 p.u., the solar PV has a dip over the same time period of the
same magnitude. Similarly, after 0.6 s, the response is stable at 1.5 p.u. The wind turbine
has the most unstable response up to 0.75 s. Starting at about 0.2 p.u. at about 0.2 s, it has
a positive spike up to about 3 p.u. Then, for about 0.4 s, the response stays at 1 p.u., and
again at 0.6 s, there is a positive spike of about 2.2 p.u. magnitude, which sharply decreases
to 0 p.u. at 0.6 s. After that, the response rises to 0.2 p.u. again, and after 0.75 s, it stabilizes
at that magnitude.

Figure 11. Current responses of the various components within the microgrid.

4.5. Active Power Responses

The active power responses from the microgrid components were also taken into
consideration for the evaluation of the hybrid system for the proposed location. Figure 12
shows the responses for the active powers for wind turbine, diesel generator, grid, and
solar PV per unit (p.u.). From the illustration, it is evident that, among the responses, the
wind turbine tends to show the greatest fluctuation up to about 0.8 s. From 0 to about 0.2 s,
the response was at 2 p.u., but after that, for a short period of about 0.4 s, the active power
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stayed at 0 p.u. After that, at 0.6 s, a negative spike from the wind turbine is observed,
which was needed for the magnetic field inside the wind generator. Then, the response
begins to rise again, and after 1 s, the response becomes stable again at 2 p.u. The other
responses from the diesel generator, grid, and solar PV altogether coincide within 0.2 to
0.6 s. A value of 1.5 p.u. of grid active power indicates that the hybrid system takes a
considerable amount of power from the grid during intermittency. The diesel generator
provides the lowest amount of active power at about 0.7 p.u., which has been considered
to serve as a backup source. Despite the fact that the optimum size suggested in Table 2
has a larger kW size for the solar PV than for the wind turbine, in the practical simulation
platform, the wind turbine provided a larger amount of active power due to its more stable
nature in wind speed at the proposed location. The responses are considered for 3 s, as
beyond that timeframe, the responses are stable and nothing significant happens. After a
shaky nature up to 1 s, the responses become stable and perform as expected.

Figure 12. Active power responses of the various sources within microgrid.

4.6. Discussion of the Result

Based on its power system response evaluation and optimal design, the results demon-
strate that the suggested microgrid can provide optimal operation at the lowest possible
cost and hazardous gas emissions. Moreover, the active power, frequency, current, and
voltage responses in the power system response section demonstrate that the hybrid system
provides stable and practically implementable responses. This means that the proposed
design can be implemented in the field with satisfactory performance using dispatch
strategy-based control facilitates, which find the best solution while lowering costs, harm-
ful emissions, and component size. This signifies the core contribution of the research work:
a sustainable and robust solution to the electricity problem. The suggested microgrid’s via-
bility and ability to be implemented in practice at the suggested location are shown by the
power system response-based assessment. The microgrid was developed by incorporating
multiple dispatch controllers and comparing them. For its present demand characteristics,
resource profile, and meteorological characteristics, LoF and CyC deliver identical results
on the basis of optimal sizing, emission levels, power system responses, and expenses.
The reason behind this identical result is that, for the proposed location and load profile,
the approach to satisfy the load demand is according to the DiSs. Moreover, as the grid is
connected with the hybrid system, it works as a backup for any unstable and unexpected
situations, like a shortage of generation from renewable sources or a fault within the hybrid
system. The inclusion of a grid is one of the most important reasons that both of the dis-
patch strategies have offered similar responses. Also, the grid has a significant contribution
with respect to keeping the power system responses within the stability limit. The grid-tied
version also eliminates the necessity of considering a storage unit within the design. It also
gives the facility of selling additional energy to broader consumers.

4.7. Application of the Research Work

The primary focus of this research study is the PUST Department of EECE. This
study, however, is applicable to other parts of the world with similar demand patterns and
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weather. This study’s application, being a grid-tied microgrid, encompasses both islanded
operations with different modifications and grid-covered regions.

5. Conclusions

This research study designs and evaluates a grid-connected hybrid microgrid for
the EECE department at PUST, which consists of a diesel generator, solar PV, battery
storage, and wind turbine. The concept relies on dispatch strategy-based control, which
provides optimal sizing, reduced costs, and reduced emissions of hazardous gases from the
recommended microgrid. The results of the study contribute significantly to this field of
research and offer guidelines for developing a workable and ideal plan for the Department
of EECE at PUST to build a grid-connected hybrid microgrid that primarily uses sustainable
energy sources to provide a continuous supply of electricity to meet the suggested load
requirements. With minor adjustments, this analysis can be applied to any other location
with a similar load profile and meteorological conditions.
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