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Abstract: Hybrid renewable system is a particular type of energy systems which can be used as
Distributed Generation (DG) resources to reduce network losses and increase its efficiency.
Overall, at design phase, there are two major constraints: first, availability, and second, the cost
of equipment. In this paper, considering these constraints and using DGs as Renewable Energy
Sources (RES) including wind turbines and photovoltaics, an intelligent method based on multi-
objective particle swarm optimization is utilized. Besides, battery bank has been used as a
backup unit and energy storage of the hybrid system to reduce the volatility of RESs. The
purposes of this paper are: to provide a comprehensive analysis on new structures of AC and DC
systems, and then, to determine the capacity and optimal design with hybrid RESs in a smart
microgrid to increase the availability and reduce network costs. In order to demonstrate the
possibility of proposed approach, an optimized method is designed and implemented in two
scenarios (Basic, and Maximum Renewable). Effectiveness of the proposed approach is applied
over a real study case. By comparing the proposed method with multi-objective genetic
algorithm, simulation results show that the proposed method has effective performance in
reducing costs and improving availability.
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Nomenclatures
A Auvailability Index Wind Cost of Wind Turbine
Aphotovoltaic Panel Surface ABattery Cost of Battery Bank
AWind Surface Area of Winding for Turbine o3 Inflation Rate
Wind Initial Cost AP Demand Not Met (kWh/Y)
Chetworks Cost of Power Input From Network 0 15223 of Input Power From Network to
CBattery Initial Cost of Battery 14 Escalation Rate
C; Initial Cost of Each Component V4 Interest Rate
Cost Total System Cost Per Dollar Per Year @ WTG Speed (Rad Per Sec)
D Demand List of Abbreviations
J Inertia (Kg.M?) CcCT Clearing Critical Time
MO Operating And Maintenance Cost of DG Distributed Generation
Each Component
N Lifetime of System ESS Energy Storage System
Total Cost of Operation and .
OM Battery Maintenance for Battery System EMA Energy Management Algorithm
Annual Operating and Maintenance . .
OM yearly Cost EV Electric Vehicles
OMwind Total Cost of Operation And Gw Gigawatt
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Maintenance of Wind Subsystem

P, Wind Turbine Electrical Power (W) HESS Hybrid Energy Storage System

PBattery Bank Capacity of Battery HVDC High Voltage Direct Current
Py(1) g}(l)tglslsniiill;taneous Power Delivered Lcc Line Commutated Converter
P Total Instantaneous Power of MOGA Multi-Objective Genetic Algorithm

Generating Sources (W)

PNetwork t Power Purchased From Network MTDC Multi-Terminal Direct Current
Pm Wind Turbine Mechanical Power (W) MOPSO g;ﬂig:gf::ve gCle Swarm
Proua(® Instantaneous Load Power (W) MPC Model Predictive Control
PBatteryp gy () %imniemum Charge of Battery Bank in PV Photovoltaic
PBattery SOC (?) Battery Charge Status in Time RES Renewable Energy Resource
Pp(1) Amount of Demand in Time Unit SoC State of Charge
U (l ) Step Function VscC Voltage Source Converter
aPhotovoltaic Cost of Solar Panel w Watt
A Network Cost of Input Power From Network WTG Wind Turbine Generator

1. Introduction

1.1. Background

Current trends indicate that global electricity distribution grids are experiencing a transformation
towards DC at both generation and consumption level. This kind of tendency is powered by the
outburst of different electronic loads and, simultaneously, with the struggle to meet the high set
aims for share of RESs in satisfying total demand |1, 2]. Meanwhile, with increasing energy
growth and reduction in fossil fuel resources, renewable energies such as solar and wind can play
vital role in development of countries; accordingly, due to environmental problems and global
warming, we need to preserve our environment, decreasing air pollution, and considering
electricity constraints and energy supply for urban, remote and rural areas. On the other hand, the
political and economic backing of countries depends on their productivity from fossil fuels.
Reducing fossil fuel resources is not only a threat to the economies of the exporting countries,
but also a major concern for other energy-consuming countries. Another issue that should be
considered is the security of the power system. Maintaining a high level of system security is one
of the most important aspects of power systems that should be noted as well as the economic
operation of these systems [3-7].

In addition, energy consumption prediction can play an important role in design, planning and
management of power systems. It can be said that an accurate forecasting of electric energy
consumption provides more realistic spectrum for consumption of future country's energy
resources to move towards sustainable development in globalization [8, 9]. As can be seen from
the reference [10], at the beginning of the year 2016, the amount of installed Photovoltaic (PV)
and wind energy in the European (EU) countries reached to capacity of approximately 95.5
Gigawatt (GW) and 141.6 GW respectively, that correspond to 10.5% and 15.6% of the total EU
electricity generation capacity. In addition, the amount of Renewable Energy Sources (RES) has
increased its share from 24% in 2000 to 44% of total power capacity at the beginning of 2016;
also, during 2016, at least 75 GW of solar PV capacity was added globally which equivalent to
the installation of approximately more than 31,000 solar panels every hour. By 2020, wind
power is expected to feed nearly 10% of global electricity.




1.2. Literature Review

In recent decades, DC technology has entered into a new Renaissance period of time, because of
several generations after Westinghouse and Edison’s public battles facing AC versus DC in the
famous ‘‘war of currents’’, back by 1880 [11]. In this regard, we provide an overview of
transmission and distribution systems in AC and DC grids. The reference [ 12] has expressed that
DC systems rebooting started in 1954, when ABB company linked the island of Gotland to the
Swedish mainland by a High Voltage Direct Current (HVDC) link, delivering the world’s first
commercial HVDC system. According to the type of load flow and load demands, microgrid can
be categorized as AC microgrid and DC microgrid. Some relative topics including harmonic
current, the flow of reactive power, transformer failures, and unbalanced phases in AC microgrid
open the door to promote DC microgrid with DC loads and DC supply from PV and Fuel Cells
(FC) and other RES. Some professions are of the view that a normal distribution grid system
consists of both AC and DC loads, which AC power cannot be totally neglected as connecting a
DC resource to high AC load gains harmonic content and converter losses [ 13, 14].

Moreover, in this field, one of the interesting topics that recently researchers are working on is
Multi-Terminal Direct Current (MTDC); hence, in the references [12, 15|, some critical
challenges and prospects for this kind of emerging MTDC networks, along with a foreseeable
technology improvement road map, with a particular focus on decisive operational and control
issues that are associated with MTDC systems and networks are presented. As explained in these
references, two serious power conversion technologies have traditionally dominated by HVDC
designs, titled the Voltage Source Converter (VSC), and the Line Commutated Converter (LCC);
which both have been deployed and commercialized across today’s global grids. Figure 1 shows
a simple typical representation of an AC overlaid MTDC network containing several LCC-
HVDC and VSC-HVDC terminals. Also, reference | 16| presented a new approach to select an
optimal place and control variable setting for Power Flow Controllers (PFC) including series,
cascaded, and interline PFCs in MT-HVDC networks based on sensitivity analysis method to
enhance static security.

Figurel. A simple typical representation of an AC overlaid MTDC network [12]

In order to study more precisely the topic of DC systems, we should carefully consider the
following issues: mainly, there are two major constraints in using DC resources: first,
accessibility to generated electricity (availability), and second, the cost of equipment [17].



Simultaneously, it can be said that DC systems are coming more popular than AC systems owing
to their higher efficiency and reliability, and their easy connection to renewable energy resources
[18-20]. In addition, in order to reduce fluctuations of power generated in a hybrid system, a
battery bank could be used as an energy storage, which absorbs power surplus and power supply
shortages in working conditions.

Recently, in order to promote power quality and energy output, smart DC microgrid proposed by
some experts. They conclude that modern electrical loads and scattered energy resources are DC
type inherently using DC microgrids prevented from added translational AC/DC or DC/AC. On
the one hand, some researchers recommended stability analysis in hybrid AC-DC microgrid to
achieve higher energy output. Overall, a hybrid microgrid combined of two components: DC
component and AC component. Scattered energy resources and DC inherent loads connected to
DC component and inherent AC resources and loads linked to AC component. For power quality
optimization, energy storage like batteries might connect to DC components.

On the other hand, system stability plays a significant role in microgrid systems. In this regard,
in the references (21, 22|, hybrid microgrid composed of wind turbine, PV unit, and AC and DC
loads are simulated using MATLAB software. Considering solar and wind instability features,
control plans designed for invertors so that preserve stability performance of hybrid microgrid.
Similarly, for electric vehicles (EVs), the authors of the papers [23, 24| proposed a battery-ultra-
capacitor in Hybrid Energy Storage System (HESS).

Another issue of interest in microgrid is their islanding states. In this case, serious and necessary
controls should be considered in the various fields of protection and security of microgrid.
Herein, in order to minimize the power loss in hybrid AC/DC microgrid systems by optimizing
the output power of Renewable Energy Distributed Generators (REDG), the authors of paper
[25] presented a Hybrid Nelder-Mead and Cuckoo Search (HNMCS) algorithm. A typical
diagram of the modelled system is displayed in the Figure 2 where the islanded hybrid microgrid
system is displayed with AC and DC sub grids.
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Figure. 2. A typical diagram of islanded hybrid microgrid [25]



Traditionally, converters use a two-stage AC/DC/AC system to convert the input AC voltage and
current to the variable frequency and/or the variable amplitude. This kind of instrumentation
yields the need for bulky DC-link storage such as electrolytic capacitor [26]. In recent years,
most of the microgrids accept conventional AC grid systems; thus, the distributed energy
resources need some form of power converters to transfer and convert power from these energy
resources to the AC grid system. For instance, wind turbines require back-to-back power
converters to synchronize and adjust the output frequency and voltage level with the AC grid
system |27, 28]. In this regard, S. Jain, M. B. Shadmand, and R. S. Balog in the reference [29]
presented an auto-tuning method for online selection of the cost function weight factors in Model
Predictive Control (MPC), where in this paper, a forecasting power control algorithm which
decouples active and reactive power for grid integration of PV systems using a quasi-Z-source
inverter was proposed. The structure block of a typical smart AC microgrid system including
RESs (wind turbine and solar PV), EVs, AC loads, Energy Storage System (ESS) (flywheel,
uninterruptable power Supply (UPS), and battery bank), household appliances (PC, cell phone,
and fan), AC-DC converters, communication protocols, and Central Processing Unit (CPU) are
shown in Figure 3.
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Figure 3. Structure block of a typical smart AC microgrid system

In addition, as a result of recent advancement in design of EVs, the impact of their connections
to the Low Voltage (LV) distribution systems is considerably increased. Similarly, in industrial
environments, a number of adjustable speed AC drives are utilized, which also need AC/DC and
DC/AC converters. In commercial and residential areas, grid connected equipment including
computers, battery chargers, and high efficient lighting systems use DC power. Therefore, these
equipment need an AC/DC converter to be jointed to the AC grid. These multiple conversion
stages reduce the overall reliability and efficiency of the systems. Some of these conversion



stages can be reduced or replaced by a high efficient DC/DC converter if these devices are
directly jointed to a DC grid. The structure block of a typical DC microgrid system including
RESs, EVs, AC loads, and energy storage system, household items, AC-DC converters,
communication protocols and CPU are shown in Figure 4.
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Figure 4.Structure block of a typical smart DC microgrid system

As can be seen from the Figure 4, in a DC microgrid system, the power electronic loads and
energy resources can be supplied more efficiently and effectively by opting appropriate voltage
level; consequently, it prevents a few stages of conversion. Besides, the ESS can be straightly
jointed to the main DC bus or jointed using a DC/DC converter.

Also, it can be said that each approach would have some positive and negative advantages and
disadvantages that depend on their requirements and applications. For instance, every battery
bank system has not-stable output voltage, and their variations in the output voltage depend on
some issues such as battery configuration, battery chemistry; materials, ambient temperature,
current, and State of Charge (SoC). The straight connections of battery bank to the DC bus could
bring about fluctuation in the voltage of bus and inrush current, and also can lead to shortening
the lifetime of the batteries. Furthermore, the fluctuating of the DC voltage can make protection
and stability problems in every DC grid system. Therefore, these kinds of converters (DC/DC)
are usually recommended for interfacing battery bank systems to the DC bus [27, 30, 31].

In order to introduce Multi-Objective Particle Swarm Optimization (MOPSO) algorithm, it
should be noted that, the MOPSO algorithm was introduced by Carlos A. Coello in 2004; in fact,
this algorithm is an improved version of the PSO algorithm which is used to solve multi-
objective problems [32]. PSO is a metaheuristic approach in Artificial Intelligence (AI) which
can be used to find approximate solutions to extremely difficult or impossible problems [26, 33].



1.3. Paper Structure

The rest of this paper is organized as follows: energy management requirements are stated in
Section 2; materials and methods (optimization of the photovoltaic - wind system) are fully
introduced in Section 3; the structure of the grid (study case) is presented in Section 4; the
numerical analyses and results of simulations are discussed in Section 5; and finally we provide
conclusion in Section 6.

2. Energy Management Requirements

One of the most important issues in the study of renewable energy resources would be the issue
of energy management. Power converters and Energy Management Algorithm (EMA) together
provide the essential control to the system [34]. Photovoltaic panel and Wind Turbine Generator
(WTG) can be controlled to extract maximum power from the available natural resources.
Furthermore, energy storage system needs management for deciding which storage have to be
used in case of a hybrid energy storage system; also, for deciding the charge-discharge cycles of
chosen storage.

Another item that needs to be noted in a DC microgrid is that the DC-link voltage should be
stable constant for balanced flow of energy among the multiple loads and resources. In addition,
based on [35], a variation of DC-link voltage would disrupt the system’s normal operation, and
also could bring about the whole system to collapse. As can be seen in the reference [22],
equations (1) and (2) provide the generalized stability criteria for some microgrids.

P -P dw
m Te_g2=&
w dt M
})laad (t) < })g (t) 2= })s (t) (2)

where Pm is the wind turbine mechanical power (W); P, defines as a wind turbine electrical
power (W); J defines as a inertia (kg.m?); @ is WTG speed (rad per sec); Pj,qq(t) defines as an
instantaneous load power (W); P,(1) defines as total instantaneous power of generating sources
(W); and Py(?) defines as total instantaneous power delivered by ESS (W)

3. Materials and Methods: Optimization of the Photovoltaic - Wind System

In this section, first, the objectives of the system are expressed mathematically, and then in the
following sections, the optimization results are described. The power produced by wind and
photovoltaic generators for feeding the DC bus is most important and if the power is insufficient,
the battery should be discharged to a certain extent to feed the DC bus. If there is not enough
power again, it can be purchased a certain amount of power from network. Therefore, the input
power of the network has the least priority.

3.1. Costs

One of the most important issues of industrial development is currently the cost issue. The cost
functions of renewable energy technologies including fuel cells wind and power plants are
modeled by linear functions in the reference [36]. Besides, the proposed approach in the
reference [37] has determined the optimum weight factors of the cost function for each sampling
time; the optimization of the weight factors was done according to the prediction of the absolute
tracking error of the control objectives and the corresponding constraints. The bulk of the system
costs include the price of photovoltaic panels, wind turbines and battery banks. Based on the



reference [ 17], the total cost of the system, based on (dollars ($) per year), includes the purchase
of equipment, operation and maintenance, which can be stated as follows;

o o (C,+M0)
COSt — C + Zz—Wmd,Photovoltatc,Batter} (3)

Network
N

where: in the equation (3), C; and M;0 are the initial cost, and the cost of operating and
maintenance of each component, respectively. NV, Cremork, and Cost represent the lifetime of the
system, the cost of power input from the network, and the total system cost per dollar per year,
respectively. Therefore, the first objective function (OF) is formulated as follows;

OF, = Min_,(4

Wind > Photovoltaic > PBatterjv,a) (4)

A

Photovoltaic ’

P,

A Battery

surface, bank capacity of the battery, and ratio of input power from the network to the load. The

initial purchase, operation, and maintenance costs for the photovoltaic subsystem are as follows:
C x A

ind and , O also represent surface area of the winding for the turbine, panel

Photovoltaic — aPhotovoltaic Photovoltaic (5)

1+ v
Photovoltaic — OMveal rly Pholovoltalc Z (1 + 7/ (6)

oM

here:, respectively. Besides, C,, . ... and OM

cost of operation and maintenance of the photovoltaic subsystem; ¢, ... 3150 indicates the cost

are symbol of the initial cost and total

Photovoltaic

of the solar panel which will be given in case study.
Initial costs, operation and maintenance for the wind system are also expressed in the same way
in the Equations (7) and (8), respectively.

C

Wind = Cwina

O Wind — OM yearly x AWznd X Z(

X AWind (7)

1+ V g
1+ 7/ (8)
Similarly; OM

of each unit, the escalation rate and the interest rate for wind system, respectively. Moreover,
C,...and OM,, . are the symbol of the initial cost and total cost of operation and maintenance of

L

seary »V » @nd y respectively represent the annual operating and maintenance cost

the wind subsystem; ,,,,, also indicates the cost of the wind turbine which will be given in case

study.
In addition, initial costs, operation and maintenance for the battery bank are also expressed as
follows:

CBallery = aBattery x })Baltery (9)
1+v 4 Vi,
OMButtery = OMyearly Battery Z(l‘l'ﬂ (10)
where in the equations (9) and (10): OM ., .v,5.Cy,,..,,» and OM, . represent the annual

operating and maintenance cost of each unit, escalation rate, inflation rate, symbol of the initial

cost and the total cost of operation and maintenance for the battery system, respectively; o,

also indicates the cost of the battery bank which will be given in case study.
Since in industry, the battery lifetime is less than solar cells and wind turbines, they are expected
to be replaced several times over the lifetime of the system. Thus, the last part of the equation



(10) is used to express the replacement cost as the cost of operation and maintenance. The cost of
power input from the network is formulated as the following equation;

T
CNelwork = z P, Network t x aNetwork (1 1)
i=1

where P

verworc. INdicates the power purchased from the network in each unit, and «,,,,,, also
indicates the cost of input power from the network according to the reference [17]. The amount
of Py,.on. a0day,,, ., Will be given in case study.

3.2. Availability and Reliability

When energy is accessible, availability is presented as an important indicator for the system.
There is an important difference between availability and reliability. Availability is the ability of
the system to provide power to the load, and reliability is the system's ability to operate without
failure. A highly reliable photovoltaic system, in which components fail, can have little
availability, provided that there is enough energy to supply the required load overnight or cloudy
days. A certain level of availability can be achieved with many system settings. According to the
reference | 17], typically the availability for the intended duration is formulated as follows;

AP
A=1-— 12
- (12)

where D is early demand, and demand not met (AP ) can be explained as Equation (13):

T
AP = Z (PBatterme (t) - PBatterySOC (Z) - (PPhotovollaic (t) + PNetwork (t) + PWind (t) - PD (t)) X U<t)) (13)
t=1

Here, if the power supply is greater or equal to the demand, a step function is zero, and if the
demand is not met, it is assumed to be 1. The parameters 4, AP, P, D)5 Prsiery,. (0> Bp(2),

> % Battery,y,
and U(t) indicate availability index, demand not met in kilowatt-hours per year (kWh/y),

minimum charge of the battery bank in time, battery charge status in time, amount of demand in
time unit, and step function, respectively. Herein, the input powers of the network are given as:

PNethrk = a X (PD (t) |/ PPhutuvolmic (l) - PWind (l) - f}?uttery (t)) (14)
Byina = Brrc X Ayina X Myina (15)
PPhotovoltaic | InSOZatiOI’l x APhotovoltaic x nPhotovoltaic (16)

In equations (12) to (14), Poovotiaic > Menoovoraic » A0S0lation, B, ., and 17, . represent the

efficiency of the photovoltaic subsystem, the amount of sunlight to the cell surface, the turbine
power subsystem, and the efficiency of the wind turbine subsystem, respectively. Also B, is

the power of wind turbine generator which will be given in case study.
The second objective function can be expressed as follows:

Osz = MCZXA (A APhotovoltaic s ABazzery ’ a) (1 7)

Wind >

3.3. Optimization

3.3.1. Design limitations

A physical limitation which has to be added to the optimization algorithm is the area that can be
used to install and set up solar panels. Formula (18) shows these surface limitations.



APhotovoltaicMm < APhOtOVUltaiL‘ - 14PhotovoltaicMm (1 8)
These limitations also need to be considered for wind turbine that is given in equation (19).
AWinde < AWind < AWindMM (19)

Certainly the lower bound limitation can be zero, but based on [38], in order to increase the
reliability of the system, the lower bound for a wind turbine is considered at least 100 m?. The
input power of the network should also be within the range below:

P, Network,;, < Network <P, Networky,,, (20)

Part of input power from the network can be changed in the range of zero and one which is
shown in the equation (14).

Finally, in order to avoid excessive enlargement of the system followed by the addition of
excessive costs, the total production capacity of power should not be greater than the amount of
demand, which is shown in equation (21).

PWind (t) + PPhotovoltaic (t) + PBattery (t) + PNetwork (t) < PD (t) (2 1)

3.4. Principles of Multi-objective particle swarm optimization and PSO algorithms

In the multi-objective particle swarm optimization algorithm, a concept called ‘Archive’
(Repository) has been added to the single-objective particle swarm optimization algorithm.
Choosing the best overall answer and the best personal response for each particle is an important
step in the MOPSO algorithm. When particles want to make a movement; they select a member
of the archive as a leader. This leader must be a member of the archive. Archive members
represent Pareto-Front and include non-dominated particles, which will be discussed later on.
Then instead of Gy, one of the members of the archive is chosen. Since there is only one target
and particle in the single-objective algorithm, and this particle is the best one, there is no archive
in the single-objective algorithm, but in the multi-objective algorithm, there are several particles
that are non-dominated and are in the set of answers.

In order to compare the best personal response, the following applies:

If the new position dominates the best answer, new position replace with the best answer; in
mathematical terms:

I)bestinJrl — XinJrl (22)

If the new position is dominated by the best response, nothing will be done. In mathematical
terms:

P, "=B."" (23)

If none of them dominates one another, one of them will randomly take as the best position. In
the Figure 5, several samples Front using epsilon dominance found by MOPSO is shown.



I T T T
MOPSO reported front —+
1 — | Actual front —

—g

T,
o.8 |- ]%i . -
oy,

e,
0.6 g -
-
—i5
Aiil
0.4 - T —
_;_
0.2 A ]
o 1 | 1 1 1
o 0.2 0.4 0.6 o.s 1

Figure 5. several samples Front using epsilon dominance found by MOPSO

The proposed algorithm can be readily applied according to the following steps:

1- Determining and gathering the parameters required for the implementation of the MOPSO
includes: maximum repetition for execution of the algorithm, population size, C1 and C2 values,
and archive volume.

2- Initial population is created.

3- Apply the load flow algorithm to the generated population.

4- The best individual response to each particle is determined.

5- Non-dominated members are separated and stored in the archive.

6- Each particle among the members of the archive selects a leader and performs his own
movement (speed and position is updated).

7-The best individual responses to each particle are updated.

8-New non-dominated members are added to the archive.

9- Dominated members of the archive are removed.

If the termination conditions are not met, the algorithm is repeated from step 6.

10- Investigate the stop conditions.

11- Select the best interactive solution.

Figure 6 shows multi-objective particle swarm optimization algorithm for the proposed hybrid
system.
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The important difference between single-objective and multi-objective particle swarm
optimization is that in the case of multi-objective optimization, there may be several solutions
that can meet the goal of optimization; if this method is not influenced by any of the other
techniques, it will be recognized as a superior technique.

3.5. Selection of particle elements for design
In order to design a multi-objective hybrid (photovoltaic, wind, battery bank) system,
considering equations (3) and (4), the desired particles are selected considering to the following
equation;

Particles : Apypoaics Awina’ F;?attery;ﬁ (24)
3.5.1. Data and conditions to be used in optimization
Using equations (4) and (14), the multi-objective cost function is expressed and equations (18) to
(21) also specify the problem constraints.
The variables reviewed in this article are as follows:
d: the number of variables in the cost function (algorithm dimension),
n: represents the population (number of particles),
N: the highest number of repetitions,
C1 and C2: learning factors,
o1 and ®2: primary and secondary inertia factors,
In spite of these variables, MOPSO calculates Gy across the population by optimizing the
amount of interest by taking a value for error rate; therefore, by identifying the parameters of the
algorithm, the cost function can be minimized.

3.6. Multi Objective Genetic Algorithm (MOGA)

According to the references [ 17, 39, 40], multi objective genetic algorithm or (MOGA) which is
usually titled “non-dominated sorting genetic algorithm-II"” or (NSGA-II) is utilized as a search
method or an optimization algorithm to find a set of correct solutions as a form of Pareto frontier.
In order to achieve good result in multi-objective optimization, MOGA utilizes genetic algorithm
(GA) as its core with two main concepts including crowding distance and non-dominated sorting.
Multi objective genetic algorithm is briefly expressed in this paragraph. In iteration phase ¢,
child’s population Q, and parent population P,, each of them with N solutions, are mixed to form
a greater population with 2N solutions; then, to find solutions, non-dominated sorting is carried
out with similar ranks. After that, sorting process is carried out by choosing solutions with the
lowest rank, then, solutions with the next lowest rank, and it will be continued; until the number
of solutions in the parent population exceeds N, this procedure continues. After that, for the latest
sorted sub-population contained in the parent’s population, as long as the parent's population
finds the exact N solutions, just the solutions with a greater crowding distance are opted. Then,
mutation operators and crossover are carried out to find the next child population. In this paper,
for optimizing the hybrid system, the flowchart of NSGA-II algorithm is used which is given in
the Figure 7.
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Figure 7. Flowchart of NSGA-II algorithm

Furthermore, in this study, the proposed MOPSO algorithm to the microgrid is applied. Herein,
in order to demonstrate the efficiency and possibility of the proposed method, the optimization
problem is designed and implemented in two Scenarios:

(1) Main operation (Basic Scenario) which represents the normal function of the grid.

The main objectives in this paper are the cost and availability. Thus, a function have to be
defined which relates each one point in a dimensional objective space to a yield or scalar value.
The yield function is given in the equation (25).



Y= Cost A (25)

Then, we should convert all objectives to same scale. In order to optimize the hybrid system, the
general form of value function can be given as:

¥(Cost, A) = g1 oSt =Min(Cost) 5 A= (Min(4))
Max(Cost)— Min(Cost) Max(A)— Min(A)

(26)

In equation (26), ©1 and O2 are the weighing ratios which can be defined by designer. In Basic
scenario, the assumption is that ©1 = ©2 which means there are no differences between the cost
and availability of the hybrid system. Herein, using genetic algorithm optimization toolbox in
MATLAB software, by minimizing Y(Cost, A4), the decisive result on the design variables could
be received.

(2) Operation at the presence of maximum capacity of renewable energy (Maximum
Renewable Scenario), which demonstrates the use of the maximum generation capacity
for photovoltaic and wind units per day.

In the Maximum Renewable Scenario, the assumption is that less weight is given to the cost than
availability (©1 = 0.3, and ©2 = 0.7) in the Y(Cost, A) function.

4. Structure of the Grid (Study Case)

For the study case, in this paper, we have used a small residential area that includes microgrid
with renewable energy resources (wind and photovoltaics) as well as battery bank as energy
storage unit with the actual values. Therefore, in the case study, we use high temporal resolution
information collected from a 25 kW photovoltaic system installed on residential area; the
monthly average load requirement for this residential area is roughly equal to 75 kWh. The
technical and economic specifications of the units are provided in Table 1. Besides, the market
price offered is displayed in Figure 8. The output power levels of the WT and PV based on the
predicted values are provided in Table 2. In this study, we have considered the battery with the
capacity of 30 kWh, which amounted to almost 4 kWh after considering the residential feeder
with a maximum charging power (230 V/16 A) electrical system. The information for monthly
wind speed (average), annual clearness index and the solar radiation (average), and the profile of
daily load for the microgrid considered in the study case are given in Figures 9, 1 and 11
respectively.

Table 1. Bids and technical coefficient of the DG resources

Unit Type Bid (Cent/kWh)  Cost of Startup/Shutdown (Cent) P, (kW) P, (kW)
1 Main Turbine 0.46 0.965 6 30
2 Wind Turbine 1.08 0 0 15
3 Photovoltaic 2.58 0 0 25
4 Battery 0.38 0 -30 30
5 Network - 0 -30 30
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Table 2. Predicted values of Photovoltaic and Wind Turbine

Time (h) Photovoltaic (kW)  Wind Turbine (kW)

1 0 1.79
2 0 1.79
3 0 1.79
4 0 1.79
5 0 1.79
6 0 0.92
7 0 1.79
8 0.2 1.3
9 3.8 1.79
10 7.53 3

11 10.5 8.8
12 11.96 10.5
13 23.95 3.92
14 21 2.37
15 7.79 1.79
16 43 1.31
17 0.6 1.79
18 0 1.79
19 0 1.31
20 0 1.79
21 0 1.3
22 0 1.3
23 0 0.91
24 0 0.61

»
n

»

3.5

w

N
"

N

=
"

Real Time Market Price (Cent/kWh)
=

©
U

A .

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)

o

Figure 8. Market price



ACCEPTED MANUSCRIPT

Wind Speed (m/sec)
6
5
4
3
2
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Figure 9. The data for monthly wind speed (study case)
_ Horizontal Radiation
£ 8 0.7
]
'~§ 7 - 06
E; 6 . 0.5 gg
]
ol HER 01 2
3 AEEEREN 03 §
2 AEEEEEER oz
gl B EEEEEEERER 0O
JiEEEEEEEEEENI
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
mmmm Daily Radiation (kWh/m2/d) mmmmm (Clearness Index

Figure 10. The annual clearness index and the solar radiation for the location of study case
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Figure 11. The profile of daily load for the microgrid considered in the study case

In Tables 3 and 4, the numerical information of the hybrid system and the constraints numerical
information are given respectively. In this paper, to make the model more realistic, in
mathematical simulations, we consider economic aspects such as interest and escalation rates.

Table 3. The numerical information of the hybrid system

Parameters Information
Lifetime of the plan 20 years
Lifetime of the battery bank 5 years
Escalation rate 10 percent
Interest rate 10 percent

Table 4. Constraints numerical Information

Parameters Information
Ayia,. 4200
Ayia,, 100
Aphorovottaic,y,, 4200
Aphorovottaic,y,, 0
The amount of @y, ,iaic » Fpina » A aery s Anework > vetwor and B, are given in Table 5.



Table 5. Values of apposovoitaic » @Wind » QBattery » ANetwork > PNetwork > and Ayrg

Parameters Value

@ photovoltaic 450 $/m?
Xina 100 $/m?
A gattery 100 $/kWh
A Network 0.1 $/kWh
Betwork 0.1 $/kWh
By 4 kW

Accordingly, the main constraints of each particle in the study case and considering the
equations (18) to (20), (24) and Table 2 are as follows: 0 < 4 <4200; 100< 4, , <4200;

‘Photovoltaic Wind —
P, <P <P ; 0<0<L1.

Network,,, Network — = Network,
Min Max

Table 6 shows the numerical values of the algorithm parameters which are used in the study.

Table 6. Numerical values of the algorithm parameters

Parameters Values
d 6

n 14

N 100

Cl 2

C2 2

ol 0.9

®2 0.4
Error 1-5

In addition, in order to achieve the specific answers in the loading equations in the power system,
load flow should be applied to the network, as well as the determination of the specific
contribution of each DG in the grid at different hours. Therefore, power flow has been applied in
both scenarios, whereby the contributions of each DG resources are shown in following Tables.

5. Simulation Results

In this paper, simulation has been performed for 100 repeated, but in some cases, to complete the
simulation, operations are repeated so that at least one of the following occurs as a condition of
termination: 4) The algorithm reaches the maximum number of repetitions (N = 100). B) The
velocity approaches zero and the optimal answer is obtained.

As mentioned in the section 3.6., the optimization problem is designed and implemented in two
scenarios (Basic, and Maximum Renewable). In both scenarios, we assumed that the distribution
generations operated at a unit power factor. The distribution of the criterion of MOPSO
algorithm for availability and operating costs for the Basic Scenario (1) and Maximum



Renewable Scenario (2) are given in Figures 12 and 13; besides, the convergence characteristic
of MOGA algorithm for the Basic Scenario (1) and Maximum Renewable Scenario (2) are
shown in Figures 14 and 15 respectively.
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Tables 7 and 8 provide the comparison between simulation results for the MOPSO algorithm and
MOGA algorithm in both scenarios (Basic, and Maximum Renewable).

Table 7. Comparison for optimized hybrid system design variables for two approaches for Basic Scenario

Approaeh AWind (m2) APhatovoltaic (mz) PBattery (kWh) a A COS is ($)
MOPSO 375 2100 245 12.8% 98.35% 1.252x10°
MOGA 360 2900 392 16.9% 98.14% 1.384x10°

Table 8. Comparison for optimized hybrid system design variables for two approaches for Maximum Renewable

Scenario
Approach Apd (M) Appo () Pygggery (KWH) 0 A Costs ($)
MOPSO 710 2860 370 20.5% 98.46% 1.312x10°
MOGA 870 3460 395 26.5% 98.21% 1.395x10°

As can be seen from the Tables 7 and 8, for the Basic Scenario, the operation cost in MOPSO
algorithm is decreased by 9.53% compared to MOGA algorithm; the availability, in addition, is
increased by 0.21%. For the Maximum Renewable Scenario, operation cost in MOPSO approach
is decreased by 5.94% compared with MOGA approach; and the availability is increased by
0.25%. The placement of optimal power considering the operating cost and availability
objectives for both Basic and Maximum Renewable Scenarios are shown in Tables 9 and 10
respectively.

Table 9. Placement of optimal power considering the operating cost and availability objectives for Basic Scenario

Hour Wind Turbine (kW) Photovoltaic (kW)  Battery (kW) Yield (kW)
1 0 0 5.47 13.42
2 0 0 -15.48 29.47
3 0.41 0 -10.85 30
4 0.01 0 -13.70 29.74
5 0.50 0 16.45 26.27
6 0.60 0 5.106 23.96
7 0.17 0 12.57 28.42
8 0.43 0.18 14.04 11.42
9 1.72 3.24 30 -17.49
10 3.09 7.52 29.99 -20.61
11 8.37 9.62 30 -30
12 10.42 3.59 30 -30
13 391 0 29.89 -21.79
14 2.22 9.66 30 -29.88
15 1.78 7.08 30 -22.65
16 1.30 4.20 29.99 -15.50
17 1.51 0.27 29.99 -6.72
18 0.21 0 14.26 26.13
19 0.40 0 16.80 20.28
20 0.95 0 21.48 10.26
21 1.00 0 29.99 -13.00
22 1.31 0 26.99 -8.86
23 0.43 0 3.63 30
24 0.61 0 -7.57 8.90




Table 10. Placement of optimal power considering the operating cost and availability objectives for Maximum
Renewable Scenario

Hour Wind Turbine (kW) Photovoltaic (kW) Battery (kW) Yield (kW)

1 1.75 0 28.67 -14.69
2 1.79 0 29.99 -16.27
3 1.79 0 30 4.74

4 1.79 0 30 -16.02
5 1.80 0 30 15.21
6 0.91 0 28.65 5.78

7 1.78 0 30 1.79

8 1.30 0.2 29.99 -15.79
9 1.79 3.75 30 -19.53
10 3.00 7.525 30 -20.59
11 8.76 10.45 29.87 -30

12 10.41 11.95 30 -30

13 3.91 23.90 30 -30

14 2.37 21.05 25.06 -30

15 1.78 7.87 30 -23.66
16 1.30 4.22 29.99 -15.53
17 1.77 0.55 30 -7.33
18 1.77 0 30 -3.78
19 1.30 0 30 -1.302
20 1.77 0 29.99 -4.78
21 1.30 0 29.99 -13.30
22 1.30 0 30 -20.30
23 0.91 0 30 -5.48
24 0.61 0 29.99 -10.61

According to the results of simulation, in the first scenario (Basic), in the first hours of the day,
most load of the microgrid was supplied by the network, and therefore owing to the peak load,
the DGs rose their generation based on the priority requirements of the maximum availability
and minimum costs. In order to achieve better economic performance operation, on the other
hand, getting energy from the network was replaced with giving energy by the microgrid in the
rush hours. In addition, in the early hours of the day, battery charging in the microgrid happened
while discharging happened later in the day.

For the second scenario (Maximum Renewable), based on the obtained results, the maximum use
of PV and wind units with high Availability and low costs reduced the operating costs
moderately for the microgrid compared to the first scenario, but the Availability rate was
increased minimally.

As can be seen from the obtained results of the simulation, in order to demonstrate the possibility
and effectiveness of MOPSO algorithm, the results are compared to those of multi objective
genetic algorithm (MOGA) or NSGA-II. Although, according to Figures10 to 13, it can be stated
that MOPSO algorithm has better performance and proficiency in finding the optimal interaction
point between availability and operational cost in both scenarios, compared to MOGA algorithm.
Tables 5 and 6 confirm the results of those comparisons. Also, the demand not met can be further
decreased by adjusting the weight ratio of cost and availability in the yield function.

It can be said that without loss of generality, the models of the various components, such as wind
turbines, photovoltaic panels, and power electronics interfaces can be made arbitrarily complex
to ameliorate the constancy of the model. In a wind - photovoltaic hybrid energy system, there
are several factors that help to the overall conversion proficiency and efficiency. Taking all the



material mentioned in previous discussions into account, a detailed plan, design procedure, and
flowchart of the hybrid system for a smart microgrid is presented in Figure 16.
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Figure 16. Detailed plan, design procedure, and flowchart of the hybrid system for a smart microgrid

6. Conclusion

Generally, at design phase of hybrid renewable energy systems, there are two basic constraints: first,
availability, and second, the cost of equipment. Considering these constraints and using DGs as renewable
energy resources (RES) including wind turbines and photovoltaics, in this paper, first, a
comprehensive analysis on new structures of AC and DC systems was provided, then, using DGs
as RESs such as WTs, PVs, and also battery banks as power backup unit and energy storage of
the hybrid system, an intelligent method based on MOPSO was used. Moreover, in order to
increase the availability and reduce network costs, an optimal design with hybrid RESs in a
smart microgrid was proposed. In order to demonstrate the possibility of proposed method, an
optimized method was designed and implemented in Basic and Maximum Renewable scenarios.



In Basic Scenario, the operation cost in MOPSO algorithm was decreased substantially by 9.53%
compared to the MOGA algorithm; in addition, the availability of the system is increased
marginally by 0.21%. Also, for the Maximum Renewable Scenario, operation cost in MOPSO
approach was decreased by 5.94% compared with MOGA approach; and the availability was
increased minimally by 0.25%. By comparing the proposed method with multi-objective genetic
algorithm (MOGA), it is obvious that the proposed method provides a better response.
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Highlights

e A comprehensive analysis on new structures of AC and DC systems is
provided

e An intelligent method based on multi-objective particle swarm
optimization is used

e To increase the availability and reduce network costs, the capacity of a
smart microgrid with hybrid RESs is determined

e Optimal design of an AC-DC hybrid microgrid is presented



