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Abstract

This paper presents a method for optimal sizing of a Micro grid connected to
a hybrid source to ensure the continuity and quality of energy in a locality
with a stochastically changing population. The hybrid system is composed of
a solar photovoltaic system, a wind turbine, and an energy storage system.
The reliability of the system is evaluated based on the voltage level regulation
on IEEE 33-bus and IEEE 69-bus standards. Power factor correction is per-
formed, despite some reliability and robustness constraints. This work focus-
es on energy management in a hybrid system considering climatic distur-
bances on the one hand, and on the other hand, this work evaluates the ener-
gy quality and the cost of energy. A combination of genetic algorithms of par-
ticle swarm optimization (CGAPSO) shows high convergence speed, which
illustrates the robustness of the proposed system. The study of this system
shows its feasibility and compliance with standards. The results obtained
show a significant reduction in the total cost of production of this proposed
system.
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1. Introduction

The search for optimal operation in production and distribution systems is in-
creasingly a major issue with the advent of renewable energies in recent years.
Thus, several optimization algorithms have been developed [1] [2] [3] [4] to con-
trol or reduce the cost of production, distribution, or transmission. Considering
the fact that in some localities, solar or wind power plants are abandoned [5]
before the amortization of the production cost. This is due to incorrect sizing. In
addition, some constraints of use such as the increase in population, taking into
account the variation of the mass density [6] [7], have an influence on the power
output of the system. Among the optimization systems [8] [9], we have the op-
timization by particle Swarm optimization (PSO) and Genetic algorithms (GA)
[10] [11] [12]. These Methods [13] are given to have a good speed of conver-
gence and to minimize an objective function [2] [9] [14]. In addition, distributed
generation methods also allow correcting the power factor at a common coupl-
ing point called a bus. The DG allows to reduce the power losses [15] and to
have the power factor correction. However, the search for an optimum voltage
encounters problems when the algorithm is wrongly chosen or when the com-
plexity of the system is not considered by neglecting certain essential parameters.
Moreover, the policy of decentralized production also allows to solve on the one
hand the blackout problem and on the other hand to increase energy produc-
tion.

The architecture of the electrical network is radial, most often the integration
of battery bank and the consideration of the variability of the mass density of the
air make the system complex to study. For this reason, the evaluation of the
production cost of this system is made. The study of the quality of the energy by
the correction of the power factor and the minimization of the power losses al-
low to take a decision on the behavior of the proposed system. In order to prop-
erly size multi-source energy systems, parameters [16] such as the number of
batteries, the number of solar panels in series or in parallel, the number of wind
generators, the number of inverters, as well as the power factor correction or the
harmonic distortion rate, are parameters that must be taken into account in or-
der to have a good optimization and a good performance [17]. In this work, all
these elements will be taken into account and implemented using particle Swarm
optimization (PSO) and Genetic algorithms (GA). The results of these algorithms
will be evaluated based on the best scores with good convergence speed. The
power losses will be tested on IEEE 33-bus and IEEE 69-bus standards [18]. The
proposed grid-connected/PV/Wind/Battery system takes into consideration the
climatic conditions of the site [9], such as the variation of irradiation [19] and
the variation of wind speed, as well as the variation of the air mass density. The
robustness and feasibility of this system will be evaluated based on a good vol-
tage performance and a good power factor in front of the stochastic variation of

the load, which is the energy demand of the site.
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2. System Topology and Configuration

1) Hybrid System Grid Connected

Figure 1 shows the overall system consisting of a PV/Wind/Grid/battery plant
with an energy storage system (ESS). A real-time visualization terminal and pro-
posed to enable the necessary decision-making regarding the system. This sys-
tem is managed through the combination of PSO + GA algorithms.

2) Loss Minimization in DG System

Minimal losses occur in the distribution network due to the optimal size and
location of the DG. By applying the formula for nozzle losses, a reduction in power
loss is achieved with the PSO + GA algorithms. The formula for minimizing these
losses is given assuming a radial distribution network with N buses [20].

N N
Minimize 7, = Y'Y [, (BP, + 00, )+ 1, (Q.F, - RO, ] (1)
i=1 j=1
For
]’;..
=) @
o
Hy = VV sin(¢ — ¢, ) 3)
Were
Zy =1+ Jx; (4)

v’ Contraints on DG placement:

min max

W™ <v <y,
max max . . . . . .
I, < |Iij R |Iij| , defined as the maximum limit of current in bus 7and
[V.|™ and [V|™ are respectively the minimum and the maximum of voltage
in bus 7
Pcc Data
Measurement
and <— Households
Realtime
. Decision ‘—l T Power
‘ Flow
B ——— | = ‘

—> il
DC ;
‘.
PSO+GA
A Algorithms
Battery
Controller |¢

Figure 1. Proposed system configuration.
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v' IEEE 69-bus system Configuration
The configuration of this system [21] is shown in Figure 2.
v' IEEE 69-bus system Configuration

The configuration of this system [21] is shown in Figure 3.

3. The Photovoltaic System

Figure 4 shows an electrical diagram that governs the mathematical equations of
a single diode photovoltaic system [3] [22]. This equation is implemented in a
Simulink block considering the variations of climatic conditions [19].

From Figure 4, the output current of the solar cell can be given as follows:

alvehs 1) V4RI
sh

(5)

where
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Figure 2. Single-line diagram of 33-bus system.
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Figure 3. Single-line diagram of 69-bus system.
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Figure 4. Equivalent model of one diode solar cell.
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For PV cells connected together in series and parallel solar cell combinations
to form a module the terminal equation of the PV module, it can be written as
follows [2]:

4q(v+Rg-1)
v+ R
I=N,, -N,I |e* " —1|-N, [—qgv RS )j (7)
s " Rsn

where: Vis the cell output voltage; g is the electron charge (1.60217646 x 107"
C); kis the Boltzmann’s constant (1.3806503 x 10~ J/K); Tis the temperature in
Kelvin; 7, is the cell reverse saturation current; A is the diode ideality constant;
N, is the number of PV cells connected parallel; &, is the number of PV cells
connected in series.

The generated photocurrent 7, depends on solar irradiation and it’s by the
following equation:

G

]L :|:]sc+ki (T_T;):Im (8)

where: %; is the short-circuit current temperature coefficient; G is the solar ir-
radiation in W/m? I_ is the cells short-circuit current at reference temperature;
T, is the cell reference temperature.

When the cell’s saturation current varies with temperature its equation is ex-

3
[rs :[rs 1 exp ﬁ i_l (9)
T kA|T T

E is the band-gap energy of the semiconductor used in the cell, and 7, is the

pressed as:

where:

reverse saturation at 7.

4. Wind Turbine

4.1. Maximum Wind Power Recoverable

The available wind power per unit area [23] is given by the following equation:
(Ps)=1/2p(V") (10)

The wind speed of the site is transformed into mechanical energy and this

speed is not totally recovered by the wind turbines. The maximum recoverable
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power of the site according to Betz’ theory obtained from Equation (10)
(Pmax>=0.59<Ps> (11)

By replacing the available power by its value, the power recovered per unit

area becomes:
(Pr)=0.295p(r") (12)
4.2. Extrapolation of Wind Speed

At 10 m from the ground, the wind speed in Ngaoundéré is relatively slow. Equ-

ation (13) extrapolates to have a good wind speed [24].

V(h)= V(hl)[—}a (13)

h
S 0.0881 Xln(V(f)J (14)
ln[hJ 1—0.00881><1n[h'J
J00) hy
h = h xh, (15)

W(4h) is the reference speed taking at Z meter at the ground; A, et A, are re-
spectively reference variable high values. A, is the rigidity of ground. In Wouro

Kessoum, extrapolation of the wind speed is given [6] by Figure 5.

4.3. Local Air Density Variation

Air density varies with altitude (Equation (16)) or with temperature, humidity
and atmospheric pressure (Equation (9)). This parameter is also considered in
the Wind speed Variation for having Figure 5.

p(P,T,H,)=———| P-230.617H, exp 17.50436 (16)
287.06T 0+2412

p=p,—1.194x10"A, (17)
with p, =1.196 kg/m’ .

4.4. The Output Power of the Wind Can Be Expressed as Follows
(Powell, 1981)

The power Generated by the wind turbine is defined as follow:

~
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Figure 5. Wind speed for varying of the altitude.
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0 pourV <V,
V-V
P < V, <V <Vn
P Vn<V <Vm
O V2>2Vm
With
1 Ve-ve
P =Cn—pA—————"—F— (19)
o VR —vic v}
0 pourV <V,
—bP V<
P - aV>—=bP, V,<V<Vn (20)
P Vn<V<Vm
O Vz=2Vm
where
P Ve
a= s and b= ! (21)
Ve -vi Ve -vi
5. Modelling of the Battery
The available battery bank capacity [25] [26].
C. (t) =C,, (t - 1)(1 - 0') + (surplus power) 7, (22)

On the other hand, when the available energy generated is less than load de-
mand, the battery bank is in discharging state.

Gy, (1)=C,, (1 =1)(1-0)—(deficit power) (23)
where C,, (1) and C,,(1—1) are the available battery bank capacity (Wh) at
hour fand ¢ - 1, respectively; 7, is the battery efficiency (during discharging
process, the battery discharging efficiency was set equal to 1 and during charg-
ing, the efficiency is 0.65 - 0.85 depending on the charging current [27]. the life-

time of the battery bank is 24 years. But in this proposed System, the battery
bank is always in charging state.

5.1. Objective Functions

The present cost value (PVC) of PV generator is given in the following relation-

ship, based on some parameters:

1+i 1+ | (1+iY
PVCyy, =1PV+comr’PV(l”—ij|:1_(1+rj :l_(l""rJ o

The present cost value (PVC) of wind turbine (WT) is given in the following
relationship [28] [29]:

1+i 1+i Y 1+
PVc,,. =1, +c, — 1= — | |=Sy;| — 25
wr wr omi,WT(r_l.j|: (1"‘]"] :| WT[I"’VJ ( )
PVC

s Of the battery bank can be calculated as:
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1+i 1+ 1+i )
PVCBaI =IBat +comr,hat (V_—lj|:1_(1+l”j :|_SBat (E) (26)

The functional objectives are presented in this section. The cost of energy

(COE), and the present value cost (PVC) are used in this part. The lifetime of the

solar PV system, wind turbine, and battery bank has been taken for 20 years. In

the calculations, economic parameters of inflation (4), investment (), and scrap

value () are also considered to enhance the accuracy of the calculations.

5.2. Cost of Energy Production

The factors governing the cost of energy are [30]:

L]

Investment cost (including auxiliary fees for findings, connection to the net-
work, etc.).

Operating and maintenance cost.

System energy production.

The lifetime of the turbine.

Discount rate during a time.

The total energy produced.

The factors governing the present cost value (PVC) are:

The lifetime of the machine (77) was assumed to be 20 years.

The interest rate (r) and inflation rate (1) were taken to be 15% and 12%, re-
spectively.

Operation maintenance and repair cost (Comr) were considered to be 25% of
the annual cost of the machine (machine price/lifetime).

Scrap value Swas taken to be 10% of the machine price and civil work.
Investment (/) includes the machine price plus its 20% for the civil work and
other connections.

We have three functional objectives:

Object 1= minf(vaaNWTaEESS> =N, C,, + Nyp - Cyp + Crgs - Eppgg (27)

Object 2 = min (COE) (28)
Object 3 = min (ZNPC) = min [Mj (29)
where the COE can be evaluated by Equation (27)
COE = M (30)
served
with
Eserved = EPV + EWT (31)
PVC,tot = PVC,, + PVC,, (32)
i(1+i)
CRF = ——— (31)
(1+i) -1
v Contraints:
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* PV power limits:

Yvmin < va (t) < vamax 5 Nppy 20 (32)
* WT power limits:
Bytmin < Byr (1) < Byyacs Nyz 20 (33)
* ESS stored energy and power limits:
Egssmin < Erss (1) < E s (34)
E s = (1= DOD) E ;... (35)
* Power balance
Py (1) + By (1) £ Py () 2 By (1) (36)

6. Hybrid Algorithm
6.1. Particle Swarm Optimization

Particle swarm optimization is an evolutionary algorithm that uses a population
of candidate solutions to develop an optimal solution to the problem. This algo-
rithm was proposed by Russel Eberhart and James Kennedy in 1995 [31]. He was
originally inspired by the living world, more precisely by behavior of animal liv-
ing in swarms, flights groups of birds. Indeed, we can observe in these animals’
movement dynamics relatively complex, whereas individually each individual
has “intelligence” limited, and has only local knowledge of her situation in the
swarm. Local information and the memory of each individual are used to decide
their shifting. Simple rules, such as “stay close to other people”, “go in the same
direction” or “going at the same speed”, sufficient to maintain cohesion of the
swarm, and allow the implementation of complex collective behaviors and adap-
tation. The particle swarm is a population of simple agents called particles. Each
particle is considered as a solution of problem, where it has a position (the solu-
tion vector) and a speed. In addition, each particle has a memory allowing him
to remember his best performance (in position and in value) and the best per-
formance achieved by the “neighboring” particles (informants): each particle has
in fact a group of informants, historically called its neighborhood. Each individ-
ual in PSO represents a possible solution assumed to have two properties: veloc-
ity and position. Each particle wanders through in the solution area and recalls
the best functional objective value (position), which has already been discovered;
the fitness value is saved and known Pbest. When a particle captures all the best
population as its topological neighbors, the superior value is a global best and it
is called Gbest. The particles flight with a certain velocity in the D-dimensional
space to find the optimal solution. Let the variable (x;) refers to the position of
particle () in the study space and its speed is (v), so the (*) from the particle

can be represented as [32]:

X; :[xilaxiz’x'?s’“"xiD] (37)

i

The best past position of the /" particle is saved under the name vector and
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calculated by:
b= (pflapizv""pu))
where i=1,2,3,---, N isthe number of particles in a swarm.

v = Wy + C * *(Pbestl. —x,.”)+C2 7, *(Gbest—xl.") (38)
x,(j+1)=v,(j+1)+x()) (39)

The r, and r, are random real numbers drawn from [0, 1], ¢ and ¢, are acce-
leration constants that pull each particle towards. Initialization of parameter:
(population size (V,,,) = 200, ¢ = 2, ¢, = 2, y = 0.7, total number of iteration =
100).

The procedure for the implemented PSO is as the following:

6.2. Set PSO Parameters

Number of particule (NP) = 200; (population size (NPop) = 200, inertia weight
(w) = 0.5, inertia weight damping ratio (wdamp) = 0.99, personal learning
coefficient (¢) = 2, global learning coefficient (c¢,) = 2, total number of iterations
=100). Number of variable (nvar) = 4; for i=1: NP.

1. Set dimension of the search variables: N,,: number of PV; N,z number of
wind turbines N,,: number of batteries; n: number of houshold

Npy 205 Nypz 05 Ng,, 20, N> 0.

2. Initialization

X;:= [Npy» Npao Ny NI, V=0

3. Fitness of particle

Pbest, = X;

End

4, K= 0; while £ < max of number of iterations

5. Update velocity and position of particles

v, (t + 1) = w(t)vi (t) +ch (B (t) -X, (t)) +c,0 (G (t) - X(t)) (40)
X = b (41)
6. Evaluate the fitness function
7. If k < max iteration, then k= k+ 1 and go to step 5 else go to step 7
6.3. Fraction of Power

This parameter varies with the variation of household numbers. This coefficient
remains within the range prescribed by the standard.

The energy fraction makes it possible to harmonize the energy demand and
the energy produced [33].

6.4. Energy Management

= If the total power produced by the solar PV panels and wind turbines is great-
er than the demand and the power supplied by the grid is less than the load.
After satisfying the load, the excess power is still supplied to the grid and the
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battery.

= If the power produced by the wind turbines alone is sufficient to meet the
load demand, the remaining power (solar and wind) can be supplied to the
battery bank.

= If the battery bank power is greater than the power (solar & wind), the bat-
tery bank also supplies the load.

7. Results and Discussion

Table 1 groups the different values obtained by the PSO + GA algorithm. The
variation of the number of households has been done. The number of PV mod-
ules, as well as the number of batteries, was determined for a fitness cost func-
tion that is estimated at $523764.00 for a locality of 250 habitants.

Figure 6 shows the voltage profile on IEEE 33-bus. It can be seen that at the
common coupling point, the voltage is stabilized and regulated with a power
factor correction.

Figure 7 shows the voltage profile on IEEE 69-bus. It can be also seen that, at
the common coupling point, the voltage is stabilized and regulated with a power

factor correction.

8. Optimization of the Hybrid System

Figure 8 shows an energy compensation without the battery integration. It oc-

curs that in the absence of battery banks when the wind speed or irradiance

3

-}

-

[

-/]

[0

‘-; 4l -+ Without DG

> [ - With 2DG PSO
‘: -»-With 2DG GA

02" ~+~With 2DG Hybrid PSO+GA H

[

o*‘mw\m\H‘mmM\mmm\mu‘\\\\\\Hm"um\\uHn\‘m\HHm\HH\mmdmm\\Hu\muumuu
01 3 5 7 8 11 13 15 17 19 21 23 25 27 29 31 33
Bus Number

Figure 6. Voltage profile at IEEE 33-bus.

Table 1. Optimal hybrid combination system.

Number of PV module 45 50 64 59 85

Number of WT 6 10 12 15 17

Number of battery (kWh) 150 250 300 523 535
TNPC ($) 370253.99 480141.89 50375.40 38592.97 623764.00
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Figure 7. Voltage profile at IEEE 69-bus.
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Figure 8. Load profile and power without battery.

varies in a decreasing way or is insufficient, a peak of the demand of the locality
is entered. This creates a deficit or load shedding.

Figure 9 shows the state of charge of the energy storage system (ESS). This
system consists of battery banks that keep the energy in a steady state or estab-
lished. Even if there is no deficit on two of the three subsystems (PV, Wind,
Grid), the batteries are still charging. Even if the energy produced by the PV is
not sufficient, the energy from the system or the grid can charge the battery
bank.

Figure 10, in contrast to Figure 8, shows a compensation in energy requested
by the load. The energy compensation is done around 18 h. The importance of
the integration of the battery bank and the reinforcement of the electrical net-
work as in Figure 10. Because it can happen that the PV/Wind/Grid system does
not provide the energy to satisfy the demand considerably. Therefore, the stored
energy in the battery banks intervenes to compensate for the demand.
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Figure 9. Battery bank state of charge during service.
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Figure 10. Load profile and power compensation with battery.

Figure 11 shows the convergence speed of three algorithms used: particle swarm
optimization, genetic algorithm, hybrid PSO + GA algorithm. From this figure,
the hybrid PSO + GA association has a good speed of convergence, that is to say,
it increases the reduction and a better reduction of the cost function. It is clear
that for the optimization of a hybrid0 multi-source system, PSO + GA is a better
solution compared to GA and PSO. It appeared that the proposed method has
given good optimization results. In the literature, methods are proposed such as
[34] [35] which propose the cuckoo search method and the WOA method. How-
ever, in the literature, the integration of the battery bank is not considered too
much, yet the proposed system compensates better the power in case of the defi-
cit encountered in the three power plants (power grid, PV, Wind).

Table 2 summarizes the parameters of the wind power plant, as well as the
price per unit of a component which is used in the PV plant.

Table 3 summarizes the parameters of the wind power plant, as well as the

price per unit of a component which is used in the Wind plant.

DOI: 10.4236/sgre.2022.1311016

261 Smart Grid and Renewable Energy


https://doi.org/10.4236/sgre.2022.1311016

N. B. Pierre et al.

100
90 4 &
ao?
E -»-PSO+GA
700 --GA 3
T 6o -2-PSO
2 E
= E El
“ s0- 3
w E E|
9 Lk
< d.l)E
30- E
E X971
E . Y:1926 ]
20" —— =
102 i X:97.8 7
E Y'SLMS.;
0 Bl I 1 i I i 1 1 1 I [ Loy

Figure 11. Graph of fitness function convergence.

Table 2. Photovoltaic parameters.

Parameters values
The rated power 655 W

efficiency n 95%

The lifetime 20
Price/PV (30 kW) $ (62,000)

Table 3. Parameters of wind turbine.

Parameters Values
Cut-in, cut-out 2.5m/s
wind speed 17 m/s
Rated of wind Speed 12 m/s

Hub height 65 m

Rotor diameter 44

The maximum power 650 kW
Price $ (5700)

v' Power loss on distributed generation

Table 4 shows the different minimum and maximum voltages obtained for
optimal sizing at IEEE 69-bus. The power losses are also evaluated and deter-
mined with the PSO + GA algorithms.

Table 5 shows the different minimum and maximum voltages obtained for
optimal sizing at IEEE 69-bus. The power losses are also evaluated and deter-
mined with the PSO + GA algorithms.

This Research is focused on the economical techniques of optimization. Func-
tional objective base on minimization of the cost of energy production (COE),
total net present cost (TNPC) and number of winds turbines, PV module and
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Table 4. Proposed system on IEEE 33 bus radial distribution network.

Applied Vi Ve P L
ppie n ax (bus number) (Reactive power) ower 088

techniques  (p.u.) (p-u.) loss  reduction

Base case 0.905 0.9972 - - 200.72 -
8 522.7

GA 0.9554 0.9976 28 544.2 139.5 58.02%
27 541.6
6 500.8

PSO 0.9689 0.9986 27 535.2 159.4 74.96%
29 508.1
8 510.6

PSO+GA 0.9701 0.9988 28 538.7 145.32 98.6%
29 549.4

Table 5. Proposed system on IEEE 69 bus radial distribution network.

Applied Vin Vax location power Loss Loss
techniques (p-u.) (p-u.) Bus (kVAR) (kW) reduction
Base case 0.9092 0.9999 - - 241.92 -
62 382.4
47 157.5
GA 0.9754 0.999 63 346.7 165.65 75.08%
53 289.3
64 498.1
46 380.0
66 156.5
PSO 0.9728 0.999 58 142.2 154.02 88.33%
61 420.6
63 425.2
53 348.8
36 336.0
PSO + GA 0.9849 1.000 50 156.1 152.54 98.95%
62 351.9
68 118.6

batteries (Np, Ny Np) taking account some constraints like the rising of the
electrical demand, PV power limits, wind power limits and batteries power lim-
its. The PSO algorithm was developed in MATLAB. The data of solar energy,
wind energy temperature and air density were inserted. The TNPC increase with
the increase in the number of households. With increase in the population of a
locality, the algorithm allows the prediction of the TNPC and the components
(Npys Nyps Ergg). For example, when n = 100; 150; 195, the TNPC are $310141.89;
$45375.40; $48592.97. Figure 11 presents the Cost of Energy (COE) variation for
this year. The average cost of energy per kWh for a year is $ 3.416/kWh.

The model and the system proposed in these work present better results. This

demonstrates the feasibility and robustness of this system to climate hazards.
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The hybrid PSO + GA algorithm compared to the methods proposed by [36]
[37] in the literature, gives good performances. It has been shown that the addi-
tion of a battery bank is a guarantee for the continuity of service and the availa-
bility of energy over a day.

9. Conclusion

In this work, an optimal and economical sizing solution of a Grid-connected/
PV/wind/battery system is proposed. The extrapolation of the energy demand
has been done. Two scenarios have been studied: the case of insufficient energy
and the case of sufficient energy delivered by the grid. The addition of a battery
bank is done to correct at the same time the power factor which varies according
to the population variation and to ensure the energy continuity in the system.
Fractional power is studied to determine when the power produced is not suffi-
cient. The life of the project was considered to be for 20 years of operation. Pa-
rameters such as temperature, pressure, sunshine, air mass density, were consi-
dered. This system is tested on IEEE 33-Bus and IEEE-69 standards and presents
a good power factor correction. The various costs associated with the use of hy-
brid energy by evolutionary algorithms were evaluated, of which a minimum
average cost per kWh of $3.536/kWh was obtained by the PSO; in a locality with

a stochastically varying population.
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