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Abstract: Photovoltaic and wind energy are the most promising as a future energy technology and can be classified as a
clean sources of electric energy in the world. Size optimization of the hybrid renewable energy system play an important role
in minimizing the total cost of the system (T¢s) and suitable load supply. The main focus of this research is to develop the
efficient approach for the optimization of hybrid renewable energy system composed by photovoltaic area, wind turbine (WT),
diesel generator (DG) and battery bank (BB). For this purpose, this paper proposes a new metaheuristic technique called
modified grey wolf optimizer (M-GWO) for minimize the Tcg of the hybrid system considering power balanced between the
components. The study of reliability with loss power supply probability (LPSP), the energy not supplied (ENS) and the
reliability of the power supply (RPS) methods are demonstrated. For improving the high exploration and exploitation to find
the global optimum and robustness of our new approach the obtained results by M-GWO are compared with Grey Wolf
Optimizer (GWO) and particle swarm optimization (PSO) methods.

Keywords: HPWDBS, LPSP, M-GWO, GWO, PSO

1. Introduction

Nowadays, the world global electrical energy demand is
increasing day by day at an accelerating pace. Indeed, it is
expected in the coming years that this demand cannot be
entirely met by the conventional sources of energy due to
their limited primary resources and fast depletion. However,
there are important growing concerns caused by these
sources, which are used mainly and abundantly in domestic,
industrial and transportation applications, such as air
pollution, greenhouse gas emissions and climate change all
over the globe [1-3] Therefore, the actual tendency of the
energy producer and consumer at all level, is to find new
alternative sources mostly environmental friendly to
overcome this gap such as renewable energy sources, which
have been already exploited during the last two decades in
ascendant manner [4, 5]. At the end of 2019, the global

electrical energy capacity generation reached 2537 GW with
an increase rate of 7.45% and 15.6% in respect to 2018 and
2017 respectively (which provided approximately 26.5% of
the global electricity) [6].

In all countries of the world, electricity is more essential
than ever for economic development. Its importance increases
with technological developments, the population growth, the
industrialization and the need for modern comfort. The
increase in its production is therefore synonymous with an
increase in the quality of life and the creation of wealth.

By 2016 approximately 18% of the global population
living in developing countries especially in rural and
underdeveloped areas locked access to electricity [7]. Indeed,
the conventional energy sources such as natural gas, oil, coal
and nuclear plants, even with their fast depletion, are still
dominating the almost energy market demand. Unfortunately,
all this energy sources has resulted in tremendous increases
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in CO, emissions, which are the primary cause of global
warming [8, 9]. The recent statistics and studies have
confirmed that the atmospheric CO, concentration has
increased by approximately 40% compared with that at the
beginning of the industrial revolution [10]. This crucial
situation has forced the all partners such as energy producer,
consumer researcher and industrial for other available
alternative energy sources, which would satisfy the reduction
of environment pollution imprint and energy supply
sustainability [11]. In the last decades, renewable energy
systems have been increasingly turned into a popular solution
for supplying energy due to technological progressions and
their many merits compared to the aforementioned
conventional solution of energy [12, 13].

Currently, the renewable energies contribution in
electricity generation all over the world reaches 30 % of the
electricity supply, hence reducing the discrepancy with
electrical energy produced from the coal by 10% compared to
2019. According to the report presented by the international
energy agency (IEA) on April 2020, it has been estimated
that the demand for renewable energy increases on 2020 by
nearly 1% based on the demand registered on 2019, which
presents the highest increase compared to all other available
energy sources. In fact, the global electricity generation from
renewable energy sources has grown up by almost 5% during
2020 despite the downturn and setbacks related to their
supply chains and constructions due the an expected crisis
ofthe pandemic Covid-19. Even though, the global growth of
renewable energy is slower on 2020 compared to 2019, but
this is the case of the general tendency caused by the
slowdown since 2016. It is worthy to mention that the
electricity generation from hydropower continues to be the
important renewable energy source in 2020 by about 60% of
all global renewable electricity generation despite the fact
that it is highly dependent on rain precipitation and
temperature, the remaining 40 % is mainly produced by solar
energies, wind energy, bio-mass energy, geothermal energy
and marine energy [1]. In the recent years, there have been
much increasing interests in investing on the wind and solar
energies among the other available sources of energy due to
their easy accessibility and abundance along the year in
nearly all the parts of the globe with a difference of
dominance from one to another depending on the zones.
However, the characteristics of electrical power produced
from solar energy based on and wind generation systems are
based on the weather condition over all the year. These two
systems are considered to be very unreliable in themselves
without available storage system with sufficient capacity
such as the chemical, mechanical, magnetic and thermal
technologies or back-up system such as conventional engine
generators. On the other side, the renewable energy system
reliability increases significantly when two different
renewable energy sources at least are hybridized with the
presence of convenient storage system. In the hybrid system
based on wind and solar sources, the availability of one of the
two sources with the support of the storage system can cover
the power demand in the absence of the other source. Even in

the worst case, sufficient storage system capacity is required
to ensure the power demand long cloudy and non-windy
days. Thus, a hybrid energy system has the following major
advantages compared to a single source-based system [14].

In addition, the integration of PV system, wind turbine
system and diesel generator with battery bank as a backup
system can ensure more reliability, high power generation
flexibility, reduction of the operational costs and less air
pollution [15].

At present, the capital cost of installing units for renewable
energy system is still expensive compared with diesel
generators. In order to generate the power from renewable
energy continuously following the required demand, there is
need for back-up systems such battery storage or diesel
generators. Therefore, a proper methodology is required in
order to build a hybrid PV-Wind-Diesel-Battery system
(HPWDBS) which fits the optimal operation mode to ensure
the aforementioned features.

In fact, the optimization of the hybrid generation system
plays an important role in minimizing the total annual cost
under suitable load supply without interruption. In this
context, various aspects of stand-alone hybrid power
generation system optimization have been presented, applied
and discussed in several previous works over the past year
[16-18]. Whereas, the optimization techniques have proposed
for sizing of the hybrid system components and predicting
the renewable generator output under various operating
conditions. F. Huneke et al. have been used the linear
programming for economic optimization of off-grid energy
systems [19]. T. Wanjekeche et al. have used the particle
swarm optimization algorithm for multi-objective function to
obtain the optimal sizing of hybrid stand-alone micro-grid
system based on wind, PV and storage batteries to ensure the
required power electricity demand for the specified location
habitants and the water supply plant [20]. A. Khan et al. have
proposed a Jaya algorithm for finding the optimum sizing of
a PV-WT-Battery hybrid system to fulfill the consumer
power demand and the at minimal cost [21]. X. Wang et al.
have presented a methodology for designing a hybrid
renewable energy system consists of solar, wind and diesel
generator as a backup resource as well as battery storage,
where a receding horizon optimization strategy has been used
and applied to a single-family residential home [22]. Ramli et
al. have evaluated the optimal sizing of the PV-WT-Diesel-
Battery system via multi-objective self-adaptive differential
evolution algorithm for city Yanbu, located in Saudi Arabia.
Where the authors have considered the reliability of a hybrid
microgrid system via loss of power supply probability
(LPSP), the cost of electricity and the renewable factor (RF),
d in three cases with an application ondifferent houses [23].
Chellali et al. have performed a techno economical study of a
hybrid stand-alone system in two sites in Algeria with
important potential of wind and solar energies in order to
determine the feasibility of such systems, where the authors
have used the HOMER software for solving their problem of
optimization [24]. Billinton et al., and Kaldellis et al. have
implemented  particle  swarm  optimization (PSO)
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algorithmfor optimal sizing of stand-alone power systems
byachievingcontinuous and reliable energy supply to the
considered load [25, 26]. Other researchers have used the
Genetic algorithm to find optimal size of a Wind-PV-Battery
system subject to reliability based on the loss power supply
probability (LPSP). However, they have not considered
compensation cost due to electricity shortage as well as CO,
emission. Tanrioven et al. have explained the optimal design
of reliable hydrogen-based stand-alone Wind-PV generating
system with considering component outage. However, the
authors have not considered the existence of DG unit as
back-up power [27].

In this paper an optimal sizing of WT-PV-DG-BB hybrid
system using modified grey wolf optimization (M-GWO)
algorithm is proposed to find the optimal configuration and
minimizing the total cost of the system (Tcs). This work
introduces the optimal design of a new HPWDBS to avoid
the investment cost increase. A power management technique

DC Bus

and economic model is developed and applied on the
designed optimal hybrid system. Indeed M-GWO is an
adequate and fast global optimization technique for solving
complex problems when other techniques are unable to reach
the optimal solution. This system is classified as a standalone
mode, where it is studied under two different operation
conditions. The first operation mode which is considered as
scenario I, concerns one month in winter season (January).
Whereas, the second operation mode considered as scenario
II, is dedicated to one month in summer season (July).
Furthermore, this study proposes a HPWDDBS reliability
model which aims in incorporating the reliability in the
optimal sizing problem. In order to assess the impacts of the
different components of the system on the optimization, a
sensitivity analysis is also accomplished. The obtained results
by M-GWO are compared with GWO algorithm. All details
about modeling of PV system, WT, DG and Battery bank will
be provided in the next section.

AC Bus

Diesel

PV Panel DC-DC
Converter

Wind Turbine ACDC
Converter

Battery Bank Charge
- Controller

Generator

AC Load

Figure 1. Hybrid WT-PV-DG-BB system configuration.

2. Mathematical Model of HPWDBS

In general, ahybrid PV-Wind- Diesel-Battery system
(HPWDBS) consists of main four components such as the
photovoltaic (PV) panels, the wind turbines, the diesel
generators and thebatteries storage system. Furthermore, the
proposed hybrid system requires two buses such as the DC
bus and the AC bus to ensure the adaption of connectionof all
these components and the expected loads. It is obvious that
each component of this system and the eventual load are
connected to the either DC bus or AC bus via power
electronics converters. as illustrated in Figure 1., Indeed the
photovoltaicpanels are connected to the DC bus via a DC-DC
converter, the batteries storage systemareconnected to the DC
busbar wvia a bidirectional DC-DC converter, the
windturbineis connected to the DCbus via a AC-DC
converter, the diesel generatorsand the residential loads are
connected directlyto the AC busbar and finally the DC load is
connected to the DC bus via a DC-DC converter. In the same
time a DC-AC bidirectional converter is required to ensure
the power exchange between the DC bus and the AC bus, it
allows the transfer of power from the AC bus to the DC bus
to ensure the charging of the batteries and powering the DC

load in case of absence or insufficiency of the power
produced from the PV system and the wind system.
Moreover, if the produced power for the PV system and wind
system exceeds the DC side demand, the excess of power
will be transferred to the AC bus via the DC-AC bidirectional
converter to power the residential loads which means less
power will be consumed from the AC generators, hence less
cost is ensured. In this study a novel approach is proposed for
optimizing the size of a hybrid renewable energy system for
electrification of the city of Ghardaia in Algeria. This basic
architecture is used to test all possible configurations in order
to determine the optimal dimensioning of the proposed
hybrid system with an minimized cost and to fulfill the
requirement of the load side demand.

2.1. Photovoltaic System

A PV panel can produce its peak power under standard
conditions such as 1000 W/m? and 25°C. However, in this
study the effect of temperature is not taken into account in
PV generation model. Hence, the output power of the PV
panel is calculated as follows [28, 29]:

Ppv=Ppyr*npyvmperr™*Sp/1000 (D
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Where Ppyy is the rated power of each photovoltaic panel,
npvmeet 1S the photovoltaic tracking efficiency and Sp is the
effective component of solar radiation. The number of 1000
is related to the standard radiation value.

2.2. Wind Turbine System

Wind turbine converts the kinetic energy of the wind into
electric energy. It is well knownthat when the wind speed
exceeds the cut-in value, the wind turbine generator begins
turning and generating electrical power. If the wind speed
reaches the rated speed of the wind turbine, it generates
constant power and the pitch angle control intervenes in this
case. If the wind speed exceeds the cutout value, the wind
turbine generator has to be stopped to protect it. The
expression of the instantaneous produced power of each wind
turbine (&p,,,,.) is function of the wind speed and it is defined
as follows [30]:

0v(t) < Veye—in

v(E)~Veut—in

or U(t) 2 Veut-out
oo Veut-in < v(t) < vy )
r cut—in

pr Uy < ’U(t) < Veut-out

PWT = pr

Where v is the wind speed, Pr is the rated power of the
wind turbine, and V.yi_in»> Veut—out» and v, are the cut-in,
cut-out, and rated speed of the wind turbine, respectively. If
the number of wind turbines is Ny, the overall produced
power from the wind turbine system is [31]:

Pyr(t) = Nyr X €p,.. (1) (3)
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Figure 2. Power curve of 1kWp wind turbine.
2.3. Diesel Generator System

The diesel generator must be controlled to maintain the
frequency and voltage of the system at the AC bus of the
hybrid system which is supposed to be operating while the
power system is running in stand-alone mode. Indeed, the
diesel generator is composed of a diesel combustion engine
driving a synchronous electrical generator which should be
controlled to run at a constant speed to guarantee a constant
frequency of its generated output voltage. It can supply the

power demand up to a rated power under reliable and simple
operation compared to other sources. It is considered as a
backup source of power to the whole hybrid system where it
begins operating and generating power when the produced
power by other sources is not sufficient and the batteries
storage system needs to be charged. It is obvious that the
generated power from the diesel generator is a function of the
fuel consumption F¢ (liter/hour), this function can be defined
as follows [30, 31]:

FC=AXPR+BXPDG (4)

Where, Ppis rated power of diesel generators, Ppgis the
output power of the diesel generators, A=0.0845 (liter/kWh)
and B=0.246 (liter/kWh) are the coefficients of the
consumption curve. The hourly cost of the fuel consumption
can be obtained based on the fuel price which can be
calculated based on the following expression [31, 32]:

Cr = Pryet X F¢ (%)
Where, Py, is the fuel price.

2.4. Storage System

The batteries are frequently used in hybrid renewable
energy system as the storage system. The quantity of electric
charge and discharge is not only depending on the load
demand but also on the state of charge (SOC). The SOC of
the battery storage at the simulation time t is obtained by
equation (6) [33]:

Ppqt(t)xAt
NpatXCpatXVbat

Soc(t+1)=So0oCc(t)+ Xn,, (6)

Where, Py, (t) is the input/output power (positive during
charging and negative during discharging) of batteries. At is
each simulation time step that is assumed to be an hour. The
round-trip efficiency ny, is defined as 80% for charging and
100% for discharging models. Additionally, Ny, Cpa and Vi
denote the number of batteries, the nominal capacity and the
nominal voltage of each battery, respectively.

13.5
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11.51 B
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Figure 3. Voltage variation in charging mode depending on the state of
charge.
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The battery model retains the SOC between the lower limit
(SOC,;in) and the upper limit (SOC,,,y) to ensure safety. The
charge and discharge mechanism of battery banks depends on
the condition of generated power in the hybrid system. Due to
intermittent power from PV panels and/or wind turbines,
power from battery bank is required whenever these two
sources are unable to supply the sufficient power required by
the load demand. Whereas, ifthe power produced from these
two sources exceeds the load demand power, the excess power
will be stored in the batteries storage system. On the other side,
if this excess power is not sufficient for charging the batteries,
the diesel generators can sustain the operation of the batteries
charging. The variation of the open circuit voltage as a
function of the state of charge (SOC) is shown in Figure 3.

2.5. Converter

A power electronicsconverter is a device that converts
electric energy from one nature to another and vice-versa such
asdirect current (DC) andalternative current (AC), where the
voltage in the DC case and the voltage and the frequency in the
AC case can be controlled. The process carried out in the
converter is called inversion. It is important to know the
relation between the power in the inverter and the incoming
power. Since the load is supplied with alternating current, an
inverter is therefore present between the direct bus and the
load. There are various formulas, which defined the efficiency
of an inverter based on the output power. The efficiency model
is presented by the following empirical expression:

Ninw = @ X (1 —exp(b X 1) ()

Where, a and b are constants, 7is the load rate given by the
relation:

=5
= ®)

Where, P, et B,represent the output power and the rated
power of the inverter respectively. The variation of the
inverter efficiency function of the load is represented in
Figure 4.
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Figure 4. Inverter efficiency.

3. Modeling of System Reliability

Recently, to ensure the optimizing sizing of a hybrid power
generation systems which is expected to fulfill the required
power a load demand, some technical reliability approaches
are used in some previous work. Among these employed
techniques, trade-off method by [34], the least square method
used by [35, 36] loss of power supply probability (LPSP) by
[35, 37]. In this study, loss of power supply probability
(LPSP), energy not supplied (ENS), and reliability of power
supply (RPS) are applied to evaluate the reliability of the
HPWDBS. The methodology used in this work can be
summarized in the following steps:

The power generated by hybrid system at time t can be
expressed by the following equation:

Pg(t) = Pyr(t) + Ppy(t) + Pps(t) 9

It is well obvious that the reliability is the main concern to
be ensured within any feasible HRES. It is used to evaluate
the dynamics of the concerned power sources in fulfilling the
power demand requirements following the nature of load. It
can be defined in term of LPSP which is determined based
onstatistical data, it allows indicating if the generated power
cannot success in fulfilling the load demand either due to
technical raisons orfailure of renewable energy sources in
producing the required power. It can be summarized as
follows:

If LPSP = 0, the mean generated power supplyfulfills the
required load demand.

If LPSP = 1, the mean of the required load demand is not
ensured by the generated power.

The LPSP analysis can be evaluated based on probabilistic
methodology and chronological simulation [38, 39]. It
presents the fraction of the unsatisfied demand on that
demanded by the load; it expresses the rate of non-
satisfaction of the load. Thus, this probability is defined the
ratio between the sum of the energy not supplied 'ENS' and
the total energy demanded by the load during a period of
operation, as follows [18]:

ENS
T
Zt:o P,

LPSP = (10)
The energy not supplied (ENS) can be obtained by
following equation:

ENSZZZ:O(PL_PPV_PWT_PDG) (11)

Where; P; is the total energy demanded by the load. On
the other side, the reliability of the power supply (RPS) can
be defined as follows:

RPS =1 — LPSP (12)

4. Optimization Problem Formulation

This paper proposes the application of the grey wolf
optimization (GWO) algorithm for finding the optimal
design of Wind-PV-Diesel-Battery hybrid system used in
an isolated area. The GWO is used to minimize the
objective function proposed in this work which is
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dedicated for ensuring an optimal sizing of the studied
hybrid system. The proposed objective function aims in
minimizing the total cost of the system (T¢s). It can be
calculated based on the total capital cost (Tcc), the total
fuel cost (Tgc) of diesel generators, the total replacement
cost (Trc), the total maintenance cost (Tyc) and the total
emission cost (Tgc) produced by diesel generators. The
case study presented in this paper is taken from southern
Algeria (Ghardaia).

4.1. Objective Function

The objective function of optimization problem of the
studied hybrid system is defined as follows [40]:

min T¢s(Npy, Nwr, Npg, Ngg = Xi=pv,wr,p6,88 Tes; (13)
Where,

TCS = TCC + TRC + TMC + TEC -S (14)

T¢c of the HPWDBS can be calculated by:

Tee = (Cpy X Npy + Cyr X Ny + Cpg X Npg + Cgp X
Ngp) X CRF (15)

Where, Cpy, Cyyr, Cpgand Cpp presents the capital cost in
$ of PV panel, wind turbine, diesel generator and battery
bank respectively. CRF is capital recovery factor, a ratio to
calculate thepresent value of a series of equal annual cash
flows which can be calculated as follows [41]:

i(1+i)Y

CRE = (1+0)Y-1

(16)

Where, y denote the lifetime of the system and iis the
interest rate.

In this work, the units that need replacement are the wind
turbine and the battery bank. Hence, theTg. can be calculated
from the following equation [41]:

Trec = Crp-SFF (i, Ygp) (17)

Where, Cgppis the replacement cost of battery banks and
wind turbines in $, ygp is the annual lifetime of the battery
banks and the wind turbines. SFFis the sinking fund factor, a
ratio to calculate the future value of a series of equal annual
cash flows. This factor iscalculated as follows (Yang et al.,
2008):

i

SFF = (1+i)Y-1

(18)
The total maintenance cost of the system can be obtained
by the following equation:

Tyc = CCap(]- -]y (19)

Where, Ccqyp is the capital cost of components and 4 is the
reliability of components.

The Cy, emission produced by the DG under operation
needs to be treated in order to prevent atmospheric pollution.
It can be evaluated based on the Ty, which is expressed as
follows [42]:

Tpc = Sy Ey. Ecr. Pog (£)/1000 (20)

Where, Ef is emission factor and E.f is the emission cost
factorwhich has a value between US$30/Ton and US$50/Ton
[42].

S is salvage value of hybrid system. Salvage values of
each system unit was given by equation (21). Where §; is
salvage value of each system component ($/m?), y is inflation
rate and N; is size estimated by during optimization (m?):

S =68.N. (DN

1+i

(21)
4.2. Constraints

The fitness function defined by equations (13) which its
minimum value leads to the minimization of the size of
HPWDBS system components in order to meet the desired
power load demand, and hence the minimum of the total cost
can be obtained minimize the total cost of the system. In the
present work Here the following constraints conditions have
to be taken into account consider through the whole process
of optimization such as the number of PV panels (Npy), the
number of the wind turbines (Ny, 1), the number of the diesel
generator (Np;) and the number of the battery bank (Ngg),
which have to be within the following ranges:

0 < Npy < Ppymax (22)
0 < Nyr < Pyrmax (23)
0 < Npg < Ppgmax (24)
0 < Npp < Pppmax (25)

It is necessary to mention that the diesel generators (DGs)
cannot operate under their minimum setting and above its
nominal capacity.

PDGmin < PDG < PDGmax (26)

The value of the capacity of batteries must be greater than
the minimum energy level available in the battery banks, and
it cannot be greater than the maximum energy level during
the charging of the batteries.

CBBmin < CBB < CBBmax (27)

In order to consider the reliability of the system, the loss of
power supply probability (LPSP) should be less than the
maximum settled LPSP of the user:

LPSP < LPSPyqy (28)

5. Grey Wolf Optimizer (GWO)
Algorithm

The Very recent meta-heuristic optimization Grey wolf
optimization (GWO) algorithm inspired by gray wolves has
been is developed and proposed by Mirjalili et al, it is inspired
from The GWO algorithm imitates the hunting and the social
hierarchy behaviors of grey wolves. Indeed, in add it into the
advantages of meta-heuristic algorithms; this algorithm
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requires no specific input parameters to be initialized which
presents and advantage compare to their meat-heuristic
algorithms counterparts. The social dominant hierarchy of the
grey wolves is employed with the help of alpha (a), beta (),
delta (§) andomega (w) wolves as shown in Figure 5 where
alpha (@) wolf'is the wolf leader [43].

Figure 5. The main types of gray wolves.

The following equations (22) and (23) have been
suggested were suggested for modeling the prey for
encircling prey and hunting mechanism of grey wolves [43]:

D =|C.X,t) - X(®)| (29)
Xt+1)=X,t) -A.D (30)

Where X presents the position vector of grey wolf, X_)p
presents the position vector of prey, t presents the current

iteration, and A , C are coefficient vectors which can be
calculated as given in equations (24) and (25):

A=2d7—d (31)
C =27 (32)

Wherein 77 and 7, are irregular vectors between 0 and 1,
and disa vector taking the decreasing value from 2 to 0
during the process ofiterations.

The grey wolves can recognize the location of prey and it
will be guided by alpha wolve to be encircled. However, the
position of the optimum prey is not known in search space.
The mathematical model of the hunting behavior of grey
wolves can be described as; alpha, beta, and delta and they
represented the wolves that have more information about the
potential position of prey. So, the first three best solutions are
saved and others such as omegas should revise their positions
for better than current ones as described the following
equation (26) to (32):

Da =|C;.Xa - X| (33)
DB = |C2. XB — X| (34)
D& =|C5. X8 — X| (35)
X1=Xa—-A41.Da (36)
X2=2Xp - A1.Dp (37)
X3=X6—-A41.D6 (38)

Xt+1) = (39)

X1+X2+X3
3
When the prey stops moving, grey wolves finish the
hunting. To explain this implementation mathematically,

. 2 .
value of d is decreased from 2 to 0; hence, A is decreased

also as described in equation (24). When the values ofA are
between —1 and 1, grey wolves attack to prey. Another value

of GWO is Cwhich varies between 0 and 2, it changes its
weights value for the prey in order to stochastically

emphasize (5 > 1) or deemphasize (5 < 1) the effect of the
prey in defining the distance. This component is useful for
rescuing of solution from local optima, particularly in the last
iteration. The GWO algorithm is terminated by satisfying a
final criterion.

Initializa tha gray wolf
population xi=1, 2, ... o

v

Initialize the paramatars A,
aand C

Caleulats the fitnass ofaach
search agant

v

Calculate tha fitnass of sach
population of grev wolvas

v

Selact thea ,f and & grev
wolves using the fimness valus

Display the optimmm fitnaess
value and its comasponding
gray wolvas

¢

Stopping
criteria

Update the positions ofsach
grev wolf in ths population
by (31}, (32) and (41)

!

Updata tha walue of sach
search agant (Ko, Xf and X&)

Figure 6. Flowchart of M-GWO algorithm.

6. Modified Grey Wolf Optimizer
(M-GWO) Algorithm

The most difficult task in all optimization techniques is to
find the overall minimum. Although various improvements
toalgorithms favor the avoidance of local optima, the
literature shows that population-based algorithms are better
at handling this problem. Regard less of the differences
between population based algorithms; the common point is
the division of the optimization process into two conflicting
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stages which are exploration versus exploitation. In the
method of optimization by GWO we can find the global
minimum with a very good speed of convergence by
adjusting on the parameters a and A. Exploration and
exploitation are two parameters which are inversely
proportional, one leading to the degradation of the other. A
balance adjustment between these two parameters can
guarantee a very precise approximation of the overall
optimum. Trop d'exploration est similaire a trop de hasard et
ne donnera probablement pas de bons résultats
d'optimisation. Mais trop d'exploitation est liée a trop peu
d'aléatoire. Par conséquent, il doit y avoir un équilibre entre
exploration et exploitation.
In GWO, the value of a decreases linearly from 2 to 0
using the update equation as follows:
a=2(1-1) (40)
Where, N indicates the maximum number of iterations and
i is the current iteration. Our M-GWO employs
exponentialfunction for the decay of a over the course of
iterations. Consider following equation:
iZ

a=2(1-—

N2

(41)

The flowchart of M-GWO process is depicted in Figure 6.

7. Implementation of M-GWO Algorithm
in HPWDBS

The implementation of the optimization algorithm of
finding the optimal sizing of the studied hybrid system has
been performed off-line using m-file on Matlab software. The
M-GWO is used to find the optimal configuration of the
system under study, southern part in Algeria. The flowchart
of the optimization process is based on yearly meteorological
data, load profile, specification of units andfurther data that
areused for economic and reliability evaluation. For the
implementation of the M-GWO in solving the problem of
sizing optimization of difference source components of the
proposed hybrid systems such as Wind-PV-Diesel generator-
Battery bank system, the following steps have been applied:

Initialization the population and the parameters of M-
GWO.

Initialization the search agent and generation of the chosen
variables randomly, in the present case there are 4 vectors
which represent the size of Wind turbines, PV panels, battery
banks and diesel generators.

Calculation of the objective function according to equation
(13) of each search agent.

Selection of the best search agent corresponding to the
lowest objective function value.

Update the search agent position by equation (32), while
t<max number of iterations and determine the number of
wind turbines (Nwr), PV panels (Npy), number of battery
banks (Npar) and number of diesel generators (Npg).

Calculation of the objective function based on each new

search agents.

Find the new best search agent and replace it with the old
best search agent, otherwise the new is better than the old
best search agent.

This cycle is terminated if the stopping criterion is met.

After terminating the cycle, the best of all considered
solutions will be returned.

Simplified flow chart of the optimization process is shown
in Figure 7. During the optimization, variables such as
radiation, air temperature, wind speed, load data, and
parameter of equipment were used as input. After that,
decision variables such as Np,, Nyt , Np; and Ngg were
estimated by M-GWO for each iteration. Then, power of PV
panel, power of WT and power of DG were calculated with
variable inputs, constant inputs. In order to meet the load, it
was considered that the generated energy was supplied
primarily from PV and WT during the decision-making
process. If the power product by PV panel and wind energy
were insufficient, BB energy was considered as a back-up
generator. If the power produced by PV panel, WT and BB
was not sufficient to supply the load demand, DG energy was
considered a back-up generator of the system. During
optimization, LPSP values were calculated for 744 h, and if
the LPSP value was above the set value, the decision
variables were returned. If LPSP was desired value, the
optimization process was performed.
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In this study, the number of search agent and maximum
number of iteration are considered as 30 and 100,
respectively.

8. The Case of Ghardaia City

In this work, we are providing electricity to a small
isolated village (not connected to the grid), thanks to the use
of a hybrid system for the production of energy in the wilaya
of Ghardaia. Based on real data (temperature, solar radiation
and wind speed), a two-month study carried out in January
(winter) and July (summer), for the total energy consumed
with the use of the autonomous hybrid system, including
solar panels (PV), wind turbines (WT), diesel generators
(DGQG), batteries and converters.

8.1. Location

The city of Ghardaia is located north of the Algerian
desert, 600 km south of Algiers, with a total estimated area of
86105 km?, from north to south 450 km, from east to west of
200 to 250 km from sea level to 486 meters.

8.2. The Climate

The desert climate is dry; the temperature is wide between
day and night and between winter and summer, between 1
and 25 degrees in winter and between 18 and 48 degrees in
summer. The air is temperate in the spring and fall and the
skies are clear most days of the year.

8.3. Site Coordinates

Latitude: 32.38° N
Longitude: 3.82° E
Altitude: 450 m

Figure 8. Location of Ghardaia city in Algeria.

9. Simulation, Results and Discussion

This paper introduces the design of the hybrid power
system, which consists of WT, PV, DG, and BB for
electrification of rural city in Algeria. Modern meta-heuristic
technique called modified grey wolf optimizer (M-GWO) has
been applied to find the optimal design of the proposed
hybrid power system. This system is designed at two
different scenarios; summer and winter to consider all
weather conditions. Figure 9 shows the hourly load profile
for months of January and July from Ghardaia. We calculate
the amount of electricity needed to cover the electrical needs

of the village, with a thorough study of all the electrical
instruments used, which is represented by the amount of
electricity consumed, and the hours of operation through 24
hours (day by day and hour by hour). The load profile
consists of 20 homes, school, clinic and public lighting,
taking into account the frequency of electrical devices during
their operation under a standard voltage 230 V-50 HZ.
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Figure 9. Hourly electric load variation of two seasons.

Solar radiation and ambient temperature are the two
parameters with the most profound effects on the output PV
power. The output power of PV panel is presented in Figure
10. The solar radiation and ambient temperature data are
detailed as follows:

Figure 11 shows the data of solar radiation; we got the
hourly insolation data for the months of January and July. We
note that the irradiation values for January range from 0 to
710 (W /m?) and 0 to 1028 for July.

Figure 12 shows the data of ambient temperature from the
region of Ghardaia, in the same way, the hourly values of the
temperature is varied between day and night, it varies
between 4 and 25°C for month of January, and 25 to 47°C for
month of July.

Wind measured data has been used with the information of
height 10 m. Figure 13 shows the hourly values for the month
of January and July of wind speed from the region of
Ghardaia. The wind speed is varied between 0.44 m/s to 17
m/s and 0.36 m/s to 15.72 m/srespectively.
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Figure 10. Hourly power generated by PV panel.
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Figure 13. Hourly wind speed variation.

Figure 14 shows the graphs of the powers produced by
thewind generator.

The load demand is supplied from PV panels, wind turbines,
diesel generators and batteries. The values of design parameters
applied in optimization problem are presented in table 1. The life
of WT and BB are 10 years, 5 years respectively. The results of

system optimization for month of January obtained by M-GWO
technique compared to GWO and PSO are presented in table 2.
It can be seen that the proposed system consists of 4 units of
WTs, 60 PV panels, 2 DG and 93 units of battery banks to
guarantee the system work successfully. The inverter size is
taken according to the maximum power from PV panel, WTs,
DG; and BB,. The results show that the optimal solution using
M-GWO leads to cost 593296,701 $. While the cost of
implementing GWO and PSO for month of January are
593557,896 $§ and 593835290 $ respectively. The optimal
solutions by M-GWO for month of July presented in table 3 are
3 units of WTs, 61 PV panels, 9 DG, and 68 units of battery
banks. The Tcg value in M-GWO (592937,923 $) is lower in
comparison with GWO (594170,647 $) and PSO (594291,194
$). The proposed method has the lowest cost. So, it can be said
the proposed method is better than other methods. Also, after
different simulations obtained in table 2 and table 3 we can be
seen that the values of LPSP and ENS are increased, while RPS
is decreased. So, it can be concluded that the availability of
HPWDB plays a key role on system optimal sizing and accurate
design of system power generation. In these simulations M-
GWO parameters consists of 30 search agent and 100 iterations.
The convergence curves of M-GWO algorithm compared to
GWO and PSO for month of January and July are depicted in
Figure 15 and Figure 16 respectively. Moreover, the optimal
configuration obtained by our approach is able to satisfy the load
demand without unmet load during simulation process.
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Figure 14. Produced power from wind turbine.

Table 1. Design parameter considered for HPWDBS optimization.

Parameters Values
System life time (years) 20
PV panels life time (years) 20
Battery banks life time (years) 5
Inverter life (years) 20
Wind turbine life time (years) 10
Power of PV panel (W) 360
Power of wind turbine (kW) 1
Power of diesel generator (kW) 3
Rated battery capacity (kWh) 30
Cost of diesel generator ($/kW) 2257
Cost of PV panels ($/kWh) 368
Cost of wind turbine ($/kWh) 200
Cost of battery banks ($) 396
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Table 2. Optimal size using M-GWO, GWO and PSO for month of January.

83

Table 3. Optimal size using M-GWO, GWO and PSO for month of July.

Components GWO PSO M-GWO
Npv 63 53 60
Peak power of PV panel (kW) 22,68 19,08 21,06
Nwr 5 6 4
Peak power of WT (kW) 5 6 4
Nps 94 74 93
Capacity of BB (kWh) 2820 2220 2790
Nbg 3 9 2
Tee (8) 591768,242 591753,321  592013,588
Tre ($) 123,545 222,699 272,126
Twc ($) 710,609 834,27 107,486
Tec ($) 955,5000 1025 903.501
S($) 0 0 0
Tes ($) 593557,896 593835,290  593296,701
LPSP 0,2167 0,2283 0,2155
RPS 0,7833 0,7717 0,7845
ENS (kWh) 0,0049 0,0054 0,0032
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Figure 15. Convergence curve of M-GWO compared to GWO and PSO to

find the optimum size for month of January.

x 10°
6.3

o

i

o
T

o

=}

a
T

Tcs ($) for month of July
[=2]

595! L

M-GWO
PSO
GWO

5.9 I I I
0

I I
20 30 40 50

I
60 70

Number of iteration

Figure 16. Convergence curve of M-GWO compared to GWO and PSO to

find the optimum size for month of July.
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Components GWO PSO M-GWO
Npv 64 56 61
Peak power of PV panel (kW) 23,04 20,16 21,96
Nwr 7 9 3
Peak power of WT (kW) 7 9 3
Ngs 90 96 68
Capacity of BB (kWh) 2700 2880 2040
Nbc 7 3 9
Tec (9) 591252,459  592663,379 591932,39
Tre ($) 486,888 234,345 348,727
Twc ($) 1206,3 718,470 110,806
Tec ($) 1225 675 546
S () 0 0 0
Tes ($) 594170,647 594291,194  592937,923
LPSP 0,1912 0,2169 0,1567
RPS 0,8088 0,7831 0,8433
ENS (kWh) 0,0290 0,0301 0,0019
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Figure 17. Energy management of hybrid system for month of January.
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Figure 18. Energy management of hybrid system for month of July.

Figure 17 and Figure 18 depicts the energy balanced in the
system for month of January and July respectively. It can be
seen the management system of the components with the
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generated energy by each component. It is clear that the
system with PV panels only or wind turbines only or diesel
generator only is not capable of supplying the load demand.
According to the obtained results, the energy difference of
generated and demanded energy is managed by battery bank
to access the full load supply.

The results of the total power produced by PV panels, DG,
and battery banks for month of January and July are
illustrated in Figure 19 and Figure 20. Figure 21 and Figure
22 shows the total power produced by WT,, DGsand battery
banks for month of January and July respectively. The total
power produced byPV panels, WT, and battery banks for
month of January and July are depicted in Figures 23 and 24.

After simulation of system management we can be tell that
the hybrid combination of PV-Wind-DG with battery storage
seems to be a motivational techno-economic solution to meet
the energy consumption by the load.
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Figure 19. Total power produced by PV panels, DGs and BBs for month of
January compared with the load.
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Figure 20. Total power produced by PV panels, DGs and BBs for month of
July compared with the load.
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Figure 21. Total power produced by WTs, DGs and BBs for month of
January compared with the load.
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Figure 22. Total power produced by WTs, DGs and BBs for month of July
compared with the load.
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Figure 23. Total power produced by PV panels, WTs and BBs for month of
January compared with the load.
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Figure 24. Total power produced by PV panels, WTs and BBs for month of
July compared with the load.
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Figure 25. The variation of LPSP for month of January during optimization
by M-GWO, GWO and PSO methods.
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Figure 26. The variation of LPSP for month of July during optimization by
M-GWO, GWO and PSO methods.

The variations of LPSP for months of January and July
during optimization by M-GWO, GWO and PSO are
presented in Figure 25 and Figure 26. It can be seen in
these figures that the values of LPSP is almost zero.
Which indicates that, the load demand of the system was
always satisfied in hybrid wind, solar, diesel and battery
system.

Reliability of power supply (RPS) be found from LPSP is
illustrated in Figure 27 and Figure 28. From these two
concepts it is possible to understand that the system was
reliable. Moreover, the energy not supplied (ENS) which is
considered when generated power is less than the demanded
power was also calculated by the code. The ENS values
obtained by optimization with M-GWO is 0,0032 for month
of January and 0,0019 for month of July, this means that the
load supply reliability is declined. The wvariations of
component availability are ineffective on LPSP, RPS, and
ENS. Hence, the system is able to fully meet the load
demand.
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Figure 27. The variation of RPS for month of January during optimization
by M-GWO, GWO and PSO methods.

1 RPS using M-GWO
RPS using GWO

0.9 RPS using PSO

08} |
'
o7k It

0.6

0.5+

0.4

N

0.3F

Variation of RPS for month of July

0.2r

0.1F

0 I I Il I Il I Il I I
0 10 20 30 40 50 60 70 80 90 100

Number of iteration

Figure 28. The variation of RPS for month of July during optimization by M-
GWO, GWO and PSO methods.
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Figure 29. Impact of the number of WTs to the value of Tcs.
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Figure 30. Impact of the number of PV panels to the value of Tcs.

As shown in Figure 29. Increasing the number of wind
turbines will make the total cost going down reach the
minimum value. However, after reaching the minimal value,
the total cost of the system is increasing due to the increasing
of the number of wind turbines. Figure 30 depicts the impact
of incorporating the number of PV panels with total cost. The
value of Tc¢g decreases due to decreasing the number of PV
panels. However, the value of Tcg is raising up after
approaching the optimal value. Connecting significant
number of PV panels will reduce the cost of DG,. however,
adding more PV panels after approaching the optimal size
will increase the total cost of system.

Some sensitivity variables were fed into M-GWO
technique to determine theoptimal system combination and
commensurate techno-economic analysis for such systems.
In conducting the sensitivity analysis in this work,
avariation in the solar insolation, fluctuations in system
components prices was conducted. After simulation results
it can be seen that the amount of energy loss varies as a
function of the total emission cost with a stability of the
total cost system, so it can be said that the optimal system
configuration does not change with increasing or decreasing
LPSP and Tgc. As it is obvious from the result, there is a
reduction in the total cost of the HPWDBS since the
optimal value decrease.

10. Conclusion

This research analyzed the techno-economic feasibility of the
hybrid renewable energy systems (PV-wind-DG-BB) to
guarantee the energy requirements for the electrification of
village in wilaya of Ghardajafor two months (January present
the winter season and July present the summer season) with a
daily consumption of up to 453.8 kWh per day for January, and
785,86 kWh per day for July. The combination of PV system
and wind turbine are not cost competitive compared to
conventional fossil fuel, but could be very good opportunity for
isolated place like small village or rural houses. Different
conclusionscould be made from this particular analysis. The
most economic hybrid renewable energy system to supply the
load demand with a Total Cost System (Tcs) value equal to
593296,701 $ with electrical energy obtained from PV panel is
55%, 15% from WT, 28% from DG and 2% from BB for
January and 592937,923 $ with electrical energy obtained from
PV panels reaches up to 53%, 17% from WT,, 28% from DG;
and 2% from BB for July. The proposed model can be used in
feasibility studies and the design of hybrid renewable energy
systems. The results showed that reliability model has an
important impact on optimal sizing, cost system, and load
supply. The M-GWO method has ability to reach global
optimum with relatively simple computation requirement. The
results prove the competence and superiority of M-GWO
compared to GWO and PSO and it has an ability to become an
effective tool for solving real word optimization problems.
According to this comprehensive study, it can be concluded that
the proposed algorithm has significant merits to solving the
optimal design problems of hybrid renewable energy systems.
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