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Abstract

This paper proposes the two-step approach for
improving the voltage profile of the distribution
network (DN) using the optimal integration of
photovoltaic-battery energy storage (PV-BES)
system. In the first step of the approach the optimal
location of the PV-BES system in the DN and its
optimal powers are determined, considering the
topology and the load of the DN. This is done to
improve the voltage profile of the DN using the
meta-heuristic wild horse optimization method
(WHO) and genetic algorithm (GA). The second
step of the approach determines the optimal sizing
of the PV-BES system, by taking into account the
optimal powers obtained in the first step, the solar
irradiance diagram and the average temperature for
each month of the year for the area in which the
DN is located. The optimal sizing includes optimal
maximum power of the PV system and the optimal
maximum power and energy capacity of the BES

unit, determined by the proposed iterative method.

The results are generated using the topology of
the IEEE 18-bus radial DN for three different load
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diagrams, on a monthly and annual basis.
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1 Introduction

One of the key aspects of the quality of the distribution
network (DN) operation is its voltage profile [1].
To improve the voltage profile of the DN adequate
power flows in the network branches must be
achieved. This can be done by connecting the
distributed generation [2] in the DN, whose power
unlike the load can be controlled. In this paper
the photovoltaic-battery storage (PV-BES) system is
used as a controlled distributed generation [3, 4],
considering that energy produced by the PV system
can be properly injected into the DN during the whole
observation period using the BES unit [5]. In other
words, the BES unit is used to provide the injection of
the optimal power, produced by the PV system, into
the DN by charging or discharging itself in the time of
high or low solar irradiance, respectively [6].

To efficiently implement the idea mentioned above, a
two-step approach is proposed in this paper. In the
first step of the approach the optimal powers needed to
improve the voltage profile of the DN and the optimal
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location of their injection are determined [7, 8], using
the meta-heuristic optimization methods of genetic
algorithm (GA) [9, 10] and wild horse optimization
(WHO) [11, 12]. This is done considering the load
diagram and the topology of the DN, where the
voltage quality index of the DN is used as a criterion
function. In addition to the first step which represents
the well-known procedure, based on meta-heuristic
optimization methods [13-15], for improving the
voltage profile of the DN using distributed generation,
the second step of the proposed approach contains
elements that can be regarded as novel and represents
the main contribution of the paper.

Second step of the approach refers to the optimal
sizing of the PV-BES system [16, 17] in which the
necessary maximum power of the PV system, and the
necessary maximum power and the energy capacity
of the BES unit are determined [18-20]. This is
achieved using the proposed iterative method, which
represents a unique procedure for sizing the PV-BES
system [21] by adjusting the necessary maximum
power of the PV system [22-24] through iterations
to achieve the optimal powers of the PV-BES system,
while maintaining the desired state of charge of
the BES unit. Input information for the iterative
method are the optimal powers of the PV-BES system
obtained in the first step and the power generation
diagram of the PV system for each month of the year,
expressed per unit. The procedure for determining
the power generation diagram of the PV system per
unit combines the influence of solar irradiance and
temperature on the PV system power generation [25,
26] using the analogy between the solar irradiance
and the power of the PV panels [25] to maximize their
energy production. The mentioned procedure is the
quick and simple technique to determine the shape of
the power generation diagram of the PV system which
maximizes the energy production [27] and operates
without partial shading, representing the additional
contribution of the paper. It is assumed that the PV
system consists of fixed PV panels, so the maximization
of its energy production is achieved using the optimal
value of the tilt angle [28] determined within the
procedure for creating the PV system power generation
diagram. To determine the diffuse and the reflected
component of solar irradiance on the tilted surface
the isotropic cylindrical model is used [29]. The data
necessary for determining the optimal tilt angle of the
PV panels in the PV system and creating the PV system
power generation diagram per unit is taken from
the Photovoltaic Geographical Information System
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(PVGIS) web site using the PVGIS-SARAH3 database.
These data includes the values of total and diffuse
component of solar irradiance on the horizontal surface
and the average temperature values for each month in
the year, for the area of the DN.

To see the impact of higher or lower matching level
between the solar irradiance and the load, three
different load diagrams of the DN are used for
generating results [30]. All results are generated using
the topology of IEEE 18-bus radial DN, considering
the cases of different efficiencies of the BES unit.
Also, to measure the influence of the solar irradiance
diagram on the optimal sizing of the PV-BES system,
different operating periods are considered including
each month in the year and the year in total, which is
rarely the case in the similar literature.

2 Optimal Powers and Location of the PV-BES
System

The optimal powers and location of the PV-BES system
are generated using the meta-heuristic optimization
methods of GA and WHO, as a solution to the
optimization problem of improving the voltage
profile of the DN. The meta-heuristic optimization
methods are used because they are widespread in
scientific literature and prove to be very efficient for
optimizing the different aspects of the DN operation.
Specifically, the authors chose the GA because in
addition to the particle swarm optimization (PSO),
is one of the fundamental meta-heuristic optimization
algorithms, and the WHO is chosen as relatively new
meta-heuristics which combines the elements from GA
and PSO.

2.1 Genetic Algorithm

The GA is the population based meta-heuristic
optimization method, inspired by the process of
natural selection in the evolution theory [31]. It mimics
the process in which more suitable and adaptable
individuals have better chance to survive and produce
the offspring. Each individual in the population is
described with the vector of control variables, and
its genes are coordinates of that vector. As the genes
determine the suitability of the individual in nature,
vector of control variables determines the criterion
function of the individual which quantifies its fitness.

One iteration of this optimization method consists of
three major steps, including selection, crossing and
mutation [9, 10]. In the selection process, individuals
are selected for mating from the population genetic
pool, where the more fitted individuals have greater
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probability to be selected. Specifically, in this paper
the elitist approach is used in which only the certain
percent of fittest individuals can be chosen for mating
[13]. The probability P of the i-th fittest individual to
be chosen from the genetic pool is determined using
the expression:
Py = 2ot (1)
Dim1l
The crossing of the genes of the chosen individuals
takes place in the second step, where the new
individual is created [13]. Specifically, in this paper the
gen for the location of PV-BES system is inherited from
one of the parents, while the genes for the powers of the
PV-BES system are determined using the arithmetic
crossing [21].

(2)
(3)

locy = locy,

Prv.gesjo = (Ppv-BES;1 + Ppv-BES;j2)/2,

where locy and loc; are the locations of the PV-BES
system of the offspring and one of the parents,
respectively, while Ppv.sgsjo, Prv-BEsj1 and Ppy.pes;2
are the powers of the PV-BES system in the j-th hour
of the offspring, first and second parent, respectively.

Mutation as the third step of the GA [13], emulates
the random change of the genes that happen in nature,
by randomly changing the values of the individuals
control vector coordinates, with certain probability.

loc; =loc; — 1, r < p;,

(4)

loc, =loc; +1, r>1—p;,

Ppv.ges;ji = Ppv-Bes;,i + (2r — 1) APpvgEs, (5)

where loc; is the location, and Ppy.ggs;,; is the power
of the PV-BES system in the j-th hour of the i-th
individual, APpy.ggs is the maximum change of the
PV-BES power, r is the random value from the interval
[0,1] and p; is the preset probability. Considering
this, the mutation represents the mechanism of GA for
escaping the local optimum. Repeating the mentioned
steps through the iterations the optimization method
finds the optimal solution of the optimization problem.

2.2 Wild Horse Optimization

The WHO represents the population based
meta-heuristic optimization method, inspired
by the life of the wild horses in nature. Considering

this, the four major steps of the WHO are based on
the four characteristic behaviors of the wild horses in
nature, including grazing, mating, group leadership
and selection of the group leader [32]. Before these
four steps that are repeated through the iterations,
there is the initial step of group creation. In the initial
step the population of wild horses is separated into
the groups with equal number of individuals, and one
stallion. The stallion is the individual with the best
value of the criterion function.

In the grazing field the individuals move within the
circle [32], in the center of which is the stallion, and it
can be analytically expressed as:

—

ﬁ,jm = ACOS(TW)(gp - ﬁj,p) + 5p, (6)
where H';,, and H; , are the vectors of control variables
of the j-th individual in the group p, after and before
grazing, S, is the vector of control variables of the
stallion in the group p, 7 is the random value from the
interval [0, 1], while A is the radius of the circle, which
changes its value through the iterations as:

1t

A:Amax*Nii

(Amax - Amin)a (7)

where it and N;; are the ordinal and total number of
iterations, respectively.

The second step in the WHO is the mating process in
which the crossing of genes of the parents takes place,
creating the new individual [11, 12]. This step appears
with certain probability and for it the arithmetic
crossing is used as in GA, analytically expressed with
(2) and (3). Itis important to emphasize that mare and
stallion which are mating must not be from the same
group. Also, with a certain probability, the newborn
individual can leave its mother and join the other
group.

In the third step of the optimization method the
process of group leadership is described [11, 12],
where the stallion leads the group to the waterhole,
while competing with the stallions from other groups

for the better place. The movement of the stallion is
described using the following expression:

§’p = ACOS(TW)(V[T[’[} —-5,)+ VWI, (8)

where 5’ p and §p are the vectors of control variables
of the stallion after and before the group leadership,
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while WH is the vector of control variables of the
waterhole. It is important to emphasize that waterhole
is located in the place with the best criterion function
found so far.

The fourth and the final step of the WHO is the
selection of the group leader. Namely, considering
the change of the position of the stallion and the
individuals in the group in the previous steps, the
group leader role (stallion) must be determined again.
This is done by comparing the values of the criterion
function of the individuals in each group, including
the stallions. The individuals with the best criterion
functions in the groups are declared as the group
leaders.

The optimization method generates the solution of the
optimization problem by repeating the mentioned four
steps sufficient number of times.

2.3 Defining and Solving the Optimization Problem

Optimization problem of determining the optimal
location and powers of the PV-BES system to maximize
the improvement of the voltage profile of the DN is
the nonlinear optimization problem with constraints
[33]. Control variables in this optimization problem
are the average hourly powers and the location of the
PV-BES system, which constraints are:

7in}7

Ppypes(h) < Prmax,

9)
(10)

locpy-ges = {i1, 12, . ..

where the location of the PV-BES system locpy.ggs can
be one of the DN nodes with indexes {i1,i2,...,i,},
while the power of the PV-BES system in the h-th hour
Ppyggs(h) must be lower than the maximum power
Pnax which is allowed to be injected in this type of DN.

On the other hand, the dependent variables in the
optimization problem are voltages in the DN nodes
and the currents in the DN branches, which values
change due to the PV-BES system power injection [16].
Constraints of the dependent variables are defined
considering the allowed limits for voltage and currents
in the DN, given by the expressions:

Umin < Ui < Uma.X7 (11)

Ij < IjmaX7 (12>
where voltage of the i-th node must be between
minimum U,,;;, and maximum U, allowed values,
defined by the voltage level of the DN, while current
in the j-th branch I; must be lower than the maximum
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allowed current in the j-th branch I} ax, defined by
the cross section of its conductors.

Quality of the voltage profile of the DN is quantified
using the voltage quality index V QI [8], defined as
the sum of the squared deviations of the voltage in
relation to the reference value:

(13)

where U;(h) is the voltage of the i-th node in the h-th
hour, Uy is the reference voltage, while N}, is the
number of nodes in the DN and N}, number of hours
in the observation period. Considering that the goal
of optimization is to maximize the improvement of
the DN voltage profile [7], the one-parameter criterion
function C'F’ equal to the voltage quality index is used:

CF =VQl, (14)

To keep the voltage in the DN nodes and the
current in the DN branches in the allowed range
given by (11) and (12), the criterion function of
the individuals whose voltage and currents are out
of limits is multiplied with 100. This ensures
that such individuals have practically no effect on
the individuals generated for the next iteration of
the optimization process and have no chance to
be the solution of the optimization problem. To
achieve this the voltage and current vectors of each
individual, obtained after the power flow calculation,
are compared with the allowed limits.

To solve the optimization problem, the criterion
function is (14) minimized using the mentioned
optimization methods of GA and WHO. The initial
values of the individuals in the population are
randomly generated, considering (9) and (10).
Individuals in the population are described with the
vector of control variables, that has 25 coordinates,
where the first coordinate is reserved for location
and other 24 are used for average hourly powers of
the PV-BES system. Values of these coordinates are
changing by the optimization method algorithm. After
sufficient number of iterations, when the change of
the criterion function is negligible, the solution to
the optimization problem is determined as the vector
of control variables of the individual with the best
(minimal) value of the criterion function found in all
iterations.
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3 Determining the Power Generation Diagram
of the PV System

Power generation diagram of the PV system expressed
per unit is determined using the assumption that
there is no partial shading on the surface of the PV
panels. This means that the power generated by the
PV system is proportional to the solar irradiance on
the surface of its panels [25]. The influence of the PV
panels temperature variation during the year on their
power production, is included using the temperature
coefficient of power reduction of the PV panels [26].

3.1 Determining the Solar Irradiance on the Surface
of the PV Panels

Solar irradiance on the surface of the PV panels is
determined considering the tilt angle of the PV panels
and the data of the total and diffuse component of
the solar irradiance on the horizontal surface taken
from the PVGIS-SARAHS3 database. For maximizing
the power generation of the PV system, it is assumed
that the PV panels are oriented to the south, with zero
azimuth angle [27]. Taking into account that solar
irradiance consists of three components, the total solar
irradiance on the PV panel surface G¢ with the tilt
angle ¥ is:

Gc = Gpe + Gpe + Gre, (15)
where G g is direct, Gp¢ diffuse and G g reflected
component of solar irradiance on the PV panel surface,
tilted by the angle ¥ [34]. The direct component of the
solar irradiance on the PV panel surface is determined
as:

Gpc = GpuRp, (16)
where G pp is the direct component of solar irradiance
on the horizontal surface, determined using the
measured values of total Gy and diffuse Gpg
component of solar irradiance on the horizontal
surface, as:

Gpy = Gy — GpH, (17)
while Rp is the slope factor of the PV panels surface,
which is obtained using the expression:

cos
B — W? (18>

In (18) 0 is the incidence angle of the direct component
of the solar irradiance on the PV panel surface, and 3
is the altitude angle of the sun [24]. Considering that
the available data for the solar irradiance is average

hourly data, the mentioned angles also have average
hourly values.

The diffuse and reflected components of solar
irradiance on the PV panel surface are obtained using
the isotropic cylindrical model [29]. This model
assumes that the diffuse component comes equally
from all directions from the sky, and that the reflected
component of solar irradiance comes equally from all
directions from the ground, in a cylindrical coordinate
system [24]. Considering that tilting the PV panel
surface disables the diffuse radiation from certain
directions to arrive on it, the diffuse component of
solar irradiance is reduced and can be determined as:
1+ cosX

Gpc = GDHT»

(19)
On the contrary the reflected component is increasing
by tilting the PV panel, because in that case reflected
solar radiation can arrive on the surface of the PV panel
in more directions [24]. Considering this, the reflected
component of solar irradiance on the PV panel surface
with the tilt angle ¥ and the reflection coefficient p is:

1—cosX

= (20)

Grc = pGy

3.2 Influence of the Temperature on the PV System
Power Generation

To determine the influence of the temperature on the
PV system power generation it is necessary to calculate
the temperature of the PV panel cells 6. [26]. This
temperature is determined as the sum of the ambient
temperature 6, and the temperature increment which
occurs due to the solar irradiance on the PV panel
surface, using the following expression:

NOCT — 20
_i_i

0. =10,
800

Ge, (21)

where NOCT is the normal operating cell temperature.
It is important to notice that the solar irradiance in (21)
is expressed in [W/m?] and the ambient temperature
is in [°C]. Now, the dependency of the power of the
PV system on its temperature can be determined using
the temperature coefficient of the PV panels power
reduction k, [26] as:

Ppy(6e) = Ppy(25°C) (1 — ky(6. — 25°C)),  (22)

where Ppy(6.) and Ppy(25°C) are the powers of
the PV system on the 6. and 25°C' temperature,
respectively. Using the obtained values of the solar
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irradiance on the PV panel surface [25] and its
temperature, the average hourly power of the PV
system in the h-th hour, expressed per unit, ppy (h)
is determined using the expression:

ppv(h) = (C;C(h)

(1~ ky(6eh) —25°C)),  (23)

cmax

In (23) 6.(h) and G.(h) are the average values of
temperature and solar irradiance on the PV panel
surface in the h-th hour determined by using the
mentioned procedure and the available data of
the average hourly values of the total and diffuse
component of solar irradiance on the horizontal surface
and the ambient temperature, while G nax is the
maximum solar irradiance on the PV panel surface
in the observed period.

Power generation diagram of the PV system expressed
per unit is created using (23) in which solar irradiance
on the PV panel surface is calculated using the
value of the tilt angle that maximizes the energy
generated by the PV system [28]. Taking into account
the proportionality between the solar irradiation
and the energy generated by the PV system and
considering the influence of the temperature on the PV
system power generation, maximization of the energy
generated by the PV system is achieved by maximizing
the solar irradiation I, from the following expression:

Np,
o= 3 Guh) (1 - ky(6u(h) - 25°C)),  (24)
h=1

4 Optimal Sizing of the PV-BES System

In this paper the optimal sizing of the PV-BES
system [35] is the sizing which enables the injection
of optimal powers into the DN with minimal
resources [16]. The first step in the sizing of the PV-BES
system is the calculation of the maximum necessary
power of the PV system using the proposed iterative
method.

4.1 Iterative Method for Sizing the PV System

The goal of the iterative method used for sizing the PV
system is to determine its necessary maximum power
needed for optimal power injection of the PV-BES
system, while maintaining the state of charge of the
BES unit at the end of the operation cycle SOCT as it
was at the beginning, SOCj.

Ppy.pes(h) = Pop(h), (25)
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SOCr — S0Cy =0, (26)
where P,,(h) is the optimal power injection in the h-th
hour considering the DN voltage profile improvement.
To achieve this the iterative method is adjusting
the maximum power of the PV system through the
iterations by better estimating the periods of charging
and discharging the BES unit [16]. The assumption of
the value of the maximum power of the PV system in
the initial iteration of the iterative method P}, . is
calculated considering the ideal process of charging
and discharging of the BES unit, using the following
expression:

1 Sonty Pop(h)
PPV max — ]\/’h—

> ny prv(h)

Now, the charging and discharging hours of the BES

unit in the k-th iteration h’éh and hflch are determined
from the (28) and (29) respectively.

, (27)

Py max - 0PV (h) = Pop(h),  he, = h, (28)

Pllg\/max -ppv(h) < Pop(h)v hlgch = h, (29)
Using the estimated periods of charging and
discharging in the k-th iteration, maximum power of
the PV system in the k 4 1-th iteration is determined

as:

Bl _ ny. Pop(hlgh) + % > POP(hIdCch)
Pvmec g S ppv(hE) + £ S pev(Bh,,)

, (30

By repeating the steps given in (28), (29) and (30),
the iterative method better estimates the value of the
necessary maximum power of the PV system [16]. The
iterative method ends when the maximum power of
the PV system has the same value in two adjacent
iterations, which also represents the result of the
iterative method.

4.2 Sizing the BES Unit

Sizing the BES unit includes determining the necessary
maximum power and energy capacity of the BES unit
[36]. To achieve this the average hourly powers of the
BES unit Ppgg(h) are determined using the obtained
value of the maximum power of the PV system, as:
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PBES(h) = PPVmaX : pPV(h) - Pop(h)7 (31)
Considering (28), (29) and (31) it is important to
notice that the power of the BES unit has positive
values in the charging hours and negative values in
the discharging hours. Now, the necessary maximum
power of the BES unit Persmax [18, 19], taking into
account both charging and discharging periods can be
determined as:

PBESmaX:maX{PBEs<h)}, h:1,2,...,Nh (32)
Using the average hourly powers of the BES unit, the

energy stored in the BES unit at the end of the h-th
hour Wgrgs(h) is obtained as:

WgEes(h) = Z (nPBEs(hch) + ;PBES(hdch)> :
(33)

hen # hacn < h, (34)
The necessary energy capacity of the BES unit must
be able to provide the needed difference between the
maximum and minimum level of the stored energies
during the operation cycle, in the allowed range of the
state of charge of the BES unit [20]. Considering this
the energy capacity of the BES unit Q) g is calculated
from the expression:

max{WBEg(h)} — min{WBEs(h)}
SOChax — SOChin ’
h=1,2,..., Ny,

QBES = (35)

where SOC.x and SOC,,;, are the maximum and
minimum allowed state of charge of the BES unit.

In Figure 1, the flowchart of the proposed two-step
approach is presented.

5 Presentation and Analysis of the Results

The results are generated using a DN that has the
same topology as the IEEE 18-bus radial DN, shown
in Figure 2. The authors chose the IEEE 18-bus
radial DN because it is less frequently used in the
literature compared to the IEEE 33-bus and IEEE
69-bus DN for this type of optimization problem, and
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Figure 2. IEEE 18-bus radial DN.

it also represents a suitable test network for smaller
distribution systems with fewer nodes.

The overhead DN is used, with the electric parameters
r = 0.4158Q/km and x = 0.38072/km, and the
nominal voltage U,, = 10kV. The distance between
two adjacent nodes (length of each branch) in the DN
isl = 0.5km.

The combined type of load is used as the load of
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the DN, including 60% resistive (constant impedance
load type) and 40% industrial load (constant power
load type) on nominal voltage. Three different load
diagrams of the DN are used, whose average hourly
load powers on 10 kV are shown in Table 1. The
first two load diagrams are the cases of high and low
matching between the PV power generation and the
DN load, while the third one is the realistic DN load
diagram.

Table 1. Average hourly load powers of the DN on 10 kV
voltage for three different load diagrams.

Hour PLnI [MW] PLnII [MW] PLnIII [MW]
1 1.450 4.500 1.695
2 1.675 4.275 1.375
3 1.900 4.090 1.240
4 2.125 3.640 1.195
5 2.350 3.250 1.330
6 2.575 2.800 1.510
7 2.800 2.575 1.870
8 3.250 2.350 2.220
9 3.640 2.125 2.615
10 4.090 1.900 3.020
11 4.275 1.675 3.480
12 4.500 1.450 3.760
13 4.500 1.450 4.000
14 4.275 1.675 3.500
15 4.090 1.900 3.100
16 3.640 2.125 2.800
17 3.250 2.350 2.490
18 2.800 2.575 2.805
19 2.575 2.800 3.305
20 2.350 3.250 3.800
21 2.125 3.640 3.440
22 1.900 4.090 3.010
23 1.675 4.275 2.310
24 1.450 4.500 1.950

0.9U,,. The maximum allowed current in the DN is
Imax = 269 A, considering that its branches are made
of 70/12 mm? Al/Fe conductor.

The average hourly values of the total and diffuse
component of the solar irradiance on the horizontal
surface and the ambient temperature, for each month
are taken from the PVGIS-SARAHS3 database for the
location of the DN (L = 43.32° N and A = 21.85°E).
The used value for the reflection coefficient is p = 0.2,
while NOCT is equal to 45°C.

Based on the mentioned values for the solar irradiance
and the ambient temperature and using the proposed
approach the optimal tilt angle of the PV panels for
maximizing the energy generation of the PV system
is determined and its value is ¥, = 32.1°. Using the
optimal value for the tilt angle, the power generation
diagram of the PV system, expressed per unit, is
obtained for each month and shown in Figure 3.

It is important to notice that maximum and average
load power for the first two load diagrams is the
same PL max, ]I = 4.5MW and PLavr,H = 2.886 MW,
because they have the same hourly powers, which
are differently distributed in time. The values of
the maximum and average load power for the third
load diagram are Prax,m = 4.0MW and Prayrm =
2.576 MW. Each node in the DN has the same load
with the constant power factor, which value for the
resistive load is 1 and for industrial load is 0.93.

It is important to emphasize that the used referent
voltage is equal to the nominal voltage U,s = 10kV,
while the maximum and the minimum allowed values
of voltage in the DN are Upax = 1.1U, and Upin =
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Table 2. Voltage quality index of the DN and the optimal location of the PV-BES system in the DN for three different load

diagrams
I'load diagram IIload diagram III load diagram
without PV-BES system 715.408 715.408 566.044
with PV-BES system 18.023 18.023 14.293
(18.005) (18.005) (14.253)
lOCPV—BES 3 3 3
(3) (3) (3)

From Figure 3, it can be seen that the power generation
of the PV system is higher in the summer, when the
solar irradiance is greater, than in the winter months,
when the solar irradiance has lower values. Also,
Figure 3 shows that the power generation of the PV
system is highest at noon and does not exist during
the night hours. Taking into account (23), the base
power for the PV system generation diagram shown in
Figure 3 is the maximum power of the PV system over
the one-year observation period. This power is not
known in advance, but is determined after the optimal
sizing of the PV-BES system as the required maximum
power of the PV system.

In the implementation of GA 10% of the fittest
individuals are allowed to enter the genetic pool,
while the probability for mutation is 20%. The WHO
is implemented with the values of the coefficients
Amax = 1.2 and Apin = 0.6 using 10 groups of
wild horses and the 30% probability of mating. The
solution to the optimization problem of determining
the optimal location and powers of the PV-BES system
is obtained after 50 iterations using the population
of 150 individuals. The values of the mentioned
control parameters in GA and WHO are obtained from
test simulation results, based on which the optimal
parameter values are determined. Table 2 presents the
values of the voltage quality index in the DN before
and after connecting the PV-BES system, as well as the
optimal location of the PV-BES system in the DN (i.e.,
the node index at which it should be connected) for
all three load diagrams. It is important to note that the
values in brackets are obtained using WHO, while the
values without brackets are determined using GA.

Table 2 shows that for all three load diagrams the
voltage quality index of the DN is significantly
improved after connecting the PV-BES system. The
optimal location for connecting the PV-BES system is
node 3 of the DN, considering all three load diagrams
and both optimization methods. The main reason for
this is that from node 3 two main branches of the DN
emerged and their load powers have the minimum

impact on the DN voltage profile if supplied from node
3. Also, Table 2 shows that voltage quality index of
the DN is the same for the first two load diagrams and
somewhat lower for the third one, before and after
connecting the PV-BES system. This is the direct result
of the load powers from the Table 1, which are the
same but differently distributed in time for the first
and second, and somewhat lower for the third load
diagram. In Table 3 are the optimal average hourly
powers of the PV-BES.

Table 3. Optimal average hourly powers of the PV-BES

system for three different load diagrams.

Hour

Iload diagram IIload diagram III load diagram

[MW] [MW] [MW]
1 2.398 (2.386)  7.443 (7.405) 2.760 (2.785)
2 2770 (2756)  7.071 (7.034) 2.239 (2.259)
3 3142 (3.126)  6.765 (6.730) 2.019 (2.037)
4 3515(3497)  6.020 (5.989) 1.946 (1.963)
5 3.887 (3.867)  5.375 (5.348) 2.166 (2.185)
6 4259 (4237)  4.631 (4.607) 2.459 (2.481)
7 4631 (4.607)  4.259 (4.237) 3.045 (3.072)
8  5375(5.348)  3.887 (3.867) 3.615 (3.647)
9 6.020 (5.989) 3515 (3.497) 4.258 (4.296)
10 6765 (6.730)  3.142 (3.126) 4918 (4.961)
11 7.071(7.034)  2.770 (2.756) 5.667 (5.717)
12 7443 (7405)  2.398 (2.386) 6.123 (6.177)
13 7.443(7405)  2.398 (2.386) 6.514 (6.571)
14 7.071(7.034) 2770 (2.756) 5.700 (5.750)
15 6.765(6.730)  3.142 (3.126) 5.048 (5.093)
16 6020 (5989) 3515 (3.497) 4560 (4.600)
17 5375(5.348)  3.887 (3.867) 4.055 (4.091)
18 4.631 (4.607)  4.259 (4.237) 4.568 (4.608)
19 4259 (4.237)  4.631 (4.607) 5.382 (5.430)
20  3.887(3.867) 5375 (5.348) 6.188 (6.234)
21 3515(3497)  6.020 (5.989) 5.602 (5.651)
22 3142(3.126)  6.765 (6.730) 4.902 (4.945)
23 2770 (2756)  7.071 (7.034) 3.762 (3.795)
24 2398 (2386)  7.443 (7.405) 3.176 (3.203)

Comparing the values with and without brackets in
Tables 2 and 3, it can be observed that the results
obtained using WHO and GA are practically the
same, with negligible differences, although the WHO
performs slightly better. The main reason for this
lies in the optimization problem itself, which is not
very demanding, as it involves the connection of
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only one PV-BES system and the minimization of
a single-parameter objective function. The second
reason is that the results presented in Tables 2
and 3 represent the best outcomes obtained from 20
independent runs of both GA and WHO, using a
sufficient number of individuals in the optimization
process. Considering that the load power of the
DN exhibits the same profile during the first and
second 12-hour periods of the day in the first two load
diagrams, the optimal power of the PV-BES system
follows the same pattern, as shown in Table 3.

Figure 4 shows the voltage in the DN nodes and the
currents in the DN branches, before and after the
connection of the PV-BES system in the hour of the
maximum load. Figure 4 is created using the optimal
powers of the PV-BES system from Table 3. Specifically,
the optimal powers obtained by the WHO are used,
but the same figures with negligible differences would
be created using the powers generated by the GA,
considering the high level of similarity between the
optimal powers obtained by the WHO and GA, shown
in Table 3. This also applies to other following results.
It is important to emphasize that the index of the DN
branch is the same as the index of the node at the end
of that branch.

Figure 4 shows that the voltage profile and the currents
in the DN branches are the same for the first two load
diagrams, which is expected considering the values
of the load powers and the optimal powers of the
PV-BES system. Taking into account that the load
power is somewhat lower in the third load diagram,

101
//l\.\\
—100.5 7 \\ A 1
© / . / .
= / ™~ o
g 100 ( \_\ / S— /\
2 o5 \ S / with PV-BES system |
% - % S 1, Il load diagram
; 99 = 1II load diagram |
=
=
8 95
=1 \
R 98 ARN
= \\‘. -
) k . :
5 975 AN AN ,
g NN N
@ “\ . 1¥ . — .
eo 97 r | AN y
£ wihtout PV-BES, ™. / —~—
;:? 96.5 F — 1 11 load diagram ™ —/
= 111 load diagram
96 : - : - ; - : :
] 2 4 6 8 10 12 14 16 18

Node index

300 T T T
without PV-BES system
= [, Il load diagram
= 1II load diagram
with PV-BES system

1, II load diagram
= [II load diagram

250 | ™~
‘

N
o
o

Current [A]
o
o
Y

-
o
o

50 ~

% !';
SN/

2 4 6 8 10 12 14 16 18
Branch index

Figure 4. Voltage of the DN nodes (Up) and currents in DN
branches (Down) with and without the PV-BES system in
the hour of the highest load.

0

currents in the DN branches and voltage deviations lower comparing to the first two load diagrams, before
from the reference value in the DN nodes, are also and after connecting the PV-BES system (Figure 4).

Table 4. Optimal sizing parameters of the PV-BES system for different observation periods for all three load diagrams.

I load diagram II load diagram III load diagram

Period  p /1 ax PpESmax QpES PpVmax PgESmax QpES PpVmax PpESmax QpES
[MW] [MW]  [MWh] [MW] [MW]  [MWh] [MW] [MW]  [MWh]

Jan. 20.845 13.440 94303  22.022 19.635 143154 18.779 12.601 92.366
Feb. 19.000 11.595 82519  20.119 17.733  132.785  17.129 10.868 82.271
Mar. 18.130 10.725 77.343  19.250 16.863  129.749  16.377 10.198 79.122
Apr. 16.681 9.276 70.725  17.734 15.348  123.858  15.087 8.909 74.111
May.  15.765 8.506 66.689  16.760 14.374  119.567  14.258 8.337 70.460
Jun. 15.861 8.457 64907  16.863 14.477  117.672 14346 8.168 68.848
Jul. 15.771 8.366 65.590  16.767 14381  118.398  14.264 8.086 69.466
Aug. 16224 8.819 69.053  17.248 14.862  122.080  14.674 8.474 72.598
Sep. 17.422 10.017 73989  18.496 16.110 126104  15.735 9.557 76.022
Oct. 18.883 11.478 82.073  20.012 17.626  133.049  17.053 10.875 83.197
Nov.  20.535 13.130 88.243  21.710 19.324  137.396  18.500 12.322 86.900
Dec. 22.063 14.658 94.632  23.304 20918 143348  19.873 13.694 92.531
Year  23.445 16.040 378270  24.825 22439 443528  21.159 14.981  348.094
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Table 5. Optimal sizing parameters of the PV-BES system for different efficiencies of the BES unit for all three load

diagrams
n=10 n=0.95 n=0.85 n=038
Load Diagram PpVmax PpESmax @QpES PpVmax PgESmax QpES PpVmax PgESmax @QpES PpVmax PpESmax @QpES
I'load diagram 21.294 13.889 360.100 22.294 14.888 368.590 24.787 17.382 389.787  26.366 18.961 402.793
IT'load diagram 21.294 18.908 406.582 22.927 20.541 424.004 27.053 24.667 465.637  29.694 27.308 490.774
IIIload diagram  18.973 12.796 329.344 19.982 13.806 337.981 22.520 16.343 359.541 24.132 17.956 372.823

From Figure 4 (Up) it can be seen that the voltage
profile of the DN is improved by connecting the
PV-BES system, reducing the deviation of the voltage
in relation to the reference value under 1% for all DN
nodes. This is achieved by reducing (Figure 4 (Down))
and changing the direction of the current in the supply
node, shown in Figure 4 (Up), as the increase of the
voltage in the first three nodes after connecting the
PV-BES system. This means that PV-BES system not
only provides the power needed for the load in the DN
but also injects power into the supply node to bring the

voltage in the DN nodes closer to the referent value.

Figure 4 confirms that the voltage and the current in
the DN are within their allowed values. The maximum
value and the maximum deviation of the voltage from
the referent value after connecting the PV-BES system
is in the node in which that system is connected, due
to its power injection into the DN.

In Table 4, the optimal values of the sizing parameters
of the PV-BES system are presented, including the
maximum power of the PV system, the maximum
power of the BES unit, and the energy capacity of the
BES unit, for the first, second, and third load diagrams,
respectively. The values in Table 4 are obtained using
different observation periods, at the end of which the
state of charge of the BES unit must be the same as at
the beginning.Specifically, the results in the mentioned
Tables are generated using the values of the minimum
and maximum allowed state of charge of the BES unit
SOChin = 0.15 and SOCax = 0.85 and the efficiency
of the charging and discharging processes n = 0.9.

From Table 4 it can be seen that the sizing parameters
of the PV-BES system have higher value in the months
with low solar irradiance, as a result of the short period
of sunlight during the day. In contrary, in the high solar
irradiance months the duration of daylight is longer
and thus the needed energy for power injection of the
PV-BES system can be produced by the PV system with
lower maximum power. The lower maximum power
of the PV system produces lower charging rates of the
BES unit reducing the needed maximum power of the
BES unit for most load diagrams. Also, longer daylight
shortens the period in which the optimal powers of

the PV-BES system are generated from the BES unit
resulting in lower energy capacity of the BES unit and
vice versa. Table 4 also show that the highest values
of the sizing parameters of the PV-BES system are
in the case of the one year observation period. The
explanation for this can be found in the fact that in
one year period besides the daily variation of the solar
irradiance dominant in the observation period of one
month, the monthly variation of the solar irradiance
is also present, charging the BES unit in high solar
irradiance months and discharging it in the low solar
irradiance months. This significantly increases the
energy exchange between the PV system and the BES
unit resulting in much greater energy capacity of the
BES unit. Impact of the longer observation period on
the maximum powers of the PV system and BES unit is
not that high considering that the average load power
has not changed.

Table 5 contains the values of the optimal sizing
parameters of the PV-BES system for different
efficiencies of the BES unit (1, 0.95, 0.85 and 0.8). The
allowed state of charge levels are the same as in Table 4.

Using the values from Tables 4 and 5, it can be
observed that the maximum power of the PV system
predominantly depends on the average load power,
which is proportional to the amount of energy that
needs to be injected into the DN. The maximum
power of the PV system for the third load diagram
is approximately 10% lower compared to the first two
load diagrams, consistent with their lower average load
powers. Beside this, the energy exchange with the
BES unit and its efficiency also have certain impact on
the PV system maximum power because they define
the energy losses that need to be covered by the PV
system generation (maximum power of the PV system
is highest for the second load diagram). On the other
hand, Tables 4 and 5 show that the highest maximum
power and energy capacity of the BES unit is obtained
for the second load diagram where the matching
between the PV system power generation and the load
power is the lowest. It is important to point out that the
values of the maximum powers of the PV system from
Tables 4 and 5 are generated after 2 iterations of the
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proposed iterative method for the observation period
of one month, and after 3 iterations for the observation
period of one year.
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Figure 5. Optimal powers of the PV system, BES unit and
PV-BES system, in the one year observation period (288
representative hours) for the third load diagram.

Figure 5 represents the optimal powers of the PV
system, BES unit and PV-BES system, in the one year
observation period for the third load diagram, as the
most realistic one. Considering that the average hourly
values of the solar irradiance for each month in the
year are used, the observation period of one month
is composed of 24 representative hours, while the
observation period of one year is composed of 288
representative hours, as shown on Figures 5 and 7.

The mentioned optimal powers of the PV system, BES
unit and the PV-BES system in the month of July
(month with the highest PV generation) for the first,
second and the third load diagram, are shown in
Figure 6.

In Figures 5 and 6, it is shown that during periods of
high solar irradiance, the optimal power of the PV-BES
system is generated by the PV system, while the BES
unit is charging (Ppgrs > 0). During periods of low
solar irradiance, the required power is supplied by
discharging the BES unit (Ppgs < 0). Also, these
figs. show that the shape of the power of the PV
system is the same as in its power generation diagrams
from Figure 3, while the optimal power of the PV-BES
system follows the shape of the load power in the DN,
but has the greater values. As mentioned earlier the
optimal power of the PV-BES system must be greater
than the load power to achieve the negative voltage
drop in certain DN branches and maintain the voltage
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in the DN nodes closer to the referent value.

Figure 7 shows the state of charge of the BES unit for all
three load diagrams in the one year observation period.
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From Figure 7, it can be seen that the state of charge of
the BES unit is between its minimum and maximum
allowed values (0.15 and 0.85) and is the same at the
beginning and at the end of the observation period.
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Figure 7. State of charge of the PV-BES system in the one
year observation period (288 representative hours) for all
three load diagrams.

Also, Figure 7 shows that the state of charge of the
BES unit changes its value on daily basis due to the
intermittent character of the solar irradiance during the
day and on monthly basis due to the monthly variation
of the solar irradiance during the year (in the first three
months the state of charge is decreasing, the next six
months is increasing and again decreasing in the last
three months). The highest daily variations of the
state of charge of the BES unit are obtained for the
second load diagram when the exchange of the energy
between the PV system and the BES unit is highest
due to the low matching between the load and the PV
generation. For the same reason the daily variations
of the state of charge are the lowest for the first load
diagram, as can be seen from Figure 7.

To demonstrate the performance of the employed
meta-heuristic optimization methods, Figure 8 and
Table 6 are prepared based on the values of the
criterion function obtained during the determination
of the optimal location and optimal powers of the
PV-BES system for the third load diagram, which is
considered the most representative one. Specifically,
Figure 8 shows the convergence of the criterion
function throughout the iterations, obtained using
WHO and GA for five different runs of optimization.

Although the criterion function converges (the optimal
solution is found) after similar number of iterations for
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Figure 8. Convergence of the criterion function throughout
the iterations obtained using WHO (Up) and GA (Down)
for five different runs.

both optimization methods, Figure 8 shows that the
convergence is more gradually in the case of WHO. Itis
important to emphasize that the simulations used for
generating results were performed on the laptop with
the following hardware characteristics: Intel i5 CPU
2.5 GHz and 6 GB RAM. Average computation time
for finding the solution to the optimization problem in
one attempt (after 50 iterations using the population of
150 individuals) on the mentioned hardware is 16.15
seconds in the case of GA and 10.37 seconds in the
case of WHO. In Table 6, the values of the statistical
indicators including minimal value, maximal value,
mean value and the standard deviation are shown for
both optimization methods generated after 50 runs.

As can be seen from Table 6, WHO again demonstrates
better performance compared to GA, considering the
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Table 6. Values of the statistical indicators obtained using
both optimization methods after 50 runs.

Optimization Min. value Max. value Mean value 5

method [108V2] [103V2] [103V2] i
GA 14.253292  14.878940 14.323420  149.7667
WHO 14.253122  14.253318 14.253180  0.050544

lower values of all statistical indicators obtained for this
optimization method. Table 6 also shows that although
both optimization methods have achieved very similar
minimum values of the criterion function, WHO has
a greater probability of reaching this value or a value
very close to it, as indicated by the significantly lower
standard deviation.

6 Conclusion

In this paper the two-step approach for improving
the voltage profile of the DN through the optimal
integration of the PV-BES system is presented. The
results show that the voltage profile of the DN can be
significantly improved by the optimal siting and sizing
the PV-BES system, reducing the voltage deviation
from the referent value under 1%. The meta-heuristic
optimization methods of WHO and GA prove to be
vary suitable for finding the optimal location and
optimal powers of the PV-BES system, determining
it in around 25 iterations, whereby the WHO showed
better performances considering statistical parameters.
The proposed iterative method for optimal sizing
the PV-BES system show high efficiency, finding the
maximum power of the PV system under 4 iterations.

The obtained results confirm that the optimal power
injection of the PV-BES system depends on and follows
the shape of the load power, with the value that is
around 60% higher than the load. The maximum
power of the PV system dominantly depends on the
average load power and is around 7 to 9 times higher
depending on the efficiency of the BES unit. The
results show that the maximum power and the energy
capacity of the BES unit increase their values if the
matching between the PV generation and the load
in the DN decreases. Also, the values of the sizing
parameters of the PV-BES system are higher in the case
of lower efficiency of the charging and discharging
process of the BES unit. Specifically results show,
that the energy capacity of the BES unit is inversely
proportional to the efficiency of the BES unit, while
the maximum power of the BES unit is inversely
proportional to the squared value of the efficiency of
the BES unit.
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