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Abstract—This paper proposes an updated two-step
approach to improve the operation of a distribution network
(DN) through the optimal siting and sizing of one, two, or three
systems, each consisting of a photovoltaic (PV) generator and a
battery energy storage (BES) unit — the so-called “PV-BES
system”. The first step of the approach determines the optimal
sites and optimal powers of the PV-BES systems, taking into
account the DN load profile and the required improvement in
DN operation. Parameters used to describe the quality of the DN
operation include the average daily power losses and the voltage
profile quality index of the DN. The optimal locations and
optimal powers of the PV-BES systems are determined using
metaheuristics of the particle swarm optimisation (PSO) and
wild horse optimisation (WHO) methods considering various
daily load profiles. Based on the optimal powers of the first step
and the known daily variation of solar irradiation, the second
step provides the individual maximum powers of the PV
generators and BES units, as well as the storage capacities of the
BES units required for the sizing of the PV-BES systems. The
iterative method used for the sizing of the PV-BES systems in
the second step of the proposed approach can be regarded as a
novelty. Finally, all results were obtained using the IEEE 33-bus
test radial DN topology, considering different numbers of PV-
BES systems connected to the DN, different efficiencies of the
BES units, and different priorities in the criterion function.

Index Terms—Battery energy storage (BES) unit;
Distribution network (DN); Wild horse optimisation (WHO);
Particle swarm optimisation (PSO); Photovoltaic (PV)
generator.

I. INTRODUCTION

Improving the operation of distribution networks (DNs)
has been attracting the attention of specialist researchers in
recent decades, due to their great importance for the quality
of electricity delivered to consumers and the overall operation
of an electric power system. Moreover, due to increased
environmental awareness, energy efficiency and the use of
green technologies are among the priority requirements for
the operation of DNs. One of the solutions to meet these
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requirements is the increased use of distributed renewable
energy generation [1], [2].

By optimising the locations and sizes of these generators
[3]-[6], the generators could have a positive impact on each
DN and improve its operation in various ways [7]. These
include increasing power supply reliability, reducing power
losses [8], [9], improving the voltage profile [10], [11], and
reducing and smoothing load peaks on the distribution lines
[12].

The existing literature contains a very large number of
research papers dealing with the same or similar topics. Some
of these topics are, e.g., as follows. VVoltage control in a DN
with multiple photovoltaic (PV) generators and battery
energy storage (BES) units was analysed in [13], and a
control strategy for a grid-connected system consisting of a
PV generator and a BES unit was considered in [14].
Furthermore, a control approach for a grid-connected system
consisting of PV generators, a battery, and a supercapacitor
was proposed in [15], and a mixed integer conic programming
model was presented in [16] to find the optimal type, size, and
location of BES units and various distributed generators in
radial distribution systems.

The optimal sizing and placement of a PV generator and a
BES unit in a real distribution system of a large chemical
plant with an unbalanced load to improve the associated
power losses, bus voltage profile, and voltage unbalance was
investigated in [17], etc.

Various methods and approaches have been proposed in
the literature for the optimal sizing and placement of PV-BES
systems in DNs. There is literature in which only BES units
are analysed [18]-[20], while there are also publications
dealing only with PV generators [21]-[23]. In addition, there
are papers in which the optimal sizing and placement of BES
units in the presence of PV generators has been investigated
[24]-[26]. The presence of a BES unit within the PV-BES
system is necessary to achieve the power required to
maximise the improvement of DN operation at a given time
of the day [27]. This is because the generation of electricity
from PV systems depends on solar radiation, which is not
present throughout the day, cannot be controlled, and does not
follow electricity consumption [14].
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In this paper, the improvement of the DN operation is
achieved through the optimal placement and sizing of PV-
BES systems in the DN. In the first step, the optimal locations
and optimal powers of PV-BES systems are determined
regarding the required improvement of DN operation. In the
second step, the individual maximum powers of the PV
generators and BES units and the storage capacities of the
BES units needed for the sizing of the PV-BES systems are
obtained. The proposed approach for PV-BES system siting
and sizing differs from the publications reviewed here, as well
as from numerous other review articles such as [27], [28], or
[29], [30], and may be of interest to the research community,
especially the second step. Specifically, such an approach is
applied in this paper as follows.

The first step of the aforementioned determines the optimal
locations and optimal powers of the PV-BES systems
considering the configuration of the DN and its daily load
profile. For this purpose, the metaheuristic optimisation
methods, wild horse optimisation (WHO) [31]-[33] and
particle swarm optimisation (PSO) [34], [35], are applied.
These optimisation methods were chosen because WHO is a
popular and relatively new optimisation method that has been
used in recent years by many researchers, and PSO is one of
the basic metaheuristics commonly used in the literature. In
general, metaheuristic optimisation methods are widely used
by researchers to solve complex nonlinear optimisation
problems with many constraints, in which optimal sites and
powers of PV-BES systems can also be included [24], [36],
[37]. Furthermore, WHO and PSO are implemented to
consider DN node sensitivity factors to reduce power losses
and improve the voltage profile, when determining the
optimal siting of PV-BES systems. The calculation of the
power flow in the considered radial DN is solved using the
backward/forward sweep iterative method according to [38].

The second step is used to size the units in each PV-BES
system. In this step, the individual maximum powers of the
PV generators and BES units together with the storage
capacities of the BES units are determined based on the
optimal powers of the PV-BES systems determined in the
first step and the known diagram of daily solar irradiation (per
unit). This is done using the proposed iterative method which
can be regarded as a novelty. In each iteration of the proposed
iterative method, the required maximum power of the PV
generator is determined based on the periods of charging and
discharging the BES unit obtained in the previous iteration
using the value of the maximum power of the PV generator
from the previous iteration. The results are generated for
various daily load profiles and different numbers of PV-BES
systems as in [39]. The effects of the efficiency and different
modes of charging/discharging of the BES units, as well as
different priorities in the criterion function on the sizing of
the PV-BES systems, are also taken into account.

Il. OPTIMISATION PROBLEM FORMULATION

Improving the voltage profile and reducing the power
losses in the DN using PV-BES systems is a nonlinear
optimisation problem with constraints. The nonlinearity
arises from the nonlinear dependencies of the quality of the
voltage profile and the power losses of the DN on the powers
injected by the connected PV-BES systems. The control
variables in this optimisation problem are the locations and
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the average hourly powers of the PV-BES systems, while the
constraints are as follows:

1)
(@)

i {iy iy, ),
P (k)< P (i),

where i is the index of a specific node in the DN to which the
PV-BES system is to be connected, and P(k) is the average
hourly power injected in the DN by the PV-BES system in
the k™" hour of the day.

The set of nodes (or their indexes) in which PV-BES
systems can be connected is defined as {i,, iy, ... iy}, While
Pax(0) is the maximum power of distributed generation that
can be injected in the i™ node of the DN.

The dependent variables that appear in this optimisation
problem are the individual powers of the PV generators and
the BES units, the states of charge of the BES units, the
currents flowing through the distribution lines, and the node
voltages of the DN. Constraints on the maximum possible
power of the PV generators (Ppymax) @nd maximum charging
(Pggsmin) @and maximum discharging power (Pggsmax) Of
BES units (the power of the BES unit is positive in
discharging and negative in the charging mode) can exist
considering the cost of these elements and the available space
for their implementation. Constraints for other dependent
variables are set taking into account the maximum current and
the permissible voltage range in the DN lines, as well as the
maximum and minimum states of charge of the BES units.
Constraints for the dependent variables are defined in the
following manner:

Poy (K) < Poy rac: 3)
PBESmin < PBES (k) < PBESmax’ (4)
<l (5)

V., <V<V_, (6)
SOC,,, <SOC < SOC, )

where [ is the current flowing through a particular branch of
the DN, V is the voltage at a particular node of the DN, and
SOC is the state of charge of a particular BES unit. The
powers Ppy, (k) and Pggs(k) represent the average one-hour
powers of the PV generator and the BES unit in the k™ hour.
Their values, as well as the values of other variables, must be
between the corresponding minimum and maximum values.
The constraints on the powers of the PV generators and BES
units, given in (3) and (4), are not taken into account in this
paper. The reason for this is to achieve maximum
improvement of DN operation, which requires sizing of the
PV-BES system as determined in the second step of the
proposed approach.

To improve the control of the BES units and maintain the
desired state of charge for each of them at the end of the
operating cycle, an additional constraint regarding the stored
energy in the BES units is introduced. This additional
constraint is as follows

W, —W.

end start —

AW, @)

where Wy, .- and W,,,, are the stored energies of a particular
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BES unit at the beginning and end of the operating cycle, and
AW is the desired increment in stored energy, which can have
a positive or negative value.

Also, power generation must satisfy power demand and
compensate for power losses in the DN at every moment. This
makes two more constraints, one for active and the other for
reactive power, that need to be fulfilled in the optimisation
problem:

Poy +Pos
QDN

=P +R

Loss !

= QL + QLoss'

©)
(10)

In (9) and (10), P,y and Qpy are the active and reactive
power taken from the DN in the supply node, P, and Q; are
the active and reactive load power, P, .. and Q¢ are the
losses of active and reactive power in the DN, while Py, is
the active power injected into the DN by the PV-BES
systems. In this paper, PV-BES systems operate with unit
power factor, so the reactive power of PV-BES systems is not
present in (10).

The main goal of applying optimisation to the DN using
PV-BES systems is to improve the DN operation. For this
reason, a two-parameter criterion function (C) of the
following form

C=axP

loss

+bxVQI (11)

is used. In the previous equation, P, represents the average
daily power losses of the DN, V QI is the voltage quality index
of the DN, while a and b are the weighting coefficients used
for the determination of priorities. The value of the average
daily power losses is calculated using

Ioss = 242

while the value of the voltage quality index is determined by

VQl =2 3 (M Ve )

where I, ; is the root mean square (RMS) value of the load

current flowing through the j path of the DN in the k™ hour,
R; is the resistance of the j™ path of the DN, m is the total

number of the paths in the DN, V; ; is the node voltage at the
end of the j" path of the DN in the k™ hour, and V. is the
reference voltage.

3I2

k. l’

(12)

(13)

I1l. SOLVING THE OPTIMISATION PROBLEM USING WHO

AND PSO

To determine the optimal locations and sizes of PV-BES
systems, the optimisation problem formulated needs to be
solved first. Solving such an optimisation problem involves
finding the optimal sites and optimal powers of the PV-BES
system to improve the voltage profile and minimise power
losses in the DN, while respecting the given constraints
(expressions (1)—(10)). These numerous constraints are the
main reason why the authors decided to use metaheuristic
optimisation methods instead of conventional methods for
solving the optimisation problem. Other reasons can be found
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in the simplicity, easy implementation, and efficiency of
metaheuristic optimisation methods on this type of
optimisation problem, proven by numerous research papers
in recent years.

The optimal locations and the optimal average hourly
powers of the considered PV-BES systems during the day are
determined by applying metaheuristics of PSO and WHO,
using the daily load profile of the DN. PSO and WHO belong
to population-based metaheuristic optimisation methods,
where the population consists of a set of individuals, each of
whom represents a vector of control variables and a potential
solution to the optimisation problem.

When solving an optimisation problem with one PV-BES
system, one element of the vector of control variables
contains information on the site (the index of the node of the
DN where the PV-BES system is connected), and the 24
remaining elements of this vector represent the average
hourly powers of the system for each of the 24 hours during
the day. In the case of connecting several PV-BES systems to
the DN, the procedure is the same, only the vector of control
variables has a larger number of elements, 25 for each PV-
BES system. After each iteration, the elements of the vectors
of control variables, representing the individuals, are changed
to reduce the value of the criterion function. This procedure
is repeated the required number of times (as long as it is
unlikely that the criterion function of the best individual will
change significantly, or until this change is negligible), and
finally, the individual with the best criterion function will be
singled out as the solution of the optimisation problem. As
part of the solution of the optimisation problem, the optimal
sites of the PV-BES systems are obtained directly, while the
calculated optimal hourly powers are further used to
determine the optimal size of each system.

To improve the efficiency and accuracy of the first step in
the approach used, the number of nodes representing potential
connection points of the PV-BES system is reduced, based on
their values of the power loss sensitivity factor (PLSF) and
the voltage quality sensitivity factor (VQSF). These
sensitivity factors are determined as the ratio of the increase
in power loss (4P, ,ss) and the improvement in the voltage
profile (AVQI) for the corresponding change in injected
power in the observed node and the given increase in the
injected power (4P), which for the i" node is obtained using
(14) and (15):

PLSF (i) = iEL(O:S)’ (14)
VQSF (i) = —i;/%l)' (15)

The problem that arises when assessing the suitability of a
node for the connection of distributed generation based on the
sensitivity factors is that different increments of the injected
power create different values for the sensitivity factors.
Specifically, this can change the order of the nodes according
to suitability. To solve this problem to a certain extent, this
paper uses the mean value of the sensitivity factor determined
by using twenty different values of the injected powers.
Taking this into account, the node suitability index of the it
node (NSI(i)) for the connection of the PV-BES system is
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. 20| 1/20
NSI (I)=_2kzl PLSF k p
20

m;

AP, 1/20  AVQI

L,

0 max(i)

@)

where B, is the maximum power constraint of the PVV-BES
system used in (2), PLSE,,q, and VQSF,,,, are the maximum
values of the power loss sensitivity factor and voltage quality
sensitivity factor considering all nodes in the DN. This is
done to equalise the priorities of power loss reduction and
voltage profile improvement in the NSI value, while the
minus sign is used so that the more suitable nodes have a
higher NSI value. It is important to note that the value of P,
must be reduced according to the number of PV-BES systems
connected on the DN to obtain the proper values for the NSI
in the DN.

In this paper, only the nodes with the highest values of the
suitability index (34 % of all nodes) are used as potential
connection points for PV-BES systems when implementing
metaheuristic optimisation methods. Also, it is important to
note that the improvement achieved by the node selection
according to the NSI values have a greater impact on the
solution of the optimisation problem if the DN has a larger
number of nodes.

A. Particle Swarm Optimisation

PSO is known to be a swarm-based metaheuristic
algorithm inspired by the foraging behaviour of a flock of
birds in nature [35]. Individuals within the population
communicate with each other and move towards the
individual who is in the place with the largest amount of food.
In the optimisation method, the amount of food is correlated
with the value of the criterion function (a greater amount of
food means a lower value of the criterion function). To better
search for the site where the optimal solution can be found,
the direction of movement of the individual is not only
affected by the site with the largest amount of food found so
far (Quest), but also by the site with the largest amount of food
that this individual has found so far (ppesti). In this way, in
each subsequent iteration, the individuals are getting closer to
finding the site with the largest amount of food and thus the
lowest value of the criterion function. This optimisation
algorithm can be defined analytically as follows:

V (£+2) = Wy, (£)+ Cyty ( Pres (1) =%, (1)) +
+C,r, (gbesl (t)_ X (t))’
X (t+1)=x () +v, (t+1),

7)
(18)

where t is the number of iterations, x; is the site of the it"
individual (i"" vector of control variables), v; is the
displacement vector of the i individual, w is the inertia
coefficient, C, and C; are the acceleration coefficients, and ry
and r, are the random numbers in the interval [0, 1].

B. Wild Horse Optimisation

The WHO method is a swarm-based metaheuristic
optimisation method inspired by the way wild horses live in
nature. The population of wild horses lives in separate groups,
each having one stallion (group leader) and several mares and
foals that follow him and graze around him. The stallion has
the right to mate and the task of leading the group to the
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appropriate area near the “water hole”, for which he competes
with the stallions of other groups. In addition, once in a while,
the stallion must compete with the members of his group for
the position of group leader. An interesting behaviour of wild
horses is that in the mating season, to avoid mating between
relatives and maintain genetic diversity, mares often part
from their group and mate with stallions from other groups,
while there is a possibility that when it grows up, the offspring
(foals) will leave their group and join the other group.

The WHO method mimics and analytically describes the
behaviour mentioned of wild horses, including grazing,
mating, group leadership, and selection of the group leader to
find the solution to the optimisation problem. Considering
this, the WHO method can be divided into five main steps that
are repeated in every iteration, excluding the first step:

1. Creation of groups. This is the initial step in the WHO

method in which the total population of wild horses is

randomly separated into groups, each having the same
number of individuals and one stallion (group leader).

2. Grazing behaviour. In this step, the movement of the

mares during grazing is defined. The mares move

randomly around the area in whose center the stallion is
located, which is analytically described by

)Z] :Axcos(ﬁjx180°)x(§—)2j)+§, (19)

where YJ’ and Z- are the new and the current location of the

j™ individual in the group, respectively, S is the location of
the stallion in the group, while fi]- is the vector of random
numbers from interval [0, 1] for the j individual in the
group.

For more uniformly distributed exploitation of the search
area around the stallion, in (19), the cosine function is used.
Considering that the optimal solution is more likely to be
near the position of the stallion, the attenuation coefficient
A is used.

3. Mating behaviour. In this step, mares and stallions are
selected for mating, and the crossing of their genes takes
place creating a new individual. Each pair selected for
mating is randomly chosen, but the mares and stallions in
it must be from different groups. Arithmetic mean value
crossing is used in this paper. The fact that individuals
chosen for mating belong to different groups creates
genetic diversity and represents the mechanism to escape
the local optimum.

4. Group leadership. The movement of the stallion is
generated in this step. The stallion tries to lead the group to
the “water hole”, but in doing so it is constantly competing
with other stallions for a better place. This, as a result,
creates the movement of the stallion around the “water
hole”, similar to that of the mares around him in the grazing
period, in which the group with the most dominant stallion
is located in the “water hole”. Taking this into account, the
“water hole” location (W) is found as the location with
the lowest criterion function found so far. Using the
location of the “water hole”, the new location of the stallion

in the group p (S:’,) is defined using (20)

§'=Axcos(ﬁx180°)x(vm—§>+vm (20)
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5. Selection of the group leader. This final step selects the
group leader based on the values of the criterion function
of the group members. During the grazing period, group
members change their locations, and after the mating new
individuals are created. Each of these behaviours, in
addition to the change in the location of the stallion
determined in the previous step, creates new values for the
criterion function of the group members. For this reason,
again it is necessary to determine the fittest individual in
each group (individual with the lowest value of criterion
function in the group) to be the group leader (stallion).

IV. OPTIMAL SIZING OF THE PV-BES SYSTEM

In this paper, the optimal sizing of the PV-BES system that
should be connected to a DN according to Fig. 1 corresponds
to the minimum size of this system that can inject the required
amount of power into the DN obtained by the optimisation
method. In this way, with minimum size, the PV-BES system
allows maximum possible improvement of the voltage profile
and minimum power losses in the DN.

DN

lJ T T T
PV generator

Fig. 1. Principal scheme of PV-BES system connected to the DN.

To determine the optimal size, the following data are
necessary: (i) the optimal power previously determined that
the PV-BES system should inject into the DN during the day
to improve its operation and (ii) the daily diagram of solar
irradiation. The first step in the proposed approach to
determine the optimal size of the PV-BES system is to size
the PV generator by determining its maximum required
power Ppymax. TO do this, it is necessary to express the power
of the PV generator for every hour of the day (Ppv(K)) in terms
of its maximum required power (Ppvmax) and solar irradiation
(Ic(k)) as

P

PV

(k)

(21)

where I-max 1S the maximum solar irradiation during the day.

For maximum utilisation of solar energy, PV generation
follows the shape of the daily solar irradiation diagram, which
is the main reason why the PV generator is often unable to
generate the required optimal power. To overcome this issue,
one BES unit should be added to the PV generator.
Depending on needs, the BES unit can operate as a consumer
of electricity (in charging mode) or a generator of electricity
(in discharging mode), ensuring that the power injected into
the DN is equal to the power required for optimal operation
of the DN. Accordingly, the power of the BES unit is
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PBES = Po - Pva (22)

pt
where Pgpy is the optimal power of the PV-BES system.

The charging periods of the BES unit take place when the
optimal power Py is lower than the power of the PV
generator Ppy, whereas the discharging appears when the
optimal power is greater than the power of the PV generator.
Taking into account that the average one-hour powers are
used here, the energy stored in the BES unit at the end of the
k™ hour, during charging and discharging, can be determined
using

W, =W, ; =77 % Pageg (k) (23)

and

1
— X Pagg

W, =W,

(k),

(24)

1

respectively, where W, is the energy stored in the BES unit
at the end of the k" hour, W, _; is the energy stored in the BES
unit at the end of the (k — 1) hour, Pggs(k) is the average
one-hour power of the BES unit in the k™ hour (having a value
lower than zero during the charging periods of the BES unit,
or a value greater than zero during the discharging periods of
the BES unit), and 7 is the efficiency of the charging and
discharging process of the BES unit.

By substituting (21) into (22), and then substituting such a
modified equation (22) into (23) and (24), the difference
between the states of charge of the BES unit at the end and
the beginning of the operating cycle becomes

(i) _,

S i )
—ZT[POpI(j)—PPVmaXT—(J)

)

C max

(25)

C max

where i and j are the ordinal numbers of hours during the
charging and discharging periods of the BES unit in the
operating cycle, respectively, and n and m is the total number
of hours of charging and discharging the BES unit during the
operating cycle, respectively.

As the maximum power of the PV generator is not known
in advance, the charging and discharging periods of the BES
unit must be assumed considering the shape of the daily solar
irradiation diagram and the optimal power of the PV-BES
system. The assessment of the initial values for the charging
and discharging periods of the BES unit is performed based
on a comparison of the optimal power of the PV-BES system
with the power of the PV generator, whose maximum

required power corresponds to an ideal process of
charging/discharging the BES unit, i.e.,
AW +YTP (i

PV max — ZI pt() (26)

T IC(i) ’
>

C max

where T is the total number of hours in the operating cycle,
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which is equal to the sum of the charging and discharging
periods, i.e., T = n + m. Therefore, (26) is derived from (25)
for the case of ideal efficiency of the BES unit, i.e., for n = 1.

Substituting the initial values of the charging and
discharging periods (n and m), the actual value of the BES
unit efficiency (), and the desired increment in the stored
energy of the BES unit (A#) into (25) yields the maximum
power of the PV generator

AW+ P
Z_”M

(n+ 7R (),
><;7+z:m|°7(j)><l

i n

(27)

PVmax —
C max

If this maximum power of the PV generator is not equal to
the one used to determine the latest values of the charging and
discharging periods of the BES unit, the procedure will be
repeated with the latest value of the maximum power of the
PV generator. The iterative procedure and other steps in the
proposed approach are illustrated in the form of a flow chart
shown in Fig. 2.

|1Pso,Wﬂo| | Daily load |
profile
BES BES _;
Optimal site Efficiency Efficiency
Y
Iteration
e, F—t—an | | [
i . 1 Y
<
¥ ¥
SR

Daily solar
irradiance diagram

!

Le ]

)
L ]

T

ety

Fig. 2. Flow chart of the proposed approach.If the maximum power of the
PV generator is known, it is possible to determine the power of the BES unit
using (21) and (22) for each hour of the operating cycle. By comparing the
absolute values for the power of the BES unit, obtained for each hour of the
operating cycle, the maximum charge/discharge power required for sizing
the BES unit can be determined using

It should be noted here that if the efficiency of the BES unit
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equals 1 (an ideal process of charging and discharging), the
calculation is much simpler because in that case there is no
need for an iterative procedure and the maximum power of
the PV generator is calculated directly using (26).

Paes o = Max{|Pugs (K)[}, k=12, (28)

The stored energy of the BES unit at the end of each hour
within the operating cycle can be determined using the power
values of the BES unit and (23) and (24). Then, the required
storage capacity of the BES unit (Qggs), as an important
parameter for its sizing, is determined based on the obtained
minimum and maximum values for the stored energy, and the
minimum and maximum values for the state of charge of the
BES unit given in constraint (7)
Wmax _Wmin

Qees =350, —s0C.

(29)

Wi @nd W,,,;,, are the maximum and minimum values of
stored energy in the BES unit of the operating cycle.

V. RESULTS AND DISCUSSION

All results of this study were obtained using the IEEE 33-
bus test radial DN topology shown in Fig. 3. For simplicity
and to draw general conclusions, it is assumed that the
distance between two neighbouring nodes in the DN is 300 m.
The voltage level of the DN is 10 kV, while the values of
resistance and reactance are r = 0.414 Q/km and X =
0.365 Q/km, respectively.

Both optimisation methods (PSO and WHO) are
implemented in such a way that the optimal solution is
reached after 200 iterations with populations of 100, 200, or
300 individuals depending on whether one, two, or three PV-
BES systems are connected to the DN. Optimisation methods
are implemented in such a way that they provide the best
possible results. With this in mind and using the results of
some test simulations, the values for the inertia coefficient w
and the acceleration coefficients C; and C, in PSO are
w=0.8, C; = 0.7, and C, = 0.8. In addition, groups of 20
individuals are used in WHO, using the uniform crossover
strategy to determine the optimal site, and the whole
arithmetic recombination strategy to determine the optimal
power.
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Fig. 3. IEEE 33-bus test radial DN.

Three different daily DN load profiles are considered. The
load profiles (total load of DN during the day) are shown in
Fig. 4. The shapes of the first two daily load profiles have a
more theoretical scope and have been chosen as examples of
load profiles that more or less match the power coming from
the PV generator and the shape of the daily solar irradiation
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diagram. As can be seen in Figs. 4(a) and 4(b), the first and
second load profiles have a different distribution of power
over the day, but the same values of maximum power
Prax12 = 4.5 MW and average power P,,;, = 3.311 MW.
The third daily load profile in Fig. 4(c) has the shape of a
typical load profile of the DN with the same values for the
maximum and average powers as in the first two cases,
Praxs =45 MW, and P,,,; = 3.311 MW.

In all the cases considered, the load is evenly distributed
among the nodes of the DN (each node has the same load).
Each load profile consists of the same combination of
electricity consumers, namely: 40 % industrial electricity
consumers (constant power load type with power factor
cosp =0.87) and 60 % resistive load (constant impedance
load type with power factor cose = 1), whose summarised
values for a voltage level of 10 kV (the rated voltage of the
DN) are shown in Fig. 4.
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Fig. 4. Various daily load profiles of the considered DN: (a) First daily load
profile; (b) Second daily load profile; (c) Third daily load profile.

The daily solar irradiation diagram used to determine the
power of the PV generator, expressed in percent (per unit), is
shown in Fig. 5.
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It is important to point out that when determining the
storage capacity of the BES units, the minimum and
maximum values of the state of charge of the BES units, in
all considered cases, are: SOC,,;,, = 0.1 and SOC,,,. = 0.9.

Table | shows the average daily power losses and the DN
voltage quality index for the case before connecting the PV-
BES system to the DN for all three daily load profiles (I, 11,
and I1). The results of Table I can be considered as expected.
Although the powers of the first and second daily load
profiles are distributed differently by hour, they are the same,
as are the values of average daily power losses and the voltage
quality index. Compared to the corresponding data obtained
for the third daily load profile, these parameters appear to be
slightly higher.
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Fig. 5. Daily solar irradiation diagram.

TABLE I. AVERAGE DAILY POWER LOSSES AND VOLTAGE
QUALITY INDEX OF THE DN FOR THE CASE BEFORE
CONNECTING PV-BES SYSTEMS.

Daily load profile | 11 11

Pross (KW) 60.077 60.077 54.377
VOI (10° V2 514.969 514.969 465.769
Table Il lists the results obtained for the case after

connecting one PV-BES system to the DN, considering the
corresponding optimal sites and optimal powers previously
determined. These results, in addition to the average daily
power losses (P,ss) and the voltage quality index (VQI),
include the optimal site (i.e., node index in the DN) in which
the PV-BES system is connected, as well as the required
maximum power of the PV generator (Ppymax), required
maximum power of the BES unit (Pgzsmax), and the required
storage capacity of the BES unit (Qys) obtained for different
values of efficiency of the BES unit (n, = 1, n, = 0.9, and
ns = 0.8) and increment in the stored energy of the BES unit
(AW, = 10 MWh and AW, = —10 MWh).

It is important to point out that when the efficiency of the
BES unit is changed, the increase in the stored energy of the
BES unit is equal to zero. In addition, the efficiency is equal
to one when different increments in the stored energy of the
BES unit are considered. Taking into account the form of the
criterion function used, the efficiency values and the desired
increment in the stored energy of the BES unit do not affect
the optimal site and optimal power of the PV-BES system,
but only its sizing parameters (maximum power of the PV
generator, maximum power of the BES unit, and storage
capacity of the BES unit). The results tabulated in parentheses
refer to cases where WHO is used for optimisation, while the
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remaining results (not in parentheses) are obtained using
PSO.

The first thing that can be seen from Table Il is that the
results obtained using both optimisation methods have
approximately the same values, which can be explained by
the similar nature of the optimisation methods used.
Specifically, the average daily power losses and the voltage
quality index after connecting a PV-BES system to the DN
have practically the same values for the first and second daily
load profiles and slightly lower values for the third.
Therefore, it is clear that the values of the average daily power
losses and the voltage quality index depend on the load power
and not on their hourly distributions, which is expected
considering the presence of the BES unit. When comparing
the results of Tables | and I, it is clear that connecting the
PV-BES system to the DN can reduce its power losses and
significantly improve its voltage profile.

TABLE II. AVERAGE DAILY POWER LOSSES AND VOLTAGE
QUALITY INDEX OF THE DN FOR THE CASE AFTER
CONNECTING ONE PV-BES SYSTEM TO THE DN, AND THE
OPTIMAL SITE AND SIZING PARAMETERS OF THAT PV-BES

is proportional to the load power to reduce power losses and
improve the voltage profile. The results related to the sizing
of the BES unit show that its maximum power and its required
storage capacity directly depend on the match between the
power generation profile of the PV generator (daily solar
irradiance diagram) and the daily load profile of the DN. This
is the reason why the maximum power and the required
storage capacity of the BES unit have significantly higher
values in the case of the second daily load profile.

Moreover, the results in Table 11 show that as the efficiency
of the BES unit decreases, both the size of the BES unit (its
maximum power and its required storage capacity) and the
size of the PV generator (its maximum power) increase. A
similar effect occurs when the increment in the stored energy
of the BES unit is positive (the stored energy is higher at the
end than at the beginning of the operating cycle). The
explanation for this lies in the fact that for the same discharge
power, the charging power of the BES unit must be increased.
On the contrary, when the increment in the stored energy of
the BES unit is negative, the charging power of the BES unit
decreases and therefore the maximum power of the PV

e SIYSTEM- - - generator and the maximum power and storage capacity of
aily load profile .
WY, WY, 19,390 the BES unit also decrease. .
Pioss (kW) (21.437) (21.435) (19.389) Tables 111 'and IV show the average daily power losses and
Vol 10°V?) 13.422 13.421 12.127 the voltage quality index of the DN for the cases after
(13.422) (13.425) (12.131) connecting two and three PV-BES systems to the DN,
g Y!
Optimal site I 7 l respectively. In addition, these tables contain the optimal sites
9(5:()50 9(250 9(17:_)33 and sizing parameters of those PV-BES systems.
Ppymax1 (MW) (9:660) (91660) (9:133) The results in Table Il or Table IV obtained by both
5 657 7760 5632 optimisation methods are again similar to each other, but in
Pegsmaxa (MW) (5.657) (7.761) (5.632) this case, the differences are greater than in the case when one
Qprss (MWh) 38.446 57.686 40.285 a PV-BES system is connected to the DN, which can be
(38.446) (57.686) (40.285) explained by the higher complexity of the optimisation
Ppymasxo.s (MW) (18:233) (ﬂ:igg) (18:58) problem. Also, considering the values of average daily power
6.624 9.007 6.649 losses and the voltage quality index, it can be seen that WHO
Peesmaxos (MW) (6.624) (9.227) (6.648) gave slightly better results, especially in the case when two
0 (MWh) 41.847 63.463 43.997 PV-BES systems are connected on the DN.
BES0.9 (41.847) (63.463) (43.997)
» MW 11.921 13.128 11.508 TABLE I1l. AVERAGE DAILY POWER LOSSES AND VOLTAGE
pymaxos (MW) (11.921) (13.128) (11.508) QUALITY INDEX OF THE DN FOR THE CASE AFTER
7018 11.229 8.007 CONNECTING TWO PV-BES SYSTEMS TO THE DN, AND THE
Pgsmaxos (MW) (7.918) (11.229) (8.007) OPTIMAL SITE AND SIZING PARAMETERS OF THOSE PV-BES
45,911 70.427 48.224 : : SYSTEMS.
11.028 11.028 10.501 P (KW 9.896 9.919 9.004
Pevmaxs+10 (MW) (11.028) (11.028) (10.501) toss (W) (9.860) (9.777) (8.860)
7.025 9.128 7.000 3\ 2 4.678 4.783 3.951
Peesmaxs+10 (MW) (7.025) (9.128) 7.000 voraovy (4.586) (4.320) (3.876)
49.861 69.656 51.835 N 12 12 11
Qses+a0 (MWh) (49.861) (69.656) (51.835) Optimal site 1 (13) (12) 12)
8.292 8.292 7.765 4.403 4.399 4.457
Pevmax-10 (MW) (8.292) (8.292) (7.765) Pevimax (MW) (4.168) (4.352) (4.134)
4.289 6.392 4.264 2.634 3.441 2.836
P —10 (MW
pesmax-10 (MW) (4.289) (6.392) (4.264) Psesimax (MW) (2.448) (3.459) (2.519)
27.571 45.800 28.884 17.317 25 852 19.749
Qpes-10 (MW) (27.571) (45.800) | (28.:884) Qpes: (MWH) 16e8%) | (6137 (18.197)
Furthermore, Table Il shows that the optimal location of Optimal site 2 é;) é;) é;)
the PV-BES system does not depend on the shape of the daily 4579 4566 4.154
load profile and that for the three profiles, it is node 7, which Pevamax (MW) (4.731) (4.667) (4.387)
is located in the middle of the DN. Table 1l also shows that 2904 3799 2.460
the maximum power of the PV generator is proportional to Peesamax (MW) (2.802) (3.797) (2.737)
the average daily load power. This is expected because the Osess (MWH) 18.903 28.009 18.415
PV generator has to inject the power into the DN power that pEs (18.535) (27.493) (19.487)
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Comparing the results in Table 111 or Table IV with those
in Table 11, it can be seen that the average daily power losses
can be further reduced and that the voltage profile can be
additionally improved with the increase in the number of PV-
BES systems connected to the DN.

TABLE IV. AVERAGE DAILY POWER LOSSES AND VOLTAGE
QUALITY INDEX OF THE DN FOR THE CASE AFTER
CONNECTING THREE PV-BES SYSTEMS TO THE DN, AND THE
OPTIMAL SITE AND SIZING PARAMETERS OF THOSE PV-BES

SYSTEMS.
Daily load profile I 1" m
Pioss (KW) (Zé??) (Zégé) (2?;‘3)
ver 1o’ vy e e @2a5)
Optimal site 1 (3) (i) (i)
Pevimax (MW) (317133) (g:gié) (g:gig)
Paesimax (MW) é:g;g) é:gg) éég%
Qs (MWh) (ﬁ:ggi) (i:gg) (12:3%)
Optimal site 2 (13) (13) (ig)
Prvamax (MW) (gggé) éIZZZ’) (2:1212171)
Paesomax (MW) é:igg) é:gg;) (ié;g)
Qs (MWh) (ﬂ?g% (i??é) (ﬁ:ggg)
Optimal site 3 ég) ég) ég)
Pevamax (MW) é:ggg) é:ggg) é;Zif)
Pogssmax (MW) (i;ﬁ) éég;) (i:égg)
Qsrss (MWH) (ﬁiégg) (ﬁéﬁ) (1(1):2?%

It is important to emphasise here that the additional
improvement mentioned of the DN performance, which is
achieved by adding one or two more PV-BES systems to the
DN, decreases with the increase in the number of PV-BES
systems. This additional improvement is illustrated in Figs. 6
and 7. Therefore, adding more than three PV-BES systems to
this type of DN would not make a noticeable difference and,
for that reason, it was not considered. Tables I1-1V show that
the sum of the maximum powers of PV generators, the sum
of the maximum powers of BES units, and the sum of the
storage capacities of BES units are approximately the same
regardless of the number of connected PV-BES systems. The
optimal locations for the PV-BES systems in the case, when
two or three are connected on the DN, are the nodes located
along the two main branches, and in some cases, depending
on the applied optimisation method, if they are not the same,
then they are two adjacent nodes.

Figure 6 shows the voltage profiles of the DN for the hour
of maximum load power, while Fig. 7 shows the average daily
power losses in the DN paths. The results in Figs. 6 and 7 are
generated for the DN without and with one, two, and three
PV-BES systems.

In Fig. 6, it can be seen that the voltage along the DN nodes
improves by connecting the PV-BES systems to the point that
for three connected systems is approximately equal to the
reference voltage (V.. =1 pu).
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Similarly, Fig. 7 shows how the average daily power losses
in the paths of the DN decrease as the number of PV-BES
systems connected to the DN increases. As indicated in
Fig. 3, the path index is equal to the index of the node located
at the end of that path. According to Figs. 6 and 7, in the case
where only one PV-BES system is connected to the DN, in
the vicinity of node 7 there are increases in voltage and
average daily power losses, which are the result of high
injected power into that node.

— Without PV-BES systems

— With one PV-BES system
With two PV-BES systems

— With three PV-BES systems
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Fig. 6. Voltage profiles of the considered DN without and with one, two, and
three PV-BES systems.
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Fig. 7. Average daily power losses in DN paths without and with one, two,

and three PV-BES systems.
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The results shown in Figs. 6 and 7 are generated for the
third daily load profile, which is considered to be the most
representative.

Figure 8 shows the average one-hour powers of the PV-
BES system (optimal power of the PVV-BES system obtained
using PSO or WHO to minimise the criterion function), the
power of the PV generator, and the BES unit obtained for the
first, second, and third daily load profiles. All results shown
in Fig. 8 are obtained for the case where a PV-BES system is
connected to the DN.

Based on Fig. 8, it is obvious that the optimal power of the
PV-BES system follows the shape of the daily load profile,
which corresponds to the criterion function used. In addition,
the power of the PV generator follows the shape of the daily
diagram of solar irradiation from Fig. 5, as stated earlier. The
power of the BES unit is positive (the BES unit is
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discharging) in periods when there is no solar irradiation or it
is low, or negative (the BES unit is charging) in periods of
high solar irradiation.
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Fig. 8. Average one-hour powers of the PV-BES system (optimal power),
PV generator, and BES unit obtained for various daily load profiles: (a) For
the first daily load profile; (b) For the second daily load profile; (c) For the
third daily load profile.

The results of Fig. 8 once again confirmed what was said
based on Table Il about the maximum powers of the PV
generator and the BES unit.

Figures 9 and 10 show the state of charge of the BES unit
during the day, in the case when one PV-BES system is
connected to the DN (practically the same shape of the state
of charge is present in the cases where two or three PV-BES
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systems are connected to the DN). Specifically, Fig. 9 shows
the state of charge of the BES unit obtained for the first,
second, and third load profiles, using the ideal efficiency
(n = 1) and the zero increment in the stored energy (AW =
0). Figure 10 shows the state of charge of the BES unit
obtained for the third load profile in the cases with different
efficiencies and increments in the stored energy of the BES
unit.
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Fig. 9. State of charge of the BES unit with ideal efficiency and zero
increment in stored energy, for various daily load profiles.
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Fig. 10. State of charge of the BES unit for different efficiencies and

increments in stored energy, for the third daily load profile.

In Figs. 9 and 10, it can be seen that the state of charge of
the BES unit is between 0.1 and 0.9 for all the cases
considered which are the limits used in (7). The state of
charge at the beginning and end of the day depends on the
load profile in the DN and the desired increment in the stored
energy of the BES unit, whereas the efficiency of the
charge/discharge process does has little effect on the shape of
the state of charge of the BES unit. Figures 9 and 10 show the
close correlation between stored energy and the state of
charge of the BES unit, which can best be seen in the
similarity of the stored energy increment and the difference
between the state of charge at the end and the beginning of
the day. Also, Figs. 9 and 10 show that the state of charge of
the BES unit increases in the time of high solar irradiation
when the BES unit is charging, and decreases in time of low
solar irradiation when the BES unit is discharging.

All previously obtained results refer to the case of
improving the voltage profile and reducing power losses with
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the same priority. This is achieved when both terms of the
criterion function have approximately the same average
values considering most iterations during the execution of
PSO or WHO. Specifically, the values of the weighting
coefficients that allow the same priority to improve the

voltage profile and reduce the power losses are: a = 1 % and

b=04.

Table V outlines the values of average daily power losses
and voltage quality index for the case after connecting one
PV-BES system, together with the corresponding optimal site
and sizing parameters, obtained for various priorities in the
criterion function for the third daily load profile.

TABLE V. AVERAGE DAILY POWER LOSSES AND VOLTAGE QUALITY INDEX OF THE DN FOR THE CASE AFTER CONNECTING ONE
PV-BES SYSTEM TO THE DN, AND THE OPTIMAL SITE AND SIZING PARAMETERS OF THAT PV-BES SYSTEM OBTAINED FOR VARIOUS
PRIORITIES IN THE CRITERION FUNCTION.

Priority case | 11 111 1\ \Y
G 14.694 15.849 19.390 22,083 25322
(14.694) (15.849) (19.389) (22.083) (25.324)
59.710 29.799 12.127 7.643 6.130
VeI (10°V) (59.715) (29.798) (12.131) (7.643) (6.130)
— 6 7 7 7 7
Optimal site ©) 0 0 0 0
) 7.367 7.932 9.133 9.744 10.339
max (7.366) (7.932) (9.133) (9.743) (10.340)
W) 4548 4.894 5.632 6.006 6.372
max (4.548) (4.895) (5.632) (6.007) (6.372)
32578 35.067 40.285 43.046 45.668
Qs (MWh) (32.578) (35.069) (40.285) (43.046) (45.669)

Five cases of different priorities are considered, each of
them having its pair of weighting coefficients. In the first
case, the dominant priority is given to the reduction of power

losses in the DN (a = 1%, b =0.004 v—lz). In the second, the
basic priority is given to the reduction of power losses (a =
1%, b=0.1 %). In the third case, the reduction of power
losses and the improvement of the voltage profile have the
same priorities (a = 1%, b = 0.4%). In the fourth, the basic
priority is given to improving the voltage profile (a = 0.4 %
b= 0.4%), and in the fifth case, the dominant priority is
given to improving the voltage profile (a = 0.01%, b=
0.425).

According to the results in Table V, the average daily
power losses and the DN voltage quality index have lower
values if they are given a higher priority. Also, since the
voltage profile and power losses depend on the power flows
in the DN, the changes in their values occur simultaneously.
To some extent, these changes are beneficial to the
improvement on both sides, as can be seen from the results in
Cases | and V, where the values of voltage quality index
(Case I) and power losses (Case V) are significantly improved
compared to the corresponding values from Table I. After
that, the improvement of the voltage profile and the reduction
of power losses in the DN have opposing needs considering
the amount of injected power from the PV-BES system,
which is why the optimal values of the sizing parameters
depend on the given priority.

Furthermore, from Table V, it can be seen that the
maximum power required of the PV generator, the maximum
power required of the BES unit, and the storage capacity
required of the BES unit increase as the priority given to
improving of the voltage profile increases. The explanation
for this lies in the fact that improving the voltage profile
requires the injection of a higher power from the connected
PV-BES system than the reduction of power losses for the

selected reference voltage (Fig. 11). The selected value of the
reference voltage has a high effect on the results obtained.
Specifically, in this paper the reference voltage is equal to
10 kV (or 1 pu), which is also the voltage of the power supply
node. In the case when the reduction of power losses in the
DN is given the dominant priority, the optimal location of the
connected PV-BES system changes from node 7 to node 6.

It is important to point out that, in addition to the PSO and
WHO, the authors also used the genetic algorithm [6] as well
to solve the given optimisation problem. The results
generated using the genetic algorithm were very similar to
those in Tables 11-V.

Figure 11 shows the average one-hour powers of the PV-
BES system (optimal power), power of the PV generator, and
power of the BES unit obtained for the third daily load profile
using the following two priority cases: (i) case where the
dominant priority is given to the reduction/minimisation of
power losses (Fig. 11(a)) and (ii) case where the dominant
priority is given to the improvement of the voltage profile
(Fig. 11(b)).

It can be seen from Fig. 11(a) that the optimal power of the
PV-BES system is approximately two-thirds of the load
power if the priority is to reduce power losses.
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Fig. 11. Average one-hour powers of the PV-BES system (optimal power),
the PV generator, and the BES unit obtained for the third daily load profile
and two different priorities in the criterion function: (a) The case where the
priority is given to reducing power losses; (b) The case where the priority is
given to improving the voltage profile.
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However, if the priority is to improve the voltage profile,
according to Fig. 11(b), the optimal power of the PV-BES
system is almost identical to the load power. This results in
higher operating powers and sizing parameters for the PV
generator and BES unit if the priority is to improve the
voltage profile.

VI.

This paper effectively presented the proposed two-step
approach for optimal siting and sizing of one or more PV-
BES systems in the DN, to reduce power losses and improve
voltage profile. The results obtained showed that the
connection of such PV-BES systems to the DN improves its
overall performance regardless of the shape of the load profile
and that the level of improvement increases with the increase
in the number of connected PV-BES systems. Moreover, it
was found that only the nodes located along the two main
(longest) branches in the DN can be the optimal sites to
connect the PV-BES systems to the DN and that the indexes
of those nodes change depending on the number of connected
PV-BES systems.

The iterative method used in the second step of the
proposed approach is found to be efficient in sizing the
elements of the PV-BES system. Furthermore, it was
observed that the sizing of the PV generator (its maximum
power) in the PVV-BES system is most affected by the average
load power and that the sizing of the BES unit (its maximum
power and its storage capacity) depends mainly on the
matching between the load diagram and the power generation
diagram of the PV generator. Regarding this, for the same
level of improvement in the operation of the DN, both the
decrease in efficiency and the increase in the amount of
energy stored in the BES unit during the operating cycle
increase the sizes of the PV generator and the BES unit.
Finally, this study showed that the required size of the PV-
BES system is larger in the case where priority is given to the
improvement of the voltage profile than in the case where the
reduction of power losses was prioritised.

CONCLUSIONS
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