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Abstract. The paper discusses the problem of the energy losses reduction in electrical
networks using a battery energy storage system. One of the main research interests is to
define the optimal battery location and control, for the given battery characteristics
(battery size, maximum charge / discharge power, discharge depth, etc.), network
configuration, network load, and daily load diagram. Battery management involves
determining the state of the battery over one period (whether charging or discharging)
and with what power it operates. Optimization techniques were used, which were
applied to the model described in the paper. The model consists of a fitness function
and a constraint. The fitness function is the dependence of the power losses in the
network on the current battery power, and it is suggested that the function be fit by a n -
order power function. The constraints apply to the very characteristics of the battery
for storing electricity. At any time interval, the maximum power that the battery can
receive or inject must be met. At any time, the stored energy in the battery must not
exceed certain limits. The power of losses in the network is represented as the power of
injection into the nodes of the network. The optimization problem was successfully
solved by applying a genetic algorithm (GA), when determining optimal battery
management. Finally, the optimal battery management algorithm is implemented on the
test network. The results of the simulations are presented and discussed.
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1. INTRODUCTION

Energy security, as well as environmental concerns are becoming an increasingly
current and frequent topic of the 21st century. Currently, a large part of the world's energy
comes from fossil sources, and humanity is slowly facing the problems of environmental
pollution. Therefore, the importance of alternative clean energy sources, which have a
tolerable impact on the environment, is of great importance. In order to improve the quality
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of the power system (increase the reliability, decrease the energy losses, improve the
voltage profile of the network) and create better distribution flexibility, renewable energy
resources (RES) are necessary for the power system. Photovoltaic devices, electric vehicles,
storage systems - batteries are some examples of distributed energy resources. Micro grid is
a distribution system that includes various renewable energy sources in the power system. It
can operate in two different operating modes: In island operation (autonomous) and be
connected to the power system. The presence of several interconnected micro networks in
distribution networks improves the performance and reliability of the power system. The
micro network operator can reduce the operating costs of the system, while increasing its
reliability and environmental performance [1]. Much of the literature deals with the
aforementioned [2 — 5]. To make the operation of the electricity network even more flexible
and reliable, it is necessary to introduce battery storage systems (BEES).

Electricity losses are one of the main issues for distribution system operators, as the
planning, management, and maintenance of the distribution network are based on appropriate
costs. Therefore, the cost of supply to end - users connected to the distribution system is also
affected by the cost of electricity losses. Therefore, the reduction of electricity losses is one of
the main goals of electricity distributors, which should ensure efficient and reliable
distribution of electricity at an affordable price [3]. Distributed production from renewable
energy sources has been growing in recent years, introducing the need for a possible
reconfiguration of the current distribution network (DN) which can reduce the load of
individual lines and provide less energy losses with corresponding increased reliability and
efficiency [6].

Minimizing power losses in the distribution network is one of the main issues of the
distribution system, due to the need for reducing control distribution network management
costs. Recent developments in battery storage technologies have introduced new
capabilities for their power distribution systems within the radial distribution network.
Batteries can be properly integrated into the grid and managed to reduce electricity losses,
thereby increasing production from renewable energy sources and contributing to voltage
regulation due to the production of reactive power from the battery inverter.

Reducing electricity losses using BEES in the distribution network has become
increasingly attractive in recent years due to a significant increase in technological
performance and an expected reduction in BESS installation costs [7]. Energy storage devices
in power systems can generally be classified into two types: long-term devices with relatively
long response time and short-term storage devices with fast response. Each BEES type can
provide a certain set of applications, depending on the range of its technical parameters.
The first category is suitable for energy management applications such as peak shaving,
loss reduction, island operation, renewable energy, time shift, and long-term voltage
control. One of the most important applications in this category is the cutting of the peaks
on the load diagram, which the researcher study in detail in [8]. This is especially true for
some rapidly evolving technologies, for example, lithium-ion batteries with an expected
reduction in capital costs by about 30-50% in the coming years [9, 10].

For these reasons, much of the research is currently focused on different modeling
possibilities and simulations of optimal management of BESSs connected to the
distribution network. The genetic algorithm has proven to be the most favorable in
practice for solving this type of problem [11, 12, 13]. However, these methodologies
require intensive computational time. The main goal of this paper is to define a novel
optimization model, reducing the computational time, and simultaneously optimize the
location and the scheduling of the battery.
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In this paper, the problem of reducing electricity losses using a battery is considered.
This paper aims to determine the optimal location of batteries and their management to
reduce losses in the distribution network. First, the location of the battery is determined
based on the sensitivity coefficient of the network nodes, and then the optimization of
battery charging / discharging is performed for the selected location. Optimal battery
management involves determining the charge / discharge power of the battery so that
daily power losses in the network are minimal. For this purpose, a fitness function has
been defined, which includes network and battery models, in the form of the dependence
of network power losses on the current battery power. To obtain a simpler solution, it has
been proposed that this dependence be fitted with a power function of order n. To the
knowledge of the authors, this way of defining the fitness function has not been researched
in the literature so far. The optimization problem, in addition to the fitness function, also
contains additional limitations such as inequalities and equations that result from the
characteristics of the battery for storing electricity (battery size, maximum charging /
discharging power, discharge depth, etc.). The optimization problem was successfully solved
by applying a genetic algorithm (GA).

At the end of the work, the defined optimal battery management algorithm was
applied to one test network. The simulation results showed that the proposed method can
be efficiently used to reduce electricity losses using a battery.

The paper is organized as follows: The description of the problem, modelling of
steady-state operation of DN and BESS are presented in Section 2, Section 3 describes
the methodology of optimal BESS location and the equations modelling the optimization
goal and constraints Finally, in Section 4 radial test grids are presented to validate the
proposed methodology for finding the BESS siting and determine optimal power of
charge/discharge battery for the selected location.

2. PROBLEM DESCRIPTION AND FORMULATION

This paper uses the model of network and model of battery storage, which will be
described below. The functional dependency of the power losses in the network on the
current battery power was defined. Based on it, the fitness function was formed for the
optimization procedure.

2.1. Network and battery modelling
2.1.1. Network modelling

The number of nodes and branches leads to an appropriate representation of the network
where the incidence matrix A and matrix P are defined according to those given in
references [14]. Sk is the complex load force of the k-th node. The generated power in a
node is taken as negative (-) and the consumption power as positive (+).

The incidence matrix A is of dimension n x n (number of nodes x number of
branches), not counting the root node. Matrix A is a square matrix, due to the radial
topology of the distribution network. The first and second nodes in the branch are
identified by -1 and +1, respectively. Matrix P, dimensions n x n (humber of nodes x
number of branches) defines whether the k-th branch is located in the path between the j-



124 M. STEVANOVIC, A. JANJIC, S. STOJANOVIC, D. TASIC

th and the root node. Based on the previous one, the matrix equality holds that ATP =1 .
The preceding notation is identical to that presented in reference [14].

Branch currents and node voltages are calculated iteratively according to the procedure
proposed in reference [14]. The loads connected to the distribution network are
characterized by constant currents at each iteration. Under this assumption, the load current
of the k - th node is independent of the voltage in that node. So the current of the k-th node.
in the j - th iteration it is calculated as:

-k ®

where UlEH) is the line voltage value calculated in the previous iteration (j—1) — th, 151{() is
injection current in k-th node. During the iterative process, the node voltages are used for the
calculation and in the first iteration they should be equal to the root node voltage Eo.

The corresponding equation according to Kirchhoff's law for each node, can be
written for each iteration using the incidence matrix as follows:

IS 2

) '
where are 1b branch currents in the j-th iteration, and 1%1) injection currents in nodes
network in the j-th iteration.

When branch currents are calculated using the preceding formula, the voltage drop dUy at
each node in the network can be written as:

sl =zl ®)
: : () : o
where is Zy the impedance of the k-th branch and ~bk is current in k—th branch in the j-

th iteration .
Therefore, in the j-th iteration, for bus voltage at each node of the network we have

i} -eo-terfau (D] @
where Eg is the known root node voltage and dQ is voltage drop vector in each of the

nodes of the network.
Finally, the iterative process is terminated when the following condition is satisfied:

-
s

In other words, the iterative process ends when the relative change in voltage across all
nodes in the network in two adjacent iterations is less than the given tolerance «.

<eg (5)
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2.1.2. Battery model

The battery model is based on the battery model from reference [15] where the battery
is treated as a passive component. Therefore, the power injected into the battery (battery
charge) has a positive sign while the power injected by the battery into the network
(battery discharge) has a negative sign. The energy accumulated in the battery (charge
state) of the SOC at tj+1 is defined by the following linear equation [15]:

Pst,d (ti)
SOC(tj,1) =154 SOC(tj) +| mcPst,c (tj) ———— |At (6)

where 7y, is the battery discharge efficiency, 7, is the charging efficiency, n, is the

discharge efficiency, and Pac and Pwa are the battery powers during charging and

discharging, respectively. To limit the charging and discharging power of the battery, the

previous variables should satisfy the following inequalities:

SOCmax
Te

SOCmax
Td

0<Py 4 <y )

0< &g +3y <1

where SOC,,, is the capacity of the battery, T, and T, are the minimum charging and
discharging times, respectively, &, and J; are binary variables that determine whether
the battery is charged or discharged. For 6, =1 and &4 =0 the battery is charging, for
o, =0 and oy =1, the battery is discharging, while for &, =0 and §; =0, the battery
is offline.

2.2. Problem formulation

It is necessary to determine the optimal location and schedule of charging and discharging
the battery throughout the day so that the daily energy losses in the network are kept to a
minimum.

Battery siting is determined based on sensitivity analysis of the power losses given in
reference [16].

*
W, -W, AW,
oss = Ioss,k* loss 100 = Ii)ss,k 100 ®)
loss VVloss

where Mossk is corresponding to the daily power losses for the given grid configuration

*
and Wqss are daily power losses for the referent configuration network.
Energy losses during the day can be calculated as the sum of energy losses in
individual time intervals. This time interval is chosen so that the power of losses in the



126 M. STEVANOVIC, A. JANJIC, S. STOJANOVIC, D. TASIC

network could be constant during its duration. Therefore, the total energy losses during
one day are calculated as:

N
W =W +Wy +...+Wj +--+W = (izl)wi 9
where N is the number of time intervals and W, is energy losses in the i - th time

interval.

Energy losses depend on the power losses in the network and the duration of these
losses, while power losses depend on the square of the current flowing through the
network elements (line, transformer, generator, etc.). It is a well-known fact that power
losses depend on the current squared. However, the power flow through the lines of the
network largely contributes to the injection of power into the nodes of that network.
Hence the idea, that the power of losses in the network is represented by some function
that depends on the power of injection in individual nodes of the network. There can be
one node with batteries, and there can be more nodes. Depending on whether one or more
nodes are concerned, an appropriate polynomial function is chosen that gives the
relationship between the dependence of energy losses and the injection power in the
battery nodes. If it is a single node within a battery, the form of the function is as follows:

n
Wi =" ag i) Pac) (10)
=

where By jy is battery of power in i-th time interval, and n is order of polynomials.

Total energy losses during one day are equal to the sum of losses in individual time
intervals, based on equality (9) and (10):

N n
- (n-j)
W= an iR (11)
(=) j=
In the case of two nodes with batteries, the form of the polynomial function is as follows:
N
Wi =D, )Pt j Poacz. (12)
j=1
Based on equality (10) and (12), the total energy losses are calculated:
N n
UEDIPILTIL L o 13)
i=1 j=1

3.2.1. One battery connected to the network

In the next example, only one battery is connected to the network. The day is divided
into N equal time intervals. The charging and discharging intervals are equal to
T, =Ty =T . For each time interval the dependence of the power loss on the network as a
function of the current battery power for a particular node is determined for the range of
battery power [=Prmax: Prax]. The idea is to create a dependency of the power losses in
the network on the current battery power. An example of the dependence for the interval
N = 24 is given in figure 1. In this example, P, =1MW .
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Fig. 1 Dependency of energy losses as a function of battery power

The next step is fit to each of these dependencies analytically with a degree function
of the n-th order using equations (9) and (10). Energy losses for each time interval are
represented as the power of injection into the nodes of the network.

The fitness function is the daily energy loss as a function of battery power. In this
example, a quadratic function is chosen for the fitness function because the coefficients
asi, asi, etc. are extremely small, practically negligible values. It is necessary to determine
the vector Prar With appropriate constraints so that energy losses are kept to a minimum.
The fitness function is given as follows:

N
W= Z (@ P(ﬁatvi) +b; Ppat i) +6i) (14)
=)

where: 8,5, ¢ are coefficients from fitting function and Poatiy is battery power in i-th
hours. The coefficients are selected based on the dependence of network losses on the
battery injection power for each node

3.2.2. Two batteries connected to the network

A similar analysis is done for two batteries connected to the network in nodes 11" and
10", The day is divided into N equal time intervals. The charging and discharging
intervals are equal to Tc=Tq=T. The dependence of the network energy loss as a
function of the battery power for two selected nodes is determined for each time interval.
Based on a loss sensitivity analysis, for the range of battery power [—Pmax, Pmax] @
functional relation between the energy losses and the battery power is created. An
example of the dependence for the interval N = 24 is given in figure 2. In this example,
Prmax = IMW.

In the case of two connected batteries, equations (12) - (14) are used and the total energy
losses during the day are determined. As the individual coefficients of higher degrees of
polynomial are small, they can be neglected and thus reduce the order of the polynomials.

Based on equality (13) it is obtained:
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A(00,iy» A0,y oo, are the coefficients with the corresponding variables in i - th intervals.

Dependency of energy losses as a function of battery power
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Fig. 2 Dependency of energy losses as a function of batteries power in nodes 11" and 10"

2.2.2. Constraints

The constraints are maximum charging/discharging power and minimum and maximum
battery energy. Charging/discharging power is constrained by the minimum and maximum
active power (16):

_Pbat,min S |Dbat,i < Pbat,max (16)

where B min is the minimum, and B, ., the maximum battery power.

A similar constraints can be applied to the energy of the battery that is limited by its
minimum and maximum value. Therefore,
N-1
SOCyip <SOCy 5 + D Rty < SOC e 17)
i=j+l
where SOCq -1y is battery energy at the end of the interval tj, SOCuin is minimum battery
energy and SOCnax is maximum battery energy.
To complete the model of this problem, another condition is introduced as a constraint
- the battery at the end of the time cycle (the time cycle is one day), returns to the
original state in which it was at the beginning of the time cycle. This limitation is
justified by the fact that the battery is globally a passive energy element. Although at
some point it can provide energy in the grid and eventually consume energy, in the
overall energy balance it neither produces nor consumes the energy. Based on the above,
the following can be written:

N
Z Pioat,yti =0 (18)
(D
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The last equality emphasizes that the battery returns to its initial state at the end of the day.
Constraints (18) can be represented in a matrix form, using equations (19) and (20):

0 0 - 0 0 0] Rau
0 0 0f Pae
1 - 0 0 0| Puas

: T <|1](SOCpa —SOC,) (19)
0 5 :
0 :
I 1 _Pbat,(N—l)_ 1]
10 0 0 0 01 PRauz | -1
1 -1 0 0O 0 O Pbat,z -1
-1 -1 -1 - 0 0 O Pbat,3 -1
S S A - b |T<| i |(SOCy, —SOC,) (20
-1 -1 -1 --- =1 0 0 :
-1 -1 -1 -~ -1 -1 O :
-1 -1 -1 -1 -1 -1| Ragny -1

In developed form, constraint (17) looks similar to the constraint (19)
RrataT + Foat2T + FoaraT +---+ Rt 24T =0 (21)

The fitness function is the daily energy loss as a function of battery power, equation
(11). It is necessary to determine the vector Prat, Which contains unknown powers in
each time interval, with appropriate constraints so that energy losses are kept to a
minimum. The degree of the previous function is determined by coefficient values.
Coefficients from a previous function that are less than a certain pre-set value are
ignored, thus reducing the order of the degree of the function.

The optimization problem can be formulated in (22):

fitness function: minW (R, ;)
constraints: 1) - (7), (16), (29), (20) (22)
The optimization process is carried out in two steps. In the first step, the location of
the battery is selected according to the maximal sensitivity coefficient (8). Then, using

(22), the optimal values of battery powers Pya, i are determined. The genetic algorithm is
used for optimization.
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3. RESULTS
3.1. Distribution network data

Figure 3 shows the test network supplied from the 110 kV network and the substation
110/20 kV. It is a radial distribution system, because breakers S1, S2 and S3 are open.
The nominal voltage of the network is 20 kV. The transformer is modeled as a serial
impedance. The data for all branches of the grid are given in Table 1, while the data of all
network loads are given in Table 2 [15].

HV-MV subtransmission network 110 kV
]

llMOkVé IIMOkVé

Feeder 1 F 2.8 km _] rFeeder?. —I
T—z
7 4% 49km
3 T—B
0.6 km 4 Y ¥
4 l | 1.3 km
/ \S3

3.0km

ST

1 0.6 km 0.5 km
11

0.3 km
10

-

9
0.8 kniO.S km) 1.7 km

@ Transformer

— 13115
l —— Switch/CB

Fig. 3 CIGRE European MV distribution network benchmark
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Table 1 Network lines data

Length R X .
From node In node [km] [Q] [Q] Installation
1 2 2.82 0.7529 0.5732 Underground
2 3 4.42 1.1801 0.8984 Underground
3 4 0.61 0.1629 0.1240 Underground
4 5 0.56 0.1495 0.1138 Underground
5 6 1.54 0.4112 0.3130 Underground
6 7 0.24 0.0641 0.0488 Underground
7 8 1.67 0.4459 0.3395 Underground
8 9 0.32 0.0854 0.0650 Underground
9 10 0.77 0.2056 0.1565 Underground
10 11 0.33 0.0881 0.0671 Underground
11 4 0.49 0.1308 0.0996 Underground
3 8 1.30 0.3471 0.2642 Underground
12 13 4.89 2.2240 1.7914  Overhead
13 14 2.99 1.3599 1.0953  Overhead
14 8 2.00 0.9096 0.7327  Overhead
Table 2 Network load data
Busbar Real power Reactive power Power factor
[kW] [kVar] (ind.)
1 - - -
2 - - -
3 200 120 0.86
4 400 250 0.85
5 1500 930 0.85
6 3000 2260 0.80
7 800 500 0.85
8 200 120 0.86
9 1000 620 0.85
10 500 310 0.85
11 1000 620 0.85
12 300 190 0.84
13 200 120 0.86
14 800 500 0.85
15 500 310 0.85
16 1000 620 0.85
17 200 120 0.86

The loads connected to this network are a mix of residential and industrial consumption.
Since the optimization process is performed over a period of one day, daily active power
diagrams for residential and industrial consumption are used [6] and shown in Figure 4.
Daily diagrams of reactive power for residential and industrial consumption of end users [6]
are shown in Figure 5. Active and reactive power are given in relative units.
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Fig. 4 Daily active power load diagrams for residential and industrial consumption
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Fig. 5 Daily reactive power load diagrams for residential and industrial consumption

The previous method will be applied in the next two examples. In the first example,
one battery in one node is used. That node is selected based on the loss sensitivity
analysis given in section 2.2 of this paper. The parameter ;.- is calculated for the test
grid by alternatively adding at each busbars loads with flat profiles, but different rated
powers and power factors [17]. Sensitivity coefficients are given in table 3.

Table 3 Calculated busbar sensitivity to power losses

Busbar 11 10 7 9 8 6 5 4 3 2 14 13 1 12
auossk [%]]  25.7 25.6 255 249 244 239 231 226 219 88 8 57 0.7 0.6
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The battery considered in this study is based on lithium-ion technology, which is one of
the most promising technologies, with high energy density, high efficiency, and a relatively
high number of charge / discharge cycles, and even at higher depths of discharge (DOD). In
our example, the following battery parameters were used: 7 =1, 7. =1, 179 =1, SOC = 90%.
Finally, there are no distributed generators in the test network in this study, so the peak load
is mostly covered by batteries.

In the second example, there were two batteries used, connected to the 11th and 10%
nodes of the network. The nodes were also selected based on sensitivity analyses.

3.2. Results of simulation
3.2.1. Results of simulation for one battery connected to the network

On the basis of equation (22) for the case with the battery connected in one node the
hourly battery powers for the optimum location are calculated. Optimum location is
determined in the node 11 based on the loss sensitivity analyses. Charging and discharging
battery power for every hour for optimum location is given in figure 6. Positive sign of the
battery power means that the battery is charging, negative sign means the discharge of the
battery and if battery power is zero, the battery is offline.

The optimization problem is solved with the genetic algorithm in MATLAB. The
maximal generation number for the GA algorithm is 100, with the population size set to
the array length of 24. Optimization is performed on Intel(R)Xeon(R) CPU E5-26670 @
2,90 GHz processor with 32 GB RAM. The total time of optimization is 23s.

As stated before, the first step in the optimization process is the optimal location
determination using the sensitivity coefficient. The optimization procedure is thus greatly
facilitated. To check the validity of this approach and compare the difference in energy
losses on a daily basis for all possible battery locations, an analysis was performed for
each node in the network.

1234567 I'II II]Il£1151617 21222324

Hours [h]

0,6

0,4

0

™

-0,

N

Battery power [MW]
o

0,4
0,6
Fig. 6 Charging and discharging battery power per hour
Figure 7 shows the energy losses for each node. Minimal daily energy losses are

obtained for the battery placed in node 10, and highest in node 12. The difference between
daily energy losses in nodes 10 and 12 is 0,15 MW. Figure 6 shows the schedule of
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charging and discharging battery placed in node 10. During the night, the load of the
network is low, and then the battery receives the power from the grid. During peak load
periods, the battery injects the energy into the network, and then less energy is received
from the grid. For such charge and discharge schedule at node 10, the daily energy losses
are the lowest.

3,25 — = ([ 5
3,2
3,15
3,1
3,05

Energy losses [MWh]

w
U
U
L
1L

0 9 11 8 5 4 6 3 7 2 14 13 1 12
Node

Fig. 7 Energy losses for different battery locations

In figure 8, the charging and discharging battery schedule for battery placed in each
node is shown.

1
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Fig. 8 Daily load diagrams reactive power for residential and industrial consumption

The approximate solution obtained with the sensitivity coefficient (node 11) doesn’t differ
from the accurate solution (node 10) because of the small difference among sensitivity
coefficients (alioss, 11 = 25,7; tlioss, 10 = 25,6).

3.2.2. Results of simulation for two batteries connected to the network

Based on the equation (15) for the case of batteries connected in two nodes and
optimization formulation (22) the battery powers per hour for optimum locations are
obtained. Optimum locations (nodes 11" and 10" ) are determined by the loss sensitivity
analysis. The resulting charging and discharging battery power for every hour for both
batteries is given in figure 9.



Optimal Battery Storage Location in Distribution Network and Optimal Battery Control 135
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Fig. 9 Batteries load for location nodes 11th and 10"

2. CONCLUSION

In this paper, the optimal battery management and selection of the optimum battery
location for the battery energy storage system in the radial distribution network are
analyzed. The computational time for the optimization is greatly reduced for two reasons.
Firstly, the optimum location is found using the sensitivity coefficient. It is shown that
this approximation doesn’t differ from the accurate solution.

Secondly, the energy losses in the network are represented as the function of the
power of injection into the nodes of the network The fitness function represents the
dependence of the energy losses in the network on the current battery power, and it is
suggested that the function should be fit by an n - order degree function. The constraints
correspond to the characteristics of the battery (battery size, maximum charge / discharge
power, discharge depth, etc.). At each time interval, whether the battery is being charged,
discharged or offline, the maximum power that the battery can receive or inject must be
satisfied and at any time the stored energy in the battery does not exceed certain limits.

Finally, the optimal battery management algorithm is implemented on the test
network. Two separate cases were considered: with one and two batteries in the network.
The results of the simulations are presented and discussed. In this way, the optimal
locations of batteries are determined, as well as their way of charging and discharging in
certain time intervals that the total energy losses in certain period are minimized.

The economic analysis of the number of batteries connected was out of the scope of
this paper. Results obtained in the paper clearly show that the energy losses are decreased
with the usage of two batteries instead of one, but the price of the battery is not compared
with the energy price. This analysis will be the focus of our future research.
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