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Abstract

Benefits of integrating renewable energy resources (RESs) into the electrical grid include increased efficiency and less strain
on transmission lines and the need for significant infrastructure investments. Therefore, presents new difficulties, though, like
over-voltage and stability issues, which could endanger the dependability and safety of the power supply. Energy management
system (EMS) can increase efficient use of produced renewable energies. Thus, EMS contributes positively to solving the
mentioned problems in networks. This paper proposes and presents an optimization-based energy management system for
prosumers with PV panel and battery equipment located in small scale microgrids. The objective function is determined as to
prosumer bill minimization ensuring maximum power injection to the grid.
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1. Introduction

The global demand for clean and sustainable energy has intensified research into advanced materials capable of
driving efficient energy conversion technologies. Thin-film [Elaterials form the foundation of both photovoltaic
(PV) and thermoelectric (TE) technologies [1-3], facilitating the development of efficient and sustainable energy
conversion devices. Their integration offers significant potential for advancing next-generation energy systems.

Over the past ten years, a lot of residential clients have expressed a strong desire to install PV plants on their
property, although on a small scale on the roofs of their homes. The LV distribution network is where these PV
installations are situated. The distribution system's typical operating behaviour is impacted as a result of the quick
increase in PV penetration.

The grid is supported by energy storage devices in terms of voltage. An association with battery energy storage
systems (BESS) is also offered as an altemnative for the issues driven on by the widespread installation of PV
systems. The goal is to temporarily store extra active power for usage at night or during times of high demand
[4, 5]. In this situation, creating an efficient solution requires careful design of numerous important elements.
These factors include storage capacity. infrequent charging. protection against deep discharge or overcharging,
and compatib&y with the current infrastructure (load characteristics, load types, etc.).

[6] examines prosumer-based energy management systems (PEMS) in smart grid systems and their effects on
energy sustainability and power system dependability in detail PEMS has tremendous promise for peak load
balancing, energy conservation, and cost reduction. HEJIS for energy sharing between neighbours in residential
micro grids is presented in [7]. Depending on whether solar photovoltaic (PV) and battery energy storage systems
are installed, homes in residential micro grids are divided into three categories: traditional, proactive, and
enthusiastic. [8] describes an energy management system to help prosumers coordinate their operations. It has
been found that working cooperatively with other prosumers in a local setting result in greater performance. Both
PV and ESS are part of the system. The objective function is to maximize the usage of available generation and
reduce each household's load disconnection.

[9] investigations into grid-connected AC-coupled PV and BESS configurations. The goal of this study is to solve
the o3 voltage problems generated on by PV penetration by using customer-owned BESS devices. The BESS
unit's active power set points are determined using an optimization-based scheduling technique. It has been shown
that over-voltage problems can be resolved with residential BESS units without materially altering the main
requirements of BES owners.

[10] seeks to maximize PV use, increase load supply, and reduce cost from the use of generating units. The system
consists of PV, ESS, and wind. There are two stages in the best planning strategy. The first step involves fixing
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the voltage fluctuations brought on by P. Investments in equipment and line losses are employed to optimize ESS
operation. 8
2

By taking into account bofffiphysical limitations and prerequisites for a practical deployment in the r@ network,
[11] maximizes income for selling energy produced by photovoltaic arrays while minimizing the cost of
electricity received from the main grid.

In order to reduce the operational and maintenance costs of PV and ESS, [12] works on the basic microgrid
topology, emphasizing that PV maintenance costs should be disregarded. The forecasting module is in charge of
temperature, load demand, and solar irradiance. The best day-ahead scheduling is carried out by the optimization
module. The only constraint applied is power balance [12]. Reliable intra-day forecasting methods are necessary
to optimize the EMS's benefits. In order to generate the prediction, the applied tools mostly rely on modelling the
PV or using previous data [13]. So as to maintain the day-ahead energy forecasts and give the system operator
relevant data, it is necessary to have a self-adjusting forecasting tool.

This research offers an optimization-based energy management system for prosumers equipped with photovoltaic
panels and battery systems inside sffall-scale microgrids. The objective function is established to minimize the
prosumer's bill while maximizing power injection to the grid. The total of the bill is determined as a value,
indicating that the prosumer can earn by selling generated solar electricity to the grid. The profit derived by
augmenting battery capacity and photovoltaic output capacity could be further enhanced.

2. Defining of Basis Formulation for EMS

A simple structure of prosumer at low voltage grid and connection to medium voltage can be expressed as in
Figure 1. As shown in Figure 1,DC or AC microgrid system term is not included. Because this paper focuses on
not microgrid type but control of AC or DC microgrid with EMS.

Transformer & Transmission Distributed Energy|

J \ line l Resuurces/;

Consumers  Other prosumers Medium voltage grid side

Small scale microgrid

Figure 1. Block diagram of the system

Proposed EMS concentres on one prosumer energy management system and minimizing of bill of the prosumer.
Energy management formulations can be derived by using parameters given in Table 1.
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Table 1. Basic parameters of EMS formulations

Variable Description Unit
t Time of 24 hour [Hour]
ppanel Solar power generation of PV panel (average) [KW]
pFrosumer Load demand of prosumer (average) [kW]
.l;t_m"g ¢ Battery charge [kW]
ppischarge Battery discharge [KW]
S50Chax Battery maximum capacity [kWh]
SOCyin Battery minimum capacity [kWh]
S0C, Battery capacity [KWh]

Objective function, to be minimized in optimization process. includes prosumer bill formulations. Bill
formulation can be derived by using parameters given in Table 2. Prosumer’s bill can be formulized as in Equation

().

Table 1. Parameters of bill in EMS formulations

Variable Description Unit
B Injected power from prosumer (o grid (average) [kW]
pjbs Absorbed power from grid to prosumer (average) [kW]
p:” Price of average injected power [TLY[k'Wh]
pis Price of average absorbed power [TLY[kWh]
B Calculated bill of prosumer [TL]
B = X2, (p A%, P, — p,™. P, ()

It can be understood from Equation (1) that if bill is lower than zero, prosumer can make profit from the EMS.
Therefore, the further the bill value is from 0, the more profit the producing prosumer makes.

The power balarfgf) an equality constraint for the EMS optimization problem, must be f@lnulated and presented
in Equation (2). The total of the PV power, battery charge and discharge power, power absorbed from the grid,
and electricity supplied to the grid must equal zero for every hourly interval. The values for battery charging and
discharging, as well as absorbed and injected grid power—which are opposing values—can simultaneously be
zero, or only one of them must equal zero. The optimization configuration must adhere to this guideline. The
principle can be highlighted in solver-based optimization techniques. Nonetheless, particularly optimization
strategies based on soft computing do not permit this. In soft computing-based optimization methods, the
difference between the two values must be computed, and the charge/discharge or received/given value should
be assessed based on whether the difference is positive or negative, necessitating a corresponding modification
of the objective function. The identified issue can be regarded as the most challenging aspect in the
implementation of soft computing-based energy management techniques.

PtPaneI + PtDischarge + PtAbs _ Ptmj _ PtCharge _ PtProsumer =0 2)
Other constraints are defined for Battery. Battery charge and discharge power cannot be lower than zero and
greater than battery power. And, state of charge (SOC) at ant t time, time interval of (t-1) hour and t hour, affects
next time period and is affected by previous time period. The SOC equation is given in equation (3). Thus, the
battery inequalities can be defined as in Equations (4)-(6)
PtDi‘scharge)

Ndcg

S50C,, =50C + (’?chg * PtChmge - (3)

where SOC; ., is the battery state of charge value for next time interval, 7y is the battery charge efficiency and
Ndcg 1s the battery discharge efficiency. And, By gy is defined as battery power. Generally, in the literature, the
initial energy value of the battery,SOCj, is taken as between 90% and 70% of its energy capacity. For this reason,
in this paper optimization is run with 70% SOC value. Battery power is determined as S0kW and energy capacity
is 85kWh.

Ptcharge < Phax 4
PtDischarge < Pmax (5)
SOCpin < P29 < SOC, 0, (6)
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:
In this paper, GLPK solver/Python is used for optimization tool. The ELPK (GNU Linear Programming Kit)
software is designed for addressing large-scale linear programming (LP), mixed integer programming (MIP), and
associated difficulties. It comprises a collection of routines authored in ANSI C and structured as a callable library
[14]. Finally, optimization-based EMS input and outputs is illustrated in Figure 2.

BATTERY PARAMETERS
-Initial SOC

-Battery charge/
discharge power
efficiency
-Battery maximum;
minimum capacity

-Battery power EMS formulations

PV PARAVETERS and constraints
genera'til:m of PV
panel

LOAD PARAMETERS
Demand of
prosumer

s0C Input data

Python based GLPK solver

Figure 2. Interaction of Python based GLPK Solver and input and output data for EMS

3. Results

By running the optimization tool battery charge and discharge power are scheduled. In Figure 3, obtained results
are given.

Battery Grid power EMS inputs Bil
Time End of
. P_chg P_dis P_abs P_inj SoC | Demand | SolarPro | one hour Total
interval .
period

1 0 65.98 0 60 6.98 0 0 0

2 0 6.44 0 0 52.87755 6.44 0 0 0

3 0 4.79296 1.44704 0 46.30612 6.24 0 1.1865728 | 1.1865728
4 0 6.22 [ 0 41.41535 6.22 0 0 1.1865728
5 0 6.36 0 0 35.06841 6.36 0 1] 1.1865728
6 0 6.66 0 o 28.57861 6.66 0 1] 1.1865728
7 0 0 6.8 ] 21.78269 6.8 ] 5.576 6.7625728
8 0 0 7.64 0 21.78269 7.64 0 6.2648 | 13.0273728
9 0 4.68704 0 Q 21.78269 5.04 0.35296 0 13.0273728
10 0 0 2.076316 Q 17 4.6 2.523684 | 1.7025791 | 14.7299519
11 15.78762 0 0 0.350846 17 2.7 18.87846 | -0.183698 | 14.5462541
12 20 ] 0 7.260516 | 3247187 | 3.46 30.72052 | -3.412443 | 11.1338116
13 ] 0 0 1.70436 | 52.07187| 2.78 448436 | -0.801045 | 10.3327624
14 20 0 0 1.59008 | 52.07187| 3.38 24.97008 | -0.747338 | 9.58542482
15 0 0 0 9.073868 | 71.67187 | 3.14  [12.21387 | -4.264718 | 5.32070686
16 0 0.212624 0 0 7L67187| 242 |2.207376 0 5.32070686
17 0 3.825804 0 0 71.4549 3.9  |0.07419 0 5.32070686
18 0 8.32 0 0 67.55102| 8.32 0 0 5.32070686
19 0 9.44 0 0 59.06122| 9.44 0 0 5.32070686
20 0 8.04 0 0 49.42857| 8.04 0 0 5.32070686
21 0 7.86 0 0 41.22443| 7.86 0 0 5.32070686
22 0 8.44 0 0 33.20408 | 8.44 0 0 5.32070686
23 0 7.44 0 0 2459184 | 7.44 0 0 5.32070686
24 0 20 0 12.84 17 7.16 0 -6.0343 | -0.7140931

Figure 3. Application circuit of the system
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As seen in Figure 3, the battery is discharged between 0 and 01:00 hour (for t=1) and quantity of discharged is
698 kW. And power balance equation is satisfied and can be verified using Equation (2) as; 0 + 6980 + 0 —
6980 — 0 — 0 = 0. At the end of first-time interval, final SOC is calculated as 52.83 kWh with Equation (3).
Calculated SOC is the initial SOC parameter for second time interval. For each time interval, calculated hourly
bill is illustrated too. The total bill is calculated as — value, means that prosumer can make profit by selling
generated solar power to the grid side. The profit obtained by increasing the battery capacity and PV production
capacity can be further increased. For this purpose, it is recommended to conduct more detailed studies
considering the system installation cost. In Figure 4, optimization outputs are given visually for the system
operation, load profile and PV profile to be more easily interpreted together. Power balance is equal to zero as
desired for optimization output. As stated in Section 2, Battery charging and discharging values, absorbed grid
power and injected grid power which are opposite values. In EMS, power quality equality constraints are satisfied
successfully by proposed method.
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Figure 4. Demand, PV production, SOC, hourly charge and discharge, Pabs, Pinj for 24-hour

4, Conclusion

Within the scope of this investigation, an optimization-based method to energy management is provided and
meticulously discussed. Both the load profile and the PV profile of the prosumer have been chosen at random in
accordance with certain generic characteristics. For prosumer, the constraints are described in extensively. For
the purpose of making it easier to grasp the results of optimization simultaneously, the system operation, load
profile, and PV profile are all displayed graphically. It is necessary for there to be no power imbalance in order
to achieve maximum production. It has been demonstrated that the proposed method is capable of successfully
satistying the power quality equality restrictions with minimized prosumer bill.
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