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Abstract: This paper presents the calculation of pa-
rameters and simulation modeling of the power supply
system based on solar panels, taking into account the
stochastic nature of the processes of energy generation and
consumption. Through simulation in MATLAB® Simu-
link, the performance of the power supply system under
the change of solar insolation and load power was evalu-
ated. The method of controlling a bidirectional converter
based on the calculation of the difference in Shannon
entropy of energy generation and consumption flows is
described. This method allows for increasing the effi-
ciency of energy use in the system by reducing the differ-
ence between the entropy values at the input and output of
the system. It also allows for reducing the duration of time
intervals when the energy storage in the system is uncon-
trollable while being fully charged or fully discharged.
Modeling of electrical processes in the power supply
system was carried out with the implementing the control
either considering the entropy difference or without it. To
evaluate the impact of the accuracy of determining the
entropy values on the modeling results, the entropy for
different interval durations was calculated. The results of
modeling the power supply system were analyzed using
solar insolation and load power data with a 1-minute dis-
creteness.

Key words: power supply system, solar panel, energy
storage, Shannon entropy, MATLAB" Simulink.

1. Introduction

The development of solar energy and other renewable
energy sources is an important step towards creating a
sustainable and resilient energy future. In 2022, the in-
stalled capacity of solar power plants increased to 773
GW, and the total capacity of renewable energy sources
reached 2.7 TW [1, 2]. Solar energy is the fastest growing
segment of renewable energy and is projected to increase
to 2.4 TW by 2026 [3].

Investments in renewable energy sources have be-
come a key factor in ensuring sustainable development
and combating climate change. In 2019, investments in
renewable energy reached a record level, exceeding USD

4.5 trillion by 2050, taking into account investments in
new solar power plants, their reconstruction and moderni-
zation [4].

A Green tariff is an important tool for stimulating the
development of renewable energy in Ukraine. A feed-in
tariff is a special price rate that guarantees free transmis-
sion to the grid and a fixed price for each kilowatt-hour of
energy produced using renewable sources [5].

One of the peculiarities of renewable energy sources
is the variable and probabilistic nature of their output
power, which significantly depends on environmental
conditions. The presence of an electric energy storage
device in power supply systems ensures not only the reali-
zation of the extraction of maximum energy from renew-
able sources by fulfilling the condition of equality of the
internal resistance of the equivalent source and the load
resistance, compensation for uneven primary energy
flows, but also the balance of the power output of renew-
able energy sources and the load power. The construction
of control systems intended for ensuring the efficient
operation of power supply systems with renewable energy
sources can provide the determination of the entropy char-
acteristics of the energy generation processes, as well as
the consumption and formation of control influences
based on their calculation [6]. To achieve efficient utiliza-
tion of the energy storage system, it is necessary to de-
velop a control unit for the solar-powered energy system
using the entropy analysis.

The study of the control system including the use of
calculated entropy is highly innovative. However, there
are works devoted to the issue of predicting load power
using the entropy calculations [7]. Another publication on
a similar topic [8] describes the use of entropy for the
analysis of generation processes in the system. These
publications clearly show that the problem of using en-
tropy in the data analysis remains relevant.

The purpose of this paper is to describe the process of
developing a control system for solar cell-based power
supply using the entropy analysis, which will allow the
efficient use of the energy storage.
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2. Block diagram of the power supply system

The power supply system based on a solar battery
with energy storage consists of the following elements
(Fig. 1):

1) PV is a solar cell [9], represented by an equiva-
lent current source J and an internal resistance Rpv;

2) DC-DC is a step-up pulse width converter [10,
11], which ensures the operation of the solar battery in the
mode of maximum energy extraction;

3) Load isa load represented by a variable resistor;

4) Bidirectional DC-DC is a bidirectional converter
[12, 13], which is a charging and discharging device for a
storage device;

5) Battery is a storage device [14, 15] that balances
energy in the system.

The system also has a control unit [16] that takes into
account the stochastic nature of the processes of generat-
ing and consuming electricity and ensures the efficient
operation of the storage device.

In order to model the electromagnetic processes in
this system, first it is necessary to develop a model that
takes into account the features of distributed generation
with the storage, as well as system control mechanisms.

3. Modeling of electromagnetic processes in the
power supply system

To conduct the computer study of electromagnetic
processes in the power supply system with a storage de-
vice, a model was developed in the Matlab R2023a Simu-
link environment that implements simulation modeling of
systems using graphical blocks with specified parameters
[17]. The diagram of the model of the solar power system
is shown in Fig. 2. The model contains the following
elements:

* PV Array is a photovoltaic module [18] that al-
lows for emulating the operation of solar panels;

e IGBT is a transistor;

¢ Diode is a semiconductor diode;

e L1=10mH, L2 =90 mH are inductors;

« Cl=5mF, C2=180 mF, C3 =1200 pF, C4 =
1200 pF are capacitors;

*  Load is a subsystem of adaptive variable load;

*  PWM is a PWM signal subsystem that controls
the step-up converter;

* inputdata.mat, powerdata2.mat are blocks for
loading data from external files [19];

» Batteryisa 150 Ah lithium-ion battery [20];

* IGBT/Diode, IGBT/Diode2 are transistors re-
sponsible for the efficient control of the energy transfer
between the solar panel, the storage device, and the load.

To simulate the system, the real insolation data from
the LARES laboratory in Zagreb, Croatia [21] and house-
hold electricity consumption data [22] are used, both sets
of data having a discreteness of 1 minute. Due to their

fluctuations, there is a change in the power of generation
and consumption [23], which in turn affects the change in
entropy. The difference between these entropy values is
then found. Depending on the sign of the obtained result,
the direction of the energy flow through the bidirectional
converter is established.

Due to technical limitations of the modeling, the time
intervals were converted from 1 minute to 0.1 second of
the model. Some of the conversion results are shown in
Table.

Insolation and power consumption values
with a 1-minute discreteness

Time Power of the Load capacity Modeling
solar panels time

12:50:00 7404 1404 77

12:51:00 7361 1406 77.1
12:52:00 7336 1394 77.2
12:53:00 7252 1404 71.3
12:54:00 7168 1400 77.4
12:55:00 7195 1384 71.5
12:56:00 7186 1332 77.6
12:57:00 7274 1338 71.7
12:58:00 7269 1334 77.8
12:59:00 7028 1334 77.9
13:00:00 4846 1326 78

13:01:00 3807 1334 78.1
13:02:00 6680 1338 78.2

Since the variable resistor [24] from the MATLAB
Simulink library containing a built-in DC power supply
does not meet the needs of the model, an adaptive variable
load unit was developed. This block consists of 10 resis-
tors which are controlled as follows: the control system
automatically turns on or off individual resistors, depend-
ing on the power consumption. Logical conditions are
used to determine the number of 10-ohm and 2.5-ohm
resistors that need to be connected to achieve the desired
resistance determined by the following equation:

R= round(2202 /P/2,5)-2,5. (1)

The described method makes it possible to automati-
cally adjust the load according to the current power value,
which allows for studying various scenarios of load
changes, taking into account the stochastic nature of the
processes in the system.

This model of the power supply system, the data on
the entropy change of generation and consumption, as
well as the method of controlling the change of the resistor
are the basis for developing a method of controlling the
charge-discharge device.

4. Implementation of charge-discharge device con-
trol based on the calculation of the entropy difference

The control system of a bidirectional converter, which
is a storage charger, consists of developed blocks for en-
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tropy calculation (Fig. 3, a) and a control unit (Fig. 3, b),
which includes three subsystems:

The first subsystem determines the energy storage cur-
rent which provides the voltage value at a load of 220 V.
The operating range of currents is from -50 A to 50 A and
depends on the difference between the measured and cur-
rent load voltages. This difference is converted into a fill
factor using a Proportional-Integral (PI) controller [25].

The second subsystem generates pulse-width modula-
tion (PWM) signals [26]. Its function is to compare the
measured drive current with the current value received
from the first subsystem. The difference between these
values is converted into a sequence of current pulses with
a certain fill factor using a PI controller. These values are
then compared with the sawtooth signal from the
Sawtooth unit and fed to the third subsystem.

The third subsystem is responsible for determining the
operation mode of the bidirectional converter depending on
the sign of the difference in entropy of the generation and
consumption flows. If the entropy difference is less than or
equal to zero, the signal from the second subsystem is fed to
the transistors, so that the bidirectional converter operates in
the mode of a discharging device and, therefore, discharges
the storage device. Accordingly, if the entropy difference is
greater than zero, the converter operates in the charging
mode and charges the energy storage.

The control unit models are represented by the corre-
sponding blocks:

»  Constant is a constant signal generator with a set
value of 220V;

e  Sum is a summator;

* Integrator is a key component of the PI controller
that implements an integral action;

»  Saturation is a signal limiting block;

»  Sawtooth is a block for sawtooth signal genera-
tion;

*  Relational Operator is a block for comparing in-
put signals.

The entropy calculation system consists of two paral-
lel MATLAB Function blocks [27] that calculate the
Shannon power entropy at the model input and output
with a frequency of 6 seconds (corresponding to one hour
of real time) using the following equation [28]:

H(p)= _Zpi log, p; 2

where p; is the probability of the i-th power value on the
source or a consumer side. It is important to note that the
entropy is calculated at the end of a certain time interval,
in this case being an hour.

The system also uses the Unit Delay [29] and Zero-
Order Hold [30] blocks to ensure proper sampling of the
input power data before being fed to the input of the
MATLAB Function blocks for entropy calculation.

The difference in entropies of the generation and con-
sumption flows is fed to a relay element that generates a
control signal (meander type) for the key that switches the
energy storage.
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Fig. 1. Block diagram of the power supply system.
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Fig. 3. Block diagrams of subsystem models of the unit for entropy calculation (a) and control unit (b).

5. Simulation results tion, after the simulation, the graphs of the change in the
Modeling of electrical processes in the power supply  output power of the solar battery and the load (Fig. 5, a, b)
system was carried out both with control function consid-
ering the entropy difference and without it. Fig. 4 presents
graphs of changes in power consumption and load resis-
tance generated by the adaptive variable load unit. In addi- ~ which was set being one day.

were obtained, as well as the graph of the change in the

battery charge state (Fig. 5, ¢) during the simulation time,
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Fig. 5. Graphs: power output of the solar battery (a), load power (b),
state of charge of the storage device (c).
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Fig. 6. Graphs of changes in the state of charge of the energy storage: a) control without taking into account the entropy difference;
b) control with taking into account the entropy difference at an interval of 60 minutes; c) control with taking into account the entropy
difference at an interval of 30 minutes, d) control with taking into account the entropy difference at an interval of 10 minutes.

To evaluate the impact of the accuracy of determining
the entropy values on the modeling results, the entropy for
different interval durations (60 minutes, 30 minutes and
10 minutes) was calculated (Fig. 6).

Thus, the developed model allows for simulating elec-
tromagnetic processes in the power supply system. In
order to achieve efficient control of the charging and dis-
charging devices, a control system was developed based
on the calculation of the difference in entropy of the gen-
eration and consumption flows. This system allows for
reducing the duration of time intervals when the energy
storage is uncontrollable while being fully charged or fully
discharged.

The detailed study and analysis of the modeling re-
sults can help develop optimal system control strategies
maximizing the efficiency of the available energy re-
sources and ensuring stable and reliable power supply to
the load.

6. Conclusion

The model of the power supply system proposed in
the article, which takes into account the stochastic nature
of energy generation and consumption processes, allows
evaluating the ratio of energy generation and consumption
and their impact on the charge state of the energy storage.
To build the model, it is necessary to obtain data on solar
irradiation and electricity consumption with a discreteness
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of 1 minute, as well as take into account the control algo-
rithm of the bidirectional converter based on calculating
the entropy difference of generation and consumption
flows. The obtained model can be used to develop optimal
control strategies for the power supply system in order to
maximize the use of available energy resources and ensure
stable power supply to the load.
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OCHOBI eHrporii
IigBUIIMTH e()eKTUBHICTh BUKOPUCTAHHs €Heprii B cucreMi 3a
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