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na 00e30ear MOYKHOCT 32 IEMOKpaTcKa U CTPyd-
Ha TIpe3eHTaIlja Ha: WCKYCTBa, BaKHH UHQOP-
Maluu, NpOPECHOHANIHA TOCTHUTHYBaba H
UCTPaXKyBamke HA EKCIEPTUTE U MPOoQecHOoHAa-
mute on obiacta Ha eHepreTukara. [lokaHeTu
Oca peNeBaHTHH EHEPreTCKHM KOMITaHUH, Ipe-
TCTaBHHULM Ol MHLyCTpHjaTa, UCTPaKyBauUKUTE
LEHTPH, YHUBEP3U "TETUTE M OCTAaHATH CyOjek-
TH, KaKo M eKCIIePTH O] 3eMjara U CTPAHCTBO.
Kondepennujara mpercraByBame QopyMm 3a
CIIOJIETyBamk-e M pa3MeHa Ha MCKYCTBa U IUIAHO-
BU Ha JIOKAJHO, PETHOHAIIHO M II00ATHO HUBO.

Cnopen TemMarckute o0IacTy, Ha KOH-
(depeHmjara 6ea Mpe3cHTUPAHU U JIUCKY TUPAHH
NPEITU3BUIIUTE CO KOU CE COOYYBa CHEPreTCKHOT
CEKTOP, 0COOEHO KOMITAaHUUTE, HHBECTUTOPHUTE U
kopucHuiure. Co TUITAHUPAHUTE AUCKYCHH U
pedepatd ce OBO3MOXKH peaHa MOXKHOCT 3a

3EMAK)

uaeHTU(UKAIja HA COOIBETHUTE MEXaHU3MHU H
AKTHBHOCTU CO LIEJT HaJMHHYBambe Ha MPOOIIe-
MUTE BO 3eMjara U PErHOHOT, KaKo U 3ajaKHyBa-
b€ Ha MeryceOHara copaboTkara.

CEPTU®UKATHU 3A YCIIELLIHO
YYECTBO

Ha xondepenuujara ce onqsuBaa napa-
JIETHO TPE3EHTAlMCKM M TOoCTep CECHH.
Tpynosure Oea peueH3upaHH OJl CTpaHa Ha
MerfyHapoJHHOT MPOTPaMCKUA OJ00p U KaTero-
pusupann Bo Tpu Kareropuu: MuHpopmammyja,
Crpyuen Tpyn u Hayuen Tpym. 3a cekoj perieH-
3UpaH W Mpe3eHTupan Tpyx (6e3 oren Ha Kare-
ropujara) Ilporpamckuor omxbop wu3manme
Ceptudukar 3a ycrenrHo y4ectso Ha KoH(pepeH-
nujara. [locebHo Oea oxpaOpeHu Jja 3emar
AKTUBHO Y4Y€CTBO MJIAAUTE UCTPAXKYyBa4u U CTYy-
JCHTUTE Ha CUTE TPU LMKIYCH CTYIuH (IOIU-
IUIOMCKH, MOCTAMIUIOMCKA M JIOKTOPCKH CTY-
JTUH ), MITaJT TIPO(ECUOHANIIN U UCTPaXKyBayH.
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360pnux na mpyoosu EHEPI'ETUKA 2024

Proceedings of the International Conference ENERGETICS 2024
October 02 - 04, Struga

Hayuen mpyo/Scientific Paper
Application of Matlab/SIMULINK to Analysis of Photovoltaic System with Batteries
Mladen Mitkovski ', Viatko Chingoski *

'Faculty of Electrical Engineering, University “Goce Delcev” Shtip, Macedonia,
mladen. 20234(@student.ugd edu.mk

*Faculty of Electrical Engineering, University “Goce Delcev™ Shtip. Macedonia,
viatko.cingoskif@ugd.edu.mk

Abstract

Electricity production from renewable sources is increasing dayv by day. Photovoltaic
plants, wind plants, small hydro plants, biomass energy. fuel cells, ete. are mostly used for this
production. Since electricity production from renewable sources is variable depending on weather
conditions, and in order to ensure greater consistency in ¢lectricity production, there is a possibility
of combining two or more sources. The analysis of such systems is specific and more complex in
relation to the analysis of individual renewable energy systems. which is why appropriate compuler
methods and systems are often used for their simulation and analysis.

In this paper. a simulation of a photovoltaic system using batteries to store part of the
produced clectricity is given using the computer program Matlab/SIMULINK. Apart from the
simulation of this system. the paper also provides an analysis of the basic parameters and operating
characteristics of the system, primarily the electneity produced. stored and delivered to consumers,
the changes in the current, voltage and power of the system depending on the operating mode and
conditions on the system.

Keywords: Matlab. Simulink. photovoltaic panels. batteries, solar radiation inlensity. ambient
temperature.

1. INTRODUCTION TO MATLAB/SIMULINK

MATLAB is a highly structured programming language for engineering and technical
applications. It incorporates computation, visualization, and programming within an casy-to-use
environment where problems and solutions are represented in familiar and accessible mathematical
notation. Typical uses of the MATLAB software package include:

* Elementary mathematics and computation:

* Linear algebra;

* Algorithm development:

* Modeling., simulation, and prototyping:

* Data analysis, research. and visual presentation;

* Scientific and engineering graphs and charts:

« Application development, including Graphical User Interface development.

JEMAK 3060opnuk nHa pehepaiuu 196
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2. SIMULINESSIMSCAPE MODEL OF A PHOTOVOLTATC PANEL ATND
BATTERY

Tzually photovoltaic systems are modeled using a specific type of equivalent circuit Each
photovoltaic model 13 based on the behavior of a semiconductor diode, which gives the solar cell
an exponential charactenstic,

In Simulink, solar cells can be modeled with three modeling systems. The first possibility
for modeling includes instrutn ents with which any differential equations or algebraic relation of a
highly complex mathematical model can be implemented. The second posaibility 15 provided by
simscape ™ which allows direct modeling using physical components of the electrical circuit
{reststors, capacitors, diodes) to implement the same mathematical equation.

MModeling much more complex systems than the previous methods 15 done using the
simscape Electrical library, which contains ablock called "FWV Array" and ablock called "B attery".

cimscape Electrical provides component libranes for modeling and simulating electronic,
mechatronic and electrical power systems. It includes models of semiconductors, motors and
components for applications such as electromechanical actuation, smart grids and renewable
energy systems. One can use these components to evaluate analog circut architectures, develop
mechatronic systems with electrical dnves, and analyze the generation, conversion, transmission,
and consumption of electrical energy at the grid level.

simscape Electnical helps devel op control systems and test system devel petformance. Cne
can parameterize models using MATLAPE variables and expressions and design control systemns
for electrical systems in Simulink. Mechanical, hydraulic, thermal and other physical systems can
be integrated into the model using components from the Simscape product family. For deploving

models to other simulation environments, Simscape Electnical supports C-code generati on.

2.1. Block ,PV Array”
The PV Array block implements an array of photoveltaic (PV) modules. The array 15 built
of strings of modules connected in parallel, each string consisting of modules connected in senes.

Thiz block allows you to model preset PV modules from the Mational Eenewable Energy
Laboratory (MEEL) System Advisor Model (2018) as well as PV modules that vou define.

3r e
LT

Figure 1 - Block PV Array™

The PV Array block 15 a five-parameter model using a light-generated current source (IL),
diode, series resistance (Es), and shunt resistance (Esh) to represent the irradiance- and
temperature-dependent I-Y characteristics of the modules.

Conference proceedings 197
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Figure 2 — Equivalent circuit of a photovoltaic panel

Figure 3 - -V charactenstic of a photovoltaic panel

The 1-V characteristic for a unit module is defined by the equations:

Vg
L|=In-(e"T——1) (1)

Vr = KTq nl- Negy (2)
where:
Iy - Diode current (A);
V, - Diode voltage (V)
I, - Diode saturation current (A);
nl - Diode ideality factor, a number close to 1;
k - Boltzman constant = 1.3806¢™ (J/K):
q - Electron charge = 1.6022¢™" (C).
T - Cell temperature (K );

Neep - Number of cells connected in series in a module,

) b 360pnuk na pegpepaiuu 198
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The block ,.PV Array“consists of the following ports:

Ir — Control signal defiming that iradiance applied to solar panels, specified as a scalar in
the range [0, 1000], in W/m®.

T — Control signal defimng temperature of cells, specified as a scalar, in degrees Celsius.
The input can be a finite negative, zero, or positive value.

m — Measurements, returned as a five-element vector. You can select these signals using
the Bus Selector block in the Simulink® library.

+— Specialized electrical conserving port associated with the positive terminal of the PV
array.

- — Specialized electrical conserving port associated with the negative terminal of the PV

array.

2.2. Block ,Battery"

The Battery block implements a generic dynamic model that represents most popular types
of rechargeable batteries.

Figure 4 - Block . Battery*

This figure shows the equivalent circuit that the block models.
| ¢l
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Figure 5 - Equivalent circuit
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The arcut parameters can be modified o represent a specific battery type and its discharge
charactenistics. A typical discharge curve consists of three sections. The first section represents the
exponential voltage drop when the battery 18 charged. The width of the drop depends on the battery
type. The second section represents the charge that can be extracted from the battery until the
voltage drops below the battery nominal voltage. Finally, the third section represents the total
discharge of the battery, when the voltage drops rapidly.

Ewu:feﬂli MNom Max
Capacity {Ah)

Figure 6 — Typical battery discharge curve

When the battery current is negative, the battery recharges, following a charge charactenistic,

Typical Charge Charactensiics

Mimamum
= ! !
3 : : i
Morrinall—--—3 TR Vool ey ey
i1 [——tiem
] xn 40 EO ] 100 120
Samee. ol Charge ()
Tymicol Charge Thaeacwislics
=
5
o 1 1
Mgmminal Zanaseeas firsaseees
i ] i | =ik L MiCD
o xn Al i [ I VT,

Spabe-cl-Chargs ()
Figure 7 — Typical battery charge curve

The model parameters are denved from the discharge charactenstics. The discharging and
charging charactenstics are assumed to be the same.

The Exp(s) transfer function represents the hysteresis phenomencon for the lead-acid, nickel-
cadmium (Ni1CD), and nickel-metal hydnde (MiMH) batteries during the charge and discharge
cycles. The exponential voltage increases when a battery is charging, regardless of the battery's
state of charge. When the battery is discharging, the exponential voltage decreases immediately.

TEM AK'E 3060opnuk nHa pehepaiuu 200
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Exponential zone for Lead-Acid, NIMH, NICD

A 5
& Charge
& ——— Discharge
=]
=
]
100 0

State-of-Charge (%)

Figure 8 — Exponential battery charging and discharging characten stic

The state of charge (300 for a battery 15 ameasure of battery's charge, expressed as apercent
of the full charge. The depth of discharge (DOD) 15 the numencal complement of the SOC, such

that D00 = 10004 - SOC
For example, if the 30C 15
¥ 100% — The battery 12 fully charged and the DOD 15 0%
¥ 75% — The battery 15 3/4 chargzed and the DOD 15 25%.
¥ 50% — The battery 15 1/2 charged and the DOD 13 50%.
¥ (% — The battery 15 has 0 charge and the DOD 15 100%.
Limitations
¥ The minimum no-doad battery voltage is 0 WV and the masimum battery voltage 1z equal to

2% Ha
¥ The minimum capacity of the battery iz 0 Ah and the mazimum capacity 15 Caax.

Assumptions
¥ Theinternal resistance 15 assumed to be constant during the charge and discharge cycles

atnd does not vary with the amplitude of the current.
¥ The parameters of the model are derived from the discharge characteristics, The

dizcharging and charging charactenistics are assumed to be the same,
¥ The capacity of the battery does not change with the amplitude of the current (thereis no

Peukert effect).
¥ The self-dizcharge of the battery 1s not represented. It can be represented by adding a

large resistance in parallel with the battery terminal s,
¥ The battery has no memory effect.

The "Battery" block consists of the following ports:
Ta — Ambient Temperature, Ambient tem perature itnput port. To activate it, select the type

LLithium-Ten™ and select , Simulate temperature effects™
m — Cutput vector of signals for the battery temperature, state-of-charge, current and voltage.

To demultiplex the signals, vou can use a Bus Selector block
+ — Spectalized electrical conserving pott associated with the battery's positive terminal.

- — Specalized electrical conserving port associated with the battery's negative terminal.

Conference proceedings 201
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3. MATLAB/SIMULINK SIMULATION OF A PHOTOVOLTAIC SYSTEM WITH
A BATTERY
In order to show the practical apphication of Matlab/SIMULINK systems in the field of
renewable energy sources. this paper will present a simulation of a photovoltaic power plant with
a battery system. The simulations were made in Matlab/SIMULINK software. Figure 9 shows the
Matlab/Simulink model of a photovoltaic system with a battery.

L:ﬂ*:mdhﬁm _ ",:E,__QI
Bh T gﬂ@“m

Figure 9 — Matlab/Simulink model of a photovoltaic system

This Matlab/Simulink model controls and manages the parameters for electricity production
from a photovoltaic system. From the "PV Array" block. we select that our photovoltaic system s
built from photovoltaic panels of the JA Solar, type JAM72501-360/PR, which consists of 3
parallel strings conneeted in series with 4 photovoltaie panels cach.
From the “Battery” block, we select the battery type to be Lithium-ion with a nominal voltage
of 24V and a capacity of 220Ah.
In addition to the “PV Array™ and “Battery™ blocks, the following blocks are also used:
» Powergui - Allows vou to sclect one of the following methods for solving the circuit:
Continuous (uses a variable-step solver from Simulink). Discretization of the electrical system
for a solution in fixed time steps, Continuous or discrete phasor solution.
# Constant - Generates a real or complex signal with a constant value. This block is used to
provide a constant signal input, The block generates a scalar, vector, or matrix output.
» Bus Selector - Extracts the selected elements by name from the input bus hierarchy. The
block can output the selected elements individually or to a new virtual bus. When the block
displays the sclected clements separately. cach selected element corresponds to an output port.
When a block provides a new virtual bus, the block has one output port for the virtual bus that
contains each selected element.
» Goto and From — A Goto block passes its input to the corresponding From blocks. The
input can be a signal or a real or complex-valued vector of any data type. The From and Gote
blocks allow you to pass a signal from one block to another without actually connecting them.
A Goto block can pass its inpul signal to more than one From block. although a From block
can only receive a signal from one Goto block. The input to that Goto block is passed to the
From blocks connected to it as if the blocks were physically connected.
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» Diode — A diode is a semiconductor device that is controlled by its own voltage Vak and
current Iak. When a diode is forward biased (Vak > 0), it begins to conduct with a small forward
voltage VI across it. It turns off when the current flow in the device becomes 0. When the diode
15 reverse biased (Vak < 0), itremains in the off state.

» Current Measurement - The Current Measurement block measures the instantaneous
current flowing in any electrical block or connection line. The signal output provides a signal
that can be used by other Simulink blocks.

» Voltage Measurement - measures the instantaneous voltage between two electrical nodes.
The signal cutput provides a signal that can be used by other Simulink blocks.

¥» Scope - Visually displays signals

» PWM Generator (DC-DC) - The pulse width modulation technique controls the transfer
of energy from one electrical component to another by quickly switching between full energy
transfer and no energy transfer.

» MATLAB Function - Allows you to define your own function in Simulink models using
MATLAB.

irr vbus &
1000 I 600
8OO
400
600
Sy 200
200 0
vpv iboost
. . -
200 D |
I 20 - | |4
100 i
‘ i
0 I I )
-40
-100
-0
ipv Ppv
30 | T
- 4000
20 2000 =
i) | &
10
-2000
0 -4000
0 2 4 & 8 10 ] 2 4 & 8 10
Figure 10

The simulation results in Figure 10 were made by changing the solar radiation intensity from
400 W/m?, then 1000 W/m* and finally 800 W/m? at a consumer resistance of 100Q. The ambient
temperature is -15°C. When changing the ambient temperature from -15°C to 70°C, we obtain the
results given in Figure 11.
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The simulation results in Figure 12 were made by changing the solar radiation intensity from
1000 W/m?, then 200 W/m? and finally 0 W/m? at a consumer resistance of 602 The ambient

temperature is -15°C.
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4, CONCLUSION

Simulink is a software module for modeling, simulating, and analyzing dynamic systems. It
supports lincar and nonlinear systems. continuous-time models. discrete-time models, or any
hybrid of the two. In Simulink. systems are drawn on the screen as block diagrams. A wide variety
of block diagrams are possible, such as transfer functions, summators, and virtual input and output
clements such as function generators and oscilloscopes. Simulink provides a graphical user
interface (GUI) for system modeling in a drag-and-drop environment. Simscape Electrical helps
develop control systems and test system-level performance. You can parameterize models using
MATLARB variables and expressions. and design control systems for electrical systems in
Simulink. You can integrate mechanical. hydraulic, thermal, and other physical systems into the
model using components from the Simscape product family.
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