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DEVELOPMENT OF A RESEARCH-TRAINING STAND AND INVESTIGATION OF THE
RELATIONSHIP BETWEEN THE OUTPUT POWER OF A SOLAR PANEL AND LIGHT INTENSITY
OKY-3EPTTEY CTEHAIH 93IPJIEY )KOHE KYH MAHEJITHIH IIBIFBIC KYATBI MEH KAPBIK
UHTEHCUBTLIITT APACBIHJIAFbI BAHJIAHBICTBI 3EPTTEY
PA3BPABOTKA YYEBHO-UCCIEJOBATEJIBCKOTI'O CTEHJA 1 HCCIEAJOBAHUE B3AUMOCBA3U
MEX]Y BBIXOJHOM MOIHOCTBIO COJTHEYHOM NAHEJIM U HHTEHCUBHOCTbIO CBETA

Abstract. In the 21st century, the global energy system has been moving towards renewable energy sources.
Solar energy, as an environmentally friendly and inexhaustible resource, is becoming a strategic source of electricity
production. The efficiency and performance of solar panels are determined by their dependence on external factors,
especially the intensity of incident light and the panel’s tilt angle. Therefore, studying the relationship between the
output power of a solar panel and light intensity is a relevant scientific direction for optimizing solar energy systems,
reducing costs, and increasing efficiency. By developing a special educational and experimental stand, the dependence
of the solar panel’s output power on light intensity was experimentally investigated; the panel’s current-voltage (1V)
characteristic was plotted, and the fill factor and efficiency indicators were determined. The research was carried out
using a research-training stand consisting of a photovoltaic panel, a control panel, projectors, variable loads,
voltage/current sensors, and a lux meter. During the experiment, the light intensity was gradually varied, and the panel
parameters Voc, Isc, Vmax, and Imax were measured. Based on the obtained data, the fill factor (Fill Factor) and the
efficiency coefficient were calculated. The experimental results showed that the output power of the solar panel is
approximately directly proportional to the light intensity. The short-circuit current increased linearly with increasing
illumination, while the open-circuit voltage changed only slightly. The IV curves at different light levels and the
calculated fill factors corresponded to the operating patterns of the photovoltaic panel. In addition, it was observed that
the effect of the panel’s tilt angle on power complies with the cosine law. The obtained results can serve as a basis for
improving the efficiency of solar panels, ensuring their reliable operation under various conditions, and developing
new engineering solutions.

Keywords: solar panel; photovoltaic system; light intensity; output power; current-voltage (IV) characteristic;
fill factor (Fill Factor); efficiency coefficient; educational and experimental stand.

Anoamna. XXI zacvipoa sicahanovlk sHepeemuKa HCyueci JHeayapmuliamvlii dHepeusi Ko30epine Kouiyee bem
oypovi. KyHn sHepeusacwvl 9KONO2UANBIK MA3A Pi CAPKLUIIMAUMbBIH pecypc peminoe I1eKmp IHepeUACbIH OHOIPYOiH
cmpame2usiiblK Kosine atHanvin Kenedi. Kyn nauwenvoepiniy muimoinici men JHCYmblc OHIMOLLIZ] 01apobll CublpmKbl
Gaxmopaapza, acipece mycemin dHcapvlK KapKbIHOLLILIELI MeH NAHeNbOiH OpHANACY OYPblublHa MIYendiliciMeH
anvikmanaovl. COHObIKMAH KYH NAHENiHIY WbIblC Kyambl MeH HCapblK UHMEHCUBMINiel apacblHOagvl OaulanblCmbl
3epmmey — KYH HEPLeMUKACyl HCYienepin OBMAlianoblpy, WbleblHOapobl a3aiimy HcaHe MUIMOLIIKMI apmmulpy Yulin
e3exmi gvlabimu bazeim 60abin MadwLLIAdbl. ApHaiivl OKy-madicipubenix cmeHO 23ipaey apKulivl KYH NAHETIHIH WbIEbIC
Kyamvl MeH JCapblk KaAPKbIHOBbLIbIEbL APACIHOAbl MAYeNOINIKMI madicipubenix mypevloan 3epmmey, NaHeaibOiy MoK-
kepuey (IV) cunammamacein mypevizoin, moamslpy KOIQOuUyueHmin jicane MmuiMOiliK KOPCemKiumepin aHblKmay.
3epmmey orcymuicol homosanekmpik naneisb, 06ACKapy NAHel, NPOICEKMOPAAp, AUHbIMAbL HCYKmeMenep, KepHey/mok
oamuuxmepi JicoHe JTIOKCOMemPOeH MYPamvlH OKy-3epmmey cmeHOl apKblibl HCyp2izinii. IKxcnepumenm 6apvicblHoa
AHCApvIK, KAPKLIHOBLIbIEbL Ke3eH-Ke3eHiMeH o32epminin, nanenvoiy Voc, Isc, Vmax owcone Imax napamempiepi onuienoi.
Anvinean Oepexmep meeizinde moamuipy kKodppuyuenmi (Fill Factor) men muimoinik xosgpguyuenmi ecenmenoi.
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Dkcnepumenm Hamudicenepi KyH RAHENIHIY WbLIZLIC Kyambl JCaApblK  KAPKbIHOBLIbIZLIHA — WAMAMeH — miKenel
NPONOPYUOHAT eKeHiH Kopcemmi. KblcKa mytiblKmany mozvl jcapblk, apmKaHn Catibli Cbl3bIKmbl OCIn, aulblk mizoexmezi
KepHey a3 eana e32epoi. Opmypii dcapulk Oeneetiinoeei IV Kucvlkmap men ecenmeneen moamuipy Ko3guyuenmmepi
Gomosnekmpaix naneavboiy HCYMuic icmey 3aHObLIbIKmapvina calikec xendi. Convimen xamap naneavoiy OpHANACY
OYpoIUbINbIY KYAMKQ 2cepi KOCUHYCMbIK 3aH2d call eKeHOiei 6alKanobl. Anvinean Hamudicerep KyH NAHEIbOepiHiH
MUiMOiciH  apmmulpyad, O0AapoObly PMYPAL HCA0AUOA CEHIMOI JHCYMbICHIH KAMMAMACHI3 emyee JHCIHe IHCaAHa
UHOICEHepIIK wewimoep a3ipieyee Hezis 601a anaowl.

Heeizei co30ep: Kyn naneni; (homodaneKmpiix Jcyiie, Heapvlk KapKbIHObLIbIZbL, WibleblC Kyambl, mok-kepuey (IV)
cunammamacwl, moamoipy koapuyuenmi (Fill Factor); muimoinik kosgpguyuenmi; oKy-maoxcipubenix cmeHo,

Annomayun. B XXI sexe muposas snepeemuyeckas cucmema HAnpaeieHa HA nepexod K B0300HOGIAeMblM
ucmounuxam suepeuu. ConHeuHas 3Hepaus, KaAK DKOJI0SUHECKU YUCTbIL U Heucuepnaemulii pecypc, CmaHOBUmcs
cmpamezuieckuM UCTMOYHUKOM RPOU3B0OCIBA AEKMPU1eckoli sHepeull. Dpdexmuenocmy u npousBo0OUmMensbHOCHb
CONMEUHbIX NnaHenell Onpedersiomces UX 3A8UCUMOCTIBIO OM G6HEWHUX QAKMOpos, OCOOEHHO Om UHMEHCUBHOCHU
naoanwezo ceema u yena ycmanosku nanenu. 1losmomy ucciedoganue 63aumMocesnsu Mexcoy 6bIXOOHOU MOUHOCMbIO
CONMEUHOU NAHeny U UHMEHCUBHOCTNBIO C8eMd ABNAEMCs AKMYANbHbIM HAYYHLIM HANpasieHuem Oid ONMUMU3AYUU
CONMMEUHbIX DHEP2eIUYecKUX CUCIeM, CHUMNCEHUs 3ampam u nosviuienus s@gexmusnocmu. Ilymém paspabomku
CNeyuarbHo20 y4eOHO-NPaKMUIecKo20 cmenoa nposedero dKCNePUMEHMATbHOE UCCIe008aAHUe 3A8UCUMOCTIU 8bIXOOHOU
MOWHOCIYU CONHEYHOU NaHenu om UHMEHCUBHOCIU C8emd, Nocmpoena moxogo-eomvmuasn (IV) xapaxmepucmuxa
namenu, a makdxice onpeoenenvl Kodpguyuenm 3anoamenus u noxasamenu dpgexmusnocmu. Hcecneoosanue
NPOBOOUNOCH C UCNONLI0BAHUEM YUEOHO-UCCIE008AMENLCKO20 CIMEHOA, COCIOAWe20 U3 POMOINIeKMPUIecKoll naneu,
YRpasasowezo 6I0Ka, NPONHCEKMOPO8, NEPEMEHHBIX HA2PY30K, OAMYUKOS HANPANCEHUS/MOKA U JroKcomempa. B xode
IKCNEPUMEHMA UHMEHCUBHOCHb C8eMAa USMEHANACh NOIMANHO, USMEpPANUch napamempuvl nawenu Voc, Isc, Vmax u
Imax. Ha ocHosanuu noiyyeHHvlX OaHHbIX Obliu paccuumansl Kod@pguyuenm 3sanoanenus (Fill Factor) u
Ko puyuenm >¢ppexmugnocmu. Pesyrbmamol sKcnepumenma noKazanu, Mo 6bIXOOHAS MOWHOCHb COJHEYHOU
namenu NpuOIUIUMENbHO NPAMO NPONOPYUOHATbHA UHMEHCUBHOCMU ceéema. TOK KOpOMKO20 3AMbIKAHUA JUHENHO
803paACMAn ¢ y8enuieHueM 0C8eueHHOCMUY, 4 HANPANCEHUe X0A0CO020 X00ad USMEHAN0C, He3HauumenvHo. IV-kpusble
npu  pasiuuHLIX YPOBHAX OCEEWEHHOCMU U paAcCYUmanHvle KodQp@uyuenmol 3anoaHeHUs COOMBEEmcmeos8anu
3aKoHomepHocmam pabomul Gomodnekmpuyecko nawenu. Kpome moeo, 6vlno 6viaeneHo, umo 6nuAHUue yeud
VCMAHOBKYU NaHenu Ha MOWHOCHb COOMEEeMCmsyem KOCUHyCHOMY 3axony. Tlonyuennvie pe3yrtomamel Mo2ym cmamb
OCHOB0U 015 NOSbIUEHUS IPPEKMUBHOCU COTHEUHBIX Nanenell, obecneyeHus ux HAOEHCHOU padomvl 8 Pa3iIUYHbIX
VCOBUAX U paA3paAOOMKU HOBLIX UHIHCEHEPHIX peuleHUl.

Kntouesvle cnosa: conneunas nawenv, PomosneKmpuueckds CUcmema, UHMEHCUBHOCMb CE8emd; GblXOOHAs.
MowHoCcmb, mokoeo-goavmuasn (IV) xapaxmepucmuxa; xosgpguyuenm zanonunenus (Fill Factor);, xosgduyuenm
aghpexmugHocmu; yueOHO-NPAKMUYECKULl CIEeHO.

Introduction

The main trend of the global energy system in the 21st century is the transition from
traditional fossil fuel sources to renewable and clean energy sources. This process is directly related
to climate change, the increase in greenhouse gas emissions, and the urgency of energy security [1],
[2]. In particular, solar photovoltaic systems are widely used as an affordable and environmentally
friendly source of electricity generation. Solar energy, as an inexhaustible, stable, and globally
accessible resource, holds strategic economic and technological significance [3], [4].

The efficiency and overall performance of photovoltaic (PV) modules are closely linked to
external environmental factors, including solar irradiance, ambient temperature, and wind effects
[5], [6]. Changes in light intensity significantly affect key electrical parameters of photovoltaic
cells, such as short-circuit current, open-circuit voltage, fill factor, and efficiency [7], [8].
Therefore, studying the relationship between the output power of solar panels and light intensity is
at the core of scientific research aimed at improving operational efficiency, reducing system losses,
and stabilizing energy production [9], [10].

At present, the modeling of photovoltaic systems and the prediction of their performance are
increasingly utilizing dynamic physical models, advanced mathematical methods, and artificial
intelligence tools (machine learning, deep learning) [11], [12]. These methods enable the
assessment of solar panels’ real-time performance in different climatic regions, the monitoring of
system health, and the early detection of faults [13]. Moreover, studying the relationship between
the output power of solar panels and light intensity with high precision through research-training
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stands allows for comparative analysis of the collected data and integration into system models
[14], [15].

The pedagogical significance of developing a research-training stand is also substantial. Such
a stand provides future specialists with hands-on experience in the field of solar energy, enables
them to learn how to use actual measuring instruments, understand the fundamental laws of energy
production, and acquire research methods [16]. Using the stand, the influence of light intensity,
panel tilt angles, temperature, and wind effects on the operation of PV modules can be
comprehensively studied, thereby developing students’ practical skills and research culture [17].
This approach fosters not only engineering skills but also modern scientific competencies such as
data collection, processing, analysis, and modeling [18].

Overall, the results obtained from research-training stands form the basis for improving the
efficiency of solar panels, ensuring their reliable operation under various conditions, and proposing
new technological solutions. This line of research will contribute in the future to the widespread use
of photovoltaic systems, strengthening national energy independence, and advancing sustainable
development [19], [20].

Methods

During the research, an extensive review of scientific literature related to the development of
an educational and experimental stand for studying the relationship between the output power of a
solar panel and light intensity was conducted. At this stage, the main terms and keywords relevant
to the research topic were identified. The key keywords defined were: “solar panel”; “photovoltaic

99, < 99, <

system”; “light intensity”; “output power”; “current-voltage (IV) characteristic”’; “fill factor (Fill
Factor)”; “efficiency coefficient”; “educational and experimental stand.”

In the process of searching and selecting literature, international and national scientific
databases (Scopus, Web of Science, Google Scholar, etc.) were used. Recently published scientific
articles were reviewed, highlighting the importance of experimental stands for improving the
efficiency of photovoltaic systems. This analysis provided the basis for selecting experimental
approaches, measuring instruments, and calculation methods to evaluate the performance of solar
panels.

This study was carried out in an experimental format and was based on a specially designed
research-training stand. The stand included a photovoltaic panel, a control panel (voltmeter,
ammeter, and switches), light sources (projectors with adjustable intensity), a lux meter, and
variable loads. Such an integrated setup made it possible to measure the electrical parameters of the
solar panel under different light intensity conditions.

The experimental measurements were carried out in the following stages:

e Preparation and connection of equipment: Mounting the solar panel on the stand’s
rotation plane and activating the measuring instruments on the control panel.

e Adjustment of light intensity: Using the dimmer of the projectors to set various light
levels and measuring them precisely with a lux meter.

e Measurement of main parameters: At each light level, determining the open-circuit
voltage (Voc), short-circuit current (Isc), voltage at maximum power point (Vmax),
and current at maximum power point (Imax) of the solar panel.

e Data recording and processing: Entering the measured values into a table and plotting
the IV (current-voltage) characteristic using Vernier Graphical Analysis or GlobiLab
applications.

e Calculation: Using the obtained Voc, Isc, Vmax, and Imax values to compute the fill
factor (Fill Factor) and efficiency coefficient, analyzing their dynamics depending on
changes in light intensity.

This methodology allows for a comprehensive assessment of the photovoltaic panel’s
performance under different lighting conditions, comparing its electrical parameters and identifying
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experimental patterns. In addition, the stand’s rotation plane is used to study the effect of the
panel’s tilt angle on power, enabling the collection of additional data by changing the angle of
incident sunlight.

Results and discussion

Solar panels are photovoltaic devices that directly convert the energy of sunlight into
electrical energy. Their operation is based on the photovoltaic effect: when sunlight strikes the
semiconductor surface of the panel, photoelectrons are released, generating an electric current. The
electrical power produced by the panel depends on the intensity of the incoming radiation, as well
as on the panel’s efficiency, area, temperature, and internal electrical parameters.

A simple relationship is used to calculate the total output power of the photovoltaic panel (1):

Pout = TIAE (l)

Where P,,; is the electrical power generated by the panel (W), n is the efficiency coefficient,
A is the panel area (m?), and E is the light intensity incident on the panel surface (W/m?). This
formula shows that the power output of a solar panel is approximately directly proportional to the
intensity of the radiation.

To characterize the actual electrical parameters of the panel, the voltage V;,, and current
Ly, at the maximum power point are used. Their product gives the panel’s maximum power (2):

Pout = Vmp X Imp (2)

As the light intensity increases, the number of photoelectrons rises, and consequently the
current in the panel increases. This relationship is approximately linear in nature (3).

IyoFE (3)

That is, the current is directly proportional to the intensity of the incident radiation. The
voltage, however, mostly depends on temperature and changes only slightly with variations in light.
The complete description of the photovoltaic cell is given by the following equation (4):

aW+IRs) V+IR
I=1ly—1Iy(e mer —1)—LEs

(4)
Where 1, is the photocurrent (directly proportional to the irradiance), I, is the saturation
current, q is the electron charge, n is the ideality factor, k is the Boltzmann constant, T is the
temperature, and R, and R are the internal resistances. This equation provides a complete
description of the panel and clearly shows the dependence of the current on light.
As the light intensity increases, the current also increases, while the voltage changes only
slightly at a constant temperature. As a result, the power also increases.

Temperature also plays an important role. As the temperature rises, the voltage of the panel
decreases (5).

Vmp (T) = Vmp (Tref) - B(T - Tref) (5)

Where g is the temperature coefficient. Accordingly, even at very high light intensities, if the
temperature also rises, the voltage may decrease, resulting in a slight reduction in power.
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In general, the output power of a solar panel is directly proportional to the irradiance, while
the current depends on light and the voltage depends on temperature. In simple form, this
relationship can be expressed as follows (1):

Po: = nAE (1)

These relationships are considered a fundamental physical principle in solar energy, as well as
in the design and modeling of photovoltaic systems.

To experimentally study the relationship between the output power of a solar panel and light
intensity, a special educational and experimental stand was developed (Figure 1). This stand makes
it possible to measure the main electrical parameters of the panel (voltage, current, power) at
different light intensities using either sunlight or an artificial light source.

| | /|
3 N - '
: 4' ‘ 2
5 ’ l ~ .
J A il

Figure 1. Diagram of the training stand. This diagram shows the layouts of the training stand
(top view, side view, and front view). 1 — Solar panel; 2 — Control panel (volt-ammeter, switch,
etc.); 3 — Projectors; 4 — Body of the training stand; 5 — Rotation plane of the solar panel.

This training stand is an integrated device designed to experimentally study the relationship
between the output power of a solar panel and light intensity. The stand’s structure includes key
components such as a photovoltaic panel, a control panel, projectors, a housing, and the rotation
plane of the solar panel.

The operating principle of the stand is to direct radiation of varying intensity from artificial
light sources (projectors) onto the solar panel, measure its electrical parameters (voltage, current,
power), and determine the relationship based on the obtained data. Through the control panel, it is
possible to record the readings of the voltmeter and ammeter and use switches to connect or
disconnect the electrical circuit.

Main components of the stand:

e Solar panel (1): The main module that converts light energy into electrical energy.
Through the rotation plane, which allows changing the panel’s tilt angle, it can receive
radiation at different angles and compare the results.

e Control panel (2): A unit containing instruments for measuring voltage and current
(voltmeter, ammeter), switch keys, and protective elements. This panel is designed to
control the operating mode of the panel and conduct measurements.

e Projectors (3): Artificial light sources simulating sunlight. By adjusting the intensity
and direction of the light, the experimental conditions can be modified.

e Stand housing (4): The frame that integrates all devices and provides stability. It is
designed to maintain electrical safety and mechanical strength.

e Rotation plane of the solar panel (5): A movable part that allows changing the panel’s
tilt angle. This element is used to study the effect of the angle of incidence and to alter
the direction of incoming light in order to obtain results.
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The stand’s design makes it possible to conduct various experiments by changing the light
intensity and the panel’s tilt angle. In this way, the solar panel’s current-voltage characteristics,
changes in output power, and efficiency parameters can be determined.

As a result of putting the developed educational and experimental stand into operation, the
relationship between the solar panel’s output power and the incident light intensity was
experimentally studied.

The developed educational and experimental stand allows the experimental determination of
the dependence between the solar panel’s output power and the incident light intensity. The
research results are expected to demonstrate the consistency with the operating principles of the
photovoltaic panel.

The electrical power produced by the solar panel depends on the irradiance on its surface and
the efficiency coefficient, and this can be expressed simply by the following equation (1):

Pout = TIAE (l)

Where P,,; is the electrical power generated by the panel (W), n is the efficiency coefficient,
A is the panel area (m?), and E is the light intensity incident on the panel surface (W/m?).

o]

Current (A)

Uar

o 5 i0 15 20 25
Voltage (V)

Figure 2. IV curve.
In the upcoming experiment, the panel’s open-circuit voltage V., short-circuit current /., and
the voltage and current at the maximum power point (Vmax and Imax) will be measured, and the
panel’s fill factor (Fill Factor) will be calculated based on these values (6).

FF = fmemp (6)

VocXIsc

Additionally, based on the obtained data, the panel’s efficiency will be determined using the
following expression (7):

_ Pmax FF*VocXIgc

= U]

n= ExA ExA

As expected, as the light intensity increases, the short-circuit current I, shows an
approximately linear increase, while the open-circuit voltage v,.changes only logarithmically. As a
result, the power increases almost directly proportionally to the light level (8).

Prax = Vinp X Ly and P 0 E (8)

The panel’s tilt angle is also expected to affect the power. When the angle of sunlight incident
on the panel surface changes, the effective irradiance varies according to the cosine law (9).

E(@) =E, cos® = P,,,,(0) = P,,,,(0) cos 6 9)

Based on these formulas, using the constructed stand, the panel’s current-voltage
characteristic will be obtained, its output power dependence on light intensity and angle of
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incidence will be experimentally determined, and the fill factor and efficiency parameters will also
be calculated.

Procedure of the work

e Connection and setup: Connect the energy or voltage sensor to the computer and
select the external load mode. Correctly connect the solar panel electrodes to the
sensor and launch the graphical analysis software.

e Measuring open-circuit voltage: Fix the panel directed toward the projector and
determine the VVoc value in the no-load state.

e Measurements at high resistance: Connect the variable load in series and, by
adjusting the knobs, record the current and voltage values.

e Measurements at low resistance: Set the load to the minimum parameter, collect
additional data points, and complete the IV curve.

e Measuring short-circuit current: Disconnect the load, short the terminals with a wire,
and determine the Isc value.

e Measuring illumination: Measure various light levels with a lux meter and enter the
values into the data table.

This experiment aims to measure the output power of the solar panel by varying the load
resistance. Such an approach makes it possible to determine the optimal load resistance for
increasing the output power in experiments with solar panels.

The proposed experiment is an improved version of the procedures in previous editions of this
book. The original experiment has been revised and introduced as Experiment 18B. In this version,
it is possible to determine the fill factor (Fill Factor) of the solar panel by constructing its current-
voltage (IV) characteristic.

The fill factor is an important indicator that makes it possible to assess the efficiency of a
solar panel without separately measuring its illumination level or calculating the power produced
per unit area. This factor is one of the main parameters frequently used in the field of solar energy
to characterize solar cells.

It is also possible to find several alternative versions of this experiment online for various data
collection software (for example, Graphical Analysis 4, Logger Pro, LabQuest). Students or users
should be offered the version that corresponds to the hardware and software they are using.

Results

The load resistance at which the solar panel delivers maximum power mainly depends on the
illumination intensity of the radiation incident on the solar panel and on the wavelength of the
incoming light. It also depends, to some extent, on the temperature of the solar panel. For this
experiment, a halogen projector attached to the stand, with brightness controlled by a dimmer, is
used.

The measured value of the short-circuit current is significantly dependent on the illumination
level during the measurement. At low light levels, the measured value may be considerably lower.
However, even at low illumination, the open-circuit voltage and the shape of the IV curve remain
similar to those obtained under higher illumination conditions.

When constructing the IV curve, very low loads—possibly as low as 1-2 ohms—are needed
to obtain good results and reach low voltages. The student should connect two variable loads in
parallel to reduce the total resistance.

Using a lux meter, we calculated the light intensity at four positions of the rheostat. For this,
we placed four marks on the knob of the rheostat controlling the projector brightness. Then, at each
mark, we covered the panel surface with cloth to prevent external light and measured the
illumination. In our case, the illumination levels were 850 Im, 1390 Im, 8000 Im, and 12,200 Im.

The following results were obtained during the experiment.
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Table 1. Data table

Illumination (Im) Var (B) Lir (mA) Vinax (B) Lipgy (MA)
850 15.721 20.013 5.16 19.9695
1390 17.745 57.221 13.508 50.928
8000 18.705 149.277 17.931 128.144
12200 19.173 189.304 18.741 186.677

Using the obtained results, it is possible to calculate the maximum power at different
illumination levels. It is determined by the following formula (10):

Prax = Vmp X Imp (10)

Using the results obtained, draw the current-voltage characteristic (IV curve) of the solar cell.
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Figure 3. Data sample for the experiment

Summarizing this experiment, it can be observed that the output power of solar panels directly
depends on illumination. The IV curves at four different illumination levels clearly demonstrate this
dependence.

As a result of the conducted research, it was experimentally proven that the output power of
the solar panel is clearly dependent on the intensity of the incident light. The developed educational
and experimental stand made it possible to measure the panel’s voltage and current at different light
levels, to plot the IV (current-voltage) characteristic, and to determine the parameters at the
maximum power point.

Based on the Voc, Isc, Vmax, and Imax values obtained during the experiment, the fill factor
(FF) and the efficiency coefficient were calculated, and their dynamics under changing light
intensity were analyzed. The results showed that as the light level increases, the short-circuit current
grows linearly, while the open-circuit voltage changes only slightly. As a result, the output power
increases almost proportionally to the light intensity.

It was also determined that the panel’s tilt angle affects the power: when the angle of radiation
changes, the effective irradiance varies according to the cosine law, resulting in a decrease in
power. The obtained data can serve as a basis for improving the operational efficiency of solar
panels, ensuring their stable performance under different conditions, and developing new
engineering solutions.

The results of the conducted research demonstrated experimentally that the output power of
the solar panel clearly depends on the intensity of the incident light. The IV (current-voltage) curves
constructed on the basis of the obtained Voc, Isc, Vmax, and Imax parameters and the calculated fill
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factors (FF) correspond to the operational patterns of photovoltaic panels. These results are
consistent with the latest studies in the international literature, which provide extensive evidence
that the efficiency and power output of solar panels depend on the intensity, spectrum, and
temperature of the irradiance.

As the light intensity increased, the short-circuit current showed an approximately linear rise,
while the open-circuit voltage changed only logarithmically. This phenomenon, as noted by Hasan
et al., is explained by the direct increase in the number of photoelectrons in photovoltaic cells [21].
Manowska et al. also recorded similar dependencies in monitoring systems designed to optimize
solar potential, identifying parameters that enable increasing the power output of panels [22].

The experimental results confirm, as described by Jaiswal, the physical and environmental
advantages of solar panels. In his work, he highlighted the fill factor as an important metric for
assessing the efficiency of solar panels [23]. By comparing the obtained FF values with the standard
ranges in the field of solar energy, it became possible to objectively evaluate the panel’s
performance under changing light levels.

Furthermore, during the study, the effect of the solar panel’s tilt angle on power was
observed. When the angle of sunlight incident on the panel surface changed, the effective irradiance
decreased according to the cosine law, resulting in reduced output power. This phenomenon, as
presented by Alqaraghuli & Ibrahim, is significant for improving diagnostic and fault detection
algorithms in photovoltaic systems [24].

Alsalem also emphasizes in his work that solar energy is geographically unstable and difficult
to predict, highlighting the importance of such experiments [25]. Our research findings support this
conclusion—measurements at different light levels enable the assessment of the panel’s current-
voltage characteristics and efficiency, providing an opportunity to model its real operating
conditions.

In recent years, extensive research has been conducted to improve photovoltaic materials and
energy storage systems. Dada & Popoola demonstrated that the use of new materials and systems in
solar energy not only enhances efficiency but also expands energy storage capabilities [26]. The
data obtained in our study can serve as a foundation for improving the efficiency of solar panels,
predicting their long-term performance, and developing new engineering solutions.

Overall, comparing the research results with international literature clearly highlights the
relevance of optimizing photovoltaic system operation, introducing new diagnostic methods, and
enhancing the efficiency of solar panels in the future.

Conclusion

As a result of the conducted research, the dependence between the solar panel’s output power
and the intensity of the incident light was comprehensively studied experimentally. The specially
developed educational and experimental stand made it possible to measure the panel’s electrical
parameters at different light levels, to plot its current—voltage (IV) characteristic, and to determine
the indicators at the maximum power point. The modular structure of the stand allowed the
experiment to be conducted flexibly, enabling multifaceted analysis by changing the load resistance,
light intensity, and the panel’s tilt angle.

Based on the obtained data, the open-circuit voltage (Voc), short-circuit current (Isc), and the
voltage and current at the maximum power point (Vmax and Imax) were determined. Using these
parameters, the panel’s fill factor (Fill Factor) and efficiency coefficient were calculated. The
results clearly showed that as the light intensity increases, the output power of the solar panel grows
approximately linearly, while the voltage changes only slightly. This fully corresponds to the
fundamental physical principles of photovoltaic cells.

The research also confirmed the effect of the panel’s tilt angle on power. When the angle of
incidence changed, the effective irradiance decreased according to the cosine law, and as a result,
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the panel’s output power also decreased. These findings demonstrate the importance of correctly
selecting installation strategies for solar panels and adapting them to actual conditions.

Overall, the developed educational and experimental stand is a convenient tool for the
experimental evaluation of the performance of photovoltaic systems. It allows for a comprehensive
analysis of the current—voltage characteristics, fill factor, efficiency parameters, and the effects of
light intensity and angle of incidence on solar panels. The obtained results can serve as a basis for
optimizing the operating modes of photovoltaic systems, testing new materials and technologies,
and advancing scientific research and educational processes in the field of solar energy.
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