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Abstract: Many problems arise in the operation of photovoltaic systems. Each of these problems
affects the operation of photovoltaic systems by reducing the power of the entire system. Some
problems can be avoided during the design of photovoltaic systems. For example, when designing
photovoltaic systems, it is possible to eliminate the shading of photovoltaic panels from surrounding
objects. It is also necessary to look at the shading from neighboring photovoltaic panels when
designing photovoltaic systems. It is necessary to calculate the inclination of the sunlight based on
the position of the sun and calculate the distance between the two panels accordingly. However,
some problems appear during the operation of photovoltaic systems. These problems can be partially
eliminated. The magnitude of the series resistance can be eliminated by reducing the transition
resistance throughout the system. The paper describes these problems and their possible solutions in
practice. In the practical part, we focused on simulations and experiments in the field of photovoltaic
systems (PV). The simulations focused on both the influence of temperature and the series resistance
of photovoltaic panels on the production of electricity. The experiments were focused on the influence
of various faults/defects on the power and V-A characteristics of photovoltaic panels connected
in strings. The paper also discusses the impact of bypass diodes on the operation of photovoltaic
systems and determines the need to use bypass diodes.

Keywords: V-A characteristic; open circuit voltage; operation of photovoltaic system; temperature of
photovoltaic system; series resistance Rg; parallel resistance Rp

1. Introduction

Energy from the sun hits the earth in the form of radiation. We perceive solar energy
as heat and light. Energy from sunlight is also stored in fossil fuels such as coal, oil and
natural gas. However, these are exhaustible and are therefore considered non-renewable
energy sources. Solar radiation is used to produce heat and electricity. A solar collector,
a solar oven and a solar cooker are used to convert sunlight into heat. With the help
of a solar collector, we prepare hot water, for example, for showering or for heating the
house. Solar energy is converted into electrical energy by a photovoltaic cell. This device
uses the internal photoelectric effect. After the impact of photons from sunlight on the
surface of semiconductor materials, electrons are released. The directed movement of
electrons is an electric current. The production of electricity using solar energy is growing
rapidly in the world today, and the most important technology here is represented by the
so-called photovoltaic cells. To a lesser extent, the process of concentrating solar radiation
by means of parabolic mirrors into an absorber with the subsequent production of steam for
a generator is also applied. Unlike parabolic mirrors, whose practical application is limited
to areas very rich in solar radiation, the use of photovoltaic cells is possible in almost all
countries [1,2].
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Due to the incident sunlight, an electric voltage is generated on the semiconductor
diode (the so-called photoelectric effect), which creates a current. The energy produced
in large photovoltaic power plants is intended for immediate sale and consumption in
the public grid. The unpredictability of electricity production is the biggest problem of
this resource, unlike a nuclear power plant, where it is possible to predict the amount of
electricity the power plant will produce. However, this is not possible with a photovoltaic
source. Another problem is the fact that electricity production changes rapidly with photo-
voltaics. This problem causes complications with operation in the distribution network.
Other problems also arise during the operation of photovoltaics. Photovoltaic panels are
connected to strings-in series, parallel or series-parallel. In the case of photovoltaic panels
connected in series, the current in the string is the same. For example, if the current Isc
of the panels is 8A, this is the maximum current flowing in the string. Higher current
values may appear if the panel temperature is lower than indicated in the datasheet. This
is possible in the winter months with the high intensity of sunlight. However, a problem
arises if any photovoltaic panel is damaged or shaded. In that case, such a panel affects all
panels connected in the same string [2—4].

2. Photovoltaic Cell

Semiconductors are used to directly convert light into electricity. They are materials
with characteristic properties. In terms of electrical conductivity at T = 0 K, semiconductors
are perfect insulators. Pure semiconductors have low conductivity, even at elevated temper-
atures. At room temperature, their conductivity depends on the concentration of suitable
compounds. Conductivity can be affected by increased temperature, light or pressure. Two
types of electric charge carriers are involved in conductivity: electrons and holes. The
electron energy structure of crystalline semiconductors contains allowed and forbidden
energy bands. Semiconductor materials are inorganic—Si, Ge, GaAs, CdTe, or organic—a
large number of various organic natural or synthetic substances [1,3,5,6].

The photovoltaic (solar) cell contains a potential barrier. These oppositely oriented
electric charges are arranged in opposition to each other on the dividing line, which creates
an electric field. The inhomogeneous charge distribution on the dividing line of the P-N
junction is caused by the diffusion of the majority of the charge carriers (electrons in the N-
type semiconductor, holes in the P-type semiconductor). On the P side, after the diffusion
of the major holes to the N side, a negative spatial charge arises; after the diffusion of
electrons from N to P; a positive spatial charge arises on the N side. The electrons and
holes generated by the light are separated on the barrier by an electric field. This separation
causes a potential difference, thus, an electrical voltage that can induce an electric current
through an external circuit connected to a semiconductor structure with a potential barrier
exposed to light radiation (photovoltaic phenomenon) [1,3,7].

There are several ways to create a potential barrier. One way to prepare a potential
barrier is to use a two-layer semiconductor interface. One layer is an N-type semiconductor
and the other a P-type semiconductor. The solar cell is not a homogeneous semiconductor,
but consists of a part that has electronic conductivity (N-type material, such as phosphorus-
doped silicon) and a hole-conducting part (P-type material, for example silicon with an
admixture of boron). A voltage is generated at the electrodes of the P-N passage under the
influence of light and an electric field, which is in the region of the spatial charge at the
interface [1,3,8].

The N side is negatively charged, and the P side is positively charged. The solar
cell is thus a semiconductor diode with suitable parameters (i.e., geometric arrangement
and conductivity) for the photovoltaic phenomenon. There are other little- or less-used
methods of preparing the potential barrier that is needed for a photovoltaic phenomenon
(e.g., metal-semiconductor contact). On the P side, after the diffusion of the major holes to
the N side, a negative spatial charge is created.

When the N-type and P-type sides of a photovoltaic cell are connected through an
external electrical circuit (such as an electrical load), an electric current will flow through
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the circuit, similar to connecting a standard battery. Electrons from the N-type side will
flow into the load and perform useful work, such as lighting up a light bulb. The energy
from the absorbed light radiation in the semiconductor structure (P-N junction) is then
directly converted into electrical energy, which performs the work in the load. Electrons
will continue to flow into the load as long as there is a source (light radiation falling on the
solar cell). The amount of electrons, or current, is directly proportional to the intensity of
the incident radiation. [1,3,9,10].

The miscibility between donor and acceptor is a crucial factor that affects the morphol-
ogy and thus the device performance of organic solar cells (OSCs). The third component
with lower miscibility and higher lowest unoccupied molecular orbital (LUMO) level into
the state-of-the-art PM6: Y6 system can significantly enhance the performance of devices.
The double-fibril network morphology strategy minimizes losses and maximizes the power
output, offering the possibility of 20% power conversion efficiencies in single-junction
organic photovoltaics [11,12].

The photovoltaic device consists of solar cells. Solar cells produce the most electricity
in direct sunlight. However, they also work in cloudy skies (due to diffuse radiation),
although their power is then significantly lower. In winter, the amount of incident sunlight
is smaller than in summer, and the diffuse component of radiation predominates, so the
amount of electricity produced is smaller [1,13,14].

3. Photovoltaic Cell Parameters
3.1. Open-Circuit Voltage Upc

Open circuit voltage is the voltage at the output of the PV panel (cell) without a
connected load. It is the maximum voltage at the output, given the radiation intensity and
temperature [1,15].

3.2. Short Circuit Current Isc

The short-circuit current is the maximum current that the cell can supply at the given
radiation intensity to the temperature of the photovoltaic cell. It is thus equal to the current
generated by the light Isc = I, assuming that the resistance Rg is zero [1,16].

The open-circuit voltage, as well as the short-circuit current, changes with the temper-
ature of the panel. Temperature affects the position of the operating point of the PV cell.
With limited cooling of the PV cell or with prolonged exposure to solar radiation on the
cell, the surface temperature of the PV cell can reach up to 80 °C at an air temperature of
40 °C. Such an increase in temperature significantly affects the electrical properties of the
PV cell and there is a drop in the terminal voltage of the cell on its load characteristic. A
drop in this voltage means a drop in the power supplied to the load. We can express the
change in power by the relation:

dP _ AP Yo

r]ef:—g—:—o.él
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where AP is the change in power at the terminals of the PV cell (W) and A# is the change in
temperature of the PV cell (°C). From this relationship, it follows that when the temperature
changes by 2.5 °C, the power changes by 1%. The biggest change when the temperature
changes can be observed on the value of the open-circuit voltage Up. According to theoreti-
cal assumptions, there is a change of 0.4% for every 1 °C temperature change. The change
in power in the relationship above is caused by the change in voltage and current of the PV
cell. The relationship can therefore also be expressed after substituting these values as:

_dP AP AUAI
Tef =48 — A0~ AD

@)

where AU is the change in PV cell voltage (V) and Al is the change in PV cell current (A).
From the relations above, it follows that the change in the PV cell power depending on the
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temperature is most influenced by the change in its voltage, since the change in the current
value is almost zero—Figures 1 and 2.
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Figure 1. Change in V-A characteristic due to temperature change [17].
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Figure 2. Change in power characteristic due to temperature change [17].

3.3. Maximum Power Pyipp

The main unit is Wp (Watt Peak). This is the maximum power that the panel is able to
deliver under STC conditions. The value of the maximum power is given by the relation: [6]

Pyppp = Upmpp * Inpp 3)

where the voltage Uypp is at the point of maximum power of the panel and where the jet
Ipmpp is at the point of maximum power of the panel.

We know several algorithms for finding the MPP point. The basic aspects in choosing
a suitable algorithm are the ability to detect multiple maxima of the power characteristic
and the speed of convergence. The level of solar radiation changes in different places of the
panel, or the radiation level may not be the same on all panels at once. Therefore, several
local maxima points arise in one system. The efficiency and complexity of the algorithm
determines whether the actual point of maximum power is calculated, or only the local
maximum of power. The more powerful the MPPT algorithm, the lower the time to find the
operating voltage or current. Depending on what the time of this convergence should be,
the system requires the required abilities from the algorithm. The following two algorithms
are described below:

—  Perturbation and Observation
—  Incremental Conductance

3.4. Perturbation and Observation P&O

The concept of this algorithm consists in changing the voltage or current of the pho-
tovoltaic panel until the maximum extracted power is obtained from it. As soon as the
voltage on the panel is increased, the output of the panel increases, and the system con-
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tinues to increase the operating voltage until the output power starts to decrease. When
this happens, the voltage drops and tries to get back to the point of maximum power.
This cycle continues indefinitely. The power value constantly oscillates around the MPP
point, but never stabilizes. This is also the main disadvantage of the P&O algorithm. If the
irradiance or load change is rapid, the algorithm may track the MPP point in the wrong
direction. However, the main advantage of the P&O algorithm is its simplicity and ease
of implementation.

3.5. Incremental Conductance

The Incremental Conductance algorithm is based on the observation of the slope of
the curve placed on the current observed point of the power curve. If the curve is crossed
by the point of maximum power, the slope is zero, if the curve is to the left of the MPP
point, the slope is positive, and if to the right of the MPP point, the slope is negative. The
MPP point is found by comparing the instantaneous conductance (I/U) to the cumulative
conductance (AI/AU). Once the algorithm finds the MPP, the system maintains that power
point except when the voltage or current changes. In this case, the point finds a new MPP
point. This technique has the advantage that it can reach and maintain the MPP without
losing efficiency, as it does not oscillate around this point as in the case of P&O. Additionally,
even under rapidly changing conditions, this algorithm tracks more accurately. The main
disadvantage is its longer time taken to stabilize the MPP.

In previous posts [18,19], we observed how the parameters of the photovoltaic
cell change with changes in the parameters of series and parallel resistance, which rep-
resent various defects in the photovoltaic cell and transition resistances. However, it
was not observed how the parameters change if several photovoltaic cells are connected
in a string. Finding the MPP point for one photovoltaic panel is not complicated.
However, if several photovoltaic panels are connected in series or in parallel, then it is
necessary to apply an algorithm for searching the MPP point. Some of them were de-
scribed earlier in the “Maximum power Pypp” section. Another alternative to finding
the MPP point could be the Particle Swarm Optimization method. Some methods are
relatively simple but work with great uncertainty. Later, you will see how the change of
the MPP point affects the production of electricity. The more accurately the MPP is found,
the more electricity production increases, which has a significant impact on the return on
investment in photovoltaics. It is necessary to realize that the MPP point changes quite
often—from changes in lighting intensity, position of the sun, shading of panels, defects
and so on [20-24].

The effectiveness of photovoltaic (PV) cell utilization is impacted by not only the
internal characteristics of the PV cells, but also external factors such as irradiance, load,
and temperature. To ensure optimal operation of PV cells in complex environments, there
are four main categories of maximum power point tracking (MPPT) methods used in PV
systems: traditional MPPT, intelligent MPPT, optimized MPPT, and hybrid MPPT [25-28].

Traditional MPPT methods, such as the perturbation and observation method (P&O)
and incremental conductance method (INC), are popular due to their simplicity, but they
may lack speed and accuracy, causing local optimization and power loss at the MPP.
To address these issues, the literature [6,7] proposes improved adaptive P&O and INC
algorithms that more efficiently and quickly track the PV array MPP.

Intelligent MPPT methods, including fuzzy neural control (FNC) and artificial neural
network (ANN), are commonly used in changing environments. Literature [8] presents an
ANN that takes dynamic irradiance and temperature as input and trains for high speed
and accuracy. However, the cost of storing and training large amounts of data may be
a concern.

Optimized MPPT methods, such as particle PSO, firefly algorithm (FA), and gray wolf
algorithm (GW), can dynamically track the real MPP. Literature [9] introduces GWO, which
has a great response speed and stable accuracy when MPPT is performed under partial
shading conditions (PSC). However, its search space is large, and calculation time is long.
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Hybrid MPPT algorithms combine traditional and intelligent algorithms. They use the
traditional MPPT method to estimate the MPP region and then use intelligent optimization
to find the accurate MPP. The hybrid algorithm proposed in literature [10,13] can combine
the advantages of the algorithms, but it requires high-level mathematical calculations and
may have limited applicability.

3.6. Effectiveness 11

The maximum theoretically possible efficiency of direct conversion of light-solar
radiation into electrical energy through solar cells with a P-N junction is about 30%. The
efficiency is given by the formula: [8,29]

Pyipp Pyvpp
= = 4
ef Prag ExAc ( )

where P,,; is the power of the incident radiation, E is the light intensity under standardized
test conditions; Ac is the area of the photovoltaic cell.

3.7. Series Resistance Rg

It is an indicator of the quality of a PV cell. It is a parasitic resistance that is derived
from the total resistance of the semiconductor material, the resistance of contacts and
connections. A good cell should have the lowest Rs value, because its high value causes a
voltage drop at the panel terminals.

3.8. Parallel Resistance Ry

In most cases, it is caused by extensive defects. Too low an R, value indicates a poor
PV cell that behaves almost in the manner of a short circuit. The resistance value should be
as high as possible [6-8].

4. Mathematical Model of a Photovoltaic Cell

For a correct understanding of the operation of a photovoltaic cell, it is advisable to
create an equivalent model (Figure 3), one which will be composed of elements whose
behavior is already known. An alternative scheme of a photovoltaic cell consists of a
current source with a diode and a resistor connected in parallel; a resistor connected in
series is used to model the transient resistance.

l I'D l I'sh
I

_I
|
| yn Rsh u D R
|
|
—

—

Rs J

L J

O —
Figure 3. The replacement scheme of the photovoltaic cell [17].

The current supplied by the photovoltaic cell to the load is formulated according to
Kirchhoff’s current law: [3,5,16,30,31]

I=1p —Ip — Iy [A] %)
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The complete formulation of the photovoltaic cell current is represented by this
equation: [6-8,30-32]

_ U+ IRs U+ IR

I=1I —I [exp ( il ) 1} R, [A] (6)

In the equation, current I}, represents the current generated by radiation in the photo-
voltaic cell, Ip is the current flowing through the diode, and current I, is the loss current
passing through the parallel resistance Ryj,. The parallel resistance is caused by local defects
of the PN junction at the edges of the photovoltaic cells; the ideal value of this resistance is
infinitely large. In high-quality cells, Ry, = 300400 k(). Resistance Rg is a series resistance,
and the value of this resistance should be as low as possible; this resistance is caused by
imperfections in the connections between individual cells. For high-quality cells, the Rg
resistance is up to 0.10 Q). The quantity indicates the ideality factor of the diode, and the
value ranges from 1 to 2 [5,9,32-35].

The single-diode equation assumes a constant value for the ideality factor n. In reality,
the ideality factor is a function of voltage across the device. At high voltage, when the
recombination in the device is dominated by the surfaces and the bulk regions, the ideality
factor is close to one. However, at lower voltages, recombination in the junction dominates
and the ideality factor approaches two. The junction recombination is modeled by adding
a second diode in parallel with the first and setting the ideality factor typically to two.

However, if we use a two-diode model to describe the behavior of diodes, there will
be two unknown diode quality factors, which increases the number of equations and
unknown parameters to two (4). This makes the calculations more complex. Despite this,
the two-diode model provides much more accurate curve characteristics than does the
single diode model at lower irradiance and low temperatures. Therefore, considering all
aspects, the single diode model is faster and has less computational errors due to its less
complex equation and fewer iterations. On the other hand, the two-diode model provides
more precise and accurate characteristics under varying weather conditions with longer
iterations and parameter calculations.

1= IL—Isl-[exp (uHRS) —1] —Isz-[exp (UHRS> —1} _UFIR, [A] )

Tll.UT I’ZZ.UT Rsh

5. Photovoltaic Cell Analysis and Experiments

As described above, the operation of PV systems is influenced by several parameters,
or operating conditions, of PV systems. Most of all, though: [35,36]

—  Temperature conditions of the photovoltaic panel;
—  Connecting photovoltaic panels—in series, in parallel;
—  Various faults on the photovoltaic panels in the string.

(A) Case study I-Effect of temperature on photovoltaic panel power

We verified the first effect (temperature effect) by simulation in the Proteus program.
During prolonged exposure to the increased intensity of solar radiation falling on the panel,
it heats up, which results in a change in the electrical properties of the cells, and the change
in properties leads to a reduced power of the PV cells. Cells may heat up even in the event
of a fault-hot-spots. In the case of a fault on the photovoltaic cell, the photovoltaic cell
is damaged; hot-spots are created. These hot-spots are created in places of defects in the
crystalline grid of PV cells or can be created when the panel is shaded. In this simulation,
the values of the series resistor, the parallel resistor and the intensity of the solar radiation
were constant and only the temperature values changed to temperatures of —25 °C, 0 °C,
25 °C, 50 °C and 75 °C [23,24].

The simulation results showed that as the operating temperature of the cell suddenly
rises, and the PV cell produces less electricity, which is shown in the curves in Figure 4. This
figure again shows five V-A characteristics, representing five different dependences at the
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temperatures —25 °C, 0 °C, 25 °C, 50 °C and 75 °C. According to the statement mentioned
above, the PV cell should produce more energy during the winter months than during
the summer months. However, this is not true, because the power of the PV cell is much
more dependent on the intensity of solar radiation, and the latter is much higher in the
summer months than in the winter. It was found that as the operating temperature of the
cell increases, the produced power decreases. An increase in temperature can occur, for
example, with long-term exposure to solar radiation on the cell and insufficient cooling (no
wind). This decrease in power can be noticed in the change in the shape of the curves, in
such a way that the change in temperature is most pronounced when the no-load voltage
Upc is reduced. As the temperature increases, the series resistance Rg also increases.

1 [A] V-A characteristic
1.20

—-25°C
1.00 ~== 0°C
0.80 25°C

50 °C
0.60 75 ¢
0.40
0.20
0.00
0.00 0.20 0.40 0.60 0.80 1.00 1.20
ul[v]

Figure 4. V-A characteristic for temperature change.

(B) Case study 1I—Effect of serial resistance on photovoltaic panel power

This resistance represents panel losses and is derived from the total resistance of the
semiconductor material, contact resistance and interconnects, with the resistance value
rising for imperfect and damaged connections, which means higher contact resistance,
leading to the overheating of the panel. The resistance changes immediately after the
panel is in operation, which is caused by changes in the temperatures in and around the
photovoltaic panel.

From the results of the simulation, it is obvious that if the value of the resistance on
the resistor Rg increases, the power of the PV cell decreases, which can be seen in the
characteristics in Figure 5. In this figure, five different V-A characteristics are shown; each
of them represents a different value of resistances Rg, specifically, values of 0.1; 0.15; 0.3;
0.6 and 1 Q). The values of the parallel resistor Rg, solar radiation intensity and panel
temperature, were unchanged in the simulation. We found that in the ideal case, the PV
cell should have the lowest possible resistance value of the resistor Rg, then the cell has
almost ideal V-A characteristics, which is shown in Figure 5 at a resistance value of 0.1 Q.
It is also possible to notice that when the resistance is increased, the shape of the curve
changes—the current and voltage changes significantly with the changing load, while the
magnitude of the short-circuit current Isc and the no-load voltage Upc is the same, but this
does not apply to the value of the resistance 1 (), when the value of the short-circuit current
Isc also changes. These curve shapes are not suitable, because they cause a decrease in the
power produced.
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1[A] V-A characteristic
1.20
—_—0.10
1.00 = e —_— 0.15Q
0.3Q
0.80
0.60Q
—_—10
0.60
0.40
0.20
0.00
0.00 0.20 0.40 0.60 0.80 1.00 1.20
UI[v]

Figure 5. V-A characteristic for serial resistance change.

(C) Case study 11I-Effect of solar radiation on the photovoltaic panel power

In our experiment, we focused on finding out how different conditions of the photo-
voltaic panel affected the overall production of electricity. We chose photovoltaic panels

from the same manufacturer. The parameters of the photovoltaic panel are shown in
Table 1.

Table 1. Datasheet of photovoltaic panel.

Datasheet Parameters

Total power, Pyrax 60 W

Voltage in Ppax, Upmp 171V

Current in Pyax, Imp 35A

Short current Igc 38A

Open circuit voltage Upc 211V
Termal coeficient for open circuit voltage Upc,Ky —-80mV/°C
Termal coeficient for short current Isc, K; 24mA/°C

Cell number 36
Svetlom generovany prud Ipy 3.8128 A

Four photovoltaic panels with the same parameters were used in the experiment.
These panels were connected in series. During the experiment, the intensity of solar
radiation of one panel was changed by overlapping with the film and the intensity of solar
radiation was monitored using a pyrometer. The value was gradually adjusted from the
original 1000 W/m? to 500 W/m? and 100 W/m?.

The results of the measurements show that when the panels are connected in series, the
no-load voltage Upc is added, while the magnitude of the short-circuit current Isc depends
on the weakest part of the PV system, which can be seen in the curves in Figure 6. We
found that if, for example, one panel is shaded, there is a significant drop in the produced
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power of the PV system. This drop in power is caused by a PV panel that is either shaded
or damaged.

V-A characteristic

4 = 1000 W/m2 500 W/m2 =100 W/m2 A MPP

3.5

2.5
1[A] 2
1.5

0.5
. ‘*\

0 20 40 60 80 100
U[vl

Figure 6. V-A characteristic for solar radiation change.

From the results of the measurements, it is clear that the highest output power from
the PV system is obtained at a radiation intensity of 1000 W /m?, which is shown in Figure 7.
In this case, the maximum power from the PV system is Pypp = 240 W. In the case of
500 W/m?2 and 100 W/m?2, one of the panels is shaded and, in that case, the PV system
produces less electricity. Therefore, if one panel in the string is shaded, this panel will affect
the total production of electricity from the entire photovoltaic system. In such a case, a
bypass diode is used in practice.

Power characteristic

P [W]
300 = 1000 W/mA2 500 W/m?A2 =100 W/mA2 A Pmpp

250
200
150
100

50

100 120
U[V]

Figure 7. Power characteristic for solar radiation change.

(D) Case study IV—Operation of photovoltaic panels for different connections

In the next part, we connected four photovoltaic panels (monocrystalline) in series-
parallel. We have created five situations of operation of photovoltaic panels—Figure 8. In
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the first case, all panels were without any defects at a radiation intensity of 1000 W/ m2. In
the second case, one panel in one string was shaded to a radiation intensity of 500 W/m?.
In the third case, we shaded the same panel to the level of 100 W/ m?2. In the fourth case,
we shaded one panel in each parallel string to the level of 500 W/ m?, and in the last case,
we shaded both panels in one string to the level of 500 W/m?. Figure 8 shows individual
cases two to five.

1000 W/mn2 1000 W/mn2 1000 W/mn2 1000 W/mn2

1000 W/m#n2 1000 W/mn2

Figure 8. The connection of photovoltaic panels.

It is possible to see the results from the experiments—Figure 9. In the second case, it is
possible to observe a current decrease from the photovoltaic system in compare with case
one. This decrease is caused by the shading of one panel in the string. During shading,
the current in this branch is decreased. It follows that if one panel is shaded in a series
connection, it will affect the production of electricity in the string. Comparing case two and
case five, similar V-A characteristics can be seen. In the fifth case, both panels in the string
were shaded to the same radiation intensity. However, the current in this string was similar
to case two. It follows that the current is the same whether one or both panels are shaded
at once. The current in the string will be equal to the smallest current of all the photovoltaic
panels connected in this string. In practice, therefore, a problem may arise if any panel in
the string is replaced. The new panel in the string must have similar parameters to the
other panels in the string.

If one compares cases three and four, several facts can be observed from the measure-
ments. The currents in both cases are approximately the same. In case four, the currents
in both strings are half because in each string one panel is shaded at 500 W/m?. Together,
these two strings supply the same current as the “healthy” string in case three (1000 W/m?).
The difference in the total current is the current supplied from the string, where the shading
is at the level of 100 W/m?. This difference will cause a difference in the total current in
cases three and four. The first case reaches the highest values of the currents because no
shading was created there.
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Figure 9. V-A characteristic for each of the five cases in the experiments.

From the results of the simulation, it is obvious that the highest power from the PV
system will be obtained in the ideal state of the PV system and STC conditions in situation 1,
which is shown in Figure 9. In this case, we will achieve the maximum possible power from
the PV system of approximately Pypp = 240 W. It can be seen from the flow in Figure 10
that in situations two and five the power is similar because the panels are shaded in only
one branch. In situations three and four, it is possible to see a decrease in the produced
power if the panels on both branches are shaded or if one panel in the branch produces
almost no electricity.

V-A characteristic

——With bypass diode
10 Without bypass diode
No shaded

1]

Figure 10. V-A characteristic for shaded and unshaded situations.

(E) Case study V—MPP point Finding

In the last experiment, we will look at the effect of shading and the use of a bypass
diode and possible problems in finding the MPP point. Two situations were created. Three
photovoltaic panels were connected in series. In the first step, two panels were partially
shaded. In the second step, bypass diodes were connected to the photovoltaic panels and
the two panels were also shaded.



Energies 2023, 16, 2576

13 of 16

Two characteristics can be seen in Figure 10. The power of the string is approximately
330 W without shading. On the characteristic (orange—without bypass diode), it is possible
to observe the current drop in the string when two panels are shaded. The maximum
power with this connection is approximately 40 W. If bypass diodes were used, then the
maximum power would be 95 W. The use of bypass diodes will approximately double
the production of electricity. The results show that the MPP point changes under different
operating conditions. The curves indicate the area of maximum power, which is set by
the MPP search algorithm. The use of a bypass diode increases the power from the string.
The one photovoltaic panel damaged in a string can affect production from the string. The
current and thus the performance from the string drop significantly. The ideal solution is to
replace the damaged panel with a new PV panel with the same parameters. If this is not
possible, it is more effective to disconnect this panel from the string. In this case, however,
it is necessary to monitor the voltage of the string due to the connection to the inverter.

As can be seen, shading (or a defect on the panels) significantly affects the power
of the entire string. Even the use of bypass diodes will not solve the shading problem.
On the other hand, the power in the string is higher with the use of bypass diodes than
without them.

6. Conclusions and Discussion

In this research, we focused on different conditions in the operation of photovoltaic
panels. Simulations were created in the Proteus program and experiments were also created
that describe problems in the operation of photovoltaic panels. On the created model of the
photovoltaic panel, V-A characteristics were determined, depending on the temperature
of the photovoltaic panel. In the next part, we focused on the problem of series resistance
increasing within the photovoltaic panel. Increasing this value causes a change in the shape
of the V-A characteristic. Changing the shape of the V-A characteristic causes problems in
determining the MPP point, mainly in the operation of photovoltaic systems. An increase
of series resistance indicates an increase in the transient resistance, which can cause thermal
stress on this part. Ultimately, a fault may occur on the photovoltaic system. An increase of
series resistance causes a decrease in the total production of electricity from photovoltaic
systems in practice.

In the last part, we focused on experiments, where we created a workplace consisting
of four identical photovoltaic panels and connected them together in series-parallel. Then
we used the film to simulate shading and the changes in lighting intensity. Experiments
were performed on five different cases. In the first case, all panels were without any defects
at a radiation intensity of 1000 W/m?. In the second case, one panel in one string was
shaded to a radiation intensity of 500 W/ m?2. In the third case, we shaded the same panel
to the level of 100 W/m?. In the fourth case, we shaded one panel in each parallel string to
the level of 500 W/m?, and in the last case, we shaded both panels in one string to the level
of 500 W/m?2. From the results of the simulation, it is obvious that the highest power from
the PV system will be obtained in the ideal state of the PV system and STC conditions in
case one, which is shown in Figure 10. In this case, we will achieve the maximum possible
power from the PV system of approximately PMPP = 240 W. It can be seen from the flow in
Figure 10 that in cases two and five, the power is similar because the panels are shaded in
only one branch. In cases three and four, it is possible to see a decrease in the produced
power if the panels on both branches are shaded or if one panel in the branch produces
almost no electricity.

In the last study, the influence of bypass diodes on the operation of photovoltaic
systems is described. The results show that the bypass diodes increase the power of the
photovoltaic system in case of shading (or in case of panel defects), but they do not solve
the shading problem. The results show that when the panels are shaded, the power string
drops by 66%. The power drop depends on the amount of shading.

It is already possible to limit shading during the design of photovoltaic systems. It
is necessary to prevent shading from surrounding objects. In this case, the use of bypass
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diodes is not necessary—or it is uneconomical. If the panel is damaged during operation,
there are two options:

(@) Replacing a damaged photovoltaic panel—which is sometimes problematic in practice,
since it is necessary to replace a panel with similar parameters;
(b) Use of bypass diodes—depending on the extent of panel damage.

With both solutions, this means additional investment costs for the operation of
the photovoltaic system. It is therefore necessary to find out which of the variants is
economically acceptable.

The research described in the paper points to possible errors in finding the MPP point.
This can cause problems in the operation of the photovoltaic system. These problems
occur if there is a defect in the photovoltaic system on some of the panels or on several of
them. As experiments show, the V-A characteristic is distorted and the search for the MPP
point is complicated. The photovoltaic system continues to work (unless the voltage in the
string drops below the starting voltage), but the defect significantly affects the production
of electricity. We want to focus the further direction of our research on the design of
a suitable algorithm for searching the MPP point using various optimization methods.
Several publications mention methods based on fuzzy logic control, neural network and
so on. We hope to focus on creating a method based on genetic algorithms using tests of
robustness and correctness of the MPP point search. However, we anticipate that there may
be a problem with the speed of finding the MPP point using these methods.
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