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Abstract

The usage of conventional energy applications generates disproportionate emissions
of greenhouse gases and the consumption of part of the energy resources available in
the world. It has become an important problem which has serious effects on the
climatic change. Therefore, it is crucial to reduce these emissions as much as possible.
To be able to achieve this, renewable energy technologies must be used instead of
conventional energy applications. Solar Photovoltaic (PV) technologies do not release
greenhouse gas emissions directly and can save more than 30 million tonnes of carbon
per exajoule of electricity generated relative to a natural gas turbine running at 45%
efficiency.

Shadowing is one of the most important aspects that affects the performance of PV
systems. Consequently, many investigations through this topic are being done in order
to develop new technologies which mitigate the impact of shadowing during PV
production. In order to minimise the impact of shadowing it is desired to be able to
predict the performance of a system with PV-modules during shadowing.

In this thesis a simulation program for calculating the IV-curve for series connected PV-
modules during partial shadowing has been developed and experimentally validated.
PV systems modelling and simulation in LTspice environment has been presented and
validated by means of a comparative analysis with the experimental results obtained in
a set of tests performed in the laboratory of Gavle University. Experimental
measurements were carried out in two groups. The first group corresponds with the
experiments done in the string of six modules with bypass diodes while the
measurements of the second group have been performed on a single PV module at
HIG University.

The simulation results of both groups demonstrated a remarkable agreement with the
experimental data, which means that the model designed at LTspice supposes a very
useful tool that can be used to study the performance of PV systems. This tool
contributes to the investigations in this topic and it aims to benefit future installations
providing a better knowledge of the shading problem.

The master’s thesis shows an in-depth description of the required method to design a
PV cell, a PV module and a PV array using LTspice IV and the input parameters as well
as the needed tests to adjust the models.

Moreover, it has been carried out a pedagogical study describing the effect that
different shadow configurations have in the performance of solar cells. This study
facilitates the understanding of the performance of PV modules under different
shadowing effects.

Lastly, it has also been discussed the benefits of installing some newer technologies,
like DC-DC optimizers or module inverters, to mitigate the shadowing effects. The main
conclusion about this topic has been that although most of the times the output power
will be increased with the use of optimizers sometimes the optimizer does not present
any benefits.

Keywords: shading, PV model, LT-Spice, photovoltaic energy, bypass diode, DC-DC
optimizer.
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1. Nomenclature

1M3P
1M4P
1M5P
A

a-Si
c-Si
FF

G

I(Vbias)

I bypass

Single Mechanism model, Three Parameters
Single Mechanism model, Four Parameters
Single Mechanism model, Five Parameters
Solar cell active area [m?]

Amorphous silicon

Crystalline silicon cells

Fill factor
Solar irradiance [KZ]
m

Current in LTspice simulations to represent |-V curves [A]
Bypass current [A]

Diode current [A]

Light-generated current [A]

Maximum power current [A]

Illumination current associated to the photoelectric effect [A]
Reverse bias saturation current for the diode [A]

Short-circuit current [A]
Boltzmann constant [ﬂ

Multiplication factor

Maximum Power Point

Maximum Power Point Tracker

Diode ideality factor

Nominal operation cell temperature [°C]
Power of the incident light [W]

Power in the MPP [W]
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poly-Si

PV

Virradiance
Vinp
VOC
Arel

.Brel

&sa

Polycrystalline silicon

Photovoltaic

Modulus of the electron charge [C]

Load resistor [(1]

Series resistor [(1]

Parallel shunt resistor [(1]

Standard Test Conditions

Absolute temperature of the p-n junction [K]

Voltage source in LTspice simulations to represent |-V curves [V]
Breakdown voltage [V]

Voltage source in simulations to model the irradiance [V]
Maximum power voltage [V]

Open-circuit voltage [V]

Short-circuit current temperature coefficient
Open-circuit voltage temperature coefficient

Real performance index

Efficiency



2. Introduction

Nowadays, energy is a basic need all around the world. The use of energy is increasing
enormously and therefore the population is starting to get concerned about the facts
that this usage involves. The disproportionate emissions of greenhouse gases and the
consumption of part of the energy resources available in the world have become
important problems which have serious effects on the climatic change.

Therefore, it is crucial to reduce these emissions as much as possible. To be able to
achieve this, renewable energy technologies must be used instead of conventional
energy applications that use fossil fuels. Solar PV technologies do not release
greenhouse gas emissions directly and can save more than 30 million tonnes of carbon
per exajoule of electricity generated relative to a natural gas turbine running at 45%
efficiency [1]. Additionally, PV systems have noiseless operations, are flexible in scale
and have an easy maintenance in comparison with other renewable technologies.

The future perspectives of PV panels indicate that thin-film and other advanced
technologies will dominate and be preferred in the future. Nevertheless, some
investigations show that approximately 85%—90% of the actual PV market is still
represented by single and multi-crystalline silicon cells (multi c-Si) [2]. The research
that is been proposed for the master’s thesis will study this silicon technology;
specifically what effect the shadows have on its performance.

One of the most important problems which affects performance of PV systems is
shadowing. In PV installations it is necessary to series connect a large number of solar
cells to achieve sufficiently high voltage. When the cells are series connected the cell
which delivers the lowest current will limit the current in the string. This means that a
shadow on one cell will determine the performance of the whole circuit. The negative
impact is partly minimized by connecting by pass diodes parallel to a number of cells.
The diodes will conduct the current around the shadowed cell.

Many times, it is impossible to avoid or control the presence of shadows, which can
appear due to many different reasons, for instance, objects near the system or clouds.
For that reason, extensive research and development has been carried out. In order to
minimize the impact of shadowing it is desired to be able to predict the performance
of a system with PV-modules during shadowing. In this thesis a simulation program for
calculating the IV-curve for series connected PV-modules during partial shadowing has
been developed and experimentally validated.

2.1 Motivation

My personal interest in renewable energies is due to my environmental concern about
global warming and air pollution. During the last few years, there have been many
supportive programs from governments and other organizations which pursue the use
of renewable energies. With my research, | would like to contribute to improve the
knowledge of solar PV technology; its efficiency and reliability, to inspire its usage.

This thesis will contribute to the investigations in this topic and it aims to benefit
future installations providing a better knowledge of the shading problem and a useful
tool to evaluate its influence.
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2.2 Objectives

This thesis aims to study the shading effect on the performance of solar PV modules.

The main objective is to design several electrical circuits which model a PV system in
order to be able to simulate its performance when it is affected by different shadowing
configurations. Furthermore, the thesis aims to verify the reliability of the designed
models by means of comparing the simulation results with some experimental
measurements carried out at the laboratory of the University of Gavle (at Hus 45
Heimdall).

In addition to this, other goal of this master’s thesis is carrying out a theoretical and
experimental study describing the effect that different shadow configurations have in
the performance of solar cells and discussing the benefits of installing some newer
technologies to mitigate the shadowing effects.

2.3 Thesis outline

The thesis begins with a theoretical review of all the important points needed to carry
out and understand the analysis that are shown throughout the thesis. It starts with a
brief explanation of the PV energy. Secondly, the different ways of modelling a solar
cell are summarised. After that, in order to understand the |-V curves that will be
analysed in the results, these curves have been plotted and also the effect that
irradiance and temperature have on them. To finish the introduction, there is a review
of the shadowing problems; also of the existing technology to mitigate their effects
and the possible damages due to shadows cast across solar cells.

In the following section, the method used to perform the LTspice simulations and the
experimental measurements at HIG laboratory have been explained.

Later on, all the results and charts obtained from the simulations and tests are shown
and discussed.

As a final point, the most important conclusions of this master’s thesis are
summarised.

2.4 Limitations and delimitations

Although models play an important role they have also limitations. The models
designed will try to conform to reality as much as possible; nevertheless it will be
necessary to perform some real experiments to prove the consistency of the results
obtained with the simulations. To validate one PV module model will be necessary to
perform at least one experimental measurement to adjust some values and to verify
its correct operation.

Some chosen delimitations have to be mentioned. The simulations will be carried out
using LTspice software, although there are alternative programmes that could be used.
Additionally, the devices studied will be the ones that are in the HIG laboratory; bypass
diode, DC-DC optimizer and module inverter.



3. Theory

3.1 Photovoltaic energy
3.1.1 Basics

A photovoltaic cell is an electrical device that converts the energy of light into
electricity. The photovoltaic effect is a physical and chemical phenomenon. It has
suitable metal contacts, usually on the top and bottom, which collect the minority
carriers crossing the junction under irradiation and serve as the output terminals [3].
Photovoltaic modules and arrays produce DC electricity. Figure 1 represents the
components of a solar cell.

Sunlight

Antireflection coating

Transparent adhesive

Front contact

Cover glass
9 Current >

n-type semiconductor

p-type semiconductor Back contact

Figure 1: Solar cell composition [4]

The output of an individual cell is rather low. A photovoltaic module is a number of
solar cells electrically connected to each other and mounted in a structure. A set of
modules connected together form an array. The modules can be connected in both
series and parallel to produce any required voltage and current combination, forming a
PV array. All these connections are represented in Figure 2.

Figure 2: PV cell, module and array [5]
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3.1.2 Semiconductor materials

The materials used to manufacture the solar cells are called semiconductor materials.
They work as conductors when energy is available and as insulators in other cases.
Nowadays, most solar cells are made by silicon-based, since this is the most mature
technology. However, other materials are under active investigation and may
supersede silicon in the long term [6]. This master’s thesis will be focused in silicon-
based cells.

There are three mainly types of semiconductor materials used for solar cells;
crystalline, multicrystalline and amorphous semiconductors.

e In crystalline silicon (c-Si) the atoms are arranged in a regular pattern and
consequently it is the most expensive type of semiconductor material.

e The multicrystalline or polycrystalline silicon (poly-Si) is composed by regions of
crystalline Si separated by ‘grain boundaries’, where bounding is irregular.

e In the amorphous silicon (a-Si) there is no order in the structural arrangement
of the atoms, resulting in areas within the material containing unsatisfied
bonds.

The PV technology is progressing continuously. Because of the cost, performance and
fabrication points of view, the application of new advanced materials has created new
generations of solar cells [7].

3.2 Modelling of a solar cell

Numerous models have been made in order to simulate the performance of solar cells.
The numerical method used to model the electrical behaviour, the load current and
load voltage of a solar photovoltaic cell or panel, is based on the use of the equivalent
circuit for a photodiode. Equivalent circuit models define the entire I-V curve of a cell,
module, or array as a continuous function for a given combination of operating
conditions. The single-diode model and the two-diode model are the most commonly
used.

3.2.1 Single-diode model

The single-diode model is widely used and it has results generally acceptable [8]. Three
equivalent circuit models can be used to describe a single-diode model [9].

The first of all is the ideal solar cell, represented in Figure 3, also called 1IM3P model
(Single Mechanism, Three Parameters). For an ideal model, a solar cell can be simply
modelled by a p-n junction in parallel with a current source that is associated to the
photo carriers generated. The three parameters are the illumination current
associated to the photoelectric effect ,,, the reverse bias saturation current for the
diode I5 and n, the diode ideality factor.
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Figure 3: Ideal single-diode model of a solar cell [8]

The equations for this model are:

I=1,—1) (1)
qV
Iy = I (enKBT — 1) (2)

In the equations (1) and (2), K5 is the Boltzmann constant (1.38062E-23 m?kg s2K 1),
g is the modulus of the electron charge (1.602E-19 C), T is the absolute temperature of
the p-n junction and V is the output voltage. The illumination current associated to the
photoelectric effect is proportional to the solar irradiance G and to the solar cell active
area A.

More accuracy can be introduced to the model by adding a series resistance, Figure 4.
The solar cell with series resistance, commonly known as 1M4P model (Single
Mechanism, Four Parameters), takes into account the influence of contacts by means
of a series resistance Rg. The unknown parameters of this model are: I,,,, Is, n and Rg.

— 1
Ip

V D

pv

A J

Figure 4: Single-diode model 1M4P of a solar cell [8]

In this model the equation (1) is still working while the new diode current expression is
introduced in the equation (3).

q (V+IRg)
ID = IS <e nKglT — 1) (3)

These models are not accurate enough, as they do not take into account some real
factors in the solar cells. For that, it is necessary to introduce one more precise and

7
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realistic solar cell model. It is the solar cell with series and shunt resistances, 1M5P
model (Single Mechanism, Five Parameters), shown in Figure 5. The Rg, parallel shunt
resistor takes into account the leakage currents. The five parameters of this model are:
Lpy, Is, n, Rg and Rgp,.

In this case, the current equation can be deduced directly by using the Kirchhoff law

and it is given by the equations (4) and (5).

I=1,,—1Ip—Ig (4)

q (V+1 Rs) V+IR
_ 1) s (5)

I =1y, —Is (e n KT

AW\
b

L

L4
L

Figure 5: Real single-diode model of a solar cell [8]

When there is an increment in the shadow rate the series resistance increases. In
contrast, the shunt resistance presents a clear reduction due to shading [10]. It means
that when the shadow rate increases, the leakage current and the voltage drop in the
contacts will be higher. The probabilities of hot spot apparition increase when the Rg,
decreases its value, as it is working as a load in reverse bias. It has been proven that
the major contribution to the reduction of output power as a result of shading is due
to series resistance, as the power dissipated by Rs can be 50%, or even more, of the
total power reduction at the PV module output [10].

3.2.2 Two-diode model

This model takes into account the generation and recombination rates in the transition
region of a p-n diode by introducing another diode in parallel, which may be significant
under some thermal or illumination conditions in high band gap semiconductor.

At lower values of irradiance and low temperatures, two-diode model (Figure 6) gives
more accurate curve characteristics than the single-diode model. Nevertheless, the
number of equations and unknown parameters increases to two, making calculations
more complex, as now there will be two unknown diode quality factors.

The two-diode model can be solved by equations (6) and (7) [12].

=1y, —Ipy—Ipy—Isp (6)
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q (V+I Rg) q (V+I Rg) V+1 RS
[=1,,—Is (e n1KpT — 1> —Is, <e n2KpT — 1) - (7)
RSh
|
*—»»
O

O

Figure 6: Two-diode model of a solar cell [11]

In equation (7), n1, n2 and Ig4, Is, correspond to the ideality factor and the saturation
current of the first and second diodes respectively and Rgy, is represented by R, in
Figure 6. The diodes voltage can be expressed as (V + I x Ry).

So taking all aspects into consideration, it will be use the single diode model, as it is
faster due to less complex equation and also the computational errors are less. This
model will be not considered in the present work.

3.2.3 Reverse bias models

The models explained above have been reviewed to deal with the hot spot singularities
and with the reverse characteristics, when solar cells are working in reverse bias. One
of the first approaches modifies the one diode model with the assumption that the
avalanche multiplication affects mainly the direct current, introducing the
multiplication factor M(V), which denotes the effect of the avalanche effect. This

model can be seen in Figure 7.
—=
M(V)
A

_..

IL T ID —v— ¢ l Rsh A\

Figure 7: Reverse bias electrical model considering the avalanche effect [13]

Bishop proposes an equation where the avalanche effect is expressed as a non-linear
multiplication factor that affects the shunt resistance current term. Bishop’s model
(Figure 8) has been used in most of the works to study the mismatch effects in solar



Mater’s thesis: Analysis and simulation of shading effects on photovoltaic cells

cell interconnection to form PV modules [10]. These two models will be not considered
in the present work.

Figure 8: Bishop’s reverse bias electrical model [13]

3.3 [-V curve plotting

The |-V curve of a PV string delineates its energy conversion capability at the existing
conditions of irradiance and temperature. The curve represents the combinations of

current and voltage at which the string could be operated or loaded, if the irradiance
and cell temperature could be held constant.

In the Figure 9 it is showed typical I-V and P-V curves and the key points on these
curves. The P-V curve is calculated from the measured I-V curve.

A A
I-V curve
Isc & Pmax
Imp ﬂ

e L

c )

g P-V curve g

3 o

(&)

Voltage Vmp Voc

Figure 9: The |-V and P-V curves of a photovoltaic device [14]

The current through the solar cell when the voltage across it is zero is known as short-

circuit current Is.- (at short circuit current condition; load R; = 0 £2).1t can be obtained
from equation (5) when V=0V:

q!IscRs IscRs
Isc =L, — 1 nkgT —1|)—
sc = lpy — Is <e > Rgp (8)
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I is due to the generation and collection of light-generated carriers. The short circuit
current and the light generated current, I, or I,,, can be considered identical in an
ideal solar cell [15]. Therefore, the short circuit current is the largest current which

may be obtained from the solar cell.

The open-circuit voltage V., is the maximum voltage available from a solar cell, and it
occurs at zero current. It corresponds to the amount of forward bias on the solar cell
due to the bias of the solar cell junction with the light-generated current. Its value can
be obtained from equation (5) when I1=0A, as it is expressed in (9).

nKgT Ipy
oc = x n (zi‘ 1) (9)
The saturation current I depends on recombination in the solar cell. V. is then a
measure of the amount of recombination in the device. I can be calculated using
equation (9) when the rest of parameters are known (10).

Is = g~ (10)
(e nkT — 1)

The Maximum Power Point, MPP (I,,,,,, V;p),is the point at which the array generates
maximum electrical power, which means that the product of current and voltage
reaches the maximum value of the curve. It is located at the “knee” of the curve.

According to the power convention, the power related with the diode is Pcell=-VI. In
the PV quadrant of the stationary current-voltage characteristic this value is negative,
meaning that in this zone the device is active or, equivalently, the power is delivered
by the solar cell and given by (11):

q (V+IRs) V + IRS
-1 - (11)

P=—Pey=V <Ipv — I <e nKpT
RSh

It can be introduced the index &sq [16] to calculate how far a real solar cell is from its
ideal performance. It takes into account that the efficiency will decrease due to
limiting effects, such as series resistance losses, non-radiative recombination or
overheating. This index can be calculated as the rate of the real and the ideal
efficiencies. In the literature, researchers talk about the fill factor (FF) which provides
an easy comparison for the performance of a cell compared to the theoretical
maximum. FF is the ratio of two areas defined by the I-V curve, as it can be seen in
Figure 10. Although physically unrealizable, an ideal PV module technology would
produce a perfectly rectangular I-V curve in which the maximum power point
coincided with (Is¢, V), for afill factor of 1.

Therefore, FF can be calculated by (12):

FF = /e
ISCVOC

(12)
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The actual magnitude of the fill factor depends strongly on module technology and

design. For example, amorphous silicon modules generally have lower fill factors than
crystalline silicon modules [14].

Max Power Point
Isc |
Imp Q
t
o Area = Imp x Vmp Area = Isc x Voc
3
Voltage Vmp  Voc

Figure 10: Fill factor, defined as the grey area divided by the cross-hatched area [14]

Any factor that reduces FF also reduces the output power by reducing Iy, Vi oF

both. The I-V curve itself helps us identify the nature of these impairments. The effects

of series losses, shunt losses and mismatch losses on the |-V curve are represented in
Figure 11.

A A
I-V curve Max Power
Isc — Q- Pmax
Shunt ~~""--
losses
| Series
< losses -
& = 3
D \ =
= P-V curve Mismatch losses* . _ :‘é
=3 - . -
] (incl. shading) A
i
Voltage (V) Voc

Figure 11: Several categories of losses that can reduce PV array output [14]

Only part of the solar radiation incident on the solar cell is converted to electricity. The
ratio of the output electrical energy to the input solar radiation is defined as the
efficiency value n (13) and it depends on the type of cell. The efficiency of a PV module

is lower than the one of a solar cell, as not all the area of the module is covered by
cells [17].

— FF ISCVOC — Immep
P, P, (13)

n
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Where P;, is the power of the incident light, product of the incident light irradiance,
measured in %at the surface area of the solar module (m?).

3.4 Effect of irradiance and temperature

The light intensity or irradiance has a dominant effect on current parameters. The
short circuit current and the maximum current increase linearly with increasing light
intensity. This can be observed in Figure 12. Therefore, concentrating systems such as
Fresnel lenses and Booster mirrors can be used to increment photocurrent, short
circuit current and maximum current values of module. The cell temperature slightly
affects the short circuit current, increasing it a bit with the temperature increment. All
these effects can be calculated by (14):

(G)g,r
Gsrc

Usc)er = Usc)stc * (1 + e * (T — TSTC)) * (14)

Where STC denotes the Standard Test Conditions (Tsyc = 25°C and Ggrc = 1000 %)
and a,.; is the relative current temperature coefficient.

' ——— G - 200
T —— G = 300
r \ — & - 400
— G - 500
6F — AN —— G - 800
Y G - 700
< sk \ v | ——— @ - soo
< V| —— @ - 1000
e i,
s af ~ W\ .
S
_ AN
g RN Y
3 3 . ~ N |
T \ ]\
Y \]I
2 — Y -
SRR
N A A1
1 T Y —
SRR
\ "L_'l-. \\1
o . A
o 3 10 15 Z0 =5
Voltage [V]

Figure 12: I-V characteristics of single diode for varying irradiance G[W/m2] [18]

It has been found that the series resistance decreases with increasing light intensity
due to the increase in conductivity of the active layer with the increase in the light
intensity. On the other hand, parallel resistance also decreases with light intensity. This
decrement can be explained in terms of a combination of tunnelling and trapping of
the carriers through the defect states in the space charge region of the device [18].
Figure 13 shows this tendency.

Otherwise, it has been observed that module temperature has a high effect on voltage
parameters. Open circuit voltage and maximum voltage decrease with increasing
module temperature, following equation (15). Figure 14 shows this tendency.

Voodr = WVoc)sre * (1 + Brer * (T — Tsre)) (15)

It has been found that the series resistance of mono-crystalline modules have a small
increase when temperature increases, while the poly-crystalline modules show a small
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decrease with temperature. On the other hand, it has been found that the parallel
resistance of mono-crystalline modules decrease with temperature. The parallel

resistance of poly-crystalline module increase with temperature [18].
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Figure 13: Light intensity dependency of series and parallel resistances on mono-
crystalline silicon (mono c-Si) [18]
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The best way to improve the performance of solar system is maximizing the light
intensity falling on the PV module and also to avoid the drop in Vo and V;,, keeping

— . ' — T =10
- “‘ﬁ — T =25
A N —— T =750
i N, \\ , — T =75
W | ———— T=100
hY
i ! 3 \\
\ '\\ i —
! \
Il .1 1". ‘.
i1 \ T
1}
\ | Y \l\ 4
Y | )
\ \ Vo
| \ \ \\ B
1 4 1 \
y Y i s
\ ! ! 1
1 \
! Loy
15 z0 =5

10

Voltage [V]

Figure 14: 1-V characteristics of single diode for varying temperature T [C] [18]

the module temperature as low as possible [18].
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3.5 Shading of solar cells

Since the maximum voltage given by a solar cell is approximately 0.65V, cells are
connected in series in order to collect higher voltage or in parallel to generate higher
current, forming PV modules with the desired output. When one of the cells is partially
shadowed, it will produce less current than the rest of the cells in the string, as the
photo-current goes in the reverse direction. The other cells will try to push more
current through the poor cell than it delivers. This is however not possible, since in this
case the cell acts as a diode in the reverse direction. Then the current of this cell will
limit the current of the whole string [16]. The conventional solution to mitigate
shading problem are the bypass diodes. There are some newer solutions for
minimizing the impact of shading, as DC-DC optimizers or module inverters [19]. As a
result of shading, multiple local MPP appear in the power curve, Figure 15.
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Figure 15: 1-V and P-V curves with multiples local MPP due to shading

Therefore, to obtain the global MPP, a Maximum Power Point Tracker (MPPT) which
can track the global power point is necessary. The DC-DC optimizers and module
inverters usually incorporate this function.

3.5.1 Bypass diode

In order to avoid the shading problem, the conventional solution is to install bypass
diodes. A bypass diode is connected in parallel, but with opposite polarity. Under
normal operation, each solar cell will be forward biased and therefore the bypass
diode will be reverse biased and will be an open circuit which will not conduct.
However, if a solar cell is reverse biased due to a mismatch in short-circuit current
between several series connected cells as a consequence of shading, for instance, then
the bypass diode conducts, thus allowing part of the current from the unshaded solar
cells to flow in the external circuit. Figure 16 shows five bypass diodes connected in
parallel with five cells in series connected.
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A K
bypass diodes
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Figure 16: Bypass diodes installed in five solar cells [5]

In practice, one bypass diode per solar cell is generally too expensive and instead
bypass diodes are usually placed across groups of solar cells. Generally, for a solar cell
string of n cells being equipped with one bypass diode, the absolute value of the
breakdown voltage, V},,, of a reverse biased solar cell must be greater than n up to n+1
times 0.5V. This value is the equivalent to the voltage in the MPP of the rest of the
cells in series which are not shadowed (n-1) plus the voltage of a silicon bypass diode
that is usually between 0.5 and 1V [20]. Figure 17 illustrates a string of n cells
connected with a bypass diode through which is circulating a current Iy,
Considering that the voltage increment in each cell and the voltage drop in the bypass
diode is 0.5V, the shadowed cell has the following voltage drop (16):

AV =(n-1)05-(=05)V =05nV (16)

Because of that fact, I/}, of a reverse biased solar cell must be greater than n up to n+1
times 0.5 V, not to achieve the breakdown value which will generate serious damages
in the cell.

Ibypass B‘fpass diode
u AV
oV > | o5V
KKK« - - =
n-1 n
Icei!s
(n-1)*0,5V

Figure 17: Current through bypass diode when a cell is shaded

If the V},- is higher than this value, the current will be lower than the maximum that
the un-shadowed cells can generate and the power output will probably be lower than
the maximum. Actual crystalline silicon solar cells have lower Vj, than -10 V [21].
Therefore, one bypass diode is applied typically per each 18 cells in series. As a
consequence, larger voltage differences cannot arise in the reverse current direction of
the solar cells.
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3.5.2 DC-DC Optimizer

DC-DC optimizers are devices which convert a current from one voltage level to
another in order to mitigate the effect of PV modules shading. The power of this
source has to be constant, thus voltage for current multiplication is not allow to
change.

If each module has each own DC-DC optimizer and these optimizers are connected in
series, Figure 18, the current of all of them have to be the same. Therefore, if one
module is shadowed and is generating less current than the others, the DC-DC
optimizer would have to increment its current at the expense of reducing its voltage.
Therefore, the current of this module will not limit the current of the whole system.

| GRID

DC/AC

i
Lm cosente | coemne, H e, 1 oo, H mﬂ
PV PV PV PV PV PV

Figure 18: TIGO DC-DC Optimizer system installed at HIG University laboratory [19]

In Figure 19 can be seen the DC-DC optimizers installed in a PV System in the
laboratory of the University of Gavle.

TEERRRES

Figure 19: PV system with DC-DC optimizer [19]

3.5.3 Module inverter

On the other hand, the inverter is a device which converts from DC current to AC
current. As solar panels produce DC current this device is necessary to connect the
current generated with the panels to the grid. One solution to minimize the impact of
shading is by using module inverters instead of string inverters.

17
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String inverters are the traditional inverters used in PV solar applications. In this case,
the modules are linked in series and an inverter is connected to the string to convert to
AC current, as it is showed in Figure 20.

GRID

PV H PV H PV [ PV PV

Figure 20: String inverter system [19]

This is the perfect solution in absence of shading, as the voltage of the string is greater
than the one of an individual module and so the conversion is easier and the costs of
the inverters are minimized. However, when there is shading all the panels will not
generate the same current and using a module inverter (micro-inverter) has the
advantage that the shadowed modules does not affect the other modules, as the DC
current of each module is directly convert in each module inverter to AC current. In
Figure 21 is represented a schematic of six PV modules with three module inverters. In
this case, each micro-inverter can convert the DC current from two different panels.
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Figure 21: PV system using module inverters [19]

3.5.4 System components and prices

The components of each of the three systems explained above and their price are
summarised in Table 1 [19].

The most expensive system of the three studied is the DC-DC optimizer, followed by
the module inverter.
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Table 1: Components and prices of the three systems at HIG laboratory

System Components Price [SEK]
String m\{erter ByRoss 6 PV modules + 1 Inverter 18330
diodes)
6 PV modules+3 Maximizers + 1
DC-DC Optimizer TIGO MMU + 1 Tigo Energy Gateway 27446
+ 1 Inverter
Module inverters 3 Micro Inverterst 6 PV 21000
Modules
3.6 Damages in solar cells due to shading

As it has been explained above, if a PV module is partially shaded, some of its cells can
work in reverse bias, working as loads and not as power generators (consuming
instead of generating power) [10]. This happens because when a solar cell is shadowed
the current photo generated by the illuminated solar cells is forced through the
shadowed solar cell that will become reverse biased. If the shadowed solar cell has a
sufficiently high Rg,the entire system is turned off since the current generated by the
illuminated solar cells cannot flow through the shadowed one. On the contrary, if the
R, of the shadowed solar cell is sufficiently low, it acts as a load and the cell can
dissipate tens of watts [22]. If the saturation current of silicon diode I increases, the
reverse current increases [23]. These two parameters determine the solar cell type. In
the Figure 22 it can be seen a reverse bias model of a solar cell.

Ip Igh Rgpy

1 rev

Figure 22: Reverse bias model [23]

When reverse bias exceeds the V,,. value of the shaded solar cell, the cell will be fully
damaged. It can appear, for example, cell cracking or hot spot formation (Figure 23)
and therefore an open circuit occurs at the serial array where the cell is connected.
The breakdown patterns consist on many microscopic breakdown spots through which
a local leakage current flow. A hot spot can be formed in case of the leakage is very
large, which would destroy the module.
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Figure 23: Hot spot phenomena [23]

In order to avoid this problem, the use of many bypass diodes ensures the reduction of
the thermal effects, to prevent the ageing of PV cells and maintain good values of
produced power. The Ry, value is highly dependent on the quality of the solar cell
production process. In particular silicon impurities and poor edge isolation are the
main causes of shunt paths formation [22].
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4. Method and process

After having done an in depth review of the background theory required to understand
the carried out research, in these paragraphs it will be explained the method applied
to obtain the results and conclusions of this master’s thesis. The first section explains
the LTspice models, the second shows the instruments used at HIG University to carry
out the measurements and finally, the third section describes the cases that will be
studied.

4.1 LTspice IV simulations
4.1.1 LTspicelV

The software used to model and implement the simulation has been LTspice 1V, which
is a free computer programme, produced by the semiconductor manufacturer Linear
Technology (LTC). The program logotype is introduced in Figure 24. It implements a
Spice simulator of electronic circuits. It can be downloaded at their website [24].

LTI
LTSsPICE IV

Figure 24: LTspice logotype
4.1.2 Solar cell modelled with LTspice IV

As it has been explained in the theory, the model selected to do the simulations is the
real single-diode model of a solar cell (IM5P). First of all, it has been designed the
model of a solar cell which later on has been used to create the desired PV module and
PV array. The solar cell created in LTspice can be seen in Figure 25.
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Irradiance

{Rs}

Virradiance B n] Vbias

R1
Rparallel
{Wirr}
Deell {Rp}

I=V{Irradiance){lsc+Vise/100% sc*{t{25+273.15]})1000

.param Virr=1000 .param Visc=0.07T Jparam VUo=-0.32

.param t=25+273.15
.param Isc=8.9

.param Rs=0.00503233 .param Uo=0.64232+VUo/100*0.6423 2 t{25+273.15))

.param Rp=1000

.maodel Deell I 15={1 5} n={n} param k=1.38062E-23

.param | 5={Ise-Uo/Rp}{exp(q*Uoin®k=293.15]}-1
pa = Plexp{g*Uoi| -1} param g=1,602E-18

.param n=1.8

Figure 25: Real single-diode model of a solar cell designed in LTspice IV
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The different electrical components used and its parameters are going to be
introduced below.

e Firstly, it has been added a voltage source in parallel with a resistance. The
volts and ohms value are the same (Virr equal to 1000 V and 1000 () in the case
of Figure 25) so that the current through this circuit is 1 A. Therefore the
irradiance value, which can be calculated multiplying the voltage by the
current, has the same value as the voltage source (G = Viyrqdiance)- Changing
this value, it can be controlled the irradiance.

e Secondly, a DC current source that depends on the irradiance and temperature
level, using equation (14) of the theory.

e Thirdly, the open circuit voltage U, of the cell has been included as a parameter
in a Spice directive, following equation (15) to take into account the effect of
the temperature.

e The reverse saturation current Is (range of nano to micro) can also be
calculated as a parameter in a Spice directive, introducing equation (10).

e Additionally, the series resistance, which is generally smaller than 0.1€) even
sometimes in m{), can be obtained from the module data sheet. It can be
calculated as the module series resistance divided by the number of series cells.

e The rest of parameters from the data sheet have to be added as parameters.

e Otherwise, for the parallel resistor, it is large normally taken above 500-1000 Q
and the selected value should fix the cell parameters. Therefore, some
simulations with different values of R, will be carried out to adjust it. In this
project, the effect of irradiance and temperature on series and parallel
resistances will not be taken into account, considering they are constant in the
simulations, as the irradiance and temperature of the cells will only change in a
small rank.

e The final step has been adjusting the ideality factor (any value between 1 and
2) to get the required characteristic values of the different cells (Is¢, Voc, Vinp,
Imp and Ppp).

The I-V curve can be obtained by running the simulation and representing the current
through the voltage source with respect to the voltage. The P-V curve can be
represented adding a new plot plane with the trace I(Vpigs) * Vpias With respect to
Vbias-

Therefore, by means of changing the values of Virqqiances T Rseries and Rpgraien it
can be easily studied their influence on the cell performance. To study the different
shadowing cases, it will be changed the I5. value of the current generator of the

shadowed cells, taking into account that Is. is proportional to the percentage of area
unshaded of the cell [25].
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4.1.3 String of modules of HIG laboratory modelled with LTspice IV

The string of modules at HIG laboratory has also been modelled with LTspice. These
solar modules are EOPLLY 125M/72 200 W monocrystalline. Its specifications are
shown in Table 2. This system has 6 modules with 72 cells and 3 bypass diodes per
module. It can be seen in Figure 26.

Table 2: Specifications of HIG laboratory string modules (STC conditions)

Nominal power P,,;,, [W] 200
Maximum power voltage V ,;, [V] 37
Maximum power current I ,,;, [A] 5.451
Open circuit voltage Vo [V] 45.73
Short circuit current I, [A] 5.859
Cell efficiency [%] 15.67
Fill Factor 0.75
Power output tolerance P, [%] 13
Series resistance of the module Rg [m(}] 400
Nominal operation cell temperature NOCT [°C] 47 +3
Temperature coefficient of P, [%/K] -0.44
Temperature coefficient of V. [%/K] -0.39
Temperature coefficient of I [%/K] 0.06
Module dimensions (LxWxH) [mm] 1580x808x35
Cell dimensions [mm] 125x125

To do the model of this string, firstly it has been designed a cell, secondly one module
with 72 cells and 3 bypass diodes properly connected and finally six modules in series
have been connected.

In Figure 26, the six first modules of the string correspond to the system that has been
measured using the |-V tracer. The second and the third groups of six modules
correspond to a system with DC-DC optimizers and module inverters.
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Figure 26: String of six modules with bypass diodes at HIG laboratory
4.1.4 Module modelled with LTspice IV

It has been simulated a mono-crystalline PV module manufactured by Windon. This
module, belonging to the University of Gavle, was studied experimentally. It is shown
in Figure 27.

Figure 27: PV module at the University of Gavle, manufactured by Windon
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The specifications given by the manufacturer in its data sheet are showed in Table 3.

Table 3: Specifications of the university module at STC conditions

Nominal power P,,,,, [W] 265
Maximum power voltage V ,;, [V] 31.2
Maximum power current I ,,;, [A] 8.4
Open circuit voltage V [V] 38.6
Short circuit current I, [A] 8.9

Cell efficiency [%] 18.1

Fill Factor 0.78
Power output tolerance P, [%] 15
Series resistance of the module Rg [m(}] 305
Nominal operation cell temperature NOCT [°C] 47.5
Temperature coefficient of P, [%/K] -0.382
Temperature coefficient of V. [%/K] -0.32
Temperature coefficient of I [%/K] 0.077
Module dimensions (LxXWxH) [mm] 1665x991x43
Cell dimensions [mm] 156x156

The module model in LTspice (Figure 28) has been created using the real single-diode
model of a solar cell described above. As it can be seen, the module has 6 columns and
10 rows, in total 60 cells, series connected. It has three bypass diodes, each of them in
parallel with 2 columns of cells (20 cells).

This module allows the study of how different parameters affect the I-V curve of the
module.

4.2 Experimental measurements at HIG laboratory

In order to validate the models created in LTspice, some measurements have been
performed at HIG laboratory. In these paragraphs it will be explained how the
instruments are used to carry out these measurements.
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Figure 28: HIG laboratory module modelled with LTspice IV

4.2.1 1-V tracer

I-V curves or traces are measured by sweeping the load on a PV source over a range of
currents and voltages. |-V tracers accomplish this by loading a PV module or string at
different points across its operating range between 0 V and Voc. At each point, the
output current and voltage are measured simultaneously [19]. The |-V tracer used
(Figure 29) is the model EurotestPV Lite MI 3109 of METREL. To be able to download
the |-V tracer measurements it is necessary having installed EuroLink PRO programme

in the computer.
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Method and process

4.2.2 Pyranometer

A pyranometer is used for measuring solar irradiance on a planar surface and it is
designed to measure the solar radiation flux density from the hemisphere within a
wavelength range 0.3 um to 3 um. The pyranometer has to be located in the plane of
the module that will be measured, in order to have the same tilt. The output of the
pyranometer is a voltage dependent of the irradiance. In this case, the equivalence is

11.9 mV= 1000 % The voltage has been measured with a multimeter.

4.2.3 Thermocouple sensor

To measure the temperature of the cells, it has been added a thermocouple sensor in
the back of the panel. The principle is that the combination of two different metals
produces a small voltage in proportion to the temperature which can then be
converted into a digital signal and can be obtained in a display device.

4.3 Process and cases of study

The process that has been followed to produce this thesis and the tests accomplished
at HIG laboratory are explained in this section.

The results and discussion are divided in two different parts. The first one corresponds
to the string of six modules described located at HIG’s laboratory roof, while the
second is focused on the Windon module.

4.3.1 String of six modules at HIG laboratory

The main objective of this section is to validate the simulation models created with
LTspice. In order to do that, it has been taken seven experimental measurements in
the EOPLLY modules at HIG laboratory generating different kinds of shadows in the
modules. In Figure 30 it can be seen how the shadows are created in the modules
using an opaque tape which covers approximately the 37% of a cell, which means that
each cell will generate a 63% of the current that it generates when it is unshaded.

RS

Figure 30: Case 1.3 of study (37% of a row shaded in three modules)
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Additionally, these entire seven shadow configuration will be examined to determinate
how they affect to the string performance and which will be the performance of the
three systems installed at HIG laboratory (bypass diodes, DC-DC optimizer and module
inverter) in case its modules were sustaining these shadow configuration.

The seven cases studied starts from the base case, in which any module is shadowed.
After that, an opaque tape is added in the last row of each module consecutively,
taking the data for each of the cases. The different cases are enumerated below. The
photos from Figure 31 to Figure 36 have been taken at the laboratory during the
measurements.

Case 1.0:
Case 1.1:
Case 1.2:
Case 1.3:
Case 1.4:
Case 1.5:
Case 1.6:

not shading in the modules, base case.
37% of a row shaded in one module.
37% of a row shaded in two modules.
37% of a row shaded in three modules.
37% of a row shaded in four modules.
37% of a row shaded in five modules.
37% of a row shaded in six modules.

\ |
\ |

Figure 31: Experimental case 1.1 Figure 32: Experimental case 1.2
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Figure 35: Experimental case 1.5

Method and process

Figure 36: Experimental case 1.6

4.3.2 Effects of shading on the single laboratory module

Once the models are validated by a comparative analysis of the LTspice results with

those obtained

experimentally, they will be used to simulate different shadowing

cases. These cases are explained below, and summarised from Figure 38 to Figure 44.

e Case 2.0: not shading, base case (Figure 37).
e (Case 2.1: one cell 50% shaded.
e Case 2.2: one cell 75% shaded.
e (Case 2.3: two cells 50 % shaded (cells covered by the same bypass diode).
e Case 2.4: two cells 50 % shaded (cells covered by different bypass diodes).
e Case 2.5: three cells 50 % shaded (cells covered by different bypass diodes).
e Case 2.6: one row 50% shaded.
e Case 2.7: different percentages of shadowing in each bypass circuit. Three
different percentages of shadow will be study in this case:
Table 4: Percentages of shadowing studied in case 2.7
Case First bypass circuit Second bypass circuit Third bypass circuit
2.7.a 70% 58% 0%
2.7.b 80% 68% 0%
2.7.c 90% 78% 0%

Figure 37: Windon module assembly during the base case experimental measurements

at HIG laboratory
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The module simulated in this section corresponds to the Windon module, whose
specifications are given in Table 3. Two experimental measurements will be taken in
the laboratory (corresponding to the first two cases) to check that the model is
working correctly in the new module and to be able to adjust the ideality factor value
of the module to use it in the model simulations. The assembly carried out in the
laboratory can be observed in Figure 37.

Figure 38: Shading case 2.1 Figure 39: Shading case 2.2
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Figure 40: Shading case 2.3 Figure 41: Shading case 2.4

Figure 42: Shading case 2.5 Figure 43: Shading case 2.6

Figure 44: Shading case 2.7

Finally, it will be analysed the performance of six modules connected in series with one
of its modules shadowed by means of comparing their performance in case of they
have bypass diodes or DC-DC optimizers.
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5. Results

This section shows the results reached following the process explained in the method.
5.1 String of six modules at HIG laboratory

Firstly, the results for the adjustment of the ideality factor n and the shunt or parallel
resistance R, are shown. After that, the simulations have been carried out and the
comparison between the experimental and simulation results for all the cases can be
seen from Figure 46 to Figure 52 and their summary from Table 5 to Table 13.

5.1.1 Adjustment of R, and n

First of all, the |-V curve obtained experimentally has been used to calculate the
ideality factor, n and the parallel resistance, R,.

As it can be seen in Figure 45, the influence of R, is negligible. The three curves with
ideality factor equal to 1.28 and R, equal to 1000, 500 and 250 Q respectively are
superimposed. For the following simulations R,,will be selected equal to 1000 Q.

On the other hand, it can be seen that the influence of the ideality factor is
appreciable. The value that better agrees with the experimental curve is n=1.8, so this
is the value that will be used in the LTspice model created.

6 ﬂ
5
< 4
=]
[
g 3
=}
O
2
1
0
0 50 100 150 200 250
Voltage [V]

=] Tspice Rp=1000 n=1.28 === Tspice Rp=500 n=1.28
= | Tspice Rp=250 n=1.28 =—|V curve Measured
=] Tspice Rp=1000 n=1.5 =—=LTspice Rp=1000 n=1.8

Figure 45: 1-V curves for different n and Rp values in comparison with the measured |-V
curve
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5.1.2 Case 1.0: not shading in the modules, base case

The comparison between the experimental and simulation results carried out for case
1.0 is shown in Figure 46 and in Table 5.

10,00 -
9,00 + 1000
8,00
7,00 )y 1 800
Y — : E
2 oo TS + 600 T
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§ 4,00 / \ 1 400 E
S .o / \ ]
2,00 // 200
1,00
0,00 0
0,0 50,0 100,0 150,0 200,0 250,0
Voltage [V]
|-\ Curve Measured I-V Curve LTspice
= P-V Curve Measured =——P-V Curve LTspice
Figure 46: Comparison of simulation and experimental curves for case 1.0
Table 5: Comparison of simulated and experimental results for case 1.0
LTspice HIG Laboratory 0
Simulation Experimental 1A aps] |Arerl (%)
w
G || 1003,00 0,00
m
T[°C] 57,13 0,00
Ve [V] 242,00 240,00 2,00 0,83
I, [A] 5,99 5,99 0,00 0,00
Vinp [V] 184,00 181,30 2,70 1,49
Iy, [A] 5,36 5,51 0,15 2,72
P ax [W] 985,47 998,96 13,49 1,35
FF (%) 68,04 69,49 1,45 2,09
Neetr (%) 14,57 14,76 0,19 1,27
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5.1.3 Case 1.1: 37% of a row shaded in one module

Results

The comparison between the experimental and simulation results carried out for case
1.1 is shown in Figure 47 and in Table 6.
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Figure 47: Comparison of simulation and experimental curves for case 1.1

Table 6: Comparison of simulated and experimental results for case 1.1

LTspice HIG Laboratory 0
Simulation Experimental 1A aps] |Arerl (%)
G || 1015,00 0,00
m
T[*C] 48,75 0,00
Ve [V] 251,07 249,00 2,07 0,83
I, [A] 6,03 6,03 0,00 0,00
Vinp [Vl 158,00 158,80 0,80 0,50
Inp [A] 5,41 5,51 0,10 1,81
Poax [W] 854,11 874,98 20,87 2,39
FF (%) 56,46 58,28 1,82 3,11
Neetr (%) 12,48 12,77 0,29 2,31
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5.1.4 Case 1.2: 37% of a row shaded in two modules

The comparison between the experimental and simulation results carried out for case
1.2 is shown in Figure 48 and in Table 7.
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Figure 48: Comparison of simulation and experimental curves for case 1.2
Table 7: Comparison of simulated and experimental results for case 1.2
LTspice HIG Laboratory 0
Simulation Experimental 1A aps] |Arerl (%)
G || 1013,00 0,00
m
T[°C] 54,35 0,00
Ve [V] 244,93 243,00 1,93 0,79
I, [A] 6,04 6,04 0,00 0,01
Vinp [V] 213,00 211,00 2,00 0,95
Iy, [A] 3,80 3,70 0,10 2,62
P ax [W] 808,73 783,00 25,73 3,29
FF (%) 54,67 53,19 1,48 2,78
Neetr (%) 11,83 11,42 0,41 3,59
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5.1.5 Case 1.3: 37% of a row shaded in three modules

Results

The comparison between the experimental and simulation results carried out for case
1.3 is shown in Figure 49 and in Table 8.
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Figure 49: Comparison of simulation and experimental curves for case 1.3

Table 8: Comparison of simulated and experimental results for case 1.3

simution | Experimentar | Massl | 18l ()

G || 1016,00 0,00

T[°C] 55,25 0,00

V,. V] 243,91 242,00 1,91 0,79

I, [A] 6,06 6,06 0,00 0,00
Vi [V] 211,00 210,00 1,00 0,48
Ly [A] 3,80 3,70 0,10 2,81
Py [W] 802,75 776,00 26,75 3,45

FF (%) 54,30 52,98 1,32 2,49
Neett (%) 11,70 11,33 0,37 3,30
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5.1.6 Case 1.4: 37% of a row shaded in four modules

The comparison between the experimental and simulation results carried out for case
1.4 is shown in Figure 50 and in Table 9.
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Figure 50: Comparison of simulation and experimental curves for case 1.4
Table 9: Comparison of simulated and experimental results for case 1.4
LTspice HIG Laboratory 0
Simulation Experimental 1A aps] |Arerl (%)
G || 1031,00 0,00
T[*C] 57,15 0,00
Ve [V] 242,05 240,00 2,05 0,85
I, [A] 6,16 6,16 0,00 0,00
Vinp [V] 209,00 209,00 0,00 0,00
Iy, [A] 3,84 3,72 0,12 3,23
P ax [W] 803,17 778,00 25,17 3,24
FF (%) 53,83 52,59 1,24 2,35
Neetr (%) 11,53 11,17 0,36 3,23
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Results

5.1.7 Case 1.5: 37% of a row shaded in five modules

The comparison between the experimental and simulation results carried out for case
1.5 is shown in Figure 51 and in Table 10.
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Figure 51: Comparison of simulation and experimental curves for case 1.5

Table 10: Comparison of simulated and experimental results for case 1.5

LTspice HIG Laboratory 0
Simulation Experimental 1A aps] |Arerl (%)
G || 1010,00 0,00
m
T[°C] 50,55 0,00
Ve [V] 248,53 247,00 1,53 0,62
I, [A] 6,01 6,01 0,00 0,00
Vmp [Vl 214,00 215,00 1,00 0,47
Iy [A] 3,76 3,70 0,06 1,62
Popax [W] 804,95 795,00 9,95 1,25
FF (%) 53,87 53,59 0,28 0,53
Neenr (%) 11,80 11,67 0,13 1,15
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5.1.8 Case 1.6: 37% of a row shaded in six modules

The comparison between the experimental and simulation results carried out for case
1.6 is shown in Figure 52 and in Table 11.
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Figure 52: Comparison of simulation and experimental curves for case 1.6

Table 11: Comparison of simulated and experimental results for case 1.6

LTspice HIG Laboratory 0
Simulation Experimental 1A aps] |Arerl (%)
G || 1049,00 0,00
m
T[°C] 54,35 0,00
Ve [V] 245,10 243,00 2,10 0,86
I, [A] 3,95 3,94 0,01 0,25
Vinp [Vl 209,90 212,00 2,10 0,99
Iy [A] 3,90 3,64 0,26 7,14
Poax [W] 819,19 771,00 48,19 6,25
FF (%) 84,55 80,60 3,95 4,91
Neetr (%) 11,56 10,90 0,66 6,08
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5.1.9 Simulation results at STC conditions

Registration of an IV-curve during Standard Testing Conditions means that the solar
irradiance G=1000W/m? at normal incidence and the module temperature T=25°C. The
MPP in STC condition for all the cases is summarised in Table 12.

Table 12: Simulation results of the MPP for all the cases at STC conditions

nf:fer Vinp V1 | Imp [A] | Pyax [W]
1.0 214,99 5,33 1145,90
1.1 176,96 5,32 941,43
1.2 243,99 3,68 897,88
13 243,00 3,68 894,24
1.4 242,00 3,67 888,14
1.5 241,01 3,67 884,51
1.6 240,50 3,66 880,23

5.1.10 MPP of the DC-DC Optimizer and the module inverter

The theoretical power obtained when a DC-DC optimizer or a module inverter is
installed is calculated from the data in Table 12, taking into account that they get the
maximum power of each of the modules. The results are summarized in Table 13.

Table 13: MPP of the DC-DC Optimizer and at STC conditions and comparison with
bypass diodes system

Poax [W] Poax (W] Power difference
mj: ;s;er String of r:nodules with String of modult.es Yvith a:de'::lv':’oe;:szsgcr:rirﬁ;,)
diodes diodes and optimizer
1.0 1145,90 1145,90 0,0
11 941,43 1101,62 17,0
1.2 897,88 1057,34 17,8
13 894,24 1013,06 13,3
1.4 888,14 968,79 9,1
15 884,51 924,51 4,5
1.6 880,23 880,23 0,0

41



Mater’s thesis: Analysis and simulation of shading effects on photovoltaic cells

5.2 Effects of shading on the single laboratory module

Firstly, it will be adjust the ideality factor and the parallel resistor and in the following
sections it will be analysed eight different configurations of shading from Figure 54 to
Figure 64 and from Table 15 to Table 18.

5.2.1 Adjustment of R, and n

Firstly, it has to be calculated R,, and n values by means of comparing the simulation
and the experimental results, like it has been done in the first section. Figure 53 shows
the I-V curves for different values of n and R, and Table 14 summarises the main
points of these curves.
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| Tspice Rp=1000 n=1.8 LTspice Rp=500 n=1.8
LTspice Rp=1000 n=1.28

Figure 53: |-V curves for different n and Rp values in comparison with the measured |-V
curve

Table 14: MPP for different n and Rp values for simulations and measurements

Ly [A] Vinp V] Pinax [W]
Measured 9,12 24,20 220,704
n=1.28 8,65 26,40 228,36
R=1000 Q) n=1.7 8,88 25,60 227,328
n=1.8 8,92 25,40 226,568
R=500 Q) n=1.8 8,67 26,00 225,42

42



Results

5.2.2 Module validation: case 2.0 (not shading in the module)

The comparison between the experimental and simulation results carried out for case
2.0 is shown in Figure 54 and in Table 15.
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Figure 54: Comparison of simulation and experimental curves for case 2.0

Table 15: Comparison of simulated and experimental results for case 2.0

LTspice HIG Laboratory 0
Simulation Experimental 1A aps] |Arerl (%)
G || 1023,00 0,00
m
T[*C] 63,85 0,00
Ve [V] 34,17 33,80 0,37 1,09
I, [A] 9,38 9,38 0,00 0,00
Vmp [Vl 25,40 24,70 0,70 2,83
Iy [A] 8,36 8,58 0,22 2,56
P, [W] 212,46 211,93 0,53 0,25
FF (%) 66,25 66,84 0,59 0,89
Neetr (%) 14,22 14,19 0,03 0,20
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5.2.3 Module validation: case 2.1 (50%of a cell shaded)

The comparison between the experimental and simulation results carried out for case
2.1 is shown in Figure 55 and in Table 16.
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Figure 55: Comparison of simulation and experimental curves for case 2.1

Table 16: Comparison of simulated and experimental results for case 2.1

LTspice HIG Laboratory 0
Simulation Experimental 1A aps] |Arerl (%)
G || 1028,00 0,00
m
T[°C] 66,25 0,00
Ve [V] 33,86 33,60 0,26 0,77
I, [A] 9,44 9,44 0,00 0,00
Vmp [Vl 30,20 30,00 0,20 0,67
Iy [A] 4,71 4,65 0,06 1,29
Popax [W] 142,38 139,50 2,88 2,06
FF (%) 44,50 43,98 0,52 1,18
Neeur (%) 9,48 9,29 0,18 1,97
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5.2.4 Case 2.0: not shading in the module, base case

Results

The LTspice simulated |-V and P-V curves for case 2.0 are represented in Figure 56.
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Figure 56: LTspice simulations for case 2.0 at STC conditions

5.2.5 Case 2.1: 50% of a cell shaded
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The LTspice simulated |-V and P-V curves for case 2.1 are represented in Figure 57.
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Figure 57: LTspice simulations for case 2.1 at STC conditions
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5.2.6 Case 2.2: 75% of a cell shaded

The LTspice simulated |-V and P-V curves for case 2.2 are represented in Figure 58.
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Figure 58: LTspice simulations for case 2.2 at STC conditions

5.2.7 Case 2.3: 50 % of two cells shaded (same bypass circuit)

Power [W]

The LTspice simulated |-V and P-V curves for case 2.3 are represented in Figure 59.
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Figure 59: LTspice simulations for case 2.3 at STC conditions
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5.2.8 Case 2.4: 50 % of two cells shaded (different bypass circuit)

The LTspice simulated |-V and P-V curves for case 2.4 are represented in Figure 60.
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Figure 60: LTspice simulations for case 2.4 at STC conditions
5.2.9 Case 2.5: 50 % of three cells shaded (different bypass circuit)

The LTspice simulated |-V and P-V curves for case 2.5 are represented in Figure 61.
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Figure 61: LTspice simulations for case 2.5 at STC conditions
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5.2.10 Case 2.6: 50% of one row shaded

The LTspice simulated |-V and P-V curves for case 2.6 are represented in Figure 62.
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Figure 62: LTspice simulations for case 2.6 at STC conditions

5.2.11 Case 2.7: different percentages of shadowing in each bypass
circuit

The LTspice simulated |-V and P-V curves for case 2.7 are represented in Figure 63.
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Figure 63: LTspice simulations for cases 2.7.a, b and c at STC conditions
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5.2.12 Simulation results at STC conditions

Table 17 summarised the MPP in each of the cases obtained by LTspice simulations
from cases 2.0 to 2.7 at STC conditions. All the simulations have been done at STC
conditions to facilitate their comparison.

Table 17: Simulation results of the MPP for all the module cases at STC conditions

ntf::lfer Vinp [V] Tnp (AL | Panax (W]
2.0 29,80 8,06 240,20
2.1 35,20 4,45 156,57
2.2 19,00 8,06 153,05
23 35,00 4,44 155,40
24 35,00 4,44 155,40
25 34,80 4,43 154,25
2.6 34,20 4,42 151,12

a 36,60 2,67 97,62

2.7 b 8,40 7,86 66,00

c 8,40 7,86 66,00

5.2.13 Comparison chart with all the cases curves

Finally, all the charts presented above have been combined in Figure 64. Although
having so many curves in the same graphic can makes it difficult to evaluate it, this
chart gives a better point of view of the magnitude of each curve and it helps to
compare the different cases.
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5.2.14 Performance of systems affected by shadows

Results

Table 18 synthesises the maximum power output that would be obtained from a string
of six modules Windon connected in series when one of the modules is shaded. The
shadowing configurations studied are the same than in the sections before, from 2.0 to
2.7. Two different systems are compared: on the one hand a system that only have
bypass diodes in the modules and on the other hand a system which has an additional
optimizer in each of the modules.

Table 18: Performance of the string of six modules with and without optimizer at STC

conditions
Pinax [W]
Case number String of modules Str-i e c!f modules Dbifeft?;(:::\e
with diodes n‘:g;z:: ?Jt::?:i: :r optimizer and
diodes system (%)

2.0 1441,2 1441,2 0,0

21 1354,2 1357,6 0,3

2.2 1354,1 1354,1 0,0

23 1354,2 1356,4 0,2

2.4 1267,1 1356,4 7,0

25 1201,0 1355,3 12,8

2.6 1201,0 1352,1 12,6

a 1267,0 1298,6 2,5

2.7 b 1267,0 1267,0 0,0
c 1267,0 1267,0 0,0
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6. Discussion

6.1 String of six modules at HIG laboratory

In this chapter it will be discussed the validity of the model designed in LTspice by
means of analysing the results submitted in the previous chapter. It is also going to be
described how the seven cases of shading proposed affect the performance of the
solar array of modules. Additionally, it will be analysed the performance of the three
different systems installed at HIG laboratory when they are under the influence of
shading.

6.1.1 Validity of the LTspice model

Adjusting the value of the shunt resistance, it has been proved that its value does not
have a significant influence on the I-V curve of the module in the group of studied
cases. In the Figure 45 it can be seen that for three different R, values, the I-V curve
does not change. Therefore, for the purpose of this master’s thesis, it has been
considered suitable to use a constant resistance value along the simulations carried
out.

To the contrary, the ideality factor has an appreciable effect on the performance of the
photovoltaic module. In Figure 45 it can be seen that the curvature of the I-V curve
increases when the ideality factor raises its value. It means that the fill factor and the
efficiency of the cell decrease with the increment of this factor. On the other hand, the
open circuit voltage and the short circuit current are not significantly changed with the
change of the ideality factor.

Although it would be better having a smaller value of the ideality factor to have a
higher FF value, it depends on the performance of each module and it has to be
adjusted with experimental measurements to get the required characteristic values of
its cells (Isc, Voc, Vinps Imp and Ppp).

The results obtained by the simulations and the ones got by the experimental
measurements have been compared in section 5.1 by charts and tables in order to
validate the model. From Table 5 to Table 11, the term |Agps| corresponds with the
difference between the simulated and the experimental results and the term |A,.¢| is
the percentage of deviation of the simulated results with respect to the experimental
data. The maximum relative deviation obtained is 7.1% in case 1.6 (in the maximum
power current) followed by 3.5% in case 1.2 (in the cell efficiency deviation). It can be
seen that the simulation results obtained with the string layout with bypass
configuration model are acceptable, as they mainly agree with the experimental
results.

For the case of the 7.1%, it can be observed in Figure 52 that the slope of the curve
near the short circuit current does not match the prediction, as the inclination of the
curve is higher than it was expected. The reduction of the slope can be a consequence
of small mismatches between the short circuit current values of each module. It could
be due, for instance, to minor manufacturing variations or different installation angles.
If it was the reason, the increment on the slope would also appear in the rest of the
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cases, but it is not appreciable in the other simulations so this should not be the
reason of this difference. The slope of the |-V curve in this region is also typically
affected by the parallel resistance. A reduction in the shunt resistance is responsible of
increasing the slope of the I-V curve near the short circuit current and of reducing the
FF. This decrement in the shunt resistance may be due to changes within the PV cells
or modules. But as it has been tested, the influence of the parallel resistance does not
have an important influence in this case study and the decrement in the slope only
appears in the last case although the shunt resistance is considered constant for all the
cases. The difference in the inclination of the curve could be due to the weather
conditions in the moment in which the |-V curve was taken with the |-V tracer, as it
was the last case (case 1.6) and some clouds started to appear.

Thus, if this result is not taken into account as it is considered disturbed by weather
conditions, the maximum deviation would be 3.5%, which is considered more than
acceptable.

In the cases in which the bypass diodes are working, the figures show that the voltage
drop in the bypass diodes is too large in the Spice simulations. It can be well
appreciated in Figure 51 for instance. The lower step (due to shadow) appears at a
smaller voltage in the simulations than in the experimental curves. This fact only affect
to the results of case 1.1 as in this case the MPP appears in the higher step, where the
bypass diodes are working. However, the effect is small because only one module is
shadowed and therefore, only three bypass diodes are working. In the rest of the
cases, it does not affect to the results showed in the tables, as the MPP is located in
the lower step, in which any bypass diode is working. This problem should be solved
adjusting the parameters of the bypass diodes in the electrical model. In this thesis, it
has been taken one of the diodes that appears automatically in LTspice library, without
changing its parameters and it has been checked that the influence in the simulation
results is not important. To have a more accurate model, it would be necessary ask to
the module manufacturer for the bypass diodes characteristics and just introduce
them into the model as a parameter in a Spice directive.

The I-V tracer takes around 140 different points to draw the |-V curve and the LTspice
simulation 250 approximately. If the amount of data tested increased, it would be
obtained more accurate results and much of the deviation would be reduced.

Finally, it has to be remarked that the short circuit current and open circuit voltage
results perfectly agree with the experimental results, having a maximum relative
deviation of 0.25 and 0.86% respectively.

6.1.2 Analysis of the shading effects studied

Once the validation has been done, the equivalent electrical circuit of the string of
modaules can be used to study any shadow configuration. This makes the model a really
useful tool.

In any case, in these paragraphs it will be analysed the seven previous configuration of
shadows and how they affect to the performance of the string of modules. In order to
be able to compare the different cases, the IV-curve and the maximum power have
been simulated for each configuration in STC conditions. These results can be seen in
Table 12.
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It can be observed that only in the case 1.1 the MPP appears in the high step of the |-V
curve. It has almost the same current as in the base case (case 1.0). At this point,
through the three bypass diodes of the shaded module is crossing the current
difference between the unshaded and the shaded module (as the shaded module
generates a current proportional to its unshaded area). So if the unshaded modules
generates 5.3 A in this point and the shaded one generates around 3.8 A, the bypass
diodes of the shaded cell will conduct 1.5 A. The V;,,, in this case is 176.96 V, which
correspond to the sum of the voltage of the MPP of five modules minus three times
the drop in a bypass diode (176.96 V =~ 214.99/6*5 V-0.7*3 V).

It is very important to correctly design the bypass diodes and how many cells each one
covers, because when the bypass diodes are working the cells can suffer irreparable
damages, as it has been seen in section 3.6 of the theoretical review. In the string of
modules studied, each bypass diode is covering 24 solar cells. So following equation
(16), the breakdown voltage of the bypass diodes should be from 12 to 12.5 V to avoid
damages in the solar cells. Normally, the diodes have a breakdown voltage of 10 V
approximately, so it would be more prudent if each bypass diode covered around 18 to
20 cells.

For the rest of the cases, from 1.2 to 1.6, the MPP is located in the lower step of the
curve, which means that all the cells are going to be delivering the same amount of
current (3.6 A approximately) and the bypass diodes will not be working. Therefore, in
this string system, the delivered power would be almost the same if there were two or
more modules with one row shaded.

6.1.3 Performance of the systems installed at HIG laboratory

In these paragraphs it is going to be discussed the performance of the three different
systems installed at HIG laboratory when they are under the influence of the seven
shading cases analysed above.

Firstly, it has to be said that the power obtained from the DC-DC optimizer system and
from the module inverter system should be theoretically the same, as it has been
considered that both systems take the maximum power of each of the modules. In
these systems, there is not influence of one module to the others, so the effect of
shading will be smaller. The power output for both systems would be equal to the sum
of the maximum power of the unshaded modules plus the maximum power of the
shaded modules. However, this is only theoretically, but in the reality it has to be taken
care about the 1}, range of the optimizers, because if a module gives a lower voltage
than the V7, range of the optimisers or micro inverters systems they will not work.
This means that the string inverter will give a higher output.

Analysing Table 12 and Table 13, it can be seen that the power when all the modules
are shaded (case 1.6) is the same in the three systems. This is because in the string
inverter all the modules are working in their MPP, as there are not steps in the curve
and the bypass diodes are not working. The same happens when there are not
shadows (case 1.0). Therefore if all the modules have the same shading configuration,
there will not be steps in the I-V curve and then both Tigo and Micro inverters will not
increase the output.
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In the rest of the cases (from 1.1 to 1.5) the output power is greater in the DC-DC
optimizer and the module inverter as all the modules are working in their MPP, which
is not the case for the bypass system. The difference in the output power reaches its
maximum of 18% in the shading case 1.2.

6.2 Effects of shading on the single laboratory module

In this section it will be analysed the effect of different shading configurations in the
Windon module. First of all it will be checked that the model is working correctly in this
new module using two experimental measurements. After that the different shadow
configurations will be analysed. Finally, it will be studied the performance of six
modules connected in series, five unshaded and one shaded, comparing their
performance in case of having only bypass diodes or also DC-DC optimizers.

6.2.1 Validation of the model and adjustment of the ideality factor

The results show a good agreement between experimental and simulation results as it
can be seen in Figure 54 and Figure 55, with a maximum relative deviation of 2.8%.
Therefore, the model of the Windon module is also validated and it can be used to
simulate the rest of cases.

Additionally, the adjustment of n and R), carried on shows that just as in the string of
modules discussed in section 6.1 the value of the shunt resistance does not have a
significant influence, while the value of the ideality factor that better fits the
experimental measurements is n=1.8. These conclusions have been taken from Figure
53.

6.2.2 Analysis of the shading effects studied

To begin with, comparing the case 2.1 in which one cell is 50% shaded with the base
case (without shading), it can be observed that as a consequence of the shadowing it
appears a step approximately at 22.5 V, which corresponds to the voltage of the two
circuits of the module which are not shaded. Therefore, if the voltage in the module is
lower than 22.5 V, the bypass diode of the third circuit will be working to conduct the
difference of current that the shaded circuit cannot generate (9.4-4.7=4.7 A). On the
other hand, if the voltage is higher than 22.5 V none of the three bypass diodes will be
working as the three circuit will generate the same current (4.7 A). In this case, it can
be seen in Figure 54 that the MPP appears in the lower step, so the diodes will not be
working. The effect of having one cell shaded is the reduction of the maximum power
from 240.2 to 156.5 W.

Secondly, it can be seen that if the percentage of the shaded area increase the lower
step of the |-V curve decrease, as the current in the shaded circuit will be lower. It can
be analysed comparing Figure 57 and Figure 58. In this case, the MPP appears in the
higher step, with a value of 153 V. The bypass diode of the shaded circuit will be
working in this case. The maximum power has not decreased a lot with respect case
2.1 because the higher step (corresponding to the two unshaded circuit) is the same in
both cases, and in case 2.1 the two peaks of power are similar. So it can be concluded
that in this module, if there is only one cell shaded, the maximum power obtained will
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be very similar when the shaded area is higher than 50% of the cell, regardless the
percentage of shadowing.

In addition, it has been proved that if there are more than one cell in the same circuit
that are shaded the same area, as in case 2.3 compared with case 2.1, the
performance will be the same independently of the number of cell shaded. Therefore,
the curves in Figure 57 and Figure 59 are the same. This is because although there was
only one cell shaded, the current of this bypass circuit would already be restricted to
the maximum that the shaded cell can generate. This would be also the case of having
one column with a constant percentage of shadow, which is a shadow configuration
that sometimes appears in the roof modules. The performance will be the same than if
there were only one cell shaded with the same fraction.

On the contrary, if the shaded cells correspond to different bypass circuits, as in case
2.4 with respect 2.3, the curves will change, as the higher step appears at 11 V
approximately. This voltage corresponds to the voltage of the unshaded circuit. This
performance can be seen in Figure 60. The MPP is almost the same as in 2.3 and 2.1
because the power in the lower step is identical.

When all the bypass circuits have the same shadow configuration, there will only be
one step in the I-V curve, as all the circuits will generate the same current and the
bypass diodes will not be working. That happens in cases 2.5 and 2.6, which have the
same performance because it does not matter how many cells are shaded in the same
circuit if they have the same percentage of shading. It can be observed in Figure 61 and
Figure 62. The power in both cases is similar to the power in the previous cases 2.1, 2.3
and 2.4 as the MPP is also in the lower step.

To conclude the different shading configurations, it has been shown that when each
bypass circuit has a different percentage of shading, it appears three different steps, as
in case 7 (Figure 63). In this case it has been tested the three shadowing percentages
summarised in Table 4. In this figure, it can be observed that the higher step of the I-V
curve is the same in the three configurations, as in all of them the third bypass circuit is
not shaded. On the contrary, in the lower and the middle steps, it can be seen that
when there is less shadowed area (as in the case of 70% and 58% of shadowing), the
current in these steps is higher and so the power is higher. It is interesting to remark
that there is a configuration of shadowing in which the three peaks of power have the
same maximum power. In this module it occurs in case 2.7.b, for 80%, 68% and 0% of
shadowing in each bypass circuit respectively. It is represented by the green line of
Figure 63.

6.2.3 Performance of optimizer systems with shadows

As a final point, it will be studied the benefits of installing optimizers in each module by
means of comparing the performance of a string of six modules in series with one
module shaded. As it has been explained, the optimizer gives the maximum power of
each of the modules.

It will be analysed what happens when there is not optimizer. If there are six modules
in series with only one of the modules shaded, the current of the MPP of the string will
be the one generated in the unshaded modules (around 8 A in this case), and the
operation point of the shaded module will be determined by this current. Therefore,
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when the MPP of the shaded module appears at this current (in the high step
corresponding to an unshaded bypass circuit), the maximum power of the string will
be almost the same with or without optimizer, as all the modules will be working in
their MPP. Analysing Table 18 it can be seen that this fact occurs in case 2.2 in which
the shaded area is 75%. Cases 2.1 and 2.3 have also almost the same performance, as
the two MPP of the shaded module are really similar. Accordingly, it can be conclude
that if the shadow in one bypass circuit is higher than 50%, the performance will be the
same with or without optimizer.

On the contrary, when the module has more than one bypass circuit shaded, as in case
2.4, the power will be much lower without optimizer as the shaded module will be
working in the higher step and the MPP of the module occurs in the lower step. The
increment of power using optimizer in this case will be almost 90 W.

In the cases 2.5 and 2.6, as all the bypass circuits of the shaded module are suffering
shadowing, the three bypass diodes will be working and the shaded module will not
give any power in the case without optimizer. Consequently, the increment of power
with the usage of optimizer will be really high, more than 150 W, as it can be seen in
Table 18.

To conclude with, in case 2.7 can be seen that if the shadows in the circuits are largar
than the value which makes the three peaks equal, the optimizer does not increase the
output power. This is because the MPP is in the higher step, at a current similar to the
operating point of the string. This happens in cases 2.7.b and c. On the other hand, if
the percentage of shading is lower, the output power will increase with the use of the
optimizer.
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7. Conclusions

Firstly the validation of the models has been performed:

PV systems modelling and simulation in LTspice environment have been
presented and validated by means of a comparative analysis with the
experimental results obtained in a set of tests carried out in the laboratory of
Gavle University.

The simulation results show a remarkable agreement with the experimental
data, which means that the model designed at LTspice supposes a very useful
tool that can be used to study the performance of PV systems.

In addition, the effect of different shading configurations has been analysed:

In the first group of cases studied (string of six modules at HIG) the results show
that the output power will be almost the same if there are two or more
modules shaded in the string. If there is only one shaded module, the output
will be higher.

It has been shown that in order to avoid damages in solar cell, it would be more
reasonable to reduce the amount of cells that each bypass diode covers from
24 to 20 cells.

In the Windon module research, the in-depth analysis of the impact of shading
carried out facilitates the understanding of the performance of PV modules
under different shadowing effects.

Finally, it has been seen the benefits of installing a DC-DC optimizer or a module
inverter:

An optimizer increases the power from a shaded series connected module if all
three circuits in the module are shaded.

In the case of the string of six modules, it has been seen that installing an
optimizer will not increase the output when all six the modules have the same
shadowing configuration or are unshaded.

On the other hand, in the research made to the single module at the
laboratory, it is concluded that it is beneficial to install an optimizer when the
module has one bypass circuit shaded less than 50% or two bypass circuits
shadowed less than 80%, which means that the MPP of the module is in the
lower step of the |-V curve.

The installation of optimizers does not always increase the performance.

Therefore, before installing them, it is necessary to study the shadowing
configurations that the system suffers.
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Appendix

1. EuroLink PRO programme curves

In this appendix are included the curves from Figure 65 to Figure 73, obtained in the
experimental tests carried out at HIG laboratory and downloaded using EuroLink PRO.
This data has been used in the thesis to compare and validate the simulation results

obtained from the LTspice models.
1.1 String of six modules at HIG laboratory

e Case 1.0: not shading in the modules, base case:
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:37% of haded i dule:
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Figure 66: EuroLink PRO curves for case 1.1
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e (Case 1.2: 37% of a row shaded in two modules:
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e Case 1.3:37% of a row shaded in three modules:
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e Case 1.4: 37% of a row shaded in four modules:
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. o) 1 H .
e Case 1.5: 37% of a row shaded in five modules:
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Figure 70: EuroLink PRO curves for case 1.5
e Case 1.6: 37% of a row shaded in six modules:
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Figure 71: EuroLink PRO curves for case 1.6
1.2 Effects of shading in the laboratory module
e Case 2.0: not shading in the module, base case:
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Figure 72: EuroLink PRO curves for case 2.0

e Case 2.1: 50% of a cell shaded:
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Figure 73: EuroLink PRO curves for case 2.1
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