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Introduction

In past decades, both energy demand and prices of fossil fuels grew
up requiring the exploitation of new energy sources. Photovoltaic
(PV) systems rapidly assume an important role among renewable
energy sources since the primary source, i.e. the sun, has zero
costs. Moreover, PV sytems can be easily embedded into exist-
ing building architectures and don’t produce any noise, since the
conversion of sunlight into electrical energy does not involve any
moving part.

Despite technology improvements, the optimization of conver-
sion of sunlight into electrical energy is an open issue. Optimiza-
tion can be achieved at different levels: from technology of photo-
voltaic cells and efficient power devices to the use of high-capacity
energy storage systems in order to minimize importing of energy
from the external electrical grid.

Even if the efficiency of materials and power conversion in-
creases, the shadow of a cloud passing on a photovoltaic field
strongly reduces the generated power since the whole field is domi-
nated by the behavior of less efficient photovoltaic units. Similarly,
physical obstacles near the photovoltaic field, such as a chimney,
could periodically shade some PV modules during the day.

For this reason, the generated power can be increased by prop-
erly disconnecting less efficient panels from the field or changing
electrical connections among them in a way that increases the volt-
age and/or current of working point. In Literature, this kind of
techniques is referred as reconfiguration.
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Objective and Scientific Contribution of
the Thesis

The first objective of this Thesis is the development of a Reconfigu-
ration Algorithm for the Photovoltaic Systems. A Reconfiguration
Algorithm changes the electrical connections among photovoltaic
units in order to maximize the generated electrical power without
violating given operating constraints of the system.

In Literature, the units of the photovoltaic field are tipically rep-
resented by modules, i.e. a series-connection of photovoltaic cells.
Instead, the presented procedure considers as units of the photo-
voltaic field not only the modules, but also the panels, i.e. groups
of series-connected modules each of them is protected by a bypass-
diode in anti-parallel, since they are widely used as elements in
large photovoltaic plants or in Build Integrated Photovoltaic (BIPV)
plants.

Since a number, usually 2 or 3, of photovoltaic modules are con-
strained to remain series-connected in each PV panel, the com-
plexity of the reconfiguration problem increases because of the
reduced number of the degrees of freedom.

Some proposed reconfiguration techniques require the knowledge
of each cell irradiance value [WLK™14] that is the most desired
information to estimate the solar scenario over the photovoltaic
field but it is expensive and difficult to achieve in large PV plants
requiring the measurement of each cell current or an irradiance
sensor for each cell.

The proposed algorithm only requires the acquisition of voltage-
current characteristics of all panels at the reconfiguration instant.
Moreover, respect to the present Literature (e.g., [VQGGPLT09]
[INLO08]), the proposed reconfiguration algorithm takes advantage
of all panels of the photovoltaic field, i.e. it assumes that all panels
can be series-connected to others and then, the obtained electrical
rows, can be parallel-connected forming the desired PV field con-
figuration.

More in general, the flexibility of whole photovoltaic system should
be taken into account. Some proposed reconfiguration techniques



[CANT10] [CDDSRO07] have been developed for systems not achiev-
ing an high level of scalability. Instead, the proposed reconfigu-
ration procedure can be applied to different structures of photo-
voltaic fields, having any possible number of modules or panels
and any possible number of electrical rows.

For a fized structure or topology of a PV field, the panels can be
allocated into any position or being disconnected from the field
through a matriz of electrical switches.

During the development of the reconfiguration algorithm, the
lowest execution time of the reconfiguration algorithm has been
considered the main goal to achieve in order to minimize the en-
ergy consumptions due to the reconfiguration process itself. Dur-
ing the reconfiguration process, the panels or a group of panels are
disconnected from the field and they don’t provide energy to the
system. So, significant energy losses could occur. Since this algo-
rithm is executed on Embedded Systems, i.e. on devices having
minimal computational resources, both the reconfiguration algo-
rithm and the techniques used for the reduction of execution time
should exploit the minimum amount of computational resources.
In this Thesis, an online under-sampling technique to reduce the
amount of analyzed data (voltage-current curves of photovoltaic
panels) is illustrated. An additional aim of this under-sampling
technique is the estimation of informations that can be used for
diagnostic and prognostic purposes. In Literature, there is no algo-
rithm that achieves the same results by analyzing voltage-current
characteristics of panels and that, at the same time, minimizes the
usage of computational resources.

The second goal of this Thesis is the analysis of environmental
conditions suggesting the execution of the reconfiguration process.
In particular, two methods for the optimized scheduling of the ex-
ecution of the reconfiguration procedure are discussed. The for-
mer detects in real-time the presence of a shading phenomenon by
measuring changes of the point of work, i.e. a variation of voltage
and /or currents of the electrical rows of panels; the latter estimates
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the motion of shadows covering the photovoltaic plant by process-
ing informations retrieved by the under-sampling technique. This
second method can also estimate the instant time when a shadow
leaves the photovoltaic plant, suggesting to execute a new recon-
figuration process or to reconnect all disconnected panels.

This Thesis attempts to reach the above-mentioned goals by
means of an optimized Evolutionary Algorithm (EA). The Evo-
lutionary Algorithm has been tested both on numerical and ac-
quired voltage-current characteristics of panels. In particular, for
each class of curves, the EA has been tested on the complete and
the under-sampled voltage-current characteristics of panels.

In the EA, the representation of the solution as a structured data
leads to achieve an high level of flexibility respect to the structure
of the PV field. The complexity of the structured data only de-
pends on the topology of the considered photovoltaic plant.
Moreover, the real operating constraints for commercial power in-
verters, properly sized for the simulated photovoltaic field, are
considered.

In order to produce different solar radiance scenarios, a number
of cases of shadows affecting a photovoltaic field having a Series-
Parallel (SP) topology have been simulated and, for each cell,
the solar radiance value has been calculated. Then, the numeri-
cal voltage-current characteristics of panels have been calculated,
basing on the method proposed in [OGRSSRP14], by assuming
the Bishop [BIS88] model for each photovoltaic cell.

The acquired voltage-current characteristics of panels have been
provided by Bitron S.p.A. [Web14].

In order to produce different dynamical solar radiance scenar-
ios, a shadow moving over a photovoltaic field has been simulated
and, for each cell, at every considered instant time, the solar ra-
diance value has been estimated depending on shading percent-
age. By applying the Bishop model [BIS88], each solar cell char-
acteristic, and then the voltage-current characteristics of photo-



voltaic panels have been calculated by using the method shown in
[OGRSSRP14] and under-sampled. For a given configuration of
panels, the voltage-current and then the voltage-power curves of
the photovoltaic field are then calculated.

A study on variations of the point of work respect to the move-
ment of a shadow over a photovoltaic field has been performed.
At the and, a list of decision rules has been obtained in order to
decide when the reconfiguration process should be executed.

A further study on motion tracking of shadows passing over a
photovoltaic field has been performed. The estimation of shadow
position is obtained by processing current values of each photo-
voltaic module retrieved by the under-sampling procedure. The
efficiency of the motion tracking method respect the properties of
the shadow is discussed.

The main scientific contributions of this Thesis can be sum-
merized as follows:

e An Evolutionary Reconfiguration Algorithm that takes ad-
vantage of all panels (i.e. series-connected modules protected
by a bypass diode in anti-parallel) of a photovoltaic field

e An under-sampling algorithm to reduce the number of sam-
ples of voltage-current characteristics of panels

e A decision-rules based approach to detect events related to
shading of photovoltaic field by measuring voltage and cur-
rents of electrical rows of panels

e A motion tracking method for shadows covering a photo-
voltaic field based on processing of current values of each
photovoltaic module

The under-sampling algorithm and that suggesting the need
of reconfiguring the photovoltaic field have been patented [usal3]
[adal3] by Bitron S.p.A. [Webl14].
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Organization of the Thesis

This Thesis is organized as follows. The first Chapter introduces
to the reader the background of photovoltaic systems subjected
to mismatching phenomena. In particular, as regards the photo-
voltaic plant, the Bishop photovoltaic cell model and the reason of
its usage are shortly presented. Then, the shading effects on the
photovoltaic panels are illustrated, mentioning the effort of other
authors to reduce them by testing different electrical connections
among the photovoltaic modules (not panels). Then, power con-
verters and their most typical topologies are briefly introduced.
The shading effects on performance of Mazimum Power Point
Tracking (MPPT) procedure are illustrated. After the functional
parts of a Photovoltaic Systems have been discussed, the motiva-
tions related to the development and to the execution of a recon-
figuration procedure are introduced. The modified diagram block
of a photovoltaic system acting the reconfiguration procedure is
illustrated. At the end of this Chapter, the idea of developing an
Evolutionary Algorithm, by comparing this choice respect to the
other reconfiguration methods already presented in Literature, is
discussed.

In the second Chapter, before analyzing the developed recon-
figuration algorithm, the under-sampling procedure for voltage-
current curves of photovoltaic panels is illustrated. The explana-
tion of the procedure is divided into two main parts. In the first
part the estimation of position absolute and relative maximum
and minimum of voltage-power curve of the panel, also referred
as Mazximum Power Points (MPP) and Inflection Points (IP) re-
spectively, with a very low computation effort. In the second part,
the selection process of a minimum set of samples of the voltage-
current curve of panels that minimize the difference between com-
plete and under-sampled curve is discussed. At the end of this
Chapter, the results of the under-sampling algorithm is shown for
the most significant examples of voltage-current characteristics of
panels and some limitations of the procedure are discussed.



The advantages of the under-sampling procedure are shown in
the Chapter 3, where the Evolutionary Approach is introduced.
In the first part of the Chapter, the genetic algorithm, the so-
lutions encoding and the choice of the genetic operators are dis-
cussed. Furthermore, in order to speed up the genetic algorithm,
the optimization of the objective function is illustrated. In the
second part, different shading scenario are presented. For each
scenario, the experimental results obtained with fully sampled
and under-sampled voltage-current characteristics of PV panels
are compared.

Chapter 4 introduces to the optimal reconfigurations schedul-
ing. By starting from the periodical execution of the reconfigu-
ration process, a first approach to shading detection is presented.
Then, in order to further minimize energy loss, a procedure to
predict the shadow’s motion is discussed.

Finally, the conclusions of this Thesis are presented. In the end
of the chapter some recommendations for further research work are
presented.






Chapter 1

Background of the Thesis

This Chapter guides the reader into the area of interest of this
Thesis.

In the first part, the causes and the effects of the mismatching
among photovoltaic cells are discussed. Then, after a Literature
review about some existent solutions, in the second part of the
Chapter the reconfiguration of photovoltaic systems is introduced.
Indeed, some technique proposed in Literature to detect shadow-
ing phenomenon is discussed.

1.1 Photovoltaic Systems

A Photovoltaic (PV) System generates electrical power that can
supply a generic load and/or be delivered into the grid in order to
achieve some financial return.

Generally, a PV system is classified as stand-alone or grid-connected
depending on its application. Stand-alone PV systems supply a
load isolated by the electrical grid because this isn’t accessible or,
due to reduced energy consumption, the connection to the electri-
cal grid isn’t convenient. Instead, grid-connected PV systems sup-
ply both a local load and the electrical grid by selling a percentage
of generated energy to the energy supplier. Thus the energy flux
between the electrical grid and the PV system is bi-directional.
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A PV system is composed by a photovoltaic generator, a DC-DC
converter, the generic load and an energy storage system (battery).

In order to convert DC into AC, a further device is required:
the inverter. This device works as a current source in phase with
the grid voltage, injecting the available PV power into the grid
(see Figure 1.1).

DC
. LOAD
CHARGE DC-DC DC-AC
REGULATOR CONVERTER INVERTER
BATTERY ACLOAD | METER

ELECTRICAL
GRID

Figure 1.1: Block diagram of a photovoltaic system including all
main components

1.1.1 The PV Generator

In a photovoltaic plant, solar cells convert sunlight into electrical
energy. The voltage across a solar cell tipically assumes a value
belonging to [0.5V-0.8V]. For this reason, solar cells are series-
connected in order to increase the voltage across them. So, the
number of series-connected solar cells depends on the required
voltage.

The efficiency of a solar cell is defined as the ratio of output elec-
trical power respect to incident optical power. This value depends
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on many factors, related to the environment, such as the angle of
incidence of solar radiance and the air temperature, or related to
the physical device itself, such as the charge separation efficiency
and the conductivity of electrical contacts. The maximum theo-
retically efficiency of most widely used solar cells is around 13%
[NRE14].

Even if the PV cells are series-connected into modules, in order
to boost performance, a partial shading affecting only one of the
cells reduces the current by the whole module.

Since the same effect is obtained by series-connecting many mod-
ules, a bypass diode is connected in anti-parallel to each of them.
A bypass diodes turns on when the PV module is shaded and
its voltage assumes a negative value. By this way, the required
current flows through the bypass diode and a lower power is dis-
sipated.

The drawback is the presence of non-linearities in the voltage-
power curve of the PV generator.

In Figure 1.2, both a panel and its electrical scheme are illus-
trated. In particular, the illustrated panel is Azitec 250M/156-60S
that is used as reference model for calculus of numerical voltage-
current characteristics in all this Thesis.

Before analyzing the effects of a partial shading phenomenon,
the mathematical model of the PV cell are illustrated.

The PV Cell Models

In Literature, different photovoltaic cell models have been pro-
posed. In particular, the single diode and the two-diodes models
are widely used to describe the photovoltaic cell behavior when it
acts as generator. Instead, the Bishop model is used to describe
the PV cell behavior when it acts as a load and it is dissipating
power.

The ideal equivalent circuit of a solar cell is a current source
in parallel with a single-diode [ERC11], as the electrical scheme
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Thirth

Second  medule _I_
First module | -
module P
+ PV
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|
1
4 PV
A Module
| _l_

Figure 1.2: The Photovoltaic Panel Axitec AC-250M/156-60S
[Sol14] and its electrical scheme

shown in Figure 1.3.

Y~

I

® v

]

Figure 1.3: Ideal PV Cell Model

The photo-current source generates a current I; that is pro-
portional to the hitting light. In order to take into account the
parasitic effects, two resistances are added to the model, obtain-
ing the single diode model of photovoltaic cell. The equivalent
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electrical scheme of the single diode model of photovoltaic cell is
reported in Figure 1.4.

Figure 1.4: Single Diode Equivalent Circuit of PV cell

The equation of the output current by using the single diode
model for the PV cell is:

I .
I=1, I {exp <M) _1} Y

nkT Rsh (11)

where I, is the photo-generated current, I, is the saturation cur-
rent of diode that takes int account the effect of recombination
of p-n junction of cell, q is the elementary electron charge, K is
the Boltzmann constant = 1.38 x 10723 J/K, T is the absolute
temperature and R, and R, are two parasitic resistances. These
parasitics resistances reduce the power generated by cell. The se-
ries resistance value depends on contact resistance and on internal
losses. The shunt resistance depends mainly on manufacturing de-
feats.

In Literature, a two diodes model is also used [Ibr11]. The two
diodes model of photovoltaic model discerns the effects related to
recombination occurring in two different regions of p-n junction:
the quasi-neutral regions and the depletion region (ignored in the
single diode model). The equivalent electrical scheme of the two
diodes model of photovoltaic cell is reported in Figure 1.5.
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I

(D Rsn %

Figure 1.5: Two Diodes Model of Photovoltaic cell

The corresponding equation for the output current is:

[:[L_IDl_IDZ_ V; (12)
Rsh
where: ( )
q(V+ IRy,
Ip = — ] -1 1.
V + IR,
ID2 — lsat2 [GXP (%) - 1:| (14)

In these equations, I, is the saturation current due to recom-
bination in the quasi-neutral regions and I, is the saturation
current due to recombination in the depletion region.

The single and the two-diodes model describe the photovoltaic cell
acting as generator.

The Bishop model [BIS88] is widely used to accurately describe
the behavior of the photovoltaic cell in the breakdown region too.

In the Bishop model represented in Figure 1.6, a dependent
voltage source M(V ;) has been added to classic single diode model
in order to describe the behavior of the photovoltaic cell in the
breakdown region.

The equations related to the Bishop model are:



1.1. Photovoltaic Systems 15

Jphot ‘ Jsat

O v &

out

Figure 1.6: Bishop Model of Photovoltaic cell

V + JR;
J = Jphot - Jsat |:exp (%) - 1:| - Jshunt (15)

v, Vi) "
Jshunt - R]h {1 +a (1 - VE)] ) } (16)

In the eq. (1.5) and (1.6) Jyper is the photo-induced current,
Jsat 1s the saturation current, V; is the voltage drop at the semicon-
ductor junction, J is the cell current, R, and Ry, are respectively
the series and shunt resistances, n is the ideality factor, k£ is the
Boltzmann constant, 1" is the reference temperature, Vj, is the cell
breakdown voltage, m is the avalanche breakdown exponent and
a is the fraction of ohmic current involved into avalanche process.

Since the Bishop model well describes the solar cell behavior
under shadowing conditions, it is used in this Thesis in order to
retrieve the exact point of work of all panels for a given electrical
configuration of the field and a given solar radiance scenario. The
shading effects on PV cells are illustrated in the next part of this
Section.
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In particular, the voltage-current curves of solar cell, and so of
the entire PV field, are obtained by using the method exposed in
[OGRSSRP14]. The great advantage of this method is that no
electrical simulator is required to model photovoltaic cell behavior
and it can be implemented in any programming language.

The voltage-current characteristics of a cell belonging to the

panel Axitec 250M/156-60S calculated by using the Bishop model
and different irradiance values are illustrated in Figure 1.7.

10

G = 1000W/m?

8F G=900wW/m?

B G=600W/m?

4t G- 300W/m?

0 02 04 06 08
[V]

Figure 1.7: V-I curve of Photovoltaic cell for different irradiance
values

In effect, the voltage across the solar cell can assume positive
or negative values depending on required load current and the so-
lar radiance hitting the cell.

As illustrated in Figure 1.8, when the PV cell assumes a negative
value, the dependency of current respect to the voltage remains
limited until a voltage threshold is achieved, known as breakdown
voltage. In this case, the breakdown voltage is equal to -15V. In-
stead, when the cell voltage tends to this value, the current expo-
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nentially increases and the PV cell is damaged. The achievement
of this value is avoided by limiting the number of cells composing
each PV module in a panel.

3

15 ~10 5 01
[V]

Figure 1.8: V-I curve of a shaded PV cell

The Bishop parameters of the cells of the panel Axitec 250M /156~
60S are summarized in Table 1.1.

] Bishop Parameter of PV Cell \ Value ‘

Short Circuit Current 8.8 A
Saturation Current 1.26 nA
Series Resistance 15 mOhm
Shunt Resistance 10 Ohm
n 1.5
Breakdown Voltage -15V

a 0.002

m 3

Table 1.1: PV cells parameters

These parameters are used in all simulations of this Thesis and
have been obtained through the procedure indicated in [NFV12].



18 1. Background of the Thesis

The Shading Effects on the PV Cell

A single photovoltaic cell, under fully lighting conditions, acts as a
generator, that is the desired behavior. Instead, if series-connected
to other cells, under shading conditions, the solar cell could act as
a load and dissipate power by heating.

Depending on required load current, the shaded cells can also re-
duce the voltage across the PV module.

In fact, if a row of cells supplies a load and a single cell is shaded,
then the voltage across the shaded cell is reversed when the sup-
plied load current is greater than short circuit current of the
shaded cell [KK13]. In this case, the photovoltaic cell acts as
a load (see Figure 1.9).

\LoAD

LOAD [—<

hoad

V1>0 V2>0

<0 V.

cell>O

Figure 1.9: PV Cell - Shading Effects. Voltage across shaded cell
reverses if a load current greater than its short circuit current is
required.
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In Figure 1.9, a series-connection of three PV cells is illus-
trated. Onme cell is partially shaded, so it can generate a current
level lower than other two PV cells. In this example, if the load
current is equal to 2A, then all three cells act as generator and
the voltage is positive across all them. On the contrary, if a load
current equal to 4A is required, the voltage across the shaded cell
becomes negative in order to provide the same current value. So,
the shaded cell acts as a load.

The behavior of photovoltaic cells depends strongly on temper-
ature [ZMv1l]. The lower is the environmental temperature, the
greater is the efficiency of the PV cell. In Literature, it has been
demonstrated that an increase of temperature leads to a narrow-
ing of spectral response of cell [Mey12] and, for this reason, to a
reduction of performances.

In this Thesis, the environmental temperature has been as-
sumed constant and equal to 25°C (Standard Test Conditions,
STC) in all analyzed cases. The temperature effects on voltage-
current curves of cells hasn’t been taken into account. By this way,
the observed mismatching conditions among cells depend only on
the solar radiance. In addition, all cells have the same parasitic
parameters values. Despite this condition never occurs in real PV
systems, it simplifies the analysis of the shading effects over a PV
field since they don’t depend on which cells are shaded.

In order to prevent negative effects of temperature, a bypass
diode in anti-parallel to each cell should be used, but this is an
expensive solution. So, this solution is considered only to protect
many series-connected cells composing each photovoltaic module.

The Shading Effects on a PV Panel

In this Thesis, a series-connection of modules, each of them is pro-
tected by a bypass diode in anti-parallel, is referred as photovoltaic
panel.
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S
>
S
>
S5
rd

r Vpanel Vpanel Vpanel
A

<

>
<

= <« <«
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owing and low owing and high
current load current load

Figure 1.10: Current flux (red line) under normal and shading
conditions

Each module have its own short circuit current value depend-

ing on hitting solar radiance value.
If all modules receive the same solar radiance value, then they
generate the same current and the voltage across them is posi-
tive. So their bypass diodes are all turned off (see Figure 1.10(a)).
If the load current is lower than the short circuit current of a
shaded module, then the voltages across it is positive and, for this
reason, its bypass diode remains turned off (see Figure 1.10(b)).
Instead, if the load current is higher than short circuit current of
the shaded module, then the voltage across it tends to negative
values enabling the switching on of the diode and allowing to the
load current to flow into it (see Figure 1.10(c)). In effect, not all
the load current flows through the bypass diode, but only that
exceeding the current generated by the shaded module.

So, the voltage-current characteristic of a non-shaded panel has
only one current level, like the red curve shown in Figure 1.11.
Instead, if one or more modules in panel are shaded, the voltage-
current curve of the panel exhibits different current levels, as oc-
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Figure 1.11: Voltage-current curve of a photovoltaic panel: non-
shaded (red line) and partially shaded (blue line) case

curs for the blue colored curve in Figure 1.11.

For each module, its short circuit current I,. and the number of
turned on bypass diodes are indicated. In particular, I . is the
short circuit current of the most shaded module and I,.3 is the
short circuit current of the module having the minimum shading
and of the panel too.

The blue colored curve corresponds to a panel whose modules are
all partial shaded and, for this reason, the short circuit currents
of the red and blue colored curves have not the same value.

The number of photovoltaic units and the topology of PV plant
are properly chosen in order to achieve the desired power produc-
tion under nominal working conditions, i.e. when the photovoltaic
units are completely radiated. In these conditions, the generated
power is typically referred as the nominal power.
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PV Plant Topologies

Photovoltaic panels can be connected into different topologies form-
ing a PV field: Series-Parallel (SP), Total-Cross-Tied (TCT), Bridge-
Link (BL) are the most commonly used.

These photovoltaic topologies are illustrated in the Figure 1.12.
In a Series-Parallel topology (see Figure 1.12(a)), panels are first
series-connected into different rows in order to fit the voltage con-
straints of inverter and then these rows are parallel-connected in
order to increase the generated current.

In a Total-Cross-Tied topology (see Figure 1.12(b)), on the con-
trary, the photovoltaic panels are first parallel-connected, and then
the obtained parallel-connected panels are series-connected into a
single row in order to fit the electrical constraints of inverter. The
Bridge-Link topology (see Figure 1.12(c)) is obtained by removing
half of parallel connection among panels of a TCT topology.
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Figure 1.12: Three different PV plant topologies: Series-Parallel
(SP), Total-Cross-Tied (TCT) and Bridge-Link (BL)

In Literature, the effects of a partial shading over these three
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PV plants topologies has been analyzed showing that TCT topol-
ogy achieves best performance when the photovoltaic plant is cov-
ered by a passing cloud [MJ14]. In general all the shadows prop-
erties, such as the shape, the size, the shadow strength, the sharp-
ness, but also the direction of movement of shadow respect to mod-
ules orientation in the panels, affect differently the voltage-current
characteristics of photovoltaic panels [KL13]. But, in general, a
fixed PV field topology isn’t an optimal solution since shadows
properties are variable for each shading phenomenon and, above
all, they are not predictable. At the end, there isn’t a priori op-
timal topology of PV field.

1.1.2 Mismatch Losses Reduction

The photovoltaic panels could work under mismatched conditions
because of many factors, related to internal behavior of physical
devices or the environment where the panel has been installed.
Manufacturer defeats, the corrosion of contacts or the aging of
panels could increase parasitic effects. If not properly sized, bypass
diodes can be broken due to the thermal runaway phenomenon.
The thermal runaway is a self-feeding process occurring when the
bypass diodes heat if an high current is flowing through them and
their temperature exceeds a critical value [SSDG14]. This critical
value, basing on [SSDG14], is equal to the junction temperature at
which forward power dissipation in the diode equals reverse power
dissipation for the given forward current and the given reverse
voltage.

At the same time, the orientation of panels respect to the sun,
the air temperature, the strength and orientation of wind change
the conditions at which each panel and each cell in a panel work.
In a partial-shaded panel, the difference among the temperature
values of photovoltaic cells can normally exceed 20°C [HCWT14]
while temperature can reach 150°C where an hotspot effect occurs
[SM10].
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Power converters maximize the generated power by searching
for the maximum power point on the voltage-power curve of the
PV field, independently of the chosen PV plant topology. This
procedure, known as Mazimum Power Point Tracking (MPPT),
analyzes locally the V-P curve of the field around a given reference
point. This search process is generally based on a perturbative
method, e.g. Perturb & Observe (P&Q) or the incremental con-
ductance (IC), in order to detect any changes of the slope of the
curve around the working point.

In Literature, a comparison of this methods is provided [HR00]

[ECO7]. In order to guarantee the minimum desired efficiency of
power converters, the voltage of the MPP cannot assume all pos-
sible values but it should be restricted to a closed range of values.
At the same time, the open circuit voltage of the PV field has to
be limited because of security reasons.
The power converters have to be sized respect to the maximum
power can be generated by the PV field. So, also the operating
constraints depend on the chosen converter. An example of con-
straints for 6kW inverters are reported in Table 1.2.

Inverter Operating Voltage Maximum
Manufacturer Range Open Circuit Voltage
Power One 180V — 530V 1000V
EnaSolar 120V — 450V 600V

Table 1.2: Typical inverter constraints for 6kW PV plant

In Figure 1.13, the constraints for the MPPT algorithm are
overlapped to the voltage-power curve of a PV field. The operating
voltage V/,,, can only assume a value belonging to the given range
[180V—530V]. The open circuit voltage V. is much lower than its
superior boundary (1000V).

A MPPT algorithm should find the best maximum power point
independently of working conditions of the PV field.
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Figure 1.13: Range of acceptability of V/,,, voltage

Under partial shading of the PV field, since the V-I curve of each
panel could exhibits different current levels, also different maxi-
mum power points (MPPs) occur in the voltage-power character-
istic of the PV generator. In this case, the best MPP could be
anywhere in the output curve of the PV field.

As shown in Figure 1.14, where the effects of a partial shading
of the PV field are illustrated, the optimal MPP could be located
anywhere on the voltage-power curve of the PV field. As shown,
it could be located externally or near the allowed boundaries of
voltage value of the PV generator. If the MPPT procedure finds a
better MPP at a voltage in proximity of constraints values, the be-
havior of inverter is unpredictable [Hae05]. Some inverters power
off if the MPP voltage is further reduced below the minimal al-
lowed threshold. Since the start-up of inverter could require a
significant amount of time, the is no advantage to choose a MPP
belonging to the boundary regions.

Since the MPPT procedure is a local search algorithm, the achieve-
ment of the greatest power is not guaranteed.



26 1. Background of the Thesis
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Figure 1.14: The voltage-power curve of a PV generator under
shading exhibits different peaks reducing the MPPT efficiency

In Literature, the performances of the standard MPPT algo-
rithms have been tested under shading conditions [CDDDN*13]
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[MV14] showing that conventional methods are easy to implement

but they suffer from oscillations at MPP and tracking speed is

lower due to fixed perturb step [Say12]. In case of partial shading,

the reduction in the overall efficiency of the system has reached

about the 30% [GDdV13] because of MPPT failures.

Different MPPT algorithms have been proposed to track the global

maximum under rapidly changing shading conditions [PA08] [JM14]
[HNDM13| but they aren’t commonly used into commercial invert-

ers.

The mismatch losses reduction also depends on the chosen in-
verter topologies (see Figure 1.15).
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The centralized and the multi-string inverter topologies, shown
in Figures 1.15(a) and 1.15(b), are the most used, especially in
large PV plants. In the former case, both the MPPT algorithm
and the DC-AC conversion is provided by a unique power con-
verter. In the latter case, the MPPT algorithm is executed for
each row of panels but only the centralized inverter provides the
DC-AC conversion.
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Figure 1.15: Power converter topologies: (a) Centralized inverter,
(b) multi-string inverter, (c) micro-inverter and (d) D-MPPT
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In order to further reduce the mismatch losses, module-dedicated
power converters topologies have been developed. So, instead of
directly series-connecting all PV modules, without taking into ac-
count if they are working under mismatched conditions, a DC-DC
converter is connected to each module and then the output of all
module-dedicated power converters are series-connected in order
to boost the string voltage.

Since the MPPT procedure is executed for each panel compos-
ing the PV field, this approach is named Distributed MPPT (D-
MPPT).

Thus, as regards the DC-AC conversion, two topologies are
considered: in the former, each panel has its own DC-AC con-
verter, and for this reason the power converter is also known as
micro-inverter. In the latter, the DC-AC conversion is provided
by the string or centralized inverter. These inverter topologies are
shown in Figures 1.15(c) and 1.15(d).

The adoption of micro-inverters converting directly the ex-
tracted solar energy into AC power have different advantages.
First, when shading phenomena occur, the generated energy is
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maximized because a MPPT algorithm is executed on each panel.
Even if it is correct, the continuous energy consumption due to the
execution of the MPPT procedure itself has to be considered both
when the PV field is working under mismatching conditions and
in a full sunny day. In fact, when all the panels are working under
the same conditions, the total efficiency of the system is reduced
because a percentage of generated energy is uselessly consumed
[FLPT08].

Nevertheless, because each panel is an independent PV generator
unit, this inverter topology ensures an high modularity and ro-
bustness respect to the faults of single PV units.

Moreover, by using this architecture, simplified MPPT techniques
as well as diagnostic procedures can be used.

Since it is executed on a smaller device, the MPPT procedure
rapidly detects a shadowing phenomenon and change the volt-
age of the MPP in order to maximize the extracted power. In
the worst case, even if the sweep of the whole voltage range of
the panel characteristic should be executed, the time required to
scanning the curve of the panel is much lower than that required
to the same operation performed on the voltage-power curve of
the field. During the voltage sweep operation, the total amount of
generated energy isn’t reduced because the other panels continue
to working independently.

Obviously, since a dedicated inverter for each panel is used, the
cost of the single photovoltaic unit increases. Instead, the direct
production of AC power requires cabling having a lower cost as
well as no blocking diodes installation. So, by using the micro-
inverters, the fire risk is reduced since it limits the amount of DC
current on a rooftop.

Instead, as regards the second topology, the adoption of DC-
DC converters dedicated for each panel executing the MPPT pro-
cedure and of a centralized inverter requires an high voltage con-
version ratio and efficiency to be affordable.

In effect, there isn’t an optimal inverter topology. In [SWH14],
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authors simulate the mentioned inverter topologies for four differ-
ent PV installations (PV plant, rooftop, building facade, top of an
electric vehicle) and estimate their performance for a time period
of 30 years.
The performance of the inverter topologies change respect to the
considered scenario. In particular, the multi-string inverter topol-
ogy performs better in large PV plants and in high yield solar
locations.
Instead, in the applications where complex shading scenarios oc-
cur, such as the building faced or the rooftop, the micro-inverters
lead to boost energy production.
Also in [EAST10], the authors demonstrate that the micro-inverters
are the most suited inverter topology for small commercial and
residential systems and that their performance, respect to central-
ized inverter, increases from 4% to 12%, depending also on the
geographic location of the plant.

Moreover, even if the most suited inverter topology is used for
a specific application and the MPPT tracking procedure has an
efficiency of 100% (i.e., the optimal MPP is always found), during
a shading phenomenon, the energy produced by all panels is not
efficiently extracted by the PV field. In fact, the voltage and the
current values of the optimal MPP depend on the characteristics
of all panels belonging to the PV field but, due to the mismatch-
ing effects, the most shaded panels can reduce the MPP voltage
and/or current.

In this case, a different electrical connection among panels or
the disconnection of most shaded panels from the PV field can
reduce the effects of the shadowing phenomenon and achieve dif-
ferent advantages.

1.2 The Reconfiguration of PV Plants

A dynamical reconfiguration of the PV field optimizes the utiliza-
tion of all photovoltaic units leading to increase power production
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Figure 1.16: Block diagram of a Photovoltaic System Reconfigu-
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in any environmental conditions without violating functional con-
straints of the power converter.

In Figure 1.16, a block diagram of a PV system including a
generic reconfiguration process is shown. Respect to a standard
PV System, the reconfiguration of PV plant requires at least two
further functional elements: a) an intelligent unit processing some
informations related to the PV system and providing the best elec-
trical configuration for the panels and b) a switching matriz that
modifies the electrical connections among panels.

In addition, the elements providing the informations related to the
PV system should be considered.

From a general point of view, a reconfiguration algorithm requires
the estimation of working conditions of all photovoltaic units as
well as the knowledge of operating constraints of power converters.
The informations describing the working conditions of PV mod-
ules/panels depend on the considered reconfiguration algorithm.
The operating constraints of power converters are fixed for the
chosen inverter.
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If only shading effects on PV units are considered, then the solar
radiance scenario over the PV generator should be sensed or es-
timated. In an ideal case, the solar radiance scenario should be
achieved for each cell of the plant: this solution is unfeasible since
a sensor for each cell is required, strongly increasing the photo-
voltaic system costs.

Conversely, the irradiance hitting each photovoltaic module could
be sensed or estimated, but the solar radiance scenario is recon-
structed by using a lower resolution.

In general, the PV systems performances could be improved tak-
ing into account all the phenomena negatively affecting them (e.g.
permanent damages of photovoltaic units) and not only the solar
radiance scenario at the reconfiguration instant.

For this reason, in this Thesis, the proposed reconfiguration algo-
rithm doesn’t consider the solar scenario at all, but takes directly
into account the mismatching effects among panels and their op-
erating status by processing their voltage-current curves.

Different electrical connections among panels increase the gen-

erated power and reduce the mismatch effects on voltage-power
curve of the PV field.
In Figure 1.17, the solar radiance of a PV field is illustrated. In
this solar scenario, the irradiance is symmetrically reduced on both
rows. In particular, in each panels rows, five panels are totally
shaded and only one is partially shaded.

The voltage-current curves of panels corresponding to this sce-
nario are represented in Figure 1.18. The V-I curves of fully shaded
panels have one current level only and a the lower short circuit
current (blue colored line) while the partial shaded panels have
multiple current levels (green colored line).

In Figures 1.19(a) and 1.19(b), panels having the same color
are all series-connected in the same row. In particular, in Figure
1.19(a) the fixed standard configuration of panels is shown. Since
the solar radiance is symmetrical on both rows, they have also
the same voltage-current curve. The voltage-power of the field
obtained by using standard configuration, represented by black
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Figure 1.18: V-I curves of panels

colored line in Figure 1.19(c), has multiple MPPs.

In Figure 1.19(b), a possible result of a reconfiguration algorithm
is shown. In this configuration, all fully and partially shaded pan-
els are series-connected into the same string. In the voltage-power
curve of the field corresponding to the modified configuration, the
blue colored line shown in Figure 1.19(c), only two possible max-
imum power points having a power difference of around 20 Watts
occur. Both the MPPs of the voltage-power curve of the recon-
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Figure 1.19: The effect of PV reconfiguration

figured PV field are greater than all power peaks of the voltage-
power curve obtained by using the standard configuration. So, if
the MPPT algorithm chooses the lower peak as maximum power
point, the mismatch losses are minimized anyway. For the exam-
ple shown in Figure 1.19(c), respect to the standard configuration,
the execution of reconfiguration procedure increases the generated
power of 121%.

The reconfiguration procedure has different advantages. First,
it maximizes the generated power of a PV field but also ensures
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that power converters work always with their maximum efficiency.
Moreover, safety conditions are easily respected, such as that on
the open circuit voltage of the V-P curve of the field. In fact, in a
PV system, all cables, switches, fuses, circuit breakers, and mod-
ules are rated for the maximum system voltage, that is 1000V, as
established by the National Electrical Code (NEC) 690-7, in order
to reduce the risk of fire.

Unlike D-MPPT, the reconfiguration algorithms require only the
execution of single MPPT procedure and so only one centralized
inverter is needed. At the same time, the PV panels don’t re-
quire dedicated hardware. If a fault occurs, the reconfiguration
procedure can detect which panels are working under abnormal
conditions and it can disconnect them from the PV field. So, the
reconfiguration procedure provides also monitoring and diagnostic
functionalities.

The reconfiguration system strongly depends on the perfor-
mance of the algorithm itself, both in terms of the required ex-
ecution time and of the provided best electrical configuration of
panels.

Depending on the algorithm, further sensors and a data acquisi-
tion system can be required. The hardware complexity is related
to the needed information, that can be a voltage value measure-
ment only or the acquisition of V-I curves of panels.

As regards the execution time of the whole reconfiguration proce-
dure, it includes the time required to process data from sensors or
to acquire the voltage-current curves of each panel, to execute the
reconfiguration algorithm and to actuate the given configuration
through the switching matrix.

This time as well as the energy consumptions strictly depend on
the hardware technology.

A reconfiguration system, respect to a standard PV system, re-
quires additional cabling in order to connect each panel to the
switching matrix. The relays of switching matrix itself should be
designed in order to reduce the risk of faults. In particular, semi-
conductor based relays have to be preferred to that electromechan-
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ical, but they are more expensive.

The scalability of the reconfiguration systems depends not only
on the algorithm, that has to consider the major number of both
panels and strings, but above all on the number of relays of the
switching matrix itself.

So, the reconfiguration procedure requires a dedicate hardware
and software too, thus increasing the initial costs of the system.
Nevertheless, these costs can be much lower of the saved money
if the reconfiguration procedure is well designed not only in order
to achieve always the best configuration, but also to be executed
when it is really necessary, i.e. during shading phenomena.

In general, the number of configuration to analyze to find the
optimal solution depends on the number of panels, of electrical
rows and on the chosen photovoltaic plant topology. Among all
these configurations, only a subset respects required constraints of
inverter. Moreover, the optimal or nearly optimal solution should
be found in a very limited time, that is the hardest constraint to
respect.

1.2.1 State of Art

In Literature, many approaches have been proposed for recon-
figuring photovoltaic plants, such as based on deterministic and
stochastic procedures as well as that based on statistical approaches.
Deterministic procedures are developed to achieve a well-known
desired goal that couldn’t be only the maximization of power gen-
eration. In [SD90] and [APCO98], two reconfiguration procedures
for a PV field supplying a motor have been illustrated. The chosen
electrical configuration of modules depends mainly on operating
conditions of the motor. So, these methods, even if they achieve
the desired operating conditions of the motor load, cannot be ap-
plied in other situations where the maximization of the power ex-
tracted from the PV field is required. Moreover, they don’t take
into account the effective solar radiation hitting the modules but
only maximize voltage or current injection into the motor to pro-
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vide desired torque or speed.

These reconfiguration algorithms need a formalization and an a
priori knowledge of the problem to be solved.

A further deterministic approach is based on irradiance equaliza-
tion of rows of modules, as illustrated in [VQGGPLT09]. The basic
principle is based on the reduction of the bottle-necks for current
flux in a Total-Cross-Tied topology of modules by equalizing the
current each row of modules provide. A similar approach has been
used in [LPC10], where the shading degree for each row of modules
in a Total-Cross-Tied PV plant topology is estimated basing on
voltage and current measurements.

The shading level of modules is investigated also in the model
based approach that has been developed in [NLO8|. The estima-
tion of the photo-generated current for each module is obtained
by measuring only voltages across photovoltaic modules and by
assuming a well known model for photovoltaic cells.

The measurement of the voltage and current generated by each
module doesn’t provide any information about the effective so-
lar scenario over it. Instead, in these documents, it is assumed
that the cells of the modules are always equally radiated at the
estimated irradiance value. In many circumstances, PV modules
are partially shaded and the generated current depends only on
minimal irradiance hitting the cells of the module. The voltage,
instead, depends also on the working conditions of the other mod-
ules connected in parallel if a TCT plant topology is used.

The efficiency of their procedure strongly depends on the assigned
model of the PV module: the real behavior of a module, due to
many reasons, such as mismatched working conditions of the PV
cells, can differ from the numerical one.

In [VQGGPL109], [LPC10] and [NLO8], photovoltaic plants
are divided into a static and a adaptive bank of modules. If mod-
ules belonging to the static bank work under mismatched condi-
tions, then all these procedures ensure an improvement of perfor-
mance by replacing modules of static bank generating the lower
current with properly chosen module of the adaptive bank. Even
if an improvement of performance has been demonstrated by using
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these approaches, the distinction between a static and an adap-
tive bank of modules reduces the flexibility of the reconfiguration
procedure respect to the many different shading scenarios. More-
over, in [EDKS13], the authors assume that the person using their
system should have an a-priori knowledge of the shading scenario
usually interesting his PV field and that he must select which
modules should belong to the static part and which modules to
the adaptive bank. That is the lower degree of flexibility. More-
over, since the reconfiguration procedure is a NP-hard problem, as
also in [EDKS13] is assumed, then there is no deterministic proce-
dure that could achieve an optimal solution in a time period that
doesn’t depend exponentially on the number of panels and the
possible positions they can assume. The procedure proposed in
[EDKS13] is based on the assumption that the reconfiguration is
mixed integer quadratic programming (MIQP) problem. This kind
of problem is usually solved by using a class of algorithms so-called
branch and bound (BB) because they separate, if needed, the main
problem into smaller ones by properly relaxing the constraints of
each subproblem. The authors illustrate that they reconfigure a
TCT topology of 6x4 modules by using different mathematical
tools that are executed on a PC having an Intel Duo Processor,
i.e. high computational resources, achieving for this reason an ex-
ecution time of few tens of seconds. The same result is difficult to
be achieved by the same procedure on a micro-controller, e.g. on
devices having lower computational resources.

Stochastic procedures, such as that based on Ant Colony Op-
timization (ACO), Particle Swarm Optimization (PSO) and Evo-
lutionary Algorithm (EA) are instead more flexible, as discussed
in [PGBSAL11]. In general, stochastic algorithms don’t require any
a priori knowledge about the problem to be solved but only the
informations needed to estimate the reliability and the fitness of
a proposed solution. The knowledge of the most suitable solution
to the problem is acquired during the execution of the algorithm
itself.

For example, a genetic algorithm learns by randomly exploring the
solutions space. At each iteration, the provided solutions improve.
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So, the analysis is focused only in the regions of solutions space
containing the optimal solution. At the end of the procedure, the
solution having the best fitness is provided.

Genetic algorithms, that are a subclass of the Evolutionary Algo-
rithms, have been used mainly for the photovoltaic system design
[KKPKO06]. Instead, in [KMAP14], a genetic algorithm is used to
reconfigure a photovoltaic plant that has been separated into a
fixed and an adaptive bank of modules. The fixed part of the PV
plant has a TCT topology. This algorithm, basing on the only
short circuit currents of each panel, chooses which panels belong-
ing to adaptive bank should be parallel-connected to each panels
row belonging to the fixed PV field. The short circuit current of
a panel is related to the solar radiance hitting it. As the authors
assert, this choice is made in order to limit the execution time.
Nevertheless, they don’t consider that the maximum power point
of the field doesn’t depend on the short circuit current but on the
whole voltage-current curves of the panels. For this reason, the
maximization of the generated power is not guaranteed at all.
Instead, the genetic algorithm proposed in Chapter 3 chooses, in a
reasonable time, the best solution basing on voltage-current curves
of panels.

Reconfiguration algorithms can also be based on a statistical
approach: in [BMV14], authors suggested to use the False Dis-
covery Rate (FDR) to find a nearly optimal configuration. This
statistical procedure lead to test only a subset of all possible con-
figurations which is considerably smaller than the one needed by
other methods. Nevertheless, statistical methods require at least a
lot of memory usage and computational resources. So they aren’t
generally used in Embedded Systems.

1.2.2 Shading Detection and Forecast

The choice of time instant when the reconfiguration procedure
should be executed plays a key role in the maximization of the
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performance. In fact, if the energy losses, due to the repeated ex-
ecutions of the reconfiguration process, exceed the saved energy,
then there is no advantage into applying it.

Some proposed reconfiguration algorithms [LPC10] [NLO08] also at-
tempts to detect partial shading phenomena by measuring voltage
variations across one or multiple rows of modules.

Unfortunately, the major drawback of this technique is that the
voltage change doesn’t lead to distinguish a shading phenomenon
from a global change of the solar radiance over the PV field, es-
pecially when the PV field is under low solar radiance levels (i.e.
at the sunrise and sunset). Moreover, if the reconfiguration proce-
dure allows the panels to be disconnected from the PV field, then
any shadowing phenomenon occurring on disconnected panels is
not sensed at all. Since no voltage change occurs when the shadow
is moving over the disconnected panels, there’s no way to under-
stand if a shadow left the PV field.

In [CDDM*14], authors show that voltage level can also be used
to classify PV modules as fully lighted or shaded. In this case, the
estimation of a proper (but not declared) threshold level for the
voltage has been taken into account. So, these methods require a
voltage sensor for each panel or row of panels leading to increase
the system costs.

On the contrary, these methods don’t measure changes of the cur-
rents provided by electrical rows. Furthermore, in [CDDM*14]
authors consider to install current sensors for each row but they
don’t use them in their algorithm, assuming that future detec-
tion algorithms can require these signals. In fact, a change in the
currents of panels rows could indicate conditions for which the
reconfiguration process shouldn’t be executed even if a voltage
change suggests it.

In order to solve this issue, it is necessary to acquire voltage and
current values for each photovoltaic module (independently if it is
disconnected or not) or to use a different approach.

In effect, an attempt to forecast shading scenario variations
has been achieved by using different approaches.
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Sophisticated algorithms have been proposed to estimate shadow
motion over a PV plant basing on acquired sequential images near
the PV plant itself [SKS12]. In the procedure illustrated in this
document, no reconfiguration of PV plant has been considered,
but only the prediction of the generated power trend. The great
drawback of these methods is the need of installing a proper video
capturing device. These procedures can be used to efficiently pre-
dict power generation and, in general, if a cloud has left a specific
area. Despite they efficiently predict the cloud movement in the
sky, it is very difficult to relate accurately the clouds position to
that of its shadow over each panel of the PV field.






Chapter 2

The Undersampling
Algorithm

In this Chapter, a technique to reduce the number of samples of
voltage-current (V-I) characteristics of photovoltaic panels is illus-
trated.

This procedure is not specifically designed for the reconfiguration
purposes, but it can also provide informations useful to the diag-
nosis of PV panels.

In the second part, the experimental results, obtained by ap-
plying the under-sampling algorithm to a set of acquired voltage-
current curves of a real photovoltaic panels, are analyzed. In par-
ticular, the most problematic cases are discussed.

2.1 Introduction

The under-sampling technique proposed in this Chapter approxi-
mates the acquired V-I curves of panels by line segments.

In general, the samples belonging to piecewise linear V-I curves
should be properly chosen to minimize the difference between the
original and the under-sampled curves. This difference is referred
as the approximation or reconstruction error.
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The minimization of the approximation error is achieved by
preserving the regions of the V-I curves having the greatest infor-
mation level. For example, the comparison between the V-I curves
of four series-connected panels and their own V-I curves in Figure
2.1 suggests to preserve all samples belonging to non-linear regions
of V-I curves. In fact, the non-linear regions of V-1 curves of single
panels appear both in the V-I and V-P curves of series-connected
panels.

So, the local maximum and minimum power points of the V-P
curve belong to these regions.
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Figure 2.1: Voltage-current and voltage-power characteristics of a
series-connection of four panels

The selection procedure of samples belonging to decimate V-I
curves should be robust respect to non-idealities of V-I curves. In
fact, the sampled data of V-I characteristics of panels could be
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noisy, unordered, redundant or insufficient to well describe some
parts of the curve itself.
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Figure 2.2: Two acquired voltage-current characteristics of a photo-
voltaic panel

In Figure 2.2, two acquired voltage-current characteristics of
photovoltaic panels are illustrated. Both these characteristics ex-
hibit an heterogeneous density of samples. In particular, in the
current range [0.1A - 0.5A], the non-linear region of the red col-
ored characteristic has only 3 samples. Duplicate data are present
in different parts of the V-I characteristics due to the adopted
sampling method and to the low sampling resolution of analog-
to-digital converters (ADCs) for voltage and/or current measure-
ments. Moreover, the samples aren’t properly sorted by voltage
or current values because of combined effect of measurement noise
and low resolution of ADC.

This technique should also provides informations useful to the
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diagnostic and prognostic of photovoltaic panels. A required in-
formation is, for example, the degree of mismatching working con-
ditions of the PV panel that could be represented by the number
of maximum power points of the voltage-power characteristic of
the panel itself. So, the under-sampling technique should be able
to find the maximum power points of the V-P curves.

The most critical constraint is the execution time of the proce-
dure: the under-sampling technique should be executed in amount
of time much lower of that required to acquire the V-I curve of a
single panel (e.g., 60 milliseconds as required by the photovoltaic
optimization system Endana [Web14]), so it can be considered a
real-time procedure.

In Literature, there are different proposed methods to approxi-
mate a sampled curve by line segments [Yin06]. These approaches
can be classified into three classes: sequential, split-and-merge and
dominant point-detection.

The first class includes all methods that, after choosing a start-
ing point, sequentially scan a curve in order to determine the
longest possible line segment until the reconstruction error ex-
ceeds a fixed tolerance, then restarts the scan-along process at the
next data point to find the remaining line segments. The quality
of the approximation depends both on the starting point and on
the chosen error threshold.

The second class includes methods that start with an initial
random approximating polygon and then refine it by iteratively
applying the two-phase split-and-merge process. At the splitting
phase, the line segment is split into two segments at the data point
which has the farthest distance from the original line segment
if the reconstruction error exceeds a fixed error threshold. At
the merging phase, two adjacent line segments are merged into a
new one if the resulting approximation error maintains still below
a fixed error threshold. The performance of the split-and-merge
approaches depends on the initialization step and on the chosen
thresholds. A well known algorithm belonging to this class is the
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Ramer-Douglas-Peucker procedure [Ram72].

The methods belonging to the third class initially evaluate the
curvature at every data point basing on its local property. Then
the dominant points are detected by a non-maxima suppression
process. The performance of most dominant point-detection meth-
ods depends on the strategy adopted for the curvature evaluation.

The approximation of V-I curves by using the introduced ap-
proaches is unfeasible for different reasons:

e these approaches are very general and they are not optimized
for detecting the maximum power points on V-I curves of
panels without multiplying voltage and current values for
each sample of the curve. So, they are time-consuming since
they don’t guarantee the minimization of multiplication be-
tween voltage and current values.

e these approaches are susceptible to the noise and to the poor
quality of data sampling process (e.g., unordered data).

e these methods require that the approximation error must
be well defined, but, for the proposed goal, the error value
should depend on both voltage and current (or voltage and
power) values

Other approaches performing structural pattern analysis have
been introduced basing on stochastic algorithms [Yin06][SSS03]
or dynamic programming [TPMOS§] in order to decompose an an-
alyzed curve into a set of lines and arcs.

The method proposed in [TPMO08], that is based on the angu-
lar orientation analysis of the curve, needs the knowledge of the
exact number of the arcs to be fitted on the analyzed curves. Even
if some authors promise to find a procedure to estimate this num-
ber, it is a great limitation since in many scenarios, such as that
analyzed, the number of non-linear regions is unknown.

In fact, the V-I curves of panels have a number of non-linear
regions that depends on solar radiance conditions of each module
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and on the number of modules itself.

Moreover, the non-linear regions of V-I curves are not well approx-
imated by arcs but by exponential curves that are harder to fit.
At the end, each PV panel has its own properties that change
during panels lifetime itself. So, a real-time procedure ensuring
a good approximation of V-1 and V-P curves of panels by using
arcs and other more complex fitting functions cannot follow these
approaches. In particular, if the local maximum and minimum
power points of the V-P curves have to be correctly located.

Instead, the proposed procedure to approximate the V-I curves
by line segments well fits the initially discussed constraints by only
assuming the monotonicity of the analyzed curves. The mono-
tonicity of curves is a feature not only of photovoltaic modules
characteristics but also of other energy sources, such as the fuel
cells.

2.2 The Under-sampling Method

Basing on the Section 2.1, the samples of the V-I characteristics of
panels to choose for the minimization of approximation error be-
long to each non-linear region of the curves. In particular, among
samples of these regions, both that having the maximum and min-
imum power values can be considered the fundamental points of
the curves. The local maximums and minimums of voltage-power
are also referred as Mazimum Power Points (MPP) and Inflection
Points (IP) of voltage-power characteristic of the panel.
Moreover, the starting and the final points of the V-I curve should
be found too.

The desired final result of this procedure is overlapped to the
complete numerical voltage-current curve in Figure 2.3. The sam-
ples at the open circuit voltage (i.e. having zero current) and that
at the short circuit current (i.e. having zero voltage are indicated
by filled green circles. The MPPs and the IPs are represented by
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Figure 2.3: Result of the under-sampling procedure for a characteristic
of a panel having only one MPP (a) and two MPPs (b)

red filled circles and squares respectively. The other selected sam-
ples are indicated by blue filled circles.

The non-linear regions corresponding to the peaks of voltage-
power characteristic of the panels have a number of samples greater
then inflection regions. In particular, these last regions have been
represented by a single point because of net slope change around
the inflection point. The net slope change is caused by switching
on of the bypass diodes.

In a real PV system, where the voltage-current characteris-
tics are acquired by means of a sampling process, the points of
voltage-current curves couldn’t have a constant current or voltage
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difference, as illustrated in Figure 2.2, so the regions between each
couple of MPPs and IPs containing very few samples are detected.
Then, all samples belonging to these regions are selected.

The under-sampling procedure can be divided into two main
parts: first, the localization of local maximum and minimum sam-
ples of voltage-power curve of the panel is achieved; then, basing
on position of these fundamental points, a minimum set of samples
of the voltage-current curve of panel is chosen in order to minimize
the reconstruction error.

The proposed under-sampling technique reduces the computa-
tional costs by minimizing the usage of mathematical operations
requiring a significant CPU time, such as multiplications and divi-
sions. In fact, procedures like the search for local minimums and
maximums of the V-P curves generally require the calculation of
power values obtained by multiplying the only available voltage
and current values. Instead, the proposed localization procedure
of MPPs and IPs is based on comparisons, logical and mathe-
matical operations having a lower computational cost, such as the
addition and subtraction, that are executed on voltage and cur-
rent data only.

2.3 Localization of MPPs and IPs

The first part of under-sampling procedure is composed by follow-
ing steps:

e Evaluation of open circuit voltage V. and short circuit cur-
rent I,. values

e Histograms bins width estimation
e Density and Width Histograms Calculation

e Comparison between Normalized Values of Width Histograms
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e Corrective Procedure for Maximum Power Points and Inflec-
tion Points Positions

2.3.1 Evaluation of V,. and I,. values

The under-sampling procedure is executed only on the samples
of the curves of panels having both positive voltage and current
values.

For this reason, the first step is the evaluation of open circuit
voltage and short circuit current values, that are the end points of
the V-I curve. By this way, the under-sampling algorithm analyzes
only samples belonging to voltage range [0 - V,.] and to current
range [0 - L]

The open circuit voltage is identified by the minimum voltage
value of samples having a non-positive current or the highest volt-
age value if there aren’t samples matching the requirements. Simi-
larly, the short circuit current is identified by the minimum current
value of samples having a non-positive voltage or the highest cur-
rent value if there aren’t samples matching the requirements.

The evaluation of V. and I,. values also reduces the execution
time of the under-sampling procedure by analyzing only a subset
of the original data.

2.3.2 Histograms Bins Width Estimation

The position of MPPs and IPs is found by detecting regions of V-1
curves having a significant slope change. The slope of different
regions of V-I curves are described by an histogram for each axis.
For each axis, an histogram bar measures the difference between
the maximum and the minimum values of the quantity assumed
by samples on the opposite axis. By this way, the interval widths
covered by samples on the opposite axis are estimated.

If the estimated widths are divided by bins width, that are all
equal for the same histogram, then also the incremental ratio is
estimated. So, histograms can both measure widths of intervals
that samples cover on the opposite axis and the slopes of regions



52 2. The Undersampling Algorithm

identified by histograms bins. In this Thesis, this kind of his-
tograms are referred as Width Histograms (WH).

For each histogram bin, the number of samples belonging to it
is memorized too. So, a new histogram is obtained, referred as
Density Histogram (DH).

An example of both WHs and DHs for each axis are illustrated
in the Figure 2.4 for a multi-modal V-I curve. For this curve, the
WH and the DH calculated on voltage axis are very different since
the samples are separated by a fixed voltage step independently
of the local trend of the curve.
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Figure 2.4: WHs (a) and DHs (b) calculated for a numerical V-I curve
having two MPPs
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The goal of using WHs is discerning all high-slope linear re-
gions from that having a lower one.
The main drawback of using histograms is the choice of bins width
that depends both on the slope of linear regions and on the local
density of curves. In Figure 2.4, the width of histograms bins has
been arbitrarily chosen.

In the voltage-current curves of panels, the slope of regions
identified by the histograms bins depends on different parameters,
such as the series and shunt resistances, the aging of panels or
the switching on of by-pass diodes. Moreover, since solar radiance
can hit differently each module in a photovoltaic panel, the voltage
and current values at which slope change occurs are unpredictable.
For these reasons, it is very difficult to estimate analytically the
histograms bins width as well as the position of MPPs and IPs.

The bars height can be negatively influenced by the variable
local density of V-I curves.
In Figure 2.5, three different bins widths of the histograms are
used for the same voltage-current curve of a panel.
In the first case (see Figure 2.5(a) on the left), the histograms bins
width is overrated (7.92V). So, the regions of V-I curve having dif-
ferent slopes are included into the same histogram bin and it is
not possible to detect the two high slope regions in the range [25V
— 40V] by only observing the histogram bars.
In the second case (see Figure 2.5(a) on the right), the histograms
bins width is narrow (1.32V) and the bars heights are very suscep-
tible to the local density of V-I curves. . Unfortunately, it is not
possible to predict the density of V-I curves, so a wider bin should
be accepted (3.96V, see Figure 2.5(b)). In this case, all high slope
regions are included into its own bin and the susceptibility respect
to the non-idealities of V-I curve (e.g., noise and data lacking) are
reduced.

The methods already presented in Literature, such as the well
known Friedman-Diaconis rule [FD81], aren’t well suited to the
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Figure 2.5: Bins width: overrated (a), underrated (b) and best (c)

histograms bins width estimation since they are based on the sta-
tistical analysis of the density of data. In the V-I curves of panels,
instead, the points, depending on the sampling process, should
have a fixed voltage or current difference among them (see Figure
2.4(b)). So, this estimation cannot be accurate for both histogram
axis.

In a first attempt, bins width values have been calculated bas-
ing on typical values of series and shunt resistance of commercial
panels. In particular, since bins width could be approximately by
equations (2.1) and (2.2):

AL =T — Ly (2.1)
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AV = Ve = Vi (2.2)

where I,,,,,, and V,,;,, are respectively the current and the voltage
of the MPP of a V-1 curve of a module.

Basing on [NFV12], the following equation is obtained:

AT 1 I,
= = (2.3)
Vip  Bsn Rsnsrclsh st
that becomes:
Vm ‘[SC 0'8‘/;)0180
Al = vp - (2.4)
R srclsnstrc Rshstolshstc
At the same time, the equation (2.2) becomes:
AV = 0.2V, (2.5)

since, for a non-shaded photovoltaic panel, statistically the V,,,,
value belongs to the interval [0.8V,.,V,.|.

Even the equations (2.4) and (2.5) are correct, the parasitics
parameters change for each panel and they increase during panels
lifetime. For these reasons, histograms bins width have been esti-
mated through an iterative procedure.

The proposed procedure analyzes separately the distribution of
samples respect to the voltage and current axis. For each axis, the
histogram is calculated iteratively by setting an increasing number
of bins until a maximum value has been reached. The maximum
number of bins depends on the lowest density value among regions
of the V-I curve in order to stop the procedure before reaching an
under-optimal bins width value (see right Figure 2.5(a)). For the
voltage (current) axis, this value is set by calculating two times the
minimum positive current (voltage) difference between consecutive
samples.

Initially, for each axis, the number of bins is set to one, i.e.
equal to the full range on the considered axis.
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Figure 2.6: Doubling of histograms bins. The boundaries of his-
tograms bins overlap when the number of bins is doubled.

Then, at each step of the procedure the number of bins is doubled
so that a correspondence among bars position of two consecu-
tive steps is maintained (see Figure 2.6). In particular, since at
each step the number of bins is doubled, the boundaries of two
consecutive bars at the j—th step overlap with boundaries of bars
calculated at (j-1)-th step .

So, the heights of bars calculated at two consecutive steps of the
procedure could be compared among them to discover significant
differences between the histograms they belong to.

In particular, in order to detect a slope change at the j—th step,
the difference of heights of two consecutive bars is compared re-
spect to the height of the bar calculated at the (j-1)-th step that
overlaps with them.
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The greater is the number of bins, the more precise is the lo-
calization of the voltage or current values where a slope change
occurs in the V-I curve. So, the points positions delimiting linear
regions having an high slope can be estimated more precisely.

In particular, if an highest slope region has been detected by
considering a lower number of bins, then two cases occur by itera-
tively increasing the number of bins: a) the same high slope linear
region is always detected or b) the previously detected high slope
linear region is split into two separated ones.

So, the initial number of bins is set to one. Then, this value is
doubled until the estimated constraint is exceeded. For each given
number of bins, the following steps are executed:

1. Calculation of Width Histogram
For each histogram bin, the difference between the maximum
and the minimum current values of samples belonging to that
interval is calculated.

2. High-slope Regions Detection
Each histogram bar value is compared respect to the nearest
one. If a difference between the heights of the consecutive
bars is significant, then a slope change occurs at voltage
value where the bars are located.
A slope change is detected when the heights difference ex-
ceeds 50% of bar height calculated at the previous step.
Moreover, the sign of this difference defines the sign of the
slope variation, as well as the presence of a MPP or an IP
at that voltage value.
At each step, for each region having an high slope respect
to the voltage axis, a couple of voltage values at which slope
changes are identified.
The presence of an high-slope linear region is identified by
an ordered sequence of its two boundaries: the former oc-
curs at a voltage value corresponding to the non-linear re-
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gion including the MPP, the latter occurs at a voltage value
corresponding to the non-linear region including the IP. The
difference between each couple of voltage values is the opti-
mal voltage width for that high-slope region.

3. Linear Regions Detection

If a detected region doesn’t contain any further non-linear
region, by increasing the number of histograms bins the dif-
ference height among bars belonging to it tends to lower and
lower values. This ensures that an high-slope linear region
has been definitively found.

In particular, if the difference between the heights of two
consecutive bars belonging to detected regions is lower than
50% of bar height calculated at the previous step and having
the same voltage range, then a linear region has been found.
Each time a linear region is definitively identified, it is marked
to be considered during the final step of the estimation pro-
cess.

At the end of the procedure, interval widths of different linear
regions having the highest slope respect to the voltage axis have
been identified. In a first attempt, the minimum voltage interval
width of linear regions has been returned as optimal solution. Even
if it can be correct, a very narrow histogram bin could not detect
high slope regions having a very low density of samples (see right
Figure 2.5(a)).For this reason, the average voltage width of linear
regions is returned as optimal bins width value.

A procedure similar to that illustrated for voltage axis is applied
on current axis.

At the end of this procedure, an optimal bins width for each axis
has been obtained.

In Figures 2.7 and 2.8, the steps followed by the histograms
bins width estimation procedure are illustrated for both a V-I
curve having only one MPP and that having two MPPs.

In Figure 2.7, from the beginning of the procedure, a unique volt-
age interval (indicated by blue and green lines) is identified. This
interval include two histograms bars having a difference greater
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than 50% of the height of the bar calculated at the previous step
(or of short circuit current value if it is the initial step). So, at
each step the width of this interval is further narrowed until the
minimum histogram width (estimated equal to 400mV) is reached.
At the end, a voltage bins width equal to 12.45V is estimated.
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Figure 2.7: Bins width estimation procedure (one MPP)

In Figure 2.8, also in this case, at the beginning of the proce-
dure, a unique voltage interval (indicated by blue and green lines)
including two histograms bars having a difference greater than 50%
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of short circuit current is identified. But, referring to the Figure
2.3.2 on the left, at this step this voltage interval is split into other
three since three couples of bars having a great height difference
are identified. Until the minimum bins width (estimated equal to
400mV) is reached, the width of these intervals is continuously
refined at each step.

At the end, a voltage bins width equal to 7.086V is estimated.
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Figure 2.8: Bins width estimation procedure (2 MPPs)
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2.3.3 Histograms Calculation

For each axis, two classes of histograms are calculated by assum-
ing optimal bins width: a Density Histogram (DH) and a Width
Histogram (WH). For each axis, the former represents the distri-
bution of the samples of V-I curve of panel, the latter represents
the interval width that samples cover on the other axis.

The procedure for the calculation of WH on voltage axis follows
these steps:

e starting from the open circuit voltage, the range [0 - V]|
on the voltage axis is divided into sub-intervals having equal
width calculated by the related procedure.

e for each sub-interval, the maximum current values of samples
belonging to each bin is looked for (see left Figures 2.9 and
2.10).

e for each sub-interval, starting from that at zero voltage, the
index of nearest sub-intervals at lower voltage having at least
one sample is found.

e for each sub-interval, starting from that at zero voltage, the
difference between its maximum current value and that of
the nearest non-empty bin previously found is calculated (see
right-side Figures 2.9 and 2.10).

By excluding the empty bins from WHs calculation, the robust-
ness of the procedure respect to data lacking is improved because
the information about the trend of the curve is preserved.

A similar approach is applied on current axis, but considering the
maximum current value I..
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Figure 2.9: Calculation of Histograms on voltage axis: maximum de-
tection (left) and the final result (right)

2.3.4 Comparison between Normalized Values
of Width Histograms

Since Width Histograms are referred to different quantities (volt-
age and current), then they cannot be used for comparisons. For
this reason, a normalization procedure should be executed: the
values of each histogram are divided respect to their m