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Photovoltaic (PV) modules are composed by PV cells, normally connected in series,
which convert the energy of solar radiation (direct and diffuse) into electrical energy.
However, many factors affect the output power of photovoltaic devices that are
operating such as module temperature, incident irradiance and spectral irradiance
distribution. Subsequently, the climatic parameters involved on the module temperature,
such as ambient temperature, relative humidity and wind speed and direction, must be
studied too.

In this thesis a state-of-the-art climatic measurement facility is designed and built to
measure the climatic and operating conditions of the TUT solar PV power test plant.
This climatic measurement system contains an accurate weather station that also
includes solar radiation measurements in parallel to a comprehensive mesh of irradiance
and module temperature measurements all around the solar facility. First the climatic
instruments and possible data-acquisition architectures are introduced in order to
understand the measuring methods and the different possible solutions for the system. A
market study is needed as well to gather the most suitable devices for the system.

In this thesis also a thermal model of the modules is developed using Matlab™
Simulink software to analyze the influence of the environmental parameters on the
operating conditions and the performance of the PV modules and strings. Simulations
show a clear dependence of the module temperature on the ambient temperature, wind
speed and irradiance conditions. Regarding the generated power and string efficiency,
increasing ambient temperature and wind speed causes a negative and positive
influence, respectively.

Measurements of module temperature and irradiance show the appearance of a
delay between the curves caused by the thermal inertia of the modules. This
phenomenon was not considered in the model, which is meant to predict the module
temperature in a stationary state. Small error appears between the measured module
temperature and the simulated one as well as with the string performance results.
However, the results confirm the right performance of the thermal model and measuring
system.
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Eco The linearly extrapolated zero temperature band gap of the
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1. INTRODUCTION

Mankind has always needed energy sources and several times it has been provided by
the Sun. Coal, oil and gas, that are widely used as energy sources, come from
production plants that needed the Sun to carry out their function. Especially in these
days, when the whole World is concerned by the exhaustion of the non-renewable
energy sources besides to the pollution generated by the use of them, the scientific and
technological community is focussed on finding renewable energy sources to replace
the oil with atomic energy, wind generation and solar energy.

Using solar energy presents several advantages in comparison to other energy
sources. The Sun is a practically inexhaustible source of light and heat and it is
relatively easy to use it. Solar technology is a wide field and its development is still
growing. It is possible to produce power electricity from solar energy and some
materials present a suitable behaviour to provide the power needs of small facilities with
relatively small solar stations. It is possible, as well, to build solar energy collectors to
produce steam that makes power generators to work.

The photovoltaic (PV) effect was discovered by Alexandre-Edmond Becquerel in
19™ century but PV systems are still producing very small portion of the electrical
energy. [22] Photovoltaic cells transform the energy from any global, direct and diffuse
solar radiation into electrical energy and, normally, they are connected in series or
parallel as PV modules. Photovoltaic generators are not economically competitive for
large scale applications yet. Thus, just during the last years, and thank to financial
support, several facilities have been built. It is important, therefore, to make PV systems
more efficient. [20]

Department of Electrical Energy Engineering of Tampere University of Technology
has designed and built a PV power station test plant composed by 69 solar NP195GKg
photovoltaic modules [29] on the rooftop of the department. This plant is meant to be a
grid connected system with research purposes and to study the effects of environmental
parameters in the performance of the generator or to test and evaluate different power
electronic components or systems

The output power of photovoltaic devices operating outdoors under real working
conditions is influenced by many factors, such as module temperature, incident
irradiance and spectral irradiance distribution. [28] The operating temperature of the
solar module plays a central role in the photovoltaic process. Hence, the electrical
efficiency and the power output of a PV module depend on the operating temperature,
decreasing with it. [34] Subsequently, the climatic parameters involved on the module
temperature as well as the operating conditions must be studied.
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In order to analyze the influence of the environmental parameters on the operating
conditions and the performance of the modules and strings, a thermal model of the
modules has been made using Matlab™ Simulink software. Several simulations have
been run varying the different involved climatic parameters. This model has been
integrated to an already developed model of the generator to complete it. In this way,
simulations studying the string performances have been run as well. However, in order
to test the influence of these climatic and operating parameters on the real generator, a
measuring system has been designed and built. This system contains a state-of-the-art
climatic measurement system in parallel with a comprehensive mesh of radiation and
temperature measurements around the power station test plant. The climatic
measurement system consists in an accurate automatic weather station that provides
ambient temperature, relative humidity, wind speed and direction and global and diffuse
solar radiation measurements. On the other hand, the operating conditions of each string
of the plant are obtained by the mesh of irradiance and module temperature
measurements.

To design the measuring systems, several specific literatures have been studied such
as the Guide to Meteorological Instruments and Methods of Observation [42], among
others. In this guide, the accuracy level of the used instruments is well established as
well as the measuring methods. Also many operating facilities have been studied and a
deeply extensive market study is basis to find the most suitable instruments for the
system. Regarding the data-acquisition system, different architectures that may suit for
the system have been considered and analyzed.

This thesis is organized as follows: first the characteristics of photovoltaic systems
and the semiconductor physics behind the operation of the PV cell are introduced to
understand how the PV cells convert energy of the solar radiation into electrical energy.
After that, climatic measurement systems are introduced in Chapter 3, especially
focussing on automatic weather stations. The climatic parameters involved in the
module operating temperature are described and the techniques to measure them are
presented. At last, different possible data-acquisition architectures are discussed. In
Chapter 4, a study of the effects of those climatic conditions on the operating module
temperature and the PV generator performance characteristics is carried out. A
simulation model of the PV generator with a Simulink thermal model of the PV
modules is exploited to realize a set of simulations meant to analyze those effects. After
that, Chapter 5 describes in detail the designing process of the TUT climatic
measurement system and presents the final design of it. In Chapter 6, the obtained
results after testing the photovoltaic modules and sensors are presented. Several
measurements and simulations have been carried out and the results of them are
compared and discussed. Finally, in Chapter 7, the conclusions of the thesis are
presented.

This thesis also contains 3 appendixes which are meant to present in detail the
market study carried out, the TUT solar PV power test plant and the ordering bills of the
sensors and data-acquisition systems.



2. PHOTOVOLTAIC POWER SYSTEMS

2.1. Introduction

A photovoltaic (PV) system is a system which converts light into electricity by mean of
PV cells. In this chapter this type of systems and their components are described, as
well as some typical configurations.

In Section 2, photovoltaic systems are described giving an overview about the
modular nature of PV generators and the different PV systems. Later on, the text
focuses on the main energy source of PV systems: the photovoltaic cell. Its physical
properties are studied and, also, its construction and electrical characteristics. Finally,
the different module and array configurations are proposed and discussed.

Section 3 describes the grid-connected PV systems, focussing on the different
possible configurations of a photovoltaic generator and the advantages and problems
that they present.

Finally, in Section 4, the influence of temperature and irradiance over the PV cell and
module behaviour is studied. Also a brief description on the effects of varying these
operating parameters on the system performance is carried out in this chapter.

2.2. Photovoltaic systems

The modular nature of photovoltaic generators allows us to accomplish specific goals
ranging from powering small devices up to systems of kilowatts power to feed
electricity into the main distribution grid or generating megawatts power in large central
photovoltaic stations.

An overview on the PV systems allows classifying them as stand-alone and grid
connected systems [25] as depicted in Figure 2.1. The main difference between both
systems is that in the stand-alone system the generated energy is matched with the load
while the grid-connected system is connected with the existent electrical utility grid.

Since PV modules produce power only when illuminated, PV systems often make
use of energy storage mechanisms such as batteries. In this manner, the energy yielded
by the modules may be made available at a later time. On the other hand, using storage
batteries provides other advantages as system voltage regulation or a source of current
that can exceed the PV configuration capacities.
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Photovoltaic Systems

Stand-alone systems Grid-connected
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Figure 2.1. Classification of PV systems. [8]

When using battery storage it is common to employ a charge controller, thus it can
prevent reaching possible battery levels of overcharged or over discharged. An inverter
may also be needed in case of serving alternating current (AC) loads. The functions of
an inverter will be converting direct current (DC) power from the solar modules into
AC.

Another possible configuration for the photovoltaic system is to be connected to a
utility grid. Such systems may operate bidirectional delivering excess PV energy to the
grid or using it as a backup system when lacking PV generation. Figure 2.2 shows the
components of several types of photovoltaic systems. [25]

It is possible to affirm that the basic structure of PV systems consists of arrays of
photovoltaic modules, energy storage batteries, backup generators, battery charge
controllers and inverters. Obviously, it is possible to vary certain components and
designs depending on each particular system.

In the following subsections some of these PV system components are described and
studied. Since this Master Thesis is focussed on the TUT PV Power Generation Plant,
just the expected components of this particular system are studied. Specifically the next
subsections describe the PV modules and the inverters, specially focussing on the PV
cell.
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Controller
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a. PV connected directly b. Controller and battery
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Load Inverter Grid
S oal L
PV — @ PV utility
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Figure 2.2. Examples of PV systems. [25]
2.2.1. Photovoltaic cell

The solar module is the main energy source of any photovoltaic system. However, the
PV module results from the combination of solar cells connected in series and parallel,
plus additional protections. Therefore, before studying the solar module, the
photovoltaic cell has to be studied as the true nucleus of light conversion into electrical
current. [13]

A photovoltaic cell is a device that generates electric power when illuminated by
sunlight or artificial light by means of the photoelectric effect. [4] The PV effect was
first observed in a solid material, in the selenium metal, in 1877. This material was used
for many years for light meters, which need a very small quantity of energy. The
silicon-PV cells currently available offer an energy conversion efficiency ratio near to
18% of the light that illuminate them. Nowadays the main studies referring to this field
are focussed on the development of new photovoltaic cells based on other
semiconductor materials such as titanium dioxide. Its efficiency is around 7%, that is
approximately a third part of the efficiency of current silicon cells, but the production
process of the titanium dioxide cells is easier and much more inexpensive.

Modern solar cells base their operation in the properties of semiconductor materials.
These materials present different energy bands for electrons. The last ones with smallest
binding energy define the electronic properties of a crystal. The last two bands, which
can be totally or partially occupied by electrons, are called conduction and valence
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bands as seen in Figure 2.3. There is an energy gap between them, E,, which is the
energy needed by an electron to be able to jump from the valence to the conduction
band.

electron )
Conduction Band

—_—

Energy gap Eg

T
o

Valence Band

hole

Figure 2.3. Silicon crystal structure and energy band levels.

There are two types of semiconductor materials: n-type and p-type. The former have
extra electrons in the conduction band, while the latter have extra holes in the valence
band. Photovoltaic cells contain a pn-junction in the way that the absorption of photons
that have greater energy than the band gap energy of the semiconductor drives electrons
from the valence to the conduction band. This is known as creating hole-electron pairs.
[4] The flowing of holes and electrons in opposite directions across the junction
generates DC power.

The basic cell construction is shown in Figure 2.4. The metallic contacts are
provided on both sides of the junction to collect electrical current induced by the
photons received on one side. The most common material used in PV cells is mono-
crystalline or poly-crystalline silicon.

Front conducting grid (-) Anti-reflection

coating
N-type

/ semiconductor

Top - ¥ Space
contact \ | __ - __ - __ __ - - - - _z_] charge
+ + + + + + + + + + + i
+ + + + 4+ + region
Elaztra \ P-type
Y/ semiconductor

Contact (+)
Figure 2.4. Structure of a PV cell. [8]
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A solar cell generates electron-hole pairs when exposed to sunlight. These electrons
travel through the circuit. Associated to this process there is a process of recombination.
Every time that the electrons reach the p-type semiconductor, they recombine with holes
which were created during the formation of electron-hole pairs.

To explain the operation of a solar cell, a connected circuit with a resistance R is
shown in Figure 2.5. If admitted that a current, /, is flowing through the exterior
resistive circuit, this current will cause a voltage drop in the resistance. That means that
the solar cell is operating at a current / and voltage V. This voltage affects to the
recombination process, since this process depends on V' exponentially. Hence if the load
is too high also the tension will be high and the voltage will rise. Consequently, the
recombination process will take place before the electrons can reach the exterior circuit
and will avoid the current flowing.

Figure 2.5. Operation scheme of a photovoltaic cell.

The electrical characteristic of a PV cell in sunlight and in the useful operation range
is represented by the I-V curve. Another typical curve used to study the working
performance of a solar cell is the power-voltage (P-V) curve. The I-V characteristics of
a PV cell is

qrv.
=1, —Io(e/‘“ —1} 2.1)

where [/ is the current at the PV cell, Iy is the short circuit current, V' is the voltage of
the PV cell, I, is the saturation current of the diode, & is the Boltzmann constant, ¢ is the
elementary charge, T is the temperature of the cell and A is the ideality factor of the
diode. Figure 2.6 illustrates the equivalent circuit of the diode model of a photovoltaic
cell.
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I
—_—

@ Yo

Figure 2.6. Equivalent circuit diagram of the diode model of photovoltaic cell. [19]

The open-circuit voltage can be written as
I +1
Voo = AT ln( € o j, (2.2)
q I

Hence, the three most important parameters widely used for describing the electrical

performance of a cell are the short circuit current, Isc; the open circuit voltage, Voc; and
the maximum power, Pyax. The former, is measured by shorting the output terminals,
and measuring the terminal current under full illumination. The current under this
condition is the maximum current the cell can deliver. The maximum voltage produced
by the solar cell is produced under the open circuit voltage. Pyax is just the maximum
value of the product of the voltage and the current outputs at various load conditions. At
uniform illumination conditions Pyax takes place at voltages around 80% of the Voc.

Last but not least, there is one important parameter which must be mentioned, the
fill factor FF. It describes the quality and function of the PV cell. It is the ratio of
maximum power to the product of the Isc and Voc and is written as

FF = PM&. (2.3)

ISC VOC

PV cells have also parasitic elements: series resistance Rs and shunt resistance Rgy.
The former is due to the bulk resistance of the semiconductor, metallic contacts, etc.
The latter is due to the non-idealities near the pn-junction. Thus, the I-V characteristics
change to

Ry, {IPV - Io{exp(Q(Z;]{RS)j - 1} 4

R + Ry,

where Ipy is the photocurrent of the cell. Figure 2.7 illustrates the equivalent circuit of

I= : (2.4)

the PV cell including the parasitic resistances.

Parasitic resistances affect the performance of the PV cell and indicate the cell
quality. Higher shunt resistance and smaller series resistance indicate a better
photovoltaic cell. [20]
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Rs +
Isc XAZ Rsh AV4
O

Figure 2.7. Equivalent circuit diagram of the diode model of photovoltaic cell with parasitic
elements. [19]

2.2.2. Photovoltaic modules

A typical photovoltaic cell produces less than 3 W at 0.5 V DC. For the majority of
applications, multiple PV cells need to be connected in series-parallel configurations to
produce the suitable voltage and power. PV modules result after this solar cells
connection. Within a module the different cells are typically mounted on a base
substrate and connected into a series string of 36 or 72 cells to achieve the desired
output voltage.

Figure 2.8 shows a typical layout of how 36 cells are connected in series into a
module. In this type of connection the same current flows through all the cells but the
voltage generated by the module is the sum of the individual cell voltages. When cells
are connected in parallel the voltage at the module terminals will be equal to that of a
single cell, while the output current results the sum of the individual cell currents.

Figure 2.8. Structure of a PV module with 36 cells connected in series. [8]

Cells are connected in series in order to achieve the adequate module output voltage.
However, an important observation relating to this connection type refers to shading of
individual PV cells. If any cell operates shaded, the performance of this cell will be
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degraded. It is possible that the shaded cell may become reverse biased if other non-
shaded modules are connected in series. The cell acts as a load, which will produce cell
heating and a cell failure. To protect the system against this type of fail, the solar
modules are protected with bypass diodes, as shown in Figure 2.9. If a PV current
cannot flow through one or various cells in the solar module, it will do it through the
diode instead. [25]

Finally, it is important to consider that the module efficiency is established by the
weakest link. Since the solar cells are connected in series, it is important that they have
closest possible connections to each other. In other case, there will be cells operating at
peak power and others will not. As a result, the module power will be lower than the
theoretical power given by multiplying the power of each cell by the number of cells.

The maximum current in the module is affected by the cell with least current under
specific load conditions at the operating irradiance level. If 30 or more series-connected
cells don’t perform with the same I-V curve, when the module is short-circuit, some
cells will generate power while others will dissipate it. If all cells match perfectly, no
power will be dissipated and the module efficiency will be equivalent to the cell
efficiency. [25]

—» I (reduced) —_ |

g / \

Load Load

Shaded '

cell Y : .—|
' I

i

[ ) Y

(a) Module without Bypass Diodes (b) Module with Bypass Diodes

Figure 2.9. Protection of shaded PV cells with bypass diodes. [25]
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2.2.3. Photovoltaic array

A photovoltaic array is a structure that consists of a number of PV modules, mounted on
the same plane with proper electrical connections to provide enough electrical power for
a specific application. The same as for PV cells, when connecting modules in series,
higher voltages are reached. When modules are connected in parallel, higher currents
are obtained. When modules are connected in series, it is desirable that the modules
operate at the maximum power and same current. While for parallel connections, it is
desirable to have a system with the modules working at the maximum power and same
voltage.

Figure 2.10 shows two typical array configurations. In Figure 2.10a, modules are
connected in series-parallel configuration with series-connected fuses in each series
string. In Figure 2.10b, the modules are connected to produce positive and negative
voltages with respect to ground. [25]

°
= == *
V+
V-
- GND
L] L ]
(a) Series-Parallel with internal (b) Series-Parallel with centre grounded to provide +
bypass diodes and series fuses and — supplies (fuses and diodes not shown)

Figure 2.10. Examples of PV arrays. [25]
2.2.4. DC/AC inverter

Inverters are power electronic devices which convert direct current into alternating
current, which may be single or multi-phase. These devices are used in various
photovoltaic system configurations as grid-connected systems, stand-alone systems with
rechargeable batteries and pumping systems without storage batteries. In the former and
last configurations, the inverter performs as interface between the photovoltaic
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generator and the utility grid or pumping systems. For the stand-alone systems, the
inverter operates as the grid administrator and feeds the loads. [13]

Depending on the requirements of the load, a number of different types of inverters
are available. Selecting the proper inverter for each system depends on the waveform
requirements of the load and on the efficiency of the inverter. It will also depend on the
type of system where the inverter will operate. As commented, inverters for stand-alone
systems have different requirements than for grid-connected systems. [25]

2.3. Grid-connected photovoltaic systems

As told before, grid-connected photovoltaic systems can be meant from relatively small
units, for distributed power generation by systems installed on roofs; to big centralized
power generation plants. Several configurations can be used to build the PV generator,
as well as several technologies are available to connect this generator to the utility grid.
Depending on the modularity of the system, centralized inverter, string inverter, AC
module or multi-string inverter technologies will be chosen. As known, the interface
equipments to connect the PV generator to the utility grid are converters and inverters.
[20]

Centralized inverter technology, illustrated in Figure 2.11a, interfaces a large
number of PV modules to the grid. Modules are connected in series connections
assembling strings to achieve high voltages and avoid amplification. In order to reach
high power, several photovoltaic strings can be connected in parallel through protection
diodes. Even though this technology has the advantage that high voltage inverters have
low price per power ratio, it has also some disadvantages: power losses due to
centralized maximum power point tracking (MPPT), extra power losses in the string
diodes and a very nonflexible design. [17]

While centralized inverters are rather the past technology, string inverters and ac
modules are the presently used technology. String inverters just interface an individual
string to the grid. Hence it is possible to improve the MPPT efficiency through a better
string control. On the other hand, since no string diode is needed to connect several
strings in parallel the system results to be more efficient by reducing power losses. [17]
Finally, flexibility is also increased since it is possible to add strings one at a time. A
string inverter configuration is shown in Figure 2.11b.

The AC module is the integration of the inverter and the PV module in the same
device as shown in Figure 2.11d. This is the most modular solution available to build a
photovoltaic system. Since there is just one PV module there are no mismatching losses.
Thus, there is an optimal adjustment between the inverter and the module. [17]

Multi-string inverter technology, depicted in Figure 2.11c, is the further
development of the string inverter. This technology is the combination of centralized
and string inverter technologies. In this way, the advantages of both technologies are
achieved. On one hand, the system is modular since it is possible to add strings
afterwards and, to have an individual MPPT for every PV string; a high efficiency
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system is achieved. On the other hand, this technology makes use of a large inverter

where all the strings are connected. This leads to a low price per power ratio inverter.

(a) Centralized technology

!

—

—

DC

AC

DC

(b) String technology

|

DC

(c) Multi-string technology

AC module

Figure 2.11. Configurations of photovoltaic generators. [17]

(d) AC module technology
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All the configurations of PV generators shown in this section are suitable in
different situations. For a PV generator located in a place where all the modules have
the same operating conditions the most suitable configuration may be the centralized
inverter technology. On the other hand, string and multi-string inverter configurations
may be the best choices to place several module strings in different locations with
variation of the operating conditions. Finally, the ac modules are the best solution for a
user who wants to build a system a module at a time.

2.4. The dependence of PV module performance on
temperature and irradiance

It 1s well established that the operating temperature plays a central role in the PV
systems affecting to basic electrical quantities, such as voltage and current of the
photovoltaic module. [34] However, PV cell’s behaviour is not only affected by the pn-
junction temperature but also by the value of the irradiance on the cell. Accordingly, the
combined effects of irradiance and other operation conditions on the module
performance deserve careful consideration. [25] However, this section is meant to study
the dependence of the module performance on the operating temperature of the panel
and the irradiance received by it. The temperature dependence of the operating module
on the climatic conditions will be studied later on.

Referring to the irradiance, the short-circuit current Igc is directly proportional to the
value of irradiance reaching a PV cell as [25]

ISC (G) = (G/GO) |]SC (GO )’ (25)
where G is the irradiance yielded over the modules and G, the reference level of
irradiance. Thus, the I-V characteristic of a PV cell shifts down at lower irradiance on
the cell. On the other hand, the open-circuit voltage of the cell (Equation 2.2) is
logarithmically dependent on the cell illumination. [25] The irradiance dependence of a
PV cell is illustrated in Figure 2.12.

On the other hand, temperature increases due to increased irradiance. Short-circuit
current increases due to increased temperature, whereas the open circuit voltage
decreases. For a crystalline silicon based cell, the short-circuit current is dependent on
temperature as following

Lo (T)= Iy gy + 0.00061’3 (7 - Ty, ), (2.6)
where Igc is the short circuit current at temperature 7 and Iscrer 18 the short circuit
current at the reference temperature 7rgr.

The open-circuit voltage is dependent on temperature as following [19, p. 106]

E kT . [ BT”

Voc (T) == __ln( _j, (2.7)
q q Iy

where Egy is the linearly extrapolated zero temperature band gap of the semiconductor,

B the temperature independent constant of saturation current and 7y the temperature
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dependence of parameters of the dark saturation current Since the decrease in voltage
due to temperature increase is much higher than the increase of current, the net effect is
the decrease in power. [31] It can be roughly said that for every degree centigrade risen
in the operating temperature, the silicon cell power output decreases by 0.50 %. [31,
p.156] Figure 2.13 illustrates the effects of varying temperature on the I-V
characteristics of a photovoltaic module.

T
10 — 400 W/m2 | -
— 800 W/m2

— 1200 W/m2

Current (A)

0 I I | I I
0 100 200 300 400 500 600

Voltage (V)

Figure 2.12. The effect of irradiance on the I-V characteristics of a PV module.

Consequently, for the best performance of a PV cell, it is necessary to work under
conditions of low temperature and the highest level of irradiance possible. However, it
is well know that most of the solar radiation absorbed by a PV panel is not converted to
electricity but contributes to increase the temperature of the module. [34, 24, 2] This is
especially important if regarding to the module efficiency #c, which is the generated
power Py, divided by the area of the module A4 and the received irradiance G as

following
P
=—r—. 2.8
e =~ (2.8)

As seen, the operating conditions have a great influence in the behaviour of PV cells
and modules. For this reason, there has been a need to define the operating conditions in
which the PV modules are tested and rated. Two of the most typical test conditions are
standard test conditions (STC) and nominal operating conditions (NOC). The former
includes irradiance of 1000 Wm™, spectral irradiance of AM1.5 and cell temperature of
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25 °C [33]. However, it has to be mentioned that these conditions are very rare in
practice.

— 248K
— 273K
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Figure 2.13. The effect of temperature on the I-V characteristics of a PV module with
irradiance of 800 W/m’.

The latter, NOC, is a set of reference conditions which includes irradiance of 800
W/m® and spectral irradiance of AM1.5. It is important to highlight that the module
temperature is not defined in NOC, but the ambient temperature is defined to be 20 °C.
A typical value for the module temperature at NOC is 46 °C. [29] NOC provide more
reasonable testing conditions than STC but NOC parameter values are not always
provided by the manufacturers.
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3. CLIMATIC MEASUREMENT SYSTEMS

3.1. Introduction

Meteorological measurements are processes of measuring of the physical properties of
the atmosphere. [11] A weather station is a facility with measuring instruments and
equipment for observing the atmospheric conditions. Typical quantities measured are:
temperature, pressure, humidity, wind speed and direction, cloud opacity, solar
radiation, sunshine duration, etc. Many sensors are needed to measure them.

The output power of photovoltaic devices operating outside under real working
conditions is influenced by many factors, such as temperature, incident irradiance, and
spectral irradiance distribution. [28] The operating temperature of the solar module
plays a central role in the photovoltaic process. The electrical efficiency and the power
output of a PV module depend linearly on the operating temperature, decreasing with it.
[34]

According to that, the atmospheric conditions involved on the operating temperature
dependence of photovoltaic modules and the necessary sensors to observe and measure
each of them will be discussed in this chapter. These properties are temperature, solar
radiation, wind speed and direction as well as humidity.

Especially important it is the radiation received by the PV modules, which is
directly involved on the generation of electricity in the photovoltaic effect of solar cells,
thus the types of radiation and the different sensors to measure them will be more
carefully analyzed.

It must be highlighted that any type of monitoring system based on sensor
monitoring needs a data-collection system. This system shall be capable to manage and
process the signals coming from the sensors.

Hence, this chapter is organized as following. Section 2 provides a brief description
about automatic weather stations. Sections 3 to 5 describe the main aspects of several
climatic properties as ambient temperature, humidity and wind direction and speed. The
commonly used sensors to measure these properties are presented as well. Section 6 first
provides a brief description of the main features of the solar radiation, the different
types of solar radiation that reach the Earth’s surface and the importance of them. Later
on, it focuses on the sensors needed to measure the different components of solar
radiation. Finally, Section 6 describes the basis of data-acquisition systems, presents
several data-acquisition system architectures found in the literature and studies the
advantages and disadvantages of them.
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3.2. Automatic Weather Station

According to Word Meteorological Organization (WMO), an automatic weather station
(AWS) is defined as a “meteorological station at which observations are made and
transmitted automatically”. At an AWS, the instrument measurements are received by a
central data-acquisition unit. The collected data from the measuring devices can be
processed afterwards, for instance, at the central processor. Automatic weather stations
may be designed as an integrated concept of various measuring devices in combination
with the data-acquisition and processing units. However, it has become common
practice to refer to them as weather stations.

The development and installation of an AWS should be the result of a definite,
coordinated plan for getting data to users in the format required. To achieve this, the
functional requirements must be clearly specified to develop practical means of
fulfilling them. Specifications for a standardized climatological AWS should be
developed in a way that would record a basic set of climate variables such as
temperature, humidity and wind. However, concerning the weather station of this
Master’s Thesis, radiation measurements will be included due to their relevance to the
topic of the performance of photovoltaic modules. The meteorological sensors used
must be robust and fairly maintenance-free. In general, all sensors with an electrical
output are suitable. A large number of sensors of varying performance and quality (and
price) are suitable for use with automatic data-acquisition systems. Depending on their
output characteristics, sensors can be classified as analogue or digital sensors. The most
common types of electrical sensors used in AWS are shown in Table 3.1.

Table 3.1. Common sensors used in an automatic weather station. [42]

Property Sensor type

Temperature Metal resistance thermometers
Thermistors

Humidity Low-cost resistance and capacitive sensors

Dew-point meters

Wind Cup or propeller anemometers
Wind-direction vanes
Sonic sensors

Radiation Photodiodes
Pyranometers

Pyrheliometers
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The core of an AWS is its central processing unit (CPU). Its hardware configuration
depends on the complexity and magnitude of the functions that it has to perform. In
general, the main functions of this CPU are data acquisition, processing, storage and
data transmission. Depending on the local circumstances and requirements, the different
functions may be executed by different units. They operate in a dependency relation, the
data-processing unit being the independent unit. An example is the installation of one or
more data-acquisition units in the field close to the sensors that are connected to the data
processing or transmission unit.

In general, the data-acquisition hardware is composed of signal-conditioning
hardware for prevention and adapting signals to make them suitable for further
processing and data-acquisition electronics, which scans the output of the sensors or the
sensor-conditioning modules. The data-processing hardware 1is basically a
microprocessor, which allows the designer to perform technical functions to make the
measurements easier, faster and more reliable. Finally, the data transmission part of the
CPU forms the link with the “outside world”.

3.3. Temperature

Temperature is a physical quantity characterizing the mean random motion of molecules
in a physical body and represents the thermodynamic state of it. [42] The mean
temperature of the atmosphere at each time and in a single place has a fairly regular
annual value and a diurnal fluctuation when this temperature is the average of many
years for each time and every day of the year. The temperature in a place and time is the
addition of that mean temperature and the fluctuations caused by the wind and cloud
conditions. [11]

The temperature units are divided in two categories: absolutes and relatives. The
former have the lowest theoretical possible temperature: the absolute zero, as the
reference and Kelvin degrees are the units. The latter compare a fixed physical-chemical
process that always happens at the same temperature; the most used relative unit is
Celsius degrees. It is the most used unit for meteorological purposes. This measurement
unit is defined by choosing the water freezing point to be 0°C and the water boiling
point to be 100°C.

As it has been said before, the operating temperature dependence of a solar module
has some atmospheric properties involved in it. However, generally speaking, this
operating temperature is practically insensitive to the atmospheric temperature. [34]
Nevertheless, the environmental temperature is related to the module temperature, as it
will be studied later on, and it will be necessary to measure it. This aspect is especially
important here, in Finland, due to the significant temperature differences among the
different seasons during the year, from -30°C in winter to +30°C in summer
approximately.

For routine meteorological observations there is no advantage in using thermometers
with a very small time-constant, since the temperature of the air continually fluctuates.
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Thus, obtaining a representative reading by taking the mean of a number of readings
may be a suitable solution. A recommended time-constant could be 20 s.

Temperature is one of the meteorological quantities whose measurements are
particularly sensitive to exposure. Therefore, in order to ensure that the thermometer is
at true air temperature, it is necessary to protect the instrument from radiation by a
shield that also may serve to support it. The shield should completely surround the
thermometer and exclude the radiant heat, precipitation and other phenomena that might
influence the measurement. [42]

The thermometer should be located at 1.2 — 2 m above the ground. Temperature
observations on the top of buildings are of doubtful significance and use because of the
variable vertical temperature gradient and the effect of the building itself on the
temperature distribution.

Electrical instruments are in widespread use in meteorology for measuring
temperatures. Their main virtue lies in their ability to provide an output signal suitable
for use in remote indication, recording, storage or transmission of temperature data. The
most frequently used sensors are electrical resistance elements, semiconductor
thermometers (thermistors) and thermocouples.

Electrical Resistance Thermometers (RTD) are based on the variation of the
resistance of a metal to temperature and this variation is expressed as

R, =R,(i+a(r-T,)+ AT -T,) ) 3.1)
where Rt is the resistance of the metal, Ry is the reference resistance at the reference
temperature Ty, T is the temperature and o and B are temperature coefficients of
resistance of the metal. The change of resistance is used to cause a variation in the
current passing through the resistance or the voltage across it. An electric circuit is used
for the measurement of temperature. Once the instrument is calibrated, it is expected to
keep that calibration. With a good calibration and a good measuring circuit, platinum
RTDs can measure temperature to a small fraction of a degree, much better than the
accuracy needed for meteorological measurements. An RTD is shown in Figure 3.1.

Figure 3.1. Electrical Resistance Thermometer sensor.
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Semiconductor thermometers are another type of resistance elements. In this case,
the semiconductor presents a relatively large temperature coefficient of resistance. This
coefficient may be positive or negative depending upon the actual material. The general
expression for the temperature dependence of the resistance, R, of the thermistor is:

R= aexp(%,), (3.2)

where a and b are constants and T is the temperature in Kelvin. The advantages of
thermistors are the large temperature coefficient of resistance and that the elements can
be made very small. The former enables the voltage applied across a resistance bridge to
be reduced. The latter allows the thermistors to be very small with low thermal
capacities leading to reduced time-constant of the instrument.

Thermocouples are based on the electromotive forces set up by two different metals
at different contact temperatures. The expression of the contact electromotive force is
represented by the expression:

(ET_ES):a(T_TS)+ﬂ(T_TS)2’ (3.3)
where Et is the contact electromotive force at a temperature T and Eg is the
electromotive force at some standard temperature Ts. o and B are constants. In
meteorology, thermocouples are mostly used when a thermometer of very small-time
constant, 1 or 2 s, and capable of remote reading and recording is required.

Electrical resistances and thermistors may be connected to a variety of electrical
measurement circuits, many of which are variations of resistance bridge circuits in
either balanced or unbalanced form. In the case of remote measuring, it should be taken
into consideration that the wire between the instrument and the bridge also forms a
resistance that alters depending on the temperature.

There are two main methods of measuring the electromotive force produced by
thermocouples. By measuring the current produced in the circuit with a sensitive
galvanometer or by balancing the electromotive force with a known force so that no
current actually flows through the thermocouples themselves. [42]

According to the WMO, acceptable values for thermometers covering a typical
measuring station are: span of scale from -40 to 40 °C, range of calibration from -30 to
30 °C and maximum error smaller than 0.3 °C.

3.4. Humidity

Humidity is the amount of water vapour in the air; it depends also on temperature, since
hot air can contain more water than cold air. The pressure of water vapour just above a
liquid water surface in equilibrium is the saturated vapour pressure of the water. This
saturated vapour pressure increases with temperature and equals atmospheric pressure at
the boiling temperature of water.

Relative humidity is defined as the ratio of the partial pressure of water vapour to
the saturated vapour pressure of water at a given temperature and it is expressed as a
percentage (%). Humidity may also be expressed as specific humidity, which is the ratio
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of water vapour to air in a particular air mass. Specific humidity is expressed as
kilograms of water vapour per kilogram of humid air. Dew-point temperature (i.e.:
frozen point below freezing) is the temperature at which water vapour saturates from an
air mass into liquid or solid. It is associated with relative humidity since dew point
occurs when the relative humidity of a mass of air is 100%.

Humidity measurements at the Earth’s surface are required for meteorological
analysis and forecasting. They are particularly important because of their relevance to
the changes of state of water in the atmosphere. In fact, knowledge of water vapour
density is used in weather prediction and in global climate modelling: relative humidity
affects atmospheric light-transmission and the difference between temperature and dew
point is an indicator of fog formation related with height of clouds. [11]

Any instrument that determines pressure of water vapour in the atmosphere is
known as hygrometer and, generally, measure relative humidity and dew-point
temperature. There are many methods of measuring the vapour density in the
atmosphere; three common methods are given bellow.

The chilled mirror method consists in a mirror cooled by a solid-state thermoelectric
cooler until water vapour just gets the dew-point and starts condensing. This mirror
dew-point temperature is controlled to keep that point. Consequently, the ambient and
block temperatures are measured by two RTDs and they allow us to calculate the
relative humidity. This method is of higher cost than other methods of measuring the
amount of water vapour in the atmosphere.

Thin film polymer capacitance method is a method in which the capacitance is
formed by a thin polymer film as dielectric placed between the electrodes. The water
vapour in air changes the dielectric constant and, consequently, the capacitance which
can be measured electrically. Measuring the capacitance change is possible by
comparing it to the fixed reference capacitance and it is related to the relative humidity
by calibration. These sensors are low in cost and can measure relative humidity between
0 and 100% at a temperature range between -40°C and +60°C.

Psychometric method is based on the difference of temperature measurement of dry
and wet bulb thermometers. Relative humidity is computed from the ambient
temperature as shown by the dry-bulb thermometer and the difference between the two
thermometers. However, in extremely dry environments, it can be difficult to keep the
bulb wet. Accuracy is affected by air blowing the wet bulb. Therefore, psychrometers
are generally replaced by more convenient methods.

The World Meteorological Organization provides the standards to follow to carry
out measurements of humidity. They are shown in Table 3.2.
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Table 3.2. Standard instruments for the measurement of humidity. [42]

Dew-point temperature (°C) Relative humidity (%)
Standard instrument
Range Uncertainty Range Uncertainty
Primary standard
Requirement -60 to -15 0.3 5to 100 0.2
-15t0 40 0.1 5to 100 0.2
Standard two-temperature -75 to -15 0.25
humidity generator -15t0 30 0.1
30 to 80 0.2
Secondary standard
Requirement -80 to -15 0.75 5to 100 0.5
-15t0 40 0.25
Chilled-mi
Hed-mirer 260 to 40 0.15
hygrometer
Reference psychrometer 5to 100 0.6
Working standard
Requirement -15t0 40 0.5 5to0 100 2
Chilled-mirror
-10 to 30 0.5

hygrometer

3.5.  Wind speed and wind direction

Wind is the flow of gases on a large scale. On the Earth, wind consists of the mass
movement of air. Moreover, in meteorology, wind is often referred according to the
strength and the direction that the wind is blowing from. According to WMO, wind
velocity is “a three-dimensional vector quantity with small-scale random fluctuations in
space and time superimposed upon a larger-scale organized flow”.

Wind is caused by differences in pressure. When there is a pressure difference, the
air is accelerated from higher to lower pressure areas and wind speed is directly
proportional to the pressure gradient. However, on a rotating planet, except on the exact
equator, the air will be deflected by the Coriolis Effect, which affects the direction of
wind. Globally, the most important driving factor of large scale winds is the differential
heating between the equator and the poles, which is due to the difference in absorption
of solar energy and the rotation of the planet.

Most users of wind data require the averaged horizontal wind, usually expressed in
polar coordinates as speed and direction. Wind direction is reported by the direction
from which it originates. For example, at airports, windsocks are mainly used to indicate
wind direction, but they can also be used to estimate wind speed. The latter is measured
by anemometers; the most commonly used are rotating cups or propellers. When a high
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measurement frequency is needed such as in research applications, wind speed can be
measured by ultrasound signals or by the effect of ventilation on the resistance of a
heated wire.

Concerning the operating temperature of PV modules; on one hand, wind direction
hardly has an influence on it. However, generally speaking, the operating temperature is
extremely related to the wind speed due to the important convection coefficient. Thus, it
is important to be able to measure wind properties, especially wind speed. The most
common digital instruments for measuring wind speed and direction include the cup and
propeller sensors, the wind-direction vanes and sonic anemometers.

Anemometers are commonly used in weather stations, especially the 3-cup
anemometers. It consists of a vertical axis rotating collar with three vanes in the form of
cups. The rotation speed is directly proportional to wind speed. There are several ways
to obtain an electrical signal indicating the speed but the most used is a rotating shaft
interrupting a light beam and generating an electric pulse in a photo-detector. Rotating
anemometers can measure wind velocities from 0 up to 70 m/s.

Ultrasonic wind sensors do not have moving parts. An ultrasonic pulse emitted by a
transducer is received and returned by a nearby detector and the transit time is
calculated. The presence of wind affects transit times. Typically there are three such
pairs of transducers and detectors mounted 120° apart as shown in Figure 3.2.a.
Moreover, heaters in the transducer heads minimize problems with ice and snow and the
absence of moving parts eliminates the need for periodic maintenance.

Wind-direction vane sensors are based on an electronic read-out which can be
achieved using a potentiometer. The resistance between the contact and one end of the
wire resistor indicates the position of the vane. Also optical and magnetic position
sensors are methods to get electronic signal.

A combination of wind speed and direction sensors can be made with a rotating
anemometer and a weather vane, mounting the anemometer on the vane as seen in
Figure 3.2.b. Thus, the vane keeps the device into wind direction and the anemometer
measures its speed. Alternatively, two anemometers can be used to determine wind
speed and direction when they are mounted in a mutually perpendicular structure.
Propeller anemometers and weather vanes are susceptible to ice and snow buildup and
can be purchased with heaters. Anyhow, periodic maintenance is needed with this kind
of sensors.
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(a) (b)

Figure 3.2. (a) Ultrasonic wind sensor. (b) Combination of wind speed and direction sensors.

3.6. Solar radiation

The total frequency spectrum of electromagnetic radiation emitted by the Sun is
known as solar radiation. To calculate the amount of solar radiation reaching the ground
of the Earth, both the elliptical orbit of the Earth and the attenuation by the Earth’s
atmosphere have to be taken into account.

Sun provides energy to the Earth and behaves similar as a black body emitting
energy according to Planck’s law at approximately 5777 K of temperature. [11] A black
body is an ideal absorber and emitter of radiation. The spectral irradiance of a
blackbody is given by Plank’s radiation law as

_ 27hc® A7
G T)= e kT =] 34

where G, is power per unit area per unit wavelength, 7 is the temperature of a black

body, k is the Boltzmann’s constant, ¢ the light speed, 4 the Plank’s constant and A the
wavelength of a photon. [25, p 22] The spectral irradiance dependence on the
temperature can be observed in Figure 3.3. The frequency spectrum is distributed from
infrared to ultraviolet radiation.

The mean annual intensity of solar radiation above the earth atmosphere, named
solar constant, is 1367 W/m” approximately, but it varies due to the distance of the
Earth and the Sun. However, not the whole radiation reaches the Earth’s surface. Solar
radiation is attenuated by scattering, absorption and reflection. [11] Solar radiation is
partially depleted and attenuated as it traverses the atmospheric layers, preventing a
substantial portion of it from reaching the Earth’s surface. This phenomenon is due to a
thin layer of ozone in the upper atmosphere (stratosphere) and to the cloud formations in
the lower atmosphere (troposphere).
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Figure 3.3. Spectral irradiance for different black body temperatures.

Consequently, the total solar radiation received at surface level consists of a direct
and indirect, or diffuse, radiation. The intensity of sunlight at ground level varies with
latitude, geographic position, elevation, season, etc. Moreover, the angle of incidence of
solar radiation is affected by the 23.5° tilt of the Earth’s axis causing seasonal and
latitudinal variations during the day length. The spectral distribution of the received
solar energy is approximately 3% in UV, 44% in visible and 53% in infrared regions.
Therefore, with regard to measure solar energy, these variables need to be considered.
[15]

The magnitude which measures the solar radiation received by the Earth is the
irradiance. It measures the power per unit area and its SI units are watts per square
meter (W/m?). However, commonly both terms, solar radiation and irradiance, are used
in the same way. On the other hand, solar irradiation should not be confused with
irradiance, because it is the total power yielded by the Sun in an area over time. The
units are watts-hour per square meter (Wh/m?). [12]

For solar based renewable energy technologies such as solar thermal or photovoltaic
(PV) conversion systems, the basic resource is solar radiation. Concerning PV
generation systems the irradiance received by the modules is directly related to the
energy yield by them according to the photoelectric effect. This photoelectric effect is a
phenomenon in which electrons are emitted from different materials. It happens as a
consequence of the absorption of energy from short wavelengths of electromagnetic
radiation, as visible light or UV.

Therefore, knowledge of solar radiation received in an area is essential to predict,
study and design the economic viability of any system which use solar energy. In spite
of the importance of solar radiation measurements, this information is not readily
available due to the cost and maintenance and calibration requirements of the measuring
equipment. However, solar radiation data is not only needed in advanced for designing
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issues for solar radiation based systems. Solar irradiance measurements are crucial in
order to test and calibrate the right operation behaviour of already installed solar
modules. On the other hand, the radiance level has a strong influence on the operating
temperature of PV modules. [34]

Solar radiation measurements are based on pyranometers and pyrheliometers. The
former respond to the incident radiation from the hemisphere (global radiation) and the
latter are narrow field of view instruments that are only sensitive to the beam radiation
(direct radiation). Diffuse radiation can be measured using a shadowed pyranometer. In
this case, the beam radiation is blocked out by the shadow band and the pyranometer
responds only to the diffuse component. The total hemispherical radiation, G, on a
horizontal surface is calculated as follows

G=Icosh+D, (3.5)
where / is the direct beam, / is the angle between the solar disk and the normal to the
horizontal surface and D is the sky radiation. This theoretical relationship shows that
measuring two of the radiation quantities allows calculating the third one. Moreover,
outdoor calibration of photometric instruments is based on Equation 3.5. [15] Because
of that pyranometers and pyrheliometers are essential instruments to measure solar
radiation parameters and are described in the following subsections. Both sensors are
shown in Figure 3.4.

(a) (b)
Figure 3.4. (a) Pyranometer. (b) Pyrheliometer.

3.6.1. Pyranometer

Pyranometers are sensors that measure broadband solar irradiance. These sensors
measure flux density, or global radiation, from the hemisphere. Moreover, pyranometers
respond fairly linearly to the total solar radiation’s frequency spectrum (from 300 to
2800nm), as illustrated in Figure 3.5. On The unit of intensity of solar radiation
measurement is watts per square meter (W/m?).
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Figure 3.5. Thermopile-based pyranometer spectral response.

Roughly, pyranometers are based on two different technologies: thermopiles and
solar cells. Both of them are described as following.

Thermopile-based pyranometers rely on the variation of temperature between
junctions of different metals in contact with surfaces that absorb solar radiation, called
hot junctions, and reference, or cold junctions, which does not receive solar radiation
and are near the ambient temperature. The bottom unit has thermopile hot junctions in
contact with a matte black absorbing surface and reference cold junctions protected by
with non absorbing surface. [15] This type of sensors presents smaller thermal offsets in
the voltage signal than pyranometers with all black receivers. Figure 3.6 illustrates the
diagram of a thermopile-based pyranometer.

) Glass dome
White segment
X
X To millivoltmeter
X
\_+
X

\

Blackened Location of 1 of 1.2 thermopile

segment junctions

thermo-junctions

Figure 3.6. Thermopile-based pyranometer diagrams.

Solar cell-based pyranometers use silicon photovoltaic cells that produce a shot-
circuit current that is directly proportional to the intensity of the incident solar radiation.
It may be commented that this type of sensors perform well under clear skies but not so
accurate in cloudy conditions. Furthermore, the former, thermopile based pyranometers,
have a rather uniform spectral response over all significant wavelength as seen in Figure
3.5.

Pyranometers are standardized according to ISO 9060 standard, which is also
adopted by the World Meteorological Organization (WMO). Thus, the standard
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establishes three classes of sensors: secondary standard, first class and second class
pyranometers. This classification is based on several specifications of the sensor as, for
instance, response time, non-linearity, spectral selectivity, tilt error or non-stability. [38]
Commonly, the secondary standard and first class sensors are thermopile-based
pyranometers, while the second class type may be solar cell-based pyranometers. Table
3.3 [42] describes the characteristics of pyranometers of various levels of performance.
The “Secondary standard” column refers to pyranometers near state-of-the-art, which
are suitable for use as working standard; maintainable only at stations with special
facilities and staff. “First class” refers to acceptable pyranometers for network
operations.

Table 3.3. Standard requirements for operational characteristics of pyranometers. [42]

Secondary .
Characteristic First class
standard
Response time (95% response) <15s <30s
Zero offset 7 W/m® 15 W/m®
Resolution (smallest detectable change) 1 W/m® 5 W/m®
Stability (percentage of full scale, change/year) 0.8 1.5
Temperature response (percentage maximum error
due to change of ambient temperature within an 2.0 4.0
interval of 50 K)
Non-linearity 0.5 1.0
Spectral sensitivity 2.0 5.0
Tilt response 0.5 2.0
Achievable uncertainly, 95% confidence level
Hourly totals 3.0% 8.0%
Daily totals 2.0% 5.0%

As said before, pyranometers are commonly used to measure global radiation.
However, diffuse radiation can be measured by shading a pyranometer with a disk
located to prevent the direct beam.
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3.6.2. Pyrheliometer

Pyrheliometers are instruments that measure direct beam or direct solar radiation. This
radiation is coming direct from the sun without scattering or any other change produced
by the atmospheric layers.

Pyrheliometers are based on the same technologies than pyranometers. There are
thermopile- and solar cell-based types of sensor. However, for pyrheliometers, the
sensor is placed at the bottom of an internally blackened, diaphragmed, collimator tube
that limits the angular acceptance for solar radiation to be in the range of about 5° or 6°
total acceptance angle. Moreover, the pyrheliometer must be mounted on an equatorial
mount tracker that keeps the direct radiation from the sun parallel to the axis of the
collimator tube. [40] Figure 3.7 shows the diagram of a thermopile-based pyrheliometer.
Referring to the classification, pyrheliometers are also standardized according to ISO
9060. Some of the characteristics of operational pyrheliometers (other than primary
standards) are given in Table 3.4.

Tube (blackened inside)

/

Thermocouples

5° acceptance

angle Black absorber plate

2-axis tracking

mechanism Electrical readout

Figure 3.7. Diagram of a thermopile-based pyrheliometer.



3. CLIMATIC MEASUREMENT SYSTEMS 31

Table 3.4. Standard requirements for operational characteristics of pyrheliometers.

[42]

Characteristic High quality Good quality
Response time (95% response) <15s <30s

Zero offset 2 W/m’ 4 W/m?
Resolution 0.51 W/m* 1 W/m®
Stability (percentage of full scale, change/year) 0.1 % 0.5 %

Temperature response (percentage maximum error

due to change of ambient temperature within an 1.0 2.0
interval of 50 K)

Non-linearity 0.2 0.5
Spectral sensitivity 0.5 1.0
Tilt response 0.2 0.5

Achievable uncertainly, 95% confidence level

1 min totals 0.9% 1.8%
1 h totals 0.7% 1.5%
Daily totals 0.5% 1.0%

3.7. Architecture of a data-acquisition system

Data-acquisition systems are widely used in renewable energy source (RES)
applications in order to collect and evaluate data concerning the installed system. [18]
The aim of this section is to describe several data-acquisition system architectures
capable to manage and process data coming from the sensors for evaluation purposes.

Data-acquisition (DAQ) is the process of sampling from the real world (analogical
system) and generating the digital signals up to be processed by a digital system, e.g. a
computer. The process involves several stages. A general example of the stages
involved in a data-acquisition process is shown in Figure 3.8.

Different data-acquisition systems have been developed, as in [10] and [41], to
collect and process meteorological data. Several DAQ system architectures are
proposed as following.
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. . A/D - .
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Figure 3.8. Stages involved in a data-acquisition process.

Signal conditioning

Sensor

A data-acquisition system developed for solar radiation and meteorological
measurements by, for instance, [27] and [5] is shown in Figure 3.9(a). An A/D converter
connects the measuring sensors, converting analogical to digital signals, with the
microcontroller (MC) unit which collects the sensor data. These data are transmitted to a
PC, with a serial connection RS-232, and processed. [18] A different approach consists
in substituting the A/D converter and the microcontroller by a commercial data-logging
unit as seen in Figure 3.9(b). The collected data are transmitted, as in the previous case,
with a RS-232 serial connection to the computer for further data processing.

Sensors

a -

AD |:> Microcontroller >\:‘

(a
I PC
Sensors |::> Data-logging RS-232
Unit =
(b)

Figure 3.9. Data-acquisition system architectures. (a) Microcontroller-based architecture
system. (b) Data-logging unit connected to PC.

Both options described have a common characteristic that is the transmitting RS-232
serial connection from the microcontroller and data-logging unit to the PC. However,
for advanced controlling, the RS-232 transmission is not enough and it is necessary the
use of specifically designed buses as, for instance, the PCI ones designed by National
Instruments. [30] However, using a commercial data-logging unit lacks flexibility
compared with a data-acquisition card-based system which allows total control for
advanced controlling and data managing.

Consequently, a computer-based data-acquisition system e.g., as shown in Figure
3.10, will be more suitable and desirable. Several monitoring sensors, as, for instance,
climatic sensors; are used to measure the most relevant conditions. The sensor signals
are well conditioned by precision filters and amplifiers and interfaced to a PC.
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Interfacing is carried out by a commercial data-acquisition card (DAQ card) through a
PCI or USB bus. The collected data will be managed, processed, monitored and stored,
for instance, using LABVIEW software.

Monitoring Condltlonl_ng Connector
Electronic
Sensors Circuits Block
rc |
Data-acquisition
Card (DAQ)

Figure 3.10. Architecture of a computer-based data acquisition system.

The proposed system in Figure 3.10 shows the advantages of high-speed data-
acquisition system for advanced controlling up to academic research and flexibility in
case of need of future changes.
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4. CLIMATIC SENSITIVITY OF A
PHOTOVOLTAIC GENERATOR

4.1. Introduction

Changing operating conditions affects the operation of a PV generator. These operating
conditions are affected by several climatic variables as well. Hence, the aim of this
chapter is to study the effects of those climatic conditions on the operating module
temperature and the PV generator performance characteristics. A Simulink model of the
PV generator with a Simulink thermal model of the PV modules is exploited to realize a
set of simulations meant to analyze those effects. This chapter is organized as following.

Section 4.1 presents the photovoltaic generator Simulink model developed by [20]
and adapted to study the climatic effects on a PV string composed by 17 modules. This
model calculates the string performance characteristics using the irradiance received,
operating module temperature and string current as inputs. Then, Section 4.2 describes
the Simulink operating module temperature model developed. It calculates the operating
temperature of a PV module from the climatic parameters of ambient temperature,
irradiance and wind speed affecting the solar panel. [34] Section 4.3 presents the
simulations that were used to study the effect of climatic parameters on the operating
module temperature. The influence of each individual parameter, as well as the
combination of them, on the operating temperature is analyzed. Finally, in Section 4.4,
the influence of the climatic parameters on the photovoltaic string generator
performance is studied. The characteristic curves and the generated power and system
efficiency for each simulation case are presented.

4.2. Modelling of a photovoltaic generator

42.1. MATLAB™ Simulink model of a photovoltaic generator

The model of the photovoltaic generator used in here is based on the model developed
by Anssi Miki in his Master of Science Thesis “Topology of a Silicon-Based Grid-
Connected Photovoltaic Generator”. [20] In this section, the model is briefly presented
as well as the particular characteristics of the PV generator model used in the
simulations later on.

The model is made up with PV modules connected in series modelled according to
the equations presented by Villalva et al. [39] These modules are modelled using the
one-diode model of a photovoltaic cell, with a bypass diode connected in parallel (as
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shown in Figure 2.7 in Section 2.2.1 Photovoltaic cell). The Simulink model of a PV
module with bypass diode in parallel is shown in Figure 4.1.

: v > >
Module iradiancel I—I
Module voltage saturation in case of reverse current —>
Output voltage
O—— tov v >
Module temperaturel
Add2
3 P Id »|Id
Module current
U_bypass
Pv module
P!
>
T_bypass P T_by pass

Bypass diode temperature Bypass diode

Figure 4.1. Simulink model of a photovoltaic module and bypass diode. [20]

Due to the bypass diode connected in parallel with the photovoltaic module, the
diode conducts current when the module is reverse biased. This happens when the
photocurrent (/py) is less than the sum of the module current (/) and diode saturation
current (/g). On the other hand, the module’s output voltage is saturated to zero when
the bypass diode conducts current.

As seen in Figure 4.1 the Simulink model has three inputs out of which two are
operating conditions, module temperature and module irradiance. The third is the
module current, which is used to obtain the module’s I-V characteristics. It is done by
changing the input current from zero to short-circuit current value and calculating the
voltage value at every point. [20]

The block model illustrated in Figure 4.1 is one of the highest layers of the entire
photovoltaic module model, which is composed by several subsystems. More detailed
information about the complete model is presented and explained in [20]. Now it is
possible to construct the photovoltaic generator model by interconnecting individual
modules, as shown in Figure. 4.2.
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Figure 4.2. Simulink model of a photovoltaic generator with 2 modules in series. [20]

The model used for simulations has been designed accordingly to the system
constructed in the Department of Electrical Engineering in Tampere University of
Technology, which is located at the rooftop of the department. The system consists of a
string of 17 modules connected in series. Modules are made up from 54 series
connected polycrystalline silicon photovoltaic cells. The maximum power point of a
module is 190 W and the short circuit-current and open-circuit voltage are 8.02 A and
33.1 V, respectively. [29] Figure 4.3 illustrates the photovoltaic generator model used
for simulation.

G (————————————Pp{Solar radiation

Solar radiation

T {+————————Pp|Module temperature PV string voltag P> Uout

Module temperature

Output voltage

/

>

PV string current

>

X

—>

Pout

Current

PV string of 17 NAPS190GKqg modules

—>

Product

Output power

> lout

Output current

Figure 4.3. Simulink model of a photovoltaic string system composed by 17 modules connected
in series.

Figures 4.4 depicts the simulated I-V and P-V characteristics of a string of 17
modules in conditions of 1000 W/m? and 25 °C (standard test conditions).
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Figure 4.4. Simulated I-V and P-V characteristics in STC of a PV string of 17 NP190Kg
modules connected in series.

4.2.2. MATLAB™ Simulink operating module temperature model

As seen in Section 2.4, the operating conditions affect the solar module performance,
especially the irradiance and the operating module temperature. [34] Hence, both factors
are input parameters in the model described in the previous section.

Thus, due to the strong module temperature influence on the generated power and
the module efficiency, the purpose of this section is to propose a thermal model of the
PV panel. The aim of it is to predict, as accurate as possible, the operating temperature
of the module based on a fixed climatic conditions. In this way, based on information
about radiation level, wind speed, ambient temperature, etc., it will be possible to
calculate the PV system operating condition.

There is a wide literature [2, 3, 14, 23] about the thermal transfer processes in PV
modules. However, the design of the thermal model is based on a 3-parameter model of
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Skoplaki et al. [34] that considers solar radiation, ambient temperature and wind speed
as relevant parameters regarding the PV module performance. Other parameters as wind
direction and humidity do not have an important influence over the operating condition
of a solar panel [37]. Skoplaki et at. [34] base their development of the model on
studying the thermal transfer produced by the processes of conduction and convection in
the front and back sides of the PV module. After some approximations and presuming
some methodological approaches, the authors involve the NOC temperature NOCT to
formulate the module operating temperature 7 dependence on the solar radiation,
ambient temperature and wind as following

h
T, +( Gr J( wl’lNOCT J(TNOCT _Ta,NOCT)|:1_g.rZ;)(1 * By T )}

T - GNOCT W

‘ ﬂref’?ref GT h w,NOCT _
1 _[ (z'a) j( GNOCT j( hw (TNOCT Ta,NOCT)

where, T, is the ambient temperature, Tnoct 1S the operating module temperature at

, 4.1)

NOCT conditions, T is the reference temperature, 7T, noct 1S the ambient temperature
at NOCT conditions, Gnocr 1S the irradiance at NOCT conditions, Gt is the irradiance
on the module plane, 4, is the wind-convection heat transfer coefficient at a
temperature, hynoct 1s the wind-convection heat transfer coefficient at NOCT
conditions, 7 is the transmittance of glazing, « is the solar absorption of PV layer, #.f is
the electrical efficiency at Ti.s and S is the efficiency correction coefficient for
temperature.

Equation 4.1 represents a general expression for the PV module operating
temperature considering that radiation losses are negligible. Taking into account the
forced convection (wind) as

h, =891+2.0v,, 4.2)

where vy is the free wind speed hitting the PV module in m/s, Equation 4.1 can be
reduced to simple semi-empirical equation as following

0.32
T =T +|— "% |G V.>0). 4.3
c (8.91+2.0vf] ! (f ) (4.3)

where v, 1s in m/s and Gr in W/m?. This equation relates the three basic environmental
variables of wind speed, irradiance and ambient temperature. Two more parameters
must be taken into account to normalize the equation (4.3) with respect to the free-
standing case. The mounting effect () can be defined as

w= llj’ , (4.4)

fia

where kn; is the mounting type coefficient and the kg, is the free standing array
coefficient.

The values for the different types of PV array mounting are listed in Table 4.1. On
the other hand, it is necessary to comment that V¢ is the wind speed measured by a mast-
mounted anemometer above the PV array. If considering the TUT PV power plant in
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which several arrays are installed in different locations at the rooftop of Department of

Electrical Energy Engineering, it is a better solution to study the effect of local wind

speed or wind speed near the PV array, v,. The transformation from v¢ to vy, is done

using the relation
v

w

vV, .
7 0.67

(4.5)

Table 4.1. Values of the mounting coefficient, w, for several PV array mounting situations. [34]

PV array mounting type )

Free standing 1.0

Flat roof 1.2

Sloped roof 1.8 (1.0-2.7)
Facgade integrated 2.4 (2.2-2.6)

Hence, Equation 4.3 is written as

=T +a — 22 g
v,

891+2.0
0.67

(4.6)

for any type of mounting and for local wind speeds greater than 0 m/s. In the present

case of the system installed at the rooftop of the department, the solar panels have been

mounted free-standing on a flat roof, thus the mounting coefficient value is 1. Figure 4.5

illustrates the Simulink block diagram of a PV module thermal model based on

Equation 4.6 with ©o=1.

1

Amb Temperature

Irradiance

X

A4

X

»
>
Productl

»
>
constl _ -
Divide
8.91

Add1

\4

CO—»(x

wind Speed + >
Dividel x
0.67

Product2

const3

const4

A\ 4

Module Temperature

—>D

Add

Figure 4.5. Simulink bloc diagram of the PV module thermal model.
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As seen in Figure 4.5, the model has 3-input parameters that are irradiance, ambient
temperature and wind speed. The mask of the model is shown in Figure 4.6.

Vv

Amb Temperature

>|Irradiance Module Temperature p

>|Wind Speed

Module Temperature System

Figure 4.6. Simulink thermal model of a PV module.

The effects of climatic conditions on the operating module temperature are shown in
Figure 4.7 and Figure 4.8. The measurement data has been obtained from a
measurement system of the Department of Electronics. The system is located at the
rooftop of the department and consists of a polycrystalline silicon module with power
rating of 125 W. Module temperature is monitored, as well as some climatic
measurements such as ambient temperature, irradiance and wind. The dataset used for

this analysis was taken the 1%

of June, 2008 acquiring data every 20 seconds.
In Figure 4.7, irradiance, ambient temperature and the calculated module
temperature are presented. It is possible to notice that the module temperature peak

values are in accord with the irradiance values.
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Figure 4.7. The effect of irradiance and ambient temperature on the calculated module

temperature.

The monitored signals of wind speed and module temperature with the calculated
temperature are represented in Figure 4.8. This figure verifies the correct performance
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of the correlation used to calculate the operating module temperature, since the
deviation should be around 3 °C. [34]

It has to be mentioned that, according to the obtained results, the thermal model
performs better under wind speeds higher than 3 m/s. For lower wind speed conditions
the error of the measured operating temperature increases several degrees. This is due to
the fact that the proposed correlation in [34] ignores the free-convection, which is small
for high wind speeds, and radiation, which is important for small wind speeds. Finally,
the connection of the PV module thermal model with the PV generator proposed in the
previous section is shown in Figure 4.9.
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Figure 4.8. Comparison of the module temperature calculated by the thermal model, the
measured module temperature and the wind speed.
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Figure 4.9. Simulink model of a PV string generator including the PV module thermal model.
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4.3. The effect of climatic parameters on the operating
module temperature

Changing operating conditions affect the operation of a PV generator significantly. The
effect of the climatic parameters on the operating conditions is studied by simulations
using the thermal model introduced in the previous section. The aim of this set of
simulations is to know the operating module temperature limits for several typical
values of ambient temperature, irradiance and wind speed in Finland. On the other hand,
the thermal model dependence on the different climatic parameters is studied.

Furthermore, the effect of the climatic parameters on the PV module’s performance
is carried out by studying the characteristics of the Simulink model of the generator
introduced in Section 4.2.1, including the thermal model as shown in Figure 4.9. The IV
and PV characteristics are studied in three different cases, as well as the generated
power and the system efficiency.

The results of the simulations studying the effect of climatic parameters on the
operating module temperature are shown as graphs in Figures 4.10, 4.11 and 4.12. The
effect of ambient temperature on the module temperature is presented in Figure 4.10. As
extracted from Equation 4.6, the thermal model is directly proportional with the ambient
temperature. Thus, the difference between module and ambient temperature is always
greater than 0 and depends on the wind speed and irradiance conditions. The ambient
temperature values vary from -5 °C to +15 °C, which are rather normal in Finland.

40

Module Temperature (°C)

5
Ambient Temperature (°C)

Figure 4.10. Simulated effect of ambient temperature on the operating module temperature for
given values of wind speed of 1 m/s and irradiance of 800 W/m’.

To study the effect of wind speed on the operating temperature two different
simulations are presented. First fixing the ambient temperature value to 5 °C and
simulating with irradiance values of 400 W/m?, 600 W/m” and 800 W/m’. Secondly,
fixing the irradiance value to 600 W/m? and varying the ambient temperature to values
of -5 °C, 5 °C and 15 °C. The value range of wind speed varies from 1 m/s to 12 m/s.
The results are shown in Figure 4.11.



4. CLIMATIC SENSIVITY OF A PHOTOVOLTAIC GENERATOR 43

N
3
T

T T T T T T T T T T
—8— G =400 W/m2
—®—G=600W/m2| |
\ —®— G=800W/m2

N N N

S N =
T
~

H
&
T

Module temperature (°C)
Module temperature (°C)

1 . . . . r . . . . . 1 . . . .
6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Wind Speed (m/s) Wind Speed (ms)

L I L L
1 2 3 4 5

Figure 4.11. Simulated effect of wind speed on the operating module temperature for given
values of irradiance and ambient temperature.

As expected, the wind speed is in inverse proportion to the operating temperature
due to the fact that it increases the convection process in the module. Thus, in both cases
the module temperature decreases with the wind speed. In the study of the influence of
wind speed and ambient temperature, the simulated 7),0p curves are parallel and with
the same difference as the ambient temperature values have. However, regarding to the
analysis of the influence of wind speed and irradiance, the influence is greater at higher
levels of irradiance. Thus, for 400 W/m’ the module temperature variation is
approximately 8 °C in the range from 1 to 11 m/s; while for 800 W/m?, the temperature
variation is 16 °C.

The effect of irradiance on the operating temperature is presented in Figure 4.12. As
in the previous case, two simulations are available. In the first one the ambient
temperature value is fixed to 5 °C while in the second one the wind speed value is fixed
to 3 m/s. The former studies the influence of irradiance and wind speed for values of 3
m/s, 6 m/s and 9 m/s. On the other hand, the latter studies the influence of irradiance
and ambient temperature. The irradiance values range goes from 200 W/m?” to 1200
W/m? in both simulations.

The module temperature is directly proportional to irradiance due to the effect of
radiation process in the module. It is possible to notice that the module temperature
decreases with wind speed increasing. The difference of operating temperature can
reach a value of 16 °C in a 1000 W/m? difference (200 — 1200 W/m?) with low wind
speed condition (3 m/s). On the other hand, as in the previous analysis, when fixing the
wind speed, the difference between module temperature and ambient temperature
remains constant.
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Figure 4.12. Simulated effect of irradiance on the operating module temperature for given
values of wind speed and ambient temperature.

4.4. The effect of climatic parameters on photovoltaic
module efficiency

In order to study the effect of climatic parameters on the performance of 17-
photovoltaic modules string three different cases are analysed. These “representative”
cases are meant to reproduce three possible climatic conditions that are usual in Finland.
Table 4.2 presents the values of the climatic parameters for each study case. Due to the
variability of the Finnish climate, it is hard to determine the most common climatic
condition during a season. Thus, as said, the selected values are just possible conditions
given during those seasons.

Table 4.2. Values of climatic parameters used to simulate the performance of 17-pannels
photovoltaic string.

“Winter” conditions:

Ambient temperature -5°C

Irradiance 300 W/m®

Wind Speed 9 m/s
“Spring” conditions:

Ambient temperature +5°C

Irradiance 600 W/m’

Wind Speed 6 m/s
“Summer” conditions:

Ambient temperature +15°C

Irradiance 900 W/m’

Wind Speed 3 m/s

The simulation results studying the effect of climatic parameters on the photovoltaic
string performance under the climatic conditions specified in Table 4.2 are shown as
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graphs in Figure 4.13. The operating module temperature, maximum generated power
and system efficiency are calculated for each simulation case as well. The latter are
presented in Table 4.3 as well as the string characteristic values of Voc and Isc. The
module efficiency is calculated as
PM
= 4.7

=" (4.7)
where P), is the maximum generated power and A the area of the modules and its value
is 22.84 m? for the 17-PV modules string.
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Figure 4.13. I-V and P-V performance characteristics of the 17 PV modules string under
“winter”, “spring” and “summer” conditions.

Figure 4.13 clearly illustrates the effect of climatic conditions on the PV modules
characteristics performance. On one hand, the irradiance is fairly proportional to the
short-circuit current. Thus, as increasing the irradiance level in the simulated cases, Isc
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increases accordingly. On the other hand, the open-circuit voltage is influenced by
module temperature and decreases with it.

Table 4.3. Values of the Isc, Voc, operating module temperature, generated maximum power
and system efficiency for the 17-pannels photovoltaic string performance simulations.

“Winter” conditions: “Summer” conditions:
Isc 237 A Isc 724 A
Voc 58520V Voc 5464V
Top -2.32°C Top 31.12°C
Pu 1010 W Py 2820 W
n 14.73 % n 13.72 %
“Spring” conditions:
Isc 478 A
Voc 57430V
Top 12.16 °C
Pu 2030 W
n 14.81 %

The generated power clearly seems to increase proportional to the irradiance
received by the photovoltaic string. Though, module temperature has a negative effect
on generated power.

Moreover, efficiency is less affected by irradiance since it is divided by the
irradiance received by the solar modules. Hence, the system efficiency leads us to
compare the overall effect of the climatic variables on the system. It can be roughly said
that photovoltaic systems perform with greater efficiency in conditions of lower
irradiance levels. This is due to the great influence of the irradiance on the operating
module temperature and the negative effect of the latter on the system performance.

To study more carefully the effects of the climatic conditions on the generated
power and system efficiency another simulation is carried out. In this last case, the
effect of each climatic variable is studied independently and the generated power and
system efficiency results are presented as graphs in Figure 4.15. The reference values
for temperature, wind speed and irradiance are 5 °C, 6 m/s and 600 W/m?, respectively.
In each case study the following range of the variables has been used: temperature from
-5 to +15 °C, wind speed from 1 to 12 m/s and irradiance from 200 to 1200 W/m?,

As expected, the increasing ambient temperature has a negative influence on the
generated power and the system efficiency being inverse proportional to both of them.
On the other hand, both characteristics parameters increase as the wind speed increases.
These two performances are rather expected, because the operating module temperature
depends on those climatic variables and, therefore, they influence the system efficiency
and generated power.
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Figure 4.14. Generated power and system efficiency as function climatic parameters affecting

the performance of 17-PV modules string.

The effect of irradiance on the system efficiency and generated power is more

complex to analyze. Regarding to the generated power, it is directly proportional to the

irradiance received by the photovoltaic modules. The system efficiency, although,
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presents greatest values for intermediate values of irradiance. This is due to the effect of
irradiance on the module temperature and the generated power. On one hand, with
increasing level of irradiance the operating temperature increases; which, as known, has
a negative influence on the efficiency. On the other hand, since the generated power is
directly proportional to irradiance, it leads the system efficiency to increase. Thus, as
conclusion, an agreement between the operating temperature and generated power is
found for values of irradiance around 600-800 W/m?, leading to the greatest values of
system efficiency.
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5. TUT CLIMATIC MEASUREMENT SYSTEM

5.1. Introduction

The aim of this chapter is to describe the designing process of the TUT climatic
measurement system and to present the final design of it. This measurement system
must accomplish different goals. Accurate measurement of the climatic conditions that
affect to the photovoltaic modules performance are required, especially regarding the
solar radiation measurements of global, direct and diffuse radiation. On the other hand,
it is also essential to measure the operation conditions of the PV modules and strings.

The former requirement is meant for several purposes such as obtaining the climatic
condition parameters that affect to the PV panels performance, generating a yearly
climatic conditions database, estimating the energy yield of the system, sharing the
actual climatic conditions in the department’s website or knowing the accurate values of
solar radiation received by the system for PV module performance studies. The latter is
intended to lead the characterization, calibration and testing of the photovoltaic systems
under real operating conditions, as well as to make the testing of several electronic
devices such as inverters and interfacing devices possible. The chapter is organised as
following.

Section 2 describes the main features of the solar photovoltaic power test plant built
on the rooftop of the Department of Electrical Energy Engineering of TUT. Section 3
presents the measurement system considerations and the designing process carried out,
summarizing the studied literature for each system and the deeply extensive study of the
market need to select the most suitable sensors for the measurements. Later on, the
selected components and accessories needed by them are described in detail in Sections
4, 5 and 6. Also technical and mounting issues are discussed in these sections. Finally,
in Section 7, a budget summary of the climatic measurement system is presented.

5.2. TUT solar PV power station test plant

The TUT solar PV power station test plant, built during spring of 2010, is composed of
69 solar panels and mounted on the rooftop of the Department of Electrical Energy
Engineering in Tampere University of Technology. The plant was meant to be a grid
connected system with research purposes. The main lines of research intended are, for
instance, to study the influence of different connection of the strings on the generated
power, to test and evaluate different power electronic components or systems, such as
inverters and to study the effects of environmental parameters in the performance of the
generator.
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The built system consists of a 69 NP190GKg panels provided by Naps Systems Oy.
The total nominal power of the test plant is 12.7 kWp. Modules are based on 54
polycrystalline Si solar cells connected in series. The module electrical performance
under STC and dimensions are shown in Table 5.1. [29] For more details see Figure B.2
in Appendix B.

Table 5.1. Electrical performance and dimensions of the module NP1906Kg. [29]

Quantity

Power at max power point (Pypp) 190 W
Impp 733 A
Vpp 259V
Isc 8.02 A
Voc 331V
Dimensions (length, width, thickness) 1475 mm x 986 mm x 35 mm
Weight 19.5 kg

The panels are located as shown in Figure B.1 in Appendix B avoiding shadows
from other buildings and panels and connected in 6 strings. There are 3 strings of 17
panels and 3 strings of 6 panels with voltage differences of 440 V and 155 V between
terminals, respectively. Figure 5.1 shows a picture taken of the photovoltaic station.

Figure 5.1. Part of the modules of the TUT PV power station test plant.

Thus, several different outputs are available for numerous power system
configurations. String connexions are illustrated in Figure B.3 and Figure B.4 in
Appendix B. Basically, there are two configurations which have been already
considered to be studied, a four-output and a 3-output configurations. The former
consists of 3 strings of 17 panels and another string of 18 modules. The latter consists of
3 strings of 23 modules. The electrical features of both configurations are illustrated in
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Table 5.2. However, in principle and also in practise, all the configurations with 69
panels can be connected. The control panel for crossed connections is located in the
laboratory in the second floor of the Department, as indicated in Figure B.1 in
Appendix B.

Table 5.2. Electrical features of different string configurations in STC conditions.

4-outputs configuration 3-outputs configuration
17-panels string: 23-panels string:
Pyipp 3.1 kW Pyipp 4.2 kW
Uwmpp 440V Uwmpp 596 V
Uoc 563V Uoc 761V
18-panels string:
Pupp 3.3kW
Uwmpp 466 V
Uoc 596 V

Regarding the environmental operating conditions, the specific characteristics of the
Finnish climate must be taken into account. Finland is located between the latitudes 60N
and 70N in the Northern Europe. Its climate is, despite the location, very favourable to
living conditions due to the warming effect of the Gulf Stream. The mean temperature
for July in Helsinki is 17 °C and that for January -6 °C, which are anomalously high for
the latitude belt concerned.

Hence, modules and measurement systems must be prepared to operate under
extreme climatic conditions. They may operate at temperatures lower than -25 °C and
without almost any solar radiation during winter. While, during summer, it is possible to
reach temperatures greater than +25 °C and irradiance levels of 1000 W/m?”. This issue
is especially important regarding the sensors characteristics performance. For more
details about the TUT PV power station test plant see Appendix B.

5.3. Climatic measurement system design

5.3.1. System considerations

As presented in Chapter 3, the Guide to Meteorological Instruments and Methods of
Observation defines an automatic weather station (AWS) as a “meteorological station at
which observations are made and transmitted automatically”. [42] This guide also
establishes the meteorological and climatologic requirements that any AWS must
accomplish, as well as the measurement methods to follow and the standards references.

After studying several weather stations designed by the Finnish Meteorological
Institute as the Joikonen observatory or the ones located in Taivalkoski Kk Kauppatie
and Espoo Sepinkyld, or the AEMET’s weather station located in Zaragoza’s airport;
[1] it is possible to assume that the most commonly measured climatic parameters are
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temperature, humidity, visibility, wind speed, wind direction, precipitation, etc.
Regarding the sunshine duration and solar radiation, stations like the Helsinki
Kumpula’s one mostly measure ultraviolet, global and diffuse radiation. [9]

However, according to the objectives described in the previous section, the designed
system has to be focused on measuring the climatic parameters that affect to the solar
module’s performance. These ones are ambient temperature, humidity, wind speed,
wind direction and solar radiation (global, direct and diffuse). They have been described
more closely in Chapter 3.

On the other hand, diverse literature [16, 10, 21, etc.] bases the characterization of
photovoltaic modules and strings mostly on the knowledge of irradiance received by the
solar panels, the operating module temperature and power characteristic parameters.
Nevertheless, some other parameters that influence the performance of the photovoltaic
systems as wind speed and ambient temperature are usually measured too. [7, 18]

The most important difference between the described sensors needed for both
purposes is that the required quality for the weather station’s sensors is well established
and higher than the quality of the sensors needed to perform the characterization of the
modules. In addition, to study the PV panels’ characteristics, a precise knowledge about
the shadowing conditions of the strings is needed, as well as the operating temperature
of each string of the plant. Thus, several solar and module temperature sensors must be
carefully located to control all the solar PV power station test plant’s strings and
modules. This, in case of using the accurate and more expensive sensors required for the
weather station, would mean an unaffordable expensive system.

It is apparent to reach the conclusion that both systems must be designed separately,
focusing on the requirements needed to satisfy each case. The result is an accurate
weather station that measures the global climatic conditions of the plant, including
ambient temperature, humidity, wind speed and direction and global and diffuse solar
radiation; and a climatic monitoring system to lead the characterization of the
photovoltaic generator. However, conditions such as wind speed and direction or
humidity are not needed to be measured by the latter system since they are not changing
in the small area where the power plant is located (within a diameter of 50 m).

Regarding the data-acquisition system, as commented in Section 3.6, a computer-
based DAQ system is the most suitable and desirable option. [18] Several references
[10, Bengl0, and 32] base the data-acquisition system on microcontrollers, but for a
system acquiring so many signals it is not the best and most efficient solution. Besides
of that, synchronization processes are needed to match the climatic measurements with
the power measurements of the system in order to allow analyzing the PV systems
performance.

The following subsections present the state-of-the-art of the measurement systems
design, as well as of the DAQ-systems related to the climatic monitoring systems.
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5.3.2. Automatic weather station

When facing the designing of a state-of-the-art weather station meant to accomplish
some general high-quality measurements and to satisfy some particular measurement
needs at the same time, the first stage consist in studying the literature available, as well
as other projects already designed with similar purpose and defining the criteria to
attend. Hence, after reading several references as Garrison [11], van der Bos [38], the
Guide to Meteorological Instruments and Methods of Observation [42], etc.; Chapter 3
gathered the most important aspects leading to design an automatic weather station
based on numerous measurement variables. Table 5.3 summarizes the sensor types
described in Chapter 3 for the different climatic variables that the AWS must measure.

Table 5.3. Sensor types for the different climatic variables measured in the weather station.

Climatic variable Sensor type

Temperature Electrical resistance thermometer (RTD)
Thermistor
Thermocouple

Humidity Chilled mirror meters

Psychometric meters
Capacitance sensors
Wind speed and direction Cup and propeller sensors
Wind direction vanes
Sonic anemometers
Solar radiation Pyranometers
Pyrheliometers

The second stage of the designing process is to carry out a deeply extensive study of
the market according to the criteria established in Chapter 3. The most suitable sensors
and interfaces are selected, also regarding to the availability and delivering conditions
of the providers. It is important to empathise that all the sensors must be able to operate
under the extreme conditions that the Finnish climate presents. This market study is
shown in Appendix A of this document. In it, several sensors for each climatic variable
are presented and an operational budget in Section A.4 is included as well.

It must be said that not just the described sensors in Appendix A were sought but
some other companies were contacted asking for interesting sensors. From some of
them, even from some companies of the presented sensors, the answer was unfavourable
due to the delivery extra costs and timing. Also the contacts and associations of the
Tampere University of Technology with national and international companies as
Vaisala and National Instruments were an important matter to take into consideration
during the designing process.

After gathering all the information and knowing the different available options, it is
time to make an assessment to decide the sensors that make the weather station. The
following lines describe the procedure carried out.
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For the ambient temperature a digital resistance thermometer is the chosen option.
Platinum RTD provides the most accurate measurement even in most extreme
conditions. This issue is especially important for the relative humidity sensor due to the
fact that, under these environmental conditions, it must be heated for a proper operation.
The closest sensors to these conditions are the Climatronics P/N 101812 G2 and the
Vaisala HMP155. However, due to the already commented relation between the TUT
and Vasiala and to the fact that it was impossible to contact a suitable provider of
Climatronics for Finland, the Vaisala HMP155 is the selected one. The HMP155 are
shown in Table A.2, in Section A.1.

The first idea for the wind speed and direction sensors was to utilize a high-quality
cup and vane wind measurement station adapted for the environmental conditions with
heating systems. It seemed the most accurate solution and also very trustable since
many currently operating weather stations use this type of sensors. Though, after
discussing the topic with some sale manager engineers, it came to light that a cup and
vane wind station would need yearly maintenance due to the environmental conditions.
Therefore, using an ultrasonic wind sensor which does not need almost any maintenance
is the most suitable option for the weather station. Since Vaisala offers a fitting sensor
and it is already decided to order the ambient temperature and relative humidity sensors
to this company, the WS425 ultrasonic wind sensor is the chosen option. The WS425
features are shown in Table A.8 (Section A.2).

The quality and accuracy requested to the solar radiation measurements entails using
secondary standard instruments or first class, in case of using a pyrheliometer. This
condition already excludes most of the instruments of the market due to the fact that
most of the commercial pyranometers are not designed for research applications but for
applied purposes. Hence, just the Kipp&Zonnen instruments are suitable for the solar
radiation measurements (for more detailed information, see Section A.3).

As commented in Chapter 3, there are two possible methods to measure the global,
direct and diffuse radiation: using a pyrheliometer mounted on a sun-tracker and a
pyranometer or using two pyranometers, one mounted with a shadowing ring. After
studying the two options, it is easy to prove that the first option is the most accurate
solution but much more expensive due to the cost of the sun-tracker (for detailed
information, see Table A.18). Thus, it is decided to build a system composed by a
CMP22 and a CMP21 pyranometers. These instruments are respectively chosen to
operate measuring the solar global radiation reaching the area and to be mounted with a
shadowing ring measuring the diffuse radiation.

5.3.3. Operating conditions monitoring system

As commented in previous sections, characterization of photovoltaic modules is based
on the observation and measurement of the current operation conditions. They generally
may be separated in two groups: power operation and climatic conditions. The latter is a
collection of variables that affect the operating performance of the modules and include
irradiance received by the panels, ambient temperature, wind speed and direction and
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operating module temperature, among others. King [16] provides several test methods
and analytical procedures for characterizing the electrical performance of PV modules
and arrays.

Just a few literature sources are available that established the criteria to design this
type of systems but there is large specific literature that provides numerous solutions.
Hence the first stage to design the monitoring system is to study several different
articles learning the solutions proposed by the authors for their own systems. The
following lines describe in detail the main purpose of the studied monitoring systems as
well as the sensors and interfaces used.

Forero et al. [10] develop a novel data acquisition system designed and implemented
with facilities for monitoring the operation of a stand-alone solar PV plant and for
measuring, acquiring and statistically evaluating the environmental variables. Their
system provides facilities to get information through measurements of environmental
and system variables. The measurements of the solar radiation are taken using a SP Lite
pyranometer of the firm Kipp&Zonen. The ambient temperature measurements are
taken with a NTC thermistor.

Durisch et al. [6] develop, test and put into operation a flexible test stand for outdoor
characterisation of single cells and modules at the Paul Scherrer Institute (PSI). A sun
tracker provides precise solar alignment for the probes. Six pyranometers CM21 of
Kipp&Zonen and two reference cells of Siemens are mounted on the tracking system.
The direct irradiance is measured using pyrheliometers Eppley mounted on separate sun
trackers developed by PSI. The ambient temperature is measured using a ventilated
radiation-shield Pt-100 sensor. A surface-temperature probe Pt-100 is arranged on the
back of the modules to measure their temperature.

Martinez Bohorques et at. [23] design, construct and test a complete temperature-
measuring instrumentation system based on precision Pt-100-type analogue sensors.
They attach the sensors to the back-side of the solar modules to measure their operating
temperature.

Koutroulis et al. [18] propose a computer-based data-acquisition system for
monitoring both meteorological data and renewable energy source system operational
parameters. The ambient temperature and humidity are measured using the Rotronic
MP100A hygrometer and the global irradiance is measured using the Delta-T GS1
pyranometer. The wind speed and direction parameters are measured with the A100R
anemometer and W200P type wind vane of Vector Instruments.

Benghanem [5] develops a low cost, autonomous remote weather data acquisition
system, using readily and easily available equipment to collect and transfer local data to
any PC equipped with an Internet connection. The measurement of solar irradiation is
dedicated to a solar cell calibrated with a pyranometer of Kipp&Zonen. For the
humidity measurement a Humirel HS1101 capacitive sensor is taken and the
temperature measurements are made with a thermistor. The wind speed and direction
are measured using the A100R anemometer and W200P wind vane of Virtual
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Instruments. Table 5.4 gathers the different sensors used in the previous studied
systems.

Table 5.4. Sensors used in the different studied systems.

Parameter Forero Durisch Martinez Koutroulis Benghanem
[10] [6] [23] [18] [5]

Ambient temp. Thermistor  Pt-100 MP100A Thermistor

Humidity MP100A HS1101

Wind speed A100R A100R

Wind direction W200P W200P

Global radiation Sp Lite CM21 GS1

Direct radiation Eppley

Module temp. Pt-100 Pt-100

In the matter of our system, the measurements of ambient temperature, humidity,
wind speed and direction are already provided by the sensors of the weather station. The
WS also provides accurate solar radiation data hence just the measurement of the
temperature of modules is missing. However, an accurate knowledge about the
shadowing conditions of each string is need, thus comprehensive mesh of solar radiation
sensors and module temperature sensors is the objective of this system.

Regarding the module temperature sensing, as well as in Durisch et al. [6] and
Martinez et al. [23], the best option is selecting an adhesive Pt-100 temperature sensor
to measure the operating temperature.

To measure the irradiance conditions of the strings, as Forero et al. [10] and Durisch
et al. [6], a Kipp&Zonen pyranometer is the chosen option. However, due to the fact
that several radiation sensors are need to provide information about the irradiance and
shadowing conditions of all the strings of the plant, a lower cost Sp Lite 2 photodiode-
based pyranometer is the selected one (for more detailed information, see Section A.3 in
Appendix A).

5.4. Automatic weather station

This section is meant to describe in detail the selected sensors that compose the weather
station including the optional systems and accessories that they need to operate such as
radiation shields, ventilation units, mounting brackets, power sources, etc. A scheme of
the global system is shown in Figure 5.2.
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Figure 5.2. Scheme of the designed weather station including the ambient temperature and
relative humidity, wind speed and direction and global and diffuse solar radiation sensors.

The sensor used for ambient temperature and relative humidity is a calibrated
HMP155. It is an instrument composed by a humidity sensor that needs to be heated so
an extra temperature probe is needed to measure the ambient temperature. Figure 5.3
shows the humidity sensor and the extra temperature probe. The sensor is ordered with
an analogical output from 0 to 10 mA. To protect both probes several radiation shields
are need, the DTR503A for the humidity sensor and the DTR502 for the temperature
probe (both shields during the mounting process are shown in Figure 5.4.) Finally, a
power supply of 16 to 28 V and 150 mA is need for the heating system. However,
instead of ordering it also from Vaisala, this power supply is provided by local
providers.

Figure 5.3. HMP155 sensor with the extra temperature probe during the mounting process.
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Figure 5.4. Radiation shields DTR503 and DTR502 joined to the pole during the mounting
process.

WS425 ultrasonic wind sensor is the chosen sensor to measure the wind speed and
direction. Figure 5.5 shows the WS425 sensor during the mounting process in the
laboratory. It provides a digital output and needs a specific interface to produce an
analogical output. A more economical model of the serial to analog converter is ordered
from Nokeval. WS425 also needs two power supplies, one to operate and another one
for the heating system. This heating system prevents from snow accumulation and
freezing of the emitters. The main features of the power supplies are voltage range from
10 to 15 V and current of 12 mA and 36 V, 0.7 mA, respective. As in the previous case,
these power supplies are from local providers.

st S S

Figure 5.5. WS425 ultrasonic wind sensor during the mounting process.
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Regarding the solar radiation sensors, as described in Section 5.2.4, CMP22 and
CMP21 pyranometers from Kipp&Zonen are used to measure the global and diffuse
radiation. These sensors need a ventilation unit to be able to operate under the
environmental conditions of the location so 2 CV3 ventilation units were ordered as
well. Figure 5.6 shows a CMP22 pyranometer mounted with the cover of the ventilation
unit and Figure 5.7 shows the heating system of the ventilation unit itself. Pyranometers
are passive sensors that do not need powering, but the ventilation units need. So another
two power supplies are need, the voltage and current of them are 12 V and 1.3 A,
respectively. Concerning the mounting issues, the pyranometer CMP22 needs a
mounting bracket and plate to be located on, while the pyranometer CMP21 is mounted
on the shadowing ring CM121C as shown in Figure 5.8.

The shadowing ring keeps the pyranometer in the shade during the entire day,
preventing the direct solar radiation to reach the sensor. As a result only the diffuse
solar radiation is measured. A regular schedule of maintenance would require manual
adjustment of the sliding bars that are connected to the actual shadow ring. Naturally,
the shadow ring intercepts also a proportion of the diffuse sky radiation. A correction
factor for this effect is recommended to be used as a refinement of the measurement. A
table of correction factors is combined with the table for sliding bar setting.

Figure 5.6. Kipp&Zonen’s pyranometer CMP22 mounted under the cover of the CV3
ventilation unit.
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el
Figure 5.8. Pyranometer CMP21 mounted on the CMI121C shadow ring with the CV3
ventilation unit during the mounting process in the laboratory.

The first idea was to mount all the sensors, except the pyranometer mounted on the
shadowing ring, on a vertical pole as shown in the scheme in Figure 5.1. However, after
discussing with the technicians of the laboratory, it was decided that the best choice is to
use two different poles to reduce the height and make easier the mounting process. One
pole will be for the ambient temperature and relative humidity sensors with their
radiation shields and another one for the CMP22 and the ultrasonic wind sensor located
on the top of it. The location of the poles is decided to be set on the highest point of the
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top-roof of the Department of Electrical Energy Engineering. On the other hand, the
CMP21 pyranometer and the shadow ring are decided to be located on a more
accessible point on the top-roof due to the need to adjust the position of the shadow ring
periodically in every two weeks.

5.5. Irradiance and temperature measurement system for
modules

The comprehensive mesh of solar radiation and module temperature sensors to provide
measurements of the operating conditions through the whole solar power plant facility is
decided to be built using photodiode-based pyranometers SP Lite 2 of the firm
Kipp&Zonen and temperature sensors Pt-100-type RTDs.

SP Lite 2 sensors are passive sensors that do not need powering or any extra
instrumentation or interfacing. They provide an analogical output and can be directly
connected to the data-acquisition system. These sensors are decided to be mounted with
the same tilt as the PV strings so they can provide the exact irradiance yielded on the
modules. A pair of sensors is mounted for each string to provide information when the
string starts and ends to be under solar radiation. In this way it is also possible to
interpolate when a cloud is partially covering the string. Figure 5.9 shows a SP Lite 2
during the mounting process.

Figure 5.9. Photodiode-based pyranometer SP Lite 2 during the mounting process in the
laboratory.

The temperature Pt-100 sensors are provided by National Instruments. A 3-wires
connection is chosen to improve the measurement accuracy and to reduce the noise.
These sensors are attached to the back-side of the photovoltaic modules so they measure
quite closely the operating temperature of the solar cells. It has been decided to install a
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temperature sensor jointly with each photodiode to obtain couples of irradiance and
module temperature measurements.

The available space on the rooftop of the department and the different obstacles for
the solar radiation made necessary to split the solar strings according to the possibilities
as can be seen in Figure 5.1. Due this matter, more than two couples of irradiance and
module temperature sensors (I-M) are needed per string. The main idea is to know the
operating conditions of each PV module. Hence two couples I-M sensors are decided to
be located for each group of solar panels. However, in case the irradiance condition of
several groups is the same there is no need to set extra I-M sensor couples. Therefore,
17 couples of I-M sensors are needed to satisfy the objective of the system and they
make the so called Temperature-Irradiance System.

There are still four solar modules that are meant to operate alone (the “Extra”
modules). The purpose of these modules is to serve prototyping and testing at low
voltages save for personnel. It was decided to install an extra I-M couple of sensors for
each of these panels: the Extra Modules System.

Thus 21 SP Lite 2 and Pt-100 sensors are respectively ordered from Kipp&Zonen
and National Instruments. Figure 5.10 shows a scheme with the location of the 21
couples of sensors through the TUT solar PV power test plant.
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Figure 5.10. Scheme of the location of the SP Lite 2 and Pt-100 sensors over the TUT PV solar
power test plant.
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5.6. Data acquisition system

After studying several possible data acquisition system architectures, as explained in
Section 3.7, a computer-based data-acquisition system is the chosen option to acquiesce
and digitalize the data provided by the sensors as shown in Figure 5.11. Due to the
current agreement of the TUT with National Instruments (NI) and that the TUT already
has the licence for the software Laibview, it was decided to use data-acquisition systems
of this firm. The next stage is to study the different solutions provided by NI for such a
system.

ULTRASONIC WIND
SENSOR

WIND SPEED MEASUREMENT (DO) >

; : WIND DIRECTION MEASUREMENT (DO) >

!

HYGROMETER

HUMIDITY MEASUREMENT (AO)
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1
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PYRANOMETERS
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é' RADIATION MEASUREMENTS (AO)

3-wire RTDs

| MODULE TEMPERATURE MEASUREMENTS (AO)

Figure 5.11. Block diagram of the TUT Measurement System.

National Instruments offers a PC-based measurements and large variety of PC-buses
and form factors, including USB, PCI, PCI Express, PXI, PXI Express, wireless, and
Ethernet. [30] According to the sampling needs of a climatic measurements system, the
first approach was using CompactDAQs and several swappable I/O modules connected
to the PC by USB connection. This suitable solution leaded to a very flexible and
economical system that allowed using specific modules to connect the sensor outputs.
However, after presenting the designed sensor system and discussing the matter with a
sales manager from NI it came up that a better solution may be using an Ethernet
connection. For this, a CompactRio data-acquisition card is needed and it perfectly suits
to the measurement system, satisfying all the requirements. The swappable I/O modules
are the same for both CompactDAQ and CompactRio systems.
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Thus, a master and slave system is decided to be used to acquire and transmit the
signals provided by the sensors. Both RIO units are acquiring and the slave unit
transmits the already digitalized data to the master. This master transmits all the
information to a PC through an Ethernet cable without interference and noise problems.
This type of acquisition system allows to locate the units to the nearest possible to the
sensors decreasing the needed cable lengths. Another benefit of using two units is that
possible future extensions of the system are allowed, just changing the I/O modules or
including more is need. The CompactRIO units and part of the I/O modules used are
shown in Figure 5.12.

Figure 5.12. Components of the data-acquisition system during the mounting process.

Regarding the selection of the necessary /O modules to acquire the signals coming
from the sensors, it is the basic need to gather all the signals and signal types to manage
them. The measurement system provides 6 analogical signals of 0 — 1 V from the
weather station, 21 analogical signals in the range of mV from the photodiodes and
measurements from the 21 Pt-100 3-wire sensors. Hence, the 28 analogical voltage
signals are acquired using 2 NI9205 I/O modules with 32 inputs each of them, one
module per CompactRIO unit. And the 21 signals from the 3-wire type Pt-100 sensors
are acquired using specific /O modules of NI for this type of sensors. Therefore, 6
NI9217 modules with 4 channels per module are ordered form National Instruments.
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5.7. Budget summary

Finally, Table 5.5 presents information about the cost of the different components of the
system divided by the supplying companies. It is important to mention that NI offered
important discounts in all the ordered devices. In this way, Vaisala’s bill reaches
5.658 €, Perel Oy’s (provider in Finland of Kipp&Zonen) one 23.694 € and NI’s one
6.262 €. The total amount of the TUT climatic measurement system purchase price
reaches 35.614 €. For more detailed information, the ordering bills can be found in
Appendix C.

Table 5.5. Budget summary of the climatic measurement system.

Company Device Units Price Total
Vaisala HMP115A 1 1,137.00 € 1,137.00 €
DTRS503A 1 312.00 € 312.00 €
DTR502B 1 300.00 € 300.00 €
WS425 1 2,889.00 € 2,889.00 €
VAT 22% 1,020.36 €
Subtotal 1: 5,658.36 €
Kipp&Zonen SP Lite 2 21 316.00 € 6,636.00 €
CMEF2 1 294.00 € 294.00 €
CVEF3 2 941.00 € 1,882.00 €
CM121C 1 2,436.00 € 2,436.00 €
CMP21 1 2,638.00 € 2,638.00 €
CMP22 1 5,535.00 € 5,535.00 €
VAT 22% 4,272.62 €
Subtotal 2: 23,693.62 €
National Instruments CRIO-9074 1 2,399.00 € -70% 719.70 €
NI 91444 1 879.00 € -10% 791.10 €
NI 9205 2 699.00 € -10% 1,258.20 €
NI9217 6 419.00 € -25% 1,885.50 €
Pt-100 21 29.00 € -25% 456.75 €
VAT 22% 1,129.21 €
Subtotal 3: 6,261.96 €
Total: 35,613.94 €
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6. PV MODULES AND SENSORS TESTING

6.1. Introduction

The aim of this chapter is to present the obtained results after testing the photovoltaic
modules and sensors. First the irradiance and module temperature measurement system
built is presented, followed by a description of the power measurement system design.
As explained in the previous chapter, this system is composed by pairs of irradiance and
module temperature sensors at the ends of each string of the power testing plant. In
Figure 6.1 a photodiode-based pyranometer can be seen mounted next to a solar
module. The pyranometers are mounted with the same tilt as the modules in order to
receive the same amount of solar radiation than the strings. Figure 6.2 shows a module
temperature sensor attached to the back-side part of the same PV module. To achieve it,
the RTDs are stuck with special glue and pushed against the module.

Figure 6.1. SP Lite 2 pyranometer mounted next to a photovoltaic string.
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Figure 6.2. Platinum RTD attached to the back-side of a PV module.

Regarding the automatic weather station and the solar radiation sensors, they must
be mounted as explained in Chapter 5. The ultrasonic wind sensor is located on the top
of a pole that also supports the pyranometer that measures the global solar radiation
received by the plant. The ambient temperature and relative humidity sensors are
located on another pole, protected by individual radiation shields that also support the
sensors. Finally, the pyranometer meant to measure the diffuse solar radiation is
mounted on the shadowing ring support.

The measurements are carried out in close collaboration within the power
electronics part of the research group. They are researching on systems to measure the
electrical performance of the photovoltaic modules. So far, they have developed a
measurement method that utilizes IGBT switch channels as electronically variable
resistors. The goal is to find a simple and reliable solution to measure the /-J curve in
laboratory conditions quickly and accurately. A scheme of the connection is shown in
Figure 6.3.

The measuring device is composed of a 1 GHz digital oscilloscope, a DC power
source, and plug-in power and voltage probes of the oscilloscope. The oscilloscope
stores in desired intervals the currents and voltages of the solar modules. Where
necessary, a traditional presentation of current-voltage curve can be plotted. Data in the
oscilloscope’s memory may be stored for later analysis. Figure 6.4 shows a picture of
the power measurement system.
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Figure 6.4. IGBT modules, cooler and power measuring connections.

The initial idea was to test the PV modules and the designed measuring system after
finishing building the climatic measuring system, always considering this objective as a
secondary objective of the project due to the delivering and mounting stages.
Eventually, it has been impossible to build the system in time to carry out a proper
testing of it for this thesis. This was due to the timescales of goods delivery and
installation, which were not part of this thesis project. It turned out that also partial
testing of the measurement system was not feasible within the timescale. Therefore, the
electrical performance of the PV power plant was measured utilizing the climatic data
measured using the facilities of the Department of Electronics.
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String voltage and current are measured to obtain the electrical performance of the
strings and their I-V curves. On the other hand, the Department of Electronics’ facility
provides ambient temperature, relative humidity, wind speed, irradiance and module
temperature data of the whole measuring days. Next sections present the measurements
and simulations carried out based on the described systems. The measurements of the
different quantities have been made at the same time thus, it is possible to match them.

6.2. Operating conditions measurements

Several power measurements have been taken during two days with very different
climatic conditions. The first measurements were taken in August, when climatic
conditions were still warm and with high amount of irradiance. The second
measurements were taken in September in a cloudy day with clear sky at some points
and at lower temperatures.

Weather measurement data from the Department of Electronics are completely
available only for the first measurement day, because the data was partially corrupted
during the second day. Particularly, the corrupted data includes the time from 6 h to
13 h. Thus the irradiance and module temperature for the second day are not available.
Hence, the irradiance received by the string is obtained by simulating the string’s
electrical performance for different irradiance values and comparing it with the
measured electrical values. Since the irradiance has a great influence on the power
generated and short-circuit current, these are the parameters that must be compared to
find the approximated irradiance received by the string.

In the first measuring day, two different strings are measured: a 17-panels string and
a 6-panels string. The latter day, this last string is measured several times with different
climatic conditions. Table 6.1 shows the dates and times when the power measurements
took place. Figures 6.5 and 6.6 show the measured irradiance (red line) and module
temperature (blue line) during the days where the measurements were carried out. The
exact moments when the power measurements take place are specified with a cyan
coloured circle.

Table 6.1. Times of the power measurements.

Measurement Date Time
M1 (6 panels) 26/08/2010 09:48
M2 (17 panels) 26/08/2010 11:20
M3 (6 panels) 06/09/2010 08:58
M4 (6 panels) 06/09/2010 12:48

MS5 (6 panels) 06/09/2010 12:53
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6. PV MODULES AND SENSORS TESTING
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Figure 6.5. Irradiance and module temperature measured in August 26" 2010.
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Figure 6.6. Irradiance and module temperature measured in September 6™2010.

Table 6.2 shows the measured climatic conditions at the specified times. As can be

checked in Figure 6.6 and Table 6.2, the calculated irradiance levels of the

measurements 4 and 5 are perfectly possible according to the irradiance level 10
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minutes after the measurements took place. The measured and simulated module
temperatures are shown in Table 6.3. These simulated module temperatures are
calculated at the climatic conditions given in Table 6.2 using the thermal model
presented in Chapter 4.

Table 6.2. Climatic conditions at the measurement times.

Measurement Irradiation Temperature  Wind speed  Humidity
M1 (6 panels) 712.30 W/m® 25.6°C 2.90 m/s 64 %
M2 (17 panels) 932.10 W/m’ 25.6°C 2.90 m/s 64 %
M3 (6 panels) 669.00 W/m’ (app.) 15.0°C 5.00 m/s 62 %
M4 (6 panels) 161.70 W/m” (app.) 15.0°C 5.00 m/s 62 %
MS (6 panels) 289.30 W/m” (app.) 15.0°C 5.00 m/s 62 %

Table 6.3. Measured and simulated module temperatures at the measurement times.

Measurement Measured Tyop Simulated Tyop Error
M1 (6 panels) 35.61°C 38.09 °C 1.45°C
M2 (17 panels) 4421 °C 42.76 °C 2.48 °C
M3 (6 panels) - 23.90 °C -

M4 (6 panels) - 17.17 °C -

MS5 (6 panels) - 18.88 °C -

There is an important thermal inertia at the modules. Sudden changes in the
irradiance do not affect too much the module temperature. In this way, the module
temperature curves are always smoother than the irradiance ones. Another aspect of this
thermal inertia is that a delay between the irradiance and module temperature appears
when the former starts changing after a long period of high or low irradiance level. As
can be seen in Figure 6.6, at around 14 h the maximum module temperature is reached
when the irradiance is already decreasing. The delay is even more important earlier,
when the irradiance increases from less than 200 to almost 1000 W/m? relatively fast.
This phenomenon produces differences between the measured and simulated module
temperatures as seen in Table 6.3. Similar delay happens when the irradiance suddenly
drops after the maximum point.

This issue produces the errors between the measured and simulated module
temperature but also will produce errors between the string performance results. The
problem is that the thermal model is meant to predict the module temperature in
stationary state without caring about the previous instant. Hence, taking into
consideration the previous temperature in calculating the influence of the climatic
parameters on the module temperature may be an improvement for the model.
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6.3. String performance measurements

For each moment specified in Table 6.1 the string voltages and currents are stored for
further analysis. During the first day, August 26™ 2010, two different strings were
tested: a 6-panels string and a 17-panels string. However, the first measurements of the
17-panels string presented problems continuosly due to the heating of the IGBTs. Thus,
during the second day, on September 6" 2010, just a 6-panels string is measured. The
stored electrical and climatic data are matched to analyse the measurements and to
compare them with the theoretical results. Several I-V and P-V curves represent the
electrical and simulated string performance in Figures 6.7, 6.8, 6.9 and 6.10. Table 6.4
gathers the electrically measured parameters for the 5 measurements and Table 6.5
presents the corresponding simulated results for both climatic situations.
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Figure 6.7. Measured and simulated I-V curves of the 6 modules string and 17 modules string
from August 26™2010.
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Figure 6.8. Measured and simulated P-V curves of the 6 modules string and 17 modules string
from August 26" 2010.

[-V and P-V curves of measurements M1 and M2 show clearly the difference
between the conditions of each measurement. On one hand, the short circuit current is
highly influenced by the irradiance received by the strings. For M1, the irradiance level
is lower (712.3 W/m?) than for M2 (932.1 W/m?), hence the Isc is also lower for M1
(6.5 A) than for M2 (7.8 A). On the other hand, the difference of the open circuit
voltage is due to the number of modules connected in series in each string. The
measured Vpc is 178 V for M1 and 499 V for M2. The maximum generated power is
also affected by this issue and the measurements show values of 779.4 W and
2527.2 W, respectively.

The simulated curves corresponding to measurements M1 and M2 show a
appropriate reasonable behaviour of the thermal module and PV generator models. The
differences between the simulated and experimental curves are relatively small, being
the greatest for the maximum power in M2. However, due to the time mismatch
between the measurements, it is difficult to evaluate them more closely.
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Figure 6.9. Measured and simulated I-V curves of the 6 modules string from September 6"
2010.
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Figure 6.10. Measured and simulated P-V curves of the 6 modules string from September 6"
2010.

I-V and P-V curves of measurements M3, M4 and M5 show better the performance
of a PV string under different operating conditions. Measurements were taken during a
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partially cloud day, hence the irradiance level was constantly changing. The rest of
climatic parameters kept approximately constant; hence irradiance is the most
significant parameter to compare the results. Change of irradiance produced difference
of 4.4 A in the short circuit current and 550.5 W in the maximum power between
measurements M3 and M4. The irradiance received by the string also affects the
efficiency of the string, which increases with increasing irradiance. This behaviour was
expected for such irradiance levels according to the results obtained in Chapter 4.

Simulations corresponding to measurements M4, M5 and M6 do not offer any
information due to the fact that the irradiance level taken for these cases was obtained
by approximating the simulated curves to the measured ones.

Table 6.4. Measured electrical performance of the strings under different climatic conditions.

Measurement Puax Isc Voc Efficiency
M1 (6 panels) 779.4 W 6.50 A 178.00 V 13.58 %
M2 (17 panels) 25272 W 7.80 A 499.00 V 11.87 %
M3 (6 panels) 7194 W 5.60 A 185.00 V 13.34 %
M4 (6 panels) 168.9 W 1.20 A 180.00 V 12.96 %
MS (6 panels) 3093 W 230 A 187.00 V 13.27 %

Table 6.5. Simulated electrical performance of the strings under different climatic conditions.

Simulation Prviax Isc Voc Efficiency Error

M1 (6 panels) 768.4 W 6.20 A 17500V 13.38% 0.19 %
M2 (17 panels) 2540.2 W 7.60 A 491.80V  11.93 % 0.06 %
M3 (6 panels) 7189 W 540 A 186.10V 1333 % 0.01 %
M4 (6 panels) 167.2 W 1.24 A 18146V 1253 % 0.13 %
MS5 (6 panels) 3102 W 232 A 18525V 13.30% 0.04 %

As can be seen in the figures 6.7 to 6.10 and especially in the tables 6.4 and 6.5
there are small differences in the results. These are produced mainly due to the poor
precision of the taken data since they could not be measured by the same system at the
same exact times. They are matched approximately afterwards, during processing of the
data. On the other hand, the already commented problem of the thermal module affects
to the results but it looses significance after taking into consideration this issue.
However, it is possible to confirm that the measured climatic and electric data
approximately match since the errors are small and the errors in efficiency are under
0.20 %.
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7. CONCLUSIONS

Photovoltaic is the most elegant way to convert solar energy into electricity and it will
necessarily play a significant role in any sustainable future for energy production. This
leads to numerous studies focusing on the performance of different PV technologies and
interfacing devices related to them. Hence, the knowledge of PV module and array
performance characterization under standard and actual operating conditions becomes
essential. For these reasons, the Department of Electrical Energy Engineering of the
Tampere University of Technology has designed and built a Solar PV Power Test Plant
composed by 69 PV modules on the rooftop of the department’s building.

The main objective of this Thesis was to design a climatic measurement system to
measure the climatic and operating conditions of the power test plant with several
purposes. On one hand, it was desired to measure accurately the climatic conditions of
the plant to be able to gather historical climatic information or to share it in real time on
the web site of the department. On the other hand, it was necessary to measure the
operating conditions of the PV modules and strings of TUT’s plant, especially regarding
to the global, direct and diffuse solar radiation yields to the panels and to the shadowing
conditions of each string. To accomplish it, an accurate automatic weather station and a
radiation and temperature measurement system have been designed. The weather station
measures the ambient temperature, relative humidity, wind speed and direction and
global and diffuse solar radiation of the plant with high precision. On the other hand, the
radiation and temperature measurement system measures the operating string
temperatures and the irradiance received by each string of the plant.

The climatic measuring system contains a state-of-the art automatic weather station
and, in parallel, a mesh of irradiance and module temperature measurements. The
weather station design is based on specific literature such as the Guide to
Meteorological Instruments and Methods of observation from the World Meteorological
Organization among others, several operating facilities and a deeply extensive market
study of the available sensors, instruments and data-acquisition systems. Regarding the
irradiance and temperature measurements, literature about operating facilities and
previous studies have been studied expensively in order to design a suitable system that
satisfy the knowledge of the operating conditions of the modules need. The data
acquisition system is based on using CompactRio data acquisition cards from National
Instruments. This leads to a very flexible and economical system that allows using
specific swappable I/O modules to connect the sensor outputs. After collecting the data
provided by the sensors, these data-acquisition cards transmit the information to a PC
through an Ethernet cable without interference or noise problems.
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A thermal model based on the climatic conditions for the PV modules has been
programmed using Matlab™ Simulink. The intention was to study the influence of the
climatic conditions on the operating module temperature and to complete the existing
photovoltaic generator model in order to study the influence of these climatic conditions
on the performance and efficiency of the solar panels as well. Simulations show a clear
dependence of the module temperature on the ambient temperature, wind speed and
irradiance conditions, while the relative humidity and the wind direction do not affect
much to the solar panels. Regarding the generated power and string efficiency,
increasing ambient temperature and wind speed causes a negative and positive
influence, respectively. However, the practical combinations of irradiance, temperature
and wind speed in real outdoor environment cause that the system has an optimum
efficiency somewhere in the mid values of these parameters. This happens regardless
the basic fact that the higher the irradiance is, the more power is generated by the
modules.

As a last reason of the thermal model, the intention was to allow the comparison of
the real and simulated string performances by measuring on the PV system once the
measuring systems were installed. Eventually, it has been impossible to build the
system in time to carry out a proper testing of it for this thesis. This was due to the
timescales of goods delivery and installation, which were not part of this thesis project.
It turned out that also partial testing of the measurement system was not feasible within
the timescale. Therefore, the electrical performance of the PV power plant was
measured utilizing the climatic data measured using the facilities of the Department of
Electronics. Measurements of module temperature and irradiance show the appearance
of a delay between the curves caused by the thermal inertia of the modules. This
phenomena was not considered in the model, which is meant to predict the module
temperature in a stationary state, thus a small error appears between the measured
module temperature and the simulated one. The same happens with the string
performance results, small errors are exposed between the measured and simulated
efficiency and generated power. However, the results still confirm the right performance
of the thermal model and measuring system.

This thesis was limited on the investigation of the climatic and operating conditions
influence on the operating module temperature and electrical performance and to the
measurement of these conditions. In order to study the electrical performance of the
strings, matching the data with the data provided by the designed climatic system, a
Labview program must be further developed to acquire the whole set of signals, process
and present it in an understandable manner. Also a power measuring system that can be
continuously operating must be completed. Once everything is carried out, further
studies over the PV systems and interfaces performance, for example, under different
shadowing conditions will be able to be conducted.
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A.1l. Ambient temperature and humidity sensors

Climatronics sensors P/N 102669 and P/N 101812 G2

Climatronics’ relative humidity and temperature sensors use a capacitive relative
humidity transducer and is specifically designed for industrial meteorological
monitoring systems.

Features:

- Low power consumption.

- Up to interfacing with data acquisition systems.

- Linear outputs: 0-20 mA or 0-1 VDC.

- Electronic temperature compensation of the
humidity element: keeps the humidity accuracy at
conditions close to condensation.

- P/N 101812 includes a Class A 100 Ohm platinum
resistance thermometer.

Table A.1. Specifications of the Climatronics’ sensors PN/ 102669 and P/N 101812 G2.

Climatronics - Sensor P/N 102669

Humidity sensor (Capacitive) Temperature sensor
Operating Range 0—100 % -40 to +60 °C
Accuracy <£15% @23°C +0.2°C
Repeatability +0.5%RH +0.1°C
Excitation Power 3.6...35VDC, 10 mA 3.6...35VDC, 10 mA
Output Range 0-100%=0-1VDC/0-20mA -40 to +60 °C =0 — 1 VDC/ 0-20mA

Active Output Load >1 kOhm for Vout >1 kOhm for Vout
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Climatronics - Sensor P/N 101812 G2

Humidity sensor (Capacitive) Temp. sensor (100 Ohm platinum RTD)
Operating Range 0—100 % -40 to +70 °C
Accuracy +1%RH +0.3°C
Repeatability +0.3%RH +0.1°C
Excitation Power 0.1°C
Output Range 4.8...26.5VDC, 10mA Resistive 4-wire connection

Active Output Load 0-100%=0-1VDC/0-20mA -40 to +70 °C=0—-1 VDC/ 0-20mA

Vaisala sensor HMP155

The Vaisala’s new Humicap Humidity and Temperature Probe HMP155 provides
reliable humidity and temperature measurements. Measuring humidity reliably is
challenging in environments where humidity is near saturation.

Measurements may be corrupted by fog, mist, rain, and heavy dew. A wet probe
may not give an accurate measurement in the ambient air. This is an environment to
which Vaisala has designed a patented, warmed probe for reliable measuring. As the
sensor head is warmed continuously, the humidity level inside it stays below the
ambient level. Thus, it also reduces the risk of condensation forming on the probe.

The HMP155 is especially designed for use in meteorological applications, such as
synoptic and hydrological weather stations, aviation, and road weather. It is also
suitable in a wide range of instrumentation, for example, recorders, data loggers, and
laboratory equipment and monitoring.

Features:
- Low power consumption. &

- Designed for a wide range of instrumentation (e.g.
laboratory equipment). ‘-f-_ﬁi Qﬂ'
- Different output possibilities: voltage, RS-485, resistive
Pt-100.

Table A.2. Specifications of the Vaisala’s sensor HMP155.

Vaisala - HMP155

Humidity sensor (Humicap 180R(C))  Temperature sensor (Pt 100 RTD)

Operating Range 0.8 -100 % -80 to +60 °C
Accuracy +1%RH @ 20°C + 0.2 °C (approx)
Excitation Power 7...28 VDC 7...28 VDC

Output Range 0-100%=0-1/5/10 VDC -80 to +60 °C = 0 — 1/5/10 VDC
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Rotronic sensor MP101A
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The MP101A is a combined humidity and temperature probe designed for out-door

applications. Sensor operates from a DC voltage and presents low power consumption.

The linear output signals are consistent with the requirements of most data acquisition

systems.
Features:

- Low power consumption, no warm-up time.

- Durable, stable sensor with low maintenance

requirements.

- Linear outputs.
- High accuracy over full range of humidity and

temperature.

- Special compensation permits up to 100m cable length.

Table A.3. Specifications of the Rotronics’s sensor MP101A.

Rotronic - MP101A

Operating Range
Accuracy
Repeatability
Excitation Power
Output Range
Active Output Load

Humidity sensor (Hygromer C94)
0.8 -100 %

+1%RH @ 20 °C

+0.3 % RH

4.8...30 VDC
0-100%=0-1VDC

> 1 kOhm for Vout

Temperature Sensor (Pt100 RTD)
-40 to +60 °C

+0.2°C

+0.1°C

4.8...30 VDC

-40to +60°C=0-1VDC

> 1 kOhm for Vout

Delta-T sensor Rht2nl

Table A.4. Specifications of the Delta-T’s sensor Rht2nl.

Delta-T - Sensor Rht2nl

Operating Range
Accuracy

Excitation Power

Output Range

Humidity sensor (Capacitive)
0-100 %

<+2% @ 23°C
5...32VDC, 2 mA
Different. Volt. /0 — 1 VDC

Temperature sensor (Thermistor)
-30 to +70 °C
+0.1°C

“3 wires” - resistance




APPENDIX A: MARKET STUDY

Rainwise sensors RH/T Standard or Precision

The RH/T sensor combines a temperature sensor with a relative humidity sensor. The
compact mounting unit provides accurate, responsive measurements wit a minimum of
hysteresis.

The temperature sensor is available in several configurations, including RTDs,
thermistors and thermocouples depending upon the requirements. The standard sensor
includes a built-in operational amplifier which provides consistency against cable length
variation and resistance to electrical noise problems. The humidity sensor is a thin film
polymer capacitor.

With the proper Rainwise interface, the RH/T can be furnished with either a RS-
232, digital or analogue output.

Table A.5. Specifications of the Rainwise’s sensors RH/T standard and precision.

Rainwise - Sensor RH/T

Humidity sensor (Thin film polymer capacitor)

Operating Range -40 to +85 °C
Accuracy +2 % RH @ 25 °C (10 — 90 % RH)
Output Range 0-1VDC
Temperature sensor Temperature sensor
(standard) (precision)
Operating Range -40 to +65 °C -50 to +65 °C
Resolution 0.1°C 0.1°C
Accuracy +0.1°C +0.1°C

A.2.  Wind speed and direction sensors

Climatronics WM-III

Climatronics’ Wind Mark III (WM-III) Wind Sensors combine accuracy and reliability.
Wind speed is sensed by a three-cup anemometer and converted to an electrical signal
by a solid-state photo chopper. A counter balanced wind vane coupled to a precision
low torque potentiometer senses wind direction. Almost any data acquisition systems
currently available on the market can be interfaced with the WM-III sensor. The WM-
IIT sensor can be obtained with a current loop output of 4 — 20 mA.

Features:
- Non-freezing, high performance wind set.
- Accurate wind speed and direction measurement.
- Low measurement starting threshold.
- Excellent linearity.
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- Fast response.

Possible analogue output signal for the wind speed sensor with Current Loop Wind
Sensors P/N 101908 is available.

Table A.6. Specifications of the Climatronics’ sensor WM-II1.

Specifications

Wind Speed Sensor Wind Direction Sensor
Accuracy +0,11 m/sor 1.5 % + 3 degrees
Threshold <0,45 m/s <0.45 m/s
Distance Constant <2,4/4.6m <2.4/46m
Damping Ratio N/A >0.4 t0 0.6 at 10°
Operating Range 0to 75 m/s 0 to 360°
Signal Output Frequency proportional Analogue
Power Requirements 5-15VDC (1 mA) Max 5 mA (2 Kohms)

Operating Temperature ~ -40 to +60 °C
Sensor Heater 20 W

Vaisala WA25 Wind Set

The Vaisala Wind Set WA2S5 is a high-quality cup and vane wind measurement station
designed for arctic conditions. It consists of an anemometer WAA252, a wind vane
WAV252, an optional cross arm, a power supply and cabling.

Most of the heating power is consumed where it is needed most — in the cups and
vane. Foil heaters, integrated into the cups and vane, prevent snow buildup and ice
formation. Heating power is also supplied to the sensor shafts, bearings and bodies.

The WAA252 is a fast-response, low-threshold anemometer. The output pulse rate
is directly proportional to wind speed. However, for the highest accuracy, the
characteristic transfer function should be used to compensate for starting inertia.

The WAV252 is a counterbalanced, low threshold,
optoelectronic wind vane providing a 6-bit GRAY-
coded message. L_

Features: “"

- Non-freezing, high performance wind set. -

- Accurate wind speed and direction measurement. - _— wl®
) e '“"1‘_

- Low measurement starting threshold. y

- Excellent linearity.
- Fast response.

Vaisala Wind Transmitter WAT12 is an economic solution to a standard interface
between Vaisala’s wind sensor and computer with analogue inputs. The transmitter
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converts the wind speed and direction data measured into two analogue current loop
signals respectively. The power to the sensors is also supplied through the WAT12 unit.

Table A.7. Specifications of the Vaisala’s WA25 wind set sensors.
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Specifications
Wind Speed Sensor Wind Direction Sensor
Accuracy +0.17 m/s <+ 3 deg.
Threshold <0.5m/s <0.4 m/s
Distance Constant 2.7m 2.7m
Damping Ratio N/A 0,3
Operating Range 0.4to 75 m/s 0 to 360°
Signal Output Frequency proportional 6-bit GRAY
Power Requirements 24 VDC + 10 % (3.2 A max.) 24 VDC + 10 % (2.1 A max.)

Operating Temperature ~ -55 to +55 °C

Vaisala WS425

The Vaisala Ultrasonic Wind Sensor WS425 gives meteorologists an alternative to the
cup and vane mechanical sensors. The WS425 has no moving parts, and is resistant to
contamination and corrosion. In addition to improving accuracy and the reliability of
data in all wind conditions and climates, the WS425 eliminates on-demand and periodic
maintenance.

The WS425 uses ultrasound to determine horizontal wind speed and direction. The
measurement is based on transit time, the time it takes for the ultrasound to travel from
one transducer to another, depending on the wind speed. The heated model has
thermostatically controlled heaters in the transducer heads to prevent freezing rain or
snow build- up. The standard model operates with a low current 10 ... 15 V supply. For
the heated model, an additional 36 V supply is used for heating.

Features:

- Superior data availability and accuracy in all wind directions
due to the patented three transducer layout.

- No maintenance needed.

- Effects of temperature, humidity and pressure fully
compensated.

- Large transducer heads are insensitive to rain.

- RS232/485/422, SDI-12 and analogue outputs.

- Operates with 10 ... 15 VDC, additional 36 VDC required for
heated model.

- Stainless steel as standard sensor material.




APPENDIX A: MARKET STUDY

Table A.8. Specifications of the Vaisala’s sensor WS425.

Specifications
Wind Speed Sensor Wind Direction Sensor
Accuracy +0.135 m/s + 2 deg.
Threshold 0 m/s 0 m/s
Distance Constant 0m 0m
Resolution 0.1 m/s 1 deg.
Operating Range 0 to 65 m/s 0 to 360°
Signal Output Digital / Analogue Digital / Analogue
Power Requirements 10—15 VDC (12 mA typ.)
Heating Power Requirements 36 VDC (0.7 A)
Operating Temperature -55to +55°C

Delta-T Anemometer AN1 and Wind Vane WD1
Table A.9. Specifications of the Delta-T’s sensor wind vane WDI.

Specifications

Wind Speed Sensor Wind Direction Sensor
Accuracy +1% 0.3 deg.
Operating Range 0.2 to 75 m/s 0 to 358°
Signal Output Digital (0-60Hz) / Analogue Resistive (0-10000hm)
Power Requirements None None
Operating Temperature -30 to +50 °C -50 to +70 °C

Rainwise Aervane

The WeatherLog Aervane is designed to meet or exceed the EPA guidelines for
regulatory modelling applications. The direction is obtained

through an optical resolver with no “dead band”. The s
resolution and accuracy are * 1 deg. s |
‘jsih‘msm"c A

A Rainwise interface can provide an RS-232 output or any
desired analogue output including 4-20 mA, 0 — 1 VDC, etc.
Features:
- Accuracy traceable to NIST.
- No direction dead band.
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Table A.10. Specifications of the Rainwise’s Aervane.
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Specifications
Wind Speed Sensor Wind Direction Sensor
Accuracy +1% 1 deg.
Threshold <0,36 m/s <0,5 m/s
Distance Constant 3m 3m
Damping Ratio N/A 0,53
Operating Range 0to 75 m/s 0 to 360°
Signal Output Analogue Analogue

A.3. Solar sensors

Climatronics solar radiation sensor

Suitable for the measurement of solar irradiance on a plane surface, the solar radiation

sensor is designed to output a mV signal that is directly proportional to the incoming

solar irradiance. This high accuracy pyranometer incorporates a radial 64 thermocouples

sensing element, imprinted on a thick-film substrate, housed under Schott glass domes.

Features:
- First-class Pyranometer (WMO).
- Good cosine/directional response.
- Excellent long-term stability.
- Good linearity.

— -y ry
- Fast response. e "j'

- Low dome thermal offset error.

Table A.11. Specifications of the Climatronics’ solar radiation sensor.

Specifications
ISO Classification First Class Sensitivity 9to 15 uV/W/m’
Response (95%) 18s Impedance 70 to 100 Ohm
Zero offsets Level accuracy 05°
th, I radiati
(zgrorr;/;az)la on + 15 W/m? Operating temperature ~ -40 to +80 °C
Spectral 50 %
Temperature change (5K/hr) +4 W/m? P .ec al range ( ’ 305 to 2800 nm
points)
Non-stability (change/year) +1 % Typical signal output 0to 25 mV
Non-li ity (0 - 1000
on 21near1 y( +12% Maximum irradiance 2000 W/m®
W/m”)
Directional error (at 2 Expected daily
+20 W/ +1%
1000W/m’ beam) o accuracy ’
Temperature dependence of +2 % (-10 to Tilt error (at 1000 1159
. 0

sensitivity +40°C) W/m?)




APPENDIX A: MARKET STUDY

Delta-T Sunshine Sensor BF3

The BF3 Sunshine Sensor measures global (total) and diffuse radiation, and sunshine
duration. It uses an array of photodiodes with a unique computer-generated shading
pattern to measure incident solar radiation. A microcontroller calculates the global and
diffuse components of the radiation and the sunshine state. Direct beam is calculated
from Total minus Diffuse.

Two analogue voltage outputs are provided for the Global and Diffuse radiation.
The sunshine state is represented by a digital output. Power for the sensor comes from
internal alkaline batteries or alternatively from external excitation.

Features:

- Measures Global and Diffuse radiation.

- No routine adjustment or polar alignment. -

- Works at any altitude.

- No moving parts, no shade rings and no motorised
tracking needed.

- Outputs can be set to Energy (W/m”), PAR
(umol/m/s) or Lux.

- Second class pyranometer.
- Optional heated version.

Table A.12. Specifications of the Delta-T’s sunshine sensor BF3.

Specifications

ISO Classification Second Class

Operating Temperature -20 to 70 °C

Temperature coefficient +0.15% /°C

Input Voltage 5-15VDC

Accuracy: Total radiation +12 %

Accuracy: Diffuse radiation +15%

Resolution 0.3

Spectral Response 400 - 700 nm

Signal Output 0 - 1250 W/m” = 0-2500 mV

Heater power 18W at 12 VDC, 1.5 A
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Delta-T Sunshine Pyranometer SPN1

The Sunshine Pyranometer is a patented, meteorological class instrument, with a built-
in heater, designed for long-term outdoor exposure. It is an affordable alternative to
shade-rings pyranometers, pyrheliometers and sunshine recorders.

Pyranometer SPN1T needs no routine adjustment or polar alignment and works at
any latitude. It uses an array of seven miniature thermopile sensor and a computer-
generated shading pattern to measure the direct and diffuse components of incident solar
radiation. The shading pattern and thermopiles are arranged so that at least one
thermopile is always fully exposed to the solar beam, and at least one is fully shaded
from it, regardless of the position of the sun in the sky.

The Sunshine Pyranometer provides 2 analogue voltage outputs for global and
diffuse radiation, and a digital output for sunshine duration. An internal heater keeps the
dome clear of dew, ice and snow down to -20 °C (in still air conditions), ensuring
reliable readings in difficult climatic conditions.

Features:

- Measures Global and Diffuse radiation.

- No routine adjustment or polar alignment.

- No moving parts, no shade rings and no motorised
tracking needed.

- Precision ground glass dome

- Wideband thermopile sensors.

- Near ideal spectral and cosine response.

- Good quality pyranometer (first class).

Table A.12. Specifications of the Delta-T’s sunshine pyranometer SPN1I.

Specifications

ISO Classification First Class Sensitivity 9to 15 uV/W/m’
Response (95%) <200 ms Impedance 70 to 100 ohm
Zero offsets Operating temperature ~ -40 to +70 °C
dark reading <3 W/m’ Spectral range 400 to 2700 nm
temperature change (5K/hr) <3 W/m? Typical signal output 0to 2500 mV
Non-stability (change/year) +1 % Maximum irradiance >2000 W/m®
Non-linearity <1% f;ller(::; daily +£5%
Temperature dependence of £ 0,02 % (-20 to Power requirement 510 15 VDC

sensitivity +70 °C)
Tilt error Negligible Heater control 20 W
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Kipp & Zonen Pyranometers

Pyranometers are radiometers designed for measuring the irradiance on a plane surface
resulting from radiant fluxes in the wavelength range from 300 to 3000 nm. Kipp &
Zonen supplies a full range of pyranometers and accessories, according to the ISO 9060
and World Meteorological Organization (WMO) standards. Common characteristics of
the pyranometers are robustness, and good weather performance.

The instruments do not require power and are all supplied with calibration
certificates that are traceable to WRR (Word Radiometric Reference). The combination
of a pyranometer and shadow ring CM 121B offers a simple solution to the problem of
measuring diffuse radiation from the sky. The shadow from the ring covers the
pyranometer dome completely. The ring will not need adjustment for several days.
Some pyranometers may include a Pt-100 temperature probe.

Table A.13. Specifications of the Kipp & Zonen’s pyranometers.

Specifications
CMP 22 CMP 21 CMP 11 CMP 6
. . Secondary Secondary Secondary .
I lassificat First Cl
SO Classification Standard Standard Standard irst Class
Response (95%) 5s 5s 5s 18 s
thermal radiation 5y, 2 =7 W/m’ =7 W/m’ + 15 W/m?
(200W/m"®)
temperature 2 2 2 2
+1 W/ +2 W/ +2 W/ +4 W/
change (5K/hr) o o o m
Non-stabilit
on-StILy £0.5% £0.5% £0.5% =1 %
(change/year)
Non-linearity (0 -
+0.2 % +0.2 % +0.5% +1%
1000 W/m?) ° ° ’ °
Directional error
(at 80° with +5 W/m? + 10 W/m? + 10 W/m? +20 W/m?
1000W/m’ beam)
Temperature

dependence of
sensitivity

Tilt error (at 1000
W/m?)

+0.5 % (-20 to
+50 °C)

+0.2%

+1% (20 to +5
OC)

+0.2%

+1 % (-10 to +40
OC)

+0.2 %

+4 % (-10 to +40
OC)

+1%

Sensitivity 7to 14uV/W/m*  7to 14uV/W/m*  7to 14 uV/W/m> 5 to 16 uV/W/m?
Impedance 10 to 100 Ohm 10 to 100 Ohm 10 to 100 Ohm 20 to 200 Ohm
Level accuracy 0.1° 0.1° 0.1° 0.5°
Operating 40 to +80 °C 40 to +80 °C 40 to +80 °C 40 to +80 °C
temperature
Spectral range (50

] 200 to 3600 nm 310 to 2800 nm 310t0 2800 nm 210 to 2800 nm
% points)
Typical signal

ypical signa 0to 15 mV 0to 15 mV 0to 15 mV 0to 15 mV

output

92



APPENDIX A: MARKET STUDY

Maximum
. X. g 4000 W/m2 4000 W/m2 4000 W/m2 2000 W/m2
irradiance
Expected daily 19 o9 o9 150,
accuracy

Scientifi h Meteorological Good qualit

01er.1 1 ic researc eteorologica Meteorological ood quality

requiring the networks, networks. PV measurements for

Recommended highest level of reference ; hydrology
L. . panel and thermal
applications measurement measurements in ) networks,
. collector testing,
accuracy and extreme climates, greenhouse

materials testing

reliability polar or arid climate control

Kipp & Zonen Pyrheliometer CHP1

CHP 1 is a new pyrheliometer that builds on the legacy of the CH 1, offering the
reliability and durability of its predecessor together with important improvements. The
detector is similar to that used in the CMP 21 and 22 pyranometers, which minimizes
the influence of ambient temperature fluctuations and provides a fast response time.
Both Pt-100 and 10 k thermistor temperature sensors are fitted as standard, to allow use
of the individual temperature response data supplied with each CHP 1. Due to the signal
cable connector and screw-in desiccant cartridge the new design is easy to install and
maintain. The specifications exceed ISO and WMO performance criteria for First Class
Normal Incidence Pyrheliometers. Every CHP 1 is supplied with a calibration certificate
traceable to the World Radiometric Reference.

CHP 1 is the best all-weather pyrheliometer available for continuous measurements
of direct solar radiation and exceeds the specifications for high end solar radiation
networks, such as the Baseline Surface Radiation Network (BSRN). For research into
photovoltaic systems and materials, accurate direct solar irradiance data is needed.

A pyrheliometer needs to be pointed at the sun at all times so that the solar disk
always falls within the field of view of the instrument. Kipp & Zonen sun trackers
provide a stable mounting to keep the pyrheliometer pointing at the sun to accurately
measure the direct solar radiation.

Table A.14. Specifications of the Kipp & Zonen’s pyrheliometer CHP].

Specifications
Maximum irradiance 4000 W/m* Sensitivity 7 to 14 uV/W/m>
Response time 5s Impedance 10 to 100 Ohm
Non-stability (change/year) 0.5 % Level accuracy -
Non-linearity (0 - 1000

on 21near1 y( 0.2 % Operating temperature ~ -40 to +80 °C
W/m?)
D%rectional err(;r (at 80° <10 W/n Spfactral range (50 % 200 to 4000 nm
with 1000W/m” beam) points)

0.5 % (-20 to +50

Temperature dependence °C)

Typical signal output 0to 15 mV
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Kipp & Zonen Photodiode SP-Lite2

SP Lite2 is designed for all-weather measurement of solar radiation. It has a specially
shaped Teflon diffuser that gives very good directional response and is largely self-
cleaning. The detector is a silicon photo-diode, so the
spectral response is not as broad or flat as in CMP series
pyranometers with thermopile detectors. The standard cable
length is 5 m with an option of 15 m. The mounting flange
incorporates a bubble level and 3 adjustment screws for
easy levelling. A threaded hole takes the accessory screw-in

mounting rod for fitting to masts and poles.

Table A.15. Specifications of the Kipp & Zonen’s photodiode SP Lite 2.

Specifications

ISO Classification First class Sensitivity 60 to 100 uV/W/m?
Response time <<ls Impedance 50 Ohm
Non-stability (change/year) <2 % Level accuracy -

I\\IV(;;i;nearity (0- 1000 <1% Operating temperature ~ -30 to +70 °C
i w0 o0
Temperature dependence ;(7)0105 CO;O (-30t0 Typical signal output 0 to 100 mV
Maximum irradiance 2000 W/m? Detector Silicon photo-diode

A.4. Operating budget

Table A.16. List of prices of the temperature and relative humidity sensors.

Temperature / Humidity Sensors

Climatronics P/N 102669 -
Climatronics P/N 101812 G2 -

Vaisala HMP155 1,137.00 €
Vaisala DTR503A (radiation shield) 312.00 €
Rotronix MP101A -
Delta-T RHT2nl 882.00 €

Rainwise RH/T 695.50 €




APPENDIX A: MARKET STUDY

Table A.17. List of prices of the wind speed and direction sensors.

Wind Speed and Direction Sensors

Climatronics WM-III

Vaisala WA25 4,489.00 €
Vaisala WS425 2,889.00 €
Vaisala DTR503A (radiation shield) 312.00 €
Delta-T AN1-03 (anemometer) 910.00 €
Delta-T WD1-03 (wind direction) 1,032.00 €
Rainwise Aervane 1,906.00 €
Table A.18. List of prices of the solar radiation sensors.
Solar radiation Sensors
Climatronics Solar Radiation Sensor -
Delta-T BF3 1,586.00 €
SPNI1 4,022.00 €
Kipp & Zonen SP Lite 2 Photodiode 381.84 €
CMP6 - 25 m cable 1,406.37 €
CMPI11 - 25 m cable 2,066.82 €
CMP21 - 25 m cable 2,638.47 €
CMP21 - 10 m - Pt100 2,669.55 €
CMP22 - 10 m cable 5,439.00 €
CMP22 - 25 m cable 5,535.57 €
CMP22 - 10 m - Pt100 5,566.65 €
CM121C (Shadow Ring) 2,436.45 €
CHP1 Pyrheliometer 2,608.50 €
Solys 2 Sun Tracker 10,545.00 €
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APPENDIX B: TUT SOLAR PV POWER STATION

TEST PLANT
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Figure B.1. TUT solar PV power station test plant layout.
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Technical Description NQDS |

Photovoltaic Module NP190GKg
Product Code: 13189

54 polycrystalline Si solar cells
Main application: grid PV systems

Module Electrical Performance under Standard Test Conditions

Refers to standard test conditions of 1000 Wm ° sofar iradiance, 25°C cell temperature, Air Mass 1.5
Note: Maximum power paint is subject to +5WEROW variation. Al ather values are typical and for giidance onfy.

Maximum Power Point: 190 Watts, 7.33 Amps at 25.9 Volis.
Short Circuit: 8.02 Amps. Open circuit: 33.1 Volts.

Dimensions and Weight all dimensions +/~ 2mm, weight approximately +/-0.3kg
Length: 1475mm.  Width: 986mm. Thickness at edge: 35mm. Weight: 19.5kg

Construction

Top cover material: low iron tempered glass 4mm Rear cover material: PYDF-PET-PVDF
Encapsulant {lamination material): EVA Frame: anodised aluminium
3 factory-fitted bypass diodes 1 junction box type §1410-2

2 x 1m cables 4 sg mm

Integral mounting heles  Along length: 790mm centre to centre, 342.5mm centre to module edge.
4 holes, size 7mm. Across width: 943mm centre to centre, 21.5mm centre to module edge.

Cell circuit

Cell dimensions: Length (tab direction) 158mm. Width: 158mm.
Electrical circuit: 54 cells in series

Cell layout: 6 rows, each row is 9 cells long.

Normal Operating Cell Temperature (NQCT}
46°C error in measurement around +-2°C
Cell temperature at 800Wm 2 solar irradiance, 20°C ambient temperature, wind speed <=1ms V., free air access to rear.

Efficiencies based on Standard Test Conditions Rating

Module: 13.1% Laminated area: 13.2% Cells alone: 14.5%
Note: Standard Test Conditions efficiency figures shouid only be used o compare one modtie with
ancther. These efficiency figures do not apply to actual field perfomance, for which a carefif analysis
of eperating condilions is necessary fo determine the effects of module temperature and other factors.

Specifications may change due to Naps policy of continuous product improvement.
FPlease check current specification befare purchasing.
fnfarmalion fast updated: 14-Sep-09

Naps Systems Oy, Pakkalankuja 7A, FIN-01510 Vantaa, Finland
Tel +358 20 7545 666, Fax +358 20 7545 660, www.napssystems.com

Figure B.2. PV module NP190GKg from Naps Systems technical description. [29]
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Figure B.3. Photovoltaic strings electrical connection.
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TUT SOLAR ARRAY WIRING
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Figure B.4. Photovoltaic strings connection scheme.
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Figure B.5. Photovoltaic module position scheme.
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Figure B.6. TUT solar PV power station test plant 1.
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Figure B.7. TUT solar PV power station test plant I1.
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Figure B.8. TUT solar PV power station test plant IIL.





