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Resumen (Spanish)

El presente informe describe el proceso de disefio de un sistema de monitoreo para una Planta
de Verificacion Fotovoltaica que pretende ser implementada en el Proyecto Las Nubes,
proyecto desarrollado por el autor de esta tesis con la ayuda de Sustainable Energy Initiative
(Iniciativa de Energia Sostenible) y el proyecto Las Nubes, que operan bajo la coordinacion
de la Facultad de Estudios Ambientales de la Universidad de York, en Toronto Canada. La
zona tropical cuenta con excelentes condiciones para la utilizacion de la energia solar
fotovoltaica. Sin embargo, toda la informacion técnica dada por los fabricantes es obtenida
bajo pruebas de laboratorio, bajo condiciones ideales. El verdadero comportamiento de un
maodulo fotovoltaico puede diferir mucho de este comportamiento previsto, y para EIl Tropico,
se desconoce dicho comportamiento. Esta informacion es de mucha utilidad al usuario final
para poder estimar el tiempo de retorno de la inversion para los distintos modulos
fotovoltaicos. Por esta razon, fue desarrollado un sistema de monitoreo que serad
implementado en esta clase de estudios, de acuerdo a lo establecido por las normas IEC
61724 y IEC 61853. El sistema permite recolectar informacion sobre la salida de potencia
del moédulo fotovoltaico y envia la informacion a un equipo de computo, para realizar analisis

maés detallado.

El entregable final es un prototipo funcional que servira para realizar futuros estudios. Y en
un trabajo adicional se disefid una estructura de montaje para la Planta de Verificacion
Fotovoltaica.

Palabras clave: Mediciones de campo, rendimiento fotovoltaico, fotovoltaico, energia solar.



Abstract

The present report describes the design of a monitoring system for the Photovoltaics
Performance Verification that will implemented in Project Las Nubes, developed by the
author of this thesis within the Sustainable Energy Initiative and Project Las Nubes inside
the Faculty of Environmental Studies of York University based in Toronto, Canada. Tropical
zone has a good conditions for the implementation of photovoltaic energy. However, all the
information provided by the manufacturer is obtained under ideals conditions. But the final
energy yield of a photovoltaic module has a different behavior under real conditions and the
actual performance of photovoltaic cells is unknown at tropical latitudes. This information
really meets the requirements of the end user who wants to estimate the pay-back time of his
investment for different module types. For this reason was development a monitoring system
that will be implemented in this kind of studies following the standards IEC 61724 and IEC
61853. The hardware can collect the information of the output power and the environmental
conditions of the PV module and send the information to the computer for future analysis.
The final deliverable is a testing model that is going to be used for further studies. An
additional work will be developed designing and a preliminary mounting structure for the

Performance Verification Plant.

Keywords- Outdoor Measurements, Performance, Photovoltaics, Solar Energy.
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Chapter 1 Introduction
This chapter aims to give a general overview of the project, its context, the problem and how

it is going to be addressed to the main objectives.

1.1. Context of the project

During the last years, the energy sector has been influenced by new trends in its search for
alternative solutions in generation sources. [1] This search tries to improve the environmental
impact generated by this activity. Solar energy is one of those energy sources has grown
exponentially in recent years, as it is shown in Figure 1-1. And this is the energy source that
this project will be focus, with emphasis in photovoltaics energy.
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Figure 1-1. The global installed photovoltaic capacity [2]

Costa Rica is not an exception in this upward growth. The most recent estimation, as a result
of the "Plan Piloto de Generacién Distribuida ICE", indicates the capacity in Costa Rica
approaches to 11 MW [3]. In the next few years, solar energy has a lot of opportunities for
further increase, but depends on the approval of regulations [4]. At present, the most
important regulation in process is POASEN. [5]. To do a more professional work in this area,
it is necessary to create methods for generating a reliable information about the real behavior

of photovoltaics (forward call like PV) modules under conditions in Costa Rica.



To determine the PV performance, it is necessary to complement the datasheet information
obtained with the statement of electrical performance under Standard Test Conditions (STC)
[6]. STC determining V-1 curve and electrical output characteristics under the next
conditions, which will be explained in next section (Irradiance 1000 W/m2, Air Mass 1.5
global and operation temperature of 25°C). This test provides the information that is found
on the manufacturer datasheets. The main problem of these measurements is that none
provided real information about the real energy yield of a PV module, because the data is
obtained in simulation laboratories. In addition, a PV module has no-lineal characteristics
that depends, in no-lineal form, on environmental variables like temperature and irradiation.

These variables in real conditions are not constant, as they are in the STC tests. [7].

A real outdoor measurement meets the requirements of the end user and helps them to
estimate the payback time of this investment. Also, helps to know which technology has
potentially the highest energy yield (kW/Wp), based in standard IEC 61724 and IEC 61853,
and predicts for how many years the module will produce energy.

For these reasons, the Faculty of Environmental Studies of York University in Toronto
Canada, under the coordination of Sustainable Energy Initiative [8] and Project Las Nubes
[9] want to development a Photovoltaics Performance Verification Plant (PVPV) at the
location of conservation area Las Nubes, in Santa Elena de Peréz Zeleddn, Costa Rica. The
location of the project is illustrated in figure 1-2.

Figure 1-2 Location of Project Las Nubes [9]



This proposal is inspired at the PVPV development at Kortright Center of Conservation
located at VVaughan, Ontario Canada, a 12 km from the university [10] [11]. This project is
under the program of Sustainable Technologies Evaluation Program. Since 2012, PVPV
works, among many other functions, in characterizing the behavior of 20 PV modules, which

are available in the local market.

It is also important to mention that the literature has a lot of sources about this kind of the
PV Performance, but all the data are located in latitudes away from the Tropical Zone(23°N-
23°S) and thus from Costa Rica. Costa Rica is located in a special zone on the Earth, where
the Sun irradiation arrives perpendicular to the surface. In addition, Costa Rica has a very
high irradiation ranging from 1700 to 2100 W/m?/year and a lot of opportunities to harness
the solar resource. [12]

To collect this data some system of monitoring is necessary. For this reason York University
wants to development this system. There is no research background in the development of

this monitoring system at York University. And this is the main topic of the present thesis.

The project of this thesis took place in the Sustainable Energy Initiative, located in York
University, Toronto Canada. Under the supervision of Jose Etcheverry PhD and Felipe
Montoya Greenback PhD with the support of Lassonde School of Engineering located at the

same university.



1.2. Problem Synthesis
It is required to develop a monitoring system for the Performance Verification Photovoltaics

Plant in project Las Nubes.

1.3. Solution Approach

The solution is intended to be found with the use of concurrent design methodology [13].

Figure 1.2 illustrates this concept.

Requirements ':"Iﬁalu;;i;&
Necessity
Planning Implementation
. Deplyoment
Evaluation Testing

Figure 1-3 Iterative method in concurrent design

For the implementation, it is important to understand that the final product can always be
improved until it meets all the requirements and needs. In this case, the problem to solve does
not a preliminary background or prototype in the university, which involves developing the

methodology of the searching solution from the beginning.

According to the requirements that, will be analyzed in the next section, it is necessary to
solve little problems and then join all the parts into a general solution following the process

known as bottom up. A general solution has been presented in Figure 1-4.
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Figure 1-4. Overview of the solution

According to the last figure, some sub-systems to be designed are:

Data Collection: The basis of the PV outdoor measurements is the acquisition of data
appropriate for further processing. This process involves the selection of the sensor according

to the nature and need to be sensed value.

Data Pre-processing: Later data acquisition process is necessary to order the information
received and prepare that for the next stage. In this step, the most important point is the
operation of a microcontroller.

Sending Data: Since measurements are made outside, where very robust equipment cannot
be placed, it is recommend to send the information to a data center, where the information

can be process and stored.

Computer System: In this point, the solution need to tabulate the information. It is important

to process the information according to the standards and desired results.

Data Visualization: Finally, the visualization of the process data is the key to further assess

the performance verification of the PV modules.



1.4. Objectives

1.4.1. General Objective

Design a monitoring system for Photovoltaics Performance Verification Plant, to be installed

in project Las Nubes, which can obtain the necessary parameters for the evaluation of PV

modules.

b)

d)

1.4.2. Specific Objectives

Design an electronic system for acquisition, processing and display data needed to
study the performance of solar panels deployed in a Photovoltaics Performance
Verification Plant.

Assembly the subsystem in a testing model, for field testing.

Design the mechanical structure for mounting the solar panels to be measured.
Formulate a methodology for the implementation of the system in a Photovoltaics
Performance Verification Plant at Las Nubes.



Chapter 2 Literature Review

This chapter aims to show all the theoretical implications of this project also it serves as a
starting point for the conception of the solution. The fundamentals of PV modules are
introduced with the objective to having a better understanding of the characterization process

and also, the state of art in outdoor measurements for a PV performance verification plant.
2.1 General Aspects about Solar Photovoltaic Energy

Solar Photovoltaics Energy has a long history in the development of its technology, since the
discovery of the photoelectric effect by Alexandre Becquerel in 1839. For this project, it is
necessary to explore the basics of this technology, focused on solar cells and modules, which

are the main part of a PV system.
2.1.1 Photovoltaics Fundaments

Photovoltaics (PV) is the technology that generates direct current (DC), electrical power
measurement in Watts (W) from semiconductors when they are illuminated by photons [14].
Solar cells are formed by semiconductors materials which have typical characteristics in the
electron structure in the valence band. When the cell is excited by light, in this case from the
Sun, the energy exceeds a bandgap energy and some electrons are free to move to the
conduction band. In this process, the solar cells produce electricity [2]. Figure 2-1 illustrates
the solar cell model.

Free (mobile) High (free) energy
. electrons electrons
Conduction band (CB) . .
(excited states)
Contact to CB
(negative)
Photon e Band gap
Contact to VB Valence band (VB)
(positive) (ground states)
."‘ O 0O O OSSOSO OSESNODS

LR BB B
OSSP O BSOSO BOOOSDSNPOSDS

External load
(electric power)

Figure 2-1. Solar cell model [14]



Solar cells are the basic units on PV systems. A set of solar cells connected is called a PV
module. A PV module is the best known component of the PV systems. The variety of
fabrication technologies is large and has different sizes and electrical values according to the
manufacturer strategy and the application required. However it is possible to join up the
technologies in three main groups. Each group is categorized according to the materials and
junction techniques applied. Also, each group can be located in a historic line based on the
time of onset. For more details about each technology, refer to [2] [14] [15]. Figure 2-2 shows

a general schematic of this classification.

PV Technologies

First Generation Second Generation Third Generation

o Thin film Emerging PV
Silicon Cells 9ing
Cadmiun Telluire Oligomers
CIGS Polymeters
Amorphus Silicon DSSC (Hybrid)

Mono-crystalline
Poly crystalline
Ribbon

Figure 2-2 PV Technologies

Nevertheless, it is possible to define a general anatomy for a PV module. The PV modules
are made by connecting numerous cells in series, parallel or series/parallel configuration [16].
A general description is a model of layers, where traditional started with the back sheet, there
Is the general support of the structure. Later, the PV cell is covered by an encapsulated sheet.
And finally, all the layers are covered by a glass layer, which protect all the materials inside.
A good selection of these components is necessary to obtain a good performance of a PV

module. Figure 2-3 shows a general PV module anatomy.
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Figure 2-3 A PV module general anatomy [16]

2.1.2 Solar Cells Parameters

Solar cells have electrical parameters that allow to describe the performance of the cell
operation. Characterization between technologies can be different. [17] However, the
following characteristics can be found in all the manufacturer datasheets. It is necessary to

explain, the following mathematical expressions are obtained for the ideal model.

Short circuit current density (Jsc): The short circuit current (lsc) is the current flowing in
the external circuit when the solar cell is a short circuited. This parameter depend of the area
of the solar cell. For this reason, is commonly used the term short circuit current density, in
order to remove the dependence of the area [2]. The short circuit current density depends on
the photon flux density incent in the solar cell. Also, the Short Circuit current density is
related with the optical properties of the solar cell like absorption and reflection process. Jsc
can be expressed in the equation (2-1):

Jsc =qG(L, + Lp)

(2-1)



Where G is the generation rate and Lnand Lp are the electron and hole diffusion lengths
respectively. For crystalline silicon solar cells under and AM?! 1,5 spectrum a maximum
possible current above 42,7 mA/cm?[18].

Open Circuit Voltage (Voc): The open voltage circuit is the voltage at no current flows
through the external circuit. There is the maximum voltage that a solar cell can deliver. The
equation (2-2) describes the Voc and it can be found by setting the net current equal to zero:

kT
VOC = ?11’1 (%'*’ 1)

(2-2)

This equation shows that Vo depends of the photo-generated current density and the light
generated current. The Vo for commercial silicon high performance cells exceeds the 700
mV under the standard of AM 1.5. [18]. But normally this value is around 600mV.

Fill factor (FF): This parameter indicates the maximum power of solar cells. There is the
ratio between the maximum power from the solar cell and the product of the Open circuit
voltage and short circuit current density. Equation (2-3) illustrates this relationship:

— ]mp Vmp

FF
]SCI/OC

(2-3)

It is necessary to observe that product JmpVmp is the maximum power of the solar cell (Pmax).
Figure 2-4 shows a typical electrical curve for PV panels. In this curve is possible to see that
the relation between Isc and the Voc has a decrease in the maximum power point (Mpp)
because the values of Isc and Vo are not obtained in real operation with electrical load. For
this result, at Mpp it is possible to derivate to values Impp and Vmpp Which are the maximum
power point current and voltage respectively. The most common control strategies for a PV
system is to try to keep the operation of the PV panel at this point. [19]

L AM: Air Mass
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Fill factor equation demonstrates the importance of the ideality factor. There is the measure
of the junction quality and the type of recombination in a solar cell. Assuming that the
solar cell behaves as an ideal diode, equation (2-3) can be re-written as (2-4):

V;)c - 1n(Voc + 0;72)
Voe +1

FF =

(2-4)

With these parameters, it is possible to obtain the characteristic curve which describes the
behavior of solar cells. In this curve, it is possible to analyses the different losses and the
performance of the solar cell depending on the conditions which are obtained [20].Figure 2-4
shows a typical I-V curve.
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Figure 2-4 Characteristic Curve PV cell [21]

Conversion efficiency (1): This is also an important parameter in solar cells. Unlike the fill
factor, this parameter compares the ratio between the maximal general power and the incident
power. For a standard of AM 1,5 the irradiance value is Pin = 1000 W/m?. The equation (2-
5) expresses this parameter, and it is common to multiply per 100 to express it in a percentage.

_ Prax _]mmep _]chocFF
P; P; p;

(2-5)
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A comparison of the conversion efficiency is performed, regardless of the production
technology [7]. Most of the technologies efficiency lies in the range of 15% & 20%, but most
recent developments reach up to 45% as shown in figure 2-5.

Best Research-Cell Efficiencies :: NREL

Sharp
s {2-terminal, monolithic)  Thin-Film Technologies (M, 3024)
© CIGS (cencentzor)

4.0Dln§ P> 2 OEpp44EEEE

Efficiency (%)

Figure 2-5. Conversion Efficiency in different PV technologies [22]

2.1.3 External variables involved in PV generation
Like was discussed in the last section, PV technologies have a non-linear behavior and this
behaviour depends nonlinearly of environmental variables and this will be discussed in this
section. Also each photovoltaic technology responds in a different way under these
conditions [14, 17, 23]. On this point, it is not possible to ensure that one specific PV module
has the same performance always.

Spectral Response (SR ()): the short current circuit in a PV cell is directly proportional to
the irradiation, although, all the irradiation is not constant and all the wavelengths contribute

to the short circuit current. In this way, this parameter can be defined like (2-6):
loe = [ SReweDF DA
2

(2-6)
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The internal spectral response in a PV cell gives an indication of which sources of
recombination are affecting the cell performance. [14]. Figure 2-6 illustrates how the spectral
response it is not linear model and how it changes according to different wavelengths.

0.5~

Spectral response (mA mw cri?)

Figure 2-6 Spectral Response of the silicon solar cell before and after irradiation [24]

Also figure 2-6 shows two important things. The first one is how the spectral response
changes according to the different wavelengths present in line, and this relation is not linear.
The second one that is an important thing to see is the degradation in the solar cells. This
effect is important in the long-term. The dashed line is the curve after irradiation simulation
and indicates how a simple silicon solar cell losses the capacity to generate power. This
phenomena is explained with more detail on [2, 14, 17, 24, 25]

Temperature: in the past section, it was possible to see how the temperature is involved on
the PV cell parameters. Iscand Voc are direct related with temperature in the module, as were
seen in equations (2-2), (2-3) and derived expressions. But there is also an equally large
number of correlations expressing the temperature dependence of the PV electrical efficiency
(n) [26]. For a current short circuit, an increase of the temperature represents an increase of
this value. On the other hand, an increase of temperature represents a decrease in open circuit

voltage and in fill factor too. This effect can be describe mathematically as equation (2-7).

13



n= I]Tref[l - ﬁref(Tc - Tref + vy logGr)
(2-7)
In which nr, . is the module efficiency at the reference temperature, T, and standard

radiation flux (1000 W/m?); Brey is the temperature coefficient and y is the solar radiation

coefficient. These values are given by the manufacturer.

Another important value of PV cells is the Nominal Operating Cell Temperature (NOCT),
which represents the temperature of the module in more real conditions (irradiance: 800
W/m?, Air Temperature: 20°C, Wind velocity: 1 m/s). This value is obtained as the

temperature reached by open circuit cells under the last conditions [2].

Also, this effect can be explained in a thermodynamic point of view [2]. In this point of view,
the solar cell is modelling like a heat engine and with this model it is possible to obtain a
good approximation for losses by thermal dissipation. But in this analysis, the Iscand Voc can

be written as a function of the temperature in equation (2-8).

Gr
le = G Isco[l + a(T. — Top)]
TO

V. = Voco[l + B (G ) (T, — To)| ll + 6(T)In <GG_T>l
To

(2-8)

It is necessary to mention that the mounting system has an important role in real applications
to try to minimize this effect. In this case, the designer has to consider this losses for a better

performance in the real applications [26, 27].

In this way, according the National Renewable Energy Laboratories (NREL) of United States
of America [28], it is established a set of rules for the coefficient correction of Performance
Ratio. The Performance ratio will be explain in next sections. The coefficient correction of

the Performance Ratio is given by equation
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E

Gpoa, 0
Z[PO (%) (1 - m (Tcell_typ_avg - cell_i))]

chorr =

(2-9)

Where:

The summations are over a defined period of time (days, weeks, months, years)

Y¢corr = corrected performance ratio (unitless)

EN = measured electrical generation (kW)

Po= summation of installed modules power rating from flash test data (kW)

GPOA = measured plane of array (POA) irradiance (kW/m2)

I =a given point in time

GSTC = irradiance at standard test conditions (STC) (1,000 W/m2)

Tcell = cell temperature computed from measured meteorological data (°C)

Tcell_typ_avg = average cell temperature computed from one year of weather data

using the project weather file (°C)

0 = temperature coefficient for power (%/°C, negative in sign) that corresponds to the

installed modules.

Equation (2-9) is very useful in the analysis of the results of test the PV panels. This
coefficient can give a real idea of the behavior of the PV panel production. In this line, it is
important to take account in all the test that can be doing to check the performance. These

performance measurements and their principal characteristics are shown in the next section.
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2.2 Performance Measures for Photovoltaics Modules

For the causes than affect the operation of PV modules is necessary to determine the real
efficiency of PV modules. Because this parameter is very important to make decisions in
common applications, taking into account the balance between the economic investment and
how much energy can be produced by a system. Also, due to the large number of existing
technologies it is a good way to characterize all the technologies under the same analysis.

In this section, the different forms to measure the parameters of PV modules will be
discussed. Basically, it can be divided into two main branches: indoor and outdoor measures.
It is important to mention, that the variety of the measure depends of the nature of the study

desired.

2.2.1 Standard Test Conditions (STC)
Standard Test Conditions (STC) is a first approximation to the performance of a PV module.
This is the most common test in the PV market. All the commercial PV panels have to be this
standard with the results shown in the datasheet and the tag behind the modules by the

manufacturer [29]

STC approaches the PV module performance to normal conditions under laboratory
simulator, which can produce similar environmental conditions. In this case, the operating
temperature is 25°C and the illumination is provided in a short flash equivalent to 1 sun
intensity at 1000 W/m?, and an air mass of 1,5 is assumed. Under these conditions, one
proceeds to measure the current-voltage characteristic of an electrical load. Figure 2-7 shows

a STC simulator designed by Spired Corporation.
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Figure 2-7 Spi-Sun Simulator Photovoltaic Module Testing [30]

STC is developed according to the standard IEC 60904-1: Photovoltaics devices-Part 1:
Measurements of photovoltaic current-voltage characteristics for current-voltage
characterization, IEC 61215: Crystalline silicon terrestrial photovoltaic (PV) modules-
Design qualification and type approval and IEC 61646: Thin-film terrestrial photovoltaic
(PV) modules for a module performance at STC and other standards if a more detailed test is
required. Also, the majority of the reports are prepared according with the standard 1SO
17025.

Even though this test is world-renowned, and all the manufacturers provide this information,
STC is a simulation under ideal conditions. Real conditions could be different for this
conditions and these will be reflected in indicators like effective sun hours. [23, 29]. For this
reason recent standards find to describe in best way the true performance of the PV modules
under real conditions. In addition, these check points change according to the geographical

location of the project. The next part presents this kind of testing.

2.2.2 Normal Operation Cell Temperature (NOCT) Test
As was mentioned in the previous section, the STC represented the ideal case. But in the real
operation, the PV modules operate at higher temperatures and with less irradiation [31]. The

17



NOTC is designed for finding the expected operating temperature of the PV module under
more real conditions. For this test, the following parameters are used: Irradiance on cell
surface: 800 W/m?, Air Temperature: 20°C, Wind Velocity: 1 m/s and mounting: open back
side. Also, the manufacturers of PV modules provide this information in the datasheet of the

product.

As was discussed in section 2.1.3, it is possible to note a remarkable difference between the
performance of a PV module under NOTC conditions and STC. This difference is illustrated

in Figure 2-8.
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Figure 2-8. Comparison between STC and NOTC PV module Performance [32]

The best performance of PV panel is better for values low values of NOCT. A lower NOCT
of a PV module will be a better response to the different values of irradiation. Otherwise with
larger value [33].The best module operation point at a NOTC of 33°C, the worst at 57°C and
the typical module at 48°C respectively [18]. An approximate mathematical expression for

calculating the cell temperature in all moments is given by (2-10).

NOTC — 20
Teen = Tair + T * Gy

(2-10)
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Where Gnm is the solar irradiance and Tair is the air temperature.

It is important to mention the role that the racking system can have help on the efficiency of
a PV system. For example, in a roof integrated mounting system, a rear surface work infinite
rear thermal resistance because it cannot exchange heating with the environment. For this
reason, another similar value called Installed Nominal Operating Conditions Temperature
(INOCT) is defined, and includes the effect of the mounting configuration. This value is

determined experimentally and the results can be found in the literature [2, 18, 29].

2.2.3 Outdoor evaluated performance parameters
Although the tests mentioned above are internationally recognized and used, they may not
be sufficient for a true characterization of a PV module. The real energy yield is difficult to
predict just with datasheet declarations, which are obtained in laboratory tests. In summary,
the datasheet declaration includes open circuit voltage Voc, short circuit current lsc, MPP
voltage Vmpp, MPP current Impp, maximum power Pmpp, efficiency 1 and temperature
coefficients [23].

In fact, none of this information really meets the requirements for the real behavior of a PV
system in some specifically geographical location. This real behavior it is useful for the end
user in order to determine some economics aspects about the implementation of one of these

systems.

For this reason, there is another kind of measurement, which has a real performance analysis
of a PV module in the field. There are called outdoor measurements. This test evaluates three
principal parameters: the final energy yield, the reference yield and the performance ratio
(PR). The standard IEC 61724 [34] defines these three parameters. A detailed definition is
found in [35] and these definitions are presented in the following lines.

Final energy yield (Ys): is the net energy output E divided by the nameplate d.c power P of
the installed PV array. It represents the number of hours that the PV array would need to
operate at its rated power to provide the same energy. The units are hours or KWh/kW, with
the latter preferred by the authors because it describes the quantities used to derive this
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parameter. For this reason, the energy yield is used for comparing the energy produced for a
different sizes. The final energy yield is given by equation (2-11)

E

Y, =—
r=n

(2-11)

Reference yield (Yr): is the total in plane irradiance H divided by the PV’s reference
irradiance G under STC (1000W/m?). This reference yield defines the solar radiation resource
for the PV system. It is a function of the location, orientation of the array and time-time

weather variability. The equation (2-12) describes this parameter and its unit is hours.

(2-12)

Performance Ratio (PR): is defined as the ratio between Yfand Yr, as expressed in (2-13).
This parameter is used as an useful way to quantify the overall effect of losses on the rated
output due to PV module temperature, spectrum, module mismatch and other loses such as

optical reflection, soiling and downtime failures.

Y,
pR=ZL
Y,

(2-13)

And alternative way to obtain the performance ratio is defined with a new parameter, the

outdoor efficiency (1outdoor) [35] that is defined by equation (2-13).

E
Noutdoor = m

(2-13)

Where E is the energy output and H is the total plane irradiation (kW/m?) and A (m?) is the
area of the PV array. With this expression it is possible to calculate the performance ratio

given by the equation:
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E

PR=——1—
H * A * ngr¢

(2-14)
nsrc IS the STC efficiency present in datasheet.

Performance ratio values are typically reported on a monthly or yearly basis. Smaller
intervals, such as weekly or daily, may be useful for identifying some problems related with
components failures. Yearly values may indicate the degradation of the PV module,

represented by loses in energy yield in a more efficient way that accelerated ageing test. [36]

The International Electrotechnical Commission (IEC), in the Technical Committee 82
Working Group 2 has been working around fifteen years to create an appropriate power and
energy standard (IEC 61853). This standard is composed by four parts describe by [37].

IEC 61853-1lrradiance and temperature performance measurements and power rating,
which describes requirements of evaluating PV module performance in term of power (watts)

rating over a range of irradiances and temperatures.

IEC 61853-2 Spectral response, incidence angle and module operating temperature
measurements, which describes test procedures for measuring the effect of varying angle of
incidence and sunlight spectra as well as the estimation of module temperature from

irradiance, ambient temperature and wind speed.

IEC 61853-3 Energy rating of PV modules, which describes the calculations for module

energy (watts-hours) ratings.

IEC 61853-4 Standard days, which describes the standard time periods and weather
conditions that can be used for the energy rating calculations.

2.2.4 Photovoltaic Performance Verification Program (PVPV)
Now, this section will discussed the job realized by the research group in Ontario, Canada,
called The Sustainable Technologies Evaluation Program (STEP) at Toronto and Region

Conservation Authority (TRCA). This program was developed to provide the data and
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analytical tools needed to support broader implementation of sustainable technologies and

practices [11]. Its mains objectives are:

e Monitor and evaluate clean water, air and energy technologies;

e Assess barriers and opportunities to implementing technologies;

e Develop tools, guidelines and policies; and

e Promote broader use of effective technologies through research, education and

advocacy.

STEP has a special program called the Photovoltaic Performance Verification Program
(PVPV) that is the premier photovoltaic testing facility and showcase for Ontario clean
energy manufacturing, technology and innovation. [38]. PVPV works on analyze the
performance of Ontario-made PV modules, especially in domestic content modules allowing
the user to compare the different technologies, thus helping out to make decisions. Figure 2-

9 illustrates the installation of this program.

Figure 2-9 Installation of PVPV at Kortright Center.
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2.3 Conclusions

Photovoltaics energy has a large market with a diversity of different technologies available.
For this reason, the characterization of these modules is important in the global market,
helping to make decisions in economic issues. The PV technologies can be divided into three

principal branches according to the material and fabrication processes.

Independent of the PV technology, it is possible to detail the behavior through simple
parameters. The short circuit current is the current in the electrical load when the PV cell is
short circuited and is the maximum current obtained by this cell. The open circuit voltage is
the voltage in the solar cell when the electrical load is not flow current and this value is the
maximum voltage that the panel can give. But these values are not found together in real
conditions and for this reason, it is possible to find two new values of current and voltage
located at MPP from the I-V curve of the solar cell. With these values the ratio of generation
for a PV cell can be defined, called fill factor. Another important parameter is the conversion

efficiency, which takes into account the irradiation of the cell and the power generated.

To measure this parameter, there are a lot of methodologies. The most famous is called the
STC and it is the test from which the manufacturers obtain the information printed on
datasheets. Due to the environmental conditions on this test it is not possible to ensure the
information is for real operating conditions. Because of this, another test (NOTC) has also
been developed to bring more detailed information of the performance of PV Panels.

However, these tests are taken in a special laboratories.

The outdoor measurements give a real value of the behavior of PV modules under standards
IEC 61724 and IEC 61853. Three parameters are obtained with this test: energy yield,
reference yield and performance ratio. A lot of information can be obtained from the
literature and these are in real conditions. But it is not possible to find information about
Costa Rica. For this reason, the design for a monitoring system for a PV performance in
project Las Nubes would allow a start with these kind of studies. The results from these

studies can also serve to a related research for the rest of the Tropical Zone.
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Chapter 3 Requirements

There are several design characteristics that need to be addressed in order to develop a
monitoring device that can measure the principal parameters of PV modules. An important
aspect of these requirements is the fulfillment of international standards (National Electrical
Code NEC, IEC 61724, IEC 61853 and others) aiming the device can used in real life. This
monitoring system is focused on the outdoor measurements without tracking to obtain the

result of the performance ratio [39].

Depending on the necessities of the project, it will divided in two main areas. First the design
of the monitoring system and second, the design of structure for mounting the solar panels.
For the first area, the deliverable will be a functional prototype and for the second area the

deliverable is the set of plans of the structure.

The requirements are divided into two main groups: functional requirements that indicates
what the prototype has to do and non-functional requirements, which indicates how the

prototype has to be.

3.1 General characterization of the requirements

For energy yield measurement, it is necessary to monitoring the power generated by the solar
panels. Basically it is important to know the current and the voltage of each panel. For the
proposal measurement, the current and voltage are to be measured at electrical output. It

means, the measurements are in Direct Current. (DC)

To find the maximum values of the current and voltage to be measured, one needs to know
first which panels are to be measured. For this reason, it was necessary to know the panels
available in the Costa Rican market. Taking into account, the Photovoltaic Performance
Verification Plant proceeds to analyze the solar modules available of Costa Rica in a first

step.

To get this data, a survey was conducted with the companies that distributes this kind of

technology in Costa Rica. Some information is taken directly off the web pages of the
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companies and for some companies the information was required by email. Then, the

electrical parameters are obtained directly from datasheets. The last model in the tables are

not available in the Costa Rican market, but will be used in to test the prototype. Tables 3.1,

3.2 and 3.3 shows the principal characteristics obtain for this survey.

Table 3-1 Electrical parameters at SCT for PV modules available in Costa Rica

Manufacter | Model Cell Type I\cl)l]fr(ltl)les r P[rTV:/a]x \[/\';]p [IXF]’ E(/"i [l;“] (0“/0 )
Kyocera KD255 Polycrystalline 60 255 (304 839 | 376 | 909 154
Yingli Solar | YGE 60 Polycrystalline 60 250 |304 | 8,32 38,4 18,79 | 15,3
Canadian
Solar CS6P-250 Polycrystalline 60 250 130,1| 83 37,2 | 8,87 | 15,54
Renesola Virtus 260w [ Polycrystalline 60 260 [305] 853 | 376 [895| 16
Sunrise P660-250 Polycrystalline 60 250 |29,9] 8,03 | 37,05 | 8,63 14,8
Astroenergy | CHSM6610M | Monocrystalline 10 255 |30,8] 831 | 38,24 |8,67| 155
Jinko JKM310P-72 | Polycrystalline 60 310 37 | 838 | 459 |8,96 [15,98
ET Solar P660250 Polycrystalline 60 250 [30,3]| 824 | 3747 | 876 | 17
Aleo $18J250 Monocrystalline 10 250 |[30,3] 824 | 375 [8,76| 15,2
Day DAY448MC | Polycrystalline 48 165 (229 7,19 | 2860 | 7,8 | 151
Table 3-2 Electrical parameters at NOCT for PV modules available in Costa Rica
Manufacter | Model er\?]f"x vmp[V] |Imp[A] [voc[V] |isc[A]  |NOCT [°C)
Kyocera KD255 184 27,4 6,72 34,4 7,36 45
Yingli Solar YGE 60 181,1 28,1 6,7 35,9 7,2 46
Canadian Solar [ CS6P-250 181 27,5 6,6 34,2 7,19 45
Renesola Virtus 260w 193 28,6 6,74 35,2 7,27 45
Sunrise P660-250 183 29,96 6,12 45
Astroenergy CHSM6610M 184,8 27,43 6,74 34,8 7,15 47
Jinko JKM-310P 230 34,4 6,68 42,7 7,26 45
Aleo 518J250 180 27,83 6,49 34,94 6,96 45
Day DAY 448MC 165 NA NA NA NA 46
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Table 3-3 Mechanical parameters for PV modules available in Costa Rica

Manufacter Model Length[mm] Width[m] Depth[m] Weight [kg]
Kyocera KD255 1662 990 46 20
Yingli Solar YGE 60 1650 990 40 19,1
Canadian Solar [ CS6P-250 1638 982 40 18
Renesola Virtus 260w 1640,84 993,14 40,64 19,04
Sunrise P660-250 1637 992 40 19,2
Astroenergy CHSM6610M 1652 994 40 19,5
Jinko JKM310P-72 1956 992 40 26,5
ET Solar P660250 1640 992 50 21,56
Aleo S518J250 1660 990 50 20
DAY DAY448MC 1307 991 35 17,4

The monitoring system is the most important part of the present design and for this system is

3.2 Monitoring system

necessary to take the next requirements into account

3.2.1 Functional requirements

FR1. Current Sensing

According to table 3.1, the maximum current to measure is 9,09A, taking the parameter of

the Short circuit Current of module Kyocera (KD255) as a reference.

FR2. Voltage Sensing

According to table 3.1, the maximum voltage to measure is 37V. Taking the parameter of the

Open Circuit Voltage of module Jinko (JKM310P-72) into account.




FR3. Module Temperature Sensing

According to table 3.2, the maximum module temperature to measure is 47°C. Taking the
information of module Astroenergy (CHSM6610M) as parameter. It is also important to

mention that the sensor has to be added to the panel for efficient measurement.
FR4. Environmental Conditions Sensing

According to IEC 61724 for optimal measurement, it is necessary to obtain the data of the

environmental conditions like: temperature, wind speed and humidity.
FR5 Irradiance Conditions Sensing

According to IEC 61724, for optimal measurement, it is necessary to obtain the data of the

irradiance in solar modules. This sensor should have the same angle as the PV array.
FR 6. Data acquisition time

According to IEC 61724 for and optimal measurement it is necessary to obtain the data for

the array each minute like maximum sample time.
FR 7. Data transmission

The system should have the capacity to send the data to a bigger computational data system

for storage.

3.2.2 Non-functional requirements

NFR 1 Safety

As a system is in direct contact with the human operator, it is necessary to guarantee the

system may not endanger human life.
NFR 2 Autonomous Electrical Supply

As the system works in field, a way should be developed to bring autonomous electrical

supply to the monitoring system.
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NFR 3. Hardware Environmental Protection

As the system works in field, the system must be protected from environmental conditions.

3.3 Mounting structure

3.3.1 Functional requirements

FR 1. Area capacity
The structure must have enough area to place all the panels described in Table 3-1.
FR 1 Load capacity

The structure has the capacity to support without failure, a minimum of three for each panel
from Table 3-1.

FR 2 Grounding Capacity

The material structure must have the capacity to be a good grounding material, in accordance
with NEC

3.3.2 Non-functional requirements

NFR 1. Safety

As a system is in direct contact with the human operator, it is necessary to guarantee the
system may not endanger human life. A good selection of the Safety Factor is necessary in

the mechanical design.
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Chapter 4 Design

The chapter presents the design process for giving a solution to the problem exposed. Also,
it shows the important considerations regarding the study and selection of the sensors, the
controller, the transmission data system and the design for the software used in this process.
In the same way, this chapter shows the design process for the structure for mounting the
Photovoltaic Performance Verification Plant.

4.1 General description: Monitoring System

Following the requirements in chapter 3 and the general description of the project, it is
possible to create a schematic with the project proposal. One of the objectives of this
schematic is the visualization of the comprehensive solution. Figure 4-1 illustrates the general

solution.

PV Module Enviromental Conditions

[

Module Temperature

—

[ata Storage

Data Transmission
N
|

Module Yaoltage

AL

OO

Module Lurrent

Figure 4-1 General Diagram of Solution

According to the requirements of the Las Nubes Project, in this first stage of the Photovoltaic
test will be the energy yield measurement. For this reason the equipment and the procedures
are selected according the standard IEC 61724 and IEC 61853.
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4.1.1 Data Transmission

For the data transmission it is necessary to define the real application and some
considerations about the nature of the place of the measure. There is no location yet for the
Photovoltaic Verification Plant, and the project Las Nubes has a lot of open space. For this
reason it was decided that the communication is wireless. And in this way to collect data in

the field and the send this information to a central PC.

For this proposal, the selection of RF modules will be implemented. The principal advantages
the have RF is broader coverage and has the ability to connect a large number of devices. For
this reason can be possible to create a network sensor, which the measurements of different

PV modules. In next sections will resume this topic.

4.1.2 Data Storage

For the implementation is necessary to storage the data in computer system with increased
capacity of storage, since it is required to obtain data per month or years. For this stage of the
prototype, this storage system will be a Laptop. The standard IEC 61724, in section 6,
provides information about the Data Format. This format is in columns, for this reason an
appropriate software to obtain data is EXCEL 2013®. This is a common software that can

be found on almost any computer.

The interface process between EXCEL and the communication with RF modules will be
realized with Visual Basic 2013® incorporated with Excel. In next section, will work on the

development.
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4.2 Electronic Equipment selection

This section is related with the process and the detailed of the different equipment for the

creation of the prototype.

4.2.1 Controller
The controller was chosen, both to retrieve the signals from the sensors and have the capacity
to process the information and then send to a bigger computational system. For each PV
module, it is necessary 3 analog inputs (module temperature sensor, current sensor and
voltage sensor). And also for this first prototype, has to be the capacity to read the 4 more
signals (environmental temperature, environmental humidity, wind speed, sun irradiation).
In total was necessary 4 analog inputs to obtain data. In addition the controller, must be

capable of communication, using the selected module.

The selected controller, for this first prototype, was AT mega2560 integrated in an Arduino

Mega 2560 Board. Table 4.1 presents the main characteristics of this board.

Table 4-1 Principal feature of Arduino Mega 2560 Board [40]

Feature Description
Microcontroller ATmega2560
Operating Voltage 5V

Input VVoltage (recommended) | 7-12V

Input Voltage (limits) 6-20V

Digital 1/0 Pins

54 (of which 15 provide PWM output)

Analog Input Pins

16

DC Current per 1/0 Pin

40 mA

DC Current for 3.3V Pin

50 mA

Flash Memory

256 KB of which 8 KB used by bootloader

SRAM 8 KB
EEPROM 4 KB
Clock Speed 16 MHz
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Figure 4-2 Ping mapping and dimensions for Arduino Mega 2560 Board [40]

4.2.2 Current Sensor

The current sensing is one of the principal measurements in the system. According to FR1
for monitoring system, the maximum current to measure is 9,09A. This value is taken of the
comparison of the different datasheet of PV modules available in the market of Costa Rica.

There are a different form to measure current, which will be described below:

Direct form: That consist in passing an electrical current into a shunt resistance. It is typical

to measure the voltage across the resistance and obtain the value, trough Ohm Law. (4-1)

(1)

An advantages of this method have is easy to interpret, it is not necessary an external power
requirement. In the other hand, this kind of measure has the disadvantages of have not
electrical isolation, presenting noise, general amplification is required and presents insertion

loss resulting in heat.
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Indirect Form: For DC current, the other measure method is with a Hall Effect sensor
current. This sensor work with a magnetic field that device convert into a voltage output,
proportional to the normal magnetic field. This technology are divide into two technologies
open loop and close loop. This two technologies are different. More information is found in
[41].

The Hall Effect sensor has as advantages the lost cost, provides electrical insolation and is
very reliable. On the other hand, has the disadvantages of difficult to understand, requires

and external supply and outputs signals for zero current flow.

For this prototype, the sensor selected is the Hall Effect sensor, the integrated circuit ACS712
with part number ACS712ELCTR-20A-T of the manufacturer Allegro Microsystems. This is
a Hall Effect-Based Linear Current Sensor IC with 2.1 kVRMS Isolation and a Low-
Resistance Current Conductor. The output of the device has a positive slope (>Viout@)) when
an increasing current flows through the primary cooper path. The principal features of this

chip are presented in Table 4.2

Table 4-2 Main features of chip ACS712ELCRT-20A-T. [42]

Feature Description
Optimized Range, I, 20 A
Sensitivity, Sens (Typ) 100 mV/A
Supply Voltage (Vcc) 5V

Supply current (lcc) 10 mA

Output Capacitance Load (Croap) | 10 nF
Output Resistance Load (Rioap) | 4,7 kQ

Primary conductor Resistance 1,2 MQ
Rise time 3,5 Us
Frequency Bandwidth 80 kHz
Nonlinearity 1,5%
Zero Current Output Voltage Ve X 0,5

This sensor fulfill with the requirements of current. As it shows on table 4-2, the optimized
range is for -20A to 20A. According to Table 3-1 the maximum current to measure is 9,09

A. But with the selection of this sensor can be extend the monitoring system to a bigger PV
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module and prevent some damages, per overload in the system. Figure 4-3 shows the Pin-out

diagram.

Pin-out Diagram

P+ [1] 8] vce
P+ [2] (7] viouT

IP— |3 6 | FILTER

IP— [4] 5] GND

Figure 4-3 Pin out diagram ACS 712 [42]

4.2.3 Voltage Sensor

Another important thing in this measure, is the voltage. This voltage, according to FR 2, has
a maximum value of 37 V in direct current. For this reason the simplest form to measure this
parameter is in a direct way. But, the voltage value will damaged the controller. For this
reason is necessary the implementation of interface, a voltage divider. This voltage divider

provides a proportional value according the input value. Equation 4-2 gives this relation.

V, M,
output — m input

(4-2)

This voltage divider should be relatively small to the channel impedance, but it is necessary
to this impedance will be the most higher possible, to improve the signal-to-noise [43].

According to the datasheet of controller AT mega2560, the optimal value for signals with
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and output of approximately 10 kQ or less. This value provides that in actual sample, the
input resistance is temporarily a lot lower as the sampling capacitor is charged up, making a
better measure. For this reason the resistance selected for this proposal for R; is 10kQ and

supposed a maximum input of 55 V, with equation 4-2, the resistance for R1 is 1kQ.

The resistances selected for this proposal are the High Precision Foil Resistor with TCR S
series of Vishay brand. These resistances are develop with Bulk Metal Foil, the principals

features are described in Table 4.3

Table 4-3 Main features High Precision Foil Resistor [44]

Feature Description
Power Rating 1W
Resistance Tolerance | 0,005%
Electrostatic discharge | 25 kV

Rise time 1ns

Current noise 0,010pVms
Voltage coefficient <0.1 ppm/V

4.2.4 Module Temperature Sensor

According to IEC 60904-1 it is necessary to measure the temperature of the module according
to Figure 4-4. It is necessary to put the three sensors, obtain data and calculate the average
value for special temperature test. For energy yield test, with one sensor located in the middle

of the PV module is enough. Other configurations are given for more specific studies.
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Figure 4-4. Temperature sensor location at PV module [39]

The sensor selected for this proposal is the temperature sensor TP-01 type K. The main

features are described in table 4-4.

Table 4-4 Main feature PT-01 type K [45]

Feature Description
Coefficient 38,5Q for 100°C
Capacity -200 to +350
Electrical Insolation | 50 MQ
Precision 0,4%

Output range 0-50mV
Response time 50 ms

And physical appearance is shown in figure 4-5. [45]
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Figure 4-5 Schematic Diagram PT 01

4.2.5 Environmental conditions sensor

It is important to mention, for a Performance Verification Analysis in outdoor measurements,
is necessary to take into account the environmental conditions. Focus on temperature, relative
humidity, irradiance in the same plane of the irradiance, irradiance in horizontal plane, wind
and direction of the speed. This features can do it a comparison point in the different latitudes.

It is not the same to measurement in the Nordic Latitudes than in the Tropical Zone.

Thinking about possible growth of Las Nubes Project as Research Center, the weather station
should not be exclusive of the Photovoltaics Performance Verification Plant, but must also
serve other studies required. However, it is necessary a sensor for the PV array, the irradiance

in the same plane. In the next paragraphs be described both equipment.

Irradiance in the same plane

According to the standard IEC 61853-1, it is necessary to take data of the irradiance of the
same plane of the PV array. This measurement it is necessary to do comparison of the real
efficiency of a PV module. The sensor selected for this measurement is the pyranometer SP-

214 of apogee instruments. The main features are described in table 4-5.
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Table 4-5. Main features Pyranometer SP-214 of Apogee Instruments [46]

Feature Description
Cosine Directional Response at 75° +5%
Absolute Accuracy +1%
Spectral Range 360 to 1120nm
Output Range 0to5V
Sensitivity 2.0mV per W/m2
Calibration Factor 0.5W/m2 per mV
Power Source required 5V
Response time 1ms
Temperature Response +0,04%/°C
Operating temperatures -40to 70°C
Dimensions 23,50x23,50x28,mm

Figure 4-6 illustrates the pyranometer SP-214. It is possible to see this instrument is an easy
install device. And it counts with certifications ISO and World Meteorological Organization
(WMO).

Figure 4-6 Pyranometer SP-214 Apogee Instruments [46]
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Weather station

Las Nubes Project pretends to convert, in collaboration with the Sustainable Energy
Initiative, in a research center focus on renewable energy. For this reason, it is necessary to
take into account an accuracy weather station. For this project is propose to use the weather
station Wireless Vantage Pro2 6163 including UV & Solar Radiation of the company
DAVIS.

There is a solar power high accuracy weather station than allows to measure rainfall,
temperature, humidity, wind speed and direction, UV and solar radiation. All of this things
are checked under the standard and quality observations for use by National Oceanic and
Atmospheric Administration and National Institute Standard and Technology (NIST).
Among the main features that has, it is the wireless communication. This is important because
it will be installed in a conservation center, for this reason it is necessary not to be invasive
installation. In the same way, this weather station is powered by a solar panel and has a

battery backup system. Main features of this weather station are described in Annex B1.

Costa Rica has an appropriate conditions for solar production. Unlike the countries with
largest number of photovoltaics, Costa Rica has a better conditions than other latitudes during
the year, the temperature is relatively constant as the solar irradiation. In addition, Costa Rica

has not dramatically changes in seasons

However, for a testing purposes, it is not possible to buy this weather station. But, to collect
meteorological data was used the sensor DHT22 of Aosong Electronics for measure the
environmental temperature and relative humidity. This is a low cost sensor that meets with
the temporally requirements. Other meteorological dates are taken of Meteorological Service
of Canada (MSC) [47] for the prototype testing period. The main features are presented in
table 4-6.
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Table 4-6 Main features sensor DHT 22 [48]

Feature

Description

Power Supply

3.3V-6V

Output signal

Digital Signal Via Single Bus

Sensing element

Polymer humidity capacitor & DS18B20
for detecting temperature

Measuring range

Humidity 0-100%RH
Temperature -40 to 125°C

Humidity+-2%

Accuracy Temperature+-0,2°C
. Humidity 0,1%
Resolution Temperature 0,2°C
Sensing Period Average 2s

Figure 4-7 shows a general representation of the sensor and dimensions in mm.

&5 0) f;' -

I o —
J'_.J'._..‘ﬂl._.lﬁ
FE‘EJD:

3 000
I_II'_'II'_'II'_'II'_:

/‘__._ |

Figure 4-7.Sensor DHT 22, general view and specifications [48]




4.2.6 Communications modules

The module select for the communication process is APC Series Transparent Transceiver
Module APC 220-43 of the manufacturer APPCON Technologies. It is a cost-effective and
easy applied module that not only can transmit transparent data with large data buffer zone,
but also can provide more than 100 channels. Also has a communication ratio of 1000m at

2400Dbps in light sight, which meets the needs of the project. The mean features are presented

in Table 4-7.

Table 4-7. Main features APC220-43 RF Module [49]

Feature Description
Communication Distance (2400bps) | 1000 meters
Output power 20mwW

Frequency 418Mhz to 455Mhz
Channels More than 100
Modulation GFSK

Interface UART/TTL
Received sensitivity -113dBM@9600bps
Data buffer Exceed 256 bytes
Supply Voltage 3.5-5.5V

Transmit current 42mA

Receiving Current 28mA

Sleeping current 5uA

One of the most important characteristics of this modules are the modularity and the compact

design. The main dimensions of RF Modules are presented in Figure 4-8.
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Figure 4-8 Dimensions of APC 220-43 RF Module [49]

For the first test of the prototype are selected the operation frequency of 434 MHz, this
frequency is located near of the middle point of the operation range of the module and the
maximal output power does not violate the regulations in Costa Rica, established in the Ley
General de Telecomunicaciones de Costa Rica (General Telecommunications Law of Costa
Rica) approved in 2008. [50] In appendix A-2, it is the development of the link budget and

the theorical power link for the system and the characteristics selected.

4.2.7 Data Back Up System

Although the device has the capacity to send data to a more advanced computer system, it is
not possible to ensure that the information can be received by the other device, for many
different reasons. So, it is important to design any alternative of the information collected.
According with the already selected components, a good option to appoint this backup system
is to use Security Digital (SD) card. For this proposal, it is selected SD Card Slot Reading

Writing Modules, figure 4-9 illustrates this component.
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Figure 4-9 SD Card Slot Reading-Writing Modules [51]
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4.3 Signal Conditioning and Calibration

For accuracy measurements it is necessary to ensure that the signals arriving at the
microcontroller are filtered in appropriated way. The microcontroller receives this electrical
signals and the convert into a real values that describes the phenomenon being measured. For

this reason is also important to do a calibration process, to obtain a real conversion equation.

The controller selected, the Arduino Mega 2560, has 16 analog inputs pins with and ADC
converter integrated. Each input has an impedance of 10 kQ and it can handles up to 40mA.
For this to values, all the signals have to be conditioned. To guarantee that the microcontroller
will be undamaged. This section talks about the strategies for each sensor integrated in the
system

4.3.1 Current Sensor
As is shown in the section 4.2.2, the current sensor selected is ACS712 of the company
Allegro. The output value is optimal for the reading in the ADC, because the maximum value
is 5 volts not exceeding the voltage input limit of the ATMega2560. This sensor has an
acceptable response, but it is possible to improve the performance of this sensor. Figure 4-10

shows the relation between the noise response and the external filter applied.

Noise versus External Filter Capacitance
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Figure 4-10. Noise vs External Filter Capacitance ASC712 [42]
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As it is possible to see in this figure, the minimum value of the noise is after 400nF. To get
the best performance, a capacitive filter of 470nF is selected. According with the
specification of the datasheet, it used this filter represents a delay of 1120pS in the rise time
of the sensor. But for the necessities of the project, it is in the range (maximum sample time:
1 minute). To prevent overload, it is used a 10A fuse in the input of the circuit and 5,1V diode

Zener in the output of the circuit.

Vce
9 )
pv Panel+ FU1
' —12 4 pr vee =2
| IS | 7
10A VIOUT — . > Analog Input 2
» FILTER g C2 | D2
Solar Array <J——=—u |P- GND VAN
—o——

Figure 4-11 Current sensor, electrical configuration

According to the datasheet, this sensor has a sensitivity of 100mV/A. The Atmega 2560 ADC
has a 1024 digital counts that represents the full scale, it means 5V. No test current, through
the output voltage is 2.5V, because this sensor can be measure current in two direction. For
this information, it is possible to obtain the equation conversion implemented in the

microcontroller.

1ADCpns =~ Vi
(4-4)
Vi = 2,5+ 0,100 *
(4-5)
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Merging and developing equations 4-4 and 4-5 it is possible to obtain the equation conversion

implemented on the microcontroller:
I;, = 0,048875 * ADC,opynr — 25
(4-6)

Then this equation had to be corroborated in the laboratory with experimental results. The
process is described in section 5.2.1. With the equation 4-3 is obtained an error of 0,03%.
Figure 4-12 represents the linear relation between the ADC counts and current measured with
the certified amp meter EX310 of Extech Instruments [52].

Current Sensor Calibration
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Figure 4-12 Current Sensor Calibration

4.3.2 Voltage Sensor
For the voltage sensor are selected a high precision voltage divider, as it was described in
section 4.2.3. According to the equation 4-2, for a maximum input value of 55V are selected
one resistor of 10k and 1kQ. In this way, it is possible to guarantee that the maximum value
in the ADC are not exceed the limit. For get a best accuracy of the signal are implemented a
capacitive filter using a 1pF ceramic capacitor. And for protect the ADC input from
overvoltage, a 5,1V Zener diode are used for voltage regulator. Figure 4-13 represents the

circuit diagram for this sensor.

46



Solr Pakel+

FLI1
104

R1
10K

Saksg lpati

P Pake -

Figure 4-13 Voltage Sensor, electrical configuration

Atmega 2560 ADC has a 1023 counts that represents a maximum input voltage of 5V that
represents that each one ADC count equivalents 0,0048828V, in a combination with equation

4-3 obtain one first approximation given by:

Vin = ADCppynt * 0,00488 * (R1 + R2)/R2

(4-4)

This equation should be tested in the laboratory. For this proposal, a variable voltage is
applied, measured by the certified voltmeter and check the digital output of the ADC through
the serial monitoring tool of the Arduino. The certified voltmeter used is EX310 of Extech

Instruments [52]. The results are illustrated in figure 4-14.
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\Voltage Sensor Calibration
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Figure 4-14. VVoltage Sensor Calibration

In the figure 4-14 is shown the experimental approximation of the voltage measure value.
Compare the measured value with the value estimated by equation 4-4, an average error of -
1,2094% is obtained. It is applied the same analysis, with the experimental equation is
obtained and error of -0, 0121%. For this reason, for the ADC conversion into voltage are

use the expression:
Vin = ADCppyn: * 0,0528 + 0,0898

(4-5)

4.3.3 Temperature Sensor
For the surface temperature of de PV panels, it used a thermocouple TP-01 type K. According
to the datasheet information, there is a not powered sensor. And this sensor provides a voltage
output range from 0-50mV. Figure 4-15 shows the span difference between the output sensor
and the ATMega2560 ADC input range.
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Figure 4-15.Required amplification for thermocouple TP-01.

For this thermocouple exists an instrumentation amplifier model AD595, of the manufacturer
Analog Devices. This instrumentation amplifier is a certified integrated circuit for this
proposal. It bring an output range from0-5V, with a low impedance voltage output of:

10mV/°C. [53]. Figure 4-16 shows a functional block diagram of this amplifier.

-IN  -ALM  +ALM V+ COMP VO FB

[14] [+3] [i2] [u1] [ao] [o] [#8]

OVERLOAD

ICE
an— POINT

COMP.|-TC
+TC[T]

Ll 21 B [al D] el LA

+IN +C ;T cOM T  C V-

Figure 4-16 Functional Block Diagram ADS594 [53]
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With this amplification is possible to get the conversion equation for the microcontroller. The
amplifier has a sensitivity of 6mV/°C. And the ADC converter has a conversion factor of
0,0048828Vol/ADCcount. With this information, it is possible to obtain the information to

obtain the next equation of conversion:

Temp[°C] = 0,0048828 * ADC,pyns * 60
(4-6)

The amplifier is connected in a single supply configuration that means the sensor can

measured from 0 to 300°C. An electrical connection diagram is presented in figure 4-17.

Vee

11 U4
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o L N+ vo = > Analog Input 3
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o — - Fe 5
TP-01, Type K _3 :.CI.: COMP
5 12
=7 ALM+ |—2
s1c ALM- 2 —— C4
COM V- 1p8
AD595 4 7

Figure 4-17 Thermocouple and amplifier AD595, Electrical configuration

4.3.4 Pyranometer
According to the technical information of the pyranometer SP-212, it is not necessary to do
a signal conditioning for a reading in the ADC channel. The output ranges from 0-5V, in the
same way of the ADC input required of ATMega2560. This sensor is certified by NREL and
ISO. And according with this calibration the factor is 0.5 W/m? per mV. It means that 1 V
equivalent to 500W/m?. In the other hand, ATmega2560 has a 1024 digital counts. In other
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words, LADC count means 0,048828Volt. Then, is easy to obtain the relation for the

microcontroller conversion, given by 4-7:

Irradiance [W /m?®] = 0,0488828 * ADCjypy * 500

(4-7)

A basic capacitor filter and 5.1 V Zener diode are used to filter the signal and protect the
input of ADC from overload. Electrical connection is illustrated in figure 4-17:
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vee 1: White
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Apogee SP-212 1p8

Figure 4-18 Pyranometer, electrical configuration
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4.4 Overall Electronic Circuit

Before to present the overall electronic circuit, it is necessary to understand the electrical
system and all the environment that the device are located. For this reason Figure 4-19 shows

the general diagram of the system and the location of the monitoring system.

Monitoring System
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Figure 4-19. Block Diagram System

According to the quantity of ADC inputs of the microcontroller, it is possible to do
measurements to 5 PV panels simultaneously, using one microcontroller. A lot of
measurements can be taken in the system describe in Figure 4-19. In this case, the monitoring
system is focus on the dc performance verification. For this reason, the system is integrated
immediately in the output of the panel. This measurement allows to do a studies related with
the solar panels, like degradation analysis. But, it is possible to add other systems to obtain
data of other part of the system, like the optimizer or the inverters to see efficiency issues.
Now it will be make a little definition about the other components of the Photovoltaics

System.

Then, the connections of the PV Panels are given to an optimizer, also knows like MPPT
(Maximum Power Point Trackers), which are important to make sure that the solar panel is

given the maximum power available. The selection of this component is not taken into
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account in this project, but is an important component in the efficiency of the system. The
connection is driven to the inverter system, to transform DC voltage into AC voltage and
finally provide the electrical load to electricity. Some of the inverters have a MPPT
integrated, it is common that these two components can be viewed as a single component. A

detailed three-line diagram is given in Appendix Section.

The overall electronic is shown in Figure 4-20, that provides all the tags of the different
sensor/circuits implemented in the solution. An enlarged view and the overall circuit diagram
is founded in the Appendix Section. It is important to mention, that two LED indicators are
integrated in the circuit as a visual sign that the device is turn on and then that has normal

activity.
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Figure 4-20. Overall Circuit

In complement with the figure, Table 4-8 shows all the electrical connections in the
microcontroller. There given and identification tags, to make easy the mounting of the circuit.
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Table 4-8 Electrical connections in microcontroller

PS Power Supply Power Input Vv
Vce Power Supply Power Qutput | 5V
GND | Power Supply Power Ground | Ground
PR1 Pyranometer Analog Input | AO
VSPV1 | Voltage Sensor PV Panel 1 Analog Input | Al
CSPV1 | Current Sensor PV Panel 1 Analog Input | A2
TSPV1 | Temperature Sensor PV Panel 1 | Analog Input | A3
VSPV1 | Voltage Sensor PV Panel 1 Analog Input | Al
CSPV1 | Current Sensor PV Panel 1 Analog Input | A2
TSPV1 | Temperature Sensor PV Panel 1 | Analog Input | A3
VSPV2 | Voltage Sensor PV Panel 2 Analog Input | A4
CSPV2 | Current Sensor PV Panel 2 Analog Input | A5
TSPV2 | Temperature Sensor PV Panel 2 | Analog Input | A6
VSPV3 | Voltage Sensor PV Panel 3 Analog Input | A7
CSPV3 | Current Sensor PV Panel 3 Analog Input | A8
TSPV3 | Temperature Sensor PV Panel 3 | Analog Input | A9
VSPV4 | Voltage Sensor PV Panel 4 Analog Input | A10
CSPV4 | Current Sensor PV Panel 4 Analog Input | A1l
TSPV4 | Temperature Sensor PV Panel 4 | Analog Input | Al2
VSPV5 | Voltage Sensor PV Panel 5 Analog Input | A13
CSPV5 | Current Sensor PV Panel 5 Analog Input | Al4
TSPV5 | Temperature Sensor PV Panel 5 | Analog Input | A15
SDSC | Slave Selected SD Slot I/0 Digital 53
SCK Slave Clock Input SD Slot I/0 Digital 52
MOSI | Master out, slave in SD Slot I/0 Digital 51
MISO | Master in, slave out SD Slot I/0 Digital 50
TX1 RX RF module UART 19
RX1 TX RF module UART 18
LED 1 | LED indicator 1 I/0 Digital 13
LED 2 | LED indicator 2 I/0 Digital 12
DHT RH and Temperature Sensor I/0 Digital 11
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4.5Power Supply
For analyze the solution for the power, it is necessary to determine the electrical consumption
of the monitoring system. In this proposal, it analyses the energy consumption of each sensor
and module include in the overall circuit. That supposes a maximum consumption possible

in the device. Table 4-9 summarizes this analysis.

Table 4-9 Electrical consumption in the monitoring system

Q | TAG Description Voltage Current Power per
Needed (V) | Needed (mA) | component(mW)
1 PR1 Pyranometer 5-24 0,3 5
CSPV Current Sensor 4-8 10 50
PV Panel
5 | TSPV Temperature 5 1 5
Sensor PV
1 RF RF Module 5 40 200
1 SD SD Slot card 5 40 200
1 DHT RH and 3,3-5,5 1,5 8,25
Temperature
Sensor
2 LED LED indicator 5 10 565

With the past analysis is possible to say that all the components can be powered by the
microcontroller, because the microcontroller has the capacity to give the current per pin
maximum of 40mA. It is important to mention that, in the case of the RF module and the SD
card are the maximum consumption possible. According to Table 4-9, it is possible to see that

the maximum current demanded for the circuit is 160 mA in a maximum load.

In this case the circuit was powered by the battery 3.7V 5000mAh, with an autonomy time
of 30 hours. This battery is connected to a Boost Converter to provided supply to the battery

and solar Lipo charger are implemented.
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4.6 Programming

Now, it is the described of the process of programming the monitoring system prototype.

According to the description of the project in previous sections, this part are divided in to

principal areas: the microcontroller and computer system configuration.

4.6.1 Microcontroller

Figure 4-21 shows the general diagram for the microcontroller. This diagram allows to

understand the logic sequence of the program in the process of data acquisition.
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Figure 4-21Flow chart diagram for the microcontroller
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That is possible to see in last figure the principal actions that have to do the microcontroller

are:

Initialization: In this first step, it is necessary to configure all the inputs/outputs pines
of the microcontroller. Also in this part, the microcontroller do the initialization of
the serial port for the communication system.

Acquisition: reading of each data in all the analog inputs that it used. In this case the
system has 5 readings per channel and calculate the average of the reading received.
In this way is possible to get an accuracy measurement with the statistical technique
of Moving Average.

Process data: Conversion of the data into the value that it measured. In this case, are
used the conversion equations described in the section 4.3. With the suggest of the

standard IEC 61724, the data has the format:

o DATARECORD 1: PV FS GIFS TmFS VAFS IAFS PA
o0 DATARECORD 2: PV FS GIFS TmFS VAFS IAFS PA

Where PV is the code of the PV that the system takes the measurement, G1 is the total

irradiance, in the plane of the array, Tm is the temperature of the module, VA is the output

voltage, 1A is the output current, PA is the Output power and FS is the field separated, in

this case is selected the comma (ASCI144). One of the most relevant part of this data, is

that is possible to accept in several countries and may facilitate the exchange of data

between organizations.

Send data: The data storage in the microcontroller are send by the RF modules to the
computer. This communication is done via the serial port of the microcontroller. For
the case of this device, the next parameters are selected:

o Baud rate: 9600

o Data Bits:1

o Stop bits:1

o Parity: 0

This configuration is also implemented in the COM port of the computer, to be able to

communicate the devices. The configuration of the RF modules is presented in Appendix
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e Backup Information: Before clean the EEPROM of the microcontroller the data

obtained is storage in a SD card.

It is important to mention that the sample time of the measurement is every 10 seconds. This

time is according the data time of the standard.

46.2 CPU

Once the microcontroller send the data it is necessary to receive by the computer. In this case,

the general diagram flow is shown in Figure 4-22.
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Figure 4-22 Flow chart for the computer program.
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According with the past figure, it is possible to identify the principal stages of the program

developed:

Serial port configuration: It is necessary to establish the link between the devices. For
this reason a manual entry of the COM port and Baud rate are necessaries as first step
to initialize the program.

Confirmation: The software needs to ensure, that the port configured in the last step
is founded in the device. For this reason, a corroboration it is necessary. In case that
the software does not found the COM port, display a message error.

Send request: if the device is configure property, the software send a message to the
microcontroller to indicate that is ready for receive data.

Received data: In this process, the software store data in global variables.

Storage data: According the format implemented to send data by the microcontroller

is easy to accommodate this data into the rows, for easy visualization in excel.

The system was developed in a Macros of Excel with a Visual Basic script. That is because

Excel provides and standard columns format for analysis. In this way, it is easy to export to

other software for extensive analysis or a faster analysis. And it is a common program in the

computer with Windows like operating system.

59



4.7 Mounting Structure
According to the necessities of the project it is necessary created a preliminary design for the
mounting structure for the Photovoltaics Performance Verification. This section will address
in the considerations for the design process and some special characteristics about the

implementation of the photovoltaics performance verification plant in Las Nubes.

4.7.1 Solar Assessment
The project will be development in the Conservation Center Las Nubes, located on the South
Pacific slope of the Talamanca range in Southeast Costa Rica. To the northeast of the
property is Chirripo National Park which continues into La Amistad National Park. This
National Refuge are limit with the Biological Corridor Alexander Skutch. In this moment, it
Is start with a building of Operations Center called Lillian Meighen Wright Centre. The

extension territorial zone is approximated 124,67 ha.

Location

For next analysis and create a real proposal, the place selected for the location of the
Performance Verification Plant is on the coordinates 9°22°52"°N and 83°36°15""W. This
location has an altitude of 1081. In this place there is a field with a size of 20m x 20m. This
is not the final location of the plant, because it necessary to add with the General Site
Operations Plan of the Conservation Center. However, a small changes in the location will
not greatly affect the results presented in this section. The location of the place selected are

presented on Figure 4-23.
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Figure 4-24 Location PV Performance Verification Plant, obtained by SolarGIS

True South

In the same way of all the PV installations in the Northern Hemisphere, the installations are
oriented south to increase the solar gain. [2]. But, there is a difference between the magnetic
south (that is indicates with the compass) and the true south. The difference is given by the
Earth’s no uniform, conductive, fluid outer core that consist mainly of iron and nickel. For
this problem, there is implemented an east west correction that is either add to the magnetic

south compass reading.

In the case of this project, an acceptable east-west correction factor are given by National
Centers for Environmental Information of United States, which provides a Magnetic Fields
Calculator [54]. A simulation in this calculator estimates that the declination in location of
the project is 1,59° W in May 1%, 2015 and a progress declination of 0,15° W per year. For
simulation considerations was used the World Magnetic Model (MMM). This model is
produced with US and UK defense agencies and it is the most recommended model
prediction. With this possible to obtain the true south for the location project, given by

equation 4-8:
9True South = 180° + 1,59° = 181,59° =~ 182°

(4-8)
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Irradiation Data

With the settings of latitude, longitude and solar true south it is possible to create a simulation

about the Sun Path and the irradiation data in the location selected. For this simulation is used

the online high-resolution database SolarGIS® [55]. It is a solar database developed by

GeoModel Solar. This database is considered as most accuracy database for solar applications

and it is widely used by students and professional involved with solar energy. Figure 4-25

and Figure 4-26 show the result of irradiation data obtained in the simulation. Tables source

of this graphics are presented in Appendix A-3.

Daily sum of global irradiation [kWh/m? ]

Figure 4-25 Global Horizontal Irradiation and air temperature estimated by SolarGIS
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According to Figure 4-25 and Figure 4-26 it is possible to see how the irradiation and the
temperature remains constant, compare than other latitudes like Canada. This condition
confirms the good conditions that Costa Rica has in term of Solar PV energy production. In
a year this location receives 1749,6 kW/m? in horizontal plane and 1775,8kW/m?. The

average temperature around the year is 19,4°C.

Solar Path and Tilt angle.

In all solar system, the tilt angle is one of the most important aspects to take account in the
design process. The selection of an optimal tilt angle is important to prevent and energy loses,
related with optical phenomena, especially for the light incidence angle in the module plane.
[56]. Solar panels have the maximum performance when the photovoltaic surface catches the
sunlight in a perpendicular way. Unfortunately, the zenith of the Sun change according the
month of the year. A clear diagram of tilt angle is shown in Figure 4-27.
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Figure 4-27. Tilt angle for PV panel [57].

The best performance of the tilt angle are given by:
B=90—-a

(4-9)
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Where g is the tilt angle and « is the sun elevation. For this reason, it is necessary to consider
the variation of the Sun during the year. In this proposal, an online tool provide by University
of Oregon, called Sun Path Chart Program [58], was used. This online tool allows to obtain
the sun position graphically. The result for the location of the project is shown in Figure 4-28

and alternative Sun Path representation is presented in Appendix A-4.
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Figure 4-28. Sun Path Chart for the location of the project

Now with the data obtained in Figure 4-28 and equation 4-9, it is possible to determine the
optimal tilt angle for the project. For the June 21st, the tilt angle optimal is 9,2°. The main
idea to obtain the best tilt angle, for no tracker installation, is to obtain the most constant
radiation around the year. For this location, this angle are determined by 10° in the analytical
way and this result is consisted with the result obtained by SolarGIS, in automatically way.
The representation of direct radiation around the year is illustrated in Figure 4-29. This
estimation was obtained by the online tool development by PVEducation [57]. In this graph
it is possible to see how the direct radiation during the year is steadily and represents a valid
approach.
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Figure 4-29. Direct Radiation around the year with a tilt angle of 10°.

With this information, it can ensure that the place selected in Las Nubes presents optimal
conditions to operate the plant. However, the final decision of the place that will be located
the Performance Verification Plant depends of the Master Plant of Las Nubes, that it is

designed in this moment.

4.7.2 Load considerations and stress verification

To the development of the design analysis for the structure of the PV panels, it is necessary
to do a mechanical load budget and special conditions for the structure. According to the
standard IEC 61853 for an accuracy performance of PV technologies is necessary to measure
three modules per manufacturer. According to Table 3-3, ten different brands are distributed
in Costa Rica. For this reason 30 modules will have to be install in the best scenario. The
configuration selected for the orientation selected for the PV panels is in landscape.
According to this considerations and the analysis for the best performance obtained in the

last section, it is possible to get the initial parameters of the design.
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In this case the structure has to get the next characteristics:

Total area: 48,84m?

Total load: 605,74kg
Distributed load: 12 kg/m?
Distributed pressure: 117,72 Pa.
Tilt structure: 10°.

Minimum height: 1,5m.

Also is important to take into account other considerations, like the soil foundation and the

wind loads. It is not possible to obtain data in this moment about the soil foundation and for

this reason is necessary to re-validate the proposed design. On the other hand, according with
the Costa Rica Regulation [59] the wind load was considered as 55 kg/m?. But is more
important the design by the seismic code, for this reason it have to be considered. The CAD
tool implemented for this solution is SolidWorks 2013. The racking system selected is
manufacturer by the company IronRidge. A general solution of the structure are shown in

Figure 4-30 in this figure is also presented the coordinates system that will be used in next

analysis.

Figure 4-30 General View of the Structure
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As it seen in the last figure, the structure is divided in 20 rails two per array panel. Each array
panel is composed by three solar modules of the same model. The length of the rail are 11

feet (3,3528m). The main mechanical properties of the rail are given in Table 4-10.

Table 4-10 Mechanicals properties of XR100 Rail [60]

Property Value
Material 6005A-T5
Beam Height 76,2 mm
Weight/Linear Foot 428,6448¢g

Total cross sectional Area 520,0644e-6m?
Section Modulus(X-Axis) | 8,242639e-06 mm?
Moment of Inertia(X-Axis) | 350,8830918e-09m*
Moment of Inertia(Y-Axis) | 75,75411946e-09m*

Torsional Constant 6,817019e-06m*
Polar Moment of Inertia | 13,73147473e-09m*

Stress Verification Axis X

For the configuration selected, the stress in the rail was verified. In this case, the supports of
the rails are a 1ft (0,308m) from the edge of the rail and 9ft (2,7432m) to the other support.
With the consideration of Table 4-10 and supposed a distributed pressure per rail of 11, 72
N/m?, was realized a finite element analysis for the rail. The results are shown in Figure 4-31
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Figure 4-31 Finite Element Analysis for XR100 Rail

In the last figure it is possible to see how the maximum Von Mises Stress in the component

is of 24,202kPA which means a safety factor of 600. The maximum displacement at the
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midpoint is around 0,00211mm, in the direction of the pressure. Also the stress was

corroborated in the Rail Connector with the beam. With a load of 500 N/m? that represents

the weight of the PV panel and the rail. Figure 4-32 shows the principals results of the

analysis.
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Figure 4-32 Finite Element Analysis for Rail Connector

Stress Verification Axis Y
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In the Axis Y was selected like principal component and 3" Schedule 40 pipe. This pipe is

make of structural steel ASTM A53 B. The pipe is used like column and a beam to support

the rail. A Finite Element Analysis was development to determine the principal stress and

behavior of the structure in this point. The Static load for this configuration is 58 N/m? that

represents the distributed load product of its weight plus the weight of the XR100 Rail.
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The figure shows how the VVon Mises Stress is around 0,5Mpa that means, the safety factor

for this component in this configuration is around 450 with a deformation of 0,00972mm in

the central part of the component.

Stress Verification Axis Z

In the axis Z, the most important think to verify is the resistance of the concrete founding.

For the case of the proposal, a foundation of 40cmx40cmx40cm was selected to put in each

column. A Finite Element Analysis was make for this component.
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Figure 4-34. Finite Element Analysis in foundation
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All the analysis reflects that the structure in the configuration proposed can work. However,

this is a preliminary version, because is necessary for confirm the results to do a site

assessment, to get more information related of the wind load and the soil foundation.

Final View

A final view can be observed in Figure 4-35. More technical details can be found in Appendix

AG.
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Figure 4-35 Final View
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Chapter 5 Assembly and Testing

This chapter is aimed to show the fulfillment of the object regarding the assembly of the
texting model. In this chapter it will described all the process implemented to test the device
both in the laboratory and field test. And the end of the chapter is shown some results obtained

of the evaluation of two PV panels.

5.1 Methodology
For a prototyping and make all the electrical connections of the sensor it was developed the
circuit for the measurement of one panel in a breadboard. Figure 1 shows the breadboard
assembly.

Figure 5-1. Breadboard connections for test the prototype

As it shown in section 5.2.2 the system was tested in real conditions to obtain data from a PV
panel. For this reason a more compact assembly for the circuit was made, as is shown in
Figure 5-2. Also the device was placed in the Junction Box FSE PVC %" of the company
Carlon. This box owns with the seal EA42728 of UL that indicates the degree of protection

against water.
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Figure 5-2 Final testing prototype

5.2 Testing process

This process is divided in two process. The laboratory test, are development in the laboratory
and the utilization of Voltage/Current Source to do the calibration and characterization of the
sensors and the IEC 61724 checking test. On the other hand, the field test was implemented
to do and small outdoor performance verification of two modules that provides York

University. The next section describes these two process.

5.2.1 Laboratory Test

Calibration and Sensor Characterization.
For calibration process the prototype was operated in the laboratory and tested with a voltage
supply. This test was created to obtain the real behavior of the sensors selected. Figure 5-3

illustrates this process.
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Figure 5-3. Laboratory Test

With this test was possible to calibrate the sensor and describe the real behavior. All the
results obtained was presented in section Signal Conditioning and Calibration of Chapter 4.
Then the results of the calibration was corroborated, once are programming in the
microcontroller. For collaboration of the system was implemented a Multimeter EX310 of
Extech Instruments power measurements and for the temperature corroboration was used and
FLUKEZ16 In addition after each day of field measurement to the PV modules, a validation
was development in the laboratory. This test was approved satisfactorily. For this reason, is

possible to collect data and the results are presented in the next sections.

Checking Test IEC-61724

The standard IEC-61724 proposes a method of checking the data of the acquisition system.
This test is related only for the system without the sensors. For each sensor, different
procedures are applied. The checking test consist in a simulation of the input signals involved
focus of the signals of irradiance, ambient temperature, voltage and current. For this reason,
this process was developed in the laboratory and the main results are summarized in Table
5-1.
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Table 5-1 Checking Data Test IEC 61724

TEST Description Test | Error | Status
Day

May | 0%all | Ok
4 Al?
2015

Check  of | A constant dc signal shall be applied to the input
linear terminals. The difference between the result measured
response by data acquisition system and scaling factor shall be
less than £ 1% of the full scale. This procedure should
be performed at input signals of 0%, 20%,40%, 60%,
80% and 100%

0,01%

Check  of | A constant dc signal of 100% of full scale shall be | May Al 14 Ok
Stabilit applied to the input terminal for 6 h. The fluctuation of 5t
y the measured value of this signal shall be kept within + ’ Other
0,
1 % of full scale. 2015 Al 0%
Check  of An input signal of a rectangular wave having an May |0,02% | Ok

amplitude Zm shall be applied to the channel and its
integration measured values integrated over time period Td | 6", Al 1, 2
(recommended to be at least 6 h). The amplitude Zm

for each channel is recommended to be the maximum 2015 | &9
input level expected from the sensor. The results Other
obtained shall be equal to Zm x Ud = 1 %.

Al 0%

Check of | The channel shall be short-circuited, and its measured | May | 0 % all | Ok

values
zero value 7, Al

integrals integrated over time period Td of at least 6 h. 2015

According with Table 5-1 it is possible to see how the system developed for this proposal
can operate with the requirements of the standard. IEC 61724 establishes that this check
should be made every to year, with the aim to get and accuracy data. If the error is greater
than the established, it is necessary to correct with software or hardware and re-verified. The
sensors should be calibrated according the best practices for each sensor. For the case of this

project, it is recommended to do it every year.

2 Al: Analog inputs
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5.2.2 Field Test

A field test inside the campus of York University was developed, measurement real PV
Panels. For the field test, was used to PV Panels model DAY448MC of the manufacturer
Day. The datasheet of this solar panel is provided in Annex B1-6. The site that was developed
this testing process is next to the Faculty Environmental Studies, specifically in geographical
coordinates 43° 46' 17" N, 79° 30" 17" W. A satellite image of the place is shown in Figure
5-4.

Figure 5-4. Field test location

For this location, a preliminary analysis was conducted by Solar GIS. The main features of
this analysis are presented in Appendix A5. Also a real solar assessment was development
with the equipment Sun Eye 210 development by Solmetric®. In this case was taken 9
measurements around the perimeter rough of 4, 57 meters (15 feet) per 4,57 meters. Figure

5-5 shows the process of the data in Sun Eye.
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Figure 5-5 Sky Image Capture Sun Eye 210

Once obtained the data is possible to get some results about the solar access. It is possible to
see how the place of the measurement has and 79% around the year of Solar Access. That is
and acceptable percentage for testing proposals, taken account that the place is near to the
Faculty and there is no traffic of people, that could interfere with the testing period. Figure

5-6 and illustrates the solar access in the point selected.

Session Solar Access Averages
Averages of 9 skylines in "TestField"
[Sky01, Sky02, SkyD4, Sky05, SkyDs, Skyl7, Skyls, Sky03, Skyld)

Annual: 79%
May-Oct: 37%  Nov-Apr: 63%

o 0% 32% 51% goog
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%
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Figure 5-6 Solar Access in Field Test
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For the test of the prototype two solar panels DAY 448MC the testing process during the day
of May 15" and May 27™. The measurements cannot obtained all of the days, because the
panels were not in a fixed plant and all the testing process for security process has to be

supervised.

Figure 5-7. Outdoor Performance Verification with two solar panels DAY448MC

5.3 Results
Around 2600 rows of data was collected per panel per day. It is important to mention that the
losses data in the RF communication was 0,045%. The computer that works as server was
located at 100 m of the location of the measurements inside the Faculty of Environmental
Studies.

With the data collect is possible to determine the behavior of the PV modules during the test
dates. A no linear correlation, can be determine in a simple view, between panel temperature,
irradiance and output power. Figure 5-8 shows the behavior of the temperature of the PV
Panel Temperature, the environmental temperature and the irradiance for May 16", 2015. It
is important to mention the meteorological conditions for this day. It was a cloudy day, with

an average temperature of 23°C, relative humidity of 46% and wind speed 2,31m/s.
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Correlation between panel temperature,
environment and radiation. May 16th, 2015
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Figure 5-8 Correlation between panel temperature, environment and radiation. May 16th, 2015

For the same day is possible to obtained and idea of the output power of the system and the

irradiance in the same plane. This relation is possible to see in Figure 5-9

Correlation between irradiance in the same plane
and output power. May 16th,2015
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Figure 5-9 Output power and irradiation, May 16™, 2015.
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Once it is possible to obtain data for one day, it is possible to see the data obtained for the
days when test were performed on the device. Figure 5-10 represents the data obtained for
the energy yield during the days that the device was tested.

Energy Yield PV Module DAY448MC

4,400
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Energy Yield kWh/kwW)

Figure 5-10 Energy Yield.

According with the last figure, for the testing period the energy vyield is around 4,04
(kWh/kW) The main differences of this value are related with the weather conditions. To
continue with this analysis, Figure 5-11shows the performance ratio obtained during the days

of the measurements. The Performance Ratio was estimated according with equation
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Performance Ratio PV Module DAY448MC
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Figure 5-11 Performance Ratio
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Chapter 6 Recommendations and conclusions.

6.1 Recommendations
Las Nubes has great potential for photovoltaic generation. And it is the case of all the territory
of Costa Rica. The location presents an opportunity to conduct studies no available in the
region, as was mentioned above. As a Conservation Center Las Nubes it should position itself
as one of the main centers of renewable energy in the region. Starting at the first stage, with
solar energy. Right now, in the Conservation Center is started the building called Lillian
Meighen Wright Center. This building will serve as a hub for an international research. In
this way, it is necessary that the Photovoltaic Performance Verification Plant is integrated

with the development of the center.

With this conditions, a group of recommendations are given for the creation of this plant in

Las Nubes, as described below:

e Integration to Master Plant with Lillian Meighen Wright Center: this action is
important to star working according to guidelines are already in the Center. Also, it
is a good deed, to join efforts in the same direction.

e Site Assessment: despite the analysis presented in this chapter, it is necessary to
corroborate some of the information in the site. The main mention are:

o Shading analysis: because the Conservation Center is located in the rainforest,
a tall trees can be produced shading and this is an undesirable effect for the
efficiency of the plant.

o Wind load. It is necessary to verify the effect of the wind in this terrain.

o Soil foundation: it is necessary to see the soil has the capacity to support the
structure of the plant. Also is important to make sure about the field has an
ideal topographic conditions to development the project.

¢ Networks of academic cooperation: the main propose of the Center is collaborate with
academic development and research in the region. For this case, it is necessary to
created links with Costa Rica Universities. With the present project a relationship
with Costa Rica Institute of Technology begins to form. This collaboration should be

established with other universities, according to the objectives of the center. On the
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other hand, a cooperation with other national institutions like ACESOLAR or ICE
and international institutions as Kortright or IEC is necessary for improve the scope
desired.

Networks of professional and business collaboration: As a research center, it is
indispensable to essential to created alliances with manufacturers, distributors and
companies that can obtained the materials for the research. In this case, with the Solar
Energy Business. Taking advantage of York University to settle in Canada.

Funding: much of the current development of the project due to funding. Therefore,

it can be considered as good choice for the development of the plant.

6.2 Conclusions

Under the description of the present report, was possible to conclude

The proposed design of the monitoring system for a Photovoltaics Performance
Verification Plant meets with the IEC 61724 and IEC 61853 standards, both in the
processability (error less than 0.1% ) and accuracy ( less than 2% ) .

The field test during the six days of measurement shows shows that the PV panel
DAY 448MC have and Energy Yield of 4,04kWh / kW and Performance Ratio 0.73.
These results should not be considered binding , due to the period in which the tests
are developed

The proposed mechanical design meets the desired characteristics in the initial budget
effort, with a safety factor of 50, at the most critical study.

Las Nubes, has much potential to have a Verification Photovoltaic Plant . However;
you need to perform a series of steps that allow the establishment and operation

thereof.
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A. Appendixes
A-1 Glossary
Air Mass (AM): a body of air with horizontally uniform temperature, humidity and pressure.
In terms of Solar Energy, defines the direct optical path length through the Earth’s
atmosphere.

Azimuth: the direction of a celestial object from the observer, in this case the Sun. It is
expressed as the angular distance from the north point to the point at which a vertical circle

passing through the object intersects horizon.

Bottom up: Design technique that taking the design proceeding from the bottom of a

hierarchy upward or from the beginning of a process forward.

CAD (Computer-Aided Design): refers to the software that can be used to create a two

dimensional drawings or three-dimensional (3D) models.

Electron/Hole diffusion: the net movement of the electrons from region of high concentration

to a region of low concentration.

Finite Element Analysis: is related with a study developed by a computer system that uses
the finite element method to analyze a material or object and find how applied stresses will
affect the material or design.

Hall Effect: the production of a potential difference across an electrical conductor when

magnetic field is applied in a direction perpendicular to that flow of current.

ICE (Spanish: Instituto Costarricense de Electricidad): there is the institution in charge to
provided solutions of electricity and telecommunications in Costa Rica.

IEC (International Electrotechnical Commission): is the international standards and

conformity assessment body for all fields of electrotechnology.

Internal Spectral Response: is the number of electron-hole pairs colleted under short circuit

conditions relative to the number of photons entering the material.
Irradiance: the flux of radiant energy per unit area (normal to the direction of radiant energy)

Moving Average: a succession of averages derived from successive segments of series of

values.



POASEN (Spanish: Plan de Operacion y Administracion del Sistema Eléctrico Nacional).
Regulation which is currently under discussion in Costa Rica, which regulates the national

electricity system and has a photovoltaic solar energy regulations.

PV (photovoltaic): related to the production of electric current at the junction of two

substances exposed to light.
PVPV: Photovoltaics Performance Verification Program located at Kortright Center.

Photoelectric effect: emission or ejection of electrons from the surface of, generally, a metal

in response to incident light.
Thin Film: a second generation solar cell that is made by depositing one or more thin layers.

Serial Port: a connector by which a device that sends data one bit at a time may be connected

to a computer.

Sun path: refers to the apparent significant seasonal and hourly positional changes of the Sun

as the Earth rotates.

Von Misses Stress: A mechanical design criterion suggest that the yielding of the materials

begins when the second deviatoric stress invariants reaches a critical value.

Zenith: the highest point reached by a celestial or other object.



A-2 RF Link Budget
The implementation of the project have not a specifically location inside the conservation
area. For the calculation of Fresnel Zone, it takes into account that both transmitter and
receiver in pure line sight unobstructed. [61] That is the most recommended configuration.

Fresnel Zone are illustrated in figure A-1.

1 strefa Fresnela

11 strefa Fresnela

Figure A-1. Fresnel Zone [62]

The calculation of the Fresnel Zone are given by:

\/n*/l*dl*dz
= |———

d, +d,

(A2-1)

To do simple this calculation, for the first zone, it is assumed n=1, the transmitter distance

(d1) and receptor distance (d2). So D are in kilometers and f in GHz: converting A2-1 into:

D
T'l == 8.657 ?

According the section 4.2.6 D=1 Km and f=0,434 GHz, whereby the first radius of Fresnel

(A2-2)

Zone is 13,14m. This value can use like a first approximation to predict the reliability of the
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line sight. It is necessary to have a proportion higher than 60%. This means that the location

should have a clear height bigger than 7,8m.

The power between transmitter and receptor are given simplified by equation A2-3, since the

data sheet provides information loss between devices:
Ppy = Pry + Gry — Lgs + Gpy
(A2-3)
Where:

Prx: Receptor Power (dBm)
Ptx: Transmitter Power (dBm)
Grx: Transmitter Gain (dBi)
Lrs: Free space loss (dB)

Grx: Receptor Gain (dBi)

The free space loss are given by equation A2-3:
Lrs = 32,45(dB) + 20 - log(f - D)
(A2-4)
The frequency f are given in MHz and the distance D are given in km. For the RF modules
selected the free space loss are 125,19dB and the receptor power are 13dBm, equivalent to
19,95mW. This value meets with the Costa Rica Law, whose maximum allowed value is
250mW.



A-3 Configuration of RF Modules.

Appcon Technologies provides an own tool to configure the APC220 RF modules this
software called RF Magic. This software allows set up all the parameters of the modules.
This modules also includes a USB adapter for a better connection with the computer.

RF Parameters Met Parameters

RF frequency (434 MHz MET ID [12345

RF TR« rate SE00bps - WODE 1D |12345672301 2
RF Power 9 [Ma] - [T AUTOADDA
Series Parameters

Series rate 9600bps - Series Patity | Dizable -

[T AUTO Write Mode
PC Series  |COM2 - Write Y Read R About |

COMS Openec Found device! Model: APC22x series

Figure A-2 APC220 RF Modules configuration

For the implementation test. There is used the next parameters.
RF Frecuency: 434 MHz

RF TRx rate: 9600 bps

RF Power Level: 9(Max)

Series rate 9600 bps

Series Patity: Disable

NET ID: 12345

NODE ID 123456789012 (module CPU) and 123456789011 (module 2 MCU)



A-3 Tables sources of Figure 4-25 & Figure 4-26

Table A-1 Global Horizontal Irradiation and air temperature estimated by SolarGIS

Month | Monthly sum of Daily sum of global | Daily sum of diffuse | Daily
global irradiation | irradiation irradiation (diurnal) air
[kWh/m?] [kWh/m?] [kWh/m2] Egg]peratu re
Jan 150,5 4,85 2,03 19,0
Feb 155,5 5,55 2,10 19,4
Mar 177,6 5,73 2,32 20,0
Apr 155 517 2,51 20,3
May 153,4 4,95 2,56 19,8
Jun 145,4 4,85 2,57 19,6
Jul 146,4 4,72 2,66 19,3
Aug 149 4,81 2,58 19,4
Sep 143 4,77 2,44 19,4
Oct 129 4,16 2,40 19,1
Nov 1155 3,85 2,21 18,8
Dec 129,1 4,16 2,05 18,8
Year 1749,4 4,79 2,37 19,4

Table A-2 Global in Plane Horizontal Irradiation estimated by SolarGIS

Month | Monthly sum | Daily sum of | Daily sum of | Daily sum of | Losses of global
of global global diffuse reflected irradiation by
irradiation irradiation irradiation irradiation terrain shading
[KWh/m2] [kWh/m2] [kWh/m2] [kWh/m2] [9%6]

Jan 163,5 5,27 2,14 0,0 1,00
Feb 164,8 5,89 2,19 0,0 0,90
Mar 181,3 5,86 2,38 0,0 0,70
Apr 152,9 5,09 2,51 0,0 0,70
May 147,8 4,76 2,53 0,0 0,80
Jun 138,4 4,61 2,53 0,0 0,80
Jul 140,5 4,52 2,62 0,0 0,90
Aug 145,6 4,69 2,57 0,0 0,70
Sep 143,9 4,79 2,47 0,0 0,80
Oct 133,7 4,31 2,46 0,0 1,20
Nov 1229 4,10 2,29 0,0 1,00
Dec 140,5 4,52 2,15 0,0 1,00
Year 1775,8 4,86 2,40 0,0 0,90




A-4  Alternative representation of Sun Path

The present representation is obtained by the online tool developed by Sun EarthTools [63]
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A-5. Solar Gis analysis for the location of the field test in York
University.
SUN PATH

LH] L

[C T

Global Horizontal Irradiation

ral |

Month

Gh
m

Gh

Dh

d d 24
Jan 50 1.60 0.84 -4.8
Feb 70 2.50 1.19 -4.7
Mar 116 3.74 1.61 -0.8
Apr 141 4.70 1.83 5.8
May 178 5.74 2.30 11.7
Jun 181 6.02 2.48 17.7
Jul 187 6.02 2.51 20.7
Aug 165 5.32 2.18 20.5
Sep 126 4.21 1.66 16.5
Oct 80 2.58 1.26 9.8
Nov 51 1.68 0.89 3.7
Dec 39 1.25 0.71 -2.1
Year 1382 3.79 1.62 7.9
Global in-plane irradiation
Month Gi Gi, Di, Ri, sh__
Jan 85 2.73 0.99 0.02 0.3
Feb 104 3.73 1.35 0.03 0.2
Mar 148 4,76 1.73 0.04 0.2
Apr 155 5.17 1.87 0.05 0.2
May 176 5.68 2.24 0.06 0.2
Jun 171 5.70 2.38 0.07 0.2
Jul 180 5.82 2.44 0.07 0.2
Aug 174 5.60 2.20 0.06 0.2
Sep 153 5.10 1.78 0.05 0.2
Oct 111 3.57 1.38 0.03 0.2
Nov 81 2.71 1.02 0.02 0.3
Dec 67 2.16 0.84 0.01 0.3
Year 1605 4.40 1.69 0.04 0.2

Dally sum of global irradiation [kKWh/m? ]
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A-6. Project Drawings
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A-7. Cost of the project

The cost of the project are divided in two areas. The monitoring system and the mounting

system. The presents table only the cost of the materials used in the project.

Table A-3 Cost of the materials for the monitoring system

o Price
Qty. Description Brand Model (CADS)
1 Microcontroller Arduino Arduino Mega 2560 55
5 Current Sensor Allegro Microsystems ACST712ELC-20A 40,47
5 High Precision Foil Resistor 10K Vishay Y07851K00000T9L 80,11
5 High Precision Foil Resistor 1K Vishay Y07851K00000T9L 80,11
5 Thermocouple PT-01 Type K TPO1 42,5
5 Amplifier Thermocouple Analog Devices AD595 63
1 RH & Temperature Sensor Aosong Electronics DHT22 5
1 RF module with antenna Appcon Technologies APC220 36
1 SD Memory Stick Sparkfun 2,68
2 LED Lights 5mm 2
5 Zener Diode 0,6
10 10A Fuses 20mm Cartrige 10,02
10 Fuse Case Cartrige 4,80
1 Perfored Board 1
1 Lithium lon 3.7 \V 5000 mAh Battery AltiTech 35,35
1 Lipo Charger 11,99
1 Boost Converter 5,95
Resistors and Capacitor (Varies sizes) 5
481,58




Table A-4 Cost of the Mounting System

Quantity Part No. Description Price (CAD$)
20 XR-1000-132A XR 1000 Rail 11' 1896
40 29-7001-000 SGA Rail Connector 3" 864
8 70-0300-SGA SGA Top Cap 3" 624
20 29-4000-002 WEEB Grounding Lug 200
40 29-400-001 WEEB Compression Clip 84
3 29-4000-007 Wire Clips 50,4
2 XR-1000-CAP End Clamps 36
10 29-7000-204 4-pack, End Clamp 144
10 29-70TB-108 4 pack, Mid Clamp 108
9 Schedule 40 Steel Pipe 3" 540
5 Concrete Bags 100

Total

4646,4




B. Annexes

B.1 Components Datasheets
B.1.1 Schematics of Arduino Mega
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B.1.2 ASC712 Datasheet (Relevant Information)

ACS712

Fully Integrated, Hall Effeci-Based Linear Current Sensor IC
with 2.1 KEVRMS Isolation and a Low-Resistance Current Conducior

Description {continued)

the device at up to 5= overcwrent conditions. The termunals of the
conductrve path are electncally 1solated from the signal leads (pms
5 through 8). This allows the ACST12 to be used m apphications
requinng electrical isolabon wathout the use of opto-isolators or
other costly 1solation techmaues.

Selection Guide

The ACST12 15 pronided in a small, swface mount SOICE package.
The leadframe 15 plated with 100%% matte in, which 15 compatble
with standard lead (Pb) free printed cirewit board assembly processes.
Internally, the deviceis Po-free, exccept for fip-chiplngh-temperatre
Pb-based solder balls, currently exempt from EoHS. The device 15
flly cahbrated prior to shipment from the factory.

. T, imized Range, | Sensitivity, Sens
Part Number Packing® o Opt n ﬂmm\’fﬁ-}
ACSTI2ELCTR-OSE-T | Tape and reel, 2000 piecesines! —40 to B5 5 185
ACSTI2ZELCTR-20A-T | Tape and reel, 3000 piecesines] —40 to B5 20 100
ACSTI2ZELCTR-30A-T | Tape and reel, 2000 piecesines] —40 to B5 30 64
"Contact Allegro for additional packing options.
Absolute Maximum Ratings
Characteristic Symibol Notes Rating Units
Supply Violtage Ver & v
Reverse Supply Viokage Vheo 0.1 v
Output Voltage Vigur & v
Reverse Cutput Voltage VraouT 01 v
Output Current Source [ 3 ma
Output Curent Sink [ 10 mA
Oweercurrent Transient Toberance I 1 putse, 100 ms 100 A
Maminal Operating Ambient Temperature Ta Range E 40 to B5 °C
Maximum Junction Temperature T,{rrax) 165 C
Storage Temperature Tug —5 to 170 "C
Isolation Characteristics
Characteristic Symibol Notes Rating Uit
Dislectric Strength Test Vokags" Viso ﬁﬂﬁmﬁﬂﬁéﬁm‘m per 2100 VAC
Working Voltage for Basic Isolation Vope ;;,;j‘j‘“;"gﬂmm per UL standand 3/ [VDCorV,
Working Voltage for Risinforced Isslation Viorr mﬁfﬁiﬁb' isalation per UL standard 184 | VDCorV,,
" Allegro does not conduct Gl-second testing. it s done only during the UL certification process.
Parameter Specification
CANICSA-C22 2 Mo. 60950-1-03
Fire and Electric Shock UL 60950-1:2003
EM 60950-1:2001

m Alagro MicieSyabes, LLC 2
- 115 Morfaast Culo®
Allegro e
L} HEE T 1. 5008655 SO00; wwew alla giaimico ooim



B.1.3 Vishay Foil Resistors Datasheet (Relevant Information)
VISHAY FOIL

S Series

RESIST()RS
ARG Brond

FIGURE 2 - STANDARD IMPRINTING AND DIMENSIONS

HNote

Frem View

=
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1. Standofis FI'IZII."HH o aliow proper Aushing of fix, oebris, and I'HH".E.I'"IIF-E1E5 froem under resistor afier all solder ope iﬁ:ﬂi
2. The s@andods shal be 50 ocated as o ghe a ead ciearance of 0.010° minimum Detwean e resistar body and the printed eirevit board
when the standofis are seabed on the printed circuit boand.

TABLE 2z - MODEL SELECTION

AMBIENT DIMENSIONS TIGHTEST
MoDEL | RESISTANCE | MAXIMUM | POWER RATING | AVERAGE TOLERANCE
NUMBER RANGE | WORKING WEIGHT V5. LOWEST
i) VOLTAGE | at a |IN GRAMS INCHES e F™ | RESISTANCE
+70C |+ 125 C {INCHES) VALUE
5102C - 0EW O03W W:0.105 £ 0.010 | 267 +0.25
{S102) = up to 100K L0300+ 0040 | 782 £ 025
JAW  DZw HOE2E T 0.MO0 | B2BE02S
- =00 : 0.8 ST: D070 min 0.254 min,
10K 1 %0 100K SW:0040 +0005 | 1.02 +013
=L = over 100K LL-1.0004£0.125 | 2545318
LS 0150+ 0.005 | 381 #0113
S104D s 10W 05W W:OiB0mas. | 406max | (0.135)
(S104F) 17 o 500K up 1o 200K LD5STSmae | 1481 max. | [0.585)
EW  OSw HoD41Emax. | 10.80max. | (D.413)
250 : - 1.4 ST:0.035+ 0005 | 0.888 £ 0.13 I —
—_— . SW-0.0502 0005 | 1.7 £043 s
S104K o 300K over 200K LL-1.000 40125 | 254 £3.18 001 %25
LS 0L400 + 0.020 | 10U16 £ 051 %’fﬁ - 152:?
S1050 - 15W D75W W:OiB0max. | 406max | (0.135) 0% o
{5105F) M o TE0K up fo 300K L D.E20 max 20.83 max. (D.EBO) 050 %04 o
DEW  Daw HoD41Emak. | 10.Bmax. | (0.413) P
250 ' 1.9 ST:0.035+ 0005 | 0.880 £ 0.13
105K 1 10 500K EW-0.0502 0005 | 197 £0.13
over 300K LL-1.000£0.125 | 254% 318
LS 0850 % 0.020 | 16.51°2 0.51 |{0.7 £ 0.05)
20W 10w W:O0.260mas. | .50 max.
S1080 DSt M up 10 400K L1200max | 30.48 max.
iow  osw H: D413 mak, | 10,80 max.
500 - : 40 ST:0.035 + 0005 | 0.888 + 0,13
S106K 0.5 to BO0K SW-003020.005 ) 137 £ 013
over 400K LL-1.000£0125 | 254+ 318
LS 0.800 ¥ 0.020 | 22 852 0.5
Motes

1k 5104F and 5105F nave diffenant pac<age dimensions [see the third ealumn of dimens! ons). All omer S-EHHBE.'H"S are the same.

¥ 0.200" (5.08 mm) lead spacing availanie - specky 5102, for S102C, and S102L s

S102K.




B.1.4 Amplifier AD595 Datasheet (Relevant Information)

ECIFICATIONS

(@ +25°C and V; = 5V, Type | (AD504), Type K (AD585) Thermocouple,

A[l 594/ ﬂ[|59 5—SP unless otherwise noted)
Madel ADSDEA AT ADSDEA ADSBEC
Min Typ  Max Min Typ  Max Min Typ  Max Min Typ  Max Liniis
ARSDLUTE MAXIMUM RATING
#Vyto -V 3 3 3 3 Vol
Commen-Mode Input Volmge Wy - 015 #W, Vg - 0.15 #W, ¥y -0.15 #W, ¥y - 0.15 #V, Vol
Differential Inpat Volinge ¥y WV, Vg WV, ¥y #V, ¥, W, Vol
Alarm Violtsges
+ALM Va Ve# 36 | -V Ve# 36 [-Vy Vet 36 | -V Vy#36 | Vol
ALM Vs #Vy Vs ¥y Vs Vs Vs #Ws Volts
Operating Temperatar: Range 33 +125 33 +125 33 +125 35 +125 *C
Output Shost Circuit to Commmon | Indefimite Indefinite Indefimite Indefmite
TEMFERATURE MEASUREMENT
(Speifisd Tempemture Range
0FC o +30°C)
Calibration Error at +25°C +3 +1 +3 +1 i
Sighility vs. Temperature’ =05 =025 =05 =0.025 CRC
Gain Error +1.5 +0.75 +1.§ +0.75 %
Mominal Transfer Function 1y 1y 1y 10 m¥C
AMFPLIFIER CHARACTERISTICS
Closed Loop Gain? 193.4 1934 113 uia
Input Oifset Volmge [Tempembme in *(C) = [Tempembme in *C) = {Tempenture i “C) = [Tempennme in *C) *
5170 gVi=s SLT0 V=T 404 g VEC 4084 pVimC uv
Input Riss Current ol ol ol ol B
Differential Input Range 10 +50 10 50 10 #50 mV
Comman-Mod: Range N -0L18 Vg-4 V50158 Vg-4 Vg -0L18 Vg-4 [ Ng-ML1E Vi-4 Vaolks
Comman-Mod: Sexsitivity - ETO 1 1 1 10 myi
Pemwer Supply Sansithvity - KTO 10 10 10 10 mViv
Cutput Volage Range
Draal Supply N+ 15 #Vyg-1 “¥z+15 #Vg-1 [ Ng2l3 Vg1 [N+l #Vg-1 Vaolkis
Single Supply 0 #Wy-2 Q Vi-2 Q #y+2 [0 #Wy-2 Vaolts
Usable Output Current? 15 15 15 15 mi
3 df} Bandwidth 15 15 15 15 kHz
ALARM CHARACTERISTICS
Vo at 2 mA a3 a3 K] a3 Vaoks
Lentmge Curnent =1 =1 3 | =1 A mix
Operating Voltage at - ALM V-4 Vg4 V-4 Ng-4 Vaoks
Short Cincuit Current 20 .} N .} mA
POWER REQUIREMENTS
Specified Perfzrmance V=5 N =10 Wy =5 N.=0 =5 N =0 V=5 N =0 Vioks
Operating” #V; i -V 30 #V; oV, £30 +V; i -V 30 +Vy o Ny g 30 Vaols
Cuizscent Current (Mo Load)
+Vy 160 300 160 300 160 300 160 300 nd
Wy 100 100 100 100 nA
FACFAGE OFTION
TOC116 (D-14) ADAT4AD ADSMCD ADSIFAD ADFSCD
Cerdip (Q-14) ADTMAQ ADSMCQ ADGUIAQ ADFESCQ




B.1.5 Pyranometer Datasheet (Relevant Information)

SPECIFICATIONS

Power Supply: 5-24 VDC** with a nominal current draw of 300 pA
**Sansors with a serial number smaller than 4502 should not be powered with more than S VDT,

Sensitivity: 5P-212: 2.0 mV per W m#
SP-215: 4.0mV per W m

Calibration Factor: SP-212: 0.5 W m® per mV feciprocal of sensitivity)
SP-21% 0.25 W m per mV {reciprocal of sensitivity)

Calibration Uncertainty: + 5 % see Calibration Traceability below)

Measurement Repeatability: < 1%

Mon-stability (Long-term Drift): = 2% per year

Mon-linearity: < 1 % {up to 1250 W mr? maximum radiation measurement is 1250 W m®)
Response Time: < 1 ms

Field of View: 1807

Spectral Range: 350 nm to 1120 nm (wavelengths where response is 10 % of maximum; see Spectral
Response below)

Directional (Cosine) Response: + & % at 75 zenith angle (see Caosine Response below)
Temperature Response: -0.04 + 0.04 % per C (see Temperature Response below)

Operating Environment: -40 ta 70 C
0 to 100 % relative humidity
Can be submerged in waterup to depths of 30m

Dimensions: 2.4 cm diameter and 2.8 cm height
Mass: 90 g {with 5 m of lead wire)

Cable: 5 m of shielded, twisted-pair wire.
Additional cable available in multiples of 5 m
Santoprene rubber jacket (high water resistance, high UV stabiility, flexibility in cold conditions)
Figtail lead wires



B.1.6 Meteorological Station (Relevant Information)

Wireless Vantage Pro2™ &

Vantage Pro2™ Plus Stations
{Including Fan-Aspirated Models)

6162 6162
6163 6163

Vantage Prol™ (5132, 6153) and Vantage Pro 2T Plag (61462, §163) Wireless Weather Staticm: inchuds two compoments: the
Integrated Fazsor Suite (I55) which hemses and mamages the sxternal seasor array, and the comsols which provides the user
izturface, data display, and calculations. The ISE and Vantmge Prol consoles commusicate wiz an FOC-martifed, licanse-froe,
spread-spectram fequency-bopping (FEEE) wamsmitter 2nd mecedvar. Uer-salectabls manspdtter [T codes allewr =p to aight
statioms o coexist in the same geographic arsa. The frequency hopping spread spectmum technology provides greater
comomnication smength over lenger distances and areas of weaker mecepticn. The Wieles: Vantzage Prol Plus weather staticn
izmcIndes twe additiczal sensors that are cptional on the Vaztage Prol: the UV sensor and the solar mdiaticn sensar.

The consele may be powened by battarios or by the imcluded AC-powar adapter. The wireluss ISE bs solar powerod with a battery
backup. Use WeatharLink™ for Vantage ProZ and Vantage Voe" to let your weather staficn interface with a computer, to Log
weathar data, and to uplead areather infommeation to the intermet.

The 6132 and 6152 mly on passive shislding to reduce solar-radiation mduced temperabers arrors in the cwfside texoperature
sensor readings. The Fan-aspireted 6133 and 6163 consbine passive shislding with a solar-powered fan that draws outside air
in over the temperatmre and bemidity sezeors, providing a mmch msore sccurats temparatuse mading thas that avaiabls ming

passive shislding alons.

Integrated Sensor Suite [I55)

{Incisdes prodied mumibers: 8T5T, 6153, 6182, al&3, pATZ, 313, 8327 & 6318)

Cieserating T g raiiing
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B.1.7 DAY 448 MC Datasheet Relevant Information
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Dyt~ Anodized Aluminum Frame — |
the untque design Saiune. waker drasage 4‘—'
holes 1o reduce s brealiage due Io 1
frecring temperaiuns, multipl groandng D
holes For case of indallation; lop rase -
surface has a beveled profile In reduce dist
and warer mapping: deop ghas frame dot METRK: EMPERIAL
INCERS HIemgLT Tl JURECY A 1307 mm CLASS in.
B %lmm 38005 in.
Physical Specificabions: C  3mm 1377 .
HMETEI MPSRIAL D 403mm 15655 im.
WIDTH:  991mm  35.00inches F  &535mm 15,728 in {(Grounding holes on each side)
DEFTH:  35mm 1.38 inches O 525 mmi:l0mm) IEAIT in. (20.383%mn)
. o | Imm L.181 in.
Mechancal Specifications: I Umm 0510 in.
GLASS: Solar low inom lempered ) ) .
JUNCTION BOX: Troo Solarlok Interconnection, cutpust cides, 24 demates 2 bales (grounding boles) with 2 diameter of &mm
male and female Incking cable couplers d-a8 du:-m.e_:-‘l.hd:u-:m:l.l.m.mg I:-:-I.u‘.‘-wnh 2 diameter of 9mm
CELLS: 48 cells Mk ine IG5 [ inches] NIOTE: All dimenesions are accurate within +- 1.5 mm tolerance.
el - Crpstalline ] BUATE: |2 ECe) Product dimensions in rial imches [comversion of | mm squals
BACK SHEET: Multi-layer water resistant cno d e '
. - mpoun L3937 inches, | kilogram equals 22 pounds] are provided far
imfnrmation purposes only.
Typical Electrical Performance at STC
Peak Power [Wp| Watls 155* 1&0 1&5" 170 175" 150 1E5" 150
Max. Power ¥olktage [ Vmp] Violts i 1250 1155 230 .40 370 O 24.00
Max. Power Cumrent [Imp| Amps 97 Toa 719 738 TAZ 750 TI7 T8
D‘pﬂ'll:llTI.ﬂ'."r'dl.aE Vo] Violts 8.0 830 A.ED 2RBD 2520 1940 5.5 3570
Short Ciroalt Corrent [Isc] Amps 7.55 770 TR 750 EDS ain A2D 30
Sherl Cirozil Temp. Coefficient mAAC .80 7.8 7.50 TEO 7.5 70 .80 7.5
Crpen Clecu®t Temp. Coetficient VG -l -0.11 -0.11 -0l -1 -0.11 -ll -1
Max. Power Temg. Coefficient . - .48 - 048 - 048 - L8 - 148 - 048 -3 - .48
* joilaivie March 31, 2007, HOTE: Elecicl damclensso measured al 5T (1000 Wim®, AM 1.5 Specires, cell les e I3 Modulie oy 4 .
Dayd SAMEC Module Maximam Fuse Series Amps is154, Masimem sysom witage s 500V, Kormal Operting Cefl Temperiurne [KOCT] 467
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Spaahicaiorn md doign e mbpc io-dunge wiout notie. The kxfuros, fencbons wnd spoerno of Dl JBMC may St from detad ghan S s contineal product: dovdoprment.



