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Abstract
Solar energy is developing fast in Australia, particularly with the installations of
grid-connected photovoltaic (PV) systems. Increasing photovoltaic penetration levels
causes; however, power quality issues to electricity network operators, due to
intermittency of solar energy. In this report, we discuss the need for high resolution
data on solar radiation and system performance to be used for solar energy
forecasting in the short, medium and long term. This document proposes the
implementation of a monitoring system for the Photovoltaic Training Facility on the
rooftop of the Engineering & Energy Building at Murdoch University. The design
process is described here to illustrate how the final system has been adapted to
specific requirements for this facility. The design of the monitoring system has been
chosen to address the issue of solar energy intermittency in addition to fulfilling
general requirements for monitoring PV array performance. Because the facility is
not yet commissioned, the study only focused on environmental data monitoring
with recommendations for further work involving integration of inverters’
communication. The designed monitoring system consists of various environmental
sensors including pyranometers, anemometers, RTD temperature sensors and a wind
vane, as well as communication interfaces for the various inverters. Data acquisition
was selected to be based on remote I/O modules from the Advantech’s ADAM 4000
Series that were satisfying the requirement of sampling at a rate less than 1 second.
In addition, the report describes the development of two user interfaces using the
Labview programming software to monitor data from the facility. Testing of
programs through recording solar radiation over a 1 hour period confirmed the
possibility to collect measurements of solar radiation fast enough so that
intermittency of solar energy can be observed. Data will be documented and shared
to provide a useful resource on Perth solar energy and PV intermittency.
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Chapter 1:

Introduction

1.1 Introduction
Murdoch University provides extensive research opportunities in the field of Solar
Energy through various on-campus facilities that comprise of diverse photovoltaic
(PV) and solar thermal technologies, as well as testing and monitoring equipment. In
addition to a 56 kWp PV installation on the library rooftop, the university has
developed considerable educational tools and research facilities through its
Renewable Energy Outdoor Test Area (ROTA) including various hybrid Remote
Area Power Systems (RAPS), a sun-simulator, and a Renewable Energy Systems
Laboratory (Murdoch University n.d.). The University is also committed to purchase
GreenPower, being the first university in Australia to sign a deal to use 15%
GreenPower (Murdoch University 2012).
Recently, the university has invested in an 8kWp PV installation on the roof of the
Engineering & Energy building, which is referred to as the Murdoch University PV
Training Facility. Its objective is to provide the school of Engineering & Energy with
the ability to analyse the behaviour and performance of various PV technologies and
inverter topologies. For this purpose, the implementation of well-designed
monitoring equipment, which meets the requirements set by end-users, was
necessary.
Murdoch University has an existing monitoring system located at ROTA to record a
wide range of parameters from the Remote Area Power Systems (RAPS) displays and
from various environmental sensors (Cole & Patel 2006). Similar approaches were
expected to be followed in the development of the monitoring system for the PV
Training Facility.
The aim of this project was to determine the requirements for generating
performance and environmental data from a PV rooftop installation and design a
suitable monitoring and data acquisition system for this facility. Additionally, the
engineering thesis gives students exposure to the world of research and engineering
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design. It also reinforces the ability to analyse and report on a design problem and
represents a bridge between university and the engineering workplace.
This report first gives background information about the project and the facility
concerned. It then details the equipment selection process in chapters 2, 3, and 4.
Experimental processes carried out on the equipment for testing, configuration and
programming are presented in chapters 5 and 6. Finally, the findings and
opportunities for future work are shown in chapters 7 and 8, before conclusions are
drawn.

1.2 Literature review
This thesis project is a continuation of the work done by Stuart Kempin on the design
of the PV Training facility as per his final year engineering thesis. The University also
involved 4th year engineering students, who proposed initial designs of the facility
as part of a project in the unit “Renewable Energy Systems Design” in Semester 1,
2011 (Kempin 2012b). Stuart Kempin’s work has led to the current design of the PV
Training Facility, assisted by project manager Julie Yewers, and staff from the School
of Engineering & Energy. His documented work and research findings provided a
significant resource toward the development of the monitoring system described in
this report. In particular, Stuart Kempin had provided descriptive diagrams, as well
as datasheets for the equipment installed, which was extensively used throughout
this project (Kempin 2012a). Conformity to the international standard for
Photovoltaic System Performance Monitoring (IEC 61724 1998) was also crucial in the
selection of environmental sensors, complemented by other guidelines obtained from
the World Meteorological Organization (2008), as well as the Wind Resource
Assessment Handbook (AWS Scientific, Inc. 2007). The requirement for high time
resolution monitoring originated from a recent study made by CSIRO (Sayeef et al
2012) on PV intermittency and its effect on Australian electricity networks. Another
study from Ali, Pearsall and Putrus (2012) from Northumbria University, UK,
confirmed some issues generated from increasing PV penetration associated with
current network management strategies. Literature mentioned previously enabled
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the development of requirements for the final design of the system. Contact was then
made to local suppliers or distributors of international technologies. The thesis report
of Stuart Kempin (2012a) was used as a comparison tool for the designs developed in
this project. The quotation information he obtained was also used as a reference.
Significant assistance was obtained from the technical staff at Murdoch University
and equipment suppliers, relating to instrument communication, and a large amount
of technical materials was used relating to the operation and configuration of the
equipment used in this project. National Instruments’ forums were also very helpful
toward the development of Labview programs.

1.3 Background on the PV Training Facility
The PV Training Facility is the most recent Renewable Energy facility built at
Murdoch University, and represents a unique learning resource on solar energy with
its range of photovoltaic technologies (Figure 1) and inverters being installed
(Kempin 2012a). A description of the current PV/Inverter configuration is presented
in Table 1.

Figure 1: View of the PV array at the Murdoch University PV Training Facility

(Kempin 2012a)
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Inverter configuration

Array configuration

Module parameters

Table 1: Description of the system at the Murdoch PV Training Facility

Type of cell

Monocrystalline

Polycrystalline

Amorphous

Thin Film (CIGS)

Module brand

SunPower E19

HHV

AmpleSun

Q.Cells

ASF100

Q.Smart 90

Model

SPR-238E-WHT-D HSDTDF24255P

PMPP, STC (W)

238

255

100

90

VMPP, STC (V)

40.5

35.73

77

59.2

IMPP, STC (A)

5.88

7.14

1.29

1.52

Number of
modules

9

8

20

6

16

No of modules in
series

9

8

5

3

4

No of strings in
parallel

1

1

4

2

4

PMPP, STC (W)

2142

2040

2000

540

1440

VMPP, STC (V)

364,5

285,84

385

177,6

236,8

IMPP, STC (A)

5,88

7,14

5,16

3,04

6,08

Inverter model

Fronius IG20

Samil Power
SolarRiver
2300TL

SMA Sunny
Boy 2500HF

SMA
SunnyBoy
1100

SMA
SunnyBoy
1700

Nominal Power
AC (W)

1800

2000

2500

1000

1550

MPPT voltage
range

150-400

200-500

175-560

139-320

139-320

VDC, max (V)

500

550

700

400

400

IDC, max(A)

14.3

11

15

10x2

12.6x2

VAC, max (V)

195.5-253

180-270

220-240

230

220-240

IAC, max (A)

7.8 (nominal)

11

11.4 (at 220V)

4.4

8.6

Topology

Isolated (high
frequency)

Isolated (High
Transformerless
Frequency)

4

Isolated
Isolated
(Low
(Low
Frequency) Frequency)

The installation consists of four different cell technologies, six power conditioning
units of different types, including a battery/inverter backup system, which can power
local loads in the event of grid failure (SMA Technologie AG 2007) (Kempin 2012a).
An overview diagram showing the connections between the installation’s
components is presented in Appendix A.
Due to administrative issues related to the 56kWp PV installation on Murdoch
University’s library rooftop, the University is currently reviewing all of its grid
connected PV installations. The review needs to be completed before the PV Training
Facility can be connected (Yewers 2012, email comm., 21 August 2012). This caused
significant delay in commissioning this installation and there is uncertainty when the
facility would be able to feed power into the grid. Regular communication with the
project manager, Julie Yewers, was made to keep informed on the progress of the
application with Western Power, operator of the local electricity grid. At the time of
writing this thesis, inverters are off with the DC inputs left open circuited. Also the
battery bank is not yet installed (Yewers 2012, email comm., 23 August).
Once the installation is completed and monitoring equipment is added to the system,
this facility will provide a unique resource for educational and research purposes,
through the accessibility of performance and climate data of various PV cell
technologies and inverter topologies (Calais, Urmee & Creagh 2012).

1.4 Solar energy intermittency
Australia is currently experiencing rapid growth in grid-connected photovoltaic
systems installations, both in roof top as well as utility scale applications (Calais,
Urmee & Creagh 2012). A major advantage of PV systems is that they produce
electricity at marginal costs close to zero (Gowrisankaran, Reynolds & Samano 2011).
However, issues persist regarding increasing PV penetration in electricity networks
in particular in regards to the intermittency nature of solar energy. Intermittency is
related to the fact that solar energy is not continuously available during the day
mainly due to cloud cover. Ideally, large storage capacity would be required in
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parallel to solar energy to smooth out intermittent patterns; however, electricity is
not easily storable and requires scheduling generation to meet the real time demand
(Gowrisankaran, Reynolds & Samano 2011). A recent study made by CSIRO (Sayeef
et al 2012) on the effects of high penetration levels of PV systems in Australian
networks showed that passing clouds can cause power from a photovoltaic
installation to drop by up to 60% of its power rating. “Solar intermittency and grid
integration are two fundamental barriers to the uptake of large-scale solar power in
Australia and around the world” (Sayeef et al 2012). The authors identified that there
is very little quality data on solar intermittency. This data is however crucial to
develop forecasting tools on PV systems’ generating capacity. Such tools can
improve network planning, including generator unit commitment scheduling, and
help increase grid penetration of solar energy technologies. This study also showed
that high time resolution samples were required to produce accurate PV
intermittency data.

1.5 Objectives of the system
The purpose of this project was to develop a monitoring and data acquisition system
for the PV Training Facility, which will be able to record, store and communicate
data from the inverters, and environmental sensors to be installed (Calais, Urmee &
Creagh 2012). A major aim of the monitoring system was to produce high resolution
data on Perth PV intermittency. This system would also generate data to be used for
other educational and research purposes at Murdoch University, in particular the
study of inverter dynamics associated with various PV technologies under varying
environmental conditions and with different inverter topologies. The performance
analysis together with the recording of various environmental parameters through
the implementation of sensors would give a long term comparison of the
performance of these different technologies and how they react to environmental
conditions (Calais, Urmee & Creagh 2012). Also, data on the operation of the battery
backup system would be useful for studies on energy storage in photovoltaic
systems.
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1.6 Design requirements
To address the need for data on PV intermittency, the monitoring system had to be
able to record high time resolution solar radiation and inverter data. In addition,
main requirements were for the data to be collected with high accuracy and
reliability, using a user-friendly interface. Other requirements for the implementation
of the monitoring system were:


Equipment used had to be compliant with relevant standards



Equipment used and design of the monitoring program had to be adapted to
the end-use of data



Material located outside had to be adapted to outdoor environmental
conditions



Access to inverters’ electrical connections had to be made safe

1.7 Scope of work
The work undertaken throughout this thesis project involved the following tasks:


Research, selection and provision of inverter communication interfaces.



Selection of a combination of sensors to record environmental conditions
representative of the PV array, and allowing for high time resolution
irradiance data collection.



Design of a data acquisition system to collect data from environmental
sensors, meeting requirements for data sampling and processing.



Testing of the operation of sensors and data acquisition equipment.



Configuration of the equipment and documentation.



Development and documentation of a monitoring program that collects high
resolution data from environmental sensors.



Development of an automatic data logging process, as well as a real-time user
and web interface for the monitoring program.



Use of an existing monitoring program to communicate with equipment and
operate continuous monitoring and logging.
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Investigation and documentation for future tasks to be carried out including
communication with inverters within the existing monitoring program, and
installation of equipment on site.

1.8 Early decisions and planning
Labview was selected in an early stage as the programming platform for the
monitoring system. This software is a useful tool for combining mathematical
equations and algorithms with online and real-time data communication, using
advanced hardware acceleration technologies (National Instruments 2012). It is also
useful for designing user-friendly interfaces, with low-level code being invisible to
the user. Due to the system not yet commissioned, alternative options to
communicate to inverters were investigated. An option of simulating a gridconnection via an AC source was suggested after a meeting with Martina Calais
(2012, pers. comm., 20 August). This set-up required the AC source used at the
Engineering & Energy Laboratory to be transported to the lift foyer of the
Engineering & Energy building and connected to the inverters whose AC
connections are made in the main switchboard. This installation required significant
study prior to connecting the source, intervention of a licensed electrician, as well as
major changes to be done on the inverters’ interconnection. This option was later
abandoned to focus on the design of environmental sensors, and the data acquisition
system.
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Chapter 2:

Design of environmental data
monitoring

2.1 Requirements and selection criteria
The implementation of environmental sensors as part of the monitoring system
represented a major task of the project. Reasons were that communication with
inverters was not possible due to the delay in commissioning the facility and the
generation of high resolution solar radiation data was an important project objective.
The international standard IEC 61724 sets guidelines for measurement, exchange and
analysis of data in photovoltaic systems (1998). It was used to determine what
environmental parameters were required to be measured, in what particular location,
and what minimum accuracy and sampling rate had to be achieved from each
sensor.

2.1.1 Requirements for quantity and disposition
As per IEC 61724 (1998), an appropriate monitoring system of a PV installation shall
be able to perform real time measurement of irradiance in the plane of the array,
ambient air temperature, wind speed, and module temperature.
Two solar radiation sensors were deemed necessary. One of them would be used to
monitor solar radiation in the plane of the array, while the other one, although not
required by IEC 61724 (1998), would be used to record horizontal irradiance. These
sensors should be located in a central location of the array to be representative of the
overall array conditions. The horizontal radiation sensor should be as high as
possible so that it is not affected by shading. However, its location is limited in height
so it does not have any shading impact on the PV modules. The sensor to record
irradiance in the plane of the array is to be located on the array structure at the same
angle as the PV modules.
One temperature sensor shall be provided to record the ambient temperature
experienced by the overall array. This sensor would have to be sufficiently robust
and accurate to give a good estimate of the ambient temperature conditions of the
9

site. This sensor shall be fitted with a radiation shield and located in a central,
southern location of the array. Care will also be taken not to shade solar radiation
sensors.
A minimum of ten module temperature sensors shall be used to provide temperature
measurements for at least two modules per sub-array, thus having the ability to
correlate each inverter’s performance with two module temperature recordings. This
also gives some redundancy to the system in the event of a failed sensor (AWS
Scientific, Inc. 1997).
Two anemometers, located at the east end side and west end side of the array, were
deemed sufficient to provide wind speed measurements representative of the whole
array. Again, care should be provided to keep the shading impact low for the PV
modules. The second sensor also acts as a redundant sensor to minimize the risk of
wind speed data loss due to a failed primary sensor (AWS Scientific, Inc. 1997).
Although not required by IEC 61724 (1998), one wind direction sensor was selected
to estimate wind direction and located on a central, southern location of the array.
Wind direction is useful in correlating the temperature impact on the PV surfaces
together with wind speed, ambient and module temperature (World Meteorological
Organization 2008).

2.1.2 Requirements for signal processing
Designing a monitoring system that is capable of high resolution solar radiation data
collection was an important objective of the project. The sampling rate also
determines how precise the correlation between inverters’ performance and
environmental conditions can be made. Although, sampling rate is primarily affected
by the choice of data acquisition equipment, the dynamic response of sensors sets a
limit to how fast sampling can be made. Indeed, if we require solar radiation to be
measured at a one second time step, then we need the sensor to have a sufficiently
fast response to observe trends in irradiance between two samples at a 1 second
interval. Therefore the required sampling rate for each parameter gave a guideline
for choosing the right response characteristics of sensors.
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Requirements regarding the data acquisition for parameters of interest, as
recommended by IEC61724 (1998), are summarized in Table 2.

Table 2: Requirements for environmental signal processing

Requirement for:
Parameter

Sampling
Rate (τs)

Logging
Interval

Solar
Radiation

τs < 1 minute

< 5%

Air
Temperature

1 minute< τs
<10 minutes

<1K

Accuracy (including DAQ)

1 hour or less
(one hour had to
be an integer
multiple of the
logging interval)

Module
Temperature

1 minute< τs
<10 minutes

Wind Speed

1 minute< τs
<10 minutes

<0.5 m/s for wind speed <5 m/s
& <10% for wind speed >5m/s

Wind
Direction

1 minute< τs
<10 minutes

NA

<1K

(IEC 61724 1998)

2.1.3 Selection criteria
Sensors were first selected on their capacity to fulfill the requirements as per IEC
61724 particularly in regards to accuracy and time response, but also on their
reliability, robustness, stability over time, temperature range, and cost. Also the
output signal type and range were important selection criteria as it was crucial that
sensors and data acquisition system were compatible. Therefore, the selection of the
environmental sensors and the selection of the data acquisition system were highly
dependent on one another.
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2.2 Selection of sensors
2.2.1 Solar radiation sensors
Requirements set a fast response time for solar radiation sensors. A project carried
out by Ploumis and Murali (2010) showed that fast variations in solar radiation were
occurring at up to 1.4 peaks per second. A maximum sampling time of 1 second was
selected to give the system the ability to record this fast intermittency, although a
higher sampling rate was recommended to observe the fastest variations.
The instrument needed for measuring global solar radiation into a plane surface is a
pyranometer. It can also be mounted on an inclined surface to measure in plane
global radiation including ground reflection (World Meteorological Organization
2008). Stuart Kempin suggested the use of a PV cell pyranometer for measuring high
resolution irradiance data, together with a thermopile instrument which would be
used for correlation due to its high accuracy (2012a).
The use of PV cell pyranometers was largely preferred as it would meet the
requirement for the fast time response to enable high resolution sampling. From a
laboratory experiment undertaken at Murdoch University, responses of thermopile
and PV cell instruments were compared when exposed to step changes in solar
radiation, and it was found PV cell pyranometers lead to a much quicker response
(Riou 2011). Thermopile instruments rely on temperature sensing, which has a higher
transient. They also exhibit changes in sensitivity with variations in instrument
temperature, which is undesirable (World Meteorological Organization 2008).
The selected sensor was a SP Lite 2 Silicon cell pyranometer from Kipp & Zonen
(n.d.). It was selected because of its high accuracy and stability, fast response, low
temperature dependency, acceptable temperature range, and reliability since similar
equipment has already been used and tested at Murdoch University. Specifications
for this sensor are shown in Table 3.

12

Table 3: Specifications of SP Lite 2

Response time

< 1s

Non-Stability

< 2%

Non-linearity (0 to 1000W/m2)

< 1%

Temperature dependence (-30˚C to +70˚C)

-0.15% / ˚C

Operating temperature

-30˚C to +70˚C

Spectral range

400 to 1100 nm
(Kipp&Zonen n.d.)

The sensors were purchased through ES&S, an Australian company specialised in
environmental systems & services (ES&S n.d.)

2.2.2 Temperature sensors
Extensive research was done on temperature sensors because of the wide range of
instruments available in the market, each one having specific characteristics and
applications. The main options for PV monitoring applications were Resistance
Temperature Detectors (RTD), thermocouples and thermistors. Major advantages of
thermistors are their high operating temperature (higher than 500°C), fast response
and affordable cost (International Energy Agency 2003). However, high temperature
and fast variations were not expected for module and ambient temperature at the PV
Training Facility. Emphasis was instead put on accuracy and linearity, which were
better satisfied by RTD sensors, though at a higher cost. Thermistors, indeed, are not
adapted to monitoring applications over a wide temperature range, and the lower
stability will require more frequent calibration processes (International Energy
Agency 2003). Thermocouples are very cheap; however, they exhibit lower accuracy
as compared to Resistance Temperature Detectors.
RTD sensors were therefore selected over the other options. They are highly
accurate, and stable. RTDs operate on the principle that the electrical resistance of a
metal increases as temperature increases, a phenomenon known as thermoresistivity
(McMillan 2010). The data acquisition device can relate the resistance of the RTD
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element to a temperature measurement. Using three-wire RTDs compensates for the
resistance of the lead, assuming each wire has the same resistance.
The supplier investigated by Stuart Kempin in his thesis (2012a), was contacted for
quotation. The purchase was however carried out through different suppliers that
also provided useful design propositions.
Technitemp (n.d.), a Perth supplier specialised in temperature sensors, was selected
to supply the Platinum three-wire RTD sensor at a reasonable cost.
Temperature controls (n.d.) was contacted to supply ten RTD PT100 class B sensors
to measure module temperatures. These sensors differ from the ambient
temperature RTD and the sensing terminal consists of a silicone rubber elastomer
cover to mount sensors to the back surface of the PV modules.
From Table 4, we can see the RTD sensors satisfy the requirements for accuracy.
If the temperature recorded is 70°C, then the accuracy of the measurement would be
± 0.29°C

and ± 0.65°C for the ambient temperature sensor and module temperature

sensors respectively. These tolerance values are below the ± 1°C limit required.
Table 4: Specifications of RTD sensors
Ambient temperature
sensor

Module temperature sensor

Reference

-

TCS667PDZ40AC

Type

RTD Pt100 Class A

RTD Pt100 Class B

Dimensions

4.5 x 100 mm (Ø x L)

5 x 15 x 5 mm (l x L x d)

Temperature coefficient of
resistance (ohms/ohm/°C)

0.00385

0.00385

Connection cable

PTFE tails 3 wire system

3 wires 24 AWG silicon
insulated tails

Temperature range

-70/ + 170°C

-50/+155°C

Time constant

1 second

1.3 seconds

Accuracy

± (0.15+0.002|t|)

± (0.3+0.005|t|)

Stability

0.05°C/yr.

0.05°C/yr.

(Technitemp n.d; Temperature Controls n.d)
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2.2.3 Wind speed sensors
As for the solar radiation sensors, wind data sensor technologies had been previously
investigated by Stuart Kempin. Previous quotes were obtained for NRG systems as
well as Environdata instruments. However, NRG systems’ equipment was favoured
because they are standard instruments used worldwide for environmental
monitoring and wind energy purposes (AWS Scientific, Inc 1997). In addition, they
are relatively cheap for high precision equipment. The company contacted to supply
this equipment is Energy3 from New Zealand, which is the official distributor for
NRG systems’ technology in Australia and New Zealand (Energy3 n.d.).
The selected sensor to record wind speed was a #40C anemometer (NRG Instruments
2008a) with an optional Measnet calibration, which is made according to the
international standard for wind turbine power performance testing IEC 61400-121:2005(E) (Measnet 2009). The three-cup anemometer design was favoured due to its
long-term reliability and calibration stability (AWS Scientific, Inc 1997), as well as the
separation of wind measurement with wind direction in comparison to propeller
anemometers. The sensor consists of a 3-cups assembly centrally connected to a
vertical shaft for rotation. At least one cup always faces the oncoming wind. The
bearing assembly requires no maintenance and remains accurate for at least two
years in most environments (AWS Scientific, Inc 1997).

2.2.4 Wind direction sensor
The manufacturer “NRG systems” was also selected to provide the wind direction
sensor. Same selection criteria as for the anemometer were used as suggested by the
Wind Resource Assessment Handbook (AWS Scientific, Inc 1997). Particular
attention was given to the size of the open deadband area of the potentiometer,
which was chosen as not to exceed 8° as well as the resolution of the voltage output,
which should not be too coarse (AWS Scientific, Inc 1997). The selected sensor was an
NRG #200P wind direction vane (NRG Systems 2008b), which has low maintenance
and has a simple design. Also the resulting deadband is limited to 8°, as per NRG
Systems’ specifications (2008b).
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2.3 Mounting of sensors and recommendations for
installation
The mounting of environmental sensors would be carried out in association with
John Boulton, technician at Murdoch University, who is a crucial resource for
designing mechanical structures for the monitoring system. John Boulton suggested
means of mounting sensors during a site visit carried out at the location of the array
on the 18th of September 2012. This visit gave an overview of the materials to use.
Mounting of sensors was not carried out in the time frame of this thesis due to time
constraints. The next set of sections provides guidance for future installation of
sensors at the PV Training Facility. The position of the environmental sensors on the
array structure is proposed in Figure 2 .

2.3.1 Pyranometers
Both pyranometers should be securely attached to their mounting stand (World
Meteorological Organization 2008). Solar radiation sensors are mounted using
screws, which come with the sensors. The pyranometer orientated in the plane of
array should be mounted on the central southern side of the array structure. It was
suggested by John Boulton that a similar rail to the ones holding PV modules can be
used for the tilted pyranometer (See Figure 2). The horizontal pyranometer could be
mounted on a platform fixed to the southern end of the array structure. The
positions of both pyranometers should be close so as to be able to relate horizontal
and plane of array irradiance. A central location of the southern side of the array
structure would not be subject to heavy shading from the nearby building (See
Figure 2). Also, a high location on the array would enable shading due to the
building and trees to be limitted. This shading would be more significant in winter
where the sun is lower in the northern part of the sky. The accessibility of
instrumentation for frequent inspection is important (World Meteorological
Organization 2008). Precautions should always be taken to avoid subjecting the
instrument to mechanical shocks or vibration during installation.
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2.3.2 Anemometers and wind vane
The wind sensors can be mounted on mounting booms (see Figure 2), which were
decided not to be ordered with the NRG distributor, but instead, use Murdoch
University’s own resources to design them. The NRG systems’ anemometers and
wind vane require a 13 mm diameter mast, and can be fixed to it using a pre cotter
pin and set screw (NRG Systems 2008a&b). The deadband area of the wind vane
should not be aligned into or near the prevailing wind direction, as it will lead to
more erroneous data being recorded (AWS Scientific , Inc. 1997). Compensation can
also be made in the monitoring program to account for the deadband.

2.3.3 RTD Sensors
Module RTD temperature sensors should be attached to the back of the PV modules
via their adhesive surface. They were distributed across the five array so as to have
two RTD sensors per array. It was decided to vary their location to have temperature
measurements representative of central locations within array as well as surrounding
locations, which are more subject to cooling (See Figure 2). Also, the positions of
sensors on the western side and on the eastern side were chosen so that sensors are
not too far from each other; this would limit the cable lengths. The ambient RTD
temperature sensor should be located on a metallic structure on top of the array,
fitted with a radiation shield. This sensor was positioned on the most shaded part of
the array (western side close to building) because it does not require to be exposed to
sunlight (See Figure 2).

2.3.4 Cabling
The selection requirements of analog cables that connect to the sensors should be as
described in the Wind Resource Assessment Handbook prepared for the National
Renewable Energy Laboratory (AWS Scientific, Inc. 1997) and include:


“Use the proper class wire for the voltage level employed (typically low
voltage)” (AWS Scientific, Inc. 1997).
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“Use insulation and conductor types that are flexible over the full
temperature range expected at the site” (AWS Scientific, Inc. 1997).



“Use shielded and/or twisted pair cable. Both prevent ambient electrical noise
from affecting your measurements. Normal practice is to tie only one end of a
shielded cable's drain wire to earth ground” (AWS Scientific, Inc. 1997).

Other recommendations include:


Cables should have twin conductors and be waterproof (World
Meteorological Organization 2008).



Analog cables should run in plastic conduits (Boulton, J. 2012, pers. comm.., 20
November)



Care should be taken to firmly secure cables to the mounting stand, so as to
avoid intermittent disconnection in windy weather (AWS Scientific, Inc. 1997).



If shielded cables are used, then shield and metallic parts of sensors should be
connected to a common ground with the data acquisition system (World
Meteorological Organization 2008).
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Figure 2: Location of environmental sensors on the PV Training Facility
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Chapter 3:

Data Acquisition System

3.1 Background and requirements
A data acquisition system (DAQ) was required to collect data from the
environmental sensors. The sensors all produce an analog signal in various ranges,
and the data acquisition system should be able to communicate all the required
signal types. Another major requirement was for the equipment to be compatible
with Labview, which is the selected monitoring platform (see section 1.8). Limiting
analog cable lengths was required, and therefore the data acquisition system would
need to be located outside, close to the sensors. This would imply a minimum
operating temperature range to be withstood by the DAQ equipment. The minimum
operating temperature range was chosen as -10 to 70°C, the minimum and maximum
temperature conditions ever recorded in Western Australia being -7.2°C and 50.5°C
respectively (Bureau of Meteorology 2012). Temperature under PV arrays can get
close to 70°C during summer, which is why a minimum operating temperature of
70°C was chosen, though modules will be located in enclosures. The computer
programmed to interface with the instruments should not be located outside.

3.2 Proposed DAQ system designs
3.2.1 Data logger from DataTaker
The use of a data logger was interesting because it only requires a single piece of
equipment, and is compatible with a various range of signal inputs. It can also
incorporate storage capacity and fast sampling rate. The one of interest was the
DataTaker DT85M (DataTaker 2012) which can input up to 48 sensors including RTD
sensors. DataTaker also proposes Labview VI templates that can create a user
interface in a real time Labview environment.

3.2.2 National Instrument Compact DAQ
The use of National Instruments technology was already suggested by Stuart
Kempin (2012a). A meeting was organised with Jayson Kok, an engineer from
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National Instruments Australia, to look at the available options (2012, pers. comm.,
20 September). He proposed the use of different series of high performance I/O
modules, with or without integrated controller and processor. The high sampling
rate and measurement accuracy was one of the main advantages of using National
Instruments’ equipment. However, all these capacities were not required in the
purpose of this project and the high cost associated with these instruments was
undesirable. Datasheets of the various sensors were sent to the contacted engineer,
who replied with a combination of Compact DAQ modules he recommended for the
facility (National Instruments n.d.).

3.2.3 Advantech Adam-4000 series I/O modules
The use of Advantech remote I/O modules from the Adam series was suggested by
Graeme Cole (2012, pers. comm., 17 September). The 4000 series offer a cheap data
acquisition design option and proposes various input types that can be matched to
the different signal types of the sensors. Contact was made with the Australian
distributor “Advantech Australia” and an online chat was done to discuss with a
technician and get important information relative to the specification and connection
options of the modules (2012, pers. comm., 20 September). These modules are very
convenient regarding their low cost, small size, easy-to-program protocol, and high
operating temperature range (-10 ˚C to 70˚C), which satisfies the requirements set in
section 3.1. The use of several data acquisition units also enables distribution across
the array, thus limiting analog cable lengths.

3.2.4 Acromag I/O modules
The function of Acromag modules (Acromag 2010) is similar to that of the Advantech
Adam modules. However, they are more expensive and the number of inputs did not
match the sensors configuration selected. This would considerably increase the
overall system cost by having more modules required.
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3.3 Selection of data acquisition equipment
The final data acquisition design was selected during a meeting organised with
supervisor Martina Calais, where advantages and disadvantages of different options
were discussed. Adam modules were selected over the other options, because they
were sufficient for the requirements of simple data acquisition without the need for
logging, storage capacity or microcontroller, as opposed to the DT85M data logger,
or National Instrument equipment. Indeed, it was decided to process all the logging
and storage data within a Labview environment on a single computer, so that we
have a common platform for monitoring of environmental sensors and inverters’
performances. Adam modules also appeared the most adapted option regarding
signal types and quantity compared to Acromag units. A price and equipment
comparison of the different DAQ options is shown in Table 5.

3.4 Discussion of selected DAQ system
An additional counter I/O module was added to the DAQ system to sample wind
speed from the two anemometers following a discussion with Graeme Cole (2012,
pers. comm., 1 October). After a meeting with Martina Calais and Trevor Pryor in
regard to the proposal made for the monitoring system, a major issue raised from the
requirement to sample high resolution solar radiation and inverters’ performance
data, which did not appear feasible using Advantech modules. A suggestion was to
have separate data acquisition equipment for use with a power analyser and a spare
pyranometer which would be used only when high resolution sampling is required
(ie for research and educational purposes). An additional analog I/O module was
added to the final design to sample high resolution solar radiation. This will limit the
number of inputs on the module and thus increase the sampling rate.

3.5 Documentation of the Data Acquisition System
A user’s guide has been provided in Appendix B to enable future students or staff to
easily connect and configure the ADAM modules for implementation on the rooftop.
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Table 5: Cost comparison of DAQ design options
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Chapter 4:

Inverter communication

4.1 Selection of communication interfaces
The monitoring system was chosen to be incorporated in a Labview environment.
The extensive research done on the communication capabilities on the inverters
showed that RS 485 communication was the best option to integrate the inverters into
the Labview program. SMA confirmed that RS 485 interfaces of the three SMA
inverters could be connected in series using the same protocol (SMA Australia 2012,
email comm., 20 August). However, Fronius (Fronius 2008) and Samil Power (Samil
Power n.a.) inverters each have their own protocol and would need to be connected
to a different port. Contact was made with the relevant suppliers, which provided
the protocols for the RS 485 interfaces as well as user guides.
The monitoring of the inverters was possible either by using the communication
interfaces, or through directly measuring electrical parameters on the DC/AC sides
using a power analyser. It was desirable to use the inverter’s communication
interface which offer a wide range of parameters to monitor, and are a cheap option
compared to power analysers. RS 485 was chosen as the common interface for all
inverters, since it is more robust, and enables SMA inverters to be connected in a
single communication network requiring a single computer port.

4.2 Provision of communication interfaces
The communication interfaces were initially believed to be installed within the
inverters. Later on, confirmation was made that no communication interface had
been provided to the inverters. The following pieces of equipment were therefore
ordered to enable communication with the inverters.
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4.2.1 SMA RS 485 communication cards
These cards were purchased from Solar Matrix at a cost of $85.00 (excl GST) for the
SMA Sunny Boys 1100, and 1700, as well as the Sunny Backup 500 inverters. They
will be installed with the assistance from Lafeta Laava, and Martina Calais.

4.2.2 SMA RS 485 Quick module for SB 2500 HF
The SMA high frequency transformer SB 2500 HF comes with a communication
module “QuickModule” that incorporates the communication hardware for sending
data via a serial port. It was agreed with Solar Matrix (2012, pers. comm., 11 October)
to swap this module with another one fitted with RS-485 communication, at a
cheaper price than the communication card itself including shipping cost. The
installation of the new quick module is straightforward and will be carried out with
the assistance from Lafeta Laava, and Martina Calais

4.2.3 Fronius Interface Card Easy
The Fronius Interface Card Easy was a preferred option compared to other
communication cards, as it is specifically designed for third party monitoring
(Fronius 2012). It has an open data protocol that is compatible with various Fronius
inverters, and enables the communication of real time data, day information, total
data, and year information. The device is powered directly from the AC side of the
inverter, and does not require external power supply.

4.2.4 RS 485 interface for Samil Power SR 2300 TL
The Solar River inverter already incorporates RS 485 communication inverter. The
only equipment required was a standard RS 485 port as recommended by the
manufacturer. This can be obtained from any local electronic distributor at an
affordable cost (Samil Power Australia 2012, email comm., 9 October).
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4.3 Use of a power analyser for high resolution
performance monitoring
Although the serial interface provides regular measurements of various parameters
from inverters, it cannot transmit these parameters at a very fast sampling rate. This
is standard to most inverters’ communication protocols, since most interest is on the
average power over the day and hourly and daily average energy generation values
for performance analysis. A smaller sampling time was required on the PV Training
Facility to observe the dynamic response of PV arrays and inverters to rapid changes
associated with the intermittency of solar energy, especially during cloudy
conditions. It was agreed that this high resolution monitoring of the inverters’
performance was only required for particular periods, and a power analyser could be
used for that purpose. The WT 2030 Digital Power Meter from Yokogawa is expected
to be connected to the inverter of interest when fast performance monitoring is
required. The WT 2030 Power Meter can have three different circuits connected to it,
and can output the data to a RS-232 interface as well as an analog connection using
an integrated Digital/Analog converter (Yokogawa 1998). This option of using the
Digital/Analog converter was first selected, so that analog signals from the power
analyser could be connected to a spare ADAM-4019+ analog module to have
synchronised sampling of inverter’s electrical parameters with environmental
parameters. Finally, the mode of communication to the power analyser was changed
to GP-IB as the Digital/Analog converter was not available on the equipments
possessed at the University. The electrical connection using the GP-IB output of the
power analyser is presented in Figure 3 including the connection of the power
analyser to the DC and AC sides of the inverter.
The diagram in Figure 3 contains external shunts to measure currents from inverters.
However, it was specified in Stuart Kempin’s thesis that shunts were already
integrated into the patch panels of the inverters, so that connection can be made
directly to the test points (Kempin 2012b).
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Figure 3: Digital Power Analyser WT2030 Connection diagram
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Chapter 5:

Experimental Set-up and
configuration

Upon reception of the equipment, the monitoring system was set up in the Project
Room at the Engineering & Energy Building over the four last weeks of the thesis
project, which involved testing and configuration of instruments as well as the
development of a monitoring program to use for the PV Training Facility. The
configuration and connection were well documented to provide future users with
guidelines to reproduce the set-up of the monitoring system when ready to be
commissioned on the rooftop.

5.1 Background on equipment use
5.1.1 Apparatus
The set-up was made in the Project Room of Murdoch University Engineering &
Energy building (see Figure 4). Testing involved the use of:


Environmental sensors including:
o 2 x Kipp & Zonen SP Lite 2 pyranometers
o 2 x NRG #40C anemometers
o 1 x NRG #200P wind vane
o 10 x surface mounted RTD PT100 class B module temperature sensors.
o 1 x RTD PT100 class A ambient temperature sensor



Advantech Adam series I/O modules including:
o 2 x Adam 4015 RTD I/O modules
o 2 x Adam 4019+ Universal Analog I/O modules
o 1 x Adam 4080 Frequency/Counter I/O module



1 x 4 port RS 485 serial interface for PCI from National Instruments
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1 x RS 485 communication cable from National Instruments



1 x Dick Smith DC Power Supply set to 10 V to power wind vane



1 x 13.5V DC converter to power Adam modules



1 x Yokogawa WT2300 Digital Power Meter



1 x National Instruments’ “GP-IB-HS” GPIB/USB converter and cable



1 x oscilloscope

Figure 4: Equipment set-up

5.1.2 Background on Serial Communication
Serial communication is a standard protocol broadly used for device communication,
which sends data one bit at a time. It defers from parallel communication that can
convey multiple bits simultaneously (National Instruments 1999). Although parallel
communication is usually faster, serial communication is more robust and enables
data exchange with remote devices as far as 1200 meters, and is therefore a preferred
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option for monitoring of large installations with multiple data communication
devices. Advantages of RS-485 are noise immunity and multidrop capability
(National Instruments 1999).
In serial communication, commands are addressed to the devices and written to the
port using programming software. These commands are typically using ASCII data,
however other protocols are available depending on the device used.
Typically, serial communication uses three transmission lines: Ground, Transmit and
Receive. The port is able to transmit data on one line while receiving data on another
(National Instruments 1999). The important serial characteristics are described below:


Baud rate is a measurement of communication speed, and describes the
number of bits transfers per second through the communication port
(National Instruments 1999). It must be noted that increasing the baud rate
also reduces the distance by which devices can be separated.



Data bits are the amount of data (in bits) that are transferred at a time (usually
5,7, and 8 bits)



Stop bits indicate the end of transmission of a packet of data.



Parity is a simple form of error checking by setting the parity bit so that the
signal has an even or odd number of logic high bits, depending on the user
selection.

5.2 Configuration and Test of communication with
equipment
5.2.1 Advantech I/O modules’ protocol
The protocol used by the Advantech I/O modules is the Advantech ASCII protocol,
which consists of writing commands in ASCII codes to the modules. The protocol can
also be changed to Modbus; however, the need to order additional ADAM-4080
modules which were incompatible with Modbus made the preferred option goes
towards the ADAM ASCII protocol. The documentation of the commands for each
type of module was given in the Adam 4000 Series modules’ user’s manuel
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(Advantech 2008). This manual was used extensively in the development of the
monitoring system.

5.2.2 Communication with Adam modules and configuration
The Adam 4019+ analog modules were received one week before the other modules,
and they were configured individually in initialization mode and their addresses
were changed to a number different than “00”, so that they do not interfere with
other modules connected in default configuration which has the address “00”. After
all basic configuration was done, all modules were connected in a parallel RS 485
network and basic commands were tested using the terminal emulation program
within the utility software. Adam use half-duplex RS-485 communication, so that
transmission and reception of data is made through the same pair of wires (see
Appendix B for description of the RS 485 network connection).

5.2.3 Configuration and test of RTD sensors
The configuration of RTD sensors was straightforward as the Adam 4019+ module
already relates the resistance measurement to a temperature value using a known
equation. This, however, requires the RTD sensors to be of a type listed in the
channels configuration options. The type of RTD sensor had to be configured on the
configuration tab of individual modules within the utility software. Both module
temperature sensors and ambient temperature sensors were configured as PT100
with operating range of 50°C-150°C, and α = 0.0385, following manufacturers’
specifications. All RTDs were tested by warming up each sensor in one’s hand and
observing the signal response. Also temperature measurements were compared
between sensors to detect any measurement offset, which would require
recalibration.

5.2.4 Configuration and test of wind speed sensors
The two anemometers and the wind vane were mounted on wooden rods designed
by John Boulton for a more convenient experimental procedure. Both anemometers
were received with a Measnet calibration certificate, which gives slope and offset
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scaling parameters. Each anemometer was tested to see if it was spinning freely
through full rotation. At first, the anemometers were configured to directly give
frequency values using the photo-isolated inputs of the counter/frequency module.
This was done on the utility software’s configuration tab for Adam 4080
frequency/counter module. After the module was tested to transmit its frequency
inputs, a frequency signal of zero was received, even when the cups were rotating.
The module was then tested using a count multimeter to verify the generation of a
frequency output signal, which led to a positive result. The configuration of the
ADAM 4080 module was then modified to have a counter function. Various
commands were tested on the utility software as well as in Labview test programs to
start the counter and verify the state of the gate signal, counter value etc. The
module was again not starting its counter. The configuration was then changed to
use non-isolated inputs as opposed to photo-isolated inputs in the previous setting.
This configuration allows the user to define the trigger voltage for each frequency
inputs at low and high level. The observation of the anemometer output waveform
on an oscilloscope showed that the voltage of the signal when rotating fast was
generally around 400/600 mV. It was estimated that it would require a trigger voltage
of 200 mV to generate a count. At low level the positive voltage peak could get down
to 200/300mV, which requires a trigger voltage of 100 mV (minimum allowed).
Testing under these settings was successful and the module was able to start
counting. The configuration was switched back to frequency function and frequency
measurements were obtained successfully.

5.2.5 Configuration and test of wind direction sensor
The wind vane constantly seeks a position of force equilibrium by aligning itself into
the wind. Most wind vanes use a potentiometer type transducer that outputs an
electrical signal relative to the position of the vane (ASW Scientific Inc. 1997). The
wind vane was connected to a DC source using a Dicksmith DC Power Supply set to
10 V, and the output signal was obtained between the negative DC input of the
anemometer of the DC source and the middle connector on the anemometer. The
output voltage is proportional to the alignment of the wind vane compared to the
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reference point (North). Voltages were successfully tested at the four cardinal points:
north, south, east and west.

5.2.6 Configuration testing of power analyser’s
communication interface
A Yokogawa WT2030 Digital Power Meter was used to test the operation of its
communication interface. A simple 10V DC signal from a DC power supply was fed
to the voltage input of the power analyser. After ensuring the correct voltage was
displayed on the power analyser’s screen, the communication function was
configured to output the voltage on the analog port. The pin relating to that voltage
reading and a ground pin were connected to a differential analog input of an Adam
4019+ module. Reading from the module showed no input voltage was detected by
the analog I/O module. Measuring the voltage through various pins from the analog
communication port of the power analyser led to the same result. Inputting a
voltage of 10V to the power analyser with voltage range setting of 0-10V should have
triggered a voltage close to 5V on the corresponding channel of the communication
interface, according to the user’s guide (Yokogawa Electric Corporation 1998). It was
discovered that the power analyser used did not have a Digital /Analog converter
included, so communication had to be made through a RS 232 interface. This type of
communication required installation of a National Instruments’ driver. It was
decided to use IEE488.1 interface functions. The protocol for communication via
these functions is described in Appendix 2 of the Yokogawa WT 2030 user’s manual
(1998).
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Chapter 6:

Labview programs
development

6.1 Communication to remote I/O modules
6.1.1 Serial communication in Labview
An initial Labview program was developed to test communication with the Adam
modules in Labview. A simple command was used as a test to request configuration
from module at Adress 01, and using a termination character. Initially, VISA
functions, which are a set of function used in Labview to configure and execute
communication with external devices, were used to communicate through the serial
port. Communication was not successful using these functions, and a timeout error
message was produced before any response from the modules was received. A
solution was found using built-in Advantech Labview functions from the Advantech
Net class library (Advantech 2003), which was installed on the computer. These
functions are specially conceived for the Adam remote I/O modules.

6.1.2 Acquiring modules’ input values
After a long testing procedure, a first program was developed to communicate with
the modules and obtain ongoing data at a specified sample rate. This simple program
is shown and described in Figure 5. The serial port is open when the program starts,
then the program send commands and received data from the modules at the
specified sample rate within the while loop, and closes the port when the user stops
the program.
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Figure 5: Initial test program for continuous communication with ADAM modules

6.2 Integration in the WebRAPS Labview monitoring
program
6.2.1 Background on the WebRAPS program
WebRAPS is a Labview program that was developed by Graeme Cole, co-supervisor
of this thesis project, from a concept that originated from Trevor Pryor (Cole & Patel
2006). It was designed using Labview programming software, and is made in such a
way that its configuration does not require knowledge of low-level Labview
programming language. It provides a user-friendly interface for monitoring, logging,
and web serving data from various instruments. It was originally designed to
monitor two Remote Area Power Systems at the Renewable energy Outdoor Test
Area, Murdoch University (Cole & Patel 2006). This program has a limited sampling
time of one second and data is logged as average values at user defined intervals. It
was agreed to minimize the changes made to the program, and therefore, the
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sampling rate could not be changed. However, the logging intervals are changeable
from 1 minute to any required value. In addition to a data being logged on an excel
file, Web-Raps has the ability to generate daily, monthly, and annual plots which are
saved as jpg pictures. These plots are useful for the performance analysis of the
photovoltaic, and can be sent to a web server. The generated plots as well as the
logged data are archived every month on a separate path which can be transferred to
another location for storage.

6.2.2 Adaptation of the WebRAPS program to Adam modules
To be able to communicate with I/O modules, a low-level program had to be
developed and used within WebRAPS. The program had to be able to respond to the
top-level WebRAPS engine into four different modes:


“TestData” The low-level program has to pass an array with size equal to the
number of parameters to read to the top-level program.



“Open” It opens the communication port which connects to the Adam series
modules.



“Read” The low-level program has to read all values from the I/O modules
and pass them to the top-level engine in a single array.



“Close” The program closes the communication port.

There was a communication error when adapting the function from the Advantech
Net Class Library to this program using shift registers to pass the reference number
of the serial communication session. To cope with the communication problem,
opening and closing communication port was moved inside the “Read” mode.
Therefore, “Open” and “Close” mode did not require any functions.
The program calls a configuration file, which was modified to allow for monitoring
of 30 parameters (only 29 parameters were allowed on the original WebRAPS
program). The low level program was created specifically for use with WebRAPS.
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6.2.3 Configuration and use of the program
WebRAPS is expected to be used continuously to monitor and log data from the PV
Training Facility. It is currently configured to monitor all environmental parameters
including solar radiation, wind speed, wind direction, ambient temperature and
modules temperature. It is also configured to log the data as 10 minute average
values in a spreadsheet which will be archived every months, and to generate daily
plots for all parameters that would be sent through a web server.

6.2.4 Web server
A web server is also expected to be added to the current monitoring system. Will
Stirling recommended to perform CPU performance, physical memory usage, and
networking tests to determine if a separate computer is required to build the web
server (2012, pers. Comm., 15 November). The amount of users to which data would
be accessible to also needs to be taken into account in designing the web server.

6.2.5 Documentation
A user’s manual is provided in Appendix C for configuration and use of the
WebRAPS program.

6.3 Development of a Labview program for high
resolution monitoring
An additional Labview program was developed during this thesis project to perform
high resolution monitoring of data from the PV Training Facility. This program
would be used in addition to the WebRAPS program that would run continuously,
and was named “High resolution monitoring program”.

6.3.1 Program description
The High Resolution Monitoring Program was developed to allow for high time
resolution reading of data from Adam modules, real-time plot display and logging.
The data is scaled according to the user, who can enter calibration factors and select
which parameters to log and plot. This program can be operating for long periods,
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and creates automatically a new file every day. Logging of average data can also be
done in parallel to logging of high resolution data. The program was modified
subsequently to allow for reading and logging from a Yokogawa WT2030 power
analyser.

6.3.2 Setting sampling and logging rates
The sampling and logging rates used in the high resolution Labview monitoring
program are presented in Table 6.
Table 6: Sampling and logging modes for the high resolution monitoring program

High resolution

Average monitoring mode

monitoring mode

Parameter

Logging interval

Sampling rate &

Sampling rate

logging interval

Solar
radiation

parameters)

Between 0.5 second
and 1 second
(controllable)

Wind speed

Between 0.5 second

Wind

and 1 second

direction

(controllable)

Ambient

(integration

5 minute (average,
max, min, Std Dev)

No record

temperature
Module
temperature

These values differ from what was recommended by IEC 61724 (2008), with
requirements presented in section 2.1.2. These values were selected to enable a
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maximum use of the sampling capacity of the data acquisition modules, and provide
accurate data on PV intermittency during recording periods. A separate mode was
set for recording high resolution solar radiation values, with data being logged in a
different file. Both modes can be switched on and off to enable saving of the
computer’s memory when logging is not required.

6.3.3 Web serving and remote monitoring
The web serving tool was used on Labview to create an embedded web page which
can be used as a way to control and monitor the program remotely. Two html pages
were created which provide a direct links to the control of the program and the realtime monitoring panel. The web serving tool would be configured so that only
certain users will be allowed to remotely take control of the program, by entering
specific IP addresses of users that would need access. Upon connection to the web
page, request of controlling the program can be made, and if authorization is made,
the control of the program is then possible. Among various control options, the
remote user can start/stop the program, enable/disable logging, change parameters’
configuration and sample rate, and modify the current file path to log. The remote
monitoring function allows for real-time monitoring of environmental data, which is
displayed as numeric measurement and plots.

6.3.4 Documentation
A user’s manual is provided in Appendice D for configuration and use of the high
resolution monitoring program.
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Chapter 7:

Findings and discussion of
the monitoring system

7.1 Test of minimum Sampling rate
An experiment was carried out to test the sampling rate capability of the Adam
modules with the High resolution monitoring program in Labview. A sinusoidal
waveform with frequency of 250mHz was fed to an input of a Adam-4019+ analog
module using an “Escort EGC 3235“ function generator. The resulting sampled data
was logged for different sampling rates using a control within the Labview program
into an excel spreadsheet. The results of the data sampled by the monitoring system
were plotted in Figure 6 to Figure 9.
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Figure 6: 250 mHz sine wave sampled at 1 second sampling rate with Adam 4019+
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0.6 Second sampling time
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Figure 7: 250 mHz sine wave sampled at 0.6 second sampling rate with Adam 4019+
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Figure 8: 250 mHz sine wave sampled at 0.5 second sampling rate with Adam 4019+
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0.4 Second sampling time
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Figure 9: 250 mHz sine wave sampled at 0.4 second sampling rate with ADAM 4019+

From Figure 6 and Figure 7, with sampling of 1 second up to 0.6 second, we observe
nice sinusoidal waveforms which correspond to the 250 mHz sine wave being
generated by the function generator. In Figure 8, logging at 0.5 second creates
distortions in the plotted waveform. This is due to some of the measurements being
held from the previous ones, which was found to be once every 6 samples. From
Figure 9, if we push the sampling time to 0.4 seconds, the output waveform gets even
more distorted, with one value being held every 3 samples. Therefore, 0.6 seconds
was chosen as the minimum sampling time to be used in the program recording high
resolution data.
The same experiment was made after reconfiguring all remote I/O modules to
increase the baud rate to 38400bps. Similar results were obtained confirming that 0.6
seconds is the minimum sampling rate to be used with Adam remote I/O modules.
This means that if we send commands to the Adam I/O modules at a rate greater
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than every 0.6 seconds, the devices cannot make sure that sampling is made each
time in between readings.

7.2 Logging of high resolution solar radiation data
A high time resolution recording of solar radiation was made at a 0.5 second
sampling time on the 13th of November using the high resolution program described
earlier. The equipment was moved from the project room to the pilot plant of the
Engineering & Energy building where the sensors could be located outside and
connected to an Adam 4019+ analog module, which will be linked via a 100 metres
cable. This experiment also enabled to test communication using RS-485
communication over long distances, which will be of similar conditions for the PV
Training Facility. Logging was performed between 3.55pm and 4.50pm. The two
pyranometers were located about five meters apart, which justifies the different
shading conditions observable on Figure 10.
Recording was started in cloudy conditions. Then, we observe a rapid increase in
solar radiation up to 600 W/m2 before it decreases with the sun starting to set. Two
periods of high intermittency were observed around 4.09pm and 4.25pm.

Figure 10: Recording of Solar Radiation on 13/11/12 between 3.55 pm and 4.50 pm
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The high intermittency occurring at 4.09pm is believed to be due to a truck passing
by the sensors during the experiment. Figure 11 shows a more detailed observation
of the intermittent event occurring at 4.25 pm for pyranometer 2. The sensor
experienced very high intermittency for around 20 seconds. This is characterised by
large ramp-up and ramp-down events up to -169W/m2 in only half a second for the
ramp-down event occurring at 4:25:24 pm for pyranometer 2.
250

Solar Radiation (W/m^2)

200

150
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0
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Figure 11: Observation of high solar radiation intermittency around 4.25 pm

7.3 Test for operation of WebRAPS program
The WebRAPS program was tested for continuous logging over a three-day period
from the night of the 18th to the 20th of November. The daily plot function of
WebRAPS allows generation of plots representing three days data of parameters
selected. The plot generation was successful, and plots are shown in Figures 12 and
13 for solar radiation measurements from the two pyranometers, and in figures 14
and 15 for temperature measurements from two RTD sensors. It was insignificant to
show plots from wind sensors as there is no wind to record in the project room.
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Figure 12: 3-days recording of solar radiation in the Project Room from pyranometer 1

Figure 13: 3-days recording of solar radiation in the Project Room from pyranometer 2

Both pyranometers display very similar trends, though the output voltage is very
small due to the lack of direct sunlight in the project room. This shows the sensitivity
of equipment is very good. Notice that in the last day (blue line), logging was
stopped just before 4.00 pm as changes were required on the monitoring system.
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Figure 14: 3-days recording of temperature in the project room from RTD sensor 1

Figure 15: 3-days recording of temperature in the project room from RTD sensor 6

A similar result was found for the temperature measurements with all sensors
displaying very similar trends. Notice the important temperature drop around 1.30
am. These trends must be associated with the air conditioning pattern in the room. It
was observed that during these three days, the temperature dropped at the exact
same time for the two temperature sensors.
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Chapter 8:

Recommendations for future
work

8.1 Installation of the monitoring system
The time frame of this thesis project did not allow for installation of the monitoring
system to be made at the PV Training Facility. The tasks required to be completed for
the installation are listed below. The installation of sensors should be in accordance
to Section 2.3 (p16). Installation of data acquisition equipment should follow
guidelines presented in Appendix B.

8.1.1 Mounting structures


Building and installation of mounting structures including two mounting
booms for fixing the two anemometers, horizontal platforms on the top
southern side of the array structure to fix the horizontal pyranometer, wind
vane, and ambient temperature RTD sensor, as well as a small mounting rail
to fix the pyranometer in the plane of the array.



Provision and fixing of four enclosures on the array structure to protect
remote I/O modules for data acquisition.



Moving the computer allocated for this project to the lift foyer, this will
require a table.

8.1.2 Cabling


Installing the sensors on the structures



Contacting suppliers for the provision of weatherproof analog wires to use for
wind vane and anemometers, a radiation shield for ambient temperature RTD
sensors, as well as protective sheath for RTD sensors’ wires.



Cabling the analog wires including sheathing between sensors and enclosures,
and firmly attaching cables to structure.



Provision and installation of a cable for RS 485 communication including
adapted RJ 45 connector for connection to computer.
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Provision and installation of conduits to place communication and power
cables in between enclosures and toward the existing tray that is used for PV
power cables.

8.1.3 Monitoring Program


Decision of monitoring method, thus allocation of the use of spare Adam
4019+ I/O module.



Design of a storage capacity.



Design of web browsing tool (on the same or different computer depending
on results from computer performance tests).



Testing of the operation of Labview programs

8.1.4 Integration of the inverters’ monitoring capabilities
Communication with inverters would need to be incorporated in both Labview
programs. Connection to the computer will be made via RS 485 cables. SMA
inverters would be connected in parallel within one single network. Solar River 2300
TL and Fronius IG 20 each have their own protocol whose commands can be easily
sent from Labview (Solar River 2012) (Fronius 2012). The SMA Data Protocol was
however not revealed by the manufacturer and alternative communication should be
considered such as the use of the Yasdi software program, which can interface with
SMA inverters using simple functions (SMA Technology AG n.d.). The connection of
inverters and computer is shown in
Figure 16. Communication function will be integrated into low-level programs of the
WebRAPS and high resolution monitoring programs.
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Figure 16: Location and cabling of monitoring equipment
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8.2 Performance evaluation of the PV Training
Facility
The acquisition of environmental data is a useful tool to evaluate the performance of
the PV array at the Training Facility. The WebRAPS program can calculate expected
yields through configuration of a sequence of calculation channels. Expected yield
can be used as a reference for performance analysis of the system yield.
Also, this can be implemented in the high resolution monitoring program which can
have a sub-vi that calculates the expected power of each sub-array. Measured and
expected power values can then be plotted together. These real time graphs would be
monitored remotely using the web serving tool in Labview. This function would be
very useful to detect and localise failures in the system.

8.3 Monitoring schedule and data handling
8.3.1 Monitoring schedule
The minimum monitoring duration with the WebRAPS program should be one year,
but two or more years will produce more reliable results. One year is usually
sufficient to determine the diurnal and seasonal variability of the wind (Calais,
Urmee & Creagh 2012). With the aid of a well-correlated, long-term reference station
such as an airport, the interannual variability of the wind can also be estimated. “The
data recovery for all measured parameters should be at least 90% over the program’s
duration, with any data gaps kept to a minimum (less than a week)” (Calais, Urmee
& Creagh 2012).
Short term high resolution monitoring experiments should be made for various
overcast and clear sky conditions. It is also expected to record at the same time high
resolution PV performance data for each of the different inverter types, using the
power analyser.
An issue raised from the impossibility to use both Labview programs at the same
time , unless another computer is added to the design. The following monitoring
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options are available with necessary changes to the hardware shown in drawings 4
and 5 of Appendix B.


Use a single network of the four Adam modules (excluding Adam 4019+ at
address 5), and interrupt the operation of the WebRAPS program to undertake
high resolution monitoring.



Use a single network of the four Adam modules (excluding Adam 4019+ at
address 5), and operate only the high resolution monitoring program and use
the average data monitoring functions for long term data storage. High
resolution logging can be stopped any time without stopping operation of the
program.



Use two different networks, the second one monitoring plane of array solar
radiation from Adam 4019+ at address 5 (can be from same pyranometer
monitored by WebRAPS which would be connected to both Adam 4019+
modules) and inverter data through power analyser. Two computers would
be required to operate both programs.

8.3.2 Data handling and analysis
The volume of data should be manageable, and so the high time resolution
monitoring should only be carried out under selected radiation conditions (see
previous section). To reduce the risk of data loss, backup copies should be store in a
different location. Back up of the data should be made on a schedule equal to the
data retrieval interval, which is every month for the WebRAPS program.
Detailed database related records must be maintained. A data log file can be used to
keep a record of data transfers, location of backup files, etc. This log file should
contain elements shown in Appendix B.
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Chapter 9:

Conclusion

This project investigated the design process involved in building a monitoring and
data acquisition system for a rooftop photovoltaic facility. Requirements were
determined according to the end-use of the data as well as current context and
research opportunity in solar energy. The main interest was to produce a unique
resource for study on the intermittency of PV systems, particularly in comparison to
various types of photovoltaic technologies and inverter topologies. The final design
incorporated various sensors, which are widely used in the energy industry.
Selection of these sensors was based on meeting requirements from relevant
standards, as well as achieving high time resolution monitoring of solar radiation
and PV performance data. A similar approach was followed in the selection of a data
acquisition system, which was configured successfully. Experimental tests carried
out on the equipment showed that required functions of the monitoring system were
achievable and that the equipment could be installed at the final location. Future
changes to be made on the equipment or programs have been made easier through
the documentation of all equipment and programs. The end-data could be of
considerable interest for network operators and similar systems are highly
recommended to be installed for various PV systems locally and overseas.
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