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Abstract
This project investigated installing a solar intermittency monitoring system at Murdoch
University (MU). Solar energy is defined as an intermittent source due to its varied,
uncontrollable nature in standard operational conditions, in comparison to conventional
power supply systems sourced from fossil fuels. Cloud cover, time of day, and solar seasonal
variance are factors which affect solar energy production. Solar intermittency research and
collection of data is essential to Australia’s continued integration of renewable generation
and progress towards a clean energy future.
The two key parameters required to monitor solar intermittency are global horizontal
irradiance (GHI) and DC output power. Additional parameters to be measured for this study
were: wind speed, wind direction, ambient temperature, module temperatures, humidity, DC
output voltages, DC output currents, and AC power to the utility grid. Solar intermittency
monitoring also requires a fast sample rate, which was chosen as 1 second (s) for this project,
and a high sensor accuracy of 5% for GHI and 2% for power measurements. With this in
consideration PV systems on MU Library, and Building 190 were investigated and analysed
to determine the best location to install the system. The Engineering and Energy Building PV
Array monitoring system was examined as Mael Riou had proposed a solar intermittency
monitoring structure there in his thesis in 2012.
MU Library was dismissed as the installation site as the present sensors which monitored
current, voltage, power, and solar irradiance had a higher inaccuracy than recommended by
the International Standards IEC 61724, and an averaged data sample rate of five minutes.
This would require a complete overhaul of the current monitoring system which would have
been significantly beyond any budgetary considerations. Building 190’s PV monitoring
system therefore became the focus of the project and required two new solar irradiance
sensors and a replacement device for a National Instruments (NI) FieldPoint (FP)-TC-120, 8Channel Thermocouple Module.
Considerable problems were discovered upon further investigations into Building 190
including: communicating with the PLC which prevented power from flowing to the PV
inverter without removing safety features of the system, the Sunny Boy 5000TL inverter
having a device fault once power was restored to it, preventing AC power to the utility grid
from being monitored as it was not flowing, and the removal of access to the roof, where the
PV array and majority of monitoring equipment is located, in Week 11 of semester.
The Renewable Energy Power System (REPS) Training Facility was suggested as a potential
site to design and install a solar intermittency monitoring system after this. The PV array
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there was fully functional. However upon further investigation it was determined the FP
Modules, which communicated data about meteorological parameters, were not connected.
While this issue could be resolved, the limited time and the scope of work required rendered
it unsuitable for this project.
Focus was then returned to Building 190 where a NI LabVIEW project was developed to
monitor and log the parameters. The SP Lite2 Silicon Pyranometer was selected as the solar
irradiance sensor. However installation of the device did not occur due to budgetary,
manpower, and, time restrictions. A proposed design was suggested to replace the NI FPTC-120 with a NI Compact FieldPoint (cFP)-TC-125. However due to the age of the current
equipment and their obsolete statuses, any upgrade of the FP modules would require a new
NI Data Acquisition (DAQ) system to be bought and installed.
The “Solar Intermittency” LabVIEW VI attained measurements with a somewhat
questionable validity. Signal noise was quite noticeable in the voltage, and current
measurements due to the 500Hz filter frequency required by the FP-AI-110 unit to meet the
1 second sample rate. Ideally both FP-AI-110 modules, which monitored the voltage,
current, and meteorological parameters would be replaced with either a NI cFP-AI-112 or
cFP-AI-118 which are both capable of sampling at a 1 second rate with lower filter
frequencies. The Parallel Block D Current’s Dataforth was also revealed to be
malfunctioning and needed replacement.
To install a solar intermittency monitoring system at Building 190 a large budget of
approximately $6,300 would be required as well as work to be performed to fix the
significant problems which currently exist at the location. Overall, it was not possible to
install a solar intermittency monitoring system at MU during this time.
Although the objective of the project to install a solar intermittency monitoring system at
MU was not achieved, some positive outcomes were produced including:


Identification of solar intermittency monitoring parameters, and specifications about
solar intermittency monitoring prerequisites such as sample rate, equipment,
measurements, and sensor accuracy.



An extensive evaluation of the PV systems and their associated monitoring
structures and equipment at MU’s South Street Campus.



An in-depth examination and documentation of Building 190’s PV array and
associated monitoring system, including problems and solutions to these experienced
during the review.
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The development of a LabVIEW program for Building 190’s solar intermittency
monitoring system to detect and record the necessary parameters, as well as a
detailed proposal and recommendations to upgrade the solar monitoring system
currently at Building 190.
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1. Introduction
The two fundamental barriers preventing large-scale utilisation of solar energy power in
Australia and across the world are solar intermittency and grid integration. An intermittent
energy source refers to solar energy’s uncontrollable and varied nature during normal
operations in contrast to traditional fossil fuels (Haluzan 2013). Cloud cover, seasonal
variance, and time of day are significant factors which affect solar energy production
(Haluzan 2013). The effects of solar intermittency on the electricity network are surprisingly
unmeasured and pose the threat of stopping further adoption of renewable energy generation
in the future. The existing research into solar intermittency is often conflicting and lacking
the required quality of data necessary, instead becoming too reliant on anecdotal evidence.
(Sayeef, et al. 2012)
To overcome the issues associated with solar intermittency and to ensure Australia continues
its integration of renewable generation, further research and collection of data into its nature
and affects are essential in this area (Sayeef, et al. 2012). With this consideration the aim of
this thesis project was to establish a solar intermittency monitoring system at Murdoch
University (MU).
Specific objectives for this project include determining the parameters required to be
monitored, having a fully functional monitoring system, and having monitoring equipment
and software capable of meeting the requirements for solar intermittency studies.
The following report will provide a literature review of solar intermittency, parameters
required to be measured, previous solar intermittency studies, and specification for solar
intermittency. This will be followed by research into the four PV systems at MU including
MU Library PV system, Building 190 PV system, REPS Training Facility PV system and
Engineering and Energy Building PV System. The potential to develop a solar intermittency
monitoring system at Building 190 or at the REPS Training Facility will then be explored.

1.1 Data Acquisition (DAQ) system
A DAQ system comprises of collecting “signals from measurement sources and digitizing”
the source’s signals for analysis, presentation, and storage on a computer. The basic
components of a DAQ system, as described by National Instruments (NI), include:


Sensors and Transducers – to measure the physical phenomenon and convert it into
an electrical signal which can be measured such as current or voltage.



Signals - produced by the transducers which can be either analog or digital.
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Signal Conditioning – used to maximise the system’s accuracy, guarantee safety, and
allow transducers to properly operate. The signal may be conditioned in such cases
where the environment is noisy, high voltages are involved, signal measurements are
occurring simultaneously, or extreme low and high signals are present.



Hardware for DAQ – the interface which “digitizes incoming analog signals” so as
to be compatible for a computer.



Application and Driver software – provides a software layer between the hardware
and PC to allow easy communication, presentation, and analysis.

(National Instruments Corporation 2012)
The success of installing a solar intermittency monitoring system depends on the quality of
these components.
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2. Parameters to Monitored
2.1 Solar Intermittency: Australia’s Clean Energy Challenge
An essential objective in designing a solar intermittency monitoring system is to determine
the parameters required to be monitored. An initial literature review of the report released by
the CSIRO on “Solar Intermittency: Australia’s Clean Energy Challenge”, described the
issues facing Australia’s electrical network due to the effects of solar intermittency and grid
integration (Sayeef, et al. 2012). Within the document three Australian case studies of solar
intermittency were described, as seen in Table 1.
Sample Rate

Location

PV Size

5-second resolution

CSIRO Newcastle Energy Centre

22kW – small scale installation

Office
10-second sampled

Desert Knowledge Australia Solar

196 kW - medium scale

data (0.1Hz)

Centre (DKASC)

installation

1-minute resolution

University of Queensland (UQ)

1.22MW - large scale
installation

Table 1: Table Showing the Solar Intermittency Case Studies from “Solar Intermittency: Australia’s Clean
Energy Challenge” (Sayeef, et al. 2012)

The three case studies focused on a small, medium, and large scale PV system with data
resolution of 5 seconds, 10 seconds, and 1 minute respectively. All three cases focused on
two key parameters: Global horizontal irradiance (GHI) and PV output power, as illustrated
with their units in Table 2 below. (Sayeef, et al. 2012)
Data Measured

Units

Global horizontal irradiance

W/m²

PV output power

kW

Table 2: The Recorded Data in the “Solar Intermittency: Australia’s Clean Energy Challenge” Case
Studies (Sayeef, et al. 2012)

The GHI, also known as the total irradiance, is the sum of diffuse horizontal irradiance
(DHI), direct normal irradiance (DNI) and radiation reflected from the ground (which is
usually negligible and not considered in the equation for GHI). The equation for GHI as
defined by National Renewable Energy Laboratory (NREL) is therefore:
GHI = DHI + DNI*cos(Z)
Equation 1: Equation for Global Horizontal Irradiance
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where Z is the solar zenith angle. Appendix 1 details the definition for each term in the
equation. (National Renewable Energy Laboratory 2009)
The report also highlighted the need for high resolution data to be recorded at a fast speed
between “sub-seconds to ten seconds”. This high resolution was required to investigate the
power system’s dynamic response and power quality problems resulting from solar
intermittency. It was noted that the 1 minute resolution of data from the UQ case study was,
in fact, not fast enough to provide adequately detailed records. (Sayeef, et al. 2012)

2.2 Forecasting Solar Power Intermittency Using Ground-Based Cloud
Imaging
Upon further investigation a report released by the University of Arizona and written by
Jayadevan, et al. exploring the concept of “Forecasting Solar Power Intermittency Using
Ground-Based Cloud Imaging”, described a solar intermittency monitoring study of a 2kW
system. As in the case of the CSIRO produced report, the key parameters measured were the
DC power and solar irradiance at a 1s sample rate. (Jayadevan, et al. 2012) It was with
consideration of both the University of Arizona, and the CSIRO released reports to aim for a
maximum sample time of 1s or frequency of 1Hz in this project.

2.3 Murdoch University Theses
Through a combination of knowledge from prior engineering units, and review of theses
including Mael Riou’s thesis on “Monitoring and Data Acquisition System for Photovoltaic
Training Facility on the Engineering and Energy Building” (2012), and “Performance
Evaluation, Simulation and Design Assessment of the 56 kWp Murdoch University Library
Photovoltaic System” by Stephen Rose (2011), the data to be monitored was also expanded
to include meteorological aspects as illustrated in Table 3 below.
Parameter

Units

Wind speed

m/s

Wind direction

º

Ambient temperature

ºC

Module temperature

ºC

Humidity

%

Table 3: Meteorological Parameters to be Monitored

Wind speed and direction were considered as they affect the performance of an array due to
their combined nature in increasing the loss from convective heating and thereby reducing
the PV modules’ temperatures. The ambient and module temperatures were also significant
to measure as a panel’s operating temperature directly correlates to the PV system’s
4

performance. (Copper, et al. 2013) Humidity was also measured as investigations have
revealed that low relative humidity increases the performance of PVs (Ettah, et al. 2012).

2.4 DRAFT Technical Guidelines for Monitoring and Analysing
Photovoltaic Systems
A review of the “DRAFT Technical Guidelines for Monitoring and Analysing Photovoltaic
Systems” was also performed to assess which parameters it recommended to be monitored
for a solar intermittency study. The guideline provided recommendations for Australian
monitoring and analysis of the reliability and performance of grid connected flat plate PV
systems. Guidance is provided on the parameters to measure, how to measure them, and the
accuracy of each measurement required. (Copper, et al. 2013) Although this guideline is still
in its draft stage, the document has been peer reviewed and is available from the Australian
PV Association (APVA) website.
A general monitoring system for PV performance typically includes the recording and
measurement of parameters such as:


Irradiance



Humidity



Wind direction



Wind speed



Dry bulb temperature



Module temperature



Electrical output (AC and DC)
o

Power

o

Voltage

o

Current

The measurement and logging of such parameters enables owners of systems to not only
analyse system reliability and performance but to diagnose any issues that may reduce the
efficiency and capability of the array. Monitored data can also be used by researchers to
study and investigate a broad variety of associated issues relating to PV reliability,
performance, and integration to energy systems. Specific applications such as solar
intermittency studies require certain parameters to be measured with a high resolution and
sensor accuracy. (Copper, et al. 2013)
Within the technical guidelines, a solar intermittency study can be identified as a
“Performance assessment of PV technologies under outdoor conditions”. This refers to a PV
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system’s performance data being used to assess the quality of products and “the influence of
variables such as climatic factors” (for example clouds passing over the sun), to affect
performance of different products and technologies.
Note version 1 of the “Australian Technical Guidelines for Monitoring and Analysing
Photovoltaic Systems” is now available from the Australian PV Institute website, formally
called APVA.
The parameters recommended to be monitored for such a use are summarized in Table 4
below.
Parameter

Symbol

Unit

In-plane irradiance

G

W/m²

Ambient air temperature

ºC

Module temperature

ºC
WS

Wind speed

m/s

PV Array Output voltage

V

PV Array Output current

A

PV Array Output power

kW

Power to utility grid

kW

Table 4: Recommended Parameters to be Monitored for a Solar Intermittency Study by the “DRAFT
Technical Guidelines for Monitoring and Analysing Photovoltaic Systems”

The guidelines therefore provided a suggested outline of parameters to be measured, along
with units, and symbols for a solar intermittency study.

2.5 Monitoring Parameters
It was decided from the literature reviews that the two key parameters required to be
monitored for a solar intermittency study was the GHI and DC output power. All parameters
including those of a secondary nature that would be monitored for this project are outlined in
Table 5 with their units.
Key Parameters

Units

Global horizontal irradiance

W/m²

DC output power

kW
Secondary Parameters

Wind speed

m/s

Wind direction

º

Ambient temperature

ºC
6

Module temperature

ºC

Relative humidity

%

DC output voltage

V

DC output current

A

AC power to utility grid

kW

Table 5: The Parameters to be Focused Upon in the Establishment of a Solar Intermittency Monitoring
System
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3. Measurement Requirements
A crucial element in developing a solar intermittency monitoring system is to ensure
compliance with the standards relating to the structure and accuracy of the monitoring data
and equipment. It was with this consideration that the International Standard IEC 61724:
‘Photovoltaic system performance monitoring – Guidelines for measurement, data exchange
and analysis” was reviewed (International Electrotechnical Commission 1998).
General guidelines are outlined in the standard detailing on how electrical performance
parameters are monitored and analysed for a PV system. The data analysed is intended to
provide a suitable performance summary for comparing PV systems of varying sizes,
different uses, and diverse climatic conditions, to highlight the relative merits associated
with diversified operating procedures and assorted designs. (International Electrotechnical
Commission 1998)
The requirements of the measurement data can be further expanded upon from the
International Standards IEC 61724 by a literature review of the “DRAFT Technical
Guidelines for Monitoring and Analysing Photovoltaic Systems”. While the guideline
references the IEC standard 61724, it also refers to other relevant documents such as:









“European Commission 6th Framework Programme: Monitoring guidelines for
photovoltaic systems
DERlab TG 100-01: Technical guidelines on long-term photovoltaic module outdoor
tests
IEC 60904-2: Photovoltaic devices – Part 2: Requirements for reference solar
devices
IEC 60904-6: Photovoltaic devices – Part 6: Requirements for reference solar
modules
IEC 61215: Crystalline silicon terrestrial photovoltaic (PV) modules – Design
qualification and type approval
IEC 61829: Crystalline silicon photovoltaic (PV) array – On-site measurement of IV characteristics
NMI M 6-1 Electricity Meters Part 1: Metrological and Technical Requirements.
WMO, No. 8: Guide to meteorological Instruments and Methods of Observation:
(CIMO guide)” (Copper, et al. 2013)

The measurement and sensor requirements as outlined by both documents were therefore
analysed and discussed as relating to individual parameters monitored in the project.

3.1 Solar Irradiance Measurement
Total irradiance is to be measured by either a pyranometer or calibrated reference device in
the PV array’s same plane. The sensors’ location must represent the array’s irradiance
conditions and have an accuracy which includes the signal conditioning, “better than 5% of
the reading”. (International Electrotechnical Commission 1998)
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The sensor should be located at a maximum of 2º deviation from the co-planar of the
modules. It must also be placed in a location where it is accessible for regular cleaning
intervals and always unshaded, regardless of any shading the PV array may experience.
(Copper, et al. 2013)
Possible sensor types for the GHI includes: a silicon photodiode pyranometer, thermopile
pyranometer, or a same-technology reference module. Periodic calibration of high quality
pyranometers needs to take place approximately every 2 years which often requires the
device to be sent away. (Copper, et al. 2013)

3.2 Ambient Air Temperature Measurement
The measured location of ambient air temperature should be representative of the conditions
present at the array, through temperature sensors placed in solar radiation shields (so as not
to be affected by the cooling from the wind or heat from the sun’s direct irradiance). Ideally
the sensors should be placed “1m above the ground” and away from sources of heat (Copper,
et al. 2013). The air temperature sensor’s accuracy “shall be better than 1K” including any
signal conditioning (International Electrotechnical Commission 1998).
The ambient air temperature could be monitored by a variety of sensors including: a
resistance temperature detector (RTD), thermistor, or a thermocouple (Copper, et al. 2013).

3.3 Wind Speed Measurement
The measurement of wind speed, where applicable, will be taken at a location and height
representative of the conditions present at the PV array. This should ideally be at a height of
0.7m above the system’s upper edge and a distance of 1.2m on the West or East side of the
array (Copper, et al. 2013). The wind speed sensor’s accuracy must be “better than 0.5
for wind speeds ≤ 5
5

, and better than 10% of the reading for wind speeds greater than

”. (International Electrotechnical Commission 1998)

Possible types of sensors for wind speed measurement included: an ultrasonic anemometer,
or cup anemometer (Copper, et al. 2013).

3.4 Module Temperature Measurement
To measure for the PV module temperature it must be located in a position which represents
the conditions of the array. The sensors used to monitor the panels’ temperatures must be
placed on one or more modules’ back surface. In placement of the sensors it is important to
ensure that a cell’s front temperature is not significantly altered because of the sensor’s
presence. (International Electrotechnical Commission 1998)
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It is sometimes necessary, when measuring the module temperature, for multiple
representative modules of the array to be monitored if the system is large or “could
potentially suffer temperature stratification effects”. The effect on the system would
therefore be better represented by the calculated mean of all temperature measurements.
(Copper, et al. 2013)
The accuracy required for the temperature sensors must “be better than 1K” with signal
conditioning (International Electrotechnical Commission 1998). The module temperature,
like the ambient air temperature measurement, can be monitored from different types of
sensors including: a RTD, thermistor, or a thermocouple (Copper, et al. 2013).

3.5 Voltage and Current Measurement
The measurement of current and voltage parameters can be either DC and/or AC, although it
is important to note AC measurements may not be required to be monitored in every system.
The accuracy required for both the current and voltage sensors “shall be better than 1% of
the reading” with signal conditioning. (International Electrotechnical Commission 1998)
The selected sensor must have a range of measurements that is compatible with the PV
output such that its upper current limit is 1.5 times the short circuit current and the upper
voltage limit is 1.3 times the open circuit voltage for the PV array. They must also have
minimal effect on the array’s electrical operations. AC current, voltage, and power can be
monitored by a Class 0.5 or Class 1 energy meter. DC and AC current, voltage, and power
from the array, and exported and imported power from and to the grid, can often be
measured by modern inverters as long as their measurement accuracy meets the requirements
in IEC 61724. (Copper, et al. 2013)

3.6 Electrical Power Measurement
The parameter of electrical power can be measured as either AC and/or DC. A power sensor
must be used to measure AC power, which accurately accounts for harmonic distortion and
the power factor. DC power can be measured either directly from a power sensor or “in real
time” from the product of sampled (not averaged) current and voltage quantities. If a
significant amount of AC ripple is impressed upon a stand-alone inverter or the DC input
voltage and power, a DC wattmeter may be required to accurately measure the DC power.
(International Electrotechnical Commission 1998)
A single power or current sensor can typically be used to measure both the input and output
of the power and/or current. Therefore a negative parameter signifies power drawn from the
grid, while a positive sign denotes input into the grid. (Copper, et al. 2013)
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The power sensor’s accuracy must be “better than 2% of the reading” together with signal
conditioning. To avoid sampling errors an “integrating power sensor with high-speed
response (for example, a kWh meter)” could be used. (International Electrotechnical
Commission 1998)

3.7 Summary of Parameters Requirements
A summary of the requirements for each parameter to be measured by the solar intermittency
monitoring system as outlined by the International Standard IEC 61724 is seen in Table 6
below.
Measurement

Symbol

Unit

Accuracy of Measurement
5%

Total irradiance or GHI
Ambient temperature

ºC

1ºC


Wind speed

0.5


for wind speeds ≤ 5

10% for wind speeds > 5

Module temperature

ºC

1 ºC

Voltage

V

1%

Current

A

1%

Electrical power

kW

2%

Table 6: Table Showing the PV System’s Required Monitoring Parameters, Symbols, Units and Accuracies
(International Electrotechnical Commission 1998)

Note: x in the subscript for voltage, current, and power represents general measurements and
not specified parameters, as for example the output voltage of the PV array ( ).

3.8 Sampling interval
All parameters during the specified period of monitoring must be measured continuously. A
1 minute or smaller sampling interval must be used “for parameters which vary directly with
irradiance”. A larger specified interval “between 1 min and 10 min” may be used for
parameters with larger time constants. The system would preferably and more conveniently
be sampled at a common interval; however parameters do change at different rates, such as
irradiance which has a high rate of change often “exceeding 200

under partly

cloudy conditions”, compared to ambient and module temperature which will vary more
slowly. (International Electrotechnical Commission 1998)
The “DRAFT Technical Guidelines for Monitoring and Analysing Photovoltaic Systems”
explains, in studies of short term PV systems’ behaviour, such as solar intermittency, the rate
of change for PV output and total irradiance can be substantial over a period of mere
seconds. The guideline also confirms a consistent recording interval for all parameters
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measured in the monitoring system. (Copper, et al. 2013) This further confirms the selection
of a 1s sample rate for the solar intermittency monitoring system in this project.
An important factor to consider when determining the interval time or sampling frequency
this project will employ is aliasing error. It is the error accompanying the loss of information
from an insufficient “number of sampled data points” not being taken. The Nyquist sampling
theorem used to avoid aliasing error explains that the minimum sampling frequency should
be two times the highest frequency in the signal. Therefore to achieve no loss of information
from the sampled data a “minimum of two samples per cycle of the data bandwidth” is
required. The World Meteorological Organization (WMO) refers to the data bandwidth as a
measurement instrument’s “inverse of the time constant”. Although filtering the signal
before it is sampled is another effective method used to reduce a signal’s maximum
frequency, the loss of information especially for sampled parameters such as power, when
calculated from sampled current and voltage measurements, results in a loss of accuracy.
This is due to the “fundamental elements of the time-dependent variation” removed from the
signal when analog filtering occurs. (Copper, et al. 2013)
Additional data transfer definitions related to the communication of measured values can be
found in Appendix 2.

3.9 Check of Data Quality
The quality of the recorded data must be checked for inconsistencies or gaps. Maximum and
minimum limits and “the maximum change between successive data points” for each
parameter can be set based upon the parameter’s characteristics, the environment, and the PV
system. (International Electrotechnical Commission 1998)
The “DRAFT Technical Guidelines for Monitoring and Analysing Photovoltaic Systems”
provides a range of maximum and minimum limits relating to some of the main parameters,
to check the data quality of the recorded values as seen in the Table 7 below (Copper, et al.
2013).
Parameter

Minimum

Maximum Value

Value
Irradiance

0 W/m²

1500 W/m²

Ambient temperature

-40 ºC

60 ºC

Module temperature

-40 ºC

Open rack mounted system = 100 ºC
Roof mounted/integrated systems = 120
ºC
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Array voltage

0V

1.3*

(of the array under standard test
conditions (STC))

Array current

0A

1.5*

(of the array under STC)

Table 7: Table Showing Key Data Parameters and their Minimum and Maximum Values to Indicate Data
Quality (Copper, et al. 2013)

Checking the parameters are within such limits will be performed, if possible, before the
executed data processing operation, with real-time sampled data. Parameters that are not
within their set limits will not be included in any future analysis. (International
Electrotechnical Commission 1998)
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4. Specifications for Monitoring Equipment Requirements
The selection of appropriate devices for the solar intermittency monitoring system was an
essential part of the project. The chosen monitoring equipment had to fulfil four key
requirements:


A fast response time or data transfer rate to meet the 1s system sample rate necessary
for solar intermittency monitoring.



Devices and equipment must comply with all applicable standards, such as the
measurement accuracy and data quality limits, defined in the International Standards
IEC 61724 and “DRAFT Technical Guidelines for Monitoring and Analysing
Photovoltaic Systems” (International Electrotechnical Commission 1998), (Copper,
et al. 2013).



The monitoring system must fulfil safety requirements and pose no potential threat
to all involved.



Budgetary constraints in choosing, attaining, and installing monitoring equipment.
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5. Overview of the Murdoch University PV Systems
During the course of this project four different MU PV arrays and their monitoring structures
were investigated:


The Building 190 PV system



The MU Library PV system



The Engineering and Energy PV system



The REPS Training Facility PV system

Building 190 and MU Library PV systems were initially examined to determine which site
was most appropriate to install a solar intermittency monitoring system. Subsequent to
investigations the Building 190 PV system was chosen as the most appropriate site for the
installation. The reasons for this are discussed in detail in Chapters 6 and 7.
The Engineering and Energy PV System was investigated as a reference monitoring structure
as Mael Riou had proposed a design for a solar intermittency monitoring system for the PV
array here in his thesis “Monitoring and Data Acquisition System for the Photovoltaic
Training Facility on the Engineering and Energy Building” (2012).
When it became apparent, during the course of this project, that the PV system at Building
190 was not fully functional and would not support a solar intermittency monitoring system
in its current state, the REPS Training Facility was examined as a potential site. However a
problem was discovered with the REPS Training Facility monitoring system, as discussed
later, so the focus was then returned to Building 190 where a proposed solar intermittency
monitoring system has been suggested.

15

6. Investigation into Murdoch University Library PV system and
Building 190 PV system to determine the Site of Focus for the
Project
To determine which PV system would be the focus of this project the background and
equipment present at both MU Library and Building 190 were investigated.

6.1 Background on the Murdoch University Library PV System
In 2008 MU installed Perth’s biggest solar PV array for its time, on the library roof of the
South Street campus. The system has an installed capacity of 56kWp and was designed and
connected as part of MU’s commitment to renewable energy supplying 15% of the campus’s
electricity needs. (Rose 2011)
MU Library is located centrally on the South Street campus as circled in Figure 1 below.

Figure 1: A Map of MU’s South Street Campus with the Library Circled (Google Imagery 2013)

The MU Library PV system consists of three arrays of two different types of cell technology,
installed over two different installations in 2008 and 2009 on the building’s roof as seen in
16

Figure 2.

Figure 2: MU Library PV System

The project’s first stage occurred in 2008 when Solar Unlimited installed 96 Kyocera
192x135 watt, poly-crystalline PV modules. The panels were assembled into 4 arrays of 48
modules connected into two parallel strings of 24 modules in series each. Each array was
connected to its own SMA Sunny Mini Central (SMC) 6kW grid connected inverter,
producing a 26kW peak output. In 2009 the second stage of the project was performed which
saw Solar PV install an additional 30kWp via 15 strings of Sungrid 171 x 175 watt monocrystalline panels. Five additional SMA SMC 6kW grid connected inverters were installed,
with three of the inverters connected to eleven panels in series in three parallel strings and
the other two inverters supplied by twelve panels in series in three parallel strings. During
this stage the meteorological SMA Sunny SensorBox was also installed which recorded and
measured the solar irradiance, wind speed, and ambient and module temperatures. (Rose
2011)

6.2 The Current Monitoring System for the Murdoch University
Library PV Array
The details of the current solar monitoring system for the MU Library PV Array were
attained through a literature review of the Engineering thesis: “Performance Evaluation,
Simulation and Design Assessment of the 56 kWp MU Library Photovoltaic System” by
Stephen Rose (2011).
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The parameters which were measured by nine SMA SMC 6kW grid connected inverters and
SMA SensorBox are summarised in Table 8 below.
Monitoring

Use

Accuracy

Measured data:

DC measurements = ±4%

Equipment
SMA SMC 6kW grid
connected inverter



Upv-Ist – PV input voltage

(quantity of 9).



Uac – Grid voltage



Pac – Generated AC power



Ipv – DC current (PV

AC measurements = ±3%

array)


Iac-Ist Grid current



E-Total – Total energy fed
to the grid

SMA Sunny

Records meteorological

SensorBox: with

parameters:

amorphous silicon



cell, wind
anemometer, and



Accuracy of sensors:


Solar irradiation

WindVel m/s – Wind

sensor = ±8%, range:

speed (m/s)

0 to 1500

IntSolIrr – Internal solar



Wind speed

module, and ambient

radiation level (solar

anemometer sensor =

temperature sensors.

radiation on the plane of

±0.5%, range: 0.8 to

the array (W/m²)

40 m/s




TmpMdul C – Module



Module temperature

temperature (ºC)

sensor = ±0.5ºC,

TmpAmb C – Ambient

range: -20 to 110ºC

temperature (ºC)



Ambient temperature
sensor = ±0.5ºC,
range: -30 to 80 ºC

(SMA 2004).
Table 8: Table Showing the Monitoring Equipment for the Solar Array at MU Library (Rose 2011)

The SMA Sunny SensorBox and SMA SMC 6kW grid connected inverters were set to
display data that had been averaged over five minutes at a sample rate that was unknown
(Rose 2011). After further investigations with supervisor Dr. Martina Calais on the SMA
Sunny Portal, which communicates with the SensorBox and inverters to display measured
parameters, it was determined that the minimum time that could be set to average the data
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was five minutes (SMA 2013). This proved too slow for solar intermittency data collection
which required parameters to be displayed every 1s. Direct communication with the inverter
and SensorBox via the Webbox could have possibly allowed for solar intermittency data
collection meeting the requirements of the project but was beyond the scope of this thesis.
The accuracy of some of the parameters attained from the inverters and SensorBox also
exceeded the allowable limits as described by the International Standard IEC 61724. The
voltage and current measurement accuracies of ±4% for DC values, is 3% greater than the
recommend IEC 61724 value of 1%. Furthermore the solar irradiance measurement sensor
from the SensorBox has an accuracy of 8%, while IEC 61724 recommends no higher than
5%. To therefore develop a solar intermittency monitoring system at the MU Library PV
array, new sensors for voltage, current, and solar irradiance which meet the accuracy as
described by IEC 61724 would need to be acquired.

6.3 Background on the Building 190 PV System
Building 190, formally known as the Research Institute for Sustainable Energy (RISE), was
developed as a testing facility to monitor, measure, and assess a range of renewable energy
systems. The School of Engineering and Information Technology have recently taken over
the facility, finding many of the laboratory systems do not function properly. This situation
has been made more difficult as former RISE personnel who had knowledge of the
operations of the facility have now left MU. (Woodard 2013)
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Building 190 is located on the South-Eastern corner of the South Street Campus, as circled
on Figure 3.

Figure 3: A Map of MU’s South Street Campus with Building 190 Circled (Google Imagery 2013)

Systems within Building 190 include: a Real PV Array, Solar Array Simulator,
Environmental Chamber, Battery Bank, Diesel Generator, Motor Generator, Load Bank
Control Module, and a PLC System (Woodard 2013). The Real PV Array which is located
on the roof of the building, as seen in Figure 4 below, consists of a configurable 4.5kWp
system with sixty BP275 75W PV modules.

Figure 4: Building 190 PV Array with Patch Panel and Meteorological Sensors
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The sixty panels are grouped into fifteen PV modules per frame across four frames. The
array itself can be connected and configured into many different string combinations. The
rooftop also holds a meteorological station, and Patch Panel which connects the PV array to
the Sunny Boy 5000TL transformerless inverter, which is located downstairs in the
Engineering and Energy Laboratory, within Building 190.

6.4 The Current Monitoring System for Building 190 PV System
To develop a solar intermittency monitoring system at Building 190 it was essential to
establish the state of the current monitoring system, with a particular emphasis on the
adequacy and sampling interval of the devices for high resolution data recording. A review
of the monitoring system was initially performed on the 25th July, 2013 via a walk through
with co-supervisor Simon Glenister. After the initial physical investigation a literature
review of both Chris Woodard’s thesis on “Rise SCADA and Electrical System” (2013), and
the project report by the ENG454 students “ENG454- Rise Facility: Phase 4 – Real PV
Array” (Froese, Kenneday and Murphy 2013), assisted in further determining the equipment
present and its operational status. The devices located at Building 190, their accuracies, and
data transfer rates were summarized in Table 9 below.
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Monitoring

Use

Data Transfer Rate

Accuracy

Equipment
Meteorological Sensors
A100L2 Low Power

Measures wind

150 milliseconds

1% between 10 to

Anemometer

speed.

(ms) first order lag

57m/s

(Analog+Pulse

typical with a

2% below 10m/s and

Outputs).

rise/fall time of

above 57m/s

approximately 25µs

(Vector Instruments

(Vector Instruments

2013).

n.d.), (Campbell
Scientific Ltd. 2009).

Pacific Data Systems

Measures wind

Depends on the data

2º (Pacific Data

Wind Direction Vane

direction.

acquisition device.

Systems Pty Ltd
1996).

(WD-10)
(Wilmot 2003),
(emailed messages on
October 30th, 2013
with George Porter,
Managing Director of
Pacific Data Systems).
National Instrument

Temperature

Depends on the data

Range: 0 to 260°C

Type T Panel

measuring

acquisition device.

Accuracy - whichever

Ready-Made

device.

is greater:

Thermocouples

±1°C or ±0.75%

(quantity of 8).

(National Instruments
Corporation 2010).

Vaisala Humitter

Measures

Example found of a

Approximately ±5%

50U/50Y(X)

atmospheric

sample rate = 1Hz or

relative humidity (RH)

Integrated Humidity

relative humidity

1s (but can be faster)

at +20ºC over the

and Temperature

and ambient

(UCAR 2013).

range 10 to 90% HR.

Transmitter.

temperature.

Approximately ±0.8ºC
from -10 to 60ºC
range.
(Vaisala 2004).
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Electrical Parameters
Dataforth

Signal isolators for

Response time, 90%

±0.05%

SCM5B30 and

voltage and

span is 0.2s

(Dr. Schetter BMC

SCM5B31 analog

current.

(Dr. Schetter BMC

IGmbH n.d.).

IGmbH n.d.).

voltage input
module, narrow
bandwidth.
Allen-Bradley

Measures the AC

Logging to nearest

Power = ±0.2%

Bulletin 1403

current, voltage, and

1/100 of a second

Power factor = ±0.1%

Powermonitor

power.

(Rockwell

Voltage = ±0.1%

Automation 1998).

Current = ±0.1%

II.

(Rockwell Automation
1998).
Data Acquisition Equipment
National

Input modules to

Update period=1.13s

Non-linear error and

Instrument: NI FP-

monitor module

(National

temperature

TC-120, 8-Channel

temperature.

Instruments

relationship but

Corporation 2013).

approximately ±1°C

Thermocouple
Module for

for a range of 0 to

FieldPoint.

150°C.
(National Instruments
Corporation 2002).

National

Input modules to

At a filter setting of

Nominal voltage input

Instrument: NI FP-

monitor:

500Hz the update

range 0-10V at -40 to

Current from each

rates (all channels) is

70ºC has an accuracy

panel block

0.173s

of ±0.07%.

Voltage from

(National

each panel block

Instruments

Current input range at



Solar radiation

Corporation n.d.).

-40 to 70ºC has an



Wind speed



Wind direction



Ambient

(National Instruments

temperature

Corporation 2005)

Al-110, 8-Channel



Voltage and
Current Analog



Input Module for
FieldPoint.



accuracy of ±0.16%.

Relative humidity
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National

Part of the data

Communication

Instrument: NI FP-

logging

parameters= “1 start

1001, RS485

equipment.

bit, 8 data bits, 1 stop

Interface for

bit, no parity”.

FieldPoint.

Baud rates=”300,

NA

1200, 2400, 9600,
38400, 57800,
115200 (switch
selectable)”.

(National
Instruments
Corporation n.d.)
National

Part of the data

460.8kb/s

Instrument: NI

logging

(National

USB to RS485/4,

equipment

Instruments

Serial Instrument

NA

Corporation 2003).

Control.
Simon Glenister on 25th July, 2013.
“ENG454- Rise Facility: Phase 4 – Real PV Array” (Froese, Kenneday and Murphy
2013).
“Rise SCADA and Electrical System” (Woodard 2013).
Table 9: Table Showing the Monitoring Equipment for the Solar Array at Building 190

After investigating each device’s data transfer rate it was discovered that the National
Instrument: NI FP-TC-120, 8-Channel Thermocouple Module had an update period of 1.13s.
This was slower than the required sample rate of 1s for the solar intermittency monitoring
system. The NI FP-TC-120 had 8 input channels for direct temperature measurement of the
standard type T thermocouple used within the system. (National Instruments Corporation
2002)
All sensors however were determined to be within the accuracy requirements as stated in the
International Standard IEC 61724. The monitoring system for the PV array on Building 190
was however missing a solar irradiance sensor which was essential for a solar intermittency
study. The replacement device for the NI FP-TC-120 and the type of solar irradiance sensor
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to be chosen, whether it be a same-technology reference module, thermopile pyranometer, or
silicon photodiode pyranometer, will be discussed later in this paper.
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7. PV System Chosen for Solar Intermittency Monitoring
After the investigation into the background and existing PV monitoring systems present at
both MU Library and Building 190, it was decided that the project would focus on Building
190. The majority of the existing monitoring devices at Building 190 fulfilled the high
sample rate and accuracy requirements for a solar intermittency study. Building 190 would
require a new solar irradiance sensor, as none was currently present in the existing
monitoring system, and a replacement unit for the NI FP-TC-120, 8-Channel Thermocouple
Module which had an update period of 1.13s and was too slow for the required system
sample rate of 1s.
This was in marked contrast to the existing solar monitoring system at MU Library with all
data being displayed at an averaged five minute interval, and devices measuring current,
voltage, power, and solar irradiance with higher levels of sensor inaccuracy than
recommended in the International Standards IEC 61724. The MU Library system would
require a significant redesign to produce a monitoring system expectable for solar
intermittency studies. Given the sensor selection requirements identified in this project with
a particular focus on budgetary constraints, Building 190 was the logical choice for
redevelopment.
Furthermore safety precautions agreed upon at the beginning of the thesis with supervisor
Dr. Martina Calais to prevent any possible risk of being shocked or electrocuted by a PV
system, required that any inspection of or work to be done around a PV array or electrical
junction box, such as a Patch Panel, would require co-supervisor Simon Glenister to be
present. As Simon had no knowledge of the structure, operation, and equipment present at
the MU Library PV system but had a considerable understanding about the array at Building
190, and was required for any inspection of the system or future alteration, Building 190 was
again the only possible choice.
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8. Connection of Solar Array at Building 190
The PV modules at Building 190 produce power which is sent to the Patch Panel mounted
close to the centre of the array on the roof. The electrical outputs from the Patch Panel flow
through the cabled mounted circuit breakers (CBs) in the Solar Array Patch Panel Extension
(located beneath the Patch Panel), to the Solar Array Outlet Panel inside the Engineering and
Energy Laboratory, which contains a second set of CBs (Phase Engineering and Andrew
Ruscoe 2005).
The Solar Array Outlet Panel can connect the PV Array up to four different inverters or other
power conditioning equipment and batteries, such as the SMA Sunny Boy 5000TL inverter
which is currently connected. The power is then sent to the Grid Connection Switch Box
which contains respective Miniature Circuit Breakers (MCBs), and switches (S) for each
possible inverter connection. The Grid Connection Switch Box facilitates “one single phase
inverter to be connected to each phase”, which then links to the Grid Connection Circuit
Breaker (L14) in the Main AC Switch Board (MACSB). (Woodard 2013)
Figure 5 illustrates the connections of the PV Array.
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Figure 5: The Real PV Array Connections as adapted from Chris Woodard Thesis (2013)

Note: x denotes MCB and S numbers from 1 to 4 for example MCB2 to S2.
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9. Monitoring Communication System at Building 190
To redevelop the monitoring system at Building 190 it was essential to understand how the
data was communicated from the PV array to the Building 190 computer. This was
determined by reviewing the project reports written by the ENG454 students, which
included: “ENG454 Phase 2 Rise Facility” (Gumireddy, et al. 2013), “RISE Facility Phase
III” (Xu, Batson and Neylan 2013), and “ENG454 – RISE Facility: Phase 4-Real PV Array”
(Froese, Kenneday and Murphy 2013). Figure 6 illustrates the structure of the
communication system for the PV array at Building 190.

Figure 6: Structure of the Communications System for the Real PV Array at Building 190
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As the system now exists the meteorological data is measured by the relevant transducer
which sends the signal to a NI FP-AI-110 Analog Input Module. The temperatures of the
modules are measured by type T thermocouples which send the signals to an NI FP-TC-120,
8-Channel Thermocouple Input. The voltage and current from the Parallel Blocks in the PV
Patch Panel are conditioned by voltage dividers and current shunts respectively. The signals
are further conditioned by Dataforth’s SCM5B30-03 for current and SCM5B31-09 for
voltage and then sent to another NI FP-AI-110. All three FP modules are connected to a NI
FP-1001, RS485 Interface for FieldPoint which links to the NI USB-485/4 Port Module. The
PV array is connected via Port 2 (COM15) on the NI USB-485/4 Port Module to the
Building 190 computer and programs such as LabVIEW.
For further information about communication and measurement of each parameter at
Building 190 please see Appendix 3.

9.1 AC Power Communication
The AC power to utility grid is measured via an Allen Bradley Bulletin 1403 Powermonitor
II located in the MACSB. The Powermonitor is a monitoring and control based
microprocessor which uses relay connections, and current, and voltage inputs to operate. The
display panel seen in Figure 7, is an input/output (I/O) module which communicates “via a
serial fibre optic link” to the Powermonitor. Building 190 contains five Powermonitors.
(Woodard 2013)

Figure 7: Allen Bradley Bulletin 1403 Powermonitor II Display

The Powermonitors measure a considerable quantity of data in real time but the AC power to
the utility grid parameter was the focus of this project.
Building 190 consists of a “LabVIEW Supervisory Control and Data Acquisition (SCADA)
system” which controls and monitors parts of the facility. Through the Building 190
computer, the NI LabVIEW software package communicates with various components in the
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facility including the remote switchboards, the Programmable Logic Controller (PLC), and
the Powermonitors. A Remote Input/Output (RIO) network and Allen Bradley SLC5 PLC
are used in the switchboards for the contactor and circuit breaker control, the Powermonitor
data collection, and status and interlocks reporting to LabVIEW. (Woodard 2013)
Information is sent by the Powermonitors via a RIO network to the main PLC in the
MACSB. The RIO network also links the MACSB PLC to the remote PLC racks in the
Small AC Switchboard (SACSB), and Main DC Switchboard (MDCSB). LabVIEW can then
use the Powermonitors data which is allowed to be stored in the PLC by the RIO network.
The five Powermonitors also control and monitor five MCBs with undervoltage trip coils
such as the Grid Connection Circuit Breaker (L14). (Woodard 2013)
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10. A Reference Solar Intermittency Monitoring System at
Murdoch University
In adapting the monitoring system at Building 190, the selection of both new and
replacement devices was significantly influenced by budgetary constraints, which increased
the appeal of using any appropriate and available devices already at MU. A thorough
investigation into the existing PV data acquisition devices for the Engineering and Energy
Building PV system was therefore performed. The monitoring system, which is currently not
operational or installed, is designed for solar intermittency studies and is therefore highly
applicable to this project.

10.1 Background on the Engineering and Energy Building PV System
The School of Engineering and Information Technology have recently installed an 8.2kWp
PV system on the roof of the new Engineering and Energy Building as seen circled in Figure
8. This system, also known as the Murdoch PV Training Facility, was installed with the aims
to investigate the performance and behaviour of a range of PV and Inverter technologies, and
to contribute to MU’s pledge for sustainability and renewable energy through Green Power
purchasing. (Riou 2012)

Figure 8: Map of the South Street Campus with the Engineering and Energy Building Circled (Google
Imagery 2013)
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As Stuart Kempin describes in his thesis, the training facility comprises of four different
types of PV modules: amorphous, “copper indium gallium selenide thin film”, monocrystalline, and poly-crystalline modules (2012). Figure 9 below illustrates this PV system.

Figure 9: Engineering and Energy Building PV System

The types of inverters present in the PV system include inverter without transformer, with
line-frequency and high frequency transformer and the facilities consist of a battery bank,
DC and AC test points, power meters, emergency stop button, and additional safety
equipment (Kempin 2012).

10.2 The Current Monitoring System for Engineering and Energy
Building PV System
A solar intermittency monitoring system was devised by Maël Riou in his thesis on
“Monitoring and Data Acquisition System for the Photovoltaic Training Facility on the
Engineering and Energy Building”. Riou devised a monitoring system to record solar
intermittency and general PV performance parameters for the Engineering and Energy
Building, to fulfil the aim of the system as a teaching tool. Therefore the equipment he
described and experimented with meet the key requirements outlined in this thesis for sensor
selection, including a fast sample rate and high sensor accuracy. The devices, their use, and
benefits, as described by Riou are detailed in Table 10 below. (Riou 2012)
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Use

Monitoring Equipment

Benefits

Meteorological Sensors
High resolution

SP Lite 2 Silicon Cell Pyranometer from



Reliability

solar irradiance

Kipp & Zonen (quantity of 2 – 1



Low temperature

data

horizontally orientated and the other position
in the plane of the array (tilted))

dependency


Fast response



stability



High accuracy

Ambient

Resistance Temperature Detectors (RTD)



Stable

temperature

Pt100 Class A



Highly accurate



Linear



Negative: expensive

Module

Resistance Temperature Detectors (RTD)



Stable

temperature

Pt100 Class B (quantity of 10)



Highly accurate



Linear



Negative: expensive



Calibration stability



Ability to separate

Wind speed

NRG #40C Anemometer (quantity of 2)

wind direction from
wind measurements

Wind direction

NRG #200P Wind Direction Vane



Long term reliability



High precision



Relatively cheap



Simple design



Low maintenance



Up to 3 different

Electrical Parameters
Power

Yokogawa WT 2030 Digital Power Meter

circuits can be
connected at once
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Data Acquisition Equipment
Data
communication

NI:


RS485 Communication Cable



“GP-IB-HS”GPIB/USB Converter



Multidrop capability



Noise immunity



Adaptable to quantity

and Cable

Part of the data
logging

4 Port RS 485 Serial Interface for PCI

Advantech Adam Series I/O Modules:


equipment

Adam 4080 Frequency/Counter I/O

and types of signals

Module


Adam 4015 RTD I/O modules
(quantity of 2)



Adam 4019+ Universal Analog I/O
modules (quantity of 2)

Data logging
program

LabVIEW



Easy and quick
programming for a
variety of different
control tasks and
measurements

Table 10: The Equipment Used in the Engineering and Energy Building’s PV Array Monitoring System
(Riou 2012)

As the Engineering and Energy Building PV system is not currently operating and the
monitoring devices have yet to be installed, the equipment listed in the table above not only
provides a useful reference point for applicable devices to be used for a solar intermittency
monitoring system, it also describes devices which could be temporarily used in this project.
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11. Selection of Monitoring Equipment for Building 190
The new equipment required for the solar intermittency monitoring system at Building 190
included a solar irradiance sensor and a replacement device for the NI FP-TC-120 8-Channel
Thermocouple Input Module.

11.1 Solar Irradiance Sensor
To measure the array’s solar irradiance for a solar intermittency study the sensor had to be
capable of having a response time of less than 1s, so as to meet the 1s system sample rate,
and an accuracy of better than 5% as recommended in the International Standards IEC 61724
(International Electrotechnical Commission 1998). Possible solar irradiance sensors
included: a silicon photodiode pyranometer, thermopile pyranometer, and a same-technology
reference module. A comparison was performed to determine the best type of solar
irradiance sensor to use for Building 190. The advantages and disadvantages of each device
are illustrated in Table 11.
Silicon Photodiode

Thermopile Pyranometer

Pyranometer

Same-Technology
Reference Module

Purpose: Measures the total

Purpose: Measures the total

Purpose: Measures the level

available resource of solar

available resource of solar

of irradiance a PV panel, of

radiation.

radiation.

the same types as the
reference cell, can convert to
electrical power. Therefore
monitors the cells’ yield.

Advantages






Pyranometers have

Advantages


Used around the

Advantages


“Responds to light
from all angles”

been used around the

world by

world by

Meteorologists for

Meteorologists.

over 80 years

the solar irradiance a

It has a wide angle

PV module would

independent

of acceptance due to

see rather than the

measurement of the

its glass dome which

broadband

total available solar

makes it useful for

irradiance. It is a

irradiance.

angles greater than

“precise

Calibrated and

80º

characterization of

Gives an accurate,





Designed to measure

classified to ISO

the PV

standards.

performance”
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Calculations for

broadband response

and Ratios are more

to global irradiance

accurate than

measurements with

reference cells.

essentially no

Over time the

correction

“calibration factor is

required.

pyranometer is

measurement of the

needed for different

total available solar

PV module types. It

irradiance.

classified to ISO

Suited to measure

standards.









Performance Indexes

Different sites’

and Ratios are more

measurements can

accurate than

be compared and

reference cells
Over time the

same type of

“calibration factor is

pyranometer.

very stable”.

Universal standard



Only one

for outdoor testing

pyranometer is

Responsivity is

needed for different

faster than

PV module types. It

thermopile

is independent of the

detectors

type of PV cell.

Lower maintenance



Error is less than 5%

than thermopile

for angle of

pyranometers

incidence up to

Cheaper cost than

80º

thermopile
pyranometers



milliseconds.

Calculations for

tilted irradiance.



Time response in

Calibrated and

type of PV cell.

monitored by the







Gives an accurate,
independent

both horizontal and




Only one

is independent of the


It has a wide

Performance Indexes

very stable”.




Suited to measure
both horizontal and
tilted irradiance.
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The temperature



Different sites’

coefficient can be

measurements can

very small.

be compared and
monitored by the
same type of
pyranometer.


Universal standard
for outdoor testing

Disadvantages




Recalibrated

Disadvantages


Recalibrated

Disadvantages


It has an increased

approximately once

approximately once

level of reflectance

a year as output can

a year as output can

which produces a

drift

drift

decreased efficiency

Slow time response

for glancing angles

narrow band of the

which can be up to

of light.

solar spectrum. A

30 seconds.

Responsive to only a







Temperature effects

Output is effected by

need to be

required to convert

cold sky emissions

corrected

the measurements to

and ambient

a broadband solar

temperature

greater effect on

irradiance response.

transients

reference cells

Can be expensive

compared to

calibration factor is

Calibration factor





will vary under
different

Pollution has a

pyranometers


conditions

A separate reference
cell is required for
each different PV
module type



If the panel is flawed
then the reference
cell will inherent it



Error is greater than
5% for an angle of
incidence above
55º
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It systematically
overestimate’s
system
efficiency/performan
ce and
underestimate’s
irradiance.



Not suitable to
measure GHI as
“directional response
error limits the
measurement time
frame to 4 hrs. per
day”



Correction with
weather data in real
time is required for
spectral mismatch
compensation.



Better for indoor
rather than outdoor
monitoring

(Emery and Kurtz 2012)
(Ringoir 2011)
(Hukseflux Thermal Sensors B.V. 2011)
(Sengupta, Gotseff and Stoffel 2012)
(Patil, Haria and Pashte 2013)
Table 11: The Advantages and Disadvantages of a Silicon Photodiode Pyranometer, Thermopile
Pyranometer, and a Same-Technology Reference Module
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After a review of the literature, the silicon photodiode pyranometer was determined to be the
best solar irradiance monitoring sensor for this project. The main advantages of the
pyranometers over the reference cell included:


They were more ideally suited to long term outdoor testing (Hukseflux Thermal
Sensors B.V. 2011).



Pyranometers are independent of cell type (Ringoir 2011), as the reference cell
device would require the same cell technology as the PV modules. A reference cell
sensor would not have been feasible to attain in this project given both time and
financial constraints.



They are the industry standard so all calculations for PV performance are designed
more accurately for pyranometer characteristics (Ringoir 2011).

The silicon photodiode pyranometer was chosen in favour of the thermopile pyranometer
due to its faster response time (Sengupta, Gotseff and Stoffel 2012). The thermopile
pyranometer can take up to 30 seconds to respond (Emery and Kurtz 2012) which would fail
to meet the sample rate required for this project.
The SP Lite 2 Silicon Cell Pyranometer was therefore determined to be the best solar
irradiance measuring device for this project as:


The Kipp & Zonen brand is well-established since 1830 (Kipp & Zonen n.d.), and is
familiar as it has been used in previous experiments at MU.



The pyranometer has a response time of less than 500ns (Kipp & Zonen 2011).



A low directional error of “up to 80º with 1000W/m² beam” is less than 5W/m²
(Kipp & Zonen n.d.).



It is designed for use “under all weather conditions” with only simple maintenance
over a long operating life required (Kipp & Zonen n.d.).

11.2 Replacement NI FP-TC-120 8-Channel Thermocouple Input
As recommended in the International Standards IEC 61724 all parameters were preferably
and more conveniently monitored at the same sample rate. The NI FP-TC-120, 8-Channel
Thermocouple Input Module was therefore required to be replaced as its update period was
1.13s, which was slower than the set sample rate of 1s for the system. After an investigation
into NI replacement devices it was discovered that the NI FP-TC-120, the NI FP-AI-110
modules, and the NI FP-1001, RS485 Interface for FieldPoint were all obsolescent models
(National Instruments Corporation 2013). To update the FP Module the new NI
CompactRIO technology would therefore have to be used.
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The replacement unit chosen was the NI cFP-TC-125 as it had an update periods of 0.99s
(Filter On) or 0.22s (Filter Off) (National Instruments Corporation 2009). It was also the
compact equivalent for the next model in the range for NI thermocouple input modules.
After a consultation with Will Stirling, a Professional Officer at the School of Engineering
and Information Technology, he confirmed that the FP units and the new cFP modules were
not compatible. To therefore replace the NI FP-TC-120 unit a new controller, input module,
backplane, mounting rack, and power supply would be required. Through the use of the NI
Compact FieldPoint Advisor a new DAQ system was created with all components and their
prices outlined in Table 12 (National Instruments Corporation 2013).
Module

Price

NI cFP-2220 LabVIEW Real-Time/Dual-

$3,569.50

Ethernet Controller
cFP-TC-125, 16 bit Thermocouple Input

$1,017.50

cFP-CB-3 Isothermal Connector Block

$341

cFP-BP-4, 4 Slot Backplane

$902

cFP-RM-8, 19in Industrial Rack Mounting

$121

Kit for cFP
PS-4 Power Supply, 24 VDC, Universal

$374

Power Input Din Rail Mount
Total

$6,325

Table 12: New DAQ System to Measure the Module Temperature at Building 190 and Replace the NI
FP-TC-120 Unit

The new NI cFP-2220 unit is equivalent to the NI FP-1001, RS485 Network Interface
Module and was chosen as it was the only suggested controller module with a RS485 Port
(National Instruments Corporation 2008). The other system components are required to
mount and power the NI cFP-2220 and cFP-TC-125.
As the total price of $6,325 for the complete DAQ system was significantly outside any
budgetary considerations for this project, the proposed system could not be bought and
installed. After a consultation with Supervisor Dr. Martina Calais about the slow transient
response of temperature measurements, the NI FP-TC-120’s slower update period of 1.13s
was deemed acceptable for this project.
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12. Problems at Building 190
Several significant problems occurred while trying to install a solar intermittency monitoring
system at Building 190 during the course of the semester. Early into the project it was
determined that the SMA Sunny Boy 5000TL inverter was not receiving power which was
resolved as discussed in the next section. Once power was restored to the inverter it was
determined that the inverter itself had also experienced a device fault, this situation had yet
to be resolved by the end of semester. Further complications also arose with access to the
roof, and therefore the PV array, and majority of the monitoring equipment, being
significantly restricted during week 11 of semester due to new tenants in the Building 190
offices as discussed further below.

12.1 Restoring Power to the Inverter at Building 190
In the early stages of the project it was discovered that the SMA Sunny Boy 5000TL inverter
was not receiving power from the Real PV Array. It was an essential objective of this thesis
to have the PV system fully operational so as to be able to measure its parameters. Power
was not reaching the inverter as two sets of the Merlin Gerin Miniature Circuit Breakers
(MCBs) were not staying on.
The MCBs’ were located respectively at the Main AC Switch Board (MACSB)’s Grid
Connect Breaker (L14) and the Grid Connection Switch Box Breaker’s near the Small AC
Switch Board (SACSB). The energized circuit breaker has a small motor contained within,
which can be used to automatically charge or manually wind the MCB (Gumireddy, et al.
2013). When the MCBs’ are set they display both an “ON” and “discharged” status.
After a review of the “ENG454 Phase 2 Rise Facility” report, which described the work
performed by several ENG454 students in semester 1, 2013, it was noted that all emergency
stop buttons within Building 190 were monitored by the Allen Bradley SLC 500 (SLC 5/04)
Programmable Logic Controller (PLC) (Gumireddy, et al. 2013). The PLC was located in the
cabinet of the MACSB as seen in Figure 14 below. When an emergency stop button had
been triggered or a power outage occurred the PLC would latch the MCBs’ on to protect the
system (Gumireddy, et al. 2013). Co-supervisor Simon Glenister indicated that when the
system did operate, it would periodically switch itself off due to unknown reasons (25th July
2013).
Before the circuit breakers were able to be manually reset, the PLC latching had to be
addressed. The MCBs were controlled by the output labelled as the “Common Emergency
Stop” within the PLC. The address of this output relay was O:6/7 and was required to be
“ON” to be able to reset the MCBs. As the output relay is a latching relay it would remain
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“in the last position it was in when the voltage is removed” (Tooling University, LLC. 2013)
As Gumireddy, et al. explained in the phase 2 report, a PLC output can be “Force ON”, in
this case, by using the program Rockwell’s RSLogix 500. The ENG454 students were
required to force the output for “Common Emergency Stop” “ON” so as to energize the
MCB and allow power to flow in the system. (Gumireddy, et al. 2013)
Although forcing a PLC output should only be used as a temporary fix until the PLC “logic
can be corrected”, the “Common Emergency Stop” at Building 190 was consistently required
to be “Force ON” to allow the MCBs to turn on (Erickson 2010). This indicated that the PLC
logic required alteration which was outside the scope of this project. Following the
instructions detailed in the “ENG454 Phase 2 Rise Facility”, the “Common Emergency
Stop” PLC output was attempted to be “Force ON” using RSLogix500 to allow the circuit
breakers to turn on (Gumireddy, et al. 2013).
Trying to communicate with the PLC via RSLogix500 however proved problematic. After
opening the RSLogix500 program and attempting to go to the online Mode, which would
allow a viewing of the current PLC program, an error occurred as seen in Figure 10.

Figure 10: The Error Message in RSLogix500 when trying to Communicate with the PLC
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As this error had not occurred for the Gumireddy, et al., no solution to fix the problem was
documented. Nor was any solution offered in the phase 3 and 4 reports from the ENG454
students. After communicating with Nathan Froese, who was the team leader for the phase 4
ENG454 project, it was discovered that the issue had also occurred for their team and the
resolution to the problem was currently unknown. Therefore, as it was not possible to
communicate with the PLC and force the output relays “ON”, an alternative method was
used.
Working with Simon Glenister, the PLC output relay preventing the power from flowing in
the system was located and disconnected from the PLC system on 20th September, 2013.
Building 190’s MACSB’s Grid Connected Breaker, L14 in Figure 11 below, which
processed the power signal for the undervoltage release and “Common Emergency Stop”,
was instantaneously tripping off every time it was set.

Figure 11: The Grid Connection for the MACSB in Building 190

On the Allen-Bradley Powermonitor II, shown in Figure 12 below, the Output Relay O:6/7,
which was connected into the relay terminal R21, was tested with a multimeter to determine
whether voltage was flowing through it. It produced a 0 reading indicating the Grid Connect
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MCB, which was a “NS100N/TM63D MCCB with 29434 Motor Operator, Undervoltage
Release Coil & OF, SO Auxiliary Switches”, was not closed (Phase Engineers 2004).
The undervoltage release on the MCB trips when the control circuit voltage drops below the
rated voltage by 70%. For the breaker to reclose, the voltage in the circuit must reach “85%
of the rated value”. The circuit breaker can trip voluntarily by using the voltage release
which will send an electric signal for cases such as an emergency off button being pressed.
The breakers are also prone to tripping when the supply voltage is lower than the rated
voltage, power is not supplying the undervoltage release, or major voltage fluctuations occur
in the circuit such as when turning on loads. (Schneider Electric 1996)
The Output Relay O:6/7 was moved to the 240V AC active power supply input (L1 (+)) on
the power monitor. This disconnected the Grid Connect breaker from the PLC system. The
blue circle in Figure 12 illustrates the relay O: 6/7 which was moved from R21 terminal to
L1 (+) terminal as indicated by the red symbols.

Figure 12: The Allen Bradley Powermonitor II in the Grid Connection Panel of the MACSB
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The PLC Marshalling unit of the MACSB as seen in Figure 13 below is positioned on top of
the Grid Connection unit as seen in Figure 11.

Figure 13: The PLC Marshalling Unit of the MACSB in Building 190

Figure 14 shows inside the PLC Marshalling unit, which contains the Allen Bradley SLC
500 Controller. As part of this controller, the Digital Output Module 1746-OW8 which
connects the output relay O:6/7 in slot 6 of the power sub-board is circled in red below.

Allen Bradley SLC 500
Controller

Figure 14: Inside the PLC Marshalling Unit of the MACSB in Building 190
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After moving the Output Relay O:6/7 to 240V, the L14 Grid Connect Circuit Breaker now
remained on as seen circled in red in Figure 15 below.

Figure 15: Inside the Grid Connection of the MACSB with the Grid Connect Breaker L14 ON

Upon resolving the MCB issue in the MACSB, power was still not flowing to the Sunny Boy
Transformerless Inverter. The Grid Connection Switch Box, as seen in Figure 16, contained
four different inverters inputs which each connected to a fuse joined in series to a MCB with
attached undervoltage shunt coil (Woodard 2013). It was determined that the MCBs were all
instantaneously tripping when switched on.

Figure 16: Grid Connection Switch Box in Building 190
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Figure 17 demonstrates the inside of the Grid Connection Switch Box with the four
previously mentioned MCBs (note this picture was taken once the circuit breakers were
operating again and power was flowing in the system, hence Undervoltage 2 for MCB2 is
switched on).

Figure 17: Inside of the Grid Connection Switch Box Illustrating the Four MCBs all with Undervoltage
Trip Units

The SACSB which is located next to the Grid Connection Switch Box, contained a PLC
relay with 240V AC signal to supply each undervoltage shunt coil connected to the relay
output O:I:11/14 or red wire shown in Figure 18 below circled in red.

Figure 18: The PLC System in the SACSB Illustrating the Relay Module with the Power Signal for the
Undervoltage Release
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The power signal from the undervoltage lockout relay output O:I:11/14 was therefore
disconnected from the PLC system by being moved from the SACSB PLC Slot 3 Output 14
(Figure 18), to the terminal strip’s active AC power in the SACSB as seen in Figure 19
below circled in red.

Figure 19: The SACSB Terminal Strip with Active Power to Power the MCBs Relay Output O:I:11.14 and
Disconnect them from the PLC

It is important to note that the SACSB PLC Slot 3 Output 14 was indicated as a spare output
on the electrical diagram 0023E-7. It is unclear when or who moved the relay output
O:I:11.14 (Phase Engineers 2004). This restored power flow to the inverter illustrated in
Figure 20.

Figure 20: Sunny Boy Transformerless PV Inverter (SMA SB5000TL)
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With the inverter’s power restored it was discovered that the SMA SB5000TL was not
operating due to a device fault, as seen in Figure 21, which would require a technical staff
member at MU or an SMA representative to inspect and resolve the issue.

Figure 21: Device Fault on the Sunny Boy Transformerless PV Inverter (SMA SB5000TL) Monitor

The “Common Emergency Stop” MCBs’ with undervoltage release shunt coils were
removed from the PLC systems by connecting them to 240V. This allowed the MCBs to reenergize and therefore switch and stay on so that power flowed through to the inverter. It is
important to note that while this allowed power to be restored to the inverter it is only a
temporary solution and should not remain a permanent fixture at Building 190, as it removes
some of the system’s safety features such as MCBs relating to the “Common Emergency
Stop”.

12.2 SMA Sunny Boy 5000TL Transformerless Inverter
The SMA Sunny Boy 5000TL Transformerless inverter was discovered not to be operating
at the end of week 8 after power was restored to it, as detailed in the previous section. The
inverter, which is programmed to display the type of fault on its LED screen, only detailed
that a device fault had occurred and not what sort. After discussing the problem with
supervisor Dr. Martina Calais a request was sent to David Morrison, a Laboratory Assistant
from the School of Engineering and Information, to investigate the situation and fix the
problem if possible. The inverter was still not operational in week 15 of semester.
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12.3 Power Sensor
The AC power to utility grid could not be monitored by the Allen Bradley Bulletin 1403
Powermonitor II as the inverter was not producing an AC output power, and
communications with the PLC in the MACSB, where the Powemonitor’s data is collected,
also failed.

12.4 Access to the Roof
As previously stated, any examination or alteration of the PV system’s equipment on the roof
of Building 190 required co-supervisor Simon Glenister to be present due to safety reasons,
therefore access to the rooftop PV system was limited to only certain Fridays.
Furthermore, complications arose at Building 190 when access to the roof was all but
removed in approximately week 11 due to the former RISE offices being rented out to the
organisation Project K.I.D.S. The new tenants work with children and require a secure
facility. This meant that swipe access was mandatory to both enter and leave the building.
Additionally anyone who entered the premises must have a Working with Children Check
and the only way to access the roof and Real PV Array is through the offices. The new
tenants also expressed concern that the equipment present in the Engineering and Energy
Laboratory may interfere with their research. Project K.I.D.S were sympathetic to the
difficult situation and access was granted on one further occasion. It is recommended that
this situation should be addressed for future students to allow them access to the PV array.

12.5 Attempted Mounting of a Pyranometer
In the last few weeks of the project an attempt was made to mount a pyranometer on the roof
of Building 190. The Kipp & Zonen SP Lite2 Silicon Pyranometer was temporarily
borrowed from the designed but yet to be installed monitoring system at the Engineering and
Energy Building PV array as mentioned in Maël Riou thesis (2012). Ideally two
pyranometers would be installed as a “quality control check”, one tilted and the other
horizontal, to calculate the global horizontal irradiance (Vignola, Michalsky and Stoffel
2012). Two pyranometers provides the opportunity to compare their respective output ratios
and detect any degradation in their performance (Vignola, Michalsky and Stoffel 2012).
However installation of two pyranometers did not appear feasible to accomplish, given the
restricted time and resources available.
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A meeting was then held with co-supervisor Simon Glenister at Building 190 to determine
the best location for a pyranometer to be mounted to measure the global solar radiation. The
position selected was on the meteorological pole which already held the wind vane,
anemometer, ambient temperature, and relative humidity sensors as seen in Figure 22 below.

Figure 22: The Meteorological Sensors at Building 190

The pyranometer was required to be securely attached to a bracket connected to the
meteorological pole in a similar manner as the Humitter sensor (World Meteorological
Organization 2008). A Technical Officer for the School of Engineering and Information
Technology was asked to build the bracket for the pyranometer but due to a heavy workload
and limited time before the end of semester he was unable to do so. Enquires were made into
other technical staff at MU or an outside contractor to build the bracket but proved
unsuccessful due to the finite time period and limited access to the Building 190 roof. The
pyranometer was therefore unable to be added to the system.
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13. Renewable Energy Power System (REPS) Training Facility
PV System
After problems continued to arise at Building 190, supervisor Dr. Martina Calais suggested
changing the focus of the project to the REPS Training Facility PV monitoring system. An
investigation into the background and equipment present at the REPS Training Facility then
began.

13.1 Background on the REPS Training Facility PV System
The School of Engineering and Information Technology at MU, was awarded a funding
grant in 2009, by the Australian Power Institute (API) to develop the Renewable Energy
Power System (REPS) Training Facility (Castelli 2010), (Calais 2013). This facility replaced
and upgraded the existing Remote Area Power Supply (RAPS) Training Facility at MU in
2010. There are now three RAPS systems within the REPS Facility, with the PV array also
identified as RAPS2. The REPS Training Facility operates in the Renewable Energy Outdoor
Test Area (ROTA) site, out of a demountable building (Newton 2010). The ROTA field is
located on the South Street Campus in the south-eastern corner as circled on Figure 23
below.

Figure 23: The ROTA Training Site at MU (Google Imagery 2013)
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The REPS Training Facility contains many systems and components including: a battery
bank, a diesel generator, two wind turbines, a PV array, associated equipment for power
electronics, and a range of programmable load banks, and AC loads (Calais 2013). The
1.2kWp PV system includes 16 Solarex 77W PV modules placed upon 2 tiltable, pole
mounted array frames (Chapman, et al. 2013). Each frame holds 8 PV panels, as seen in
Figure 24 below.

Figure 24: The REPS Training Facility PV Array

The PV array is linked to a Sunny Boy 1100 PV inverter, stored in the REPS demountable
building completing the RAPS2 system. This is connected to the other renewable energy
components to produce a single phase, fully monitored, hybrid generation system (Chapman,
et al. 2013).

13.2 The Current Monitoring System for the Renewable Energy
Power System (REPS) Training Facility PV System
The redesign of the PV monitoring system at REPS in 2010 was discussed, devised, and
documented in two separate theses: in May 2010 by Luca Castelli in her thesis “A Power
Engineering and Renewable Energy Engineering Training Facility Utilising SMA’s Sunny
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Island Inverter”, and by Daniel Newton in November, 2010 in his thesis “A Remote Area
Power Supply (RAPS) Training Facility Utilising SMA Sunny Island Inverter Technology
and National Instruments Measurement Package”. The RAPS2 monitoring devices, their data
transfer rates, and accuracies are summarized in Table 13 below.
Monitoring

Use

Data Transfer Rate

Accuracy

Equipment
Meteorological Sensors
Kipp & Zonen SP

High resolution solar

Reponse time <1 sec

Directional error < 5%

Lite Pyranometer

irradiance data.

(Kipp & Zonen 2004).

between 0 to 80º of

(quantity of 2: 1

angle of incidence

horizontally

(Kipp & Zonen n.d.).

orientated, and the
other position in
the plane of the
array (tilted)).
Example case: 20kHz

0.5ºC at a max of

Temp Transducer

or 0.05ms

+25ºC.

AD592.

(Missouri University

Analog Devices

Ambient temperature

of Science and
Technology n.d.).
Anemometer NRG

Wind speed

#40.

Wind Vane NRG

Wind direction

#200P.

Example case: 10kHz

Within 0.1m/s for the

or 0.1ms

range of 5m/s to 25m/s

(Coquilla and

(NRG Systems, Inc.

Obermeier 2008).

2004).

Example case:

Within 1%

sampling interval 1s

(NRG Systems, Inc.

(NRG Systems, Inc.

2013).

2011).
Humitter Vaisala
50U/Y/YX.

Relative humidity

Typical sampling rate

Approximately ±5%

= 1Hz or 1s (but can

RH at +20ºC over the

be faster)

range 10 to 90% RH.

(UCAR 2013).

(Vaisala 2004).
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Electrical Parameters
SCM5B41-03

Voltage

“Rise Time, 10 to 90%

±0.03% span

(Newton).

measurements

Span = 35µs

(Dataforth Corporation

Settling time, to

2008).

0.1%=250 µs”
(Dataforth Corporation
n.d.).
SCM5B40-03

Current

“Rise Time, 10 to 90%

±0.03% span

(Newton).

measurements

Span = 35µs

(Dataforth Corporation

Settling time, to

2008).

0.1%=250 µs”
(Dataforth Corporation
n.d.).
Data Acquisition Equipment
NI FP-Al-112 16-

Analog voltage input

At a filter setting of

Range of -40 to 70ºC =

Channel, 16-Bit

module

500Hz for all channels

±0.06% accuracy

Analog Input

the update period =

(National Instruments

Module (quantity

0.27 to 0.32s

Corporation 2004).

of 2).

(National Instruments
Corporation 2004).

NI 9205 Analogue

32 channel analog

Sampling rate =

Maximum voltage

Input Modules

input module

250kS/s

range ±10V = 6220µV

(quantity of 2)

(National Instruments

accuracy (National

(Newton).

Corporation 2013).

Instruments
Corporation 2013) .

NI cDAQ-9174, 4-

USB data acquisition

“Determined by the C

Slot USB Chassis.

system (National

Series I/O module(s)”

Instruments

(National Instruments

Corporation 2013).

Corporation 2013).

NA
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NI FP-1000

Data communication

Communication

RS-232/RS-485

equipment

parameters= “1 start

Network Interface

(National

bit, 8 data bits, 1 stop

for FieldPoint.

Instruments

bit, no parity”.

Corporation 2012).

Baud rates=”300,

NA

1200, 2400, 9600,
38400, 57800, 115200
(switch selectable)”.

(National
Instruments
Corporation n.d.)
SMA Sunny



Sensorbox (Castelli
2010).



Module

Averaged 5 minute

temperature

data

Ambient

(SMA 2013).

Accuracy of sensors:


sensor = ±8% with
a range of 0 to 1500

temperature


Wind speed



Solar

Solar irradiation



Wind speed
anemometer sensor

irradiation

= ±0.5%, range 0.8

(Castelli 2010).

to 40 m/s


Module
temperature sensor
= ±0.5ºC, range 20 to 110ºC



Ambient
temperature sensor
= ±0.5ºC, range -30
to 80 ºC
(SMA 2004).

SMA Sunny

Data logger for all

Example case: 1

Webbox.

the inverters in the

sample per second

system and Sunny

(HNU Photonics

Sensor Box .

2012).

NA

Table 13: The Monitoring Equipment for the PV Array at REPS Training Facility
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An investigation into the monitoring equipment present at REPS Training Facility for the PV
system determined that all devices, apart from the SMA Sunny Sensorbox, fulfilled both the
1s sample rate and sensor accuracy requirements for solar intermittency monitoring. All
required parameters for solar intermittency monitoring could be measured without the Sunny
Sensorbox, and therefore its inadequacy in sensor accuracy and sample rate did not have to
be compensated for. The monitoring equipment at the REPS Training Facility appeared ideal
for solar intermittency studies, as highlighted by their characteristics in Table 13.

13.3 The Weather FieldPoint (FP) Modules were Not Connected
An initial investigation into the monitoring devices for the PV system present at the REPS
Training Facility, indicated that the monitoring system fulfilled the requirements set within
this project for a solar intermittency study. However after further research into the state of
the monitoring equipment through a review of the ENG454 phase reports from semester 1,
2013, it was revealed that the two FP Modules involved in monitoring the meteorological
data at the site were not functioning.
The FP Modules were believed to have been disconnected in 2010 with the upgrade to the
REPS Training Facility equipment, and the implementation of the new SMA units occurred.
While the modules do connect with the REPS computer only static or noise is able to be
detected. The cables from the FP Modules run through an electrical conduit, alongside the
wall and are trenched outside the building. They are unable to be traced “without causing
physical damage”. (Batson, Neylan and Xu 2013)
A consultation with Associate Professor Graeme Cole confirmed that the FP Modules were
not connected and the weather data was therefore not being monitored by these devices.
Associate Professor Cole also stated that he believed the monitoring system at REPS would
require a semester long project to make it fully operational. Therefore the focus for this
project returned to Building 190, due to the time required to restore the monitoring system to
being fully operational was not feasible. Also after a discussion with Supervisor Dr. Martina
Calais, the work required to be performed for the REPS Training Facility was determined to
be beyond the scope of the aims of this project.
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14. Monitoring PV Array Parameters at Building 190
With the focus re-established on Building 190, it was necessary to communicate with the
data collecting FP Modules through Measurement & Automation Explorer (MAX), and to
develop a LabVIEW measurement and data logging program for all parameters. The problem
encountered while establishing communication with the monitoring devices and the solution
can be found in Appendix 4.

14.1 Measurement & Automation Explorer (MAX)
To check that the FP modules were measuring values, the program MAX was used.
Appendix 5 explains the process to communicate with the FP Modules through MAX. The
FP units FP-TC-120@1, and FP-AI-110@2, which measured the module temperature and
meteorological data respectively as illustrated in Figure 6, were confirmed to be successfully
communicating monitored data. However the FP-AI-110@3 which measured the voltages
and currents of the PV modules as shown in Figure 6, were not measuring any values and
reported a status that all channels were “Out of Range”.
The ranges for the channels were altered for the FP-AI-110@3 through the Channel
Configuration tab in MAX, as seen in red in Figure 25 below, with the method described in
Appendix 5. Within the “Channel Configuration” tab the “Input Filter” frequency was also
able to be altered. This allowed all channels for both FP-AI-110s to be changed to the
required higher frequency filter of 500Hz to produce a sample rate of 0.173s with no
complications occuring, as seen in orange in Figure 25 below.

Figure 25: Changing the Data Configuration Range and Filter Frequencies for the FP-AI-110
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After altering the range and filter frequency, the FP module FP-AI-110@3 was then tested
again and successfully produced measurement values. With all the FP Modules tested and
the data successfully being communicated and measured it was now necessary to produce a
LabVIEW program to log the values.

14.2 LabVIEW Data Logging Program Development
LabVIEW is a NI human-machine interface (HMI) graphical programming platform, which
offers integration of existing hardware, legacy software, and internet protocol (IP) for
engineering systems and DAQ (National Instruments Corporation 2013). NI LabVIEW
software also provides remote monitoring of physical, mechanical, acoustical, and electrical
signals (National Instruments Corporation 2012).
A LabVIEW project was created called “Solar Intermittency”, which stored a newly
generated Virtual Instrument (VI) and library of the same name. Within the project a I/O
server was created as an OPC Client for the FP Modules as described in Appendix 6. From
this, shared variables for each parameter were created and deployed in the “Solar
Intermittency” library.
The front panel of the Solar Intermittency VI, as seen in Figure 26, allowed data to be logged
when chosen by the user to an Excel file via the data log button. The location of the file must
be specified by the user at the start of running the VI, in the data logging folder section. A
graph is used to display the two key parameters for solar intermittency studies, those being
solar irradiance and DC output power for Parallel Blocks A, B, C, and D on a time and date
x-axis. Next to the graph the current solar irradiance numerical value can be seen. The
meteorological data section displays the relative humidity, ambient temperature and wind
direction through both a numerical and graphical display. The wind speed parameter is
presented numerically via three different units: knots, meters per second, and kilometres per
hour. All eight module temperatures are both graphically and numerically displayed on the
bottom left of the page. The current, voltage, and output DC power for each Parallel Block
from the system’s Patch Panel, is numerically displayed at the bottom right of the page.
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Figure 26: Solar Intermittency LabVIEW VI Front Panel

The Block Diagram for the “Solar Intermittency” VI was controlled by a While Loop, in
which the sample rate of the system was set to 1000ms or 1s, as required for the project.
Defining the sample rate for the system is illustrated in Figure 27 below.

Figure 27: Setting the Sample Rate in the While Loop for the Solar Intermittency LabVIEW VI
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The meteorological values recorded by the FP Module FP-AI-110@2 required scaling as
determined from the individual sensors voltage output range. Table 14 below therefore
summarizes each sensor’s voltage output range to the FP Module and its corresponding
scaling factor.
Device

Parameter

Device Voltage

Scaling Factor

Output Range
A100L2 Low Power

Wind speed

0 to 2.5V for 0 to

Anemometer

150kts

(Analog+Pulse

(Vector

Outputs)

Instruments 2013)

Wind Direction Vane

Wind direction

60

0-5V = 0 to 360º

72

(Froese, Kenneday

(WD-10)

and Murphy 2013)
Vaisala Humitter

Relative humidity

0 to 1 V for 0 to

50U/50Y(X)

100%RH

Integrated Humidity

(Vaisala 2004)

100

and Temperature
Transmitter
Vaisala Humitter

Ambient temperature

0 to 1V for -40 to

50U/50Y(X)

60°

Integrated Humidity

(Vaisala 2004)

Scaling factor:
100
Offset: -40

and Temperature
Transmitter
National Instrument

Module temperature

NA

NA

Type T Panel ReadyMade Thermocouples
Table 14: The Meteorological Sensors’ LabVIEW Scaling Factor
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A Formula Node was used for each weather parameter to apply the scaling and offset factors
as related to the relevant shared variable (left) to produce the local variable (right) as seen in
Figure 28.

Figure 28: The LabVIEW Block Diagram for the Meteorological Parameters
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The module temperature values detected by the type T thermocouples required no scaling as
they were already adjusted by the NI FP-TC-120 to produce correct temperature results.
Therefore each module temperature’s shared variable (left) could be directly linked to a
numerical local variable and graphical display (right) as highlighted in Figure 29.

Figure 29: The LabVIEW Block Diagram for the Module Temperatures
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As described in the “Voltage and Current Communications” section in Appendix 3.3, the
Parallel Blocks’ current and voltage measurements required scaling due to their respective
current shunt or voltage divider circuit, and Dataforth analog voltage input module, as
summarized in Table 15 below.
Parameter

Device

Current:

Current

Parallel

shunt

Device

Scaling

Voltage

Factor

Device

Device

Scaling

Voltage

Factor

Output

Output

Range

Range

50A:50mV

0.001

Dataforth

±100mV to

SCM5B30

±5V

Blocks A, B,

analog

C, and D

voltage input

0.02

module,
narrow
bandwidth
Voltage:

Voltage 500V to

Parallel

divider

12.5

Dataforth

±40V to

40V

SCM5B31

±5V

Blocks A, B,

(Froese,

analog

C

Kenneday

voltage input

and Murphy

module,

2013)

narrow

8

bandwidth
Voltage:

Voltage 1000V to

Parallel

divider

Block D

25

Dataforth

±40V to

40V

SCM5B31

±5V

(Froese,

analog

Kenneday

voltage input

and Murphy

module,

2013)

narrow

8

bandwidth
Table 15: The Current and Voltage Scaling Factors Required to Determine the Magnitude of the Parallel
Blocks’ Currents and Voltages in the PV System

The Parallel Blocks’ voltages and currents were determined in the LabVIEW Block
Diagram, as seen in Figure 30 below, by applying the relevant scaling factors in formula
nodes to the shared variables (left) of the system. This produced the local variables (right)
with the correct magnitudes. For example the shared variable for Parallel Block D Voltage
was times by a voltage divider scaling factor of 25, and a Dataforth scaling factor of 8 to
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produce the local variable. The DC output power for each Parallel Block A, B, C, and D was
then determined by times their respective voltages and currents in formula nodes. The
voltage, current, and power magnitudes for each Parallel Block was dependent on the
configuration of the PV array which could be altered.
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Figure 30: The LabVIEW Block Diagram for the Parallel Blocks Currents, Voltages, and DC Output Powers
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The Solar Intermittency Graph, as illustrated in Figure 31 below, was used to display the DC
output power for each Parallel Block and the system’s solar irradiance via an x-axis which
recorded the date and time of each measurement.

Figure 31: The LabVIEW Block Diagram for the Solar Intermittency Graph Displaying the Solar
Irradiance and DC Output Powers for the Parallel Blocks
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The LabVIEW Block Diagram was then developed to export the measured parameters to an
Excel spreadsheet, as illustrated in Figure 32 below. The parameters were labelled outside
of the while loop to ensure they were only tagged once, and not every 1s when a data point
was recorded. The time, date, and local variable value for each parameter was then contained
within an array and exported to an Excel spreadsheet, when selected by the user via the Front
Panel Boolean button.

Figure 32: LabVIEW Block Diagram to Export Local Variable Data to an Excel Spreadsheet
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Further work on the LabVIEW “Solar Intermittency” VI is required for both the solar
irradiance, and AC power to utility grid parameters. When a pyranometer is connected to the
monitoring system, the scaling factor in the formula node for irradiance will need to be
updated. If 2 pyranometers are added to the monitoring structure a second solar irradiance
shared variable would need to be created and added to the LabVIEW VI. The AC power to
the utility grid parameter is also not being measured, nor was a shared variable created. This
would need to be added to the program in the future.
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15.Results
The LabVIEW “Solar Intermittency” VI was tested both during the night and day, to ensure
the system was producing reasonable values and to investigate the presence of noise in the
voltage and current measurements. The advantages and disadvantages of the proposed
monitoring system for Building 190 were also analysed.

15.1 LabVIEW Results
15.1.1 Night Time Experiment
To test the validity of the Parallel Blocks’ current and voltage measurements, an experiment
was performed where the LabVIEW VI was run at night, when the parameters should not be
producing any values above 0. The results, as illustrated in Figure 33, revealed two
significant findings. The first was that the Dataforth for Parallel Block D Current was
malfunctioning, and was required to be replaced as highlighted by the 104A measurement.
Secondly, the results suggested that noise was present in the system as all voltages and
currents produced values greater than 0 for each Parallel Block. Noise in the system refers to
any magnetic phenomena or unwanted electrical corruption in a signal message (OMEGA
2013).

Figure 33: Night Time Experiment to Test the Voltage and Current Measurements in LabVIEW

The level of noise was thought to be significantly present in the measurements due to the
500Hz filter frequency setting for each channel of the FP Module. To test this theory the
filter frequency for each channel of the NI FP-AI-110@3was decreased to 50Hz. At this
lower filter frequency the update interval was 1.47s for the FP unit, so the sample rate of the
LabVIEW VI was also required to be altered to 1.50s (National Instruments Corporation
n.d.).
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The voltage and current results at the lower filter frequency are illustrated in Figure 34
below.

Figure 34: The Experiment Results for the NI FP-AI-110@3 Module at a 50Hz Filter Frequency and
Sample Rate of 1.5s

The voltages and currents from each Parallel Block for both filter frequencies are compared
in Table 16 below.
Parameter

500Hz Filter

50Hz Filter

Difference

Parallel Block A

0.03967A

0.001587A

0.038083A

0.6268V

0.0238V

0.603V

0.09998A

0.007935A

0.092045A

0.1984V

0.0238V

0.1746V

0.1254A

0.01428A

0.11112A

0.1666V

0.2142V

-0.0476V

NA

NA

NA

1.127V

0.07935V

1.04765V

Current
Parallel Block A
Voltage
Parallel Block B
Current
Parallel Block B
Voltage
Parallel Block C
Current
Parallel Block C
Voltage
Parallel Block D
Current
Parallel Block D
Voltage
Table 16: The Voltage and Current Results at Both Filter Frequencies for Each Parallel Block
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All measurements, excluding the Parallel Block D Current, which required the Dataforth to
be replaced, and Parallel Block C Voltage, showed a reduction in the signal noise present
between the 500Hz and 50Hz filter frequency readings. Therefore, as the results show, the
level of noise is reduced for most measurements when the filter frequency bandwidth is
lowered. This is particularly significant to the data integrity of the results produced by
Parallel Block D Voltage, which is reduced by 1V between the measurements. The definable
noise in the system creates uncertainty in the measurement data and requires further
investigation. The sources of noise in the system could be due to the “electrical charge
pickup” from the FP Modules power source, signal degradation from analog signal
transmission through wires, electromagnetic interference from the range of systems
encapsulated in Building 190, input terminals with leakage signals, and any instruments with
turbulent signals (OMEGA 2013). As all channels on both NI FP-AI-110 modules are set to
a filter frequency of 500Hz it could be assumed that noise is also present in the
meteorological measurements.
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15.1.2 Day Time Experiment
The “Solar Intermittency” LabVIEW VI was also run at 9:10AM on the 9th November, 2013
to test the validity of the values being produced. A screen capture of the successfully running
LabVIEW VI is illustrated in Figure 35 below.

Figure 35: Test of the “Solar Intermittency” LabVIEW VI During the Day

Note: Building 190’s computer is two minutes slow which affects the solar intermittency
graph’s x-axis.
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The meteorological data was compared to the values recorded by the MU On-Line Weather
Station (Blackett 1998). The MU Weather Station is located at A, and the Building 190 is
located at B, on the Google Maps shown in Figure 36 below (Google Imagery 2013).

Figure 36: Google Maps Indicating the Location of the MU Weather Station compared to Building 190
(Google Imagery 2013)

The comparison of the MU On-Line Weather Station’s data against Building 190’s
meteorological data is illustrated in Table 17 below.
Parameter

LabVIEW

MU On-line Weather
Station

Wind speed

3.932km/h

16.7km/h

Wind direction

78.03°

63.0°

Ambient temperature

25.02°C

24.8°C

Relative humidity

27.25%

23.1%

Table 17: Comparison of the LabVIEW VI Meteorological Parameters against the MU On-line Weather
Station Data (Blackett 1998)
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Although slight differences could be expected between the values produced by the two sites
due to their respective locations, the variances between the wind speed, wind direction, and
relative humidity are relatively large. The wind speed and direction maybe affected by the
Central Stores Building located behind Building 190, which could be blocking some of the
wind. The ambient temperature readings showed little difference between the two sites,
suggesting more accurate measurements than the other weather parameters. Calibration of
the sensors did not occur during the project and may be contributing to the inaccuracy of the
Building 190 measurements.
The module temperature readings are all lower than the ambient temperature value, which is
to be expected as the panels would not have had a chance to heat up, as it is still early in the
morning. The current and voltage values from the Parallel Blocks indicate that the strings of
the array are connected via Parallel Blocks C and D. The voltages present in Parallel Blocks
C and D should be indicative of the open circuit voltage of each parallel string configuration
connected. However the configuration of the array is unknown and the values could not be
confirmed. Overall the data appears to be reasonable for initial testing of all working sensors,
although further work must be done, especially to assess the uncertainty and inaccuracy
present in the results.

15.2 Proposed Upgrade Advantages and Limitations
The proposed upgrade to enable solar intermittency monitoring of the PV system at Building
190 has both advantages and limitations which will now be discussed.
15.2.1 Advantages
The advantages of the proposed monitoring system for Building 190 include:


The designed LabVIEW VI for solar intermittency monitoring allows for continuous
sampling, at a 1s interval for all parameters. Additional functionality of the
LabVIEW VI includes exporting the measurement values to an Excel spreadsheet
when chosen by the user.



The OPC system at Building 190, which allows communication between LabVIEW
and the FP modules, provides flexibility to the monitoring system when cFP units
are added as both the NI USB-485/4 Port Module and LabVIEW are compatible
with newer NI devices.



The Solar Intermittency VI allows easy reading and collection of data values for any
user with both graphical and numerical displays of parameters.



The NI RIO equipment is rugged and provides a wide operating temperature range.
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The monitoring system can be remotely accessed, controlled, and measured
providing additional flexibility for the user.



The NI LabVIEW RIO devices are known for their reliability, precision, good
quality, and high accuracy in taking measurement data (National Instruments
Corporation 2012).



The monitoring data being captured contains are large number of parameters at a fast
sample rate, which could be used in performance calculations such as yield or
efficiency for the PV system.



Although the “Solar Intermittency” project does not currently include this feature,
the LabVIEW program in conjunction with DAQmx9.3, can be used to protect loss
of data in cases when the system crashes or the power fails (National Instruments
Corporation 2011).



The NI FP-AI-110@2 analog input module has several spare channels so that future
integration of two pyranometers, one tilted and the other horizontal, will be
performed with ease.

15.2.2 Limitations
The limitations associated with the proposed upgraded monitoring design for Building 190
comprise of:


The existing FP units (NI FP-TC-120, NI FP-AI-110, and NI FP-1001, RS485) are
obsolete models, so the proposed upgrade to a NI cFP-TC-120 requires a
considerable quantity of new DAQ equipment to also be purchased and installed.
Additionally if any of the FP modules require replacement parts this may become
problematic.



To attain a sample rate of 1s for the monitoring system, the two NI FP-AI-110
analog voltage input modules were required to be set to a filter frequency of 500Hz
for all channels. This produced an update rate of 0.173s for each module which
measured the voltages and currents, and meteorological parameters respectively.
However with the higher filter frequencies the measured parameters clearly
demonstrate a greater level of noise in the signal therefore reducing the accuracy of
the data. The higher filter frequencies are however essential to meet the required
system sample rate. To reduce the bandwidth of the filter frequencies while
maintaining an update rate fast enough to meet the system’s requirements, an
upgraded model such as a NI cFP-AI-112 (National Instruments Corporation 2004)
or NI cFP-AI-118 (National Instruments Corporation 2008), could be used to
produce more accurate results.
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The system currently does not have a solar irradiance sensor installed.



The Building 190 computer is quite slow and old, implying that its processing
capacity and memory may not be adequate to record and store large volumes of data
that would be produced in a solar intermittency study.



The proposed upgrade to Building 190 PV monitoring system recommends the
existing NI FP-TC-120 thermocouple input module be replaced with the NI cFP-TC125 to meet the system’s required sampling rate of 1s. The current update period of
the module is 1.13s (National Instruments Corporation n.d.). The data integrity of
the module temperature measurements produced using the current “Solar
Intermittency” VI are poor, as values are being held for more than 1 cycle of the
system before they are being updated.



Unfortunately due to time constraints the calibration of the sensors is unknown.
However, as many sensors require calibration every one to two years, the
assumption could be made that the devices need recalibrating to avoid inaccuracy in
the recorded measurements.
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16. Conclusion
At this point in time it is not possible to install a solar intermittency monitoring system at
MU.
As has been discussed, to achieve a functioning system, Building 190 requires two new
pyranometers and the replacement of most FP modules, which would require expenditure
beyond the realm of this project at approximately $6,300. Additionally problems discovered
at the facility through the investigation, including the PLCs not communicating, the
Common Emergency Stop wiring, the Sunny Boy 5000TL inverter not operating, and access
to the PV array and monitoring equipment on the roof being restricted, would need to be
resolved.
Installing a solar intermittency monitoring system at MU Library was also financially
unachievable as a completely new DAQ system would be required to be designed,
purchased, installed, and tested.
The Engineering and Energy Building solar intermittency monitoring system has already
been designed and the equipment tested but requires the PV array to be operational and the
monitoring system to be installed.
The REPS Training Facility is the best option for the installation of a solar intermittency
monitoring system, as the future work required to upgrade the existing system is to connect
the FP units measuring the meteorological data and to create a solar intermittency LabVIEW
project.
Although the project’s objective of installing a solar intermittency monitoring system at MU
was not achieved, it did produce some successful outcomes including:


Identification of monitoring parameters, and specification about solar intermittency
monitoring requirements such as equipment, sample rate, sensor accuracy, and
measurements.



An extensive review of MU’s South Street Campus PV systems and their monitoring
equipment and structures.



An in-depth documentation and review of the PV array and associated monitoring
system at Building 190 and records of the problems experienced during the review,
with suggested solutions.



A development of a LabVIEW program to monitor and record the solar
intermittency parameters from Building 190, as well as a detailed proposal and
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future recommendations to upgrade the solar monitoring equipment currently present
at the site.
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17. Recommendations for Further Work
Installation of two pyranometers, one tilted and the other horizontal as “a quality control
check", are required for Building 190 to measure the GHI (Vignola, Michalsky and Stoffel
2012). This will necessitate the LabVIEW VI to be updated as well, for the second solar
irradiance parameter.
Communications with the PLC at Building 190 is also required to be restored. After this has
occurred, the “Common Emergency Stop” and MCBs can be rewired back into the system so
that the safety features are fully operational.
After the PLC communications has been restored and the SMA SB5000TL inverter has been
fixed and is operating, the LabVIEW VI will need to be updated to include the AC to utility
grid parameter.
If budgetary considerations allow it, the new cFP modules should be purchased and installed.
The Dataforth Analog Input Module for the Parallel Block D Current needs to be replaced.
Calibration of the sensors at Building 190 must also be addressed to generate the most
accurate measurements possible from the PV system.
The uncertainty present in the system’s measurements should also be experimentally tested,
for the most accurate results.
The REPS Training Facility requires the meteorological FP Modules to be reconnected.
Once this has occurred a LabVIEW project to monitor the solar intermittency parameters
must be developed.
Once any monitoring system is fully operational, maintenance documentation and a
monitoring log of the PV system’s reliability in accordance with International Standards IEC
61724 should be performed (International Electrotechnical Commission 1998).
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19.Appendices
19.1 Appendix 1: Definition of the Terms in the Calculation for GHI
DHI is the quantity of solar “radiation received per unit area on a surface” (thereby not
affected by any shadow or shade) that arrives from the sun on an indirect but equal path from
all directions which has been scattered by particles and molecules in the atmosphere (3Tier
2013). DNI is the total solar radiation which comes from the sun’s direction. The zenith
angle is the angle in the space separating the direction of interest, for example the sun, and
the directly overhead zenith. (National Renewable Energy Laboratory 2009)

19.2 Appendix 2: Definitions Relating to Data Transfer
The communication of data is affected by a number of different rates including sampling
rate, baud rate, bandwidth and bit rate which all represent slightly different aspects of the
transfer of information. A definition of each term and their associated unit is explained in
this section.
The sampling rate or sampling frequency refers to the number of samples per second taken
from an analog or continuous signal to make a digital or discrete signal. The discrete signal
represents a stream of numbers, each of which characterizes “the analog signal’s amplitude
at a moment in time”. The unit for sampling rate is samples per second. (Maxim Integrated
2013)
The baud rate, signal rate or symbol rate refers to how often in 1s a signal or symbol changes
from logic high to logic low and is “measured by the number of signalling events per
second” that occurs to the transmission medium (Broadcast Information 2012), (Tooling
University, LLC. 2013). Its units are symbols/second or baud (Bd) (Broadcast Information
2012). A baud rate of 1000Bd therefore represents a signal changing 1000 times from high to
low in 1s.
Bandwidth or data transfer rate is a bit-rate measurement of the data amount that can be
transported from one place to another in a set period of time, which is usually 1s. The unit
for bandwidth is “bits of data per second (bps)” or (bit/s). The bit rate or data rate is the
“number of bits that are conveyed or processed per unit time” and will determine the
sample’s precision. The unit for bit rate is bits per second (bps or bit/s). (Broadcast
Information 2012)
Data Integrity is the consistency, accuracy, and overall completeness of data (Janssen 2013).
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19.3 Appendix 3: Components of the Monitoring Communication
System for the Real PV Array at Building 190
19.3.1 Meteorological Sensors Communication
The Meteorological Sensors for the Real PV Array on Building 190 included an
Anemometer for wind speed, Windvane for wind direction and Humitter for relative
humidity and ambient temperature as seen in Figure 37 below. It was located on the roof of
the Engineering and Energy Laboratory next to the system’s Patch Panel and adjacent to the
solar array.

Figure 37: Meteorological Sensors at Building 190
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The sensors were wired to the PV Array’s Patch Panel which is illustrated in Figure 38
below. The Patch Panel contained all the FP Modules in which the Solar Array parameters
were measured. The measured voltages and currents from the PV Array were wired via
Series and Parallel Blocks as seen in Figure 38 below and will be discussed further in
“Voltage and Current Communications” section in Appendix 3.3.

Parallel Block C
Parallel Block A and B

Parallel Block D

Series Block to
24V Solar Array

Series Block to
12V Solar Array

Figure 38: Patch Panel of the Real PV Array on Building 190

As illustrated by the electrical drawings the individual wires for the weather sensors were
connected to a terminal block and from their connected the NI FP-AI-110 Analogue Input
Module. The NI FP-AI-110 has 8 current or voltage analog inputs and measure’s current
loops from transmitters and sensors from “0 to 20 to 4 to 20mA” and voltage measurements
from millivolts to 120V (National Instruments Corporation n.d.).
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The meteorological terminal junction block as seen in Figure 39 was clearly labelled
correspondingly to the electrical diagrams.

Figure 39: Meteorological Terminal Junction Block in the Patch Panel

The inputs for the weather sensors are located on the bottom of Figure 39 with shielded and
insulated wiring looms, while the outputs are at the top of the terminal connection block. The
individual wire input and output terminals and their corresponding meteorological sensors
and measurement types are clarified in Table 18 below as defined in “FieldPoint Operating
Instructions: FP-AI-110 and cFP-AI-110” (National Instruments Corporation 2005),
Electrical Drawings of Building 190 (Phase Engineers 2003) and “ENG454 – Rise Facility:
Phase 4 – Real PV Array” (Froese, Kenneday and Murphy 2013).
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Sensor

Input

Input

Output

Output

Number/Tag

Wire

Number/Tag

Wire

Colour

Measurement

Colour

Solar

165

NA

206

Red

Voltage input

irradiance

166

NA

207

White

Ground

167

NA

208

Blue

Ground

168

White

209

White

Voltage input:

Relative
humidity

(0 to 1V = 0 -

(Humitter)

100 %RH)
(Vaisala 2004)

Ambient

169

Black

210

Black

Ground

170

Orange

211

White

Voltage input:

temperature

(0 to 1V = -40

(Humitter)

to 60ºC)
(Vaisala 2004)

Wind direction

171

Black

212

Black

Ground

172

White

202

Orange

-

173

Blue

213

White

Voltage input:
(0-5V = 0 to

(Wind Vane)

360º) (Froese,
Kenneday and
Murphy 2013)

Wind speed

174

Red

214

White

Vsup

175

Green

215

Black

Ground

176

White

216

White

Voltage input:
0 to 2.5V = 0 to

(Anemometer)

150kts (Vector
Instruments
2013)
177

Black

217

Black

Ground

178

White

203

Orange

-

Table 18: The Meteorological Sensors and their Corresponding Input and Output Wires for the Terminal
Junction Block
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The output wires of the terminal junction block then connect to the NI FP-AI-110 which
measures the weather station sensors analogue signals as seen in Figure 40.

Figure 40: Meteorological Sensor's FieldPoint Module FP-AI-110

The tagging of the wires corresponds to the output numbers displayed in Table 18 above.
The black, white and blue wires at the back of the module represent the ground, while the
white and red wires in the front of the unit are the voltage inputs for each meteorological
sensor. The purple wire connected to a node at the back of the module represents the
common ground reference (National Instruments Corporation 2005).
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The wires and their corresponding pins in the FP module and colours are summarized in
Table 19 below.
Wire

Pin Number

Colour

Sensor

206

1

Red

Solar irradiance

209

3

White

Relative humidity

211

5

White

Ambient temperature

213

7

White

Wind direction

216

9

White

Wind speed

c

c3

Purple

Common ground reference

18

207

White

Ground

18

208

Blue

Ground

20

210

Black

Ground

22

212

Black

Ground

24

215

Black

Ground

26

217

Black

Ground

Number/Tag

Table 19: The Meteorological Sensors and their Corresponding Input Node Pins into the FP-AI-110

The NI FP-AL-110 module is then linked to the NI FP-1001, RS485 Interface for FieldPoint
via a DIN Rail Mount connecting the terminal bases to the module network connector
(National Instruments Corporation 2000).
19.3.2 Module Temperature Communications
The temperatures of the modules were measured by type T Ready-Made NI thermocouples.
A Ready-Made thermocouple is a wire with two different conductors and a measuring
junction at one end. The type T thermocouple indicates that the positive conductor is made
from copper, the blue coloured wire and the negative conductor, which is the red wire of the
conducting pair, is made of Constantan. A type T thermocouple has a temperature
measurement range from 0 to 260ºC (National Instruments Corporation n.d.).
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An example of a thermocouple attached to a solar module at Building 190 can be seen in
Figure 41 below.

Figure 41: A Type T readymade NI Thermocouple Measuring the Module Temperature at Building 190

The PV system at Building 190 has a total of 8 thermocouples attached to the array. Each
one of the four ABCD blocks of the array contains two thermocouples, one to measure the
temperature of the 12V modules and the other to detect the 24V panel temperature as
illustrated in Figure 42.

Figure 42: Adapted Electrical Drawing (0078E13) of the Thermocouples Layout on the PV Array (Phase
Engineers 2004)
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The connection of the thermocouple into the NI FP-TC-120 clearly illustrates the readymade Type T thermocouple with the blue wire representing Copper and the red Constantan
of the conducting pair as seen in Figure 43.

Figure 43: The NI FP-TC-120 8 Channel Temperature Inputs for Thermocouples at Building 190

The NI FP-TC-120 has 8 differential temperature inputs for thermocouples mounted on a
DIN rail to connect to the NI FP-1001, RS485 Interface for FieldPoint so as to collect data,
analyse, display and store measurements. A cold junction compensation is also provided by
the NI FP-TC-120 in the form of an embedded thermistor in the connector block or terminal
base. The NI FP-TC-120 also has an onboard microcontroller which linearizes and
compensates thermocouple readings to the standard NIST-90, via “an advanced linearization
routine or maximum accuracy”. (National Instruments Corporation n.d.)
19.3.3 Voltage and Current Communications
The voltage of each Parallel Block in the PV array at Building 190 is measured via a voltage
divider circuit connected to a Dataforth SCM5B31-09 signal isolator which follows onto the
NI FP-AI-110 Analog Input Module. The current of each Parallel Block is measured in a
similar method with a current shunt connected to a Dataforth SCM5B30-03 signal isolator
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which continues onto the same NI FP-AI-110 Analog Input Module. It is important to note
that the NI FP-AI-110 used to measure voltage and current in the system is a separate unit
from the NI FP-AI-110 used to measure the meteorological data. This unit will be referred to
as FP-AI-110@3 and the meteorological module will refer to FP-AI-110@2 as per their
location on the DIN rail. The allocation of the four Parallel Blocks A, B, C, and D in the
Patch Panel can be seen in Figure 38.
The voltage divider and current shunt circuits are used within the system to decrease the
maximum magnitude of the signal seen by the relevant Dataforth signal isolator. The
inaccuracy of both the current shunt and voltage divider were assumed to be negligible in
affecting the measurement results. An example of the voltage divider with current shunts in
the PV circuit can be seen in Figure 44 below.

Figure 44: Current Shunt and Voltage Divider in the Patch Panel for Building 190 (Froese, Kenneday and
Murphy 2013)

A voltage divider circuit works by using an input voltage and two series resistors to create a
voltage output that is proportional to the input (SparkFun Electronics n.d.). In the case of
Building 190 Blocks A, B and C have three different optional division ratios in which to
decrease the voltage magnitude from the PV array, whereas Block D has four different ratios
for division (Phase Engineers 2003). Blocks A, B and C have a rating of 500V DC produced
from their panels, while Block D has a 1000V DC rating, hence an additional resistor for its
voltage division circuit (Phase Engineering and Andrew Ruscoe 2005).
Selection of the voltage division for Blocks A, B and C are made by pins being inserted into
the relevant “Pin Disconnect” terminal which switches different resistors in and out of the
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circuit (Phase Engineering and Andrew Ruscoe 2005). The terminals with pins for both
voltage division and current shunt selection for Blocks A and B can be seen in Figure 45.

Current Shunt Slider Terminals

Voltage Division Pin Terminals
Figure 45: Voltage Divider Selection and Current Shunt Selection in the Patch Panel for Blocks A and B of
the Real PV Array on Building 190
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The selection of voltage division depends on the voltage range and terminal pin choice with
both Blocks A, B and C being set for the highest voltage range of 500V DC. For the voltages
and relevant pin selection please see the adapted Table 20 from the table provided in “PV
Array Patch Panel Users Guide PS-0011”. (Phase Engineering and Andrew Ruscoe 2005)
Terminals With Pins

Voltage Range

to Connect
Block A
89, 90

40V

88, 90

200V

87, 90

500V

Block B
100, 101

40V

99, 101

200V

98, 101

500V

Block C
111, 112

40V

110, 112

200V

109, 112

500V

Block D
123, 165

40V

122, 165

200V

121, 165

500V

120, 165

1000V

Table 20: Voltage Division Selection for Relevant Voltage Range for Building 190 (Phase Engineering and
Andrew Ruscoe 2005)

The selection of voltage division for Block D is performed slightly differently with the
positive bus wire (numbered 165) being physically connected to the relevant tunnel terminal
depending on the voltage range. It is important to note that this should never been changed
when the system is live. (Phase Engineering and Andrew Ruscoe 2005) The voltage range
selected for terminal D is currently 1000V with the full range and appropriate terminal
connection displayed in Table 21.
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The voltage divider ratios for each block in the system were determined using the equation:

(Froese, Kenneday and Murphy 2013)
Equation 2: Voltage Divider Ratio Equation

Therefore the ratios were:

The current shunts for each PV Block in the system are detailed in the electrical drawings. A
current shunt is basically a “high wattage resistor” in a circuit which is connected to a load in
series. The voltage drop that occurs over the shunt provides a millivolt rating which can be
measured to determine the unscaled current value. (Ebay 2013)
Two shunts, as seen in Figure 44, are wired in parallel to each Parallel Block in the Patch
Panel with the respective values of 50A:50mV Shunt and 10A:50mV Shunt. One current
shunt must be selected at a time. In the case of Blocks A, B and C the shunt is selected by
closing the current path through the relevant “Slider” terminals by placing a pin into the two
appropriate terminals and leaving the remaining two terminals open circuited. Block D’s
shunt is selected by physically inserting “the power wire into the appropriate tunnel terminal
for the shunt selected”. The full configuration of pins, sliders and screws for selecting the
current shunt is illustrated in Table 21 adapted from the table provided in “PV Array Patch
Panel Users Guide PS-0011”. (Phase Engineering and Andrew Ruscoe 2005)
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Block A
Terminal

81 Pin

82 Pin

83

84

85 Pin

86 Pin

Number/

Disconnect

Disconnect

Slider

Slider

Disconnect

Disconnect

Type
10A:50mV

Terminal

Pin Not

Pin Not

Lower

Upper

Pin

Pin

Shunt

status

Installed

Installed

Position

Position

Installed

Installed

Option

Circuit

Open

Open

Open

Closed

Closed

Closed

50A:50mV

Terminal

Pin

Pin

Upper

Lower

Pin Not

Pin Not

Shunt

status

Installed

Installed

Position

Position

Installed

Installed

Option

Circuit

Closed

Closed

Closed

Open

Open

Open

Block B
Terminal

92 Pin

93 Pin

94

95

96 Pin

97 Pin

Number/

Disconnect

Disconnect

Slider

Slider

Disconnect

Disconnect

Type
10A:50mV

Terminal

Pin Not

Pin Not

Lower

Upper

Pin

Pin

Shunt

status

Installed

Installed

Position

Position

Installed

Installed

Option

Circuit

Open

Open

Open

Closed

Closed

Closed

50A:50mV

Terminal

Pin

Pin

Upper

Lower

Pin Not

Pin Not

Shunt

status

Installed

Installed

Position

Position

Installed

Installed

Option

Circuit

Closed

Closed

Closed

Open

Open

Open

Block C
Terminal

103 Pin

104 Pin

105

106

107 Pin

108 Pin

Number/

Disconnect

Disconnect

Slider

Slider

Disconnect

Disconnect

Type
10A:50mV

Terminal

Pin Not

Pin Not

Lower

Upper

Pin

Pin

Shunt

status

Installed

Installed

Position

Position

Installed

Installed

Option

Circuit

Open

Open

Open

Closed

Closed

Closed

50A:50mV

Terminal

Pin

Pin

Upper

Lower

Pin Not

Pin Not

Shunt

status

Installed

Installed

Position

Position

Installed

Installed

Option

Circuit

Closed

Closed

Closed

Open

Open

Open
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Block D
Terminal

114 Screw

115 Screw

Number/

116

117

Screw

Screw

No Wire

Wire

118 Screw

119 Screw

Wire 172

Wire 171

Type
10A:50mV

Terminal

No Wire

No Wire

Shunt

status

Option

Circuit

Open

Open

Open

Closed

Closed

Closed

50A:50mV

Terminal

Wire 172

Wire 171

Wire

No Wire

No Wire

No Wire

Shunt

status

Option

Circuit

Open

Open

Open

166

166
Closed

Closed

Closed

Table 21: Current Shunt Selection for Relevant Current Range for Building 190 (Phase Engineering and
Andrew Ruscoe 2005)

The current shunt selected for all blocks is a 50A:50mV device, which when applying Ohm’s
law produces a shunt resistance of:

Equation 3: Ohm’s Law Equation to Determine the Current Shunt Resistance for Blocks A, B, C, and D
for the PV Array at Building 190
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The scaled down voltages from the voltage divider circuits and voltage drops from the
current shunts at their new magnitudes enters the Dataforth signal isolators. The Dataforth
SCM5B30-03 for current isolation and SCM5B31-09 for voltage isolation alters the signal
further to a magnitude which is appropriate for the FP Module. The Dataforth cards as seen
in Figure 46 are also beneficial in reducing noise by filtering unwanted frequencies. (Froese,
Kenneday and Murphy 2013)

Figure 46: Dataforth Cards in the Patch Panel at Building 190
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The input and output range and ratio between them for both Dataforth cards are displayed in
the table below.
Dataforth Card

Input Range

Output Range

Ratio

SCM5B30-03 (Current)

±100mV

±5V

0.02

SCM5B31-09 (Voltage)

±40V

±5V

8

(Dataforth Corporation 2008)
(Dataforth Corporation 2008)
Table 22: Input and Output Range and Voltage Ratio of the Dataforth Cards

Through the electrical drawings created by Phase Engineers the wiring from the current
shunt and voltage division through to the FP module is summarized in Figure 47 below
(2003).

Figure 47: Diagram of the Wiring from the Voltage Dividers and Current Shunts through to the FP
Module
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The physical FP Module used to measure the DC voltages and currents in the system can be
seen in Figure 48 corresponding to the tagged wires as outlined in Figure 47.

Figure 48: NI FP-AI-110@3 Measuring the Voltage and Current in the System

The NI FP-AI-110@3 module communicates its data to the NI FP-1001, RS485 Interface for
FieldPoint.
19.3.4 National Instruments FP-1001, RS485 Network Interface Module
The FP-1001 is an interface module for the RS485 network and FP I/O system (National
Instruments Corporation 2013). Data is transferred from the three FP Modules to the NI FP1001, which then transfers the data over the RS485 to the NI USB-485/4 Port Module as
seen in Figure 49 (Froese, Kenneday and Murphy 2013).

Figure 49: The Data Transfer from the NI FP-1001 to the NI USB 485/4 Port Module
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Both the configured network address and baud rate can be altered by changing the switches
on the NI FP-1001 behind the switch cover circled in red in Figure 49. A total of 25
addresses and 8 baud rates could be selected but only one baud rate can be used per
computer (National Instruments Corporation 2003). The current baud rate for the computer
190 computer is 9600 (Froese, Kenneday and Murphy 2013).
The RS485 network is required to be terminated at both network’s end and nowhere else
(National Instruments Corporation 2003). This can be done by connecting the five pins,
illustrated in Figure 50 (taken by Froese, Kenneday and Murphy), with two 120Ω resistors
between RX± and TX± signal pair allowing the “4 wirers to communicate” (2013).

Figure 50: The Termination of the RS485 Network at One End (Froese, Kenneday and Murphy 2013)

19.3.5 NI USB-485/4 Port Module
The NI USB-485/4 Port Module connects the final piece required for the communication of
data which is the Building 190 computer via a USB connection. The NI USB-485 has four
ports and therefore four communication channels from COM14 to 17. The FP Modules from
the Real PV Array are connected by Port2 (COM15) illustrated by the green circle in Figure
49. (Froese, Kenneday and Murphy 2013)
This was also confirmed in the program Measurement & Automation Explorer (MAX) and
will be discussed in the Communication with the FieldPoint Modules section.
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19.4 Appendix 4: Problem Encountered Communicating via Building
190 Computer to the FieldPoint Modules
An error that may be encountered when trying to check that the FP Modules are successfully
communicating in MAX is “Unable to bind to the COM port.” as seen in Figure 51.

Figure 51: Error in MAX of the FP Modules Unable to Bind to COM Port
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To resolve this problem open up NI Distributed System Manager highlight the “Solar
Intermittency” project folder and press “Stop Process” as illustrate in Figure 52 below.

Figure 52: NI Distributed System Manager

Once the project is offline refresh the system and MAX will be able to receive data from the
FP Modules. To view the data in LabVIEW the project folder will need to be Online again
which can be performed by starting the process in NI Distributed System Manager and
refreshing the changes made to the system.
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19.5 Appendix 5: Communicating with the FieldPoint Units via MAX
To find the FP modules it was necessary to open up MAX and select the Data Neighborhood
and then click on the FP Items. Within this folder the FP@COM15 subfolder was revealed
which contained the three FP units: FP-TC-120@1, FP-AI-110@2, FP-AI-110@3 as seen in
Figure 53 below. This confirmed that the FP Modules from the Real PV Array were
communicating via Port2 on the NI USB-485/4 Port Module.

Figure 53 MAX Finding the FP Modules
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To test whether the FP units were able to produce any measurements of the parameters, it
was essential to click on each FP module individually and press start (in orange) as seen in
Figure 54 below.

Figure 54: FP-TC-120 @1 Successfully Measuring the Module Temperature of the Real PV Array

Figure 54 illustrates the module temperature measurements being successfully measured by
the FP-TC-120 @1 as indicated by both the values being displayed and the “Successful”
status shown in green on the figure above.
The FP-AI-110@3, when tested was not producing measurement results and reported a
status that all channels were “Out of Range”. Therefore to fix this problem the “Go To” as
seen in blue in Figure 54 above was pressed, opening up the Device Configuration of the FPAI-110@3 in the Devices and Interfaces subfolder. Then clicking the tab for Channel
Configuration as seen in Figure 55 in purple and selecting to read the data from the device,
instead of the folder allowed aspects of each channel within the module to be altered. Each
channels “Range” was changed to “-5.2 to 5.2 Volts”, highlighted by the red arrow below, as
the Dataforth modules produce an output of ±5V.
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Figure 55: Changing the Data Configuration Range for Each Channel in the FP-AI-110 @3

19.6 Appendix 6: How the “Solar Intermittency” LabVIEW Project
was Developed
Within the “Solar Intermittency” project library an I/O server was created and its type was
chosen as an OPC Client as illustrated in Figure 56.

Figure 56: Creating an I/O Server in LabVIEW
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From there a National Instruments.OPCFieldPoint was selected, as seen in Figure 57, and
generated the file renamed to “FieldPoint RealPV Library”.

Figure 57: In the LabVIEW Project Configuring the OPC Client I/O Server

OPC stands for Object Linking and Embedding (OLE) for Process Control (Farlex, Inc.
2013) and is a “standard interface to communicate between numerous data sources” in
automation technology such as project databases, and laboratory equipment. Communication
is allowed between the server and client applications by the OPC. Therefore as long as an
OPC client protocol is contained within a DAQ program or computer analysis and “an
associated OPC interface” within in an industrial device driver, the program and device are
able to communicate. (National Instruments Corporation 2012)
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The OPC system in Building 190 consists of:


OPC Clients: LabVIEW.



OPC Servers: OPCFieldPoint, RSLogix500, and MySQL (not used in this project) –
provides a standardized interface of each different transmission protocol used for the
OPC Clients (Xu, Batson and Neylan 2013).



Hardware for control and measurements: FP Modules, SLC 500 PLC, PanelView
(including database addresses).



“Physical Process”.

(Froese, Kenneday and Murphy 2013)
It is within the data access server that individual data sources are reference with: a unique
identifier or tag, quality (device status information), timestamp (time of retrieved data), and
value (numbers from the source) (National Instruments Corporation 2012). OPC variables
relating to the PV Array measurements had already been tagged by Chris Woodard in his
thesis (2013). Shared variables were therefore able to be added into the “Solar Intermittency”
Library for each measured parameter. Network shared variables is a software term which
refers to an “item that exists on the network” and communicates between applications,
hardware, remote computers, and programs (National Instruments Corporation 2009). A
new variable was added by naming it, enabling aliasing to bind it as a project variable and
assigning it to the relevant source channel location from FP@COM15 as seen in Figure 58
below for the Ambient Temperature shared variable.

Figure 58: Ambient Temperature Shared Variable Properties

115

The channel for each shared variable was specified by the wiring of the FP Modules
terminals. Therefore Table 23 below shows each parameters applicable channel for defining
the shared variables in the LabVIEW program.
Parameter

Channel
FP-TC-120

Temp Block A 12V

0

Temp Block A 24V

1

Temp Block B 12V

2

Temp Block B 24V

3

Temp Block C 12V

4

Temp Block C 24V

5

Temp Block D 12V

6

Temp Block D 24V

7
FP-AI-110@2

Solar radiation

0

Relative humidity

1

Ambient temperature

2

Wind direction

3

Wind speed

4
FP-AI-110@3

Parallel Block A Current

0

Parallel Block A Voltage

1

Parallel Block B Current

2

Parallel Block B Voltage

3

Parallel Block C Current

4

Parallel Block C Voltage

5

Parallel Block D Current

6

Parallel Block D Voltage

7

Table 23: The Parameters to be Measured and their FP Communication Channel

116

Once all parameters were defined as shared variable as illustrated in Figure 59 below and
deployed, the VI was then developed.

Figure 59: LabVIEW Solar Intermittency Project with All Shared Variables Defined

A CD of the LabVIEW project is included.
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