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ABSTRACT 
 
 
This project supports the development of solar forecasting in the Australian context via a 
major ANU-NICTA collaboration in three ways: First, by contributing a high quality dataset 
for the period of one year from 1st August 2012 to 31st July 2013 of measured PV system 
energy generation and global horizontal solar radiation data from 26 ACT school PV systems, 
3 CSIRO WERU sites with co-located pyranometer and PV systems and an ANU-based 
pyranometer. Second, a novel method to estimate PV energy generation using neighbouring 
PV systems by application of the KPV (a clearness index for photovoltaics) method is found 
to have similar accuracy to the traditional estimation method of using more accurate 
pyranometer measurements for hourly and daily estimates of PV energy generation. Third, 
two alternative designs for portable, adjustable tilt dual pyranometer rooftop mounts for 
recording global horizontal and plane-of-array solar radiation were created. 
 



   

  iii 

CONTENTS 
 
List of Figures ........................................................................................................................................................ v 

List of Tables ......................................................................................................................................................... ix 

Glossary of Terms ................................................................................................................................................ xi 

Aims and Contributions ...................................................................................................................................... xii 

Chapter 1 Introduction ................................................................................................................................... 1 

1.1 LITERATURE REVIEW ................................................................................................................................. 2 
1.1.1 PV systems databases ...................................................................................................................... 2 
1.1.2 Quality control of PV and solar radiation data ............................................................................... 2 
1.1.3 Methods for estimating PV energy generation ................................................................................ 3 
1.1.4 Separation models ........................................................................................................................... 4 
1.1.5 Transposition models ....................................................................................................................... 4 
1.1.6 Factors affecting estimation of PV output energy ........................................................................... 4 
1.1.7 Solar radiation measurements ......................................................................................................... 5 
1.1.8 Market research of possible pyranometer mounting systems .......................................................... 6 

1.2 PROJECT MOTIVATION ............................................................................................................................... 6 
1.3 RESEARCH QUESTIONS .............................................................................................................................. 7 
1.4 APPROACH ................................................................................................................................................. 7 

Chapter 2 Methodology ................................................................................................................................... 9 

2.1 OVERVIEW ................................................................................................................................................. 9 
2.2 DATA CURATION ....................................................................................................................................... 9 

2.2.1 Sources of experimental data ........................................................................................................... 9 
2.2.2 Metadata and data collection for sites .......................................................................................... 10 
2.2.3 Data quality control measures ....................................................................................................... 11 
2.2.4 Conclusions ................................................................................................................................... 12 

2.3 MODELLING AND ANALYSIS .................................................................................................................... 13 
2.3.1 Analysis methods ........................................................................................................................... 15 
2.3.2 Analysis metrics ............................................................................................................................. 16 

2.4 PYRANOMETER MOUNT DESIGN ............................................................................................................... 18 

Chapter 3 Data Analysis ............................................................................................................................... 19 

3.1 INTRODUCTION ........................................................................................................................................ 19 
3.2 LEVEL 0: COMPARISON USING HOURLY ESTIMATES ................................................................................ 20 
3.3 ANALYSIS OF DIFFERENT FACTORS ......................................................................................................... 23 

3.3.1 Level 1 (different time scales) ........................................................................................................ 23 
3.3.2 Level 1 (solar zenith angles) .......................................................................................................... 29 
3.3.3 Level 1 (general sky conditions) .................................................................................................... 31 
3.3.4 Level 1 (distance between sites) .................................................................................................... 36 
3.3.5 Level 2 (different time scales and general sky conditions) ............................................................ 40 
3.3.6 Level 2 (different time scales and distance) ................................................................................... 44 
3.3.7 Level 2 (distance and general sky conditions) ............................................................................... 47 
3.3.8 Level 3 (different time scales, distance and general sky conditions) ............................................. 51 

Chapter 4 Pyranometer Mount Design ........................................................................................................ 54 

4.1 STAKEHOLDER FUNCTIONAL REQUIREMENTS .......................................................................................... 54 
4.2 BRAINSTORMING AND REVIEW ................................................................................................................ 55 



 Contents iv 

   

4.3 PRELIMINARY DESIGN STUDIES ............................................................................................................... 55 
4.4 DETAILED DESIGN STUDIES ..................................................................................................................... 57 

4.4.1 Design 1 ......................................................................................................................................... 57 
4.4.2 Design 2 ......................................................................................................................................... 61 

4.5 DESIGN SUMMARY ................................................................................................................................... 64 

Chapter 5 Conclusions and Further Work .................................................................................................. 65 

Appendix A .......................................................................................................................................................... 68 

MODELS USED ................................................................................................................................................... 68 
Clear Sky Beam, Diffuse and Global Irradiance [ESRA, 2000] .................................................................. 68 
Transposition of Measured and Clear Sky Irradiance [Reindl, 1990] ........................................................ 69 
Separation of Measured Irradiance [DISC, 1987] ...................................................................................... 70 
Simulation of Grid-Connected PV Systems .................................................................................................. 70 
PV Module Simulation Model [Sandia, 2004] ............................................................................................. 71 
Grid-Connected Inverter Simulation Model [Sandia, 2007] ....................................................................... 71 

Appendix B ........................................................................................................................................................... 72 

Appendix C .......................................................................................................................................................... 80 

Appendix D .......................................................................................................................................................... 82 

Bibliography ......................................................................................................................................................... A 



 

  v 

List of Figures 
 
Figure 1: Different pyranometer mounts from Kipp and Zonen [51], Campbell Scientific [54] 

and skytron energy [55] respectively (from left to right) ................................................... 6 
Figure 2: Public Google Map created for visualisation of sites  [63] ....................................... 10 
Figure 3: Methodology for generating pyranometer-based predictions according to Engerer 

2011 (left) methodology for generating KPV predictions using PV output data according 
to Engerer and Mills 2013 (right) ..................................................................................... 14 

Figure 4: Comparison between hourly estimates of kWh/kWp using KPV with hourly PV 
system output and using half-hourly pyranometer data for WERU site 641 against 
measured kWh/kWp. Analysis metrics are annotated on the respective graphs. For all 
plots, density of points is plotted instead of actual points for clarity (the darker the 
colour, the higher the density of points). Continued on the next page for WERU site 642, 
643 and CECS .................................................................................................................. 20 

Figure 5: Comparison between hourly estimates of normalised energy (kWh/kWp) using KPV 
with hourly PV system output and using half-hourly pyranometer data for WERU sites 
642, 643 and CECS against measured values. Analysis metrics are annotated on the 
respective graphs. Density of points is plotted instead of actual points for clarity (the 
darker the colour, the higher the density of points) .......................................................... 21 

Figure 6: Comparison of accuracy of daily estimates (DER) using KPV with daily summed PV 
system output and using daily sums of pyranometer estimates using half-hourly 
pyranometer data for WERU site 641. Analysis metrics are annotated on the respective 
graphs. For all plots, density of points is plotted instead of actual points for clarity (the 
darker the colour, the higher the density of points). Continued on the next page for 
WERU site 642, 643 and CECS ........................................................................................ 23 

Figure 7: Comparison of accuracy of daily estimates (DER) using KPV with daily summed PV 
system output and using daily sums of pyranometer estimates using half-hourly 
pyranometer data for WERU site 642, 643 and CECS. Analysis metrics are annotated on 
the respective graphs. For all plots, density of points is plotted instead of actual points 
for clarity (the darker the colour, the higher the density of points). ................................. 24 

Figure 8: Comparison of accuracy of monthly estimates (MER) using KPV with monthly 
summed PV system output and using monthly sums of pyranometer estimates using half-
hourly pyranometer data for WERU site 641. Analysis metrics are annotated on the 
respective graphs. Continued on the next page for WERU site 642, 643 and CECS ....... 26 

Figure 9: Comparison of accuracy of monthly estimates (MER) using KPV with monthly 
summed PV system output and using monthly sums of pyranometer estimates using half-
hourly pyranometer data for WERU site 642, 643 and CECS. Analysis metrics are 
annotated on the respective graphs. .................................................................................. 27 

Figure 10: Plots of analysis metrics (RMSE, MAPE, MBE and MAE) for the two methods by 
solar zenith angle using hourly data ................................................................................. 29 

Figure 11: Using KPV bins of site used for estimation to characterise changing accuracy of the 
KPV model with different general sky conditions ............................................................. 31 



 

  vi 

Figure 12: Using KPV  bins of site estimated for to characterise changing accuracy of the KPV 
model with different general sky conditions .................................................................... 31 

Figure 13: Using KCS bins of site used for estimation to characterise changing accuracy of the 
pyranometer model with different general sky conditions ............................................... 33 

Figure 14: Using KPV  bins of site estimated for to characterise changing accuracy of the 
pyranometer model with different general sky conditions ............................................... 33 

Figure 15: Plots of analysis metrics for changing distances for hourly estimates for both 
methods. Points represent error values organised into 0.15 km bins and the blue line is a 
low-order polynomial fit provided to show the overall trend. .......................................... 36 

Figure 16: Plots for different clusters to show effects of distance on accuracy of the two 
models for hourly estimates (Plot 1 – 4 from in sequence from left to right, top to 
bottom) ............................................................................................................................. 38 

Figure 17: Plots for different clusters to show effects of distance on accuracy of the two 
models for hourly estimates (Plot 5 – 6 from in sequence from left to right, top to 
bottom) ............................................................................................................................. 39 

Figure 18: Daily analysis with the KPV method using standard deviation of hourly KPV bins 
from site used for estimation to determine general sky condition .................................... 40 

Figure 19: Daily analysis with the KPV method using standard deviation of hourly KPV bins 
from site estimated for to determine general sky condition ............................................. 40 

Figure 20: Daily analysis with the pyranometer method using standard deviation of hourly 
KCS bins from site used for estimation to determine general sky condition ..................... 42 

Figure 21: Daily analysis with the pyranometer method using standard deviation of hourly 
KCS bins from site estimated for to determine general sky condition .............................. 42 

Figure 22: Plots for different clusters to show effects of distance on accuracy of the two 
models for daily estimates (Plots 1 – 2 from in sequence from left to right) ................... 44 

Figure 23: Plots for different clusters to show effects of distance on accuracy of the two 
models for daily estimates (Plots 3 – 6 from in sequence from left to right, top to bottom)
 .......................................................................................................................................... 45 

Figure 24: Plots 1 – 6 numbered from top to bottom, left to right so plots using the KPV 
method is on the right and plots using the pyranometer method is on the left. RMSE (Plot 
1), MAPE (Plot 2) and MAE (Plot 3) for KPV based hourly estimates plotted by distance 
using the same method discussed in Figure 15 but with results separated into cloud cover 
categories based on KPV observed at the site used for estimation. Vertical axis scale is 
changing throughout the plots. RMSE (Plot 4), MAPE (Plot 5) and MAE (Plot 6) for 
pyranometer based hourly estimates plotted by distance using the same method discussed 
in Figure 15 but with results separated into cloud cover categories based on KCS observed 
at the site used for estimation. .......................................................................................... 47 

Figure 25: Analysis of tight cluster using the KPV method with sky conditions represented by 
KPV bins from site used for estimation with hourly estimates (left) ................................. 49 

Figure 26: Analysis of loose cluster using the KPV method with sky conditions represented by 
KPV bins from site used for estimation with hourly estimates (left) ................................. 49 

Figure 27: Analysis of random cluster using the KPV method with sky conditions represented 
by KPV bins from site used for estimation with hourly estimates (left) ............................ 49 



 

  vii 

Figure 28: Analysis of tight cluster using the pyranometer method with sky conditions 
represented by KCS bins from site used for estimation with hourly estimates (left) ........ 50 

Figure 29: Analysis of loose cluster using the pyranometer method with sky conditions 
represented by KCS bins from site used for estimation with hourly estimates (left) ........ 50 

Figure 30: Analysis of random cluster using the pyranometer method with sky conditions 
represented by KCS bins from site used for estimation with hourly estimates (left) ........ 50 

Figure 31: Analysis of a tight cluster using the KPV method with sky conditions represented 
by standard deviations of hourly KPV bins from site used for estimation with daily 
estimates (left) .................................................................................................................. 52 

Figure 32: Analysis of a loose cluster using the KPV method with sky conditions represented 
by standard deviations of hourly KPV bins from site used for estimation with daily 
estimates (left) .................................................................................................................. 52 

Figure 33: Analysis of a random cluster using the KPV method with sky conditions represented 
by standard deviations of hourly KPV bins from site used for estimation with daily 
estimates (left) .................................................................................................................. 52 

Figure 34: Analysis of a tight cluster using the pyranometer method with sky conditions 
represented by standard deviations of hourly KCS bins from site used for estimation with 
daily estimates (left) ......................................................................................................... 53 

Figure 35: Analysis of a loose cluster using the pyranometer method with sky conditions 
represented by standard deviations of hourly KCS bins from site used for estimation with 
daily estimates (left) ......................................................................................................... 53 

Figure 36: Analysis of a random cluster using the pyranometer method with sky conditions 
represented by standard deviations of hourly KCS bins from site used for estimation with 
daily estimates (left) ......................................................................................................... 53 

Figure 37: skytron dual pyranometer mount [57] ..................................................................... 55 
Figure 38: Preliminary design (left) Underside showing supports for truncated mount base 

(right) ................................................................................................................................ 56 
Figure 39: 3D printed parts for the panel clip and truncated mount base ................................ 56 
Figure 40: Design 1 attached to PV array frame (right) with mounted pyranometers (left) .... 57 
Figure 41: Simulation parameters for Design 1: mount base (green represent fixtures, red 

represents static pressure loading, purple represents pyranometer loading) .................... 58 
Figure 42: Static stress simulation of the mount base for Design 1 ......................................... 58 
Figure 43: Deformation simulation of the mount base for Design 1 ........................................ 59 
Figure 44: Horizontal section view showing full hemispherical veiw of horizontal 

pyranometer dome with part of the plane of array pyranometer dome visible indicating 
obstruction in the hemispherical veiw of the horizontal pyranometer sensor (left) Plane 
of array section view showing full hemispherical veiw of plane of array pyranometer 
dome with part of the horizontal pyranometer dome visible indicating obstruction in the 
hemispherical veiw of the plane of array pyranometer sensor (left) ................................ 60 

Figure 45: Extension of side flange to move horizontal pyranometer downwards .................. 60 
Figure 46: Horizontal section view showing unobstructed hemispherical view of the 

horizontal pyranometer sensor (left) Plane of array section view showing unobstructed 
hemispherical view of the plane of array pyranometer sensor (right) .............................. 60 



 

  viii 

Figure 47: Design 2 attached to PV array frame (right) with mounted pyranometers (left) 
(bolts invisible) ................................................................................................................. 61 

Figure 48: Simulation parameters for Design 2: mount base (green represent fixtures, red 
represents static pressure loading, purple represents pyranometer loading) .................... 62 

Figure 49: Static stress simulation of the mount base for Design 2 ......................................... 62 
Figure 50: Deformation simulation of the mount base for Design 2 ........................................ 63 
Figure 51: Simulation parameters for Design 2: mount attachment (left) static stress 

simulation (right) .............................................................................................................. 63 
Figure 52: Performance Model Process Outline reproduced from Cameron et al. 2011 [24] .. 68 
Figure 53: Using Google Earth to determine azimuth .............................................................. 76 
Figure 54: Example of removed site due to mismatch with system capacity .......................... 76 
Figure 55: Example of site with a problematic period ............................................................. 77 
Figure 56: Example of time-stamping errors ............................................................................ 77 
Figure 57: Example of final detailed visual check after quality control was performed .......... 79 
Figure 58: Non-truncated version of the MBE plot for hourly modelling errors by solar zenith 

angle in Section  3.3.2 ....................................................................................................... 80 
Figure 59: Non-truncated version of the MAPE plot for hourly modelling errors by solar 

zenith angle in Section  3.3.2 ............................................................................................. 81 
Figure 60: Design 1 - Modular boxes ....................................................................................... 82 
Figure 61: Design 2 – Steel tower ............................................................................................ 82 
Figure 62: Design 3 – Hanging tripod ...................................................................................... 83 
 



 

  ix 

List of Tables 
 
Table 1: Summary of analysis metrics for hourly comparison of the 2 estimation methods ... 22 
Table 2: Summary of analysis metrics for daily comparison of the two methods ................... 25 
Table 3: Summary of analysis metrics for monthly comparisons of the two methods ............ 28 
Table 4: Associated analysis metrics for each bin for Figure 11 above ................................... 32 
Table 5: Associated analysis metrics for each bin for Figure 12 above ................................... 32 
Table 6: Associated analysis metrics for each bin for Figure 13 above ................................... 34 
Table 7: Associated analysis metrics for each bin for Figure 14 above ................................... 34 
Table 8: Sites used and distances for tight and loose clusters for the two methods ................. 37 
Table 9: Summary of analysis metrics for hourly comparison of different clusters ................ 39 
Table 10: Associated summary of analysis metrics for each bin for Figure 18 ....................... 41 
Table 11: Associated summary of analysis metrics for each bin for Figure 19 ....................... 41 
Table 12: Associated summary of analysis metrics for each bin for Figure 20 ....................... 43 
Table 13: Associated summary of analysis metrics for each bin for Figure 21 ....................... 43 
Table 14: Associated summary of analysis metrics for each bin for Figure 22 and Figure 23 46 
Table 15: Summary of associated analysis metrics for KPV bins for Figure 25 (highlighted KPV 

bins for relatively “good” analysis metrics) ..................................................................... 49 
Table 16: Summary of associated analysis metrics for KPV bins for Figure 26 (highlighted KPV 

bins for relatively “good” analysis metrics) ..................................................................... 49 
Table 17: Summary of associated analysis metrics for KPV bins for Figure 27 ....................... 49 
Table 18: Summary of associated analysis metrics for KCS bins for Figure 28 (highlighted KCS 

bins for relatively “good” analysis metrics) ..................................................................... 50 
Table 19: Summary of associated analysis metrics for KCS bins for Figure 29 (highlighted KCS 

bins for relatively “good” analysis metrics) ..................................................................... 50 
Table 20: Summary of associated analysis metrics for KCS bins for Figure 30 (highlighted KCS 

bins for relatively “good” analysis metrics) ..................................................................... 50 
Table 21: Summary of associated analysis metrics for KPV bins for Figure 31 (highlighted KPV 

bins for relatively “good” analysis metrics) ..................................................................... 52 
Table 22: Summary of associated analysis metrics for KPV bins for Figure 32 (highlighted KPV 

bins for relatively “good” analysis metrics) ..................................................................... 52 
Table 23: Summary of associated analysis metrics for KPV bins for Figure 33 (highlighted KPV 

bins for relatively “good” analysis metrics) ..................................................................... 52 
Table 24: Summary of associated analysis metrics for KCS bins for Figure 34 (highlighted KCS 

bins for relatively “good” analysis metrics) ..................................................................... 53 
Table 25: Summary of associated analysis metrics for KCS bins for Figure 35 (highlighted KCS 

bins for relatively “good” analysis metrics) ..................................................................... 53 
Table 26: Summary of associated analysis metrics for KCS bins for Figure 36 (highlighted KCS 

bins for relatively “good” analysis metrics) ..................................................................... 53 
Table 27: Design summary of Design 1, 2 and known characteristics of the skytron design .. 64 
Table 28: Collated characteristics of PV and radiation sites .................................................... 72 
Table 29: List of final sites used for analysis (truncated with only relevant details) ............... 73 



 

  x 

Table 30: Actual and matched PV modules for the Sandia PV Module Performance Model . 74 
Table 31: Actual and matched grid-connected inverters for the Sandia Inverter Model ......... 75 



 

  xi 

Glossary of Terms 
Abbreviations 
 
ACT Australian Capital Territory 
AEMO Australian Energy Market Operator 
BoM Australian Bureau of Meteorology 
CSIRO Commonwealth Scientific and Industrial Research Organisation (Australia) 
ETD ACT Government Training and Education Directorate (Australia) 
NICTA National Information and Communications Technology Australia 
PoA Plane of array  
PV Photovoltaic 
WERU CSIRO Weather and Energy Research Unit (Australia) 
NREL National Renewable Energy Research Laboratory (USA) 
 
Technical Terms 
 
Eb(n)(c) Beam (direct) solar irradiance1 (W/m2) 
Ed(h)(c) Diffuse solar irradiance1 (W/m2) 
Eg(h)(c) Global solar irradiance1 (W/m2) 
Imp Maximum power point current (A) 
Irradiance the power of radiative flux incident on a surface (W/m2) 
Irradiation/insolation the integral of solar irradiance over a time period (Wh/m2 ) 
Isc Short circuit current (A) 
Kt Clearness index 
MAPE Normalised mean absolute percentage error (%) 
MBE Normalised mean bias error (%) 
RMSE Normalised root mean squared error (%) 
T/RMY Typical/Reference Meteorological Year 
Vmp Maximum power point voltage (V) 
Voc Open circuit voltage (V) 
MAE Mean absolute error (kWh/kWp) 
Kcs Clear sky index 
KPV Clear sky index for photovoltaic systems 
kWh Kilowatt-hours 
kWp Kilowatt-peak rated capacity of a PV system 
DER Daily Energy Ratio 
MER Monthly Energy Ratio 

                                                 
1 Subscripts: (h) indicates horizontal equivalent, (t) indicates tilted equivalent (tilt to plane-of-array), (n) 
indicates normal equivalent (only used for beam normal irradiance), (c) indicates theoretical clear sky equivalent 
and absence of (c) indicates the actual solar irradiance from measurements. 



 

  xii 

Aims and Contributions 
 
There are three main aims of this project: 
1. Curating a grid-connected PV system and pyranometer output dataset 
2. Comparison of the accuracy between two methods of estimating PV output – a novel 

method using the KPV methodology of Engerer and Mills 2013 [1] using output of a 
neighbouring PV system to estimate PV output at a site and the traditional method of 
using pyranometer output to estimate PV output at a site using the methodology of 
Engerer 2011 [2] 

3. Design of a portable adjustable tilt dual pyranometer rooftop mounting system 
 
This project can therefore be categorised as a research, simulation and design project with 
contributions in each category. For data curation, a basic quality control and curation process 
was performed and a clean dataset with measured values for the period of one year from 1st 
August 2012 to 31st July 2013 from 26 ACT school PV system sites, 3 WERU sites with co-
located pyranometer and PV systems and the CECS pyranometer site was contributed which 
can be used for testing of machine-learning algorithms of the ARENA project. Data curation 
was done in the statistical programming language R and utilised the existing R code base for 
the two estimation methods written by Mr. Nicholas Engerer as well as authored original code 
for easy quality control and visualisation for visual checks for a moderately large dataset. 
 
For the analysis and comparison of the KPV and pyranometer methods, additional R functions 
were authored to modify the R codebase by Mr. Nicholas Engerer to work with energy data 
instead of power data that it was originally created for. Methods to deal with the processing of 
large datasets was learnt on the fly to reduce processing times for generating estimates for a 
large number of sites over a relatively long duration. Additional R packages for easy 
visualisation of analysis were found. As for the research component, this section contributed 
the following new findings to the literature about the two methods:  
 
1. With regards to estimates at different time scales (hourly, daily and monthly), neither 

method was found to be significantly more proficient at producing PV energy generation 
estimates at the hourly and daily levels. Monthly analyses were inconclusive due to the 
lack of sufficient adequate monthly measured data. 

2. Overall, the pyranometer method was found to be more accurate than the KPV method at 
almost all solar zenith angles except at very high angles. 

3. Pyranometers are presently assumed to be more accurate than using a PV system as a 
sensor. But we have demonstrated calibration errors in a pyranometer using groups of PV 
systems. 

4. The optimal spacing of sensors for hourly energy estimates is found to be less than 5 km 
for all conditions, but changes under cloud cover to: < 5 or > 10 km for thick cloud cover; 
< 10 km for moderate cloud cover and back to < 5 km for clear conditions 
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5. The overall cloud condition is important, not just local cloud cover.  If the local and 
average observations of the KPV/CS index are quite different, one can know that their 
estimation has a higher likelihood of a positive or negative bias – depending on the 
relationship with the mean KPV/CS value.  

6. Over/under prediction is prevalent in the loose cluster but not as much in the tight cluster. 
This means that as sites estimated for get further away, they are more likely to experience 
a cloud event that the site used for estimation does not. 

7. Daily energy generation estimates depend on the proximity to the sensor location. Errors 
fall under all cloud cover conditions with decreasing distance between sites.  By using the 
KPV methodology and with the availability of many PV systems in close proximity, very 
accurate estimates of total daily energy generation can be made. 

 
For the pyranometer mount design section, SolidWorks 2010 simulation tools had to be learnt 
for optimisation of design as well as refreshment of basic SolidWorks skills learnt in second 
year basic mechanical engineering courses as my major is not mechanical and manufacturing. 
A structured engineering design process was followed to produce two alternative portable, 
adjustable tilt dual pyranometer mount designs. Both designs were created with 3D CAD 
models in SolidWorks 2010 and simulation tools were used to somewhat optimise the 
parameters of the designs. Associated items such as a model rooftop PV module frame and 
mock pyranometers were modelled in SolidWorks for visualisation and checking of 
parameters. But design reviews in comparison with the favoured commercial pyranometer 
mount design from skytron resulted in none of the designs being fabricated due to high costs 
and some limitations. 
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Chapter 1 Introduction 
The annual solar radiation Australia receives is approximately 5.8 x 107 PJ or 1.6 x 1010 GWh 
[3] or approximately 10000 times the annual total energy consumption of Australia (6.1 x 103 
PJ) [4]. Solar photovoltaic installations in Australia are the fastest growing source of 
renewable energy with a 204.3% growth in 2010 – 2011 [4] mainly due to government 
incentives such as various state-run feed-in tariff schemes and generous rebates [5]. Within 
this, grid-connected distributed PV systems contribute to the majority of installed PV capacity 
(2.2 GW of total installed PV capacity of 2.4 GW in 2012) [6]. Grid-connected distributed PV 
systems are named for their geographical dispersion and the feeding of their output directly 
into the grid. They can vary in size but are usually smaller (~ 1 – 100 kW) compared to grid-
connected centralised PV systems. Continued vigorous growth of grid-connected distributed 
PV systems is expected even after removal of government incentives due to falling PV costs 
and increases in grid power costs [6].  
 
However, integration of these distributed PV systems into the grid is non-trivial due to the 
inherent intermittency of solar radiation which range from monthly (seasonal variations) to 
daily (diurnal variations) to very short time intervals (due to cloud and other weather 
conditions) [7]. Electricity distributors have strict standards for the stability and power quality 
of their electrical grids, which depend on the balancing of electrical load and supply. In 
Australia, the primary example of this is the Australian Electricity Market Operator (AEMO) 
[8] which oversees Australia’s largest electricity market, the National Electricity Market 
(NEM) [9]. With the continuing growth of distributed PV systems, the electricity supply is 
becoming increasingly influenced by this intermittency.  This restricts the level of penetration 
(percentage of the electricity supply) that distributed solar generation can provide to the 
current electrical grid. This problem has already materialised in some areas in Australia where 
installation of additional renewable generation has been stopped [7].  
 
Fortunately, one key finding in the CSIRO study Solar Intermittency: Australia’s Clean 
Energy Challenge shows that accurate forecasting paired with physical methods such as 
energy storage and fast response alternative stationary energy generation can manage solar 
intermittency cost-effectively with regards to network planning, grid and market operation [7] 
lifting restrictions on future installations. Currently, no reliable solar forecasting methods 
exist in the Australian context, but National Information and Communications Technology 
Australia (NICTA) and ANU, in collaboration with U.S. and Australian partners, are currently 
developing this capability funded by the Australian Renewable Energy Agency (ARENA) 
[10]. The project (hereafter referred to as the ARENA Project) combines low-cost, widely 
dispersed sensing technology with machine learning and computer vision techniques for cloud 
sensing and forecasting [10]. The ARENA project aims to accelerate the widespread uptake of 
distributed grid-connected PV and expansion of the potential PV market, while helping to 
lower the costs to distributors and energy markets [10].  The ARENA project begins with a 
trial stage in Canberra, which will continue through early 2015. 



  

  2 

This thesis was initiated under the ARENA Project and will seek to utilise the novel Kpv 
methodology of Engerer and Mills (2013) [1] and PV system energy generation estimates 
using single site pyranometer observations via the methodology of Engerer (2011) [2] to 
accomplish several tasks under the ARENA Project (refer to Section  1.2: Project Motivation). 

1.1 LITERATURE REVIEW 

1.1.1 PV systems databases  
There are a few instances of distributed PV system databases available in the literature. The 
Pal Town neighbourhood of Ota City, Japan is a unique testbed of high-penetration PV 
deployment with 553 rooftop installations in the neighbourhood (approximately 80% of 
homes) [11]. Each site collected PV power at 1-sec resolution. Some other PV system output 
databases used for analysis include 52 relatively low capacity sites (0.12 to 5.6 kW) across 
Japan used to analyse output fluctuation of dispersed PV systems at 1-min resolution [12], 
100 residential PV systems across Japan for general performance analysis at 1-min resolution 
[13], 55 PV systems in New Jersey with 15 minute resolution energy values [14], 80 rooftop 
PV systems in Arizona, USA for analysis of system performance at 15-min resolution [15] 
and 235 grid-connected PV systems on buildings in Germany for operational performance 
analysis [16]. 

1.1.2 Quality control of PV and solar radiation data 
The quality control of PV system data is quite limited. For the Ota City dataset, Lave et al. 
2011 removed systems with no DC power data, artificial ramps in the data (defined as a short 
duration before and after power output was less than 0.7% capacity) and systems which the 
correlation filter (if daytime correlation between the timeseries for site and mean of timeseries 
of all the sites was less than 0.8) deemed to be errant [11]. For only the New Jersey dataset, 
the only quality control noted was to filter out days containing any system outages [14]. Any 
quality control performed for the other databases were not stated. 
 
The literature on quality control methods for solar radiation data is much more extensive and 
a short review will be done as well for quality control of pyranometer data used. Journée and 
Bertrand (2011) [17] provides a good overview of the various categories of quality control 
done for solar radiation data as does Younes et al. (2005) [18]. The main quality control tests 
suggested were physical threshold tests, step test, persistence test, quality envelope tests and 
sunshine tests. Physical threshold tests include testing measured radiation values against 
theoretical estimated radiation values such as the extraterrestrial solar radiation, clear sky 
radiation, known lower bounds for local conditions, the step test sets limits on variations of 
solar radiation parameters between successive timestamps, persistence tests using the daily 
mean and standard deviation of measured values, quality envelope tests using clearness 
indices and sunshine tests using the sunshine durations [17]. Another important approach uses 
a clear-sky curve as the primary data-control method [19] .  In this project, simple physical 
threshold tests and visual comparison of PV power time series against their theoretical clear 
sky output are deemed sufficient as only energy output is tested instead of more time-sensitive 
phenomenon such as ramp rates (see Section  2.2: Data Curation).  
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1.1.3 Methods for estimating PV energy generation 
Conventionally, PV energy generation estimates have been based on solar radiation 
observations or estimates, that are either obtained via surface observations, most commonly 
recorded by pyranometers [2], or those estimated from satellite observations such as hourly 
gridded insolation datasets from the Australian Bureau of Meteorology [20]. These sources of 
radiation data are most often summarised into Typical Meteorological Year (TMY) data sets 
or collated by year [21]. Using these sources of radiation data, there are many PV 
performance modelling programs available to model the performance of a theoretical PV 
system. These include commercial programs such as PVsyst, PV-DesignPro and free 
programs such as NREL’s System Advisor Model [22] and PVWatts [23]. A list of popular 
modelling packages available can be found in the Sandia’s PV Performance Modelling 
Workshop Summary Report [24] and Cameron et al. (2008) discusses comparisons between 
some of these models [25]. These packages typically use bundled TMY radiation datasets for 
simulation of PV system output, but include the option of adding a user generated dataset.   
 
A full approach on how to produce PV system energy estimates from pyranometer data has 
been discussed in Engerer 2011 [2], which used pyranometer data from the Oklahoma 
Mesonet to create estimates of 2-3 kW rooftop systems across the state of Oklahoma.  The 
approach uses pyranometer observations, separates them into diffuse and beam components 
via the DISC model [26], transposes them to the PV array surface via the Reindl transposition 
formulae [27], and then uses the Sandia Photovoltaic Array Performance Model [28] and 
Grid-Connected Inverter Performance Model [29] to create solar energy generation estimates 
for a given PV system.  The accuracy of this type of approach is supported by validation of 
the radiation models used [30] [31] as well as studies investigating the accuracy of the 
performance models [32] [25] 
 
A potential solution to the uncertainty of pyranometer based PV energy generation estimates 
and their relatively high cost is to use the PV system energy generation from a nearby 
monitored PV system to complete the estimation.  A method for this has recently been 
developed by Engerer and Mills 2013 using a “clear-sky index for photovoltaics” denoted 
KPV. This index is the ratio of measured power output for a specific system divided by the 
theoretical clear sky photovoltaic output for that same system.  It is computed by generating 
the theoretical clear sky power output curve for a given PV system through a series of models.  
They start with the ESRA clear sky beam and diffuse radiation model [33] to produce a clear 
sky radiation estimate, and then transpose it to a PV system surface through the Reindl 
transposition formulae [27].  Then, the available radiation is input to the Sandia PV and 
inverter performance models [28] [29] using a system design as similar to the given array as 
possible.  Given that the characteristics of the PV system requiring an estimate are known, a 
clear sky curve for that site can be drawn and the KPV value from a nearby site can be used to 
create an energy generation estimate at the site requiring it. The radiation models and other 
performance models used in these two methods are given in Appendix A. However, it must be 
noted that there are many radiation models available (a good review of popular clear sky solar 
radiation models is given by Reno et al. (2012) [19] and some direct insolation models given 
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in Bird and Hulstrom (1980) [34]) and there is active research on-going in the optimisation 
and construction of more accurate models. There are also many PV module and inverter 
performance models available and a list of popular models can be found from the PV 
Performance Modelling Collaborative [35] set up by Sandia National Laboratories. 

1.1.4 Separation models 
Directly measuring the beam and diffuse components of radiation is quite costly as it requires 
a pyrheliometer and a pyranometer fitted with a shadowball or shadowband mounted on a sun 
tracker.  As a result, the much less expensive fixed pyranometer measuring global horizontal 
radiation (Egh) has become the most readily available type of standardised solar radiation data 
[31]. However, in order to estimate the radiation arriving on non-horizontal surfaces, the 
beam and diffuse components in this single measurement must be separated. To do this a 
separation model is required. There are many separation models available in the literature. A 
brief overview can be obtained in Lanini (2010) [36] who break down the many models into 3 
categories: polynomial, exponential and logistic, based on the functions used to estimate the 
relationship between the clearness index, Kt, and the diffuse fraction of solar radiation, Edf. 
Some of these models include the DISC model [26], Boland model [37] and Reindl model 
[27] to name a few. The DISC or Maxwell model [26] found to be optimal for its simplicity 
and accuracy based on validation studies performed by Gueymard 2009 [30] and Engerer 
2013 [31] the latter of which was completed for south-eastern Australia. A short description 
of the DISC model can be found in Appendix A.  

1.1.5 Transposition models 
For horizontal solar radiation measurements to be used in performance estimates of tilted PV 
arrays, available solar radiation has to be calculated for the tilted surface using transposition 
models. Transposition of the beam component of solar radiation can be performed with a 
simple geometric formula when solar angles are known [38]. However, the tilted diffuse 
component is less straightforward and is a subject of discussion within the literature due to 
differences in how to partition sources of diffuse radiation (circumsolar, horizon brightening, 
cloud scattering and Rayleigh and Mie scattering) [1]. Diffuse transposition models can be 
roughly separated according to how many sources of diffuse radiation they incorporate and 
what correction factors they use to estimate each of the sources. There are many models 
ranging from the simple isotropic diffuse model [39] to the HDKR model, one of the more 
complex anisotropic models incorporating all sources of diffuse radiation and ground 
reflectance [27]. A recent study of diffuse transposition models by Gueymard (2009) [30] 
comparing 10 transposition models found the Reindl transposition model [27] to perform 
quite well under clear sky observations and particularly at lower sun angles. The Reindl 
transposition model was also relatively simple to compute with few exogenous inputs 
required. A short description of the Reindl model can be found in Appendix A. 

1.1.6 Factors affecting estimation of PV output energy 
PV output energy is inherently tied to solar radiation and as the literature on estimation of 
solar radiation energy is more extensive, factors will be drawn from that pool of literature. 
First, increasing distance is known to increase the inaccuracy of extrapolation or interpolation 
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of solar radiation estimates either using satellite measurements or ground station measurement 
in Perez et al. (1997) [40] with the break-even distance for accuracy using satellite data 
(compared to using more accurate ground station data) to be about 34 km. A clearly defined 
relationship between the extrapolation distance and resulting RMSE which increases with the 
square root of distance and reaches 20% at 50 km was found by Zelenka et al. (1992) [41] 
confirming limited observation by Hay (1984) [42], reviewed with regards to solar energy 
systems in Perez et al. (1994) [43]. As reviewed by Glasbey et al. (2001) [44], Long and 
Ackerman (1995) [45] found difference in cloud cover having the main effect on spatial 
variability between different solar radiation site as did Tovar et al. (1995) [46]. Cloud cover or 
general sky conditions can be characterised by using the clearness index KT as found by Udo 
(2000) [47] and Zangvil and Lamb (1997) [48] but is complicated by these values depending 
on the solar zenith angle but usage of the clear sky index Kcs (explained in Section  2.3.1) 
removes this effect. The variation of the clearness index for daily and monthly data is found to 
be able to classify sky conditions [47]. There are many different methods of classifying sky 
conditions and a new method (K-POP – using the clearness index and a new index called the 
probability of persistence) along with reviews of the current methodologies is suggested by 
Kang and Tam (2013) [49] The effect of the solar zenith angle on estimates is self-evident due 
to the diurnal nature of solar radiation. 

1.1.7 Solar radiation measurements 
Thermopile pyranometers (or simply pyranometers) are devices with junctions of dissimilar 
metals in contact with a painted black surface which absorbs solar radiation and a separate 
surface which does not absorb solar radiation [50]. Incident irradiation is measured indirectly 
from the temperature difference between these two surfaces utilizing the principle of the 
Seebeck effect. Pyranometers have an approximately flat spectral response from ~400 to 
~2700 nm and measure approximately the total incident shortwave radiation, independent of 
the spectral composition of the incident radiation [51]. The pyranometer is the standard for 
outdoor PV studies as per international standards: IEC 61724 (Photovoltaic system 
performance monitoring – guidelines for measurement, data exchange and analysis), ASTM 
E2848C (Standard Test Method for Reporting Photovoltaic Non-Concentrator System 
Performance standards) and the CAISO Business Practice Manual for Direct Telemetry 
(Version 1, 8/2/2011) [52]. Thus, pyranometers measure the truly available solar irradiance 
and have more universal applicability due to the lack of post-processing required [52]. 
Pyranometers are also designed for outdoor application for measurement of global horizontal 
irradiance with lower directional error in measurement of available irradiance due to their 
construction with a glass dome, resulting in higher transmission of irradiance at larger angles 
of incidence, compared to flat PV reference cells. Pyranometers are also useful for measuring 
the total radiation arriving on a tilted surface, such as a non-horizontal PV array.  Such 
measurements thereby alleviate the need for the separation and transposition models 
previously discussed, allowing for direct simulation of a given PV system through the Sandia 
performance models.  These measurements, however, are most often unavailable, due to both 
the cost of the instrumentation and the relatively few commercially available mounting 
brackets.  
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1.1.8 Market research of possible pyranometer mounting systems 
Comparison of PV system output and pyranometer radiation measurement estimates requires 
knowledge of both the horizontal and plane of array global solar radiation components (refer 
to Section  1.2 for a detailed explanation of the motivation). In order to obtain accurate 
measurements for comparison, an adjustable tilt mount which can mount two pyranometer, 
one measuring global horizontal solar irradiance and one measuring plane of array global 
solar irradiance is required. These are some of the pyranometer mounts found which fulfils 
the requirements. By Kipp & Zonen, there is an Adjustable Tilt CMP Mounting Kit [53] but it 
requires a flat surface with holes for mounting or purchase of further accessories such as CMF 
Mounting Fixtures [54] and CMB 1 Mounting Bracket [55] for mounting to a wall or mast. 
Thus, this set of accessories requires additional modification and equipment to enable 
mounting onto or next to a rooftop array. From Campbell Scientific, there is a CM245 
(Adjustable Angle Mounting Stand) and CM225 (Fixed Mounting Stand) compatible with the 
CMP11 pyranometer and attaches to a mast, cross arm or pole. Like the Kipp & Zonen system 
above, it requires additional equipment for mounting next to a rooftop array [56]. From 
skytron energy GmbH [57], there is a plane-of-array and horizontal global pyranometer 
mounting system which attaches directly to a photovoltaic array frame. Pictures of the 
systems found are shown in Figure 1 below. 
 

 
Figure 1: Different pyranometer mounts from Kipp and Zonen [51], Campbell Scientific [54] and skytron 
energy [55] respectively (from left to right) 

1.2 PROJECT MOTIVATION 
This undergraduate thesis was initiated under the ARENA Project to accomplish several key 
tasks: 
 
First, the collation of a high-quality dataset of grid-connected distributed PV systems in 
Canberra, which will be used for the training of solar forecasting machine-learning-based 
algorithms. This project will compile such a dataset from systems distributed across the 
Canberra region drawn from the National Solar Schools Program [58] and CSIRO WERU 
research sites [59] (hereafter referred to as ACT school and WERU sites respectively).   
 
Second is the validation of the novel KPV methodology of Engerer and Mills (2013) [1] in 
order to demonstrate its ability to the use the PV system energy generation from one site, to 
estimate the energy generated at a second nearby site.  The proposed method could allow PV 
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system energy generation to serve as a source of input data to solar forecasting algorithms, but 
its effectiveness must first be explored.  This method is explained in further detail (in 
Section  1.4: Approach) 
 
Third, the KPV method will be directly compared to estimates of PV system energy generation 
created with single site pyranometer observations via the methodology of Engerer (2011) [2].  
This comparison is important because the use of pyranometer data represents a more 
conventional, but more expensive method, for the creation of PV systems power and energy 
generation estimates.  The lowering of such costs is a key goal of the ARENA project. 
 
Lastly, there remain many errors in the separation and transposition of radiation observations 
to the plane of array (POA) of a given PV system, therefore the exact available radiation 
impinging on a PV system surface remains unknown in all of the above cases.  This creates 
uncertainty when assessing the errors in these different approaches.  To remedy this, a 
transportable mount for two pyranometers (one measuring global horizontal irradiance and the 
other measuring plane-of-array irradiance) that is capable of being affixed to a given PV 
system will be designed. 

1.3 RESEARCH QUESTIONS 
Based on the above motivations, four primary research questions have been chosen for 
explicit and thorough investigation: 
 
1. What challenges can be identified in the curation of a PV energy generation dataset and 

the resulting simulation of their clear sky output? 
2. How accurately can the hourly energy generation of a PV system be estimated by two 

different methods: a novel method of using the KPV index and energy output data from 
nearby PV systems and the traditional method of single site pyranometer data?  

3. How does the accuracy of these two methods change over different time scales (hourly to 
monthly) and factors such as cloud cover, distance and solar geometry? 

4. How can global and plane of array measurement of solar radiation be taken on roof top 
sites in order to verify the performance of co-located PV systems? 

 
The scope of this project is limited to the basic curation of a PV generation dataset, comparing 
the accuracy of the two methods across different factors qualitatively and designing a portable 
adjustable tilt dual pyranometer mounting system to answer the research questions above. 
This project does not seek to create new models, modify the two methods to improve 
accuracy or implement complicated curation techniques. 

1.4 APPROACH 
To answer the above questions, the project will build a curated dataset of measured output 
from grid-connected PV systems and radiation measurements from pyranometers in the 
Canberra region, analyse this dataset to compare the KPV based energy generation estimates 
(kWh) to traditional pyranometer input and design a portable adjustable rooftop pyranometer 
mount. Thus, the format of this paper will be divided along these three main categories: 
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Curating a grid-connected PV system and pyranometer output dataset, comparison of the two 
methods (KPV and pyranometer output) and mechanical design of a portable adjustable dual 
pyranometer rooftop mounting system. These are further explained in the paragraphs below. 
 
In most commercial estimations of PV system output, solar radiation data from a ground 
measurement stations is used to estimate the power output of the system. The single site 
pyranometer data will be obtained as minute interval data from the ANU College of 
Engineering and Computer Science (CECS) Solar Roof Server [60] on the ANU campus and 
half-hourly data from the CSIRO WERU sites (Refer to Section  2.2.1: Sources of 
experimental data for further elaboration). The single site pyranometer data will provide the 
global horizontal solar radiation which will be translated into global plane-of-array radiation 
using methodology from Engerer 2011 [2] and Lanini 2010 [36]. This will then be compared 
to the estimated output derived from utilising the KPV methodology of Engerer and Mills 2013 
[1] using the collated PV output data. The collated dataset will be formatted to work with the 
existing R code already written by Nicholas Engerer, enabling usage of properly calibrated 
and reliable PV systems for prediction of the output from neighbouring PV systems 
(Section  2.3: Modelling and Analysis).  
 
In order to easily and accurately take global and plane of array measurement of solar radiation 
be taken on roof top sites in order to verify the performance of co-located PV systems, the 
measurement devices to be used are pyranometers due to their higher accuracy and universal 
applicability. As the electronics for data logging and transmission from the pyranometers as 
well as the housing box are currently being constructed by Mr Tristan Steele at ANU 
Research School of Physics and Engineering, the approach to the third research question will 
be the mechanical design of a portable adjustable tilt dual pyranometer mounting system. 
( Chapter 4: Pyranometer Mount Design). 
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Chapter 2 Methodology 

2.1 OVERVIEW 
The methods chapter will be divided into three categories:  
 
1. Dataset curation: Steps for sourcing, collation and quality control of PV system output and 

pyranometer output data using PV and solar radiation modelling techniques described in 
the next section on modelling and data analysis (Section  2.2: Data Curation) 

2. Modelling and data analysis: Overview of modelling steps used, error metrics for analysis 
and methods for the comparison of accuracy of the different modelling approaches with 
respect to different time intervals and factors such as distance, general sky conditions, and 
azimuth and tilt difference (Section  2.3: Modelling and Analysis) 

3.  Pyranometer mount design: Steps taken for mechanical design of a portable tilt-adjustable 
dual pyranometer mount for rooftop PV arrays (Section  2.4: Pyranometer mount design) 

2.2 DATA CURATION  
The data used in this thesis project were obtained from two principal sources:  pyranometers 
and photovoltaic systems.  Each of these data sources require quality control completed prior 
to the analysis can be completed.  While quality control procedures for pyranometer data are 
well established, those for PV system data are less understood.  Identifying the challenges 
associated with the curation of this type of data PV energy generation dataset is one of the 
primary aims of this thesis and will be undertaken in this thesis sub-section. 

2.2.1 Sources of experimental data 
The sources of data used were: 
 
1. Hourly PV system energy output (Wh) data from 35 ACT school sites under the National 

Solar Schools Program [58] and ACT Solar Schools Program [61] 
2. Half-hourly averaged PV system power output (W) and global horizontal irradiance 

pyranometer output (W/m2) data from 3 CSIRO Weather and Energy Research Unit 
monitoring sites [59] 

3. Minute averaged global horizontal irradiance pyranometer output (W/m2) from the ANU 
College of Engineering and Computer Science (CECS) Solar Roof project [60] 

4. The weather data required for PV system simulation (wind speed and temperature) was 
obtained from the Australian Government Bureau of Meteorology Canberra Airport 
monitoring station (Station number 70351). 

 
Data was extracted from all sources for a one year period (1st August 2012 to 31st July 2013). 
Output data was extracted from the web addresses of references given above. Data for ACT 
schools can be categorised into 2 funding rounds: Round 1 consists of systems operational 
from mid-2012 and Round 2 consists of systems operational from early 2013. Regarding 
quality control procedures done by the organisations disseminating the data sources (CSIRO, 
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CECS, ACT Schools and BoM) before they are available for general use (e.g. for research 
such as this project), the quality control procedures done for the ACT school sites and CECS 
Solar Roof project by the technical staff in charge of those data sources are unknown. Some 
quality control and data cleaning was performed by CSIRO WERU technical staff on the 
WERU sites output by plotting the data, observing the traces and rectifying any issues seen as 
well as removal of incomplete records before the data is posted on the web [62]. Regular 
maintenance of radiation instrumentation is performed by WERU staff at one of the WERU 
sites, Black Mountain (WERU site 641) but not the other two sites [62].  
 

 
Figure 2: Public Google Map created for visualisation of sites2  [63] 

2.2.2 Metadata and data collection for sites 
Metadata in the context of this project is data which provides information about the PV 
systems and radiation sites. The metadata required to completely characterise a PV system for 
the purposes of estimation of various PV system outputs includes is as follows: PV 
modules,(brand, model, module rating), PV Array (installed capacity, number of modules in 
series, number of parallel strings per inverter, orientation and tilt)), Inverters (brand, model, 
rating, number of inverters), Geographical information (longitude, latitude and altitude). For 

                                                 
2  On the legend, Round 1 and 2 refer to schools installed during the respective phases of the National Solar 
School Program, CECS and WERU refer to the CECS and WERU sites respectively 
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radiation measurement sites, only geographical information is required.  The full list of 
metadata is provided in Appendix B. The required metadata for the ACT schools sites was 
extracted from manuals obtained by liaising with personnel from the ACT Government 
Education and Training Directorate. Metadata for the WERU sites was retrieved from the web 
archive created for this project as well as through email communication with Mr. Mark 
Kitchen from WERU. In a few cases, some of the Round 1 school sites required verification 
of PV system azimuth through the use of Google Earth™ satellite and aerial photography 
imagery. Examples of this process can be found in Appendix B. Output data was extracted 
from the web archives [58] [59] [60] and time-stamped using the R package “lubridate” [64]. 

2.2.3 Data quality control measures 
Based on the metadata obtained and checking of output data, some sites were immediately 
removed for having either no output data for the period of data collection or had modules in a 
range of orientations and/or tilts which the current coding for models is ill-equipped to 
account for (e.g. multiple sub-arrays of different orientation). The remaining sites and data 
sources were then subjected to four levels of quality control tests to obtain the final 
experimental dataset used. 

2.2.3.1 Preliminary visual check 
All data sources were then put through a preliminary visual check by plotting the full duration 
of collated experimental data for sanity checks.  Some examples of these types of check 
include: temperature distribution for BoM data over the whole year follows seasonal trends 
plus noise; maximum measured energy/power output for the PV systems is not consistently 
greater (>1.5x) or less (<0.5x) than rated system capacity for extended periods. BoM, WERU 
and CECS data passed these initial checks, but additional school sites were eliminated due to 
various problems such as maximum measured energy output not being matched with stated 
system capacity. Some sites had issues with sub-sets of data but could be corrected with 
manual removal of the problematic periods. An example of each is given in Figure 54 and 
Figure 55 in Appendix B. No further quality control was performed on the BoM weather data.  

2.2.3.2 Initial detailed visual check 
The WERU, CECS and ACT schools sites were then subjected to a detailed visual check 
where measured values were plotted for each day against the theoretical clear sky values.  
This allowed for identification of errors in tilt, timestamps and shading in the PV system data 
and timestamp errors for the radiation sites. A visual check and manual time shifting of 
wrongly recorded time stamps is used for time recording errors while PV sites with heavy 
apparent shading were removed. An example of time-stamping error can be found in Figure 
56 in Appendix B. For errors in recorded tilt of PV arrays, an experimental R function was 
written to estimate the actual tilt from measured clear sky days output by minimising the 
RMSE to theoretical clear sky estimated output and checking that estimated bias remains 
constant throughout the year.  It was however unable to match best estimated tilts using trial-
and-error with visual checks and so results were not used. Further refinement of this method 
is outside of the scope of this thesis.  Future work is recommended to finalise this approach.  
Details of the function can be found in Appendix B. Tilts were estimated using trial and error 



  

  12 

by fitting known clear sky measured data to theoretical clear sky estimates of system output. 
Additional R code was authored for easy visualisation and checking of large number of data 
sources. 

2.2.3.3 Automated physical threshold and day removal tests 
)RU�WKH�S\UDQRPHWHU�GDWD��WKH�SK\VLFDO�WKUHVKROG�RI�����kcs ������ZDV�VHW (kcs is the theoretical 
clear sky index which is explained in Section  2.3.1: Analysis methods). Data for the whole 
day was removed if more than 10% (rounded to the closest integer) of the daylight measured 
values were missing. Daylight times were determined from the estimated theoretical clear sky 
output (which is which is explained in Section  2.3.1). For the PV system data, the same 
SK\VLFDO�WKUHVKROG�RI�����kpv ������ZDV�VHW (kpv is the hourly KPV index which is explained in 
Section  2.3.1). The same day removal procedure was followed with the modification if the 
integer value of 10% (rounded to the closest integer) of the number of daylight measured 
values was less than two, the number of allowable missing daylight measured values was set 
to two. This was to account for the fact that measured values of the first and last daylight 
hours often fail the physical threshold test due to uncertainty in the measurement of very 
small output values.  Additionally, the choice of the 1.5 value, rather than a value of 1, was 
motivated by the possible existence of cloud enhancement events, as discussed in Engerer 
2013 [31]. 

2.2.3.4 Final detailed visual check 
The detailed visual check (from Step  2.2.3.2) is repeated to remove anomalies such as days 
with missing measured values in the middle of the day. Finally, sites with less than a full 
month of data remaining were removed. An example is given in Figure 57 in Appendix B. 

2.2.4 Conclusions 
After the basic quality control and data curation steps performed above, final list of remaining 
sites used were 26 ACT school sites, the 3 WERU sites and CECS. This list along with all 
relevant characteristics of the systems can be found in Appendix B. There were a few 
limitations and options for further work identified in the course of this data curation. They 
shall be discussed in the paragraphs below 
 
First, the limitations found were mainly related to the theoretical clear sky estimates for PV 
systems generated by the model used. From the visual checks, the measured pyranometer 
output data conformed very well to the modelled theoretical clear sky global horizontal 
irradiance but the PV output data did not conform so well to modelled clear sky values even 
for known clear sky days with measured data from some sites consistently slightly greater 
than theoretical clear sky output estimated. This could be due to mismatches between the 
actual module and inverter model and the theoretical ones modelled in the Sandia 
performance model because the number of components available in the Sandia Module and 
Inverter Performance Models was limited. A list of matches used and the mismatch between 
the coefficient of actual and modelled component can be found in Appendix B. However, it 
could also be due to local weather conditions as the Performance Models depend on ambient 
temperature and wind speed data which is obtained from the Canberra Airport monitoring 
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station which is quite far away from some sites. Some other effects observed are that output in 
the early morning and late evening can be drastically different in percentage values for the 
measured and theoretical clear sky estimate (although the absolute difference would be quite 
small because output in those hours is minimal) which could also be due to slight timeshifting 
errors of perhaps a few minutes and equipment data logging errors that are difficult to pin 
down. This resulted in quite a few days for most of the sites having the very earliest hours and 
last daylight hours removed by quality control, which can be observed to be minimal 
compared to the overall energy output of the entire day but might result in some bias. Also, 
shading is an issue which was addressed only minimally in the quality control (by removing 
sites with obvious shading issues) because of the complexity associated with finding and 
removing it and the effects of soiling and degradation were not addressed although all the PV 
systems analysed were newly installed so this would not be as large of an issue.  
 
Therefore, some options for further work to improve this would be to adapt, implement and 
test more developed quality control procedures from solar radiation measurement curation 
techniques to adjust for some of the problems listed above. However, further research is 
required in order to deal with some PV specific issues such as shading, module degradation 
and soiling. Different module and inverter performance models can be implemented and 
tested to determine if the increased accuracy of the Sandia Performance Models is worth the 
mismatch due to the small component list available for it or less accurate modules such as the 
De Soto “five-parameter” module model [65] which uses coefficients available from 
manufacturer datasheets. Other solar radiation models for clear sky theoretical output, 
separation and transposition can also be implemented for validation against the measured 
data. 

2.3 MODELLING AND ANALYSIS 
With the data quality control complete, the comparison of the two models is undertaken. 
The methodology for using pyranometer data to estimate PV energy output comes from 
Engerer 2011 [2] which separates them into diffuse and beam components via the DISC 
model [26], transposes them to the PV array surface via the Reindl transposition formulae 
[27], and then uses the Sandia Photovoltaic Array Performance Model [28] and Grid-
Connected Inverter Performance Model [29] to create solar power generation estimates for a 
given PV system. The power generation estimates are then numerically integrated using 
Riemann sums over the relevant time-step (hourly to monthly) to obtain PV energy generation 
estimates for a given PV system (hereafter be referred to as the pyranometer method). 
 
The methodology of using the PV system energy generation from a nearby PV system to 
estimate the energy generation for a given PV system is to use a “clear-sky index for 
photovoltaics” denoted KPV [1]. The theoretical clear sky power output curve for a given PV 
system is computed with the ESRA clear sky beam and diffuse radiation model [33] to 
produce a clear sky radiation estimate, which is then transposed it to a tilted PV system 
surface through the Reindl transposition formulae [27].  Then, the available radiation is input 
to the Sandia PV and inverter performance models [28] [29] using a system design as similar 
to the given array as possible. The power generation estimates are then numerically integrated 



  

  14 

using Riemann sums over the relevant time-step (hourly to monthly) to obtain PV energy 
generation estimates (hereafter referred to as the KPV method).   
 
The PV modules and inverter used for each of the sites were matched to the closest equivalent 
in the Sandia module and inverter components database last updated in August 2011. The 
matches are given in the tables in Appendix B. A graphical representation of the various 
modelling steps used for the different methods of predicting PV output data in the R codebase 
is given in the next page so readers can have a clear mental image of the steps used. 

 
Figure 3: Methodology for generating pyranometer-based predictions according to Engerer 2011 (left) 
methodology for generating KPV predictions using PV output data according to Engerer and Mills 2013 
(right)3  
 

                                                 
3 Blue boxes represent inputs, white boxes are processes, purple pentagons are interim outputs, green hexagons 
are final outputs and the yellow outlines represent the groupings within written R functions for the different 
models 
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The methodology given in the figure above is used for the minute averaged pyranometer 
power data and hourly PV system energy output data. The theoretical clear sky power output 
for the KPV methods is calculated for minute intervals and summed up with Riemann sums to 
obtain the hourly clear sky energy output. For the half-hourly averaged pyranometer power 
data, the solar angles and Air Mass calculations calculated for the time stamp 15 minutes 
before the stated time of the data point (measurements are taken every second and averaged 
over the whole half-hour interval e.g. if the time stamp of the data point is 3:30 pm, the 
measured value is the averaged values from 3:00 – 3:30pm so we calculate the solar angles 
and Air Mass using 3.15 pm as the time stamp). This was done to simplify computation and 
introduces additional uncertainty into the calculated value but the effect is minimal as results 
show good agreement when measured values. However, further work in this area would be to 
calculate the time stamp (to nearest minute) during the half-hour interval for which the 
average values of the solar angles are obtained by calculating all the minute interval solar 
angles during that half-hour interval, finding the mean and matching the mean to the required 
time stamp. This would require much more coding with increased accuracy that is not really 
required for exploratory data analysis and so was not implemented during this project. 

2.3.1 Analysis methods 
The comparison with differing time intervals from hourly to monthly energy generation using 
the pyranometer output to estimate PV energy generation is achieved by summing up the 
estimated PV energy generation from minute resolution or half-hourly resolution data over the 
required time interval. This method was used as it is highly unlikely for pyranometer outputs 
to be recorded and reported in resolutions larger than hourly intervals. However, for PV 
system energy generation output, it is still highly likely for sites to recording only low 
resolution data which has been summed up daily or monthly. Hence, for the KPV 
methodology, the KPV estimates for daily and monthly intervals are derived from daily and 
monthly KPV indices respectively using the summed up measured PV energy output over the 
required time interval. For monthly estimates using both the pyranometer and KPV methods, 
due to the presence of missing days in a month, a threshold is set for calculating the monthly 
estimates. If more than 10% of the days in a month are missing, then estimates for that site for 
that month will not be calculated. However, if the number of missing days is less than 10%, 
the output for the missing days is set to the mean daily energy output for that month for the 
given site for computational purposes.  
 
The model outputs analysed for each different time scale will be different due to the need to 
normalise the outputs so fair comparisons using the same error metrics can be made across 
different time scales. Hence, for the hourly data analysis, hourly estimated and measured 
output data will be presented as kWh/kWp

4 which is the energy output divided by the rated 
capacity of the PV system; for daily analysis, the data will be presented as a Daily Energy 
Ratio (DER) which is the daily sum of energy output divided by the daily sum of the 

                                                 
4 kilowatt-hours (kWh) is the unit of energy commonly used by electrical utilities for billing purposes as well as 
measure output of PV systems and  kWp represents the maximum overall rated power output of a PV system 
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estimated  theoretical clear sky energy output; for monthly analysis, the data will be presented 
as a Monthly Energy Ratio (MER) which is the monthly sum of daily energy output divided 
by the monthly sum of the estimated theoretical clear sky energy output.  
 
To further extend the analysis of the accuracy of these two methods, several additional factors 
are explored as outlined in Research Question #3:  how does the performance of these models 
change with distance, general sky conditions, and solar zenith angle? The investigation of the 
influence of distance and solar zenith angle are easily computed for each pair of estimates. 
The general sky conditions require more assumptions, and here will be categorised into bins 
based on approximate cloud cover as approximated by the clearness index.  For the PV 
systems, this clearness index is, of course, KPV.  However, for the pyranometer data, this is 
based on the clear-sky index for global horizontal irradiance, Kcs;  
 
௦ܭ  =   [ 2.1]ܪ/ܪ
 
This is the ratio of the measured global horizontal terrestrial insolation and the horizontal 
theoretical clear sky terrestrial insolation as calculated by the ESRA model.  The choice of the 
ESRA model is based on the positive review of its performance in Australia as shown in 
Engerer and Mills 2013 [1].   
 
In addition, as the clearness indices for the daily and monthly estimates are essentially the 
DER and MER respectively, for comparisons of general sky conditions for the daily and 
monthly estimates, the standard deviation of KPV and Kcs values for the daily and monthly 
estimates are used. For daily estimates, the standard deviation of KPV and Kcs values are 
computed from hourly/half-hourly/min resolution estimates (depending on the source of data 
used) while for the monthly estimates, the standard deviations are computed from the daily 
resolution estimates. Hence, standard deviation values are derived from estimates which are 
“one time resolution” up, with different time resolutions as described before. 

2.3.2 Analysis metrics 
Upon the completion of these analysis methods, they will be assessed according to four 
primary error metrics.  These are the normalised Root Mean Squared Error (RMSE), 
normalised Mean Bias Error (MBE), normalised Mean Absolute Percentage Error (MAPE) 
and Mean Absolute Error (MAE). The RMSE and MBE are the most common measures used 
in the validation of solar radiation model performance [66] [67] [68] [36] while the MAPE 
was computed as an additional measure of the overall absolute error [31]. Badescu 2013 
recommends for a “good model” to have |ܧܤܯ| < 5% and ܴܧܵܯ < 15% while a “bad 
model” will have |ܧܤܯ| > 10% and ܴܧܵܯ > 20% [66]. 

2.3.2.1 Root Mean Squared Error (RMSE) 
The normalised RMSE is given by: 
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ܧܵܯܴ = 1
തܱ ඩ

1
݊( ܲ െ ܱ)ଶ



ୀଵ
  

[ 2.2] 

Where Pi and Oi are the given model estimate and observed value respectively at time i, n is 
the total number of observations and തܱ is the mean over all observed data points. The RMSE 
is a measure of the overall difference of model estimates to the observed values. RMSE 
provides information on the short-term performance of the model and is a measure of the 
variation of the predicted values around the measured data. RMSE also shows the efficiency 
of the developed model in predicting future individual values. A large positive RMSE implies 
a big deviation in the predicted value from the measured value [69]. 

2.3.2.2 Mean Bias Error (MBE) 
The normalised MBE is given by: 
 

ܧܤܯ = 1
݊ തܱ ܲ െ ܱ



ୀଵ
 

[ 2.3] 

The MBE is a measure of bias of the model estimates, an indicator for the average deviation 
of the predicted values from the measured data. A positive MBE value indicates the amount 
of overestimation in the predicted energy and vice versa [69]. 

2.3.2.3 Mean Absolute Percentage Error (MAPE) 
The normalised MAPE is given by: 
 

ܧܲܣܯ = 1
݊ฬ( ܲ െ ܱ)

ܱ
ฬ



ୀଵ
 

[ 2.4] 

The MAPE gives a measure of the overall absolute error of a given model. The MAPE is 
sensitive to the absolute values of the observed values so for small observed values, the actual 
difference in the model estimate and observed values might be small but may still result in an 
extremely large MAPE. For the MAPE using small observed values, measurement or 
equipment errors might dominate, depending on the magnitude of the observed values, and 
mask model errors so a very large MAPE does not necessarily mean the model used has very 
low accuracy. The MAPE is an indicator of accuracy in which it expresses the difference 
between real and predicted values to the real value [69]. 

2.3.2.4 Mean Absolute Error (MAE) 
The MAE is given by: 
 

ܧܣܯ = 1
݊|( ܲ െ ܱ)|



ୀଵ
 

[ 2.5] 

The MAE is used to determine the actual error in the estimates when the MAPE is unable to 
be used due to very low denominator values causing it to become exponentially large and 
masking any visible patterns. 
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2.4 PYRANOMETER MOUNT DESIGN 
The pyranometer mount design was accomplished with the steps below. First, design 
requirements and functions were determined with consultation from stakeholders (in this case, 
Mr. Nicholas Engerer and Dr Franklin Mills). Second, possible designs were researched or 
brainstormed and reviewed with the stakeholders. A preliminary design study was then done 
with computer-aided design (CAD) software, SolidWorks 2010, with some 3D prototyping 
done for a physical feel of the design. Partial rapid prototyping using the Bits to Bytes 3D 
Touch printers with the kind assistance of Mr. Jeremy Smith (CECS Technical Staff) was 
used to obtain a better feel for the preliminary design. The preliminary design was then 
reviewed with the stakeholders with appropriate modifications suggested. A detailed design 
study was then done with static load simulations using the SolidWorks 2010 Simulation 
Xpress tool to optimise the design. The detailed design was then reviewed with fabrication 
personnel from RSPE and stakeholders and further modifications made based on technical 
fabrication restrictions and issues found.  
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Chapter 3 Data Analysis 

3.1 INTRODUCTION 
To characterise and compare accuracy between the two models, we identified several different 
factors which are shown in the literature (refer to Section  1.1) to have a strong influence on 
model accuracy. The different factors analysed with respect to the accuracy of the two models 
are: different time scales (hourly, daily and monthly), general sky condition (KPV/Kcs bins for 
hourly analysis, standard deviation of daily KPV/Kcs bins for daily analysis), distance between 
sites (straight-line distance) and solar zenith angle. The overall analysis is structured into 4 
different levels to find patterns in the relationships. The roadmap to teasing out the 
relationships between each of the factors using the two models is to create a base case for 
comparison between the models and add progressively more factors to that base case to build 
upon the hypothesis behind relationships that are already present. Patterns that are observed 
with only a single factor might be complex and not be reproducible but if a data point is 
categorised via several different variables that most strongly affect the accuracy of the 
estimate, we might observe a reproducible simple pattern using the interplay between these 
factors and use it to improve the accuracy of the underlying models. This can perhaps be 
termed qualitative multivariate data exploration. The base case to be used here would be 
hourly comparison between the two models using co-located PV systems and pyranometers 
from WERU sites 641, 642 and 643 with the CECS pyranometer as an additional check. 
 
1. Level 0 – Base case which compares accuracy between the two models using sites 641, 

642 and 643 with hourly modelling results (this answers Research Question #2) 
 
Levels 1 – 3 answer Research Question #3: How does the accuracy of these two methods 
change over different time scales (hourly to monthly), distances, general sky conditions and 
solar zenith angles? 

 
2. Level 1 – Independent analysis of the different factors (holding all other factors consistent 

with the base case except for the factor to be analysed) 
2.1. Different time scales (hourly, daily and monthly) - performing the same analysis for 

daily and monthly modelling results and compare it to the base case already analysed 
2.2. General sky condition (with hourly modelling results) 
2.3. Distance between sites (with hourly modelling results) 
2.4. Solar zenith angle (with hourly modelling results) 

 
3. Level 2 – Analysis of two different factors simultaneously 

3.1. Different time scales and general sky condition – perform analysis as per 2.2 in Level 
1 above for daily modelling results 

3.2. Different time scales and distance between sites – perform analysis as per 2.3 in 
Level 1 above for daily modelling results 

3.3. General sky conditions and distance between sites (with hourly modelling results) 
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4. Level 3 – Analysis of three different factors simultaneously 

4.1. Different time scales, general sky condition and distance between sites – perform 
analysis as per 3.3 in Level 2 above with daily modelling results 

 
Analysis of these factors brings up how the relationships between these factors are important 
from level 2 onwards. Some of the more complex plots for analysis of general sky conditions 
were plotted using the R package “ggplot2” [70]. 

3.2 LEVEL 0: COMPARISON USING HOURLY ESTIMATES 
By undertaking the modelling process described in Section  2.3.1, data analysis can be used to 
engage Research Questions #2 and #3.  First, Research Question #2 is investigated: How 
accurately can the hourly energy generation of a PV system be estimated by the two different 
methods?  In the case of the three WERU sites, 641, 642 and 643, each has both a 
pyranometer and PV system, creating an ideal test site for side-by-side comparison of the two 
methods.  Estimates of the power output at all of the surrounding PV systems are generated 
using PV system and the pyranometer, via the Engerer and Mills 2013 and Engerer 2011 
method, respectively.  The predicted versus measured hourly energy generation are presented 
for the three WERU and the CECS pyranometer sites in Figure 4 and Figure 5 below.  
 
The units used for the hourly estimates are kWh/kWp which represents the normalised energy 
output of the PV system to scale it to between 0 and 1 by dividing the energy output in kWh 
with the peak rated capacity of the PV system. This normalised energy output is sometimes 
termed peak sun-hours as well and whichever interpretation most familiar to the reader can be 
used. 

  
  
Figure 4: Comparison between hourly estimates of kWh/kWp using KPV with hourly PV system output 
and using half-hourly pyranometer data for WERU site 641 against measured kWh/kWp. Analysis metrics 
are annotated on the respective graphs. For all plots, density of points is plotted instead of actual points 
for clarity (the darker the colour, the higher the density of points). Continued on the next page for WERU 
site 642, 643 and CECS 
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Figure 5: Comparison between hourly estimates of normalised energy (kWh/kWp) using KPV with hourly 
PV system output and using half-hourly pyranometer data for WERU sites 642, 643 and CECS against 
measured values. Analysis metrics are annotated on the respective graphs. Density of points is plotted 
instead of actual points for clarity (the darker the colour, the higher the density of points) 
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For Figure 4 and Figure 5, each point in the plots represents the estimated PV system energy 
output and the measured output for each daylight hour for each site. Each plot utilises data for 
the whole year. Density of data points was plotted instead of actual data points for clarity due 
to the high density of overlapping data points in some areas. From the spread in the density 
plots (perfect estimates would lie on the plotted red line, hereafter referred to as the perfect 
estimate line), we can see that there is a general trend that when output measured is very high 
or very low; estimates tend to be closer to measured values for both methods. The spread 
when output measured is intermediate is much larger, indicating that estimates performed 
were more likely to be inaccurate.  
 
Table 1: Summary of analysis metrics for hourly comparison of the 2 estimation methods 

 Site KPV Pyranometer 

RMSE (%) 

641 18.8 15.9 
642 19.8 19.9 
643 20.7 19.9 

CECS - 16.2 

MAPE (%) 

641 64.4 75.0 
642 53.1 130.7 
643 42.8 41.5 

CECS - 64.8 

MBE (%) 

641 6.5 0.7 
642 -6.5 5.9 
643 5.3 1.0 

CECS - 2.1 
From Table 1, it can be seen that for the comparison of the two models using the co-located 
PV system output and pyranometer output to estimate PV system output for the other sites in 
the database, the pyranometer-based estimates performed slightly better using the standard 
error metrics of RMSE and MBE but were worse than the KPV estimates when the MAPE was 
calculated. The smaller RMSE indicates that the pyranometer estimates were slightly closer to 
the actual measured values than the KPV estimates and the smaller MBE indicates that the 
pyranometer estimates have a very low tendency to be biased (except for site 642). The CECS 
minute level pyranometer data did not have a co-located PV system for comparison but is 
very close to WERU site 641 (straight line distance difference of 0.563 km) and can be 
approximately compared with the half-hourly pyranometer and hourly KPV estimates 
performed using that site. At the CECS site, RMSE was slightly higher than comparable 
estimates from site 641, MAPE was higher than the KPV estimates from site 641 and the MBE 
was slightly increased over than the estimates using half-hourly pyranometer data from site 
641.  The higher resolution data from the CECS site only performed better than the half-
hourly 641 pyranometer estimates for the MAPE while the RMSE and MBE metrics were 
slightly higher for the CECS estimates, indicating reduced accuracy of estimates. Overall, it 
appears that neither method is clearly more proficient at producing PV hourly energy 
generation estimates though the extremely large MAPE of the pyranometer estimates make 
the pyranometer model less attractive.   
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3.3 ANALYSIS OF DIFFERENT FACTORS 
To further understand the accuracy of these two models, additional investigations must be 
undertaken. This is the focus of Research Question #3:  How does the accuracy of these two 
methods change over different time scales (hourly to monthly), distances, general sky 
conditions and solar zenith angles? First, the same format of analysis used for comparison of 
the two models using hourly data for Research Question #2 in Section  3.2 will be used for 
comparisons using daily and monthly data. After ascertaining how the accuracy of the models 
change over different time scales, due to the large bias found using pyranometer data from 
sites 642 and CECS and extreme distance of site 643 (it is not within Canberra), the 
pyranometer estimates for the remaining levels of analysis will be performed with only site 
641 (Refer to Section  3.3.1.2 for a more detailed explanation). The KPV estimates on the other 
hand will use all the sites as this is an inherent strength of the KPV method and is a key factor 
in believing that the KPV estimates might be more accurate than the pyranometer method. 
Strictly restricting the KPV estimates to only using site 641 would result in a fairer comparison 
but will also mask this inherent strength of the KPV model which we wish to determine. 
Otherwise, the analysis below will follow the format laid out in Section  1.1 above. 

3.3.1 Level 1 (different time scales) 
The analysis in this section will replicate that done in the base case before using daily and 
monthly estimates. Comparisons between the different time scales will be performed to look 
for patterns and draw conclusions. The units of the daily estimates will be Daily Energy 
Ratios (DER) and for monthly estimates Monthly Energy Ratios (MER) for normalisation 
purposes and these ratios are explained before in Section  2.3.1: Analysis methods) 

3.3.1.1 Comparison using daily estimates 

  
Figure 6: Comparison of accuracy of daily estimates (DER) using KPV with daily summed PV system 
output and using daily sums of pyranometer estimates using half-hourly pyranometer data for WERU site 
641. Analysis metrics are annotated on the respective graphs. For all plots, density of points is plotted 
instead of actual points for clarity (the darker the colour, the higher the density of points). Continued on 
the next page for WERU site 642, 643 and CECS 
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Figure 7: Comparison of accuracy of daily estimates (DER) using KPV with daily summed PV system 
output and using daily sums of pyranometer estimates using half-hourly pyranometer data for WERU site 
642, 643 and CECS. Analysis metrics are annotated on the respective graphs. For all plots, density of 
points is plotted instead of actual points for clarity (the darker the colour, the higher the density of 
points). 
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Figure 6 and Figure 7 shows the results for both methods as applied to daily sums of energy 
generation. For Figure 6, the high density of under-estimates at high Daily Energy Ratios 
(DER) suggests that the PV system at 641 might be experiencing some shading. For the 
pyranometer plots, we can see that most of the estimates are clustered around the perfect 
estimation line (which refers to the diagonal red line on the plots indicating estimates which 
are perfectly matched to measured values) except for site 643 which at high DER has a 
tendency to over-estimate energy generation. This could be due to site 643 being far away 
from most other sites, and issue that will be explored further in Section  3.3.4. This issue is 
observed in Figure 7 as well for the KPV estimates. Visible horizontal high density lines 
spread around the high DER regions for all estimates suggests that averaging of estimates at 
high DERs would be beneficial for reducing errors in estimates in that region. 
 
The overall spread in estimates has decreased, which is apparent both visually and in the 
reduced RMSE values.  There are, however, some notable differences in the shape of the 
remaining spread.  When compared to the hourly analysis, which saw the greatest spread at 
mid-range KPV values, with increased spread occurring at high DER with a significant 
reduction in the scatter at intermediate DER. There are a few reasons why this could occur, all 
of which happen under mostly-clear conditions.  Scattered, uneven cloud cover could impact a 
selection of sites while not reducing energy generation at another.  This can be further 
understood through the investigations of the impact of distance on energy estimates 
undertaken in Section  3.3.4.  It may also be due to shading events occurring at high zenith 
angles at one site that are not experienced at an equivalent level by another.  It could of course 
also be due to errors in the clear sky energy generation estimates, which would be most 
noticeable under clear conditions.  Also noteworthy, is the high accuracy of the two methods 
for days which have low DER values.  These are presumably during days that experience 
uniform, highly opaque cloud cover.  
 
Table 2: Summary of analysis metrics for daily comparison of the two methods  

 Site KPV Pyranometer 

RMSE (%) 

641 17.0 12.4 
642 15.4 14.9 
643 19.5 17.2 

CECS - 12.3 

MAPE (%) 

641 19.9 12.5 
642 15.5 16.3 
643 17.2 16.1 

CECS - 12.4 

MBE (%) 

641 12.8 0.1 
642 -4.4 5.1 
643 -5.9 0.0 

CECS - 1.7 
 
From Table 2, we can see that overall, the accuracy of the KPV estimates has improved when 
compared to the hourly estimates.  This is evident through the decrease in RMSE, which fell 
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by a few percentage points and MAPE which is less than half that found in the hourly set of 
values. This is likely due to the spatial and temporal differences of cloud cover that occur 
between geographically dispersed sites being averaged out over the course of a day.  
 
Overall, the MBE has remained at approximately the same level as that recorded in the hourly 
analysis.  This is not surprising, as increased MBE values indicated a systematic error in the 
modelling process and both of these models had previously showed acceptable levels of bias 
at the hourly level.  There however is a notably large increase in MBE for site 641. This is 
indicative of problems with the PV system at 641 which leads to daily systematic bias such as 
recurrent shading issues or other issues that only occur in part of a day as this did not appear 
in the hourly estimates. 
 
A marked improvement can be seen in all the metrics for pyranometer estimates but that is 
perhaps to be expected as daily pyranometer estimates were computed by summing the half-
hourly/minute level estimates. For the daily estimates, if only daily energy output is available 
from the PV systems but half-hourly/minute resolution data is available from the 
pyranometers, estimate using pyranometers would be much more accurate. The estimates 
using the CECS minute resolution pyranometer data is now the most accurate compared to the 
other sites and the KPV method from the RMSE and MAPE metrics but there is still a 
significant positive bias using the CECS data.  

3.3.1.2 Comparison using monthly estimates 

  
Figure 8: Comparison of accuracy of monthly estimates (MER) using KPV with monthly summed PV 
system output and using monthly sums of pyranometer estimates using half-hourly pyranometer data for 
WERU site 641. Analysis metrics are annotated on the respective graphs. Continued on the next page for 
WERU site 642, 643 and CECS 
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Figure 9: Comparison of accuracy of monthly estimates (MER) using KPV with monthly summed PV 
system output and using monthly sums of pyranometer estimates using half-hourly pyranometer data for 
WERU site 642, 643 and CECS. Analysis metrics are annotated on the respective graphs. 
 
From Figure 8 and Figure 9, it can be seen from the limited numbers of data points for the 
monthly data that a longer period of data collection would need to be taken with higher 
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quality data to reduce missing days in a month in order for better comparisons. Monthly data 
analysis is markedly different from hourly and daily data analysis as data points will 
necessarily be clustered around a smaller region and any visible outliers would suggest 
extremely deviant weather conditions over the whole month or errors with the input data. For 
the reasons of the extremely limited number of data points available for monthly data, the 
next levels of analysis will not be performed for monthly data (when analysing different time 
scales).  
 
Table 3: Summary of analysis metrics for monthly comparisons of the two methods  

 Site KPV Pyranometer 

RMSE (%) 

641 14.2 8.7 
642 11.3 10.1 
643 9.2 9.3 

CECS - 8.5 

MAPE (%) 

641 16.2 8.2 
642 10.4 10.5 
643 8.5 8.6 

CECS - 8.5 

MBE (%) 

641 13.8 0.6 
642 -6.2 6.4 
643 -3.6 -0.5 

CECS - 3 
 
The analysis metrics in Table 3 show a decrease in the errors as compared to the daily and 
hourly estimates for RMSE and MAPE.   The systematic bias for the KPV estimates using site 
641 is not masked by monthly estimates as the MBE increased to 13.8% here from 12.8% in 
the daily estimates comparison so the issue with the site should be recurrent daily. MBE for 
the other two sites have remained at approximately the same levels. The MBE should be 
expected to increase in the same direction as the daily MBE values if the bias is consistent 
from day to day. Most cases above show this trend except for the KPV estimates using site 
643. A possible reason for this exception might be the bias for 643 shifts seasonally, but 
further investigation is required. 
 
By comparing estimates from the different time scales of hourly to monthly estimates, there 
are several key observations.  First, the bias accumulates from a minimum at hourly levels to 
a maximum in the monthly time scales. Next, the spread of the estimates generally reduces 
and with estimates becoming more accurate as time scales increase. Also, for the sake of 
future levels of analysis, sites 642, 643 and CECS will be omitted in the pyranometer 
analyses. Site 642 is removed for having a very high bias across the different time scales, 
suggesting calibration errors. Site 643 does not exhibit significant bias but already reveals 
some deviant characteristics not visible in the more central sites of 641, 642 and CES in the 
plots shown – partially due to its increased mean distance from the PV systems concerned.  
CECS is almost equivalent to site 641 in the case of estimation error but has a higher bias 
compared to 641 and so will be discarded as well. Site 641 will be the only site used in further 
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comparisons as it has an ideal central location, insignificant bias and generally higher 
accuracy. This is possibly due to more frequent maintenance and quality control of WERU 
technical staff for site 641 as discussed in Section  2.2.1.  

3.3.2 Level 1 (solar zenith angles) 
In order to investigate the change in accuracy of model estimates at different solar zenith 
angles, the hourly estimates across the whole year were separated into solar zenith angles bins 
of 5 degrees each and error metrics were then calculated. The pyranometer error estimates 
were obtained using only site 641 for reasons discussed in Section  3.3.1.2. The KPV error 
estimates used all KPV sites to average out any possible issues with individual PV systems.  
 

  

  
Figure 10: Plots of analysis metrics (RMSE, MAPE, MBE and MAE) for the two methods by solar zenith 
angle using hourly data 
 
The MBE and MAPE become exponentially large at very high solar zenith angles and the 
plots had to be truncated in order to observe relationships at the lower solar zenith angles. The 
MBE reaches approximately +100% while the MAPE reaches approximately +800%. Non-
truncated versions of both plots are available in Appendix C. The pyranometer model 
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performs significantly better than the KPV model over most solar zenith angles based on the 
RMSE and MAE but accuracy decreases much more significantly for the pyranometer model 
at the high solar zenith angles as can be seen by the bias (MBE) becoming much greater and 
the MAPE reaching +800%. This could be suggestive of the inherent errors in the 
pyranometer method, observational data or due to the smaller number of sites and data points 
available as only site 641 was used to generate estimates for the pyranometer method. 
Overall, the pyranometer method is observed to be more accurate than the KPV method at 
almost all solar zenith angles except at very high angles above about 80 degrees where the 
MAPE and MBE starts to increase exponentially. 
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3.3.3 Level 1 (general sky conditions) 

 
Figure 11: Using KPV bins of site used for estimation to characterise changing 

accuracy of the KPV model with different general sky conditions 

 
Figure 12: Using KPV  bins of site estimated for to characterise changing accuracy of 

the KPV model with different general sky conditions 
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Table 4: Associated analysis metrics for each bin for Figure 11 above 
 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.1] 38.7 381.8 93.5 

(0.1,0.2] 32 117.5 49.9 
(0.2,0.3] 30.1 79.9 36.3 
(0.3,0.4] 28.3 57.8 21.8 
(0.4,0.5] 26.5 48.2 15.6 
(0.5,0.6] 23.9 40.5 8.7 
(0.6,0.7] 22.3 34.2 4.4 
(0.7,0.8] 20.6 29.5 2.9 
(0.8,0.9] 17.9 22.7 2 
(0.9,1] 15.1 17.2 -2.8 
(1,1.1] 15.1 15.7 -9 

(1.1,1.2] 18.5 20.6 -16.2 
(1.2,1.3] 23.4 29.6 -24 
(1.3,1.4] 30 42.8 -37.9 
(1.4,1.5] 36.6 52.9 -50.9 

Table 5: Associated analysis metrics for each bin for Figure 12 above 

 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.1] 31.6 69.3 -58.4 

(0.1,0.2] 30.2 65.4 -42.1 
(0.2,0.3] 28.3 59 -32.9 
(0.3,0.4] 27 63 -23.3 
(0.4,0.5] 25.6 58.1 -18 
(0.5,0.6] 23.3 59.2 -11.7 
(0.6,0.7] 21.6 61.4 -7.4 
(0.7,0.8] 19.7 65.1 -4.9 
(0.8,0.9] 17 48.4 -3.1 
(0.9,1] 14.7 34.2 2 
(1,1.1] 15.2 37.8 9 

(1.1,1.2] 19.2 56.4 18.2 
(1.2,1.3] 23.7 113.2 27.7 
(1.3,1.4] 27.9 183.1 47.9 
(1.4,1.5] 33.6 257.7 81.5 
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Figure 13: Using KCS bins of site used for estimation to characterise changing 

accuracy of the pyranometer model with different general sky conditions 

 
Figure 14: Using KPV  bins of site estimated for to characterise changing accuracy of 

the pyranometer model with different general sky conditions 
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Table 6: Associated analysis metrics for each bin for Figure 13 above Table 7: Associated analysis metrics for each bin for Figure 14 above 

 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.1] 18.6 2680.5 84.9 

(0.1,0.2] 15.5 106.3 27.7 
(0.2,0.3] 26.5 89.5 32 
(0.3,0.4] 24.6 73.3 23.5 
(0.4,0.5] 24.6 40.8 16.5 
(0.5,0.6] 22.2 33.4 10.4 
(0.6,0.7] 18.5 25.4 3.3 
(0.7,0.8] 18 25.6 -0.1 
(0.8,0.9] 15.7 21.8 -2.6 
(0.9,1] 12.8 15.5 -1 
(1,1.1] 14.2 17.8 -3.6 

(1.1,1.2] 26.8 39.4 -27.8 
(1.2,1.3] 27.1 34 -31.4 
(1.3,1.4] 31.7 68.8 -74.9 

 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.1] 33.6 587.5 -40.3 

(0.1,0.2] 25.1 100.2 -27.9 
(0.2,0.3] 24.8 84.7 -26.1 
(0.3,0.4] 23 62.9 -18.7 
(0.4,0.5] 22.9 131.3 -17.3 
(0.5,0.6] 20.4 42.9 -12.7 
(0.6,0.7] 18 47.3 -9.3 
(0.7,0.8] 16 36.7 -6.3 
(0.8,0.9] 13.1 32.6 -3.2 
(0.9,1] 10.1 45.9 2.9 
(1,1.1] 11.9 23.6 10.3 

(1.1,1.2] 17.4 36.3 19.8 
(1.2,1.3] 22.9 121 28.9 
(1.3,1.4] 23.6 227.7 39.6 
(1.4,1.5] 23.7 276.1 49.8 
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General sky conditions can roughly be categorised into three groups: overcast (KPV/CS bins of 
0 – 0.3), partially cloudy (KPV/CS bins of 0.3 – 0.9) and clear conditions (bins of 0.9 – 1.1) 
where the highest density can be seen around the very low region at the bottom left for the 
overcast conditions, spread more equally around the whole graph for the partial cloudy 
conditions and the highest density at the top right for the clear conditions (seen in Figure 11 
above). The bins above 1.1 start to be spread equally throughout the graph and start to shrink 
towards the bottom left as the bins increase to 1.5 (seen in all four Figures above), suggesting 
that these very high KPV/CS values belong to very high solar zenith angles with low values, 
resulting in their extremely high error as can be observed for both the KPV and pyranometer 
method and analysed in the previous Section:  3.3.2.  
 
Starting with Figure 11 and Table 4, we can see that the accuracy of the KPV model is highest 
at KPV from 0.8 to 1.1 which generally corresponds to clear sky conditions. With that range, 
taking the limits of an “acceptable” model as have |ܧܤܯ| < 10% and ܴܧܵܯ < 20% [66], 
the KPV method performs generally well. There is a general trend of the model 
underestimating the measured values at low KPV bins to overestimating it in the highest KPV 
bins with gradual change from a large positive bias to a large negative bias. For the KPV bins 
above 1.1, it can be seen from the plots that the highest density has shifted away from the 
perfect estimate line and this shift increases with increasing KPV. Above KPV of 1.3, the 
majority of the larger estimates are no longer on the perfect estimate line, highlighting a need 
for a corrective model for these presumably cloud-enhancement driven increases in KPV 
values. From Figure 12, we can see that using the KPV values from the site estimates as bins, 
the patterns observed in Figure 11 are reflected about the perfect prediction line, matching 
logical expectation. For the pyranometer method in Figure 13, we can see that the range of 
KCS bins for which model estimates can be considered “acceptable” is wider than the KPV 
method, with KCS from 0.6 – 1.1 in Table 6, compared to only 0.8 – 1.1 for the KPV method. 
The same pattern observed in the KPV method of the bias gradually moving from a large 
positive bias at low KCS bins to a large negative bias at the highest KKCS bins is also apparent 
here. The pyranometer method performs much better than the KPV method at low KCS in terms 
of the RMSE and MBE but with much larger MAPE for the pyranometer method. However, 
from Figure 13, it can be seen that estimates at low KCS are very tightly clustered around the 
perfect estimate line, suggesting that the extremely large MAPE here does not necessarily 
mean the estimate is inaccurate but instead could be the confluence of the extremely low 
measured values and the “relatively” high estimates from the pyranometer method resulting in 
a very large MAPE. For Figure 14, the KPV bins from the site estimated from the pyranometer 
data is plotted as a check and it shows the same pattern of being generally reflected about the 
perfect estimate line. For both methods, the general trend here suggests that accuracy 
increases around high K values (both KPV/CS) of about 0.9, the pyranometer method having a 
large range of more accurate results and the exception of pyranometer results being quite 
accurate around very low K values as well. The pyranometer methods is generally more 
accurate than the KPV method in all sky conditions and K values from the site used for 
estimation can be used for characterisation of sky conditions for estimation as using the K 
values for the site estimated for generally results in the trend being reflected about the perfect 
estimation line. 
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3.3.4 Level 1 (distance between sites) 

  

  

  
Figure 15: Plots of analysis metrics for changing distances for hourly estimates for both methods. Points 
represent error values organised into 0.15 km bins and the blue line is a low-order polynomial fit provided 
to show the overall trend. 
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The motivation behind comparing the accuracy of the two methods with respect to distance 
between the site estimated for and the site used for estimation is to check whether the methods 
we are using fit with known increases of RMSE with increasing distance in the literature 
(refer to Section  1.1.6) and also to compare how the accuracy of the two methods change with 
distance so we can optimise the usages of both methods such as only using one method where 
it is shown to have high accuracy and using other methods when it is shown to be performing 
worse at those distance scales. Hourly estimates throughout the whole year for individual 
unique pairs of sites were organised into 0.15 km bins based on measured distance between 
them. The analysis metrics were then calculated in a manner similar to what was done in the 
base case except now for only one site to one other site. The results were then collated and 
presented in Figure 15. Low-order polynomials of best fit were found and plotted onto the 
various plots. The points for the pyranometer plots are only from site 641 for reasons 
mentioned before. From the distance plots, both the KPV and pyranometer methods show 
similar trends for the RMSE and MAE, though with RMSE and MAE increasing more rapidly 
for the KPV method at close distances between sites. However, both reach a plateau of about 
20% RMSE and MAE of about 0.1 kWh/kWp with increased distances. This supports findings 
in the literature of error reaching about 20% RMSE at 50 km using extrapolation from ground 
station measurements for estimation of solar radiation [41] [40], though the error in this case 
increases more rapidly that shown in the literature for estimation of solar radiation. The 
MAPE shows a markedly different relationship (for both the KPV and pyranometer method), 
with MAPE peaking about 8 km for the KPV method and the MAPE to distance relationship 
for the pyranometer results being fitted linearly but it can be seen from the scatter of points on 
the pyranometer plot that it reaches its peak as well at about 8 km. Results for the 
pyranometer case should be analysed further but due to significantly less estimates available 
relative to the KPV approach, the underlying pattern might be masked and the addition of 
further data points could possibly show the relationship with distance between the two 
methods become more similar. 
Table 8: Sites used and distances for tight and loose clusters for the two methods 

KPV (Tight Cluster) KPV (Loose cluster) 
Site 1 Site 2 Dist. (km) Site 1 Site 2 Dist. (km) 
1868 1867 0.273 643 1847 41.1 
1862 1861 0.405 1849 643 35.1 
1845 1200 0.418 643 1185 33.6 
1865 1864 0.835 1199 1847 33.4 
1861 1189 1.08 643 1195 32.8 

Mean 0.602 Mean 35.2 
Pyranometer (Tight Cluster) Pyranometer (Loose cluster) 

Site est. Site used Dist. (km) Site est. Site used Dist. (km) 
1187 641 1.14 643 641 29.0 
1845 641 2.83 1199 641 21.1 
1200 641 2.94 1192 641 13.9 
1197 641 3.66 1860 641 13.6 
1183 641 4.21 1847 641 12.3 
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Mean 2.96 Mean 18.0 
 
For the distance accuracy check, the worst and best case scenarios by distances were also 
computed for the 2 models. The best-case scenario is represented by taking 5 closest pairs of 
sites and the worst-case scenario by taking the 5 furthest pairs of sites. The pairs of sites taken 
for the two methods were different and this is due to one of the inherent advantages of the KPV 
method in that it uses PV systems which are always more numerous than pyranometers so 
tighter clusters can be obtained from the KPV method. The 5 closest pairs of sites shall be 
referred to as a tight cluster while the 5 furthest pairs will be referred to as a loose cluster. 
This site IDs and distances between each site are given in Table 8 above. For the KPV 
calculations, sites were used both to generate the estimate and as the site estimated for 
whereas for the pyranometer method, estimates can only be performed in one direction. The 
random cluster consists of 5 randomly chosen pairs of sites to act as a “quasi-control” with 
values of the analysis metrics expected to be intermediate between the tight and loose clusters, 
making no assumptions about distances and checking to see if conclusions hold.  

  

  
Figure 16: Plots for different clusters to show effects of distance on accuracy of the two models for hourly 
estimates (Plot 1 – 4 from in sequence from left to right, top to bottom) 
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Figure 17: Plots for different clusters to show effects of distance on accuracy of the two models for hourly 
estimates (Plot 5 – 6 from in sequence from left to right, top to bottom) 
 
Table 9: Summary of analysis metrics for hourly comparison of different clusters  

 Cluster KPV Pyranometer 

RMSE (%) 
Tight 13.6 15.2 
Loose 28.5 17.9 

Random 23.4 17.5 

MAPE (%) 
Tight 59.3 34.2 
Loose 68.3 58.3 

Random 95.3 64.6 

MBE (%) 
Tight -3 0 
Loose -0.5 -3.7 

Random -1.4 -10.9 
 
For the tight cluster (Plot 1) in Figure 16, it appears that one pyranometer site is 
overestimating the output while another is underestimating it as there are clear high density 
lines visible above and below the prefect estimation line for the tight cluster. This may be an 
indication that the pyranometer is not properly calibrated or that one of the sites used in the 
pyranometer estimates has a large error that skews it in one direction. This suggests that 
pyranometer data can be cross-checked for calibration errors by using PV system power and 
energy output, which is an unexpected and novel discovery.  From Table 9, we can observe 
that the analysis metrics for the tight cluster are quite comparable for the KPV¬ and 
pyranometer method, with RMSE being lower for KPV but MAPE and MBE being lower for 
the pyranometer method. For the loose cluster, the RMSE and MAPE are all larger for the 
KPV¬ method but MBE is larger for the pyranometer method. This might be indicative of one 
or more of the furthest sites used for the pyranometer method having a systematic bias which 
appears in the estimates. Using pyranometer data from site 641 to compute hourly estimates 
for all other sites in  3.1, the MBE was shown to be only 0.7% but from Table 7, the random 
cluster MBE for the pyranometer method is shown to be -10.9% which is very large and the 
MBE for the loose cluster has also increased to -3.7% although this might be due to the 
effects of distance. 
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3.3.5 Level 2 (different time scales and general sky conditions) 

3.3.5.1 Analysis of general sky condition for daily estimates 

 
Figure 18: Daily analysis with the KPV method using standard deviation of hourly 

KPV bins from site used for estimation to determine general sky condition 

 
Figure 19: Daily analysis with the KPV method using standard deviation of hourly 
KPV bins from site estimated for to determine general sky condition 
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Table 10: Associated summary of analysis metrics for each bin for Figure 18 
 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.05] 17.5 36.7 12 

(0.05,0.1] 17.7 21.4 -1.7 
(0.1,0.15] 17.6 18.5 -2.5 
(0.15,0.2] 17.1 18.5 1 
(0.2,0.25] 16.7 16.9 1 
(0.25,0.3] 16.2 16 0 
(0.3,0.35] 17.1 17 0.2 
(0.35,0.4] 17.6 17.3 -0.5 
(0.4,0.45] 18.7 19 -3.7 
(0.45,0.5] 19.3 21.1 3.2 

Table 11: Associated summary of analysis metrics for each bin for Figure 19 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.05] 16.5 24.3 -10.7 

(0.05,0.1] 17.9 19.9 1.7 
(0.1,0.15] 17.8 20.2 2.5 
(0.15,0.2] 17 17.6 -1 
(0.2,0.25] 16.6 17.2 -1 
(0.25,0.3] 16.2 16.2 0 
(0.3,0.35] 17.1 17.1 -0.2 
(0.35,0.4] 17.7 18.2 0.5 
(0.4,0.45] 19 20.6 3.8 
(0.45,0.5] 19 19.9 -3.1 
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Figure 20: Daily analysis with the pyranometer method using standard deviation of 

hourly KCS bins from site used for estimation to determine general sky condition 

 
Figure 21: Daily analysis with the pyranometer method using standard deviation of 

hourly KCS bins from site estimated for to determine general sky condition 
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Table 12: Associated summary of analysis metrics for each bin for Figure 20 
 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.05] 13.3 25.9 0 

(0.05,0.1] 14 20 0.7 
(0.1,0.15] 11.5 11.3 -1.9 
(0.15,0.2] 12.1 12.2 0.5 
(0.2,0.25] 12 10.9 -0.5 
(0.25,0.3] 12.6 11.7 1.1 
(0.3,0.35] 14.5 13.9 1 
(0.35,0.4] 11.6 12.6 -0.8 
(0.4,0.45] NA NA NA 
(0.45,0.5] 11.7 13.6 -26.7 

Table 13: Associated summary of analysis metrics for each bin for Figure 21 
 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.05] 8.9 22.7 5 

(0.05,0.1] 11.6 15 4.5 
(0.1,0.15] 12.7 13.2 3.7 
(0.15,0.2] 12.3 12.2 -0.3 
(0.2,0.25] 12.6 11.9 -2.2 
(0.25,0.3] 12 11.5 -0.6 
(0.3,0.35] 12.6 12.6 -0.7 
(0.35,0.4] 13 12.4 0.3 
(0.4,0.45] 14.3 16.6 4.4 
(0.45,0.5] 10.7 10.6 3.7 
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For the analysis of general sky conditions for daily estimates, the index used is the standard 
deviation of KPV/CS (SD of K) values. The assumption here is that ORZ����������6'�RI�.�YDOXHV�
correspond to days with consistently overcast or completely clear cloud cover, moderate (> 
�����DQG��������YDOXHV�FRUUHVSRQG� WR� LQWHUPLWWHQWO\�FORXG\�GD\V�EXW�DUH� VWLOO�JHQHUDOly clear 
while high (> 0.3) values correspond to extremely variable cloud cover days. Looking at 
Figure 18 to Figure 21, this relationship between the SD of K bins and assumed conditions is 
most clear from the plot with SD of K bins from the site used for estimation. From Figure 18, 
it can be seen for low SD of K values that estimates (and corresponding measured values) are 
clustered around the bottom left and top right of the plots around the perfect estimate line, 
indicating very low measured DER and very high measured DER which are characteristic of 
generally overcast days and completely clear days respectively. It would be expected that the 
accuracy would be improved on low SD of K days due to low variability of estimation indices 
but the reverse was observed in Table 10 to Table 13 where the K value bins with the best 
analysis metrics are the bins from 0.1 – 0.4 which represents moderate to high SD of K 
values. This is a strange result and would warrant additional investigation. 
 

3.3.6 Level 2 (different time scales and distance) 

3.3.6.1 Analysis of distance using daily estimates 

  
Figure 22: Plots for different clusters to show effects of distance on accuracy of the two models for daily 
estimates (Plots 1 – 2 from in sequence from left to right) 
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Figure 23: Plots for different clusters to show effects of distance on accuracy of the two models for daily 
estimates (Plots 3 – 6 from in sequence from left to right, top to bottom) 
 
In order to compare the impact of distance on the accuracy of the two methods to generate 
daily estimates, the tight, loose and random clusters are used to generate Figure 22 and Figure 
23. By plotting estimated versus measured daily energy generation, a few key observations 
emerge. The most immediate observation is the apparent systematic biases from two 
pyranometer sites. One pyranometer site is overestimating the output while another is 
underestimating, which is apparent from the high-density clustering of points visible above 
and below the identity line for the tight cluster. For the loose cluster of sites, it can be seen 
that it underestimates the actual output and there is a clearly visible bias in the random sites as 
well which is observed in the analysis metrics as well in Table 14. Looking at the daily 
estimates, it is possible the KPV method is much more sensitive to distance than the 
pyranometer estimates. As for the KPV method, the tight cluster analysis metrics are all lower 
than complementary pyranometer analysis metrics; this relationship reverses for the loose 
cluster. When random sites are chosen, the pyranometer method does slightly better. 
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Table 14: Associated summary of analysis metrics for each bin for Figure 22 and Figure 23 
 Cluster KPV Pyranometer 

RMSE (%) 
Tight 7.3 13.1 
Loose 26.8 14.7 

Random 17.1 14.8 

MAPE (%) 
Tight 8.1 13.1 
Loose 28.4 14.9 

Random 19.2 14.6 

MBE (%) 
Tight 0.0 -1.2 
Loose 0.0 -3.9 

Random 0.0 -6.1 
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3.3.7 Level 2 (distance and general sky conditions) 

3.3.7.1 Analysis metrics by distance with cloud cover categories 

  

  

  
Figure 24: Plots 1 – 6 numbered from top to bottom, left to right so plots using the KPV method is on the right and plots using the pyranometer method is on the left. 
RMSE (Plot 1), MAPE (Plot 2) and MAE (Plot 3) for KPV based hourly estimates plotted by distance using the same method discussed in Figure 15 but with results 
separated into cloud cover categories based on KPV observed at the site used for estimation. Vertical axis scale is changing throughout the plots. RMSE (Plot 4), 
MAPE (Plot 5) and MAE (Plot 6) for pyranometer based hourly estimates plotted by distance using the same method discussed in Figure 15 but with results 
separated into cloud cover categories based on KCS observed at the site used for estimation. 
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In Figure 24, Plots 1 to 6 shows the relationship between distance the analysis metrics for the 
KPV and pyranometer methodologies.  These plots are created in a manner similar to Figure 
15, but here are broken into categories based on cloud cover or general sky conditions 
(approximated here by KPV and KCS values, respectively).  This allows several key 
observations to emerge. 
 
First, the nature of the relationship between error and distance changes significantly with the 
distribution of KPV and KCS.  This is most obvious with the KPV based estimates.  At low KPV 
values (< 0.2), error rises steeply with increasing distance until approximately 7.5km before 
dropping suddenly.  At mid-range values, up to 0.7, error tends to rise with increasing 
distance for the first 10-15 km before levelling off.  However in the 0.8 to 1 range, there are 
only very weak increases in error with distance, possibly due to the de-correlation of nearby 
pairs with distance under partly cloudy conditions (see Section  3.3.7.2).  Values beyond 1.0 
show a straightforward increase in error with increased distance.  
 
Similar relationships are present for the pyranometer based estimates, with the exception of 
the low KCS bins.  They do not demonstrate the sudden rise of error with distance for short 
length scales.  This does not necessarily indicate this relationship is not present, however, as 
the pyranometer estimates have significantly few pairs to test with - particularly at the shortest 
distances. 

3.3.7.2 Analysis of clusters with cloud cover categories 
To better understand the relationship for the two methods for error by distance, the tight, loose 
and random cluster analysis is again revisited. However, this time the analysis is broken down 
into cloud cover categories as in Section  3.3.7.1. The trend from the tight cluster analysis in 
Figure 25 and Figure 28 shows that sites which are close to each other (whether using the KPV 
or pyranometer method), do not care much about the sky conditions as it can be seen that 
there is no significant over-estimation or underestimation compared to the loose cluster 
analysis shown in Figure 26 and Figure 29. This suggests that the errors average out for tight 
clusters of sites and sky conditions do not have to be taken into account. This represents a 
possibility for improving the KPV and pyranometer methods 
 
For estimates using the higher KPV bins, it can be seen from the plot that if the KPV at the site 
used for estimation is high (0.8 – 1.2), it is more likely for the estimate to over-predict 
measured output at the site estimated for. Under very cloudy conditions, the opposite is 
true.   This is of course, only true when cloud cover is not uniform, as there are many near-
perfect estimations in each case. This finding suggests that the overall cloud condition is 
important not just local cloud cover.  If the local and average observations of the KPV index 
are quite different, one can know that their estimation has a higher likelihood of a positive or 
negative bias – depending on the relationship with the mean KPV value. Another observation 
is that over-prediction is prevalent in the loose cluster but not as much in the tight cluster. 
Meaning that as sites get further away, they are more likely to experience a cloud event that 
the other site does not and so there is a tendency to over or under estimate for those sites. 
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Table 15: Summary of associated analysis metrics for KPV bins for Figure 25 
(highlighted KPV bins for relatively “good” analysis metrics) 

 
Figure 25: Analysis of tight cluster using the KPV method with sky conditions 
represented by KPV bins from site used for estimation with hourly estimates (left)  

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.1] 26.2 297.2 54 

(0.1,0.2] 11.6 75.2 7.2 
(0.2,0.3] 14.4 67.4 12.7 
(0.3,0.4] 14.2 43.6 6.9 
(0.4,0.5] 15 37.1 5.7 
(0.5,0.6] 14.4 30 -0.7 
(0.6,0.7] 13.6 21.8 1.2 
(0.7,0.8] 14.1 24.1 -2.2 
(0.8,0.9] 11.5 17.9 -1.2 
(0.9,1] 10.6 12.8 -2.5 
(1,1.1] 10.3 11.1 -6 

(1.1,1.2] 13.7 16.8 -11.7 
(1.2,1.3] 24.6 37 -30 
(1.3,1.4] 30.7 44.3 -39.8 
(1.4,1.5] 39.3 57 -55.5 

 

Table 16: Summary of associated analysis metrics for KPV bins for Figure 26 
(highlighted KPV bins for relatively “good” analysis metrics) 

Figure 26: Analysis of loose cluster using the KPV method with sky conditions 
represented by KPV bins from site used for estimation with hourly estimates (left) 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.1] 26.2 194.3 71.4 

(0.1,0.2] 66.1 162.3 132.1 
(0.2,0.3] 59.1 128.1 100.1 
(0.3,0.4] 41 73.1 43.1 
(0.4,0.5] 39.3 64.7 33.9 
(0.5,0.6] 29.7 47.7 14.1 
(0.6,0.7] 26.5 43 0.9 
(0.7,0.8] 26.2 41.9 6.1 
(0.8,0.9] 23.1 33.7 1.5 
(0.9,1] 20.9 25.6 -7.2 
(1,1.1] 24.5 22.1 -14.7 

(1.1,1.2] 21.8 24.9 -20 
(1.2,1.3] 23.9 24.3 -23.8 
(1.3,1.4] 34.7 44.9 -41.9 
(1.4,1.5] 45.2 44.7 -55.1 

 

Table 17: Summary of associated analysis metrics for KPV bins for Figure 27  

Figure 27: Analysis of random cluster using the KPV method with sky conditions 
represented by KPV bins from site used for estimation with hourly estimates (left) 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.1] 60 634.5 174 

(0.1,0.2] 41.5 106.7 50.3 
(0.2,0.3] 36.2 72.4 45.9 
(0.3,0.4] 28.1 49.8 22.7 
(0.4,0.5] 27 46.6 18.6 
(0.5,0.6] 24.9 36.6 5.5 
(0.6,0.7] 20.9 32.8 3.5 
(0.7,0.8] 22.1 33.6 2.2 
(0.8,0.9] 19.6 26.5 1.3 
(0.9,1] 17 20.2 0.5 
(1,1.1] 20.6 20.5 -13.5 

(1.1,1.2] 24.9 27.6 -24.8 
(1.2,1.3] 24.2 36.5 -28.5 
(1.3,1.4] 24.9 41.4 -33.7 
(1.4,1.5] 32.7 55.6 -50.3 
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Table 18: Summary of associated analysis metrics for KCS bins for Figure 28 
(highlighted KCS bins for relatively “good” analysis metrics) 
Figure 28: Analysis of tight cluster using the pyranometer method with sky 
conditions represented by KCS bins from site used for estimation with hourly 
estimates (left) 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.1] 10.3 512.9 60.9 

(0.1,0.2] 9.6 73.3 21.3 
(0.2,0.3] 17.2 49 18.8 
(0.3,0.4] 17.1 38.1 14 
(0.4,0.5] 18.9 27.7 11.4 
(0.5,0.6] 17.9 25 5.4 
(0.6,0.7] 17.4 23.6 2.8 
(0.7,0.8] 17 25.9 1.4 
(0.8,0.9] 14.3 21.7 -2.2 
(0.9,1] 13.8 17.9 -1.6 
(1,1.1] 15.3 20.7 -2.6 

(1.1,1.2] 22.2 36.1 -24.4 
(1.2,1.3] 30.2 36.7 -24.3 
(1.3,1.4] 35.2 79.1 -108.1 

 

Table 19: Summary of associated analysis metrics for KCS bins for Figure 29 
(highlighted KCS bins for relatively “good” analysis metrics) 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.1] 17.5 843.5 77.2 

(0.1,0.2] 21.8 146.8 28 
(0.2,0.3] 37.3 160.6 49.1 
(0.3,0.4] 32.3 153.3 31.9 
(0.4,0.5] 29.3 55.5 17.3 
(0.5,0.6] 25.6 39.7 9.7 
(0.6,0.7] 20.5 28.7 -3.5 
(0.7,0.8] 20.5 27.8 -6.4 
(0.8,0.9] 18.7 24.6 -8.9 
(0.9,1] 13.9 15.2 -6.3 
(1,1.1] 14.5 16.1 -7.7 

(1.1,1.2] 28.3 37.1 -27.7 
(1.2,1.3] 33.6 46.5 -49.7 
(1.3,1.4] 23.8 62.6 -86.2 

Figure 29: Analysis of loose cluster using the pyranometer method with sky 
conditions represented by KCS bins from site used for estimation with hourly 
estimates (left) 

 

Table 20: Summary of associated analysis metrics for KCS bins for Figure 30 
(highlighted KCS bins for relatively “good” analysis metrics) 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.1] 21.2 1427 102.4 

(0.1,0.2] 15.2 148.8 17.1 
(0.2,0.3] 24.1 120.3 20.8 
(0.3,0.4] 22.4 150.6 10.5 
(0.4,0.5] 20.7 44.9 1.5 
(0.5,0.6] 20.2 33.3 -2.5 
(0.6,0.7] 18.1 27.8 -9.3 
(0.7,0.8] 18.6 29 -12.7 
(0.8,0.9] 18 26.6 -15.1 
(0.9,1] 16.3 19.8 -13.2 
(1,1.1] 16.4 20.5 -12.2 

(1.1,1.2] 30.1 41.1 -33.4 
(1.2,1.3] 31.7 42.7 -49.3 
(1.3,1.4] 26.2 66.7 -109.4 

Figure 30: Analysis of random cluster using the pyranometer method with sky 
conditions represented by KCS bins from site used for estimation with hourly 
estimates (left) 

 



  

   

3.3.8 Level 3 (different time scales, distance and general sky conditions) 
Finally, an analysis of the three factors is undertaken by extending the analysis done in 
Section   3.3.7 to daily generation estimates. Here, cluster analysis was used to show the effect 
of distance and general sky condition is represented by the standard deviation of the KPV/CS 
values in order to represent the variability present on a given day. Not surprisingly, it can be 
seen that error values tend to climb with increasing standard deviation of the K values, as the 
consistency in overall cloud cover falls.  This confirms that uneven, variable cloud cover is 
the most difficult circumstance for making accurate and precise PV energy generation 
estimates.  Furthermore, it is also clear that daily energy generation estimates depend on the 
proximity to the sensor location.  Errors fall under all cloud cover conditions with decreasing 
distance between sites.  By using the KPV methodology here and the availability of several 
nearby PV systems, good to very good estimates of daily energy generation can be produced, 
even under high variability conditions.  This is therefore a key advantage of the KPV 
methodology – it can produce much more accurate daily energy generation estimates 
compared to those generated using pyranometer data. 
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Table 21: Summary of associated analysis metrics for KPV bins for Figure 31 
(highlighted KPV bins for relatively “good” analysis metrics) 

Figure 31: Analysis of a tight cluster using the KPV method with sky conditions 
represented by standard deviations of hourly KPV bins from site used for 
estimation with daily estimates (left) 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.05] 5.1 14.1 10.4 

(0.05,0.1] 5.8 11.8 3.1 
(0.1,0.15] 5.3 8.3 1 
(0.15,0.2] 6.7 8.9 2.5 
(0.2,0.25] 6.4 7.2 -2.4 
(0.25,0.3] 7.9 7.3 1.8 
(0.3,0.35] 8.6 8.6 -0.4 
(0.35,0.4] 6.3 5.8 -3.1 
(0.4,0.45] 5.3 6 -1.9 
(0.45,0.5] 8.2 13.1 3 
(0.5,0.55] 13.5 15.4 16.1 
(0.55,0.6] 16.7 16.5 32.8 

 

Table 22: Summary of associated analysis metrics for KPV bins for Figure 32 
(highlighted KPV bins for relatively “good” analysis metrics) 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.05] 67.5 41.3 53.4 

(0.05,0.1] 49.4 58.2 -8.8 
(0.1,0.15] 37.7 32 -19 
(0.15,0.2] 18.5 23.4 -4.4 
(0.2,0.25] 26.2 30.7 14.2 
(0.25,0.3] 20 19.4 -0.8 
(0.3,0.35] 23.4 25.5 -0.1 
(0.35,0.4] 27.3 29.6 5 
(0.4,0.45] 28.7 29.6 5.8 
(0.45,0.5] 50.7 51 31.5 

Figure 32: Analysis of a loose cluster using the KPV method with sky conditions 
represented by standard deviations of hourly KPV bins from site used for 
estimation with daily estimates (left) 

 

Table 23: Summary of associated analysis metrics for KPV bins for Figure 33 
(highlighted KPV bins for relatively “good” analysis metrics) 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.05] 10.6 29.5 14.3 

(0.05,0.1] 19.5 26.6 -3.5 
(0.1,0.15] 21.7 27.8 -1 
(0.15,0.2] 22.4 28.5 3.6 
(0.2,0.25] 20 20.2 -2.4 
(0.25,0.3] 16.6 16.8 2.7 
(0.3,0.35] 13.8 13.4 -2.7 
(0.35,0.4] 11.3 10.2 0.6 
(0.4,0.45] 16 17.1 -0.8 
(0.45,0.5] 21.6 19.8 21.5 
(0.5,0.55] 18.1 14.6 30.3 

Figure 33: Analysis of a random cluster using the KPV method with sky conditions 
represented by standard deviations of hourly KPV bins from site used for 
estimation with daily estimates (left) 
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Table 24: Summary of associated analysis metrics for KCS bins for Figure 34 
(highlighted KCS bins for relatively “good” analysis metrics) 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.05] 17.5 27.1 -6 

(0.05,0.1] 14 18.3 -3.6 
(0.1,0.15] 12.2 12.5 -4.2 
(0.15,0.2] 13.2 13.2 -0.6 
(0.2,0.25] 13 11.9 -1.7 
(0.25,0.3] 13.3 12.8 -0.4 
(0.3,0.35] 13.5 12.9 0.7 
(0.35,0.4] 13.1 12.6 2.4 

Figure 34: Analysis of a tight cluster using the pyranometer method with sky 
conditions represented by standard deviations of hourly KCS bins from site used 
for estimation with daily estimates (left) 

 

Table 25: Summary of associated analysis metrics for KCS bins for Figure 35 
(highlighted KCS bins for relatively “good” analysis metrics) 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.05] 13.5 23.9 0.6 

(0.05,0.1] 21.3 29.1 0.3 
(0.1,0.15] 13.3 12.7 -7 
(0.15,0.2] 14 14.7 -3.8 
(0.2,0.25] 13.8 12.7 -5.6 
(0.25,0.3] 14.8 13.7 -2.2 
(0.3,0.35] 18.8 17.3 0.4 
(0.35,0.4] 12.4 13.5 -7.5 

Figure 35: Analysis of a loose cluster using the pyranometer method with sky 
conditions represented by standard deviations of hourly KCS bins from site used 
for estimation with daily estimates (left) 

 

Table 26: Summary of associated analysis metrics for KCS bins for Figure 36 
(highlighted KCS bins for relatively “good” analysis metrics) 

Bins RMSE (%) MAPE (%) MBE (%) 
(0,0.05] 18.2 15.1 -12.6 

(0.05,0.1] 16 17.1 -7.8 
(0.1,0.15] 15.7 14.7 -10.5 
(0.15,0.2] 14.5 14.4 -7.3 
(0.2,0.25] 14.7 13.7 -8.2 
(0.25,0.3] 14.9 14.9 -7.9 
(0.3,0.35] 14.3 15 -7.5 
(0.35,0.4] 13.6 14.1 -7.9 

Figure 36: Analysis of a random cluster using the pyranometer method with sky 
conditions represented by standard deviations of hourly KCS bins from site used 
for estimation with daily estimates (left) 
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Chapter 4 Pyranometer Mount Design 
 
Based on the results and discussion undertaken in  Chapter 3, it is clear that there are 
significant errors in the both of the methods that were tested.  Some of this error is attributable 
to the stochastic nature of clouds as shown by the increased errors that occur under 
increasingly variable, partial cloud cover conditions.  Additionally, there is error that occurs 
in the simulation of the clear sky power output of the PV systems, due to misalignment of the 
simulated systems caused by uncertainty in their exact orientation. The radiation models used 
to generate these clear sky estimates are also not perfect.  Neither are the performance models, 
which are based on empirically derived coefficients that cannot be assumed to be perfect. 
Furthermore, the exact nature of the PV system concerned often cannot be replicated in the 
modelling process due to limitations in the module/inverter databases.  These all lead to 
significant levels of accumulated error in these methods, with very little knowledge of what is 
causing the errors being available.  However, one of the most significant sources of modelling 
error is arguably the inability of the separation and transposition models to accurately 
simulate the radiation arriving at a tilted surface.  Without knowledge of how accurately we 
are simulating these components of radiation, these errors will remain undefined and the 
methods will have limited areas in which they can be improved. 
 
For this reason, a new mount for recording global radiation on horizontal and tilted surfaces at 
a given PV site is designed.  The design is modular and versatile, allowing it to be mounted 
on many different types of PV systems.  This mount will allow for recording POA radiation, 
which will allow for the verification of the performance models used in these two methods, 
while also measuring horizontal irradiance, allowing for further testing of the separation and 
transposition models.  This type of observation and validation could greatly improve the 
estimates produced by both of these methodologies. 

4.1 STAKEHOLDER FUNCTIONAL REQUIREMENTS 
Based on these motivations, there are several stakeholder functional requirements to ensure 
the required validations could be undertaken with a new mount design. 
 
1. Attachable to rooftops or rooftop structures without additional equipment required 
2. Adjustable faces for pyranometer mounting in order to measure horizontal and plane-of-

array global irradiance (plane-of-array depends on PV module tilt and faces have to be 
adjustable to fit different tilts) 

3. Pyranometers are to have unobstructed plane-of-view for accurate measurement 
4. Mount and pyranometer positioning  not to shade measurement surfaces 
5. Safe to leave outside for long periods 

a. Mechanical integrity 
b. Weather resistance 

6. Easy to attach and detach 
7. Cheap 
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4.2 BRAINSTORMING AND REVIEW 
New designs: Designed based on rooftops to be mounted on standalone structures (Refer to 
Appendix D for sketches of designs) 
 
1. Modular box: designed for attachment to ridges on metal roofs and modular boxes which 

can be attached to each other for easy addition of extra equipment. 
2. Steel tower (antenna-inspired): design for attachment to standard residential roofs 

(shingles etc.), usage of a mast for easy attachment of pyranometers using the standard 
accessories available from Kipp & Zonen or Campbell Scientific 

3. Hanging tripod (hanging plant boxes inspired): attachment to apex of sloped roof in case 
that modifications to the roof is not allowed. 

 
A preliminary analysis conducted with stakeholder Mr. Nicholas Engerer indicated that the 
skytron design is most suitable due to it fulfilling all requirements (as attaches to photovoltaic 
arrays already present on site and so does not have to be fixed to the roof), having much fewer 
components and a simple and elegant design. The skytron design was deduced from the 
photos available on the internet and consists of a main mount section which is used for the 
plane of array pyranometer, an adjustable and detachable rear flange for mounting the 
horizontal pyranometer and an attachment mechanism which is not shown clearer in any of 
the pictures to the PV array frame. The decided action was to try and replicate design with 
modifications to make it more suitable for our purposes. The modification is to attach 2nd 
pyranometer to the side of the mount instead of rear with the design choice for 2nd 
pyranometer attachment to be attached to side flange so as to obtain modularity in case more 
instrumentation is required to be attached or mount is required to be attached to side of panels 
instead of top due to space or safety constraints. 
 

 
Figure 37: skytron dual pyranometer mount [57] 

4.3 PRELIMINARY DESIGN STUDIES 
For preliminary design studies, an initial sketch was first created, then created as a 3D CAD 
(Computer Aided Design) model using SolidWorks 2010. The basic design of the mount was 
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based on 4 parts shown in Figure 38 below: the mount base which is the main part of the 
mount and is used for mounting the plane of array pyranometer and attachment to the PV 
array frame, the mount attachment which attached to a side flange of the mount base and is 
adjustable for different tilts for mounting the horizontal pyranometer, a panel clip which 
provides an additional point of support for the mount and distributed the load and support 
plates which are used to bind the mount securely to the PV array frame. All parts are held 
together by bolts with nuts for tightening. Partial rapid prototyping using the Bits to Bytes 3D 
Touch printers with the kind assistance of Mr. Jeremy Smith (CECS Technical Staff) was 
used to obtain a better feel for the preliminary design. The panel clip and truncated version of 
the main portion of the mount was printed to get a feel of the overall design (shown in Figure 
39). Supports to the underside were added to reduce flex of the mount. 
 

 
Figure 38: Preliminary design (left) Underside showing supports for truncated mount base (right) 

 

 
Figure 39: 3D printed parts for the panel clip and truncated mount base 
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After analysing the 3D prints, it became clear that a metal replication of the design would be 
too wide and heavy. It would be difficult to carry around and also, simple static simulations of 
the main part of the mount indicated increased stress at the panel clip attachment.  This 
suggested a wide slot would only increase the risk of the mount failing at that point. Thus, the 
design modification would be to use slots for the attachments at the back and optimise the 
thickness and material used to reduce its weight. 

4.4 DETAILED DESIGN STUDIES 

4.4.1 Design 1 
This iterative design from the preliminary design has the same major components with some 
modifications. The unnecessary area for mounting surfaces for the pyranometers were 
removed and the width of the mount base for attachment to the PV frame reduced. Additional 
material was added to the underside of the neck where it expands into the larger area for 
mounting the pyranometer to increase its strength. An additional support plate was added to 
the underside of the mount base where it attaches to the PV frame so the two support plates 
act as a sandwich. This is to distribute the load due to slots being used for the attachment to 
the PV frame, reducing the strength at the point of attachment. 
 

 
Figure 40: Design 1 attached to PV array frame (right) with mounted pyranometers (left) 

4.4.1.1 Simulation optimisation 
The thickness of the material used was optimised based on the simulation of the mount base 
as it is the part subject to highest loading and most likely to fail. The approximate location of 
the bolts were estimated and made as fixtures which means they are assumed to be fixed and 
have no degrees of freedom. The assumption is that the bolts would be tightened to a 
sufficient extent to act as fixtures. The design was tested with the maximum possible pressure 
of 5400 N/m2 (snow loading) on both the top face and the side flange (location of side 
attachment). These limits were chosen to simulate the worst case scenario and because 5400 
N/m2 is the maximum static loading PV panels are required to withstand. As the 
SimulationXpress tool does not allow for point forces to be used, a very thin extrusion (0.01 
mm thickness) of a 10 mm by 10 mm square is used to simulate the loading of the 
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pyranometers on the main face while the loading of the pyranometers on the side flange is 
assumed to spread evenly over the whole side flange. The pyranometers have a weight of <1 
kg and so loading was rounded up to 10N.  
 

 
Figure 41: Simulation parameters for Design 1: mount base (green represent fixtures, red represents static 
pressure loading, purple represents pyranometer loading) 
 
The simulation used 316 marine grade stainless steel sheet at a thickness of 4.176 mm in 
order to obtain the lowest factor of safety in the construction (approximately 2.4 based on a 
simple static simulation using the Simulation Xpress tool in SolidWorks 2010 – see Figure 
42). The weak area (the neck) was reinforced with additional welded material. The yield 
strength of 316 stainless steel is given as 1.72 x 108 N/m2. The maximum deformation can be 
seen to be less than 1 mm (see Figure 43).  
 

 
Figure 42: Static stress simulation of the mount base for Design 1 
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Figure 43: Deformation simulation of the mount base for Design 1 

 
After optimisation of the thickness of the design, the overall weight of the design was 
determined. The weight of the mount base is approximately 2.4kg, the mount attachment is 
0.784 kg, the panel clip is 0.178 kg and the support plate is 0.269 kg. The total weight of the 
mount without nuts, bolts and the pyranometers would be approximately 3.63 kg. With the 
pyranometers (weighing approximately 0.9kg each with 33ft of cable), the whole weight of 
the ensemble is estimated to be 5.43kg.  

4.4.1.2 Fabrication estimate 
The design was sent to the RSPE machine shop to get an estimate for how much it would cost 
and how long it would take to manufacture. The original intention was to bend the stainless 
steel sheets but because 4.17 mm stainless steel was required in the design, the machine shop 
is unable to bend the thick sheet and so welding will be used instead to attach the side flanges 
and other supports. The parts to be fabricated and the estimated time required for fabrications 
are as follows one panel clip: 3 hours; two support plates: 2 hours. (For both the top and 
bottom); one mount attachment: 5 hours; one mount base: 23 hours; overall welding: 2 hours. 
The materials will cost approximately AUD$250 and as there is an estimated 35 hours of 
manufacturing time needed (equating to a week’s work), with the mechanical workshop 
charging AUD$90/hour, the total cost of the fabricated prototype would be AUD$3150 (For 
RSPE academics there is a reimbursement at AUD$50.30/hour of work completed, which 
equates to $1760.50).  

4.4.1.3 Limitations  
The review of the design after the quotation was made was that it was too expensive to 
fabricate due to limited research funding. Also, a possible problem was discovered in that the 
pyranometers domes would cause obstruction in the planes of view of each other, this 
problem was seen earlier on in the design process but a possible solution was to use washers 
to raise pyranometers so there will be no shading or obstruction on the plane of view of each 
pyranometer. However, this might still be an issue and section views were taken of each of 
the planes of view of the pyranometer dome bases (where the sensors are located) to check for 
this problem. Any obstruction would not only cause a distortion in the radiation field that each 
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pyranometer might see due to filling of the hemispherical field of view of the pyranometer 
sensor but also might lead to shading on the sensor when the sun is low in the sky. The issue 
was found to be relevant using the section view shown above for the horizontal and plane of 
array hemispherical fields of view of each of the pyranometers.  

  
Figure 44: Horizontal section view showing full hemispherical veiw of horizontal pyranometer dome with 
part of the plane of array pyranometer dome visible indicating obstruction in the hemispherical veiw of 
the horizontal pyranometer sensor (left) Plane of array section view showing full hemispherical veiw of 
plane of array pyranometer dome with part of the horizontal pyranometer dome visible indicating 
obstruction in the hemispherical veiw of the plane of array pyranometer sensor (left) 
 
This problem can be alleviated by making the side flanges where the mount attachment is 
attached, wider in the vertical direction and thereby moving the horizontal pyranometer 
attached on the mount attachment down as shown in Figure 45 below.  

 

 
Figure 45: Extension of side flange to move horizontal pyranometer downwards 

  
Figure 46: Horizontal section view showing unobstructed hemispherical view of the horizontal 
pyranometer sensor (left) Plane of array section view showing unobstructed hemispherical view of the 
plane of array pyranometer sensor (right) 
 
However, this is shown to be an insufficient solution as a slight change of the tilt of the plane 
of array (shown in the above model as 30 degrees for standard Canberra conditions) would 
result in the pyranometer domes showing up in the other’s field of view again when the tilt is 
at 25 degrees. Thus, this is a flaw in this design concept and the design is not usable except 
for within tightly constrained tilts. The conclusion after discussion with the stakeholders (Dr 
Franklin Mills and Mr. Nicholas Engerer) was to return to the original simple Skytron design 
(as it does not share this flaw) and try to reduce the cost of fabrication by relaxing the 
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standards (taking static pressure loadings to be the maximum wind loading of 2400 N/m2 
instead of 5400 N/m2 snow loading) 

4.4.2 Design 2 
The design iteration as modified from Design 1 and simplified based on the skytron design is 
shown in Figure 47 below. The side flanges are removed and the mount attachment for 
mounting the horizontal pyranometer is attached to the rear of the mount base similar to the 
skytron design. Also, the reinforcing material at the neck of the attachment to the PV frame 
was also changed to fit the new shape of the mount base. Otherwise, all other components and 
method of attachment remains the same 
 

 
Figure 47: Design 2 attached to PV array frame (right) with mounted pyranometers (left) (bolts invisible) 

4.4.2.1 Simulation optimisation 
The designs of the panel clip and support plate components were unchanged except that 
dimensions were adjusted to fit the new mount base. For the simulation, the fixtures are 
shown in green in the screenshot below. The approximate location of the bolts were estimated 
and made as fixtures. The assumption is that the bolts would be tightened to a sufficient 
extent to act as fixtures. The testing conditions was relaxed from the maximum possible 
pressure of 5400 N/m2 (snow loading) on both the top face and one of the side flanges which 
would be holding the side attachment to only 2400 N/m2 maximum wind loading on the top 
face. The pressure loading is shown in red in the screenshot below. The static loading from 
the pyranometer is shown in purple in Figure 48. As the SimulationXpress tool does not allow 
for point forces to be used, a very thin extrusion (0.01 mm thickness) of a 10 mm radius circle 
is used to simulate the loading of the pyranometer on the main face. The loading of the 
pyranometer on the attachment is assumed to be directed into the side flanges as in Figure 48.  
The loadings were increased to 20N each to account for possible avian landings on the mount 
together with the weight of the pyranometers. 
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Figure 48: Simulation parameters for Design 2: mount base (green represent fixtures, red represents static 
pressure loading, purple represents pyranometer loading) 
 
With the relaxed standards, the material used was able to be relaxed to a 4 mm 6061 
aluminium alloy sheet and still maintain a minimum safety factor of 2.3 based on a simple 
static simulation as shown in Figure XX. The yield strength of 6061 aluminium alloy is given 
as 5.52 x 107 N/m2. The maximum displacement is approximately 1.2 mm in (Figure XXX) 
and which is quite similar to the result obtained using the more rigid stainless steel sheet.  
 

 
Figure 49: Static stress simulation of the mount base for Design 2 
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Figure 50: Deformation simulation of the mount base for Design 2 

 
As an additional experiment, the mount attachment was simulated as well. Conditions are 
2400 N/m2 wind loading on the top and left faces in red in Figure 51, fixtures in green and a 
static loading of 20N in purple. The lowest factor of safety was found to be 15 and the 
maximum displacement to be less than 0.02 mm which is insignificant compared to the 
simulated stress and displacement on the main body. 
 

 
Figure 51: Simulation parameters for Design 2: mount attachment (left) static stress simulation (right) 
 
The weight of the mount base is approximately 0.94kg, the mount attachment is 0.253kg, the 
panel clip is 0.088kg and the support plate is 0.138kg. The total weight of the mount without 
nuts, bolts and the pyranometers is approximately 1.42kg. With the pyranometers (weighing 
approximately 0.9kg each with 33ft of cable), the whole weight of the ensemble will be 
3.22kg.  

4.4.2.2 Fabrication estimate 
The design was sent to the RSPE machine shop to get an estimate quote for how much it 
would cost and how long it would take to manufacture. The 4mm 6061 aluminium alloy sheet 
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can be bent and so welding was no longer required. The parts to be fabricated and the 
estimated time required for fabrications are as follows: one panel clip: 2 hours; two support 
plates: 2 hours; one base attachment: 3 hours; one mount base: 14 hours. The materials will 
cost approximately AUD$150 and as there is an estimated 21 hours of manufacturing time 
needed (equating to a week’s work), with the mechanical workshop charging AUD$90/hour, 
the total cost of the fabricated prototype would be AUD$2040 (For RSPE academics there is a 
reimbursement at AUD$50.30/hour of work completed, which equates to $1056.30). This 
simple design is much cheaper but still too expensive for the limited research budget 
available. Thus, the final conclusion was to obtain the commercial pyranometer mount from 
skytron which was sold as a spare part. 

4.5 DESIGN SUMMARY 
Table 27: Design summary of Design 1, 2 and known characteristics of the skytron design 
 skytron

TM
 Design 1 Design 2 

Advantages Compact Fits to different module rack types 
Lightweight Attachment on PV 

frame side possible 
Relatively light 

$  
Disadvantages Requires beams used 

for the PV frame to 
be a specific type for 
attachment 

$$$$ $$$ 
Heavy  
Shading issues  

Fabrication time - ~35 hours ~21 hours 
Material  - 416 stainless steel 6061 aluminium alloy 
Min safety factor - >2 >2 
Total weight - 3.63 kg 1.42 kg 
Static loading  - 5400 N/m

2
 2400 N/m

2
 

Material cost - A$250 A$150 
Fabrication cost - A$2900 A$1890 
RSPE discount - (-A$1760.50) (-A$1056.30) 
Total cost €249 (~A$370) A$1389.50 A$983.70 
 
Due to cost considerations, both designs made were not fabricated and the decision was made 
to purchase the skytron dual pyranometer mount. Further work in this area would perhaps to 
analyse the skytron design when purchased and determined if it is possible to improve on the 
design for our purposes. Further improvement of the use of SolidWorks simulation tools for 
analysis of connector such as bolts and building of realistic pyranometer and PV array frame 
models with realistic physical characteristics such as material used and welding point would 
enable the full simulation of an improved pyranometer mount design for further optimisation. 
Design tables are a feature within SolidWorks which is very useful but not utilised in this 
iteration of the design process due to insufficient expertise with SolidWorks. 
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Chapter 5 Conclusions and Further Work 
 
Mirroring how the project was set out in three parts: data curation, analysis and modelling and 
pyranometer mount design in the introduction, the key findings and contributions from each 
part of the project will be summarised in sequence and an overall concluding statement made 
to tie the three parts of the project together. It is important to bear in mind the scope of this 
project is limited to the primary aim of comparing the accuracy of the two methods of 
estimating PV energy generation and not about implementing novel and complex quality 
control procedures or modifying the methods and models used for estimation. 
 
For data curation, a basic quality control and curation process was performed and a clean 
dataset with measured values for the period of one year from 1st August 2012 to 31st July 
2013 from 26 ACT school PV system sites, 3 WERU sites with co-located pyranometer and 
PV systems and the CECS pyranometer site was produced which can be used for testing of 
machine-learning algorithms of the ARENA project. In the process, three key limitations of 
the basic quality control process were identified: inaccurate theoretical clear sky estimates for 
PV system output energy (as compared to known clear sky days) which is possibly attributed 
to mismatches in the Sandia Module and Inverter Performance Models; slight time shift errors 
or data-logging equipment errors in measured data resulting in the removal of measured 
values for hours closest to sunrise and sunset; limited quality control of shading issues. Thus, 
some possible further work to be done in this area would be to implement other module and 
inverter performance models for validation of errors observed and amelioration of theoretical 
clear sky estimate issues; adapt, implement and test statistical methods from solar radiation 
curation literature to remove known time-shift and measurement errors and finally, further 
research on identification and removal of shading. 
 
For the analysis and comparison of the KPV and pyranometer methods, several key findings 
were observed: 
 
8. With regards to estimates at different time scales (hourly, daily and monthly), neither 

method was found to be significantly more proficient at producing PV energy generation 
estimates at the hourly and daily levels. Monthly analyses were inconclusive due to the 
lack of sufficient adequate monthly measured data. 

9. Overall, the pyranometer method was found to be more accurate than the KPV method at 
almost all solar zenith angles except at very high angles. 

10. Pyranometers are presently assumed to be more accurate than using a PV system as a 
sensor. But we have demonstrated calibration errors in a pyranometer using groups of PV 
systems. 

11. The optimal spacing of sensors for hourly energy estimates is found to be less than 5 km 
for all conditions, but changes under cloud cover to: < 5 or > 10 km for thick cloud cover; 
< 10 km for moderate cloud cover and back to < 5 km for clear conditions 
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12. The overall cloud condition is important, not just local cloud cover.  If the local and 
average observations of the KPV/CS index are quite different, one can know that their 
estimation has a higher likelihood of a positive or negative bias – depending on the 
relationship with the mean KPV/CS value.  

13. Over/under prediction is prevalent in the loose cluster but not as much in the tight cluster. 
This means that as sites estimated for get further away, they are more likely to experience 
a cloud event that the site used for estimation does not. 

14. Daily energy generation estimates depend on the proximity to the sensor location. Errors 
fall under all cloud cover conditions with decreasing distance between sites.  By using the 
KPV methodology and with the availability of many PV systems in close proximity, very 
accurate estimates of total daily energy generation can be made. 

 
The above key findings allow us to validate the use of the novel KPV method and a more 
conventional, pyranometer based method for estimating PV energy generation in direct 
support of the ARENA solar forecasting project.  Developing accurate estimates of the current 
and historical energy generation of monitored and non-monitored PV systems is a critical first 
step in the forecasting process. By demonstrating the situations in which each method works 
better than the other, it allows both methods to support each other more effectively and be 
integrated into city-wide PV system energy generation estimates and forecasts. The findings 
also collaborated some findings available in the literature, such as the decrease in accuracy 
with increasing distance, and allows for validation of the two methods and relevant models 
used in the context of Canberra, which is useful as few studies of solar radiation have been 
done in the context of Australian environments. Furthermore, another conclusion is that a 
possible use of the KPV method would be to enable near real-time estimation of historical 
hourly energy generation for PV systems in an area if characteristics of all PV systems are 
known and a suitable number of PV systems are monitored (e.g. one every 5 km for daily 
energy generation estimates). This could be useful to electrical utilities and electricity market 
operators for estimation of supply of distributed renewable energy. Some future work that 
would be useful for the validation of the findings of this project would be to implement the 
future work detailed in the data curation conclusions and re-run the whole analysis process to 
check if conclusions and observations change (e.g. if shading is corrected, does the KPV 
method improve?). It would also be beneficial to investigate the increased accuracy of the two 
estimation methods for daily energy generation for days with moderately high variation of 
clearness index values – a curious and unexpected result In addition, continued collection of 
measured data with the addition of more sites (many more of which will be available as there 
are new schools continually being added to the ACT Solar Schools Program) would enable 
proper analysis of monthly estimates which would give us the capability to validate the KPV 
method for use as a solar resource assessment tool to more accurately estimate how much 
monthly energy generation another PV system in the area will contribute. 
 
For design of the portable adjustable tilt dual pyranometer mount, the key finding from the 
design iterations were that a skytron type configuration of mounting the two pyranometers is 
the most effective approach as other methods, though possibly more versatile, obstruct the 
hemispherical view of the pyranometers. Also, one-off fabrications are still much more 



 

  67 

expensive compared to available commercial products. Further work could be to analyse the 
skytron mount when purchased and determine if any modifications are necessary or possible. 
 
In conclusion, the core motivations of the project were achieved A clean dataset with 
measured PV energy generation and pyranometer radiation measurement data for use in the 
ARENA project was created.  The KPV model was validated for possible use in solar 
forecasting as part of the ARENA project and the contexts in which the KPV method is more 
accurate than the traditional methodology of using pyranometer measurements for PV energy 
generation estimation were identified. And finally, though the theoretical designs created 
herein were not fabricated, the design of plane-of-array pyranometer mounts for PV systems 
has been thoroughly explored, allowing for more informed choices about how to record these 
observations - the purchase of the skytron pyranometer mount for use in the future work with 
regards to this project is highly recommended.  

  



 

  68 

Appendix A 

 
Figure 52: Performance Model Process Outline reproduced from Cameron et al. 2011 [24] 

MODELS USED 

Clear Sky Beam, Diffuse and Global Irradiance [ESRA, 2000] 
The equations used are derived from ESRA [71] model for sub-daily values. 
ܧ  = ܧ ή exp (െ8.662 ή ܶ ή ܯܣ ή  ) [ 0.1]ߜ
Where E0 is the normal component of extra-terrestrial radiation, AM is the altitude corrected 
relative optical Air Mass as defined in [72] and įR is the path integrated Rayleigh Optical 
Thickness given by: 
ܯܣ  ோߜ :20 = (6.6296 + 1.7513 ή ܯܣ െ 0.1202 ή ܯܣ

ଶ + 0.0065 ή ܯܣ
ଷ

െ 0.00013 ή ܯܣ
ସ)ିଵ 

[ 0.2] 

ܯܣ > ோߜ :20 = (10.4 + 0.718 ή  )ିଵ [ 0.3]ܯܣ
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The Linke Turbidity coefficient, TL, is obtained from Engerer and Mills 2013 [1] (refer to 
paper for procedure, fitted polynomial and references used). The horizontal component of 
beam radiation is computed trigonometrically using the solar zenith angle șz 
ܧ  = ܧ ή cos(ߠ௭) [ 0.4] 
The diffuse component is given by: 
ௗܧ  = ܧ ή Tௗ ή  ௗ [ 0.5]ܨ
Where Trd is the diffuse transmission function at the zenith and Fd is a diffuse angular 
function 
 ܶௗ = െ1.5843 × 10ିଶ + 3.0543 × 10ିଶ ή ܶ + 3.797 × 10ିସ ή ܶ

ଶ [ 0.6] 
ௗܨ  = ܣ + ଵܣ cos(ߠ௭) + ଶܣ [cos(ߠ௭)]ଶ [ 0.7] 
Where A0, A1 and A2 are unit less coefficients given by: 
ܣ  = 2.6463 × 10ିଵ െ 6.1581 × 10ିଶ ή ܶ + 3.1408 × 10ିଷ ή ܶ

ଶ [ 0.8] 
ଵܣ  = 2.0402 + 1.8945 × 10ିଶ ή ܶ െ 1.1161 × 10ିଶ ή ܶ

ଶ [ 0.9] 
ଶܣ  = െ1.3025 + 3.9231 × 10ିଶ ή ܶ + 8.5079 × 10ିଷ ή ܶ

ଶ [ 0.10] 
With a condition of A0: 
ܣ) ݂݅  ή Tௗ) < 2 × 10ିଷ,ܣ = 2 × 10ିଷ/Tௗ [ 0.11] 
The global horizontal clear sky irradiance is then given by: 
ܧ  = ܧ +  ௗ [ 0.12]ܧ
 
There are many models available to estimate theoretical clear sky radiation but the ESRA 
model was chosen by Engerer and Mills 2013 [1] based on its simplicity of calculation and a 
comparison with six other models tested using Australian BoM data from a nearby site Wagga 
Wagga. Clear sky radiation models are often empirically fitted to a geographical region so 
accuracy of models can vary substantially as seen in model comparison studies [73] [74] [19].  

Transposition of Measured and Clear Sky Irradiance [Reindl, 1990] 
The estimation of irradiance available to a tilted surface (or transposition) has to be separated 
into two categories. The tilted beam component can be computed geometrically [38]. 
௧ܧ  = ܧ ή cos(ߠ) [ 0.13] 
Where șa represents the angle of incidence for a given tilted surface, given by its tilt (Įm) 
azimuth orientation (ĳm) and the solar azimuth angle (ĳ) [38]. 
 cos(ߠ) = cos(ߙ) כ cos(ߠ௭) + cos(߮ െ ߮) כ sin(ߙ) ή sin(ߠ௭) [ 0.14] 
The tilted diffuse component is less straightforward and is a subject of discussion within the 
literature due to differences in how to partition sources of diffuse radiation (circumsolar, 
horizon brightening, cloud scattering and Rayleigh and Mie scattering) [1]. Engerer and Mills 
2013 selected the Reindl transposition model [27] based on its clear sky performance in 
Gueymard 2009 [30]. It is chosen as well for transposition of measured (non-clear sky) 
irradiance for consistency and simplicity. The estimated clear sky diffuse radiation on a tilted 
surface is given by: 
ௗ௧ܧ  = ௗܧ ή {[(1 െ (ܣ כ ቀ1 + ܽ

2 ቁ] ή [1 + ݂ ή [sin(ܽ2 )]ଷ + ܣ ή ܴ} [ 0.15] 

Where Ai is the anisotropy index and Rb is the geometric factor calculated as follows: 
ܣ  =   [ 0.16]ܧ/ܧ
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 ܴ = cos(ߠ) / cos(ߠ௭) [ 0.17] 
The global tilted radiation resource available to a PV array can then be calculated using: 
௧ܧ  = ௧ܧ +  ௗ௧ [ 0.18]ܧ

Separation of Measured Irradiance [DISC, 1987] 
Pyranometers are traditionally used for measurement of solar irradiance. However, due to cost 
considerations (of additional shadowball pyranometers or pyrheliometers), often only global 
horizontal global irradiance measurements are available for many sites which must be 
separated into direct and diffuse components for computation of solar irradiance on tilted 
surfaces for solar energy purposes. There are many separation models available in the 
literature and many validation studies have been done for various subsets of models [36] [31]. 
The DISC or Maxwell model [26] was chosen for its simplicity and accuracy based on a 
validation study performed by Engerer 2013 [31] for south-eastern Australia. It was the 
second best model in the study but the best model was a new separation model proposed 
within the study and has not been validated by other studies so the DISC model was selected 
instead. 
 
The DISC model calculates the direct beam normal solar irradiance by: 
ܧ  = ௫௧ܧ כ   [ 0.19]ܭ
Where Kn is the direct beam transmittance computed as: 
ܭ  = ܭ െ οܭ [ 0.20] 
With Knc representing a clear sky clearness index computed by: 
ܭ  = 0.866 െ 0.122 כ ܯܣ + 0.0121 כ ଶܯܣ െ 0.000653 כ ଷܯܣ + 0.000014

כ  ସܯܣ
[ 0.21] 

AM being the air mass. The ¨.n represents the deviation from Knc and is computed by: 
 οܭ = ܽ + ܾ כ exp (ܿ כ  [0.22 ] (ܯܣ
a, b and c are polynomial functions dependent on the clearness index Kt (computed from 
measured pyranometer data) given below: 
 

௧ܭ  0.60ቐ
ܽ = 0.512 െ 1.56 כ ௧ܭ + 2.286 כ ௧ଶܭ െ 2.222 כ ௧ଷܭ

ܾ = 0.370 െ 0.962 כ ௧ܭ
ܿ = െ0.280 + 0.932 כ ௧ܭ െ 2.048 כ ௧ଶܭ

 
[ 0.23] 

 
௧ܭ > 0.60 ቐ

ܽ = െ5.743 + 21.77 כ ௧ܭ െ 27.49 כ ௧ଶܭ + 11.56 כ ௧ଷܭ
ܾ = 41.40 െ 118.5 כ ௧ܭ + 66.05 כ ௧ଶܭ + 31.90 כ ௧ଷܭ
ܿ = െ47.01 + 184.2 כ ௧ܭ െ 222.0 כ ௧ଶܭ + 73.81 כ ௧ଷܭ

   
[ 0.24] 

The DISC model fits the deviations from the clear sky values of transmittance of beam 
radiation as computed by the Bird clear sky model [75] using AM as the primary input 
parameter [31]. 

Simulation of Grid-Connected PV Systems 
A grid-connected photovoltaic system comprises of photovoltaic panels or modules, 
inverter(s) which convert DC electricity produced by the panels to grid-synchronised AC 
electricity and the conductors and safety devices which connect the whole system together 
and to the grid.  Thus, the models required would be a photovoltaic module and inverter 
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model and the respective inputs required to run these models. The Sandia Photovoltaic Array 
Performance Model [28] or SPM was chosen by Engerer and Mills 2013 [1] as its 
performance has been validated through seven years of outdoor testing for flat-plate 
photovoltaic modules of nearly all available technologies through work by several 
laboratories and independent testing organisations [76], [32], [77], [78]. The inverter model 
selected was the Sandia Performance Model for Grid-Connected Photovoltaic Inverters [29] 
because it was designed to be easily integrated into the Sandia Performance Model and is 
developed empirically through extensive field testing of inverters. One limitation of the 
Sandia Module and Inverter Performance Models are that because each model of module and 
inverter requires extensive field testing by Sandia National Laboratories to obtain the 
empirical coefficients required, its component list is quite short compared to some module 
and inverter simulation models which only require the manufacturer-listed coefficients in their 
datasheets. The component lists (with all the required coefficients) for the Sandia Photovoltaic 
Array Performance and Grid-Connected Inverter model to work are available on the System 
Advisor Model (SAM) website [79]. 
 

PV Module Simulation Model [Sandia, 2004] 
Using the Sandia Photovoltaic Array Performance model, the power output for a single 
module can be estimated by: 
 ܲ = ܫ ή ܸ [ 0.25] 
ܫ  = ܫ ή ܥ} ڄ ܧ + ଵܥ ڄ {ଶܧ ڄ {1 + ூߙ ڄ ( ܶ െ ܶ)} [ 0.26] 
 ܸ = ܸ + ଶܥ ڄ ௦ܰ ڄ )ߜ ܶ). ln(ܧ) + ଷܥ ڄ ௦ܰ ڄ )ߜ} ܶ). ln(ܧ)}ଶ + Ⱦ(ܧ)

ڄ ( ܶ െ ܶ) 

[ 0.27] 

Where: 
ܧ  = ௦ܫ]/௦ܫ ڄ {1 + ூ௦ߙ ڄ ( ܶ െ ܶ)}] [ 0.28] 
)ߜ  ܶ) = ݊ ڄ ݇ ڄ ( ܶ +  [0.29 ] ݍ/(273.14
Refer to King 2004 for the list of parameter definitions [28]. Taking the model as a black box, 
the required inputs are Ebt, Edt, Egt and AM for solar radiation data, ambient temperature (Ta) 
and wind speed measured at standard 10 m height for weather data as well as all the relevant 
module characteristics. To create arrays from these modules, the array maximum power PmpA 
is computed as follows: 
 ܲ = ൫ ܸ ڄ ௦൯ܯ ڄ ܫ) ڄ  ) [ 0.30]ܯ
Where Ms is the number of modules in series and Mp is the number of strings in parallel. 

Grid-Connected Inverter Simulation Model [Sandia, 2007] 
Using the Sandia Performance Model for Grid-Connected Photovoltaic Inverters, the AC 
power output (Pac) of the inverter can be estimated by: 
 

ܲ =  ܲ
ܣ െ ܤ െ ܥ ڄ ܣ) െ ൨(ܤ ڄ ൫ ܲ െ ൯ܤ + ܥ ڄ ൫ ܲ െ  ൯ଶ [ 0.31]ܤ

Where A, B and C are functions of DC input voltage defined in King et al 2007 [29] and PmpA 
is the DC array peak power. 
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Appendix B 
Table 28: Collated characteristics of PV and radiation sites 
sid site ID, unique to each system 
arr_rating (ar) the size of the PV system in watts (W) 
orientation (az) where the system faces, in degrees from North (-90 E, 90 W, 180 S) 
tilt (tl) tilt of the system, in degrees from the horizontal 
no_mod (nm) number of PV modules in entire system 
no_mod_ser (nms) number of PV modules in each series string (per inverter) 
no_par_str (nps) number of parallels strings of no_mod_ser number of modules (per inverter) 
mod_rating (mr) rating in watts (W) of each module 
mod_make a number corresponding to the make of the module 
mod_typ code containing module information 
mod_match line number of matching module in Sandia Module Database 
shading_five amount of shading on 1-5 scale, 1 is none, 5 is extensive 
no_invert (ni) number of inverters 
invert_make a number corresponding to make of inverter 
invert_rating (ir) rating in watts (W) of the inverter 
invert_type code containing inverter information 
invert_match line number of matching inverter in Inverter Module Database 
postcode Australian postal code 
suburb 4 letter suburb abbreviation 
division division code (ACTPLA) 
lat latitude of system 
lon longitude of system 
precision rating of 1-4 to express accuracy of lat/lon values 
report_intvl reporting interval, in seconds 
name name of system 
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Table 29: List of final sites used for analysis (truncated with only relevant details) 

 
 
 

sid ar az tl nm nmr nps mr mod_type ni ir invert_type lat lon name 
1183 10640 12 0 56 14 4 190 TSM-190-DC01A 1 10000 STP10000TL -35.2899 149.1561 Campbell Primary School 
1185 10260 0 30 54 18 3 190 TSM-190-DC01A 1 10000 STP10000TL -35.2384 149.0741 Lake Ginninderra College 
1187 10260 -3 30 54 18 3 190 TSM-190-DC01A 1 10000 STP10000TL -35.2648 149.1122 Black Mountain School 
1189 10360 -22 30 56 14 4 185 SF160-24-1M185 1 10000 Aurora PVI10.0-OUTD-AU -35.356 149.0429 Chapman Primary School 
1191 10360 -5 15 56 14 4 185 SF160-24-1M185 1 10000 Aurora PVI10.0-OUTD-AU -35.3352 149.0331 Duffy Primary School 
1192 15540 -18 25 84 14 6 185 SF160-24-1M185 1 15000 Sunny Tripower 15000TL -35.3984 149.0858 Wanniassa Primary School 
1195 10260 2 30 54 18 3 190 TSM-190-DC01A 1 10000 STP10000TL -35.2382 149.1554 Majura Primary School 
1197 10260 -16 23 54 18 3 190 TSM-190-DC01A 1 10000 STP10000TL -35.3068 149.1029 Yarralumla Primary School 
1199 15540 45 25 84 14 6 185 SF160-24-1M185 1 15000 Sunny Tripower 15000TL -35.4644 149.0988 Charles Conder Primary School 
1200 10260 -7 30 54 18 3 190 TSM-190-DC01A 1 10000 STP10000TL -35.2523 149.1303 Lyneham High School 
1202 10260 10 23 54 18 3 190 TSM-190-DC01A 1 10000 STP10000TL -35.3394 149.0888 Canberra College 
1842 10350 0 25 45 15 3 230 SR-P660230 1 10000 SMC10000TL -35.2517 149.0478 Weetangera Primary School 
1844 20010 -5 15 87 14.5 3 230 SR-P660230 2 10000 SMC10000TL -35.2492 149.1533 Dickson College 
1845 10350 -53 30 45 15 3 230 SR-P660230 1 10000 SMC10000TL -35.2515 149.1258 Lyneham Primary School 
1847 20010 0 10 87 14.5 3 230 SR-P660230 2 10000 SMC10000TL -35.1647 149.1282 Amaroo School 
1849 10350 15 20 45 15 3 230 SR-P660230 1 10000 SMC10000TL -35.2324 149.0384 Southern Cross ECS 
1860 29640 33 25 156 26 2 190 STP190S-24/Ad+ 3 10000 SMC10000TL -35.3917 149.0676 Namadgi School 
1861 29670 -43 18 129 14.333 3 230 SR-P660230 3 10000 SMC10000TL -35.3545 149.0547 Stromlo High School 
1862 10350 0 20 45 15 3 230 SR-P660230 1 10000 SMC10000TL -35.3545 149.0592 Arawang Primary School 
1863 10350 0 38 45 15 3 230 SR-P660230 1 10000 SMC10000TL -35.3418 149.0769 Lyons ECS 
1864 20010 48 17 87 14.5 3 230 SR-P660230 2 10000 SMC10000TL -35.3595 149.089 Melrose High School 
1865 10350 -5 22 45 15 3 230 SR-P660230 1 10000 SMC10000TL -35.3579 149.0979 Mawson Primary School 
1867 20010 0 18 87 14.5 3 230 SR-P660230 2 10000 SMC10000TL -35.3243 149.0948 Alfred Deakin High School 
1868 10350 -51 20 45 15 3 230 SR-P660230 1 10000 SMC10000TL -35.3261 149.0927 The Woden School 
1869 10350 28 25 45 15 3 230 SR-P660230 1 10000 SMC10000TL -35.3387 149.1329 Red Hill Primary School 
1870 10350 -21 30 45 15 3 230 SR-P660230 1 10000 SMC10000TL -35.3287 149.1508 Narrabundah ECS 

641 1560 -38 36 8 8 1 195 SF160-24-1M195 1 6000 Aurora PVI-6000-OUTD-xx -35.275 149.1136 Black Mountain WERU 
642 4940 33 25 26 26 1 190 STP190S-24/Ad+ 1 10000 SMC10000TL -35.3917 149.0676 Namadgi WERU  
643 4000 -31 21 20 10 2 200 STP200-18/ud 1 3800 SB3800 -35.534 149.1554 Wombat Hill WERU 
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Table 30: Actual and matched PV modules for the Sandia PV Module Performance Model 

    Pmax (W) Vmp (V) Imp (A) Voc (V) Isc (A) Material5 No. of cells Efficiency (%) 
Actual  190W Trina Solar TSM-190-DC01A 190 36.6 5.19 45.1 5.52 c- Si 72 14.9 
Matched  185W Sharp NT-S5E1U 185 36.2 5.11 44.9 5.75 c- Si 72 14.2 
Actual  185W Hanwha SolarOne SF160-24-1M185 185 35.6 5.21 44.6 5.68 c- Si 72 14.5 
Matched  185W Sharp NT-185U1 185 36.2 5.11 44.9 5.75 c- Si 72 14.2 
Actual  230W Sunrise SolarTech SR-P660230 230 29.72 7.74 36.83 8.31 mc-Si 60 16.2 
Matched  Yingli Solar YL230-29b 230 29.5 7.8 37 8.4 mc-Si 60 14.1 
Actual  190W Suntech STP190S-24/Ad+ 190 36.6 5.2 45.2 5.62 c- Si 72 14.9 
Matched  185W Sharp NT-185U1 185 36.2 5.11 44.9 5.75 c- Si 72 14.2 
Actual  195W Hanwha SolarOne SF160-24-1M195 195 36 5.42 45 5.85 c- Si 72 15.3 
Matched  SunPower SPR-200-BLK 200 40 5 47.8 5.4 c- Si 72 16.1 
Actual  200W Suntech STP200-18/ud 200 26.2 7.63 33.4 8.12 mc-Si 54 13.6 
Matched  Suntech STP200S-18/ub-1 200 26.2 7.63 33.4 8.12 mc-Si 54 13.6 

 
 
 
 
 
 
 
 
 
 
 

                                                 
5 c-Si stands for monocrystalline silicon and mc-Si stands for polycrystalline/multicrystalline silicon  
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Table 31: Actual and matched grid-connected inverters for the Sandia Inverter Model 

    Vac (Vac) Paco (W) Pdco (W) Vdco (V) 
Actual Inverter 10kW SMA STP10000TL 230 10000 10200 600 
Actual Inverter 10kW Aurora PVI10.0-OUTD-AU 400 10000 10300 580 
Actual Inverter 10kW SMA SMC10000TL 230 10000 10350 350 
Matched Sandia Inverter 10kW Fronius IG Plus 10.0-1 uni(240) 240V 240 10000 10464.6 388.722 
Actual Inverter 2kW SMA SB2000HF 230 2000 2100 530 
Matched Sandia Inverter 2kW PV Powered PVP2000 240V 240 2000 2141.2 208.29 
Actual Inverter 15kW Sunny Tripower 15000TL 230 15000 15340 600 
Matched Sandia Inverter 15kW Solectria PVI 15kW 480V 480 15090 16018 269.705 
Actual Inverter 6kW Power-One Aurora PVI-6000-OUTD-xx 230 6000 6200 360 
Matched Sandia Inverter 6kW Power-One PVI-6000-240 240 6000 6244.76 342.492 
Actual Inverter 3.8kW SMA SB3800 230 3800 4040 - 
Matched Sandia Inverter 3.8kW SMA  SB3800U 240 3800 4050.67 251.5 
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Figure 53: Using Google Earth to determine azimuth 

 

 
Figure 54: Example of removed site due to mismatch with system capacity6 

 

                                                 
6 Site 1186 capacity was 10.26 kWp but maximum hourly energy generation over the whole year was only ~3.5 
kWh 
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Figure 55: Example of site with a problematic period 

 

 
Figure 56: Example of time-stamping errors7 

 
 
 
 
 

                                                 
7 The blue line indicate plotted measured data, the black line indicates the theoretical clear sky output, the green 
and purple dashed lines indicate measured data timeshifted by ± 1 hour to determine timeshifting error, the red 
dots represent KPV values and the dark and light orange vertical lines indicate the time when the maximum 
output was reach for the theoretical clear sky estimate and the measured values respectively 
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Experimental method for checking estimated tilt 
1. Determine clear sky days for a period of one year at least from previously carefully 

curated smaller dataset  
 
Data from the CSIRO WERU Black Mountain Monitoring site was used to determine clear 
sky days due to highly accurate data about orientation, tilt and location. Simulated clear sky 
output is plotted against actual output for one year (2012-08-01 to 2013-07-31) and day with a 
relatively close fit of the actual hourly output to the simulated clear sky output was found and 
the RMSE of difference between the actual hourly output and simulated clear sky hourly 
output for the entire day was computed. The RMSE found was rounded up to 0.25 kWh and 
used to detect clear sky days for the rest of the year. The number of clear sky days is then 
further pruned to limit number of days in each month to 3 by using whole year plots of site 
1184 (which one of the sites with the most number of days with data in the ACT Schools 
dataset) from the previous step to check the quality of the fit to the clear sky days. Days in 
February, March, June 2013 were added using 1184 plots (most number of days in ACT 
Schools data) due to these months being left out in the initial roundup of clear sky days. 
 
2. Usage of the pruned clear sky days to calculate the estimated tilt to be used for the 

PV systems in Round 1 
 
The PV systems in Round 1 required optimal tilts to be calculated based on available data due 
to tilts not being available in the specifications or manuals, with many of the module tilts 
being listed as flush to roof. Estimated tilts were calculated by the following method: 
 
1. Set tilts in sites info as required 
2. Estimate clear sky output for all pruned clear sky days 
3. Calculate mean normalised RMSE between clear sky output and actual output for all days 
4. Group days into seasons (months 9 – 11 as spring, 12 – 2 as summer etc.) 
5. Give equal weightage to each season by multiplying available RMSE by ratio of total 

number of pruned clear sky days to number of pruned clear sky days with actual data 
available. 

6. If no data was available for all clear sky days in a season, give extra weightage (equivalent 
to number of days that there should be in that season) to the next season (so spring is 
paired with summer, autumn paired with winter) 

7. If 2 adjacent seasons have absolutely no data, set output RMSE to infinity to indicate 
errors and unable to use above solution to calculate tilt 

8. Sum up weighted RMSE for entire year of pruned clear sky days and repeat for tilts from 
0 - 50 degrees or as required. The minimum weight RMSE would be the best estimated tilt 
for that system. 
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Figure 57: Example of final detailed visual check after quality control was performed8 

 
 

                                                 
8 The blue line indicate plotted measured data, the black line indicates the theoretical clear sky output, the red 
dots represent KPV values and the dark and light orange vertical lines indicate the time when the maximum 
output was reach for the theoretical clear sky estimate and the measured values respectively 
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Appendix C 

 
Figure 58: Non-truncated version of the MBE plot for hourly modelling errors by solar zenith angle in 
Section  3.3.2 
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Figure 59: Non-truncated version of the MAPE plot for hourly modelling errors by solar zenith angle in 
Section  3.3.2 
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Appendix D 
 
Brainstormed designs 
 

 
Figure 60: Design 1 - Modular boxes 

 
Figure 61: Design 2 – Steel tower 
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Figure 62: Design 3 – Hanging tripod 
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