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ABSTRACT 

 

As the uptake of residential solar power continues, so does its share of grid electricity. This can 

cause problems when collective ramp events occur. These are weather events that cause a 

significant change in the solar resource over a short time period. The analysis herein is the first 

step towards accurately forecasting these ramp events in Sydney, Australia. 

 

Array characteristics and performance data was acquired for distributed photovoltaic arrays in 

the Sydney region. These data were used alongside with previously established methodologies 

for estimating the clear-sky output to detect ramp events. A comparison of methodologies led 

to the conclusion that ramp events are best detected using the ramp rate. The magnitude, 

duration, seasonality and daily characteristics of the detected events were studied. Collective 

ramp events were found to occur mainly between the months of December and March, this 

range also corresponded to the longest events and those with the greatest magnitudes. During 

these months the frequency of events was highest during the afternoon, this is attributable to 

longer daylight hours and higher levels of diurnal heating. The largest collective ramp events 

were found to be dominated by negative collective ramp events resulting in less power 

availability. Case studies were performed for four of the largest collective ramp events. The 

common cause of these events was found to be thunderstorms, either by a storm moving over 

the city or by the creation of a far-reaching cloud anvil. The largest of these events caused a 

94% reduction in solar power availability within a period of 85 minutes. 
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Glossary of Terms 

 

Symbol Description 

ACT Australian Capital Territory 

Azimuth The angle between True North and a specific object or direction 

BoM Australian Bureau of Meteorology 

Collective ramp 

event 

 

A weather event that causes a significant change in the output of 

multiple geographically dispersed PV systems 

Dt The integral of time which the RR is calculated over 

ESRA European Solar Radiation Atlas 

INDF Input Data Frame 

kWp The rated capacity of a PV system 

LCRE Large Collective Ramp Event 

NSW New South Wales 

PPDF Pre-Processed Data Frame 

PV Photovoltaics: a group of technologies that generate electricity using 

photons from the sun. 

𝑃𝑉𝐶𝐿𝑅                                The simulated clear-sky output of PV systems 

𝑃𝑉𝑀𝐸𝐴𝑆                             The measured output of PV systems 

ramp event A weather event that causes a significant change in the output of a PV 

system over a relatively short period of time 

RR The ramp rate: the relative rate of change of 𝑃𝑉𝑀𝐸𝐴𝑆 with respect to 

𝑃𝑉𝐶𝐿𝑅 

RRDF Ramp Rate Data Frame 

RStudio A free integrated development environment for the statistical language R 

Solar zenith The angle between the Sun’s position and a vertical line perpendicular to 

the Earth’s surface in a specific location 
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Chapter 1 Introduction  

 

1.1 CONTEXT AND MOTIVATION 

Use of solar energy for the generation of electricity has become increasingly popular over the 

past decade due to significant advances in photovoltaics (PV) and other technologies. With 

technological advances and economy of scale, residential PV installations are already reaching 

grid parity in many locations. In 2013 there were more than 1 million PV systems in Australia 

and these primarily consisted of small rooftop-scale installations (Engerer & Mills 2014; 

SunWiz 2013). These installations are commonly grid connected, allowing the owner/operators 

to save the expense of batteries, have more flexibility when determining their array rating, sell 

excess energy to the grid and have a constant reliable power source during periods of low 

insolation. 

 

Whilst the ratio of homeowners who have PV installations is still low, current projections 

forecast global PV capacity will grow to exceed 422GW by 2017 (Engerer & Mills 2014; 

Massin et al. 2013). As the number of installations increases, so too does the percentage of grid 

electricity that is being generated by aggregated solar PV. This means that changes in solar 

availability due to cloud cover will have an increasing effect on the stability of energy 

distribution networks. Weather events that cause a significant change in PV generation over a 

relatively short period of time are referred to as ramp events. These ramp events usually are not 

a problem because they are only affecting the PV output for a small number of arrays. When a 

ramp event affects a high percentage of the PV arrays on a particular grid it is referred to as a 

collective ramp event. Collective ramp events are characterised by their large geographic scale 

and become a problem when their geographic coverage is similar to that of the PV arrays on 

the grid. 

 

The impact of collective ramp events is that the output of PV systems within the affected 

geographical region is severely reduced. As the share of solar electricity within the NSW and 

ACT grid grows rapidly, the effect of ramp events on electricity supply networks is expected 

to become significant. Researchers are interested in understanding these events, in terms of: 

 The general types of ramp events 

 The size of the affected area 

 The meteorological causes 

 The forecastability of the events 

These smaller questions will be explored in order to answer the broader research question of 

this thesis: 

 

What are the characteristics of collective solar ramping events in the Sydney region and how 

can they be most effectively described and classified? 
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The motivation for answering this question is to provide insight into solar ramping for NSW 

authorities and utility operators in the Sydney region. By informing them of the frequency, 

duration and magnitude of ramp events they will be able to better plan for a future grid with 

heavily integrated solar generators. It is the author’s hope that utilities and government will be 

less likely to oppose further integration of solar into the grid in coming years. 

1.2 THESIS OVERVIEW 

In order to assist navigation of this thesis Figure 1 displays a flow diagram for the main chapters. 

 
Figure 1 Thesis flow diagram 

 

As seen in Figure 1 this thesis has a mostly linear structure. The Theoretical Background section 

provides the reader with the necessary theory to understand the rest of the thesis and to replicate 

the experiments undertaken. The Data Sources section provides the reader with details on which 

data was obtained where, why and how to prepare it for the analysis. The Methodology section 

explains the methods used in order to obtain the results, including finding ideal values of 

parameters used in the detection of ramp events. The Analysis section contains discussion of 

the observations made in the Results section. The Case Studies section contains analysis of the 

meteorological causes of four of the largest collective ramp events and in the worst case 

quantifies the effect on the electrical grid under particular assumptions. 
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Chapter 2 Theoretical Background 

 

2.1 SOLAR MODELLING 

2.1.1 Clear-Sky Models 

In order to obtain useful results the recorded data needs to be subjected to a comparative 

analysis; what is being generated versus what would be generated on a clear sky day. For this 

purpose we establish a control which in this case is a model reliant on geometric and 

atmospheric factors that gives the expected clear sky output.  

 

This control can be simulated with two primary inputs; a performance model for the PV system 

and a clear sky irradiation model. The most notable PV system performance models are 

developed by the Photovoltaic Performance Modelling Collaborative (PVPMC) at Sandia 

National laboratories (Klise & Stein 2009). Here performance models for solar panels, inverters 

and related components are developed and tested (Engerer & Mills 2014; Stein 2012). The 

Sandia Performance Model is well established as the industry standard.  

 

For the purposes of this research the ESRA (European Solar Radiation Atlas) clear sky model 

has been implemented. This model has been established as one of the most accurate and the 

simplest to compute model in a recent review of clear sky models in Australia (Engerer & Mills 

2015). The ESRA produces estimates of clear sky beam and diffuse solar radiation. For these 

calculations one primary input is required; the Linke turbidity. Calculation of the ESRA model 

is detailed in Appendix (8.3). 

2.1.2 KPV 

KPV is a clear sky index as defined in Equation (5), can be used specifically for distributed solar 

generation and estimating the performance of PV systems within the vicinity of PV systems for 

which there are data (Engerer & Mills 2014). 

 

𝐾𝑃𝑉 =
𝑃𝑉𝑀𝐸𝐴𝑆

𝑃𝑉𝐶𝐿𝑅
 

(1) 

Where 𝑃𝑉𝑀𝐸𝐴𝑆 refers to the recorded data from PV system/s and 𝑃𝑉𝐶𝐿𝑅 is generated using a 

clear sky model such as the previously mentioned ESRA. This is a useful tool that can be used 

to remove diurnal and seasonal signals from radiation data as well as to simulate additional 

sites. 

2.2 RAMP EVENTS 

The variability of solar power can be attributed to meteorological phenomena, most commonly 

as clouding. The relationship between PV generation and these events was first investigated by 

Jewell and Ramakumar (Jewell & Ramakumar 1987). Events where the PV generation 

undergoes a significant change over a short period of time are referred to as ramp events. An 

example negative ramp event is shown in Figure 2 at approximately 2:00 PM. Ramp events can 

be categorised into positive and negative events, these correspond respectively to significant 
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increases and decreases in the PV generation over a small period of time (Jewell & Unruh 

1990). Ramp events can also occur at widely varying geographic scales, however as Jewell and 

Ramakumar (1987) noted, the greater the geographical diversity amongst PV generation 

systems, the less their outputs correlate. The implication of this is that the effects of any given 

ramp events will be mitigated by averaging PV generation over a larger area, with their 

frequencies and ramp rates decreasing as the geographic scale is increased (Florita et al. 2013; 

Lave et al. 2012). This effect is known as geographic smoothing and occurs when the PV 

network is larger than the meteorological events affecting PV generation. 

 

 
Figure 2 Negative collective ramp event on the 1st of December 2014, normalised generation profiles for two 

separate sites in the Sydney region as well as the normalised collective output 

 

Most recently Wellby and Engerer investigated large scale ramp events in the Canberra region 

(Engerer 2015;Wellby & Engerer 2015). By categorising these ramping events for a particular 

city they claim to be able to link them strongly with specific, repeated large-scale 

meteorological phenomena. Similar to the analysis presented here, a key limitation of their 

analysis was the inability to discriminate between critical and non-critical ramped events with 

any accuracy. Critical events being those that could destabilise the future grid. Their paper is a 

valuable resource as it is one of the first attempts to classify ramping events and directly 

precedes the Sydney analysis. 

2.2.1 Ramp rate calculation 

In order to consistently detect ramp events a criteria needs to be set in order to discern between 

ramp and non-ramp events. Wellby & Engerer (2015) defined a critical ramp event as an event 

where the change in 𝑃𝑉𝑀𝐸𝐴𝑆 output over 60 minutes exceeds a 60% of the mean 𝑃𝑉𝐶𝐿𝑅. This 

methodology was valid for their purposes because they were using it to locate ramp events 

before analysing a few specific ones.  

 

A similar but more effective methodology which substitutes 𝑃𝑉𝑀𝐸𝐴𝑆 with a quantity that is 

independent of the solar zenith could significantly reduce the number of false positives. Ramp 

rates can be calculated according to the methodology of Lave & Kleissl (2010).  When referring 

to PV generator ramp rate (RR) they define it as the rate of change in the difference between 

𝑃𝑉𝐶𝐿𝑅 and 𝑃𝑉𝑀𝐸𝐴𝑆 as defined in Equation (2) and demonstrated in Figure 3. 
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𝑅𝑅 =  
(𝑃𝑉𝐶𝐿𝑅(𝑡 + 𝐷𝑡) − 𝑃𝑉𝑀𝐸𝐴𝑆(𝑡 + 𝐷𝑡)) − (𝑃𝑉𝐶𝐿𝑅(𝑡) − 𝑃𝑉𝑀𝐸𝐴𝑆(𝑡))

𝐷𝑡
 [

𝑘𝑊𝑝

𝑘𝑊𝑝 × 𝑚𝑖𝑛
]  

(2) 

 

 
Figure 3 Demonstration of ramp rate calculation conducted on 16/06/2014 

 

Use of a RR threshold to filter out ramp events is a robust alternative to the 60% in 60 minutes 

method. This is because the RR uses 𝑃𝑉𝐶𝐿𝑅 as a point of reference for 𝑃𝑉𝑀𝐸𝐴𝑆 and since both 

are equally dependent on the zenith angle the RR is independent of the solar zenith. For the 

purposes of this project if a ramp event has a positive RR then it is a negative ramp event. 

Positive ramp events cause increases in the energy being generated relative to 𝑃𝑉𝐶𝐿𝑅, 

Conversely negative ramp events have positive ramp rates and are responsible for relative 

decreases in the electrical output of PV arrays. 

2.2.2 Geographic smoothing 

Geographic smoothing is the term used to describe the reduced effect of ramp events when the 

PV sites are distributed such that they are not all affected by the ramp event. It can occur at 

most scales, including over areas as small as a suburb (Lave et al. 2012). The scale on which 

geographic smoothing can take place is significantly affected by the cloud transit speed (Bing 

et al. 2012). Murata et al. demonstrated minimal correlation between all sites separated by over 

2km under 1-5min irradiance fluctuations (Murata et al. 2009). However for larger variations, 

correlations were found for PV sites up to 50km apart; beyond 50km correlations broke down. 

The variability of the collective output over different geographic scales can be quantified by 

identifying the number of PV systems and their dispersion factor (Hoff & Perez 2010). The 

Dispersion Factor is dependent on PV configuration, Cloud Transit Speed and the time interval 

over which variability is evaluated.  

 

Murata et al. addresses the relationship between the largest output fluctuation and standard 

deviation of a random variable calculated by differencing output variations of photovoltaic 

installations (Murata et al. 2009). The statistical method outlined covers distinguishing between 

large and small scale ramped events. This paper may provide an alternative methodology for 

ramped event categorisation. 
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Chapter 3 Data Sources 

 

3.1 PRIMARY SOURCES 

Data for this project were sourced externally from three primary sources. Solar array generation 

data and array geometry were sourced from PVOutput.org. Wind speed and temperature data 

for modelling PV array performance were acquired from the Bureau of Meteorology. Linke 

Turbidity data were obtained from SoDa-is.com. These data sources are explained in detail in 

the following sections. 

3.1.1 PVOutput.org 

PVOutput.org is a free service for sharing, comparing and monitoring live solar PV and energy 

consumption data. For this project data from 498 sites across Sydney over the four year period 

starting 01/01/2011 were pulled from PVOutput.org as part of a previous honours project (Kurdi 

2015). Figure 4 displays the locations of all PV sites that were reported on at some point during 

the 4 year period. These sites are typically within 50 km of the city centre. 

 

 
Figure 4 Locations of all PV sites that have been reported on at some point in the Sydney region 

 

As shown in Figure 4, the sites that were reported on over the four year period provide very 

good 2-dimensional coverage of the region. Combined, the sites cover a region greater than 

2000 km2. This however does not represent the number of sites that were reported on for any 

given day. Because the data obtained is solely self-reported by owners of PV installations it is 

dominated by sites which appear to have registered but never commenced their reporting, or 

reported sporadically over the period. Of the sites that were actively reporting at any point in 

the 4 year period, 55 have incorrectly reported array attributes that and have been removed as 

part of the quality control process in Chapter 3.2. The growth of the active, useable dataset over 

the studied period is shown in Figure 5 and ranges from 5 to 97 sites. 
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Figure 5 Number of active sites over the reporting period 

 

The ~700% increase in the number of sites over the four years can be attributed to PVOutput.org 

only coming online in late 2010 and gradually increasing in popularity. Given the limited size 

of the dataset it is important to determine whether the sites provide adequate coverage of the 

region. For example if the sites all have very similar longitudes then geographical smoothing 

will not be so evident for cloud events travelling on the North/South axis, the same is true for 

if the sites have similar latitudes and an East/West weather event occurs. Figure 6 displays the 

geographical distribution of the active, useable sites at both the beginning and end of the 

reporting period. As shown in Figure 5 these correspond to the day with the least active sites 

and a day with close to the maximum number of active sites respectively. 

 

 
Figure 6 Orange: Geographical distribution of PV sites 
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As seen in Figure 6 the active useable sites at the end of the reporting period provide a 

reasonably even coverage of the region. This means that the effects of geographic smoothing 

will not be sensitive to the direction a cloud deck is travelling. This however is not the case for 

the beginning of the reporting period; with only 11 sites it is not immediately evident that the 

01/01/2011 has sufficient data for analysis. 

 

In the absence of an established methodology for determining if a set of PV sites are 

geographically well-dispersed the location variance was used. To do this the locations were 

parametrised in two dimensions; latitude and longitude. The assumption here is that provided 

the active sites have sufficient North/South and East/West variances, small ramp events will be 

geographically smoothed and large ramp events will be detectable. Figure 7 displays the 

longitude and latitude variances over the full reporting period. 

 

 
Figure 7 Variance of latitude and longitude over the full reporting period 

 

As seen in Figure 7 the latitude variance ranges from 0.010-0.015 degrees and the longitude 

variance from 0.010-0.025 degrees. These are products of the distribution of home owners in 

the Sydney region with PV arrays who are willing to report their data. For the purpose of this 

project an arbitrary variance threshold of 0.010 degrees has been chosen. Days with latitude or 

longitude variances below this threshold will be excluded from the analysis. The total number 

of days excluded by this criteria was 44. Analysis of variance threshold and the ideal value to 

assign will be dependent on the geography and meteorology of the area and will be left for a 

future project. As per Figure 7, all dates up to and including 12/02/2011 will be excluded from 

the analysis. In addition the 19/01/2012 will also be excluded from the analysis as its latitude 

variance is below the threshold at 0.0094 degrees. 
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386 days throughout the reporting period had no data and were removed from the analysis. 

These are due to disconnections during the scraping process and it was outside the scope of the 

project to re-scrape. Figure 8 displays these missing days by month. 

 

 
Figure 8 Missing days from the reporting period by month 

 

Figure 9 displays the array ratings for all 498 sites. 

 

 
Figure 9 Distribution of array ratings for all sites 

 

The majority of the PV arrays have ratings less than 5 kW with a mean array rating of 3.2 kW. 

This is because they are mostly small residential installations. The group of arrays shown with 

a rating of zero have been miss reported and were excluded from the data set in Chapter 3.2.1, 
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however as can be seen there are a number of PV arrays with larger ratings. The largest of these 

sites has a rating of 17 kW. 

 

In order to get an indication of the combined ratings of the active sites throughout the reporting 

period Figure 10 was generated. 

 

 
Figure 10 Combined ratings of active sites throughout the reporting period 

 

As expected the curve in Figure 10 mirrors that of Figure 5. The reporting period starts with 

less than 50 kW of active sites and ends with a daily combined rating that usually exceeds 300 

kW. 

3.1.2 Bureau of Meteorology 

The Bureau of Meteorology (BoM) is Australia’s primary weather forecasting, recording and 

reporting organisation. Weather data with a 1 minute resolution between October 2011 and 

March 2015 for the Sydney region was procured using funds provided by the Engn4200 course. 

Data from one Bureau of Meteorology station was used during this project. From these data 5 

minute wind speed and temperature data was extracted for use in the Sandia Performance Model 

mentioned in chapter 2.1.1. 

 

Data from the BoM station with ID 66006 was used for the analysis. This is one of Australia’s 

oldest weather stations and is situated in the Sydney Botanic Gardens. The location of this is 

shown in green with respect to the PV sites in Figure 6. As displayed in the figure this station 

is located on Sydney harbour and is considerably closer to the sea (further East) than most of 

the PV sites. This means that the station on average may experience more wind and lower 

temperatures than most of the PV arrays. This could be especially the case of PV sites in 

residential areas where the wind is interrupted by nearby buildings. The possible effects of this 

include a slightly lower efficiency and 𝑃𝑉𝑀𝐸𝐴𝑆 at these PV sites than is simulated. Whilst the 

possible effects of this have been noted it is outside the scope of this study to attempt to correct 

for these effects. 
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3.1.3 SoDa-is.com 

SoDa is an online broker for a large set of information regarding solar irradiation. Included in 

their service is a worldwide Linke Turbidity database constructed as per the methodology 

outlined in (Remund et al. 2003). These data were obtained in the form of monthly averages 

and interpolated to five minutes through the use of a fourth order polynomial as shown in Figure 

11. The Linke Turbidity data was obtained exclusively for use in the ESRA model as in chapter 

2.1.1. 

 

 
Figure 11 Linke Turbidity interpolation 

 

The 4th order polynomial used for the interpolation is shown in Equation (3). 

 
𝐿𝑡 =  −0.000246𝑥4 + 0.007006𝑥3 − 0.052133𝑥2 − 0.040928𝑥  

+ 3.005357 
(3) 

Where Lt is the Linke Turbidity and x is the time of year in months. As seen in Figure 11 this 

curve is not a perfect fit and has a residual sum-of-squares of 0.1519. 

3.2 QUALITY CONTROL 

In order to get the data to a state where it was ready for the analysis of ramp events, quality 

control needed to be undertaken at several different levels. 

3.2.1 PV site quality control 

Quality control needed to be completed at the PV site level due to frequently misreported data. 

This is usually identifiable in a mismatch between the clear sky curve (𝑃𝑉𝐶𝐿𝑅) and the measured 

output (𝑃𝑉𝑀𝐸𝐴𝑆) on a clear sky day. This is because the clear sky curve is generated using array 

attributes reported by the owner such as array azimuth, tilt and rating and when these are 

misreported the clear sky curve is not representative of the array. 

 

Usually this is completed using complex quality control algorithms that correct poorly reported 

array attributes (N.A. Engerer 2015). In this case such algorithms were unavailable and outside 
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the project scope to write so a simpler methodology was adopted. Thresholds were set for the 

maximum acceptable deviations between the maximum 𝑃𝑉𝑀𝐸𝐴𝑆 and 𝑃𝑉𝐶𝐿𝑅 on a clear-sky day. 

This process was repeated for three clear sky days: 03/06/2013, 06/01/2014 and 16/06/2014 and 

when the difference exceeded 20% of 𝑃𝑉𝑀𝐸𝐴𝑆 for a particular site on at least 2 of the three days 

it was removed from the analysis, an example of this is shown in Figure 12A. This type of error 

can usually be attributed to an incorrectly reported array rating and resulted in the removal of 

46 sites from the dataset. 

 

 
Figure 12 Human errors in reporting, Red: measured output, Blue: clear-sky 

 

Errors in the reported azimuth are detected in the offset between when 𝑃𝑉𝑀𝐸𝐴𝑆 and 𝑃𝑉𝐶𝐿𝑅 reach 

their maximums on a clear sky day. The threshold for this was set to 1 hour, when the difference 

between the maximums exceeded this 2 out of 3 times for the previously mentioned dates the 

site was completely removed from the data set. An example of this sort of error is displayed in 

Figure 12B and it resulted in the removal of a further 9 sites. 

 

An important consideration during the quality control was the sensitivity of the RR calculation 

in Equation (2) to the different types of errors. The RR is essentially the difference in gradient 

between 𝑃𝑉𝑀𝐸𝐴𝑆 and 𝑃𝑉𝐶𝐿𝑅 and hence its sensitivity to different errors can be approximated by 

looking at the difference between the gradients of the curves. In Figure 12A the array rating 

mismatch results in a significant gradient difference throughout the entire day; RR calculations 

are sensitive to this type of error. Figure 12B displays a typical case of azimuth mismatch, as is 

visible, this type of error does not result in a significant difference between the gradients. RR 

calculations are not very sensitive to array azimuth mismatch errors. 
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Chapter 4 Methodology 

 

The full analysis was undertaken using RStudio using Mr Engerer’s R package and several 

modules written specifically for this project. These modules addressed data pre-processing, 

standardisation, ramp rate calculations and the identifying of ramp events. 

4.1 RSTUDIO 

RStudio is a free integrated development environment (IDE) for R. R is a programming 

language specifically for statistical computing and graphics, widely used by statisticians and 

data miners. An R package, developed by Mr. Engerer for specific use in this field was used in 

conjunction with custom purpose-built modules (Engerer & Mills 2014b). 

4.2 PRE-PROCESSING 

During pre-processing the raw data were consolidated into average 5 minute resolution data 

over all sites and saved for later analysis. Figure 13 displays a functional-flow block diagram 

of the pre-processing process. 

4.2.1 PV metadata: all sites 

This is the primary data frame that is provided by running the ar.in() function from the R 

package. The metadata contains all data from all sites for the entire reporting period, as well as 

the attributes of the PV sites and their arrays. Out of this an input data frame (INDF) can be 

extracted, this contains the readings from all sites for a particular day at 5 minute intervals.  

4.2.2 Module 1 

Here unwanted sites are removed from the input data frame for quality control as described in 

chapter 3.2. Following this the data from PV sites that have only a 10 minute resolution was 

interpolated to a 5 minute resolution. This was necessary because the 10 minute resolution sites 

were causing 10 minute fluctuations in the mean 𝑃𝑉𝑀𝐸𝐴𝑆 that inhibited later parts of the 

analysis. The interpolation was completed as per Equation (4) where an empty 5 minute time 

step at 𝑡𝑖𝑚𝑒 =  𝑡 is set to equal the mean of 𝑃𝑉𝑀𝐸𝐴𝑆 at 𝑡𝑖𝑚𝑒 =  𝑡 − 5 and 𝑡𝑖𝑚𝑒 = 𝑡 + 5. 

 

𝑃𝑉𝑀𝐸𝐴𝑆(𝑡) =
(𝑃𝑉𝑀𝐸𝐴𝑆(𝑡 − 5) + 𝑃𝑉𝑀𝐸𝐴𝑆(𝑡 + 5))

2
  [

𝑘𝑊

𝑘𝑊𝑃
] 

(4) 

4.2.3 Module 2 

This module takes the PV sites metadata and uses the PV site locations to calculate the relative 

solar geometry. This was then used in conjunction with the previously discussed Linke 

Turbidity from SoDa-is.com to generate the ESRA (chapter 2.1.1) for each site. The Sandia 

Performance Model then uses the BoM wind speeds and temperatures to calculate the 

efficiencies of the arrays at each time step (chapter 2.1.1). The output of this module is a data 

frame containing the clear-sky simulations of all sites for a given day. 
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Figure 13 Pre-processing Functional Flow Block Diagram 

4.2.4 Module 3 

Is seen in Figure 13, Module 3 combines the 𝑃𝑉𝑀𝐸𝐴𝑆 and 𝑃𝑉𝐶𝐿𝑅 data into a compact data frame 

suitable for analysis. The first step of this process was to remove all 𝑃𝑉𝐶𝐿𝑅 data points that do 

not have a corresponding 𝑃𝑉𝑀𝐸𝐴𝑆 data point (same date, same site). This completely removed 

any sites that were not active on a particular day so that the mean clear-sky model was only 
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representative of the active sites. The next step was to condense all the sites in the 𝑃𝑉𝑀𝐸𝐴𝑆 data 

set by calculating the mean 𝑃𝑉𝑀𝐸𝐴𝑆 across all sites for each time step, non-active sites were 

excluded from this calculation. The same process was carried out for the 𝑃𝑉𝐶𝐿𝑅 data and saved 

in the same data frame. This data frame, referred to as a pre-processed data frame (PPDF), was 

generated and saved separately for every day in the reporting period in order to save 

computation time during the analysis. An example structure for PPDF is shown in the Appendix 

(8.4.1).  

4.3 RAMP RATE CALCULATIONS 

In order to calculate the ramp rates on a given day two inputs were required; the PPDF for the 

given day and the period over which the ramp rate was to be calculated (𝐷𝑡). The ramp rate was 

then calculated using the methodology presented in the introductory theory (Chapter 2.2.1) and 

in Equation (2). This, referred to as the ramp rate data frame (RRDF), was then added to the 

PPDF and saved in a separate directory. A separate directory was used for this as the RR 

calculation is relatively quick and was repeated for different values of 𝐷𝑡 later in the analysis. 

An example structure for RRDF is shown in the appendix (8.4.2). 

4.4 RAMP EVENT DETECTION 

4.4.1 Minimum ramp event length 

The first step of the analysis was to determine the ideal interval (𝐷𝑡) over which the ramp rate 

needed to be calculated as in Figure 3. The significance of this is that when an event is detected 

its duration is recorded and will be of the form shown in Equation (5) where n is zero or a 

positive integer. 

 

𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =  𝐷𝑡 + 𝑛 × 5 

(5) 

A ramp rate interval that is too short can be triggered by small fluctuations in the data that do 

not represent collective ramp events. If 𝐷𝑡 is too large it will limit the ability to statistically 

analyse the duration of events by putting a lower limit on the length of events that can be 

detected. In addition a 𝐷𝑡 too big may smooth collective ramp events of smaller durations so 

that they aren’t detected. 

 

In order to determine a suitable 𝐷𝑡 for the analysis, the number of events were calculated for a 

range of values of 𝐷𝑡. The purpose of this analysis was to see if there was significant reduction 

in the number of events detected once 𝐷𝑡 reached a certain magnitude. This simulation was 

completed for the following range in 5 minute tiles:  

 

𝐷𝑡 = [10, 60], 𝑡𝑖𝑙𝑒 = 5 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 

 

The results for this simulation are shown in chapter 5.1. 
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4.4.2 Ramp rate threshold and solar zenith cut-off 

Two other variables that impact the ramp events detected are the ramp rate threshold and solar 

zenith cut-off. The threshold determines the minimum magnitude of ramp event that can be 

detected. The solar zenith cut-off determines the minimum height in the sky that the sun has to 

be before the data collected is assumed valid for analysis. This is determined by shading, 

weather near the horizon, smog and the tilt and azimuth of the arrays. 

 

An assumption made at this point in the analysis is that the geographical separation of the sites 

is small enough that a particular solar zenith cut-off can be applied to the normalised collective 

output of the sites. This is a valid assumption because as seen in Figure 7 the latitude and 

longitudes are tightly bound and the variance never exceeds more than a 20th of a degree, 

meaning that the assumption is certainly valid for the intended changes of more than 1 degree. 

 

In order to assess the sensitivity of the number of ramp events to the RR threshold and maximum 

zenith another simulation was run. This simulation iterated through both the threshold and solar 

zenith cut-offs in the following ranges by in increments defined by the tile size: 

 

𝑅𝑅 𝑡ℎ𝑟𝑒𝑠ℎ ℎ𝑜𝑙𝑑 = [0.001,0.008], 𝑡𝑖𝑙𝑒 = 0.0002 

𝑍𝑒𝑛𝑖𝑡ℎ 𝑐𝑢𝑡 − 𝑜𝑓𝑓 = [50,80], 𝑡𝑖𝑙𝑒 = 2 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 

4.4.3 Sensitivity of chosen ramp rate threshold 

After choosing a RR threshold it was important to verify that this selection would not negatively 

impact the results. 

4.4.3.1 To solar zenith cut-off 

The occurrences of ramp events for all solar zeniths along that slice were analysed. This was 

done by computing a similar simulation to what was done in chapter 4.4.2 for just a single 

threshold. The solar zenith was iterated through the following range: 

𝑍𝑒𝑛𝑖𝑡ℎ 𝑐𝑢𝑡 − 𝑜𝑓𝑓 = [50,80], 𝑡𝑖𝑙𝑒 = 2 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 

This was then plotted in a histogram as in chapter 5.1.3. 

4.4.3.2 To ramp rate time interval 

A simulation was run for the thresh hold with respect to the interval over which the ramp rate 

is calculated. The ramp rate interval was iterated through the following range: 

𝑅𝑅 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = [10,80], 𝑡𝑖𝑙𝑒 = 10 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 

The results of this simulation are shown in chapter 5.1.3. 

4.5 SEASONAL VARIABILITY 

The mean RR of events and the minimum duration of 20 minutes were used to assess seasonal 

trends. In order to do this a simulation was run with the parameters: 

𝑅𝑅 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 0.006, 𝑅𝑅 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = 20 𝑚𝑖𝑛𝑢𝑒𝑠, 𝑍𝑒𝑛𝑖𝑡ℎ 𝑐𝑢𝑡 − 𝑜𝑓𝑓 = 72 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 
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The number of events per month were then counted and adjusted with respect to the missing 

days shown in Figure 8. This part of the analysis excluded the 2011 data, most of which 

consisted of missing or quality controlled days. Using these data a histogram was generated for 

the number of events per month. Further histograms were then generated for the detected events 

per month (not normalised) and indexed by event duration, RR and time of day. These are 

shown in Chapter 5.2. 

4.6 DAILY VARIABILITY 

Analysis of daily variation is completed on a seasonal basis in order to account for daylight 

savings and seasonal daylight hour shifts. A simulation was run with the parameters: 

𝑅𝑅 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 0.006, 𝑅𝑅 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = 20 𝑚𝑖𝑛𝑢𝑡𝑒𝑠, 𝑍𝑒𝑛𝑖𝑡ℎ 𝑐𝑢𝑡 − 𝑜𝑓𝑓 = 72 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 

The 2011 data was removed from this part of the analysis as per the discussion in Chapter 4.5. 

The results were then split into four sets of data corresponding to the four seasons of a temperate 

zone. For Sydney the seasons are defined as in Table 1. 

 

Table 1 Passage of the seasons in Sydney, Australia (Wells 2013) 

Season Start date End date 

Summer 1st December 28th or 29th February 

Autumn 1st March 31st May 

Winter 1st June 31st August 

Spring 1st September 30th November 

 

Each of these sets of data were then plotted in histograms with time of day on the x axis and 

colour indexed in separate plots by RR duration. These are shown in chapter 5.3. 

4.7 DETECTION OF LARGE COLLECTIVE RAMP EVENTS 

Using the previously determined RR threshold, RR interval and solar zenith cut-off the large 

collective ramp events (LCRE) were found for the reporting period. In order to do this a large 

collective ramp event was defined with two conditions: 

1. A ramp rate more than one standard deviation above the mean 

2. A duration more than one standard deviation above the mean 

Statistically this means that large collective ramp event will have a RR in the top 15.8% and a 

duration in the top 15.8%. The filtering out of these ramp events is shown in Chapter 5.4 along 

with their ramp rates and durations. 

4.8 COMPARISON TO PREVIOUS METHODOLOGIES 

In order to assess the effectiveness of the method for finding collective ramp events, the results 

were compared to fractional changes in energy output similar to the methodology explained in 

Chapter 2.2.1 (Wellby & Engerer 2015). The fractional changes of the large collective ramp 

events are shown in Chapter 5.5. 
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Chapter 5 Results 

 

This chapter exclusively displays the results from the methodology detailed in Chapter 4. These 

are not the only results presented in this thesis, methodology for other results will be detailed 

in their respective sections. 

5.1 RAMP EVENT DETECTION 

5.1.1 Ramp rate time interval 

 

 
Figure 14 Number of events vs RR interval (Dt) detected over the entire reporting period for a range of 

values of Dt. Only events over a ramp rate threshold of 0.004 kW/kWp min-1 that occurred at a solar zenith 

less than 80 degrees were counted. 

 

In order to inform the selection of a minimum acceptable duration for calculating the ramp rate 

over, Figure 14  was generated. This figure shows that as the minimum event duration is 

decreased the total number of collective ramp events detected increases exponentially. The data 

closely follows an ideal exponential curve, the furthest deviation occurring for durations below 

𝐷𝑡 =  20 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 where the number of events detected sharply increases. 
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5.1.2 Ramp rate threshold and solar zenith cut-off 

 
Figure 15 Simulation over the parameters: Dt = 20 minutes, ramp rate threshold = [0.001, 0.008], tile = 0.001 

kW/kWp min-1, solar zenith cut-off = [50, 78], tile = 4 degrees 

 

Figure 15 illustrates the relationship between the number of collective ramp events detected, 

RR and solar zenith cut-off. From this figure it is evident that the number of events detected 

always exhibits an exponential relationship to the ramp rate threshold for the range of thresholds 

and solar zenith cut-offs used. The relationship of solar zenith cut-off to number of events 

detected appears to be almost linear with the gradient decreasing rapidly as the RR threshold is 

increased. This figure was used to inform the selection of a ramp rate threshold. 
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5.1.3 Sensitivity of ramp rate threshold 

5.1.3.1 To solar zenith cut-off 

 

 
Figure 16 Histogram of the number of events exceeding a threshold of 0.006 kW/kWp min-1 vs. solar zenith 

cut-off. Calculated using a simulation for the solar zenith range of: [50,80], tile = 2 degrees. Here the ramp 

rate was calculated over a 20 minute interval. Ramp rates displayed in colour correspond to the maximum 

ramp rate of each event. 

 

Figure 16 provides a closer look at the relationship between the number of detected collective 

ramp events and the solar zenith cut-off in order to assess if selection of a different solar zenith 

cut-off would dramatically change the events that were detected with the selected RR threshold. 

This relationship appears to decrease in gradient as the solar zenith cut-off increases, with a 

noticeable decrease in the gradient at a solar zenith cut-off of 60 degrees. As shown by the 

colour-indexes there is no clear relationship between distribution of ramp rates detected and the 

solar zenith cut-off used when detecting them. 
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Figure 17 Ramp rate (absolute) vs. solar zenith cut-off. The result of a simulation over the solar zenith cut-

off range of [50, 80], tile = 2 degrees. Calculated with a 20 minute RR interval and RR threshold of 0.006 

kW/kWp min-1. Ramp rates correspond to the maximum ramp rate of each event. 

 

In order to determine a suitable solar zenith cut-off to use the ramp rates of events for each of 

a range of cut-offs were calculate and are displayed in Figure 17. All ramp events detected with 

solar zenith cut-offs below 74 degrees exhibited the same maximum ramp rates. At 74 degrees 

and above the maximum ramp rates detected increase significantly.  

5.1.3.2 To ramp rate interval 

 
Figure 18 Histogram of the number of events vs RR interval. Generated with solar zenith cut-off = 72 

degrees and RR threshold = 0.006 kW/kWp min-1. Simulation performed over RR interval range of [10, 80], 

tile = 10 minutes. Ramp rates displayed in colour correspond to the maximum ramp rate of each event. 
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In order to assess whether the detected events at the chosen ramp rate threshold would change 

significantly when the RR interval was changed, Figure 18 was generated. This figure illustrates 

that significantly more collective ramp events are detected at 𝐷𝑡 =  10 than at 𝐷𝑡 =  20 when 

using a RR threshold of 0.006. This is especially the case for events with large magnitude ramp 

rates. 

5.2 SEASONAL VARIABILITY 

 
Figure 19 Histogram of event frequency per month for 2012, 2013 and 2014. Generated with the parameters: 

RR threshold = 0.006 kW/kWp min-1, RR interval = 20 minutes and Solar zenith cut-off = 72 degrees. The 

data presented here has been normalised with respect to the total active days per month during the analysis 

period. 

 

The annual distribution of collective ramp events corrected for missing days is shown in Figure 

19. The least collective ramp events are detected in winter during June and July. The most 

collective ramp events occur at the beginning of and just after summer in December and March 

respectively. 
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Figure 20 Histogram of event frequency per month for 2012, 2013 and 2014. Generated with parameters: 

RRs threshold = 0.006 kW/kWp min-1, RR interval = 20 minutes and Solar zenith cut-off = 72 degrees. This 

figure has been colour indexed by year. 

 

Figure 20 displays the un-corrected frequency of events by month throughout the reporting 

period. The colour-indexing shows that less events were detected in 2014 during the first quarter 

of the year and none were detected in November. 

 

 
Figure 21 Seasonal variations of event duration. Obtained with the parameters: RR threshold = 0.006 

kW/kWp min-1, RR interval = 20 minutes, solar zenith cut-off = 72 degrees. These data have not been 

corrected for missing days. 
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Figure 21 illustrates the monthly distribution of collective ramp events colour-indexed by 

duration. This figure shows no clear relationship between the duration of detected events and 

time of year. 

 

 
Figure 22 Seasonal variation of mean event ramp rate. Obtained with the parameters: RR threshold = 0.006 

kW/kWp min-1, RR interval = 20 minutes, Solar zenith cut-off = 72 degrees. These data have not been 

corrected for missing days. 

 

Figure 22 displays that the distribution of ramp rates of detected collective ramp events does 

have a dependence on time of year. The winter months that exhibit the least ramp events also 

exhibit very few events with ramp rate magnitudes exceeding 0.008. The converse is true for 

the months with the most detected events; considerably more high magnitude RR events are 

detected in December through to March. 
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Figure 23 Seasonal variation of event time of day. Obtained with the parameters: RR threshold = 0.006 

kW/kWp min-1, RR interval = 20 minutes, Solar zenith cut-off = 72 degrees. These data have not been 

corrected for missing days. 

 

The time of day that ramp events most commonly occur is explored on a monthly basis in Figure 

23. A clear relationship is shown, where the months with the least detected events exhibiting 

very few events more than three hours from midday. The opposite is true for the months with 

the most detected events. There is a significant difference between the time of day distribution 

of detected events in October with respect to November, with November exhibiting far more 

events later in the day. 
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5.3 DAILY VARIABILITY 

 
Figure 24 Daily variations in event frequency and event duration by season. Obtained with parameters: RR 

threshold = 0.006 kW/kWp min-1, RR interval = 20 minutes, Solar zenith cut-off = 72 degrees. Not corrected 

for daylight savings. 

 

Figure 24 displays the daily variations in collective ramp event duration on a seasonal basis. 

From this several observations can be made: 

 The most collective ramp events occur in summer 

 The least collective ramp events occur in winter 

 Summer, winter and spring exhibit the majority of their collective ramp events after midday 

 In autumn short events occur symmetrically throughout the day whilst longer events are more 

likely to occur between 12:00 and 15:00 

 Spring exhibits the longest collective ramp events followed closely by summer 

 Winter exhibits the shortest collective ramp events 

 



 

  27 

 
Figure 25 Daily variations in event frequency and mean event RR. Obtained with parameters: RR threshold 

= 0.006 kW/kWp min-1, RR interval = 20 minutes, solar zenith cut-off = 72 degrees. Not corrected for 

daylight savings. 

 

Figure 25 displays the daily RR variability split by season. Observations from this set of figures 

are listed below. 

 Winter exhibits the lowest ramp rate magnitudes 

 High RR magnitudes (> 0.014 kW/kWp min-1) occur most frequently in the afternoon year 

round 

 The seasons that exhibit the most frequent high RR magnitudes are summer and autumn 

 Collective ramp events with high RR magnitudes occur most frequently in summer after 

12:00pm 
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5.4 LARGE COLLECTIVE RAMP EVENTS 

 
Figure 26 Filtering out of LCREs, data points obtained using the parameters: RR threshold = 0.006 

kW/kWp min-1, RR interval = 20minutes, Solar zenith cut-off = 72 degrees 

 

Figure 26 displays the statistical relationship of the duration and RR magnitude of each event 

to their respective means. By only taking the events with durations more than one standard 

deviation above the mean and RR magnitude more than one standard deviation above the mean 

the data set is reduced to 26 collective ramp events. 

 

 
Figure 27 Ramp rates and durations of LCRE s. Obtained using the parameters: RR threshold = 0.006 

kW/kWp min-1, RR interval = 20 minutes, Solar zenith cut-off = 72 degrees 

 

The ramp rates and durations of the 26 collective ramp events selected in Figure 26 are shown 

in Figure 27. 21 of the 26 events registered as negative ramp events (positive RR). 20 of the 26 

events had durations less than 45 minutes. 
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5.5 COMPARISON TO PREVIOUS METHODOLOGIES 

 
Figure 28 Ramp rate vs fractional change of LCRE s 

 

Figure 28 explores the relationship between the RR method and the fractional change. These 

data confirm that negative ramp rates always correspond to positive fractional changes. The 

largest fractional change is -94% corresponding to a RR of 0.0085 kW/kWp min-1 and it 

occurred on the 22nd of November 2013 over a period of 85 minutes. 

 

 
Figure 29 Hour vs RR colour-indexed with % change 

 

Figure 29 illustrates the sensitivity of fractional change to particular times of day. As can be 

seen in the figure, whilst ramp rates are reasonably evenly distributed the fractional change 

exhibits disproportionately more high magnitude negative changes late in the day compared to 

earlier in the day. The same can be said for the high positive fractional changes which exhibit 

a bias for earlier in the day.
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Chapter 6 Analysis 

 

6.1 RAMP EVENT DETECTION 

6.1.1 Ramp rate time interval 

As mentioned in chapter 4.4.1 selecting the duration over which the ramp rate is calculated is 

an important precursor to the analysis. Figure 14 displays the relationship between this variable 

and the total number of events over the entire reporting period. Below 𝐷𝑡 = 20 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 there 

appears to be a step up in the gradient of Figure 14. This indicates that 10 minute and 15 minute 

intervals for the ramp rate calculation expose the analysis to detection of short term variations. 

Given the area of the analysis region as mentioned in chapter 3.1.1 it is unlikely that a collective 

ramp event in the region would act over a 10-15 minute time period. 

6.1.2 Ramp rate threshold and solar zenith cut-off 

The 3D mesh plot shown in Figure 15 shows the number of events that are detected over the 

entire period given specific permutations of solar zenith cut-off and RR threshold. The increase 

in the number of events detected as the threshold is decreased is expected. As the RR threshold 

decreases it detects sequentially smaller events. These would include non-collective ramp 

events that do not have sufficient coverage of the region as well as moderate to light cloud 

cover. 

 

The increase in the number of detected events as the solar zenith cut-off is increased is also 

expected. Increasing the solar zenith cut-off increases the total amount of time that is analysed, 

naturally implying the detection of more events. A more subtle effect of increasing the solar 

zenith cut-off is the inclusion of weather patterns more typical of early morning and late 

afternoon as well as ‘boundary error’. In this case boundary error consists of the false detection 

of ramp events due to non-meteorological causes. A common cause of these would be shading; 

in the case that there is unreported shading on the PV array its output will quickly deviate from 

the clear-sky at the relevant time of day. PVOutput.org only collects a qualitative indication of 

how much shading PV sites experience. This is most likely to happen when the sun is low in 

the sky ie: high solar zenith cut-offs. The frequency of boundary error and horizon weather 

patterns increase significantly as the RR threshold is decreased. This affect is most observable 

in Figure 15 where the gradient perpendicular to the solar zenith cut-off greatly increases as the 

RR threshold decreases. 

6.1.3 Sensitivity of ramp rate threshold 

6.1.3.1 To solar zenith cut-off 

The sensitivity of the detected events to different solar zenith cut-offs is visualised in Figure 

16, this shows a histogram of the number of events detected versus the solar zenith cut-off. 

Time of day is shown to have little impact on the RR of a ramp event however the lack of a 

noticeable increase in the occurrences of events with high RR magnitudes (-0.014 or 0.014 
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kW/kWp min-1) does indicate that the largest ramp events may be more likely to occur closer 

to midday. 

 

Figure 17 plots the RR versus the solar zenith cut-off. What is immediately noticeable is that 

the RR magnitude seems to be bounded beneath an upper limit for solar zenith cut-offs of 72 

degrees and below. This limit is RR = 0.036 kW/kWp min-1. At solar zenith cut-offs above 72 

degrees significantly higher RR magnitudes are detected, these reach a maximum of 0.111. 

These are most likely due to boundary error as explained in chapter 6.1.2. For the remainder of 

this analysis a solar zenith cut-off of 72 degrees will be used; this cuts out obvious boundary 

errors whilst also maximising the daylight hours that are analysed. This cut-off is appropriate 

region but further analysis needs to be undertaken in order to determine it for other regions. 

6.1.3.2 To ramp rate interval 

The sensitivity of the number of detections to the RR interval at the chosen RR threshold is 

assessed in Figure 18. This displays the total number of events detected for a range of different 

RR intervals. This follows a roughly exponential curve, with considerably more high RR events 

(>0.014 kW/kWp min-1) being detected at lower RR intervals. The implication of this that there 

is a significant amount of 10 to 20 minute events in the data that exhibit high RRs however only 

very few of these are longer duration events. In an analysis of ramp events with a high RR and 

significant duration a lower limit would need to be set on the length of the events. 

6.1.4 Sensitivity of solar zenith cut-off 

6.2 SEASONAL VARIABILITY 

Seasonal meteorological variations in any particular region are likely to reflect the climate zone 

of the region. For example tropical zones are often characterised by a wet and dry season cycle 

and temperate zones are characterised with four seasons (Wells 2013). Figure 30 displays the 

climate zoning of Australia. 
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Figure 30 Climate zones of Australia, modified from (Wells 2013). 

 

As shown in Figure 30 Sydney is located within a temperate zone. This means that Sydney 

experiences a full four season weather cycle each year. From this we know that that the wettest 

months of the year in Sydney are May, June and July and the hottest months are December, 

January and February (Wells 2013). Intuitively, more rain means more opaque clouds and hence 

strong ramp events, though this is uncertain because Sydney summers are also characterised by 

afternoon storms (Potts et al. 2000). 

 

Figure 19 displays the corrected monthly histogram of events in the Sydney region for the 

period including 2012, 2013 and 2014. This was corrected using the data presented in Figure 8, 

Chapter 3.1.1. A clear periodic relationship between the time of year and the number of events 

that are experienced per month is shown. The months with the least events are June, July and 

May respectively. Surprisingly this coincides with winter and the period of greatest rainfall in 

Sydney. This could mean that winter cloud decks are broken and do not cover the whole region 

at once, or that they occur over longer time periods. The two months with the most events occur 

in December and March respectively. These correspond to the first month of summer and the 

first month of autumn. A possible explanation for this is that the diurnal cycle during these 

months is balanced such that there is the highest temperature difference between the land and 

sea during this period. However the data shown in Figure 20 shows that the high number of 

events in December can be attributed to December 2014 having 232 detected events, compared 

to the combined total of 245 ramp events for December 2012 and 2013. Complete datasets for 

more than three years would need to be collected in order for this analysis to yield more 

meaningful results. 

 

Figure 21, Figure 22 and Figure 23 display the uncorrected seasonal variance of ramp events 

colour indexed by duration, RR and time of day respectively. These figures allow visualisation 

of how the characteristics of collective ramp events change throughout the year in Sydney.  
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6.2.1 Seasonal duration variability 

As seen in Figure 21, ramp event duration doesn’t have any clear dependence on the time of 

year. November displays the highest number of events exceeding a 50 minute duration with 

three events over 50 minutes and the longest reaching 70 minutes on the 22nd November 2013. 

October and January follow November in having the longest duration events respectively. The 

occurrence of events over 50 minutes in the data set is rare. Because of this, the results obtained 

here are not necessarily representative of the overall trend and could be due to once off weather 

events.  

 

In order to test if the data represented in Figure 21 is representative of the ‘average year’, it was 

filtered by year and all the November events of duration over 50 minutes were found to have 

occurred in 2013. November 2013 was Sydney’s wettest November since 1984, accounting for 

the presence of the longest duration events (Australian Bureau of Meteorology 2013a). The 

collective ramp event on the 22/11/2013 will be further analysed in Chapter 7. 

6.2.2 Seasonal ramp rate variability 

The seasonal variability of the ramp rate is displayed in Figure 22. From this figure we can 

draw two conclusions; the first is that in any given month roughly the same number of positive 

and negative collective ramp events occur. The second is that the number of ramp events over 

a given threshold tends to be proportional to the total number of events that month. 

6.2.3 Seasonal ramp event time of day variability 

The variability of ramp event times throughout the year is displayed in Figure 23. From this 

figure we can conclude that ramp events year round are more likely to happen closer to midday. 

The months that the most ramp events are detected in were identified in Chapter 6.2; December 

and March can be further analysed with this representation. The difference between these 

months and the months adjacent to them appears to be the extra collective ramp events that 

occur after 3pm. 

 

The complete disappearance of collective ramp events after 3pm at the end of April in Figure 

23 and then the appearance of events after 4pm in October are expected. These can be attributed 

to daylight savings time adjustments of -1 hour and +1 hour on the first Sundays of April and 

October respectively. 

6.3 DAILY VARIABILITY 

6.3.1 Daily duration variability 

Though the most collective ramp events occur in the summer, the long duration ramp events 

appear to occur more during the other three seasons. The highest frequency of these occur at 

around 1-2pm on days during spring and around 11am in autumn and winter. 

6.3.2 Daily ramp rate variability 

Figure 25 displays the daily RR variability split by season. Of the total 107 high RR magnitude 

events that occurred during the 2012-2014 period, 56 of them were in summer. Summer was 
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closely followed by autumn with 34 events and 15 of the remaining 7 events occurred in spring. 

From this we ascertain that high RR magnitude collective ramp events are most likely to cause 

electrical grid instability during the summer. 

 

The prevalence of summer ramp events can be attributed to diurnal heating and the arrival of 

warm, moist air masses from the western pacific and southern ocean, resulting in increased 

convective activity. The longer daylight hours and higher afternoon temperatures can also be 

used to explain the higher occurrence of afternoon ramp events during the summer months. 

This is sharply contrasted by the winter distribution which is more centralised on 12:00 PM 

mid-day. 

6.4 LARGE COLLECTIVE RAMP EVENTS 

The use of statistical distributions to determine what classifies as a LCRE is illustrated in Figure 

26. The concept of a LCRE is similar to Engerer and Wellby’s critical ramp event defined by a 

minimum of a 60% change in 60 minutes.  

By filtering out only the ramp events that had both top 15.8% durations and top 15.8% RRs 

only 26 events were left remaining. As shown in Figure 26 this had the effect of removing a 

large number of events which met only one of the conditions. 

 

Of the 26 large collective ramp events 18 occurred in 2013, with 3 and 5 occurring in 2012 and 

2014 respectively. Of these, none were registered between the months of April and August with 

17 of the 26 occurring during summer between December and February. Figure 27 displays the 

ramp rates and durations of the LCREs. An observation that can be made from this figure is 

that the majority of the LCREs are negative ramping events.  

6.5 COMPARISON TO PREVIOUS METHODOLOGIES 

The fractional change in energy generation with respect to the mean 𝑃𝑉𝐶𝐿𝑅 is presented with 

respect to the ramp rate in Figure 28. Here the large collective ramp events are colour-indexed 

by duration. Clear segmentation can be seen between two different clusters in Figure 28; this is 

a clear indication that as expected a negative RR corresponds to a positive fractional change. 

The highest fractional change is -94% over a period of 85 minutes on the 22nd of November 

2013, this is the same rate of change of 𝑃𝑉𝑀𝐸𝐴𝑆 with respect to the mean 𝑃𝑉𝐶𝐿𝑅 as a -66% 

change in 60 minutes and is shown in Figure 37. 

 

Figure 29 illustrates the original reason the RR was used to detect collective ramp events rather 

than the fractional change. This can be seen in the difference between the relatively symmetrical 

daily distribution of ramp rates compared to the clear bias for large negative fractional changes 

late in the day and large positive changes early in the day. 

  



 

  35 

Chapter 7 Case Studies  

 

Case studies were carried out for four of the large collective ramp events.  

7.1 POSITIVE RAMP EVENTS: 13TH
 OF OCTOBER 2014 

The 13th of October 2014 exhibited two of the 26 LCREs in a single afternoon, these are shown 

in Figure 31.  

 

 
Figure 31 Two positive large collective ramp events on 13/10/2014: 12:35 PM – RR = 0.013 kW/kWp min-1, 

duration = 40 minutes, fractional change = 33%, 14:40 PM – RR = 0.011 kW/kWp min-1, duration = 55 

minutes, fractional change = 39% 

 

Both of these events are positive LCREs. Figure 32 displays satellite from 1 hour 25 minutes 

after the LCRE finished. Isobaric charts from the same source show us that the LCREs were 

caused by a stationary, increasing low pressure system over Sydney. This manifested as the two 

distinct bands of convection shown in Figure 32. 

 

Convective fronts A. and B. in Figure 32 were moving East on the 13th of October 2014. During 

the late morning the Sydney sun was blocked by A. until at around 12:35 PM when A. began 

passing overhead out to sea and areas of Sydney were exposed to greater solar insolation. This 

was the first ramp event in Figure 31. At approximately 13:30 PM the convective front at B. 

began blocking more sunlight as it moved in from the West. The second positive ramp event in 

Figure 31 occurred as convective front B. passed overhead. 
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Figure 32 Satellite imagery for 04:00 PM on the 13th October 2014 (Australian Weather News 2014). 

 

7.2 NEGATIVE RAMP EVENT: 22ND
 OF JANUARY 2013 

The second case study is on a negative LCRE that occurred on the 22nd of January 2013. This 

was a 55 minute event starting at 01:20 PM as shown in Figure 33. 

 

 
Figure 33 Negative ramp event at 13:20 on the 22/01/2013, ramp rate = 0.012 kW/kWp min-1, duration = 55 

minutes, fractional change = -76% 

 

This negative ramp event caused a -76% change in the collective solar generation profile with 

respect to the clear-sky output at the time. As Figure 34 displays, this LCRE  corresponds to 

the advent of a thunderstorm coming in from the West. 
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Figure 34 128 km radar at Terrey Hills Sydney on the 22nd January 2013 from 01:24 PM to 02:18 PM EST 

(theweatherchaser.com, 2013) 

 

Interestingly the radar chart at 01:24 PM indicates that the thunderstorm was already close to 

Sydney when the ramp event began, however it had not moved any closer to Sydney by the 

time the ramp event finished. This is because the storm was actually forming on the spot in the 

first image, whereas in the second image the storm has spread out slightly. Even though the 

storm remained stationary a LCRE was detected. This can be attributed to the storm forming a 

cloud anvil that shaded a large portion of Sydney shortly after its formation. 

7.3 NEGATIVE RAMP EVENT: 16TH
 OF MARCH 2014 

On the 16th of March 2014 Sydney experienced the LCRE shown in Figure 35 at 11:30 AM. 

 

 
Figure 35 Negative ramp event on 16/03/2014 at 11:30 AM, ramp rate = 0.012 kW/kWp min-1, duration = 

50 minutes, fractional change = -73% 
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Similar to the previous case study this collective ramp event can be attributed to the formation 

of a storm. However the mechanism of this ramp event is quite different. Figure 34 displayed a 

stationary storm whereas Figure 36 displays a fast moving storm coming in from the North 

West. 

 

 
Figure 36 64 km radar at Terrey Hills Sydney for the 16th March 2014 from 11:30 AM to 12:18 PM EST 

(theweatherchaser.com, 2013) 

 

Whilst it is still likely that the ramp event is partially attributable to the anvil ahead of the storm 

displayed in Figure 36, a large part of the shading can be attributed to the storm itself blocking 

the sun. 

7.4 NEGATIVE RAMP EVENT: 22ND
 NOVEMBER 2013 

The largest collective ramp event that was detected occurred on the 22nd of November 2013. 

This was Sydney’s wettest November since 1984 and the 22nd in particular was a day 

characterised by widespread thunderstorms in the Sydney basin (Australian Bureau of 

Meteorology 2013b). This LCRE is shown in Figure 37. 
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Figure 37 Negative LCRE  at 01:00 PM on the 22nd of November 2013, duration = 85 minutes, fractional 

change = -94% of mean clear-sky, RR = .0085 

 

Figure 37 shows that over a period of 85 minutes from 01:00 PM on the 22nd of November 2013 

the normalised mean output of the active sites dropped by 94%. This is a stark demonstration 

of the variability of the solar resource and a clear example of the motivation behind this project. 

 

 
Figure 38 128 km radar at Terrey Hills Sydney for the 22nd of November 2014 from 01:12 PM to 14:24 PM 

EST (theweatherchaser.com, 2013) 

 

Figure 38 shows that similar to the case study in Chapter 7.2 this ramp event was caused by 

power full cells that developed to the West of Sydney and remained relatively stationary. Once 

again this ramp event can be attributed to the ‘spreading out’ of developed storms and the 

resulting cloud anvil preceding them. 
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7.5 IMPACT OF THE LARGEST COLLECTIVE RAMP EVENT 

To demonstrate the impact of large collective ramp events on the grid we will extend the case 

study of the largest detected event in the previous section. In order to calculate the total impact 

of this collective ramp event for all 498 sites is was assumed that the active sites on the day had 

sufficiently large and even geographical coverage to be representative of any number of sites 

evenly distributed throughout the region. This is a general assumption and it is noted that for 

future analysis a more granular approach such as simulating the additional sites on a suburb 

scale using the KPV methodology would yield more accurate results (Nicholas A Engerer 2015; 

Engerer & Mills 2014). With this assumption we can take the combined total rating of all 498 

sites (1.58 MW) and multiply the normalised mean output in Figure 37 by it to obtain Figure 

39. 

 

 
Figure 39 Impact of the LCRE shown in Figure 37 over all 498 sites with a combined rating of 1.58 MW 

 

For the 1.58 MW of PV installed in Sydney that PVOutput.com has reported, this ramp event 

resulted in the 950 kW drop in power output shown in Figure 39 over a period of 85 minutes. 

This corresponds to a ~670kWh energy deficit in just the first 85 minutes after the LCRE begins. 

These numbers can be scaled with respect to the combined ratings of the PV arrays in Sydney. 

For example if we assume there is 15MW of installed capacity in Sydney a 9.5 MW drop in 

power availability would occur due to this LCRE.  
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Chapter 8 Conclusion 

 

8.1 OUTCOME 

The aim of this thesis was to explore the characteristics and causes of collective ramp events in 

the Sydney region. The collective output profile of 498 photovoltaic sites in Sydney was 

generated for each day with adequate data in the four year period starting the 1st of January 

2011 using data from PVOutput.org. A clear-sky profile for the active sites on each day was 

generated using parts of a previously established R package and data from multiple other 

sources (Engerer & Mills 2014). The ramp rate was used to detect ramp events as per the 

methodology in Chapter 2.2.1. The sensitivity of the number and type of events detected were 

used to test and optimise the parameters used in the analysis. The results of this were: 

 A RR threshold of 0.006 kW/kWp min-1 was found to largely eliminate the detection of events 

due to noise whilst also allowing enough events to be detected for statistical analysis 

 A RR interval of 20 minutes was found to eliminate noise whilst also allowing the detection of 

shorter events 

 A solar solar zenith cut-off of 72 degrees eliminated high ramp rate boundary error whilst 

maximising the daylight hours that were analysed  

With these parameters identified the annual variability of ramp events was assessed. Whilst the 

results showed clear trends it is important to note that the limited amount of data meant that one 

month with far more ramp events than usual had the potential to skew the results. The 

conclusions made were: 

 The least events occur during June and July 

 The most events occur during December and March 

 The frequency of longer events is proportional to the total number of events that occur in a 

given month 

 The most high RR magnitude events occur during and just after summer 

A similar analysis was also undertaken to determine at what time of day collective ramp events 

usually occur. The conclusions made from this part of the analysis were: 

 In the summer the longer days and higher levels of diurnal heating cause larger collective 

ramp events later in the day 

 In winter the most collective ramp events occur more symmetrically about midday 

The next step of the process was to filter out the largest events. 26 LCRE s were chosen by their 

large ramp rates and durations. The majority of these events were negative ramp events, this 

was an expected outcome due to the compression preceding most convection fronts.  

 

A comparison between the previously used fractional change and the RR method for detecting 

events was undertaken. The results confirmed the original reason for choosing the RR; that the 

fractional change is sensitive to time of day. Large positive and negative fractional changes 

occur far more frequently near the beginning and end of the day respectively. Once ramp events 

have been detected using the RR the author suggests that the fractional change be used to 

communicate the significance of events. 
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An initial analysis of four of the large collective ramp events indicated that the most common 

cause in the Sydney region is thunder storms. In this limited analysis thunderstorms caused 

negative ramp events through two different mechanisms. In the first, storm cells generate to the 

West of Sydney but remain stationary, sending out anvils that cause negative ramp events. In 

the second, storms move towards Sydney from the Northwest and the collective ramp events 

actually occur as the storm passes overhead. The analysis was not sufficient to determine which 

mechanism could cause a greater problem though it is noted that the second mechanism is easily 

forecast ahead of time using conventional radar. 

 

The first of the two previously mentioned mechanisms was responsible for the largest detected 

ramp event. This occurred at 01:00 PM on the 22nd of November 2013 and resulted in a -94% 

change in collective power output over a period of 85 minutes. Based on the assumption that 

the original data came from sites that were geographically dispersed enough, an approximation 

was made in order to quantify the effect of this ramp event. If Sydney had 15 MW of installed 

solar capacity on the 22nd of November 2013 then this event would have resulted in a 9.5 MW 

drop in power availability during the ramp event. 

8.2 FURTHER WORK

Given the continued uptake of photovoltaics and other solar technologies in Australia, the effect 

of weather events on the grid power availability is going to continue to increase. As this happens 

the demand for more accurate forecasting of collective ramp events will increase. 

 

Presented in this thesis is an initial analysis of collective ramp events in the Sydney region, the 

next step of the process would be to complete a more detailed analysis with more data. This 

analysis would ideally result in the simulated effects of collective ramp events of the full solar 

capacity of Sydney being compared to power availability data supplied by. Another step to be 

completed in parallel with this would be to study these ramp events from the meteorological 

perspective. A better understand of these collective ramp events is an important step towards 

the ultimate goal of being able to forecast them. 

 

Meteorological events are different in every population centre in Australia. This means that 

similar analyses need to be carried out for each city. This process has already begun for 

Canberra, Melbourne and Brisbane, with Canberra’s analysis being at the most advanced stage. 

Currently an online tool for live generation of Canberra’s entire PV output is several months 

away from going online, the biggest step following this is to use machine learning to generate 

forecasting algorithms. 
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Appendix 

8.3 ESRA MODEL 

The ESRA model requires one major input; the Linke turbidity at Air Mass (AM) = 2. This 

turbidity is then used to calculate the Linke transmittances (𝑇𝐿) and Rayleigh optical thickness 

(𝛿𝑅). Estimates of the clear sky beam and diffuse solar radiation are obtained in equations (6) 

and (7) respectively. 

 

𝐸𝑏𝑛𝑐 =   𝐸𝑒𝑥𝑡𝑛
× 𝑒−0.8662×𝑇𝐿×𝐴𝑀×𝛿𝑅  [𝐽] 

(6) 

 

𝐸𝑑ℎ𝑐 =   𝐸𝑒𝑥𝑡𝑛
× 𝑇𝑅𝑑(𝑇𝐿) × 𝐹𝑑(𝜃𝑧 , 𝑇𝐿)[𝐽] 

(7) 

Where 𝑇𝑅𝑑 models the diffusion of air molecules, 𝐹𝑑 is the diffuse angular function 

accommodating for the extra diffusion encountered at higher air masses and solar zenith angles 

(𝜃𝑧). Further details on the ESRA model can found in its seminal paper (Rigollier et al. 2000). 

8.4 DATA FRAMES 

8.4.1 Pre-Processed Data Frame (PPDF) 

Table 2 Example structure for pre-processed data frame 

gtms (global time) ltms (local time) 𝑃𝑉𝑀𝐸𝐴𝑆 𝑃𝑉𝐶𝐿𝑅 

2013-11-15 13:00:00 2013-11-16 00:00:00 NA NA 

        

        

2013-11-16 13:55:00 2013-11-17 00:55:00 NA NA 

8.4.2 Ramp Rate Data Frame (RRDF) 

Table 3 displays an example structure for the ramp rate data frame. For demonstration 𝐷𝑡 is set 

to 60 minutes. 

Table 3 Example structure for ramp rate data frame 

gtms  ltms  𝑃𝑉𝑀𝐸𝐴𝑆(t) 𝑃𝑉𝐶𝐿𝑅(t) 𝑃𝑉𝑀𝐸𝐴𝑆(t+𝐷𝑡) 𝑃𝑉𝐶𝐿𝑅(t+ 𝐷𝑡) RR(t) 

2013-11-15 

13:00:00 

2013-11-16 

00:00:00 

NA NA NA NA NA 

              

2013-11-16 

01:00:00 

2013-11-16 

12:00:00 
0.4 0.5 0.5 0.5 -0.002 

              

2013-11-16 

13:55:00 

2013-11-17 

00:55:00 

NA NA NA NA NA 
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