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Abstract 

Abstract 

The intermittent nature of photovoltaic power can induce serious challenges in grid management and 

operation when large capacities of photovoltaics are integrated within the grid in a given region. 

The Wavelet transform-based Method presents itself as a way to simulate the variable average 

irradiance on an area with high PV penetration. The basis of this method is applying the wavelet 

transform to decompose the normalized irradiance signal, obtained from the measured irradiance at 

single point sensor, into wavelet discrete modes at different timescales. Then, by combining it with the 

concept of Variability Reduction (VR) it is possible to upscale the wavelet modes from that single sensor 

to simulate the wavelet modes of the entire site. 

To validate this method, two approaches were used to study in detail the proximity between the model 

average irradiance and the actual irradiance. The first approach is studying the power content (Fpis) of 

the irradiance signal at each timescale. This guarantees the distribution of power into frequency 

components is the same in both irradiance profiles. The second approach is by studying the irradiance 

deviation patterns (RRs) of each signal at a chosen time-interval. The irradiance of the single point 

sensor will be included for the analysis to see the improvement when using this method. 

Fast irradiance changes prove to be hazardous for PV grid-connected solar parks with sharp voltage 

and reactive power variations that may jeopardize future PV integration into the electrical grid. 
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Resumo 

Resumo 
A natureza intermitente da energia solar fotovoltaica pode provocar sérias complicações na operação 

da rede elétrica quando existe uma grande capacidade fotovoltaica instalada numa determinada zona. 

O método que usa a wavelet transform é o melhor candidato para simular as variações de irradiância 

média que existem numa zona com grande penetração fotovoltaica. A base deste método consiste em 

utilizar a wavelet transform para decompor o sinal de irradiância normalizado medido no sensor. Este 

sinal é decomposto em wavelet modes discretos a diferentes escalas temporais. Depois, utilizando o 

conceito de Variability Reduction (VR) é possível simular os wavelet modes de todo a área em estudo, 

a partir dos wavelet modes de um único sensor. 

Para validar este modelo, é preciso usar duas abordagens para estudar detalhadamente a proximidade 

da irradiância média no local e a irradiância média prevista pelo modelo. A primeira abordagem é 

estudar a densidade espectral do sinal a diferentes frequências (Fpis). Enquanto que a segunda 

abordagem se foca nos padrões de desvios de irradiância em horizontes temporais pretendidos (RRs). 

A irradiância de um único sensor irá ser incluída para a análise para se observar a melhoria ao usar 

este método. 

Provou-se que mudanças bruscas na irradiância podem induzir variações indesejáveis na tensão do 

lado DC que podem ser prejudiciais a certos equipamentos e quando passam para o lado AC através 

do inversor podem também provocar injeção ou absorção indesejável de potência reativa na rede 

elétrica. 
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1.1 A brief introduction to solar energy 

Conventional thermal power production systems produce electricity using fossil fuels such as coal, fuel-

oil or natural gas. Nevertheless, these sources are non-renewable resource (also called a finite 

resource) because they do not renew themselves at a sufficient rate for sustainable economic extraction 

in meaningful human time-frames, not to mention the greenhouse gas emissions causing climate 

change or the generation of millions of tons of waste. A future with a renewable power generation mix 

is the only alternative to substitute those conventional sources since they are environmental friendly, 

and their energy is derived from natural and unlimited resources. 

As the world population grows and energy demand increases, generating energy from renewable 

sources will be one of humanity’s biggest challenges and, energy provided by the sun, is undoubtedly 

the largest source available. The amount of solar power reaching the earth surface is approximately 

86,000 TW, which is around 5733 times greater than the 15 TW global power consumption [1]. Solar 

energy can be harvested using current technologies such as solar thermal energy and the well-known 

photovoltaic. The Sun is also responsible for other known energy sources such as wind energy. The 

Sun’s radiation warms up several parts of the earth, oceans, and other forms of water, at distinct rates. 

The outcome of this, is uneven heating and atmospheric alteration. As commonly known, hot air rises, 

leaving decreased atmospheric pressure near the earth’s surface, and cool air is drawn in to replace it. 

The result of this air exchange is how wind is formed. 

1.2 Motivation 

The role of grid-connected photovoltaic power system is gradually becoming more significant as an 

electric supply source and as an integral part of the electrical grid, reaching a cumulative global installed 

capacity of 310 GW by the end of 2016 [2]. Throughout the electricity generation process with PV panels 

there is no harmful greenhouse gas emission which makes it environmentally friendly. Furthermore, due 

to the threat of climate change and pollution by the conventional energy sources, governments started 

implementing policies and giving incentives that boosted the expansion of Photovoltaic power 

generation. This allied with the latest developments and research on PV technology allowed for the 

electricity price produced by this technology to decrease considerably in recent years, with the US 

Department of Energy targeting the solar PV price for a utility-scale fixed-tilt ground-mount PV system 

to fall below $1.00 per watt by the end of this decade [3]. Consequently, solar PV panels are indeed a 

highly promising future both for economic viability and environmental sustainability. 

Another advantage of this technology is that PV modules have no mechanically moving parts, with the 

exception of sun-tracking mechanical bases. Therefore, there are far less breakages and the operating 

and maintenance costs are considerably low, almost negligible, when compared to other renewable 

energy systems (i.e. wind turbines). Additionally, solar PV brings to the energy sector some electric 
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utility benefits such as PV power being a decentralized peak generation of electricity, i.e. generated in 

the place where it is used, it may avoid certain transmission and distribution costs. 

1.3 Problem Definition 

The expansion of PV generation energy leads to a growing concern about the PV output variability 

having a negative effect on utility grid stability which poses some notable challenges to grid engineers, 

planners and operators [4]. The struggle associated with integrating intermittent sources of electricity is 

related to the fact that the traditional electrical grid was designed around the idea of large and 

controllable electric generators. 

According to the National Renewable Energy Laboratory (2013), several studies identified PV power 

output variability as a top concern and research priority on the subject of high penetration PV [5]. As a 

result, intermittency of solar power is a crucial driver in the growing costs for the integration of PV 

systems into the electric grid because supplementary system resources are essential to preserve the 

grid’s reliability 

The fluctuations of the solar resource have two origins. The first one, the daily sun position in the sky 

and sun season positions, are exactly predictable and defined. The second one related to the motion of 

the clouds and other weather temporal variations are much less predictable and therefore require a 

deep study to model them. 

To accurately validate a model that produces realistic results of unpredictable fluctuations related with 

cloud movements, several points of interest over a centralized or decentralized high PV penetration site 

have to be chosen and a huge amount of solar data has to be collected at those points. 

For the purpose of solar energy applications, the current literature is very limited on the topic of solar 

irradiance variability at the regional or continental scale, and it is usually limited to global horizontal 

irradiance (GHI). Thus, one of the main problems when modelling solar intermittency is the lack of 

available solar data at a specific location, especially for high-frequency data (short timescales of 30 

seconds or shorter) [5]. Besides, it is vital that the available datasets for short timescales possess a high 

enough resolution, so that those solar fluctuations can be readable and be used properly in the model.  

 This means that obtaining solar data from many different locations for a large location of interest can 

sometimes be difficult or even impossible. This is not only hard to accomplish as it is expensive and 

enormously demanding for data storage, the need of too many sensors to collect data across the PV 

power plant just to do prediction, may unnecessarily increase the overall cost of the solar PV facility. 

As a result, some distribution grid studies have been conducted by using measured PV variability 

originated in a different nearby location instead of their exact study location [6], which may affect the 

performance in predicting of the model being used. 
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1.4 Objectives 

The main objective of the present work is to implement a suitable model that can be used to describe 

and simulate spatial-temporal variations in solar radiation and study its impact for high PV penetration 

local areas. The first step is to understand and quantify in a mathematical way the meaning of solar 

intermittency and find out what implications it might bring for centralized PV power generation connected 

to the distribution grid. Next several methods, to be found in the literature, will be fully described as well 

as a full comparison between them by pointing out their pros and cons. All these methods are based on 

the principle that a single PV module or a pyranometer sensor has a highly variable output power due 

to the instantaneous irradiance variation related with cloud movements at a given period of time. Then, 

if a network of modules (or sensors) is under consideration, it will be possible to prove that the measured 

irradiance at a single point sensor cannot be considered as true representative of the average irradiance 

across an area with high PV penetration. 

The chosen model was implemented at Oahu Solar Measurement Network with one-second 

measurement irradiance data for two different days, containing at least some solar variability. The last 

goal of this thesis is to understand the fast voltage variations during cloud transients in the distribution 

system and discuss solutions to mitigate those variations. 

1.5 Document Outline  

This document is organized as follows: 

• Chapter 2 (Background) provides the necessary background information and the state of the 

art related to this subject; 

• Chapter 3 (WTM Algorithm) presents a detailed explanation step by step of the chosen model 

(Wavelet transform-based Method (WTM)), i.e. explaining how by only using a single irradiance 

point it is possible to simulate the average irradiance of an entire network of modules or sensors; 

• Chapter 4 (Testing and Validating WTM) focuses on implementing this method in Oahu Solar 

Measurement Network using irradiance measurements at the site. Then, validating this method 

by comparing the output irradiance of the model with the actual irradiance across the network 

of sensors. It is expected to see the improvement when comparing to the irradiance 

measurements of the single point sensor; 

• Chapter 5 (Voltage variation due to solar PV in the distribution grid) presents a detailed 

analysis on the impact of fast solar fluctuations on the PV voltage and other components 

connecting the PV array to the distribution grid. A brief explanation of several solutions is given 

to mitigate such issues and facilitate large quantities of PV penetration in the future. 

• Chapter 6 (Conclusions) draws the conclusions and presents future developments to be done 

on the subject;
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2.1 Spatial and Temporal Variability of Solar Energy 

2.1.1 Introduction 

When doing studies of the solar resource, it is frequently only to consider the magnitude of the irradiance, 

i.e. how much solar energy is available at a given local of interest over a specific time period. 

Nonetheless, a comprehensive classification of this resource must include the variability of available 

solar irradiance over time, whether it is on the scale of second after second, day after day, season after 

season, or even decade after decade. It is also possible to consider changeability of the solar resource 

in spatial-temporal manner, i.e. how it varies over distance and timescale of the solar fluctuations. 

To accurately predict the amount of solar variability it is necessary to eliminate the component of the 

irradiance associated with the solar position and isolating the component related with cloud movements 

and other atmospheric phenomena. 

Figure 2.1 illustrates the standard approach of the solar variability forecasting process built on a chosen 

forecast period. First based on weather observations, solar irradiance has to be measured by using real-

time satellite imagery, surface meteorology methods or for more precision a pyranometer sensor. 

Secondly, this data will be analysed to predict the impact of aerosols in the solar irradiance 

measurements. Although natural aerosols (i.e. clouds and fog) are more relevant for the solar-

forecasting analyses, one also needs to consider artificial aerosols (i.e. air pollutants) especially in 

locations close to big metropolis. Furthermore, a detailed analysis of cloud movements as well as cloud 

optical properties (Cloud edge effect) are of great importance to minimise the solar intermittency on the 

PV modules. 

 

Figure 2.1 Elements of the solar-forecasting process 

To validate the model, one needs to compare the results of the variability forecasting model data with 

the real-time observations collected in step one. The last two steps concern solar park owners and grid 

operators, respectively. Distribution system operators (DSO) and transmission system operators (TSO) 

need to have an adequate response to solar variability impact on the grid that will mainly depend on the 

time scale of these changes (i.e. ranging from seconds to a few hours) and also their magnitude (i.e. 

ramping rates can represent a power loss of 60%or more over just a few minutes [7]). 
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2.1.2 Quantifying Solar Intermittency 

To accurately quantify variability some definitions are required:Equation Chapter 2 Section 1 

• Power output (P): First it is necessary to quantify the unit that varies, that is the power output 

of the PV system which is of great importance for energy producers and grid operators. The 

output power is related to the Global horizontal irradiance (GHI) that can be decomposed on 

two components: Diffuse horizontal irradiance (DHI) and Direct normal irradiance (DNI). Equally 

important is the ratio between GHI and the irradiance for a clear sky day  clearGHI  known as 

The Clear Sky Index ( *t
K ). This parameter is of most interest because by being normalized by 

theoretical clear-sky model irradiance, it eliminates the predictable irradiance component 

related to the solar position, allowing to study the power output exclusively connected with any 

foreign objects that may cover the light reaching the PV modules [8]. 

• Time scale ( )t  over which the power quantity fluctuates, can range from a few seconds to 

several hours, depending on the study that is being conducted. 

•  Time span (T), i.e., the period during which variability is considered and should be a multiple 

of the time scale. 

• The Nominal variability metric is defined as the standard deviation of the change in the power 

output. According to Hoff and Perez [9] this incremental change in the power is directly 

proportional to an incremental change in the dimensionless clear sky index using a stipulated 

time interval over a given time span, defined as in equation (2.1): 


 

    
* *

, ,( )t t t tK VAR K   Equation Chapter 2 Section 1(2.1) 

• Ramp Rates (RR) are the most practical way to quantify solar variability. RR definition combines 

both power change and the timescale to give grid operators a better idea on how the solar 

intermittency varies both in time and magnitude as specified in equation (2.2): 

 


 


1
( ) ( ) ( )P t t t

tRR t P t P t
t

  (2.2) 

Basically, ramp rate is the derivative of the output power in order to time. Instead of focusing on 

the power profiles, this quantity shows how fast are the changes in the power profile on the 

desired time interval. In order to fully understand the impact on the grid, a cumulative distribution 

plot with RR data can be created, and grid operators focus mainly on the time intervals where 

the most severe RR occur to be well prepared for the worst-case scenarios. With the slow 

current generators available, counteracting such fast fluctuations would require dynamic 

inverter reactive power control or a secondary power source (i.e. energy storage) that ramp up 

or down at high frequencies to provide load following services. 
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Figure 2.2 PV Generation ramp rates and energy storage counterbalance [4] 

Ideally, the concept of Ramp Rates is shown in Figure 2.2, where the storage technology being used 

perfectly counterbalances the effect of the PV generation RR. In reality, all energy storage options 

available will have some delay and won’t match the PV generation RR perfectly. 

2.1.3 A brief description of the implications of solar variability on the power 

system 

The intermittency nature of solar irradiance and high penetration of PV systems is often mentioned as 

a major inhibition for further growth into the grid [10]. Thus, it will pose new challenges to both DSO and 

TSO regarding future grid planning, operation and management. 

As Table 2.1 shows, for fast changes in the output power of PV systems in the order of seconds it will 

have an impact on the network power quality, such as voltage fluctuations and harmonic distortion. 

When this change is in the order of minutes, problems concerning operating reserves will arise, meaning 

that if the generating capacity available to the system operator for a short interval of time cannot meet 

the demand it can lead to power quality issues and power blackouts at that area. Finally, for changes 

ranging from a few minutes to hours, grid operators will have to deal with two main obstacles: Load 

following and unit commitment problems. Load following is the control of generator output based on 

estimates for load several minutes to hours ahead. This guarantees that sufficiently flexible generation 

is online and waiting in order to track the net load expected over that timescale. Secondly unit 

commitment is the planning of generators that will be operational based for electricity load and 

generation in a timescale of several hours (sometimes days) ahead. 

There are two main ways to counteract and smooth out power fluctuations on the grid, using the current 

energy sources available to us. The first one, flexible dispatchable generation, is an option that can help 

with the transition to integrate large quantities of renewable energy, such as PV. Usually flexible 

dispatchable generation has a slow time response, thus it can only be used for operating Reserves and 

Load Following/ Unit Commitment issues [11]. 
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Table 2.1 Possible solar irradiance impact on the grid 

Timescale of changes Possible Impact on the grid 

Seconds 
Power Quality (i.e. voltage flickering and 

harmonic distortion) 

Minutes Operating Reserves 

Minutes to hours Load Following/ Unit Commitment 

 

Energy storage technologies such as some type of batteries and high-power supercapacitors possess 

a quick time response to tack power quality issues. 

Knowledge of this solar variability is important for improving the design of a system, for instance by 

adding suitably sized storage capabilities or understanding the performance of a solar conversion 

system (e.g., understanding how the RRs extremes can degrade system performance or during which 

season they occur most frequently). 

2.2 Methods to describe variability  

2.2.1 Method 1: Identically Distributed Blocks Method 

The first and simpler approach presented here to model solar variability was proposed by Kato et al. 

(2011) [12], and estimates the standard deviation of the total power output variation of high penetration 

photovoltaic system spread over a large area. The area to be studied will be divided into sub-groups 

and each subgroup is divided into N equally sized blocks, as shown in Figure 2.3. Each k-th element of 

the N blocks is assumed to have a capacity  kP MWp , a standard deviation of irradiance variation 

2   /k kW m  and   is a performance ratio particular to each photovoltaic system. As it can be seen 

in Figure 2.3, the distance between two centre points of neighbouring blocks is  d km  and it represents 

the most important parameter in this method because this distance has to be such that irradiance 

patterns at two centre points must be considered independent, meaning that each  k  is independent 

from each other.  
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Figure 2.3 Area with subgroups of N blocks 

In each subgroup-i it is expected that the standard deviation function for the irradiance of all N blocks 

are the same 
1 2

    ( ... )N , if the size of each subgroup-i is not too large compared to the size of 

the total area, and that for simplicity all 
kP  capacities are equally distributed 

1 2
  ( ... )NP P P . By 

considering the yield ratio constant, the standard deviation of total power fluctuation is given as follows:  

2 2 2
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1

1
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  (2.3) 

By relating the total capacity in the subgroup-i 

 ( )total i kP N P  with 

PV i  we get: 

  

 


 










  

 



PV i k k

k k
PV i

k total i
PV i

N
P N

N

P N

N

P

N

  (2.4) 

From equation (2.4) we observe that each 
PV i  are the product of an independent variable with 

constants which means each 
PV i  are also not correlated (i.e. all independent from each other). Finally, 

we can compute the total standard deviation of total power fluctuation for the all M subgroups taking into 

account the addition property of variance. 

2

1

 




 ( )
M

total area PV i

i

  (2.5) 
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2.2.2 Method 2: Dispersion Factor Method  

The Dispersion Factor Method was developed by Hoff and Perez (2010) [9] with the goal of rigorously 

quantify power output variability from an ensemble of PV Systems ranging from a single central station 

to an entire fleet. In this method, a fleet is considered to be a group of N equally spread out and identical 

PV systems. For this method, the authors define two important variables that are related to each other. 

The first one, output variability of a fleet, is defined as a measure of output power changes of each n-th 

system with an output power 
nP  over a selected sampling time interval t , as shown in equation (2.6) 

1

1


 



 
  

 
( )
N

fleet n

t t

nfleet

Var P
C

  (2.6) 

Where 
fleetC  represents the total installed capacity of the fleet and equals N times 

nC . 

The second variable, Relative Output Variability, is by definition the ratio between the output variability 

of the entire PV fleet  


fleet

t  with the output variability of a single location  


n

t . 

Next, we will use the proportionality between irradiance and power (mentioned in equation (2.1)), where 

an incremental change in power at the n-th PV system is proportional to the product of the incremental 

change on the irradiance 


( )n

tI  and the PV System capacity 
nC  at the same n-th PV system with a 

constant sizing factor common for all the plant, given by: 


 

  n n

t n tP C I   (2.7) 

Hence, using the variance scalar property, equation (2.6) can be rewritten as: 
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C

C N Var I
C N

Var I
N

  (2.8) 

The last term to be introduced for this method, the Dispersion factor (D), is the number of time intervals 

for a cloud to pass across the distance of the entire PV Fleet. Mathematically speaking, it represents 

the relation between PV fleet configuration, cloud transient speed and a defined time interval as shown 

in equation (2.9): 




L
D

V t
  (2.9) 

Where L is the length of the PV fleet in the direction of cloud movement and V is the cloud speed. It is 

immediately clear by equation (2.9) that the Dispersion factor increases with an increasing distance 

between the n-th systems in the fleet and with a decreasing in the motion of the clouds. 

Figure 2.4 exemplifies the meaning of the Dispersion Factor for two cases, the fast cloud motion and 

the medium/slow cloud motion over a PV fleet with 8 PV Systems. As demonstrated in the upper section 
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of the figure, the fast-moving cloud crosses the PV fleet with only two-time intervals (2 )t , thus the 

dispersion factor equals two. For the medium/slow clouds, the clouds are slower and require four-time 

intervals  4 t  to cross the entire PV fleet, meaning that the dispersion factor equals four. 

 

Figure 2.4 Dispersion Factor for a PV fleet of 8 PV system for Fast and Medium/Slow Cloud scenario 

Combining the Dispersion Factor concept (2.9) with the expression for the output variability (2.8), it is 

possible to establish four different regions in this model: 

• Spacious Region: The first region to be considered is when the PV systems are so dispersed 

that it is possible to assume that for any PV system, the output variability can be considered 

independent from each other. Thus, the number of PV systems in the fleet is considerably 

smaller than the Dispersion Factor ( )N D  . So, by the variance of the sum of independent 

random variables rule: 

1 1

 

 

 
   

 
 ( ) ( )
N N

n n

t t

n n

Var I Var I   (2.10) 

Finally rewriting equation (2.8) and assuming equal standard deviations for all locations:  
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  (2.11) 
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• Limited region: For this region, the PV systems are still dispersed from each other but not as 

dispersed as the Spacious region. Therefore, the number of PV system in the fleet is smaller 

than the Dispersion Factor ( )N D  and the result of equation (2.11) can still be used as upper 

limit for this case, meaning that the independence of the output  variability cannot be fully applied 

to this region. 


 




n
fleet t
t

N
  (2.12) 

• Optimal point: In this region, the cloud disturbance affects the next PV system immediately 

after cloud reaches the end of the previous PV system in one-time interval. Thus, the number 

of PV systems is the same as the Dispersion Factor ( )N D . 

If one squares equation (2.8), by definition of variance of the discrete variable ,
1





( )
N

n

t

n

I , over a 

set of N equally likely systems it can be written as follows: 
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  (2.13) 

By extracting the last term of the first summation and the first term of the second summation: 

 
22 1 1
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1 1

1 1 1
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  ( ) ( )
T N N

fleet n N n
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t n n

I I I I
N T

  (2.14) 

Using the Optimal Point definition stated before, one knows that the change in radiance of the 

previous PV System is the same change in irradiance for next PV System at the next time 

interval, meaning: 

1

1 1
1

1 1





 




 



 ( ) ( )

n n

t t t

N N
n n

t t t
n n

I I

I I
  (2.15) 

Thus, equation (2.14) can be rewritten as: 

 
 

2
1

2
2

1








 
   

  
 


T

N

t t t
fleet t
t

I I

N T
  (2.16) 

Again, according to the concept of the optimal point, the variation on the irradiance that occurs 

for the last PV system is the same as the one that happens for the first PV System but occurs 

 1 N  time intervals ago 
  1

1  
N

t t N t
I I  and by doing a change on variable t to start at 

   1 1 N t , the previous expression gets the form: 
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  (2.17) 

In conclusion, it is now immediately clear that the output variability of the PV fleet equals the 

output variability of a single PV system divided by the number of systems, using equation: 


 




N
fleet t
t

N
  (2.18) 

• Crowded Region: Lastly, one has to consider the case where the cloud disturbance affects 

more than one PV system in one-time interval. Hence, the number of PV systems in the fleet is 

larger than the dispersion factor ( )N D . Thus, the equation that governs the output variability 

for this region is: 


 




local
fleet t
t

D
  (2.19) 

By combining Hoff and Perez [9] equations (2.11), (2.12), (2.18) and (2.19) for the four possible regions, 

the relative output variability for N PV system can be described by the following illustration: 

 

Figure 2.5 Relative Output Variability as function of the Dispersion Factor [9] 

2.2.3 Method 3: Wavelet transform-based Method 

The third and last method to be treated here, the Wavelet transform-based Method, was developed by 

Lave et al. (2011 [13]) to obtain the power output of a large number of PV modules, by first simulating 

the averaged irradiance on a large area with high PV penetration. The basis of this method is applying 

the wavelet transform to decompose the normalized irradiance signal, obtained from the measured 

irradiance at a single point sensor, into wavelet discrete modes at different timescales. Then by 

combining it with the concept of Variability Reduction (VR) (to be discussed later on) it is possible to 

upscale the wavelet modes from that single sensor to simulate the wavelet modes of the entire fleet of 
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PV modules. Summing all the simulated wavelet modes we get an equivalent average irradiance of all 

those scattered PV modules. Consequently, for this method, one needs the exact size position of the 

modules, irradiance measurements from a pyranometer sensor, and finally a correlation scaling 

coefficient (A), that is proportional to the cloud speed, and related to the geographic smoothing that will 

occur over the entire site, as Figure 2.6 shows. 

 

Figure 2.6 WTM Inputs and Outputs 

The procedure to describe the WTM is as follows [13]: 

1. Wavelet decomposition: Applying the discrete wavelet transform (DWT) to decompose the 

input irradiance into wavelet discrete modes, ( )
t

w t , for different timescales depending on the 

speed of the clouds motion. Thus, in order to obtain a signal that only takes into account the 

variability caused by the clouds movements we normalize the input irradiance to obtain the 

Clear-sky Index *( )
t

K  defined on section 2.1.2. This index is used to remove the predictable 

seasonal and diurnal solar variations related with the Earth-Sun dynamics and other 

atmospheric changes that are intrinsic in all irradiance time series. 

2. Mapping all sites: After knowing the exact location of each module, we need to know the 

distance between all pair of sites ,( )m nd . 

3. Correlation between sites: The correlation between sites is the most important step of the 

WTM and is dependent on the geographic smoothing that will occur over the area of interest. In 

this model, it is assumed that the correlation between sites is isotropic meaning that it only 

depends on distance, not direction and that statistically the irradiance is invariant both in space 

and in time (over a day). By this the authors meant that for this model, the distances between 

sites to be considered, are not sufficient large enough to suffer significant discrepancies on their 

irradiance profiles. For instance, two locations with different with big differences in latitude and 

longitude coordinates do not receive the same irradiance profile and therefore it is not possible 

to study the correlation between sites using this method. Thus, the only irradiance changes to 

be considered are the ones induced by clouds. In the same way the irradiance profile changes 

over the year for a given location. Hence, this method can only be tested on a daily basis. The 

spatial and temporal correlation between sites in this model is given by the following equation 

(2.20): 
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,1

,( , )
m nd

A t
m nd t e   (2.20) 

Where ,m nd  is the distance between sites, m and n are all pair of sites  1,...,m N   1,...,n N

,N is the total number of sites, t  is the timescale used and A is the correlation scaling coefficient 

that varies as a function of the cloud speed  /m s . 

Equation (2.20) suggests that correlation between sites is expected to decrease when the 

distance between sites increases and increase when the timescale of variations increases. 

For large values of “A” (>4) sites are said to be well correlated (expected at inland countries 

with high and fast-moving clouds) and small values of “A” (1 to 3) sites are weakly correlated to 

each other (expected at coastal countries with low and slow-moving clouds). 

4. Computing the Variability Reduction: The Variability Reduction, ( )VR t , is a function of the 

chosen timescale and is defined as the ratio of irradiance variability of the point sensor and the 

irradiance variability of the entire area for a given timescale, represented by the authors as 

shown in equation: 

 


 





2

,
1 1

( , )
N N

m n
m n

N
VR t

d t

  (2.21) 

The two extreme scenarios occur, first when VR is unitary ( ( ) 1)VR t  for totally dependent sites. 

This situation happens when there is no distance between sites, , 0m nd ,and therefore from 

equation (2.20) we also get a unitary correlation between sites,  ,( , ) 1m nd t . The second 

extreme scenario is considering totally independent sites. In this case, the distance between 

each pair of sites would be considered so large that   ,m nd , thus equation (2.20) would 

tend to zero for all the different pair of sites   ( 0, )m n . When m n , this would mean 

computing the distance between the same point in space (meaning it is the same site), hence 

it is obvious that for this case , 0m nd  and consequently  ,( , ) 1m nd t . Since there are N sites 

the denominator of equation (2.21) becomes 
 

  ,
1 1

( , ) , for 
N N

m n

m n

d t N m n  and finally VR 

equals the number of sites ( ( ) )VR t N . 

5. Simulate Wavelet Modes for all PV modules: Combining the wavelet modes (from step 1) at 

each time scale with the VR for the same timescale, we obtain the average simulated wavelet 

modes of all sites: 


( )

( )
( )

sim t

t

w t
w t

VR t
  (2.22) 

Summing the simulated wavelet modes (meaning doing the wavelet inverse transform) we 

obtain the simulated normalized average irradiance  ( )sim

normGHI t   
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6. Conversion to Power Output: Finally, the conversion of the simulated irradiance with an 

adequate power translation function. 

It is not expected that the real-time fluctuations of the actual average irradiance of all sites and the areal-

simulated irradiance will match perfectly. Nevertheless, it is expected that the difference will be negligible 

and that statistically the simulated irradiance has similar variability distribution as the actual average 

irradiance. 

2.2.4 Comparison between methods and method selection 

The fundamental focus of first method, Identically Distributed Blocks, discussed on section 2.2.1 is the 

magnitude fluctuations in the global horizontal irradiance, not taking into account the timescale of which 

they occur. As we have seen in section 2.1.3, fast changes on solar irradiance are the ones that are 

much less predictable and have a bigger impact on the grid’s reliability. Thus, the lack of information 

regarding the timescale at which the fluctuations occur, makes it the most incomplete method of the 

three. 

To validate a model that produces realistic results, several points of interest over the site have to be 

chosen. The Dispersion Factor method requires readings of all the N systems of the entire PV fleet.  For 

instance, if we consider a PV power plant or another area with thousands of modules, it would be nearly 

impossible to have a pyranometer measuring the irradiance at each single solar panel. Also, the 

algorithm would be completely inefficient considering the huge amount of solar data that has to be 

collected at those points. Thus, the Dispersion Factor method is a less practical if the PV fleet is too 

large. 

The wavelet-based method being an upscaling method has a lead over the other two methods since the 

solar irradiance data only needs to be collected from a pyranometer sensor when the scaling factor A is 

known, i.e. only the cloud speed is required at the given location. Thus, WTM significantly reduces the 

data requirements to use on the algorithm. Additionally, if the collected data has the proper resolution, 

this method is able to study these fluctuations over different timescales, which is a big advantage since 

it allows for grid operators to conduct several tests for different situations depending on the impact on 

the grid that is being studied. For the reasons discussed above, the selected method to be fully studied 

and tested for different scenarios is the Wavelet transform-based Method. 
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3.1 Introduction 

Frequently data and signals that we use exhibit slowly changing trends or oscillations disrupted with 

transients. These abrupt changes are often the most interesting parts of the data, both perceptually and 

in terms of the information they provide. In the case of daily solar irradiance profiles, theses abrupt 

changes can tell us about the interruptions that will occur at the output power of solar PV generation. 

The Fourier Transform is a valuable tool to examine the frequency components of the signal. However, 

it does not represent abrupt changes efficiently. The reason for this is that the Fourier transform 

represents data as sum of sine waves, which are not localized in time or space. These sine waves 

oscillate forever. Thus, by considering the Fourier transform over the whole-time axis, it is not possible 

to tell at what instant a particular frequency increases. This happens because when passing to the 

frequency domain, time information is lost and doing the inverse Fourier transform the frequency 

information is also lost [14]. The Short-time Fourier transform (STFT) uses a descending window to 

discovery the spectrogram, which is basically analysing only a small section of the signal at the time. 

Giving the information of both time and frequency on that section. But then again still another issue 

exists: The span of window limits the resolution in frequency, since is related with the size of the window. 

Therefore, to accurately analyse signals that have abrupt changes, we need to use a new class of 

functions that are well localized in time and frequency. Wavelet transform seems to be the answer to 

the problem above. Wavelet transforms are grounded on small wavelets with limited duration (finite 

duration unlike sinusoids). Contrary to STFT the Wavelet Transform allows to use larger time periods, 

where more detailed information might be demanded and for short intervals in the case of high frequency 

information is required. The translated-version wavelets locate at what instant a particular frequency 

increases. Whereas the scaled-version wavelets allow us to analyse the signal in a different scale. 

As an example, if a large mass of clouds covered an irradiance sensor for 10 min from 12:00 to 12:10, 

the wavelet transform would show a peak centred at 12:05 using a 10-min timescale. Other 10 min 

fluctuations might be resolved at other times. It would be different from the Fourier transform, which 

would document the intensity of 10 min fluctuations but not when or how many occurred. An additional 

benefit of wavelet decomposition over the Fourier decomposition is that the basis wavelet can be chosen 

to resemble solar fluctuations (as opposed to the Fourier transform, which must use a sine wave). 

The Wavelet transform-based Method will require the following data: 

• Sensor’s Latitude, Longitude and Altitude  

• Sensor’s tilt and azimuth angles 

• Sensor’s time stamps (usually in the order of seconds or minutes) 

• Global Horizontal Irradiance (GHI) time-series from a single point sensor 

• Day of the Year (DoY) 

• Local time and Local Standard Time Meridian (LSTM) 

• Mapping of all sites 

• Daily Cloud speed information 
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The very first step for this algorithm is to obtain a normalized signal from the input global horizontal 

irradiance time-series of a single point sensor known as the Clear-Sky Index, as mentioned in section 

2.2.3. This index is used to remove the predictable daily sun position dependent portion from the 

irradiance dataset related with the Earth-Sun dynamics and other seasonal changes that are intrinsic in 

all irradiance time series. In terms of solar variations, the real meaning of the Clear-Sky Index is that it 

can isolate the solar fluctuations caused only by clouds. The only disadvantage to the clear sky index, 

when using it for the wavelet analysis, is obtaining large index values near the sunset and sunrise. 

These values do not represent the reality of the true irradiance because the precision of the sensor 

measurements at such conditions. 

Thus, the Clear-sky index is defined in the following equation: 

*

( )

( )t
clear

GHI t
K

GHI t
  Equation Chapter (Next) Section 1(3.1) 

This step represents a key point to this method since cloud-caused fluctuations are the ones with 

potential to cause the biggest complications on short-term issues in the grid’s reliability. 

3.2 Clear-Sky Model 

The model proposed by Ineichen and Perez (2002) [15] was used as a clear-sky model to compute the 

clear sky irradiance clearGHI . For this model, in addition to the solar position and extra-terrestrial radiation 

that can be found in Appendix A (Castro, 2011) [16], it is necessary to compute several parameters 

about the atmospheric state such as air pressure, temperature, relative humidity, aerosol content, and 

scattering. 

The inputs for this model are air mass (AM), Linke Turbidity (TL), elevation (h), the extra-terrestrial 

radiation  0I  and the zenith angle (complementary to the solar elevation angle): 

       
    2 1 2 1

1 0 cos( ) h ha AM F F TL

ClearGHI a I z e   (3.2) 

Where the parameters 1hF  , 2hF , 1a  and 2a   are only dependent on the elevation: 
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  (3.3) 

3.2.1 Air Mass Model 

The air mass factor (AM) describes path length which sunlight takes through the Earth's atmosphere, 

expressed as a ratio relative to the path length when the sun is directly overhead, i.e. at the zenith. For 
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instance, irradiance at AM=1.5 (the standard air mass) occurs when the light is travelling through one 

and a half times as much atmosphere with a zenith angle (z), given in degrees, approximately of 45º. 

This last statement is based on the often-used literature definition: 


1

cos( )
AM

z
  (3.4) 

Since this previous definition ignores the Earth’s curvature, the Air Mass model chosen for the Clear-

Sky model is the Gueymard (1993) [17] model given by the following expression: 




    1.21563

1

cos 0.00176759 (94.37515 )
AM

z z z
  (3.5) 

3.2.2  Linke Turbidity Factor Model 

The Linke Turbidity coefficient (TL) is a suitable estimation to model the atmospheric absorption and 

scattering of irradiance for clear skies. This coefficient describes the optimal thickness of the atmosphere 

related to the aerosol particles and water vapour for a dry and clean sky with the disadvantage of being 

dependent on the air mass. The larger TL, the larger the attenuation of the radiation by the clear sky 

atmosphere. 

The method to compute the Like Turbidity Factor used was also developed by Ineichen [18] and it varies 

with water vapor  vw  on the atmosphere, aerosol optimal length at a wavelength of 550 nm  550aod  

and air pressure  p : 
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  (3.6) 

3.2.3  Clear-Sky Model Validation 

The model validation aims at verifying if the identified model reproduces the expected Clear-sky 

irradiance behaviour within acceptable bounds. This is accomplished by comparing model simulations 

with measured data for three different locations in Portugal (Table 3.1) and three different days 

throughout the year to test the reliability of the model. These hourly weather data files were made 

available by Instituto Nacional de Engenharia, Tecnologia e Inovação (INETI) Synthetic data for Portugal 

and International Weather for Energy Calculations (IWEC) and published on the weather data repository, 

EnergyPlus website [19] along with data from other regions. 

Table 3.1 Selected location to test Clear-Sky model (decimal format) 

 Porto Lisbon Faro 

Latitude 41.23 38.73 37.02 
Longitude  -8.68 -9.15 -7.97 
Elevation (m) 60.7 88.4 7.5 

Monthly values for the Linke Turbidity factor shown in Table 3.2, were taken from the available public 

access datasets from SoDA (Solar Radiation Data, EU) [20]. If the sky were perfectly dry and clean, TL 
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would be equal to 1. When the sky is deep blue, the TL is just above 1 and still very small. In summer, 

in Europe, the water vapour is often large, and the blue sky is close to white, then the TL is larger than 

3. In turbid atmosphere, e.g. in polluted cities, the TL is close to 6 - 7.  

Table 3.2 Monthly Linke Turbidity Factor for the three selected locations  

 Porto Lisbon Faro 

January 2.1 2.9 2.5 
February 2.5 3.1 2.6 
March 2.7 3.7 2.6 
April 2.5 3.7 3.0 
May 3.0 4.5 3.4 
June 3.0 4.0 3.3 
July 3.3 3.8 3.0 
August 2.9 3.8 3.0 
September 3.1 3.5 3.0 
October 2.8 3.3 2.8 
November 2.3 2.1 2.1 
December 2.1 2.1 2.3 

 

In order to enhance the understanding of the Clear-Sky model given by equation (3.2) several MATLAB 

simulations will be presented to be compared with measured data for three different days when the sky 

was clear. The equations for the zenith angle and extra-terrestrial radiation can be found in Appendix A. 

 

Figure 3.1 Simulation of the Clear-sky model in Lisbon on March 2nd (blue) and Measured ClearGHI  for 

the same day (orange) 

The main three observations to take into account when validating this model are: the approximate time 

of when the sun rises and goes down, the time and value of the maximum irradiance on that day and 

the shape on how the irradiance is distributed over that day. In Figure 3.1 (Lisbon, March 2nd) it is easy 

to see that in both simulation and measured graphs the sun rises around 6am/7am and the sunset 

occurs around 6pm. The shape of both graphs has similar distribution with its centre for the maximum 

irradiance  2( 700 / )W m  around noon. 
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Figure 3.2 Simulation of the Clear-sky model in Faro on June 20th (blue) and Measured 
ClearGHI for the 

same day (orange) 

 

Figure 3.3 Simulation of the Clear-sky model in Porto on December 16th (blue) and Measured ClearGHI  

for the same day (orange) 

By doing the same previous analysis we can observe that on both Figure 3.2 and Figure 3.3 , the Clear 

sky irradiance behaviour is within acceptable bounds. 

To conclude, testing the Ineichen and Perez (2002) [15] Clear-Sky model for three different locations in 

Portugal and three different clear sky days from different seasons, gave the expected good 

approximation of the ClearGHI . Thus, from equation (3.1) we can get three different outcomes. First, for 

a clear-sky day the measured data will match perfectly the simulated GHI, so it is expected to get a 

Clear-Sky Index equal to one  * 1
t

K . During cloudy conditions or fog the Clear-Sky Index is less than 

one  * 1
t

K  and finally due to a phenomenon of cloud enhancement (Cloud edge effect, mentioned in 

section 2.1.1) the Clear-Sky Index can even become greater than one  * 1
t

K . 
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3.3 Wavelet Analysis  

3.3.1 Wavelet Decomposition 

The next step is the application of the discrete wavelet transform (wavelet transform for which the 

wavelets are discretely sampled) to the solar-irradiance times series obtained in equation (3.1) given by 

the following equation: 
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Where the timescale (duration of the fluctuations) is t , 
startt  and 

endt  designate the start and the end of 

the normalized irradiance time series respectively (e.g. sunrise and sunset) and 't  is a variable of 

summation. In the case of the discrete wavelet transform, t  has to be increased by a factor of 2, meaning 

the duration of the fluctuations are multiples of two   2it s , where ‘i’ is the level of resolution. The 

timescale chosen to compute the wavelet modes can range from 2 seconds ( 1)i  to 4096 seconds 

 12i  depending on the timespan of the solar fluctuations obtained in the readings from the point 

sensor. For wavelet modes with timescales greater than 4096 seconds  12i , the chosen timescale 

starts to be so large that it involves such a significant signal extension that is no longer a true 

representative of the fluctuations in the solar irradiance timeseries [13]. Furthermore, for solar 

fluctuations that occur for periods greater than 4096 seconds  1 8minh , the amount of smoothing for 

such long timescales is insignificant. It is important to first mention that the use of a wavelet transform 

in signal processing and time series analysis is a field of study itself and not the purpose of this work. 

To decompose and obtain the coefficients of the Clear-Sky Index signal at different timescales the 

MATLAB built-in function ‘Multilevel 1-D wavelet decomposition’ and 1-D Wavelet Coefficient Selection 

Using the Wavelet Analyzer App from the Wavelet Toolbox1 has been use. The Haar wavelet function 

is often used in solar studies [21] because of its simplicity and bimodal behaviour of the clear sky index 

time series. The Haar wavelet function is defined as follows: 
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Figure 3.4 represents the wavelet function for the discrete wavelet transform defined in equation (3.8). 

                                                      

1 MATLAB tools used to decompose the clear-sky index signal: https://www.mathworks.com/help/wavelet/ref/wavedec.html  
https://www.mathworks.com/help/wavelet/gs/one-dimensional-selection-of-wavelet-coefficients-using-the-graphical-
interface.html 

https://www.mathworks.com/help/wavelet/ref/wavedec.html
https://www.mathworks.com/help/wavelet/gs/one-dimensional-selection-of-wavelet-coefficients-using-the-graphical-interface.html
https://www.mathworks.com/help/wavelet/gs/one-dimensional-selection-of-wavelet-coefficients-using-the-graphical-interface.html
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Figure 3.4 Haar wavelet function2 

The level of the wavelet modes is related to the resolution of the measurements. For the discrete wavelet 

transform when you scale a wavelet by a factor of 2, it results in reducing the equivalent frequency by 

an octave, as Figure 3.5 shows. 

By performing a multilevel wavelet decomposition, the discrete wavelet transform splits up a signal into 

a low pass filter (also named the “approximation level”) and high pass filter (also named the “detail 

level”). For instance, level 2 captures all parts of the signal that are between the approximation 

coefficient 1 and detail coefficient 2.  

Summing all wavelet modes for each correspondent timescale we conclude that equals the input signal: 

 




 *

12

2
1

( )it t
i

w t K t   (3.9) 

 

Figure 3.5 Relation between wavelet scale and timescale until level 4 

The first-level wavelet modes capture the high frequencies of the signal and higher levels of the wavelet 

modes carry the low frequency parts of the signal. However, part of the high frequency is made up of 

abrupt changes in the signal that carry meaning, i.e. the information about the variations in the irradiance 

profile due to cloud transients. 

                                                      

2 Figure downloaded from: https://en.wikipedia.org/wiki/Haar_wavelet#/media/File:Haar_wavelet.svg  

https://en.wikipedia.org/wiki/Haar_wavelet#/media/File:Haar_wavelet.svg
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3.3.2 Spatial-Temporal Correlations and Coefficient “A” 

As stated in section 2.2.3, estimating the correlation between wavelet modes across the power plant is 

the most important step of this method. The reason why this coefficient,  ,( , )m nd t  , is of great importance 

is linked with the best aspect of using this method, which is collecting irradiance data from only one-

point sensor to simulate the averaged irradiance output. 

Lave et al. (2011) [13] stated that a single site is chosen to be a single module or a small set of PV 

modules (or sensors) adjacent to each other. The number of modules that a site can have is entirely 

dependent on computational limitations, due to the vast numbers of modules that a high PV penetration 

area can have. There is only interest in the length of the distance  ,m nd  between all pairs of sites, 

meaning that the correlation does not depend on the directions between each other. 

Figure 3.6 shows an example of an area with 12 sites  12N  where the distances 1,2d  and 4,10d  are 

displayed. When computing all the distances between sites we have to notice that since direction is not 

taken into account, all the distances between the same pair of sites will be counted twice, meaning for 

example that the distance 1,2d  is the same distance as 2,1d .  

Another set of values that has no meaning is when m n . The interpretation for these set of values 

(that are also the diagonal of the matrix of distances), is that we are computing the distance between 

the same site. 

 

Figure 3.6 Distances between sites 1 & 2  1,2d  and between sites 4 & 10  4,10d , from an area with 12 

sites 

All these distances will be stored in a N N  matrix, where each entry  ;m n  will represent the respective 

distance between site m and n. By taking out all meaningless set of values, the matrix of distances gets 

a similar appearance as Figure 3.7. This figure shows that the main diagonal will be set to zero since it 

is the same site and the repetitive distances marked as  *' . 
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Figure 3.7 Matrix of distances 

The total number of non-repetitive distances between the N sites (i.e. number meaningful distances 

marked as  *  in Figure 3.7), is given by equation (3.10):  




2

2
Total distances

N N
  (3.10) 

Table 3.3 sums up how sites are correlated with the length of distance between pair of sites and the 

timescale of the solar fluctuations. 

Table 3.3 Relation between distance of pair of sites and timescales with  ,( , )m nd t  

 Correlation 

Distance between pairs of sites  

Timescale of the fluctuations  

According to Lave and Kleissl [22] it is possible to compute the coefficient “A” in two ways when this 

parameter is unknown, the first is calculating “A” value from a sensor network (at least 4-6 irradiance 

sensors), which is confined to a local used (where the sensors are installed). The second technique is 

computing the “A” values through cloud field simulation methods, since the authors define these values 

as a parameter almost linearly proportional to the local cloud speed as shown in equation (3.11): 

 1A k CS   (3.11) 

Where 1k  is the proportionality constant that depends on the cloud size  CZ  and CS  is the cloud 

speed at the given location. 

The calculations to compute constant 1k  go beyond the scope of this thesis. This value was computed 

by the authors using a cloud simulator and the results were obtained by setting up the simulator 200 

times for each pair of cloud speed and size, to ensure that the results were statistically representative. 

Lave et al. (2013) [22] reach the conclusion that the best fit for the constant is 1 0.5k and therefore the 

scale coefficient “A” is given by   
1

/
2

A CS m s (see [22]). “A” value is the scaling coefficient that 
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describes how well sites are correlated. For large values of “A” (>4) sites are said to be well correlated 

(expected at inland countries with high and fast-moving clouds) and small values of “A” (1 to 3) sites are 

weakly correlated to each other (expected at coastal countries with low and slow-moving clouds). The 

“A” value is a parameter that is computed on a day-by-day basis as cloud types and pattern change 

daily. 

Therefore, equation (2.20) can be rewritten as: 
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  (3.12) 

The assumption of isotropy (non-dependence on direction), from where equation (3.12) is built, is 

violated and therefore cannot be used in two very specific situations [22]. 

1. The first violation occurs when two sites can become negatively correlated. This happens when 

these pair of sites are aligned with the wind direction (along wind sites) and the distance 

between those pair of sites is approximately the speed of the cloud multiplied by the given 

timescale    ,

along wind

m nd CS t . This means that when the distance travelled by the clouds is the 

same length of ,m nd , the cloud affects site m at time t  and affects site n at time t t . The left-

hand side of Figure 3.8 shows a scheme of several sites that are aligned with the wind direction. 

2. The second limitation of equation (3.12) is for cross-wind loads. When the distance between 

cross-wind sites  

,

cross wind

m nd is greater than the cloud size, sites can become uncorrelated. 

Mathematically speaking if   , 1cross wind

m nd CZ  sites m and n will be affected by the same cloud 

and therefore are correlated, i.e. equation (3.12) can be used. Nonetheless if   , 1cross wind

m nd CZ

, sites m and n are never affected by the same cloud and therefore are uncorrelated. In between 

those two cases it is hard to define if sites are correlated or not. 

 

Figure 3.8 Schematic of cloud motion relative to site alignment [23]. 

This uncorrelation between sites was first demonstrated experimentally in a virtual network in Perez et 
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al. (2012) [24] and the study about the effect of along-wind and cross-wind on the correlation between 

sites can be found in Hinkelman (2013) [23]. Although it is important to list these two limitations, the 

authors conclude that their impact when simulating the output power of the modules is almost non-

existent [22]. The possibility of the first limitation to occur is rare, first of all because it only affects sites 

at the timescale  ,

along wind

m nt d CS  that have to be aligned with the so called along-wind direction. In the 

remote possibility of these conditions occur, the large numbers of pair of sites with irradiance changes 

at different timescales will average out and prevent this error to have a significant effect on the simulated 

wavelet modes. Therefore, it minimizes the error caused on the first violation. For the second violation, 

the length of the distance between sites in an area where this model meant to be tested, range from 

meters to a maximum of a few kilometres, which are really small scale when compared to the mesoscale 

of meteorological effects such as wind fronts. Thus, it is expected that the ratio  ,

cross wind

m nd CZ  will be 

relatively small across all over the area of interest and therefore this second limitation has also a minimal 

effect when computing the correlations between sites. 

3.3.3 Variability Reduction 

The impact that solar fluctuations have in large areas where there is high penetration of PV generation 

will be different if a group of geographically dispersed PV systems is considered instead of just one 

single PV system. Numerous studies have been conducted on this subject (e.g., Long and Ackerman, 

1995 [25]; Lave and Kleissl, 2010 [26]) and all seem to agree that there is a strong reduction in variability 

when the aggregate of PV systems is taken into account, rather than just one system. Inclusively, all the 

methods described in the subchapter 2.2 have even concluded that when a module or small areas of 

group of modules are absolutely dispersed, this variability reduction tends to the multiplicative inverse 

of the total number of modules  1/ N . This is called “geographic smoothing” and is mainly dependent 

on cloud size and cloud speed over large areas. 

The Variability Reduction is nothing more than the ratio of the variance of the normalized irradiance at 

the single point sensor and the variance of the average of all sites. Equation (3.13) is the basic meaning 

of VR: 
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VR   (3.13) 

To get the final expression found by the authors (equation (2.21)) it is necessary to start by defining the 

variance of the average of all sites: 
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Then, it is known that, the property of the variance of the sum is the sum of the covariance of all 

combinations, thus we get: 
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With the definition of covariance, we obtain: 
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From the VR definition of equation (3.13), we can rewrite it as follows: 
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  (3.17) 

With the assumption that the standard deviation of each individual site is the same, the numerator and 

denominator variances cancel out and we get the defined Variability Reduction defined by the authors 

(equation (2.21)). As demonstrated in section 2.2.3 for the two extreme scenarios and with the previous 

explanation about geographic smoothing, it is easy to conclude that the concept of the Variability 

Reduction for the WTM will always be equal to or greater than one ( ( ) 1)VR t , i.e. the variability at any 

point will always be equal to or greater than the variability when considering all sites. 

Several conclusions can be drawn with equations (3.12) and (3.17). By acknowledging that the distance 

between sites is a parameter that never changes, VR will only depend on two variables: timescale and 

the correlation scaling coefficient “A”. First, within the same day, the larger timescales the faster VR will 

tend to 1. The logic behind it, is that the longer the fluctuations are, the more likely it will approach the 

case where the variations that pass through the sensor will almost be the same as an average of the 

fluctuations of all sites. On the contrary, short timescales fluctuations will cause rapid variations in the 

sensor and therefore are not a good representation of the average fluctuations that occur over all PV 

modules. Inclusively, if the modules are well dispersed enough, short-term fluctuations will be strongly 

damped by geographic smoothing. Secondly, dependence on the coefficient “A” is as follows: smaller 

values of “A” (sites weakly correlated) will lead to higher values of VR and higher values of “A” (sites 

strongly correlated) means VR will approach 1.  

In conclusion, by considering the impact of these two variables, higher values of VR represent more 
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geographic smoothing (fluctuations will be strongly damped) and smaller values of VR that tend to 1 

indicate less geographic smoothing (there will be no variability reduction at the point sensor’s 

fluctuations). 

3.3.4 Simulated Wavelet Modes and Irradiance 

The simulated wavelet modes for all PV modules are calculated by using equation (2.22), as previously 

stated in section 2.2.3. Applying equation (2.22) for the two extreme scenarios, total independent sites 

( ( ) )VR t N  and for entirely dependent sites ( ( ) 1)VR t , we get the following results: 
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  (3.18) 

Equation (3.18) seems to agree with what has been discussed in this subchapter, for total independent 

sites, the simulated wavelet modes are equal to the original wavelet modes divided by the square root 

of the number of modules. On the contrary for entirely dependent sites the simulated wavelet modes will 

be the exact same as the original wavelet modes, as expected. 

In order to obtain the simulated Clear-Sky Index, we do the inverse of the wavelet transform (sum of all 

the simulated wavelet modes) to obtain the reconstructed signal3: 






 *

12

2
1

( ) ( )i

i
sim sim

t t
i

K t w t   (3.19) 

The next step is to ‘denormalize’ the simulated irradiance by multiplying again by the Clear-Sky 

irradiance: 

 *( ) ( )sim sim

cleart
GHI t K GHI t   (3.20) 

The final step should be the conversion of the simulated irradiance with an adequate power translation 

function. 

 

  

                                                      

3 To reconstruct the signal the MATLAB function ‘Multilevel 1-D wavelet reconstruction’ was used: 
https://www.mathworks.com/help/wavelet/ref/waverec.html  

https://www.mathworks.com/help/wavelet/ref/waverec.html
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Chapter 4 

Testing and Validating                          

the WTM               

 Testing and Validating the WTM 
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4.1 Introduction 

The main focus of this chapter is testing and validating the WTM. This is accomplished if we can obtain 

the average irradiance of a network of sensors by just using the measured irradiance signal of a single 

point sensor.  To properly validate this model, the authors use two approaches to prove that the 

simulated areal-irradiance can be compared to the actual irradiance average of all available sensors 

[13] [27]. The first approach is studying the power content of the irradiance signal at each timescale. 

This guarantees the distribution of power into frequency components is the same in both irradiance 

profiles. The second approach is by studying the irradiance deviation patterns of each signal at a chosen 

time-interval. If the deviation pattern is identical to the two previously mentioned signals, it tells us that 

these GHI profiles will have similar solar variability distribution. Thus, this method will be tested at a 

distributed sensor system owned by the National Renewable Energy Laboratory (NREL), located in 

Oahu, Hawaii, USA. This area is considered by the NREL as one of the top zones with sun intermittency, 

making it a perfect site to test the Wavelet transform-based Method. The solar measurement grid facility 

consists of 17 global horizontal irradiance sensors, spread across an approximately 1 𝑘𝑚2 and with 1 

reading per second. According to NREL website [28], the measured GHI is done using a LICOR LI-200 

Pyranometer mounted on ground. Voltage is measured across a 100 Ohm precision resistor in parallel 

to sensor output. The satellite photo below shows the location of each measurement station. The sensor 

network is located close to the airport in the southern part of the Oahu island, around 21°18′26″N of the 

equator and 158°04′13″W of the Greenwich meridian at an altitude of 9 m above sea level, as shown in 

Figure 4.1.Equation Chapter (Next) Section 1 

 

Figure 4.1 Oahu Solar Measurement Grid4 

                                                      

4 Figure 4.1 was downloaded from: https://midcdmz.nrel.gov/oahu_archive/map.jpg 

https://midcdmz.nrel.gov/oahu_archive/map.jpg
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Although the WTM was chosen in section 2.2.4 as the best method to be studied, it must be validated 

on variable cloudy days. Therefore, more than one test day have to be chosen and they must include at 

least some solar variability. At the time of writing, all data needed for validating the WTM have been 

collected at NREL database and available online in [28]. The large purple dots in Figure 4.1 indicate the 

exact location of each GHI point sensors used by NREL to measure the GHI, i.e. all pyranometer sensors 

have an angle of 0º. 

4.2 Testing the WTM 

4.2.1 Testing daily irradiance datasets 

Most days from the available NREL’s 1-Year Archive dataset (from 2011) have short time periods when 

one or more sensors have some reading errors. Thus, to overcome this problem, 2 test days with same 

available sensors have to be chosen. The two days with varying daily profiles selected were October 

31st with an irradiance profile shown in Figure 4.2 and December 2nd, shown in Figure 4.3. On these 

days, fourteen common sensors with no reading errors were chosen: DHHL_3, DHHL_4, DHHL_5, 

DHHL_6, DHHL_7, DHHL_8, DHHL_9, DHHL_10, DHHL_11, AP_4, AP_5, AP_6. The exact 

coordinates for these sensors under analysis can be found in Appendix B under section B.1. Then, a 

single point sensor has to be chosen as the input irradiance for the Wavelet transform-based Method. 

Therefore, the DHHL3 sensor was preferred because of its central position within the Oahu Solar 

Measurement Network. The input for the Wavelet transform-based Method will be the normalized daily 

GHI irradiance with one-second resolution, a  86400 1  vector on each day. 

 

Figure 4.2 Daily DHHL3 measured GHI profile for October 31st 

To make it easier for the analysis, the three irradiance profiles will have a specific nomenclature. First, 

one-point sensor will be chosen to show how far-off the irradiance of a single point sensor is from the 



 

36 

actual average irradiance across the total area. Secondly, since the irradiance output of the wavelet 

model also represents an averaged signal, the actual average of all 14 operational sensors will be 

designated as “Average irradiance Excel”. This last one represents the true average between all 

available sensors computed at each second using the Excel program. Finally, the last irradiance profile 

will be defined as “WTM Irradiance”, i.e. the output of the Wavelet transform-based method, representing 

the areal-average irradiance of the area to be studied. 

 

Figure 4.3 Daily DHHL3 measured GHI profile for December 2nd 

4.2.2 Correlation between sites 

An important input for the WTM is the correlation between sites. For the two days of interest, 4 sensors 

(DHHL3, DHHL4, DHHL5, DHHL10) of the Oahu solar sensor’s network were used to compute the 

scaling coefficient ‘A’. This method gives, with a relatively good approximation, the best fit for the ‘A’-

value. As mentioned in section 3.3.2, the coefficient ‘A’ is proportional to the cloud speed and the only 

variable parameter of the irradiance correlation between two sites for different timescales. After 

rearranging equation (3.12) and putting in evidence the factor ‘A’, we get: 
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Assuming the correlation between sites  ,( , )m nd t  as the ordinate axis and the relation between 

distance and timescale 
,

exp
m nd

t

  
  
  

 as the abscissa axis, it is possible to get the scaling coefficient 

‘A’ by comparing it with a generic power law function, shown on the right-hand side of equation (4.1). 

After mapping all the coordinates for all sites (see Table B.1), computing the distances between all pairs 
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of sensors can be done by using the Haversine formula5. The Haversine formula gives the shortest 

distance between two points over the earth's surface, ignoring elevation, hills and so on. At Oahu Solar 

Measurement Grid, all the area occupied by all sensors is approximately at the same sea level. Thus, 

the elevation levels difference between all pairs of pyranometers is almost inexistent and Haversine 

formula proves to be truly accurate. For any two points on Earth, the haversine formula is given by: 
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• 1;2d   is the distance between the two points and R is the Earth radius. 

• 
1Lat  and 

2Lat  are the latitude of point 1 and latitude of point 2, in decimal. 

• 
1Long  and 

2Long  are the longitude of point 1 and longitude of point 2, in decimal. 

By isolating ‘ 1;2d ’ in the Haversine formula, equation (4.2) can be rewritten as: 
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1;2 1 22 arcsin sin cos cos sin

2 2

Lat Lat Long Long
d R Lat Lat   (4.3) 

The matrix of distances can be found in the Appendix B. 

 

Figure 4.4 Determination coefficient ‘A’ value determined by Power Law Regression, October 31st 

                                                      

5 Computing the Haversine formula: https://www.mathworks.com/matlabcentral/fileexchange/27785-distance-calculation-using-

haversine-formula 

https://www.mathworks.com/matlabcentral/fileexchange/27785-distance-calculation-using-haversine-formula
https://www.mathworks.com/matlabcentral/fileexchange/27785-distance-calculation-using-haversine-formula
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In both Figure 4.4 and Figure 4.5, the blue dots represent the correlation between all pairs of the four 

chosen sensors for every timescale. The correlation was computed with the Correlation coefficient’s 

MATLAB function6. The red dashed line represents the best fit to the relationship in equation (4.1) .As 

shown in Figure 4.4, the exponential constant B=0.4001, meaning the scaling coefficient should be equal 

to 2.5. For December 2nd, the exponential constant B=0.2152. Thus, the scaling coefficient for this day 

is around 4.6. This conveys the idea that December 2nd is more highly correlated day, i.e. changes in 

irradiance on a single point sensor are much closer to the same changes in irradiance of all sensors, 

when compared to October 31st. Since ‘A’ is the only variable parameter, one can expect that for October 

31st (with smaller ‘A’-value) it will lead to more geographic smoothing across the Oahu Solar 

Measurement Network. 

 

Figure 4.5 Determination coefficient ‘A’ value determined by Power Law Regression, December 2nd 

Finally, as mentioned in section 3.3.2, the ‘A’-value is nearly proportional to the cloud speed with a 

constant of proportionality close to 0.5. Table 4.1 shows the cloud speed for both test days. 

Table 4.1 Correlation Scaling Factor 

  Scaling Factor ‘A’ Cloud Speed (m/s) 

October 31st 2.5 5 

December 2nd 4.6 9.2 

These small values of ‘A’ are as expected since Oahu Solar Measurement Grid is a coastal site, thus 

one could expect a small correlation between all pairs of sensors. 

                                                      

6 Computing the correlation between all pairs of sensors: https://www.mathworks.com/help/matlab/ref/corrcoef.html 

https://www.mathworks.com/help/matlab/ref/corrcoef.html
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4.3 Validating the WTM 

4.3.1 Simulated average irradiance and simulated average wavelets 

The objective of the WTM is to create simulated power output that statistically has the same variability 

distribution as the actual power output. Since the main output of this model is the simulated-spatial 

average irradiance, if we are able to prove the proximity between the model averaged irradiance and 

the actual irradiance, it is possible to validate the model.  Then, the total output power of all modules 

can be assessed with a simple power translation formula that considers the linearity between the 

spatially simulated irradiance and the estimated total output.  Such model would depend on module 

technology, DC to AC efficiency factors (mainly inverter efficiency), along with other variables. The 

improvement of the total power output can be achieved by using a non-linear irradiance to power 

translation model. This would depend on how far variables such as temperature deviate from the 

standard test conditions (STC). As referred by Lave et al. (2011 [13]), most of the non-linear irradiance 

to power characteristics are affected over longer timescales. Thus, any sudden change in the total power 

output is due to clouds passing over. This concept is intuitively easy to understand. When the sun light 

gets covered by clouds the number of photons that reach the sensor drops almost instantly, therefore 

any single sensor would experience very sharp fluctuations. However, if we consider the average 

irradiance of all sensors (or modules) around the site, this irradiance would appear much smoother. The 

reason is that each sensor will get slightly different irradiance variations, that on average produces an 

areal-irradiance much smoother than a single sensor. Therefore, we can study the total power output 

by studying the irradiance on a given area by considering they are linearly proportional at sharp 

variations. 

 

Figure 4.6 Variability reduction at each timescale for the two test days 
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In this subchapter, we will particularly focus on short timescale (from 2s to 64s) because, and as stated 

before, the WTM has a bigger impact on abrupt and fast changes in the irradiance profile. Thus, periods 

of time with longer timescales are less relevant for this method. Furthermore, to prove this model, we 

are not interested to see how the daily profile changes over a day, but the smoothing that occurs at 

those short-term fluctuations. This is particularly related to the concept of Variability Reduction (see 

section 3.3.3). Shorter timescales will have larger values of VR and for longer timescales, this value will 

tend to 1. 

It is worth noticing that the results from Figure 4.4 and Figure 4.5 are congruent with the variability 

reduction obtained in Figure 4.6. For both test days, the variability reduction starts with a value of 

practically 14, which is the number of sensors used for this analysis  ( )VR t N . Then, October 31st 

with a smaller ‘A’-value, has bigger VR for shorter-timescales, meaning the irradiance profile will 

experience more smoothing on fast fluctuations. Finally, for longer timescales, the variability reduction 

of solar fluctuations rapidly starts to tend 1, as Figure 4.6 and Table B.3 confirm. Approaching the 

scenario of total depend sites  ( ) 1VR t   , meaning solar fluctuations with periods of time greater than 

4096s  1 8minh will equal affect the point sensor under analysis and the entire grid of pyranometer 

sensors. The VR dependency on the timescale shows, as expected, that short-term fluctuations will be 

more easily damped than long term fluctuations. 

Any signal that can be represented as a variable that varies in time has a corresponding frequency 

spectrum. Using the Haar wavelet of the Wavelet Analyzer App tool1 from MATLAB, it was possible to 

decompose the two irradiance signals into its 12th level. The full wavelet decomposition for both signals 

can be found on page 78 in Appendix B.  

Figure 4.7 and Figure 4.8 only show the wavelet decomposition for the two lowest timescales (2s and 

4s) and the two highest timescales (2048s and 4096s) on an descending order from top to bottom and 

left to right, of the Clear-Sky Index for October 31st and December 2nd, respectively. 

 

Figure 4.7 Wavelet Decomposition Detailed Coefficients for timescales 2s, 4s, 2048s, 4096s: October 

31st 
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It is important to refer that the scale of the different components of the signal differs depending on the 

timescale of the wavelet modes. In general, the power of a signal concentrates more likely in the low 

frequency components, i.e., higher timescales as shown in the bottom-right corner of Figure 4.7 and 

Figure 4.8. On the other hand, the high frequency decomposition, appears to be highly sensitive to any 

short-term fluctuation in the signal but with a weak amplitude. 

The top two simulations in Figure 4.7 and Figure 4.8 agree with the VR results in Figure 4.6 and Table 

B.3. Showing that the simulated wavelet modes are strongly damped for the timescales less than a 

minute (2s and 4s), when compared to the bottom two simulations, where there is almost a perfect 

match between the simulated wavelet modes and the DHHL3 sensor’s wavelet modes. 

 

Figure 4.8 Wavelet Decomposition: Detailed Coefficients for timescales 2s, 4s, 2048s, 4096s: 

December 2nd 

Then, the reconstructed signal can be obtained by summing up all the twelve detailed coefficients and 

the approximation coefficient of level 12 (see page 78). Finally, by multiplying the simulated Clear-Sky 

Index by the Clear-Sky GHI for each day, we get the simulated GHI profile in black and orange of Figure 

4.9 and Figure 4.10, respectively. 

The upper part of Figure 4.9 and Figure 4.10 present the contrast between both DHHL3 measured 

irradiance profile and average irradiance of all sensors irradiance profile for the two test days. On the 

other hand, the bottom part of the same two figures illustrate the improvement from the single point 

sensor, when compared to the simulated irradiance. Meaning, if we look at the simulated irradiance and 

the actual average irradiance profile of all sensors, it is clearly evident that they have a better match 

when compared with the DHHL3 measured irradiance profile. These results, allow to have a general 

idea of the geographic smoothing that occurs at those short time fluctuations and the benefit of using 

the wavelet method to study the irradiance profile when considering a relatively large area. In the next 

sub-chapter, the proximity of these three signals will be more carefully examined. 
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Figure 4.9 (Upper Figure) Daily measured and average of all sensors GHI profiles for October 31st; 

(Bottom Figure) Daily WTM simulated and average of all sensors GHI profiles for October 31st 

As a final analysis, we observe that both Figure 4.9 and Figure 4.10 are also consistent with the results 

obtained in Figure 4.6 and Table B.3. Due to large VR values, on short timescales, it is possible to see 

a strong damping in the solar irradiance fluctuations. It is noticeable that this damping is stronger for 

October 31st, with a smaller value of ‘A’, when compared to the irradiance profile on December 2nd. 

Proving that for days with bigger ‘A’-value, sites become strongly correlated and the improvement from 

the single point sensor becomes less evident. As a final remark, in all GHI profiles it is perceptible that 

for the longer timescale periods where there are no fluctuations, the single point sensor measured GHI 

and the simulated GHI are almost a perfect match. 
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Figure 4.10 (Upper Figure) Daily measured and average of all sensors GHI profiles for December 2nd; 

(Bottom Figure) Daily WTM simulated and average of all sensors GHI profiles for December 2nd 

4.3.2 Fluctuation power index and Ramp rate analysis 

As previously mentioned, Lave et al. (2011 [13]) use two approaches to validate their model and 

accurately quantify the solar variability at each timescale. 

First, the Fluctuation power index can be used to compare the power content of wavelet modes at each 

timescale. The power content of a signal refers to the spectral energy distribution that would be found 

per unit time, in this case, time intervals of timescales will be considered. Summation or integration of 

the spectral components at each timescale produces the total power content that exists at those 

timescales. In most cases, all power content is concentrated in low frequency components, i.e. higher 

timescales. Thus, we are mainly concerned about studying the power content for lower timescales since 

the WTM has little or no effect for longer timescales.  
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The following expression was used to compute the power content at each timescale for each signal: 

 

   
21

signal t
Fpi t w t dt

T
    (4.4) 

Where T is equal to 86400 and represents the period of time under consideration (number of seconds 

in one day). 

Figure 4.11 and Figure 4.12 show the Fluctuation power index at each timescale for the three irradiance 

profiles mention in section 4.3.1. 

 

Figure 4.11 Fluctuation power index (Fpi) at each timescale for October 31st 

As anticipated, Figure 4.11 and Figure 4.12 show a strong agreement at short timescales for the Fpis 

WTM and Fpi average of all sensors. The match is almost perfect for December 2nd and October 31st 

overlapping well with a small deviation on timescales 8 and 16 seconds. This means that the high 

frequency content of the actual average irradiance signal is approximately the same as the predicted by 

the model. The fluctuation power index for the DHHL3 irradiance signal is at least 10 times larger than 

the other two signals until the timescale of 128 secs This confirms that most of geographic smoothing 

occurs at shorter timescales. Fluctuations longer than 512 secs (around 8.5 mins) for December 2nd, 

practically do not benefit from the smoothing effect. At those timescales, all three Fpis start to line up, 

meaning the power content of each signal is about the same. For October 31st, the smoothing effect 

starts to get weaker around 1024 secs (around 17 mins).  
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Figure 4.12 Fluctuation power index (Fpi) at each timescale for December 2nd 

The second method used by the authors to validate the model is called Ramp Rates (RRs). Instead of 

measuring the power content at each timescale, Ramp Rates measure the irradiance deviation patterns 

of each signal at each time period of choice. Then, the Ramp Rates for the irradiance will be computed 

with the following expression: 
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The ramp rate can be calculated by finding the difference between all the adjacent points of three 

irradiance profiles, with a variable time-interval of interest. The abscissa axis (xx) of Figure 4.13 and 

Figure 4.14 represent the absolute value of the Ramp Rates in percentage. In other words, the portion 

of irradiance that increases from one time-interval to another. The RRs plots should be interpreted as 

follows: for example, if the Ramp Rate is about 10, this means that between one time-interval the 

irradiance increases about 10%. Likewise, if the Ramp Rates have negative values, it means the 

irradiance decreases a certain amount on that interval. 

In order to comprehend the distribution of RRs, a cumulative distribution plot will be used (yy axis). For 

this case, we are only interested to see the most extreme RRs that occur in the three-irradiance profiles. 

Considering that similar tendencies and impacts are frequently seen between positive and negative 

RRs, it is common to plot the cumulative distribution of their absolute value [27]. In addition, we are 

mainly concerned on the magnitude of those RRs and not their direction. 
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Figure 4.13 Cumulative distribution function for extreme ramp rates distributions at short-timescales   

1-sec; 15-sec; 30-sec; 1-min (from right to left and top to bottom); October 31st 

Figure 4.13 and Figure 4.14 contains information concerning the extreme Ramp Rates of solar variability 

for four short-timescales chosen on October 31st and December 2nd, respectively. The 1-sec graphs on 

the top-left side represents the Ramp Rates for the original signals, whereas the remaining graphs 

symbolize the Ramp Rates of the same signal but with irradiance averages of 15 secs, 30s and 1 min. 

Two important conclusions are possible to withdraw from Figure 4.13 and Figure 4.14: 

1. The extreme ramp rates are much weaker for the RRs Average Excel and for the RRs WTM, 

when compared with the RRs of the DHHL3 sensor. From the cumulative distribution plots, it is 

evident that on each day the DHHL3 Sensor RRs are the widest and the most dispersed when 

compared to the other two. This indicates that the probability of large variations in the irradiance 

profile is more common for the DHHL3 Sensor rather than the actual average irradiance profile 

or the simulated irradiance profile. In all the four graphics, the cumulative distribution function 

for the actual and simulated irradiance RRs seem to overlap well showing that statistically, the 

model represents well the solar variability that occurs over that specific area. This proves that 

the actual average of the 14 sensors is much smoother than one single sensor. 

2. With increasing timescales, the Ramp Rates of the actual average of all sensors (RR Excel) 

start to get closer to the RR WTM. For instance, for the 1-min graphs in both figures, these two 

almost overlap. This means, if we would be interested on studying solar variability with another 

timestep, the model would present the same good results. 
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Figure 4.14 Cumulative distribution function for extreme ramp rates distributions at short-timescales   

1-sec; 15-sec; 30-sec; 1-min (from right to left and top to bottom); December 2nd 

 

From this RRs and the Fpi analysis it is possible to conclude that sensor measured irradiance can be a 

bad representation of the average irradiance across an area with a large amount of PV modules. By 

using only one sensor, it can lead to big errors on the total power output off all modules on cloudy days. 

With this bad estimation, ways to control and minimize the impact of this intermittency on the grid may 

fail. 

Based on results, the following points are noteworthy: 1) Smoothing of the irradiance profile across a 

solar park or any other area with large penetration of PV generation, would be possible by geographically 

distributing PV modules. 2) Irradiance data become uncorrelated as the distance between sites 

increases. 3) Sites that are uncorrelated will experience more smoothing effect and sites that are 

strongly correlated will not experience this smoothing at all. 

The WTM proves to be an accurate model to simulate the solar variability of a PV power plant or any 

other large area with high PV penetration. It was found, as expected, that the exact magnitude of real-

time irradiance fluctuations and the simulated irradiance fluctuations were not perfectly matched, 

although it showed a big improvement from the point sensor variability. Therefore, the measured 

irradiance at the single point sensor cannot be considered as true representative of the average 

irradiance across any area with high PV penetration. Nevertheless, this method serves its purpose which 

is to simulate the areal-irradiance over zones with high PV penetration that statistically has similar 

spatial-temporal variability distribution at different timescales as the actual irradiance over that area. 

Although the RRs and Fpis results wind up as expected and evidenced the enhancement that exists 

from the point sensor irradiance to the modelled irradiance, there is major drawback when implementing 

this method. The downside of the model is directly linked with the algorithm itself. When structuring this 
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method Lave et al. (2011) [13] [22] only include cloud size and the cloud speed. This method does not 

include the direction of the clouds movement. Therefore, it can create a slightly offset between the 

simulated irradiance (originated from the DHHL3 GHI measurement) and the actual average irradiance. 

Nevertheless, with the assumptions that typical cloud sizes are relatively larger when compared to the 

distances measured across the area of interest, the obtained results on this chapter prove that the 

accuracy of the WTM is almost independent of these geographic limitations. 

To sum up, as PV generation expands with higher penetration within the distribution grid, it is imperative 

to understand the typical fluctuations on various timescales, as well as the potential for energy storage, 

PV array size, and geographic dispersion to mitigate these fluctuations. WTM presents itself as a 

valuable tool to study and predict the magnitude and occurrence of the actual extreme RRs for high PV 

integration on the grid. 
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Chapter 5 

Voltage variation due to solar 

PV in the distribution grid 

 Voltage variation due to solar PV in the 

distribution grid 
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5.1 Introduction 

The integration of solar photovoltaics in the electricity network presents various challenges ranging from 

power quality, power flow control, voltage and frequency stability depending on how fast the solar 

fluctuations occur. This energy source does not deliver a predictable and continuously power like 

traditional sources such as nuclear, steam and gas-fired plants. 

Since PV generation has no mechanical inertia, fast solar irradiance changes associated with cloud 

transients cause instantaneous variations in PV power output, resulting in rapid and possibly significant 

voltage changes in systems with high penetration of PV generators. 

In this chapter we will mainly focus on the impact that rising demand for solar energy installation allied 

with its intermittent nature have on the voltage. For an area with high penetration of photovoltaic (PV) 

systems, voltage fluctuations can occur at the distribution systems, resulting in inverter tripping out (i.e. 

disconnecting the PV arrays) and insufficient power to meet the load. Undesirable voltage fluctuation 

problems may also affect the operation of the voltage regulating equipment and can induce some 

unwanted reactive power into the distribution electrical grid. 

To study the implications of solar variability on the power grid management a generic 1 MW grid 

connected PV solar power plant on MATLAB Simulink is proposed (Figure 5.1). The model will be tested 

for hypothetical abrupt changes in solar irradiance in the order of seconds, more specifically, every 3 

seconds a change occurs in the irradiance profile and all simulation presented will be confined to a 30 

second interval. 

 

Figure 5.1 Simulink model of 1 MW grid-connected PV solar park 

For this model, the 1 MW solar park is composed by 10 identical PV arrays of 100 kW each. All the PV 

arrays are equal with the same technology: polycrystalline Suntech STP200-18UB. Each string consists 

of 10 solar panels connected in series and 50 of these strings are connected in parallel to form an array. 
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The PV Array (a MATLAB/Simulink built-in block7) is a five-parameter model and has two inputs: an 

irradiance vector and temperature-dependent I-V characteristics of the modules. With this block it is 

possible to model all PV modules that are available from the National Renewable Energy Laboratory 

(NREL) database. All PV arrays are connected to a DC-DC boost converter (containing the MPPT) that 

converts the PV array output to a compatible output voltage that can be used as input for an inverter of 

a grid-connected system. All the boost converters have an output of 500 V (DC voltage). The maximum 

output power is extracted by varying the voltage duty cycle of the PV array with the use of Maximum 

Power Point Tracker (MPPT). This MATLAB/Simulink MPPT block7 has implemented the well-known 

"Perturb and Observe" (P&O) technique [29]. Then, in order to connect to the grid, it is necessary to 

convert both voltage and current to AC. Thus, the conversion from 500 V DC to 240 V AC will be 

performed with an average model-based Voltage Source Inverter (VSI) block of Simulink and the 

operating at unity power factor. It is called Voltage Source inverter because the DC voltage will remain 

constant and the current will follow the active power profile. 

To connect the output voltage of the inverter with the 30 kV Portuguese distribution grid a 1-MVA 

240V/30kV three-phase coupling transformer is used. The REN 150 kV transmission block in Figure 5.1 

represents the connection between the medium voltage distribution grid and the high voltage distribution 

grid, and it is characterised in Figure 5.2. This connection is made by a 15-km feeder line to a 30 kV/150 

kV transformer and includes a 30-kV grounding transformer. A grounding transformer block placed on 

distribution side provides a ground path in the event the solar park becomes isolated from the system 

ground.  

 

Figure 5.2 150 kV and 6673 MVA equivalent transmission system 

Finally, the three-phase source MATLAB/Simulink block implements a balanced three-phase voltage 

source with an internal R-L impedance branch that will simulate the rest of the Portuguese electrical 

transmission system. The 3-phase short-circuit power was considered to be 6673 MVA8, the minimum 

apparent power at Ferreira do Alentejo bus. The three voltage sources are connected in Y with a neutral 

connection that can be internally grounded or made accessible.Equation Chapter (Next) Section 1 

                                                      

7  PV Array block: 
https://www.mathworks.com/help/physmod/sps/powersys/ref/pvarray.html 
MPPT "Perturb and Observe" technique block: 
 https://www.mathworks.com/matlabcentral/fileexchange/39641-perturb-and-observe--p-o--algorithm-for-pv-mppt  
8 This value can be found at REN annual report on page 68, available at: 
http://www.centrodeinformacao.ren.pt/PT/publicacoes/CaracterizacaoRNT/Caracteriza%C3%A7%C3%A3o%20da%20RNT%20
31-12-2016.pdf 

https://www.mathworks.com/help/physmod/sps/powersys/ref/pvarray.html
https://www.mathworks.com/matlabcentral/fileexchange/39641-perturb-and-observe--p-o--algorithm-for-pv-mppt
http://www.centrodeinformacao.ren.pt/PT/publicacoes/CaracterizacaoRNT/Caracteriza%C3%A7%C3%A3o%20da%20RNT%2031-12-2016.pdf
http://www.centrodeinformacao.ren.pt/PT/publicacoes/CaracterizacaoRNT/Caracteriza%C3%A7%C3%A3o%20da%20RNT%2031-12-2016.pdf
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5.2 Dynamic response to rapid changes in irradiance on a 1 

MW grid connected PV power 

5.2.1 Performance analysis on the PV power plant’s DC-side 

The first performance analysis to be evaluated on the DC side is understanding the relation between 

the operating module temperature with the electrical efficiency of a photovoltaic array. Hence, this 

specific type of solar panels will be tested for three different module temperatures: 35º C, 45º C and 60 

ºC for cold, mild and warm days respectively. In Figure 5.3, the contrast of the I-V and P-V characteristics 

for the three temperatures at 1000 (W/m2) irradiance are displayed. The red I-V and P-V curves 

represent the performance of the PV array at STC conditions and was included as an indicator to link 

how much power loss there will be when compared to the modules rated power. The little rings on each 

I-V and P-V curves represent the maximum power point (MPP) at each respective temperature. It is 

observed that module temperature has a dramatic effect on voltage parameters. Both Open circuit 

voltage  OCV  and maximum voltage  MPPV  are decreasing with increasing module temperature. On 

the other hand, short-circuit current  scI  and maximum current  MPPI  suffer a slightly increase with a 

higher module temperature, although it is barely imperceptible in Figure 5.3. 

At STC conditions (red) this solar panels have a voltage at the maximum power point of 26.2 V, thus 

this array with 10 solar panels connected in series will have a maximum output voltage of 262 V. When 

comparing to the 60 ºC I-V and P-V curves, the MPPV  decreases to around 230 V, which lowers 

drastically the PV array maximum output power from the expected rated 100 kW at STC to around 80 

kW at 60 ºC. Thus, the maximum output power of the solar park will never reach the 1 MW rated power. 

 

Figure 5.3 Display of the temperature dependant I-V and P-V characteristics for 1000 (W/m2) of the 

chosen PV array for the 1 MW solar park 
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Figure 5.4 indicates that irradiance intensity has a dominant effect on current parameters rather than 

voltage (for the same module temperature of 25 ºC). The PV array DC voltage changes very little with 

varying levels of irradiance, as it can be seen in P-V curve of Figure 5.4 with an almost MPPV  for the 

four levels of irradiance. Short circuit current and maximum current appear to increase linearly with 

increasing irradiance intensity. At STC conditions (red), the short-circuit current of these modules is 8.12 

A and the current at the maximum power point is 7.63 A. Therefore, with 50 parallel strings the PV array 

has a scI  of 406 A and a MPPI  of 381.5 A. When comparing to the other levels of irradiance, we observe 

that the output power of the PV array almost follows the same linear growth of the current parameter. 

 

Figure 5.4 Display of the irradiance dependant I-V and P-V characteristics for 25 ºC of the chosen PV 

array for the 1 MW solar park 

For all the following simulations of the represented model in Figure 5.1, will be tested considering a 

typical module temperature of 45 ºC. Figure 5.5 illustrates the response of the system following a sudden 

increase and decrease in irradiance with the values [1, 0.3, 1, 0.4, 0.2, 0.9, 0.6, 0.7, 1, 0.1] in (kW/m2) 

with the step of 3 secs until 30 secs. All the PV arrays are receiving the same irradiance. Figure 5.5 

shows that the amount of power produced by the PV arrays follows the pattern of irradiance. This is 

because the MPPT controllers, by adjusting the boost converter duty cycle, keep the PV generating 

units operating point at their maximum power point despite the large fluctuations in irradiance that take 

place over the 30 seconds time frame considered. In the P&O algorithm perturbation in voltage will lead 

to a change in the power output. If at this disturbance an increasing voltage leads to an increasing 

power, it means that the operating point is at a lower voltage than the mppV  and therefore the MPPT 

should increase the voltage towards the MPP. On the other hand, if an increasing voltage leads to a 

decreasing power, then the operating point is at higher voltages than the mppV  and thus the MPPT 

should decrease the voltage towards the MPP until it converges at the MPP. 

Let us focus on the first 6 seconds of operation of Figure 5.5, where two large irradiance variations 
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occur. Between  0 3 sect  with an initial irradiance of 1000 (W/m2), the operation of the PV array 

oscillates around 85 kW at MPP point on the P-V characteristics curve, with the MPPT assuring a 

constant DC voltage and current are operating at their maximum ( mppV  and mppI  respectively). Then, at 

 3sect  the irradiance decreases brusquely from 1000 (W/m2) to 300 (W/m2). At this disturbance, 

the DC voltage quickly drops from about 250 V to around 200 V in less than a second and then 

recovering it again to 250 V after the MPPT controller reacts by adjusting the boost converter duty cycle. 

Since the amount of current produced by the modules is proportional to the irradiance, the DC current 

decreases until a new MPP is reached. At this new period of operation, the maximum power at the PV 

array dropped from 85 kW to roughly 29 kW and the mppI  fell from around 400 A to about 115 A. 

 

Figure 5.5 PV array scope for 30 seconds period (a) Irradiance (W/m2); (b) DC voltage (V); (c) DC 

current (A); (d) Active power (kW) 

By doing the same analysis we observe that the same fast variation in irradiance, but now with an 

increase from 300 (W/m2) to 1000 (W/m2) at  6sect , the DC voltage has a smoother behaviour 

when compared with the last disturbance. The DC voltage increases from 250 V to 275 V. Thus, sharp 

increase in irradiance appear to be less harmful. 
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There are two main issues in this algorithm [30]. The first one being that the operating point will never 

reach a steady MPP, instead it will be flickering around the MPP, as it can be seen in between 

disturbance intervals in Figure 5.6. Furthermore, the P&O algorithm struggles to react fast enough from 

rapidly changing irradiance. 

 

Figure 5.6 DC-DC boost converter (500V) Duty cycle 

Figure 5.7 shows the DC voltage after the DC-DC boost converter, i.e. at the input of the inverter. The 

red line represents the desired DC 500 V and the blue line represents the actual DC voltage with the 

fluctuations due to the rapid changes in irradiance. This figure shows that the MPPT itself cannot 

mitigate all the voltage fluctuations at the inverter’s input when trying to find a new MPP for irradiance 

changes. 

 

Figure 5.7 Voltage source inverter actual DC voltage (blue) and reference DC voltage of 500 V (red) 

Both DC and AC equipment are designed to operate at a certain voltage rating level, therefore long-time 

operation outside allowable range could cause severe damage to equipment.  

5.2.2  Performance analysis on the AC-side 

The MATLAB Simulink voltage source inverter uses the Pulse Width Modulation (PWM) technique. 

Figure 5.8 shows the AC voltage outside the inverter and it is immediately clear that all the voltage 

fluctuations on the DC side will affect the modulation process of the inverter. The modulation process is 
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done in a way so that the current and the grid voltage will be at same frequency and in the same phase 

with each other (i.e. power factor equal to 1). To measure the ability of an inverter using the PWM 

method to deliver AC power, the term modulation index is defined. 

 

Figure 5.8 Inverter output AC side-Line to Line three-phase voltage  

Modulation index is the ratio of the peak to peak AC voltage (2 ACV  ) to the DC voltage, equivalent to 

say the modulation index (m) is given by the following expression: 




( )/ / 3

/ 2

L L AC

DC

V
m

V
  (5.1) 

The modulation index for the 30 seconds period of operation gives us a sense on how the disturbances 

on the DC voltage will disrupt the modulation process at the inverter. Although the modulation index 

should be set around 0.96, according to expression (5.1), it is observed that it varies from 0.86 to 0.99. 

 

Figure 5.9 Modulation index for inverter with PWM 

Thus, these voltage fluctuations on the DC-side will affect the modulation process of the inverter and 
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will cause a phase shift between the AC current and voltage. The result is a power factor different than 

one and inducing reactive power variations into the grid. It is also perceptible, by looking at Figure 5.9, 

that the larger the voltage fluctuations, the larger the modulation index will be affected. 

Figure 5.10 shows the output AC voltage, AC current and after the 1000-kVA 240V/30kV three-phase 

coupling transformer and in addition the injected active and reactive power into the electrical grid. Both 

powers are computed with the MATLAB/Simulink Power (Positive-Sequence) block and are shown at 

the bottom of Figure 5.10. This block calculates average value of the instantaneous active power of the 

sinusoid “P” in Watts and the reactive power “Q” in Vars of a periodic set of three-phase voltages and 

currents, as shown in equation (5.2). 

 

 






  





  


3 cos
2 2

3 sin
2 2

V I
P

V I
Q

  (5.2) 

Where V and I are the amplitude of phase-to-ground of the respective three-phase voltages and 

currents. " "  represents the phase angle between the voltage and the current. 

PV is a DC power source, meaning that there is no reactive power associated with PV itself. In order to 

control the active power to be injected in the grid, it can be done when a PV is connected to a load via 

a DC-DC converter, the DC voltage and DC current of the PV can be varied by the converter. As 

mentioned earlier, this is accomplished with a MPPT controller where the ideal case will be to extract 

the maximum active power. A DC-DC converter cannot inject or absorb any reactive power. 

 

Figure 5.10 Distribution three-phase grid scope: (a) Grid’s 50 Hz sinusoidal voltage; (b) Grid’s 50 Hz 

sinusoidal current; (c) Grid active (red) and reactive (blue) power. 

Reactive power is a concept unique in AC power system. The power factor of an AC electrical power 
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system is defined as the ratio of the active power flowing to the load to the apparent power in the circuit, 

which is the same to say the cosine of the angle between the voltage and current    cos u i . 

 When an inverter is used to connect a PV DC power source with the grid, the only way to inject or 

absorb reactive into the grid, is if there is a phase shift between the current and voltage angles of the 

inverter. Since the inverter power factor is set to be one, the reactive power is expected to be zero. The 

exceptions on the voltage disturbances that affect the DC side of the inverter (see Figure 5.11) will be 

the cause of a power factor different from one, which will lead to reactive power fluctuations at these 

disturbance points. 

Reactive power is directly proportional to the voltage, thus by comparing Figure 5.7 with Figure 5.11 it 

is easily concluded that a sudden decrease in the voltage would lead to an unexpected reactive power 

absorption, likewise a sudden increase in the voltage would lead to injecting reactive power into the grid. 

Needless to say, that changes in solar irradiance allied with an increasing PV penetration on the grid 

will escalate this unexpected reactive absorption or injection problem on the distribution grid. 

 

Figure 5.11 Zoom-in on the reactive power variation in the grid due to the inverter 

5.3 Minimizing voltage fluctuations due to irradiance changes at 

high PV penetration sites 

There are significant technical challenges at every level associated with the grid integration of high 

penetration of solar photovoltaics. As mentioned in section 2.1.3, these challenges are dependent on 

the timescale of changes in solar irradiance. This last section aims at briefly explaining different options 

that grid engineers, planners and operators may have at their disposal to tackle one of the main issues 

that is slowing down the integration of PV in the grid, i.e. solar variability. To minimize transient voltage 

variations, solar park designers and engineers must adopt quick response solutions based on, for 

instance, reactive power (Var) compensation supplied by power electronic devices or active power 

compensation provided by energy storage systems. 
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5.3.1 Reactive power control methods and the use of smart PV inverters 

One significant challenge, and the one deeply studied in this chapter, is managing fast variations in 

voltage magnitudes caused by rapid and unpredicted fluctuations of solar irradiance. The first method, 

concerning reactive power control, aims to mitigate significant voltage fluctuations that take place when 

connecting a PV solar park to the distribution grid system. 

The same way inverters are the ones responsible for reactive power variation they can also be part of 

the solution. Traditionally, current PV inverters were purposely designed to feed as much active power 

(kW) as was available from the solar array at unity power factor into the Point of Common Coupling (The 

PCC is a point in the electrical system where multiple customers or multiple electrical loads may be 

connected.). Lately, manufacturers and independent power providers have shown tremendous interest 

in the three-phase inverter’s capability to also absorb and provide reactive power (kVar) from and to the 

grid [31]. Over 95% of the time a PV inverter is running below its rated output current when converting 

DC solar power to AC active power [32]. The unused capacity of the inverter can then be put to use to 

produce reactive power. There are four main reactive control methods [31]: 

1. Fixed Unity Power Factor   0Q  : The first one and the most common approach for 

traditional PV inverters is the constant operation at unity power factor. This method can be used 

for both small and large-scale PV installations. In this method the reactive power injection to the 

grid is very limited or inexistent. The major drawback is with the reactive power always set to 

zero, resulting in unwanted voltage variations due to PV power ramping. 

2. Non-Unity Fixed Power Factor   0Q : In some cases, by choosing a specific constant power 

factor that would be appropriate for the full range of operation, it can lead to some voltage 

mitigation. This method is more suitable for large-scale PV where a detailed study is performed 

before the interconnection is allowed. Although this technique allows the adjustment of the 

reactive power flow based on the level of the inverter active power output, it does not actively 

regulate the voltage at the Point of Common Coupling. 

3. Variable Power Factor: This approach considers a variable power factor that allows the 

inverter to adjust the reactive power that flows back to the grid. This approach can be 

approximated by establishing that a variation in the voltage is proportional to a variation in the 

active power times the distribution system equivalent resistance, plus the variation in the 

reactive power times the distribution system equivalent reactance (equation (5.3). 

      V P R Q X   (5.3) 

By setting V  to zero it is possible to control the reactive power with the relationship between 

 /P Q  and the known distribution system equivalent ratio /X R . 

4. Volt/Var Control using Smart PV inverters: Unlike the previous approaches, this control 

method would allow the inverter to monitor its own terminal voltage and respond with a custom 

reactive power response determined by the local utility. These are the so called smart inverters. 

The reactive power capacity of a smart PV inverter can be used as a fast-acting static reactive 

power compensator. The smart PV inverter’s capability to provide reactive power to the line can 
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also be used to help the grid recover from a distant fault that causes the grid voltage to drop 

momentarily. Traditionally, power factor correction is done by connecting big paralleled 

capacitor banks to many of the voltage levels of the distribution system. The shunts capacitors 

are intentionally positioned in order to regulate the voltage along the feeder. Thus, these 

distributed three-phase smart PV inverters are able to perform both AC voltage regulation and 

power factor rectification on a more economical way, and correct the power factor by providing 

reactive power close to where they are being used, rather than importing it from far away. 

5.3.2 Smoothing power fluctuation by energy storage technologies 

As renewables spread, energy storage technologies rise not only as an opportunity to facilitate their 

integration on the grid but also as way to harvest the unpredictable renewable energy for a later use. 

Energy storage technologies can easily improve large integration of PV on the grid in three major levels 

[33]: 1) Preventing power quality issues by acting as a smoother mechanism. For fast power fluctuations, 

this mechanism would be ramping up when PV generation ramps down and ramping down when PV 

generation ramps up (see Figure 2.2). 2) Shifting the peak generation period by harvesting around noon 

(peak of solar PV generation) and providing that energy for peak consuming time. 3) Providing protection 

during disruptions or large power ramp rates specially for cases with large PV generation. 

Figure 5.12 compares several energy storage technologies for VRE integration on the grid depending 

on discharge time versus the rating power of each technology. As it can be seen in Figure 5.12, most 

energy technologies with fast discharge time are based on batteries. Batteries (electrochemical energy 

storage) have several desirable features, such as pollution-free operation, high storage efficiency, good 

power flexibility, long life cycle (depending on the type of battery), and low maintenance. Another fast 

technology would be the use of capacitors. Supercapacitors provide higher power and a longer life cycle 

than that of batteries [34]. The supercapacitor technology is relevant for power quality applications, such 

as lessening short-term disruptions of a few minutes until a generator or a battery can be placed back 

in service. Since the lifetime costs for supercapacitors is attractive, there is the prospect that this 

technology will be used in conjunction with batteries to provide future grid storage solutions.  

Inclusively, in [35] Milanés-Montero et al. (2017) propose a grid-connected inverter with battery-

supercapacitor (HESS) that provides a manageable power injection into the grid and to increase power 

grid reliability. Their main experimentally conclusions were [35]: 1) the proposed inverter topology 

produces nearly perfect sinusoidal waveforms for current and voltage injected into the grid, i.e. voltages 

disturbances found in 5.2 would be easily mitigated. 2) By using a supercapacitor, a fraction of the 

current would be diverted from the battery, which would reduce significantly the charge/discharge 

current rates. This would lead to a longer battery lifetime and allows to reduce the size of the battery. 

The detailed study on how the presented energy storage technologies can be used to smooth the output 

power fluctuation from VRE can be found in [33] and [34]. Although most battery technologies are still 

costly for large PV integration projects, costs are expected to decrease as the technology develops and 
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a number of demonstration projects are under way to prove the future of this technology 9. 

 

Figure 5.12 Applications of energy storage technologies for Variable renewable energy (VRE) 

considering typical capacity and discharge time [33] 

5.3.3 Smoothing power fluctuation by geographical dispersion 

As mentioned in chapter 3 and proved in chapter 4, geographical dispersion is a good alternative to 

mitigate short term output power fluctuations for PV clusters installed in widespread areas. The 

advantage of this alternative is if placing the PV modules disperse enough, it would diminish the 

dependence of any secondary source of energy or energy storage technology to counter these fast 

fluctuations. It is found that, with high penetrations of PV, as insolation changes, significant variations in 

power flows occur on transmission and sub transmission lines [36]. By geographically dispersing PV, 

the authors found [36] that it can help solving system protection and improving voltage control practices. 

Thus, all three initial methods proposed in section 2.2, with special attention on the Wavelet transform-

based Method would be valid option to be used on a solar variability assessment study for future PV 

power plants. 

Grid operators or solar park owners who might have access to high-frequency irradiance data on site 

can use the WTM to do an evaluation of the RRs that will occur at the solar park. This work can either 

be done prior to new PV power plants installations or for already existing solar parks. Hence, module 

sizing, plant sizing and the panels layout, as well as storage capacity requirements can be simulated 

and adjusted based on the amount of solar variability that occurs on that location. 

                                                      

9 https://electrek.co/2017/04/11/world-largest-solar-battery-project-south-australia/  

https://electrek.co/2017/04/11/world-largest-solar-battery-project-south-australia/
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6.1 Main Points 

A significant increase in the penetration of PV generation and its intermittent nature could have a 

significant impact on the stability of the electrical grid. The present master thesis focuses on 

implementing and testing the Wavelet transform-based Method, as a way to forecast the amount of solar 

variability at a given location. The key factor that makes the WTM more practical to be implemented 

than the other two existing methods is that the solar irradiance data only needs to be collected from a 

single pyranometer sensor. Therefore, at a given location and period of time the WTM algorithm has the 

ability to be run by only using numerical weather-forecast for cloud speed, the exact location of all 

modules and the irradiance from a single point sensor pyranometer. This irradiance measurements and 

the intermittency that occurs at the sensor will be representative of the cloud covering in the existing 

area. 

This method was tested at a distributed sensor system owned by the National Renewable Energy 

Laboratory, located in Oahu, Hawaii, USA. This area is considered by the NREL as one of the top zones 

with sun intermittency, making it a perfect site to test the Wavelet transform-based Method. Two cloudy 

days were chosen from the available NREL’s 1-Year Archive dataset. The correlation coefficient is a 

function of the distance between all pairs of sites, timescales and the scaling coefficient “A”. To compute 

the ‘A’-value, four sensors from the network were used and the distances between sites were calculated 

using the Haversine formula. Then, by fitting the correlation function into a power law regression we get, 

with relatively good approximation, the best fit for the ‘A’-value for the two test days. 

From the irradiance profile results it was obvious that the simulated areal average irradiance matched 

well with the actual average irradiance of all sensors. Nevertheless, to validate this last statement, two 

approaches were used. First, the Fluctuation power index can be used to compare the power content 

of wavelet modes at each timescale. The power content of a signal refers to the spectral energy 

distribution that would be found per unit time, i.e. analysing the spectrum of each signal in between 

particular frequencies (corresponding to each timescale). The results showed a strong agreement at 

short timescales for the Fpis WTM and Fpi average of all sensors. This means that the high frequency 

content of the actual average irradiance signal is approximately the same as the one predicted by the 

model. The second method to validate the model is called Ramp Rates (RRs). Instead of measuring the 

power content at each timescale, Ramp Rates measure the irradiance deviation patterns of each signal 

at each time period of choice. In this work we are only concerned with extreme Ramp Rates of solar 

variability at short timescales (1 sec, 15 secs, 30 secs, 1 min). The RRs results show that the extreme 

ramp rates are much weaker for the RRs Average Excel and for the RRs WTM, when compared with 

the RRs of the DHHL3 sensor. This indicates that the probability of large variations in the irradiance 

profile is more common for the DHHL3 Sensor rather than the actual average irradiance profile or the 

simulated irradiance profile. For all the four timescales, the cumulative distribution function for the actual 

and simulated irradiance RRs seem to overlap well showing that statistically, the model represents well 

the solar variability that occurs over that specific area. This proves that the actual average of the 14 

sensors is much smoother than one single sensor. 
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An important conclusion can be drawn from all these results: the irradiance data collected at a given site 

using only one pyranometer sensor are not a true representative of the average irradiance in the area. 

Hence, the WTM presents itself as a method that can match well the actual irradiance variations that 

occur in any area with large PV penetration. 

In the final chapter, the dynamic behaviour of large PV generation was studied for a generic 1 MW grid 

connected PV solar power plant. The aim of this model was to see how the several components of the 

grid connected solar park would react to fast changes in irradiance. It was observed that fast irradiance 

fluctuations contribute to deteriorated power quality, especially unwanted voltage variation on the DC 

side. While the solar inverter has long been the essential link between the photovoltaic generation and 

the electricity distribution network and converting DC to AC, it is also the cause of unexpected reactive 

power oscillations on the grid. 

The three main possibilities to tackle solar intermittency include reactive power control methods, energy 

storage technologies and by geographically disperse PV generation on a given area. 

The wavelet method can either be an important forecasting tool to study the viability of future solar parks 

by simulating the amount of solar variability at a given location or by helping to mitigate solar fluctuations 

of current installed grid connected PV power plants. If this work is to be done prior to new PV power 

plants installations, module sizing, plant sizing and the panels layout, as well as storage capacity 

requirements can be simulated and adjusted based on the amount of solar variability that occurs on that 

location. This type of study might be especially important for areas where future plans to install large 

quantities of PV generation and the appropriate adaptation and control of the electrical grid is not yet 

ensured for variable renewable integration. In a similar way, the simulated WTM average irradiance can 

also be useful for existing PV projects connected to the grid that tests the effect of adding a substantial 

new quantity of PV generation to the current electric feeders. Also, relatively large off-grid PV projects 

might benefit from this method by dimensioning suitable energy storage options that may counteract 

sharp power shortages. 

6.2 Future work 

There are still some points that can be explored to continue and possibly upgrade what was 

accomplished in the present work. A special case where there is space for improvement is at the 

correlation between sites function. Characterization of the “A” values used for the correlation between 

sites was computed generically with a cloud simulator, only considering cloud size and cloud speed, not 

including the direction of the clouds movement. 

Possible future solar forecasting and variability algorithms may use ground-based sky camera to detect 

cloud motion and direction, as the broad field of view of the sky camera corresponds to the conventional 

observations of interest above the PV panels. These cameras can take ground-based whole sky images 



 

66 

that can provide localized images of the sky of high temporal and spatial resolution, which allow for a 

detailed cloud observation. 

For the purpose of this thesis, the benefits of an accurate cloud detection system, coupled with cloud 

motion estimates and cloud cover forecasts, can result on more accurate values of “A”. 

Regarding the up surging in PV generating energy leading to a growing concern about the PV output 

variability having a negative effect on utility grid stability, this work only focuses on the voltage 

fluctuations and uncontrolled reactive power variations. Further work can tackle other issues by 

conducting full-blown grid reliability studies and cost-benefits analysis. Subjects such as other power 

quality problems (e.g. harmonic distortion), power flow control issues and frequency stability remain 

understudied. 
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Solar-Earth Dynamics 

A.1 Solar position 

The solar radiation intensity is vastly dependent on the sun position in the sky relatively to the collector’s 

devices location. [16]. Thus, all the irradiance models first require some insight of the Sun-Earth 

geometry. The first and most important angle to define is the Solar Elevation angle  sa , which is the 

angle of the altitude of the sun in the sky, measured between the horizon and the centre of the sun's 

disc. By definition the elevation is 0° at sunrise and 90° when the sun is directly overhead. The zenith 

angle (z) measures the same as 
sa but it is the complementary, meaning it is measured from the vertical 

rather than from the horizontal   90º sz a . 

In order to compute the true zenith angle for any date, time and location we need the following 

definitions: 

• Declination Angle ( ) : The declination angle is the angle between the equator line and a line 

drawn from the centre of the earth to the centre of the sun, and varies seasonally, given in 

degrees by:Equation Chapter  1 Section 1 

      arcsin 0.39795 cos 0.98563( 173)DoY   (A.1) 

 

• Hour Angle ( )w : The hour angle is used to describe the Earth’s rotation around its polar axis. 

This definition is used to convert the Local Solar Time (LST) into the correspondent number of 

degrees of the sun movement, where it is defined that the hour angle is 0º at solar noon. It takes 

the form: 

   15 ( ) 12w LST h   (A.2) 

First, we define Equation of time (EoT) in minutes  

     

 

   




( ) 0.258cos 7.416sin 3.648cos 2 9.228sin 2

360 1
:

365.25

EoT h x x x x

DoY
Where x

  (A.3) 

Then Longitude correction (LC) represents the difference between the time of the reference 

meridian and the exact location [16]: 




 

( )

15

15º GMT

longitude LSTM
LC

LSTM T

  (A.4) 

Where LSTM is the Local Standard Time Meridian and  GMTT  is the difference of the Local Time 

(LT) from Greenwich Mean Time (GMT) in hours (15°= 360°/24 hours). 

In order to compute the Hour angle, we need to compute the LST which is a function of the local 
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time (LT), Longitude correction (LC) and Equation of time (EoT) given by the following 

expression: 

  ( )LST h LT LC EoT   (A.5) 

Lastly, the true zenith angle for any given date, time and location is computed as follows: 

           cos( ) cos cos cos( ) sin sinL Lz w   (A.6) 

Where L
 is the site latitude angle. 

In order to obtain a really good approximation for the sun zenith and azimuth the Sun Position Algorithm 

(SPA) published by the National Renewable Energy Laboratory (NREL) will be used10. According to 

NREL this algorithm has reported an uncertainty of +/- 0.0003 degrees. 

A.2 Extra-terrestrial Radiation  

The extra-terrestrial radiation  0I  is defined as the radiation that reaches the outer part of Earth’s 

atmosphere [37]. This radiation is typically expressed in irradiance units (Watts per square meter) and 

varies throughout the year because of the Earth’s elliptical orbit. The extra-terrestrial radiation can be 

characterized with the following equation: 

  
      

  
0 0

2
1 0.033 cos

365
I G DOY   (A.8) 

Where    
2

0 1367.7 /G W m is the Solar constant. 

Table A.1 Extra-terrestrial Radiation for the 2 test days 

 DOY   
2

0  /I W m   

October 31st 304 1390.1548 
December 2nd 336 1407.3259 

 

  

                                                      

10 NREL Sun Position Algorithm (SPA): https://midcdmz.nrel.gov/solpos/spa.html 

https://midcdmz.nrel.gov/solpos/spa.html
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A.3 Clear Sky Irradiance 

Finally, the Clear Sky GHI irradiance for the two test days can be found in Figure A.1. 

 

Figure A.1 Clear Sky Irradiance for the October 31st (upper figure) and December 2nd (bottom figure) 

at Oahu Solar Measurement Network 

The clear-sky irradiance for the two test days was computed using the Clear-Sky Model chosen in 

section 3.2. The Linke Turbidity factor for October 31st is 4.6 and for December 2nd is 3.8 [20].   
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B.1 Sensor’s network location 

. 

Table B.1 Oahu Archive Instrument Descriptions11 

Sensor 
network  

Latitude Longitude 

DHHL_3 21.31236 -158.08463 

DHHL_4 21.31303 -158.08505 

DHHL_5 21.31357 -158.08424 

DHHL_10 21.31183 -158.08554 

DHHL_11 21.31042 -158.0853 

DHHL_9 21.31268 -158.08688 

DHHL_2 21.31451 -158.08534 

DHHL_1 21.31533 -158.087 

AP_6 21.30812 -158.07935 

AP_1 21.31276 -158.08389 

AP_3 21.31281 -158.08163 

AP_5 21.30983 -158.08249 

AP_4 21.31141 -158.07947 

AP_7 21.31478 -158.07785 

DHHL_6 21.31179 -158.08678 

DHHL_7 21.31418 -158.08685 

DHHL_8 21.31034 -158.08675 

                                                      

11  Data collected from NREL database: https://midcdmz.nrel.gov/oahu_archive/ 

https://midcdmz.nrel.gov/oahu_archive/
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B.2 Matrix of distances and Variability reduction 

Table B.2 Matrix of distances for the Oahu Solar Sensor Network (in meters) 

 

 

Table B.3 Daily Variability Reduction at each time scale 

            Timescale (sec) 
2 4  8 16 32 64 128 256 512 1024 2048 4096 

Daily VR 
October 31st 13.99999993 13.99943545 13.92498193 12.76281062 8.735127939 4.654586608 2.589424935 1.711467889 1.332067985 1.159789827 1.078296753 1.03874453 

December 2nd 13.99974772 13.95234224 13.04336009 9.315616907 5.033634032 2.755630294 1.781870957 1.36325772 1.174283514 1.085257227 1.042151909 1.020956116 

Distances DHHL_3 DHHL_4 DHHL_5 DHHL_10 DHHL_11 DHHL_9 DHHL_2 DHHL_1 AP_6 AP_1 AP_3 AP_5 AP_4 AP_7 DHHL_6 DHHL_7 DHHL_8

DHHL_3 0 86,274459 140,48047 111,17339 226,60878 235,7791 250,1269 411,5072 722,117 88,6261 314,77 358,2 544,87 752,12 231,5631 306,336 314,1361

DHHL_4 86,274459 0 103,17928 142,76247 291,37197 193,5239 167,2879 325,9001 804,201 123,858 355,12 443,8 605,45 770,81 226,1155 226,097 347,1056

DHHL_5 140,48047 103,17928 0 235,73189 367,07263 290,8331 154,6265 346,4707 789,846 97,0915 283,27 453,7 549,41 675,47 329,2522 278,747 443,3988

DHHL_10 111,17339 142,76247 235,73189 0 158,74383 167,9341 298,7217 417,5364 762,475 199,773 419,44 386,4 630,53 861,5 128,5298 294,444 207,7536

DHHL_11 226,60878 291,37197 367,07263 158,74383 0 299,9019 454,8061 573,6658 667,329 298,39 463,86 298,4 613,89 911,39 216,13 447,865 150,4716

DHHL_9 235,77905 193,52387 290,83309 167,93408 299,90193 0 258,5655 294,9286 930,362 309,863 544,04 554,3 780,49 964,12 99,50418 166,821 260,5444

DHHL_2 250,12688 167,28792 154,62645 298,72172 454,80613 258,5655 0 194,6359 943,343 245,82 428,29 598,3 698,98 776,46 337,2354 160,666 486,1441

DHHL_1 411,50721 325,90012 346,47072 417,53643 573,66583 294,9286 194,6359 0 1127,28 430,644 622,86 769,6 893,56 949,81 394,2892 128,815 555,4667

AP_6 722,11694 804,20102 789,84645 762,47472 667,32902 930,3618 943,3431 1127,279 0 698,132 572,5 376,8 366,04 756,68 871,1818 1028,44 805,352

AP_1 88,626061 123,85843 97,091504 199,77265 298,38999 309,8629 245,8196 430,6439 698,132 0 234,18 356,6 481,85 664,78 318,2141 344,893 400,2334

AP_3 314,77393 355,12215 283,26941 419,44205 463,85628 544,0414 428,2908 622,8647 572,496 234,18 0 343,1 272,58 448,68 545,4149 561,787 597,2802

AP_5 358,17221 443,77724 453,66406 386,37367 298,39534 554,2937 598,3068 769,6036 376,78 356,622 343,13 0 358,8 730,75 494,9723 661,783 444,9317

AP_4 544,86733 605,45419 549,40719 630,53017 613,88997 780,49 698,9818 893,5574 366,042 481,851 272,58 358,8 0 410,59 758,4293 824,212 763,475

AP_7 752,1236 770,81121 675,47148 861,50029 911,39286 964,1198 776,4623 949,8078 756,685 664,777 448,68 730,7 410,59 0 982,991 934,686 1045,823

DHHL_6 231,56313 226,11547 329,2522 128,52983 216,13005 99,50418 337,2354 394,2892 871,182 318,214 545,41 495 758,43 982,99 0 265,855 161,2626

DHHL_7 306,33582 226,09668 278,74722 294,44396 447,86492 166,8213 160,6661 128,8148 1028,44 344,893 561,79 661,8 824,21 934,69 265,8548 0 427,1142

DHHL_8 314,13609 347,10563 443,39878 207,75361 150,4716 260,5444 486,1441 555,4667 805,352 400,233 597,28 444,9 763,48 1045,8 161,2626 427,114 0
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B.3 Wavelet decomposition 

Figure B.1 shows the full wavelet decomposition for DHHL3 clear sky index (blue) and the simulated 

wavelet modes for October 31st. The top twelve graphs represent the decomposition of all detailed 

coefficients until level 12, whereas the two bottom graphs show the Approximation coefficient at level 

12 and the Clear Sky Index signal. As previously mentioned, the clear sky index time-series is the result 

of the summation of all twelve detailed coefficients and the approximation coefficient at level 12. 

 

Figure B.1 Full Wavelet Decomposition for the day: October 31st  
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Figure B.2 shows the full wavelet decomposition for DHHL3 clear sky index (blue) and the simulated 

wavelet modes for December 2nd. The top twelve graphs represent the decomposition of all detailed 

coefficients until level 12, whereas the two bottom graphs show the Approximation coefficient at level 

12 and the Clear Sky Index signal. As previously mentioned, the clear sky index time-series is the result 

of the summation of all twelve detailed coefficients and the approximation coefficient at level 12. 

 

Figure B.2 Full Wavelet Decomposition December 2nd 
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