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ABSTRACT 

 

It is a fact that solar energy generation is becoming more available and affordable every 

year. At the same time social awareness of the traditional energy system and its negative 

impact on the planet is changing the mentality of the people towards renewable ways of 

energy supply. 

 

Now, a pending task in all this process of global energy transformation is to give the 

people the chance to size their own renewable systems in a trustworthy way and as easy 

as possible, but above all free of charge. 

 

That is why a module written Python is presented in this paper. It allows the user to size 

their own PV system in a relatively easy way. This module is initially focused on off-grid 

(stand-alone) PV systems, but it can be upgraded to size off-grid solar-wind hybrid 

systems as well. 

 

The sizing is based on the reliability of the system to supply the energy demand. One way 

to quantify this is by a parameter known as the Loss-of-Load Probability (LLP), defined 

as the ratio between the estimated energy deficit and the energy demand over the total 

operation time of the installation. 

 

The module makes use of well stablished models for crystalline silicon solar cells, lead-

acid battery cells and other elements in a typical PV system. Apart from that, all the 

information required to perform the sizing is available online. It is worth mentioning that 

solar radiation information based on satellite images is becoming increasingly available 

and is improving on ground coverage and resolution. 
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1. THE PYTHON LANGUAGE 
 

Python is an easy to learn, powerful programming language. It has efficient high-level 

data structures and a simple but effective approach to object-oriented programming. 

Python’s elegant syntax and dynamic typing (the same variable can contain objects of 

different types during the course of a program), together with its interpreted nature, make 

it an ideal language for scripting and rapid application development in many areas on 

most platforms. 

 

The Python interpreter and the extensive standard library are freely available (released 

under an open-source license) in source or binary form for all major platforms (Windows, 

Linux/Unix, MacOS X, most likely your mobile phone OS, etc.) from the Python Web 

site, https://www.python.org/, and may be freely used and distributed, even for building 

commercial software. The same site also contains distributions of and pointers to many 

free third-party Python modules, programs and tools, and additional documentation. 

 

The Python interpreter is easily extended (interfaced) with new functions and data types 

implemented in C or C++ (or other languages callable from C). Python is also suitable as 

an extension language for customizable applications. (1) 

 

1.1. PYTHON’S STRENGTHS 
 

Some specific features of Python are as follows (2): 

• An interpreted language (as opposed to compiled). Contrary to e.g. C or Fortran, 

one does not compile Python code before executing it. In addition, Python can be 

used interactively. Many Python interpreters are available, from which commands 

and scripts can be executed. 

 

• A language for which a large variety of high-quality packages are available for 

various applications, from web frameworks to scientific computing. Rich 

collection of already existing bricks of classic numerical methods, plotting or data 

processing tools. It is not necessary to re-program the plotting of a curve, a Fourier 

transform or a fitting algorithm. 
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• Easy to learn. Most scientists are not payed as programmers, neither have they 

been trained so. They need to be able to draw a curve, smooth a signal, do a Fourier 

transform in a few minutes. 

 

• Easy communication. To keep code alive within a lab or a company it should be 

as readable as a book by collaborators, students, or maybe customers. Python 

syntax is simple, avoiding strange symbols (with clear non-verbose syntax) or 

lengthy routine specifications that would divert the reader from mathematical or 

scientific understanding of the code. 

 

• Efficient code. Python numerical modules are computationally efficient. But 

needless to say, that a very fast code becomes useless if too much time is spent 

writing it. Python aims for quick development times and quick execution times. 

 

• Universal. Python is a language used for many different problems. Learning 

Python avoids learning a new software for each new problem. 

 

2. HOW TO USE THE SAPSYC MODULE 
 

The SAPSYC module is meant to be used through command-lines at the console. 

However, there is room for improvements on its graphical and user interface. Python 

offers this possibility thanks to the many libraries freely available online that allow to 

meet this end. 

 

No programming skills are required to run the program and perform the calculations, but 

it is advisable to get used to the syntax and basic notation in Python. There is also no need 

to understand all the concepts mentioned in this paper. For a person who is only interested 

in knowing how many PV modules and batteries are necessary to supply a certain energy 

consumption, it may be sufficient to follow the steps shown below after having installed 

and started the Python interpreter. 

 

Naturally, there are some magnitudes and technical data that are required during the 

process. This information is available online and in the manufacturer’s datasheets. The 
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main issue is coming to understand the few necessary concepts to define your system. 

Once that is done, it is just a matter of handling and introducing correctly all sets of data 

in the functions in order to size a system. 

 

2.1. SOME CONSIDERATIONS 
 

Before starting it is important to review some important concepts about the way the 

SAPSYC module operates and the format of some of their inputs. There are also 

predetermined values on some magnitudes and some assumptions regarding elements 

present in the system for a better performance. 

 

Decimal values (with point, not comma) 

Remember to use a point (small dot) to separate the whole number part from the fractional 

part of a number. This may be irrelevant but can cause some setbacks while dealing with 

command-lines. Use commas to separate the different parameters in the functions. 

 

Vectors of data 

There are some functions whose mere purpose is to manage technical data of the different 

elements in the system as well as to define some configurations and ranges in it 

(solarpaneldata, batterydata, boundaries). These functions are described below in the 

instructions. This allows to divide the information and to have more organization in order 

to perform different calculations if desired. 

 

Matrices dimension 

The set of matrices generated by the functions and the ones required as parameters during 

the calculations correspond to the form A[i][j][k], being i the entry for the months of the 

year, j the entry for the days of the month and k the entry for the time slice (defined by 

the parameter time-step) in the time interval from 0 to 24 hours. 

 

Time step of values 

The parameter time-step (tstep) is required in several functions throughout the calculation 

process. It defines the time gap or hour fraction between the values obtained in every 

calculation performed. In this case, a tstep = 1.0 is returning a matrix whose number of 
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values k produced per day is 24, a tstep = 0.5 is returning 48 values per day and so on 

respectively. This allows to adjust the size of k to the set of available data. 

 

Orientation and slope of the solar modules 

For some applications the slope and azimuth angles will already be known, for instance 

if the PV modules are to be built into an existing roof. However, if you have the possibility 

to choose the slope and/or azimuth, there are ways to calculate the optimal values for 

slope and azimuth (assuming fixed angles for the entire year). 

 

MPPT controller 

A maximum power point tracker (MPPT) controller is assumed to be used in the system 

by default. The cost of this type of controller may be higher than others, but it guarantees 

that the PV modules are working at their maximum power point, depending on the 

radiation (Geff) and ambient temperature (Ta). The performance of a MPPT is normally 

high (about 0.98). In this way most of the energy available on the array is used to supply 

the load and recharge the battery bank. 

 

Awareness of the limitations in stand-alone systems 

An off-grid system is subjected to power limitations at times when there is no solar 

resource available. People must be coherent with their energy consumption and the power 

generated by the PV array through the day in order to obtain the best performance and 

rentability from the system. 

 

Maximum discharge current from the batteries 

The discharge current per battery string (batteries connected in series) is limited to the 

10-hour discharge rate I10 of the battery selected as to prolong the lifespan of the battery 

bank (the I10 parameter is provided by the manufacturer). This will limit the power 

delivered by the battery bank but will prevent a premature ageing in it. 

 

CSV and excel files 

When downloading data on solar radiation, temperature, etc. from an internet source or 

web application, it may be obtained in a CSV (comma-separated values) file. The module 

SAPSYC reads only excel documents. Make sure to transform the CSV file in an excel 

file. Just google ‘csv to excel’ to find tutorials. 
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2.2. INSTRUCTIONS 
 

In order to obtain the final result (that is the different combinations of PV modules and 

batteries that supply the load) is necessary to follow the steps shown below. A script with 

all the commands is provided in the next section. All the concepts mentioned here are 

explained in the next sections. 

 

1. Download the SAPSYC module and import all the functions contained in it. 

 

2. Use the function extratradiation to create the matrix I0. This matrix will contain 

the values of the extraterrestrial radiation on a horizontal plane at the location 

evaluated. The parameters for this function are the latitude of the location (phi) in 

degrees (latitudes south of the equator are input as negative values and north are 

positive.) and the time-step (tstep) of the values. To obtain hourly values in the 

resultant matrix, use tstep = 1. For values every half hour, tstep = 0.5 and so on. 

 

3. Once obtained the TMY (typical meteorological year) excel file of the location 

evaluated, use the function exceldata to extract the values of the magnitude 

desired and to arrange them in a matrix form. In this case the values of the global 

horizontal irradiance (GHI) at the location evaluated. The parameters for this 

function are the name of the excel file (do not forget to use quotation marks since 

this parameter is a string object and to add ‘.xlsx’ at the end), the name of the 

sheet in which the info is shown, the number of the column where the values are 

deployed (being column A = 1, column B = 2 and so on) and finally the number 

of the row where the values start. Make sure you get the values of GHI in W/m2. 

If the TMY is obtained as csv file, it can be easily transformed into an excel file. 

Just google csv to excel to get a tutorial. The excel file must be in the same location 

as the module SAPSYC in order to be found by the function. 

 

4. Use the function rbave to create the matrix Rbave. This matrix will contain the 

values of the ratio of average beam radiation on a tilted surface to that on a 

horizontal surface at the location evaluated. The parameters for this function are 

the slope of the panels (beta), the orientation or azimuth (gamma) of the PV 
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module in degrees with respect to the Equator (is the angle relative to the direction 

due South. - 90° is East, 0° is South and + 90° is West.) and finally the latitude 

(phi) of the location. To obtain hourly values in the matrix, give a tstep = 1. 

 

5. Use the function componentghi to create the matrices Ib, Id and A. The matrices 

Ib and Id will contain the beam and diffuse components of the GHI matrix I. The 

matrix A will contain the anisotropy index of the location evaluated. The 

parameters for this function are the extraterrestrial radiation matrix (I0), the GHI 

matrix (I) and the letter “b”, “d” or “a” denoting bean, diffuse or anisotropy index 

respectively depending on which matrix is been calculated. Take into account the 

fact that the input matrices I0 and I must have the same dimension (that is created 

with the same tstep). 

 

6. Use the function hdkrmodel to create matrix IT. This matrix will contain the 

values of total radiation (in Wh/m2) on the tilted surface of the PV modules at the 

location evaluated. The parameters for this function are already obtained in 

previous steps. The last parameter is the reflectance of the ground (rho). Check 

tables for values of rho. If unknown, give the value rho = 0.2. Again, take into 

account that all the input matrices must have the same dimension (created with 

the same tstep). 

 

7. Follow the instructions given in step 3 to obtain the matrix Ta from the TMY excel 

file. This matrix will contain the values of temperature for the location evaluated 

in degrees Celsius (℃) 

 

8. Create the matrix EL using the function consumptiondata. The EL matrix will 

contain the values of the energy consumption (in Wh) for a defined time-step 

(hourly generally) in a typical day along the year. There are several consumption 

tables available online for different electrical appliances and illumination. The 

parameters for this function are the period (‘y’ or ‘m’, standing for yearly or 

monthly, respectively), the time-step of the values (tstep) and a consumption 

matrix. If period = ‘y’, the consumption matrix must contain 24/tstep elements. If 

period = ‘m’, the consumption matrix must contain 12 elements (1 element for 
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each month) of 24/tstep entries. The consumption matrix can be input manually if 

not given as a parameter (consumption = None). 

 

9. Use the functions solarpaneldata and batterydata to input the characteristics of 

the selected solar module and lead-acid battery respectively (the battery model 

used for calculations is generalized for any type or size of lead-acid battery). 

These functions just arrange the data of the selected components in a vector form 

(list), easier to handle by the user. All set of characteristics required for each 

element are available in the datasheets provided by the manufacturers. These 

characteristics are: 

 

• PV module: the number of cells inside the module (Ncells), the open 

circuit voltage (Voc) in V, the short circuit current (Isc) in A, the maximum 

power (Pmp) in W (J/s) delivered by the module at STC. Pmp is the 

product of Vmp*Imp and these values are provided. The nominal 

operating cell temperature (NOCT) in ℃ and finally the voltage 

temperature coefficient (vtcoeff), which is a negative value given in V/℃ 

and sometimes in percentage, so make sure to divide by 100. If not given, 

vtcoeff=0.0023. 

 

• Lead-acid battery: the 10-hour rate capacity (C10) in Ah. If not given use 

these empiric equivalences: C40/C20≈1.14; C20/C10≈1.17; C100/C10≈1.34 

and C100/C20≈1.25. The depth of discharge (DOD), normally from 0.5 to 

0.8. Also, the number of cells inside the battery (Battcells) and the 

discharge performance (ηd), generally 1.0. 

 

10. Use the function boundaries to define the system configuration and to select the 

sizing intervals to evaluate. Introduce the number of modules (Npvs) and batteries 

(Nbs) connected in series. These strings will specify the voltages of the PV array 

and battery bank. (the PV array voltage is normally equal or higher than the 

voltage of the battery bank for a better performance of the MPPT controller). 

Then, specify the minimum and maximum number of PV module strings 

connected in parallel in the PV array (Npvpmin and Npvpmax) as well as the 

number of battery strings connected in parallel in the battery bank respectively 
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(Nbmin and Nbmax). These ranges will define the different sizes of the system to 

be evaluated. 

 

11. Finally execute the function calculate to obtain the LPSP value for the different 

combinations of PV array and battery bank specified in the vector boundaries. 

This function will show in the screen all the configurations that comply the 

required LPSP value for the system. The calculation process can be sopped at any 

moment by pressing the ESC key. The result will be saved in a matrix of the form 

configuration = [result1, result2, result3, … resultn], being result = [Nbs, Nbp, 

Npvs, Npvp, LPSP] (that is, the different configurations evaluated that comply the 

LPSP required). 

 

2.3. SCRIPT 
 

After downloading the SAPSYC module, Copy and paste the following script on the 

python command prompt. Before that, replace the @ characters with the desired values 

for the different parameters required in each function. 

 

from sapsyc import * 
 
I0 = extratradiation(phi = @, tstep = 1) # result in Wh/m^2 
 
I = exceldata(name = 'name1.xlsx', sheet = 'name2', nrow = @, ncolumn = 
@, tstep = 1) # result in W/m^2 
 
Rbave = rbave(beta = @, gamma= @, phi = @, tstep = 1) # result 
dimensionless 
 
Ib = componentghi(I0, I, component = 'b') # result in Wh/m^2 
 
Id = componentghi(I0, I, component = 'd') # result in Wh/m^2 
 
A = componentghi(I0, I, component = 'a') # result dimensionless 
 
IT = hdkrmodel(I, Rbave, Ib, Id, A, beta = @, rho = 0.2) # result in 
Wh/m^2 
 
Ta = exceldata(name = 'name1.xlsx', sheet = 'name2', nrow = @, ncolumn 
= @, tstep = 1) # result in °C 
 
EL = consumptiondata(period = 'y’ or ‘m', tstep = 1, consumption=[@, @, 
@, @, @, @, @, @, @, @, @, @, @, @, @, @, @, @, @, @, @, @, @, @]) # 
follow the instructions shown if consumption = None. Energy consumption 
values in Wh 
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solarpanel = solarpaneldata( Ncells = @, Voc = @, Isc = @, Pmp = @, NOCT 
= @, vtcoeff = 0.0023) # check the module datasheet 
 
battery = batterydata(C10 = @, DOD = @, Battcells = @, nd = 1.0) # check 
the battery datasheet 
 
boundary = boundaries(Npvs = @, Nbs = @, Npvpmin = 1, Npvpmax = 2, Nbpmin 
= 1, Nbpmax = 2) 
 
configuration = calculate(IT, Ta, EL, solarpanel, battery, boundary, 
LPSP = 0.1, ninv = 0.95, nmppt = 0.9) 

 

3. OBATAINING METEOROLOGICAL DATA FOR A 

LOCATION 
 

There are different ways to get the meteorological data required to perform the sizing of 

the system. In this paper the time step used for every magnitude value (or reading) is one 

hour (tstep = 1), that is, every set of meteorological data contains values for every hour 

of every day in a year for a given geographical location. Due to the quantity of values, 

the set of data is generally obtained as a CSV or excel file. 

 

3.1. TYPICAL METEOROLOGICAL YEAR DATA SETS (TMY) 
 

TMY data sets represent 1 year of hourly (8760) weather data values extracted from long-

term (at a minimum, 10 years) data records. TMY data sets are popular with building 

designers and others for modeling renewable energy systems, because they provide a 

relatively concise data set from which to develop system performance estimates. TMY 

data sets are generated by determining “typical” meteorological months from a process 

of weighting various weather parameters and then concatenating the months to form a 

typical year. TMY data sets by nature of the way they are created, do not necessarily 

represent actual conditions at any given time. Nevertheless, they are useful for 

intercomparing system performance among different technology approaches without the 

need to ingest large amounts of data into simulation models. 

 

There are various approaches for developing TMY data sets, but basically they are created 

from long-term weather records. The methods involve selecting 12 months of data from 

the total of years recorded available in based on weather parameters such as GHI, DNI, 

dry bulb temperature, dew point temperature, and wind speed, etc. An algorithm is created 

based on weighting factors applied to these variables, so that individual months deemed 
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“typical” of all of those months recorded would be selected, and then each month is 

concatenated with the next month without modification. The weighting factors assign 

priority to the solar radiation parameters, which means that the other weather parameters 

for a chosen typical month may not actually be typical. 

 

Although TMY data sets remain in popular use today, with the convenience of being able 

to represent a long-term data set, TMYs also have certain shortcomings that are important 

to understand. The most important, of course, is that TMY data do not provide 

information on extreme events. The data incorporated into a TMY are essentially at the 

50th percentile of the full distribution of possibilities; ie, the probability that a GHI value 

within a TMY will be exceeded is 50%. Thus, a TMY data set is sometimes referred to 

as a P50 data set. If a developer is interested in learning what might happen to a system’s 

performance during an unusually cloudy year, or a year in which there has been major 

volcanic activity causing partial obscuration of the solar resource, the TMY output will 

not be able to provide this information. Another important shortcoming of TMY data is 

that the 10 or 30-year data set from which it is derived is likely to have a number of 

“filled” data values, which otherwise would be missing owing to a lack of observations 

during certain time periods, such as when a measurement device is down or a station is 

closed. Thus, the TMY value may not represent the true long-term average value for a 

given parameter at a given site. (3) 

 

3.2. PHOTOVOLTAIC GEOGRAPHICAL INFORMATION 

SYSTEM (PVGIS) 
 

PVGIS has been developed for more than 10 years at the European Commission Joint 

Research Centre, at the JRC site in Ispra, Italy. The focus of PVGIS is research in solar 

resource assessment, photovoltaic (PV) performance studies, and the dissemination of 

knowledge and data about solar radiation and PV performance. 

 

The best-known part of their work is the online PVGIS web application, but there is a 

large amount of research that has been done in order to make the results from PVGIS as 

accurate as possible. 
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PVGIS has achieved a high level of visibility with the online PVGIS web application and 

the nice coloured maps of solar radiation and PV performance estimates. However, 

PVGIS is also a research project with a large number of outputs, and PVGIS has 

contributed with data to several other projects inside and outside JRC. (4) 

 

3.2.1. PVGIS WEB APPLICATION 

 

PVGIS web application (figure 2) allows the user to get data on solar radiation, 

performance and energy production from different kinds of photovoltaic (PV) systems, at 

any place in most parts of the world. It is completely free to use, with no restrictions on 

what the results can be used for, and with no registration necessary. 

 

PVGIS web application can be used to make a number of different calculations: 

• Performance of grid-connected, tracking and off-grid PV systems 

Figure 1. PVGIS home web page. https://ec.europa.eu/jrc/en/pvgis 
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• Radiation and temperature data in a monthly and daily basis. 

• Time series of hourly solar radiation and/or PV power values. 

• TMY generator of solar radiation, temperature and other meteorological data. 

 

A brief "getting started" guide and further information about how to use the PVGIS web 

interface to produce calculations is available at the documentation section. The user can 

also have a look at the methods used to make the calculations. Figure 2 shows PVGIS 

interface when the users first access the web application, before doing anything. (4) 

 

3.2.2. TMY GENERATOR 

 

The TMY tool can be used to interactively visualize all the data or to download it as 

information in text (CSV) format. The output formats are described separately in the 

"Tools" section. A csv file can be easily transformed into an excel file. Just google ‘csv 

to excel’ to get a tutorial. 

 

The selection of the months for the TMY is done using the method described in the 

international Standard ISO 15927-4. The selection is done based on air temperature, 

global horizontal irradiance and relative humidity. The TMY Generator can be accessed 

from the next link: https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html#TMY 

Figure 2. The PVGIS user interface. https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html#TMY 

https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html#TMY
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4. THEORETICAL BASIS 
 

The main concepts to understand the variation of the solar resource available in any 

location are briefly described in this section. These notions will help to carry out the 

calculations of all the necessary magnitudes that define a PV system.  

 

4.1. MOVEMENT BETWEEN SUN AND EARTH 
 

The Earth goes around the sun in an elliptic orbit with the sun at one of the foci. The plane 

containing this orbit is called the ecliptic plane and the time that the Earth takes to 

complete this orbit leads to the definition of the year. The distance from the sun to the 

Earth r is given by (5) 

where dn is the day number counted from the beginning of the year. It is worth noting 

that the eccentricity of the ecliptic is only 0.017, that is, very small. Because of that, the 

deviation of the orbit from the circular is also very small, and it is normally adequate to 

express the distance just in terms of its mean value r0, equal to 1.496 × 108 km, and is 

usually referred to as one astronomical unit, 1 AU. For most engineering applications, a 

very simple and useful expression for the so-called eccentricity correction factor is 

4.1.1. SOLAR DECLINATION δ 

 

The Earth also spins once a day on its own central axis, the polar axis. The polar axis 

orbits around the sun, maintaining a constant angle of 23.45º with the ecliptic plane. This 

inclination is what causes the sun to be higher in the sky in the summer than in the winter. 

It is also the cause of longer summer sunlight hours and shorter winter sunlight hours. 

Figure 3 shows the Earth’s orbit around the sun, with the inclined polar axis. It is 

important to note that the angle between the equatorial plane and a straight line drawn 

between the center of the Earth and the center of the sun is constantly changing over the 

year. This angle is known as the solar declination, δ. For our present purposes, it may be 

considered as approximately constant over the course of any one day. The maximum 

variation in δ over 24 h is less than 0.5º. If angles north of the equator are considered as 

Equation 1 

Equation 2 
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positive and south of the equator are considered negative, the solar declination can be 

found from 

On the spring equinox (20/21 March) and the autumn equinox (22/23 September), the line 

between the sun and the Earth passes through the equator. Consequently, δ = 0, the length 

of day and night is equal all over the Earth, and the sun rises and sets precisely in the east 

and west, respectively. On the summer solstice (21/22 June in the northern hemisphere) 

δ = 23.45º, the sun is situated directly above the Tropic of Cancer, and sunrise and sunset 

are displaced towards the north-east and north-west, respectively. In the Northern 

Hemisphere, the summer solstice is when the longest day and shortest night of the whole 

year occur. In the Southern Hemisphere, it is the opposite. On the winter solstice (21/22 

December) δ = –23.45º, the sun is directly above the Tropic of Capricorn, and sunrise and 

sunset are displaced towards the south-east and south-west, respectively. In the Northern 

Hemisphere, this is the shortest day and longest night of the whole year, and again, the 

opposite is true in the Southern Hemisphere. 

4.1.2. THE CELESTIAL SPHERE 

 

A classic way of representing the sky is as a sphere centered on a fixed point of the Earth, 

as indicated in Figure 4. This is known as the celestial sphere. Each of its points represents 

a direction towards the sky as seen from the Earth. 

Figure 3. The orbit of the Earth around the Sun (5) 

Equation 3 
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 The intersection of the celestial sphere with the equatorial plane defines the celestial 

equator. The points of intersection with the polar axis are called the celestial poles. Using 

this form of representation, the movement of the Earth around the stationary sun may 

instead be seen as a movement of the sun with the Earth taken as fixed. The sun then 

travels through a great circle of the celestial sphere, the ecliptic, which forms an angle of 

23.45º with the celestial equator. The sun completes this circuit once a year while the 

celestial sphere rotates once a day around the Earth (regarded as fixed). In this way, the 

sun marks out a circle around the Earth. The diameter of the circle changes daily, reaching 

a maximum on the equinoxes and a minimum on the solstices. The rotation of the sun 

around the ecliptic is in the opposite direction to that of the celestial sphere around the 

Earth. 

 

4.2. POSITION OF THE SUN RELATIVE TO A PLANE 
 

Now, landing on a particular location on the Earth’s surface, where a PV system is going 

to be used, it is convenient to specify the position of the sun by means of two angles that 

refer to the horizontal plane and to the vertical, respectively. Figure 5 attempts to visualize 

these concepts. The solar zenith angle θZS is between the vertical and the incident solar 

beam, i.e., the angle of incidence of beam (direct) radiation on a horizontal surface; and 

the solar azimuth ψS is between the meridians of the location and the sun, i.e. the angular 

displacement from noon of the projection of beam radiation on the horizontal plane. The 

complement of the zenith angle is called the solar altitude, γS. In the Northern (Southern) 

Hemisphere, the solar azimuth is referenced to true south (north) not magnetic south 

Figure 4. The celestial sphere and the ecliptic plane (5) 
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(north) and is defined as positive towards the west, that is, in the evening, and negative 

towards the east, that is, in the morning. (5) 

 

4.2.1. SOLAR HOUR ω 

 

Time based on the apparent angular motion of the sun across the sky, with solar noon the 

time the sun crosses the meridian of the observer. At any given moment, the angular 

coordinates of the sun with respect to a point of geographic latitude φ (north positive, 

south negative) are calculated from the equations 

and 

where ω is called the true solar time, or local apparent time, or solar hour, and is the 

difference between noon and the selected moment of the day in terms of a 360º rotation 

in 24 h. ω = 0º at the midday of each day, and is counted as negative in the morning and 

positive in the afternoon. [sign(φ)] means ‘1’ for northern latitudes and ‘−1’ for southern 

latitudes. Solar time is the time used in all of the sun-angle relationships and it does not 

coincide with local clock time. 

 

Equation 5 

Equation 4 

Figure 5. Position of the sun relative to a fixed point on the Earth defining the two critical angle ψS (azimuth) and ϴZS 

(solar zenith). The complement of the last, γS (altitude) is also shown (5) 
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4.2.2. STANDARD TIME AND SOLAR TIME 

 

Although not really required for PV calculations, it is worth mentioning the true solar 

time ω is related to the local official time, also called local standard time (the time shown 

by a clock) It is necessary to convert standard time to solar time by applying two 

corrections. First, there is a constant correction for the difference in longitude between 

the observer’s meridian (longitude) and the meridian on which the local standard time is 

based. The sun takes 4 min to transverse 1º of longitude. The second correction is from 

the equation of time, which takes into account the perturbations in the earth’s rate of 

rotation which affect the time the sun crosses the observer’s meridian. The difference in 

minutes between solar time and standard time is 

where Lst is the standard meridian for the local time zone, Lloc is the longitude of the 

location in question, and longitudes are in degrees west, that is, 0º < L < 360º. The 

parameter E is the equation of time (in minutes): 

where B is found from 

and n is the day of the year. Thus 1 ≤ n ≤ 365. Note that the equation of time and 

displacement from the standard meridian are both in minutes and that there is a 60-min 

difference between daylight saving time and standard time. Time is usually specified in 

hours and minutes. Care must be exercised in applying the corrections, which can total 

more than 60 min. (6) 

 

 

 

Equation 6 

Equation 7 

Equation 8 
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4.2.3. SUNRISE ANGLE ωS 

 

Figure 6 presents the sun’s trajectory on the celestial sphere for: (a) a winter and a summer 

day; and (b) the corresponding plots of solar altitude versus azimuth. Equation 4 may be 

used to find the sunrise angle ωS since at sunrise γS = 0º. Hence 

In accordance with the sign convention, ωS is always negative. Obviously, the sunset 

angle is equal to – ωS and the length of the day is equal to 2 × abs(ωS). In the polar regions, 

during the winter the sun does not rise (tan δ * tan φ > 1) and Equation 9 has no real 

solution. However, for computing purposes, it is convenient to set ωS = 0º. Similarly, 

during the summer, ωS = −π is a practical solution for the continuous day. It is also 

interesting to note that just at noon ω = 0º and the solar altitude is equal to the latitude 

complement plus the declination 

It should be noted that Equation 5 is indeterminate for γS = π/2 and for φ = π/2. In 

the first case, the sun is just on the vertical, so that ψS is meaningless. In the second, the 

sun’s position is given by γS = δ and ψS = ω. 

 

Another word of caution is necessary here. All these equations refer to a baseline year 

composed of 365 days, while the time length of the real year is 365 days, 5 h, 48 min and 

45.9 s. As is well known, the difference is compensated by adding a day in the leap years. 

For most PV engineering applications, the same number corresponding to the precedent 

may be associated to this additional day, that is dn = 59 for both 28 and 29 February. 

 

Equation 9 

Equation 10 
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4.2.4. SLOPE β AND AZIMUTH α OF A PLANE 

 

Most practical applications require the position of the sun relative to an inclined plane to 

be determined. The position of a surface (Figure 7) may generally be described by its 

slope β (the angle formed with the horizontal) and the azimuth α of the normal to the 

surface. The angle of solar incidence between the sun’s rays and the normal to the surface 

may be calculated from 

Although this expression appears quite complicated, it is very convenient to use in most 

instances. In the case of surfaces tilted towards the equator (facing south in the Northern 

Hemisphere, or facing north in the Southern Hemisphere), α = 0º, and it simplifies to 

 

 

Equation 12 

Equation 11 

Figure 6. (a) Sun´s trajectory corresponding to a Winter and to a summer day represented over the celestial sphere. 

(b) The solar altitude γS is plotted against the solar azimuth ψS . The solar time ω is also shown (5) 
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4.3. SOLAR RADIATION 
 

Solar radiation, often called the solar resource, is a general term for the electromagnetic 

radiation emitted by the sun. We will be concerned primarily with radiation in a 

wavelength range of 0.25 to 3.0 μm, the portion of the electromagnetic radiation that 

includes most of the energy radiated by the sun. 

 

Solar radiation can be captured and turned into useful forms of energy, such as heat and 

electricity, using a variety of technologies. However, the technical feasibility and 

economical operation of these technologies at a specific location depends on the available 

solar resource. 

 

Normally, the word radiation is used as a general term. To distinguish between power and 

energy, more specific terminology will be used. Irradiance means density of power falling 

on a surface, and is measured in W/m2 (or similar); whereas irradiation is the density of 

the energy that falls on the surface over some period of time, for example, hourly 

irradiation or daily irradiation (found by integration of irradiance over the specified time), 

and is measured in Wh/m2 (or similar). 

 

Figure 7. Receiver position (slope β and azimuth α) and sun´s rays incidence angle ϴS. (5) 
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4.3.1. THE SOLAR CONSTANT B0 

 

The radiation emitted by the sun and its spatial relationship to the earth result in a nearly 

fixed intensity of solar radiation outside of the earth’s atmosphere. The solar constant B0 

or Gsc is the energy from the sun per unit time received on a unit area of surface 

perpendicular to the direction of propagation of the radiation at mean earth-sun distance 

(1 AU) outside the atmosphere. 

 

4.3.2. EXTRATERRESTRIAL RADIATION 

 

The radiation falling on a receiver situated beyond the Earth’s atmosphere, that is, 

extraterrestrial radiation, consists almost exclusively of radiation travelling along a 

straight line from the sun. Since the intermediate space is almost devoid of material that 

might scatter or reflect the light, it appears virtually black, apart from the sun and faint 

points of light corresponding to the stars. (5) 

 

4.3.3. VARIATION OF EXTRATERRESTRIAL RADIATION 

 

Variation of the earth-sun distance, however, does lead to variation of extraterrestrial 

radiation flux in the range of ±3.3%. A simple equation with accuracy adequate for most 

engineering calculations is given by Equation 13a. Equation 13b provides a more accurate 

result (±0.01%): 

 

where Gon is the extraterrestrial radiation incident on the plane normal to the radiation on 

the nth day of the year and B is given by Equation 8. 

 

 

Equation 13 
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4.3.4. SOLAR RADIATION COMPONENTS 

 

As the solar radiation passes through the Earth’s atmosphere, it is modified by interaction 

with components present there. Some of these, such as clouds, reflect radiation. Others, 

for example, ozone, oxygen, carbon dioxide and water vapour, have significant 

absorption at several specific spectral bands. Water droplets and suspended dust also 

cause scattering. The result of all these processes is the decomposition of the solar 

radiation incident on a receiver at the Earth’s surface into clearly differentiated 

components. 

 

Direct or beam radiation, made up of beams of light that are not reflected or scattered, 

reaches the surface in a straight line from the sun. Diffuse radiation, coming from the 

whole sky apart from the sun’s disc, is the radiation scattered towards the receiver. Albedo 

radiation is radiation reflected from the ground. The total radiation falling on a surface is 

the sum of these (direct + diffuse + albedo) and is often referred to as global radiation on 

the surface. This is the most common measurements of solar radiation. Figure 8 helps to 

illustrate the previous brief explanation of the different components of solar radiation that 

reach a terrestrial flat-plate PV surface. 

 

 

Figure 8. Solar radiation components reaching a surface. 
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4.3.5. SOLAR RADITION NOTATION 

 

The following notation is widely used in books or technical documentation to denote 

irradiance and irradiation. This notation will be used indiscriminately in this paper. 

 

• Irradiance (W/m2): The symbols B0, B, D, R and G are used, respectively, for 

extraterrestrial, direct, diffuse, albedo and global irradiance, whereas a first 

subscript, h or d, is used to indicate hourly or daily irradiation A second subscript, 

m or y, will refer to monthly or yearly averaged irradiation values. The symbol G 

is used for solar irradiance, with appropriate subscripts for beam, diffuse is used, 

too. 

 

• Irradiation (Wh/m2): The symbol H is used for irradiation for a day. The symbol 

I is used for irradiation for an hour (or another period if specified). The symbols 

H and I can represent beam, diffuse, or total and can be on surfaces of any 

orientation. 

 

Subscripts on G, H, and I are as follows: 0 refers to radiation above the earth’s 

atmosphere, referred to as extraterrestrial radiation; b and d refer to beam and diffuse 

radiation; T and n refer to radiation on a tilted plane and on a plane normal to the direction 

of propagation. If neither T nor n appears, the radiation is on a horizontal plane. 

 

Furthermore, the slope and orientation of the concerned surface are usually indicated 

among brackets. For example, Gdm(20, 40) refers to the monthly mean value of the daily 

global irradiation incident on a surface tilted β = 20º and oriented γ = 40º towards the 

west. For surfaces tilted towards the equator (γ = 0º), only the slope is indicated. For 

example, B(60) refers to the value of the direct irradiance incident on a surface tilted β = 

60º and oriented towards the south (in the Northern Hemisphere). 

 

4.3.6. AIR MASS (AM) 

 

An important concept characterizing the effect of atmosphere on clear days is the air mass, 

defined as the ratio of the mass of atmosphere through which beam radiation passes to 

the mass it would pass through if the sun were at the zenith (i.e., directly overhead). Thus 
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at sea level AM = 1 when the sun is at the zenith and AM = 2 for a zenith angle θz of 60º. 

For zenith angles from 0º to 70º at sea level, to a close approximation 

which is generally sufficient for most engineering applications. For higher zenith angles, 

the effect of the earth’s curvature becomes significant and must be taken into account. 

 

At the standard atmosphere AM1, after absorption has been accounted for, the normal 

irradiance is generally reduced from B0 to 1000W/m2, which is just the value used for the 

standard test (STC) of PV devices (see section 8.2.1). Obviously, that can be expressed 

as 1000 = 1367 × 0.7AM. For general AM values, a reasonable fit to observed clear days 

data is given by: 

When solar radiation enters the Earth’s atmosphere, not only the irradiance, but also the 

spectral content is affected. However, this is of little importance from the PV engineering 

point of view, compared with changes in total radiation incident on the PV modules. In 

general, increasing air mass displaces the solar spectrum towards the red. This is why the 

sky becomes so nice at nightfall. (5) 

Equation 14 

Equation 15 

Figure 9. Air mass. The relative length of the direct-beam path through the atmosphere 

compared with a vertical path directly to sea level. For an ideal homogeneous 

atmosphere, simple geometrical considerations lead to it. 
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4.3.7. RATIO OF BEAM RADIATION ON TILTED SURFACE TO THAT ON 

HORIZONTAL SURFACE 

 

For purposes of solar process design and performance calculations, it is often necessary 

to calculate the hourly radiation on a tilted surface of a collector from measurements or 

estimates of solar radiation on a horizontal surface. The most commonly available data 

are total radiation for hours or days on the horizontal surface, whereas the need is for 

beam and diffuse radiation on the plane of a collector. 

 

The geometric factor Rb, the ratio of beam radiation on the tilted surface to that on a 

horizontal surface at any time, can be calculated exactly by appropriate use of Equation 

11. Figure 10 indicates the angle of incidence of beam radiation on the horizontal and 

tilted surfaces. The ratio Gb,T /Gb is given by 

and cos θ and cos θz are determined from Equation 11 and Equation 4. (6) 

 

4.3.8. EXTRATERRESTRIAL RADIATION ON A HORIZONTAL SURFACE 

 

Several types of radiation calculations are most conveniently done using normalized 

radiation levels, that is, the ratio of radiation level to the theoretically possible radiation 

that would be available if there were no atmosphere. For these calculations, we need a 

method of calculating the extraterrestrial radiation, which represents the theoretical upper 

limit of solar radiation available at the earth’s surface. (6) 

 

Figure 10. Beam radiation on horizontal and tilted surfaces. (6) 

Equation 16 
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At any point in time, the solar radiation incident on a horizontal plane outside of the 

atmosphere is the normal incident solar radiation as given by Equation 13a divided by Rb: 

where Gsc is the solar constant and n is the day of the year. Combining Equation 4 for cos 

θz with Equation 17 gives G0 for a horizontal surface at any time between sunrise and 

sunset: 

 

4.3.9. HOURLY EXTRATERRESTIAL RADIATION ON A HORIZONTAL 

SURFACE 

 

It is also of interest to calculate the extraterrestrial radiation on a horizontal surface for an 

hour period. Integrating Equation 18 for a period between hour angles ω1 and ω2 which 

define an hour (where ω2 is the larger). The limits ω1 and ω2 may define a time other 

than an hour. 

The hourly extraterrestrial radiation can also be approximated by writing Equation 18 in 

terms of I, evaluating ω at the midpoint of the hour. Differences between the hourly 

radiation calculated by these two methods will be slightly larger at times near sunrise and 

sunset but are still small. For larger time spans, the differences become larger. 

 

4.4. PV GENERATOR CHARACTERISTICS AND MODELS 
 

An assessment of the operation of solar cells and the design of power systems based on 

solar cells must be based on the electrical characteristics, that is, the voltage-current 

Equation 18 

Equation 17 

Equation 19 
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relationships of the cells under various levels of radiation and at various cell temperatures. 

Many cell models have been developed, ranging from simple idealized models to detailed 

models that reflect the details of the physical processes occurring in the cells. For system 

design purposes, the model must provide the means to calculate current, voltage, and 

power relationships of cell arrays over the range of operating conditions to be 

encountered. For this purpose detailed models do not appear to be needed, and simple 

models work well. The model presented here for the current-voltage characteristic of PV 

converters and its dependence on solar radiation and cell temperature relies only on 

information available from the manufacturer. 

 

Current-voltage (I - V) characteristics of a typical PV module are shown in Figure 11. 

The current axis (where V = 0) is the short-circuit current Isc, and the intersection with 

the voltage axis (where I = 0) is the open-circuit voltage Voc. For this module the current 

decreases slowly to about 15V and then decreases rapidly to the open-circuit conditions 

at about 21.4 V. For comparison, a single 1 cm2 silicon cell at a solar radiation level of 

1000 W/m2 has an open-circuit voltage of about 0.6V and a short-circuit current of about 

20 to 30 mA. 

 

The power as a function of voltage is also shown in Figure 11. The maximum power that 

can be obtained corresponds to the rectangle of maximum area under the I - V curve. At 

Figure 11. Typical I-V and P-V curves for a PV module. (6) 
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the maximum power point the power is Pmp, the current is Imp and the voltage is Vmp. At 

this point, it is convenient to define the fill factor FF by 

Ideally, cells would always operate at the maximum power point, but practically cells 

operate at a point on the I -V curve that matches the I -V characteristic of the load. 

 

Current-voltage curves are shown in Figure 12 for a module operating at a fixed 

temperature and at several radiation levels. The locus of maximum power points is also 

shown. For this module, the short-circuit current increases in proportion to the solar 

radiation while the open-circuit voltage increases logarithmically with solar radiation. As 

long as the curved portion of the I -V characteristic does not intersect the current axis 

(where V = 0), the short-circuit current is nearly proportional to the incident radiation. 

 

Cells are mounted in modules, and multiple modules are used in arrays. Individual 

modules may have cells connected in series and parallel combinations to obtain the 

desired current and voltage. Arrays of modules may likewise be arranged in series and 

parallel. For modules or cells connected in series, the voltages are additive, and when 

connected in parallel, the currents are additive. If the cells or modules are identical, then 

Figure 12. The I-V curves for a PV generator at several radiation levels. The locus of maximum power points is 

shown. (6) 

Equation 20 
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connecting, say, five in series will increase all voltages by a factor of 5 and connecting 

five in parallel will increase the current by a factor of 5. If the cells or modules are not 

identical, a detailed analysis is required. Figure 13 shows I -V characteristics of one, two, 

and four identical modules connected in various ways. 

Figure 14 is an equivalent circuit that can be used for an individual cell, a module 

consisting of several cells, or an array consisting of several modules. At a fixed 

temperature and solar radiation, the I -V characteristic of this model is given by 

 

and the power is given by 

This circuit requires that five parameters be known: the light current IL, the diode reverse 

saturation current I0, the series resistance Rs, the shunt resistance Rsh, and a parameter a. 

The parameter a, here called the modified ideality factor, is related to physical constants 

and a parameter n by a ≡ (n k T Ns)/q, where the only unknown is the ideality factor n 

(equal to 1 for an ideal diode and typically between 1 and 2 for real diodes), k is 

Figure 13. The I-V curves for PV generators connected in various series and parallel arrangements. (6) 

Equation 21 

Equation 22 
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Boltzmann’s constant (1.381 × 10−23 J/K), T is the cell temperature, Ns is the number of 

cells in series, and q is the electronic charge [1.602 × 10−19 coulomb (1 C = 1 A s)]. 

 

The five parameters in the model are obtained using measurements of the current and 

voltage characteristics of a module at reference conditions supplied by the manufacturer 

and other known PV characteristics. Measurements of PV electrical characteristics 

traditionally are made at a standard reference condition: incident radiation of 1000 W/m2, 

a cell temperature of 25ºC, and a spectral distribution corresponding to an air mass of 1.5. 

Measurements of I -V pairs at reference conditions are usually available from the 

manufacturer at open-circuit conditions, short-circuit conditions, and maximum-power 

conditions. In addition, manufacturers usually supply both the temperature coefficient of 

short-circuit current, μIsc, and the temperature coefficient of open-circuit voltage, μVoc. 

Under most circumstances, the temperature dependence of the short-circuit current can 

be neglected (7). 

 

Figure 14. Equivalent circuit for a PV generator. (6) 

Figure 15. The IV characteristic of a typical crystalline silicon PV module as a function of irradiance G and 

temperature. Ta denotes the ambient temperature, and Tc is the temperature of the solar cells. (7) 
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4.4.1. TEMPERATURE DEPENDENCE OF ARRAY POWER OUTPUT 

 

Figure 15 shows the effect of temperature on a module I -V characteristic; at a fixed 

radiation level, increasing temperature leads to decreased open-circuit voltage and 

slightly increased short-circuit current. The principal effect of temperature on the PV 

array output comes then from the temperature dependence of the open-circuit voltage 

which can be described by 

where Tc, is the cell temperature and dVoc/dT is the temperature coefficient. For a typical 

module of 36 crystalline silicon cells, Equation 23 gives a temperature coefficient of 

approximately -80 mV/ºC. The cell temperature Tc can be estimated from the ambient 

temperature Ta, and the irradiance G with the use of a parameter called the Nominal 

Operating Cell Temperature (NOCT). 

where NOCT is expressed in ºC and the irradiance G in W/m2. If NOCT is not known, 

48°C is recommended as a reasonable value which describes well most of the commonly 

used PV modules. 

 

From semiconductor theory (i.e., the definition of a), assuming the ideality factor n does 

not depend on temperature, we have 

 

4.4.2. NOMINAL OPERATING CELL TEMPERATURE (NOCT) 

 

The NOCT is defined as the cell or module temperature that is reached when the cells are 

mounted in their normal way at a solar radiation level of 800 W/m2, a wind speed of 1 

Equation 23 

Equation 24 

Equation 25 
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m/s, an ambient temperature of 20ºC, and no-load operation. The mounting has a strong 

impact on the NOCT so care must be exercised in using the NOCT if the cells are not 

mounted in the same manner as they are tested. 

 

5. ENERGY STORAGE 
 

Batteries are used in most stand-alone PV systems, and are in many cases the least 

understood and the most vulnerable component of the system. Most design faults (e.g. 

undersizing the PV array or specifying the wrong type of controller) and operating faults 

(e.g. use of more daily electrical energy than was designed for or simply some breakdown 

in the PV array or charge controller) will lead to ill-health, if not permanent failure, of the 

battery. In these cases, the battery is then often blamed for the failure of the system to 

deliver the promised regular amount of electrical energy, and the type of battery used in 

such a failed system can acquire, quite unfairly, a bad reputation as a 'PV battery'. 

 

The most widely used batteries are lead-acid batteries in one of their various forms. This 

is because they are relatively cheap, have relatively good energy storage density and can 

be robust and reliable. Their disadvantage is that they do need some care in controlling 

the charging and discharging if good life and a large number of charge/discharge cycles 

is to be obtained. 

 

5.1. THE LEAD–ACID BATTERY 
 

Lead–acid batteries have been commercially used for more than 100 years for storing 

electrical energy. It has been the most widely used storage system for electrical energy 

for decades and still remains so, therefore a large variety of application-specific batteries 

are in the market. They can be distinguished by their specific power, their cycle life and 

their float lifetime. 

 

Lead–acid batteries cover a wide range of applications from SLI (starting, lighting, 

ignition) batteries in cars and trucks to uninterruptible power supplies/stationary batteries, 

from load-levelling batteries for grid stabilisation to traction batteries (fork-lift trucks and 
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others) and last but not the least autonomous power supply systems. Different battery 

designs have been developed for different applications to cover the various requirements. 

 

Lead–acid is by far the cheapest battery type in comparison with all other readily available 

storage systems with appropriate characteristics. It is expected that the lead–acid battery 

will remain as the working horse for autonomous power supply systems for many more 

years, probably decades. (5) 

 

5.2. BATTERIES FOR PHOTOVOLTAIC SYSTEMS 
 

Two classes of so-called solar batteries are in the market. One class is the modified SLI 

battery with typically thicker grids than those used in SLI batteries, quite cheap but with 

limited lifetime. The other class of ‘solar batteries’ are modifications from high-quality 

batteries originally used for cycling or standby applications. In general, flooded batteries 

show better lifetimes in autonomous power supply systems than VRLA batteries. On the 

other hand, VRLA batteries have significant advantages concerning electrolyte spillage, 

maintenance and transport and very little release of corrosive and explosive gases. This 

reduces the requirements on the battery housing significantly. Therefore, a final choice 

must be made according to the specific application and the boundary conditions. 

 

Operational experience, however, reveals that the lifetime of batteries in stand-alone 

applications based on solar energy is in general unsatisfactory compared with battery 

lifetimes in traditional applications. Batteries in solar home systems normally have to be 

exchanged after 2–3 years and batteries in hybrid systems after 3–8 years. Lifetime 

extensions to 5 years in solar home systems and 10 years in hybrid systems are achievable 

with advanced batteries designed for the purposes of autonomous power supply systems 

and appropriate system designs and operation strategies. (5) 

 

5.3. COMMONLY USED TECHNICAL TERMS AND 

DEFINITIONS 
 

A battery is made from two or more electrochemical cells connected in series. Primary 

and secondary electrochemical cells can be distinguished. Secondary batteries (also called 

accumulators) have reversible reactions and are rechargeable. This section is centred 
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around them. There are several secondary electrochemical accumulators available on the 

market. They differ in parameters concerning the materials of the electrodes and the 

electrolyte. This results in different electrical properties such as energy and power 

density, efficiency, lifetime, cycle life, operation temperature, inner resistance and self-

discharge and last but not the least economic properties like battery costs and maintenance 

requirements. (5) 

 

Electrochemical cell 

An electrochemical cell consists of two electrodes. Commonly, one is called the ‘positive’ 

electrode and the other, the ‘negative’ electrode. The positive electrode has a more 

positive potential than the negative electrode with respect to the standard hydrogen 

electrode. 

 

The cell voltage 

Each combination of charged and discharged active material has a specific 

electrochemical potential. The potential difference between the positive and the negative 

electrode is called the cell potential or cell voltage. The equilibrium voltage of a cell is a 

function of the electrolyte concentration and the temperature. The open-circuit voltage 

can be measured if no external current flows through the battery. It is identical to the 

equilibrium voltage if all the internal over voltages mainly caused by diffusion processes 

have levelled out. The time until this stadium has been reached depends on the battery 

technology and the operation condition. It is in the range of some seconds to many hours. 

 

Capacity 

The capacity of a cell is measured typically in ampere hours (Ah). The capacity is 

determined by a constant current discharge down to a defined end-of-discharge voltage. 

The capacity depends significantly on the discharge current and the temperature. Battery 

manufacturers can define the discharge current and the end-of-discharge voltage on their 

own. Therefore, it is very important to check the reference conditions defined by the 

manufacturer while comparing the capacity of different products. 

 

Nominal cell voltage 

Typically, nominal cell voltages are in the range between 1.2 and 3.6 V. Therefore, 

several cells are usually connected in series to build a string of higher nominal voltage. 
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The nominal voltage of a battery is therefore defined by the number of cells connected in 

series times the nominal cell voltage of a single cell. Batteries are often sold in so-called 

blocks or modules. Therein, several cells have been integrated and connected in series 

with only one set of terminals. A well-known example is the starting, lighting, ignition 

(SLI) battery for cars where six cells are connected in series but are sold as one 12V block.  

 

Nominal energy content 

To increase the capacity of a cell, often several sets of positive and negative electrodes 

are connected in parallel within a single cell. To increase the capacity even more, two or 

more strings can be connected in parallel. The nominal energy content (Wh or kWh) of a 

battery is defined by the nominal battery voltage times the nominal battery ampere hour 

capacity. 

 

State of Charge (SOC) and Depth of Discharge (DOD) 

The state of charge (SOC) gives the capacity that can be discharged from a battery at a 

certain moment. Hundred percent state of charge means a fully charged battery, 0% SOC 

means that the nominal capacity is discharged. Often, instead of SOC the depth of 

discharge (DOD) is used in the literature or in data sheets. DOD is defined as 0% when 

the battery is fully charged and as 100% after the nominal capacity is discharged from the 

battery (DOD = 100% – SOC). 

 

Battery cycles 

A cycle refers to a discharge followed by a recharge. Cycles used in data sheets always 

start from a fully charged battery up to a certain DOD. A nominal full cycle is a discharge 

down to 100% DOD. The cycle lifetime for a battery is given by the number of cycles as 

a function of the DOD. Nevertheless, in autonomous power supply systems cycles as 

defined above do not occur. Many partial cycles within a macrocycle (time between two 

full charging states) occur, where a partial cycle is defined as the charge transfer within 

the time of the change of the direction of the battery current. 

 

Capacity throughput 

Overall, charge transfer of batteries in autonomous power supply systems can be defined 

by the capacity throughput. It is given by the accumulated ampere hour discharged from 

the battery divided by the nominal capacity. The resulting number is formally equivalent 
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to the number of 100% DOD cycles delivered during the battery life. This normalised 

number will be referred herein as the capacity throughput. The ampere-hour efficiency 

ηAh is defined as the ratio of the ampere hours discharged from the battery divided by the 

ampere hours charged to the battery within a certain period (typically one month or one 

year or within a period between two full charging processes). Often the charge factor is 

used instead of the ampere hour efficiency. It is defined as 1/ηAh. For a sustainable battery 

operation, charge factors greater than one are necessary. The energy efficiency ηWh is the 

ratio of the energy discharged from the battery divided by the energy charged to the 

battery within a certain period (defined as above). 

 

Days of autonomy 

The size of a battery is given by its nominal energy content in the fully charged condition. 

To express the relative size of a battery concerning the load in autonomous power supply 

systems, often the term days of autonomy is used. The ‘days of autonomy’ is defined by 

the ratio of the nominal energy content of the battery (kW h) (sometimes the practical 

capacity instead of the nominal capacity is also used) to the average energy consumption 

per day (kWh/day). Therefore, the unit is days, and expresses how long a system can be 

supplied only from the fully charged battery. 

 

Battery currents 

Battery currents are usually given relative to the battery size. The reason is that the strains 

and the current-dependent electrical properties are related to the specific current loads to 

the electrodes with respect to the active materials. For larger capacities just formed from 

parallel-connected electrodes or cells or from larger electrodes, the normalisation of the 

current to the capacity is an appropriate measure. Therefore, battery currents are 

expressed as multiples of the ampere hour capacity or as multiples of the capacity-

defining discharge current. For a battery with a capacity of C = 100Ah, a current of 10A 

is defined as 0.1 × C. In this case, 100A is called the C-rate. I10 is the current that 

discharges a fully charged battery within 10 h down to the defined end-of-discharge 

voltage. The typical nomenclature for the capacity is Cx where x is the time in which the 

battery is discharged. For example: C10 = 10 h × I10, or C10 = 100Ah, I10 = 10A = 0.1 × 

C10. 
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Note that 1 × I10 is not equivalent to 10 × I100 as the C100 capacity is typically larger than 

the C10 capacity. The end-of-charge voltage defines an upper voltage limit. Charging of 

the battery usually is not stopped on reaching the end-of-charge voltage (other than the 

end-of-discharge voltage), but the charge current is reduced accordingly to maintain the 

end-of-charge voltage over time. 

 

Lifetime 

The lifetime of a battery depends very much on the operating conditions and the control 

strategy. Manufacturers usually define two types of lifetime: the float lifetime (calendar 

lifetime) gives the lifetime under constant charging conditions without cycling (typical 

applications are uninterruptible power supplies), and for continuous cycling (cycle 

lifetime, typical applications are fork-lift trucks). Sometimes, the shelf lifetime is given. 

It defines the time for which a battery can be stored before usage. 

 

Self-discharge 

Self-discharge describes the (reversible) loss of capacity on open-circuit conditions. It 

depends very much on the temperature. The state of health is defined as the ratio of the 

actual measured capacity and the rated or nominal capacity. The state of health indicates 

to which extent the battery is still able to fulfil the requirements. According to the norms, 

lead–acid batteries are at the end of their lifetime if the state of health is under 80%. 

However batteries can be operated significantly longer, but the days of autonomy are 

reduced accordingly and a system might not fulfill the energy requirements any more in 

Figure 16. A comparison of the different definitions of battery capacity and the corresponding definitions of state of 

charge. (5) 
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a proper way. Batteries operating at a state of health of 50% are found frequently 

especially in hybrid systems. As a consequence, the share of the motor generator is 

increasing. 

 

5.4. DEFINITIONS OF CAPACITY AND STATE OF CHARGE 
 

For operation and energy management in autonomous power supply systems, the battery 

capacity and the actual state of charge of the battery are the most important parameters. 

State-of-charge determination is difficult in autonomous energy supply systems with 

renewable energies because full charging of the battery as it is done frequently with 

conventional battery chargers is very unusual. 

 

If state of charge is displayed, the question that arises is, what is the meaning of the 

specific values. Figure 16 shows different definitions of the battery capacity and the 

corresponding definitions of state of charge. The measured capacity of a battery might be 

smaller or even higher than the rated capacity given by the manufacturer. During the 

lifetime, the measured capacity decreases more and more due to ageing effects. The 

practical capacity is less than the measured capacity. Owing to the special conditions of 

renewable energy sources, batteries are almost never completely recharged (number of 

charging hours is limited). The maximum state of charge that is reached during normal 

system operation is called a ‘solar-full state of charge’. Further on, the system defines an 

end-of-discharge criterion to avoid deep discharging of the battery and therefore 

accelerated ageing, which usually differs from the end-of-discharge criteria used for 

capacity tests. Therefore, the practical battery capacity is lower than the measured 

capacity. 

 

The rated or nominal capacity is defined as the 10-hour discharge capacity C10. This is 

the basis for the SOC determination. The rated or nominal capacity does not change 

during the life of a battery whereas the measured capacity changes with time. The state 

of charge with respect to the measured capacity is called relative state of charge (SOCr). 

The practical capacity Cp is always less than the measured capacity. The state of charge 

definition related to the practical capacity is the practical state of charge (SOCp). SOCp is 

100% if a solar-full state of charge is obtained. (5) 
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5.5. TYPICAL OPERATION CONDITIONS IN PV APPLICATIONS 
 

To understand the requirements of storage systems for autonomous power supply 

systems, an analysis of the typical operating conditions is necessary. The operating 

conditions vary very much according to the location and application of the system, the 

load patterns, the installed power generators and the operation strategy. 

 

The most important parameters for the classification of the operating conditions are the 

charge and discharge currents, the state-of-charge profile and the temperature. Batteries 

in stand-alone systems have to operate under very specific conditions such as the 

following: (5) 

 

• The charging and discharging currents are small compared with the standard 10-

hour discharging current I10. 

• For long periods, sometimes weeks or even months, the batteries do not reach a 

fully charged state (SOC = 100%). 

• Many partial battery cycles during its lifetime in the system. 

 

5.5.1. DISCHARGE CAPACITY 

 

The capacity that can be withdrawn from lead–acid batteries depends strongly on the 

discharge conditions. Solar batteries often are rated as C100 and C120 at 100 or 120-h 

discharge current, respectively. Typical end-of-discharge voltage is 1.8 V/cell or 1.85 

V/cell for C10, C20 and C100. For C5, 1.7 V/cell is commonly used. All other ratings and 

voltage limits can be found as well. 

 

The measured and the practical capacity increase when the discharge current decreases. 

If a battery is discharged with a lower current than the rated current, a higher capacity 

than the rated capacity can be withdrawn. Figure 17 shows the voltage during discharge 

as a function of the discharged capacity at different discharge currents. The lead–acid 

batteries’ capacity depends very much on the discharge current. 

 

As a rule of thumb, it can be assumed that a battery with a nominal capacity of 100Ah at 

C10 has approximately 50Ah at C1 and approximately 130Ah at C100. Please note the fact 



 

40 

 

that the corresponding currents I1 and I100 are not equivalent to 10 × I10 and 0.1 × I10, 

respectively. In this example, I1 is 50A and I100 is 1.3 A. 

 

With respect to the electrical properties, the temperature influences the inner resistance 

(increasing conductivity of the electrolyte with increasing temperature), the diffusion 

processes and the reaction at the electrochemical double layer. Therefore, the capacity of 

lead–acid batteries depends strongly on the temperature. The capacity increases almost 

linearly by approximately 0.6%/K with an increase in temperature. The capacity 

decreases in the same way with decreasing temperatures. Depending on the battery 

technology, the temperature coefficient can be as high as 1.0%/K. (5) 

 

5.5.2. CHARGING PROCESS 

 

In the charging process, DC electric power is used to reform the active chemicals of the 

battery system to their high-energy, charged state. In the case of the lead-acid battery, the 

charging process has special diffusional considerations and is temperature-sensitive. 

During charge and discharge the solid materials that go into solution as ions are 

reprecipitated as a different solid compound. This also causes a redistribution of the active 

material. 

 

The rearrangement will tend to make the active material contain a crystal structure with 

fewer defects, which results in less chemical and electrochemical activity. Therefore, the 

lead-acid battery is not as reversible physically as it is chemically. This physical 

Figure 17. Voltage during constant discharge as a function of the discharged capacity at different discharge 

currents (tubular-plate lead-acid battery C10 capacity defined at I10 and 1.8 V) (5) 
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degradation can be minimized by proper charging, and often batteries discarded as dead 

can be restored with a long, slow recharge (3 to 4 days at 2 to 3 A for SLI batteries). 

 

A lead-acid battery can generally be charged at any rate that does not produce excessive 

gassing, overcharging, or high temperatures. The battery can absorb a very high current 

during the early part of the charge, but there is a limit to the safe current as the battery 

becomes charged. This is shown in Fig. 18, which is a graphic representation of the 

ampere-hour rule 

where I is the charging current, A is the number of ampere-hours previously discharged 

from the battery, and t equals time. Because there is considerable latitude, there are a 

number of charging regimes, and the selection of the appropriate method depends on a 

number of considerations, such as the type and design of the battery, service conditions, 

time available for charging, number of cells or batteries to be charged, and charging 

facilities. Figure 19 shows the relation of cell voltage to the state of charge and the 

charging current. The figure shows that a fully discharged battery can absorb high 

currents with the charging voltage remaining relatively low. However, as the battery 

becomes charged, the voltage increases to excessively high values if the charge is 

maintained at the high rate, leading to overcharge and gassing. The charge current should 

be reduced to reasonable values as the battery reaches full charge. 

Equation 26 

Figure 18. Graphic illustration of ampere-hour law. (9) 
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Newer charger designs have microprocessor controls, can sense battery condition, 

temperature, voltage, charge current, and so on, and are capable of changing charging 

rates during the charge. (9) 

 

Figure 16. Charging voltage of lead-acid battery at various states of charge. (9) 
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5.5.3.  PROPER CHARGING OF LEAD-ACID BATTERIES 

 

Small stand-alone PV systems generally use battery backup and the roles of the system 

electronics are to control the charging of the battery and if necessary, to change the 

voltage or to convert the DC to AC for the load. 

 

A typical, simple, ideal, charging cycle for a lead-acid battery is as illustrated in Figure 

20. Initially the battery is charged at constant current (the bulk charge phase) until the 

voltage reaches some predefined value then the voltage is held constant while the 

charging current decays (tapered charge phase). After a suitable time, the charging 

voltage is reduced, or removed completely to avoid excessive gassing and loss of 

electrolyte. 

 

This ideal charging sequence can never be achieved with a PV system where the available 

power is constantly changing and conventional charging methods that ensure 100% 

recharge are not possible. The best the controller can do is to limit the peak charging 

current if necessary, during the bulk charge phase, limit the voltage during the tapered 

charge phase and cut off the charge if the battery is deemed fully charged. Some charging 

schemes, rather than cutting off the charge altogether reduce the charging voltage by 5-

10% to provide a trickle charge with a voltage low enough to avoid significant gassing. 

We need to ensure that the battery is as fully charged as practically possible, but on the 

other hand we do not want to cause problems from excessive overcharging. 

Figure 17. The typical ideal charging cycle for a lead acid battery. (7) 
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Proper recharging is important to obtain optimum life from any lead-acid battery under 

any conditions of use. Some of the rules for proper charging are given below and apply 

to all types of lead-acid batteries. A number of methods for charging lead-acid batteries 

have evolved to meet these conditions. (9) 

 

1. The charge current at the start of recharge can be any value that does not produce 

an average cell voltage in the battery string greater than the gassing voltage (about 

2.4 V per cell). 

2. During the recharge and until 100% of the previous discharge capacity has been 

returned, the current should be controlled to maintain a voltage lower than the 

gassing voltage. To minimize charge time, this voltage can be just below the 

gassing voltage. 

3. When 100% of the discharged capacity has been returned under this voltage 

control, the charge rate will have normally decayed to the charge “finishing” rate. 

The charge should be finished at a constant current no higher than this rate, 

normally 5 A per 100 Ah of rated capacity (referred to as the 20 h rate). 

 

5.6. LOOKING AFTER THE BATTERY 
 

Maintenance is vitally important for obtaining the maximum lifetime from a battery, but 

even the highest quality maintenance will not produce the maximum benefit if the battery 

is operating under the best possible conditions. Therefore, the first thing to ensure is that 

the PV system has been designed with the battery's good health in mind. (7) 

 

Overcharge 

Overcharge is the excess Ah delivered to recharge the battery. Some overcharge is 

necessary to achieve full charge and to prevent sulphation. In PV systems, 1-4% 

overcharge is common and in conventional non-PV cycling systems, at least 10% 

overcharge is common. 

 

The energy delivered as overcharge causes gassing. In open batteries this results in water 

loss. In sealed batteries, overcharge results in heat being generated inside the battery. 

Gassing starts before full charge is reached and increases as charging progresses. Some 
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gassing is needed in open batteries to stir up the acid and reduce stratification, but not 

such an excessive amount that would consume too much water. In an open battery, each 

Ah of overcharge causes a loss of approximately 0.3 ml of water from each battery cell. 

 

Internal heating 

All batteries produce significant amounts of heat on overcharge. In contrast, heat 

generation during charge and discharge is relatively low in lead-acid batteries at the low 

rates of charge and discharge encountered in most PV systems. In a sealed battery on 

overcharge, no net chemical changes occur, and all the input overcharge energy is turned 

into heat. In an open battery on overcharge, we can think of the 'excess' energy due to 

overvoltage of the gas producing reactions being turned into heat. In practice, this means 

any voltage in excess of 1.4 V/cell. (7) 

 

6. STAND-ALONE PV SYSTEMS SIZING 
 

Sizing is one of the most important tasks during the design of a stand-alone PV system. 

The sizing procedure will determine the power rating of the PV array and the battery 

storage capacity needed to power the required load; the electrical configuration of the 

array may also be considered at this stage. More sophisticated sizing procedures will 

ensure that the reliability of power delivered to the load is appropriate for a given 

application and optimise the cost of the system. 

 

6.1. RELIABILITY AND SIZING OF STAND-ALONE PV SYSTEMS 
 

The merit of a stand-alone PV system depends on how reliably it supplies electricity to 

the load. It is customary to quantify this reliability in terms of the loss of load probability 

(LLP), defined as the ratio between the energy deficit and the energy demand, both 

referring to the load, over the total operation time of the installation. Thus 

It should be noted that, because of the random nature of solar radiation, the value of LLP 

is always greater than zero, even if the PV system never actually breaks down. The 

available literature shows a large consensus over the expression of reliability in terms of 

Equation 27 
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energy shortage probability, but different names can be found for the LLP: deficit of 

energy, loss of power probability and loss of power supply probability. 

 

The ‘size’ of a PV system means the capacity of both the generator (PV modules) and the 

accumulator (batteries or other storage device). It is useful to relate these sizes to the size 

of the load, in terms of average daily energies. Thus, the generator capacity, CA, is defined 

as the ratio of the average daily energy output of the generator divided by the average 

daily energy consumption of the load. The accumulator capacity CS, is defined as the 

maximum energy that can be extracted from the accumulator divided by the average daily 

energy consumption of the load. Thus, 

where AG and ηG are the area and conversion efficiency of the photovoltaic generator, 

respectively, is the mean value of the daily irradiation on the surface of the generator, L 

is the mean value of the daily energy consumed by the load and Cu is the useful energy 

storage capacity of the accumulator. More strictly, ηG should be the path efficiency from 

the array to the load including storage, resistance and ac/dc conversion losses, and Cu is 

the product of the nominal capacity (which refers to the whole energy that can be 

extracted from the accumulator if no particular limitations were imposed) and the 

maximum allowable depth of discharge. We will deal with the practical meaning of such 

parameters later. Meanwhile, it is worth pointing out that CA depends on the local solar 

climate conditions. Therefore, the same photovoltaic generator, connected to the same 

load, may seem big in one place and small in another where there is less radiation. 

 

Figure 21 shows how the energy generation varies over an assumed period of j days, for 

a given location and load, and for two different sizes of the generator (CA1 < CA2). The 

shaded areas underneath the line y = 1, illustrate the temporal deficits of energy generation 

that need to be compensated by extraction of energy from the accumulator. It can be 

observed that the larger the generator, the lower the deficit and, hence, the smaller the 

required accumulator. Two ideas are now intuitively apparent: the first is that it is possible 

to find different combinations of CA and CS that lead to the same value of LLP; the second 

Equation 28 
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is that the larger the photovoltaic system, the better the reliability, that is, the lower the 

value of LLP, but also the greater the cost. 

 

The degree of reliability needed depends on the type of load. For example, reliability 

requirements of telecommunication equipment are usually higher than that required by 

domestic appliances (higher reliability means lower LLP values). The problem 

confronting the PV engineer then takes the following ‘theoretical’ form: Which 

combination of CA and CS achieves the desired LLP with minimum cost? Since cost 

estimation is a classic economic problem discussed widely in the literature, the PV sizing 

problem is mainly rooted in the relationship between CA, CS and LLP. Later, CA and CS 

must be translated into the number and power of PV modules and battery capacity. (5) 

 

In essence, for a given load, any PV sizing method involves four different steps: 

1. obtaining solar radiation site information. 

2. preparation of global horizontal daily irradiation sequences. 

3. transposition from horizontal to inclined radiation values. 

4. simulation of PV system behavior, in order to quantify LLP corresponding to pairs 

of CA and CS values. 

Figure 18. Time variation of the generated daily energy, relative to load, for two PV generators for which CA1<CA2. 

The shaded areas represent the corresponding energy deficits to be covered by the storage device. (5) 
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7. SYSTEM ELECTRONICS IN STAND-ALONE PV SYSTEMS 
 

The very simplest PV system requires no electronic control or power conditioning. A PV 

array with a suitably chosen number of cells in series charges a battery. The battery 

sustains supply when there is insufficient solar energy, but it also helps to maintain the 

supply voltage within limits. 

 

Such an approach has the merit of simplicity but has severe limitations. There is no 

control to limit the charge supplied to the battery, other than that imposed by the battery 

voltage and the open circuit voltage of the PV array, and there is no means of limiting the 

depth of discharge of the battery. The power supplied to the load will be direct current 

(DC), and the voltage may fluctuate substantially according to the state of charge. Also, 

there is no way of controlling the voltage across the PV array to ensure that it is providing 

its maximum power. 

 

In order to overcome these limitations power electronic circuits are used to control the 

battery charging current, transform the voltage (DC to DC conversion) and to convert the 

direct current to alternating current, AC (inversion). 

 

7.1. LOAD CHARACTERISTICS AND DIRECT-COUPLED 

SYSTEMS 
 

A PV cell will operate at the voltage and current at which its characteristics match that of 

the load to which it is connected. Examples of load characteristics are a resistive load, a 

battery, a series motor, and the power grid. Figure 22 shows the characteristics of three 

resistive loads and three I -V curves for a solar cell module of 65W rated capacity. The I 

Table 1. Recommended LLP values for different applications. (7) 
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-V curves are typical of those for three times of day for modules with fixed orientation. 

The three resistive loads shown each intersect the module I -V curves at the maximum 

power points. 

 

At any time, the combination of the module and the load will operate at the intersection 

of the characteristic curves of the two components. The optimum load resistance, that is, 

the slope of the resistive load curve, will vary throughout a day. A fixed resistive load is 

thus not an optimum load for a PV generator. An electronic load that effectively changes 

the load resistance with solar radiation to follow the maximum power point is called a 

maximum power point tracker, or MPPT. 

 

As shown in Figure 23 battery-charging characteristics can more nearly match the locus 

of maximum power points than that of a resistive load. In this figure the cell temperature 

is 25ºC. As the cell temperature increases, the curve of the PV maximum power points 

will shift to the left, providing an even better match. 

Figure 19. Photovoltaic generator characteristics at three incident radiation levels and resistive load lines 

corresponding to the maximum power points for each radiation level. (6) 
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Electrical loads that are combinations of components may be used. A battery may be 

wired so as to charge when there is current from the PV generator that exceeds load 

current and discharge when the generator does not produce enough. A common circuit to 

accomplish this is shown in Figure 24. In such a parallel circuit the voltage across the PV 

panel, the battery, and the load is the same. At operating conditions, the PV array current 

is the sum of the load current and the battery current as shown in Figure 25. The operating 

voltage in this situation is found by moving the operating voltage line shown in the figure 

until Iarray = Ibattery + Iload. 

 

The effective use of PV generators in many applications will depend on system 

arrangements more complex than those of the direct-coupled arrangements inferred here. 

Figure 20.Current-voltage characteristics for a PV array at three radiation levels and a storage battery. F is the 

state of charge (SOC) (6) 

Figure 21. Photovoltaic array with battery and load in parallel. (6) 
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Devices for controlling voltage (with some sacrifice of power) can be used for tracking 

maximum power points. Some of these control devices and strategies are noted in the 

following section. (6) 

 

7.2. CONTROLS AND MAXIMUM POWER POINT TRACKERS 
 

In most installations controls are used to maximize the output of arrays and protect 

electrical components from damage. Systems that consist of PV generators, storage 

batteries, and loads need controls to protect the battery from overcharge or deep 

discharge. Overcharge will damage the storage batteries used in these systems, and high-

voltage cutoff or power-shunting devices are used to interrupt the current to batteries after 

full charge has been achieved. The voltage across a battery is a function of the state of 

charge of the battery. Excessive discharge will also damage the batteries, and low-voltage 

cutoff devices are used to detect low voltages and disconnect the batteries. This results in 

an interruption of power to the loads and necessitates the use of either very large batteries 

or an additional source of electric energy if very high degrees of reliability are required. 

(6) 

 

Cell output can be maximized by operating near or at the maximum power point. It is 

clear from the descriptions of load characteristics in the previous section that except in 

special cases this cannot be achieved without decoupling of the cells and the load (and 

batteries). Maximum power trackers are devices that keep the impedance of the circuit of 

the cells at levels corresponding to best operation and also convert the resulting power 

Figure 22. Characteristics of PV array, motor, and battery showing the operating voltage when connected in 

parallel. (6) 
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from the PV array so that its voltage is that required by the load. There is some power 

loss associated with the tracking process but efficiencies greater than 90% are possible. 

The power P = I V produced by the cell is shown in Figure 26(b). The cell generates the 

maximum power Pmax at a voltage Vm and current Im. 

 

7.2.1. CHARGE CONTROLLERS WITH MATCHING DC/DC CONVERTER 

AND MPP-TRACKING 

 

Both the battery voltage and the PV generator voltage vary over a wide range during 

operation due to the changing state of charge (SOC) and boundary conditions such as 

temperature and insolation. When directly coupled, this leads to a certain mismatch 

between the actual and the optimum operation voltage (MPP voltage) of the solar 

generator and therefore causes energy losses. 

 

The mismatch can be overcome by introducing a matching DC/DC converter (MDC) that 

decouples the characteristic curves of the PV generator and the battery. The power stage 

Figure 23. The I-V characteristics of an ideal solar cell (a) and the power produced by the cell (b). The power 

generated at the maximum power point is equal to the shaded rectangle in (a). (7) 
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of these converters corresponds to the well-known topologies such as buck, boost or 

inverting converters. The control section is specially tailored to the PV conditions and 

consists of two control loops: one for the input and the other for the output. As long as 

the end-of-charge voltage has not been reached, the input voltage controller keeps the PV 

generator voltage at a constant level by appropriate adjustment of the DC/DC converter’s 

switching regime (e.g. PWM). The controller’s setpoint value can either be fixed (CV 

mode) or can track the actual MPP by an appropriate searching strategy (MPP tracking, 

MPPT). When the end-of-charge voltage is reached, the output voltage controller takes 

over and keeps the battery voltage at a constant level. The PV generator’s operating point 

then shifts towards open-circuit conditions. 

 

The above-mentioned losses due to mismatch are mostly overestimated. Particularly, if 

the components are chosen properly (e.g. modules with 30–33 cells for 12-V systems), 

the energy losses are on the order of a few percent when using direct coupling. This 

corresponds with the losses inside a matching DC/DC converter. Besides this fact, it 

should be considered whether the additional energy gained by optimum matching is 

relevant to the function of the system at all. For example, the battery in a typical Solar 

Home System will be fully charged before noon and the excess solar energy will be 

dissipated. 

 

Nevertheless, there are some advantages in using charge controllers with matching 

DC/DC converter and MPP-tracking: (5) 

 

• Most of today’s PV modules provide output voltages that do not fit to typical 

battery voltages of e.g. 12 or 24 V. This is in particular true for thin film modules. 

The problem can be solved by means of a matching DC/DC converter which leads 

to more flexibility in system design. 

• More complex and battery-friendly charging current profiles can be realised when 

using a matching DC/DC converter or MPPT-charger. 

• In the case of long wires from the PV generator to the battery, the generator 

voltage can be chosen much higher than the battery voltage, resulting in lower 

currents and therefore lower wiring losses. 
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• In very small applications, the PV module can consist of only a few large cells or 

even only one cell instead of numerous small cells connected in series. This 

reduces the module production costs, the impact of cell mismatch and the 

sensitivity to partial shading. Fully integrated DC/DC converters in the power 

range of a few watts, providing start-up-voltages of less than 0.5V are appearing 

on the market. 

 

7.3. POWER INVERSION 
 

Where the stand-alone PV system is to deliver AC for electrical appliances an inverter 

must be used. The appropriate type of converter for this type of application is voltage fed, 

with the battery controlling the input voltage to the converter. The inverter control system 

must maintain the supply voltage and frequency within acceptable limits. It must also cut 

the supply if battery charge falls to an unacceptably low value. Simple square wave 

inverters are now rarely used. Modified sine wave or sine wave converters are preferred 

because their better voltage waveform is required by many types of load and the cost 

difference is small. Modified sine wave converters still generate significant harmonics 

and are unsuitable for certain types of load, for example some types of electronic 

equipment. For this reason, sine wave converters may be preferred. The main 

disadvantages of sine wave inverters are their somewhat higher cost and they may provide 

lower efficiency when compared with modified sine wave inverters (because of increased 

switching frequency, and hence, switching losses). However, these differences are being 

significantly reduced. (7) 

 

7.3.1. GENERAL CHARACTERISTICS OF INVERTERS 

 

Solar cells and modules basically produce DC currents and DC voltages. Energy storage 

systems such as batteries are also based on DC values. On the other hand, most of the 

typical household loads are designed for an AC power supply. Therefore, in many off-

grid applications an inverter is needed to convert DC power into AC power. 

 

In a stand-alone application, the inverter itself must produce an output voltage which is 

stable in amplitude as well as in frequency – in this case, the inverter acts as a voltage 

source. For all PV applications, a high efficiency at all power levels is of key relevance 

due to the high generation cost of PV electricity. (5) 
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7.3.2. INVERTERS FOR STAND-ALONE SYSTEMS 

 

Inverters for stand-alone applications typically are powered from batteries. Therefore, 

they should offer a good adaption to the battery voltage changing from – 30 to +25% 

relative to the nominal voltage, depending on the state of charge (SOC). To minimise the 

stress for the battery, the input current ripple should be low. In addition to the charge 

regulator’s deep-discharge protection, an independent under voltage shut-down should be 

provided. The input should offer an overvoltage and a reverse voltage protection with 

diodes and/or fuses. Inverters integrated in hybrid systems can also operate 

bidirectionally, which means, they can charge the battery from AC power provided by 

other sources such as diesel generators or wind turbines. In this case, the inverter must 

take over the charging procedures for the battery such as CC/CV charging or equalisation 

charging at regular intervals. Also, a state of charge calculation may be performed by the 

inverter. 

 

On the output side, off-grid inverters must provide an output voltage which is stable in 

effective (RMS) value and frequency irrespective of the actual load profile. In the case of 

reactive loads, they have to source and to sink reactive power. As typical appliances are 

designed for a sinusoidal supply voltage, the output voltage of off-grid inverters should 

be sinusoidal. Most of today’s inverters provide high-quality sine wave outputs, but in 

the low-power and low-cost range, also square wave and so-called modified square wave 

inverters according to Figure 27, can be found. With those inverters, it has to be clarified 

if the loads operate reliably with such non-sinusoidal voltage waveforms. 

 

Figure 24. Sinusoidal (left), square wave (middle) and modified sine wave (right) output voltage of off-grid inverters. 

(5) 
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To start loads with high inrush currents such as electric motors, off-grid inverters should 

be able to provide a high peak power for a short period of time. This feature is also 

important for tripping fuses in case of short-circuits on the load side. To power nonlinear 

loads such as dimmers of fluorescent lamps, the inverter must cope with high crest factors. 

 

In the case of off-grid inverters, a very low self-consumption (which is equivalent to a 

very steep slope of the efficiency curve at low loads) is crucial because most of the time 

the inverter operates under part load conditions. If an extremely low self-consumption 

cannot be achieved by circuit design, two measures are common to reduce the energy 

losses. The inverter can either be shut down automatically if a no-load condition has been 

detected and vice versa. Or, a small, low-loss master unit provides an output voltage all 

the time and starts a high-power slave unit on demand (master–slave operation). 

 

The inverter must comply with the electric safety codes and also regulations regarding 

electromagnetic compatibility (EMC). (5) 

8. CALCULATION METHODS 
 

In this section are described the models used by some of the functions in the python 

module created. The set of models included here are the ones adopted to calculate the 

radiation received on the PV modules surface, the power output of the PV generator and 

a general lead-acid battery model. 

 

8.1. RADIATION ON INCLINED SURFACES 
 

To eliminate the effects of varying local features, such as obstructions that cast shadows 

and the specific ground covering, solar radiation is routinely measured on horizontal 

surfaces free of obstacles. Consequently, solar radiation data are most often given in the 

form of global radiation on a horizontal surface. Since PV modules are usually positioned 

at an angle to the horizontal plane, the radiation input to the system must be calculated 

from the data. 

 

The assessment of radiation arriving on an inclined surface, using as input global 

horizontal data, raises two main problems: to separate the global horizontal radiation into 

their direct and diffuse components; and, from them, to estimate the radiation components 
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falling on an inclined surface. In general, these problems may be posed for different time 

scales, for example, daily irradiation, hourly irradiation and so on. Individual or time-

averaged values may be sought. (5) 

 

8.1.1. CLEARNESS INDEX 

 

The relation between the solar radiation at the Earth’s surface and the extraterrestrial 

radiation gives a measure of the atmospheric transparency. In this way, a clearness index 

KTm is calculated for each month: 

An hourly clearness index (or cloudiness indexes) kT can also be defined: 

Note that the clearness index is physically related not only to the radiation path through 

the atmosphere, that is, with the AM value, but also with the composition and the cloud 

content of the atmosphere. It has been demonstrated that, irrespective of latitude, the 

fractional time during which daily global radiation is equal to or less than a certain value 

is directly dependent on this parameter. Because of that, KTdm can properly characterize 

the solar climate of a particular location. This provides the basis for estimating solar 

radiation on inclined surfaces. (5) 

 

8.1.2. ESTIMATION OF THE DIRECT AND DIFFUSE COMPONENTS OF 

HORIZONTAL RADIATION, GIVEN THE GLOBAL RADIATION 

 

The underlying concept is the one originally proposed by Liu and Jordan. It consists of 

establishing empirical correlation between the diffuse fraction of horizontal radiation, 

FDm = Ddm(0)/Gdm(0), (diffuse radiation/global radiation) and the clearness index (global 

radiation/extraterrestrial radiation). Note that the clearer the atmosphere, the higher the 

radiation and the lower the diffuse content. Hence, FDdm and KTdm are expected to be 

negatively correlated. Actual analytical expressions are established from the comparison 

Equation 29 

Equation 30 
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of simultaneous measurements of global and diffuse radiation performed in certain places. 

Liu and Jordan were, in fact, very clever in selecting the clearness index (which they 

called the cloudiness index) to characterise the solar climate at a particular location, 

because the division by the extraterrestrial radiation eliminates the radiation variations 

due to the apparent motion of the sun. This way, the correlation between FDm and KTm 

becomes independent of latitude effects, and, in principle, tends to be of universal 

validity. Various empirical formulae are available.  

 

Finally, it should also be mentioned that not only daily, but also hourly based correlations 

have been proposed. These are correlations between the diffuse fraction of the hourly 

horizontal global irradiation, FDh = Dh(0)/Gh(0), and the hourly clearness index, KTh = 

Gh(0)/B0h(0). (5) 

 

8.1.3. BEAM AND DIFFUSE COMPONENTS OF HOURLY RADIATION 

 

The split of total solar radiation on a horizontal surface into its diffuse and beam 

components is of interest in methods for calculating total radiation on surfaces of other 

orientation from data on a horizontal surface require separate treatments of beam and 

diffuse radiation. 

 

The usual approach is to correlate Id/I, the fraction of the hourly radiation on a horizontal 

plane which is diffuse, with kT, the hourly clearness index. Figure 28 shows a plot of 

diffuse fraction Id/I versus kT for Cape Canaveral, Florida. In order to obtain Id/I -versus-

Figure 25. A sample of diffuse fraction versus clearness index data from Cape Canaveral, FL. Adapted from Reindl 

(1988). (6) 
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kT correlations, data from many locations similar to that shown in Figure 28 are divided 

into ‘‘bins,’’ or ranges of values of kT , and the data in each bin are averaged to obtain a 

point on the plot. A set of these points then is the basis of the correlation. Within each of 

the bins there is a distribution of points; a kT of 0.5 may be produced by skies with thin 

cloud cover, resulting in a high diffuse fraction, or by skies that are clear for part of the 

hour and heavily clouded for part of the hour, leading to a low diffuse fraction. Thus the 

correlation may not represent a particular hour very closely, but over a large number of 

hours it adequately represents the diffuse fraction. (6) 

 

Orgill and Hollands have used data of this type from Canadian stations, Erbs et al. have 

used data from four U.S. and one Australian station, and Reindl et al. have used an 

independent data set from the United States and Europe. The three correlations are shown 

in Figure 29. They are essentially identical, although they were derived from three 

separate databases. The Erbs et al. correlation is: 

For values of kT greater than 0.8, there are very few data. Some of the data that are 

available show increasing diffuse fraction as kT increases above 0.8. This apparent rise 

in the diffuse fraction is probably due to reflection of radiation from clouds during times 

Figure 26. The ratio Id/I as function of hourly clearness index KT showing the Orgill and Hollands (1977), Erbs et al. 

(1982), and Reindl et al. (1990) correlations. (6) 

Equation 31 
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when the sun is unobscured but when there are clouds near the path from the sun to the 

observer. The use of a diffuse fraction of 0.165 is recommended in this region. (6) 

 

The Orgill and Hollands correlation has been widely used, produces results that are for 

practical purposes the same as those of Erbs et al., and is represented by the following 

equations: 

 

8.1.4. ESTIMATION OF THE RADIATION ON SURFACES ON ARBITRARY 

ORIENTATION, GIVEN THE COMPONENTS FALLING ON A 

HORIZONTAL SURFACE 

 

The most obvious procedure for calculating the global irradiance on an inclined surface 

G(β, α) is to obtain separately the direct, diffuse and albedo components, B(β, α), D(β, α) 

and R(β, α), respectively. Once these are known 

Direct irradiance 

Straightforward geometrical considerations lead to 

where B is the direct irradiance falling on a surface perpendicular to the sun’s rays, and 

cos θS is the angle of incidence between the sun’s rays and the normal to the surface, 

given by Equation 11. B can be obtained from the corresponding value on a horizontal 

surface 

Note that when the sun is illuminating the back of the surface (for example, throughout 

the morning on a vertical surface oriented to the west) |θS| > π/2. Then, cos θS > 0 and B 

Equation 32 

Equation 33 

Equation 34 

Equation 35 
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= 0. In this way, the factor max(0, cos θS) reflects that the irradiance incident on the back 

surface of PV modules is not normally utilized. 

 

Diffuse irradiance 

We can assume that, when the sun is occulted, the sky is composed of elemental solid 

angles, such as dΩ (Figure 13) from which a diffuse radiance L(θZ, ψ) is emanated 

towards the horizontal surface. The term radiance is taken to mean the flux of energy per 

unit solid angle crossing a surface normal to the direction of the radiation. It is expressed 

in W/m2 steradian. 

 

Then, the horizontal irradiance is equal to the integral of the contribution of each solid 

angle, and can be written as 

 

where the integral is extended to the whole sky, that is, 0 ≤ θZ ≤ π/2 and 0 ≤ ψ ≤ 2π. When 

we are dealing with an inclined surface, a similar reasoning leads to 

Figure 27. Angular coordinates ϴZ and ψ of an elemental solid angle of the sky. (5) 

Equation 36 
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where ϑ’Z is the incident angle from the solid angle element to the inclined surface, and 

∝ means that the integral is extended to the non-obstructed sky. The general solution of 

this equation is difficult because, under realistic skies, the radiance is not uniform and 

varies with the sky condition. For example, the form, brightness and position of clouds 

strongly affect the directional properties of the radiance. 

 

With clear skies, the maximum diffuse radiance comes from the parts of the sky close to 

the sun and to the horizon. The minimum radiances come from a region at an angle of 90º 

to the solar zenith (Figure 31). The diffuse radiation coming from the region close to the 

sun is called circumsolar radiation and is mainly due to the dispersion by aerosols. The 

angular extent of the sun’s aureole depends mainly on the turbidity of the atmosphere and 

on the zenith angle of the sun. The increase in diffuse radiance near the horizon is due to 

the albedo radiation of the Earth and is called horizon brightening. (5) 

 

In general, better results are obtained with so called anisotropic models. Hay and Davies 

proposed considering the diffuse radiation as composed of a circumsolar component 

coming directly from the direction of the sun, and an isotropic component coming from 

Figure 28. Typical angular distribution of the sky radiance. The values are taken along the length of the meridian 

containing the sun, ψ=ψS. (5) 

Equation 37 
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the entire celestial hemisphere. Both components are weighted according to the so-called 

anisotropy index k1, defined as 

The solution of Equation 37 is now 

 

 

Where 

 

and 

respectively, define the contribution of the isotropic and of the circumsolar components. 

 

Note than k1 is just the ratio between a pyrheliometer’s reading and the solar constant, 

once corrected by the eccentricity due to the ecliptic orbit of the Earth around the sun. In 

this way, k1 can be understood as a measure of the instantaneous atmospheric 

transmittance for direct irradiance. When the sky is completely clouded over, k1 = 0 and 

this equation becomes the same as that for the simple isotropic model. This anisotropic 

model is an excellent compromise between simplicity and precision. It has been well 

validated against measurements performed at different worldwide locations, and has been 

extensively used, for example, for the elaboration of the European Atlas of the Solar 

Radiation. 

 

 

 

Equation 41 

Equation 39 

Equation 40 

Equation 38 
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Albedo irradiance 

The reflectivity of most types of ground is rather low. Consequently, the contribution of 

the albedo irradiance falling on a receiver is generally small. (An exception occurs in the 

case of snow.) There is therefore no point in developing very sophisticated models for 

albedo. It is usual to assume that the ground is horizontal and of infinite extent and that it 

reflects isotropically. On this basis, the albedo irradiance on an inclined surface is given 

by 

where ρ is the reflectivity of the ground and depends on the composition of the ground. 

When the value of ρ is unknown, it is common to take ρ = 0.2. (5) 

 

8.1.5. RADIATION ON THE TILTED SURFACE TO THAT ON THE 

HORIZONTAL SURFACE 

 

When the radiation on a tilted surface (IT) has been determined, the ratio of total radiation 

on the this surface to that on the horizontal surface can be determined. By definition, 

Many models have been developed, of varying complexity, as the basis for calculating IT. 

The differences are largely in the way that the diffuse terms are treated. The simplest 

model is based on the assumptions that the beam radiation predominates (when it matters) 

and that the diffuse (and ground-reflected radiation) is effectively concentrated in the area 

of the sun. Then R = Rb and all radiation is treated as beam. This leads to substantial 

overestimation of IT, and the procedure is not recommended. 

 

For most hours the calculation of Rb is straightforward. However, problems can arise in 

calculating radiation on a tilted surface at times near sunrise and sunset. For example, 

solar radiation data may be recorded before sunrise or after sunset due to reflection from 

clouds and/or by refraction of the atmosphere. The usual practice is to either discard such 

measurements or treat the radiation as all diffuse as the impact on solar system 

Equation 42 

Equation 43 
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performance is negligible. The time scale of most detailed radiation data is hourly where 

the reported value is the integrated energy over the previous hour; that is, the radiation 

for the hour 4 PM is the integrated radiation from 3 PM to 4 PM. Estimates of tilted 

surface radiation typically use the midpoint of the previous hour for all calculations. 

However, this practice can cause problems if the hour contains the actual sunrise or 

sunset. 

 

Consider the case when sunrise (or sunset) occurs at the midpoint of the hour; the cosine 

of the zenith angle is zero and Rb (Equation 16) evaluated at the midpoint of the hour is 

infinite. Under these circumstances the recorded radiation is not zero so the estimated 

beam radiation on the tilted surface can be very large. Arbitrarily limiting Rb to some 

value may not be the best general approach as large values of Rb do occur even at midday 

at high-latitude regions during the winter. The best approach is to extend Equation 16 

from an instantaneous equation to one integrated over a time period ω1 to ω2. The 

instantaneous beam radiation incident on a tilted surface is τb x G0 x Rb and the 

instantaneous beam radiation on a horizontal surface is τb x G0, where τb is Gbn/G0n (or 

GbT/G0T). These expressions cannot be integrated due to the unknown dependence of τb 

on ω, but if τb is assumed to be a constant (a reasonable assumption), the average Rb is 

given by (6) 

It is clear that when ω1 and ω2 represent two adjacent hours in a day away from sunrise 

or sunset Rb,ave ≈ Rb. However, when either ω1 or ω2 represent sunrise or sunset Rb changes 

rapidly and integration is needed: 

 

 

where 

Equation 44 

Equation 45 
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and 

 

8.1.6. ANISOTROPIC SKY: THE HDKR MODEL 

 

The isotropic diffuse model is easy to understand, is conservative (i.e., it tends to 

underestimate IT), and makes calculation of radiation on tilted surfaces easy. However, 

improved models have been developed which take into account the circumsolar diffuse 

and/or horizon- brightening components on a tilted surface that are shown schematically 

in Figure 32. Hay and Davies estimate the fraction of the diffuse that is circumsolar and 

consider it to be all from the same direction as the beam radiation; they do not treat 

horizon brightening. Reindl et al. add a horizon-brightening term to the Hay and Davies 

model, as proposed by Klucher, giving a model to be referred to as the HDKR model. 

The Hay-and-Davies model is based on the assumption that all of the diffuse can be 

represented by two parts, the isotropic and the circumsolar. The diffuse radiation on a 

tilted collector is written as 

and 

Equation 46 

Equation 47 

Equation 48 
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where Ai is an anisotropy index which is a function of the transmittance of the atmosphere 

for beam radiation, 

The anisotropy index determines a portion of the horizontal diffuse which is to be treated 

as forward scattered; it is considered to be incident at the same angle as the beam 

radiation. The balance of the diffuse is assumed to be isotropic. Under clear conditions, 

the Ai will be high, and most of the diffuse will be assumed to be forward scattered. When 

there is no beam, Ai will be zero, the calculated diffuse is completely isotropic, and the 

model becomes the same as Equation 46. 

 

The total radiation on a tilted surface is then 

The Hay-and-Davies method for calculating IT is not much more complex than the 

isotropic model and leads to slightly higher estimates of radiation on the tilted surface. 

Reindl et al. and others indicate that the results obtained with this model are an 

improvement over the isotropic model. However, it does not account for horizon 

brightening. Temps and Coulson account for horizon brightening on clear days by 

applying a correction factor of 1 + sin3(β/2) to the isotropic diffuse. Klucher modified this 

Equation 50 

Figure 29. Beam, diffuse, and ground-reflected radiation on a tilted surface. (6) 

Equation 49 
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correction factor by a modulating factor f so that it has the form [1 + f *sin3(β/2)] to 

account for cloudiness. 

 

Reindl et al. (1990b) have modified the Hay-and-Davies model by the addition of a term 

like that of Klucher. The diffuse on the tilted surface is 

where Ai is as defined by equation 49 and  

When the beam and ground-reflected terms are added, the HDKR model (the Hay, Davies, 

Klucher, Reindl model) results. The total radiation on the tilted surface is then 

The next question is which of these models for total radiation on the tilted surface should 

be used. The isotropic model is the simplest, gives the most conservative estimates of 

radiation on the tilted surface, and has been widely used. The HDKR model is almost as 

simple to use as the isotropic and produces results that are closer to measured values. For 

surfaces sloped toward the equator, the HDKR model is suggested. (6) 

 

8.2. PV GENERATOR BEHAVIOUR UNDER REAL OPERATION 

CONDITIONS 
 

A problem that the engineer frequently has to solve is the prediction of the electrical 

behavior of a PV generator, given the information about the generator’s construction, 

geographical location and the local weather. In particular this represents the base for 

predicting the generator energy delivery, which is a critical step of any PV system design. 

This leads to the question of establishing a PV module rating condition, at which power 

Equation 51 

Equation 52 

Equation 53 
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performance and other characteristics are specified and, defining a method for calculating 

performance for a given set of environmental conditions such as solar irradiance, ambient 

temperature, wind speed and so on. (5) 

 

8.2.1. STANDARD TEST CONDITIONS (STC) 

 

Traditionally, PV modules are being rated under the so-called standard test conditions 

(STC): irradiance 1000W/m2; spectrum AM1.5; and cell temperature 25ºC. In the 

following, an asterisk (∗) will be used to refer to parameters measured under these 

conditions. Typically, values of the short-circuit current, the open-circuit voltage, and the 

maximum power, which are always included in the manufacturer’s data sheets. 

Furthermore, the characterization of the PV module is completed by measuring the 

nominal operating cell temperature (NOCT), defined as the temperature reached by the 

cells when the PV module is submitted to an irradiance of 800W/m2, an ambient 

temperature of 20ºC and a wind speed of 1m s−1. However, performance predictions based 

on STC are being continuously questioned, mainly because the actual annual energy 

efficiencies are significantly lower than the power efficiencies predicted using STC. 

 

Certainly, PV users may be astonished to learn that the real efficiency of the PV module 

they have purchased, once installed and operating under real world conditions, has only 

about 70% of the STC efficiency they have read in the manufacturer’s information. This 

could lead to a feeling of having been deceived. All together, these facts have stimulated 

several authors to propose other methods for PV module rating and energy performance 

estimation, more oriented to give buyers clear and more accurate information about the 

energy generation of PV modules. (5) 

 

8.2.2. CRYSTALLINE SILICON SOLAR CELLS 

 

In the case of crystalline silicon, energy performance modelling based on only a few 

parameters obtained at STC, and always included in the manufacturer’s data sheets, can 

lead to adequate predictions, providing that some judicious considerations are made. 

Obviously, precautions to assure that actual STC power of the purchased PV modules 

correspond to the manufacturer’s declarations are a different matter. 
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It must be remembered that crystalline silicon solar cells remain the workhorse for PV 

power generation, despite significant advances in other PV devices. This predominance 

means that actual information concerning in-field c-Si PV modules performance is well 

established, which is not typically the case where other materials are concerned. Because 

of this, dealing with c-Si PV modules is, by far, the simplest and easiest case for PV 

designers. Here is detailed a rather simple methodology that allows the estimation of the 

I –V curve of c-Si PV modules operating in any prevailing environmental condition, 

exclusively using as input the values of I∗SC, V∗
OC and P∗

M. In principle, such 

methodology can be extended to materials other than c-Si. (5) 

 

8.2.3. THE SELECTED METHODOLOGY 

 

It has been shown that the characteristic I–V of a solar cell can be expressed with sufficient 

accuracy by 

where IL, I0, RS and RP are the photogenerated current, the dark current, the series 

resistance and the parallel resistance, respectively. The voltage Vt equals m k T/e (for m = 

1, Vt ≈ 25mV at 300 K). This expression gives an adequate representation of the intrinsic 

behavior of a typical c-Si solar cell. Nonetheless, it cannot be used directly to obtain the 

required predictions, because some parameters IL and I0 in particular, cannot be 

established from the usually available information, often restricted to the values included 

on the manufacturers’ data sheets. 

 

This difficulty is effectively overcome when the following assumptions, which are 

generally valid for c-Si PV cells and modules, are made: 

• The effect of parallel resistance is negligible. 

• The photogenerated current and the short-circuit current are equal. 

• exp((V + I RS) /Vt)>>1. 

 

This allows Equation 54 to be written as 

Equation 54 
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which, with I = 0, leads to the following expression for the open-circuit voltage: 

 

Equation 56 

where 

Substituting Equation 56 in 55, we arrive at 

This is a very useful expression. As we shall see, the values of all the parameters on the 

righthand side are easily obtained allowing immediate application of the expression. An 

inconsistency arises in the sense that I (V = 0) ≠ ISC. Nevertheless, in all solar cells of 

practical use, we find that VOC >> I*RS ⇒ I (V = 0) ≈ ISC, which therefore makes this 

objection irrelevant. The expression can be inconvenient to use in the sense that I is 

implicit (it appears on both sides of the equation), theoretically making it necessary to 

solve the equation iteratively. However, for voltages close to the maximum-power point, 

a reasonably accurate solution can be obtained with only one iteration by setting IM = 0.9 

× ISC in the second term. 

 

The calculation of the maximum power can, in principle, be carried out by considering 

that the power is given by the product P = V x I. The values of Im and Vm, defining the 

maximum power operation point, can be obtained from the usual condition for a 

maximum, dP/dV = 0. However, the implicit nature of the resulting expression makes it 

very cumbersome to use. It would be better to look for a simpler method, based on the 

Equation 55 

Equation 57 

Equation 58 



 

72 

 

existing relationship between the fill factor and the open-circuit voltage. An empirical 

expression describing this relation is (5) 

where 

and υoc = Voc/Vt and rs = RS/(Voc/Isc) are defined as the normalised voltage and the 

normalized resistance, respectively. It is interesting to note that the series resistance at 

STC can be deduced from the manufacturer’s data by the expression 

The values of Vm and Im are in turn given by 

where: 

This set of expressions is valid for υoc >15 and rs < 0.4. The typical accuracy is better than 

1%. Their application to a photovoltaic generator is immediate, if all their cells are 

supposed to be identical, and if the voltage drops in the conductors connecting the 

modules are negligible. 

 

Now, for the prediction of the I –V curve of a PV generator operating on arbitrary 

conditions of irradiance and temperature, a good balance between simplicity and 

exactness is obtained through the following additional assumptions. 

Equation 59 

Equation 60 

Equation 61 

Equation 62 

Equation 63 
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• The short-circuit current of a solar cell depends exclusively and linearly on the 

irradiance. That is, 

where Geff is the ‘effective’ irradiance. This concept must take into consideration 

the optical effects related to solar angle of incidence. 

 

• The open-circuit voltage of a module depends exclusively on the temperature of 

the solar cells Tc. The voltage decreases linearly with increasing temperature. 

Hence, 

 

where the voltage temperature coefficient, dVoc/dTc is negative. The measurement 

of this parameter used to be included in PV modules characterisation standards 

and the corresponding value must, in principle, be also included on the 

manufacturer’s data sheets. For crystalline silicon cells, dVoc/dTc is typically 

−2.3mV per ºC and per cell. 

 

• The series resistance is a property of the solar cells, unaffected by the operating 

conditions. 

 

• The operating temperature of the solar cell above ambient is roughly proportional 

to the incident irradiance. That is, 

 

where the constant Ct has the value: 

Equation 64 

Equation 65 

Equation 66 
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The values of NOCT for modules currently on the market varies from about 42 to 46 ºC, 

implying a value of Ct between 0.027 and 0.032 ºC/(W/m2). When NOCT is unknown, it 

is reasonable to approximate Ct = 0.030 ºC/(W/m2). This NOCT value corresponds to 

mounting schemes allowing the free air convection in both sides of the PV modules, 

which cannot be the case on roof-mounted arrays, that restrict some of the airflow. Then, 

it has been shown that the NOCT increases by about 17 ºC if some kind of back ventilation 

is still allowed, and up to 35 ºC if the modules are mounted directly on a highly insulated 

roof. (5) 

 

8.3. THE SELECTED BATTERY MODEL 
 

The battery model described here is the one adopted to perform the sizing of the system. 

It is a normalized model (with a battery capacity) that shows reasonable agreement with 

actual data and focuses on lead-acid batteries because at present, these are the most 

commonly used batteries in PV application owing to their relatively low cost and wide 

availability. 

 

The equations in this model were written as functions of the 10-hour rate capacity (C10), 

which is standard on the manufacturer's data sheet. In the following section are presented 

equations applied to a single-cell battery (2 V). 

 

8.3.1. DISCHARGE VOLTAGE EQUATION 

 

The first term represents the voltage variation with the state of charge (SOC) (electrolyte 

concentration) and the second the variation due to internal resistance variation. 

 

Equation 67 

Equation 68 
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Specific tests were carried out that made it possible to obtain a relationship between the 

internal resistance and temperature, state of charge and current during charge and 

discharge. Owing to the current rates utilized, the battery behavior was considered as a 

sequence of steady states, disregarding the transient effects. In Equation 68, the internal 

resistance is represented by the sum of series resistances that correspond to different 

phenomena. 

 

The temperature variation is ΔT = T— Tref, where the reference temperature (Tref) is 25°C. 

The SOC indicates how much electric charge is stored in the cell at a given time, defined 

as 

where the ratio between the charge delivered at the time of interest (Q = I t) and the battery 

capacity (C) represents the depth of discharge (DOD) or the fraction of discharge, i.e. 

DOD = 1 - SOC. 

 

The efficiency of a battery during discharge is assumed to be 100%; however, the total 

amount of useful charge available during discharge is limited by the current rate and 

temperature given by the capacity equation. The capacity equation, normalized with 

respect to discharge current corresponding to C10 rated capacity (I10) is 

When the discharge current tends to zero, the maximum capacity that can be removed is 

about 67% over the C10 capacity at 25°C. (8) 

 

8.3.2. CHARGING VOLTAGE EQUATION 

 

For the charging process up to overcharging, the parameter values also differ from those 

used in discharging 

Equation 69 

Equation 70 
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SOC can be calculated easily at any point during the discharge period; nevertheless, 

during (re)charge it is much more difficult. Generally, the efficient region is where SOC 

is below 0.7 and Vc is less than 2.3 V per cell. The efficiency drops to zero at full charge. 

A function that represents the charge efficiency (ƞc) variation with state of charge and 

current rate is 

where a and b are recharge constants that depend on the specific battery construction. We 

found a = 20.73 and b = 0.55 by fitting this equation to actual data for the three measured 

batteries, whose principal construction characteristics are both their tubular positive 

plates and their low-antimony alloys. (8) 

 

8.3.3. OVERCHARGE EQUATION 

 

The tests included charging where gassing occurred and the results demonstrated that the 

final charge voltage (Vcc) increases with the current intensity and with decreasing 

temperature. The same argument can be used to write a function for the gassing voltage 

(Vg) with different parameter values. These dependencies can be described by the 

following equations 

 

The overcharge phenomenon (gassing evolution) can be represented by an exponential 

function, such as 

Equation 71 

Equation 72 

Equation 73 

Equation 74 
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where Ahrestored represents the ampere-hours stored in the battery with regard to the battery 

capacity C for the charge current I during this hour. We assumed that 95% of the capacity 

was already restored at the start of the overcharge. 

 

The time constant of the phenomenon τ is inversely proportional to charge current 

intensity and, as an approximation, can be written 

Therefore, the voltage evolution during the charge process is represented by Equation 71, 

up to the start of gassing (Vc ≤ Vg) and by Equation 75 for overcharging (Vc > Vg) until a 

constant final voltage (Vcc) is reached. (8) 

 

8.3.4. BATTERY EFFICIENCY 

 

As the battery efficiency ηB cannot be calculated from the previous definition, we used 

another concept that considers the charge current (Ic) and the charge efficiency ηc 

(Equation 72) (8) 

APPENDIX 1 
 

In this appendix is shown the code of the functions inside the SAPSYC module. 

 

#modules used from other python libraries 
from math import sin, cos, tan, acos, pi, sqrt, log, exp 
from copy import deepcopy 
from openpyxl import load_workbook 
from scipy.optimize import fsolve 

Equation 75 

Equation 76 

Equation 77 
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from msvcrt import kbhit, getch 
 
def matrix8760(tstep=1): #to obtain 
matrix[month][day][24/tstep]...total entries 8760/tstep 
    tstep=int(tstep) 
    N=[31,28,31,30,31,30,31,31,30,31,30,31] #Vector of number of days 
per month along a year 
    matrix=[] 
    hour=range(24/tstep) 
    for i in range(12): 
        day=[] 
        for j in range(N[i]): 
            day.append(deepcopy(hour)) 
        matrix.append(deepcopy(day)) 
    return matrix 
 
def standadardtosolar(standardtime, GMTdiff, Lloc, n): #standard time 
to solar time 
    Lst=15.0*(GMTdiff) 
    B=(n-1.0)*(360.0/365.0) 
    E=229.2*(0.000075+0.001868*cos(B*pi/180)-0.032077*sin(B*pi/180)-
0.014615*cos(2*B*pi/180)-0.04089*sin(2*B*pi/180)) 
    solartime=standardtime+4.0*(Lst-Lloc)+E #result in minutes 
    solartime=solartime*(1.0/60.0) #result in hours 
    return solartime 
 
def extratradiation(phi): #to obtain I0[month][day][hour] 
    I0=matrix8760() 
    N=[31,28,31,30,31,30,31,31,30,31,30,31] #Vector of number of days 
per month along a year 
    n=0 #Varaible representing number of day 
    for m in range(0,12): #loop for months a year 
        for d in range(1,N[m]+1): 
            for h in range(0,24): #loop for hours a day 
                Gsc=1367.0 #solar constant in W/m^2 
                n1=float((360*(284+(n+d)))/365) 
                delta=23.45*sin(n1*pi/180) #solar declination  
                omegas=(acos(-
tan(phi*pi/180)*tan(delta*pi/180)))*180/pi #solar hour of sunset  
                omega1=float((15*(h-12)*60)/60) 
                omega2=float((15*((h+1)-12)*60)/60) 
                if omega2>(-1*omegas) and omega1<(-1*omegas): 
                    omega1=(-1*omegas) 
                    omega2+=7.5 
                if omega2>omegas and omega1<omegas: 
                    omega2=omegas 
                    omega1-=7.5 
                S1=(12*Gsc/pi)*(1+0.033*cos(360*pi*(n+d)/(365*180))) 
                S2=cos(phi*pi/180)*cos(delta*pi/180) 
                S3=(sin(omega2*pi/180)-sin(omega1*pi/180)) 
                S4=(pi*(omega2-
omega1)/180)*sin(phi*pi/180)*sin(delta*pi/180) 
                I01=S1*(S2*S3+S4) 
                if I01<0.0: 
                    I01=0.0 
                I0[m][d-1][h]=I01 #I0 in Wh/m^2 
        n+=N[m] 
    return I0 
 
def rbave(beta, gamma, phi): #to obtain matrix Rbave[month][day][hour] 
    Rbave=matrix8760() 
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    N=[31,28,31,30,31,30,31,31,30,31,30,31] #Vector of number of days 
per month along a year 
    n=0 #Varaible representing number of day 
    for m in range(0,12): #loop for months a year 
        for d in range(1,N[m]+1): 
            for h in range(0,24): #loop for hours a day 
                n1=float((360*(284+(n+d)))/365) 
                delta=23.45*sin(n1*pi/180) #solar declination  
                omegas=(acos(-
tan(phi*pi/180)*tan(delta*pi/180)))*180/pi #solar hour of sunset  
                omega1=float((15*(h-12)*60)/60) 
                omega2=float((15*((h+1)-12)*60)/60) 
                if omega2>(-1*omegas) and omega1<(-1*omegas): 
                    omega1=(-1*omegas) 
                    omega2+=7.5 
                if omega2>omegas and omega1<omegas: 
                    omega2=omegas 
                    omega1-=7.5 
                
R1=(sin(delta*pi/180)*sin(phi*pi/180)*cos(beta*pi/180)) 
                
R2=(sin(delta*pi/180)*cos(phi*pi/180)*sin(beta*pi/180)*cos(gamma*pi/18
0)) 
                R3=(omega2-omega1)*(pi/180)  
                
R4=(cos(delta*pi/180)*cos(phi*pi/180)*cos(beta*pi/180)) 
                
R5=(cos(delta*pi/180)*sin(phi*pi/180)*sin(beta*pi/180)*cos(gamma*pi/18
0)) 
                R6=(sin(omega2*pi/180)-sin(omega1*pi/180))  
                
R7=(cos(delta*pi/180)*sin(beta*pi/180)*sin(gamma*pi/180))*(cos(omega2*
pi/180)-cos(omega1*pi/180)) 
                a=((R1-R2)*R3)+((R4+R5)*R6)-R7  
                
R8=((cos(phi*pi/180)*cos(delta*pi/180))*(sin(omega2*pi/180)-
sin(omega1*pi/180))) 
                R9=((sin(phi*pi/180)*sin(delta*pi/180))*((omega2-
omega1)*(pi/180))) 
                b=R8+R9  
                Rbave1=(a/b) #ratio of beam radiation on the tilted 
surface to that on horizontal surface at any time 
                if omega2<=(-1*omegas) or omega1>=omegas: 
                    Rbave1=0.0 
                Rbave[m][d-1][h]=Rbave1 
        n+=N[m] 
    return Rbave 
 
def exceldata(name, sheet, nrow, ncolumn, tstep=1): #to create GHI 
matrix I[month][day][hour] and 
    tstep=int(tstep)                                #ambient temperature 
TA[month][day][hour] from a excel file 
    excel_document = load_workbook(name) 
    sheet=excel_document[sheet]     
    N=[31,28,31,30,31,30,31,31,30,31,30,31] #Vector of number of days 
per month along a year 
    M=[] 
    for i in range(12): 
        day=[] 
        for j in range(N[i]): 
            hour=[] 
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            for k in range(0,24/tstep): 
                hour.append(float(sheet.cell(row = nrow, column = 
ncolumn).value)) 
                nrow+=1 
            day.append(deepcopy(hour)) 
        M.append(deepcopy(day)) 
    return M 
 
def componentghi(I0, I, component): #to create the matrices 
Id[month][day][hour], Ib[month][day][hour], etc. 
    if len(I0[0][0])==len(I[0][0]): 
        tstep=24/len(I0[0][0]) 
    else: 
        print 'Error: the matrices do not match dimension'    
    N=[31,28,31,30,31,30,31,31,30,31,30,31] #Vector of number of days 
per month along a year 
    Id=matrix8760(tstep) 
    Ib=matrix8760(tstep) 
    kT=matrix8760(tstep) 
    A=matrix8760(tstep)     
    for i in range(0,12): #loop for months a year 
        for j in range(0,N[i]): #loop for hours a day 
            for k in range(0,24): 
                if I0[i][j][k]>0.0: 
                    kT[i][j][k]=(I[i][j][k]*tstep)/I0[i][j][k] 
#clearness index 
                else: 
                    kT[i][j][k]=0.0 
                if kT<=0.22: 
                    R10=1.0-0.09*kT 
                elif (kT>0.22 and kT<=0.8): 
                    R10=0.9511-0.1604*kT+4.388*kT**2-
16.638*kT**3+12.336*kT**4 
                else: #if kT>0.8 
                    R10=0.165 
                Id[i][j][k]=R10*I[i][j][k] 
                Ib[i][j][k]=(1-R10)*I[i][j][k] #or Ib=I-Id 
                if I0[i][j][k]>0.0: 
                    A[i][j][k]=Ib[i][j][k]/I0[i][j][k] #A=anisotropy 
index 
                else: 
                    A[i][j][k]=0.0 
    component1=str(component) 
    component1=component1.lower() 
    if component1=='d': 
        return Id #in Wh/m^2 
    elif component1=='b': 
        return Ib #in Wh/m^2 
    elif component1=='kt': 
        return kT 
    elif component1=='a': 
        return A 
    else: 
        print 'Incorrect component. Insert d, b, kt or a only (diffuse, 
beam, clearness index, anisotropy index)' 
 
def hdkrmodel(I, Rbave, Ib, Id, A, beta=30.0, rho=0.2): #to create matrix 
IT[month][day][hour] 
    IT=matrix8760() 
    N=[31,28,31,30,31,30,31,31,30,31,30,31] #Vector of number of days 
per month along a year 
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    for i in range(0,12): 
        for j in range(0,N[i]): 
            for k in range(0,24): 
                if I[i][j][k]>0.0: 
                    f=sqrt(Ib[i][j][k]/I[i][j][k]) 
                else: 
                    f=0.0 
                
R11=((Ib[i][j][k]+Id[i][j][k]*A[i][j][k])*Rbave[i][j][k]) 
                R12=(Id[i][j][k]*(1-A[i][j][k])*((1-
cos(beta))/2)*(1+(f*(sin(beta/2))**2))) 
                R13=(I[i][j][k]*rho*((1-cos(beta))/2)) 
                IT[i][j][k]=R11+R12+R13 #in Wh/m^2 
    return IT 
 
def batterydata(C10, DOD=0.5, Battcells=6, nd=1.0): 
    I10=C10/10.0 
    battery=[C10, I10, DOD, Battcells, nd] 
    return battery 
 
def ciematbatterymodel(I, Ta, C, C10, SOC, state=1, tstep=1, nd=1.0): 
    from math import sin, cos, tan, acos, pi, sqrt, log, exp 
    from scipy.optimize import fsolve 
    Tst=25.0 #standard Temperature (°C) 
    deltaT=(Ta-Tst) 
    if state==1: 
        Ic=I 
        I10=C10/10.0 
        Vcc=(2.45+2.011*log(1+(Ic/C10)))*(1-0.002*deltaT) 
        nc=1-exp((20.73*(SOC-1))/((Ic/I10)+0.55)) #battery charge 
performance  
        Vc1=None 
        Vc2=None 
        Vg=None 
        Icmax=None 
        tau=None 
        if SOC==1: 
            Vc=Vcc 
        else: 
            Vg=(2.24+1.97*log(1+(Ic/C10)))*(1-0.002*deltaT) 
            
Vc1=(2.0+0.16*SOC)+(Ic/C10)*((6.0/(1.0+Ic**0.86))+(0.48/((1.0-
SOC)**1.2))+0.036)*(1.0-0.025*deltaT) 
            Vcc=(2.45+2.011*log(1+(Ic/C10)))*(1-0.002*deltaT) 
            if (SOC>=0.95 or Vc1>Vg) and I>0.0: 
                tau=17.3/(1+(852*(Ic/C10)**1.67)) 
                Ahrestored=(Ic*tstep)*nc 
                Vc2=Vg+(Vcc-Vg)*(1-exp((Ahrestored-0.95*C)/(Ic*tau))) 
                Vc=Vc2 
                if Vc2>Vcc: 
                    SOC=1.0 
                    Vc=Vcc 
                def vcbelowvg(Ic): 
                    return Vg-
((2.0+0.16*SOC)+(Ic/C10)*((6.0/(1.0+Ic**0.86))+(0.48/((1.0-
SOC)**1.2))+0.036)*(1.0-0.025*deltaT)) 
                Icmax = float(fsolve(vcbelowvg, 0.0)) #calculate the 
value of Ic which keeps Vc below Vg 
            else: 
                Vc=Vc1 
        Q=(Ic*tstep) #in Ah 
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        #Q=(Ic*tstep)/Nbs #in Ah 
        SOC+=(Q/C)*nc #the C value corresponds to the one from the last 
discharge process 
        if SOC>1.0: 
            SOC=1.0 
            Vc=Vcc 
            #zz11+=1 
        battery=[Vc, Vc1, Vc2, Vg, Vcc, tau, Icmax, SOC] 
        return battery 
    if state==0: 
        Idx=I 
        I10=C10/10.0 
        #if SOC>(1-DOD) and SOC<=1: 
        C=C10*(1.67/(1+(0.67*((Idx/I10)**0.9))))*(1+(0.005*deltaT)) 
        Vd=(2.085-0.12*(1-SOC))-
(Idx/C10)*((4.0/(1+Idx**1.3))+(0.27/SOC**1.5)+0.02)*(1-0.007*deltaT) 
        Q=(Idx*tstep) #in Ah 
        CSbatt1=C*SOC #in Ah, carga actual de una bateria 
        #nd=1.0 #battery discharge performance 
        SOC-=(Q/C)*nd 
        battery=[Vd, C, CSbatt1, SOC] #CSbatt is the charge of the 
battery at t-1 
        return battery 
 
def solarpaneldata(Ncells, Voc, Isc, Pmp, NOCT, vtcoeff=0.0023, 
Ncellp=1): 
    solarpanel=[Ncells, Voc, Isc, Pmp, NOCT, vtcoeff, Ncellp] 
    return solarpanel 
     
def solarpanelmppt(Geff, Ta, solarpanel, Npvs=1, Npvp=1): 
    Ncells=solarpanel[0] #Number of cells connected in series inside the 
PV module 
    Voc=solarpanel[1] 
    Isc=solarpanel[2] 
    Pm=solarpanel[3] #maximum power delivered at STC (in W) 
    NOCT=solarpanel[4] 
    vtcoeff=solarpanel[5] #voltage temperature coefficient in 
[V/(°C*cell)] 
    Ncellp=solarpanel[6] #Number of cells connected in parallel inside 
the PV module      
    #1. Determination of the characteristic parameters of the cells that 
make up the generator under STC: 
    G=1000.0 #standard light intensity (1000W/m^2) 
    Tst=25.0 #standard Temperature (°C) 
    Isc1=Isc/Ncellp 
    Voc1=Voc/Ncells 
    Pm1=Pm/(Ncells*Ncellp) 
    Ct=((NOCT-20.0)/800.0) #in °C m2 /W 
    Vt=0.025*(273.0+Tst)/300.0 #in V 
    ypsilonoc=Voc1/Vt 
    if ypsilonoc>15: 
        FF0=(ypsilonoc-log(ypsilonoc+0.72))/(ypsilonoc+1) 
        FF=Pm1/(Voc1*Isc1) 
        rs=1-(FF/FF0) 
        if rs<0.4: 
            Rs=rs*(Voc1/Isc1) #in Ohms 
            a=ypsilonoc+1-(2*ypsilonoc*rs) 
            b=a/(1+a) 
        else: 
            print "PV module data error" 
    else: 
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        print 'PV module data error' 
     
    #2. Determination of the temperature of the cells under the operating 
conditions considered 
    Tc=Ta+(Ct*Geff) 
    #3. Determination of the characteristic parameters of the cells 
under the operating conditions considered 
    Isc2=Isc1*(Geff/G) 
    Voc2=Voc1-vtcoeff*(Tc-Tst) 
    Vt2=0.025*(273.0+Tc)/300.0 #in V 
    ypsilonoc2=Voc2/Vt2 
    rs2=Rs*(Isc2/Voc2) 
    #4. Determination of the characteristic curve of the generator, (IG, 
VG) 
    IscG=Npvp*Ncellp*Isc2 
    VocG=Npvs*Ncells*Voc2 
    RsG=(Rs*Npvs*Ncells)/(Npvp*Ncellp) 
    rsG=RsG*(IscG/VocG) 
    aG=ypsilonoc2+1-(2*ypsilonoc2*rsG) 
    bG=aG/(1+aG) 
    VmG=VocG*((1-(bG/ypsilonoc2)*log(aG))-rsG*(1-aG**-bG)) 
    ImG=IscG*(1-aG**-bG) 
    PmG=VmG*ImG #maximum power delivered by the array (generator) at the 
conditions given (in W) 
    pvmppt=[VmG, ImG, PmG] 
    return pvmppt 
 
def boundaries(Npvs=1, Nbs=1, Npvpmin=1, Npvpmax=2, Nbpmin=1, Nbpmax=2): 
    boundary=[Npvs, Nbs, Npvpmin, Npvpmax, Nbpmin, Nbpmax] 
    return boundary 
 
def consumptiondata(period = 'y', tstep = 1, consumption = None): 
    N=[31,28,31,30,31,30,31,31,30,31,30,31] #Vector of number of days 
per month along a year 
    M=['January', 'February', 'March', 'April', 'March', 'June', 'July', 
'August', 'September', 'October', 'November', 'December'] 
    EL=[] 
    period1=str(period) 
    period1=period1.lower() 
    if period1=='y' and consumption == None: 
        print "Introduce the values" 
        consumption1 = list(input()) 
        for i in range(12): 
            if len(consumption1) != (24/tstep): 
                print 'Error: the matrix does not match dimension' 
                break 
            day=[] 
            for j in range(N[i]): 
                day.append(deepcopy(consumption1)) 
            EL.append(deepcopy(day)) 
             
    if period1=='y' and len(consumption)==(24/tstep): 
        for i in range(12): 
            day=[] 
            for j in range(N[i]): 
                day.append(deepcopy(consumption)) 
            EL.append(deepcopy(day)) 
     
    if period1=='m'and consumption == None: 
        for i in range(12): 
            day=[] 
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            print 'Introduce the values for', M[i] 
            consumption1 = list(input()) 
            if len(consumption1) != (24/tstep): 
                print 'Error: the matrix does not match dimension' 
                break 
            for j in range(N[i]): 
                day.append(deepcopy(consumption1)) 
            EL.append(deepcopy(day)) 
     
    if period1=='m' and len(consumption)==12: 
        for i in range(12): 
            day=[] 
            if len(consumption[i]) != (24/tstep): 
                print 'Error: the matrix does not match dimension' 
                break 
            for j in range(N[i]): 
                day.append(deepcopy(consumption[i])) 
                EL.append(deepcopy(day)) 
    return EL 
 

APPENDIX 2 
 

In this appendix is shown the code of the function calculate(), which is the main function 

of the SAPSYC module. This function makes use of other functions shown in appendix 

1 in order to obtain the final results. 

 

def consumptiondata(period = 'y', tstep = 1, consumption = None): 
    N=[31,28,31,30,31,30,31,31,30,31,30,31] #Vector of number of days 
per month along a year 
    M=['January', 'February', 'March', 'April', 'March', 'June', 'July', 
'August', 'September', 'October', 'November', 'December'] 
    EL=[] 
    period1=str(period) 
    period1=period1.lower() 
    if period1=='y' and consumption == None: 
        print "Introduce the values" 
        consumption1 = list(input()) 
        for i in range(12): 
            if len(consumption1) != (24/tstep): 
                print 'Error: the matrix does not match dimension' 
                break 
            day=[] 
            for j in range(N[i]): 
                day.append(deepcopy(consumption1)) 
            EL.append(deepcopy(day)) 
             
    if period1=='y' and len(consumption)==(24/tstep): 
        for i in range(12): 
            day=[] 
            for j in range(N[i]): 
                day.append(deepcopy(consumption)) 
            EL.append(deepcopy(day)) 
     
    if period1=='m'and consumption == None: 
        for i in range(12): 
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            day=[] 
            print 'Introduce the values for', M[i] 
            consumption1 = list(input()) 
            if len(consumption1) != (24/tstep): 
                print 'Error: the matrix does not match dimension' 
                break 
            for j in range(N[i]): 
                day.append(deepcopy(consumption1)) 
            EL.append(deepcopy(day)) 
     
    if period1=='m' and len(consumption)==12: 
        for i in range(12): 
            day=[] 
            if len(consumption[i]) != (24/tstep): 
                print 'Error: the matrix does not match dimension' 
                break 
            for j in range(N[i]): 
                day.append(deepcopy(consumption[i])) 
                EL.append(deepcopy(day)) 
    return EL 
 
def calculate(IT, Ta, EL, solarpanel, battery, boundary, LPSP=0.1, 
ninv=0.95, nmppt=1.0): 
    N=[31,28,31,30,31,30,31,31,30,31,30,31] #Vector of number of days 
per month along a year 
    if len(IT[0][0])==len(Ta[0][0]) and len(Ta[0][0])==len(EL[0][0]): 
        tstep=24/len(IT[0][0]) 
    else: 
        print 'Error: some matrices do not match dimension'     
    #battery data: 
    C10=battery[0] #10-hour rate capacity in Ah 
    I10=battery[1] #ESTO ES UNA CHORRADA!!! 
    DOD=battery[2] #Depth of discharge 
    Battcells=battery[3] #cells connected in series inside the battery 
    nd=battery[4] #rendimineto de la bateria en descarga 
    #boundaries data 
    Npvs=boundary[0] 
    Nbs=boundary[1] 
    Npvpmin=boundary[2] 
    Npvpmax=boundary[3] 
    Nbpmin=boundary[4] 
    Nbpmax=boundary[5] 
    #other variables 
    stop=False 
    nobattery=False 
    zz17=0 
    for Nbp in range (Nbpmin, Nbpmax+1): 
        if stop==True: 
            break 
        if Nbp<1: 
            nobattery=True 
        else: 
            nobattery=False 
        for Npvp in range (Npvpmin, Npvpmax+1): 
            if kbhit() and getch() == chr(27): 
                stop=True 
                break 
            LPStot=0.0 
            ELtot=0.0 
             
            #ELtot=1.0 
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            SOC=1.0 
            #Vb=(2.085-0.12*(1-SOC))*Battcells 
            #Vbt=Nbs*Vb #battery bank voltage 
            #C=1.67*C10 #arbitrary voltage 
            batterydischarge=ciematbatterymodel(I=0.0, Ta=25.0, C=C10, 
C10=C10, SOC=1.0, state=0, tstep=1, nd=1.0) 
            Vd=batterydischarge[0] 
            C=batterydischarge[1] 
            Vb=Vd*Battcells 
            Vbt=Nbs*Vb #battery bank voltage 
            for i in range (12): 
                for j in range (N[i]): 
                    for k in range(24): 
                        Geff=IT[i][j][k]/tstep #effective radiation on 
the PV module 
                        EL1=EL[i][j][k] 
                        Ta1=Ta[i][j][k] 
                        if Geff>0.0: 
                            pvmppt=solarpanelmppt(Geff, Ta1, 
solarpanel, Npvs, Npvp) 
                            VmG=pvmppt[0] #maximum power point voltage 
of the PV array 
                            ImG=pvmppt[1] #maximum power point current 
of the PV array 
                        else: 
                            VmG=0.0 
                            ImG=0.0 
                        PmG=VmG*ImG#*0.75 
                        Epva=PmG*nmppt*tstep 
                        #possibility of wind power upgrade 
                        Ew=0.0 #Ew is wind power produced by a wind 
generator 
                        #possibility of wind power upgrade 
                        EGA=Epva+Ew # #wind power upgrade  
                        if EGA>=EL1/ninv: 
                             
                            if nobattery==True: 
                                LPS=0.0 
                                LPStot+=LPS 
                                ELtot+=EL1/ninv 
                                continue 
                             
                            if VmG>Vbt: 
                                #Ict=(EGA-
(EL[i][j][k]/ninv))/(VmG*tstep) 
                                Ict=(EGA-(EL1/ninv))/(Vbt*tstep) 
                                Ic=Ict/Nbp #Ict is the charge current 
to the battery bank 
                                batterycharge=ciematbatterymodel(Ic, 
Ta1, C, C10, SOC, 1, tstep, nd) 
                                Vc1=batterycharge[1] 
                                Vg=batterycharge[3] #gassing charging 
voltage 
                                if SOC<0.95 and Vc1>Vg: #charging 
current limitation stage 
                                    Ic=batterycharge[6] 
                                    
batterycharge=ciematbatterymodel(Ic, Ta1, C, C10, SOC, 1, tstep, nd) 
                                    Vc=Vg #ESTO LO DEJO ASI O PONGO 
FUERA DEL IF Vc=batterydata[0]... 
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                                else: 
                                    Vc=batterycharge[0]             
                            else: 
                                Ict=0.0 #VmG has to be higher in order 
to charge the battery  
                            SOC=batterycharge[7] 
                            Vb=Vc*Battcells 
                            Vbt=Nbs*Vb 
                            LPS=0.0     
                        else: 
                             
                            if nobattery==True: 
                                LPS=(EL1/ninv)-EGA 
                                LPStot+=LPS 
                                ELtot+=EL1/ninv 
                                continue 
                             
                            Idxt=((EL1/ninv)-EGA)/(Vbt*tstep) 
                            Idx=Idxt/Nbp #Idxt is the discharge current 
to the battery bank 
                            if Idx>I10: 
                                Idx=I10 #discharge current limited to 
I10                          
                            if SOC>(1-DOD) and SOC<=1: 
                                
batterydischarge=ciematbatterymodel(Idx, Ta1, C, C10, SOC, 0, tstep, nd) 
                                Vd=batterydischarge[0] 
                                C=batterydischarge[1] 
                                CSbatt1=batterydischarge[2] #charge in 
the batter at t-1 
                                SOC=batterydischarge[3] 
                                Vb=Vd*Battcells 
                                PSbatt1=CSbatt1*Vb #current power 
stored in a single battery  
                                EBt1=PSbatt1*Nbs*Nbp #max power 
currently stored in the battery bank 
                                if SOC<1-DOD: 
                                    SOC=1-DOD 
                                    CSbattm=C*(1-DOD) # minimum charge 
allowed in the battery (in Ah) 
                                    PSbattm=CSbattm*Vb #in Wh, min 
power possible in a single battery 
                                    EBmin=PSbattm*Nbs*Nbp #in Wh 
                                    LPS=EL1-((EGA+EBt1-EBmin)*ninv) 
                                else: 
                                    PSbatt=Idx*tstep*Vb 
                                    EBt=PSbatt*Nbs*Nbp # Wh producidos 
por el banco de baterias, revisar 
                                    LPS=EL1-(EGA+EBt) #MUY IMPORTANTE 
ESTA CONDICION O LA OTRA PARA EL PROGRAMA!!! 
                                    if LPS<0.0: 
                                        LPS=0.0 
                            else: 
                                LPS=EL1-(EGA*ninv) #the battery bank 
cannot deliver power 
                            Vbt=Nbs*Vb 
                        LPStot+=LPS 
                        ELtot+=EL1/ninv 
                        zz17+=1 
                        if ELtot==0.0: 
                            print 'hola' 
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            if LPStot/ELtot<=LPSP: 
                print Nbp*Nbs,"batteries,",Npvp*Npvs,"panels,","LPSP 
=",LPStot/ELtot  
                result=[Nbs, Nbp, Npvs, Npvp, LPStot/ELtot] 
                configuration.append(deepcopy(result)) 
    if stop==True: 
        print 'Calculation stopped by you' 
    else: 
        print 'End of calculation' 
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