
A Simple Solar Irradiation Measurement Technique 
 

A pyranometer or solar irradiation tester is measurement tool that is a must-have for every professional 

in renewable energy sector. However, owing one is not easy because it is both expensive and rare. It is 

expensive because it uses highly calibrated components and it is rare because it is not an ordinary multi-

meter that is available in common hardware shops.  

 

 

 

Personally, I have a long professional career in the field of LED lighting, renewable energy (mainly solar), 

Lithium and industrial battery systems, electronics and embedded-systems. I have been at the core of 

designing, testing, commissioning and analyzing some of the largest solar power projects of my country – 

a privilege that only a few enjoyed. In many of my solar-energy endeavors, I encountered several 

occasions that required me to estimate solar isolation or solar irradiation. Such situations included testing 

solar PV module efficiencies, tracking solar system performance with seasons, weather, sky conditions, 

dust, Maximum Power Point Tracking (MPPT) algorithms of solar inverters, chargers, etc.  

 

I wanted a simply way with which I can measure solar irradiance with some degree of accuracy. Having 

the advantage of working with raw solar cells, tools that test cells and complete PV modules combined 

with theoretical studies, I found out a rudimentary method of measuring solar irradiation. 

 

In simple terms, solar insolation is defined as the amount of solar radiation incident on the surface of the 

earth in a day and is measured in kilowatt-hour per square meter per day (kWh/m²/day). Solar irradiation, 

on the other hand, is the power per unit area received from the Sun in the form of electromagnetic 

radiation as measured in the wavelength range of the measuring instrument. It is measured in watt per 

square meter (W/m²). The solar insolation is, therefore, an aggregate of solar irradiance over a day.   

 

Sun energy collection by solar photovoltaic (PV) modules is depended on solar irradiance and this in turn 

has impact on devices using this energy. For example, in a cloudy day a solar battery charger may not be 

able to fully charge a battery attached to it. Likewise, in a sunny day the opposite may come true. 

https://en.wikipedia.org/wiki/Power_(physics)
https://en.wikipedia.org/wiki/Sun
https://en.wikipedia.org/wiki/Electromagnetic_radiation
https://en.wikipedia.org/wiki/Electromagnetic_radiation
https://en.wikipedia.org/wiki/Wavelength
https://en.wikipedia.org/wiki/Watt


Solar PV Cells 
 

For making a solar irradiation meter we would obviously need a solar cell. In terms of technology, there 

are three kinds of cells commonly available in the market and these are shown below.  

 

Type Monocrystalline Polycrystalline Thin Film / Amorphous 

Photo 

   

Cell Efficiency (%) 19 - 23 15 - 18 3 - 13 

Approximate Area 
Needed for 1kWp 

6 - 7 8 - 9 10 - 20 

Temperature 
Tolerance (°C) 

-20 - +70 -20 - +70 -25 - +90 

Output % After 20 
Years 

75 - 85 70 - 80 60 - 70 

Characteristics Corner-cut Square Cell Square Cell Black/Brown Cell 

Flexibility No No Yes 

Relative Cost Expensive Moderate Cheap 

Performance Drop % 
at High Temperature 

10 – 15% 15 – 25% 0 - 5 

Relative Lifetime 
(Years) 

25 - 30 20 - 25 15 - 20 

Typical Usage Large PV Installations Large PV Installations Low Power Devices 

Typical Weight of 
300Wp (kg) 

22 – 24 25 – 30 15 - 20 

 

 

 

 

 

 

 



Basic Solar Math 
 

Typically, Earth-bound solar irradiation is about 1350 W/m². About 70 - 80% of this irradiation makes to 

Earth’s surface and rest is absorbed and reflected. Thus, the average irradiation at surface is about 1000 

W/m². 

 

Typical cell surface area of a poly crystalline cell having dimensions 156 mm x 156 mm x 1mm is:  

 

Length of Cell x Width of Cell = 156 mm x 156 mm = 24336 mm² or 0.024336 m². 
 

The theoretical or ideal wattage of such a cell should be: 

 

Solar Irradiation x Surface Area of Cell = 1000 W/m² x 0.024336 m² = 24.336 W 
 

However, the present-day cell power with current technology somewhere between 4 – 4.7 Wp. It is safe 

to assume an average wattage of a typical poly crystalline cell to be 4.3 Wp. 

 

Therefore, cell efficiency is calculated to be:  

 
𝑨𝒄𝒕𝒖𝒂𝒍 𝑪𝒆𝒍𝒍 𝑷𝒐𝒘𝒆𝒓 

𝑰𝒅𝒆𝒂𝒍 𝑷𝒐𝒘𝒆𝒓 𝑨𝒃𝒔𝒐𝒓𝒃𝒕𝒊𝒐𝒏 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚
 x 100 % = 

𝟒.𝟑 𝑾 

𝟐𝟒.𝟑𝟑𝟔 𝑾
 x 100 % = 17.67 % 

 

72 cells of 4.3 Wp capacity will form a complete solar PV module of 310Wp. 

 

No. of Cells x Power of a Single Cell = 72 x 4.3 Wp = 309.6 Wp ≈ 310 Wp. 
 

Likewise, the approximate area of a 310 Wp solar panel having dimensions (1960 mm x 991 mm x 40 mm) 

is: 

Area = Length of Module x Width of Module = 1.960 m x 0.991 m = 1.942 m². 
 

The theoretical wattage that we should be getting with 1.942 m² area panel is found to be: 

 

Solar Irradiation x Surface Area of Module = 1.942 m² x 1000 W/m² = 1942 W. 
 

Therefore, module/panel efficiency is calculated to be:  

 
𝑨𝒄𝒕𝒖𝒂𝒍 𝑴𝒐𝒅𝒖𝒍𝒆 𝑾𝒂𝒕𝒕𝒂𝒈𝒆 

𝑰𝒅𝒆𝒂𝒍 𝑷𝒐𝒘𝒆𝒓 𝑨𝒃𝒔𝒐𝒓𝒃𝒕𝒊𝒐𝒏 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚
 x 100 % = 

𝟑𝟏𝟎 𝑾 

𝟏𝟗𝟒𝟐 𝑾
 x 100 % = 15.96 % ≈ 16.00 % 

 

Cell efficiency is always higher than module efficiency because in a complete PV module there are many 

areas where energy is not harvested. These areas include bus-bar links, cell-to-cell gaps, guard spaces, 

aluminum frame, etc. As technology improves, these efficiencies also improve.  

 



Monocrystalline cells have same surface are but more wattage, typically between 5.0 to 5.5 Wp. We can 

assume an average cell wattage of 5.2 Wp. 

Therefore, cell efficiency is calculated to be:  

 
𝑨𝒄𝒕𝒖𝒂𝒍 𝑪𝒆𝒍𝒍 𝑷𝒐𝒘𝒆𝒓 

𝑰𝒅𝒆𝒂𝒍 𝑷𝒐𝒘𝒆𝒓 𝑨𝒃𝒔𝒐𝒓𝒃𝒕𝒊𝒐𝒏 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚
 x 100 % = 

𝟓.𝟐 𝑾 

𝟐𝟒.𝟑𝟑𝟔 𝑾
 x 100 % = 21.37 % 

 

Typically, monocrystalline PV modules consist of 60 cells and so 60 such cells are arranged then the power 

of a complete PV module is calculated to be: 

60 x 5.2 Wp = 312 Wp ≈ 310 Wp. 

The area of that PV module having dimensions 1650 mm x 991 mm x 38 mm would be: 

1.650 m x 0.991 m = 1.63515 m². 

The theoretical wattage that we should be getting with 1.635 m² area panel is found to be: 

 

Solar Irradiation x Surface Area of Module = 1.635 m² x 1000 W/m² = 1635 W. 
 

Therefore, module/panel efficiency is calculated to be:  

 
𝑨𝒄𝒕𝒖𝒂𝒍 𝑴𝒐𝒅𝒖𝒍𝒆 𝑾𝒂𝒕𝒕𝒂𝒈𝒆 

𝑰𝒅𝒆𝒂𝒍 𝑷𝒐𝒘𝒆𝒓 𝑨𝒃𝒔𝒐𝒓𝒃𝒕𝒊𝒐𝒏 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚
 x 100 % = 

𝟑𝟏𝟎 𝑾 

𝟏𝟔𝟑𝟓 𝑾
 x 100 % = 18.96 % ≈ 19 % 

 

These calculations prove the following points: 

• Monocrystalline PV modules can harvest the same amount of energy as their polycrystalline 

counterparts with lesser area. 

• Monocrystalline cells are more efficient than poly crystalline cells. 

• Monocrystalline PV modules are more efficient than polycrystalline PV modules.  

• 156 mm x 156 mm cell dimension is typical but there are also cells of other dimensions like 125 

mm x 125 mm x 1 mm. 

• Though I compared monocrystalline and polycrystalline cells and modules here the same points 

are true for thin film or amorphous cells. 

• Currently, there are more efficient cells and advanced technologies, and thus higher power PV 

modules with relatively smaller area. For instance, at present there are PV modules from Tier 1 

manufacturers that have powers well above 600W but their physical dimensions are similar to 

300Wp modules.  

 

 

 

 



Solar PV modules can be generally categorized in four categories based on the number of solar cells in 

series and they usually have the following characteristics: 

 

36 Cells  

• 36 x 0.6 V = 21.6V (i.e., 12V Panel) 
• VOC = 21.6V 
• VMPP = 16 – 18V 
• For modules from 10 - 120 Wp  

 

60 Cells 

• 60 x 0.6 V = 36V  
• VOC = 36V 
• VMPP = 25 – 29V 
• For modules from 50 – 300+ Wp  

 

72 Cells 

• 72 x 0.6 V = 43.2V (i.e., 24V Panel) 
• VOC = 43.2V 
• VMPP = 34 – 38V 
• For modules from 150 – 300+ Wp  
 
 
96 Cells 

• 96 x 0.6 V = 57.6V (i.e., 24V Panel) 
• VOC = 57.6V 
• VMPP = 42 – 48V 
• For modules from 250 – 300+ Wp  
• Rare 
 

One cell may not be fully used and could be cut with laser scribing machines to meet voltage and power 

requirements. Usually, the above-mentioned series connections are chosen because they are the 

standard ones. Once a cell series arrangement is chosen, the cells are cut accordingly to match required 

power. A by-cut cell has lesser area and therefore lesser power. Cutting a cell reduces its current and not 

its voltage. Thus, power is reduced.  

 

36 cell modules are also sometimes referred as 12V panels although there is no 12V rating in them and 

this is because such modules can directly charge a 12V lead-acid battery but cannot charge 24V battery 

systems without the aid of battery chargers. Similarly, 72 cell modules are often referred as 24V panels.  

 

 



Important Parameters of a Panel/Cell 
 

Open Circuit Voltage (Voc) –no load/open-circuit voltage of cell/panel.   

 

Short Circuit Current (Isc) – current that will flow when the panel/cell is shorted in full sunlight. 

 

Maximum Power Point Voltage (VMPP) - output voltage of a panel at maximum power point or at rated 

power point of the cell’s/panel’s characteristics curve. 

 

Maximum Power Point Current (IMPP) - output current of a panel at maximum power point or at rated 

power point of the cell’s/panel’s characteristics curve. 

 

Peak Power (Pmax) – the product of VMPP and IMPP. It is the rated power of a cell’s/PV module at STC. Its 

unit is watt-peak (WP) and not watts because this is the maximum or peak power of a cell/module.  

 

Power Tolerance – percentage deviation of power.  

    

STC stands for Standard Temperature Condition or simply lab conditions (25°C). 

 

AM stands for Air Mass – This can be used to help characterize the solar spectrum after solar radiation has 

traveled through the atmosphere. 

 

E stands for Standard Irradiation of 1000 W/m². 

 

Shown below is the technical specification sticker of a 320 Wp JA Solar PV Module: 

 

 

https://en.wikipedia.org/wiki/Solar_radiation


According to the sticker the PV module has the following specs at STC and irradiation, E = 1000 W/m²: 

VOC = 46.12 V  

VMPP = 37.28 V 

Isc = 9.09 A 

IMPP = 8.58 A 

Pmax = 320 WP 

 

From these specs we can estimate and deduce the followings: 

VMPP-by-VOC ratio: 

𝑽𝑴𝑷𝑷

𝑽𝑶𝑪
 = 

𝟑𝟕.𝟐𝟖 𝑽

𝟒𝟔.𝟏𝟐 𝑽
 = 0.808 ≈ 0.81 i.e., 81% 

 

This value is always between 76 – 86%. 

 

Similarly, IMPP-by-ISC ratio: 

𝑰𝑴𝑷𝑷

𝑰𝑺𝑪
 = 

𝟖.𝟓𝟖 𝑨

𝟗.𝟎𝟗 𝑨
 = 0.944 ≈ 0.94 i.e., 94% 

 

This value is always between 90 - 96%. 

 

The product of these ratios should be as high as possible. Typical values range between 0.74 – 0.79. This 

figure represents fill-factor (FF) of a PV module or a PV cell.   

 

 
 

An ideal PV cell/module should have a characteristics curve represented by the green line. However, the 

actual line is represented by the blue one. Fill-Factor is best described as the percentage of ideality. Thus, 

the greater it is or the closer it is to 100 % the better is the cell/module.    

 

In this case, the FF is calculated to be 0.94 x 0.81 = 0.76 or 76%. 

 



Number of cells is calculated to be: 

 
𝑶𝒑𝒆𝒏−𝑪𝒊𝒓𝒄𝒖𝒊𝒕 𝑽𝒐𝒍𝒕𝒂𝒈𝒆 𝒐𝒇 𝑷𝑽 𝑴𝒐𝒅𝒖𝒍𝒆

𝑻𝒚𝒑𝒊𝒄𝒂𝒍 𝑪𝒆𝒍𝒍 𝒗𝒐𝒍𝒕𝒂𝒈𝒆 𝒐𝒇 𝒂 𝑺𝒊𝒏𝒈𝒍𝒆 𝑪𝒆𝒍𝒍
  = 

𝟒𝟔.𝟏𝟐 𝑽

𝟎.𝟔𝟑𝟓 𝑽
 = 72.63, i.e., 72 Cells 

 

Therefore, each cell has an open circuit voltage (VOC) of: 

 

VOC = 
𝑶𝒑𝒆𝒏−𝑪𝒊𝒓𝒄𝒖𝒊𝒕 𝑽𝒐𝒍𝒕𝒂𝒈𝒆 𝒐𝒇 𝑷𝑽 𝑴𝒐𝒅𝒖𝒍𝒆

𝑵𝒐.  𝒐𝒇 𝑪𝒆𝒍𝒍𝒔
  = 

𝟒𝟔.𝟏𝟐 𝑽

𝟕𝟐
 = 0.64 V 

 

VMPP of each cell = 0.64 x 0.81 = 0.5184 V 

 

IMPP is 8.58 A and ISC is 9.09 A.  

 

Cell power is calculated as follows: 

 
𝑷𝒐𝒘𝒆𝒓 𝒐𝒇 𝑷𝑽 𝑴𝒐𝒅𝒖𝒍𝒆

𝑵𝒐.  𝒐𝒇 𝑪𝒆𝒍𝒍𝒔
  = 

𝟑𝟐𝟎 𝑾𝒑

𝟕𝟐
 = 4.44 W 

 

Or 

 

VMPP of one cell x IMPP of one cell = 0.5184 V x 8.58 A = 4.44 W 
 

Module Wattage = VMPP of module x IMPP of module = 8.58A x 37.28V = 319.9 Wp ≈ 320 Wp 
 

Or 

Wattage of one cell x No of Cells = 4.44 W x 72 = 319.68 Wp ≈ 320 Wp 
 

Efficiencies are deduced as follows: 

Cell Efficiency = 
𝟒.𝟒𝟒 𝑾 

𝟐𝟒.𝟑𝟑𝟔 𝑾
 x 100 % = 18.22 %* 

 

*Considering typical cell dimensions of 156 mm x 156 mm x 1 mm. 

 

Module Efficiency = 
𝟑𝟐𝟎 𝑾 

𝟏𝟗𝟒𝟐 𝑾
 x 100 % = 16.48 %* 

 

*Considering JA Solar’s 300+ Wp PV module dimensions of 1960 mm × 991 mm × 40 mm. 

 

 

 



Maximum Power Production of the Module = 320 W x 
(𝟏𝟎𝟎 + 𝟑)%

𝟏𝟎𝟎 %
 = 329.6 W 

and 

Minimum Power Production of the Module = 320 W x 
(𝟏𝟎𝟎 − 𝟑)%

𝟏𝟎𝟎 %
 = 310.4 W 

 

The I-V curves of the PV module shown below show the effect of solar irradiation on performance. It is 

clear that with variations in solar irradiation power production varies. The same is shown by the power 

curve. Voltage and current characteristics follow a similar shape. 

 

 

 

 



The I-V curve shown below demonstrates the effect of temperature on performance. We can see that 

power production performance deteriorates with rise in temperature.  

 

 

 

The characteristics curves of the 320 Wp JA Solar PV module are shown above. From the curves above we 

can clearly see the following points: 

• Current changes with irradiation but voltage changes slightly and so power generation depends 

on irradiation and current.  

• Current changes slightly with temperature but voltage changes significantly. At high 

temperatures, PV voltage decreases and this leads to change in Maximum Power Point (MPP) 

point. Thus, at high temperatures power generation decreases and vice-versa.  

• Vmpp-by-Voc ratio remains pretty much the same at all irradiation levels.  

• The curves are similar to that of a silicon diode and this is so because a cell is essentially a light 

sensitive silicon diode.  

 

 

 

 

 

 

 

 

 

 



Impacts of Environment on PV 
 

Effect of Temperature 
 

Let us now see how temperature affects solar module performance. Remember that a solar cell is just like 

a silicon diode and we know that a silicon diode’s voltage changes with temperature. This change is about 

-2 mV/°C. Thus, the formula below demonstrates the effect of temperature: 

  

No. of cells x (Cell Voltage + Change in cell voltage/°C/Cell x temperature difference from STC) 
 

Suppose the ambient temperature is 35°C and let us consider the same 320 Wp PV module having: 

 

VOC at STC = 46.12V 

VMPP at STC = 37.28V 
 

Therefore, the temperature difference from STC is: 

 

Ambient Temperature – STC = 40°C - 25°C = 15°C 
 

VOC at 40°C = 72 x (0.64055V + (-0.002V/°C x 15°C)) = 43.96V ≈ 44V 

 
Under such circumstance the VMPP should be about 35V but it gets decreased more and fill-factor is 

ultimately affected.  

 

So clearly there is a shift in V MPP which ultimately affects output power. This is also shown in the following 

graph: 

 



Effect of Shading, Pollution and Dust 
 
Power generation is also affected by shades, i.e., obstruction of sunlight. Obstacles can be anything from 
a thin stick to a large tree. Dust and pollution also contribute to shading on microscopic level. However, 
broadly speaking, shading can be categorized in two basic categories – Uniform Shading and Non-uniform 
Shading.  
 
Uniform shading is best described as complete shading of all PV modules or cells of a solar system. This 
form of shading is mainly caused by dust, clouds and pollution. In such shading conditions, PV current is 
affected proportionately with the amount of shading, yielding to decreased power collection. However, 
fill-factor and efficiencies are literally unaffected.  
 
Non-uniform shading, as its name suggests, is partial shading of some PV modules or cells of a solar 
system. Causes of such shading include buildings, trees, electric poles, etc. Non-uniform shading must be 
avoided because cells that receive less radiation than the others behave like loads, leading to formation 
of hotspots in long-run. Shadings as such result in decreased efficiency, current and power generation 
because of multiple wrong MPP points. 
 
 

Effect of Other Variables 
 
There are several other variables that have effect on solar energy collection. Variables and weather 
conditions like rain, humidity, snow, clouds, etc. affect energy harvest while cool, windy and sunny 
conditions have positive impact on energy harvest. These factors are region and weather dependent and 
cannot be generalized.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Basic Solar Geometry 
 

Some basics of solar geometry is needed to be realized to efficiently design solar systems and how sun 

rays are reach earth. Nature follows a mathematical pattern that it never suddenly or abruptly alters. The 

movement of the sun and its position on the sky at any instance can be described by some simple 

trigonometric functions.  

 

The Earth not just orbits the Sun but it tilts and revolves about its axis. The daily rotation of the Earth 
about the axis through its North and South poles (also known as celestial poles) is perpendicular to the 
equator point, however it is not perpendicular to the plane of the orbit of the Earth. In fact, the measure 
of tilt or obliquity of the axis of the Earth to a line perpendicular to the plane of its orbit is currently about 
23.5°.  
 

 
 
The plane of the Sun is the plane parallel to the Earth’s celestial equator and through the center of the 

sun. The Earth passes alternately above and below this plane making one complete elliptic cycle every 

year.  

 

 

 

 

 



In summer solstice, the Sun shines down most directly on the Tropic of Cancer in the northern hemisphere, 

making an angle δ = 23.5° with the equatorial plane. Likewise, in winter solstice, it shines on the Tropic of 

Capricorn, making an angle δ = -23.5° with the equatorial plane. In equinoxes, this angle δ is 0°. Here δ is 

called the angle of declination. In simple terms the angle of declination represents the amount of Earth’s 

tilt or obliquity. 

 

 
 

The angle of declination, δ, for Nth day of a year can be deduced using the following formula: 

 

𝒔𝒊𝒏 𝜹 = 𝟎. 𝟑𝟗𝟖 × 𝒄𝒐𝒔[𝟎. 𝟗𝟖𝟔 × (𝑵 − 𝟏𝟕𝟑)] 
 

Here, N = 1 represents 1st January.  

 

The angle of declination has effect on day duration, sun travel path and thus it dictates how we should tilt 

PV modules with respect to ground with seasonal changes.   

 

The next most important thing to note is the geographical location in terms of GPS coordinates (longitude, 
λ East and latitude, ϕ North). This is because geo location also has impact on the aforementioned. 
Northern and Southern Hemispheres have several differences.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Shown below is a graphical representation of some other important solar angles. Here: 

 

• The angle of solar elevation, ά, is the angular measure of the Sun’s rays above the horizon.  
 

• The solar zenith angle, Z, is the angle between an imaginary point directly above a given location, 
on the imaginary celestial sphere. and the center of the Sun's disc. This is similar to tilt angle. 
 

• The azimuth angle, A, is a local angle between the direction of due North and that of the 
perpendicular projection of the Sun down onto the horizon line measured clockwise. 

 

 
  

The angle of solar elevation, ά, at noon for location on Northern Hemisphere can be deduced as follows: 
 

𝜱 = 𝟗𝟎° −  𝝋 +  𝜹  

Similarly, for location on Southern Hemisphere, the angle of solar elevation at noon can be deduced as 
follows: 

𝜱 = 𝟗𝟎° +  𝝋 −  𝜹  
 
Here ϕ represents latitude and δ represents angle of declination. 
 
Zenith/Tilt angle is found to be: 
 

𝒁 = 𝟗𝟎° −  𝜱  

https://en.wikipedia.org/wiki/Celestial_sphere
https://en.wikipedia.org/wiki/Sun


Determining azimuth angle is not simple as additional info are needed. The first thing that we will need is 
to the sunrise equation. This is used to determine the local time of sunrise and sunset at a given latitude, 
ϕ at a given solar declination angle, δ. The sunrise equation is given by the formula below: 
 

𝐜𝐨𝐬 𝝎 =  −[𝐭𝐚𝐧(𝝋) . 𝐭𝐚𝐧(𝜹)] 

 
Here ω is the hour angle. ω is between -180° to 0° at sunrise and between 0° to 180° at sunset.  
 
If [tan(ϕ).tan(δ)] ≥ 1, there is no sunset on that day. Likewise, if [tan(ϕ).tan(δ)] ≤ -1, there is no sunrise on 
that day. 
 
The hour angle, ω is the angular distance between the meridian of the observer and the meridian whose 
plane contains the sun. When the sun reaches its highest point in the sky at noon, the hour angle is zero. 
At this time the Sun is said to be ‘due south’ (or ‘due north’, in the Southern Hemisphere) since the 
meridian plane of the observer contains the Sun. On every hour the hour angle increases by 15°. 
 

 
 
From hour angle, we can determine the local sunrise and sunset times as follows: 
 

𝑺𝒖𝒏𝒓𝒊𝒔𝒆 𝑻𝒊𝒎𝒆 = 𝟏𝟐 −
[𝒄𝒐𝒔−𝟏(−𝐭𝐚𝐧(𝝋) . 𝐭𝐚𝐧(𝜹))]

𝟏𝟓
 

 
 

𝑺𝒖𝒏𝒔𝒆𝒕 𝑻𝒊𝒎𝒆 = 𝟏𝟐 +
[𝒄𝒐𝒔−𝟏(−𝐭𝐚𝐧(𝝋) . 𝐭𝐚𝐧(𝜹))]

𝟏𝟓
 

 



For a given location, hour angle and date the angle of solar elevation can be expressed as follows: 
 

𝜱 = 𝒔𝒊𝒏−𝟏(𝒔𝒊𝒏(𝜹). 𝒔𝒊𝒏(𝝋) + 𝒄𝒐𝒔(𝜹). 𝒄𝒐𝒔(𝝋). 𝒄𝒐𝒔(𝝎)) 

 
Since we have the hour angle info along with sunrise and sunset times, we can now determine the azimuth 
angle. It is expressed as follows: 
 

𝒄𝒐𝒔(𝜱). 𝒄𝒐𝒔(𝑨) = {[𝒔𝒊𝒏(𝜹). 𝒄𝒐𝒔(𝝋)] − [𝒄𝒐𝒔(𝜹). 𝒄𝒐𝒔(𝝎)). 𝒔𝒊𝒏(𝝋)]} 

 
Solving the above equation for A will yield in azimuth angle. 
 

𝑨 = 𝒄𝒐𝒔−𝟏
[𝒔𝒊𝒏(𝜹). 𝒄𝒐𝒔(𝝋) − 𝒄𝒐𝒔(𝜹). 𝒄𝒐𝒔(𝝎)). 𝒔𝒊𝒏(𝝋)]

𝒄𝒐𝒔(𝜱)
 

 
Knowing azimuth and solar elevation angles help us determine the length and location of the shadow of 
an object. These are important for solar installations. 
 

 
 
The length of the shadow is as in the figure above is found to be:  
 

𝑳 =  
𝑯

𝒕𝒂𝒏(𝜱)
 



From the geometric analysis, it can be shown that solar energy harvest will increase if PV modules can 
be arranged as such to follow the Sun. This is the concept of solar tracking system.  
 

 
 
If the Sun can be tracked according to these math models, the maximum possible harvest can be obtained. 

However, some form of solar-tracking structures will be needed. An example of sun tracking system is 

shown above. This was designed by a friend of mine and myself back in 2012. He designed the mechanical 

section while I added the intelligence in form of embedded-system coding and tracking controller design.  

 
 
 
 
 
 
 
 
 
 
 
 
 



Here’s a photo of the sun tracking controller that I designed. It used a sophisticate algorithm to track the 
sun. 
 

 
 
 
 



Building the Device 
 

In order to build the solar irradiance meter, we will need a solar cell or a PV module of known 

characteristics. Between a single cell and module, I would recommend for a cell because: 

 

• Cells have lower power than complete modules. 

• Cells have almost no framing structure. 

• Cells are small and light-weight. 

• Cells are individual and so there is no need to take account of series-parallel combination.  

 

We would see why these are important as we move forward. 

 

For the project, I used a cheap amorphous solar cell as shown in the photo below. It looks like a crystalline 

cell under my table lamp but actually it is an amorphous one. It can be purchased from AliExpress, Amazon 

or similar online platform.  

 

 
 

 

 

 

 

 

 

 

 

 



With a cell test machine, it gave a characteristic curve and data as shown below: 

 

 
 

From this I-V characteristics curve, we can see its electrical parameters. The cell has a physical dimension 

of 86mm x 56mm and so it has an area of 0.004816m². 

   

 
 



 
 

From the calculation which I already discussed, irradiation measurement needs two known components 

– the total cell area and the maximum power it can generate. We know both of these data. Now we just 

have to formulate how we can use these data to measure irradiation.  

 

Going back to a theory taught in the first year of electrical engineering, the maximum power transfer 

theorem, we know that to obtain maximum external power from a source with a finite internal resistance, 

the resistance of the load must equal the resistance of the source as viewed from its output terminals. 

This is the theory behind my irradiation measurement.  

 

From the cell electrical characteristics data, we can find the ideal resistance that is needed to make this 

theory work.  

 

It is important to note that we would just be focusing on maximum power point data only and that is 

because this is the maximum possible output that the cell will provide at the maximum irradiation level 

of 1000W/m². The ideal resistance is calculated as follows: 

 

𝑹𝑴𝑷𝑷  =  
𝑽𝑴𝑷𝑷

𝑰𝑴𝑷𝑷
 

 

𝑹𝑴𝑷𝑷  =  
𝟓. 𝟏𝟔𝟐𝑽

𝟎. 𝟎𝟓𝟔𝑨
 =  𝟗𝟐. 𝟏𝟖𝜴 

 

This is ideal amount of resistance that should be placed in parallel with the cell as a load in order to make 

maximum power transfer theorem to work. With variation in sunlight, electron flow inside the cell varies 

https://en.wikipedia.org/wiki/Maximum_power_transfer_theorem#:~:text=In%20electrical%20engineering%2C%20the%20maximum,viewed%20from%20its%20output%20terminals.
https://en.wikipedia.org/wiki/Maximum_power_transfer_theorem#:~:text=In%20electrical%20engineering%2C%20the%20maximum,viewed%20from%20its%20output%20terminals.
https://en.wikipedia.org/wiki/Internal_resistance


and so does the electric current. The voltage that would be induced across RMPP is proportional to this 

current because according to Ohms law: 

 

𝑽 =  𝑰 ×  𝑹 
 

The equivalent circuit is as shown below: 

 

 
 

The boxed region is the electrical equivalent of a solar cell. At this point it may look complicated but we 

are not digging inside the box and so it can be considered as a mystery black box. 

 

We know that: 

 

𝑷 =  𝑽𝑰 =  
𝑽𝟐

𝑹
 

 

We know the value of resistance and all we have to do is to measure the voltage (V) across the cell. We 

also know the area of the cell and so we can deduce the value of irradiation, E incident on the cell 

according to the formula: 

 

𝑬 =  
𝑷

𝑨
 

 

 

 

 



Schematic 
 

 
 

Code 
 
#include "N76E003.h" 
#include "SFR_Macro.h" 
#include "Function_define.h" 
#include "Common.h" 
#include "Delay.h" 
#include "soft_delay.h" 
#include "LCD_2_Wire.h" 
 

#define Vmpp                    5.162F 
#define Impp                    0.056F 
#define R_actual                (Vmpp / Impp) 
#define R_fixed                 100.0F //     
#define R_Error                 (R_fixed / R_actual) 
#define ADC_Max                 4095.0F 
#define VDD                     3.3F 
#define scale_factor            2.0F 
 
#define cell_efficiency         0.065F // 6.5% (Typical Amorphous Cell Efficiency 
#define cell_length             0.0854F // 85.4mm as per inscription on the cell 
#define cell_width              0.0563F // 56.3mm as per inscription on the cell 
#define effective_area_factor   0.90F // Ignoring areas without cell, i.e. boundaries, frames, links, etc 
#define cell_area               (cell_length * cell_width) // 0.004816 sq.m   
#define effective_cell_area     (cell_area * effective_area_factor * cell_efficiency) // 0.000281736 sq.m 
 

void setup(void); 
unsigned int ADC_read(void); 
unsigned int ADC_average(void); 
void lcd_print(unsigned char x_pos, unsigned char y_pos, unsigned int value); 
 

void main(void) 
{ 



  unsigned int ADC = 0; 
  float v = 0; 
  float V = 0; 
  float P = 0; 
  float E = 0; 
   
  setup(); 
   
  while(1) 
  { 
      ADC = ADC_average(); 
      v = ((VDD * ADC) / ADC_Max);         
      V = (v * scale_factor); 
      P = (((V * V) / R_fixed) * R_Error); 
      E = (P / effective_cell_area); 
         
      lcd_print(12, 0, (unsigned int)(P * 1000.0)); 
      lcd_print(12, 1, (unsigned int)E); 
         
      delay_ms(100); 
  }; 
} 
 

void setup(void) 
{  
  LCD_init(); 
  LCD_clear_home();  
  LCD_goto(0, 0);  
  LCD_putstr("PV PWR mW:"); 
  LCD_goto(0, 1);  
  LCD_putstr("E. W/sq.m:"); 
   
  Enable_ADC_AIN0; 
} 
 

unsigned int ADC_read(void) 
{ 
  register unsigned int value = 0x0000; 
   
  clr_ADCF; 
  set_ADCS;                                  
  while(ADCF == 0); 
   
  value = ADCRH; 
  value <<= 4; 
  value |= ADCRL; 
   
  return value; 
} 
 

unsigned int ADC_average(void) 
{ 
    signed char samples = 16; 
    unsigned long value = 0; 
     
    while(samples > 0) 
    { 
        value += ((unsigned long)ADC_read()); 
        samples--; 
    }; 
     
    value >>= 4; 
     
    return ((unsigned int)value); 
} 



 

void lcd_print(unsigned char x_pos, unsigned char y_pos, unsigned int value) 
{   
  unsigned char ch = 0; 
 
    if((value > 999) && (value <= 9999)) 
    { 
        ch = (((value % 10000) / 1000) + 0x30); 
        LCD_goto(x_pos, y_pos); 
        LCD_putchar(ch); 
         
        ch = (((value % 1000) / 100) + 0x30); 
        LCD_goto((x_pos + 1), y_pos); 
        LCD_putchar(ch); 
         
        ch = (((value % 100) / 10) + 0x30); 
        LCD_goto((x_pos + 2), y_pos); 
        LCD_putchar(ch); 
         
        ch = ((value % 10) + 0x30); 
        LCD_goto((x_pos + 3), y_pos); 
        LCD_putchar(ch); 
    } 
     
    else if((value > 99) && (value <= 999)) 
    { 
        ch = 0x20; 
        LCD_goto(x_pos, y_pos); 
        LCD_putchar(ch); 
         
        ch = (((value % 1000) / 100) + 0x30); 
        LCD_goto((x_pos + 1), y_pos); 
        LCD_putchar(ch); 
         
        ch = (((value % 100) / 10) + 0x30); 
        LCD_goto((x_pos + 2), y_pos); 
        LCD_putchar(ch); 
         
        ch = ((value % 10) + 0x30); 
        LCD_goto((x_pos + 3), y_pos); 
        LCD_putchar(ch); 
    } 
     
    else if((value > 9) && (value <= 99)) 
    { 
        ch = 0x20; 
        LCD_goto(x_pos, y_pos); 
        LCD_putchar(ch); 
         
        ch = 0x20; 
        LCD_goto((x_pos + 1), y_pos); 
        LCD_putchar(ch); 
         
        ch = (((value % 100) / 10) + 0x30); 
        LCD_goto((x_pos + 2), y_pos); 
        LCD_putchar(ch); 
         
        ch = ((value % 10) + 0x30); 
        LCD_goto((x_pos + 3), y_pos); 
        LCD_putchar(ch); 
    } 
     
    else 
    { 
        ch = 0x20; 
        LCD_goto(x_pos, y_pos); 
        LCD_putchar(ch); 



         
        ch = 0x20; 
        LCD_goto((x_pos + 1), y_pos); 
        LCD_putchar(ch); 
         
        ch = 0x20; 
        LCD_goto((x_pos + 2), y_pos); 
        LCD_putchar(ch); 
         
        ch = ((value % 10) + 0x30); 
        LCD_goto((x_pos + 3), y_pos); 
        LCD_putchar(ch); 
    }    
} 

 

Explanation 
 

This project is completed with a Nuvoton N76E003 microcontroller. I chose this microcontroller because 

it is cheap and features a 12-bit ADC. The high-resolution ADC is the main reason for using it because we 

are dealing with low power and thus low voltage and current. The solar cell that I used is only about 

300mW in terms of power. If the reader is new to Nuvoton N76E003 microcontroller, I strongly suggest 

going through my tutorials on this microcontroller here.  

 

Let us first see what definitions have been used in the code. Most are self-explanatory. 

 
#define Vmpp                    5.162F 
#define Impp                    0.056F 
#define R_actual                (Vmpp / Impp) 
#define R_fixed                 100.0F //     
#define R_Error                 (R_fixed / R_actual) 
#define ADC_Max                 4095.0F 
#define VDD                     3.3F 
#define scale_factor            2.0F 
 
#define cell_efficiency         0.065F // 6.5% (Typical Amorphous Cell Efficiency) 
#define cell_length             0.0854F // 85.4mm as per inscription on the cell 
#define cell_width              0.0563F // 56.3mm as per inscription on the cell 
#define effective_area_factor   0.90F // Ignoring areas without cell, i.e. boundaries, frames, links, etc 
#define cell_area               (cell_length * cell_width) // 0.004816 sq.m   
#define effective_cell_area     (cell_area * effective_area_factor * cell_efficiency) // 0.000281736 sq.m 

 

Obviously VMPP and IMPP are needed to calculate RMPP and this is called here as R_actual. R_fixed is the 

load resistor that is put in parallel to the solar cell and this is the load resistor needed to fulfill maximum 

power transfer theorem. Practically, it is not possible to get 92.18Ω easily and so instead of 92.18Ω ,a 

100Ω (1% tolerance) resistor is placed in its place. The values are close enough and the difference between 

these values is about 8%. This difference is also taken into account in the calculations via the definition 

R_Error. 

 

𝑹_𝑬𝒓𝒓𝒐𝒓 =  
𝟏𝟎𝟎 −  𝟗𝟐. 𝟏𝟖

𝟗𝟐. 𝟏𝟖
 ×  𝟏𝟎𝟎% =  𝟖. 𝟒𝟖% 

 

Thus, during calculation this amount of difference should be compensated for. 

 

https://embedded-lab.com/blog/tag/n76e003/


𝑹_𝑬𝒓𝒓𝒐𝒓 =  
𝟏𝟎𝟎 

𝟗𝟐. 𝟏𝟖
 =  𝟏. 𝟎𝟖𝟒𝟖 

 

ADC_Max and VDD are maximum ADC count and supply voltage values respectively. These would be 

needed to find the voltage resolution that the ADC can measure. 

 

𝑽𝒐𝒍𝒕𝒂𝒈𝒆 / 𝑨𝑫𝑪 𝑪𝒐𝒖𝒏𝒕 =  
𝟑𝟑𝟎𝟎𝒎𝑽

𝟒𝟎𝟗𝟓
 =  𝟎. 𝟖𝟎𝟔𝒎𝑽 𝒐𝒓 𝟖𝟎𝟔µ𝑽 

 

Since 806µV is a pretty small figure, we can rest assure that very minute changes in solar irradiance will 

be taken into account during measurement.  

 

scale_factor is the voltage divider ratio. The cell gives a maximum voltage output of 5.691V but N76E003 

can measure up to 3.3V. Thus, a voltage divider is needed.  

 

𝟏𝒌𝜴 ×  𝟓. 𝟔𝟗𝟏𝑽  

(𝟏𝒌𝜴 +  𝟏𝒌𝜴)
=

𝟓. 𝟔𝟗𝟏𝑽  

𝟐
= 𝟐. 𝟖𝟒𝟓𝟓𝑽 

 

This is the maximum voltage that N76E003 will see when the cell reaches open-circuit voltage. Thus, the 

ADC input voltage needs to be scaled by a factor of 2 in order to back-calculate the cell voltage, hence the 

name scale_factor. 

 

The next definitions are related to the cell that is used in this project. Cell length and width are defined 

and with these the area of the cell is calculated.  

 

𝑷𝒉𝒚𝒔𝒊𝒄𝒂𝒍 𝑪𝒆𝒍𝒍 𝑨𝒓𝒆𝒂 =  𝑪𝒆𝒍𝒍 𝑳𝒆𝒏𝒈𝒕𝒉 ×  𝑪𝒆𝒍𝒍 𝑾𝒊𝒅𝒕𝒉 

 
here 

 

𝑷𝒉𝒚𝒔𝒊𝒄𝒂𝒍 𝑪𝒆𝒍𝒍 𝑨𝒓𝒆𝒂 =  𝟎. 𝟎𝟖𝟓𝟒𝒎 ×  𝟎. 𝟎𝟓𝟔𝟑𝒎 =  𝟎. 𝟎𝟎𝟒𝟖𝟏𝟔𝒎² 

 
The physical cell area does not represent the total area that is sensitive to solar irradiation. There are 

spaces within this physical area that contain electrical links, bezels or frame, etc. Thus, a good estimate of 

effective solar sensitive cell area is about 90% of the physical cell area. This is defined as the 

effective_area_factor.     

 

Lastly, we have to take account of cell efficiency because we have seen that in a given area not all solar 

irradiation is absorbed and so the cell_efficiency is also defined. Typically, a thin film cell like the one I 

used in this project has an efficiency of 6 – 7% and so a good guess is 6.5%. All of the above parameters 

lead to effective cell area and it is calculated as follows: 

 

𝑬𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆 𝑪𝒆𝒍𝒍 𝑨𝒓𝒆𝒂 =  𝑷𝒉𝒚𝒔𝒊𝒄𝒂𝒍 𝑪𝒆𝒍𝒍 𝑨𝒓𝒆𝒂 ×  𝑬𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆 𝑨𝒓𝒆𝒂 𝑭𝒂𝒄𝒕𝒐𝒓 ×  𝑪𝒆𝒍𝒍 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 

 

Here 



 

𝑬𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆 𝑪𝒆𝒍𝒍 𝑨𝒓𝒆𝒂 =  𝟎. 𝟎𝟎𝟒𝟖𝟏𝟔𝒎² × 𝟎. 𝟗 × 𝟎. 𝟎𝟔𝟓 =  𝟎. 𝟎𝟎𝟎𝟐𝟖𝟏𝟕𝟑𝟔𝒎² 
So now the aforementioned equation becomes as follows: 

 

𝑷 =  𝑽𝟐

𝑹
 = 𝑽𝟐

(𝟏𝟎𝟎 / 𝟏.𝟎𝟖𝟒𝟖)
 = 𝑽

𝟐 × 𝟏.𝟎𝟖𝟒𝟖
𝟏𝟎𝟎

 =  𝑽𝟐

𝟗𝟐.𝟏𝟖
 

 

where 

 

𝑽 =  𝒗 ×  𝒔𝒄𝒂𝒍𝒆_𝒇𝒂𝒄𝒕𝒐𝒓 =  𝒗 ×  𝟐 
 

where 

 

𝒗 =  
𝑨𝑫𝑪 𝑰𝒏𝒑𝒖𝒕 𝑪𝒐𝒖𝒏𝒕 × 𝑽𝑫𝑫

𝑴𝒂𝒙.𝑨𝑫𝑪 𝑪𝒐𝒖𝒏𝒕
 =  

𝑨𝑫𝑪 𝑰𝒏𝒑𝒖𝒕 𝑪𝒐𝒖𝒏𝒕 × 𝟑.𝟑

𝟒𝟎𝟗𝟓
  

 

and 

 

𝑬 =  
𝑷

𝟎.𝟎𝟎𝟎𝟐𝟖𝟏𝟕𝟑𝟔
 

 

The equations suggest that only by reading ADC input voltage we can compute both the power and solar 

irradiance.  

 

The code initializes by initializing the I2C LCD, printing some fixed messages and enabling ADC pin 0.  

 
void setup(void) 
{  
  LCD_init(); 
  LCD_clear_home();  
  LCD_goto(0, 0);  
  LCD_putstr("PV PWR mW:"); 
  LCD_goto(0, 1);  
  LCD_putstr("E. W/sq.m:"); 
   
  Enable_ADC_AIN0; 
} 

 

The core components of the code are the functions related to ADC reading and averaging. The code below 

is responsible for ADC reading. 

 
unsigned int ADC_read(void) 
{ 
  register unsigned int value = 0x0000; 
   
  clr_ADCF; 
  set_ADCS;                                  
  while(ADCF == 0); 
   
  value = ADCRH; 
  value <<= 4; 
  value |= ADCRL; 
   



  return value; 
} 

 

The following code does the ADC averaging part. Sixteen samples of ADC reading are taken and averaged. 

Signal averaging allows for the elimination of false and noisy data. The larger the number of samples, the 

more is the accuracy but having a larger sample collection lead to slower performance.    

 
unsigned int ADC_average(void) 
{ 
    signed char samples = 16; 
    unsigned long value = 0; 
     
    while(samples > 0) 
    { 
        value += ((unsigned long)ADC_read()); 
        samples--; 
    }; 
     
    value >>= 4; 
     
    return ((unsigned int)value); 
} 

 

In the main, the ADC average is read and this is converted to voltage. The converted voltage is then 

upscaled by applying the scale_factor to get the actual cell voltage. With the actual voltage, power and 

irradiation are computed basing on the math aforementioned. The power and irradiation values are 

displayed on the I2C LCD and the process is repeated every 100ms.  

 
ADC = ADC_average(); 
v = ((VDD * ADC) / ADC_Max);         
V = (v * scale_factor); 
P = (((V * V) / R_fixed) * R_Error); 
E = (P / effective_cell_area); 
         
lcd_print(12, 0, (unsigned int)(P * 1000.0)); 
lcd_print(12, 1, (unsigned int)E); 
         
delay_ms(100); 

 

I have tested the device against a SM206-Solar solar irradiation meter and the results are fairly accurate 

enough for simple measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Demo 
 

 
 

 
 

Demo video links:  

 

• https://youtu.be/j86mO_6Vdmc  

• https://youtu.be/X3ipnicPN6U  

https://youtu.be/j86mO_6Vdmc
https://youtu.be/X3ipnicPN6U


Improvements and Suggestions 
 

Though this device is not a professional solar irradiation measurement meter, it is fair enough for simple 

estimations. In fact, SMA – a German manufacturer of solar inverter, solar charger and other smart solar 

solution uses a similar method with their SMA Sunny Weather Station. This integration allows them to 

monitor their power generation devices such as on-grid inverters, multi-cluster systems, etc. and optimize 

performances.   

 

There are rooms for lot of improvements and these are as follows: 

• A temperature sensor can be mounted on the backside of the solar cell. This sensor can take account 

of temperature variations and thereby compensate readings. We have seen that temperature affects 

solar cell performance and so temperature is a major influencing factor. 

• A smaller cell would have performed better but it would have needed additional amplifiers and higher 

resolution ADCs. A smaller cell will have lesser useless areas and weight. This would make the device 

more portable.  

• Using filters to filter out unnecessary components of solar spectrum.  

• Adding a tracking system to scan and align with the sun would result in determining maximum 

irradiation.  

 

Project Code can be found here. 

Happy coding. 

 

Author: Shawon M. Shahryiar 
https://www.facebook.com/groups/microarena 
https://www.facebook.com/MicroArena                                                                                        28.02.2022 

https://libstock.mikroe.com/projects/view/4926/a-simple-solar-irradiation-measurement-technique
https://www.facebook.com/groups/microarena/
https://www.facebook.com/MicroArena?ref=hl
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