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1. Introduction: Photovoltaic cells are devices that convert light into electricity.  PV systems are used 

today in many applications such as battery charging, water pumping, home power supply, satellite 

power systems, and so forth. Although they have the advantage of providing an unlimited and clean 

source of energy, their installation cost is high and still have relatively low conversion efficiency. 

Commercially available PV cells have average efficiencies of 11% and higher efficiencies are only 

around 15%. The types of PV cells are   Monocrystalline, Polycrystalline, and Thin film. 

 

2. PV Cell Construction 

 

Fig (1) shows the basic cell 

construction. In addition to the basic 

elements, several enhancement features 

are also included in the construction. For 

example, the front face of the cell has an 

antireflective coating to absorb as much 

light as possible by minimizing the 

reflection. The mechanical protection is 

provided by a cover glass applied with a 

transparent adhesive. 

  

 

3. Performance Evaluation of PV Cells, Modules, Panels, and Arrays: 

 
 A typical PV cell produces approximately 

0.5 V. 

 A current depends on the intensity of the 

sunlight and the area of the cell. 

 PV cells are connected in series to increase 

voltage, and the series of cells are 

connected in parallel to increase current 

output 

 Many cells are packaged together with a 

transparent cover and a watertight seal to 

form a module. 

 Modules are wired together in a series–

parallel combination to form a panel. 

 An array is a group of panels. 

 
Fig (2): Photovoltaic array nomenclature. 

 

4. PV Cell Characteristics 

 

Solar cells are made of semiconductor materials, 

usually silicon, and are specially treated to form an 

electric field with positive on (backside) and negative 

on the other side, facing the sun. When (photons) hits 

the solar cell, electrons are knocked loose from the 

atoms in the semiconductor material, creating 

electron-hole pairs. 

𝑰𝒑𝒉 = photocurrent, 

𝑰𝑫 = diode or dark current, 

𝑹𝑺 = series resistance, and 

𝑹𝑺𝑯 = shunt resistance. 

 
Fig (3): Single solar cell model. 
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The model contains a current source (𝐼𝑝 )ℎ  one diode, and a series resistance (𝑅 )𝑆  which represents the 

resistance inside each cell. The diode has also an internal shunt resistance (𝑹𝑺𝑯). The net current is 

the difference between the photocurrent (𝐼𝑝 )ℎ  and the normal diode current (𝐼 )𝐷  given by 

 

𝐼 = 𝐼𝑝ℎ − 𝐼𝐷 = 𝐼𝑝ℎ − 𝐼𝑜  𝑒𝑥𝑝  
𝑒(𝑉+𝐼𝑅𝑆

𝑘𝑇𝐶
 − 1 −  

𝑉+𝐼𝑅𝑆

𝑅𝑆𝐻
  … (1) 

 

It should be noted that the shunt resistance is usually much bigger than a load resistance, whereas the 

series resistance is much smaller than a load resistance, so that less power is dissipated internally within 

the cell. Therefore, by ignoring these two resistances, the net current is the difference between the 

photocurrent (𝐼𝑝ℎ) and the normal diode current (𝐼𝐷) given by 

𝐼 = 𝐼𝑝ℎ − 𝐼𝐷 = 𝐼𝑝ℎ − 𝐼𝑜  𝑒𝑥𝑝  
𝑒𝑉

𝑘𝑇𝐶
 − 1  … (2) 

 

𝒌 = Boltzmann’s gas constant = 1.381 × 

𝟏𝟎−𝟐𝟑 J/K. 

𝑽 = Voltage imposed across the cell (V). 

𝑻𝑪 = Absolute temperature of the cell (K). 𝐼𝑜 = Dark saturation current, depends on temp. 

(A). 

𝒆 = electronic charge = 1.601 × 𝟏𝟎−𝟏𝟗 J/V.  

 

Figure (4) shows the (I – V) characteristic curve of a solar sell for a certain irradiance (𝐺𝑡) at a fixed 

cell temperature (𝑇𝐶). The current from a PV cell depends on the external voltage applied and the 

amount of sunlight on the cell. When the cell is short-circuited, the current is at maximum (short-

circuit current (𝐼𝑆𝐶) and the voltage across the cell is 0. When the PV cell circuit is open, with the leads 

not making a circuit, the voltage is at its maximum (open circuit voltage (𝑉𝑂𝐶)), and the current is 0. 

In either case, at open circuit or short circuit, the power (current times voltage) is (0). Between open 

circuit and short circuit, the power output is greater than 0. The typical current voltage curve shown in 

Figure (4) presents the range of combinations of current and voltage. In this representation, a sign 

convention is used, which takes as positive the current generated by the cell when the sun is shining 

and a positive voltage is applied on the cell’s terminals. 

 
Fig (4): Representative current-voltage curve for photovoltaic cells. 

 

If the cell’s terminals are connected to a variable resistance (𝑅) the operating point is determined by 

the intersection of the (I – V) characteristic of the solar cell with the load (I – V) characteristics. As 

shown in Fig (4) for a resistive load, the load characteristic is a straight line with a slope (1/ V = 1/ R). 

If the load resistance is small, the cell operates in the region (AB) of the curve, where the cell behaves 

as a constant current source, almost equal to the short-circuit current. On the other hand, if the load 
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resistance is large, the cell operates on the region (DE) of the curve, where the cell behaves more as a 

constant voltage source, almost equal to the open circuit voltage. The power can be calculated by the 

product of the current and voltage. If this exercise is performed and plotted on the same axes, then Fig 

(5) can be obtained. The maximum power passes from a maximum power point (point C on Fig (4)), 

at which point the load resistance is optimum (𝑅𝑜𝑝𝑡) and the power dissipated in the resistive load is 

maximum and given by 

𝑃𝑚𝑎𝑥 = 𝐼𝑚𝑎𝑥  𝑉𝑚𝑎𝑥 … (3) 

 
Fig (5): Representative power-voltage curve for photovoltaic cells. 

 

Point (C) on Fig (4) is also called the maximum power point, which is the operating point (𝑃𝑚𝑎𝑥), 
(𝐼𝑚𝑎𝑥), (𝑉𝑚𝑎𝑥),  at which the output power is maximized. Given (𝑃𝑚𝑎𝑥), an additional parameter, 

called the fill factor, (𝐹𝐹) can be calculated such that 

 

𝑃𝑚𝑎𝑥 = 𝐼𝑆𝐶  𝑉𝑂𝐶  𝐹𝐹 →  𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝐼𝑆𝐶 𝑉𝑂𝐶
=

𝐼𝑚𝑎𝑥 𝑉𝑚𝑎𝑥

𝐼𝑆𝐶 𝑉𝑂𝐶
 … (4) 

 

The fill factor is a measure of the real (I – V) characteristic. For good cells, its value is greater than 

(0.7). The fill factor decreases as the cell temperature increases. 

Other fundamental parameters that can be obtained from Fig (4) are the short-circuit current and the 

open circuit voltage. The short-circuit current, (𝐼𝑆𝐶) is the higher value of the current generated by the 

cell and is obtained under short-circuit conditions, i.e., (𝑉 = 0), and is equal to (𝐼𝑝ℎ). The open circuit 

voltage corresponds to the voltage drop across the diode when it is traversed by the photocurrent (𝐼𝑝ℎ), 

which is equal to (𝐼𝐷)  when the generated current is (𝐼 = 0). This is the voltage of the cell during 

nighttime and can be obtained from equation (2): 

 

𝑒𝑥𝑝 [
𝑒𝑉𝑜𝑐

𝑘𝑇𝐶
] − 1 =

𝐼𝑠𝑐

𝐼𝑜
→ 𝑠𝑜𝑙𝑣𝑒𝑑 𝑓𝑜𝑟 𝑉𝑜𝑐  →  𝑉𝑜𝑐 =

𝑘𝑇𝐶

𝑒
𝑙𝑛 [

𝐼𝑠𝑐

𝐼𝑜
+ 1] = 𝑉𝑡 𝑙𝑛 [

𝐼𝑠𝑐

𝐼𝑜
+ 1] … (5) 

 

𝑽𝒕 = thermal voltage (V) given by   𝑽𝒕 = (𝒌𝑻𝑪 𝒆)⁄  

 

The output power (P) from a photovoltaic cell is given by 

 

𝑃 = 𝐼𝑉 =  𝐼2𝑅 … (6) 

Substituting equation (1) into equation (6) gives 

𝑃 = [𝐼𝑠𝑐 − 𝐼𝑜  𝑒𝑥𝑝  
𝑒𝑉

𝑘𝑇𝐶
 − 1 ] 𝑉  … (7) 

𝑑

𝑑𝑉
(𝑃) = 0 →  𝑒𝑥𝑝  

𝑒𝑉𝑚𝑎𝑥

𝑘𝑇𝐶
  1 +

𝑒𝑉𝑚𝑎𝑥

𝑘𝑇𝐶
 = 1 +

𝐼𝑠𝑐

𝐼𝑜
   … (8) 
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This is an explicit equation of the voltage (𝑉𝑚𝑎𝑥) which maximizes the power in terms of the short-

circuit current (𝐼𝑠𝑐 = 𝐼𝑝ℎ ) the dark saturation current (𝐼𝑜) and the absolute cell temperature (𝑇𝑐) . If 

the values of these three parameters are known, then (𝑉𝑚𝑎𝑥)  can be obtained from equation (8) by trial 

and error. 

The load current (𝐼𝑚𝑎𝑥)   which maximizes the output power, can be found by substituting equation 

(8) into equation (2): 

 𝐼𝑚𝑎𝑥 = 𝐼𝑠𝑐 − 𝐼𝑜  𝑒𝑥𝑝  
𝑒𝑉

𝑘𝑇𝐶
 − 1 = 𝐼𝑠𝑐 − 𝐼𝑜 [

1+(𝐼𝑠𝑐 𝐼𝑜⁄ )

1+(𝑒𝑉𝑚𝑎𝑥 𝑘𝑇𝐶⁄ )
− 1] … (9) 

→  𝐼𝑚𝑎𝑥 = [
𝑒𝑉𝑚𝑎𝑥

𝑘𝑇𝐶+𝑒𝑉𝑚𝑎𝑥
(𝐼𝑠𝑐 + 𝐼 )𝑜 ] … (10) 

𝑓𝑟𝑜𝑚 equation (3),→ 𝑃𝑚𝑎𝑥 = [
𝑒𝑉𝑚𝑎𝑥

2

𝑘𝑇𝐶+𝑒𝑉𝑚𝑎𝑥
(𝐼𝑠𝑐 + 𝐼 )𝑜 ] … (11) 

Efficiency is commonly reported for a PV cell temperature of 25 ° C and incident light at an irradiance 

of 1000 W/m2 with a spectrum close to that of sunlight at solar noon.  

Another parameter of interest is the maximum efficiency, which is the ratio between the maximum 

power and the incident light power, given by 

 

 𝜼𝒎𝒂𝒙 =  𝑷𝒎𝒂𝒙 𝑷⁄  𝒊𝒏 =  𝑰𝒎𝒂𝒙𝑽𝒎𝒂𝒙 𝑨 𝑮⁄  𝒕  … (12) 𝑨 = 𝒔𝒐𝒍𝒂𝒓 𝒄𝒆𝒍𝒍 𝒂𝒓𝒆𝒂 (𝒎𝟐) 

 

Example:  

If the dark saturation current of a solar cell is 1.7 × 10−8 A/m2 , the cell temperature is 27 °C, and the 

short-circuit current density is 250 A/m2 , calculate the open circuit voltage, 𝑉𝑜𝑐 ; voltage at maximum 

power, 𝑉𝑚𝑎𝑥 ; current density at maximum power, Imax ; maximum power, 𝑃𝑚𝑎𝑥 ; and maximum 

efficiency,  𝜂𝑚𝑎𝑥 . What cell area is required to get an output of 20 W when the available solar radiation 

is 820 W/m2? 

Solution: 

𝑒

𝑘𝑇𝐶
=

1.602 × 10−19

1.381 × 10−23 × 300
= 38.67 𝑉−1 

              

𝑉𝑜𝑐 =
𝑘𝑇𝐶

𝑒
𝑙𝑛 [

𝐼𝑠𝑐
𝐼𝑜

+ 1] =
1

38.67
𝑙𝑛 [

250

1.7 × 10−8
+ 1] = 0.605 𝑉 

 𝑒𝑥𝑝  
𝑒𝑉𝑚𝑎𝑥

𝑘𝑇𝐶
  1 +

𝑒𝑉𝑚𝑎𝑥

𝑘𝑇𝐶
 = 1 +

𝐼𝑠𝑐
𝐼𝑜

  

 𝑒𝑥𝑝(38.67 𝑉𝑚𝑎𝑥 () 1 + 38.67 𝑉 )𝑚𝑎𝑥 = 1 +
250

1.7 × 10−8
  →  𝑉𝑚𝑎𝑥 = 0.47 𝑉  

 𝐼𝑚𝑎𝑥 = [
𝑒𝑉𝑚𝑎𝑥

𝑘𝑇𝐶 + 𝑒𝑉𝑚𝑎𝑥

(𝐼𝑠𝑐 + 𝐼 )𝑜 ] =  
1.602 × 10−19 × 0.47

1.381 × 10−23 × 300 + 1.602 × 10−19 × 0.
(

47
250 + 1.7 × 10−8)  

 𝐼𝑚𝑎𝑥 = 237 𝐴 𝑚2⁄  

𝑃𝑚𝑎𝑥 = 𝐼𝑚𝑎𝑥 𝑉𝑚𝑎𝑥 = 237 × 0.47 = 111.4 𝑊 𝑚2⁄  

 𝜂𝑚𝑎𝑥 =  𝑷𝒎𝒂𝒙 𝑃⁄  𝑖𝑛 =  111.4 820⁄  = 13.58 % 

Finally, the cell area required to get an output of 20 W is 

𝐴 =  𝑃𝑟𝑒𝑞 𝑃⁄  𝑚𝑎𝑥 =  20 111.4⁄  = 0.18 𝑚2  
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5. Connections of Photovoltaic Devices 

5.1. Series connection of photovoltaic devices 

A photovoltaic device could be a cell, module, panel, or an array. Photovoltaic devices are connected 

in series to increase the voltage figure (6). 

5.1.1. Two similar photovoltaic devices connected in series 

 
Voltage: The voltage, V, across two similar series-

connected PV devices, A and B, is equal to the sum of 

the individual device voltages. 

 
𝑽 = 𝑽𝟏 + 𝑽𝟐 … (13) 

𝑽𝟏=𝑽𝑨 

𝑽𝟐=𝑽𝑩 

 

Current: The current, I, through the two similar series-

connected PV devices is equal to the current through 

either of the individual devices. 
 
𝑰 = 𝑰𝟏 = 𝑰𝟐 … (14) 

 

 
5.1.2. Two Dissimilar PV devices 1 & 2 connected in series 

 
 

From figure (7),  

 
𝑽 = 𝑽𝟏 + 𝑽𝟐 … (15) 

 
𝑰 = 𝑰𝟐  … (16) 

 
𝒘𝒉𝒆𝒓𝒆 𝑰𝟐 < 𝑰𝟏 

 

 
5.1.3. Any number of PV devices connected in series 
From figure (8),  

𝑽 = 𝑽𝟏 + 𝑽𝟐 + ⋯ 𝑽𝑵 … (17) 

 

𝑰 = 𝑰𝟏  = 𝑰𝟐 = ⋯ = 𝑰𝑵 … (18) For similar devices 
 

𝑰 = 𝑰𝑴𝑰𝑵 … (19) For dissimilar devices  
 

5.2. Parallel Connection of PV Devices 

Photovoltaic devices are connected in parallel to increase the current. 
5.2.1. Two Similar PV Devices Connected in Parallel 
From figure (9),  

𝑽 = 𝑽𝟏 = 𝑽𝟐 … (20) 

 

𝑰 = 𝑰𝟏 + 𝑰𝟐 … (21) 
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5.2.2. Two Dissimilar PV Devices Connected in Parallel 
From figure (10),  

𝑽 =
𝟏

𝟐
(𝑽𝟏 + 𝑽𝟐) … (22) 

 

𝑰 = 𝑰𝟏 + 𝑰𝟐 … (23) 

  
 

5.2.3. Any number of PV devices connected in Parallel 
From figure (11),  

 

𝑽 = 𝑽𝟏 = 𝑽𝟐 = ⋯ = 𝑽𝑵 … (24) [for similar devices] 
 

𝑽 = 
𝟏

𝑵
[𝑽𝟏 + 𝑽𝟐 + ⋯+ 𝑽𝑵]… (25) [for dissimilar devices] 

 

𝑰 = 𝑰𝟏 + 𝑰𝟐 + ⋯+ 𝑰𝑵 … (26) 

 
 

7. Diodes 

7.1. Blocking diode 

A blocking diode is placed in series with the PV 

device to prevent reverse flow of current into the any 

number of modules. This is crucial when the load 

includes a battery or another source of power, figure 

(12).  

 

7.2. Bypass diode 

The bypass diode is placed in parallel with the photovoltaic module 

or panel. A bypass (or shunt) diode allows current to bypass the 

module (or group of cells) or panel in the event of an open-circuit 

condition or failure, figure (13). 

 
 

8. Orientation of Collector Surface 

To maximize the power output of a solar device 

(module, panel, or array), the surface of the device 

should be perpendicular to the sunbeams. Sun-

tracking techniques can be used to do that, but that 

adds to the cost. If the device is to be fixed all the 

time, then the tilt angle should be equal to the 

latitude of the location. This optimizes the energy 

output, figure (14).  
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Example: Two dissimilar PV modules are subjected to the same irradiances and temperatures. The 

short circuit current output of the first module, I1= 3A, and the open circuit voltage output, V1=24 V. 

The short circuit current output of the second module is I2=2 A, and the open circuit voltage output is 

V2=16 V. 

Solution: 

a) The two PV modules are connected in 

series 

𝑰 = 𝑰𝟐 = 𝟐 𝑨 

𝑽 = 𝑽𝟏 + 𝑽𝟐 = 𝟐𝟒 + 𝟏𝟔 = 𝟒𝟎 𝑽 
 

b) The two PV modules are connected in 

parallel 

𝑰 = 𝑰𝟏 + 𝑰𝟐 = 𝟑 + 𝟐 = 𝟓 𝑨 

𝑽 = (𝑽𝟏 + 𝑽𝟐) 𝟐⁄ =
𝟐𝟒 + 𝟏𝟔

𝟐
= 𝟐𝟎 𝑽 

 

Example: Two similar photovoltaic modules are subjected to the same irradiances and temperatures. 

The short circuit current output of the first module is I1 = 3A, and the open-circuit voltage across the 

module terminals is V1 = 18 V. The short circuit current output of the second module is I2 = 3 A, and 

the open circuit voltage across its terminals is V2 = 18 V. 

Solution 

a) The two PV modules are 

connected in series 

𝑰 = 𝑰𝟏 = 𝑰𝟐 = 𝟑 𝑨 

𝑽 = 𝑽𝟏 + 𝑽𝟐 = 𝟏𝟖 + 𝟏𝟖 = 𝟑𝟔 𝑽 
 

b) The two PV modules are connected in 

parallel 

𝑰 = 𝑰𝟏 + 𝑰𝟐 = 𝟑 + 𝟑 = 𝟔 𝑨 

𝑽 = 𝑽𝟏 = 𝑽𝟐 = 𝟏𝟖 𝑽 

9. Characteristics of Photovoltaic Arrays 

The influences of these two parameters on the cell characteristics are shown in Fig (15). As shown in 

Fig (15-a) the open circuit voltage increases logarithmically by increasing the solar radiation, whereas 

the short circuit current increases linearly. The influence of the cell temperature on the cell 

characteristics is shown in Fig (15-b). The main effect of the increase in cell temperature is on open 

circuit voltage, which decreases linearly with the cell temperature; thus the cell efficiency drops. The 

short circuit current increases slightly with the increase of the cell temperature. 

 

(a) 

 

(b) 

 
Fig (15): Influence of irradiation and cell temperature on PV cell characteristics. (a) Effect of 

increased irradiation. (b) Effect of increased cell temperature. 

 

10. Types of PV Technology: 

 Monocrystalline silicon cells  Multicrystalline silicon cells 

 Amorphous silicon  Thermophotovoltaics 

11. Related Equipment:  

11.1. Batteries:  
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Batteries are required in many PV systems to supply power at night or when the PV system cannot 

meet the demand. The selection of battery type and size depends mainly on the load and availability 

requirements. When batteries are used, they must be located in an area without extreme temperatures, 

and the space where the batteries are located must be adequately ventilated. 

Batteries are used mainly in stand-alone PV systems to store the electrical energy produced during the 

hours when the PV system covers the load completely and there is excess or when there is sunshine 

but no load is required. During the night or during periods of low solar irradiation, the battery can 

supply the energy to the load. Additionally, batteries are required in such a system because of the 

fluctuating nature of the PV system output. 

 

11.2. Inverters: 

An inverter is used to convert the direct current into alternating current electricity. The output of the 

inverter can be single or three phase. 

𝜂𝑖𝑛𝑣 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑉𝑎𝑐𝐼𝑎𝑐 cos(𝜑)

𝑉𝑑𝑐 𝐼𝑑𝑐
 … (27) 

𝑰𝒅𝒄 = current required by the inverter from the DC side, 𝐜𝐨𝐬(𝝋)= power factor. 

𝑽𝒅𝒄 = input voltage for the inverter from the DC side  

 

11.3. Charge Controllers: 

Controllers regulate the power from PV modules to prevent the batteries from overcharging. The 

controller can be a shunt type or series type and also function as a low-battery voltage disconnect to 

prevent the battery from overdischarge. 

 

11.4. Peak-Power Trackers:  
Maximum power point trackers (MPPTs) utilize some type of control circuit or logic to search for this 

point and, thus, allow the converter circuit to extract the maximum power available from a cell. In fact, 

peak-power trackers optimize the operating voltage of a PV system to maximize the current. 

 

12. Applications: 

12.1. Direct Coupled PV System:  

In a direct coupled PV system, the PV array is connected directly to the load. Therefore, the load can 

operate only whenever there is solar radiation, so such a system has very limited applications. The 

schematic diagram of such a system is shown in Figure (16). A typical application of this type of 

system is for water pumping, i.e., the system operates as long as sunshine is available, and instead of 

storing electrical energy, water is usually stored. 

 

 
Figure (16): schematic diagram of a direct coupled PV system. 

 

12.2. Stand-Alone Applications: 

Stand -alone PV systems are used in areas that are not easily accessible or have no access to an electric 

grid. A stand-alone system is independent of the electricity grid, with the energy produced normally 

being stored in batteries. A typical stand-alone system would consist of a PV module or modules, 

batteries, and a charge controller. An inverter may also be included in the system to convert the direct 
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current generated by the PV modules to the alternating current form required by normal appliances. A 

schematic diagram of a stand-alone system is shown in Figure (17). 

 

 
Figure (17): Schematic diagram of a stand-alone PV application. 

 

12.3. Grid-Connected System: 

Nowadays, it is usual practice to connect PV systems to the local electricity network. This means that, 

during the day, the electricity generated by the PV system can either be used immediately or be sold 

to one of the electricity supply companies. In the evening, when the solar system is unable to provide 

the electricity required, power can be bought back from the network. In effect, the grid is acting as an 

energy storage system, which means the PV system does not need to include battery storage. A 

schematic diagram of a grid-connected system is shown in Figure (18). 

 

 
Figure (18): Schematic diagram of a grid-connected system. 

 

12.4. Hybrid-Connected System: 

In the hybrid-connected system, more than one type of electricity generator is employed. The second 

type of electricity generator can be renewable, such as a wind turbine, or conventional, such as a diesel 

engine generator or the utility grid. The diesel engine generator can also be a renewable source of 

electricity when the diesel engine is fed with biofuels. A schematic diagram of a hybrid connected 

system is shown in Figure (19). 

 

 
Figure (19): Schematic diagram of a hybrid connected system. 

 

 


