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Chapter 6-  Photovoltaic Systems  

Prof. Dr. Wagah F. Mohammad 

Introduction 

A Photovoltaic (PV) system contains many different components besides the PV 

modules. For successfully planning a PV system it is crucial to understand the function of the 

different components and to know their major specifications. PV systems can be very simple, 

consisting of just a PV module and load, as in the direct powering of a water pump motor, 

which only needs to operate when the sun shines. However, when for example a whole house 

should be powered, the system must be operational day and night. It also may have to feed 

both AC and DC loads, have reserve power and may even include a back-up generator. 

Components of a PV system 

A solar cell can convert the energy contained in the solar radiation into electrical energy. Due 

to the limited size of the solar cell it only delivers a limited amount of power under fixed 

current-voltage conditions that are not practical for most applications. In order to use solar 

electricity for practical devices, which require a particular voltage and/or current for 

their operation, a number of solar cells have to be connected together to form a solar 

panel, also called a PV module. For large-scale generation of solar electricity solar 

panels are connected together into a solar array. 

Although, the solar panels are the heart of a PV system, many other components are required 

for a working system, that we already discussed very briefly above. Together, these 

components are called the Balance of System (BOS). Which components are required 

depends on whether the system is connected to the electricity grid or whether it is designed as 

a stand-alone system. The most important components belonging to the BOS are: 

• A mounting structure is used to fix the modules and to direct them towards the sun. 

• Energy storage is a vital part of stand-alone systems because it assures that the system can 

deliver electricity during the night and in periods of bad weather. Usually, batteries are used 

as energy storage units. 

• DC-DC converters are used to convert the module output, which will have a variable 

voltage depending on the time of the day and the weather conditions, to a fixed voltage output 

that e. g. can be used to charge a battery or that is used as input an inverter in a grid-

connected system. 

• Inverters or DC-AC converters are used in grid connected systems to convert the DC 

electricity originating from the PV modules into AC electricity that can be fed into the 

electricity grid. 

• Cables are used to connect the different components of the PV system with each other 

and to the electrical load. It is important to choose cables of sufficient thickness in order 

to minimize resistive losses. 

 

Even though not a part of the PV system 

itself, the electric load, i.e. all the electric 

appliances that are connected to it have to 

be taken into account during the planning 

phase. Further, it has to be considered 

whether the loads are AC or DC loads. The 

different components of a PV system are 

schematically presented in Fig. here.  
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Figure 5: A schematic of the different components of a PV system. 

PV modules 

Figure 6 (a) shows a crystalline solar cell. For the moment we will consider only modules 

that are made from this type of solar cells. A PV module is a larger device in which many 

solar cells are connected, as illustrated in Fig. 6 (b).The names PV module and solar module 

are often used interchangeably. A solar panel, as illustrated in Fig. 6 (c), consists of 

several PV modules that are electrically connected and mounted on a supporting 

structure. Finally, a PV array consists of several solar panels. An example of such an 

array is shown in Fig. 6 (d). This array consists of two strings of two solar panels each, where 

string means that these panels are connected in series. 

 
Figure 6: Illustrating (a) a solar cell, (b) a PV module, (c) a solar panel, and (d) a PV array. 

Series and parallel connections in PV modules 

If we make a solar module out of an ensemble of solar cells, we can connect the solar cells in 

different ways: first, we can connect them in a series connection as shown in Fig. 7 (a). In a 

series connection the voltages add up. For example, if the open circuit voltage of one cell is 

equal to 0.6 V, a string of three cells will deliver an open circuit voltage of 1.8 V. For solar 

cells with a classical front metal grid, a series connection can be established by connecting 

the bus bars at the front side with the back contact of the neighboring cell, as illustrated 

in Fig. 7 (b). For series connected cells, the current does not add up but is determined by the 

photocurrent in each solar cell. Hence, the total current in a string of solar cells is equal to 

the current generated by one single solar cell. 

Figure Fig. 7 (d) shows the I-V curve of solar cells connected in series. If we connect two 

solar cells in series, the voltages add up while the current stays the same. The resulting open 

circuit voltage is two times that of the single cell. If we connect three solar cells in series, the 

open circuit voltage becomes three times as large, whereas the current still is that of one 

single solar cell. 

Secondly, we can connect solar cells in parallel as illustrated in Fig. 7 (c), which shows three 

solar cells connected in parallel. If cells are connected in parallel, the voltage is the same 

over all solar cells, while the currents of the solar cells add up. If we connect e.g. three 
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cells in parallel, the current becomes three times as large, while the voltage is the same 

as for a single cell, as illustrated in Fig. 7 (d). 

 
 

Figure 7: Illustrating (a) a series connection of three solar cells and (b) realization of such a 

series connection for cells with a classical front metal grid. (c) Illustrating a parallel 

connection of three solar cells. (d) I-V curves of solar cells connected in series and parallel. 

For a total module, therefore the voltage and current output can be partially tuned via the 

arrangements of the solar cell connections. Figure 8 (a) shows a typical PV module that 

contains 36 solar cells connected in series. If a single junction solar cell would have a short 

circuit current of 5 A, and an open circuit voltage of 0.6 V, the total module would have 

an output of Voc = 36 x 0.6 V = 21.6 V and Isc = 5 A. However, if two strings of 18 series-

connected cells are connected in parallel, as illustrated in Fig. 8 (b), the output of the 

module will be Voc = 18 x 0.6 V = 10.8 V and Isc = 2 x 5 A = 10 A. In general, for the I-V 

characteristics of a module consisting of m identical cells in series and n identical cells in 

parallel the voltage multiplies by a factor m while the current multiplies by a factor n. 

Modern PV modules often contain 60 (10 x 6), 72 (9 x 8) or 96 (12 x 8) solar cells that 

are usually all connected in series in order to minimize resistive losses. 

 

 
Figure 8: Illustrating a PV module consisting (a) of a string of 36 solar cells connected in 

series and (b) of two strings of 18 solar cells each that are connected in parallel.  
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PV module parameters 
In a nutshell, for a PV module a set of parameters can be defined, similar than for solar cells. 

The most common parameters are the open circuit voltage Voc, the short circuit current Isc and 

the module fill factor FFM. On module level, we have to distinguish between the aperture area 

efficiency and the module efficiency. The aperture area is defined as the area of the PV-

active parts only. The total module area is given as the aperture area plus the dead area 

consisting of the interconnections and the edges of the module. Clearly, the aperture area 

efficiency is larger than the module efficiency. 

Determining the efficiency and the fill factor of a PV module is less straight-forward than 

determining voltage and current. In an ideal world with perfectly matched solar cells and 

no losses, one would expect that the efficiency and fill factor at both the module and cell 

levels to be the same. This is not the case in real life. As mentioned above. The cells are 

connected with each other using interconnects that induce resistive losses. Further, there 

might be small mismatches in the interconnected cells. For example, if m x n cells is 

interconnected, the cell with the lowest current in a string of m cells in series determines 

the module current. Similarly, the string with the lowest voltage in the n strings that are 

connected in parallel dictates the module voltage. The reasons for mismatch between 

individual cells are inhomogeneities that occur during the production process. Hence, in 

practice PV module perform a little less than what one would expect from ideally matched 

and interconnected solar cells. This loss in performance translates to a lower fill factor and 

efficiency at module level. If the illumination across the module is not constant or if the 

module is heats up non-uniformly, the module performance reduces even further. 

  

Partial shading and bypass diodes 

PV modules have so-called bypass diodes integrated. To understand the reason for using 

such diodes, we have to consider modules in real-life conditions, where they can be partially 

shaded, as illustrated in Fig. 9 (a). The shade can be from an object nearby, like a tree, a 

chimney or a neighboring building. It also can be caused by a leaf that has fallen from a tree. 

Partial shading can have significantly consequences for the output of the solar module. 

To understand this, we consider the situation in which one solar cell in the module shaded for 

a large part shaded. For simplicity, we assume that all six cells are connected in series. This 

means that the current generated in the shaded cell is significantly reduced. In a series 

connection the current is limited by the cell that generates the lowest current, this cell 

thus dictates the maximum current flowing through the module. In Fig. 9 (b) the 

theoretical I-V curves of the five unshaded solar cells and the shaded solar cell is shown. If 

the cells are connected to a constant load R, the voltage across the module is dropping 

due to the lower current generated. However, since the five unshaded solar cells are 

forced to produce high voltages, they act like a reverse bias source on the shaded solar 

cell. The dashed line in Fig. 9 (b) represents the reverse bias load put on the shaded cell, 

which is the I-V curve of the five cells, reflected across the vertical axis equal to 0 V. Hence, 

the shaded solar cell does not generate energy, but starts to dissipate energy and heats 

up. The temperature can increase to such a critical level, that the encapsulation 

material cracks or other materials wear out. Further, high temperatures generally lead 

to a decrease of the PV output as well. 

These problems occurring from partial shading can be prevented by including bypass 

diodes in the module, as illustrated in 9 (c). Diode blocks the current when it is under 

negative voltage, but conducts a current when it is under positive voltage. If no cell is 

shaded, no current is flowing through the bypass diodes. However, if one cell is 

(partially) shaded, the bypass diode starts to pass current through because of the 
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biasing from the other cells. As a result current can flow around the shaded cell and the 

module can still produce the current equal to that of unshaded single solar cell. 

For cells that are connected in parallel, partial shading is less of a problem, because the 

currents generated in the others cells do not need to travel through the shaded cell. However, 

a module consisting of 36 cells in parallel have very high currents (above 100 A) combined 

with a very low voltage (approx. 0.6 V). This combination would lead to very high resistive 

losses in the cables; further an inverter that has only 0.6 V as input will not be very efficient. 

Therefore, combining the cells in series and using bypass diodes is much better an option to 

do.  

 

 
Figure 9: Illustrating (a) string of six solar cells of which one is partially shaded, which (b) 

has dramatic effects on the I-V curve of this string. (c) Bypass diodes can solve the problem 

of partial shading. 

 

Table 7.1 shows some parameters of PV modules using different PV technologies: 

 
Types of PV Systems 

Depending on the system configuration, we can distinguish three main types of PV 

systems: stand-alone, grid-connected, and hybrid. The basic PV system principles and 

elements remain the same. Systems are adapted to meet particular requirements by varying 

the type and quantity of the basic elements. A modular system design allows easy expansion, 

when power demands change.  
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1. Stand-alone systems 
Stand-alone systems rely on solar power only. These systems can consist of the PV 

modules and a load only or they can include batteries for energy storage. When using 

batteries charge regulators are included, which switch off the PV modules when 

batteries are fully charged, and may switch off the load to prevent the batteries from 

being discharged below a certain limit. The batteries must have enough capacity to store 

the energy produced during the day to be used at night and during periods of poor weather. 

Figure 1 shows schematically examples of stand-alone systems; (a) a simple DC PV system 

without a battery and (b) a large PV system with both DC and AC loads. 

 
Figure1: Schematic representation of (a) a simple DC PV system to power a water pump 

with no energy storage and (b) a complex PV system including batteries, power conditioners, 

and both DC and AC loads. 

2.  Grid-connected systems 
Grid-connected PV systems have become 

increasingly popular for building 

integrated applications. As illustrated in 

Fig. 2, they are connected to the grid via 

inverters, which convert the DC power 

into AC electricity. 

 In small systems as they are installed in 

residential homes, the inverter is connected 

to the distribution board, from where the 

PV-generated power is transferred into the 

electricity grid or to AC appliances in the 

house. These systems do not require 

batteries, since they are connected to the 

grid, which acts as a buffer into that an 

oversupply of PV electricity is transported 

while the grid also supplies the house with 

electricity in times of insufficient PV 

power generation. 

Figure 2: Schematic representation of a 

grid-connected PV system. 

 

Large PV fields act as power stations from that all the generated PV electricity is directly 

transported to the electricity grid. They can reach peak powers of several hundreds of MWp . 

3.  Hybrid systems 

Hybrid systems consist of combination of PV modules and a complementary method of 

electricity generation such as a diesel, gas or wind generator. A schematic of a hybrid 
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system is shown in Fig.4. In order to optimize the different methods of electricity generation, 

hybrid systems typically require more sophisticated controls than stand-alone or grid-

connected PV systems. 

For example, in the case of a PV/diesel 

system, the diesel engine must be started 

when the battery reaches a given discharge 

level and stopped again when battery 

reaches an adequate state of charge. The 

back-up generator can be used to recharge 

batteries only or to supply the load as well. 

 

Figure 4: Schematic representation of a 

hybrid PV system that has a diesel 

generator as alternative electricity source. 

 
 

Maximum power point tracking  

In this section we discuss the concept of Maximum power point tracking (MPPT). This 

concept is very unique to the field of PV Systems, and hence brings a very special application 

of power electronics to the field of photovoltaics. The concepts discussed in this section are 

equally valid for cells, modules, and arrays, although MPPT usually is employed at PV 

module/array level. As discussed earlier, the behavior of an illuminated solar cell can be 

characterized by an I-V curve. Interconnecting several solar cells in series or in parallel 

increases the overall voltage and/or current, but does not change the shape of the I-V curve.  

Therefore, for understanding the concept 

of MPPT, it is sufficient to consider the I-

V curve of a solar cell. I-V curve is 

dependent on the module temperature and 

on the irradiance. For example, an 

increasing irradiance leads to an increased 

current and slightly increased voltage, as 

illustrated in Fig. 10. The same figure 

shows that an increasing temperature has a 

detrimental effect on the voltage. 

Figure 10: Effect of increased temperature 

T or irradiance GM on the I-V curve.  
 

Now we take a look at the concept of the operating point, which is the defined as the 

particular voltage and current, at that the PV module operates at any given point in 

time. For a given irradiance and temperature, the operating point corresponds to a unique (I, 

V) pair which lies onto the I-V curve.  

The power output at this operating point is given by:      P = I * V.  

The operating point (I, V) corresponds to a point on the power-voltage (P-V) curve, shown in 

Fig. below. For generating the highest power output at a given irradiance and temperature, 

the operating point should such correspond to the maximum of the (P-V) curve, which is 

called the maximum power point (MPP). If a PV module (or array) is directly connected to an 

electrical load, the operating point is dictated by that load. For getting the maximal power out 

of the module, it thus is imperative to force the module to operate at the maximum power 

point. The simplest way of forcing the module to operate at the MPP, is either to force the 

voltage of the PV module to be that at the MPP (called Vmpp) or to regulate the current to be 

that of the MPP (called Impp). 
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Figure 11: A generic I-V curve and the 

associated P-V curve. The maximum 

power point (MPP) is indicated. 

However, the MPP is dependent on the 

ambient conditions. If the irradiance or 

temperature is changed, the IV and the 

P-V characteristics will change as well 

and hence the position of the MPP will 

shift. Therefore, changes in the I-V 

curve have to be tracked continuously 

such that the operating point can be 

adjusted to be at the MPP after changes 

of the ambient conditions. 

This process is called Maximum Power 

Point Tracking or MPPT. The devices that 

perform this process are called MPP 

trackers. We can distinguish between two 

categories of MPP tracking: 

• Indirect MPP tracking, for example performed with the Fractional Open Circuit Voltage 

method. One of the most common indirect MPPT techniques is the fractional open circuit 

voltage method. This method exploits the fact that in a very good approximation the Vmpp is 

given by:   V mpp= k * Voc 
Where: k is a constant. For crystalline silicon, k usually takes values in between 0.7 and 0.8. 

In general, k of course is dependent on the type of solar cells. As changes in the open circuit 

voltage can be easily tracked, changes in the Vmpp can be easily estimated just by multiplying 

with k.  

• Direct MPP tracking; now we discuss direct MPP tracking, which is more involved than 

indirect MPPT, because current, voltage or power measurements are required. Further, the 

system must response more accurately and faster than in indirect MPPT. For example is 

performed with the Perturb and Observe method or the Incremental Conductance 

method. 

The first algorithm that we discuss is the Perturb and Observe (P&O) algorithm, which 

also is known as "hill climbing" algorithm. In this algorithm, a perturbation is provided to 

the voltage at that the module is currently driven. This perturbation in voltage will lead 

to a change in the power output. If an increasing voltage leads to an increasing in 

power, the operating point is at a lower voltage than the MPP, and hence further 

voltage perturbation towards higher voltages is required to reach the MPP. In contrast, 

if an increasing voltage leads to a decreasing power; further perturbation towards lower 

voltages is required in order to reach the MPP. Hence, the algorithm will converge 

towards the MPP over several perturbations.  

Next, we look at the Incremental Conductance Method. The conductance G of an electrical 

component is defined as:     G =I / V 

At the MPP, the slope of the P-V curve is 

zero, hence: dP / dV = 0.  

We can write: dP / dV = d(IV) / dV  

                                    = I + V dI/dV 

If the sampling steps are small enough, the 

approximation (dI/dV = ∆I/∆V) can be used. 

We call ∆I/∆V the incremental conductance 

and I/V the constanteneous conductance.  

   Hence, we have 

 

These relationships are exploited by the incremental conductance algorithm. Figure 12 shows 

a conceptual flow chart. Note that this flow chart is not exhaustive. While both, the 

instantaneous voltage and current are the observable parameters, the instantaneous voltage is 
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also the controllable parameter. Vref is the voltage value forced on the PV module by the 

MPPT device. It is the latest approximation of the Vmpp. For any change of the operating 

point, the algorithm compares the instantaneous with the incremental conductance values. If 

the incremental conductance is larger than the negative of the instantaneous conductance, the 

current operating point is to the left of the MPP; consequently, Vref must be incremented. In 

contrast, if the incremental conductance is lower than the negative of the instantaneous 

conductance, the current operating point is to the left of the MPP and the voltage is 

consequently decremented. This process is iterated until the incremental conductance is the 

same as the negative instantaneous conductance, in which case Vref= Vmpp. 

 
Figure 12: A conceptual flow chart of the incremental conductance algorithm. 

 

 

Photovoltaic Converters 

A core technology associated with PV systems is the power electronic converter. An ideal 

PV converter should draw the maximum power from the PV panel and supply it to the 

load side. In case of grid connected systems, this should be done with the minimum 

harmonic content in the current and at a power factor close to unity. For stand-alone 

systems the output voltage should also be regulated to the desired value. In this section a 

short review of different topologies often associated with PV systems is given. The 

semiconductor switches in the following are assumed to be ideal. 

DC-DC converters 

DC-DC converters are fulfil multiple purposes. In an inverter, DC power is transformed into 

AC power. The DC input voltage of the inverter often is constant while the output voltage of 

the modules at MPP is not. Therefore a DC-DC converter is used to transform the variable 

voltage from the panels into stable voltage used by the DC-AC inverter. Additionally, the 

MPP Tracker controls the operating point of the modules, but it cannot set it. This also is 

done by the DC-DC converter. Further, in a stand-alone system the MPP voltage of the 

modules might differ from that required by the batteries and the load. Also here, a DC-DC 

converter is useful. Three topologies are used for DC-DC converters: buck, boost, and buck-

boost converters.  

Step-Down (Buck) Converter 

Figure 13 (a) illustrates the simplest version of a buck DC-DC converter. The unfiltered 

output voltage waveform of such a converter operated with pulse width-modulation (PWM) 

is shown in Fig. 13 (b).  
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Figure 13: (a) A basic buck converter without any filters and (b) the unfiltered switched 

waveform generated by this converter. 

If the switch is on, the input voltage Vd is applied to the load. When the switch is off, the 

voltage across the load is zero. From the figure we see that the average DC output voltage is 

denoted as Vo. From the unfiltered voltage, the average output voltage is given as  

 
The different variables are defined in Fig. 13 (b). To simplify the discussion we defined a new 

term, the duty cycle D, as: D = ton/ Ts,  and hence: Vo= D  x  Vd 

 

In general the output voltage with such a high harmonic content is undesirable, and some 

filtering is required.  

Figure 14 shows a more complex model of 

a step-down converter that has output 

filters included and supplies a purely 

resistive load. As filter elements an 

inductor L and a capacitor C are used. The 

relation between the input and the output 

voltages, as given above is valid in 

continuous conduction mode, i.e. when 

the current through the inductor never 

reaches zero value but flows continuously.  
 

Figure 14: A buck converter with filters 

converter. 

Step-Up (Boost) Converter 
In a boost converter, illustrated in Fig. 15, an input DC voltage Vd is boosted to a higher DC 

voltage Vo. By applying the inductor volt-second balance across the inductor, we find 

 
Using the definition for the duty cycle we 

find: V0 /Vd = 1 / (1-D) 
The above relation is valid in the 

continuous conduction mode. 

The principle of operation is that energy 

stored in the inductor (during the switch is 

on) is later released against higher voltage 

Vo. In this way the energy is transferred 

from lower voltage (solar cell voltage) to 

the higher voltage (load voltage).  
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Figure 15: A boost converter with filters. 

Buck-Boost Converter 
In a buck-boost converter the output 

voltage can be either higher or lower than 

the input voltage. The simplified schematic 

of a buck-boost converter is depicted in 

Figure 16. Using inductor volt second 

balance as  

    

 

 
Figure 16: A buck-boost converter. 

 

MPP Tracking 

In MPPT algorithms, usually the operating 

point of the module is set such that its 

power output becomes maximal. However, 

the MPPT algorithm itself cannot actually 

adjust the voltage or current of the 

operating point. For this purpose a DC-DC 

converter is needed. Figure 17 shows such 

a combination of the unit performing the 

MPPT and DC-DC converter. As 

illustrated in the figure, this MPPT unit 

measures the voltage or the current on the 

load side and can vary those by adapting 

the duty cycle of the DC-DC converter. In 

this illustration, current and voltage on the 

load side are measured, but they also can 

be measured on the PV side. 

 
 

Figure 17: A combination of a unit 

performing an MPPT algorithm and a DC-

DC converter  
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DC-AC converters (inverters) 
As nowadays most appliances are designed for the standard AC grids, for most PV systems a 

DC-AC converter is required. As already stated earlier, the term inverter is used both for the 

DC-AC converter and the combination of all the components that form the actual power 

converter. 

Figure 18 shows a very simple example of 

a so called H-bridge or full-bridge 

inverter. On the left, the DC input is 

situated. The load (or in our case the AC 

output) is situated in between four 

switches.  

 
Figure 18: A simple representation of an 

H-bridge. 

 

During usual operation we can distinguish between three situations: 

A.  All four switches open: No current flows across the load. 

B.  S1 and S4 closed, S2 and S3 open: Now a current is flowing to through the load, where + 

is connected to the left and -   is connected to the right-hand side of the load. 

C.  S1 and S4 open, S2 and S3 closed:  Now a current is flowing to through the load, where 

-   is connected to the left and + is connected to the right-hand side of the load. 

WARNING: It must be assured that S1 and S2 never are open at the same time because this 

would lead to short-circuiting. The same is true for S3 and S4 

 

If a low-pass filter consisting of capacitors 

and inductors is used, as in Figure 19, the 

high frequency components are filtered out 

and hence a very smooth sine curve can be 

obtained that complies with the regulations 

for grid-connected systems. Figure 19: 

Illustration of an H-bridge containing a 

low pass filter for removing the high-

frequency components of the signal. 

 

 

 

Figure 20 shows the unfiltered PWM 

output and the filtered sine signal output. 

 

Figure 20: The unfiltered PWM signal and 

the sine signal that is obtained with a low-

pass filter. 

  

Note that in Fig. 19 diodes are connected in parallel to the switches. The reason for placing 

these diodes is the following: If the switch goes from closed to open very fast, no current can 

flow through the inductor anymore, meaning that the change of current flowing through the 

inductor is very high. This induces a voltage given by: Vinduced = L dI/dt 
Which is the higher the faster the current changes. As high induced voltages will damage the 

electric circuitry, they must be prevented. The diode ensures that current also can flow after 

the switch opens. Hence current is flowing always and no high induced voltages appearing.  
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Since this configuration is grid-connected, we easily can determine the required DC input 

voltage, which must be minimal the peak voltage of the AC voltage. For an effective AC 

voltage of 240 V, as used in large parts of the world, the peak voltage is: 

 Vpeak = 1.1 (2)
1/2

 * 240 V = 373 V, where we also took a 10% tolerance into account. 

 

Inverters are self-commutated inverters that generate an output with very little harmonic 

content as described above and in Fig. 20. The switches there are fully-controllable such that 

pulse-width modulation becomes possible. As switches, GTOs (gate turn-off thyristors), 

IGBTs (insulated-gate bipolar transistors) or MOSFETs (metal-oxide-semiconductor field-

effect transistors) are used.  

 

Batteries 

In this section we discuss a vital component not only of PV systems but of renewable energy 

systems in general. Energy storage is very important at both small and large scales in order to 

tackle the intermittency of renewable energy sources. In the case of PV systems, the 

intermittency of the electricity generation is of two kinds: 

first, diurnal fluctuations, i.e. the difference of irradiance during the 24 hour period.  

Secondly, the seasonal fluctuations, i.e. the difference of irradiance between the summer and 

winter months.  

Solar energy application requires a high energy density and a reasonably high power density. 

For example, we cannot use capacitors because of their very poor energy density. For short 

term to medium term storage, the most common storage technology of course is the battery. 

Batteries have both the right energy density and power density to meet the daily storage 

demand in small and medium-size PV systems.  

Batteries are electrochemical devices that convert chemical energy into electrical 

energy. We can distinguish between primary and secondary batteries. 

 Primary batteries convert chemical energy to electrical energy irreversibly. 

For example, zinc carbon and alkaline batteries are primary batteries. 

Secondary batteries or rechargeable batteries, as they are more commonly called, 

convert chemical energy to electrical energy reversibly. This means that they can be 

recharged when over-potential is used. In other words, excess electrical energy is stored in 

these secondary batteries in the form of chemical energy. Typical examples for 

rechargeable batteries are lead acid or lithium ion batteries. For PV systems only 

secondary batteries are of interest. 

Types of batteries 

Lithium ion batteries (LIB) and lithium-ion polymer batteries, which are often referred to as 

lithium polymer (LiPo) batteries, have been heavily investigated in recent years. Their high 

energy density already has made them the favorite technology for light-weight storage 

applications for example in mobile telephones.  

Lead-acid batteries are the oldest and most mature technology available. They will be 

discussed in detail in this section. Lead-acid batteries and LIB, the two main storage options 

for PV systems, are similar in the sense that their electrodes undergo chemical conversion 

during charging and discharging, which makes their electrodes to degenerate with time, 

leading to inevitable “ageing” of the battery. In contrast, redox flow batteries combine 

properties of both batteries and fuel cells, as illustrated in Fig. 21. Two liquids, a positive 

electrolyte and a negative electrolyte are brought together only separated by a membrane, 

which only is permeable for protons. The cell thus can be charged and discharged without the 

reactants being mixed, which in principle prevents the liquids from ageing. The chemical 

energy in a redox flow battery is stored in its 2 electrolytes, which are stored in two separate 

tanks. Since it is easy to make the tanks larger, the maximal energy that can be stored in such 
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a battery thus is not restricted. Further, the 

maximal output power can easily be 

increased by increasing the area of the 

membrane, for example by using more 

cells at the same time. The major 

disadvantages is that such a battery system 

requires additional components such as 

pumps, which makes them more 

complicated than other types of batteries. 
 

Figure 21: Schematic redox-flow battery 

that employs vanadium ions. 

Figure 22 shows a sketch of a lead-acid battery. A typical battery is composed of several 

individual cells, of which each has a nominal cell voltage around 2 V. 

In the block assembly, the individual cells share the housing and are interconnected 

internally. For example, to get the typical battery voltage of 12 V, six cells are connected in 

series. As the name suggests, lead acid batteries use an acidic electrolyte. More specifically 

they use diluted sulphuric acid H2SO4. Two plates of opposite polarity are inserted in the 

electrolyte solution, which act as the electrodes. The electrodes contain grid shaped lead 

carrier and porous active material. This porous active material has a sponge-like structure, 

which provides sufficient surface area for the electrochemical reaction. The active mass in the 

negative electrode is lead; while in the positive electrode lead dioxide (PbO2) is used. 

 

 
Figure 22: Schematic of a lead-acid battery. 

 

Battery parameters 

Voltage 
The voltage at that the battery is rated is the nominal voltage at which the battery is supposed 

to operate. The so called solar batteries or lead acid grid plate batteries are usually rated at 12 

V, 24 V or 48 V. 

Capacity 
The term capacity refers to the amount of charge that the battery can deliver at the rated 

voltage. The capacity is directly proportional to the amount of electrode material in the 

battery. This explains why a small cell has a lower capacity than a large cell that is based on 

the same chemistry, even though the open circuit voltage across the cell will be the same for 

both the cells. Thus, the voltage of the cell is more chemistry based, while the capacity is 

more based on the quantity of the active materials used. 
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The capacity C is measured in ampere-hours (Ah). Note that charge usually is measured in 

coulomb (C). As the electric current is defined as the rate of flow of electric charge, Ah is 

another unit of charge. Since 1 C = 1 As, 1 Ah = 3600 C. For batteries, Ah is the more 

convenient unit, because in the field of electricity the amount of energy usually is measured 

in watt-hours (Wh). The energy capacity of a battery is simply given by multiplying the rated 

battery voltage measured in Volt by the battery capacity measured in Amp-hours, 

Ebat = Cbat x V, which results in the battery energy capacity in Watt- hours. 

 

C-rate 
A brand new battery with 10 Ah capacity theoretically can deliver 1 A current for 10 hours at 

room temperature. Of course, in practice this is seldom the case due to several factors. 

Therefore, the C-rate is used, which is a measure of the rate of discharge of the battery 

relative to its capacity. It is defined as the multiple of the current over the discharge current 

that the battery can sustain over one hour. For example, a C-rate of 1 for a 10 Ah battery 

corresponds to a discharge current of 10 A over 1 hour. A C-rate of 2 for the same battery 

would correspond to a discharge current of 20 A over half an hour. Similarly, a C-rate of 0.5 

implies a discharge current of 5 A over 2 hours. In general, it can be said that a C-rate of n 

corresponds to the battery getting fully discharged in 1/n hours, irrespective of the battery 

capacity. 

 

Battery efficiency 
For designing PV systems it is very important to know the efficiency of the storage system. 

For storage systems, usually the round-trip efficiency is used, which is given as the ratio of 

total storage system input to the total storage system output, 

 
For example, if 10 kWh is pumped into the storage system during charging, but only 8 kWh 

can be retrieved during discharging, the round trip efficiency of the storage system is 80%. 

The round-trip efficiency of batteries can be broken down into two efficiencies: first, the 

voltaic efficiency, which is the ratio of the average discharging voltage to the average 

charging voltage, 

 
This efficiency covers the fact that the charging voltage is always a little above the rated 

voltage in order to drive the reverse chemical (charging) reaction in the battery. 

Secondly, we have the coulombic efficiency (or Faraday efficiency), which is defined as the 

ratio of the total charge got out of the battery to the total charge put into the battery over a full 

charge cycle, 

 
The battery efficiency then is defined as the product of these two efficiencies, 
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When comparing different storage devices, usually this round-trip efficiency is considered. It 

includes all the effects of the different chemical and electrical no idealities occurring in the 

battery. 

 

Charge controllers 

 Charge controllers are used in PV systems that use batteries, which are stand-alone 

systems in most cases. As we have seen before, it is very important to charge and discharge 

batteries at the right voltage and current levels in order to ensure a long battery lifetime. A 

battery is an electrochemical device that requires a small over-potential to be charged. 

However, batteries have strict voltage limits, which are necessary for their optimal 

functioning.  

Further, the amount of current sent to the battery by the PV array and the current flowing 

through the battery while being discharged have to be within well-defined limits for proper 

functioning of the battery. We have seen before that lead acid batteries suffer from 

overcharge and over-discharge. On the other hand, the PV array responds dynamically to 

ambient conditions like irradiance, temperature and other factors like shading. Thus, directly 

coupling the battery to the PV array and the loads is detrimental to the battery lifetime. 

Therefore a device is needed that controls 

the currents flowing between the battery, 

the PV array and the load and that ensures 

that the electrical parameters present at the 

battery are kept within the specifications 

given by the battery manufacturer. These 

tasks are done by a charge controller, that 

nowadays has several different 

functionalities, which also depend on the 

manufacturer. A schematic of its location 

in a PV system is shown in Fig. 23. 
 

When the sun is shining at peak hours during summer, the generated PV power 

excesses the load. The excess energy is sent to the battery. When the battery is fully charged, 

and the PV array is still connected to the battery, the battery might overcharge, which can 

cause several problems like gas formation, capacity loss or overheating. Here, the charge 

controller plays a vital role by de-coupling the PV array from the battery.  

Similarly, during severe winter days at low irradiance, the load exceeds the power generated 

by the PV array, such that the battery is heavily discharged. Over-discharging the battery has 

a detrimental effect on the cycle lifetime, as discussed above. The charge controller 

prevents the battery from being over-discharged by disconnecting the battery from the 

load.  

For optimal performance, the battery voltage has to be within specified limits. The charge 

controller can help in maintaining an allowed voltage range in order to ensure a healthy 

operation. Further, the PV array will have its Vmpp  at different levels, based on the 

temperature and irradiance conditions. Hence, the charge controller needs to perform 

appropriate voltage regulation to ensure the battery operates in the specified voltage range, 

while the PV array is operating at the MPP. Modern charge controllers often have an MPP 

tracker integrated. 

Cables 
The overall performance of PV systems also is strongly dependent on the correct choice of 

the cables. We therefore will discuss how to choose suitable cables. The cables have to be 

chosen such that resistive losses are minimal. For estimating these losses, we look at a very 

simple system that is illustrated in Fig. The system consists of a power source and a load with 
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resistance RL. Also the cables have a 

resistance Rcable , which also is sketched. 

The power loss at the cables is given as: 

Pcable = I * ΔVcable, 
where ΔVcable  is the voltage drop across 

the cable, which is given as: 

 
Using    V = I(RL + Rcable) 

we find   Pcable = I
2
 x Rcable 

 

 

Figure 24: Illustrating a circuit with a load 

RL and cable resistance Rcable. The 

connections drawn in between the 

components are lossless. 

. 

 

Hence, as the current doubles, four times as much heat will be dissipated at the cables. It is 

now obvious why modern modules have connected all cells in series. Let us now calculate the 

resistance of a cable with length L and cross section A. It is clear, that if L is doubled, R cable 

doubles. In contrast, if A doubles, R cable decreases to half. The resistance thus is given by 

 

where ρ is the specific resistance or resistivity and σ is the specific conductance or 

conductivity. If both, Land A are given in meters, their units are [ρ] = Ω . m and [σ] = S/m, 

where S denotes the unit for conductivity, which is Siemens. 

PV System Design 

There are two main paradigms for designing PV systems. First, the system can be designed 

such that the generated power and the loads, i.e. the consumed power, match. A second way 

to design a PV system is to base the design on economics. We must distinguish between grid-

connected and off-grid systems. As we will see, grid-connected systems have very different 

demands than off-grid systems. 

A simple approach for designing off-grid systems: design a simple off-grid system, as 

depicted in Fig. 25 and presented here is based on very simple assumptions and does not take 

any weather-dependent performance changes into account. 

 

Nonetheless, we will see the major steps 

that are necessary for designing a system. 

Such a simple design can be performed in 

a six step plan: 

1. Determine the total load current and 

operational time. 

2. Add system losses. 

3. Determine the solar irradiation in daily 

equivalent sun hours (ESH). 

4. Determine total solar array current 

requirements. 

5. Determine optimum module 

arrangement for solar array. 

6. Determine battery size for 

recommended reserve time. 

 
Figure 25: Illustrating a simple off-grid 

PV system with AC and DC loads  
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Determine the total load current and operational time 
Usual nominal voltages are 12 V or 24 V. When knowing the voltage, the next step is to 

express the daily energy requirements of loads in terms of current and average operational 

time expressed in Ampere-hours [Ah].  

In case of DC loads the daily energy [Wh] requirement is calculated by multiplying the 

power rating [W] of an individual appliance with the average daily operational time [h]. 

Dividing the Wh by the nominal PV system operational voltage, the required Ah of the 

appliance is obtained. 

Example: A 12 V PV system has two DC appliances A and B requiring 15 and 20 W 

respectively. The average operational time per day is 6 hours for device A and 3 hours for 

device B. The daily energy requirements of the devices expressed in Ah are calculated as 

follows: 

Device A: 15 W x 6 h = 90 Wh 

Device B: 20 W x 3 h = 60 Wh 

Total: 90 Wh + 60 Wh = 150 Wh 

150 Wh/12 V = 12.5 Ah  

In case of AC loads the energy use has to be expressed as a DC energy requirement since PV 

modules generate DC electricity. The DC equivalent of the energy use of an AC load is 

determined by dividing the AC load energy use by the efficiency of the inverter, which 

typically can be assumed to be 85%. By dividing the DC energy requirement by the nominal 

PV system voltage the Ah is determined. 

Example 

An AC computer (device C) and TV set (device D) are connected to the PV system. The 

computer, which has rated power 40 W, runs 2 hours per day and the TV set with rated power 

60 W is 3 hours per day in operation. The daily energy requirements of the devices expressed 

in DC Ah are calculated as follows: 

Device C: 40 W x 2 h = 80 Wh 

Device D: 60 W x 3 h = 180 Wh 

Total: 80 Wh + 180 Wh = 260 Wh 

DC requirement: 260 Wh/0.85 = 306 Wh 

306 Wh/12 V = 25.5 Ah 

Some components of the PV system, such as charge regulators and batteries require energy to 

perform their functions. We denote the use of energy by the system components as system 

energy losses. Therefore, the total energy requirements of loads, which were determined in 

step 1, are increase with 20 to 30% in order to compensate for the system losses. 

Example 

The total DC requirements of loads plus the system losses (20%) are determined as follows: 

(12.5 Ah + 25.5 Ah) x 1.2 = 45.6 Ah 

Determine total solar array current requirements 
The current that has to be generated by the solar array is determined by dividing the total DC 

energy requirement of the PV system including loads and system losses (calculated in step 2 

and expressed in Ah) by the daily equivalent sun hours (determined in step 3). 

Example 
The total DC requirements of loads plus the system losses are 45.6 Ah. The daily EHS for the 

Netherlands is about 3 hours. The required total current generated by the solar array 

is 45.6 Ah / 3 h = 15.2 A. 

Determine optimum module arrangement for solar array 
Usually, PV manufacturers produce modules in a whole series of different output powers. In 

the optimum arrangement of modules the required total solar array current (as determined in 

step 4) is obtained with the minimum number of modules. Modules can be either connected 
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in series or in parallel to form an array. When modules are connected in series, the 

nominal voltage of the PV system is increased, while the parallel connection of modules 

results in a higher current. The required number of modules in parallel is calculated by 

dividing the total current required from the solar array (determined in step 4) by the 

current generated by module at peak power (rated current in the specification sheet). 

The number of modules in series is determined by dividing the nominal PV system 

voltage with the nominal module voltage (in the specification sheet under configuration). 

The total number of modules is the product of the number of modules required in 

parallel and the number required in series. 

 

Example 
The required total current generated by the solar array is 15.2 A. We have Shell SM50-H 

modules available. The specification of these modules is given. The rated current of a module 

is 3.15 A. The number of modules in parallel is 15.2 A/ 3.15 A = 4.8 < 5 modules. The 

nominal voltage of the PV system is 12V and the nominal module voltage is 12 V. The 

required number of modules in series thus is 12 V/ 12 V = 1 module. Therefore, the total 

number of modules in the array is 5 x 1 = 5 modules. 

 

Effect of temperature on the solar cell performance 
The effect of a module temperature deviating from the 25°C of STC is expressed by the 

temperature coefficients that given on the data sheet provided by solar manufacturers. When 

knowing the temperature coefficient 

of a certain parameter, its value at a certain temperature TM can be estimated with 

 
If the efficiency temperature coefficient Δη/ΔT is not given in the datasheet, it can be obtained 

by rearranging 

 
An increase in the solar cell temperature will shift the I-V curve as shown in Fig. 26.  The 

slight increase in the short circuit current at higher temperatures is completely outweighed by 

the decrease in open circuit voltage. The overall effect is of a general linear decrease in the 

maximum achievable power and therefore a decrease in the system efficiency and fill factor. 

This effect is due to an increase of the intrinsic carrier concentration at higher temperatures 

which in turns leads to an increase of the reverse saturation current Io , which represents a 

measure of the leakage of carriers across the solar cell junctions. The exponential dependence 

of Io from the temperature is the main cause of the linear reduction of Voc with the 

temperature, 
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Voc =  (kT/e) ln (Isc/I0) 
On the other hand, the slight increase in the generated current is due to a moderate increase in 

the photogenerated current resulting from an increased number of thermally generated 

carriers. The overall reduction of power at high temperature shows that cold and sunny 

climates are the best environment where to place a solar system. 

 
Figure 26: Effect of a temperature increase on the I-V solar cell characteristic. 

 

Effect of light intensity on the solar cell performance 

Intuitively, performances of a solar cell decrease considerably with decreasing light intensity 

incident on the module with respect to STC. The evaluation of the extent of this reduction is 

however less straightforward than for the case of the temperature since solar manufacturer 

often do not explicitly provide a reduction factor of the efficiency at every light intensity 

level. By definition the efficiency is given by 

η =(Isc x  FF x  Voc) / GM 

Where GM is the incoming radiation. The maximum variation of the FF for light intensity 

between 1 and 1000 W/m
2 

is about 2% for CdTe, 5% for a-Si:H, 22% for polycrystalline 

silicon, and 23% for mono-crystalline silicon. The short circuit current of a solar cell is 

directly proportional to the incoming radiation, 

Isc = λ GM 

where λ is simply a constant of proportionality. By expressing Voc as shown above, the 

efficiency can be written as 

 
From this model the values of Isc , Voc and the efficiency at a irradiance level GM can be 

determined from the STC as follows 
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Designing off-grid PV systems 

We take a closer look on the design of off-grid PV systems (also called stand-alone systems). 

Choosing a good design is more critical for off-grid systems than for grid-connected systems. 

The reason for this is that off-grid systems cannot fall back on the electricity grid, which 

increases the requirements on the reliability of the off-grid system. 

A major component of off-grid systems is the storage component, which can store energy in 

times when the PV modules generate more electricity than required and it can deliver energy 

to the electric appliances when the electricity generated by the PV modules in not sufficient. 

A major design parameter for off-grid systems is the required number of autonomous days, 

i.e. the number of days a fully charged storage must be able to deliver energy to the system 

until discharged. 

Figure 27 (a) shows a schematic of an off-grid system with all the required components, i.e. 

the PV array, a maximum power point tracker (MPPT), a charge controller (CC), a discharge 

controller (DC), a battery bank (BB), an inverter, and the load. The CC prevents the BB from 

being overcharged by the PV system, while the DC prevents the battery to be discharged 

below the minimal allowed. In the simplest case, they (dis)connect the PV system and load 

from the battery by switches. For optimal charging, however, nowadays 

often CC with pulse-width modulation (PWM) are used. By far not all off-grid systems 

contain an MPPT, thus it is represented with a dashed line. However, if 

an MPPT is present it usually is delivered in one unit together with the CC. Usually, the DC 

and inverter are combined in one battery inverter unit. Especially at larger systems the 

inverter currents may become very large. For example, if a 2400 W load is present for a short 

time, this means 100 A on the DC side in a 24 V system. Therefore the battery inverter 

usually is directly connected to the BB with thick cables. In very small systems with maximal 

powers of several hundreds of Watt, the CC and DC may be combined in one unit. 
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Figure 27: (a) PV topology of an off-grid system. (b) Simplified I-V curve and schematic of 

the battery bank. 


