
5 Grid-connected photovoltaic 
systems  

 
 
Photovoltaics (PV) means the direct conversion of short-wave solar irradiance into 
electricity. Today’s market is dominated by semiconductor solar cells on the basis of 
crystalline silicon, but new technologies based on plastics, organic materials or thin film 
cells with diverse semiconductor combinations are increasingly achieving marketability.  

Solar modules as direct current producers are connected to the 230 V low-voltage 
electricity grid in systems with about 1 kW to 1 MW of electrical power. The inverters 
necessary for this are available on the market with a wide input voltage and power range 
with efficiencies of over 90%. 

Photovoltaic systems are characterised by an extremely modular structure, since in 
principle each module, connected with an inverter, can act as a producer of alternating 
current. By encapsulating the extremely thin semiconductor cells in a glass–glass or glass–
plastic combination, photovoltaic modules are particularly suitable for integration in 
buildings, since the usual glazing constructions can be used. Only the presence of cables 
differentiates a photovoltaic module from the use of conventional glazing. The components 
necessary for the system engineering, such as circuit-breakers, fuses and inverters, can be 
placed anywhere in the building (or even outside), and take up very little space.  

The almost limitless dimensions and designs of photovoltaic modules, the selectable 
module colour design and the possibility of partial transparency offer special architectural 
possibilities, in particular for facades. The thermal aspects of integrating photovoltaics in 
buildings are considered separately in Chapter 6.  

 

5.1 Structure of grid-connected systems  
A mains-connected photovoltaic system consists of a solar generator, an inverter, and 
switching and protection elements. The solar generator consists of PV modules with powers 
between 10–50 Watts (W) for PV roof tiles, 50–110 W for standard modules, and up to 
around 600 W for large-scale modules. The connecting of the PV modules depends on the 
DC (direct current) voltage level of the system, which can be in the low voltage class below 
120 volts up to power levels of 5 kW, requiring little effort for safety, but which 
increasingly covers the voltage range of 200–500 VDC. To reduce assembly time, module 
wiring boxes with the usual screw connections are increasingly provided with multi-contact 
plugs, so the PV-generator connection can be performed by people other than electricians. 
The cables of the modules connected in series are combined into parallel strings in a PV 
junction box containing over-voltage protection and possibly string diodes. From there the 
direct current main cable leads to the inverter. If each string is provided with its own 
inverter the junction box is omitted, a concept which has even been implemented in very 
large systems in the Megawatt range.  

A DC circuit-breaker before the inverter enables disconnection of the system for 
maintenance work at the inverter, but it is not necessary for safe functioning of the PV 
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system. Monitoring the mains voltage and disconnection of the PV system during mains 
power loss is usually integrated in the inverter, but the PV system must also be 
disconnectable manually from the mains after the inverter. Up to 5 kW power, single-phase 
supply to the mains is normal, and only with more power are three-phase inverters used.  

Figure 5.1: Mains-connected photovoltaic system with a common inverter for all module strings.  

The inverter converts the photovoltaically produced direct current into alternating 
current, which in building-integrated systems is fed into the 230 V low-voltage mains. 
Inverters are available in a wide capacity range for single modules (50–100 W) up to large-
scale installations of several 100 kW.  

Module-integrated small inverters increase the modularity of PV systems and make 
possible the usual AC wiring, but they require more material to produce and, at low power, 
have rather low efficiencies.  

 

Figure 5.2: Module inverter with one inverter per module.  

String inverters with up to 1 kW performance are often used today to simplify DC 
interconnecting and to decouple the individual module strings from each other. The high 
DC input voltages, due to the series interconnecting of all modules in the string, result in 
higher requirements for electrical safety than systems below 120 VDC. In the power range 
up to 5 kW, a variety of devices are available, with very good transformation efficiencies of 
over 90%.  
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Figure 5.3: PV system with string inverters.  

 
 
 
In order to reduce materials and costs and to lower the 

weight and size of the inverters,  transformerless inverters 
are increasingly being developed, their power electronics 
supplying a sinusoidal current at a DC voltage level above 
the mains voltage.  

 
 
 

 

5.2 Solar cell technologies 
Today’s solar cell market is dominated by crystalline silicon technologies, with a market 
share of over 80%. While the best small-dimension laboratory cells (2 cm × 2 cm) achieve 
efficiencies of some 25%, the world-wide highest module efficiency is about 23%. There 
are mono-crystalline modules with up to 14% efficiency and polycrystalline modules with 
around 12% efficiency on the market.  

Thin-film cells based on amorphous silicon are manufactured both for consumer 
products of small power and also as modules for power plants or building applications. By 
using extremely thin double- or three-fold diodes, the problem of light-induced efficiency 
degradation can be reduced. Amorphous silicon cells are applied both to flexible metal 
substrates and to coated glass and achieve stabilised efficiencies of 5–8%.  

New thin-film technologies on a cadmium telluride (CdTe) or copper-indium-diselenide 
(CIS) basis are now entering the market. Developments in the field of polycrystalline 
silicon thin-film cells are promising, due to savings on materials and lower costs at high 
yields.  

5.3 Module technology  
Standard modules are encased by polymer layers or cast resin between the front glazing and 
the back substrate (either glass or a plastic-aluminium material combination). The 
commonest encapsulation material is a co-polymer of ethylene and vinyl acetate (EVA), 
which is put on both sides between the cell and substrate, and is polymerised by heating to 
140–160°C after evacuation in a vacuum laminator (to prevent air bubbles). The 
degradation of the polymer by UV radiation can largely be prevented by the addition of 
stabiliser materials. Large-scale modules are usually encased using cast-resin technology 
and are manufactured nowadays up to 6 m2 in size.  
 
 

.... .... ....
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The outside glazing of a PV module consists of iron-poor glass, which is pre-stressed 
for sufficient mechanical stability either thermally (3–4 mm glass strength) or chemically  
(2 mm glass strength). As a back glass substrate in glass–glass modules, safety glass is 
normally used. Frameless modules are fastened with profile systems or glued to a frame 
construction as a structural glazing system. Modules with aluminium frames are often used  
if building integration is not required, and are mounted on top of the roof or in front of cold 
facades.  

Besides building-glass constructions with photovoltaics, a variety of photovoltaic roof 
tile systems are available, in which a special plastic frame construction takes on roof tile 
functions such as impermeability to driving rain and rain run-off, and which are easy to fit 
on roof slats and connecting to adjoining standard tiles. 

5.4 Building integration and costs  
The cost allocation of a roof-mounted standard system is dominated by the PV module 
costs, about 50%. About 5% is spent on the DC wiring, 20% on the inverter and safety 
engineering, and 25% on assembly. In the last ten years a clear cost reduction in the system 
price has taken place; while at the beginning of the 1990s the price per installed kilowatt of 
power was on average about 12 500 €, in 2002 PV standard systems priced around      
6000–7500 € were available.  

PV module costs tends to rise with sophisticated building integration solutions, since 
special modules with particular semi-transparency or colouring and no standard dimensions 
are often selected. Taking as an example the back-ventilated structural glazing construction 
of a public library in Mataró in Spain, the cost structure can be examined in more detail and 
compared with other facade constructions. The cost allocation of the back-ventilated PV 
facade includes 2.5 m2 glass–glass special modules stuck to an aluminium profile 
construction with double glazing at the back, the DC cabling, the inverter and the mains-
connected safety engineering  with total costs of 1167 €/m².  
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Figure 5.4: Cost allocation of a 245 m2 PV warm facade as a percentage of the total costs of 
1167 €/m2. The PV facade was constructed in 1995. 
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In addition to the back-ventilated facade, 325 m2 PV roof sheds with 50 W frameless 
standard modules are integrated in the building. The sheds are also back-ventilated and 
stuck to the profiles as a structural glazing construction, the back double glazing being 
replaced by an insulated panel. The total cost of the roof shed construction is 1051 €/m2, 
with the PV modules dominating the cost here too. For comparison, the cost structure of a 
conventional curtain facade with laminated glass (6 mm + 6 mm) and of a cold facade with 
PV standard modules are shown (information from the photovoltaic facade company TFM 
Barcelona). The surface-related system engineering cost of standard modules are somewhat 
higher than in the facade special modules, due to higher electrical efficiencies.   
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Figure 5.5: Cost allocations for different facade systems with and without photovoltaic modules. 

5.5 Energy production and the performance ratio of PV systems  
The energy yield of a photovoltaic system is indicated in kWh of electricity supplied, and 
related to the installed peak power in kWp under standard test conditions (STC), i.e. 1000 
W/m2 irradiance and a module temperature of 25°C. The measured yields of mains-
connected systems under German climatic conditions are between 700–1000 kWh/kWp. 

To be able to identify an irradiance-independent characteristic figure of a PV system, 
the AC energy produced (EAC) is related to the measured irradiance on the module plane Gm 
resulting in an average system efficiency ηsys. This efficiency is compared with the nominal 
efficiency of the photovoltaic generator under standard test conditions:  

DC
STC

STC

P
G

η = . 
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The relation of the two efficiencies is described as the performance ratio PR and is 
typically between 55% and 80%. Instead of the PV system and irradiance energies (in 
kWh/m²), power ratios can also be used (in kW) to calculate the performance ratio, but the 
result is then only valid for the one given boundary condition.  

 , ,

,

sysAC measured AC measuredSTC

m DC STC m STC STC

E EGPR
G P G

η
η η

= = =
×

 (5.1) 

The wide value range and the size of the losses, from 20% to as high as 45%, make 
desirable a more exact loss analysis and performance monitoring of PV systems.  

For this, the performance ratio can be subdivided into PV module losses, DC 
interconnecting losses and AC transformation losses. Like the performance ratio, the actual 
DC generator energy or power produced is related to the nominal power under standard test 
conditions and is irradiance-corrected. The Module Ratio MR is defined by:                

 mod ,

mod ,

ule DC measured STC

ule DC STC measured

P GMR
P G

−

−

=  (5.2) 

and contains the power losses of the module due to temperatures above 25°C, deviation 
from the rated power at low irradiance, and possible shading of individual cells in the 
module.  

The Array Ratio AR contains both the module losses and also power losses due to the 
DC wiring of the generator and adjustment losses by interconnecting non-identical 
modules.  

 ,

,

generator DC measured STC

generator DC STC measured

P GAR
P G

−

−

=  (5.3) 

The Performance Ratio PR contains finally the losses of the inverter by the 
transformation of DC into AC.  

5.5.1 Energy amortisation times  

The use of photovoltaic systems is only worthwhile in energy economic terms if the energy 
expenditure in producing the entire plant is clearly lower than the energy quantity produced 
during its life span.  

The energy amortisation time of photovoltaic systems is dominated by the energy 
expenditure in cell production. The primary energy expenditure to produce a kW of 
installed photovoltaic power (about 6–8 m2 of surface depending on module efficiency) is 
about 2500 kWh/kWp (Palz and Zibetta, 1991). How many years it takes to produce this 
energy mainly depends on the irradiance on the PV generator, i.e. on the geographic 
location and module orientation.  
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With a power production of 800 kWh/kWp, the energy amortisation period is 3.2 years. 
On a south-facing facade with an energy production of about 70% of the maximum yield, 
the energy amortisation period increases to 4.5 years.  

Manufacturer warranties for PV modules now cover 10–20 years, and the life span can 
be set at over 25 years. A very long PV module life span is possible, as encapsulation 
permanently protects the cells from harmful environmental influences, in particular 
humidity. Initial industrial tests to recycle solar cells from modules have shown that the 
solar cells themselves display no sign of degradation even after 20 years, and can be 
encased again as new modules with very small losses in performance.  

5.6 Physical fundamentals of solar electricity production 
In photovoltaic cells, solar irradiance is converted directly into electricity. The short-wave 
irradiance is absorbed by the solar cell and produces free electrical charge carriers in the 
conduction and valence bands.  

Suitable materials on a semiconductor basis for solar cells have energy gaps between 
the valence and conduction bands which are adapted to solar irradiance. A compromise 
must be found between high current generation with a small gap, where long-wave solar 
irradiance can be absorbed, and high voltage production with large gaps. The highest 
efficiencies can be obtained with band gaps between 1.3 and 1.5 electron Volt (eV), e.g. 
indium phosphide with 1.27 eV, gallium arsenide with 1.35 eV or cadmium telluride with 
1.44 eV. The currently most frequently used crystalline silicon has a rather low band gap of 
1.124 eV (Goetzberger et al., 1997).  

 

Figure 5.6: Band gaps and charge carrier production in a photovoltaic cell.  

The limitation of the theoretical maximum efficiency of a solar cell to 44% is caused 
mainly by the width of the solar spectrum. Starting from an energy given by the band gap, 
electrons are lifted from the valence band into the conduction band. Higher-energy photons 
of the solar spectrum are likewise absorbed, but transfer the surplus energy relative to the 
gap into thermal energy. Furthermore, there is always a part of the long-wave solar 
irradiance in the infrared that is not absorbed.  
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Figure 5.7: Theoretically possible efficiencies of solar cells.  

Example 5.1 

Calculation of the maximum wavelength of the solar spectrum still absorbed by the following solar 
cell materials: crystalline silicon with a band gap Egap of 1.124 eV, CdTe with Egap = 1.5 eV and 
amorphous silicon with Egap = 1.7 eV.  

The conversion of the band-gap energy Egap into the wavelength l by means of Planck’s equation 
results in the longest wavelength of the radiation still absorbed:  

[ ]gap
hcE h Jν
λ

= =  

 

with 34 8 196.626 10 , 2.99792  10 , 1.6021  10mh Js c q As
s

− −= × = × = ×  

 

[ ] [ ]
61.24  10 withgapE eV mλ

λ

−×⇒ =  

 

Photons of greater wavelength are below the band-gap energy and cannot be absorbed. Crystalline 
silicon therefore absorbs to l < 1.1 × 10-6 m, CdTe to l < 0.826 × 10-6 m and amorphous silicon to 
0.729×10-6 m only in the visible, due to the high gap. The complete infrared radiation of sunlight is 
not absorbed by amorphous silicon and is partly responsible for the low efficiencies of this material. 
The gap of amorphous silicon can be reduced, however, by the addition of germanium.  

The electrical field within the photovoltaic diode is produced by endowing the 
semiconductor material with foreign atoms. If the tetravalent silicon is endowed with 
pentavalent phosphorus, free electron charge carriers (negative or n-doting) develop. Then 
if the other side of the silicon wafer is doted with trivalent boron atoms (positive or p-
doting), an electron deficiency develops there. The free electrons diffuse into the p-doted 
area and thus create an electrical field; the p-doted section now displays an electron excess 
in the boundary layer and is negative, the n-doted section has an electron deficiency and is 
positively charged. The electric field is in equilibrium with the diffusion process, 
preventing further electrons of the n-doted layer from moving to the p-layer. 
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If free charge carriers are now produced by photon absorption, they start to diffuse due 
to the concentration gradient, which is produced by the exponentially decaying absorption. 
Electrons diffusing to the n-area are the majority carriers and can leave at the contacts, 
whereas they remain minority carriers at the p-side and recombine. The increase of electron 
density in the n-area leads to an increase in potential (so-called quasi-Fermi level), and the 
increase of holes decreases the hole potential and the difference gives the voltage level 

 

Figure 5.8: Electrical field and movement of the charge carriers.  

 
The photocurrent thus flows in the opposite direction to the forward current of a p/n diode!  
The photocurrent produced is always a direct current (DC). With AC technology most 
common in buildings nowadays, an inverter must be introduced between the solar generator 
and electricity consumer to convert DC into AC.  

5.7 Current-voltage characteristics  
Photovoltaic cells are photocurrent generators whose electrical characteristic is determined 
by the superposition of a diode characteristic and a voltage-independent photocurrent in 
good approximation. The voltage produced by the photodiode is reduced by series 
resistances of the material and the metallic contacts, and part of the photocurrent produced 
flows off due to finite bypass resistances. The current usable in the outer electrical circuit 
results from the photocurrent minus the diode and shunt losses. The voltage across the 
internal photodiode is obtained from the outside voltage measured at the contacts plus the 
voltage drop over the series resistances.  

5.7.1 Characteristic values and efficiency  

In an open outer electrical circuit (total value of current  I = 0) the maximum voltage is 
generated; this is called the open circuit voltage, Voc.  In a short electrical circuit (voltage V 
= 0) the short circuit current Isc is obtained.  

The electrical power P of the solar cell is calculated by the product of the current and 
voltage. 

[ ]  P I V W= ×    (5.4) 
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The performance curve indicates a sharp maximum near the open circuit voltage; this is 
called the maximum power point (MPP).  
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Figure 5.9: Current-voltage characteristic (bold) and power curve (thin) of a single monocrystalline 
solar cell with 100 cm2 surface.  

All characteristics were calculated using the simulation environment INSEL 
(Schumacher, 1991). The efficiency of a solar cell is calculated from the relation of the 
surface-related power produced at the MPP point and the solar irradiance G.  

 
  

MPPP
A G

η =
×

 (5.5) 

Depending on the reference selected for the surface A, the cell efficiency or the module 
efficiency is calculated.  

 

5.7.2 Curve fittings to the current-voltage characteristic  

The best curve fitting to measured current-voltage curves of a crystalline solar cell is 
obtained from the mathematical description of an alternate circuit diagram characterised by 
the parallel connection of two diodes with the diode saturation currents I01 and I02, and the 
diode factors n1 and n2, the so-called two-diode model. In the alternate circuit diagram a 
current source produces an irradiance-dependent photocurrent Iph, part of which flows off at 
the diodes due to charge carrier recombination. The current loss caused by low resistance at 
the edges of the solar cell is characterised by the shunt resistance Rp, which lies parallel to 
the diodes and the current source. If the voltage at the contacts of the solar cell, i.e. at the 
consumer, is called V, then the somewhat higher voltage V + IRs applies to all the parallel 
components. Rs is the series resistance of the solar cell across which a voltage drop 
develops proportionally to the current I.  
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Figure 5.10: Alternate circuit diagram of a solar cell in the two-diode model.  

The two-diode model is represented by an implicit equation of the current, which can 
only be solved iteratively.  

 
( ) ( )

01 02
1 2

exp 1 exp 1s s s
ph

p

q V IR q V IR V IRI I I I
n kT n kT R

   + +    +
= − − − − −               

 (5.6) 

n1, n2:  Diode factors [−]  
I01:       Saturation current from base (p-silicon) and emitter (n-silicon) [A]  
I02:  Saturation current in the space-charge zone [A]  
Iph:       Photocurrent of the solar cell [A]  
Rs: Series resistance [W]  
Rp:       Bypass resistance [W]  
k:         Boltzmann constant [1.38046 × 10−23 J/K]  
q:         Elementary charge [1.602 × 10–19 C]  
T: Temperature [K] 

Diode factors and saturation currents  
The two diode equations with the saturation currents I01 and I02 and with the diode factors 
n1 and n2 describe diffusion and recombination characteristics of the charge carriers in the 
material itself (index 1) and in the space-charge zone (index 2). Photo-generated charge 
carriers must first diffuse into the region of the electrical field, to be separated there by the 
internal electrical field. If they lose their energy during diffusion by dropping back again 
directly into the valence band or recombining via defect levels in the band gap, the 
saturation currents rise and the usable photocurrent is reduced.  

The saturation current I01 depends on the diffusion coefficient and on the life span of the 
photo-generated charge carriers outside the space-charge zone. From the exponential 
dependency of the charge carrier concentration on the voltage, the diode factor n1 = 1 
results. The temperature dependence of the saturation current I01 is non-linear.  

 3
01 01 exp gapE

I C T
kT

 
= − 

 
 (5.7) 
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with  
C01: Temperature coefficient obtained from parameter fitting [A K−3]  
Egap:  Band gap [J or eV], e.g. crystalline silicon: 

19 191.124eV = 1.6  10  1.12 4 = 1.8  10J J− −× × ×  
 
The second diode describes the recombination of charge carriers in the space-charge 

zone. The saturation current I02 rises with charge carrier density and with the recombination 
rate. The diode factor n2 = 2 can be deduced by recombination of charge carriers at defect 
levels in the center of the band gap. The temperature dependence of I02 is given by the 
following equation:  

 
5

2
02 02 exp( )

2
gapE

I C T
kT

= −  (5.8) 

The values of the temperature coefficients are obtained from parameter fits to the 
current-voltage characteristics. The value range for a cell with a surface of 100 cm2 is  
typically for C01 between 150–180 A K−3, and for C02 between 1.3–1.7 × 10–2 AK−5/2.  

Series resistance  
The series resistance Rs consists of the internal resistance of the solar cell and the contact 
resistance. Since with stronger irradiance the current density increases, the power losses at 
the series resistance also rise. The surface-related series resistance rs,cell of an industrially 
manufactured solar cell with a surface of 100 cm2  is typically about 10−4−10−5 Ωm2, 
approximately half being caused by metallisation at the front and the remainder by the 
internal cell resistance and other contact resistances. The entire series resistance of a solar 
module results from the surface-related cell resistance rs,cell [Ωm2] multiplied by the 
number of cells ns connected in series. The total series resistance Rs,total [Ωm2], often given 
as an absolute value, is obtained by:  

 
[ ]

[ ]

,
,

, , , ²

s cell s
s total

cell

s total s cell s s total cell

r n
R

A
r r n R A m

×
= Ω

= × = Ω
 (5.9) 

In particular, the series resistance influences the gradient of the current-voltage 
characteristic near the open circuit voltage and can be determined in a simplified model by 
the gradient of the characteristic at the open circuit voltage Voc.  

 
oc

s
V V

dVR
dI =

≈  (5.10) 
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Figure 5.11: Influence of the series resistance [Ω] on the current-voltage characteristic of a module 
with 36 cells.  

With rising series resistance, the gradient near the open circuit voltage decreases and the 
current-voltage curves flatten. A module series resistance of 0.036 Ω corresponds with 36 
cells in series to a cell resistance of 10−5 Ωm2; 36 Ω correspond to a cell resistance of 10−2 

Ωm2.  

Shunt resistance  
The parallel or shunt resistance Rp represents the leakage current, which is lost mainly in 
the p/n interface of the diode and along the edges. During a series connection of cells, the 
reciprocal resistances add up, i.e. for n parallel-switched cell strings and the same shunt 
resistances for each cell (Rp,1 = Rp,2 = .. = , pp nR ) the total resistance is as follows:  
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 (5.11) 

Typical values of commercial silicon cells are between 0.1 and 10 Ωm2. The module 
manufacturers often give an absolute value in Ω for the shunt resistance.  

The shunt resistance influences the gradient of the current-voltage characteristic within 
the area of the short circuit current and can be determined approximately from the gradient 
of the characteristic at the point of the short circuit current. 

 
0

p
V

dVR
dI =

≈  (5.12) 
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Figure 5.12: Influence of the shunt resistance [Ω] on the current-voltage characteristic for a module 
with 36 cells in series.  

At a cell surface of 100 cm2, a module resistance of 0.1 Ω corresponds to a cell resistance 
of 10−3 Ωm2, 10 Ω correspond to a cell resistance of 10−1 Ωm2.  
 

Example 5.2 

On the data sheet of a large-scale module with 3 parallel strings of 54 cells each (100 cm2 surface), a 
series resistance of 0.3 Ω and a shunt resistance of 150 Ω are indicated. From these values the 
surface-related cell resistances are to be calculated.  

Series resistance:  

[ ] [ ] [ ] 2 2
, 5 2

,

² 0.3 10² 5.55 10
54

s total cell
s cell

s

R A m mr m m
n

−
−Ω × Ω ×Ω = = = × Ω  

The surface-related total resistance of the module results from the product of the cell resistance and 
the number of cells in series, and is 3 × 10−3 Ωm2.  

Bypass resistance:  
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Photocurrent  
The photocurrent of a solar cell depends not only on the wavelength-dependent absorption 
coefficients but also on the diffusion and recombination characteristics of the material. 
With sufficient accuracy the photocurrent can be approximated as linear-dependent on 
irradiance and temperature.                  
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 ( )( ), ,1Ph ph STC I PV PV STC
STC

GI I T T
G

α= + −  (5.13) 

GSTC:  Irradiance under standard test conditions [1000 W/m2]  
TPV, STC:  Module temperature under standard test conditions [25°C] 
 

In the data sheets of the module manufacturers, the temperature coefficient of the 
current per Kelvin is indicated as a percentage or in absolute units [AK−1]. The temperature 
coefficient αI is usually very small and positive (about 0.03-0.04% of the short circuit 
current per Kelvin). Neglecting the very small diode current, the photocurrent can be 
equated to the short circuit current ISC.  

Curve fitting of the two-diode model  
For an adjustment of the six unknown parameters of the two-diode model to measured data,  
the error function of the measured currents at a given voltage, irradiance and temperature 
and of the simulated currents must be minimised. 

 ( )2
, ,

1

N

i meas i calc
i

I I
=

Φ = −∑  (5.14) 

With little mathematical effort, i.e. a linear regression, only the parameters Iph, STC  and 
αI can be calculated from the linear irradiance-dependence and temperature-dependence of 
the short circuit current. The remaining parameter set can only be determined by gradient, 
raster or  genetic procedures (Pukrop, 1997).  

 

Example 5.3 

Calculation of the parameters Iph, STC and αI  of a Siemens M55 module from the following  table of 
values measured.  

To be able to carry out a linear regression of the temperature dependence of the short circuit current 
using Equation (5.13), the irradiance G must be eliminated from the equation, so that only the 
temperature difference from standard test conditions remains as an independent parameter. The short 
circuit current is thus divided by the irradiance, and the regression for ISC/G against TPV−TPV, STC is 
carried out. 

 

Irradiance G [W/m²] Module temperature TPV [°C] Short circuit current ISC [A] 

220 30 0.74 

510 41 1.72 

850 54 2.88 

1000 60 3.40 
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Current/irradiance Iph,STC/GSTC [AW−1m²] Temperature difference TPV−TPV,STC [K] 

3.364 × 10−3 5 

3.373 × 10−3 16 

3.388 × 10−3 29 

3.400 × 10−3 35 

 

The linear regression produces as axis intercept Iph,STC/GSTC = 0.0034 AW−1m2, i.e. a short circuit 
current Iph,STC of 3.4A, and as a gradient Iph,STC/GSTC αI = 1 × 10–6 AW−1m2K−1, i.e. αI = 3 × 10–4 K−1 
(+0.03%/K). 

 

5.7.2.1 Parameter adjustment from module data sheets  
To simplify parameter adjustment, the two-diode model can be reduced to a one-diode 
model in which, according to the Shockley theory, recombination in the space-charge zone 
is neglected, so the second diode term is omitted. The current-voltage characteristic is 
thereby simplified to the following implicit equation:  

 0
( )exp 1s s

ph

p

q V IR V IRI I I
nkT R

 +  + = − − −    
 (5.15) 

The irradiance-dependency of the photocurrent is characterised by the current Iph,STC 
under standard test conditions using Equation (5.13), and the temperature-dependence by 
the temperature coefficient αI. The saturation current I0 = I01 is likewise temperature-
dependent and depends, based on Equation (5.7), on the fit parameter C0.  

Thus the six parameters Iph,STC, aI , C0, Rs, n and Rp must be determined for curve 
adjustment of the one-diode model. In the data sheets of the module manufacturers, 
however, usually only three operating points are indicated on the current-voltage 
characteristic (short circuit current at V = 0, open circuit voltage for I = 0, and the MPP 
values IMPP, VMPP) plus the temperature coefficients of the voltage αv and the current αI, i.e., 
at most, five unknown parameters can be identified.  

The most admissible simplification for crystalline modules is the assumption of an 
initially infinitely high parallel resistance. After parameter adjustment, a realistic parallel 
resistance can subsequently be set. The current-voltage equation for the parameter 
adjustment can be reduced to 

 ( ) ( ) ( )
, 0 0

/
, exp 1

s s
ph ph STC I

q V IR n
I I I I C

nkT
α

 + 
= − −     

 (5.16) 

with the five parameters Iph,STC, aI, C0, Rs  and n.  
The main problem with this simplified approach is that the current-voltage characteristic 

thus obtained correctly passes through the given three points (Isc, IMPP
 and I = 0 at Voc), but 

the power so obtained is not necessarily the maximum power at VMPP. A further equation 
will therefore be derived later, which uses the maximum power condition at VMPP: 

( ) / 0
MPPV V

d V I dV
=

× = . The equation for the parallel resistance can only be solved 

iteratively, so the simplified method will be presented first. 
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 Since the current-voltage equation can only be solved for one cell, due to the functional 
characteristics of the exponential function, the module voltages V indicated in the data sheet 
must be divided by the number of cells ns connected in series. If several cell strings are 
switched parallel in the module, all currents used, including the current temperature 
coefficients, are divided by the number of parallel switched strings np and the characteristic 
is calculated first for one string. The characteristics can then easily be calculated by adding 
the currents at the same voltage.   

 
Parameter 1: photocurrent Iph, STC 
The first parameter Iph, STC is obtained from the data sheet specification of the short circuit 
current under standard test conditions: , ,ph STC SC STCI I= . 

                            
Parameter 2: temperature coefficient of the photocurrent αI 
The temperature coefficient of the photocurrent αI  is given in the data sheet.  
 
Parameter 3: fit parameter of the temperature-dependence of the saturation current C0.  
Similarly to Equation (5.7), C0 is given in the one-diode model by 
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 (5.17) 

with Egap = 1.124 eV = 1.8 × 10−19 J for crystalline silicon.  
The saturation current I0 is calculated from the data sheet specification of the open 

circuit voltage, which is indicated at the temperature T = TSTC.  
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With this value of the saturation current I0 at T = TSTC, the third parameter C0 is calculated. 
The fit parameter n, however, still has to be determined.  
 
Parameter 4: series resistance Rs  
From the operating point of the data sheet at the point of maximum performance, the 
parameter Rs can be determined. Here, Equation (5.18) is used for I0, 
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with Rs defining the total series resistance of the module.  
 
Parameter 5: diode parameter n  
The fifth parameter is determined from the temperature coefficients of the voltage αV 

indicated in the data sheet. In addition, the open circuit voltage 0lns
oc

ph

n nkT IV
q I

= − is 

differentiated by temperature.  
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(5.20)

 

The photocurrent differentiated by temperature is given by the data sheet figure αI. The differentiation 
of the diode saturation current by temperature produces:  

                      
( )0
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C T T

dT kT k
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 (5.21) 

so  
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 (5.22) 

Inserting Equations (5.21) and (5.22) into Equation (5.20) produces 
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 (5.23) 

The diode fit parameter n is thus calculable as the fifth parameter from data sheet 
specifications under standard test conditions: 
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 (5.24) 
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Example 5.4  

Calculation of the parameters Iph,STC, aI, C0, Rs and n of the standard modules SM55 and BP585, and 
of an ASE large-scale module from the following technical specifications of the data sheet:  

With the ASE module, first the current values ISC, IMPP and αI are calculated for a string; with the 
values thus obtained the parameters are determined and the characteristic of the cell string calculated 
using Equation (5.15). Subsequently, at a given voltage the currents are added and so the total 
characteristic of the module is calculated.  

The five parameters result in:  

If the current-voltage or power characteristics of an SM55 module with characteristic 
values from the parameter identification process are compared with the exact calculations 
of the two-diode model, then a good agreement of the characteristics can be seen. The one-
diode model overrates the performance by 0.6–1.4 W, which at high irradiances amounts to 
1.5%, and at low irradiances 15%.  

 Siemens M55 BP 585 ASE 

Nominal power [W] 53 85 202 

Short circuit current ISC [A] 3.35 5.0 8.18 

MPP-current [A] 3.05 4.72 8.1 

Open circuit voltage Voc [V] 21.7 22.3 33 

MPP-voltage VMPP [V] 17.4 18.0 25 

Temperature coefficient of the voltage      
αV [V/K] 

−0.074 

(−0.34%/K) 

−0.086 

(−0.39%/K) 

−0.1 

(−0.3%/K) 

Temperature coefficient of the current      
αI [A/K] 

0.00134 
(+0.04%/K) 

+0.0025 
(+0.05%/K) 

+0.006 

(−0.074%/K) 

Number of cells in series ns 36 (3 × 12) 36 (4 × 9) 54 

Number of parallel strings np 1 1 3 

 Siemens M55 BP 585 ASE 

Parameter 1: Iph,STC = ISC,STC (A) 3.35 5.0 8.18/3 = 2.73 

Parameter 2: aI (A/K) 0.00134 0.0025 0.006/3 = 0.002 

Parameter 5: n (-) 1.015 1.11 0.97 

Parameter 3: C0 (A/K3) 114.75 731.96 25.02 

Parameter 4: Rs (W) 0.66 0.2844 0.648 
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Figure 5.13: Comparison of the current-voltage and of the power characteristic of a SM55 module 
using the parameter identification procedure (bold curves) and the two-diode model (thin curves).  

5.7.2.2 Full parameter set calculation 
If all six parameters of the one-diode equation are to be calculated, a further equation has to 
be derived for the parallel resistance, which uses only manufacturer’s data. The equation 
used is the derivative of the power to the voltage at the MPP point, which has to be zero at 
this point. 
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× =  (5.25) 

The shunt resistance thus obtained is given by  
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using normalised current and voltage values for a single cell with surface area Acell, and ns 
series connected and np parallel connected cells within the module: 
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As the equation for the series resistance rs now contains a term with the parallel 
resistance, both equations have to be solved together in an iterative process. 
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 (5.27) 

5.7.2.3 Simple explicit model for system design  
The characteristic obtained from the parameter identification can only be solved iteratively, 
even if the shunt resistance is not considered. Only by ignoring the series resistances can a 
simple explicit connection between current and voltage be obtained from Equation (5.15) 
which enables fast system designs.  

 ( ) ( ) ( )
, 0

/
, exp 1s

ph ph STC I o

q V n
I I I I C

nkT
α

  
= − −     

 (5.28) 

Of the four parameters Iph,STC, αI, C0 and n, the photocurrent under standard test 
conditions Iph,STC and the temperature coefficient of the current αI are indicated in the data 
sheet. The temperature coefficient of the saturation current C0 and the diode parameter n 
can be determined by three different methods:  
 
1. For parameter determination, the temperature-dependence of the voltage αV and current 
αI, as well as two operating points of the characteristic at open circuit voltage and short 
circuit current are used. The parameters are calculated using the above equations of the 
identification method and only the series resistance is set at zero. In this case the MPP 
condition is not used and the MPP performance is overestimated at all irradiances. 
However, the temperature dependence of the performance and the open circuit voltage 
correspond well with real characteristics.  
 
2. As above, αV (for the diode parameter n) and αI (for the photocurrent) are used. 
However, the saturation current I0 and thus C0 are no longer calculated from the open 
circuit voltage condition, but at the MPP point:  

 0 /exp

ph MPP

MPP s

I I
I

qV n
nkT

−
=

 
  

 (5.29) 

This condition results in substantially better agreement for the power values; however, the 
open circuit voltage does not correspond with the real characteristic.  
 
3. Alternatively, the parameters can be determined from three operating points (with short 
circuit current, open circuit voltage and the MPP condition) and from the temperature 
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dependence of the current. Here, however, the condition of the significant temperature  
dependence of the voltage is not used.  

The diode parameter n is now obtained from the MPP condition:  
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where I0 has been determined using Equation (5.18) from the operating point at open circuit 
voltage. If I0 is known, the temperature factor of the saturation current C0 can be calculated 
using Equation (5.17).  

The use of the MPP condition results in correct performances at 25°C. At other 
irradiances and above all different module temperatures, however, the performance is 
calculated with errors over 20%, so this calculation method is not recommended. 

In the following, the comparison of the characteristic calculation is carried out based on 
the exact two-diode model with series and parallel resistance and the three methods of 
parameter identification based on the simple explicit model. For this, current-voltage 
characteristics and power curves have been calculated at 1000 W/m2 irradiance and a 
module temperature of 50°C. Method 1 clearly overestimates the MPP performance, with 
the open circuit voltage resembling the two-diode value. Method 3 underestimates the 
performance and calculates the voltage level with a large error. The second method uses 
both the temperature dependence of the voltage and the MPP condition and results in by far 
the best curve adjustment. At 1000 W/m2 irradiance and a module temperature of 50°C, the 
following performance curves are obtained for a standard module (calculated from 
manufacturer’s data based on the simple explicit models and the two-diode model): 
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Figure 5.14: Comparison of the power curves of an SM55 module. 

5.7.3 I-V characteristic addition and generator interconnecting  

To calculate the current-voltage characteristic of a photovoltaic generator, the 
characteristics of the individual modules have to be added. Here the voltage contributions 
Vij of the modules i of the string j concerned are added in serial connection at a common 
current. Since the currents through each module are equal in serial interconnecting, the 
current is limited by the short circuit current of the worst module (the exception being 
shading with bypass diodes).  

In parallel interconnecting of the strings, the generator characteristic results from adding  
the respective string currents Ij at a given voltage between zero and the string voltage.  
 

Example 5.5 

Calculation of PV generator power and voltage in the MPP point for a system with thirty-six modules 
of 53 W MPP power (17.4 V MPP voltage), which is divided into nine strings, each with four 
modules connected in series.  

Serial interconnecting:  

For the four series connected modules the MPP voltages are added at equal current (IMPP  = 53 W/ 
17.4 V = 3.05 A). 

, , 1 , 2 , 4.. 69.6MPP string MPP module MPP module MPP moduleV V V V V= + + + =  

Parallel interconnecting:  

For the nine strings joined in parallel, the string currents (in each case 3.05 A) are added at equal 
voltage (VMPP, String = 69.6 V).  
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, , 1 , 2 , 9... 27.45MPP Generator MPP String MPP String MPP StringI I I I A= + + + =  

The system thus has an MPP operating point under standard test conditions of 69.6 V and 27.45 A, 
i.e. a DC performance of 1910 W.  
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Figure 5.15: I-V characteristic of an individual module with thirty-six cells in series and addition of 
four series connected module characteristics to the string characteristic.  
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Figure 5.16: Addition of nine parallel-switched PV strings, each with four modules in series, to the 
generator characteristic. 
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5.8 PV performance with shading  

5.8.1 Bypass diodes and backwards characteristics of solar cells 

If individual cells of a module are shaded, they produce a lower photocurrent than the 
unshaded cells. Since during a series connection equal currents flow through all the cells, 
starting from zero current at open circuit voltage, the small photocurrent of the shaded cells 
at first limits the total current. The high photocurrents produced by the unshaded cells can 
be let through only within the backward voltage area of the shaded cells, with the shaded 
cells taking up power. Depending on the number of further cells switched in series, the 
backward voltage can become so high that the breakdown voltage in the shaded cell is 
achieved and irreversible damage is caused. 

The breakdown voltage VBr marks the backward voltage of a diode, at which instead of 
the extremely low saturation currents an exponential current rise (avalanche breakdown 
with exponent m) takes place, in commercial solar cells between −10 and −30 V. The power 
dissipation in the shaded cell can become so high locally that the cell and plastic 
encapsulation are damaged. The characteristic of a solar cell within the backward voltage 
area is described by an extension term in the one or two-diode model:  

 0
( )exp 1 1

1

m

s s
ph

sp

Br

q V IR V IR aI I I
V IRnkT R

V

     +  +    = − − − +    +    −     

   (5.31) 

with α as the empirical fit parameter. The parameters for the description of the 
characteristic in the backward voltage area scatter very strongly and are not a constituent of 
the usual data sheet specifications.  

As an example, the measured breakdown voltage VBr of a polycrystalline cell is –15 V, 
the exponent m is 3.7 and the fit parameter α is 0.1. The current increase in the backward 
voltage area resulting from these values is very steep: thus the maximum photocurrent of 
unshaded cells of a standard module of 3.3 A is let through already at 8.3V, which, as will 
be shown, puts in question the usual application of one bypass diode per eighteen cells.  

First a module characteristic without external bypass diodes will be shown, in order to 
demonstrate the problems of the power uptake of the shaded cells and the over-proportional 
power losses of the module. From the total of thirty-six serial connected cells of the 
module, one cell will be shaded with a remaining diffuse irradiance of 200 W/m2, while all 
the other cells are irradiated with 1000 W/m2. From the characteristic of the shaded cell and 
from the characteristic of the thirty-five unshaded cells already added, the module 
characteristic can be constructed. 
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Figure 5.17: Construction of a module characteristic with a shaded cell (200 W/m2) and thirty-five 
unshaded cells in series.  

At a total current value I = 0, the open circuit voltage of the shaded cell and the 
unshaded cell are as usual added up to a total voltage, which does not differ from an 
unshaded module. If the total value of current is now slowly increased, all the cells remain 
in the positive voltage range up to the short circuit current of the shaded cell. The shaded 
cell can only let through higher currents than their short circuit current at negative voltages, 
with the total voltage constantly decreasing. At a total voltage Vtotal = 0, the shaded cell is 
most strongly negatively polarised (here –8.3 V), while the unshaded cells display further 
positive voltages (namely +8.3V). The power uptake of the shaded cell results from the 
product of the current and voltage, and is −8.3V × 3.3A = 27.4 W. The power losses of the 
total module due to a single shaded cell are 47%! If the backward current of the solar cell 
did not rise so strongly (as for a “better” diode), the common characteristic would flatten 
even more strongly. 

To reduce the high negative voltages and the power uptake, bypass diodes with reverse 
current passage direction are switched parallel to the photoelectric cells, ideally one bypass 
diode per solar cell. If the currents are then added at equal voltages, the characteristic 
hardly changes for positive voltages, apart from the extremely low saturation current of the 
diode. As soon as the shaded cell assumes values of around −0.5V to −0.7 V, however, the 
bypass diode switches and the current can rise exponentially.  

If this common characteristic is switched in series with the thirty-five unshaded solar 
cells, only small performance losses of the module are detected, since only very small 
negative voltages occur at the shaded cell. However, for technological production problems 
the concept of cell-integrated bypass diodes diffused into the solar cell has not yet been 
accepted. Leading out all the cell contact cables to mount external bypass diodes is too 
complex and expensive. As a compromise, the use of a bypass diode per eighteen cells has 
become accepted, i.e. in a thirty-six cell standard module a total of three cell access wires 
must be led out into the external wiring box.  
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Figure 5.18: Parallel connection of a solar cell with a bypass diode (left) and series connection of 
thirty-five unshaded cells with the shaded cell with a parallel bypass diode.  

In the case of one bypass diode per eighteen cells, a module characteristic with thirty-
six cells is constructed in what follows, with one cell shaded.  

First the cell string consisting of eighteen cells is considered with the shaded cell and 
the parallel bypass diode. The characteristic in the positive voltage range is dominated by 
the backwards characteristic of the shaded cell (similar to Figure 5.17). For a total voltage 
of zero, there is a high negative voltage of −8.3 V at the shaded cell. The parallel bypass 
diode would only switch at a negative total voltage, and thus does not yet influence the cell 
string characteristic. If the shaded cell string is switched in series with the remaining 
unshaded cell string, the result is a common characteristic which adopts the full current 
values of the unshaded cells below half the total voltage. The shaded cell string then goes 
into the backward voltage area and either switches the bypass diode, or the back current is 
already so high that the photocurrent is allowed through.  

With the steep backwards characteristic simulated here the bypass diode does not 
switch; at half the total voltage the shaded cell string has a voltage level of 0V (+8.3V of 
the unshaded seventeen cells and −8.3V at the shaded cell), and the full current of the 
unshaded cells is allowed through. Only with flatter backwards characteristics does the 
bypass diode contribute to the limitation of the power uptake of the shaded cells.  
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Figure 5.19: Module characteristic with shading of an individual cell with one bypass diode per 
eighteen cells.  

Only if a very flat backwards characteristic is assumed (here with a breakdown voltage 
of –25 V) does the bypass diode switch below the kink in the characteristic.  

5.9 Simple temperature model for PV modules  
With high irradiance, the PV module temperature is usually above the STC temperature of 
25°C, even at low ambient temperatures. The electrical power PMPP of a PV module 
decreases linearly with the module temperature, the proportional decrease being calculated 
from the total of the voltage and current coefficients. 
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With average power loss coefficients of 0.3–0.4% per Kelvin, at usual module tempe-
ratures of 50°C a performance decrease of as much as 7.5–10% can be expected, which 
makes a simple model necessary to determine the module temperature. The model applies 
at first only to the simplest case of free-standing modules, for which simple assumptions 
can be made for the convective heat transport and the radiation exchange with the sky and 
the ground. The thermal behaviour of special building integration solutions (double glazing, 
roof integration etc.) and associated performance reduction is considered in Chapter 6.  

In the steady state case, a simple energy balance results in which the absorbed solar 
radiation GQ   minus the electrical power Pel and the thermal losses by radiation rQ  and 

convection cQ  must equal zero.  
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 0G el r cQ P Q Q− − − =  (5.33) 

The absorbed solar radiation is a product of PV module surface A, irradiance G and the 
effective absorption coefficient α, which includes both the ray passage through the glass 
cover and the absorption of the solar cell material. For this absorption coefficient, values 
between 0.7–0.9 can be used. 

 GQ GAα=  (5.34) 

For long-wave radiation exchange between the module front and the sky, and the 
module rear and the ground, a simplified temperature difference is assumed in each case 
between the module and the ambient temperature To, and a simplified form factor between 
the module surface and an infinitely large confinement surface, so  

 ( )2r r PV oQ h A T T= −  (5.35) 

with                                 

 ( )( )2 2
r PV o PV oh T T T Tσε= + +  (5.36) 

the emission coefficient of glass ε = 0.88 being assumed and σ desribing the Stefan 
Boltzmann constant (σ = 5.6697 × 10−8 Wm−2K−4). The temperatures are to be given in 
Kelvin.  

The convective heat flow is dominated at the module front by forced convection by 
wind forces (hc,w as a function of the wind velocity vw); at the module rear, depending on 
the installation situation, more by free laminar or turbulent convection (hc, free as a function 
of the temperature difference between the module and the environment). For the front and 
rear, a simplified common heat transmission coefficient hc is formed for free and forced 
convection: 

 
,

3 33
, c freec c wh h h= +  (5.37) 

with the simple approximations                  
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 (5.38) 

The heat flow by convection is then given by:  

                       ( )2c c PV oQ h A T T= −  (5.39) 

The complete energy balance is thus described by 
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 (5.40) 

with the electrical power el elP GAη=  used. Since both the heat transmission coefficients and the 

electrical performance depend on the module temperature, Equation (5.40) must be solved iteratively.  

Example 5.6 

Calculation of the PV module temperature and electrical power losses at 800 W/m2 irradiance, an 
ambient temperature of 10°C and a wind velocity of 3m/s. The electrical efficiency under standard 
test conditions is 12% and the temperature coefficient of the performance is 0.4%/K. The optical 
absorption of the module is set at 80%. 

First iteration: Assumption of a module temperature of 50°C and calculation of hr, hc, ηel.  

hr = 5.57 W/m2K  

hc w = 14.9 W/m2K  

hc, free = 6.09 W/m2K  

hc = 15.23 W/m2K  

hel  =10.8% 

From this we can calculate the new module temperature:  

TPV  = 36°C 

 

Second iteration: Heat transfers and electrical performance at 36°C:  

hr = 5.18 W/m2K  

hc, w = 14.9 W/m2K 

hc, free = 5.27 W/m2K  

hc = 15.11 W/m2K  

hel  = 11.47% 

Module temperature after the second iteration:  

TPV = 37°C  
 

Third iteration.  

hr = 5.21 W/m2K  

hc w = 14.9 W/m2K  

hc,free = 5.34 W/m2K  

hc = 15.31 W/m2K  

hel  = 11.42%  

Module temperature after the third iteration:  

TPV = 36.7°C  
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The electrical efficiency is 11.44%, i.e. the performance reduction in relation to the STC condition is 
4.7%.  

5.10 System engineering  
Photovoltaic system engineering includes on the DC side connecting the PV modules to the 
PV generator, the sizing of the DC main line and the associated safety engineering 
(lightning protection and fault current recognition), plus the coupling of the generator via 
an inverter to the public low-voltage mains.  

5.10.1 DC connecting  

5.10.1.1 Cable sizing  
The DC main line leads the entire generator current from the parallel-switched strings to the 
inverter. The percentage DC power losses pR by Ohm resistance R, related to the rated 
power, should be below 1%. The resistance R is calculated from the product of the specific 
conductor resistance of copper λ = 0.0178 Ωmm2/m, the entire line length (back and forth 
the length l, i.e. a total of 2l) and the cable diameter Aq [mm2].  

                              
2

q

lR
A

λ=  (5.41) 

For a simple line length between the PV branch and inverter l [m], the cable diameter Aq 
is thus obtained from the admissible DC power loss DPDC over the resistance R, related to 
the DC performance at rated voltage Vn [V] and rated current In [A]:                           
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Example 5.7 

Calculation of the cable diameter of a 2 kW system with a rated voltage level of 60 VDC or 240 VDC 
for a main-line length between roof and cellar of   l = 10 m. The admissible power loss pR is to be 1%. 
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Even at the relatively low performance of 2 kW, the cable diameters of DC lines for the small system 
voltage are very large! 

 

5.10.1.2 System voltage and electrical safety  
If the PV open circuit voltage remains under 120 VDC and an inverter with an isolating 
transformer is used, the PV system conforms to safety category III based on VDE 0100/IEC 
364, and additional measures for the protection of individuals are unnecessary. At higher 
DC voltages the modules must conform to safety category II, i.e. they must be tested for 
insulation defects at a voltage of 2000 V plus four times the open circuit voltage. In 
addition, the module access lines must be laid so as to prevent short-circuits and ground 
faults. This can be  most easily achieved by separate positive and negative lines with double 
insulation.  
 

5.10.1.3 String diodes and short-circuit protection  
In short-circuits or low voltages within a string due to shading, a high current can flow into 
this string during parallel connection from other strings, a current for which the module 
access lines are not designed. This fault current flows in the opposite direction to the 
photocurrent and can thus be blocked by a string diode switched in series to the modules of 
a string. The voltage drop over the string diode of about 1 V leads, however, to a constant 
power loss, and checking the diode function is maintenance-intensive. In the last few years, 
therefore, the need to use such a string diode and the level of possible fault currents has 
been increasingly discussed. 

With partial shadings within a string the current can be drastically reduced, but the 
voltage remains almost unchanged even at low irradiance. In the MPP point, therefore, the 
shaded string also makes a rather small contribution to the total current value, and no fault 
currents flow. The common characteristic for four parallel-switched strings, each with four 
modules in series, is represented with 1000 W/m2 for a shaded string with an irradiance of 
200 W/m2 and three unshaded strings. The shaded string is first operated within the area of 
positive power; only near the open circuit voltage of the common characteristic do small 
negative currents occur.  

 

 
 

Figure 5.20: Operating points of a PV system with four parallel strings each with four modules in 
series and one shaded string.  
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Short-circuits within a string are more serious than shadings. PV generators are usually 
operated potential-free, i.e. neither the positive nor the negative voltage level is connected 
with mass, and the inverter has a galvanic separation from the mains. A simple short-circuit 
therefore causes no fault current at first, since only the potential level at the short-circuit 
point is brought down to ground level. Only a second short-circuit within a string can short-
circuit one or more modules, so the MPP and open circuit voltage of the string now fall 
significantly. 
 

Figure 5.21: Double short-circuit in a module string.  

If the generator field is now operated at higher voltages than the open circuit voltage of 
the partly short-circuited string, the non-short-circuited modules are operated in far forward 
voltage and take up power. When this happens, the currents can become very high. For 
example, in a generator with four strings with four modules each in series in a string, two 
modules are to be short-circuited. In the MPP point, the string with the short-circuit is also 
operated within the area of positive power, however, the short-circuit string takes up power 
near the open circuit voltage (at 1000 W/m2 irradiance about –15 A at 60 V for a standard 
module).  

 
 

 

Figure 5.22: Characteristics of a generator with two short-circuits in a string.  

The risk of a double short-circuit is, however, negligible with short-circuit and ground 
fault prevention (single line cables conforming to safety category II). Insulation monitoring 
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can detect a simple short-circuit promptly, so timely elimination of faults is possible 
without adverse consequences. Protection from high fault currents can also be ensured by 
fuses, which are preferable to the string diodes due to smaller power losses.  

One of the large German electricity suppliers RWE, says that there is no need for string 
diodes and fuses in systems of up to 5 kW performance. The whole power can be fed in at 
any place into the house mains, thus enabling simplified and economical installation. In the 
field of lightning protection too, new investigations by RWE have shown that the 
grounding of the metallic construction of the PV roof fixation tends to worsen indirect 
lightning protection. The usual overvoltage protection with resistors can be attached to the 
DC side of the inverter.  

 

5.10.2 Inverters  

5.10.2.1 Operational principle  
In the inverter the photovoltaically produced direct current is commuted periodically by 
controllable power-electronics semiconductor switches between two conductors, and the 
voltage is converted to the mains voltage by transformers.  

In the simplest case, the positive photocurrent per period of the 50 Hz oscillation is 
switched during the half oscillation period to the one access line of the transformer and 
during the second oscillation half to the other line, so a rectangular alternating voltage 
develops. However, a rectangular wave voltage has such a high harmonic content that 
disturbances to electrical devices can emerge, and at higher inverter power the maximum 
admissible harmonic currents in the public low-mains system (according to the european 
standard EN 61000-3-2) are exceeded. The smallest harmonic content of the current to be 
fed in is obtained by a high frequency commutation of the DC voltage, in which the pulse 
width of the switching operation is varied in such a way that after smoothing of the current 
a largely sinusoidal wave develops, a  widespread inverter concept known today as pulse-
width modulation.  

Apart from the maximum values of the harmonic current which have to be taken into 
account, the quality of the alternating voltage produced is described by the distortion factor 
k, which is defined as the relation of the effective values of the voltage harmonics to the 
effective values of the basic and harmonic oscillations.  
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The usual distortion factors are between 1.5 and 5%. A further quality factor is the 
power factor L, which is defined as the relation of the active power to the apparent power 
and is thus a measure for the reactive power of an inverter.  
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,

AC active

AC apparent

P
L

P
=  (5.44) 
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The power factor should be as close as possible to 1. Apart from the adjustment 
efficiency, which will be discussed later, and the transformation efficiency of an inverter, 
the quality factors of harmonic content, power factor and electromagnetic compatibility 
(EMC) should be considered when selecting a product. 

 

5.10.2.2 Electrical safety and mains monitoring  
During disconnection from the mains, decentrally feeding photovoltaic systems must be 
separated immediately from the mains, to be sure of avoiding danger to people or further 
mains faults. A power failure is detected by under- or over-voltage relays or frequency 
monitoring integrated in the inverter. A so-called island formation, in which (despite mains 
failure) photovoltaic systems produce power simultaneously removed by consumers, can 
nevertheless occur with this passive network monitoring. Active mains-monitoring methods 
are a more reliable solution, with small disturbances such as pulsed voltages or frequency 
deviations fed to the mains. In the case of frequency deviation, the inverter constantly tries 
to modify the feeding frequency and is synchronised with the mains frequency again with 
each zero crossover of the mains voltage. In the case of power failure, on the other hand, 
the frequency rises or falls constantly until it is outside a given band and the inverter 
switches off. The current modifications caused by modifications of the voltage level or the 
phase are amplified sufficiently by a feedback loop for the inverter to detect the power 
failure.  
 

5.10.2.3 Inverter efficiencies  

MPP Tracking and adjustment efficiency  
As well as AC production, an inverter has the function of operating the direct current PV 
generator at the point of maximum power, i.e. the effective input impedance must be 
constantly adapted to the irradiance- and temperature-dependent point of maximum power. 
The MPP regulation is often based on periodic driving through of a voltage ramp until the 
power measured has achieved the optimum. 

The adjustment efficiency hadj is defined as the relation of actual performance at a given 
MPP regulation and the maximum possible DC performance with ideal MPP operation. and 
is approximately 97% in commercial inverters irradiance-weighted over a year (Knaupp, 
1993). 

             ,
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η =  (5.45) 

The predicted energy yield of a photovoltaic system should be reduced by this roughly 
3% loss of energy. 

Transformation efficiency  
The most important characteristic of an inverter is its transformation efficiency, which is 
defined by the relation of AC power output to DC input power. The power output PAC 
results from the difference between the DC input power PDC and the energy dissipation Pl. 
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DC DC

P P P
P P

η −
= =  (5.46) 

The energy dissipation is made up of the input power-independent losses (internal 
current supply and magnetisation losses pown), the losses in the semiconductor switches 
lswitch which are linear-dependent on the power output, and the Ohm cable losses rohm which 
rise as the square of the AC performance. It can be represented with good accuracy by a 
second-order polynomial. 

To obtain a unit less representation of the coefficients, all absolute performances are 
related to the DC rated nominal power Pn of the inverter.  

                   
2

2l own AC AC
l schalt ohm own switch AC ohm AC

n n n n

P P P Pp v r p v p r p
P P P P

 
= = + + = + + 

 
 (5.47) 

The energy dissipation is represented as a function of AC power output pAC, since for a 
positive DC input power pDC = pown first the own losses of the inverter are covered (i.e. pl = 
pown) and no switch or Ohm losses yet occur. The efficiency and thus the power output must 
be zero.  
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With this description of the energy dissipation, however, both entry and exit powers 
occur in the efficiency term. The aim must be to calculate the efficiency of the inverter as a 
function of the input power supplied by the PV generator. 

pAC is therefore replaced by η × pDC and Equation (5.48) is solved for η. 

 
( )
( )

2

2

2 2

1

11
2 2

own
switch ohm DC

DC

switchswitch DC own

ohm DC ohm DCohm DC

p v r p
p

vv p p
r p r pr p

η η η

η

= − − −

++ −
⇒ = ± +

 (5.49) 

Only the positive term of the quadratic equation supplies physically meaningful values. 
The three loss coefficients pown, vswitch and rohm can be calculated from three efficiency 
values η1, η2 and η3 given by most manufacturers in technical data sheets  for power ratios 
of, for example, p1 = 10%, p2 = 50% and p3 = 100% of the rated power. The algebraic 
manipulation of the three equations for the three unknown quantities results in (Schmidt 
and Sauer, 1996): 
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Example 5.8  

Calculation of the inverter characteristic values for two commercial inverters with the following 
manufacturer data:  

 
The characteristic values calculated using the above equations result in: 

With these three characteristic values the efficiency can be calculated as a function of the power ratio 
pDC using Equation (5.48)  

At low DC input power, the efficiency is dominated by the consumption of the power 
electronics; at high input power Ohm losses account for the decrease in efficiency. The 
maximum inverter efficiency is thus often around half the rated power. 

At DC input power above the rated power of the inverter, the efficiency depends on the 
overload behaviour of the inverter. Many inverters can be used for some time when 
overloaded, and regulate only on overheating of the electronics away from the MPP point. 
In a simple approximation, in the case of overload, i.e. pDC  > 1, the AC power output is 
held constant at the level of the rated power output given at pD C = 1: 

 ( )1 11DC DCDC
AC DCp pp
p p constη η

> ==
= = =   (5.53) 

The transformation efficiency thus drops sharply with increasing overload.  

Inverter SMA 1800 NEG 1400 

Pown 0.016575 0.015505 

vswitch 0.045513 0.010553 

rohm 0.067941 0.095879 

Inverter SMA 1800 NEG 1400 

h1:   PDC/Pn = 0.1 79.4 83.0 

h2:   PDC/Pn = 0.5 89.9 91.9 

h3:   PDC/Pn = 1.0 88.9 89.8 
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The following efficiency characteristics of the two inverters were calculated up to the DC 
rated power (pDC = 1) with the parameters from Example 5.8, and above the rated power 
with Equation (5.54).  

 

 

Figure 5.23: Transformation efficiency of two commercial inverters as a function of the DC input 
power normalised on rated power.  

 
To enable a standardised comparison between inverters, the so-called Euro-efficiency 

has been introduced, which weights the partial load efficiencies with “average radiation 
conditions in Central Europe”.  

 5% 10% 20% 50% 100%0.03 0.06 0.13 0.1 0.48 0.2
DC DC DC DC DC DCp p p p p pη η η η η η η= = = =30% = == + + + + + (5.55) 

The Euro-efficiency cannot, however, take into account either the influence of module 
orientation under different radiation conditions or a different performance interpretation of 
a PV generator and inverter. To determine the real annual efficiency of the inverter, these 
influences must be analysed.  

5.10.2.4 Power sizing of inverters  
To determine the annual efficiency of an inverter, we have to know with what energy-
weighted frequency the PV generator produces certain relative DC performances pDC. Then 
the different partial load efficiencies of the inverter, multiplied by the energy-weighted 
frequency and standardised on the entire DC annual energy, produce the annual efficiency. 

Given that under northern European climatic conditions, irradiances over 900 W/m2 
seldom occur and the module temperature at high irradiance values is usually over 25°C 
and thus causes power losses, it is not necessary even with south-facing roofs to design the 
inverter for the nominal power of the PV generator under standard test conditions. On 
south-facing facades, which often occur within the building integration area, irradiance 
values over 700 W/m2 play no role in energy terms, so an inverter designed for a PV 
generator rated power is clearly oversized. Since undersizing the inverter reduces the 
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system costs, in the next section a calculation will be made of how the rated power can be 
reduced without large efficiency losses for a given module orientation.  

For the performance sizing of an inverter for a mains-connected PV system, the 
following procedure is suggested:  
 

1.  First the energy-weighted frequency of the irradiance is determined for the 
respective module orientation: hourly irradiance values are divided into irradiance 
classes with mean irradiance Gi and class width ∆Gi, the absolute frequency of the 
irradiance per class in hours per year (nh,i) is determined, and finally the frequency 
is energy-weighted with the mean irradiance value of the respective class. Thus the 
energy irradiated annually on the surface in kWh/m2 in each irradiance interval 
∆Gi is obtained. It is sufficient to divide the irradiance of 0–1000 W/m2 into 10 
classes with 100 W/m2 class width. 

  
2.  The irradiated energy per irradiance interval GI × nh,i  is then converted into 

electricity PDC × nh,i using the efficiency of the PV generator ηPV and the generator 
surface APV, with the frequency distribution unchanged.  

 [ ], , , kWhDC i h i PV i h i PVP n G n Aη=  (5.56) 

With sufficient accuracy for the inverter annual efficiency, the influence of the 
module temperature is negligible.  

 
3.  For an inverter with a given rated DC power Pn, the standardised DC input power 

pDC,i = PDC,i/Pn is then determined for each irradiance class,  and the inverter 
efficiency hinv (pDC,i) is calculated using Equation (5.48). This results in the AC 
energy:  

 ( ), , , , ,AC i h i DC i h i inv Dc iP n P n pη=  (5.57) 

4. The mean annual efficiency of the inverter is then obtained from the totalled AC 
energy divided by the total of the DC energy. 
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As an example, for a south-facing facade and a south-facing roof inclined at 45°, the mean 
annual efficiency of an SMA1800 inverter for a PV generator in Stuttgart with 1.8 kW of 
rated DC power (12% module efficiency and 15m2 surface) is to be calculated, and 
compared with the Euro efficiency.  
 
1. First the energy-weighted frequency distribution is calculated from hourly time series of 
the irradiance. Although the low irradiance values occur most frequently, the most energy-
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relevant irradiance intervals are situated in the middle irradiance area between 400–600 
W/m2 for a south-facing roof or 300–400 W/m2 for a south-facing facade. 

0

500

1000

1500

1 2 3 4 5 6 7 8 9 10

irradiation classes

ho
ur

s p
er

 y
ea

r [
h]

0

50

100

150

200

1 2 3 4 5 6 7 8 9 10

irradiation classes

irr
ad

ia
nc

e 
[k

W
h/

m
²]

 
Figure 5.24: Frequency of the irradiance nh,i and energy-weighted irradiance for a south-facing roof in 
Stuttgart inclined at 45°.  

 
2. In the second step the PV energy is calculated per irradiance class using the constant 
efficiency of 12% and the surface of 15m2. Here class 4 is the most energy-relevant class at the 
south roof with irradiance levels between 400–500 W/m2, i.e. a mean irradiance of 450 W/m2. 
The result is (with 404 h absolute frequency) a DC energy of  
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Figure 5.25: Frequency of the irradiance nh,i  and energy-weighted irradiance for a south-facing 
façade. 
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3. From the DC energies, the mean PV performance for each class is calculated, related to 
the inverter rated power and converted by the inverter efficiency into AC energy. For class 
4 above of the south-facing roof, the mean PV performance is given by 327 kWh/           
404 h = 0.63 kW, i.e. related to the inverter with 1800 W nominal power the result is a 
relative pDC power of 0.35. The associated efficiency at this partial load is 0.88, so the AC 
energy of this class is given by 

 ,4 327kWh  0.88 266 kWhAC hP n = × =  

4. The mean yearly efficiency results from the total of the AC energy divided by the 
totalled DC energy. It is 87.5% for the south-facing roof and 85.9% for the south-facing 
facade. The Euro-efficiency is 86%, independent of orientation.  
 

If the inverter rated power is now selected in any relation to the PV generator power, the 
mean yearly efficiency can be calculated using this procedure, with only steps 3 and 4 
changing. For the south-facing facade, the south-facing roof and a horizontal PV generator 
orientation, the inverter rated power varied from 30% of the PV generator power, which is 
extremely undersized, to 200% of the PV generator performance, i.e. greatly oversized. The 
efficiency characteristic of the inverter takes into account the case of overload by limitation 
of the power output to the nominal inverter power (by means of regulation away from the 
MPP point). The results show that the optimal sizing of the inverter for module angles of 
inclination between the horizontal surface and 45° for a south-facing roof is 80% of the PV 
rated power (yearly efficiency of 88%, location Stuttgart).  
 
For a south-facing facade the optimal sizing is 60% of the PV generator performance (88% 
yearly efficiency). Also evident are the relatively flat maxima particularly in the overload 
area, i.e. oversizing is of no consequence, while undersizing below the optimum leads to 
relatively large performance losses. 
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Figure 5.26: Yearly efficiencies of an inverter as a function of the power ratios of the inverter and PV 
generator in a German climate. 
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For the inverter nominal power, therefore, a relation to the PV generator power of 60–
130% with less than 2% efficiency losses is possible for south-facing roofs with random 
inclinations, undersized inverters being recommended. For south-facing facades, inverter 
power ratios of 45–100% of the PV generator power are recommended. 
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