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Abstract

Inverter sizing strategies for grid-connected photovoltaic (PV) systems often do not take into account site-dependent
peculiarities of ambient temperature, inverter operating temperature and solar irradiation distribution characteristics.
The operating temperature affects PV modules and inverters in different ways and PV systems will hardly ever have a
DC output equal to or above their STC-rated nominal power. Inverters are usually sized with a nominal AC output power
some 30% (sometimes even more) below the PV array nominal power. In this paper, we show that this practice might lead
to considerable energy losses, especially in the case of PV technologies with high temperature coefficients of power oper-
ating at sites with cold climates and of PV technologies with low temperature coefficients of power operating at sites with
warm climates and an energy distribution of sunlight shifted to higher irradiation levels. In energy markets where PV
kW h’s are paid premium tariffs, like in Germany, energy yield optimization might result in a favorable payback of the
extra capital invested in a larger inverter.

This paper discusses how the time resolution of solar radiation data influences the correct sizing of PV plants.

We demonstrate that using instant (10 s) irradiation values instead of average hourly irradiation values leads to consid-
erable differences in optimum inverter sizing. When calculating inverter yearly efficiency values using both, hourly averages
and 1-min averages, we can show that with increased time resolution of solar irradiation data there are higher calculated losses
due to inverter undersizing. This reveals that hourly averages hide important irradiation peaks that need to be considered.

We performed these calculations for data sets from pyranometer readings from Freiburg (48°N, Germany) and Flor-
ianopolis (27°S, Brazil) to further show the peculiarities of the site-dependent distribution of irradiation levels and its
effects on inverter sizing.
© 2005 Elsevier Ltd. All rights reserved.
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Nomenclature

Abbreviations

PV photovoltaic

STC  standard test conditions

c-Si crystalline silicon

a-Si amorphous silicon

CdTe cadmium telluride

BIPV  building-integrated photovoltaic
Inv inverter

Subscripts
PV photovoltaic
Inv inverter

MPP  maximum power point

Symbols

Ppy solar generator nominal power under
STC (Wp)

nwmpep  MPP tracking efficiency (%)

Ninv inverter efficiency (%)

Proyv.Ac nom inverter AC nominal power (W)
DC energy yield (kW h/kWp)

G global horizontal irradiance (W/m?)

1. Introduction

Grid-connected applications are the fastest grow-
ing segment of the photovoltaic (PV) market with
premium feed-in tariffs available in many countries
(Perezagua et al., 2004). In many situations optimiz-
ing the PV array energy yield will justify the extra
cost that might be incurred by this optimization
(Baumgartner et al., 2004) and inverter sizing might
be an interesting design aspect to look into. System
design recommendations for grid-connected PV
installations usually lead to inverters with a nominal
power considerably smaller than the PV array’s
nominal power. Because of the perceived notion
that PV systems will hardly ever have a DC output
equal to or above their STC*-rated nominal power
Ppy, inverters are often sized with a nominal power
some 30% (sometimes even more) below the PV
array nominal power (Keller and Affolter, 1995;
Jantsch, 1996; Zilles and Oliveira, 2001; Pregelj
et al., 2002; van der Borg and Burgers, 2003; Woyte
et al., 2003). Furthermore, inverter technology has
evolved considerably in recent years, with improved
efficiencies especially at partial loads. In addition
todays PV module nominal power tolerances have
improved to +2.5% (Photon, 2004) compared to
previous +10% (Zilles et al., 1998; Hecktheuer
et al., 2001). In practice, recent measurements on
150 new mono- and multicrystalline PV modules,
made at the Fraunhofer-Institute for Solar Energy
Systems ISE (Kiefer, 2004), have resulted in a mean

2 STC = standard testing conditions (operating cell tempera-
ture = 25 °C; irradiation level = 1000 W/m?; incident spec-
trum = AM L.5).

—2.6% power deviation from STC with only a few
PV modules showing deviations below —10% (see
Fig. 1).

Especially for the market-dominant crystalline
silicon (c-Si) PV technology, which presents a strong
negative temperature coefficient of power, the high
irradiation levels that lead to maximum output are
associated with high cell operating temperatures,
which usually prevent the PV array to reach its
nominal DC power. This rationale has led to a rule
of thumb, by which inverter nominal power can be
designed lower than the PV array nominal DC
power. This practice might lead to considerable
energy losses, as this paper shows, especially in the
case of PV technologies with small temperature
coefficients of power like thin film amorphous sili-
con (a-Si) and cadmium telluride (CdTe) operating
at sites with warm climates, high incidence of clear
skies and an energy distribution of sunlight shifted
to higher irradiation levels (Riither et al., 2004). In
the particular case of a-Si, it has recently been
shown that different device designs (single vs. tan-
dem junctions) and alloy characteristics (a-Si:H vs.
a-SiGe:H) lead to different temperature coefficients
of power (Shima et al., 2005) with a nonlinear,
stronger effect at higher operating temperatures. It
also has been shown that a-Si output performance
stabilizes at different levels depending on the partic-
ular site prevailing temperature conditions with
higher stabilized performance levels at sites with a
year-round higher temperature (Riither et al., 2003).

State-of-the-art inverters reach peak efficiencies
of 95-97% at partial loads of 30-50% of nominal
power and somewhat reduced efficiencies at full
load. Undersized inverters might therefore operate
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Fig. 1. Deviation from STC nameplate power of 150 new mono- and multicrystalline PV modules measured between July and December

2004 at ISE. Mean deviation = —2.6% (Kiefer, 2004).

closer to full capacity (and therefore below maxi-
mum performance levels) most of the time depend-
ing on the site distribution of irradiation levels.
Furthermore, because undersized inverters will
operate at full load more often, they will reach oper-
ating temperatures that might trigger temperature-

reducing features of their algorithms, leading to fur-
ther energy losses. Fig. 2 shows the total efficiency
(Héberlin et al., 2005) of an inverter vs. percentage
of nominal capacity curve. The total efficiency is the
product of the MPP tracking efficiency #ypp and
the inverter efficiency #y,,. It therefore includes the
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Fig. 2. Typical inverter total efficiency curve (solid line) and DC operating voltage (dashed line) as a function of loading (percentage of
nominal DC power), including power limitation losses for input power levels above the inverter nominal power (Sunways, 2004). The

inverter’s maximum efficiency lies at 30% of its nominal power.
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power limitation losses due to overloading of the
inverter (Sunways, 2004). This figure shows that
when overloaded, inverters will limit the output
power to nominal power. This is done by increasing
the DC voltage from maximum power point voltage
towards open circuit voltage. Above nominal power
input, there is a hyperbolic decline in total efficiency.
Many inverters are not able to work at nominal
power conditions for prolonged periods of time
because they warm up very fast. The inverters’ con-
trol strategy is designed to limit the inverter’s tem-
perature, by shifting the PV array operating
voltage from its maximum power point towards
open circuit conditions. This situation might also
be triggered by high ambient temperatures, which
are usually associated with high irradiation levels.
For one particular inverter manufacturer (Wurth,
2003) internal operating temperatures of 65 °C will
trigger the temperature (power) reduction feature,
limiting peak power to 70% of nominal; at 70—
75 °C the output power will be reduced to 30% of
nominal and above 75 °C the inverter will be discon-
nected from the grid. Overloading inverters might
also reduce their operating life due to electronic
component stress. The relatively small additional
cost of a larger inverter to reduce component stress
can often be justified economically by the conse-
quent increase in the inverter’s mean time to failure.

These aspects are analyzed and discussed in this
paper regarding the influence of the time resolution
of the irradiation data set used to determine a par-
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ticular site irradiation distribution. Most of the
available irradiation data at individual sites is mea-
sured as hourly averages, which leads to filtering of
irradiation peak values that might result in inaccu-
rate performance estimations.

2. Irradiation data sampling rate

We have studied the distribution of the incom-
ing solar radiation at Fraunhofer-Institute of Solar
Energy (ISE) in Freiburg (48°N, Germany, with
typical yearly global horizontal radiation ~1150
kW h/m?) and at the Solar Energy Research Labora-
tory (LABSOLAR), Florianopolis (27°S, Brazil,
with typical yearly global horizontal radiation
~1550 kW h/m?) based on global horizontal irradia-
tion data, measured by calibrated clear glass pyra-
nometers. At ISE we have measured instant (10 s)
data and calculated 1-min and hourly averages. At
LABSOLAR, we have measured 1-min averaged
data and calculated hourly averages.

Fig. 3 shows the energy distribution of the
incoming solar radiation for Freiburg, using instant
values, 1-min averages and hourly averages. Each
bar represents the percentage of the energy content
in intervals of 50 W/m?.

Fig. 3 and Table 1 demonstrate that while over
63% of daytime hours have instant radiation levels
<300 W/m?, the corresponding energy content rep-
resents only some 20% of the total incident energy.
Looking at the high end of the radiation level shows
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Fig. 3. Energy content distribution in percentage of total incident energy using instant (10 s) values (left bars), 1-min averages (central
bars) and hourly averages (right bars) for irradiance intervals of 50 W/m? at the Freiburg site.
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Table 1

Solar energy distribution in terms of percentage of daytime hours and percentage of energy content for different irradiance ranges in
Freiburg, Germany and Florianopolis, Brazil, using different data sampling time resolutions

Irradiance range G (W/m?) Freiburg

Florianopolis

Percentage of daytime

Percentage of total energy

Percentage of Percentage of total

daytime energy
10s 1 min lh 10s 1 min lh 1 min lh 1 min lh
G < 300 63.45 63.85 63.32 19.39 20.17 20.48 50.65 52.72 14.48 14.82
G < 700 83.04 83.37 85.64 49.52 51.68 58.25 75.72 78.54 44.78 49.79
750 < G <950 11.80 11.74 11.72 31.18 32.36 33.39 17.80 18.16 36.08 39.05
G = 1000 5.15 4.89 2.64 16.67 16.50 9.01 9.16 6.47 23.40 10.73
900 < G <1500 10.31 9.98 7.20 31.47 31.72 23.24 15.96 12.65 38.76 25.66
that only some 5% of the daytime hours have experimental/measurement artifact misleadingly

instant radiation levels >1000 W/m? but the corre-
sponding energy content is over 16%.

Hourly averages tend to smooth out maxima,
resulting in a distribution profile which is quite dif-
ferent from the ones resulting from instant values.
The energy content of hourly averages appears to
shift to lower irradiation levels. While still over
63% of daytime hours have radiation levels
<300 W/m? with a corresponding energy content
of some 20% of the total incident energy, less than
3% of daytime hours have radiation levels
> 1000 W/m?, corresponding to only 9% of the inci-
dent energy. These results are considerably different
from what is seen for 10 s time resolutions, demon-
strating that the commonly used hourly averages
hide important information and are not representa-
tive of the real solar resource distribution profiles. It
is thus clear that the real energy content at these
higher irradiation levels is underestimated when
hourly averages are used. These results show that
in fact system designs with Ppy/Pr,, > 1 will lead
to inverters operating close to or above their nomi-
nal DC input levels more often than would be
assumed by the use of (more commonly available)
hourly averages of solar radiation data. This effect
will be more pronounced for the thin-film a-Si PV
technology due to the small net effect of temperature
on PV device performance at the associated high
irradiation levels.

Fig. 3 also demonstrates that 1-min and 10-s
results are very similar to each other and do not jus-
tify the extra file sizes and computation times
incurred by the instant values as compared to the
1-min averages. It can also be noticed that there is
no distinction among the three sampling intervals
at low irradiation levels. On the other hand, an

demonstrates that hourly averages have higher
energy content at irradiation levels above 300
W/m? and below 900 W/m?,

Figs. 4 and 5 show, respectively, for a clear and a
cloudy day, the different curve shapes of solar radi-
ation data shown as instant (10 s) and mean hourly
values at the Freiburg site.

Looking at the solar energy resource distribution
at the Florianopolis site, respectively, at 1-min and
hourly averages, Fig. 6 and Table 1 show that while
over 50% of the daytime hours have radiation levels
<300 W/m?, the corresponding energy content rep-
resents less than 15% of the total incident energy. At
these low-light levels, there is not much difference
between the two different time resolutions. Consid-
erable differences emerge when looking at the high
end of the radiation level distribution. Using 1-
min averages results in some 9% of the daytime
hours with radiation levels >1000 W/m? and a cor-
responding energy content of some 23%. Using
hourly averages results in around 6% of daytime
hours with radiation levels > 1000 W/mz, and a cor-
responding energy content below 11%.

Comparing results from the two sites reveals that
the experimental artifact introduced by hourly aver-
ages is much more pronounced for the sunny site
Florianopolis, where undersizing of inverters will
also lead to higher losses due to higher operating
temperatures. We have recently shown DC perfor-
mance ratios of over 90% (Rdiither et al., 2004) for
a 2 kWp thin-film a-Si PV system operating at the
Florianopolis site since 1997 (Riither and Dacore-
gio, 2000) with PV module temperatures reaching
over 70°C. Under these conditions undersized
inverters will operate at lower efficiency levels as
shown in the right-hand side of Fig. 2.
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Fig. 4. Horizontal irradiance during a typical sunny day in Freiburg, with instant (10 s) values shown as a smooth continuous curve (thin)

and mean hourly values shown as a stepped curve (thick).
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Fig. 5. Horizontal irradiance during a typical cloudy day in Freiburg, with instant (10 s) values shown as a jagged curve (thin) and mean

hourly values shown as a stepped curve (thick).
3. Inverter yearly efficiencies and losses

Based on the irradiation data sampling rate and
on the inverter typical efficiency profile as presented
in Fig. 2, we have calculated inverter yearly efficien-
cies and losses due to power limitation.

Fig. 7 shows inverter yearly efficiency (%) curves,
including power limitation losses for the Freiburg site
as a function of the relation between the solar gener-
ator nominal DC power rating (Ppy in Wp) and the
inverter AC nominal rating (ratio Ppv/Prnv.AC nom)-

The solid line corresponds to instant (10 s) data, the
dashed line corresponds to mean minute values,
and the dotted line corresponds to mean hourly
values. It can be noticed that hourly averages of solar
radiation data lead to undersized inverters with
respect to the PV generator DC nominal power.
Fig. 8 shows the inverter yearly efficiency (%)
curves, including power limitation losses, for the
Florianopolis site. The dashed line corresponds to
mean minute values, and dotted line corresponds
to mean hourly values. It can be seen that if
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Fig. 6. Energy content distribution in percentage of total incident energy of 1-min average values (left bar) and hourly average values
(right bar) for irradiance intervals of 50 W/m? at the Florianopolis site.
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Fig. 7. Inverter yearly efficiency (in %), including power limitation losses, at the Freiburg site. The solid line corresponds to instant (10 s)
values; the dashed line corresponds to mean minute values and the dotted line corresponds to mean hourly values of the solar radiation.

Ppv/Proy.AC nom 18 set above 1.1, hourly averages
tend to overestimate efficiency and underestimate
losses, demonstrating the experimental artifact
induced by the use of the lower time resolution radi-
ation data.

Fig. 9 shows the behavior of two identical
650 Wac nom 1nverters (Invl and Inv2) for a typical,
mostly clear sky, summer day in Florianopolis. The
inverters are connected to two PV arrays with DC
ratings of 640 Wp (Invl) and 768 Wp (Inv2) with

identical amorphous silicon PV modules. It is clear
that from around 10:30 to 14:30 some of the
768 Wp nominal DC power available at the inver-
ter Inv2’s input could not be processed due to the
inverter’s power limitation. The AC output of inver-
ter Inv2 is normalized to the DC input of inverter
Invl (normalization factor = 640/768). The figure
also shows both inverters temperatures with time.
It can be seen that from 9:00, and more noticeable
in the afternoon, inverter Inv2 reaches higher
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Fig. 9. AC output power of two identical 650 W AC inverters, connected to PV arrays with 640 Wp (Inv1; thick, solid curve) and 768 Wp
(Inv2; thick, dotted curve) nominal DC ratings, operating in Florianopolis during a typical clear sky day. The AC output power of Inv2 is

normalized by the factor 640/768, which is the ratio of the nominal
temperatures (solid curve = Invl and dotted curve = Inv2).

temperatures than inverter Invl. This effect is seen
in the normalized Inv2 curve in Fig. 9 (starting from
around 14:30) where the normalized Inv2’s output
is slightly smaller than the output of Invl. The
amount of energy wasted over a full year under
these conditions and an economic analysis of the
tradeoffs of inverter sizing vs. inverter costs will be
quantified when enough operational data becomes

DC ratings. The two thin curves correspond to the inverters’

available and will be presented in a further
publication.

4. Solar energy resource and PV annual DC
energy yield

Figs. 10 and 11 show, respectively, for Freiburg
and Florianopolis, the total annual incoming solar
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Fig. 10. Total annual incoming solar radiation (in kW h/m?) at the Freiburg site.
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Fig. 11. Total annual incoming solar radiation (in kW h/m?) at the Florianopolis site.

radiation resource in kW h/m? as a function of sur-
face tilt and orientation. Especially for building-
integrated photovoltaic (BIPV) installations it is
usually argued that sites at higher latitudes are
more favorable for vertical facades because the
sun is usually lower in the sky. These figures reveal
that even at vertical tilt the Florianopolis site (lat-
itude =27°S) is still receiving a considerable
amount of solar radiation, some 10% higher than
at the 48°N latitude site Freiburg. As far as surface
orientation is concerned, the figures also reveal

that the lower latitude site is less sensitive to azi-
muth deviations. Figs. 12 and 13 show the total
annual DC energy yield, in kW h/kWp per year,
respectively, for Freiburg and Florianopolis, using
the measured irradiation data and the two-diode
model and taking into account temperature effects
on crystalline silicon PV device performance. The
same surface tilt and orientation effects described
in Figs. 10 and 11 can be seen here, with the Flor-
ianopolis site showing a smaller sensitivity to azi-
muth deviations.
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Fig. 12. Total annual DC energy yield (in kW h/kWp) of crystalline silicon PV calculated for the Freiburg site using measured solar

radiation data and temperature effects in the two-diode model.
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Fig. 13. Total annual DC energy yield (in kW h/kWp) of crystalline silicon PV calculated for the Florianopolis site using measured solar

radiation data and temperature effects in the two-diode model.

5. Inverter sizing vs. solar radiation data sampling
rates

The calculation of the optimum ratio between the
solar array nominal power and the inverter nominal
power is fundamental for the correct design of PV
plants. As previously shown, the use of hourly aver-
ages of solar radiation data leads to considerable
differences in the assessment of the solar energy dis-
tribution profiles, especially at high irradiation lev-

els. This artifact has consequences in the optimum
sizing of inverters.

Figs. 14 and 15 show the optimum relation
between the PV array DC nominal power and the
inverter nominal AC power (Ppy/Pioy.AC nom) for
Freiburg as a function of PV array’s surface tilt
and azimuth. Calculations are based on mean hourly
irradiation values and instant (10 s) irradiation val-
ues, respectively. It has been assumed, that 0.5%
losses due to inverter power limitation are allowable.
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Fig. 14. Optimum relation between a solar PV array DC nominal power (Ppy) and an inverter’s AC capacity (Payv.Ac nom)» calculated for
0.5% losses due to inverter power limitation for the Freiburg site when using mean hourly values of solar radiation data.
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Fig. 15. Optimum relation between a solar PV array DC nominal power (Ppy) and an inverter’s AC capacity (Pinv,Ac nom), calculated for
0.5% losses due to inverter power limitation for the Freiburg site when using instant (10 s) values of solar radiation data.

These figures demonstrate how the use of hourly
averages leads to undersizing of the inverters with
respect to the PV array nominal power. Instant
values also show a smaller tolerance in surface
tilt and orientation permissible for the lowest Ppy/
Prov.Ac nom relation. This effect can be ascribed to
the effect of higher irradiation maxima that occur at
more favorable tilts and orientations, which are only
detected at higher solar radiation data sampling
rates. The slight east bias of the optima can be

assigned to temperature effects impairing the perfor-
mance of crystalline silicon PV devices more in the
afternoon than in the morning. Since higher operat-
ing temperatures in the afternoon (west orientation)
will lead to a lower PV device performance, a higher
Ppv/Proy.AC nom is allowable.

Figs. 16 and 17 show the optimum relation
between the PV array DC nominal power and the
inverter nominal AC power (Ppy/Prav.AC nom) for
Florianopolis as a function of the PV array’s surface
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Fig. 16. Optimum relation between a solar PV array DC nominal power (Ppy) and an inverter’s AC capacity (Prnyv.AC nom)» calculated for
0.5% losses due to inverter power limitation for the Florianopolis site when using mean hourly values of solar radiation data.
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Fig. 17. Optimum relation between a solar PV array DC nominal power (Ppy) and an inverter’s AC capacity (Prny.AC nom)» calculated for
0.5% losses due to inverter power limitation for the Florianopolis site when using mean minute values of solar radiation data.

tilt and azimuth. Calculations are based on mean
hourly irradiation values and mean minute irradia-
tion values, respectively. 0.5% losses due to inverter
power limitation have been allowed. Here again the
use of hourly averages leads to undersizing of the
inverters with respect to the PV array nominal
power. Hourly averages artificially admit a larger
tolerance in the PV array’s surface tilt and orienta-
tion because the higher energy content of the solar

radiation resource available at high irradiation lev-
els is smoothed when averaged over a 1-h period.
When looking at 1-min resolution, a smaller ratio
Ppy/Pray.AC nom 1S optimum which is also shifted
to the east (morning sun), evidencing the strong neg-
ative role of the higher PV module temperatures
prevailing in the afternoon. A more detailed analy-
sis of the Florianopolis data also reveals some 5%
more energy content in the morning than in the



44 B. Burger, R. Riither | Solar Energy 80 (2006) 32—45

afternoon for the particular year analyzed, which
also contributed to the asymmetry seen in Fig. 17.

6. Conclusions

Using different time resolutions for solar radia-
tion data from Freiburg, Germany and Florianopo-
lis, Brazil, we have shown the effects of using
averaged data on the optimum inverter sizing for
grid-connected photovoltaic systems with crystalline
silicon modules.

When calculating the yearly efficiency and losses
of inverters due to power limitation, using hourly
and l-min averages, we have demonstrated that
actual losses due to inverter undersizing increase
with increased averaging time. This reveals that par-
ticularly hourly averages hide important irradiation
peaks that need to be considered.

Furthermore our results demonstrate that the
effect of PV array tilt and orientation on the relation
between PV array nominal power and inverter nom-
inal power varies with the time resolution of the
solar radiation data. Real conditions are more sen-
sitive to tilt and azimuth than it would be expected
from calculations with hourly averages.

In addition, it has been shown from measured
STC power of 150 new crystalline PV modules that
real module power is still ~3% below nameplate rat-
ing. This aspect, together with the fact that in gen-
eral the yield of PV systems decreases with age,
should be taken into account when sizing inverters
for grid-connected PV systems.
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