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ABSTRACT: In 2005, at the 20™ EU PV conference in Barcelona, we presented the new quantity “total
efficiency ny", which is obtained as n: = n- nweer from conversion efficiency n and MPP-tracking efficiency
nwmeet, Which contains conversion efficiency and tracking efficiency in one value [1]. Besides the two inverters
used as examples in [1], many more inverters of different manufacturers were tested at BFH’s PV laboratory in
2004 - 2006: Sunways NT4000, Fronius 1G30 and 1G40, SMA SMC 6000 and SB3800, Sputnik SM2000E,
SM3000E, SM6000C and SM25C and Convert 6T. First test results of a SMC 8000TL are also available.

At first an overview over the most important properties of these devices is given, considering conversion
efficiency, MPP-tracking efficiency and total efficiency at three different voltage levels, rated power, galvanic
separation, harmonic currents, EMC-behaviour on DC and AC side, voltage and frequency monitoring,
islanding after loss of line voltage, sensitivity to telecontrol signals and dynamic tracking efficiency.

In the main part of the paper, conversion efficiency curves for three different DC voltages for the best inverter
with and without galvanic separation measured so far will be indicated. Besides that, curves of total efficiency
Niot VS. Offered MPP-power Pyep Will be shown for many inverter types at three different DC voltage levels.
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1. Introduction

Last year at the 20" EU PV conference in Barcelona the new
quantity ,total efficiency my“ was introduced, which can
describe the static operating behaviour of a grid-connected
PV inverter much better than conversion efficiency n alone.
Total efficiency ny is the product of DC-AC conversion
efficiency n and static MPP-tracking efficiency nweer [1]-

If measured values of total efficiency 1 are available for an
inverter at different DC voltage levels, a plant designer can
create an optimal match between PV array and PV inverter
not only considering array power, but also as far as DC
voltage is concerned. It also makes sense to include
measured values of n at different voltage levels in PV
simulation programs. Together with improved data about
energy rating of PV modules this will increase the accuracy
of calculation of energy yield of grid-connected PV-plants.

In this paper, at first an overview over the most important
properties of the tested inverters is given, considering
conversion efficiency, MPP-tracking efficiency and total
efficiency at three different voltage levels, rated power,
galvanic separation, harmonic currents, EMC-behaviour
on DC and AC side, voltage and frequency monitoring,
islanding after loss of line voltage, sensitivity to
telecontrol signals and dynamic tracking efficiency.

In the main part of the paper, conversion efficiency
curves for three different DC voltages for the best inver-
ter with and without galvanic separation measured so far
will be indicated. Besides that, curves of total efficiency
TNiot VS. Offered MPP-power Pypp will be shown for many
inverter types at three different DC voltage levels.

In another contribution at this conference, dynamic MPPT-
performance of these inverters will be discussed more in
detail [2].

Extended test reports (in German) about the inverters
tested are available on the internet under www.pvtest.ch

2. Overview over Test Results

In table 1 (on next page) the key specifications and main
test results of the inverters tested by the PV laboratory of
BFH in Burgdorf in 2004 to 2006 are listed. For all
inverters, not only conversion efficiency, but sometimes
also MPP-tracking efficiency depends on DC operating
voltage (up to 2% and more) [1], [4]. Therefore it would
be essential that manufacturers clearly indicate the DC
voltage at which an efficiency value was measured in
their data sheets. Some manufacturers indicate these
values at least in their operating manuals.

European efficiency mgy was calculated with the
following formula (index value = percent of rated load):

MNeu = 0.03 Ns+ 0.061’]10+ 0.131’]20 + 0.11’]30+ 0.481’]50 + 0.21’]100

3. Some Test Results in Detail

3.1 Highest values for DC-AC-conversion
efficiency n measured until Aug. 2006

Good inverters without transformers have very high
conversion efficiencies n (fig. 1). With the latest develop-
ments, the difference in efficiency of 1 — 2.5 % between
the inverters without and with galvanic separation
remains in the same order of magnitude as it has been for
many years. However, also inverters with galvanic
separation now already have a very high efficiency (fig.
2). For both inverters, differences of efficiency of up to
2% due to variations of the DC operating voltage were
registered.

Galvanic separation seems to have also some advantages.
Based on the experience in our long-term monitoring
program with more than 60 inverters over many years, it
seems that inverters with transformers have a somewhat
higher long-term reliability.
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Table 1:

Key specifications and main test results of the inverters tested by the PV laboratory of BFH in 2004 — 2006.
Transformer type: LF = low frequency, HF = high frequency, TL = transformerless (no transformer).

Note: Some of the dynamic MPP-tracking tests performed before April 2006 had a somewhat too high variation in MPP-
voltage between the high and the low power level. If possible, the measurements have been replaced by measurements with a
realistic MPP-voltage variation since May 2006. However, for some inverters this was no longer possible, therefore their
dynamic MPP-tracking results may be worse than they would have been with the typical voltage variation of only a few
percent for crystalline silicon. These measurements are marked with ** in table 1. All other measurements (also the other
measurements of the corresponding inverters) were not affected.
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Fig. 1:

Highest measured conversion efficiency at a prototype
of an inverter without transformer at three different DC-
voltages (SMC 8000TL, Ppc, = 8.25 kW).

SunnyBoy 3800: Conversion efficiency n = f(Ppc/Ppcn)
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Fig. 2:

Highest measured conversion efficiency of an inverter
with transformer at three different DC-voltages
(SB3800, Ppc, = 4 kW).

3.2 Measured curves for total efficiency ot
for some inverters

The following diagrams show m = n-nveet &S @ function of
normalised MPP-Power Pypp/Ppcn (Pocn = rated DC power
of the inverter under test). As the actual input quantity to the
inverter is Pypp Offered by the PV array or PV array simu-
lator, it makes sense to indicate n NOt VS. Pac or Ppe, but
Nt VS. Pvpp. Measured curves for 3 different DC voltage
levels are shown.

Note: Pac=n-Poc = N"Mmeer-Pwmee = Mot Pmer [1].

NT 4000: Total efficiency N = N 'NMuept = F(Pmpe/Pocn)
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Fig. 3:

Total efficiency my 0f @ NT4000 (without transformer)
vs. normalised MPP-power Pypp/Ppcy at 3 different MPP
voltages. Due to the relatively low nyppt at low power le-
vels and higher values of Vpp, despite the high conver-
sion efficiency n the device has a quite low n there.

IG 30: Total efficiency My = N*Nwppt = f(Pupp/Pocn)
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Fig. 4:

Total efficiency n of an 1G30 (with galvanic separation)
vs. normalised MPP-power Pypp/Ppcy, at 4 different MPP
voltages. At low power, owing to the good MPP-tracking,
for nyt the device can compensate most of the lower
conversion efficiency.

IG 40: Total efficiency My = N*Nweer = f(Pupp/Pocn)
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Fig. 5:

Total efficiency nyt of an 1G40 (with galvanic separation)
vs. normalised MPP-power Pypp/Ppcy at 4 different MPP
voltages. With this device, efficiency at medium DC-
voltage is highest. It is astonishing that a small increase
of the DC voltage from 260V to 280V causes a
significant increase of ny.

SMC6000: Total efficiency Nt = NMueer = f(Pupp/Pocn)
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Fig. 6:

Total efficiency ny of an SMC 6000 (with transformer)
vs. normalised MPP-power Pypp/Ppcy at 3 different MPP
voltages. This device has a very high efficiency for an
inverter with transformer, which depends only slightly
from DC voltage. Highest efficency is obtained here at
the lowest DC voltage.
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SolarMax 25C: Total efficiency Nyt = Nvepr = f(Pupp/Pocn)
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Fig. 7:
Total efficiency ny of a Solarmax 25C (3-phase, with
transformer) vs. normalised MPP-power Pypp/Ppcn at 3
different MPP voltages. This device has the highest
efficiency at low DC voltages.

SolarMax 6000C: Total efficiency ot = NNweer = f(Pupe/Pocn)
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Fig. 8:

Total efficiency m,: of a Solarmax 6000C (without
transformer) vs. normalised MPP-power Pypp/Ppcn at 3
different MPP voltages. This device has the highest
efficiency at high DC voltages.

SunnyBoy 3800: Total efficiency N = NNwpet = f(Pwpe/Pocn)
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Total efficiency my of @ SB3800 (with transformer) vs.
normalised MPP-power Pypp/Ppc, at 3 different MPP
voltages. This device has also a very high efficiency for
an inverter with transformer. Highest efficiency is
obtained here at the lowest DC voltage. At higher power
levels, efficiency depends only slightly on DC voltage.

4, Conclusions

Compared to measured efficiencies of some older
inverter models indicated in [2], European efficiencies for
inverters of the same technology could be increased again
by about 1% - 3%.

Measurements have also shown that most inverters have a
quite good static MPP-tracking. Therefore total efficiency
TNt IS Often very close to conversion efficiency. However,
to verify inverter quality, it makes sense to perform actual
measurements by independent test institutions.

In the past, our measurements have shown that inverter
efficiences indicated by many manufacturers in their data
sheets often contained exaggerated values with 1 — 2%
"marketing overtip". As efficiency measurements become
more difficult and require very expensive measuring
equipment the closer they come to 100%, it is very
difficult for the average consumer to verify this. A similar
situation has existed (and partly still exists) with module
specificiations. However, some inverter manufacturers
now indicate real efficiencies on their data sheets that can
actually be confirmed by measurements with high-
precision instruments in the laboratory. This is very good
for plant designers and plant owners and for the further
evolution of the PV market.

Notes:

e A proposed measuring procedure and some
measuring results for measurements of dynamic
MPP-tracking behaviour are presented in another
contribution [3].

e Extended test reports (in German) are available under
www.pvtest.ch > Wechselrichter-Testberichte.

Important Notice

Information contained in this paper is believed to be ac-
curate. However, errors can never be completely exclu-
ded. Therefore any liability in a legal sense for correct-
ness and completeness of the information or from any da-
mage that might result from its use is formally
disclaimed.
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