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Abstract: Besides tests of PV inverters started in 1989, sI8&2 the PV laboratory of HTI in Burgdorf has atsaried out

several analytical monitoring projects without aimyerruptions with a continuously increasing numlmérplants and

inverters. At present 42 grid-connected PV-plarith wp to 55 inverters are monitored. Most of thengps are in the town of
Burgdorf, but since 1993 also two high alpine plait8454m and 2670m are included in the projecsphing 2001, the PV
laboratory has built a new and more reliable mairitpsystem for the (at present) largest PV planSwitzerland (Mont

Soleil). Since December 2001 also a PV pilot plaith three different thin-film technologies (CulnBelS, a-Si tandem
cells, a-Si triple cells) has been monitored (sgmagate contribution). The purpose of these long-t®onitoring projects is
to register all relevant influences on energy yielegradation mechanisms, reliability, and life eogancy of grid-connected
PV plants which can not be detected during relgtighort initial monitoring campaigns of 1- 2 yeatbat are often

performed after the erection of new PV plants, $topped later in order to save costs. For soméefptants, very long
monitoring periods (without interruptions or datsdes) of 10 — 12 years will be available until ¢tbaference. Monitoring
data of all these plants are also made availalpld=f.
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1. Inverter reliability and energy lost
due to inverter defects

As for reliability, inverters are the most critigart of a et e
grid-connected PV plant. During the monitoring pratg Yields & Losses [KWh/dIKWp] (Pgen=4134Wp)
mentioned above, valuable statistical data aboudrtar © = 408 KWh/dTkWp | [Va = 3.02 KVWGIWp | kG =750 [n =504 %
defects and reliability could be obtained. Betwe8821 oYL =E 03 kWKW | [YF= 275 RWHdWp ]
. . Let = 0.01 KWh/d/kWp| [Lem = 1.01 kWh/d/kW,
and 1994 the number of inverter defects per inverte .- ntn] Lem e
operation year was in the range 0.7 to 1, dropped o 2 2
continuously in the following years and stabilisadhe % 5
years 1997 to 2003 in the range 0.07 to 0.21. = 77
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0.1 s Fig. 2: Normalised yearly analysis for PV plant Birg
0o — T T 0 (4.134kWp, 2670m) for 2003. Due to a severe
1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 . .
Operation year inverter defect in January and February,
which made a replacement necessary, about
Fig. 1: Inverter defects per inverter operation yea 10.5% of the possible annual production was
and average number of inverters monitored. lost!
In 2001, a relative maximum was registered due to
defects of mostly older inverters (especially atteun- Energy lost due to Inverter Defects
derstorms which were quite frequent in this yeéan). 208
2002, when no heavy thunderstorms were registared i AN Pa
H H 1.6
Burgdorf, this number dropped again to 0.07. AN P 7 \
Table 1 (on next page) shows the number of inverter \ VAN /[ \

12

defects registered for all inverter models fronfedint 10 _*\__7/77___\— _/_/___\\___7
manufacturers. It can be easily seen, that theee ar 08 "/ s A4 \ 7
significant differences. Usually new inverter desig 06 \ / \ /
from manufacturers appearing on the market forfitise o4
time are less reliable due to lack of experiendeereas 00 . . . . .
redesigns of inverter models from experienced 1996 1997 1998 1999 2000 2001 2002 2003
manufacturers are more reliable in general. ) Jan

Energy lost due to an inverter defect strongly dejgeon Fig. 3: Lost energy due_to inverter defects at the
the moment when the defect occurs and on the time plants_ mom(t)ored in Burgdorf. The average
required to repair it (see fig. 2). In the year9a%o value is 1.1 % of the total energy production.
2003, annual energy lost owing to inverter defeeatsed

between 2% and 0.2% with an average of 1.1% (sge fi

3).
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Registered inverter defects for different inverter types:

Year| Total
Inverter of | months Number of inverter Defects Hardware-defects per inverter operation year
Start| of oper.
92(93[94|95|96(97|98|99|00|01|02[03|Total| 92 | 93 | 94 | 95 | 96 | 97 | 98 | 99 | 00 | 01 | 02 | O3 |Total
PVWR 1500 1992 112 0lJO|lOJO|JOJ]O]O[O]O]1 1 0.0/00[00)00[/00[00]00]00[00]11 0.1
PVWR 1800 1992 201 01351410 12 100/ 08]13]10]0.0 0.7
Solcon 3300 1991 189 0jO0O|JOjO|J1]0]0OfJ2]0]0O]O]O 3 0.0/00[00)]00[/05][]00]|00]10[00]00]00]00] 0.2
Solcon 3400HE | 1992 497 1/1|4/0]1]/0]0]2[2]0]1]1] 13 332/10]16]/00[/02]00/00]/04]/05]00]03]03]0.3
Solarmax S 1995 1539 0O|5]0]4]112[8]2]|3] 25 00/04/00[03/01[01]05[01]02]02
TopClass 1800 | 1993 122 0J|0O/O0J]OJOoOJOJOfOo]oOfoO]foO 0 0.0/00[00]/00]00)00]00]00]|00]00]0.0] 0.0
TC 2500/4 Grid I1l] 1996 90 0l|0jlojJojojofofo 0 00]/00]/00][00]00]00]00]00] 0.0
TC 2500/6 Grid Il | 1994 230 0OjO0J1|1j0)J1f0fjo0O0fOfoO 3 00/00[05[05|]00[05]00]00]00]00] 0.2
TC 2500/6 Grid 1I1] 1996 77 0l|o0OjojJojJoJofofoO 0 0.0 0.0/ 0.0 0.0] 00] 0.0]00] 00
TopClass 3000 | 1992 184 1]2]1]1]1)j]0]j]0jJofJoj1fo0ofoO 7 19/13/05/05[05/00[00/00]00]10[00]00]f05
TC 4000/6 Grid 11 | 1994 370 0/2]0J0ojJ1)0fJ0f0]oOfoO 3 00/05[00[00][]03/00]00[00]00]00] 0.1
TC 4000/6 Grid I1l] 1996 553 1]0j0j1]1]0]1]0 4 07]00/00[02]02]00]01]00] 0.1
Solarmax 15 1995 104 0j|0JO0Oj0OJ]OjJOJO]O]O 0 0.0/00[00][00]00[00]00]00]00] 0.0
SolarMax20 1994 202 1/]0[0|]0O0]OJOJOJO]JO]1 2 1.0/00)00[00[00]00]00[00]00]05]0.1
SolarMaxDC30+ | 1998 60 0Ojo0jo0jJojJoOo]oO 0 0.0 00]00[00]00]0.0] 0.0
EcoPower20 1994 57 5/0[3|]2]|2 12 56/00[30]20] 23 2.5
EdiSun 200 1996 86 0ll1/0j]ojojofofo 1 00]/10]/00][00]00]00]00]00] 0.1
Convert4000 1998 433 0j0]2]1]0]2 5 00]/00]03[01][00]03]0.1
ABB 1992 31 0]0]O 0 0.0 0.0]0.0] 0.0
Fronius Mini 2002 23 oflo 0 0.0 0.0] 0.0
TopClass Spark | 2001 73 0] 0 0 0.0 0.0 ] 0.0] 0.0
Total 5232 216116| 7|13 4| 7| 7| 7|11} 4| 7] 91 ]0.71]0.69]0.95/0.29|0.34]0.09|0.15]0.15]0.14| 0.21| 0.07]0.13| 0.21

Table 1: Registered inverter defects for different invertertypes

2. Evolution of energy yield in course
of time at the PV plants in Burgdorf

2.1 Normalised energy yields of PV plants in
Burgdorf referred to standard year

In order to compare PV plants of different sizés ibest
to indicate energy vyield in kWh/kWp. Thus the
influence of the size if the plant is eliminate@ddig.
4).
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Fig. 4: Normalised annual energy production of all
PV plants in Burgdorf from 1996 to 2003.

It is astonishing that the difference between thergy
yield of good plants and poor plants increases
considerably in course of time despite the highbpai
rate for PV power (CHF 1 per kWh) paid by the local
utility (Localnet AG). It seems that some owners
(especially after a change of ownership of thedaug

on which the plant is built) gradually loose thieiterest

in their PV plant.

As far as irradiation is concerned, 2003 was bytliar
best year between 1996 and 2003. However, the
average energy yield of all PV plants in Burgdorfswa
only the second best and slightly below the values
registered in 1997, the year with the second highes
irradiation. As most PV plants in Burgdorf were ¢eec
between 1994 and 1996, increasing pollution of the
arrays and some aging effects seem to be respensibl
for this phenomenon.

In order to eliminate the influence of the irradiat
changes between different years, measured datathave
be converted to a standard year with average araei
conditions. Fig. 5 shows the resulting normalised
energy yields. Besides the average value of alltplan
also the average value of all inverters without
transformers, the maximum value (from cleaned glant
without transformers) and the minimum value (mostly
from a fagcade plant with tilt angg@ = 60° and a west
deviationy = 20° from south that is partially shaded by
parts of the building) are indicated. Nearly all pNnts

in Burgdorf have modules with frames.

Normalised Annual Energy Production of all PV-Plants in Burgdorf
(converted to year with average irradiation)
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Fig. 5: Normalised annual energy production of all
PV plants in Burgdorf (converted to year
with average irradiance conditions with
H = 1163 kWh/n).

In fig. 5 almost all curves have a slightly falling
tendency. Moreover the differences between plaitts w
good maintenance and neglected plants increase with
time. The significant decrease of the average vidue
all plants in the years 2000 to 2003 is mainly eausy

a relatively new large plant commissioned in 199 t
seems to have problems with inverters as well @

generator with roof-integrated PV shingles withoav |
tilt angle (not monitored in detail in this project).
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2.2 Normalised energy yields of older PV
plants in Burgdorf (energy losses due to
inverter defects eliminated)

In order to examine the long-term behaviour of B\é
generator only, besides the conversion to a stdngkzar
with average irradiance conditions also the infeeeof
inverter defects must be eliminated and only ofglants
must be considered.

Annual Energy Production of older PV-plants in Burgdorf
(converted to year with average irradiation, without losses due to inverter defects)
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Fig. 6: Normalised annual energy production of all
PV plants in Burgdorf built before 1998
(converted to year with average irradiance
conditions) corrected for energy losses due
to inverter defects.

In fig. 6, for all plants with inverter defects,etlenergy
lost due to the defect was added to the measumden
Therefore the normalised energy yields in fig. @mya
show the effect of PV array problems (pollutioninag
degradation, string defects {at some plants onlg, e
problems with string diodes, fuses, connectorspwsn
covering, in part also increasing shadowing due to
growing trees). Most curves have a slight tendeiacy
decrease in course of time. In 1998 and esped89p
there was a slight dip, but in 2000 and 2001 tlvexs
again an increase in the curves for PV plants witho
transformer (nearly all these plants with Siemers5M
with metal frames and long side parallel to the
horizontal plane). From 1996 to 2003 the averadigeva
but also the maximum value coming from plants with
occasional cleaning has decreased about 8%. Sdysiti

to pollution strongly depends on the location oé th
plant and the module type. Framed modules, especial
those with relatively small distance between theared

the frame (e.g. Siemens M55) have a strong tendency
for pollution. It seems that there is also soma@giith
these modules. However, it is astonishing that the
average value of all plants decreases less than the
maximum value (only about 4% from 1996 to 2003). It
must be noted that in this average value also many
plants with other modules and the large plant of &€
included, that are cleaned from time to time.

2.3 Reduction of energy yield and measured
STC-power of the PV plant of the PV
laboratory of HTI

Since spring 1994, the PV laboratory has operatBy a
test plant of 60 kWp on the roof of its building. dourse

of time, a permanent pollution strip has developed
gradually at the lower edge of the (framed) PV nieslu
with a tilt angle 3 = 30°. Owing to the analytical
monitoring, detailed data are available since ti&ince
1996 it is also possible to measure I-V-curves and
convert them to STC with a special device developed
especially for this purpose.

For a first overview over energy production andsius
operational problems at PV plants, normalised mgnth
statistics are very useful. For this purpose noisedl
quantities Y (reference yield into array plane in
(KWh/n?/d)/(1kW/nf)), Y (temperature corrected refe-
rence vield into array plane in (KWhakd)/(1kW/nf)), Y,
(array yield on the DC side in kWh/kWp/d) and (final
yield on the AC-side in kWh/kWp/d) and in addition
performance ratio PR =Y Y, are indicated as average
daily values for each month [1].

For an assessment of the energy yield of an arrty av
relatively low tilt angle it makes sense to examthe
generator correction factorgk= Y, / Y1 in the months
April to September that are not affected by snow
covering, unless unusual events (e.g. inverter ctiefe
cleanings) occurred in these months. As the infleeof
temperature is already contained iR Ykg should be
close to 1 in an ideal casEig. 7 shows k for 1994 to
2003 for the part of HTI's PV plant that has been
monitored for the longest time.

Fig. 7 shows that kand thus energy vyield of the PV
generator decreased at first slowly, then fasterfaster
due to increasing pollution at the lower edges & t
frames. Longer snow coverings seem to alleviate thi
decrease. From 1994 till the first cleaning in stenm
1998, the generator correction factes ik the summer
months dropped about 9%, from 1998 till the second
cleaning in summer 2002 about 11%.

PV-Plant West of PV Laboratory of HTI Burgdorf:
PV generator correction factor kg im summer (April-September)
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Fig. 7: Measured generator correction factor k of
sub-plant west of the PV test plant of HTI
Burgdorf with modules Siemens M55 with
frames (long sides horizontal) and tilt angle
B =30°. See also [2].

During these measurements a defective module was
discovered and replaced, which was responsiblatfout
1% of this reduction. After cleaning;kncreased about
7% in 1998 and 9% in 2002. However, part of this
reduction of k and thus also of the energy yield seems to
be irreversible. Since 1994 a permanent loss ofuabo
3.3% has been encountered until 2002. As a relgtive
short time after the cleaning again a beginnindugtioh

at the lower edges could be observed, some degradat
of the glass surface at those locations seems ve ha
occurred. It is also possible that some internal
degradation (cells, foils) has occurred in the nheslu

Fig. 8 shows the I-V-curves of an array that is pathe

PV generator of the plant before and after cleaning
2002. The reduction of measured STC power matches
very well with the reduction of kaccording to fig. 7
observed between 1998 and 2002. Similar reductiéns
STC power were also measured at PV arrays with
modules without frames and low tilt ang[e< 5°).
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Measurement of an I-V-Curve of PV Plant HTI Burgdorf
Array 6W2B converted to STC, measured 30.7.02 and 22.08.02
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Fig. 8: Measured |-V and P-V curves (converted to
STC) of an array of HTI's PV plant with a
rated power of 1310W (24 modules M55 with
55W minus about 10W diode losses) before
and after cleaning.

3. Evolution of energy yield at high
alpine PV plants in course of time

The same analytical monitoring was performed alshea
two high alpine PV plants Jungfraujoch (3454m) and
Birg (2670m). As the plants are vertically mounteithw

B = 90°, only lg-values during the winter months can be
used and they must be corrected for snow covedngs
inverter defects. No measurable effect of pollutisas
registered there. Fig. 9 shows the evolution of the
generator correction factogkn the winter months in the
years 1993 to 2003 for the two high alpine plantgBi
(2670m) and Jungfraujoch (3454m). Due to sporadic
inverter problems in 1993 and 1994, at PV plant Birg
only values from 1995 on can be used.

High Alpine PV Plants Jungfraujoch and Birg:
PV Generator Correction Factor kg in Winter (Months without Snow)
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Fig. 9: Measured values of k for PV plants Jung-

fraujoch (3454m) and Birg (2670m) with

B =290°.
Fig. 9 shows, that considering the measurementracgu
at PV plant Jungfraujoch,gkis about constant. Also at
PV plant Birg only a reduction of about 2.5% in eigh
years was registered. At these locations air gotuand
biological activity, which contribute consideralily the
registered module pollution [2], are significantgduced
or not present at those altitudes. Due to the cadrti
mounting also no pollution at the lower edges can
develop. Especially at plant Jungfraujoch sevenaés a
year snow coverings by air transported snow odbat,
do not last very long, but have certainly a goaghning
effect. The low humidity of the air at those alties may
also slow down possible internal degradation meishas
in the modules.

4. Conclusions

At the plants monitored in Burgdorf, between 1996@ an
2003 about 1.1% of energy was lost due to inverter
defects. In lower parts of the country, especialiyPV
plants with framed modules and low distance between
frame and cells, in course of time a significartution

of energy yield may occur (up to 10 % after a fexang).

An important part of this reduction is due to thwlyttion
developing gradually despite the cleaning by ran,
smaller part is caused by irreversible internalrdegtion

of the modules. The same permanent pollution uguall
also develops with modules without frames, if tteag
mounted with low tilt angles. At high alpine plarntese
effects are significantly smaller.

At PV plants that are designed and maintained plppe
and that have been operated between 5 and 11 years,
the years 1996 to 2003 the energy yield converted t
standard year with average irradiance conditions rea
markably stable, the loss of normalised energy pctidn

in this period was only close to 4%. Dependingptamt
location, tilt angle and module type, a periodidakning

of the modules may make sense to prevent a decirase
energy yield. Based on the data registered so féife a
expectancy of PV plants of 20 to 30 years is realsten
However, especially for small plants a replacenoérihe
inverter every 10 — 15 years seems to be necessary.

Most inverters already have an internal power nuoitig
and are controlled by microprocessors. By adding of
built-in input channel for a sensor for irradianead if
possible for module temperature) by the manufactitre
would be easy to integrate continuous monitoringhef
performance ratio [1]. This would allow an early
detection and analysis of plant malfunctions basedeal
measurements.
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Further informations about the research activitiesof
HTI Burgdorf's PV laboratory and many monitoring
data of 10 different PV plants :_http://www.pvtestch




