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ABSTRACT: Field I-V curve measurements are an important means of quality assurance. They provide a possibility 
to verify the actual module power on a representative sample of modules in the field. The result is “worth money”, so it 
is essential that the uncertainty is kept at a minimum. This requires good knowledge of PV measurement principles, even 
if measurement equipment is readily available. Operators have to be aware of the influence of environmental conditions 
during measurements on the result. We performed a detailed uncertainty analysis in order to improve our procedure and 
measurement equipment. With our procedure, which follows the principles of IEC 60904-1 and applies procedure 1 in 
IEC 60891, we achieve uncertainties between 2.2% and 5%. This requires traceable primary calibrated measurement 
equipment and a thorough determination of temperature coefficients and other needed parameters. The major 
contributions to the combined uncertainty of corrected power are discussed in this paper. As it is important that the 
performance of thin film technologies can be assessed, we included not only crystalline silicon technologies, but also 
CdTe and amorphous silicon technologies in our analysis. 
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1 INTRODUCTION 
Performing I-V curve measurements of PV arrays has 

always been a useful means of testing PV installations  
[1, 2]. Field I-V curve measurements allow testing a large 
sample of modules right where they are installed, and 
they reveal not only weak modules but also faulty 
connections, which differentiates them from laboratory 
measurements. Periodically performed field I-V curve 
measurements may also reveal degradation.  

The situation has changed compared to 15 years ago, 
when field measurements were mainly performed by 
well-trained scientists. Today, as considerable sums are 
invested in large scale PV systems, performing field I-V 
curves is one of several common quality assurance 
measures. Their most important outcome is by far the 
verification of actual module power. The demand of 
investors for determination of actual power in the field is 
growing. In order to fulfill this demand, methods to 
measure field I-V curves have to be non-time-consuming, 
easy to perform and still give reliable results with small 
uncertainties. The market offers various kinds of field I-
V curve measurement systems which promise to fulfill 
these requirements. However, reliable field I-V curve 
measurements require that the operator has good 
knowledge of the main influences on the measurements, 
and does not only rely on the I-V-curve tracer and the 
implemented correction procedure. It is important that 
the operator is aware of the specific uncertainties of his 
system and the correction procedure applied. 

Is this paper, we review the most important points for 
performing field I-V curve measurements with the 
purpose of determining the actual module power. We 
discuss the sources of uncertainty when working 
according to IEC60891 [3] and present the results of our 
uncertainty analysis. 

2 DETERMINATION OF ACTUAL MODULE 
POWER IN THE FIELD 

As illustrated in Figure 1 the power determination 
consists of three steps: the measurement itself, the 

correction to STC, and the correction of external losses 
such as soiling, electrical losses or mismatch losses. Even 
if the latter is a crucial aspect – the assumptions about the 
external losses directly affect the decision, whether the 
modules meet label specifications or not – a detailed 
discussion is beyond the scope of this paper. 
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Figure 1: The three steps of verifying module power by 
performing field I-V curve measurements.  
 

The process of determining the actual module power 
in a large scale PV system is usually as follows: 

First of all, a representative sample with regard to 
installed module types, electrical configuration or time of 
installation has to be selected. We consider a sample of 
10% to 30% of a system as large enough. The 
measurements are performed on PV arrays, i. e. system 
parts with a size of 5 kWp to 100 kWp. The size of the 
arrays depends on the range of the measurement system, 
the possibility to make the electrical connection and the 
size of the total system. Measuring small system parts 
gives a closer look at the modules, whereas measuring 
larger system parts allows a larger sample. For each 
array, the I-V curve is measured with a mobile I-V curve 
tracer. The conditions during measurement have to 
stable, i. e. clear blue skies and ideally no wind. Basic 
PV measurement principles as given in IEC60904-1 [4] 
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have to be observed. Irradiance in the plane of the array 
and the array temperature have to be measured 
simultaneously with the I-V curve. This is necessary as 
module label values refer to Standard Testing Conditions 
(STC 1000 W/m², 25 °C, spectral distribution according 
to IEC60904-3 [5]). STC are almost never met in real 
operation which demands a correction from real to 
standard conditions. The correction can be performed 
directly after the measurement by the data acquisition 
unit in use, which is state of the art, or manually 
afterwards. The result of the correction is the actual array 
power, which might have to be corrected further for 
external losses before being fully comparable to label 
specifications. 

To perform the correction from real operation 
conditions to STC, a model to describe the module 
behavior with different temperatures and irradiance 
levels is necessary. There are a large number of 
correction models available whose advantages and 
disadvantages have been discussed elsewhere [3, 6-9]. 
They can be divided into: 

- analytical models like the two-diode model, 
- interpolation procedures like the procedure 3 in 

IEC60891 which require several measurement at 
different conditions at each array to be tested, and  

- algebraic methods like procedures 1 and 2 in 
IEC60891, which correct the measured I-V curve 
point by point and use parameters determined 
beforehand.  

The latter are most common because they are easy to 
handle, whereas interpolation procedures are too time-
consuming for field I-V curve measurements in large 
scale PV systems. Fraunhofer ISE uses procedure 1 in 
IEC60891. The correction equations are given in (1) and 
(2). 
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where I is the current, V the voltage and E the irradiance. 
The index m stands for measured quantity, STC for the 
quantity corrected to STC. α is the temperature 
coefficient of short circuit current, β the temperature 
coefficient of open circuit voltage, Қ the curve correction 
factor and RS the series resistance. 

 
The basic problem of algebraic procedures is the 

determination of model parameters that are technology or 
module-type-dependent – there is always a tradeoff 
between accuracy of the corrected result and complexity 
of parameter determination. It can be stated that 
correction procedures that promise to get along with only 
temperature coefficients for ISC and VOC will generally 
not reach the accuracy of procedures with more 
parameters. The challenge with more parameters is, that 
their determination requires measurements of 
temperature and irradiance dependency. This is easily 
possible for one or two modules under laboratory 
conditions, but only at high expenses for arrays. So an 
extrapolation from module to array has to be performed 
which can introduce additional uncertainty. 

3 UNCERTAINTY CALCULATION 

3.1 Approach 
As explained above, the actual STC power is derived 

from measurement and correction. Hence, the uncertainty 
is composed of the actual measurement uncertainties 
introduced by the equipment and its traceability chain 
[10] and the uncertainties of the correction procedure 
[11]. The latter is basically composed of the ability of the 
model to describe the module behavior, the uncertainty 
of the model parameters in use and the environmental 
measurement conditions (see Figure 2). The closer the 
real conditions are to STC, the less uncertainty is 
introduced by the correction. It has to be kept in mind 
that each measurement has its own uncertainty, 
depending on measurement system and conditions. 
Indications that give general measurement uncertainties 
without referring to specific conditions are to be 
interpreted as a minimum value.  

 

 
Figure 2: Major influences on the combined uncertainty 
of power at STC 

 
Our uncertainty calculation includes first of all the 

results of a detailed analysis of the measurement chains 
for irradiance, temperature and I-V curve. Likewise, the 
uncertainties of necessary correction parameters for 
procedure 1 in IEC60891 (see equations (1) and (2)) are 
discussed. Since no statistically relevant number of 
measurements at one array is made, we refer only to 
measurement uncertainties type B according to GUM 
[12]. By applying the law of error propagation to the 
correction equations (1) and (2) according to GUM the 
combined uncertainty of the corrected power (PSTC) is 
calculated as given in (3) and (4).  
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and 
STCMPPSTCMPPSTC IUP ,,=  according to (1) and (2). xi 

are all measured quantities and parameters needed for the 
determination of PSTC. 
 

We performed a sensitivity analysis by analyzing the 
relative contributions of the summands uxi in (4) in order 
to find out, which parameters or measured quantities 
affect the combined uncertainty of PSTC most. The 
selected confidence interval is 95%, i. e. k=2. 
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3.2 Measurement Uncertainties 

3.2.1 Fraunhofer ISE measurement equipment 
The field I-V curve measurement system is a PVCT-

F1 (manufacturer h.a.l.m.) and the temperature sensor a 
common Pt100 sensor class A. The irradiance sensor is a 
Fraunhofer ISE crystalline silicon reference cell. Up to 
now, there was a secondary calibrated Fraunhofer ISE 
sensor with integrated shunt in use. As a consequence of 
the results presented in this paper, this will be changed 
into a primary calibrated Fraunhofer ISE sensor with an 
external shunt. 

3.2.2 Standard uncertainty of measured irradiance 
The irradiance has to be measured with a traceable 

calibrated reference device, preferably with a spectral 
response very similar to the modules of the array under 
test. The sensor has to be placed with the same 
inclination and orientation as the modules, preferably 
close to the array being measured. Measurements should 
only be taken at stable conditions.  

It is important to consider the uncertainty introduced 
by the temperature correction of the irradiance signal. 
The closer the reference cell temperature is to 25 °C, the 
lower the uncertainty, as is shown in Figure 3. The 
contributions to the combined uncertainty of the 
measured irradiance are calculated according to the laws 
of error propagation (GUM, see also (3) and (4)) for the 
suggested temperature correction equation in IEC60891. 
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Figure 3: Combined uncertainty of measured irradiance 
versus reference cell temperature (dashed line). The 
contributions to the combined uncertainty uxi are 
indicated as filled areas  

 
The resulting combined uncertainty of the measured 

irradiance is listed in Table 1. Values refer to a primary 
calibrated sensor and a secondary calibrated ISE sensor 
with internal shunt. It is obvious that the uncertainty of 
the calibration values is noteworthy [10, 13, 14]. We 
estimate a maximum of 0.5% of spectral mismatch for 
crystalline silicon. For thin film technologies, the 
uncertainty introduced by spectral mismatch has to be 
estimated according to spectral response of module and 
reference cell and time and location of measurement (see 
[15-18]). Uncertainties due to inhomogeneity are 
estimated at 0.5%. If modules of an array are not equally 
orientated, this estimate might have to be enlarged. Angle 
of incidence (AOI) effects are neglected, as 
measurements are only to be carried out under stable 
conditions at high irradiances which are typically close to 
normal AOI. Under these conditions reference cell and 

modules are considered to have equal reflection 
behaviour.  
 
Table 1: Combined uncertainty of measured irradiance 
for case A) secondary calibrated reference cell and case 
B) primary calibrated sensor with external shunt 
 
Standard Uncertanties [%]  A B 
Calibration Value  2 0.6 
Stability  2 1 
Shunt  / 0.12 
Temperature @ 40 °C  0.3 0.3 
Temperature coefficient  25 25 
Data aquisition  0.03 0.03 
Spectral Mismatch  0.5 0.5 
Inhomogenity  0.5 0.5 
Resulting combined  
Uncertainty @ 40 °C  1.9 1.0 

3.2.3 Standard uncertainty of array temperature 
The temperature is measured with a Pt100 Sensor 

attached to the back side of the module. The sensor and 
the module have to be in thermal equilibrium before the 
measurement is started. As the back side temperature of 
the module isn't equal to the junction temperature, an 
uncertainty is introduced. Especially windy or unstable 
conditions increase this error, which has been discussed 
by Faiman et. al. [19]. 

The largest influence on the uncertainty of the array 
temperature is temperature inhomogeneity. It can only be 
measured at one point of the array although there is a 
considerable spread of temperature. We assume that the 
average temperature of the array represents the 
equivalent temperature of the array well enough, and 
estimate the uncertainty as the standard deviation of a 
rectangular distribution of the temperatures between 
minimal and maximal temperature. The calculation of the 
equivalent temperature according to IEC60904-5 [20] is 
not considered a better approach, because it requires 
additional unknown parameters. 

For an array of 100 modules, a temperature 
inhomogeneity (TIH), which is referred to in the 
following as (TMAX – TMIN)/2, of around 2 K to 3 K is 
typical. A TIH of less than 1 K can only be expected in 
absence of wind. 

 
Table 2: Typical Standard Uncertainty of measured 
Temperature 
 Absolute Standard 
 Uncertainty Uncertainty 
Sensor  0.3% 
Difference back/junction 0.5 K 0.7% 
Temperature inhomogeneity 2 K 2.6% 
Data aquisition  0.03% 
Standard Uncertainty @ 45 °C  2.7% 

3.2.4 Standard uncertainty of voltage and current 
measurement 

The I-V curve of large arrays is measured with a 
capacitive load. Decisive for the uncertainty is the 
measurement instrument and its calibration. In addition 
to the measurement uncertainty of the instrument, the 
uncertainty in finding ISC, VOC and PMPP has to be 
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considered. As there is no active load available, ISC and 
VOC often have to be extrapolated.  
Table 3 summarizes the estimated uncertainties. 
 
Table 3: Measurement uncertainties of the I-V curve 
measurement 
  Standard Uncertainty 
current   0.03% 
voltage   0.03% 
ISC    0.1% 
VOC   0.1% 
PMPP    1.2% 

3.2.5 Summarized measurement uncertainties 
Table 4 gives an example of the measurement 
uncertainties we achieve after optimizing our 
measurement equipment. The values refer to a typical PV 
array and typical measurement conditions (800 W/m², 
45 °C). 
 
Table 4: Standard Uncertainty of measured Temperature 
 Measured Standard 
 Value Uncertainty 
Irradiance 800 W/m² 1.0% 
Temperature 45 °C 2.7% 
Measured Power 2353.6 W 1.2% 
Measured ISC 6.731 A 0.1% 
Measured VOC 497.4 V 0.1% 

3.3 Estimation of Parameter Uncertainties 

3.3.1 Contributions to parameter uncertainty 
With regard to the model parameters α, β, Қ and RS 

that are necessary for correction to STC according to IEC 
60891, procedure 1, two cases can be distinguished: First 
and better case is that measured parameters are available 
from a module of the same type and power class. Second 
is that technology-averaged parameters are used. The 
contributions to uncertainty for both come from 
measurement uncertainties and the spread between 
modules of one type. For the second case, the spread 
between different module types of one technology must 
also be considered. In order to investigate the spread, we 
analyzed around 120 temperature coefficient 
measurements and around 80 measurements at different 
irradiance levels that were performed in Fraunhofer ISE 
CalLab PV Modules since 2009.  

3.3.2 Parameter measurement uncertainties 
α, β and Қ are parameters that describe the behaviour 

of a module at different temperatures. K is in unit of 
Ohm/K and accounts for the fact that the temperature 
coefficients of IMPP and VMPP are different from the 
temperature coefficients of ISC and VOC. α, β and Қ are 
determined from measurements at 1000 W/m² and 
temperatures between 35 °C and 65 °C. We estimate 
uncertainties of 25% (α), 10% (β) and 25 (Қ) for all 
single junction technologies. This is a conservative 
estimate which will be investigated further, but 
corresponds to results of international round robin tests.  

RS is determined from measurements at 25 °C and 
irradiances between 1100 W/m² and 800 W/m² 
(depending on availability) with an estimated uncertainty 

of 5% for crystalline silicon and 10% for thin film 
technologies. As the measurements can be affected by a 
changing spectral mismatch with lower irradiance levels, 
the uncertainty for thin film modules is higher. This also 
will be investigated further. 

It is important that Қ and RS are determined as 
indicated in IEC60891. RS values derived from other 
sources, e. g. fitting a diode model, will cause incorrect 
results. Each model that describes module behaviour is 
only a more or less sophisticated approximation to the 
truth, switching models is not useful. 

3.3.3 Parameter Spread and deviation from data 
sheet 

Figure 4 shows the deviation of measured α and β 
from data sheet values. For crystalline and thin film 
technologies, considerable deviations of up to 20% were 
observed. It is obviously larger than the spread of 
parameters measured at different module types of the 
same technology (Figure 5), which is about 10%. All 
measured values are relative to the mean value of all 
measured polycrystalline modules. As a consequence, the 
usage of α and β data sheet values for the correction to 
STC is not recommendable.  

The basic coherences for K and RS are shown in 
Figure 6 and Figure 7. Again, all values are relative to 
the polycrystalline average. For better visibility, 
parameters for thin film modules are shown in a separate 
diagram. It is obvious that the values for thin film differ 
strongly from those for crystalline technologies. The very 
large spread of K and RS for a-Si technologies is due to 
the small sample including not only single-junction 
amorphous silicon technologies, but also a-Si/a-Si and a-
Si/µc-Si. Their parameters are given for reference, closer 
investigation is needed, especially concerning the 
determination of RS. 

Concerning crystalline technologies, the values for K 
and RS turned out to be dependent on technology, cell 
size and number of cells. Grouping modules according to 
these characteristics reduces standard deviation of the 
mean value. Nevertheless is it not recommendable to 
transfer values from one module type to another, as the 
spread is considerable even for modules of the same cell 
number and size. 

In order to derive an uncertainty for the use of 
technology-averaged values, the standard deviation from 
the technology mean was calculated for α, β, Қ and RS. 

An estimate for the spread of modules was not easy 
to grasp, as most measurements of temperature or 
irradiance dependence are only carried out at one 
module. From the little sample of more than three 
modules of one type, we derived the standard deviation 
of each module type average as input for the parameter 
uncertainty. For crystalline silicon, roughly values of 6% 
(α), 2% (β), 6% (Қ) and 5% (RS) were observed. 
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Figure 4: Deviation of relative measured temperature 
coefficients from data sheet values. 
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Figure 5: Measured temperature coefficients of ISC and 
VOC for modules of different technologies and type 
relative to the average of polycrystalline temperature 
coefficients. 
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Figure 6: Curve correction factor K for modules of 
different technologies and to the average of 
polycrystalline K. 
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Figure 7: Series resistance RS for modules of different 
technologies and type to the average of polycrystalline 
RS. 

3.3.4 Extrapolation from module to array 
Applying equations 1 and 2 for an array instead of 

one module and considering the basic electrical laws for 
adding resistances (units for Қ are Ohm/K) suggest the 
following extrapolation: 

 
RS_Array= RS_Module • NSeries/ NParallel  (4) 
 
KArray = ҚModule • NSeries/ NParallel (5) 
 

Additional uncertainties for the extrapolation are not 
taken into account, as they are assumed to be partly 
reflected in the considered spread of the parameters 
between several modules. Measurements at single 
modules and arrays have shown that this approach works 
correctly. 

3.3.5 Summarized parameter uncertainties 
Table 5 shows the results of our estimation of 

uncertainties of correction parameters. The standard 
uncertainties were calculated as root of square sums of 
the contributing uncertainties. 

Note that only one type of CdTe modules was 
considered, which makes the uncertainties comparable to 
“measured c-Si” uncertainties. For amorphous silicon 
modules, the measurement sample was not large enough 
to derive values. 

 
Table 5: Estimated Parameter Standard Uncertainties  
 mono poly CdTe measured (c-Si) 
    for 1 module type 
α 33% 35% 25% 26% 
β 15% 11% 12% 10% 
Қ 47% 34% 39% 26% 
RS 35% 30% 26% 7% 

3.4 Results of the sensitivity analysis 
As expected, the results of the sensitivity analysis 

revealed that the measurement conditions are decisive for 
the combined uncertainty of PSTC: The more irradiance 
and temperature during measurement deviate from STC, 
the larger the uncertainty of PSTC will be. This effect is 
even stronger for high standard uncertainties of measured 
parameters. This stresses once again the advantage of 
using a primary calibrated reference cell. Concerning the 
sensitivity on model parameters, it turns out that the 
uncertainty of β affects the result the most. α, β and Қ 
and RS influence depends on the conditions – the more 
temperature deviation, the more influence from α, β and 
Қ, and the more irradiance deviation, the more influence 
from RS. High uncertainties of the parameters will above 
all increase uncertainties of measurements made at large 
deviations from STC. 

Table 6 lists the contributions to the combined 
uncertainty of PSTC for two sets of typical measurement 
conditions and a best case and typical case scenario. The 
numbers are the absolute contribution to the uncertainty 
in W, i. e. the summands in equation 3. “Best case 
scenario” refers to a primary calibrated reference cell and 
parameters measured at a module of the same type, 
“typical case scenario” to a secondary calibrated 
reference cell and technology-averaged parameters. The 
relative combined uncertainties refer to the measured 
data as given in Table 4. 
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Table 6: The contributions to the combined uncertainty 
of PSTC of all quantities for two different typical 
measurement conditions and a typical PV array 
 

uxi [W] 1000 W/m² 
 65 °C 

800 W/m² 
45 °C 

xi 
best 
case 

typical 
case 

best 
case 

typical
case 

α 15 20 6 8 
β 44 65 28 42 
K 7 13 6 11 
RS 0 2 6 29 

IMPP 17 17 15 15 
VMPP 13 13 17 17 

E 27 54 29 58 
ISC 0 0 1 1 

tArray 12 12 17 17 
UPSTC (k=1) 60 91 51 83 
UPSTC,relative 

(k=2) 3.8% 5.7% 3.3% 5.2% 
 
A further result is the possibility to estimate the 

uncertainty in dependence on the environmental 
conditions for a given set of parameter uncertainties and 
a given uncertainty of the calibration value. The 
environmental conditions are namely irradiance, 
temperature and temperature inhomogeneity. This is 
useful, because the measurement conditions are the only 
changing influence on the combined uncertainty of PSTC.  
 

 
Figure 8: Influence of environmental measurement 
conditions on the uncertainty for the best case scenario 
(blue) and a typical scenario (orange). 
 

Figure 8 shows the changes in the combined 
uncertainty of PSTC for each environmental factor. The 
other factors were kept at zero in each case. The 
combined uncertainty can be calculated as follows: 
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U0 is the pure measurement uncertainty for a 
measurement at STC and no temperature inhomogeneity, 
the uncertainty introduced by the deviation of irradiance 
from 1000 W/m² is UΔE, the uncertainty introduced by 
the deviation of temperature from 25 °C is UΔT and the 
uncertainty introduced by temperature inhomogenity is 
UTIH.  
The coefficients a, b and c can be derived in dependence 
of the uncertainties of measurement equipment, 
especially the calibration value of the reference cell, a set 
of assumptions concerning spectral mismatch or 
inhomogeneity and the estimated set of parameter 
uncertainties. 

3.5 Summarized results 
The major contributions to the combined uncertainty 

of the power at STC determined by field I-V curve 
measurements were presented. Concerning the steps the 
operator can take to minimize the uncertainty, the 
following conclusions are drawn: The measurement 
uncertainty can be minimized by using primary 
calibrated equipment, especially a primary calibrated 
reference cell. Uncertainties introduced by the correction 
to STC can be minimized by using parameters that were 
measured at a module of the same type. The 
environmental conditions can hardly be influenced, but 
measurements at unstable conditions, with no clear blue 
skies and at irradiance much lower than 800 W/m² should 
not be performed. Those conditions are not covered by 
our uncertainty analysis. 

All presented uncertainties refer to procedure 1 in 
IEC60891, but are qualitatively transferable to procedure 
2 [11]. Table 7 summarizes the uncertainties Fraunhofer 
ISE achieves with a primary calibrated reference cell for 
measured and technology-averaged parameters.  

 
Table 7: Fraunhofer ISE uncertainties for PSTC for case 
A) parameters determined at the same module type and 
case B) technology-averaged parameters 
  1000 W/m² 800 W/m² 
  A B A B 
25 °C 2.2% 2.2% 2.6% 3.2% 
45 °C 2.7% 3.2% 3.3% 4.2% 
65 °C 3.8% 4.9% 4.6% 6.4% 

4 MEASUREMENT RESULTS 

4.1 Generator level 
In order to find out whether the reproducibility of 

measurements under real conditions lies well within the 
calculated uncertainties, measurements were performed 
at different times in 2010. The three small test arrays 
(3xpoly, 4xCdTe, 3xa-Si) are part of installations on the 
roof of Fraunhofer ISE main building. For details 
concerning measurement equipment and setup see [21]. 

PSTC determined by outdoor measurements is 
compared to measurements in CalLab PV Modules. In 
case of the CdTe and a-Si test array, the array power was 
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estimated from single measurements by adding the 
voltages for the lowest measured IMPP.  

Figure 9 shows the results of the measurements. The 
overall reproducibility of power measurement was within 
2% for different conditions except for one a-Si 
measurement. The deviation from CalLab PV Modules 
measurement was within ± 3% for all technolgies, again 
except for one a-Si measurement. All deviations lied well 
within the uncertainties of CalLab PV Modules The 
uncertainties were estimated for this case at 3% for the 
polycrystalline array and 5% for CdTe and a-Si.  

This shows that IEC60891 provides good results for 
thin film modules as well, and also shows that 
comparable and reproducible measurements of thin film 
arrays can be performed. 

Details on uncertainty and measurement conditions 
of the field results are given in Table 8, Table 9 and 
Table 10. The given uncertainties refer to measurements 
with a secondary calibrated Fraunhofer ISE sensor 
(± 2%).  

All measurements were conducted under clear blue 
skies. A-Si and CdTe measurements for June and July are 
mismatch corrected, for the earlier measurements no 
spectral irradiance was available. Nevertheless the 
missing mismatch correction is taken in account in the 
uncertainty calculation. With regard to a-Si annealing 
during the summer months, of course it may be discussed 
whether it makes sense to test the reproducibility of field 
I-V curve measurements by several measurements 
throughout the year. Nevertheless this is an important 
information for gaining experience for measurements in 
a-Si PV systems and defining the correct point of time 
for verifying labeled values. Definitely, more 
investigation has to be carried out concerning this issue.  

 
 
 

 
Figure 9: Deviation of field I-V curve measurements 
from CalLab PV Modules measurements 

 
 
 

Table 8: Array of 3 serially connected poly modules  
Measurement in Mar Apr Jun Jul 
Irradiance [W/m²] 924 998 975 992 
Temperature [°C] 53.5 50.3 62.9 64.5 
PSTC [W] 351.6 355.9 348.7 348.1 
ISC [A] 7.67 7.62 7.53 7.56 
VOC [V] 64.9 65.3 64.8 64.8 
Uncertainty of PSTC [%] 6.4 6.0 6.3 6.3 
Deviation from  
CalLab PV Modules[%] -2.1 -0.8 -2.8 -3.0 
 

 
Table 9: Array of 4 serially connected CdTe modules  
Measurement in Mar Apr Jun Jul 
Irradiance [W/m²] 944 953 974 1007 
Temperature [°C] 53.5 49.1 60.9 61.0 
PSTC [W] 278.7 283.2 283.1 282.2 
ISC [A] 1.18 1.21 1.20 1.20 
VOC [V] 373.8 373.2 364.3 363.0 
Uncertainty of PSTC [%] 5.8 5.9 5.5 5.4 
Deviation from  
CalLab PV Modules[%] -1.3 0.3 0.3 0.2 
 
Table 10: Array of 3 serially connected a-Si modules  
Measurement in Mar Apr Jun Jul 
Irradiance [W/m²] 885 991 850 997 
Temperature [°C] 50.9 45.6 55.4 61.8 
PSTC [W] 255.8 261.3 262.7 269.0 
Isc  1.47 1.49 1.49 1.52 
VOC [V] 270.6 274.5 271.1 273.6 
Uncertainty of PSTC [%] 6.5 6.0 6.7 6.1 
Deviation from  
CalLab PV Modules[%] -0.2 1.9 2.5 5.0 

4.2 Spread of real world results for different parameters 
In order to investigate how large the influence of 

wrongly estimated correction parameters can be, four 
typical field I-V curves were manually corrected with 
varying sets of parameters. α, β, Қ and RS were 
separately set to extreme values by adding and 
subtracting the standard deviation as given in Table 5, 
column 1 and 3. Additionally, all parameter extremes that 
lead to overestimation and underestimation were 
accordingly combined. The results are given in Figure 
10, they are relative to PSTC determined with measured 
parameters.  

As expected, the spread in PSTC was larger for large 
deviations from STC (CdTe2, c-Si1). The comparison 
with a standard procedure with no Қ and RS and fully 
neglecting them in procedure 1 in IEC60891 showed 
different results for CdTe and c-Si, some of them beyond 
the uncertainty borders. This confirms that it is crucial to 
correctly determine the correction parameters. 
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Figure 10: PSTC determined with varying correction 
parameters relative to PSTC determined with measured 
parameters. 

5 SUMMARY AND OUTLOOK 
Verification of actual module power by performing  

I-V curve measurements in the field is an important part 
of quality assurance. As module power is directly 
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connected to investment sums, the measurement results 
have to be reliable and with low uncertainties. 

In order to optimize our measurement equipment and 
procedure we performed a detailed uncertainty analysis. 
The correction procedure in use is IEC60891, 
procedure 1. As the power determination consists of two 
steps, the measurement and the correction to STC, the 
combined uncertainty of the determined power at STC 
(PSTC) is composed of contributions from both steps. 
Therefore using primary calibrated measurement 
equipment is recommendable. Especially the uncertainty 
of the calibration value of the irradiance sensor is 
determining for the combined uncertainty of PSTC. Just as 
dominant are the actual environmental conditions, i. e. 
deviations of irradiance and temperature from STC. I-V 
curve measurements should not be conducted at 
irradiances lower than 800 W/m² for that reason. The 
inhomogeneity of the array temperature is also an 
important factor. The uncertainty of correction 
parameters (temperature coefficients for short circuit 
current, open circuit voltage, curve correction factor and 
series resistance according to IEC60891) was estimated 
from 150 measurements of temperature dependence and 
80 measurements of irradiance dependences performed in 
CalLab PV Modules since 2009. It is recommendable to 
always use parameters measured at a module of the same 
type as the array. If not properly determined, the 
correction parameters affect the result considerably – 
deviations of 1% to 2% from the correct result can easily 
occur. Especially the temperature coefficient of open 
circuit voltage has to be determined carefully. The 
parameter uncertainties affect the combined uncertainty 
of PSTC depending on environmental conditions.  

As a consequence of the results of the uncertainty 
analysis, we changed our reference cell into a primary 
calibrated cell with an uncertainty of the calibration 
value of 0.6%. Fraunhofer ISE I-V curve measurements 
achieve uncertainties between 2.2% and 5% depending 
on environmental conditions. Measurements performed 
on test arrays of poly, CdTe and a-Si modules under real 
conditions at different points of time in 2010 showed a 
good reproducibility overall. They also agreed with 
laboratory measurements in CalLab PV Modules well 
within the CalLab PV modules uncertainty limits. This 
shows that IEC60891, procedure 1 provides good results 
for thin film modules as well, and also shows that 
comparable and reproducible measurements of thin film 
arrays can be performed. 

In order to decrease the uncertainty further, the 
uncertainty of the correction parameters has to be 
reduced. First of all, it has to be worked on the reduction 
of measurement uncertainty of temperature and 
irradiance dependent measurements. Further, more 
experience about the spread of parameters within one 
module type has to be gained. 

6 REFERENCES 
[1] Treble, FC. On-site measurement of the 

performance of crystalline silicon PV arrays. 
Renewable Energy 1994; 5: 275-280. 

[2] Blaesser, G. PV system measurements and 
monitoring the European experience. Solar Energy 
Materials and Solar Cells 1997; 47: 167-176. 

[3] IEC 60891 
[4]  IEC 60904-1 

[5]  IEC 60904-3 
[6] King D.L., Boyson W.E., KRatochvil J.A. 

Photovoltaic Array Performance Model. Scientific 
report Sandia National Laboratories 2004.  

[7] Elies, S, Hermle M, Burger B. Neue mathematische 
Modelle für Solarzellenkennlinien. 24. Symposium 
Photovoltaische Solarenergie 2009. Bad 
Staffelstein 

[8] Report on definition of translation algorithms 
indoor/outdoor. Report D2.4.1 of the 
“Performance” project 2010, www.pv-
performance.org 

[9] Corrs S, Böhm M. Validation and comparison of 
curve correction procedures for silicon solar cells. 
Proceedings of 13th PVSEC, Barcelona, Spain. 

[10] Müllejans, H, Zaaiman, W, Galleano, R. Analysis 
and mitigation of measurement uncertainties in the 
traceability chain fort he calibration of photovoltaic 
devices. Mesauring Science and Technology 2009; 
20: 1-6. 

[11] Dirnberger D, Verbesserung des Mess- und 
Auswerteverfahrens bei Outdoormessungen an 
Solargeneratoren. Diplomarbeit. 2008. Fraunhofer 
ISE 

[12] Guide to the Expression of Uncertainty in 
Measurement. International Organization for 
Standardization.  

[13] Hammond, RL, Backus, CE. Photovoltaic system 
testing. Renewable Energy 1994; 5: 268-274. 

[14] Whitfield, K, Osterwald, CR. Procedure for 
Determining the Uncertainty of Photovoltaic 
Module Outdoor Electrical Performance. Progress 
in Photovoltaics: Research and Applications 2001; 
9: 87-102. 

[15] Emery, K, DelCueto, J, Zaaiman, W. Spectral 
corrections based on optical air mass. Photovoltaic 
Specialist Conference, New Orleans, USA, 2002; 
1725-1728. 

[16] Kenny, RP, Ioannides, A, Mülljans, H, Zaaiman, 
W, Dunlop, ED. Performance of thin film PV 
modules. Thin Solid Films 2006; 511-512: 663-672. 

[17] Nann, S, Riordan, C. Solar spectral irradiance 
under overcast skies. Photovoltaic Specialists 
Conference, Kissimmee, USA, 1990; 1110-1115. 

[18] Zdanowicz, T, Rodziewicz, T, Waclawek, M. 
Effect of air mass factor on the performance of 
different type of PV modules. 3rd World 
Conference on Photovoltaic Energy Conversion, 
Osaka, Japan, 2003; 2019-2022. 

[19] Faiman, D, Guérin de Montgareuil, A, Fabero, F, 
Betts, TR, Kenny, R, Reise, C, Pola, I, Jagomägi, 
A, Herrman, W, Zdanowicz, T, Stellbogen, D. 
Estimation of uncertainty of temperature 
measurements. PV Performance D4.2.5: 1-28. 

[20] IEC 60904-5 
[21] Bartke J, Korrektur von Solargenerator-

Kennlininen mithilfe des Verfahrens 1 nach 
IEC60891. Diplomarbeit 2010. Fraunhofer ISE 

Please cite as: D. Dirnberger et al., "Uncertainty of Field I-V-Curve Measurements in Large Scale PV-Systems", 25th EU PVSEC, 2010, Valencia 
DOI 10.4229/25thEUPVSEC2010-4BV.1.62

Page 8 of 8




