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Abstract

The procedures for the power rating of tandem-cell-based concentrator photovoltaic
(CPV) modules defined in the international standard IEC 62670-3 are adapted to the
requirements of tandem-cell-based flat plate PV modules. The adjusted procedure
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describes how to translate outdoor measured PV current-voltage characteristics to
standard test conditions (STC): 1000 W/m, 25°C cell temperature, AM1.5g spectral
conditions. In this work, we describe how to obtain all required input parameters:
thermal transient measurements to determine the module temperature coefficients,
categorizing and filtering the prevailing spectral irradiance conditions using spectral
matching ratios, and determining the 25°C module open-circuit voltage from dark
current-voltage curves. Three specimen PV modules (triple-junction, IlI-V on Silicon
and IlI-V on Germanium) have been measured for several months outdoors on a dual
axis tracking unit at Fraunhofer ISE in Freiburg. In this work, we demonstrate that
the CPV module power rating procedures in IEC 62670-3 are also—in a modified
form—to be recommended for the outdoor rating of tandem-cell-based flat plate PV
modules.
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1 | INTRODUCTION

as they do not have a concentrator optics nor do they consist of
single-junction PV cells other than the rating method in IEC 62670-3.

The nominal electric power output of single-junction-based flat plate
PV modules at standard test conditions (STC) can be determined fol-
lowing the International Electrotechnical Commission (IEC) standards
series 60904, 60891, and 61853. STC correspond to an irradiance of
1000 W/m?, 25°C cell temperature, and IEC 60904-3 AM1.5g* spec-
tral conditions. The nominal electric power output of tandem-
cell-based concentrator photovoltaic (CPV) modules is determined
following the IEC standards 62670-1, 62670-3.% and 60904-3" at
concentrator STC (CSTC, 1000 W/m?, 25°C cell temperature,
AM1.5direct spectral conditions?). In fact, tandem-cell-based flat plate

PV modules should not be rated using either of those IEC standards

The rating methods, which have been developed for single-junction
PV cells, do not sufficiently consider the impact of the spectral irradi-
ance on PV module power output. They ignore the dependency of the
current-voltage curve's fill factor on tandem sub cell current matching,
for example. However, there are various tandem cell technologies that
have been developed for the usage in flat plate modules.*~ PV mod-
ules built out of those tandem cells will require an adequate power
rating procedure. For this reason, in this work, we are explaining how
we have adjusted the rating procedure of tandem-cell-based CPV
modules (IEC 62670-3%) in a manner that it can be applied to tandem-

cell-based flat-plate PV modules. First, we explain the proposed rating
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procedure before we demonstrate it using three specimen modules.
One of these modules is built with IlI-V on Silicon and two with llI-V
on Germanium tandem cells. The three most important steps of the
rating procedure are presented in detail: temperature coefficient
determination from thermal transient measurement, deriving the
open-circuit voltage at 25°C cell temperature from light and/or dark
current-voltage measurements, and how to consider the impact of
the composition of the spectral irradiance on tandem cell PV modules
using spectral matching ratios (SMRs).” In Muller et al.,” measurement
uncertainty of the IEC 62670-3 procedure applied to CPV modules
are reported in the range of 5 to 9%, whereas Whitfield and
Osterwald,® Dirnberger and Kraling,” and Dirnberger et al.»° report
uncertainty for the flat plat PV modules measured at STC in the range
of 2% to 5% ... The reason for the higher measurement uncertainty
of IEC 62670-3 is the consideration of the spectral irradiance and its

impact on tandem cell's sub cell current matching.

2 | HOWTO CALCULATE STC POWER
OUTPUT OF TANDEM CELL BASED PV
MODULES

Figure 1 gives a schematic overview of the rating procedure used in
this work. The rating procedure has been adjusted from IEC 62670-3.
Details of the IEC 62670-3 procedure have been investigated by
Muller et al.”

The main input of this procedure is current-voltage (I-V) charac-
teristics measured outdoors from the specimen PV module together
with the ambient condition parameters. In this work, the specimen
module has been tracked in dual-axis mode during the whole mea-
surement period; however, this is not mandatory. The ambient

5.2 Thermal transient

3.1 Outdoor I-V

PHOTOVOLTAICS A T B

condition parameters required for carrying out the procedure are in
plane global irradiance (in our case consequently global normal irradi-
ance [GNI]), global SMRs (SMRgoba), ambient temperature, and wind
speed. The SMRg o, shall be determined in the same orientation to
the sun as the specimen. SMRs are typically derived from component
cell readings but can also be determined from spectroradiometer read-
ings.' Component cells are defined as cells, which are optically
(absorption and transmission) equivalent to the whole multi-junction
cell but electrically behaving as one of the multi-junction's sub cells.
Additionally, to the outdoor |-V measurement, two specific measure-
ments are required: thermal transient measurements (TTM) and an
indoor (dark/light) 1-V measurement.” Exemplary measurement data
of TTM and indoor (dark/light) I-V can be found in the next sections.

TTMs are used to determine the module's temperature coeffi-
cients of short-circuit current (lsc), open-circuit voltage (Voc), and of
the maximum power point (Pypp). TTM means using a cover to block
the direct sun light from the module to cool down its PV cells, then
uncovering the module to heat up the PV cell. Immediately with unco-
vering the module, continuous measurement of the PV module's |-V
curve during the heat-up phase is started. The module's back plate
temperature is measured simultaneously. The temperature coeffi-
cients are then derived by linear fitting the light 1-V parameter (Voc,
Isc, Pmpp) as a function of back plate temperature.

The indoor (dark/light) 1-V measurements are used to derive the
module's open-circuit voltage (Vo) at STC. Herby, the most important
is that the specimen is at 25°C. However, when using light 1-V mea-
surements, it is not mandatory to measure Voc at IEC 60904-3
AM1.5g* spectral conditions. A sun simulator intensity set in a manner
that the specimen module generates the same Isc as it would at STC
or a dark I1-V curve corrected for series resistance are both appropri-
ate. A comparison of both options is presented in the Section 4.1.

5.1 Indoor (Dark/Light)

measurements measurements I-V measurements
Temperature Filtered |-V Data (Table 1) | | Voo at 25°C |
coefficients Tc
3.2. Calculation of cell
B&y temperatures (eq. 1) —
( SE &3.3
3.3 Trandlation of filtered
5 I-V data to 25 °C (eq. 2-3) I at STC

Rated module power
output at STC

FIGURE 1

Schematic overview of the rating procedure consisting of three main measurement techniques: outdoor current-voltage (I-V)

measurement, thermal transient measurement (TTM) and indoor light/dark |-V measurement. The outcome of the rating procedure are power
output values translated to standard test conditions (STC). The average of these values is the module power output at STC. The numbers in the
boxes resemble the paragraph in which the corresponding steps are described in more detail. Calculation of short-circuit current (Isc) at STC has
to be iterated. o, B, and y are the temperature coefficients of maximum power point (Pmpp), open-circuit voltage (Voc), and Isc. Note that 3.2
could be exchanged by module back temperature measurement if specimen module technology allows.
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Typically, the Isc at STC is not available at the beginning of the mea-
surement campaign. This is the reason why the Isc at STC is deter-

mined in an iterative manner, explained below.

21 |
criteria

Outdoor I-V measurement and data filtering

Outdoor |-V measurements used in this rating procedure are restricted
to stable ambient conditions close to STC only. The definition of “stable
conditions” and “close to STC” is defined in this work as listed in
Table 1. These criteria are based on the criteria defined in IEC 62670-3
for CPV. In difference to IEC 62670-3, the criteria for direct normalirra-
diance (DNI) are here used for GNI as not a CPV but a flat plate PV mod-
ule is going to be rated. Furthermore, GNI is limited to between
800 and 1200 instead of DNI between 700 to 1100 W/m? as in IEC
62670-3. Finally, the filtering for the three SMR direct normal values is
applied to SMR global normal values. If the PV module is mounted in a
fixed tilted way, the SMR global values in the same orientation as the
specimen module shall be used. The restriction of the SMR values
assure to have spectral irradiance conditions equivalent to IEC
60904-3 AM1.5g.r SMR values of unity indicate the same sub cell cur-
rent matching situation in the tandem cells as it would be at AM1.5g
spectral irradiance. The limiting criteria of 3% is a tradeoff between
measurement uncertainty and availability of outdoor measurement
data. Investigations about this have been carried out by Steiner et al.12
However, only SMR direct normal values and CPV module power out-

|.12

put ratings have been investigated in Steiner et al.” so far.

2.2 | Calculation of cell temperature

The temperature coefficients derived from TTM together with the
Voc at STC (Voc rer) derived from indoor dark/light 1-V and the Isc at
STC (lscrer) are used to calculate the cell temperature using the

following equation®’

Voc;—Vocyer 75 -298.15K

Teeni = NsTnk |n(,s%f,) 5 (1)

TABLE 1 Definition of stable ambient conditions close to STC.
Filter parameter Restrictions Nr.
GNI variation before—after I-V sweep <=1% 1
GNI min-max variation in 10 min before <=10% 2
GNI min-max variation in 30 min <=40% 3
GNI 800-1200 W/m? 4
DNI/GNI >0.8 5
SMR, global normal 1+0.03 6
SMR3 global normal 1+0.03 7
SMR,3 global normal 1+0.03 8
5 min average wind speed 0.5-5m/s 9

Whereas, Voc; and Isc; are the open-circuit voltage and the mea-
sured Isc derived from the -V curve number i measured on the speci-
men module, respectively. Vocrer and lIscrer are the open-circuit
voltage at 1000 W/m? and 25°C (298 K) cell temperature of the spec-
imen module. p is the temperature coefficient of the Voc. Ns is the
number of cells in series, n is the diode quality factor, k is the
Boltzmann constant, and g is the elementary charge. The diode quality
factor is set to the number of junction (thus, n = 3 in this work)
following the recommendation in Muller et al.” Impact of the diode
quality factor on uncertainty of the cell temperature is found be minor
in Muller et al.”

Note that Isc at STC is not yet known at the beginning of the cell
temperature calculation. However, the value for Isc at STC is
determined in an iterative manner, by using the following equation

and steps

1. Averaging of Isc/GNI values multiplied by 1000 W/m?. Only lsc/
GNI values to be used are measured while the filter criteria 1 to
9 listed in Table 1 are fulfilled. This gives a first approximation of
Isc.ref at GNI = 1000 W/m?,

2. The cell temperature calculation is performed using lscrer from
step 1 for each single |-V curve.

3. Translation of the measured Isc/GNI value to 25°C (298 K) using
the temperature coefficient derived from TTM for each single 1-V
curve.

4. Repeating steps 2 to 3 by using the temperature corrected lsc/GNI
as input until the mean value of Isc/GNI translated to 25°C from
step 3 is not changing by more than 0.1%. Typically, one or two
iterations are sufficient. The translation to 25°C (298 K) is done
with Equation (2)

/ 1
g:f’\rlelf :NZI(’SCJ - (TCeM,i — T(ef)), (2)

Whereas, N is the number of I-curves, Isc; is the Isc of a single I-
V curve as measured, y is the temperature coefficient of Isc, Tcen; the
calculated cell temperature, and T, the reference cell temperature
(here 298 K).

Note that cell temperature calculation could be avoided if module
technology allows for module temperature measurement from
backside.

23 |
to STC

Translation of measured power output

Once the cell temperature is calculated for each I1-V curve close to
STC conditions, the final step is the translation of the maximum power
output to 25°C cell temperature. This translation is to be carried out
by translating efficiency using the following equations’ and then the
multiplying translated efficiency with GNI and module area to get

maximum power output.
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_ Pupp;
hoti = GNJ A’ (3)
1
nste =y >~ fvoc (hot = 8- (Teeni = Tref)) 4)

where j is the number of the measured 1-V curve, Pypp; is the maxi-
mum power output, GNI; is the measured global normal irradiance,
A is the aperture area of the specimen module, & is the temperature
coefficient of the efficiency, Tcey; is the calculated cell temperature,
and T, is the reference cell temperature (25°C). fyoc is a correction
factor for the change in module Voc with change in irradiance, details
to be found in Muller et al.”

First, nnot,; Values are calculated as the efficiencies at the cell tem-
peratures prevailing at operating conditions, before they are trans-
lated to a 25°C cell temperature and averaged to a single efficiency at
STC (nstc). Finally, the power output at STC can be calculated by mul-
tiplying nstc with 1000 W/m? and with the aperture area of the spec-
imen module. Note, if the power output of the specimen module is
not linear with GNI (in the range of 800 to 1200 W/m?), then the
translation of the -V curve to 1000 W/m? according to IEC 608913
shall be used instead. However, the application of |-V translation fol-
lowing IEC 60891 needs to be evaluated for tandem PV modules,
first.

FIGURE 2 From left to right: the
three tandem-cell-based PV modules used
as specimen: ISE161, ISE168, and ISE169.
ISE161 consists of one GalnP/GaAs//Si
3J solar cell** and ISE168 of 4 and ISE169
of 8 GalnP/GaAs/Ge AZUR SPACE 3J
solar cells.? All cells are connected in
series.

FIGURE 3

oo N Wi LEY-—

3 | SPECIMEN AND THE OUTDOOR
MEASUREMENT SETUP

The three PV modules used in this work are shown in Figure 2. All
three modules use tandem solar cells. ISE161 uses a single GalnP/
GaAs//Si 3J solar cell (band gap combination of 1.9, 1.4, and 1.1 eV),°
ISE168, and ISE169 are using GalnP/GaAs/Ge'* AZUR SPACE 3J

).2> The solar

solar cells (band gap combination of 1.9, 1.4, and 0.7 eV,
cells are connected in series and are protected with a cover glass from
the environment. The aperture areas of the modules are 4 (ISE161),
128 (ISE168), and 254 cm? (ISE169). Note, module ISE161 does not
have a masking; thus, the uncertainty of its area is higher compared
with the other two modules.

The most important input for the rating procedure is outdoor |-V
curves of the specimen recorded together with the prevailing ambient
conditions. The |-V curves of the specimen modules are measured
while being mounted on the 2-axis sun tracking unit as shown in
Figure 3. The prevailing ambient condition during the measurement of
each |-V curve is determined by ambient temperature, global normal
irradiance (GNI), and spectral irradiance composition. The ambient
temperature is recorded via a weather station, the GNI via pyran-
ometer readings, and the spectral irradiance composition is considered

by SMRg|obal. The SMRgopal are derived from a set of component cells

which are mounted in the same orientation as the specimen.

Left: 2-axis sun tracking unit at Fraunhofer ISE in Freiburg, Germany with the three specimen modules (2) and some of the
ambient condition sensors: spectroradiometer (5 and 3, not used in this work), pyranometer (1), and SMR global sensor (4). Right: closeup of the
SMR global sensor set used in this work.
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The pyranometer and the component cells were mounted on a
dual-axis tracker as shown in Figure 3. The pyranometer measures
the integral value of the irradiance. Alternatively, the GNI could be
derived from silicon reference cell readings. This has not been inves-
tigated in this work. Note, as the absorption wavelength range of
silicon cells may differ from the cells used in the specimen this
could lead to different results as using pyranometers. Note that ref-
erence sensor spectrally matched to the used tandem cell technol-
ogy would still ignore the impact of sub cell current matching on fill
factor.

SMRs are calculated as given in Equation (5) and they are com-
monly used to quantify the impact of different spectral irradiance

composition on the power output of CPV modules.**”

SMR; = Jecil Jcivet s
JSCJ /Jsc,j,ref

where Jsc; and Jscj are the measured current output readings of the
three component cells at the prevailing spectral irradiance. Jsc er
and Jscjrr are the measured current output readings of the three
component cells at the reference spectral irradiance, here AM1.5g.
The component cells are typically numbered in descending order of
band gap (1.9, 1.4, 0.7 eV—1, 2, 3). In this manner, three SMR
values are of importance: SMR5, SMR13, and SMR,3. As differentia-
tion from SMRs derived from direct sun light, the SMRs will be
labeled SMRgopa in this work. Note, the component cells typically
used, are not matched to the sub cells of the specimen modules.
However, they are chosen to fit to the most relevant impact factors
on spectral irradiance composition: air mass, aerosols, and water
vapor. The idea of the component cells is not to have a spectrally
matched reference sensor, but to limit the spectral irradiance to be

close to AM1.5g reference spectra.

T T T T T T T
1L I1sE169 |
Dark |-V as measured
Dark |-V Rgg s cOrrected
— *  lge-Voc from light I-V
<
= 01t 4
c
[
=
3
0.01 E
o~
Radd
e
e
0.001 S

16 18 20 22 24 26 28 30
Voltage per cell in series [V]

FIGURE 4

4 | APPLICATION OF RATING METHOD
ON SPECIMEN TANDEM CELL PV MODULES

41 | Determination of reference open-circuit
voltage at STC

The reference open-circuit voltage (Voc,er) at STC is required for cell
temperature calculation using Equation (1). Voc rer can be determined
from dark and/or light |-V curve measurements as suggested in IEC
62670-3. For the light I-V case, the highest priority is that it is mea-
sured at the PV modules STC Isc, whereas the spectral irradiance con-
dition for the light 1-V is not required to be equivalent to IEC
60904-3 AM1.5g.r However, it must be noted that there is a small
impact of the spectral irradiance composition on the PV modules
open-circuit voltage as this changes the sub cell current matching. If
one of the sub cells has a significantly higher excess current compared
with the current matching at AM1.5g the PV modules V¢ could also
be overestimated. This needs to be investigated for each PV module
technology specifically. Alternatively the Voc e can also be derived
from dark |-V measurements.

Figure 4 Left exemplarily shows the dark |-V measured at 25°C
for the specimen module ISE169. The dark |-V needs to be corrected
for series resistance as described in Muller et al.” The values of series
resistance found per cell for the three specimen ISE161, ISE168, and
ISE169 are 0.21, 0.043, and 0.041 Q. The Rgies corrected dark -V
curve is also shown in Figure 4. Additionally, Figure 4 shows two data
points extracted from light |-V measurements of the specimen. On
two different irradiance levels the Voc has been measured using the
setup Pasan sunsim3b (class A+A+A+) at ISE CalLab Modules. Note,
Iscref Of modules ISE169 at 25°C cell temperature needed in
Equation (1) is 0.438 A, the lower green data point is at 0.431 A and

thus close to this value.

0.05 T T T T T T T T

°

o

=
T

o

o

@
.
.
.

0.02 - o ]

0.01F . 1

Extracted Rs [Ohms]

0.00F - 1
88 90 92 94 96 98 100 102 104

Min. voltage restriction applied to linear fit [% of Voc]

Left: Current as a function of voltage exemplarily shown for the specimen module ISE169 without illumination (dark I-V). The

graph shows the data as measured and corrected for series resistance. Additionally, Isc-Voc pairs of light -V curves are shown. The lsc-Voc pairs
show a good agreement with the series resistance corrected dark |-V curve. Right: The series resistance of ISE169 extracted by linear fitting as
described in Muller et al” is to be extracted only from the high current region of the dark |-V curve. This plot demonstrates that if the voltage
restriction is not sufficiently high (for dark 1-V, higher voltages = higher currents), unrealistic series resistances can be extracted. The Rs is

calculated as average value for min. voltage restriction of £5 of Voc.
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As can be seen in Figure 4, the Voc derived from light I1-V are in
very good agreement with the ones derived from dark |-V. The maxi-
mum deviation of light to dark Voc found for the three specimen
modules was 0.2%. This would translate to a maximum difference in

calculated cell temperature of ~2 K.

4.2 | Module temperature coefficient from TTM

Additionally to the Voc rer at STC, the module's temperature coefficients
for Isc, and Voc are required for the calculation of the cell temperature.
According to IEC 62670-3, the temperature coefficients are derived
from TTM. TTM means shading the specimen to cool it down close to
ambient temperature and then to measure |-V curves during the speci-

men's heat-up phase after uncovering it. The backplate temperature is

TABLE 2 Mean values and standard deviation (in relative
percentage) of temperature coefficients (Tc) of the specimen modules
derived from eight (ISE161), four (ISE168), and three (ISE169) TTMs.

ISE161 Tcrel. To STC [%,e1./K] StdDevV [%e1]
Voc [%rei /K] -0.23 2.07
Isc/DNI [9re1./K] —0.05 484
Efficiency [%,e./K] -0.33 10.2
ISE168 Tcrel. To STC [%e1./K] StdDevV [%yel]
Voc [%rei /K] -0.21 5.58
Isc/DNI [90e1./K] 0.04 24.0
Efficiency [%,e./K] -0.22 5.5
ISE169 Tcrel. To STC C [%ye1./K] StdDev [%ye1]
Voc [%rel/K] -0.21 4.97
lsc/DNI [55re1/K] 0.03 43.6
Efficiency [%rel./K] -0.24 21

Note: Equation (1) requires absolute values of the Tc, but for the sake of
comparing to other PV modules, relative units are given here.

[Correction added on 23 March 2023, after first online publication: table 2
has been corrected in this version.]

30 T T T T T
ISE161 .o
X 251 E
>
o
C
0
°
= = J
5 20 L
L « Stable GNI conditons
: + 800<GNI<1200 and 0.8<DNI/GNI<1.0
- additionally 0.97<SMR gy, <1.03
15 : :

0.5 0.6 0.7 08 0.9 1.0 1.1
SI\/|R12,globa| [']

FIGURE 5
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recorded during the whole heat-up phase. TTM will only provide reliable
temperature coefficients when made during stable ambient conditions.
Most important high wind gusts and strongly changing irradiances need
to be avoided. Appendix A lists the criteria which need to be fulfilled to
consider a single TTM as valid. Note, IEC 62670-3 requests temperature
difference of at least 10 K, whereas IEC 60904-3 requests 30 K. In this
work, we used the 10 K criteria. TTM typically is done outdoors several
times and the mean value of the derived temperature coefficients are
used as input of the rating procedure. TTM could be done indoor as
well, but carefully check if specimen's external quantum efficiency and
sun simulator's spectra fit together. For example, Xenon or LED peaks
close to the band gap, might lead to false temperature coefficients of
Isc. The temperature coefficients determined for the three specimen
modules are listed in Table 2. The coefficients have been derived from
eight (ISE161), four (ISE168), and three (ISE169) TTMs. The temperature
coefficients listed in Table 2 are the mean values of these TTMs. Addi-
tionally, the standard deviations, in relative percentage, are given in the
same table. Standard deviations for Isc temperature coefficients are
higher as standard deviations of V¢ and efficiency. This is typically also
found for TTMs of CPV modules. The reason is the small value of the
Isc coefficient and the impact of spectral irradiance composition and/or

sub cell current matching on the Isc coefficient.

4.3 | Considering the spectral irradiance conditions
Tandem solar cells have a stronger dependence on the spectral irradi-
ance composition compared with single junction solar cells. Therefore,
it is of importance to consider the prevailing spectral irradiance condi-
tion. A common approach in CPV is the usage of SMRs. The SMR
values can be derived from spectroradiometer or component cell sen-
sor readings.!” In contrast to the component cell sensors used in
CPV,®7 in this work, the component cells are not mounted underneath
collimating tubes. In this manner, global irradiance is received by the
component cells and SMRgqpa Values have been derived from their
readings. Figure 5 exemplarily shows the efficiency of the specimen

35 T T T T T
ISE169
X 30r g
>
o
c
.o
2
= = 4
25
« Stable GNI conditons
+ 800<GNI<1200 and 0.8<DNI/GNI<1.0
- additionally 0.97<SMR y,,,<1.03
20 . -

05 06 0.7 0.8 0.9 1.0 1.1
SMR12,gIot:ra| [']

Efficiency value as a function of SMR12 giobai. The data is exemplarily shown for the specimen module ISE161 (left) and ISE169

(right). All efficiency values have been translated to 25°C cell temperature. The values are limited to ambient conditions as listed in Table 1:
green—restriction 1 to 3, and blue—restriction 1 to 5. The values marked in red are a subset of the blue data points, but additionally restricted by
6 to 8 (SMR1,, SMR 3, SMRy3 global value within 3% of unity). Mean value and standard deviation of all plotted efficiency values are given in the

next section. Table 1 restriction 9 (wind speed) is applied in all three cases.
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TABLE 3 Mean values and standard deviations of efficiency values after translation to 25°C cell temperature.

Module GNI stable [%abs.]

ISE161 27.3 1.02
ISE168 29.3 1.03
ISE169 31.4 1.13

GNI filter [%abs.]
27.5
29.6

SMR filter [%abs.]

0.52 27.6 0.15
0.53 294 0.24
0.47 314 0.16

Note: Different filters have been applied to the translated data before calculating the mean values: “GNI stable conditions™: filters 1-3, “GNI filter”: filters

1-5, “SMR filter”: filters 1-8, see Table 1.

modules ISE161 and ISE169 as a function of SMRy2giobal. All effi-
ciency values shown in Figure 5 have been translated to 25°C cell
temperature. The temperature corrected efficiencies of the modules
peak around a SMR12gjobal Value of around 0.9. The peak efficiency is
typically found where the sub cells are closest to current matching.'®
Furthermore, in Figure 5 some values are highlighted in red. These
values are measured at spectral irradiance conditions which are con-
sidered to be close to AM1.5g IEC 60904-3 indicated by all three
global SMR values SMR12 giobal, SMR13gobals SMR23 global beiINg SiMul-
taneously within 3% of unity (based on IEC 62670-3). The variation of
efficiency within this SMR range is obviously significantly lower than
without SMR restriction. Mean value and standard deviation are given

in the next section.

44 | Results

The results of the rating procedure are listed in Table 3 as mean
values and standard deviation of efficiency values. All efficiency
values in this table are already translated to 25°C cell temperature.
The Table 3 shows efficiency mean values after application of the
three sets of filtering criteria (see also Figure 5).

The first set “GNI stable” shall assure that the specimen module
has experienced stable GNI conditions in the period before the |-V
sweep. A stable module temperature shall be assured in this manner.
For this reason, the filter 1 to 3 listed in Table 1 are applied to the
measurement data. The remaining efficiency values have a standard
deviation of around 1% ps.

The second set of filters “GNI filter” is after additional application
of the filter 4 and 5 which removes low GNI values and low DNI to
GNI ratios. The standard deviation of the remaining efficiency values
drops from around 1.0 to 0.5%,ps..

The third set “SMR filter” additionally assures that the prevailing
spectral conditions are close to AM1.5g reference conditions by addi-
tionally applying the SMR filter criteria 6 to 8. In this manner, Table 3
shows that the standard deviation of module efficiency is reduced
from around 1%,ps. (4% (e1), to below around 0.5%.ps. (2% e1), and
finally to around 0.2, (1%c).As the application of the IEC 62670-3
on tandem PV modules has been shown promising in this work, future
work has still to be done. First of all, a detailed calculation of measure-
ment uncertainty of the application of IEC 62670-3 on tandem PV
modules will be needed but is beyond the scope of this paper. How-
ever, for CPV modules, the method described in 62670-3 leads to

measurement uncertainty in the order of 5 to 9% relative’” and it is
expected that the measurement uncertainty is in a similar range for
tandem PV modules. However, the measurement uncertainty is
mostly driven by TTM and the SMR values; thus, improvement and
further evaluation of both in the context of tandem PV modules is

recommended as future work.

5 | CONCLUSION

The power rating of three tandem solar cell-based flat plate PV mod-
ules has been presented in this work. The rating procedure was
adapted from the IEC standard 62670-3. As IEC 62670-3 has been
designed for CPV modules originally, the procedures in the standard
have been adjusted for PV modules. Mainly, GNI is used instead of
DNI, and SMRs are derived from component cells illuminated by
global irradiance rather than by direct irradiance. As IEC 62670-3 is
mostly based on outdoor 1-V data, thermal transient, and dark |-V
measurements, these three measurements are demonstrated on the
three flat plate PV modules. One of them consists of Silicon based
and two of them of Germanium based tandem solar cells. It could be
shown that thermal transient measurement and dark |-V measure-
ment are shown to be applicable for tandem based modules using
three specimen modules. Furthermore, the impact of the restriction of
the spectral irradiance prevailing during the outdoor |-V measurement
to AM1.5g equivalent spectral irradiance conditions using global
SMRs has been presented. In this manner, the variation of prevailing
efficiency values, which have been translated to 25°C cell tempera-
ture, is reduced significantly. It has been shown that the impact of
restriction of GNI is minor compared with the impact by spectral fil-
tering for SMR values. Applying the GNI based filter criteria resulted
in standard deviation of between 1.5 and 1.9% .|, whereas additional
filtering for SMRgopal Values to be within £3% of unity reduced the
standard deviation to between 0.5 and 0.8%,. Overall, it could be
demonstrated that the proposed procedure is suited for the outdoor

based power rating of flat plate tandem cell modules.
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APPENDIX A.

Criteria of valid TTM as defined in IEC 62670-3 and adapted for this
work

at least 10 Kelvin difference for each TTM

at least 5 min and 10 data points for each TTM

GNI deviation not more than +0.5% before and after each |-V
sweep

Difference of maximum and minimum GNI within 2% during one
TT™M

800 W/m? < GNI < 1200 W/m?

SMRgiobat Within £5% of unity

wind speed below 5 m/s

The ambient temperature shall change no more than 1°C during
each TTM

Temperature coefficient of fill factor within —0.1 and 0%/K

Root mean square error of each Voc vs temperature measured
data and fitted linearly less than 0.25%.
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