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ABSTRACT

The measurement of the photovoltaic (PV) performance with respect to reference conditions
requires measuring the current versus voltage with respect to a given tabular reference spectrum,
junction temperature, and total irradiance. This report briefly discusses the procedures
implemented by the PV Cell and Module Performance Characterization Group at the National
Renewable Energy Laboratory (NREL) to achieve the lowest practical uncertainty. We present a
rigorous uncertainty analysis of these procedures following the International Organization for
Standardization (ISO) “Guide to the Expression of Uncertainty in Measurement.” This
uncertainty analysis is required for our team’s laboratory accreditation under ISO standard
17025, “General Requirements for the Competence of Testing and Calibration Laboratories.”
Our PV cell and module performance laboratory was certified by the American Association for
Laboratory Accreditation (A2LA) to perform ISO 17025-accredited calibrations on
September 14, 2004. (See Appendix 1 for copies of the certificates.) The two agencies authorized
to grant ISO 17025 accreditation in the United States are A2LA and National Voluntary
Laboratory Accreditation Program (NAVLAP).
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1.0 INTRODUCTION

The phrase “trust but verify” was popular during the Strategic Arms Limitation Talks in the
1980s, where the United States and Soviet Union trusted each other but required continuous
unattended monitoring for compliance with treaty obligations. In the scientific community, the
peer review process is critical to verify the quality of a manuscript. Errata and letters to the editor
allow results to be challenged and defended. All laboratories must trust some other laboratory for
at least part of their calibration traceability path for instruments that report a result. The level of
trust that one has in a calibration depends on the laboratory’s stature as a national calibration
facility (e.g., AIST [National Institute of Advanced Industrial Science and Technology], NIST
(National Institute of Standards and Technology], or PTB [Physikalisch-Technische
Bundesanstalt]), an ISO 17025-accredited calibration laboratory, the original equipment
manufacturer, or a national laboratory such as the National Renewable Energy Laboratory
(NREL) [1]. National standards laboratories such as NIST for the United States and ISO 17025-
accredited calibration laboratories have the highest stature because of the rigor in their
procedures—a verified quality system.

The same “trust but verify” axiom is applicable to the Photovoltaic Cell and Module
Performance Characterization Group at NREL, where our primary function is verifying the
performance of PV devices. ISO 17025 requires that these calibrations be performed by a
national standards facility such as NIST or an ISO 17025-accredited laboratory. Figure 1 shows
the team’s calibration traceability chain.

NIST World Radiometric Reference for Total
Irradiance (Sl traceable)

NREL
Metrology

Total Irradiance,
Cavity radiometer

Spectral
Irradiance

QE systems

Primary
Reference cell

Secondary
Reference
cell

Pulsed Solar simulator - Continuous solar Natural sunlight Pulsed Solar simulator -
Concentrator cells simulator - Modules - Modules Module

Figure 1. Irradiance traceability path for NREL’s PV Cell and Module Performance Characterization
Group. Equipment to measure voltage, resistance, current, and temperature is calibrated by
NREL’s Metrology Group.
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A key requirement for certified calibration laboratories is that they must demonstrate their
proficiency though formal uncertainty analysis and periodic intercomparisons. NREL has
participated in numerous formal [2—8] and informal intercomparisons over the years. This is an
ongoing process where, at any point, an intercomparison could reveal differences outside of
estimated uncertainty limits. When this occurs, a detailed uncertainty analysis of both groups’
methods often reconciles differences.

To perform a rigorous uncertainty analysis, one must choose typical cases and make a variety of
assumptions such as equipment in calibration, trained operators, and best practices followed as
documented in the test-bed work instructions. The samples chosen in these uncertainty analyses
were a typical 2-cm by 2-cm packaged silicon (Si) reference cell and an 18-W commercial Si
module. The scope of the uncertainty analysis for cells was based on the American Society for
Testing and Materials (ASTM) standard E1040 and International Electrotechnical Commission
(IEC) standard 60904-2 requirements for packaged reference cells and was restricted to single-
junction technologies. Voltage and current limitations should not eliminate any cell technology
that fits within the area limitation. The scope for the modules is restricted to single-junction
technologies and by physical dimensions. The current and voltage limitations for the module
measurements cover all known and planned cell and flat-module currents and voltages for
samples that satisfy the size constraint.

Our requirements for an ISO 17025-certified calibration of a single-junction secondary reference
cell or module are the following:

e Permanent sample identification (ID) must be marked on the sample.

e An attached temperature sensor is required for cell calibrations of type J, K, T
thermocouple, a thermistor, or resistance temperature detector (RTD). The sensor type
must be specified or obvious by the type of thermocouple connector. No attached
temperature sensor is allowed for module calibrations.

e Two voltage and two current wires are connected to the sample.

e The cell must be mounted in a metal package for temperature control for cell calibration;
it is otherwise eligible for module calibration. The package should be mechanically sound
and protected from damage during shipment and handling. An air gap between the sensor
and any window is allowed.

e Any required mating connector should be supplied with the wires identified (+, -, current,
voltage).

e The spectral responsivity of the module must be determined via a cell that is
representative of the module or wires connected to a single cell in the module being
calibrated.

e There should be no inherent instabilities or metastable behavior such as in amorphous
silicon.

e The maximum V. for cells is 40 V and for modules is 290 V. The minimum V. for cells
is 0.1 V and for modules is 0.5 V.

e The maximum I for cells is 15 A and for modules is 50 A. The minimum I, for cells is
1 mA and for modules is 100 mA.

e The area must be between 0.5 cm by 0.5 cm and 20 cm by 20 cm for cells. The area must
be between 1 cm by 1 cm and 150 cm by 120 cm for modules.
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2.0 UNCERTAINTY OF PRIMARY CALIBRATION OF
PHOTOVOLTAIC CELLS

1. Reference to Norms and Standards

e ASTM E1125, “Standard Test Method for Calibration of Primary Non-Concentrator
Terrestrial Photovoltaic Reference Cells Using a Tabular Spectrum”

e Procedure ISO GUM “International Organization for Standardization, Guide to the
Expression of Uncertainty in Measurement. ISO: Geneva, 1995, ISBN 92-67-10188-9.

e ISO-VIM “International Vocabulary of Basic and General Terms in Metrology,” 2™
Edition 1993.

e ASTM standard E 1328 Terminology Relating to Photovoltaic Solar Energy
Conversion”

2. Summary

This uncertainty analysis is for ASTM E1125, “Standard Test Method for Calibration of Primary
Non-Concentrator Terrestrial Photovoltaic Reference Cells Using a Tabular Spectrum” [1]. The
analysis is restricted to single-junction monocrystal or multicrystal Si, GaAs, GalnP, GalnAs,
Ge, or InP cells that are packaged with connectors [2]. Other technologies or unpackaged
samples have additional error sources related to contacting and a larger spectral-mismatch
correction. This analysis is restricted to samples less than 4 cm” in area. The calibration value of
the PV reference cell is determined with respect to a reference temperature (typically 25°C) and
reference irradiance (typically ASTM G159 global [3], 1000 W/m?). In September 2008, our
group switched to the ASTM G173 [4] reference spectrum. This new spectrum is nearly identical
to the old spectrum (currents were affected by less than 1% for most cases, and 2% for all typical
PV technologies). The group has essentially been following these procedures since 1984 [5-18].

3. Procedures
The procedure from E1125 follows:

1. Mount the reference cell to be calibrated, collimator, absolute cavity radiometer, and
spectral irradiance measurement equipment on the tracking platforms.

2. Measure the relative spectral irradiance of the sun, Ey(A), using the spectral irradiance
measurement instrument and the procedure of Test Method E 1341 [20]. During the
spectral irradiance measurement, perform steps 2.1 and 2.2 simultaneously.

2.1. Measure the absolute cavity radiometer output, £, and verify that the total
irradiance is between 750 and 1100 Wm™.
2.2. Measure the reference cell short-circuit current, /..
2.3. Calculate the calibration value
cVv,=1_/E (1)
2.4, Measure the reference cell temperature, 7,



2.5. Repeat 2.1 through 2.3 at least four times. These repetitions must be distributed in
time during the spectral irradiance measurement.
2.6. Average the calibration values from 2.3.
Perform a minimum of five replications of step 2 on at least three separate days.
4.  Extend the measured spectral irradiance to 3004000 nm to encompass the limits of the
reference spectrum given in Ref. 3 using the procedure described in [8,11,12].
5. Correct each measured CV; in step 2.6 for temperature to 25°C using

[98)

10°-T_,-(25°C-T,)
1-T,, -10°-(25°C-T,)

CV,(25°C)=CV, | 1+ =CV,- M,

2)

where 7..r is the temperature coefficient of the short-circuit current in ppm / °C normalized
to 25°C.

4000 4000
| E«()s(ar  JE@War
CV — CVU (250(:) . 300 e - 2555 300 —_% T
JE«War  [EM)S@ar S
300 300 (3)
where:
SA) Spectral responsivity of the reference cell (Test Method E1021[21])
Eed1) Reference spectral irradiance
EsA) Direct-beam solar spectral irradiance (Practice E1341[20])
k Spectral correction factor
5.1. Calculate Eqgs. 1 and 2 for all points on all days and compute the mean corrected
calibration value, <C'V>.
5.2 Reject any points that meet the following criteria:

e (CVmore than 1.5% from the <CV>
e [, range is greater than 1.5%
o (CV, (T,)standard deviation is greater than 1%.
6.  Verify that at least three days data with a minimum of five sets / day of valid data exist. If
not, repeat steps 1-5 until all criteria are met.
7. Generate a test report / cover letter.
8. Have the data, record book, test report, and cover letter reviewed by someone familiar with
the procedures, but who was not involved in the measurement.

4. Test-Bed-Specific Equipment

Figure 2 is a simplified block diagram of the test bed.
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Figure 2. Simplified block diagram of the primary calibration test station.

5. Uncertainty in <CV>

The uncertainty in the average temperature and spectrally corrected calibration value <C'V> from
Eq. 3 is determined using standard uncertainty analysis based on [2,23]. For convenience, the
elemental Type A and Type B error sources will be expressed in terms of percentage of value.
The analysis is based on the best measurement capability and represents the smallest uncertainty
of nearly ideal PV reference cells. This means that the cells should be stable with no measurable
degradation, packaged with wires and temperature sensors, and close to 2 cm by 2 cm in area. To
simplify matters, the uncertainties of the input quantities are expressed in terms of percentage of
value. Since all equations are or will be reduced to multiplications and divisions, the sensitivity
coefficient reduces to unity. The uncertainty of the performance parameters will then be the same
for similar cells. To express the uncertainty as a percentage, a typical case is used so that the
voltmeter range and resolution can be converted to a percentage. The 2002 calibration of the
World Photovoltaic Scale (WPVS) reference cell 930216-1 is used as a typical example of a Si
reference cell (Fig. 3).
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Figure 3. Typical annual primary reference cell calibration.

The WPVS value for 930216-1 at standard reference conditions (25°C, 1000 Wm™, global) is
123.29 mA [15-18]. The spectral responsivity is given in Fig. 4. With the uncertainty
components expressed as a percentage using Eqgs. 1 through 3, the uncertainty in the mean
calibration value <C'V> can be written with a coverage factor of 2 for 95% confidence as

2 2 2 2 2 ,7105
U -2 UlSC n UcvU (25°C) n U(:vU " U_a 4y UMT +(ﬂ)
- V3 Jn Jn 2 2 2
The type A error sources are from n’ readings of /. and E;to obtain one C'V,. Using Eq. 3, n data

sets of C'Vare averaged to obtain <CV>. Table 1 lists the various uncertainty components and
their values.

(4)
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Figure 4. Quantum efficiency curve of WPVS Reference Cell 930216-1.

Table 1. Summary of Standard Primary Reference Cell Uncertainty Components

Uncertainty Source of Uncertainty Value of Coverage
Component Uncertainty Factor
(%)
Ule Measured /., 0.029 Rectangular
Ucvizsec) Corrected calibration value 0.27 n=35
Ucw Uncorrected calibration value 0.083 n’=85
Ug Measured total irradiance 0.34 Rectangular
Uur Temperature correction 0.14 Rectangular
Uy Spectral correction 0.80 Gaussian
Useter Reference cell DMM (123 mA typical value) 0.021 Rectangular
From data sheet, confidence value not listed
1-year HP34401, 10 V, of reading 0.0035 Rectangular
1-year HP34401, 10 V, of range 0.0005 Rectangular
1-year HP34401, 10 V, 1 line cycle 0.001 Rectangular
HP34401, 10 V, temperature 23+10°C 0.005 Rectangular
Upresistor 1-year resistor calibration uncertainty 0.02 Gaussian
Ustabitityr Resistor 1-year stability (Julie CH-48T4 data sheet) 0.003 Rectangular

The measured I is the voltage measured across a 10-ohm resistor with an Agilent 34401A
multimeter with a 10-power-line cycle integration period. The circuit used to bias the reference
cell within 2 mV of 0 V is described in Appendix 2. From the typical case in Figs. 3 and 4, the
measured voltage is taken to be 1.23 V. From the 1-year manufacturer’s specification, the
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uncertainty on the 10-V range is 0.0040% of the reading plus 0.0007% of the range. The
distribution is assumed to be rectangular because the data sheet does not specify the confidence
value. The meter uncertainties supplied by the manufacturer are based on a 23+5°C operating
temperature. Resistors and meters are in a temperature-controlled room at 23+5°C. The
maximum expected resistor and meter temperature deviation is 23 +10°C. The temperature
coefficient of the meter outside of the 23 +5°C is 0.0005%/°C of the reading and 0.0001%/°C for
the 10-V range. The total error of the voltage reading across the 10-ohm current sense resistor is

Umeter = [% of range + temperature correction] + [% of reading + temperature correction] =
100 * {[(0.0035 + 10 * 0.0005) » 0.01 * 1.23] +
[(0.0005 + 10+ 0.0001) « 0.01 * 10]} / 1.23 = 0.021%. (5)

The temperature coefficient for the 10-ohm resistor manufactured by Julie Research Laboratory
(now manufactured by Ohm-Labs) is 5 ppm/°C or 0.0005 %/°C. The uncertainty of the 10-ohm
resistor calibrated at NREL is 0.02% with 95% confidence level. The 1-year stability of the
resistor is 0.003%/year from the data sheet. The power rating of the resistor is 6 W, and the
power dissipated across the resistor of [10 ohm * (0.123 A)*= 150 mW] is negligible. Hence, the
uncertainty in /. (7,,) is taken to be

2 2 2 2705
U le = [(U meter ) + (Treg'stor 'Tcoeficimt—resistor ) + (Ul’esistor ) + (U Slability) :I
= [(0.021)% + (10 * 0.005)> + (0.02) + (0.003)*]°*
=0.029%. ©

The distribution is taken to be rectangular in the absence of further information.

The total irradiance of the absolute cavity radiometer is a voltage measured with an Agilent
34970A multimeter with 10-power-line cycle integration period. The absolute cavity radiometer
is calibrated on an annual basis as a unit with the same cabling and electronics used in the
calibration of reference cells. The uncertainty in £; is estimated to be 0.34% with a rectangular
coverage factor [24,25].

The uncertainty in the spectral correction factor & is a function of the magnitude of the
correction factor [9,25]. A conservative estimate of the spectral correction factor uncertainty is
20% of the value of [9,25]. Considering the restrictions on the cells and the clear-sky conditions
under which primary calibrations take place, the spectral correction factor is typically less than
2% for Si (0.98 to 1.02). For the 2002 data set for 930216-1, the spectral correction factor varied
from 0.997 to 0.989. Experience with spectral corrections of outdoor primary calibration data of
less than 2% indicate that the uncertainty Uy is 0.80%. The spectral correction factor is twice as
large as simulator-based spectral corrections because of uncertainties in the spectral model
extrapolation of the measured spectral irradiance from a 350-1000-nm wavelength range to a
300-4000-nm wavelength range. The uncertainty in kis type B because there is only one spectral
correction factor for each data point. The distribution is taken to be normal (Gaussian) based on
Monte Carlo perturbation analysis [9,25].

The PV temperature is controlled to a nominal 25°C. The temperature is measured using the
temperature sensor that is permanently attached to the reference cell. This means that, by
definition, there is no error in the temperature sensor because all measurements of the PV
reference cell are based on a 25°C cell temperature as measured by the attached sensor. Hence,
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the only error is in the correction of the data to the reference temperature. The entire 2002
calibration set of 2233 data sets for 50 reference cells had a temperature range of 19.5° to
31.5°C. Figure 5 shows the distribution of temperatures.
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Figure 5. Frequency of temperatures in the 2002 Primary Reference Cell calibration data set.

For convenience, the uncertainty in the correction will be based on a 2°C correction with a /.
temperature coefficient of 456 ppm/°C = 0.0456%/°C. The uncertainty in the temperature
coefficient can be estimated from the PEP intercomparison, where the WPVS temperature
coefficient for 930216-1 was established [15,17,26]. The temperature coefficient for 930216-1
measured independently at six laboratories varied from 250 to 600 ppm/°C [15]. Taking this
range of temperature coefficient values for a £4°C correction for temperature gives a temperature
correction of 0.10% to 0.24%. The distribution is rectangular. Thus, Uzzper= 0.24 - 0.10 = 0.14%.

Type A error sources arise from the calculation of C'V, for a single data set and <CV> for all of
the data sets. The standard deviation for C'V} ranges from 0.054% to 0.125%, with an average
standard deviation of 0.083%. The number of I, (7;,)/ E;readings during the spectral irradiance
measurement equal to 85 are averaged to give CV,. The standard deviation for <CV> for the
2002 calibration of 930216-1 was 0.27% based on 35 data sets. Figure 3 shows <CV>, CV, and
CcV,.

Using Eq. 4, the expanded uncertainty with 95% confidence (coverage = 2) in the calibration
value is

KA IRE R CIREIRC |
=0.91% . o

As a check on the uncertainty estimates, the calibration value for a specific reference cell as a
function of time can be examined. The following figures list the calibration value as a function of
time for several primary reference cells. Figure 6 shows the history of NREL’s two WPVS-
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calibrated reference cells (15-17). The NREL primary calibration method was also performed
near sea level in a different climate zone under less-than-ideal conditions in late March and early
April of 2003 at the European Solar Test Installation (ESTI). Figures 7 and 8 show the
calibration history of a mono-Si and GaAs cell, respectively. The letter “a” after the year in Figs.
6-8 indicates a significant change in the software.
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Figure 6. Calibration value measured at NREL compared with the WPVS average value of
four international photovoltaic calibration laboratories including NREL.
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Figure 7. Nineteen years of primary reference cell calibrations on the same mono-Si cell.
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Figure 8. Seventeen years of primary reference cell calibrations on the same GaAs cell.
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3.0 UNCERTAINTY OF PHOTOVOLTAIC CELL
SPECTRAL RESPONSIVITY

1. Reference to Norms and Standards

e ASTM standard E1021, “Standard Test Methods for Measuring Spectral Response of
Photovoltaic Cells”

e Procedure ISO GUM “International Organization for Standardization, Guide to the
Expression of Uncertainty in Measurement. ISO: Geneva, 1995, ISBN 92-67-10188-9.

e ISO-VIM “International Vocabulary of Basic and General Terms in Metrology,” 2™
Edition 1993.

e ASTM standard E 1328 Terminology Relating to Photovoltaic Solar Energy
Conversion”

2. Summary

This uncertainty analysis is for ASTM E1021, “Standard Test Methods for Measuring Spectral
Response of Photovoltaic Cells” [1]. The analysis is restricted to single-junction monocrystal or
multicrystal Si, GaAs, GalnP, GalnAs, Ge, or InP cells that are packaged with connectors [2].
Other technologies or unpackaged samples have additional error sources related to contacting,
shading, and nonlinear behavior. This analysis is restricted to samples less than 4 cm? in area.
The calibration value of the PV reference cell is determined with respect to a reference
temperature (typically 25°C) and reference irradiance (typically ASTM G159 global [3], 1000
W/m?®). The PV Cell and Module Performance Characterization group has essentially been
following these procedures since 1984 [4—17].

3. Procedures
The procedure from ASTM standard E1021 follows:

1. Calibrate the system by measuring the total power with a pyroelectric radiometer
generating a file of power, P(1) versus wavelength A.

2. Measure the responsivity of the reference detector.

3. Correct the calibration over the range of the reference detector, generating a corrected file
of P(1)vs. A from the following equation:

_ IR
P(;t) - /Sref ()“) (1)

where:

Sred ) Calibrated spectral responsivity of the reference detector in units of A/W
Measured current of the reference detector.

4.  Verify that the calibration is valid by comparing the measured value of the reference
detector with the calibrated value. Repeat steps 2 to 3 as needed.

5. Place the sample on the temperature control plate, which will maintain the temperature at
25°C + 2°C.

6.  Mount the sample with the connector into the input leads for the filter spectral response
system.
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7. Select the wavelength range, measure the spectral responsivity, and save the normalized

data QE(A) versus A from the following equation:

(2)

Measured current of the device under test

10017
O = M QE P
where:
[T
PA) From Eq. 1.

4. Test Bed Specific Equipment

Figure 9 is a simplified block diagram of the test bed.
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Figure 9. Filter quantum-efficiency system. This equipment is used to measure the

5. Uncertainty in QE(A) vs. A

quantum efficiency (QE) of a PV cell.

Figure 10 is a plot of the typical quantum efficiency for a Si WPVS cell used in this study [4,5].
The numerous sources of uncertainty in determining QFE(1) vs. A are documented in Refs. 6 and
7 and listed in Tables 2 to 4. Since the data are normalized, any wavelength-independent
multiplicative errors drop out. For the filter QE system and the Si cell in Fig. 10 the dominant
error sources are the lamp intensity fluctuations, reference detector calibration uncertainty,
spatial uniformity of the monochromatic light, and blocking of the light outside of the filter’s
pass band. The calibrated spectral responsivity S;.44) in Eq. 1 is obtained from NIST. Table 5
lists the detector measurement uncertainties from the NIST Web site of calibration services
(http://ts.nist.gov/).
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The major error sources for the filter QE measurement system are listed in Table 6 as a
percentage of the measured QE. The error from intensity fluctuations are both Type A and Type
B. The reason is because the measurement is an average of ten readings, but since a stored
calibration file is used, the intensity drift of the lamp with time during the generation of the
calibration file and during the measurement is proportional to //. The reference detector
uncertainty is a composite from Table 5. The spatial uniformity error exists because the spatial
uniformity of the monochromatic beam is a function of wavelength and the reference detector
and device under test are not exactly the same size. The filter blocking error can be estimated by
assuming that the filters have no pinholes and that the 10-nm bandwidth filters meet their
specified blocking of 107 and integrating the power in the light source outside of the pass band.
The error sources are larger for wavelengths less than 400 nm and near the energy gap (where
the infrared quantum efficiency goes to zero). Combining the uncertainties in Table 6 gives

B EEEEEEEEI 5
Uoe="4%. (4)

This value is consistent with the observed ~3% variation in the measured QE in Fig. 10, which
should be a monotonically increasing then decreasing response.
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Table 2. Error Sources for Measurement of the Photocurrent

Electrical Instrumentation
Current-to-voltage (I-to-V) converter
Commercial current or custom amplifier
Gain, linearity, noise, offset
Shunt resistor
Calibration, drift, thermovoltages
Signal from I-to-V converter measured with
Lock-in amplifier (typically <1 mA)
Calibration, resolution, accuracy
Waveform to sine wave correction factor
Overloading, noise, dynamic range
Time-constant
Procedures for using lock-in amplifier
An AC voltmeter
Gain, offset from noise level
Linearity, time-constant
PV Cell or Module
Temperature
Response time to periodic light
Linearity of PV device
White-light bias spatial uniformity
Monochromatic light spatial uniformity
Voltage bias of cell being measured
Spectral content of bias light
Device sensitivity to polarization of light
Mechanical
Mechanical movement of optics
Mechanical vibration
Chopped stray monochromatic light
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Table 3. Error Sources for Measurement of the Light Power

Filament or Xe-Arc Light Source
Intensity fluctuations
Change in spectrum with age and current
Stored Calibration File
Monochromatic source calibration drift with time
Stray Light
Detector sees light that cell does not see
Area of detector different from device area
Different field of views
Monochrometer
Incomplete attenuation of higher and
lower grating orders
Narrow-bandwidth filters
Pinholes in the filter
Degradation of blocking filter

Insufficient blocking (~10'4)
Detectors and Associated Electronics in General
Calibration, resolution, accuracy
Gain, phase, offset, linearity
Spatial uniformity of detector element
Drift in temperature of room
Change in the detector’s field of view
Degradation of detector
Spectral response of detector
Pyroelectric Detector
Time constant of detector
Microphonics, signal to noise
Phase-angle adjustment
Waveform factor (square wave assumed)

Table 4. Error Sources Related to the Monochromatic Light

Bandwidth
Filter Defects
Polarization Variation with Wavelength
Wavelength Offset, Error
Wavelength Variation with Room Temperature
Beam Wanders with Wavelength
Beam Larger than the Test Device
Detector area versus PV area
Position of detector and PV different
Spatial uniformity of beam
Beam Smaller than Detector and Device Area
Partially shaded regions
Spatial variation in responsivity of PV
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Table 5. Detector Measurement Services Uncertainties Relative Expanded Uncertainty (k = 2)

Wavelength UV 100 (UV) S1337 (Visible) GE (NIR) InGaAs (NIR)
[nm] [%] [%] [%0] [%0]
200 3.8 3.8

250 1.3 1.3

300 1.3 1.3

350 1.8 1.8

400 1.5 1.5

450 0.38 0.24

500 0.38 0.22

550 0.20

600 0.20

650 0.20

700 0.20 0.46 0.38
750 0.22 0.42 0.36
800 0.22 0.68 0.54
850 0.22 0.44 0.44
900 0.22 0.50 0.40
950 2.6 1.2 1.3
1000 1.7 0.9 0.9
1050 2.7 0.9 0.9
1100 4.2 0.52 0.50
1150 0.8 0.8
1200 1.4 1.5
1250 0.9 0.9
1300 0.9 0.9
1350 0.9 0.9
1400 1.2 1.2
1450 0.9 0.9
1500 1.0 1.0
1550 1.1 1.1
1600 1.4 1.3
1650 1.1 1.0
1700 1.7 2.2
1750 2.6 2.7
1800 34 4.2
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Table 6. Major Errors Sources in Normalized Filter Quantum Efficiency Measurements

Source Type A Uncertainty Type B Uncertainty  Coverage

% % # Readings
Intensity fluctuations 0.5 2.0 10, Rectangular
Reference detector - 0.5 Gaussian
Spatial uniformity — 2.0 Rectangular
Filter blocking — 2.0 Rectangular
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4.0 UNCERTAINTY OF ELECTRICAL PERFORMANCE
OF PHOTOVOLTAIC CELLS

1. Reference to Norms and Standards

e ASTM E948, “Standard Test Method for Electrical Performance of Photovoltaic Cells
Using Reference Cells Under Simulated Sunlight.” This procedure meets or exceeds the
requirements in IEC standard 60904-1, “Photovoltaic Devices — Measurement of
Photovoltaic Current-Voltage Characteristics.”

e Procedure ISO GUM “International Organization for Standardization, Guide to the
Expression of Uncertainty in Measurement. ISO: Geneva, 1995, ISBN 92-67-10188-9.

e ISO-VIM “International Vocabulary of Basic and General Terms in Metrology,” 2™
Edition 1993.

e ASTM standard E 1328 Terminology Relating to Photovoltaic Solar Energy
Conversion”

2. Summary

This uncertainty analysis is for ASTM E948, “Standard Test Method for Electrical Performance
of Photovoltaic Cells Using Reference Cells Under Simulated Sunlight” [1]. The analysis is
restricted to single-junction monocrystal or multicrystal Si, GaAs, GalnP, GalnAs, Ge, or InP
cells that are packaged with connectors [2]. Other technologies or unpackaged samples have
additional error sources related to contacting and a larger spectral mismatch correction. This
analysis is restricted to samples less than 100 cm” in area. The current versus voltage (I-V)
characteristics are measured within 2°C of the reference temperature (typically 25°C) and within
2% of the reference irradiance (typically ASTM G159 global [3], 1000 W/m?). Using ASTM
G173 global [4] gives essentially the same uncertainty because the spectra are nearly identical
affecting the /. for Si cells less than 1%. The international equivalent of these spectra are IEC
standard 60904-3 editions 1 and 2. Our group has essentially been following these procedures
since 1984 [9-14]. To simplify matters, the uncertainties of the input quantities are expressed in
terms of percentage of value. Since all equations are or will be reduced to multiplications and
divisions, the sensitivity coefficient reduces to unity. The uncertainty of the performance
parameters will then be same for similar cells.

3. Procedures
The procedure from E948 follows:

1.  Measure the cell area, A using the definition in Terminology E 1328 [5].

Measure the relative spectral responsivity of the PV cell to be calibrated using Test Method
E1021 [6].

Choose a primary reference cell.

4.  Determine the spectral mismatch parameter, M, using Test Method E 973 [7,9,10].

(98]
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where:
SiA) Measured spectral responsivity of the test cell (Test Method E1021 [8])
SA) Measured spectral responsivity of the reference cell (Test Method
E1021 [8])
EiedA) Reference spectral irradiance
E) Measured spectral irradiance of the light source (Test method E973 [7])

A, Az Az A4 Wavelength limits of integration.
Mount the reference cell in the center of the test plane and verify that the plate temperature
or reference cell temperature are within £2°C of the temperature corresponding to the

reference cell short-circuit current calibration value, /zz.

Adjust the simulator so that the measured reference cell short-circuit current /g, is within
2% of the spectrally corrected calibration value or

I
0.98 s( RRM)/IRM <1.02 )

Transfer this value to an intensity monitor giving a calibration value for the intensity
monitor by recording the average of at least ten measurements of the following equation:

]MR=(IMM IRR)/(MIRM), (3)

where:

Iur Calibrated short-circuit current of the intensity monitor located near the
edge of the test plane.

s Measured short-circuit current of the intensity monitor located near the
edge of the test plane.

Mount the cell to be tested on the temperature-controlled plate in the same position as the
reference cell and adjust the plate temperature so the cell is within 2°C of the reference
temperature.

Measure the open-circuit voltage, V,., with the load disconnected.
Measure the current versus voltage (/7a5 V) characteristic of the cell under test by changing
the operating point with the variable load so that the curve is swept through 0 V and 0 A.

At each operating point on the (/7, V) characteristic, measure the cell voltage, V, cell
current, I7a and ynre Correct the measured current, /74 for intensity fluctuations, giving
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11.

12.

13.

14.

4,

the calibrated current of the test cell under the reference spectrum at the reference
irradiance and temperature, /7, using

ITR =ITMIMR/IMM_ (4)
Measure the open-circuit voltage, V., with the load disconnected.

Determine the calibrated /. by performing a linear-regression fit to all /72 Vpoints that
satisfy the constraint that all currents are within 4% of the current at 0 V and of all voltages
within 0.20 times the voltage at 0 A.

Determine the maximum power, Pmax, by performing a polynomial fit to all Itr- V points
that satisfy the constraints that the measured power is within 85% of the largest measured
power and the voltage is within 80% of the voltage at the largest measured power as
recommended by E948. The polynomial that gives the best fit to the data up to a fifth order
is used. The voltage at maximum power, V., s the real root of the derivative of the fit of
the power versus voltage polynomial set to 0. This voltage is then substituted into the
power vs. voltage polynomial to obtain the P,y The current at maximum power, Iy, 1S
calculated from Poux/ Viax

The current vs. voltage data points, (/7z, V), along with a variety of information including
Voeo Isey Pray, temperature, time, cell ID, cell type, manufacturer, reference cell, and its
calibration, the record book number and page, change in V,. before and after the
measurement, are saved.

Test-Bed-Specific Equipment

Figure 11 is a photograph of the test bed.

Figure 11. The Spectrolab X25 solar simulator and custom |-V measurement system.
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Figure 12 is a simplified block diagram of the test bed.

PV
device

-

Kepco 50V,16A
Load

9

R.

/\

HP434401 DMM
Current

HP34401 DMM

Voltage

Figure 12. Simplified block diagram of current versus voltage test station.

5. Uncertainty Analysis

Table 7 summarizes the standard uncertainty components. All uncertainty components are given
in percentage with a typical 2-cm by 2-cm Si cell as the reference case.

Table 7. Summary of Standard Secondary Reference Cell Uncertainty Components

Uncertainty Source of Uncertainty Value of Coverage
Component Uncertaint Factor
y (%)

Unrprving Intensity Monitor meter (25 mV typical value) 0.013 Rectangular
1-year HP34401, 1 V, of reading 0.004 Rectangular
1-year HP34401, 1 V, of range 0.0007 Rectangular
1-year HP34401, 1 V, 1 line cycle 0.001 Rectangular
HP34401, 1 V, temperature 23+15 °C 0.0075 Rectangular

Usis, Unpnr Measured Monitor current 0.025 Gaussian
1-year resistor stability (Julie CH-48T4 data 0.003 Gaussian
sheet)
1-year resistor calibration uncertainty 0.02 Gaussian
Resistor temperature 0.0005%/°C « 15°C 0.075 Gaussian

Ur-paos Reference cell DMM (130 mA typical value, 10 Q  0.016
current sense)
1-year HP34401, 10 V, of reading 0.005 Rectangular
1-year HP34401, 10 V, of range 0.0007 Rectangular
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Uncertainty Source of Uncertainty Value of Coverage
Component Uncertaint Factor
y (%)

1-year HP34401, 10 V, 1 line cycle 0.001 Rectangular

HP34401, 10 V, temperature 23+15°C 0.0075 Rectangular
Urmt Measured reference cell current 0.027 Gaussian

1-year resistor stability (Julie CH-48T4 data sheet) 0.003 Gaussian

1-year calibration uncertainty 0.02 Gaussian

Resistor temperature 0.0005%/°C 0.0225 Gaussian
ULpyvm Test device current DMM (130 mA typical value)  0.021 Gaussian

1-year HP34401, 1 V, of reading 0.004 Gaussian

1-year HP34401, 1 V, of range 0.0007 Gaussian

1-year HP34401, 1 V, 1 line cycle 0.001 Gaussian

HP34401, 100 mV, temperature 23+15°C 0.0075 Gaussian
U Measured test cell current (Riedon PF1121 <5A, 0.038 Gaussian

Riedon PF1328 >5A) 0.11

1-year resistor stability Riedon PF1121 0.01 Gaussian

Riedon PF1328 0.1

1-year resistor calibration uncertainty 0.02 Gaussian

Resistor temperature 0.0015%/°C 0.0225 Gaussian
Urr Test cell current for £1°C 0.05 Rectangular
Um Reference cell current for +£1°C 0.05 Rectangular
Ugrr Primary reference cell Calibration value 0.91 Rectangular
Rc Least-squares fit standard deviation for Itg (I, of  0.03 N=15

test cell)
Rr Reference cell I, to monitor I transfer standard 0.02 N=125

deviation
Us Error from spatial nonuniformity 0.5 Rectangular
Uy Error in the spectral correction factor M 04 Gaussian
Ul Uncertainty in test cell Iy 1.27 coverage=2
Up.s; Error in P, from the fit 0.06 Gaussian
Ury Test cell voltage for £1°C 0.5 Rectangular
Uy Measured test cell voltage 0.006 Rectangular
Uviax Maximum power voltage 0.7 coverage=2
Ulax Maximum power current 14 coverage=2
Ubmax Maximum power 1.40 coverage=2
Uvpe Open-circuit voltage 0.58 coverage=2
Uy Area 1.20 coverage=2
U, Efficiency 1.84 coverage=2
Urr Fill factor (from Uvy,e, Utse, Upmax) 1.97 coverage=2
Urr Fill factor - more rigorous neglecting intensity 0.58 coverage=2

CITOTS
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5.1 Uncertainty in /s

The uncertainty in the short-circuit current of the reference cell, /7 from Eq. 4, is determined
using standard uncertainty analysis based on [22,23]. For convenience, the elemental Type A and
Type B error sources will be expressed in terms of percentage of value. The analysis is based on
the best measurement capability and represents the smallest uncertainty of nearly ideal PV
reference cells. This means that the cells should be stable with no measurable degradation,
packaged with wires and temperature sensors, and close to 2 cm by 2 cm in area. Combining
Eqgs. 3 and 4 yields

lTR:(ITMlMM'IRR)/(MlRMlMM) (5)

To express the uncertainty as a percentage, a typical I-V case is used so that the voltmeter range
and resolution can be converted to a percentage. Figure 13 is the I-V curve for the typical case.

Siemens Solar
mono-Si Cell

Device ID: A193 Device Temperature: 26.4 + 1.0 °C
May 2,2001 11:05 Device Area: 4.000 cm?
Reporting Spectrum: AM1.5 Global Irradiance: 1000.0 W/m?2

‘? %Na=l X251V System
‘9;9, ==m= PV Performance Characterization Team
0.12
— T T T T T T T T T

0.10

0.08

< 006 -
E L
6 0.04 -
002 -
0.00
-0.02 L
-0.2 0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Voltage (V)
V,.=0.5802 V Lpax = 96.276 mA
I, =0.1117A Vipax = 0.4488 V
1. =27.924 mA/em? Poax = 43204 mW
Fill Factor = 66.67 % Efficiency = 10.8 %

Property of ASU/PTL

Figure 13. Typical I-V curve for a reference cell.

The measured monitor value /yps or Iyps is the voltage measured across a 10-ohm resistor with
an Agilent 34401A multimeter with 1-power-line cycle integration period. The measured
monitor voltage is typically 250 mV. An op-amp circuit is used to bias the monitor cell within
2 mV of zero volts and monitor the current with a 10-ohm 4-terminal resistor (Appendix 2).
From the 1-year manufacturer’s specification, the uncertainty on the Agilent 34401 A voltmeter
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1-V range is 0.0040% of the reading plus 0.0007% of the range plus 0.001% of range because
the power line cycle was not longer than 1. The distribution is assumed to be rectangular because
the data sheet does not specify the confidence value. The meter uncertainties supplied by the
manufacturer are based on a 23+5°C operating temperature. Since the resistors and meters are in
a temperature-controlled room at 23+15°C, the maximum expected resistor and meter
temperature deviation is 23 +15°C. The temperature coefficient of the meter outside of the
23 £15°C 15 0.0005%/°C of the reading and 0.0001%/°C of the range for the 1-V range. The total
error of the voltage reading across the 1-ohm current sense resistor Uz pansis

Unt.omms= [% of reading + temperature correction] + [% of range + temperature correction] =
100 « {[(0.0007 + 15 = 0.0005) » 0.01 « 0.25] +
[(0.0040 + 15+ 0.0001 + 0.001) * 0.01 « 1]} / 0.25 V=10.013%. (6)

The temperature coefficient of the 10-ohm resistor manufactured by Julie Research Laboratory
model CH-48T4 (now manufactured by Ohm-Labs) is 5 ppm/°C or 0.0005 %/°C. The
uncertainty of the 10-ohm resistor calibration at NREL is 0.02%. The 1-year stability of the
resistor is taken as 0.003 %/year from the data sheet. The power rating of the resistor is 6 W and
the power dissipated across the resistor is (10 ohm * 0.0252 A? = 6 mW), so resistor heating is
negligible. Hence, Upnrand Usns the uncertainties in lypsand yps respectively taken to be

0.5
UMM ’ UMM’ = [(UM—DMM )2 + (Tresistor 'Tcoeﬁcimt—resistor )2 + (Ures30r )2 + (Ustability)z:l

=[(0.013%)* + (15 + 0.005 )* + (0.02)* + (0.003)*>*
=0.025%. (7)

The distribution is taken to be rectangular in the absence of further information.

The primary reference cell measured short-circuit current /gy, is the voltage measured across a
10-ohm resistor with an Agilent 34401 A multimeter with 1-power-line cycle integration period.
The circuit used to bias the reference cell within 2 mV of 0 V is described in Appendix 2. The
reference cell current at standard reporting conditions (SRC) is typically 130 mA. From the 1-
year manufacturer’s specification, the uncertainty on the 10-V range is 0.0035% of the reading
plus 0.0005% of the range plus 0.001% of the range because the power-line cycle was not longer
than 1. The meter uncertainties are based on a 23+15°C operating temperature. The total error of
the reference cell voltage reading Ug.pamsis

Ur-pmmr= [% of reading + temperature correction] + [% of range + temperature correction] =
100 « {[(0.0035 + 15 = 0.0005) « 0.01 « 1.30] +
[0.0005 + (15 + 0.0001 + 0.001) =« 0.01 = 10]} / 1.30
=0.008%. (8)

The uncertainty of the 10-ohm resistor calibrated at NREL is 0.02% with 95% confidence level.
The Julie resistor temperature coefficient is negligible at 5 ppm/°C = 0.0005%/°C. The 1-year
stability of the resistor is taken as 20 ppm/year because the resistors have been in use for more
than 10 years. The power rating of the resistor is 6 W and the power dissipated across the resistor
is (10 ohm « 0.132 A® = 174 mW), so resistor heating is negligible. Hence, the uncertainty Ugysin
Irasis taken to be
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2

U RM — (U R-DMM )2 + (Tr&istor ) Tcoeficient—reﬂ'slor )2 + (Ureﬂ'slor )2 + (U Qability)

= [(0.008)* + (15 * 0.0005 )* + (0.02)* + (0.003)*]**
=0.022%. )

The distribution is taken to be rectangular in the absence of further information.

The measured current of the cell under test /7y, is the voltage measured across a current sense
resistor with an Agilent 34401 A multimeter with 1-power-line cycle integration period, as shown
in Fig. 12. Depending on the current range and current limit, a particular Riedon resistor is
selected to maintain between 30 and 300 mV across the resistor. The precision 4-terminal low-
temperature coefficient Riedon resistors are nominally 0.01, 0.1, 1.0, 10, and 100 ohms. A
typical short-circuit current for a test cell is 130 mA. So, the software would select the 1-V range
and a 1-ohm current sense resistor. This is near the worst-case scenario, being at the low end of
the meter 1-V range. From the 1-year 34401A manufacturer’s specification, the uncertainty on
the 1-V range is 0.0040% of the reading plus 0.0007% of the range plus 0.001% of range
because the power-line cycle was not longer than 1. The meter uncertainties are based on a
23+15°C operating temperature (0.005%/°C). The total error Urpansof the voltage reading is

Urpm= [% of reading + temperature correction] + [% of range + temperature correction] =
100 « {[(0.0040 + 15 « 0.0005) « 0.01 + 0.130] +
[(0.0007 + 15+ 0.0001 + 0.001) » 0.01 « 1.0]} / 0.130 = 0.021%. (10)

The uncertainty of the Riedon Corporation model PF1121 1-ohm resistor calibration is 0.02%.
The resistor temperature coefficient is negligible at 5 ppm/°C = 0.0005%/°C. The 1-year stability
of the resistor is specified as 0.01%/ year. For currents above 5 A, the 1-year stability is
0.1%/year. The power rating of the Riedon resistor is 30 W and the power dissipated across the
resistor is [1 ohm * (0.130 A)* = 17 mW], so resistor heating is negligible. Hence, Upn, the
uncertainty in /7, is taken to be

) 2 ) 2105
UTM = I:(U |-DMM ) + (Treﬂﬂor ) Tcoeficient—resislor ) + (Uresislor ) + (U sxability) :I
=[(0.021)* + (15 + 0.0015)> + (0.02)* + (0.01)*1°° = 0. 038% . (11)

The distribution is taken to be rectangular. For currents > 5 A, the Un,= 0.11%.

The uncertainty in the reference cell, /zg, has been determined elsewhere and confirmed by
international intercomparisons to be less than 1% [11-21]. From the uncertainty analysis for a
typical Si primary reference cell calibrated at NREL, the uncertainty in /gzg is 0.91% with a
coverage of 2 or 95% confidence.

There is an uncertainty in /gysand I7p,because of temperature. The temperature is controlled with
a thermoelectrically controlled plate capable of maintaining a temperature to within 0.1°C. The
important parameter is how close the measured temperature of the reference cell and test cell are
to the reference temperature. The reference temperature is typically 25°C and the temperature is
controlled to within +£1°C. Assuming a typical short-circuit temperature coefficient of 0.05% / °C
gives 0.05% for the temperature uncertainty of the test cell Urrand reference cell Uzg.
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There is an additional uncertainty in /75 Us because the light in the test plane is not spatially
uniform. This error is a function of the size of the reference cell compared with the test cell and
how close the monitor is to the cell under test. The spatial uniformity also changes with intensity
fluctuations. This error source varies from set-up to set-up. But only one measurement of transfer
calibration and one set-up is performed to obtain /y, so this error is a Type B error source with a
rectangular distribution. The uncertainty in Ug is estimated to be 0.5%.

Type A error sources arise from the calibration of the intensity monitor /% and a least-squares fit
to the restricted I-V data set to obtain Itr. The standard deviation Ry for Iy is typically 0.02%,
with the number of readings averaged equal to 125. The standard deviation for /7% (/) in Fig. 13
is Rc=0.03% for a fit to 16 I-V points. This is the standard deviation of the intercept [25]. The
uncertainty in the voltage in the linear regression is taken to be 0 because the intercept is the
parameter of interest and the voltage is measured at the same time (group trigger) with the same
model of meter (34401A) and has an estimated uncertainty of less than 1 mV or 0.02%. All other
error sources are Type B because they do not involve averages of repeated measurements.

The uncertainty in the spectral correction factor Mis a function of the magnitude of M[13,22]. A
conservative estimate of the uncertainty in M is 20% of the value of M [13,22]. Since the
restrictions on the cells make Mless than 2% (0.98 to 1.02), then the uncertainty in Mis taken to
be Up= 0.40%. This is less than the uncertainty for the outdoor calibrations because the spectral
irradiance over the entire range of the cavity radiometer is less well known. For simulator
measurements, the spectral irradiance is measured over the entire response range of the PV test
and reference cell. The distribution is taken to be normal (Gaussian) based on Monte Carlo
perturbation analysis [11,20].

The expanded uncertainty with 95% confidence (coverage = 2) in the short-circuit current is
2 2 2 2 2
(UTM ) +(UMM ) +(UMM') +(URR) +(URM )
e s e ) B T
- 2 2 2 2 2
() (G () (58] () (%)
Ji15) \J16 V3 J3) V3 2

e ey
(S22 (o))

U, =127%. (12)

0.5

I

0.5

+

For currents above 5 A, U= 1.36%.
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5.2 Uncertainty in Ppax

The maximum power, Py, 1s defined as the maximum of the product of the current and voltage
under standard reporting conditions. The maximum power is a function of contacting because of
the distributed resistance nature of photovoltaics. The uncertainty from this error source is zero
because the analysis assumes that separate voltage and current wires are attached to the cell. The
current at P,y is defined as .y, while the voltage at Pux 1S Viuy The largest measured power
may not be the maximum power because of noise on the measured current versus voltage. For
this reason, the maximum power is obtained by a polynomial curve fit to a restricted set of data
points. The fitting constraints on the restricted (V, /7z) data are based on the largest measured
power P, and the voltage V), at Py,

085 P,<P<l1.15-P, (13)
and
08 1,8V<1.2V,, (14)

where P is the product of the measured voltage and corrected current /7z. This procedure reduces
the uncertainty in the “true” maximum power by allowing least-squares polynomial curve-fitting
to “average” over multiple data points. The uncertainty Up.4 in the fit of the restricted current
versus voltage data Upx Was determined to be less than 0.06 % by modeling the /-Vdata of the
test case using the standard diode equation with series and shunt resistance and a similar number
of points in the fit and introducing a random error in the current until the mean square error of
the fit was within 1% of the actual measured data and modeled data. The temperature coefficient
of the voltage was assumed to be 0.5%/°C giving Uy Since the data are not corrected for
temperature, the error in the power is a function of the deviation from the reference temperature.
In this analysis, the deviation of “true” cell temperature from the reference temperature is
assumed to be £1°C. The error in the voltage meter Uy.pynsis based on a single voltage reading
at 10-line-cycles integration period and a voltage of 0.4488 V (from Fig. 12).

Uv.pme = [% of reading + temperature correction] + [% of range + temperature correction] =
100 « {[(0.0007 + 15 « 0.0005) « 0.01 * 0.449] +
[(0.0040 + 15+ 0.0001) » 0.01 = 1]} / 0.449 = 0.0095. (15)

The expanded uncertainty with 95% confidence (coverage = 2) in the maximum power is

o, - (2 ) (% )(U@](“ﬁ)(‘%)(%)

o o]
ACETCRI e e ()
IR N R REININE

U, =1.40%. (16)
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The uncertainty in V,,yand Z,,x can be conservatively estimated to be less than the uncertainty in
Py and greater than the uncertainty in /.. A more accurate estimate is difficult because of the
sample-specific nonanalytic nonlinear relationship between the uncertainty Py, Luax, and V.
The uncertainty in V,y is greater than the uncertainty in V,. because of additional resistance-
related error sources. Hence,

— 0
ljlmax - 1.4A) (17)
and

— 0
UVmax =0.7% (18)

5.3 Uncertainty in Vo

The open-circuit voltage is measured with the cell open-circuited with a single 10-line-cycle
integration period reading (0.580 V from Fig. 12). The dominant error is from a £1°C uncertainty
in temperature, resulting in an uncertainty in the voltage Ury: The V,.error from an error in the
irradiance is assumed to be zero because the irradiance is constrained to be within £2% of
standard reference conditions by procedures. This error is a function of the cell and is
logarithmic in nature.

Uy=[% of reading + temperature correction] + [% of range + temperature correction] =
100 « {[(0.004 + 15 + 0.0005) * 0.01 = 0.580] +
[(0.0035 + 15 = 0.0005) * 0.01 «1]} / 0.580 = 0.006%. (19)

U, =0.58. 20)

5.4 Uncertainty in Area

Two components of the uncertainty in the area are related to the subjective interpretation of the
edge of the cell and the ability to measure the distance between edges. We consider the typical
reference cell nominal dimensions area of 2 cm by 2 cm. The x-y coordinates of the four corners
are recorded, and the area is calculated from the following formula for a general quadrilateral:

A= absolute value {[(X4-X1) (Y1-y2) - (X1-X2) (Va-y1)] t [(X1-X2) (Y2-¥3) - (X2-X3) (V1-y2)] +
[(X2-X3) (Y3-Ya) - (X3-Xa) (y2-y3)] + [(X3-X4) (Ya-y1) - (Xa-X1) (y3-ya)]} / 4. (21)

However, if the sides are all the same length and at right angles and are aligned with the x-axis,

then
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X4 - X1 :X2'X3:0 (22)

X=X1-X2 =X3-X4 (23)
Y3-Ya =y1-y2=0 (24)
Y=Y4-Y1 TY2-Y3. (25)

Hence, the uncertainty in the area can be determined from the average of eight distance
measurements. The values are measured with a resolution of 2-um uncertainty in the distance.
The microscope can resolve features below 1 pm in size. For a typical 2-cm by 2-cm cell under
glass, using the microscope with optimum magnification, it is estimated that the subjective edge
resolution is 20 um. Hence, the uncertainty in the distance measurement is 100 ¢ 0.0022 / 2 =
0.11%. In the absence of further information, we use a rectangular distribution in the uncertainty
in measuring the four corner x-y coordinates (eight distance measurements). Intercomparison
among trained operators in the testing group indicates that a subjective error arising from the
operator’s judgment of where the sample edge is located introduces a 0.7% random error.

07y (8011} ]
U,=2|| = | +| ===
[(\/5) +( 2 )] =1.20% . (26)

The assumption of a square aligned with the stage’s x-axis in determining the uncertainty is
justified because there is no loss in uncertainty if the sample is misaligned with respect to the
stage or if the sides are not equal length.

5.5 Uncertainty in Efficiency

The efficiency with respect to standard reference conditions defined by a temperature, spectral,
and total irradiance can be written as

(27)
The uncertainty in 77 can be written as

o2 (% | (22 (0 | -rome o

5.6 Uncertainty in Fill Factor

The fill factor, FF, is defined as

FF =100 ma
VOCI sC (29)

33



The uncertainty Ugrin FF can be written as

oo %)) (5] LRV (05T LR o o

assuming that V., I, and P,y are not correlated. In fact, to a first order, increasing /. by a
given percentage will increase P,y by the same percentage. Furthermore, the constraints on the
measurement require that the fill factor be measured within 2% of the correct irradiance. For
devices that are not series resistance-limited, a 2% variation in intensity will have a negligible
effect on the fill factor. A more realistic estimate of the uncertainty in FF would be to remove all
terms related to the uncertainty in the irradiance. This leaves errors related to temperature,
current measurement meter, voltage measurement meter, and curve fits.

() ) )

N

I

o HRE IR RNk KRt R

Ug = 0.58 . (31)
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5.0 UNCERTAINTY OF ELECTRICAL PERFORMANCE OF
PHOTOVOLTAIC MODULES

1. Reference to Norms and Standards

e ASTM E1036 “Standard Test Methods for Electrical Performance of Nonconcentrator
Terrestrial Photovoltaic Modules and Arrays Using Reference Cells. “This procedure
meets or exceeds the requirements in IEC standard 60904-1, “Photovoltaic Devices —
Measurement of Photovoltaic Current-Voltage Characteristics.”

e Procedure ISO GUM “International Organization for Standardization, Guide to the
Expression of Uncertainty in Measurement. ISO: Geneva, 1995, ISBN 92-67-10188-9.

e ISO-VIM “International Vocabulary of Basic and General Terms in Metrology,” 2™
Edition 1993.

e 1.4 ASTM standard E 1328 Terminology Relating to Photovoltaic Solar Energy
Conversion”

2. Summary

This uncertainty analysis is for ASTM E1036, “Standard Test Methods for Electrical
Performance of Nonconcentrator Terrestrial Photovoltaic Modules and Arrays Using Reference
Cells” [1]. The analysis is restricted to stable, single-junction modules or cells that are packaged
with connectors [2]. This analysis is restricted to samples less than 150 cm by 120 c¢m in area.
The analysis is also restricted to samples with V. in the range of 0.5 to 290 V and I in the range
of 0.1 to 50A. The current vs. voltage characteristics are measured within 2°C of the reference
temperature (typically 25°C) and within 2% of the reference irradiance (typically ASTM G173
global or equivalently IEC 60904-3 [3,4], 1000 W/m?). Our group has essentially been following
these procedures on this test bed since its inception in 1985 [5-7]. To simplify matters, the
uncertainties of the input quantities are expressed in terms of percentage of value. Since all
equations are or will be reduced to multiplications and divisions, the sensitivity coefficient
reduces to unity. The uncertainty of the performance parameters will then be the same for similar
devices.

3. Procedures

The procedure from E1036 follows:

1.  Measure the module or cell in module package aperture area, A, using the definition in
Terminology E 1328 [8]. This is the total area minus the frame area. This may give
unrealistically small current densities or low efficiencies for packages that have inactive
large borders around the active cell(s).

2. Measure the relative spectral responsivity of the PV device to be calibrated using Test
Method E1021 [9]. In many cases, the uncertainty and difficulties in measuring a module
spectral responsivity may be prohibitive. For these cases, a cell representative of the typical

responsivity of the module is acceptable.

3. Choose a primary reference cell.
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Determine the spectral-mismatch parameter, M, using Test Method E 973 [10]:

A, A,

[ ES(A)SI()L)d)L I Eref(A)Sr()L)d)L

;\’l A’?
M = 3

A, A,

[E(2)s (A)ar g Eref(A)St(A)d)L

& & , (1)
where:
SHA) Measured spectral responsivity of the test device (Test Method E1021 [9])
Si(A) Measured spectral responsivity of the reference cell (Test Method

E1021 [9))

EredA) Reference spectral irradiance
EyA) Measured spectral irradiance of the light source (Test method E973 [10])

A Az A3 A4 Wavelength limits of integration.

The following procedures follow E1036 for module -V measurements [1]. These
procedures are equivalent to IEC standard 60904-1.

5.1.

5.2.

5.3.

54.

5.5.

Mount the reference cell in the center of the test plane and verify that the plate
temperature or reference cell temperature are within £2°C of the temperature
corresponding to the reference cell short-circuit current calibration value, /zz.

Adjust the simulator so that the measured reference cell short-circuit current /gy, is
within 2% of the spectrally corrected calibration value or

I
0.98 s( RRM)/IRM <102 )

Transfer this value to an intensity monitor giving a calibration value for the
intensity monitor by recording the average of at least ten measurements of the
following equation:

Ly =(IMM IRR)/(MIRM ), (3)

where:

Ik Calibrated short-circuit current of the intensity monitor located near the edge
of the test plane

Iy Measured short-circuit current of the intensity monitor located near the edge
of the test plane.

Mount the device to be tested on the temperature-controlled plate in the same
position as the reference cell. Keep the module within 5° of the reference
temperature.

Measure the open-circuit voltage, V., with the load disconnected.
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5.6.

5.7.
5.8.

5.9.

5.10.

Measure the current versus voltage (/s V) characteristic of the device under test
by changing the operating point with the variable load so that the curve is swept
through 0 V and 0 A. At each operating point on the (Itv, V) characteristic,
measure the device voltage, V, device current, /73, and Iz Correct the measured
current, /7y, for intensity fluctuations giving the calibrated current of the test
device under the reference spectrum at the reference irradiance and temperature /7z
using

ITR=ITM[MR/IMM. 4)

Measure the open-circuit voltage, V., with the load disconnected.

Determine the calibrated /. by performing a linear-regression fit to all /;z Vpoints
that satisfy the constraint that all currents are within 4% of the current at 0 V and
all voltages are within 0.20 times the voltage at 0 A.

Determine the maximum power, Pnax, by performing a polynomial fit on all Itgr-
V points that satisfy the constraints that the measured power is within 85% of the
largest measured power and the voltage is within 80% of the voltage at the largest
measured power as recommended by E1036. The polynomial that gives the best
fit to the data up to a fifth order is used. The voltage at maximum power, V,, is
the real root of the derivative of the fit of the power versus voltage polynomial set
equal to 0. This voltage is then substituted into the power versus voltage
polynomial to obtain the P,y The current at maximum power, /.y, is calculated
from the Poux/ Vigax

The current vs. voltage data points, (/7z, V), along with a variety of information
including V,., L., Pmux temperature, time, device ID, device type, manufacturer,
reference cell, and its calibration, the record book number and page, and change in
V.. before and after the measurement, are saved.
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4. Test-Bed-Specific Equipment

Figure 14 is a photograph of the test bed, and Figure 15 shows a simplified block diagram of the
test bed.

Ll
Temperature meters

Monitor cell

|

Module patch panel

Primary
reference
cell holder

Figure 14. The Spectrolab LACSS solar simulator and custom |-V measurement system.

LACSS block diagram
revision 3-24-05
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Figure 15. Simplified block diagram of current versus voltage test station.
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5. Uncertainty Analysis

Table 8 summarizes the standard uncertainty components. All uncertainty components are given
in percentage with a 55-cm by 32-cm Si module as the reference case. All uncertainties are based
on a l-year calibration interval.

Table 8. Summary of Standard Secondary Reference Module Uncertainty Components

Uncertainty Source of Uncertainty Value of Coverage
Component Uncertainty Factor
()

Um-pMMm Intensity Monitor meter (94 mV typical value) 0.018 Rectangular
1-year HP34401, 100 mV, of reading 0.005 Rectangular
I-year HP34401, 100 mV, of range 0.0035 Rectangular
1-year HP34401, 100 mV, 1 line cycle 0.001 Rectangular
HP34401, 100 mV, meter temperature 23+15°C 0.0075 Rectangular

Umm, Umme Measured Monitor current 0.029 Rectangular
1-year resistor stability (Julie CH-48T4 data sheet) 0.003 Rectangular
1-year resistor calibration uncertainty 0.02 Rectangular
Resistor temperature 0.0005%/°C 0.0075 Rectangular

Ur-DMM Reference cell DMM (101 mA typical value) 0.017 Rectangular
I-year HP34401, 100 mV, of reading 0.005 Rectangular
1-year HP34401, 100 mV, of range 0.0035 Rectangular
HP34401, 100 mV, meter temperature 23+15°C 0.0075 Rectangular

Urm Measured reference cell current 0.028 Rectangular
1-year resistor stability (Julie CH-48T4 data sheet) 0.003 Rectangular
1-year calibration uncertainty 0.02 Rectangular
Resistor temperature 0.0015%/°C 0.0225 Rectangular

ULpmm Test device current DMM (1.41 A typical value) 0.055 Rectangular
I-year HP34401, 100 mV, of reading 0.005 Rectangular
1-year HP34401, 100 mV, of range 0.0035 Rectangular
I-year HP34401, 100 mV, 1 line cycle 0.001 Rectangular
HP34401, 100 mV, meter temperature 23+15°C 0.0075 Rectangular

UrMm Measured test device current 0.120 Rectangular
1-year resistor stability 0.1 Rectangular
1-year resistor calibration uncertainty 0.02 Rectangular
Resistor temperature 0.002%/°C 0.03 Rectangular

Urr Test device current for £2°C 0.10 Rectangular

Urr Reference cell current for +5°C 0.25 Rectangular

Urr Primary reference cell calibration value 0.91 Rectangular

Rc Least-squares fit standard deviation for It (Isc of 0.42 N=9
test device)

Rt Reference cell I*° to monitor I*° transfer standard 0.02 N=30
deviation

Us Error from spatial nonuniformity Rectangular
< 30-cm x 30-cm area 1.0
> 3-cm x 30-cm area 3.0

Uwm Error in the spectral correction factor M 0.4 Gaussian

Ulse Uncertainty in test device I coverage=2
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Uncertainty Source of Uncertainty Value of Coverage
Component Uncertainty Factor
(%)
<30 cm x 30 cm area 1.67
> 30-cm x 30-cm arca 3.67
Up.sit Error in P, from the fit 0.06 Gaussian
Uty Test device voltage for £2°C 1.00 Rectangular
Uy Measured test device voltage 0.008 Rectangular
Uvimax Maximum power voltage 1.6 coverage=2
Ulmax Maximum power current coverage=2
< 30-cm x 30-cm area 1.4
> 30-cm x 30-cm area 35
Upmax Maximum power coverage=2
< 30-cm x 30-cm area 2.03
> 30-cm x 30-cm arca 3.85
Uvoc Open-circuit voltage 1.16 coverage=2
Ua Area 0.63 coverage=2
Uy, Efficiency coverage=2
<30-cm x 30-cm area 2.13
> 30-cm x 30-cm area 3.90
Urr Fill factor 1.19 coverage=2

5.1 Uncertainty in Ig

The uncertainty in the short-circuit current of the reference cell, 77z from Eq. 4, is determined
using standard uncertainty analysis based on [11-13]. For convenience, the elemental Type A
and Type B error sources will be expressed in terms of percentage of value. The analysis is based
on the best measurement capability and represents the smallest uncertainty of nearly ideal PV
reference devices. This means that the devices should be stable with no measurable degradation,
packaged with wires and temperature sensors, and close to 10 cm by 10 cm. For samples with
one side larger than 30 cm, an additional spatial nonuniformity error must be considered.
Combining Egs. 3 and 4 yields

ITR=(ITMIMM’IRR)/(MIRMIMM) . (5)

To express the uncertainty as a percentage, a typical I-V case is used so the voltmeter range and
resolution can be converted to a percentage. The I-V curves are shown for the typical small-area
case (Fig. 16) and medium-area case (Fig. 17). The analysis will be based on the larger module
sample, with the exception of an area-dependent spatial nonuniformity term.

42



Solec

mono-Si module
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Spectrum: IEC 60904-3 Global
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Inter-comparison modules

Figure 16. Typical I-V curve for a cell in module package test device.

The measured monitor value lyns or Iy is the voltage measured across a 0.1-ohm resistor with
an Agilent 34401A multimeter. The integration period for step 5.3 is 10 line cycle and
contributes no additional error, while the integration period in step 5.7 is at 1 line cycle and
introduces an additional 0.001% error of range. The measured monitor voltage is typically 94
mV. An op-amp circuit is used to bias the monitor cell within 2 mV of 0 V and monitor the
current with a 1-ohm 4-terminal resistor (Appendix 2). From the 1-year manufacturer’s
specification, the uncertainty on the Agilent 34401 A voltmeter 100-mV range is 0.0050% of the
reading plus 0.0035% of the range plus 0.001% of range because the power-line cycle was not
longer than 1. The meter uncertainties supplied by the manufacturer are based on a 23+5°C
operating temperature. Since the resistors and meters are in a temperature-controlled room at
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Figure 17. Typical I-V curve for a module test device.

23+£15°C, the maximum expected resistor and meter temperature deviation is 23 +15°C. The
temperature coefficient of the meter outside of the 23 +15°C is 0.0005%/°C of reading and
0.0001%/°C of range for 1-V range. The total error of the voltage reading across the 1-ohm
current sense resistor Uz pamsis

Unr.omme= [% of reading + temperature correction] + [% of range + temperature correction]

=100 « {[(0.005 + 15 = 0.005) + 0.01 + 0.094] +

[(0.0035 + 0.001+15 « 0.005) » 0.01 « 0.1]} / 0.094 = 0.018%. (6)
Une.oavms= 0.019 % for 1-line cycle in step 5.7
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The temperature coefficient of the 1-ohm resistor manufactured by Electro Scientific Industries
Corporation (ESI) is 15 ppm/°C or 0.0015 %/°C. The uncertainty of the 1-ohm ESI resistor
calibration is 0.02%. The 1-year stability of the resistor is taken as 20 ppm/year because the
resistors have been in use for more than 10 years. The power rating of the resistor is 6 W and the
power dissipated across the resistor is (1 ohm * 0.0252 A% = 0.6 mW), so resistor heating is
negligible. Hence, Uynsand Uy the uncertainties in ypsand Iypy respectively, are taken to be

Py 2 Py 2 0.5
UMM ’ UMM’ = [(UM—DMM ) + (Tresistor 'Tcoeﬁcient—resistor) + (UI’ES'SOF) + (Ustability) :I
Uwnr = 0.029% =[0.018% + (0.0015 + 15 )* + 0.02* + 0.02]°°
Uws = 0.028% =1[0.019* + (0.0015 « 15 )* + 0.02* + 0.02*]*° (7)

The distribution is taken to be rectangular in the absence of further information.

The primary reference cell measured short-circuit current /gy, in step 5.3 is the voltage measured
across a 1-ohm resistor with an Agilent 34401 A multimeter with 10-power-line cycle integration
period. The circuit used to bias the reference cell within 2 mV of 0 V is described in Appendix 2.
The reference cell current at standard reporting conditions is typically 101 mA. From the 1-year
manufacturer’s specification, the uncertainty on the 100-mV range is 0.0050% of the reading
plus 0.0035% of the range. The meter uncertainties are based on a 23+15°C operating
temperature. The total error of the voltage reading Ug.pansis

Ur-pvns= [% of reading + temperature correction] + [% of range + temperature correction]
=100 {[(0.0050 + 15« 0.005) = 0.01 « 0.101] +
[0.0035 + (15 + 0.005) « 0.01 =« 0.1]} / 0.101
=0.017%. (8)

The uncertainty of the 1-ohm resistor calibration is 0.02%. The resistor temperature coefficient is
negligible at 15 ppm/°C = 0.0015%/°C. The 1-year stability of the resistor is taken as 20
ppm/year because the resistors have been in use for more than 10 years. The power rating of the
resistor is 6 W and the power dissipated across the resistor is (1 ohm * 0.132 A% = 17 mW), so
resistor heating is negligible. Hence, the uncertainty Ugasin Zgasis taken to be

2

U RM — (U R-DMM )2 + (Tre;'stor ) Tcoeficient—ressor )2 + (Uressor )2 + (Uslability)

=[0.017%+ (0.0015 * 15)* + 0.002* + 0.027]*°
=0.028% . 9)

The distribution is taken to be rectangular in the absence of further information.

The measured current of the device under test /7y, is the voltage measured across a current sense
resistor with an Agilent 34401 A multimeter with 1-power-line cycle integration period, as shown
in Fig. 15. Depending on the current range and current limit, a particular resistor is selected to
maintain between 10 and 100 mV across the resistor. The precision 4-terminal low-temperature-
coefficient Riedon resistors are nominally 0.001, 0.01, 0.1, 1.0, and 10 ohms. A typical short-
circuit current for a test device is 1.41 A. So, the software would select the 100-mV range and a
0.01-ohm current sense resistor. This is near the worst-case scenario, being at the low end of the
meter 100-mV range. From the 1-year 34401A manufacturer’s specification, the uncertainty on
the 1-V range is 0.0050% of the reading plus 0.0035% of the range plus 0.001% of range
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because the power-line cycle was not longer than 1. The meter uncertainties are based on a
23+15°C operating temperature (0.005%/°C). The total error Urpansof the voltage reading is

Urpm= [% of reading + temperature correction] + [% of range + temperature correction]|
=100 * {[(0.0050 + 15+ 0.005) « 0.01 =« 0.0141] +
[(0.0035 + 0.001 + 0.0075) « 0.01 « 0.1]} / 0.0141 = 0.055%. (10)

The uncertainty of the Riedon Corporation model PF1238 0.01 ohm resistor calibration is 0.02%.
The resistor temperature coefficient is negligible at 20 ppm/°C = 0.0020%/°C. The 1-year
stability of the resistor is specified as 0.1 %/ year. The power rating of the Riedon resistor is 60
W and the power dissipated across the resistor is [0.01 ohm * (1.412 A)* = 20 mW], so resistor
heating is negligible. Hence, Uz, the uncertainty in /7, is taken to be

) 5 ’ 2105
UTM = [(U | -DMM ) + (Tres'stor ’ Tcoeﬁcimt—rs’stor ) + (Ures'stor ) + (Ustability) ]
=[0.055% + (0.0020 * 15)* + (0.02% + 0.10%)]*° = 0.120% . (11)

The distribution is taken to be rectangular in the absence of further information.

The uncertainty in the reference cell, /zr, has been determined elsewhere and confirmed by
international intercomparisons to be less than 1% with 0.91% estimated as Uys from uncertainty
analysis [14-24].

There is an uncertainty in /gy, and /73, because of temperature. The important parameter is how
close the measured temperature of the reference cell and test device is to the reference
temperature. The reference temperature is typically 25°C and the temperature is within £5°C.
Assuming a typical short-circuit temperature coefficient of 0.05%/°C gives 0.25% for the
temperature uncertainty of the test device Urrand reference cell Uzg.

There is an additional uncertainty in /735 Us because the light in the test plane is not spatially
uniform. This error is a function of the size of the reference cell compared with the test device
and how close the monitor is to the device under test. The spatial uniformity also changes with
intensity fluctuations. This error source varies from set-up to set-up. But only one measurement
of transfer calibration and one set-up is performed to obtain /s, so this error is a Type B error
source with a rectangular distribution. Figure 18 shows a typical spatial nonuniformity map of
the large-area continuous solar simulator (LACSS). For the 55-cm by 32-cm approximate area
for the example, the uncertainty in Us is estimated to be 3%.
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LACSS Spatial Uniformity 10-20-04
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Figure 18. Typical spatial nonuniformity of large-area continuous solar simulator showing
*1% for areas less than 30 cm by 30 cm; if a 10-cm by 10-cm cell is used, then the
nonuniformity is £0.5%. For larger modules, the spatial nonuniformity is typically *3%.

Type A error sources arise from the calibration of the intensity monitor 7z and a least-squares fit
to the restricted I-V data set to obtain Itr. The standard deviation Ry for Iy, is typically 0.02%
with the number of readings averaged equal to 30. The standard deviation for /7z (/) in Fig. 16
is Rc = 0.042% for a fit to nine I-V points. This is the standard deviation of the intercept [12].
The uncertainty in the voltage in the linear regression is taken to be zero because the intercept is
the parameter of interest and the voltage is measured at the same time (group trigger) with the
same model of meter (34401A) and has an estimated uncertainty of less than 1 mV or 0.006%.
All other error sources are Type B because they do not involve averages of repeated
measurements.

The uncertainty in the spectral correction factor M is a function of the magnitude of M [13,22]. A
conservative estimate of the uncertainty in M is 20% of the value of M [16,25]. Since the
restrictions on the devices make M less than 2% (0.98 to 1.02), then the uncertainty in M is taken
to be Uy = 0.40%. This is less than the uncertainty for the outdoor calibrations because the
spectral irradiance over the entire range of the cavity radiometer is less well known. For
simulator measurements, the spectral irradiance is measured over the entire response range of the
PV test device and reference cell. The distribution is taken to be normal (Gaussian) based on
Monte Carlo perturbation analysis [16,25].
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The expanded uncertainty with 95% confidence (coverage = 2) in the short-circuit current is
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5.2 Uncertainty in Pnax

The maximum power, Py, is defined as the maximum of the product of the current and voltage
under standard reporting conditions. The maximum power is a function of contacting because of
the distributed resistance nature of photovoltaics. The uncertainty from this error source is zero
because the analysis assumes that separate voltage and current wires are attached to the device.
The current at P,y is defined as 7,y while the voltage at P,y is Viux The largest measured
power may not be the maximum power because of noise on the measured current versus voltage.
For this reason, the maximum power is obtained by a polynomial curve fit to a restricted set of
data points. The fitting constraints on the restricted (V, /7z) data are based on the largest
measured power P, and the voltage V,,at Pp,

085 P,<P<1.15 P, (13)
and
08V, V<12V, (14)

where P is the product of the measured voltage and corrected current /7z. This procedure reduces
the uncertainty in the “true” maximum power by allowing least-squares polynomial curve-fitting
to “average” over multiple data points. The uncertainty Up.4 in the fit of the restricted current
versus voltage data Up,;,x was determined to be less than 0.06 % by modeling the /-Vdata of the
test case using the standard diode equation with series and shunt resistance and a similar number
of points in the fit and introducing a random error in the current until the mean square error of
the fit was within 1% of the actual measured data and modeled data. The temperature coefficient
of the voltage was assumed to be 0.5%/°C giving Uy Since the data are not corrected for
temperature, the error in the power is a function of the deviation from the reference temperature.
In this analysis, the deviation of “true” device temperature from the reference temperature is
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assumed to be +2°C. The error in the voltage meter Uy is based on the average of two voltage
readings at 1-line-cycle integration period and a voltage of 17.48 V (from Fig. 16).

Uy= [% of reading + temperature correction] + [% of range + temperature correction]
=100 « {[(0.0045 + 0.0075) = 0.01 « 17.48] +
[(0.0006 + 0.001 + 0.0075) « 0.01 « 100]} / 17.48 = 0.024%. (15)

The expanded uncertainty with 95% confidence (coverage = 2) in the maximum power is
[(55T8Ca) ) ) ))
)
[ (2 (o o) 22
R IR FRREIRE RN

Upmax = 3.85% for spatial nonuniformity of £3%
Upmax = 2.03% for spatial nonuniformity of £1% . (16)
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The uncertainty in V,,yand Z,,x can be conservatively estimated to be less than the uncertainty in
Py and greater than the uncertainty in /.. A more accurate estimate is difficult because of the
sample-specific nonanalytic nonlinear relationship between the uncertainty Py, Luax, and V.
The uncertainty in V,y is greater than the uncertainty in V,. because of additional resistance-
related error sources. Hence,

Ulmax = 3.5% for spatial nonuniformity of +3%

Ulmax = 1.4% for spatial nonuniformity of +1% (17)
and
frax : (18)

5.3 Uncertainty in Vo

The open-circuit voltage is measured with the device open-circuited with a single 10-line-cycle
integration period reading (17.48 V from Fig. 16). The dominant error is from a +2°C uncertainty
in temperature resulting in an uncertainty in the voltage Ury: The V. error from an error in the
irradiance is assumed to be zero because the irradiance is constrained to be within £2% of
standard reference conditions by procedures. This error is a function of the device and is
logarithmic in nature.
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Uy= [% of reading + temperature correction] + [% of range + temperature correction]
=100 * {[(0.0045% + 0.0075) » 0.01 * 17.48] +
[(0.006 + 0.001 + 0.0075) « 0.01 « 100]} / 17.48 = 0.030%. (19)

105

oA

0, - (20 (0% }

U, =1.16%. (20)

5.4 Uncertainty in Area

Two components of the uncertainty in the area are related to the subjective interpretation of the
edge of the device and the ability to measure the distance between edges. We consider the
rectangular module used in this analysis with dimensions area of 55 cm by 32 cm.

Hence, the uncertainty in the area can be determined from the average of eight distance
measurements. The values are measured with a resolution of 1-mm uncertainty in the distance.
Hence, the uncertainty in the distance measurement is

Uy=2{[100 * 0.1 /(55 *3%)]* +[100 + 0.1 / (32 * 3°))1*1*° = 0.41%. (21)

It is estimated that there is an additional 1-mm uncertainty due to operator judgment, which gives
an additional 0.41% uncertainty. The resulting uncertainty in the area is 0.63%.

5.5 Uncertainty in Efficiency

The efficiency with respect to standard reference conditions defined by a temperature, spectral,
and total irradiance can be written as

n= 100&

E<A. (22)
The uncertainty in 7 can be written as

r U Y (U » 105
u,=2(| 2| +|—=
%)% )]
i 2 27°8
u,=2 %’) + (%) = 3.90% for spatial nonuniformity of +3%
r 2 2705
uU,=2 %’) + (%) = 2.13% for spatial nonuniformity of +1% . (23)
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5.6 Uncertainty in Fill Factor

The fill factor, FF, is defined as

FF = 100h
Vool & (24)

The uncertainty Ugrin FF can be written as
0.5 0.5
U. ¥ (U, Y (U_Y 2 2 2
U =2 o | o 2] o[22 | =2 (3'85) +(1'16) +(ﬁ) _544%. (25)
2 2 2 2 2 2

assuming that V,. Iy, and P,y are not correlated. In fact, to a first order, increasing /. by a
given percentage due to spatial nonuniformity, reference cell uncertainty or other factors will
increase P;,x by the same percentage. Furthermore, the constraints on the measurement require
that the fill factor be measured within 2% of the correct irradiance. For devices that are not series
resistance-limited, a 2% variation in intensity will have a negligible effect on the fill factor. A
more realistic estimate of the uncertainty in FF would be to remove all terms related to the
uncertainty in the irradiance. The sign on the voltage temperature coefficient of FF is in the same
direction and similar magnitude for V.. and Puay, effectively counting the temperature-
dependence twice. This leaves errors related to temperature, current measurement meter, voltage
measurement meter, and curve fits.

R RS RN

—

I

o R RE SRS IR SRC RS SR

U = 1.19% . (26)
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GLOSSARY

Efficiency with respect to reference conditions

Wavelength

Test cell area

Reference spectral irradiance

Measured spectral irradiance of the light source

Total irradiance

Fill factor

current at P«

Measured the monitor current

Intensity monitor current under reference spectrum and irradiance
Measured reference cell current

Calibrated current of the reference cell under the reference conditions
Measured test cell current

Calibrated current of the test cell under the reference conditions
Current versus voltage

Spectral correction factor, inverse of M

Spectral mismatch parameter

Test maximum power under reference conditions

Standard deviation for iz

Standard deviation for fit to obtain /7x

Measured spectral responsivity of the test cell

Measured spectral responsivity of the reference cell

Combined uncertainty in the short-circuit current of the test cell with respect to
reference conditions

Uncertainty in efficiency

Uncertainty in area

Uncertainty in the fill factor

Uncertainty in M

Uncertainty in the short-circuit current of the monitor cell
Uncertainty in the fit of the restricted current versus voltage data
Uncertainty in measured reference current

Uncertainty in reference current under reference temperature, spectrum, and
irradiance

Uncertainty in current related to spatial nonuniformity
Uncertainty in the short-circuit current of the reference cell
Uncertainty in the short-circuit current of the test cell
Uncertainty of the reference cell.

Uncertainty in measured voltage

Uncertainty in voltage related to temperature

Uncertainty in V.

Measured test cell voltage

Test cell voltage at P,y

Test cell open-circuit voltage
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APPENDIX 2

Figure 19 below describes the operational amplifier circuit used to maintain the reference cell
within 1 mV of 0 V. The bias box senses the voltage V;, remotely and measures the current 7,
across a precision 10-ohm shunt resistor (0.02%).

0.01 yF
<
3
2 0.003 yF
Vi, > :E
°T< +15V
0.01 yF
+v,, P H
§ 1 M0 1MQ com
4, > | 0.01 yF
-15V
'lin I
OPAS541 current limit resistor
Iimt= 0.809/(1.57 KQ + 0.057) =500 mA
+Vout
10 Q% 0.02%
=6W
Vou

Figure 19. Schematic diagram of bias box.
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