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Abstract. This paper provides new test methods and analytical procedures for characterizing
the electrical performance of photovoltaic modules and arrays. The methods use outdoor
measurements to provide performance parameters both at standard reporting conditions and for
all operating conditions encountered by typical photovoltaic systems. Improvements over
previously used test methods are identified, and examples of the successful application of the
methodology are provided for cryliae- and amorphous-silicon modules and arrays. This
work provides an improved understanding of module and array performance characteristics, and
perhaps most importantly, a straight-forward yet rigorous model for predicting array
performance at all operating conditions. For the first time, the influences of solar irradiance,
operating temperature, solar spectrum, solar angle-of-incidence, and temperature coefficients are
all addressed in a practical way that will benefit both designers and usersovbithats.

INTRODUCTION

This work was motiated by a desire to pnove theaccuracy and versatility of
methods currently used for claterizing the pdormance of photovoltaic arrays
in their actual use emanment. The resulting improvementsll wenhance
industry’s aldity to design systems thateat pgormance speciiations, to rate
system performance after installation, and to continuously monitor performance
over the system’s life. In general, these improvements should help industry
accelerate the commercializationpdfotovoltaic systems.

The current ASTM standard method for testing trexteical peformance of
modules and arrays (1) has served the industry well, but is best suited for
determining rdule performance at only one operating condition, the “Standard
Reporting Condition.” Unfortuastely, the standard perting condition is at a
temperature (28C) unrepresemtive of actual operatingpaditions where
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50 °C is more common. The ASTM method doesn't traesl well to other
operating conditions, doesn’t address aditors involved in outdoor performance
ratings, and is often considered no better thHdf0 accurate when applied in the
field to large photovoltaic arrays.

The limited versatility of the ASTM mbbd led ulities to define what they
considered a more realistic procedure for specifying system performance based on
a month-long evaluation period with measurements translated to a specified solar
irradiance, ambient temperature, and wind speed (2, 3). This procedure gave
performance at a realistic operating temperature, but resulted in regression
analyses that were less accurate than desiredlimidd in their ability to
distinguish the interactive influences of solar irradiance, solar spectrum, solar
angle-of-incidence, temperature coefficients, degree of thermalibegm,
ambient temperature, and wind speed.

Recently, a “pdormance index” has been proposed as a means for
continuously monitoring PV system performance. The index would provide the
ratio of actual power to predicted power on a cardus basis. The value of this
index, however, is dependent on the accuracy of the model used for predicting
array performance (4). Todayatd acquisition systems are often used to
continuously monitor performance of large systems, but up to 15% loss in array
output can go undetected due to li@tations of the predictive models used to
estimate the expected arrayrfpemance. In addition, almost ten years of system
monitoring has been required before raligbanalysts can anfidently cetect
degradation in power output as large as 1 to 2% per year (5).

The testing methods, analytical procedures, and performance model described
in this paper are the result of over 15 years of experience in outdoor testing of
photovoltaic cells, modules, and arrays at Sandia National Laboratories. The
resulting methodology for chacterizing electrical péormance is believed to be a
significant improvement over previous methods, has beasgessfully applied to a
wide variety of modules, and is now being applied by Sandia and others during the
acceptance testing of large systems. Our goal is to validate and document the
method, and submit it for consideration as a new test standard.

This paper will first describe the new arrayfpemance model, theitlustrate
the technical concepts that have led to improvements in outdoor testing methods,
and finally illustate the use of the new hwdology in chaacterizing the
performance of crysliae-silicon and ararphous-gicon arrays.

ARRAY PERFORMANCE MODEL

Photovoltaic array (module) performance for an arbitrary operating condition
can be described by Equations (1-5). The variables defining the operating
condition are irradiance, cell temperature, absolute air mass, and solar angle-of-
incidence on the array. The equations for short-circuit curreft rflaximum-



power current @), open-circuit voltage (3, and maximum-power voltage &\
provide the four primary paratersfrom which others (i factor, maximum
power, efficiency) can be calculated. Equations (1,3, and 4) result in linear
relationships closely related to thendamental @ctrical characteristics of cells in
the module. Equation (5) uses a second order relationshipnfjdhat implicitly
contains the influences of factors such as module series resistance, wiring
resistance, and non-ideal cell behavior at low light levels. Two additional
empirical relationships, the “AMFunction” and the “AOI-Function” are used to
compensatéor the influences of the solaresgrum and solar angle-of-incidence
(AOI) on the short-circuit current. The terminology used in the equations is
consistent with that used in ASTM standard methods for testing cells, modules,
and arrays (1, 6, 7).

A fundamental premise of this performance model is thatthe/ip, and Voc
of a cell, module, or array are well behaved and ptedie parameters when
described as functions of bnd cell temperature {Tonly. In other words, for a
given kc and T, the shape of the current-voltage (I-V) curvié e the same for
any solar spectrum and angle-of-incidence. When this premise is valid, the
performance chacterization of a wdule or array becomes simply atter of
determining the tort-circuit current, &, at a “reference operating condition,”
and then relating the other three performance peatiens to this reference using
the “effective irradiance” in Equatio(2). One significant advantage of this
approach is that compensating for thesef§ of solar spectrum and solar arajfle
incidence can be accomplished by adjusting only dhygarameter, as in Equation

(1).
Is${E, Te, AMa, AOI) = (E/Ey) f1(AM2) f2(AOI) {l sco+ Qisc (TeTo)} (1)

Ee = IsdE, Tc = To, AMa, AOI) / lsco (2)
Imp(Ee, Tc) = Co + Ee{l mpo + Olimp (Te-To)} )
VodEe, Tc) = Voco + Ci In(Ee) + BVoc (Te-To) (4)

Vin(Ee, Te) = Vimpo + C2 IN(Ee) + Co {IN(EQ}” + Bump (Te o) (5)

Where:
E = Plane-of-array (POA) solar irradiance using broadband pyeteom
measurement correctéar angle-of-incidence sensitivity, W/m
Ee = “Effective” irradiance, dimensionless, or “suns”
E, = Reference “one sun” irradiance in plane-of-array, 10003V/m
fi1(AMg) = Empirically determined “AMFunction” for solar spctral influence
f2(AOI) = Empirically determined “AOI-Functionfor angle-of-incidence aétcts
AM = Absolute air mass



AOI = Solar angle-of-incidence on module, degrees

lsco= Is{E = 1000 W/rf, Te= To °C, AMa= 1.5, AOI = 0)

Impo = Imp(Ee=1, Tc= To°C)

Voco = Vo Ee=1, Tc= T, °C)

Vinpo = Vip(Ee=1, Tc= T, °C)

Tc= Temperature of cells inside modul€,

To = Reference temperature for cells in module, e.g., 25 €50
aisc = Isc temperature coefficient, 2C

oimp = Imp temperature coefficient, AC

Bvoc = Voc temperature coefficient, M

Bvmp = Vimp temperature coefficient, YC

Co = Empirically determined coefficient relatinglto irradiance
C1 = Empirically determined coefficient relatingMo irradiance
Co, C3= Empirically determined coefficients relatingpyo irradiance

The concept of “effective irradiance” is defingal photovoltaic devices in
ASTM methods (6, 7) taccount for thedct that the devices do not pesid to all
wavelengths of light contained in the solar spectrum.  Thermopile-based
pyranoneters, like the Eppley PSP, measure the irradidmee the entire solar
spectrum and are used for establishing the solar resourcecauge power
production from photovoltaic systems is based on this total solar resource, the
concept of “effective irradiance” is used to describepbtion of the entire solar
spectrum converted toedtricity by thephotovoltaic system. As used in this
paper, the term is broadened to include not only the sadatrgp influence, but
also the optical effects related to solar amwdlécidence. Thus, the efttive
irradiance, &, in Equation (2) depends on both the solacsum (AM,) and the
influence of AOI on thest

This new approach for modeling array or module performance has several
important features when compared to other methods. Some of gagse=§ are
summarized as follows:

1. The model provides a well defined approach for obtaining an array
performance “rating” at any user specified operating condition, not just the
ASTM standard reporting condition.

2. The model provides a predictive model for array performance at all operating
conditions, including the edtts of solar spectrum and angkincidence.

3. The model is easily implemented in a common spreadsheet.

4. All parameters required in the model can be determimedugh straight
forward outdoor measurement procedures.

5. The fundamental ettrical behavior of solar cells is preserved.

6. Temperature coefficients are handled in a more rigorous way with separate
coefficients for dc, lmp, Voc, and \Vip.

7. The accuracy of performance “ratings” is improved by emphasizing the
determination of a referencéat-circuit current .9, and then relating the



other parametersn, Voc, Vmp) to the ratio of the measuregd &nd ko This
approach preserves the inherent self-consistentrelal behavior of the cells.

8. Performance is rated to cell temperature inside thedules (), rather than
module temperature, thus compensating for the frequent situation where
modules are not in thermal alurium.

9. When designing or predicting performance of arrays, the model gives |
terms of the variable most readily available from solar resowatabdses, the
irradiance, E, as measured by a thermopile-based pyeteanom

10. This model, coupled with a solar resour@athase, coulgrovide a pactical
method for calculating a daily, monthly, or annual “energy rating” (8).

Prior to illustrating the apmlation of this mdtodology in the performance
characterization of twphotovoltaic arrays, the next six sebtons of this paper

will discuss theechnical improvements and concepts that are required to take full

advantage of the new performance model. The topics discuskethclide:

improvements in irradiance measurements using pyratess) relating solar
spectral influence to absolute air mass, quantifying the influence of AOI, a more
rigorous approach to applying temperature coefficients, a method for calculating
the temperature of cells inside modules, and an empirical relationship relating
module temperature to irradiance, wind speed, and ambient temperature.

Solar Irradiance Measurements

Historically, one of the largest errors in rating the performance of PV arrays
has had nothing to do with the array itself. Rather, it has been due to a time-of-
day dependent systematic error in measurements of the plane-of-array solar
irradiance. The accuracy of an array performance ratingastljirelated to the
accuracy of the solar irradiance measurement; therefore, systematic errors in
irradiance measurements must be addressed as the first step in the rating process.
The systematic error most often ignored in field performance measurements has
been due to the influence of solar angle-of-incidence (AOI) on the response
(calibration) of typical pyranosters. Academically this issue has been
investigated9, 10), but rarely are pyraneters calibrated asfanction of AOI
for general use.

Standard ASTM methods for calibrating pyramters(11) typically result in a
single “calibration number,” often reported for an AOI =.45n addition, ASTM
methods for reference cells (6, 7, 12) result in a calibration that is valid only for
normal incidence. Figureillustrates the magnitude of thercection required in
irradiance measurements as a function of AOI for a typical Eppley PSP
pyranoneter. The curve shown in Figure 1 was gatext by arve fitting the
results of an AOI-dependent calibration performed at Sandia. Clearly, the first
step in improving the performance rating of modules or arrays is to obtain an AOI-
dependent calibration of the pyranet@r usedor field measurements.
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FIGURE 1. Influence of solar angle-of-incidence on the irradiance indicated by a typical
Eppley PSP pyranometer.

Influence of Solar Spectrum

As previously discussed, the current gaed by a solar cell is influenced by
the spectral distribution (spectrum) of sunshine. This is comknowledge to
people familiar withphotovoltaictechnology. However, the magnitude of this
effect and the real significance of the effect on the daily rorual energy
production by a photovoltaic system is not well understood. Atmospheric
scientists point out that the solar spectrum is influenced by a large number of
variables including: absolute air mass, precipitable water, turbidity, clouds, dust,
smoke, other aerosols, ground albesto, (13). Nonetheless, testing experience at
Sandia has indicated thdgr the clear sky conditions typically present during
performance rating, the majority of the solaedpal influence can be amented
for by considering only the eftt of air mass ond

The solar spectral effect can be empirically related to absolute air mass,
resulting in the “AM Function”, i(AMg). This function is technology specific,
depending on the spectral pesse of the module, and also site specific,
depending on the site’s atmospheric characteristics. For clearoskijtians,
however, experience has shown that an.AMnction determinefbr a crystéine
silicon nodule in Albuquerque (NM) has little seasonal variation, and has been
successfully applied to array measurements in Globe (AZ), Lake Powell (UT),
Barstow (CA), and Sacramento (CA).



Air mass (AM) is the term used to describe the relative path length that the
sun’s rays have to traverse through the atmosphere befacking the und.
An AM=1 condition occurs when the sun isatitly overhead at a sea-level site;
air mass values of 10 or greater occur nearise and sunset. Thus, air mass is a
function of the position of the sun, which candmxurately calculated given site
location, day of the year, and the time of day. To comgenfor sites at altitudes
other than sea level, the term “absolute air mass” JAdMused. The absolute air
mass is obtained by simply multiplying AM by the ratio of the site’s atmospheric
pressure (P) to that at sea leve])(PIf atmospheric pressure is not measured at
the site, a simple exponential relationship used by thieonological community
can be used to calculate the pressure ratio using site altitude.

Equations (6-7) are commonly used for calculating the absolute air mags (AM
as a function of £ the solar zenith angle (13, 14).

AM = {c0s(Z9)+0.5057 (96.080- J 34! (6)
AM, = (P/R) AM where: R= 760 mm Hg (7)
P/R= g(0-00011841) \ ere: h = altitude (m) (8)

Figure 2 shows the relative short-circuit current AMunction) for two
different photovoltaictechnologies, a Siemens (M55) cryigta-silicon nodule
and a USSC (UPM-880) tandem amorphalises module. Mata in Figure 2 were
measured with the modules on a solar tracker pointed normal to the sun from
sunrise until sunset. The measurgdmas translated to 5% and normalized to
1000 W/nf using the irradiance as measured with an Eppley PSP pyetgrom
adjacent to the odule. The thermopile eector in the Eppleyyranoneter
provided a sectrally-independent measurement of the total solar irradiance, E.
Polynomial fits to the measured dagieovide the “AMa-Functions” that can be
used in analyzing field performance measurements. These empirical functions are
easily determined, requiring only a small solar tracker, a thermopile-based
pyranoneter, and a single solar cell with spectrapmse identical to those in the
array being analyzed.

The AM, Function as used in the new model is straight forward to measure,
widely applicable, and easily modeled knowing only the zenith angle of the sun
and site altitude. Nonetheless, other analysts may desire to more rigorously model
atmospheric effects and the resulting effect gn If this is done, the function
fi(AMy) in Equation (1) can simply be regkd, and the remainder of the
performance model is ikt applicable. A specific example occurs when a
reference cell is used to determine the refereggdol a site where the solar
spectrum present at the AML.5 condition differs significantly from the ASTM
standard spectrum (15). In this case, the solactss irradiance oegring at
AMa=1.5 is measured with a eptral radiometer, and a spectral mismatch



correction is calculated using a standard ASTM rhetd (16). Including the
spectral mismatch acrection as part of thei(AMa) function will then relate
measured performance back to the ASTM Standard Reporting Condition (1).
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FIGURE 2. “AM, Functions” showing the influence of absolute air mass on I for a
Siemens (M55) crystalline-silicon module and a USSC (UPM-880) tandem amorphous-
silicon module.

Influence of Solar Angle-of-Incidence

Photovoltaic modules have an AOI-dependent optical behavior that can be
measured and used to improve the analysis of array performance. Like absolute
air mass, solar angle-of-incidence is time-of-day dependent. #stafin the
short-circuit current ¢b) of a photovoltaic module results from two causes. The
first is familiar to solar enthusiasts as the “cosinectff The “cosine effect” is
independent of the module design, and is only geometagjerel Due to the
cosine effect, thesdfrom a module varies dictly with the cosine of the AOI. For
example, at AOI = 60the cosine effect reduces by one half compared to the
normal incidence condition. The second waysl affected by AOI is dependent
on the module design. The optical cdraeristics of the odule naterials located
between the sun and the solar cells cause the effect. For example, flat-plate
modules typically have glass front sacés; the dominant contributor to the
“optical effect” in this case is reflectanfrem the front suidice of the glass. This
reflectance increases significanfity AOI greater thanlaout 50 degrees.



Two different testing procedures can be used to measure these AOI-dependent
influences on module performance. The first procedure uses POA irradiance
measurements to remove the cosine effect and results in an empirical “AOI-
Function” that quantifies only the “optical effect.” The @ed procedure uses
total (global) normal irradiance measurements and results in an alternative
empirical function that contains both the cosine effect and the optical effect.

Figure 3 illustates the “optical effect” measurdéor a typical ASE Americas
(ASE-300-DG/50) crystlne-silicon nodule. A polynomial fit to the normalized
Isc shown in the figure provides an “AOIl Function” that can be applied in
Equation (1). The measure@td shown in Figure 3 were obtained at Sandia
under clear sky conditions when the ratio of theatinormal irradiance (DNI) to
total normal irradiance (TNI) wasegter thar®.9. The measurements were made
with the module on a computer-controlled solar tracker where AOI could be
varied over a wide range in a short period of time, thus removing se@etraip
influence from the d@ta. The measuree ivas translated to 5@, normalized to
1000 W/nf using POA irradiance, and then divided by theobtained at normal
incidence. The pyranceter used to measure POA irradiance was calibrated as a
function of AOI and provided the “true” irradiance on the module. The second
relationship in Figure 3 describing the combined cosine and optical effects was
measured during the same test, the difference being thai: thhasl normalized
using the total normal irradiance measured by a pyratemon a separate
tracker.

An additional clarification is perhaps needed here. The AOI Functions
illustrated in Figure 3 are also dependent on the “clearness” okyhéaving the
largest influence ongd for test conditions where the ratio DNI/TNI is high. The
clear sky situation is usually considered a prerequisite when conducting an
outdoor rating of a module or array, so the functions are applicable. The opposite
extreme occurs for a very overcast sky with gettf difuse illumination of the
array; in this case, AOI has no influence whatsoever on the argayBherefore,
when the model is used for predicting array performance for a site with a diffuse
solar resource, an additional relationship may be needed to diminish the optical
effect measurednder clear conditions.

Calculating Solar Angle-of-Incidence

The solar angle-of-incidence on a module can be @&ailusing Equatio(®).
The values required in the equation are the azimuth and zenith angles defining the
position of the sun (AZ Zs) and two angles that define the orientation of the
module or array (Aé, Tm).

AOI = cos'{cos(T) cos(Z)+sin(Tm) siN(Z) cos(AZAZm)} (9)



Where:
AOI = solar angle of incidence (deg)
Tm = tilt angle of module (deg) {Gs horizontal)
Zs = zenith angle of sun (deg)
AZy = azimuth angle of module {& North, 90 = East)
AZs = azimuth angle of sun {& North, 90 = East)
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FIGURE 3. “AOI Functions” showing influence of solar angle-of-incidence on Is. for an
ASE Americas (ASE-300-DG/50) module.

Temperature Coefficients

Current ASTM standard methods make the assumption that all points on a
measured current-voltage (I-V) curve can be tegedl to a different operating
temperature by applying two temperature coefficients, one for current and one for
voltage. Cell and module testing at Sandia has confirmed that this assumption is
often invalid, and is one of the reasons that the I-V translation equations defined
by ASTM (1) are lesaccurate than desired. For example, Table 1 gives the
temperature coefficients measured at Sandia on four different commercial
photovoltaic modules. The tabliistrates that the coefficients at the maximum
power condition can be significantly different from those at open-circuit and
short-circuit. This observation led to the use of four sdpartemperature
coefficients in the performance model defined by Equations (1-5).
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TABLE 1. Measured temperature coefficients for typical commercial modules at ASTM
Standard Reporting Conditions (1).

Module dlse/dT dlmg/dT  dVo/dT  dVip/dT  dPpp/dT
(AI°C) (AI°C) (V/°C) (V/°C) (W/°C)
ASE-300-DG/50  +.0059 +.0021 -0.23 -0.24 -1.3
Siemens M55 +.0013 +.0001 -.084 -.085 -.25
Solarex MSX-64  +.0022 +.0002 -.085 -.086 -.29
USSC UPM-880  +.0014 +.0024 -.085 -.061 -.044

The module temperature coefficients f@f lnp, Voc, and \ip were measured at
Sandia under outdoor conditions with high and stable solar irradiance (~1000
W/m?), clear sky, and low wind speed (<2 m/s). Wind speeds above 2 m/s tend to
increase the magnitude of the voltage coefficients measured. The module was
first shaded until near ambient temperature was achieved, as indicated by multiple
thermocouplesattached to the backigace of the mdule. Then the module was
quickly uncovered and I-V curves and temperature were measured every 20
seconds until the moduleeached its operating temperatyf® to 40 minutes
depending on module design). Regression analysis was usetétmide each of
the four temperature coefficients.

The temperature coefficient fornf?in Table 1 was calculated rather than
measured directly. # is the product ofny and M. Therefore, Equation (10)
must be used to calculate this coefficient by using the temperature coefficients for
Imp @and i and the values forpy and hy at ASTM standard reporting conditions.
The temperature coefficient fompvaries with both irradiance level and module
temperature. As a result, the common practice of assuming a constant P
temperature coefficient should be used with caution. The -0.5 %/C value often
used for crystiine silicon nodules is only valid at 1000 Whirradiance and an
operating temperature of 2&. Figure 4 dramatically illusites this poinfor a
tandem amorphousilison module manudctured by United Solar Systems
Corporation. At standard reporting conditions the module has a negative power
coefficient of about -0.3 %L, but at cold low irradiance conditions the
coefficient is positive, about +1.5 %! A similar but less dramatic behavior is
illustrated in Figure %or a crystdine silicon nodule.

To analyze array performanceitd, temperature coefficientp@oprate for
the entire array are required. Using predetermined temperature coefficients for
modules, the array coefficients for voltage aegedmined by multiplying the
module value by the number of modules aarted in series in a adule-string,
and the array current coefficients aetetrmined by multiplying the adule value
by the number of module-strings cemted in parallel.

APrg/dT = Vimp (Alng/dT) + p (AVin/dT) (10)

11
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FIGURE 4. Temperature coefficient for Py, for a USSC UPM-880 tandem amorphous
silicon module as a function of irradiance and cell temperature.
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FIGURE 5. Temperature coefficient for Py, for an ASE Americas ASE-300-DG/50
module as a function of irradiance and cell temperature.
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Calculated Cell Temperature

Back-surface mdule temperatures are straight forward to measure, but they
are not the best value to use in array performancectaizaton. The problem
with using back-surface temperature is that the temperature difference between
the back surface and the cell itself is neglected. This temperature difference arises
from two factors: a temperature drop from the cell to backaserfdue to the
thermal conductivity of mterials between, and the frequent lack of thermal
equilibrium in the outdoor environmenkack of thermal eqtibrium results from
cloud passage, sunrise or sunset transitions, or sudden changes in wind speed or
wind directon. One way to address theaetdrs is to use a “calculated cell
temperature” based on modudednd \4, with the calculated value referenced to
a known temperature when the module is in thermalliegum. A distinct
advantage of this approach is that the caled valueprovides an essentially
instantaneous cell temperature, free of the time lag associated with the mass of the
module. Thus, the bias errors in module performance measurements introduced
by non-equibrium conditions are avoided. The concept of calted cell
temperature is also used in commercial devices (ESTI sensors) used for measuring
solar irradiance (17), and has been proposed as an alternatiaetual
temperature measurements during module testing (18).

Figure 6 illustates an example of calculated cell temperature using data
obtained during performance chaterization of 25-kW array of ASE Americas
modules used in a telecommeaiions system located near Globe, AZ. By
comparing the back-surface odule temperature with the calatéd -cell
temperature, it was determined thatabk about 2.5 hours after sunrise for the
array to reach quasi-thermal didium. The equilibrium condition was
maintained for about 2 hours until intettent cbud cover occurred.

The relationship used to determine the “calculated cell temperatweis T
obtained by solving for Tin Equation (11). Basically, this equation gives an
estimate of the average temperatime all the cells in the array. The reference
values for 4, Vocr, and T are determined when the array is judged to be in a
thermal equilibrium. In thermal equilibrium, the back surface temperature of the
module can be used as a close approximation of the cell temperature, or an offset
can be introduced to compeis for the small temperature gradient typically
present between the back surface and the cell. Typical flat-plate llcrgsta
silicon nodules, in thermal edjibrium at 1000-W/n irradiance and less than 3-

m/s wind speed, usually have a cell temperature 20 Bigher than the back
surface.

VodN = VoodN + (NKTd/q) IN(Isdlsc)) + By (Te-Tr) (11)
Where:
N = Total number of cells connected in series in the array
Isc = Measured array short-circuit current, (A)

13



Voc = Measured array open circuit voltage, (A)
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FIGURE 6. Calculated cell temperatures and module back-surface temperatures for a 25-
kW array of ASE Americas (ASE-300-DG/50) modules tested on 9/25/95.

Isee = Array short-circuit current at the reference temperature, (A)
Voor = Array open-circuit voltage at the reference temperature, (A)
Tc = Temperature of cells inside module, (K)

T, = Arbitrary reference temperature for cells, (K)

Bvoc = Temperature coefficient foroyfor individual cell, (VFC)

n = Cell diode factor (n=1 can be assumed for typitabs cells)

k = Boltzmann’s constant, (1.38066E-23 J/K)

q = Elementary charge, (1.60218E-19 C)

Module Operating Temperature

One final relationship is needed to make the performance model given by
Equations (1-5) useful for system design and performance predictions prior to
installation of an array. This relationship relatesdoie temperature to the
environmental variables typically available for system sizing calculations (solar
irradiance, ambient temperature, and wind speed). Un#fdelyn determining
this relationship accurately is difficult because it depends not only aule
design, but on mounting configuration (open rack or roof-iategy, wind
directon, thermal radiation, and degree of thermallimaqum. Figure 7
illustrates an empirically determined relationsfgp an ASE Americas module
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using measurements obtained over several months at Sandia. For example, at
800-W/nf irradiance and 1-m/s wind speed and ambient temperature°Gf, #ite

module temperature is given as42l The data were screened timanate cloud
transient effects, and thus represent near thermallibeigmn conditions.
Although some work has been documented on the topic (19), module
manufacturers and/or system designers will nee@t@rohine snilar relationships

for other module types and mounting configurations. On a positive note, if
module operating temperature can be calbad withint5 °C, then the resulting
uncertainty in predicted power outptiosild be less than 3%.

30 18 - .0712(WS)? - 2.411(WS) + 32.96
I N For WS < 18 m/s

25

20

15

10

[(Tmod'Tamb) / E] *1000 (C)

o
ol

10 15 20

Wind Speed (m/s)
(At 10-m Height)

FIGURE 7. Empirical relationship providing module temperature, Tnod, @S @ function of
ambient temperature, Tamp, POA irradiance (E), and wind speed for an ASE-300-DG/50
module mounted in an open rack.

APPLICATION OF METHODOLOGY

The performance model and testing procedures previously discussed have been
applied by Sandia to a wide variety of commercially available photovoltaic
modules with good sicess. The methodology has also been applied during the
performance rating of large arrays. illastrate the accuracy and vendgt of
the methodology, the results of its apption for two distinctly different
photovoltaic arrays have been be provided. The first 25-kW array, owned by
Arizona Public Service Company, was composed of 90 ASE-300-DG/50 modules
configured in 15 parallel module-strings with 6 series ected nodules ineach.
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The second 1.3-kW roof-inteafled array, owned by the Sacramento Municipal
Utility District, was composed of 96 USSC triple-junction aephous-gicon
modules (shingles) configured in 16 parallel module-strings with 6 series
connected mdules ineach. In both cases, |-V curves were measured during a
single day over a wide range of operating conditions using a DayStar (Model DS-
100) curve tacer. Simultaneous measurements of module temperature and solar
irradiance were recorded using a portatd#¢adacquisition system. A reference
temperature of J= 50°C was selected somewhat arbitrarily, but is representative
of cell temperatures for typical flatgie nodules under PVUSA Test Conditions

().

Array Performance Characterization

The steps used in analyzing the array performaatewlere as follows:

Confirm calibration of all instruments and sensors used for field testing,

2. Correct POA irradiance measurements,f&r, pyranoneter’'s AOI dependent
calibration constant,

3. Calculate the cell temperature, Tising Equation (11),

4. Translate the measured values ke Imp, Voo, and i to a reference cell
temperature, 7= 50 °C, using Equations (12-15) and pe¢ermined values
for the temperature coefficients,

=

1550 °C) = lse + Qisc E/Eo (50 - To) (12)
lmp(50 °C) = lp + Qlirmp E/Eo (50 - o) (13)
Vod(50 °C) = Voc + Bvoc (50 - To) (14)
V(50 °C) = Vinp + Bimp (50 - To) (15)

o

Calculate the AMand AOI using Equation (7) and Equation (9),

6. Adjust the Isc(50C) values to AM= 1.5 and AOI = 0 degrees by dividing by
the predetermined(fAM ) and $(AOI) functions,

7. Plot Is{50 °C, AMa=1.5, AOI=C) versus POA irradiance and use a linear fit
with zero intercept to obtaigch needed in Equation (1),

8. Calculate the effective irradiances, By dividing measuredd50°C) by lsco,

9. Plot In(50 °C) versus Eand use a linear fit to obtairph and G needed in
Equation (3),

10.Plot Vu((50 °C) versus In(g) and use a linear fit to obtaind and G needed
in Equation (4),

11.Plot Vinn(50 °C) versus In(E) and use a" order polynomial fit to obtain o,

Co, and G needed in Equation (5), and
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12.Use performance model to calatd array pdormance for any desired POA
irradiance, cell temperature, absolute air mass, and angle-of-incidence.

Figures 8-1lllustrate the results of applying the data analysishodilogy to
the ASE Americas crystalline silicon array. Figut@sl5illustrate the results for
the USSC triple-junction amorphou$cen array. In these figures, the measured
values are shown along with the regression fits determined using the models
described by Equations (1-5). The coefficients obtained from the regressions are
the values needed in the performance model. In Figures 8 and 12, the irradiance
indicated was @rrectedfor the AOI-dependent behavior of the pyramder.

The quality of the fits, the degree of linearity obtained, the zero intercepts for
current versus irradiance, and the magnitude of the coefficient,fore¥sus the
logarithm of irradiance strongly inchte the validity of this p&ormance
characterization mbabd. The model’'s vershily is illustrated by the success
achieved for two distinctly differertechnologies under a wide range of operating
conditions; irradiance from 100 to 1200 W[mperating temperature from 10 to
65 °C, absolute air mass from 7 to 0.9, and angle-of-incidence from 0°to 75
Figures 11 and 15 illusite the measurednfPcompared to &, calculated using
the performance model, over the duration of the test periods at both sites.

CONCLUSIONS

The new performance claterization mdtodology described in this paper
will enable thephotovoltaic industry and its customersattcurately determine the
performance of photovoltaic modules and arrays for all operating conditions. The
methods can be used to design a new systerata@aiie pgormance of an array
after installation, to continuously monitactual peformance of an array relative
to its anticipated péormance, and to help evalie the effectiveness of peak-
power-trackers or the efficiency of inverters. For the first time, the method
developed handles the influences of irradiance, temperature, solar spectrum, solar
angle-of-incidence, and temperature coefficients inaatmal yet rigrous way.
The uncertainty in array performance rating has been reduced from petl@dps
to about+3%, and the predictive model developed can also be used to calculate
an “energy rating” for a module or array.
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FIGURE 15. Measured Py, for 1.2-kW array of USSC triple-junction amorphous silicon
modules compared to Pmp given by the performance model.
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