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The subject of the article is aspects of PV modules and cells measurement, with the use of natural sunlight.
A light source is an important element during calibration and measurements of solar cells and modules.
All designers of artificial light sources try to recreate natural light using so called measurement tables. The
correctly performed measurement, i.e. meeting all the appropriate atmospheric conditions, guarantees
obtaining the result with the use of a reference spectrum. The article has two main aims. The first aim
of the article is to answer the question asked earlier - if the sunlight spectrum registered in appropriate
conditions is so good that it serves as the reference spectrum - then, in practice, during measurements
carried out with its use, certain problems occur regarding the correct measurement results or their inter-
pretation. The second aim regards presenting detailed numeric procedures in order to enable readers
to associate air mass with geographical coordinates and Local Solar Time of their study/laboratory loca-
tion. Moreover, having the data from their local meteorological station, they will be able to estimate the
occurrence of the measurement spectral error of the tested cell/module not only from the group referred
to in the article but also for others, for which they have a dedicated characteristics of spectral response.
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1. Introduction

Measurement of the obtained parameters is a very important
part of the design and manufacturing process of solar cells and
modules. Two classes of measurements can be emphasised in
this area, connected with: precise calibration - to make reference
cells/sensors and to document record efficiencies for individual
units and routine measurements - to select cells/modules and
improve the technological production process. The presented arti-
cle regards aspects of calibration/measurements with the use of
natural sunlight.

The analysis of available works regarding PV cells and mod-
ules calibration procedures results in the conclusion that natural
sunlight should be a perfect test source. There are, however, many
questions, namely: How precisely can a cell/module be measured
with the use of sunlight? What are the important atmospheric
conditions, which influence the correctness of a measurement?
Can measurements be carried out without the use of special-
ist equipment? How frequently, in practice, does one find the
appropriate conditions to carry out the above mentioned measure-
ments?
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The precision of calibration with the use of natural sunlight (i.e.,
correct radiation source spectrum diffusion) is tested with the use
of computer modelling of the solar radiation spectrum. For the pur-
pose of this article, the spectrum was generated in the spectrum
simulator SMARTS?2, for the actual atmospheric/climate conditions,
with low air mass optical factor (AM < 1.5) and good sky visibility.
The presented method requires taking simple and cheap measure-
ments, including only the following elements: Sun’s position in the
sky (i.e. recording of the time and geographical location of the study
site), temperature, humidity and air pressure, global and dispersed
(or direct) value of solar radiation intensity. All the important mea-
surement data were generated from the local, automatic weather
station owned by the laboratory.

Results of the carried out simulations confirm that the spectrum
of the direct component (and total) of solar radiation in the clear sky
conditions and low AM value, is a perfect reference for the standard
reference spectrum AM 1.5 G - much better than the type obtained
from expensive simulators which cost 20 000 USD or more. The PV
cells/modules measurements errors obtained with this method of
the value 5% are achievable with the use of high-class pyranometers
(e.g.,CM-11 or CM-21 Kipp & Zonen) to measure radiation intensity,
and good quality of other measuring devices of the weather station.
The analysis of the climate data for southern Poland shows that the
atmospheric conditions required to carry out the above mentioned
measurements and calibration are mostly during summer.
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Fig. 1. Graphic presentation of the optical atmosphere mass factor value (AM).

2. Sun position and optical air mass
2.1. Calculation

Air mass optical factor (AM) is the relation of the length of a dis-
tance travelled by the optical beam of direct solar radiation through
the atmosphere, to its thickness (Fig. 1):

L 1

AM = D~ cosz (1)

Inline with the accepted definition, AM 1 refers to solar radiation
in the equator, with the Sun in zenith and the Earth’s declination is
8=0°. In the case of AM 1.5, the angle between the zenith and the
radiation direction is 48.2°, and for AM 2 - 60°. The symbol AM 0
refers to solar radiation outside of the Earth’s atmosphere.

Approximation of the value of the optical atmosphere mass fac-
tor with Eq. (1) is correct only for the angles not larger than 70°
(Table 1).Ifitis necessary to determine AM values for larger angles,
one of the below presented formulas should be applied:

a) SANDIA laboratory:

-1
AM,(t) = pﬂ : [cos(z) +0.50572 - (96.079950° —z)‘1‘6364} ,
0

(2)
where z -n [deg], p - is the local air pressure in bar, pg is the
reference pressure in bar.
The formula prepared by Kasten and published by: F. Kasten,
A.Young [1], and D.L. King, J.A. Kratochvil, and W.E. Boyson [2].
b) Radiation spectrum simulator SMARTS 2 [3,4] - here six dif-
ferent optical air masses are defined, in order to increase the
precision of estimating the influence of atmosphere on absorp-
tion and diffusion of a solar radiation beam, in particular for the
large angles of deviation from the zenith. The first, applied to
the basic cases connected with Rayleigh’s diffusion — mg, and
others, which describe the phenomena in more detail, i.e. mq is
the diffusing aerosol, my is the ozone occurrence, mg is the mix

of gases, and m,, is the steam:
m; = [cos(z) + aj; - 2%2 - (a3 — z)”i‘l]‘].

(3)

For the basic case, i.e. Rayleigh’s diffusion, m; takes mg,
and substituting to (3) for a;; =0.45665, a;; =0.07, a;3 =96.4836,
aj4=—1.697, we obtain:

p 0.07 o ~1.697] 1
AMp(t):p—- cos(z) +0.45665 - 297 . (96.4836° — z) ,
0
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Fig. 2. Values for optical atmosphere AM depending on the time of day (hours) for
the 1%t day month in year.

where z in [deg].

In the limit case z=90°, optical air mass for Rayleigh’s diffu-
sion is of 38.1361 and is very close to the values, e.g. of 38.1665
determined by Miskolczi et al. [5] and of 38.0868 by Kasten and
Young [1].

c) Radiation spectrum simulator SEDES2 [6]:

AMp(t) = pﬂ - [cos(z) +0.00094 - (1.6389 — z)'*?] NG\
0
where z in [rad].
d) Radiation spectrum simulator SPECTRAL2 [7]:
-1
AM(t) = pﬂ . [cos(z) +0.15- (93.885° —z)‘“ﬂ . ()
0

where z in [deg].

All the above mentioned formulas give very close results (see
Table 1). Noticeable differences appear only for the angles much
above 85° and do not exceed 0.5% for the angles up to 89°. In the
case of the procedure applied in SANDIA Laboratory and used in
the simulator SPECTRAL2, their mutual differences do not exceed
1% in the end of their range (i.e., for 90°). Further in the article, all
calculations of AM values distribution were made on the basis of
the procedure used in SANDIA Laboratory (i.e., based on the relation
2).

Where: z[deg] is the angle of deviation of the component direct
beam of solar radiation from the zenith, y [deg] is the angle of
the Sun elevation above the horizon, § [%] is the percentage value
of the difference/error for AM factor determined by the SANDIA
Laboratory procedure, used in SMART2 simulator.

Sunbeams incidence angles above 85° are observed in practice
during coming in and out of the horizon, when the radiation inten-
sity is very low, at single W/mZ. Figure 2 presents interrelation of
optical atmospheric mass factor (AM) and the time of day for each
first day of a month of a year in Wroclaw, Poland (52 °N;17.1°W]
[8]. The relation (2) and the value of the Sun angular velocity, which
is=15°/hour, were used for the calculation. Other necessary rela-
tions were taken from Refs. 9-12 and presented below:

ag =2n(d—1)/365, (7)

0.0000075 + 0.001868 cos () — 0.032077 sin (ag) — 0.014615 cos (20q)

E=3.
[0.04089 sin (20rg)

, (8)
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Table 1
The numerical value of AM on the sea level.
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z[deg] yldeg] 1/cos z AM(1)SANDIA AM(2)SMARTS2 AMSEDES2 AMSPECTRAL2 3 [%]=100- |AM(1) — AM(2)| /AM(1)
0 90 1.0 1.00 1.00 1.00 1.00 0.029
30 60 1.2 1.15 1.15 1.15 1.15 0.008
60 30 2.0 1.99 1.99 1.99 1.99 0.017
70 20 2.9 2.90 2.90 2.90 2.90 0.025
80 10 5.8 5.58 5.59 5.58 5.58 0.037
85 5 115 10.30 10.30 10.33 10.32 0.035
86 4 14.3 12.29 12.30 12.34 12.34 0.036
87 3 19.1 15.13 15.14 15.23 15.22 0.048
88 2 28.7 19.40 19.42 19.56 19.54 0.099
89 1 57.3 26.24 26.32 26.37 2631 0.288
89.6 0.4 1432 32.42 3261 32.17 32.05 0.599
89.7 0.3 191.0 33.65 33.88 33.27 33.13 0.679
89.8 0.2 286.5 34.95 35.22 3439 34.23 0.772
89.9 0.1 573.0 36.32 36.64 35.55 35.37 0.877
90 0 o0 37.76 38.13 36.71 36.51 0.998
Lse — L value was estimated by Spencer [10] in the following relation:
Lsol = Lsed + 535 +E, (9) y>p [ ] g
Gdexternal = 10(1.00011 + 0.034221cosay + 0.00128sincyy
b4
@ = (tso = 120) 150 (10) +0.000719¢0s2¢r4 + 0.000077sin2cty). (13)
8 =0.006918 — 0.399912 cos &g + 0.070257 sinaty The component direct beam of solar radiation on the Earth’s
—0.006758 cos 2ary + 0.000907 sin 2ay surface (Gp(t) in [W/m?]), its stream on the horizon plane [(Ggx)
) in [W/m?2]] and its global value [(Gg ) in [W/m?]] depends on the
—0.002697 cos 3arg + 0.00148 sin 3y, (11) momentary values of the following factors: atmosphere mass value
(AM) and suppression of component direct beam (K}, — beam clear
sky index) as follows [6,10,11]:
z = cos~1(cos ¢ cos § cos w + sin ¢ sin§), (12)
GB(t) = KbGdexternal . COS(Z) ~ KbGd external/AM. (14)
where: . .
’ . . . Gp.y(t) = Gg(t)- |cos(g)cos (8) cos sin(¢)sin (§) ] . 15
oy - the angle at which the Earth orbits around the Sun in [rad]; 5.H(t) 5(t) [ 2 ( ) (@) +sin(g)si ( )} (15)
d - the number of the day in a year; w - the value of the sun location Go,n (t) = G H(t) + Gs,y (£). (16)

angle on the horizon in [rad] (negative before noon, positive in the
afternoon, at noon 0° and increases 15°/hour); t,, — solar time (i.e.
astronomical); £y — local time (zone) in [h]; Ly — geographical lon-
gitude for the time zone location in[deg]; L - geographical longitude
for the study object location in [deg]; E - standard time expression
- i.e. adjustment of duration of astronomical day resulting from the
Earth rotation and the Sun movement on elliptic orbit, as the func-
tion of the Earth rotation angle around the Sun (¢y) in [h]; z - the
angle between the falling beam and the horizon in [deg], § - value
of solar declination, as a function of the Earth rotation around the
Sun in[rad]; ¢ - geographical latitude of a location.

2.2. The influence of AM value on the intensity of solar radiation

The intensity of solar radiation falling on the Earth horizon,
its structure (i.e., the content of the diffuse component) and the
shape of radiation spectrum depend on: momentary value of solar
radiation intensity in upper atmosphere, geographical location and
atmosphere thickness, through which light passes, solar radiation
incidence angle, area profile and current meteorological conditions.
The value of the radiation reaching upper layers of the Earth’s atmo-
sphere (i.e. outside of the atmosphere) is variable, due to the Earth’s
rotation around the Sun on an elliptical orbit. It fluctuates from
1.33 kW/m? in July, when the distance of the Earth to the Sun is the
longest (1.522-108 km) to 1.42 kW/m? in January, at the distance of
1.472-108 km [12] (Fig. 3).

Its mean value, at the average distance of the Earth from the
Sun (1. 495-108 km) is called the solar constant Iy and amounts to
1367 + 7 W/m? (WMO, Commission for Measurements and Obser-
vation Methods, 8th session, Mexico City. 1981). Its momentary

2.3. The influence of AM on the distribution of power and energy
of solar radiation

The course of the function of AM, determined according to (2)
for a given region is a mathematical function with the following
variables: time, geographical location and atmospheric pressure.
The function does not depend on local atmospheric conditions and
its shape is close to paraboloid Fig. 4a), which projections on the XZ
and XY planes are frequently published by many authors (for exam-
ple Fig. 2), when describing the tests conditions of the selected PV
cells and modules. The actual diffusion of solar radiation power
and energy is the function of AM and strictly depends on the local,
specific climate conditions in the region. Figure 5 presents the dis-
tribution recorded in southern Poland! : a) annual, b) monthly -
content of solar radiation energy for various ranges of AM value.

2.4. The influence of AM on the distribution of solar radiation
spectrum for a cloudless day

In Fig. 6 the structure of a reference spectrum is presented: AM
0 - in upper layers of the atmosphere, AM 1.5G - total solar radi-
ation on the POA plane inclined at 37° (according to IEC 60904-3

1 Determining the distribution of solar radiation energy in the defined ranges of
AM variability requires implementing one of the procedures for AM determination,
i.e. relation (2+6) and [12] as a function of time. Then, registration of instantaneous
values of solar radiation power values with a respective value of AM in a function of
time, allow to integrate the power of radiation for the selected AM variability ranges
and summing them up for a day, month or year period.
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Fig. 3. a) Simulation of the direct component route (in the beam cross-section) - relation (14) and b) total value of solar radiation falling on the horizon plane - relation (16)
for Wroclaw, Poland. The estimation assumes 10% of the level of the diffuse component content (Gs4(t) in [W/m?]) - a typical value occurring on a July day with cloudless

sky.
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[13,14]), AM 1.5D - direct component and diffuse component in the
horizon plane (Diffuse_horizon_irradiance). In Figs. 7-8, , changes
in the distribution of the spectrum of the solar radiation, falling on
the horizon plane, for a sunny July day, from 1 to 7 p.m. astronomi-
cal time, are presented. The result of simulation with the SMARTS2
program for the atmospheric conditions shown in the figure back-
ground which were constant during the analysis, for direct and
global component of solar radiation. In Figs. 9-10, changes in the
distribution of the spectrum of the solar radiation, falling on the
horizon plane, for a sunny July day, in the function of the changes
of values of AM. The result of simulation with the SMARTS2 pro-
gram [4,15,16], for the atmospheric conditions shown in the figure

background,? which were constant during the analysis, for direct
and global component of solar radiation respectively. Figures 6-10
were presented for demonstrative purposes. They will get their cog-
nitive value after standardisation of the irradiation intensity values
to 1000W/m? (see Fig. 12). The results of standardisation show
very little influence of the air mass factor on the changes of solar
irradiation spectrum shape, i.e. on the spectral inconsistency error.

2 The atmospheric data of a typical, sunny July day in southern Poland, which are
input data for the spectrum simulation, are generated automatically by the program,
in consequence of the selection in the SMARTS2 program of the following parame-
ters: a reference spectrum as MidLatitude summer, aerosol model as S&F Rural, time
and location of the study as well as the data from the local meteorological station.
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Fig. 5. Solar radiation energy content distribution for various ranges of AM value: a) annual, b) monthly. The studies were carried out for Wroctaw, Poland for which AM
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FSEC-PF-270-95, Florida Solar Energy Center, December 1995
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Fig. 6. The structure of a reference spectrum: AM 0 - in upper layers of the atmo-
sphere, AM 1.5 G - total solar radiation on the POA plane inclined at 37° (according
to [EC 609043 [13]), AM 1.5D - direct component, and Diffuse_horizon_irradiance -
diffuse component in the horizon plane.
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Fig. 7. Changes in the distribution of the spectrum of the solar radiation direct
component, falling on the horizon plane, for a sunny July day, from 1 to 7 p.m.
astronomical time (LST- Local Solar Time in [h]). The result of simulation with the
SMARTS?2 [4] program, for the atmospheric conditions shown in the figure back-
ground, which were constant during the analysis.
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Fig. 8. Changes in the distribution of the total spectrum of the solar radiation, falling
on the horizon plane, for a sunny July day, from 1 to 7 p.m. astronomical time
(LST). The result of simulation with the SMARTS2 [4] program, for the atmospheric
conditions shownin the figure background, which were constant during the analysis.
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Fig.9. Changes in the distribution of the spectrum of the solar radiation direct com-
ponent, falling on the horizon plane, for a sunny July day, in the function of the
changes of values of AM. The result of simulation with the SMARTS2 [4] program, for
the atmospheric conditions shown in the figure background, which were constant
during the analysis.
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1.6 - —— - as an effect of before noon and after noon spectral inconsistency.
Simple Model of the Atmospheric Radiative Transfer of Sunshine . . . o .
] FSEC-PF-270-95, Florida Solar Energy Center, December 1995 For amorphous cells, the difference is even up to: 5% for AM<2;
= 147 oesonre () = 131555 el )= 6000 10% for AM < 2.5; and 20% for AM > 3. The visible spectral inconsis-
Relative Humidity (%) = 45.45 Precipitable Water (cm) = 1.4164 i ili 1
LI b e tency/instability (befor.e noon and after noon) causes, for the air
e AEROSOLS: ) mass AM =2.7, uncertainty of the measurement within the ranges:
Optical Depth at 500 nm = 0.0840 Optical depth at 550 nm = 0.0752 o . . 5 o . o
= ] Angstrom's Beta = 0.0375 Schuepp's B = 0.0365 below 1.6% for c-Si and mc-Si; 8.5% for a-Si_S] and above 11% for
== 1.0 Visual Range (km) = 128.0 Visibility (km)= 98.0 .
%E:) 1 Alphal =0.8249 Alpha2 =11624 Mean Angstrom's Alpha=0.9937 a—SLTJ.
| - Summing up, natural sunlight is a much better light source to
< -6 .
E 1 carry out precise measurements of solar cells and modules, than
E o6l the best sunlight simulators. A single potential problem is spec-
N N oy . .
E 1 trum changeability. The following questions can be asked: what
= 04 influences its change if only the change of air mass does not con-
] i siderably change the shape of its spectrum? In which atmospheric
© 02 kg b conditions, the allowed, low spectrum inconsistency error occurs?
How often such conditions occur during a year? Is it possible to eas-
=S ily determine that the conditions are appropriate and what range of

250 500 750 1000 1250 1500 1750 2000 2250
A [nm]

Fig.10. Changes in the distribution of the total spectrum of the solar radiation direct
component, falling on the horizon plane, for a sunny July day, in the function of the
changes of values of AM. The result of simulation with the SMARTS2 [4] program, for
the atmospheric conditions shown in the figure background, which were constant
during the analysis.

3. Practical application of AM for calibration and testing PV
cells and modules in field conditions

3.1. Testing in natural sunlight - advantages and disadvantages

Thanks to the precision of solar cells measurement, natural sun-
light is, in many aspects, a much better light source than that from
solar light simulator (Figs. 11 and 12) [17]. It is perfectly homo-
geneous for every PV cell or module size, which eliminates errors
caused by spatial non-homogeneity of the source. It is very well
collimated (regarding direct radiation beam), which makes it eas-
ier to remove errors from many reflections. Perfect homogeneity
allows to carry out analysis simultaneously in the chamber and ref-
erence detector (side-by-side). Also the spectrum of natural light
is, in appropriate atmospheric conditions, a prefect reference to
standard solar spectrum and, obviously, fits the standard AM 1.5G
much better (Fig. 6) than the spectra of many expensive simulators
(Figs. 7-10 and 12). The same conclusion was drawn by (Berman
and Faiman, 1997) [18].

The only disadvantage is the fact that the conditions for mea-
surements with the use of natural sunlight make it difficult. The
measurements can be carried out only in the appropriate condi-
tions (Fig. 13). However, such limitations are not so difficult to
overcome for the manufacturers and designers of solar cells. That
is because when all cells are manufactured according to the same
procedure and come from the same batch - their spectral responses
will be similar. Then, it is necessary to have just one, precisely cali-
brated cell, which can serve as a reference cell in measurements of
the remaining cells/modules, in any solar simulator. Therefore, it is
enough to take precise measurements with the use of natural sun-
light only from time to time, so the need to wait for the appropriate
atmospheric conditions is not so important.

In Fig. 13 the course of standardised current value Isc/Gg falling
on PV modules plane, in the function of AM value - for a sunny
spring day was presented [19]. One should note the phenomenon
of two coming apart bands of measurement points trajectories,

4 Note: only the two distributions were used in analysis for the purpose of this
article. One regards 12 o’clock and the other: 9.30 a.m. and 4.30 p.m. on 1 July, as
these are extremely different distributions and totally (i.e. with much excess) cover
the time of day appropriate for the measurements (see Fig. 2).

spectral measurement error can be expected during measurements
taking in open space?

3.2. PV cells and modules measurements with the use of solar
radiation and the spectral inconsistency error

Testing PV cells and modules with reference to a standard spec-
trum type AM 1.5 G with the use of natural sunlight can be made
in two ways, i.e. using: 1) global solar radiation (i.e. direct compo-
nent and diffuse component) and 2) only direct component of solar
radiation. In both cases, this naturally refers to the radiation falling
simultaneously on the whole surface of the measuring equipment.

The first method with the use of global solar radiation seems
to be the most appropriate, although not always the most useful
[20-23]. In fact, the method is based on the ASTM E1039 standard
[24].

In this method, global solar radiation falls from many sides and
under various angles, whereas solar light simulator radiation is
quite well collimated, which considerably changes measurement
conditions. The problem was noticed by several authors, e.g., (Mat-
son, Emery et al. 1984) [25]. Another method, in which only a direct
component of solar radiation is used, eliminates the above men-
tioned problem, however, it does not offer the possibility to refer
to AM 1.5G spectrum and the actual operating conditions of solar
cells and modules. Therefore, the first method was used in further
studies, as it better reflects the actual operating conditions of solar
cells and modules.

During the measurement, with regard to AM 1.5G, the value of
solar radiation direct component intensity is used to “simulate” the
global spectrum. It is frequently defined as the difference between
the global and diffused value of solar radiation. Estimation of the
spectrum requires taking a few simple measurements, in order to
measure important atmospheric conditions and estimate spectral
inconsistency error. The measurements include: direct and diffused
radiation intensity, humidity, air temperature and the Sun location
in the sky (i.e. recording of the time and geographical coordinates
of the measurement location). The measurements enable to esti-
mate the main factors which influence spectral inconsistency, i.e.
air mass, content of saturated water vapour in the air, atmosphere
turbidity value [26].

3.2.1. Atmosphere turbidity determination formulas - 8, prepared
by Gueymard C. A. (1998) [16]

The clean dry atmosphere optical depth is parameterized with
[27-30]:

3¢ = f1 (D, mg) [f2 (Uo, MR) + f3 (MR)] + f4 (Uo, MR) + f5 (tn, Mg),
(17)
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Defining:
—= afternoon 24 March

=1-"DPpy, 18
- o
e oo“‘?gmﬂ.g;zf L o — where pg=1013.25mb, the following parameterizations are pro-

= §ele%e o Tl o posed.

= & TR0 ;fv_
Gossq - beforemoon o ' ' ' fi=(ao +armg) /(1 +azmg), (19)
S0 R f = bo +bymg?® + by In(mg), (20)
(8 =~11.7%
(0.19758 + 0.00088585mp — 0.097557mg-25) .
3= 1+ 0.0044767mg ’ (21)
fa= (co +0 m§°'72) /(exp(1+ camg)), (22)
25 30 35 40 f5 = un [2.8669 — 0.078633In">° (mg)] , (23)
Air Mass [-]
ap=1-0.98173q, (24)
Fig. 13. The influence of solar radiation spectrum inconsistency on the range of
uncertainty of cells and modules measurements in open space conditions [19]. a; =0.18164 — 0.24259q + 0,050739q2, (25)
_ _ _ 2

where f1, f>, f3, f4 and f5 are simple functions whose coefficients are dz = 0.18164 - 0.17005q — 0.0084949¢7, (26)
obtained by fitting the numerical data with a least squares’ tech- bo = —0.0080617 + 0.028303u, — 0.014055u§, (27)

nique, and u, and u, are the total amounts of O3 and NO, in a 5
vertical column, respectively. b; = 0.011318 — 0.041018u, + 0.023471u2,

(28)
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by = —0.0044577 + 0.016728u, — 0.01091u2, (29) 8 = un [2.8669 — 0.078633 - (In (my))>>¢] . (55)

co = 0.0036916 + 0.047361u, + 0.0058324u7, (30)  Where, for o = 1.3 (@- Angstrom wavelength exponent for the whole
=0.015471 + 0.06166211, — 0.04402212, (31)  spectrum).

¢ = 0,039904 — 0, 038633, + 0, 054899u2. (32) = (do+dima) /(1 +d2ma), (56)
Similarly, the broadband water vapor optical depth is obtained S2= (ho +hima + hymyg ) / (] + h3m2) ’ (57)

from:

8w = M(g1 + g&2Mmy, + g3(Mmy,)' 281/ (1 + gsMmy,), (33)
where myy is calculated from:
My = [cos(z +0.031141 21 . (96.4710 — 2)~ 3814 (34)

However, the air mass functions: my,, mg, my, mq in the range of
z<70° angles obtain almost identical values. Noticeable differences
between them occur for the angles larger than 80°. Other formulas
are presented below:

1.7135 + 0.10004m,, + 0.00053986m2,

1.7149 + 0.097294m,, + 0.002567my,

=(mW+nw %) /(1 +ysw), (36)

= (pr1w+ W' ) /(1 + ¢3w), (37)

= (k1w + kW' ®) / (1 + k3w), (38)

= (vlw+v2w0 62) / (1 +U3W+\)4W2) , (39)

=(1.728 — 2.1451q) / (1 — 0.96212q), (40)
¥2 = (0.3145 + 0.64537q) / (1 — 0.94528q), (41)
¥3 = (3.5145 — 0.12483q) / (1 — 0.34018q), (42)
¢ = (0.63889 — 0.81121q) /(1 — 0.79988q), (43)
¢ = (0.06836 — 0.49008q) / (1 + 4.7234q), (44)
¢3 = (2.1567 + 1,4546q) / (1 + 0, 038808q), (45)
K1 = (—0.1857 +0.23871q) /(1 — 0.84111q), (46)
Ky =(—0.022344 — 0.19312q) / (1 + 6.2169q), (47)
K3 =(2.1709 + 1.6423q) /(1 + 0.062545q), (48)
v = 3.3704 + 6.809q, (49)
vy = (12.487 —18.517q — 0.4089q2) /(1 —1.4104q), (50)
v3 = (2.5024 — 0.56834q — 1.4623¢%) /(1 — 1.0252q), (51)
vg = (-0.030833 — 1.172q — 0.98878¢) /(1 +31.546q),  (52)

Where, w is the saturated water content in atmosphere is deter-
mined according to Eq. (68). Finally, the broadband aerosol optical
depth is obtained as:

8a=B(s1+528),
8a = (1/mq) [In (Gaexteren/GB) — MrSc — MwSw — Mndn] ,

(53)
(54)

w=0.1 (0.4976 +1.5265 Tamb

273.15
RH
(216.7100Tamb

+ exp [13.6897 Tamb

do = (1.6685 + 4.1257w +0.018748w?) / (1 + 2.33w), (58)

d; = (0.075379 + 0.066532w — 0.0042634w?) / (1 + 1.9477w),(59)
=(-

dy = (0.12867 + 0.24264w + 0.0087874w?) / (1 + 3.3566w), (60)
ho 0.032335 — 0.0060424w) / (1 + 0.023563w), (61)
h; = (—0.38229 — 0.0009926w) / (1 + 0.044137w0~594) , (62)
hy = (—0.0059467 + 0.0054054w) / (1 + 0.91487w), (63)
h3 = (0.21989 + 0.041897w) / (1 + 0.35717w), (64)
and

n=(1.3211+2.2036w)/ (1 + 1.9367w). (65)

Considering that for z< 70°, m = mg=mgy=mp=m,, then from solv-
ing Eq. (53) we obtain the final formula for atmosphere turbidity:

-5 (o s20a
,3_252<1 1+45 )

1

(66)

The following Table 2 presents test vectors for verification of
correctness of implementation of the 3 atmosphere turbidity cal-
culations algorithm, in the case of its implementation in a reader’s
own numeric procedures.

The nomographs for determining the atmosphere turbidity
value in the function of AM and so called reduced value of inten-
sity component direct beam of solar radiation (Gge in [W/m?2]), at
variable content of steam in atmosphere, are presented in Fig. 14.
The idea of the reduced value of intensity component direct beam
of solar radiation, Gg,.4 according to Eq. (67):

1367

s
Gcl extern

Gpred = Gg - (67)
where: Ggexiern i the daily value of solar radiation intensity in the
upper layers of atmosphere in [W/m?], according to (13), Gg=(Go y
-Gs.p)[cos(z) - see (12) and (15-16),

- introduced to simplify the nomograph and not define it for
individual months in a year.

The turbidity nomographs (Fig. 14) were determined in line
with the procedures demonstrated by Gueymard. C. A. (1998)
and included in ref. 16 for the following atmospheric conditions:
Patm 1013 mbar, total content: ozone u, =0.34atm-cm and NO,

=0.2 matm-cm (2-10~4 atm-cm). According to Keogh W. and
Blakers AW [26], the declared accuracy of the determined nomo-
graphs (Fig.14) of atmosphere turbidity is +0.02 for the conditions:

Pgrm =800 = 1020 mbar, u,=0.24+-0.44 atm-cm, u,=0.1=5
matm-cm.

3.2.2. Distribution of water vapour
Equations (68) prepared by Gueymard C. A. and others
[26,31,32] were used to calculate saturated vapour value:

Tamb 3
~ 149188 ( 51m) D

273.15
(68)

2
exp {22.33_49.14;00 _10,922(;00) _0'39015Tamb:|>.

100

amb amb

where:
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Table 2
Test vectors for verification of correctness of implementation of the atmosphere turbidity calculations (beta) - .
Lp Pat Uo m Un w Gp q Gext 8¢ Sw On 3a B
1 1013 0.34 1 2.00E-04 1 900 0.0002467 1367 0.1195 0.1119 0.0006 0.1860 0.1154
2 1013 0.34 1.2 2.00E-04 1 900 0.0002467 1367 0.1145 0.1004 0.0006 0.1329 0.0829
3 1013 0.34 1.5 2.00E-04 1 900 0.0002467 1367 0.1084 0.0879 0.0006 0.0817 0.0515
4 950 0.2 2 1.00E-02 3 500 0.0624228 1300 0.0933 0.1071 0.0283 0.2490 0.1629
5 950 0.2 2.5 1.00E-02 3 500 0.0624228 1300 0.0879 0.0943 0.0280 0.1720 0.1137
6 950 0.2 3 1.00E-02 3 500 0.0624228 1300 0.0834 0.0851 0.0277 0.1223 0.0818
w=0.5cm w=1.0cm
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Fig. 14. The B atmosphere turbidity nomograph in the function of AM value, reduced value of solar radiation direct component intensity value and water content in
atmosphere. The graphic setup from Ref. 26 was the basis for the nomograph. The mean values of Ggexeern for each month of the year are presented next to the legend.
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Fig.15. Nomograph of vapour content in atmosphere (w) in the function of humidity
(RH) and ambient temperature (Tgpp).

w is the estimated thickness of condensed vapour layer in [cm],
Tamp is the ambient temperature in [K], RH is the relative air humid-
ity in [%]. The obtained data is presented in Fig. 15.

Figure 15 was prepared in the form of a nomograph for fast
determination of vapour content for analyses. To determine the
accuracy of this method (Gueymard C. A. 1993) [31] compared
the predictions of Eq. (68) to accurate measurements from various
sources at Sault Ste. Marie, on the USA/Canada border. Monthly
average values of surface temperature, surface humidity, and
radiosonde soundings were used. He found that the predictions of
Eq. (68) were within the +10% scatter of the accurate measure-
ments. For an instantaneous measurement, the prediction may be
a little less accurate than for the monthly averages. As a conserva-
tive limit, (Gueymard 1998) [16] uses an accuracy of +20% for the
surface humidity method. When “w” < 0.5 cm, this method becomes
less accurate [16].

In Fig. 16 the actual distribution of vapour in atmosphere is
presented, as observed during the period of research in Wroctaw.
Precipitable water “w” is the total amount of water in a vertical
column of the atmosphere. It is usually specified in terms of cen-
timetres of liquid water. Water causes heavy absorption in bands
in the IR beyond 900 nm. In temperate locations, “w” is usually in
the range of 1-3.7 cm. In tropical locations “w” may be as high as
5 cm. In deserts or below freezing conditions, “w” may be as low as
0.5cm.
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Fig. 16. The value of saturated vapour in atmosphere ([w]= cm) for southern Poland during the period of research. In the enlarged field (blue) - its momentary values from

three summer months.

3.2.3. The influence of the light spectral inconsistency on
uncertainty of PV modules measurements

The reference spectrum recommended by IEC904-3 [13,14]
for measuring and calibration of PV cells and modules is
the global solar radiation spectrum (direct+diffuse) with air
mass AM=1.5, falling on the exposition plane facing south and
inclined at 37°vs. the horizon, for the following atmospheric
conditions:

- a cloudless day;

- atmospheric water content: 1.4164 cm;

- atmosphere ozone content: 0.3438 atm-cm;

- turbidity: 0.084 at 500nm which corresponds to beta factor
(B)=0.0316.

As demonstrated in Fig. 13, in natural conditions, even for the
same day, spectral distribution of solar radiation of the same AM
from before and after noon is different, which results in differ-
ent measurement outputs for the same PV cells and modules. The
measurements taken then carry so called solar light spectral incon-
sistency error. The error value varies from cell and module (see
Fig. 13.) and directly depends on their spectral characteristics (SR)
[33,34].

In order to make sure that solar light radiation spectrum used
in the study is appropriate for the reference one and to estimate
the value of spectral inconsistency error value in the light used for
measurements, for typical cells and modules with characteristics

Spectral Response (A) [-]
T

=
ES
P

0.2

0.0 T F ' T [ a @ & J6 &% ] b F ¥ L I T T
02 04 0.6 038 1.0 X 1.4
Wavelength A [um]

Fig. 17. Characteristics of spectral response of typical, commercial PV modules,
referred to in further analyses — where the individual symbols mean:c-Si are the
crystalline modules, mc-Si is the polycrystalline, CIS are the modules from CIS, a-Si_SJ
are the modules from amorphous silicon one and a-Si_S] - and three-junction.

from Fig. 17, a spectral inconsistency error function was introduced
(em), determined in the following way:

Jsc (AM; B; w) sorm_1000W/m?
Jstc (Ref. IEC 60904-3)

em=|1-M|-100%=|1- (69)
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Whereas:
Az

Jsc (AM: Biw) = / SRpy (&) - E (AM: B w; &) dA (70)
A

and its value with adjustment of the radiation value to 1000 W/m?
(71):

AM; B;w =
Jsc ( p ) norm_-1000W/m2
A2

= /SRPV(A)»E (AM;ﬂ;w;A) T

*

1000[W/m?]

SRrerec (1) E (AM: i w; ) di

0.3um
(71)
Jsrc (Ref. IEC 60904-3) =
)
1000[W/m?
= /SRPV (A) - ERef. 1 60904-3 (A ) dA - = [W/m?]
8um
" / SRRef,Det ()\) . ERef, IEC 60904-3 ()L) di
0.3um
(72)

Then, the spectral adjustment factor (M) takes the form (73):

B Jsc (AM; B;w) norm_1000W/m?
Jstc(Ref. IEC 60904-3),,m_1000w/m2

Ag
/SRPV (A)-E (AM;ﬂ;w;k) dx
=%
/ SRpy (X) - ERef. IEC 60904-3 (A) dA
A
2.8um
SRRef.pet (A) - Egef. 1EC 60904-3 (1) dA
0.3um
2.8um (73)
/ SReetpet (A) - E (AM; B; w; 1) da.
0.3um
k; A €(0.3;28)um
SR A) = s 74
Ref.Det( ) { 0 x ¢ (0.3; 2.8),um ( )

where: SRpy(A) is the spectral response of the measured PV
cell/module; SRgef pet(A) is the accepted model of the pyranome-
ter spectral resolution characteristics; Brefper = (0.3 ; 2.8)um is
the bandwidth of a typical pyranometer (e.g. K&Z CM21) [35,36];
ERef.iece0904-3(A) is the reference spectrum, according to IEC904-

3; E(AM;B;w; 1) is the spectrum of the actual solar radiation for
2.8um

the defined conditions; / SRRefpet (1) - Eref. 1EC 60904-3 () dA and

0.3um
2.8um

/ SRgetpet (A) - E (AM; B; w; 1) d). are the value of power of the

0.3um
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Fig. 18. Spectral response of the pyranometer K& CM-21 [35,36] and the reference
spectrum distribution recommended by IEC 60 904-3.

reference and actual radiation, shown by pyranometer with band-
width Bgef per and spectral response characteristics SRgef.per(A); 11
and A, are the lower and upper range of “characteristics cut-off” in
spectral response of the measured PV module.

For the reference spectrum recommended by IEC904-3 and the
conforming spectra and most frequently occurring atmospheric
conditions in the south of Poland and areas in higher latitudes -
the values of current densities for individual cells and modules
were calculated, according to Eqs. (71) and (72). The natural sun-
light spectra were simulated with the spectrum model SMARTS23
[37], according to Table 3 - i.e., input conditions and parameters.
These distributions were additionally standardized to 1000 W/m?
in a bandwidth Bgef per =(300 ; 2800) nm - in order to adjust to the
operating range of a typical pyranometer (e.g., K& CM-21 - see
Fig. 18).

The determined spectral inconsistency error function [Eq. (69)]
was drawn for each cell/module, with Spectral Response character-
istics from Fig. (17), in the form of contour graphs (see - Figs. 19-23
), where in the drawing for AM 1.5 the location of a reference spec-
trum, recommended by IEC904-3, was additionally marked. Placing
the location of a reference spectrum allows to observe the sensi-
tivity of spectral inconsistency error function of a cell/module to
changes of atmospheric parameters.

Even a quick analysis of the obtained results allows to draw the
following conclusions (see Figs. 19-23):

1 The consequences of atmosphere turbidity and precipitable
water on the value of the spectral inconsistency error of solar
light mutually compensate. In the case of high water content in
the air, it is better if it is turbid at the same time. This is the case
in actual conditions. Nature performs the adjustment. Both tur-
bidity and precipitation of water are higher in the summer and
in locations closer to the equator.

2 It is important to notice that in adverse atmospheric conditions
(i.e., high AM value, high turbidity, low content of steam in atmo-
sphere), spectral inconsistency will have the tendency to, for
example, overstate Isc for polycrystalline cells and understate
for amorphous cells. This is an adverse tendency. In those dif-
ficult conditions, the spectrum is too red (high turbidity of air

3 SMARTS2 (Simple Model of the Atmospheric Radiative Transfer of Sunshine) -
algorithm of the sunshine radiation spectrum synthesis for a cloudless day, by C.
Gueymard, described in Ref. 37. The value of the spectrum synthesis error declared
by the author for the set atmospheric conditions, is 5% within the range of (420 and
1100) nm, i.e. within the operation range of the spectroradiometer LiCOR LI-1800
which was used for validation.
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Fig. 19. Graphs of the spectral inconsistency error function (&y ) for measurements of crystalline (c-Si) cells/modules, in open space conditions on a cloudless day. The results
refer to the summer period in Central Europe and the conditions presented in the background of the figure.
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- atmosphere ozone content: 0.3438 atm-cm;
- turbidity: 0.084 at 500 nm ($=0.0316);

- solar spectrum: global (direct + diffuse);

- tilted POA =37°.
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Fig. 20. Graphs of the spectral inconsistency error function (ey) for measurements of polycrystalline (mc-Si) cells/modules, in open space conditions on a cloudless day. The

results refer to the summer period in Central Europe and the conditions presented in the background of the figure.
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Fig. 21. Graphs of the spectral inconsistency error function (¢y ) for measurements of CIS cells/modules, in open space conditions on a cloudless day. The results refer to the
summer period in Central Europe and the conditions presented in the background of the figure.



Turbidity(beta) |-]

0.30

0.15

0.10

0.05

AM=12

www.czasopisma.pan.pl P N www.journals.pan.pl

T. Rodziewicz and M. Rajfur'/ Opto-Electronics Review 27 (2019) 39-57

- : V1 0,
Spectral mismatch error, €, [%]
AM

1.5

—_
&
o
2

=4

>
=

T T .
30 35

water (w) [cm]

AM =21

water () [cm]

AM=24

25 30 35

water (W) [cm]

Turbidity(beta) [-]

25 30

15 20 25 30

water () [em] water () [em]

20

AM=3.0

25 30 35

water () [cm]

Contour plots £, [%] for:

-P_ =800 - 1020 mbar;
-0,;=0.3438 atm-cm;

- atmosphere: MidL atitude summer;

- altitude: 0 km fied
-t =37".
“Byypg =03 -2.8 m; tilted POA =3

- solar spectrum: global (direct + diffuse);
- tilted POA =37°.

40 45 50

Reference spectral IEC 60904-3:

- atmospheric water content: 1.4164 cm;

- atmosphere ozone content: 0.3438 atm-cm
- turbidity: 0.084 at 500 nm ($=0.0316);

- solar spectrum: global (direct + diffuse);

53

Fig. 22. Graphs of the spectral inconsistency error function (&) for measurements of a-Si_SJ cells/modules, in open space conditions on a cloudless day. The results refer to
the summer period in Central Europe and the conditions presented in the background of the figure.
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Fig. 23. Graphs of the spectral inconsistency error function (&y) for measurements of a-Si_TJ cells/modules, in open space conditions on a cloudless day. The results refer to
the summer period in Central Europe and the conditions presented in the background of the figure.

mass suppresses blue light and low content of steam does not
absorb enough infra-red radiation). As pyranometer reacts much
stronger to high-energy “blue photons” than a crystalline silicon
cell, the cell current is amplified by the red spectrum area (the
occurrence of the measuring points trajectory effect — see Fig. 13).
3 Crystalline (c-Si), polycrystalline (mc-Si) and CIS modules, due
to their very wide bandwidth of SR show little sensitivity to the
changes of the solar spectrum distribution. The reaction is much

bigger in the modules from amorphous silicon, one- and three-
junction, due to their much narrower spectral characteristics.
They are very sensitive to the changes in the high-energy area
of solar radiation spectrum.

4 The optimum conditions for testing cells and modules, which
bring the smallest spectrum inconsistency errors, are:
1) AM: optimum 1.2 (the lower the better). The lowest values

occur in the summer.
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Table 3
Atmospheric parameter values used in detailed simulation [37].

Air mass 1.2 1.5 1.8 2.1 24 2.7 3

Turbidity( - beta) 0 0.02 0.05 0.1 0.2 0.3 04

Precipitable water (w) [cm] 0.5 1 2 3 5

Atmosphere ozone content Ups 0.3438 atm-cm

Reference atmosphere MidLatitude summer

Aerosol model S&F Rural

NO, use defaults from selected atmosphere

(typical values for the above-mentioned area: 0.1 - exceptional bright sky, 1 - standard, 5 - clear smog in the

atmosphere) [matm-cm])

Surface pressure 1013.25mb

Latitude 52°

Altitude 0 km

Extraterrestrial spectrum Gueymard 2002 (synthetic)
Tilted POA 37°

Spectral results

Global tilted irradiance B=(280 ; 2800) nm

2) B:below 0.05.Higher values can be tolerated on condition that
precipitable water content is also high.

3) w(precipitable water): 1-3 cm - typical moderate climate con-
ditions. Maximum 5 cm is allowed on condition that turbidity
is not too low. Only subtropical and tropical locations will have
such a high level of precipitable water, but turbidity will also
be higher. The conditions below 1 cm should be avoided. If the
air temperature is <10 °C, precipitable water will probably be
below 1 cm. Therefore, studies carried out on high altitudes or
during winter, may result in large inconsistency errors.

3.3. The principles of taking measurements of cells/modules with
the use of natural sunlight

Measurements with natural sunlight depend on weather condi-
tions. The first stage of the measuring procedure is to verify of the
conditions are appropriate. The phrase “appropriate conditions”
is relative, because this depends on the required precision of the
measurement [38-40].

In order to determine if the conditions are appropriate, one
should:

- Make sure that the sky is relatively cloud-free (the period when
there are no clouds 30° from the Sun).

- Measure relative air humidity, air temperature, atmospheric
pressure and solar radiation intensity.

- Calculate air mass according to (2), water content in the atmo-
sphere (Fig. 15), turbidity (Fig. 14).

- From the spectral inconsistency error graph (&);), read for the
selected cell/module, whether the measurement accuracy will be
acceptable (Figs. 19-23).

Measurement [41,42]:

- Measure relative humidity, air pressure and temperature.

- Leave the pyrometer in order for the measurement to stabilise.

- Make sure that the radiation intensity is more stable in the range
of 0.5% in time which is not shorter than the double time of pyra-
nometer reaction.

- Check if there are no cloud formations near the Sun.

- Simultaneously measure radiation value, I-V characteristics and
temperature of a cell/module.

Presentation:

- Draw a module current-voltage characteristics, pursuant to IEC
60904-1 [43] considering such conditions as radiation intensity
and a cell temperature. The recommended temperature range for

cells and modules is between 25 and 50°C, and natural sunlight
radiation intensity from 700 to 1 100 W/m?2.

- The adjustment of the obtained I-V characteristics for STC condi-
tions, shall be carried out according to IEC 60 891 [44]. Individual
measurement should be taken in similar conditions, i.e. the
number of measurement adjustments should be minimised.
Repeatability of individual measurements shall be higher than
+1%.

- Define a cell/module basic technical parameters from I-V charac-
teristics [45-48].

4. Conclusions

The following conclusions can be drawn from the carried out
research:

1 All previously presented formulas for air mass determination, i.e.,
taken from Sandi - Eq. (2), SMART2 - (4) for Rayleigh’s dispersion
function, SEDES - (5) or SPECTRAL2 - (6), provide very similar
results. Noticeable differences appear only for the angles much
above 85° and do not exceed 0.5% for the angles up to 89°.

2 The main problem with measurements with sunlight is its
large spectral changeability, which means that the measurement
conditions with natural sunlight restrict its possibility. The mea-
surements can be carried out only in the appropriate conditions.
In natural conditions, even for the same day, spectral distribution
of solar radiation of the same AM from before and after noon is
different, which results in different measurement outputs for the
same PV cells and modules (Fig. 13).

3 The optimum conditions for testing cells and modules, which
bring the smallest spectrum inconsistency errors, are:

1) AM: optimum 1.2 (the lower the better). The lowest values
occur in summer.

2) B: below 0.05. Higher values can be tolerated on condition
that precipitable water content is also high.

3) w (precipitable water): 1-3cm - typical moderate climate
conditions. Maximum 5 cm is allowed on condition that tur-
bidity is not too low. Only subtropical and tropical locations
will have such a high level of precipitable water, but turbidity
will also be higher.

4 Crystalline (c-Si), polycrystalline (mc-Si) and CIS modules, due
to their very wide bandwidth of SR show little sensitivity to the
changes of the solar spectrum distribution. The reaction is much
bigger in the modules from amorphous silicon, one- and three-
junction, due to their much narrower spectral characteristics and
they are very sensitive to changes in high-energy range of solar
radiation spectrum.

5 The spectral inconsistency error is lower than the measurement
error, occurring with any cheap simulator of sunlight, without
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adjustment of spectral error. In practice, one can obtain the spec-
tral error lower than 2% for the tested PV cells and modules, in
optimum measurement taking conditions.

The authors allow to use the data from this article for the
purpose of other research and publications, on condition of iden-
tifying the source of origin. The presented graphs in electronic
form and other data may be offered individually, upon an e-mail
request.
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